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Chapter 1. Non-isocyanate polyurethane/ureas

1.1 General introduction of polyurethanes and polyureas

Polyurethanes (PURs) are a class of polymers in which the segments are connected by
urethane (or carbamate) groups, while the polymers bridged by urea moieties are referred to
as polyureas (PUs, Scheme 1). The two types of polymers have similar structures and exhibit
comparable physical properties. Therefore, in many cases, they are both referred to as
polyurethanes, even for those with only urea moieties in the chains.*

o

/KJ\O/R\N‘]/ Polyurethane
H'n

o

/KJ\N/R\H-]: Polyurea

H
Scheme 1. Structure of polyurethane and polyurea.

The history of PU(R)s dates back to 1937, when Otto Bayer, inspired by the work of Wallace
Carothers on polyesters and polyamides, first synthesized PURs by polyaddition of hexane-
1,6-diisocyanate (HDI) and 1,4-butanediol (BDO).? Similarly, PUs can be generated from
diamines and diisocyanates (Scheme 2).2 Like polyamides, these PU(R)s are categorized as
[m,n]-PU(R)s, while [n]-PURs can be synthesized from a-hydroxy-w-isocyanato alkanes.*

o o

7N,
HO 0 Polyurethane

OCN___NCO

R/
R
HZN/\N\

Hy (0] 0]

Polyurea

Scheme 2. PUR and PU formations from diisocyanates and diols and diamines.

PU(R) products are widely employed in numerous applications, such as (dispersion-based)
coatings, plastics, fibers, foams, adhesives, paints, sealants and elastomers. The superior
mechanical properties of PU(R)s stem from the abundant hydrogen bonds between the
polymer chains (Scheme 3). Such intermolecular hydrogen bonds can act as physical
crosslinks and significantly improve the mechanical properties of the materials. The energy
of the hydrogen bonding interaction between the urethane moieties is about 18.4 ki/mol,
which is much higher than the interaction energy between urethanes and aliphatic chain parts
(7.5 kd/mol).5 Therefore, the urethane moieties tend to rearrange and form ordered local
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structures. The density of the hydrogen bonds are highly related to the orientation of the
chains. Similar to nylon-6 and nylon-6,6, the density of hydrogen bonds in [6]-PUR is only
half of that in [6,6]-PUR (Scheme 3b).* This could result in superior mechanical strength of
the latter. Thus, in the following sections, the categories of PU(R)s will be identified in the
title. If the units between the two urethane/urea moieties are rigid, these may form local
crystalline areas and thereby increase the hardness of the materials. Alternatively, the
modulus of the polymer could also be enhanced by incorporating rigid structures such as
cyclic rings to restrict chain motions.® Both these units are referred to as hard segments (HSs).
On the other hand, the flexibility of the materials can be improved by the addition of oxygen
containing units such as polyethers, which are called soft segments (SSs). Consequently, the
combination of both rigid and flexible parts grants both hardness and elasticity to PU(R)s.
Another important factor that influences the mechanical properties of a material is the
molecular weight, a high value of which leads to an enhanced entanglement density, and thus
to a tougher material.®

T o -
N N J"\NV\M’WWWW
O _N
g W w y . ;,.ﬂf
AVAVVaTo NG \¥aVaVaVall NI N[V, ) O _NwvvvwvUN_ N

NNANNNNNN O _NuvvvwuN NA H N
el S S W, S
AV VRPN Y \(\ /O\H
O I
JJHJWWMWOW(NW Tg)
[e]
(a)
O (0]
H H
\/N\"/O\/\/\/\NJ\O/\/\/\/N\"/O\/\/\/\NJ\O/
0 H 0 K
o o) [6]-PUR
\/N\"/O\/\/\/\NJ\O/\/\/\/N\"/O\/\/\/\NJ\O/
H o} H
X g X
N O~ AN O~ -
Y o7 T o™
Q H 0 H [6,6]-PUR
H o H o
\/NTO\/W\O)LN/V\/\/NTO\/\/\/\O)LN/
(b) ¢ H o H

Scheme 3. (a) Intermolecular Hydrogen bonds between urethane and urea
moieties in PU(R)s. (b) Hydrogen bonds in [6]-PUR and [6,6]-PUR.

Besides as elastomeric foams, PU(R)s are also extensively used as rigid foams. The PU(R)
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foams are produced via the reaction of diisocyanates with water, which generates primary
amines and the blowing agent CO,.* While the amines can further react with diisocyanates to
form ureas (Scheme 4), which bear even stronger hydrogen bond interactions between the
chains compared to urethanes,® CO, forms empty areas or pores inside the material.
Nowadays, such porous material finds wide applications in rigid car dash boards, flexible car
seats and mattresses, insulating panels, seals and packages.”®

o,
o)
1‘1 R—NCO
R—NCO + H0 R—NH, ——> R-\~>p-R
H H
Scheme 4. Urea and CO: formation from isocyanates in aqueous environment.

1.2 Isocyanate-free approaches to polyurethanes

Despite the high popularity of PU(R)s in global markets, their industrial production has some
drawbacks. A major issue is the use of the toxic diisocyanates. For instance, Peters et al.
studied the cumulative pulmonary effects of toluene diisocyanate (TDI) and observed acute
changes in ventilatory capacity of workers upon exposure to TDI.° Other diisocyanates such
as 1,6-hexamethylene diisocyanate (HDI) and isophorone diisocyanate (IPDI) also have
similar effects on human health and therefore, request measures to prevent their direct contact
with skins during operation. One of the most notorious event demonstrating the hazardous
nature of the isocyanates was the tragic Bhopal disaster, which took thousands of lives after
a methyl isocyanate leakage.'° This catastrophe not only shocked the local governments, but
also chemists, who thereupon strove to develop non-isocyanate routes for PU(R) synthesis.
Two categories of PURs are obtained via isocyanate-free strategies, namely poly(alkyl
urethane)s, produced from (bis)carbamates as monomers, and poly(hydroxyl urethane)s,
generated from bis-cyclic carbonates (BCCs) and diamines.

1.2.1 Poly(alkyl urethane)s

Different categories of monomers were reported for the synthesis of poly(alkyl urethane)s,
namely cyclic urethanes, hydroxyl carbamates (HCs), bis-hydroxyalkylcarbamates (BHCs)
and bis-alkylcarbamates (BACs). The application of these monomers in PUR production is
discussed in this section.

1.2.1.1 Cyclic urethanes as monomers ([n]-PUR)

The first PUR synthesis with cyclic urethane as monomers was described in 1958 by Hall
and Schneider.!! In their report, amino propanol and di-p-cresyl carbonate were used as
starting materials to synthesize a cyclic urethane. The polymerization of this cyclic
trimethylene urethane was catalyzed by NaH at 80 °C (Scheme 5). The resulting PUR had a
melting point of 148 °C. However, due to the limited analytical instruments, in-depth studies
on the ring-opening polymerization (ROMP) of cyclic urethane or microstructures of the
materials were not performed.



0 NaH CH,Cl, (0] NaH )OJ\
O)]\o + HQN/\/\OH B <:N>I_'|=O—> /'/\/\O H*/n

-PhOH

Scheme 5. Ring opening polymerization of cyclic urethane synthesized
from di-p-cresyl carbonate and amino propanol with NaH as catalyst.*

In 1996, the group of H&tker conducted a more detailed study on the ROMP of cyclic
urethanes (Scheme 6).22 They showed that polymerizations with anionic initiators, like NaH
or other strong bases such as sec-butyl lithium, generated PURs with non-uniform
microstructures. On the contrary, the cationic initiation of the cyclic monomers by methyl
triflate at 100-120 °C over 24 hours produced a more uniform polymer microstructure with a
number average molecular weight (M;) of 22 kDa (Scheme 6).

o0._0O
OYO CH3S05CF5 OYO/ \,\'i{ )?\
—_—
L/NH L/;;JH SO4CFs A0 ﬂl/n
Scheme 6. Ring opening polymerization of cyclic urethane with methyl triflate as
initiator.

1.2.1.2 Hydroxyl carbamates as monomers ([n]-PUR)

Hydroxyl carbamates (HCs) are another important type of monomers in isocyanate-free PUR
synthesis. These compounds could be self-condensed into PURs (Scheme 7).%3

=

RO” “OR' ROH
. —_—— >R
H,N"" "OH R\OJ\N'R\OH
H

0
fowRE
H n

HC
Scheme 7. PUR synthesis from self-condensation of HC.*?

HCs can be prepared either via the reaction of amino alcohols and e-caprolactam or via
reaction between diamines and e-caprolactone, followed by modification with diphenyl
carbonate. Since phenol is a good leaving group, the self-condensation of the phenyl-bearing
HCs can proceed at a rather low temperature (90 °C).}* Thus, Hceker et al. reported the
synthesis of thermoplastic PURs with M,y values up to 60 kDa using such monomers and
Bu,Sn(OCHz), as catalyst.1>6

1.2.1.3 Bis-hydroxyalkylcarbamates as monomers ([m,n]-PUR)

BHCs can either copolymerize with diols or self-polymerize to form PURs. Scott et al.
described the preparation of PURs via self-condensation of bis-(2-hydroxyethyl)-1,6-
hexanedicarbamate with BaO as catalyst at 150 °C.Y7 They also showed that the addition of
high boiling point diols could lead to the transurethanization product (I in Scheme 8), with
only a minor quantity of self-polymerized product (I1).
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Scheme 8. PUR synthesis from BHAC.Y

Detailed investigations on the mechanism of BHC polymerizations were carried out by
Rokicki and Piotrowska, who modified the diamines or the amino alcohols with ethylene
carbonate to produce bis-hydroxylalkylcarbamates or BHCs, which were subsequently
polymerized with diols or self-polymerized to form PURs (Scheme 9a).18 The polymerization
utilized Bu2Sn(OMe), or Bu.SnO as catalysts and xylene as azeotropic solvent to facilitate
the removal of the ethylene glycol by-product from the reaction mixture. The presence of
urea in these PURs was confirmed by both NMR and MALDI, and was identified as the result
of transurethanization reactions between the hydroxyl urethanes and the amines. The latter
are generated via the backbiting of the hydroxyl groups on the carbamates (Scheme 9b).
Further optimization of such transurethanization polymerization was carried out by Ochiai et
al, who showed that the urea formation between amine and carbamate was suppressed at
elevated temperatures.*® The self-condensation of hydroxyl carbamates took place at 140-
150 °C, resulting in either PURs or cyclic urethanes. The yields of the latter depend both on
the stabilities of the rings (6-membered more stable than 7-membered) and the concentration
of the monomers (dilution of the monomers favors the generation of cyclic urethane). The
hydroxyl carbamates can also ring-close at 160 °C to form cyclic urethanes, which can further
self-condense to produce high M, PURSs in the presence of BF3.OEt,.

More recently, Yang et al. prepared PURSs of Mys up to 45 Da with BHCs and diols.>?* They
first polymerized BHCs with diols at 170 °C under N with SnCl; as catalyst, followed by a
gradual reduction of pressure to remove the traces of ethylene glycol and increase the
conversion of the end-groups (Scheme 10).?2 By varying the soft and hard segments, the Tgs
of these semi-crystalline PURs could vary from -40 to 30 °C and their Trs from 100 to 180
°C, which is suitable for thermoplastic applications.?®

As mentioned above, one favorable property of high molecular weight PPC is the large
elongation at break, which allows the enhancement of the elastic modulus by using (inorganic)
fillers or blending with other polymers without severe loss of toughness. By blending
polyhydroxybutyrate with PPC, Siemens and BASF have developed an alternative material
to styrene-based acrylonitrile-butadiene-styrene (ABS) plastic. Empower Materials is
producing PPC on a pilot scale, which is used as sacrificial binder for high quality products
in advanced ceramics, powder metals and sealing glasses.”
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Scheme 9. (a) PUR formation with ethylene carbonate and amino alcohol

or diamine. (b) Urea formation during polymerization.'8

H 170 °C N,
HO/\/O\"/N\/\/\/\N)]\O/\/OH + H+O/\/l/r?H Polyurethane
o) H Vacuum -HOCH,CH,OH

Scheme 10. High Mn PUR synthesis with BHCs and diols.?*

1.2.1.4 Bis-alkylcarbamates as monomers ([m,n]-PUR)

Bis-alkylcarbamates (BACs) form another type of versatile monomers for isocyanate-free
PUR synthesis. The most common ones are bis-methyl-(BMCs) and bis-phenylcarbamates
(BPCs), which can condense with polyols to yield PURs with methanol and phenol as by-
products (Scheme 11).

PN 0 o R 0 o
R RO”TOR' ., _HO"""OH I r
HoNNH R A R AR R AR
2 2 OH ~o NN ROH Yo N""N"TO 1;]

Scheme 11. High Mn PUR synthesis with BHCs and diols.

Deepa et al. synthesized PURs with BMCs and various diols at 150 °C with Ti(OBu)s as
catalyst (Scheme 12).24% The BMCs employed were prepared via the reaction between
dimethyl carbonate (DMC) and diamines in the presence of strong bases. By tuning the
structure of the two building blocks, PURs with various material properties and
microstructures were obtained. The Tgs of the materials could be modulated from -30 °C to
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120 °C and their M;s ranged from 3-20 kDa. BMCs with cycloaliphatic structures such as
isophorone dimethylcarbamate (IPDMC) increased the rigidity of the polymers and thus,
their Tgs. The authors also indicated a higher reactivity of primary hydroxyl groups towards
the BMCs compared with secondary ones due to steric effects, while the influence of the
structure of the BMCs on their reactivity towards diols was rather limited.

Bis-alkylcarbamates Diols
OH o H o
o %%N L NG il
H
n
HO/\/\/\/OH H o
e n
HO /{/U\N 0o
OH H
N_O H
iy ph ey ot
HO H T 0
N 0 {\/\o‘t /{)\H 0 n
>

Ti(OBu), 150 °C

H
0 -MeOH o} N o
H
A A~ ~_N_O /{)kw\/\"/{\/\ol—]ﬂ
(0] N (o) n
H
% H
/PLN/VWNTO o
H o) n

Scheme 12. PURs formation with different diols and biscarbamates.?*

The use of bio-based BMCs was reported by several groups.?®?” For example, Meier et al.
described the synthesis of BMCs with limonene-modified monomers, prepared by reaction
with thiol amine and DMC.?® These BMCs were polymerized with various diols to form
amorphous or semi-crystalline PURs with Tgs between 10-20 °C and melting points around
50-240 °C. The syntheses of both BMCs and PURs employed 1,5,7-triazabicyclo-[4.4.0]dec-
5-ene (TBD), a known catalyst for various reactions including esterification and amide
formation, which lowered the reaction temperature to 120 °C.? Similarly, Burel et al.
employed a dimer fatty acid-based diamine (Priamine 1074 from Croda) and methyl
ricinoleate as renewable starting materials for preparing BMCs. Both TBD and K,COs;
displayed high catalytic activities towards the BMC/diol polymerizations.®* The K,COs-
catalyzed BMC/diol polymerization at 200 °C resulted in PURs with higher Mys than those
produced with TBD at 160 °C. The dangling aliphatic segments in the Priamine-based PURs
limited the intermolecular interaction between the polymer chains, resulting in amorphous
polymers with Tgs below -20 °C.

Tian et al. prepared PURs with 1,6-hexamethylene dicarbamate (HDC) and a high MW
poly(carbonate macrodiol) (PCMD) as monomers and Bu,SnO as catalyst.®? The
polymerization conditions were optimized via monitoring the intrinsic viscosity of the
reaction mixture during polymerization at different catalyst loadings, temperatures and



reaction times. The optimized conditions minimized the undesired side reactions and
degradations. The Mps of the PURs ranged from 35 to 51 Da, with Dm values between 1.3
and 1.6.

A new non-isocyanate approach to produce BMCs was also reported by Meier et al.** The
authors employed castor oil as the raw material, which was modified into diesters by alkali
fusion or pyrolysis followed by metathesis. The diesters were then treated with
hydroxylamine under basic conditions, followed by Lossen rearrangement in the presence of
dimethyl carbonate to obtain BMCs (Scheme 13). Despite the relatively high number of
synthetic steps, this method can be industrially relevant, since castor oil is cheap and
environmentally benign.
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Scheme 13. PUR formation with castor oil as starting material.

BPCs were employed by Yamazaki et al. as monomers for isocyanate-free PUR synthesis.3*
The BPCs were prepared by modifying diamines with diphenyl carbonate. The
polymerizations proceeded at 100 °C for 20 hours, and the phenol was removed by N; flow
(Scheme 14). MgCl, was reported to be most active metal salt catalyst for such
polymerization, as evidenced by the highest viscosity of the reaction mixtures obtained in the
presence of this compound.
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Scheme 14. PUR formation with BPC and diol as monomers.3*
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In fact, those transurethanization reactions generally proceed at high temperatures with a
catalyst due to the low reactivity of dicarbamates towards diols. In order to perform the
polymerization under milder conditions, more reactive monomers or more active catalysts
must be employed.

1.2.1.5 Other monomers ([n]-PUR)

The group of Meijer also reported the synthesis of aliphatic PURs by employing amino
alcohols modified in situ with di-tert-butyl-tricarbonate to o,m-isocyanato alcohols as
monomers (Scheme 15).3° The latter were then polymerized at room temperature with
Zr(acac)s as the catalyst. This one-pot polymerization provides a facile route to aliphatic
PURs on a laboratory scale. However, due to the possible side reaction between the o,®-
isocyanato- and the amino alcohols, which could alter the stoichiometry of the
polymerization, such synthetic method seems to be less suitable for industrial application.

o O O

-CO,, -t-BuOH Zr(acac),
HOM:JHZ + > o)J\o)J\oJ\o < 2 HOHNCO_, \HVI,N i\

CHCl, 20°C

Scheme 15. PUR formation with amino alcohols as monomers.3®
1.2.2 Poly(hydroxyl urethanes) from bis-cyclic carbonates (Jm,n]-PUR)
1.2.2.1 General description

Bis-cyclic carbonates (BCCs) are reactive towards nucleophiles such as amines or thiols
owing to the ring tension of the carbonate cycles. The energy of the ring strain is released
during the ring opening process, thereby lowering the activation energy of the reaction. This
results in mild reaction conditions (50-100 °C), even in the absence of catalyst, for the
synthesis of poly(hydroxyl urethane)s (PHUs) with BCCs and diamines as monomers
(Scheme 16). Thus, the BCC-diamine polymerizations have been one of the most investigated
isocyanate-free routes to PURs.%6

SO L e e &

o) O
OH

Scheme 16. General PHU synthesis with diamine and BCC as monomers.

BCCs can be obtained by various methods. For example, MUhaupt et al. described the
synthesis of BCC from bio-based limonene dioxide and CO,.%” Cramail et al. reported the
preparation of 6-membered BCCs by the reaction between alkene-carrying diols and ethyl
chloroformate, followed by coupling via thiol-ene reaction or metathesis (Scheme 17).%
Similarly, Pyo et al. described the production of methacrylic cyclic carbonates via a lipase-
catalyzed reaction between trimethylolpropane (TMP), an alkyl methacrylate and dimethyl
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carbonate, a much less toxic route than the one using ethyl chloroformate (Scheme 18).%
Another interesting route to BCCs involves the coupling of glycerol carbonate with diacids
or diols to generate BCCs based on diesters* or polyethers*}#2, respectively (Scheme 19).
Such methods requires reactive coupling agents like sodium hydride*# or
dicyclohexylcarbodiimide (DCC),** ** due to the slow esterification and etherification of the
BCCs.

Ethyl chloroformate

\/\/\/\/\( TEA THF
RT, 7h W\/\/\{/&O

Pentane
1,4- ButaneRc_irltm?I 254 nm [Ru] Metathesis
RT 4h

o N 0
%s O)\/\/\/\/\/\/\/\/\Q 10

s
o)
k/\/\/\/\@ko

Scheme 17. BCC synthesis through thiol-ene reaction or metathesis.®
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HO oH RO HOD CO =( ><
X B Lipase
HO Lipase HO

heat
Scheme 18. 6-Membered cyclic carbonate synthesis from
TMP, alkyl methacrylate and DMC.*°

NaH, TsCl / j\/\(ﬁj\/lr\/\tyo

o ‘ NaH, THF
A

DCC/DMPA
CH,CI,/RT/16h

HOOC(CHy)gCOOH

Scheme 19. BCC synthesis from glycerol carbonate and diol or diacid.“>4!
1.2.2.2 Synthesis of BCCs

The most popular method for BCC synthesis is via the reaction between CO, and di-epoxides.
This is related to the inexpensive and renewable nature of CO, (Scheme 20).4>%6 The addition
of CO2to epoxides often requires harsh conditions such as high pressure and high temperature,
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which could be mitigated via addition of efficient catalysts. For such reaction, a wide range
of catalysts is available, including alkali halides,*”*® metal complexes,***' and ionic
liquids.5255

0 0
O 0 co, O>\o O’(O
A A —_—
Scheme 20. General route to BCC formation using di-epoxide and COs..

1.2.2.3 Mechanism of BCC aminolysis

The mechanism of the five-membered cyclic carbonate aminolysis was proposed by Garipov
et al. as a three-step process (Scheme 21): the first stage (I) is considered to be the rate
limiting step of the reaction, and consists of the nucleophilic attack on the carbonyl by the
amine to yield a tetrahedral transition state. In the next stage (1), the charged transition state
is deprotonated by a second amine molecule. The high electron density in the deprotonated
tetrahedral intermediate initiates the cleavage of the carbon-oxygen bond in the last stage (111)
and forms a hydroxyurethane with either a primary or a secondary alcohol.%®

R N R o R” >R" R_0 o
Tro — [Kr— " LX .r
o O +N o N
\ Hy
H R" N R
R+ R / \
+H* 1] +H*
X )
R _R RO N
o N T R
OH R" O

Scheme 21. Mechanism of cyclic carbonate aminolysis.

The reactivity and the selectivity of the cyclic carbonate aminolysis are affected by a number
of factors, including the nature of the substituents of the carbonate, the structure of the
carbonate and the amine, the nature of the solvent and the catalyst. In their study on the
aminolysis of 5-membered cyclic carbonates by hexylamine, Tomita et al. revealed an
increase of the aminolysis rate when a strong electron-withdrawing group (EWG) is
connected to the cyclic carbonate (Scheme 22).5” The authors attribute the enhancement of
the aminolysis rate to the inductive effect of the EWG on the negatively charged oxygen that
stabilizes the intermediates A and B. Additionally, the closer distance between the substituent
and the negatively charged oxygen in A is inductively more effective than that in B, leading
to a lower primary/secondary alcohol ratio when a strong EWG is introduced.
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Scheme 22. Mechanism of primary and secondary hydroxyl group
formation from cyclic carbonate and amine.%

The influence of the cyclic carbonate structure on the aminolysis rate was investigated by the
group of Endo.® They revealed that the aminolysis rates of cyclic carbonates follow the order
seven-membered > six-membered > five membered ones. This was attributed to a higher
strain in seven-membered cyclic carbonates with a heat of formation AH = -8.56 kcal/mol
compared to six- (AH = -5.58 kcal/mol) and five-membered cyclic carbonates (AH = -2.74
kcal/mol). Based on environmental considerations, five-membered cyclic carbonates are
favored over the six- and seven-membered analogues, as the latter are prepared from
phosgene or chloroformates.5%60

The structure of the amines has a strong influence on the aminolysis rates of cyclic carbonates.
Generally, primary amines with the highest nucleophilicity are the most reactive towards
cyclic carbonates,®%2 while aromatic and secondary ones are inert for this reaction at room
temperature.584 Furthermore, primary amines attached to a primary carbon are more reactive
than those attached to a secondary one due to the steric effect.®> Nohra et al. also showed that
an increase of the alkyl chain length of the aliphatic amines resulted in a reduced reactivity.
This is attributed to the less stable charged transition state with increasing hydrophobicity of
the amines, caused by longer alkyl chains (Scheme 21).52

1.2.2.4 Catalysts and solvents for BCC aminolysis

Catalysts are often employed during the aminolysis of cyclic carbonates. The catalysts
activate the reaction via increasing either the nucleophilicity of the amine or the
electrophilicity of the carbonyl, or via ring-opening of the cyclic carbonate (Scheme 23).
These catalysts include Lewis bases like triethylenediamine,® phosphines®” and
dimethylaminopyridine (DMAP),%8° |ewis acids such as LiBr,*?> ZnCl,">"* and Sc(OTf)s,”
guanidine derivatives such as TBD,” 7-methyl-TBD (MTBD)”® and 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU),” thiolureas’® and enzymes.””®
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Scheme 23. Different catalytic mechanisms of cyclic carbonate aminolysis.*®

The polarity of the solvent also influences the kinetics of the cyclic carbonate aminolysis. As
indicated in Scheme 21, the transition state of the reaction is charged, and hence more stable
in polar solvents. The higher polarity of the solvent results in a lower activation energy and
a faster reaction. Garipov et al. evidenced a similar feature in protic compared to aprotic
solvents, which is attributed to the formation of hydrogen bonds between the solvent and the
oxygens in the cyclic carbonate, increasing the electrophilicity of the carbonyl groups
(Scheme 24).%

H-OR

’
’

o)
JH-. )l\ -H-or

RO ~0 (0]

R
Scheme 24. Increasing of electrophilicity of cyclic carbonate in presence of protic
solvent.®

Most of the BCC/diamine polymerizations are performed in polar solvents such as dimethyl
sulfoxide (DMSO),” dimethylacetamide (DMAC)® and dimethylformamide (DMF)® at 25
to 100 °C. In the absence of catalysts, the Mns of the PHUs prepared in these solvents
generally range from 3-20 kDa.828 However, the Mys of the PHUs reach 30-50 kDa when
catalysts such as TBD® or thioureas®® are employed. Pr&npers et al. reported that the
polymerization of BCCs and diamines in less polar solvents such as tetrahydrofuran (THF)
or CHCl; could lead to Mps up to 87 kDa, probably due to the precipitation of the PHUs in
these solvents, preventing them from degradation via reverse or side reactions.® The authors
also showed that both higher concentrations of monomers and higher temperatures led to an
increase of M,, owing to the higher aminolysis rates and lower viscosities under these
conditions. Ochiai et al. described the synthesis of PHUs in a mixture of water and an ionic
liquid. The low Mss of 4 kDa or less were attributed to the hydrolysis of the BCCs in water.%®

Bulk polymerizations of BCCs and diamines were also investigated for enhancing the
molecular weight of the polymers. Sheng et al. synthesized PHUs with Mys around 30 kDa
using different BCCs and diamines in bulk at 80 <T for 2h,#” while the production of PHUs
with Mps up to 68 kDa, from a diamine-functional macromonomer based on poly(propylene
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glycol) (PPG) with an M, of 2000, was reported by Annunziata et al.

As mentioned earlier, the high rates of the aminolysis of BCCs allow BCC/diamine
copolymerizations to generate PHUs of high Mys under mild conditions. However, those
PHUs are more hygroscopic compared with standard, non-hydroxyl PURs due to the high
polarity of the pendent hydroxyl groups and therefore, are not suitable for outdoor
applications or for automotive coatings.*® Side reactions, such as carbonation of the amine,®
in-situ formation of CO,% and oxazolidinone formation,®-% also occur during BCC/diamine
polymerizations, further limiting the Mys of the PHUSs.

1.3 Isocyanate-free approaches to polyureas (PUs, [n]-PU)

PUs are good alternatives to PURs, due to their comparable material properties such as
abrasion resistance, elongation at break, water resistance and outdoor durability as a result of
the presence of abundant hydrogen bonds in both materials. In addition, the urea moiety has
a much better stability against degradation compared to the urethane bond.%%

Several research teams reported the synthesis of PUs via isocyanate-free approaches. Yang
et al. synthesized thermoplastic PUs from diamines and bis(hydroxyethyl) diurethanes at 170
°C under N2. PUs with Mss up to 12 kDa were obtained with T¢s between 3 and 18 °C and
Tms of 140-150 °C (Scheme 25).% An interesting pathway to oligoureas was introduced by
Zhao et al., who synthesized PUs with M, values of 2 kDa from CO; and diamines at 180 °C
(Scheme 26).% Despite the use of renewable CO,, the complex synthesis of BCCs prohibit a
larger scale production.” The synthesis of dendritic PUs with carbonyl diimidazole or
carbonyl biscaprolactam as carbonyl sources was reported by Loontjens and Davis.®"% This
method could also be applied to the preparation of linear PUs.

X X LT P ¢

HO R, OH /[J\ -R. -R.
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-HOCH,CH,OH

Scheme 25. Urea synthesis from azide and isothiocyanate. %

CO, 11 MPa Q
R - . R
H,NT NH \l‘N/ \NH)H\
2 2 180 °C 12h H n

Scheme 26. Urea synthesis from diamine and CO2.%’

Recently, our group described the synthesis of PUs from dicarbamates and poly(propylene
glycol) bis(2-aminopropyl ether)s (PPGdas) as monomers and TBD as catalyst (Scheme
27).%° This procedure afforded materials with M, values around 30 kDa, which is sufficiently
high to obtain satisfactory mechanical properties.® The investigation also revealed an increase
of the Ts of the polymers as well as their mechanical properties, such as the E-Modulus, with
higher hard segment content, the length of which also affects the flow temperature of the
materials.
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Scheme 27. PU formation with butane dicarbamate and PPGda as comonomers.1%°
1.4 Catalysts for the isocyanate-free polyurethane chemistry

Several catalysts were employed in the carbamate aminolysis or alcoholysis, including
TBD!® and potassium tert-butoxide.?® Other catalysts utilized in esterification reactions,
amidations or isocyanate chemistry could also be potentially employed in carbamate/amine
or carbamate/alcohol reactions. A series of commercially available catalysts including strong
bases such as phosphazenes,'®?° guanidine derivatives,’*®  organo-metalic
compounds, 211112 glkaline oxides,'®1%7 and transition metal compounds®®19%119 js depicted
in Table 1.

Table 1. Commercially available catalysts for esterification, carbonate or ester
aminolysis and urethane formation reported in literature.

Catalysts Structure Reactions” References
N/R1
R Il A Carbonate aminolysis
Phosphazenes RS " z e, Esterification 68, 100
S
1,5,7-Triazabicyclo- N
[4.4.0]dec-5-ene Q\/j Carbonate aminolysis 99
(TBD) N
1,8-Diazabicyclo- . .
(5.4.0)undec-7- OQ Carboxamtie dzrt?(')?]o'ys's 74
ene(DBU) N
Potassium tert-
butoxide %OK Esterification 103
(KOt-Bu)
Strontium oxide SrO Esterification 104
Calcium oxide Ca0 Esterification 105
OC,4Hg
_— . _ Urethane formation
Titanium butoxide C4H<§OH/O/T ~0CHq Esterification 24,25
419
Di-butyltin- GaHo O
dilaurate i /Sln‘o Cul Urethane formation 110, 111, 112
(DBTDL) e O L e
i
Scandium triflate [Fac—ﬁ—o] Sc Esterification 30
(0] 3

* Most relevant reactions
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1.5 Water-borne polyurethane/urea dispersions and coatings

Solvent-borne PU(R)s coatings have so far dominated the coating market thanks to their fast-
drying and excellent mechanical properties.*** However, the high demand for such coatings
during the last decades led to the implementation of environmental regulations to limit the
amount of volatile organic compounds (VOCs) in their coating formulations.** Therefore,
water-borne PU(R) coating systems have gained growing attention due to their low VOC
contents. Furthermore, the water-borne polyurethane/urea dispersions (PUUDSs) have
significantly lower viscosities compared with the solvent-borne solutions, especially at high
solid contents and accordingly prevent wrinkling during coating application.**>!6 PUUDs
consist of PU(R) particles dispersed in water and are generally stabilized by an internal
dispersing agent (IDA) chemically incorporated within the PU(R) chains. The IDAs are either
of cationic (quaternized ammonium salts!'’), anionic (carboxylates®® or sulfonates'?
neutralized by volatile acids) or non-ionic (water soluble polyethers like polyethylene
glycol)*2122 nature. Although the PUUDs with non-ionic IDAs exhibit higher stabilities
compared to the ionic ones at freezing temperatures, high shear forces and high salt
concentrations, the resulting coatings are more hygroscopic and sensitive to water due to the
presence of water-soluble polyether chains in the parent resins.'?° Conventional methods for
PUUD preparation employ diisocyanates and diols as comonomers, together with diol-
functional IDAs, typically dimethylolpropionic acid (DMPA). The resulting diisocyanate-
functional prepolymers are then dissolved in volatile solvents (like acetone or butanone) and
neutralized with tertiary amines (anionic IDAs, implying e.g. neutralized DMPA) or acids
(cationic IDAs, implying e.g. neutralized tertiary amines) before mixing in water. The
mixtures are then chain-extended with diamines to form high molecular weight PUUDs
(Scheme 28).4344

This multi-step procedure prevents the direct dispersion of a high molecular weight polymer
into water, which would be very difficult due to high viscosity of the mixtures. However, the
mixing of the prepolymer solutions with water leads to the reaction between the isocyanate
end-groups and water before or during the addition of the diamine chain extender (Scheme
4)_123

16



HO—A\RwWA—OH + OCN==NCO + Ho/>(\0H
R: polyester/polyether/polycarbonate Excess COOH
Dimethylol propionic acid (DMPA)

lAcetone
X S X
OCN—” O—rRyW—0O H—H O/>(CEOOH H—NCO

NCO-terminated PUR prepolymer

L Triethylamine (TEA)

o o o} o
OCN—NJ\O—WRM—OJ\N—NJ\O/><\OJ\N—NCO
H H H coo- M

HNEt;

Neutralized NCO-terminated PUR prepolymer

l Dispersion in water

Acetone
removal

Chain l Diamine
extension

Poly(urethane urea) dispersion (PUUD)
Scheme 28. Industrial synthesis of high molecular weight poly(urethane urea)
dispersions.

The PUUDSs can be applied on a wide range of rigid and flexible substrates to form thin films
or coatings. The PU(R) coatings are produced by evaporating the water from the PUUDs
(Scheme 29).*%* The particles in the PUUDs become more densely packed as water
evaporates and deform into closely-packed hexagonal structures.'?® The deformation of the
particles is caused by various factors such as the capillary forces, inter-particle cohesion and
dry sintering. The latter is driven by the polymer-air surface tension lowering the particle
surface area.'?12 In the last stage, inter-diffusion of the polymer chains takes place between
the deformed particles, which eventually coalesce into a smooth polymer film.**° PU(R)s
with Tgs up to 40 °C can form coating films at room temperature due to the plasticizing effect
of water, which lowers the T, of the particles.*3:%32 For PU(R)s with high Tys (> 40 °C), higher
temperatures (or small amounts of organic solvent, so-called coalescent agent) are required
to form smooth films. 33135

O o O
O O @) O © Water Particle Coalescence
a0 @) @) O evaporation deformation
o O O O O Water Water Water
QQ0 < IR, < G

Scheme 29. Coating formation process from water-bhorne PUUDs 13

1.6 Research aim and scope

The main objective of this study is to develop an isocyanate-free route for preparing water-
borne polyurea (PU) dispersions (PUDs) for coating applications. In this work, 4,9-dioxa-
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1,12-dodecane- diamine (DODD), 4,7,10-trioxa-1,13-tridecanediamine (TOTDDA),
diamine-functional poly(tetrahydrofuran) with molecular weight of 1000 Da (pTHFda1000)
and poly(propylene glycol) bis(2-aminopropyl ether) (PPGda) with molecular weights of 230,
400 and 2000 Da (PPGda230, PPGda400 and PPGda2000, respectively) are used as diamines
monomers to increase the flexibility of the material, while isophorone dimethylcarbamate
(IPDMC) is incorporated to increase the T4 of the PUs as well as their solubility in volatile
solvents such as alcohols.

Catalysts suitable for carbamate aminolysis reactions are screened and evaluated in Chapter
2. The reaction mechanisms occurring in the presence of the most active catalysts are studied
with both kinetic experiments and computational simulation. The application of these
catalysts in isocyanate-free polyurea synthesis is carried out with PPGda2000 as diamine and
butane dicarbamate.

In Chapter 3, cationically stabilized PUDs are prepared with secondary/tertiary amine-
containing IDAs including diethylene triamine (DETA), bis(3-aminopropyl)amine (BAPA),
3,3’-diamino-N- methyldipropylamine (DMDPA) and their dicarbamate counterparts. The
properties of these PUDs and the resulting PU coatings are investigated.

In Chapter 4, the N-alkylation of amine as side reaction during carbamate aminolysis is
studied in detail. Mitigation of this side reaction by increasing the rate of methanol removal,
the addition of catalyst or the use of alternative dicarbamates is discussed. Optimization of
the Mps of the produced PUs is performed using various ratios diamines/dicarbamates.

In Chapter 5, di-tert-butyl dicarbamate (DiBoc-carbamate) is evaluated as a potential
monomer for isocyanate-free PU synthesis. The mechanism of tert-butyl carbamate (Boc-
carbamate) aminolysis is studied, and cationically stabilized PU(R)Ds with high Mys are
prepared from di-tert-butyl isophorone dicarbamate (DiBoc-IPDC), MeBAPA and diamines
or diols. The properties of the resulting coatings are evaluated using standardized industrially
relevant methods, e.g. pencil hardness and reverse impact test and solvent resistance.

In Chapter 6, anionically stabilized PUDs are developed by polymerizing diamine-functional
polyureas with dianhydrides to form water-dispersible poly(amic acid urea)s (PAAUS).
Factors that affect the Mys of the PAAUSs and the particle sizes of these PUDs are studied.
The properties of the PAAU coatings prepared from different diamines are evaluated and
optimized.

In Chapter 7, high temperature curing of the PU or PAAU coatings prepared in Chapter 3 and
6 are studied. Suitable catalysts for accelerating the curing process was screened and
investigated. The properties of the cured coatings prepared from different diamines are
evaluated.

In Chapter 8, a technology assessment of the possible industrial application of isocyanate-
free PU(R) synthesis described in this thesis is presented, together with comments and
outlook for future research in this field.
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Chapter 2. Catalysts for isocyanate-free
polyurethane/urea synthesis: mechanism and
application

Summary

In this chapter, catalysts for carbamate and carbonate aminolysis were screened and
investigated. Four catalysts, viz. 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), potassium
bis(trimethylsilyl)amide (KHMDS), potassium methoxide (KOMe) and potassium tert-
butoxide (KOt-Bu) were screened for a low toxicity route towards (poly)urethane/ureas
preparation from carbonate/carbamate esters. Based on similar Kinetics, the catalytically
active species for KHMDS, KOt-Bu and KOMe was inferred to be the alkoxide anion RO,
depending on the R group in the carbonate/carbamate. Its activity was much higher than that
of TBD. The low activity of TBD-catalyzed carbamate aminolysis was attributed to the
formation of stable intermediate between carbamate and TBD molecules during the reaction.
Computational simulation for MeO-catalyzed urethane/urea formation was carried out using
density functional theory. The activation energies calculated were in close match with the
experimental results for the three MeO~-based catalysts. TBD and KOMe were applied in the
isocyanate-free polyurea preparation by polycondensation. Again, KOMe exhibited a higher
efficiency than TBD.
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2.1 Introduction

Polyurethanes and polyureas have found wide applications in construction, packaging,
vehicle parts, and coatings due to their versatile material properties. In comparison with
polyurethanes, polyureas have superior mechanical properties due to the stronger
intermolecular interaction between polyurea chains. Furthermore, the urea moiety has a much
better stability against degradation.™? Polyurethanes and polyureas can be rigid,3*
semirigid,>® or flexible® depending on the monomers and the polymer microstructures. The
industrial synthesis of polyurethanes and polyureas is based on isocyanate chemistry, where
multifunctional isocyanates are polymerized with either diol- or diamine-functional
monomers, respectively. The main disadvantage of this approach lies in the notorious toxicity
of isocyanates and the required raw materials phosgene and chloroformates,”® all of which
can cause severe damage to the environment and health. Additionally, although the high
reactivity of isocyanates facilitates fast polymerization, which is highly appreciated in
practical applications, they can be quite problematic in some specific scenarios such as the
preparation of water-borne polyurethane/urea dispersions applied in coating materials,
adhesives, and membranes.® Indeed, the isocyanate groups can easily react with water to form
amines and CO; (Scheme 1). This will change the stoichiometry between the isocyanates and
diols or diamines, leading to an uncontrolled polymerization.

/\ “OH, RNCO S

R—N=C=0 ——» R—NH, — > R/NTN\R'
-co, I

Scheme 1. Consumption of isocyanate by water in aqueous medium.

During the past decades, exploring new, nontoxic routes to prepare polyurethanes (PUs) has
become a hotspot for both academic and industrial research. Most of these isocyanate-free
routes, however, are based on cyclic species such as cyclic carbonates,*? urethanes,*® or
ureas,*15 the synthesis of which often requires harsh conditions or toxic reagents such as
chloroformate!®*® and oxiranes.*®?° Furthermore, the reaction between dicyclic carbonates
and diamines results in poly(hydroxyurethanes) carrying hydroxyl side groups, which can
lead to undesired properties such as low water resistance and poor material properties due to
insufficient packing of neighboring chains.?22

Recently, a new isocyanate-free route (Scheme 2) for preparing polyurethanes (1V) or
polyureas (111) was proposed by several groups,®2%?* using dicarbamates (11) and diols
(R"OH) or diamines (R'NH2) as monomers. The dicarbamates are synthesized from
potentially sustainable raw materials such as dimethyl carbonate (1) and diamines.

Since carbamates or carbonates are less reactive than isocyanates, especially towards water,
a controlled polymerization should be possible even in an aqueous environment. This is
particularly relevant when aqueous polyurethane or polyurethane/urea dispersions are
targeted.

However, the lower reactivity of the carbonate/ carbamate-amine/alcohol chemistry implies
a lower polymerization rate in comparison to isocyanate-amine/alcohol reactions. To
overcome this reactivity issue, efficient catalysts must be employed.
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RO OR -ROH RO NHR'

Scheme 2. Isocyanate-free routes to urethane/urea formation through a carbamate
intermediate.

Various catalysts utilized in esterification reactions or isocyanate chemistry have been
screened as potential candidates for carbonate/carbamate-amine/alcohol reactions. They
include strong bases such as phosphazenes,®% guanidine derivatives such as 1,5,7-
triazabicyclo[4.4.0]dec-5-ene  (TBD),?"%° organo-alkali- metal catalysts,® alkaline
oxides,®?3% and transition-metal compounds®*3¢ (Scheme 3). They are all active for
esterification or (cyclic) carbonate-amine/alcohol reactions. The four most promising
catalysts have been selected for a more detailed study in this chapter, and their application in
polymerization reactions is evaluated.

Model reaction:

? Cat. )k -
PN N N NN
NH, + \OJ\O/ N S
HEX DMC NHMC
Catalyst candidates:
CqqHa3
/
o=C
i o)
I [\N/j (\N/j I CAHQ\I % :
C4HgO__OC4Hg Sn F;C—S—0 | Sc
SN N)\\N N)\\N \NJ\N< cuH 0>Ti:oc H caHg C|) g
H I / 4119 4119 ‘O:C 3
N,
i Cy1Hz3
DBU TBD MTBD T™G Ti(OBu), DBTDL Sc(0Tf);
| | ’L/ N/\
OK ~Nd - | Il
PENVE N oK >N—P:N—P—N<
! NN Zn(NO,), Ge0, sr0
/N /N
KOt-Bu KHMDS KOMe P,-Et

Scheme 3. Carbonate aminolysis model reaction with DMC and HEX as substrates and
catalyst candidates.

2.2 Experimental Section
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2.2.1 Materials

All reagents are commercially available unless specified otherwise. Hexylamine (HEX,
Acros Organics 99%) was purified by distillation from potassium hydroxide. Dimethyl
carbonate (DMC, Reagent Plus, 99% Sigma Aldrich) and diethyl carbonate (DEC, 99%
Sigma Aldrich) were purified by drying over 4 A molecular sieves and subsequent fractional
distillation. Poly(propylene glycol) bis(2-aminopropyl ether) with an average M, of 200 Da
(PPGda2000), hexylamine (HEX, 99%), toluene (anhydrous, 99.8%), germanium(IV) oxide
(GeO2, 99.99%), zinc nitrate (Zn(NO3),, 99.99%), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD,
98%), 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD, 98%), 1,1,3,3-tetramethyl-
guanidine (TMG, 99%), 1,8-diazabicyclo [5.4.0Jundec-7-ene (DBU, 99.0%),
tetramethyl(tris(dimethylamino)phosphoranylidene)  phosphorictriamid-Et-imine  (P»-Et,
98% ), titanium(1V) butoxide (Ti(OBu)a4), scandium triflate (Sc(OTf)s, 99.995%), dibutyltin
dilaurate (DBTDL, 95%), 1,4-diaminobutane (DAB, 99%), strontium oxide (SrO, 99.9%),
potassium bis(trimethylsilyl)amide (KHMDS, 95%), potassium methoxide (KOMe, 95%)
and potassium tert-butoxide (KOt-Bu, 99.99%) were bought from Sigma Aldrich. Deuterated
solvents were purchased from Buchem BV. Other common solvents were purchased from
Biosolve. All the chemicals were used without further purification.

2.2.2 Reactions and synthesis

Model reaction

Catalyst activities were assessed by monitoring the reaction between HEX and DMC
(Scheme 3) or DEC. In a typical experiment, 0.25 mmol of catalyst and 25 mmol of
DMC/DEC were introduced into a 20 mL crimp-cap vial. 0.4 g of toluene was added as an
internal standard, followed by the injection of 25 mmol of HEX into the vial. The time of the
injection of HEX was considered as the t = 0 of the reaction.

Synthesis of N-hexyl methylcarbamate (NHMC)

In a 100 mL flask, DMC (90 g, 1 mol), HEX (20.2 g, 0.2 mol), and TBD (0.69 g, 5 mmol)
were stirred for 12 hours at room temperature. The reaction mixture was then concentrated
by using a rotary evaporator and washed 3 times with a saturated aqueous NaCl solution. The
organic phase was then dried with anhydrous sodium sulfate to obtain NHMC as a colorless
oil (28.6 g, 90%).

'H NMR (400 MHz, CDCls, § in ppm): 4.95 (s, broad, 1H, NH), 3.65 (s, 3H, OCHs), 3.16
(m, 2H, NHCHy), 1.49 (m, 2H, NHCH>CHy), 1.29 (m, 6H, CH3CH,CH,CH), 0.89 (m, 2H,
CH2CH3); C{*H} NMR (100.6 MHz, CDCls, & in ppm): 157.2 (C=0), 51.9 (OCH3); 40.9
(NHCHy); 31.5 (CH3CH2CHy>); 29.9 (NHCH2CH,); 26.2 (NHCH2CH,CHy); 22.5 (CH3;CHy);
14.0 (CH2CHg).

Synthesis of 1,4-butylenedicarbamate (BU2)%

In a 500 mL flask, a mixture of DMC (90 g, 1 mol), molten DAB (35.2 g, 0.4 mol) and TBD
(1.39 g, 10 mmol) was stirred for 1 hour at room temperature. During this period, 100 mL of
diethylether (Et,O) were added when precipitation was observed. The precipitate was then
isolated by filtration. The residue was recrystallized from chloroform and dried in a vacuum
oven overnight at 60 °C to obtain BU2 as a colorless crystalline solid (70 g, 86%).
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IH NMR (400 MHz, CDCls, 8 in ppm): 4.86 (s, broad, 1H, NH), 3.63 (s, 3H, OCHs), 3.16
(m, 2H, NHCH,); 1.51 (m, 2H, NHCH,CH,); 3C{*H} NMR (100.6 MHz, CDCls, & in ppm):
157.2 (C=0), 51.9 (OCHs); 40.6 (NHCH,); 27.2 (NHCH, CHy).

Polymerization of diamine and dicarbamate

Polymerization reactions were carried out by using PPGda2000 and BU2 as comonomers. In
a typical experiment, 20 g (0.01) mol of PPGda2000 and 2.04 g (0.01) mol of BU2 were
introduced into a 100 mL 3-neck flask subsequently flushed with argon. The reaction mixture
was heated up to 130 °C prior to the addition of 0.5 mmol of catalyst. Samples were taken
during the reaction to determine the molecular weight evolution by SEC measurements.

2.2.3 Characterizations
Gas chromatography with flame ionization detector (GC-FID)

A Varian CP-3800 equipped with an FID was used for analysis of the kinetic results. Samples
were prepared by quenching 0.05 mL of the reaction mixture into 1 mL of chloroform.

The conversion of DMC was monitored by GC-FID measurement as follows:

Abmc-t and Awluene-t are the GC-FID peak areas attributed to DMC and toluene at time t,
respectively.

The initial concentration ratio between DMC and toluene is designated by 1o where

Io = Apmc-o/Atotuene—o
The ratio between DMC and toluene after x minutes is designated by Ix, where

[x = ADMC—x/Atoluene—x
The concentration of DMC at time x is then:
Cy =1 /1y
The same calculation method holds when using DEC or NHMC as the carbonate source.

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy
ATR-FTIR was performed using a Bio-Rad Excalibur FTS3000MX infrared spectrometer
(fifty scans per spectrum, spectral resolution of 4 cm™) with an ATR diamond unit (Golden
Gate). The measurement was performed by applying the sample onto the ATR diamond. The
spectra were taken between 4000-650 cm™.

Nuclear magnetic resonance (NMR)

BC{*H} NMR (100.62 MHz) and *H NMR (400 MHz) spectra were recorded using a Varian
Mercury Vx spectrometer at 25 <C. The samples were prepared by quenching 0.05 mL of the
reaction mixture into 1 mL of deuterated chloroform (CDCl5).

Size exclusion chromatography (SEC)

SEC in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was performed on a system equipped with
a Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive index detector (35 °C), a
Waters 2707 autosampler and a PSS PFG guard column followed by 2 PFG-linear-XL (7 um,
8*300 mm) columns in series at 40 <C. HFIP with potassium trifluoroacetate (3 g/L) was
used as eluent at a flow rate of 0.8 mL/min. The molecular weights were calculated with
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respect to poly(methyl methacrylate) standards (Polymer Laboratories, M, = 580 g/mol up to
Mp = 7.1*108 g/mol).

Computational details

The mechanism of KOMe-catalyzed urethane/urea formation was studied by density
functional theory (DFT) calculations. Geometry optimizations were performed using a hybrid
B3LYP exchange-correlation functional and 6-31+G(d,p) basis set for all atoms.3%-4
Frequency calculations were carried out at the same level to verify the nature of the stationary
points. All local minima configurations showed no imaginary frequencies, while the
transition state (TS) structures showed single imaginary frequency corresponding to the
displacements along the reaction coordinate. The attribution of the TS to a particular
elementary step was further confirmed through the intrinsic reaction coordinate (IRC)
calculations.**** To improve the accuracy of the estimated energies, single-point calculations
were performed at the MP2/6-311++G(d,p) level of theory for all structures.*>*” Energies
used for estimation of the reaction heats and barriers include the zero-point energies (ZPESs)
from the DFT frequency calculations. All calculations were performed using the Gaussian 09
D.01 program package.*®

2.3 Results and discussion

2.3.1 General observations

The various candidates depicted in Scheme 1 were evaluated as catalysts for the model
reaction (Scheme 3). The reaction rate constants for some of the active catalysts at different
temperatures are shown in Table 1. The concentration changes of substrates in stoichiometric
DMC/HEX or DEC/HEX model reactions with and without catalysts, viz. GeO2, SrO, TMG,
MTBD, DBU, P,-Et, Ti(OBuU)s, Zn(NOs),, DBTDL, Sc(OTf);, KOMe, KOt-Bu, KHMDS
and TBD, can be found in Figures S1—S8 in the Appendix of this chapter. The rate constants
were calculated by assuming second order reaction kinetics for all the catalysts. This
assumption is validated in the later discussion.

In this model reaction, the most active catalysts identified are KOMe, KHMDS, KOt-Bu and
TBD. The substitution of DMC by DEC leads to lower reaction rates in their presence. The
activity difference can reach a factor from 3 to 10, depending on the temperature. A possible
explanation for this rate difference lies in the larger steric effect of the ethyl groups in DEC
compared to the methyl groups in DMC, hindering the nucleophilic attack of the amine on
the carbonyl center. Compared to TBD, the alkali bases KHMDS and KOt-Bu exhibit a more
pronounced change in activity with increasing reaction temperature. According to the
Arrhenius equation, a less significant catalytic activity change upon temperature increase
indicates that TBD has a lower activation energy (Ea) compared to the two alkali bases. This
is probably resulting from a bi-functional activation mechanism of TBD (Scheme 4a),*
where both nitrogen atoms of TBD are coordinated to the carbonate in the catalytic cycle.
Such a mechanism is supported by the lack of activity of DBU (pKa = 24) and methyl-TBD
(MTBD, pKa = 25.5), both of similar basicity as TBD but without NH group, towards the
model reaction (Figure 1). This implies the importance of the secondary amine in TBD.
Furthermore, the binding of substrates on the two sites results in a significant entropy
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decrease in the transition state. According to the Eyring equation, such an entropy penalty
compensates for the lower enthalpy of activation for TBD, which leads to a lower reaction
rate compared to the alkali catalysts KHMDS and KOt-Bu.

L] = . [
10{sss8 & 8 x 3 @ 07 %+ 3 ¥ e
0.8 0.8
° = MTBD20°C & = DBU18°C
O s e MTBD40°C =061 e DBU40°C
Q A MTBD60°C g 4 DBUG0°C
0 04 v MTBD75°C 8.0.4] v DBU75°C
¢ MTBD90°C ¢+ DBU98°C
0.2 0.2
0 8 16 2 32 0 8 16 2 32
(@) Time (min) (b) Time (min)

Figure 1. Concentration change of DMC in the model reaction at
different temperatures with (a) MTBD and (b) DBU as catalysts.

Table 1. Reaction rate constants (mM™ L s™1) for active catalysts at different
temperatures with DMC or DEC and HEX as substrates.

Carbamates DMC DEC
T (°C)/ 20 40 60 75 90 20 40 60 75 90
Catalyst

KOt-Bu 222 368 608 949 1441 038 074 218 3.62 N.A
KHMDS 237 406 581 811 12.4 037 079 208 348 451
KOMe 229 382 601 868 1298 037 078 212 355 455

TBD 221 281 397 465 6.04 038 054 061 100 150
Sc(0Tf)s 034 040 048 0.62 0.72 0 020 025 030 034
DBTDL 0 0 011 020 0005 NA* NA NA NA N.A
Zn(NOg3)2 0 0 0 0.20 0.40 N.A NA NA NA N.A
Ti(OBu)4 0 0 0 0 0.20 N.A NA  NA NA N.A

Blank 0 0 0 0 0 0 0 0 0 0

3 Not available.
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Scheme 4. Proposed mechanisms for (a) TBD and (b) KOMe as
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The proposed catalytic mechanism for alkali catalysts (Scheme 4b) is different compared to
TBD. First, both KOt-Bu (pKa = 19) and KHMDS (pKa = 26) have higher basicities than
KOMe (pKa= 15.5). Therefore, during the reaction, the byproduct methanol can easily react
with KOt-Bu or KHMDS to generate methoxide anions.

[MeOH] + [B] —=—""[MeO] + [HB]

Considering the relatively small amount (1 mol%) of catalyst compared to the substrates and
the high tendency for the above equilibrium to move to the right, the conversion of 1 % of
the substrate will generate 1 molar equivalent of methanol per catalyst. So both KOt-Bu and
KHMDS will be rapidly converted into KOMe. Thus, we can consider the active catalytic
species in both KOt-Bu- and KHMDS-catalyzed model reactions to be KOMe. Similarly,
KOEt is the active catalytic species for reactions with DEC as substrate. A direct attack of a
methoxide anion on the carbonyl of DMC will release a methoxide anion as the leaving group
to form the same DMC molecule. Moreover, the methoxide anion is not basic enough to
deprotonate amines. Hence, the following mechanism is proposed (Scheme 4b). During the
catalytic cycle, HEX will attack the carbonate through activation by a methoxide anion,
which activates the amine function by increasing its nucleophilicity to generate the
dimethoxymethanolate D. The next step consists of the dissociation of methanol from the
transition state D, generating the (hexylamino)-dimethoxymethanolate transition state E,
which subsequently dissociates to a methoxide anion and the carbamate product.

2.3.2 Reaction order and transition states of the alkali bases- and TBD-
catalyzed model reaction

The reaction order for each catalyst is required to determine the activation energy Ea and the
frequency factor A. Therefore, the model reaction was carried out with KHMDS, KOt-Bu,
KOMe and TBD at 40, 50, 60 and 70 °C. The concentration C of DMC was followed during
1 hour (Figure 2).

The plots of InC vs. reaction time and the inverse DMC concentration vs. reaction time for
data related to TBD and KOMe at 40, 50, 60 and 70 °C are presented in Figure 2a,b (data
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from KHDMS and KOt-Bu are omitted, as the latter convert rapidly to KOMe as discussed
previously).
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Figure 2. Logarithm of DMC concentration vs. time for (a) KOMe and
(b) TBD as catalysts in HEX/DMC model reaction.

The limited conversion of DMC during the first 3 minutes can be attributed to the very low
solubility of KOMe in the initial reaction mixture. However, the MeOH produced gradually
dissolves the catalyst, leading to an increase of the reaction rate. The steeper slopes of the
plots observed before 20 minutes of reaction time are probably resulting from the exothermic
nature of the aminolysis with KOMe, as the exothermic raction results in a temperature
increase of 15°C above the set temperature. A lower temperature increment of 5 °C is also
observed with TBD at the beginning of the reaction, but leads to limited slope change. A
linear relation between 1/C and reaction time compared with non-linear InC vs. reaction time
plot after 20 minutes indicates that the reaction is of second order.

To determine the transition state with the highest energy level for the KOMe-catalyzed
HEX/DMC reaction, and thereby identifying the rate-determining step, DMC was substituted
by the more reactive cyclic propylene carbonate (PC) in the model reaction (Figure 3a).
During the aminolysis of PC, the ring tension lowers the activation energy. As a result, the
reaction can proceed without catalyst at a moderate rate to obtain the ring opening product.
The conversions of PC and DMC into their aminolysis products were determined by GC-FID
and are displayed in Figure 3.

Figures 3b and 3c reveal a faster conversion of PC compared to DMC in the presence of TBD.
This is caused by the reduction of activation energy in state B of the TBD catalytic cycle due
to the release of the ring tension in PC. By contrast, KOMe generates similar rates for both
DMC and PC.

A reasonable explanation is that the potential beneficial effect of the PC ring tension towards
the reaction may only occur during the nucleophilic attack of the carbonate by the MeO-
activated amine. However, the release of ring tension takes place after the amine activation
(transition state D in Scheme 4b), which is the rate determining step for the KOMe-catalyzed
reaction. The total reaction rate thus remains similar when the more reactive PC is used
instead of DMC.
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Figure 3. (a) Reaction scheme of PC and DMC with HEX. (b) Conversion of PC in the
PC/HEX model reaction. (c) Conversion of DMC in the DMC/HEX reaction
at 60 °C with TBD or KOMe (1 mol%) as catalyst or without catalyst.

2.3.3 Activation energy of urethane formation

The reaction rate constant k was determined for each catalyst at the four temperatures. The
plot of Ink vs. 1/RT gives reasonably straight lines, from which the activation energy Ea and

the frequency factor A were obtained (Arrhenius equation). The results are reported in Table
2.

The lower activation energy and higher entropy change of the TBD-catalyzed reaction
compared with the three alkali alkoxides further validates the bi-functional mechanism of
TBD, where a significant entropy change is taking place during the transition state.

The activation energy for the non-catalyzed HEX/DMC model reaction was determined for
comparison. As shown previously by the catalysts screening (Table 1, blank entry), a
stoichiometric ratio of substrates gives negligible conversion in the absence of catalyst in a
closed environment, which may lead to inaccurate conversion determination by GC. The
accuracy of the measurement is enhanced by using one reactant (DMC) in large excess (20
equivalents) and monitoring the concentration of the other (HEX) along the reaction.

The Arrhenius plot related to the non-catalyzed reaction (Figure 4) leads to an activation
energy of 85.6 kJ/mol, considerably higher than in the presence of TBD (12.2 kJ/mol) or

alkali bases (23-24 kJ/mol, Table 2), indicating the high efficiency of those catalysts towards
the carbonate aminolysis.
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Table 2. Activation energy, frequency factor and entropy change for
each catalyst of the HEX-DMC model reaction.*

Catalyst Ea (kJ/mol) InA A*S (J/mol)
KOMe 24.2 4.2 -55.3
KOt-Bu 23.3 4.3 -55.2
KHMDS 24.3 4.4 -55.0
TBD 12.2 0.2 -60.3
No Cat. 85.6 24.1 -54.2

*The reaction constants are calculated from the slope after 20 minutes, where k become constant.

E, = 85.6 kJ/mol
R®=0.962

0.0028 0.0030 0.0032
UT (°Ch
Figure 4. Arrhenius plot of HEX/DMC reaction with no catalyst.

2.3.4 Activation energy of urea formation

Interestingly, the concentration of HEX continued to decrease even after nearly complete
conversion of DMC, as evidenced by the outcome of the signals attributed to the methyl
(DMC, & at 3.72 ppm) and methylene (HEX, & at 2.61 ppm) protons in the *H NMR spectrum
(Figure S9). Such non-stoichiometric reaction behavior can be explained by urea formation
as side reaction (Scheme 2, where R = Methyl and R’ = n-Hexyl). Each DMC molecule
consumes two HEX moieties, to form one urea product (I11). In addition, the HEX/DMC
ratio decreases much faster with the alkali bases than with TBD (Figure S10).

Further experiments were carried out to evaluate the performance of the catalysts in the
aminolysis of the N-hexyl methylcarbamate (NHMC, synthesized from HEX and DMC, see
experimental part) by HEX, which is related to urea formation. A stoichiometric ratio
between the amine and the carbamate resulted in almost no consumption of the substrates in
a closed environment, as indicated by a reaction between HEX and DMC in a 2/1 molar ratio.
In such a reaction mixture (Figure S11), half of HEX was converted into NHMC within 1
hour, while its concentration remained almost constant during the next 24 hours. This
suggests that the equilibrium of the carbamate aminolysis (Scheme 5) is strongly shifted to
the left, i.e. Ka << 1. The reaction can be reversed by removing the condensation product
methanol from the reaction vessel, as observed earlier by our group during copolymerizations
between dicarbamates and diamines to polyureas.?

o]
Ka R'\N)J\ _R

N +
H H

OH
/
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\O)J\N,R + HoN-R'
H
Scheme 5. Reaction scheme of the carbamate aminolysis reaction.
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To monitor the concentration change of NHMC in the reaction mixture with higher accuracy,
20/1 or 100/1 ratios of HEX and NHMC were mixed in a closed set-up with 1 mol % (relative
to the amount of HEX) of TBD or KOMe. The conversion of NHMC was monitored by GC-
FID (Figure 5).
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Figure 5. (a) Conversion of carbamate in NHMC-HEX mixture (1/100) with TBD
as catalyst at different temperatures. (b) Conversion of NHMC in NHMC-HEX
mixture (1/20) with KOMe as catalyst at different temperatures.

Figure 5a indicates a moderate activity for TBD at 105 <C. This is in agreement with our
previous observations, where TBD-catalyzed diamine-dicarbamate polymerizations
proceeded only above 120 <T.% Interestingly, the reaction between TBD and NHMC in a
stoichiometric ratio at 70 <C under an argon flow generated the TBD-urea derivative depicted
in Scheme 6a. The synthesis of similar substances by reactions between isocyanates and TBD
was also reported previously.*® This relatively stable intermediate of the NHMC-HEX
reaction (melting point 120 <C) can drastically increase the activation energy for NHMC-
HEX reaction, thereby retarding it. The assignment of the signals in the 'H NMR spectrum
of the intermediate to the corresponding protons is shown in Figure 6a. The signal at m/z
=267.4 in the mass spectrum of the intermediate (Figure 6b) is in agreement with its molar
mass. In contrast, no stable intermediate was detected for the TBD-DMC reaction (Scheme
6b), which is in agreement with the low activation energy of a TBD-catalyzed DMC-HEX
reaction (Table 2).
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Scheme 6. Reaction between TBD and (a) NHMC and (b) DMC at 70 <C.
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(b) ZéO 26")0 /2%0 2é0 ZéO
m/z
Figure 6. (a) 'H NMR and (b) mass spectrum ([H*+M]=267.4) of TBD/NHMC
intermediate.

In comparison to TBD, KOMe is a much more efficient catalyst, leading to carbamate
conversion above 75% within 1 h at 70 <C. Such a result is not surprising, due to the
comparable structures of carbamate and carbonate. Thus, a similar mechanism may apply for
both carbonate and carbamate aminolyses.

The urea formation during the reaction has been confirmed by ATR-IR, as indicated by the
growth of a new peak at 1640 cm attributed to a urea carbonyl vibration, combined with the
gradual disappearance of the carbamate peak at 1750 cm™ (Figure 7a). The relatively low
intensity of the urea peak in comparison with the -NH; peak of HEX at 1584 cm™ is due to
the much higher concentration of HEX with regard to NHMC (20/1). The monitoring of this
reaction by 3C{*H} NMR also shows a gradual decrease of the carbamate signal at 158 ppm,
while the urea peak at 160 ppm increases over time (Figure 7b).

According to the corresponding Arrhenius plots (Figure 8), the activation energies are 73.2
kJ/mol for KOMe and 94.8 kJ/mol for TBD as the catalyst, respectively. The activation
energy of the carbamate aminolysis is clearly higher in comparison to the carbonate reaction
reported in Table 2.
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Figure 7. (a) ATR-FTIR spectra of substrates (HEX and NHMC) and products
(dihexylurea with HEX in excess). (b) *3C{*H} NMR spectra (DMSO-ds) of a
HEX/NHMC (20/1) reaction mixture at 70 °C with KOMe as catalyst.
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Figure 8. Arrhenius plots of HEX/NHMC (20/1) model reactions with
(a) KOMe and (b) TBD as the catalyst.

2.3.5 Comparison with computational modeling

The mechanism of urethane/urea formation with KOMe has been further studied by DFT
calculations. The methoxide anion is considered as the catalytically active species for the
reaction of DMC and HEX. Figure 9 shows the corresponding reaction energy diagram
(Figure 9a) and its transition states (Figure 9c).

The reaction is initiated by the coordination of the methoxide anion and the reactants.
Assisted by the methoxide anion, the amine nucleophile attacks the C=0 in DMC via the
transition state TS1 to yield the tetrahedral intermediate IM1. This step is exothermic with a
reaction energy (AE) of -46 kJ/mol and shows a barrier (AE?) of 23 kJ/mol. At the next step,
IM1 is isomerized to form intermediate IM2 (AE = -1 kJ/mol), from which the methoxide
anion can be released. The elimination of the catalytic methoxide anion and the formation of
the coupling product closes the catalytic cycle via the transition state TS2. This step is also
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strongly exothermic with an energy of -69 kJ/mol and shows a very low barrier of only 9
kJ/mol. These computational results indicate that the first C-N bond formation is the rate-
determining step in the catalytic cycle. The calculated barrier of 23 kJ/mol is in good
agreement with the experimental value of 24.2 kJ/mol.
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Figure 9. (a) DFT-calculated reaction energy diagram for KOMe-catalyzed urethane
formation. (b) DFT-calculated reaction energy diagram for KOMe-catalyzed urea
formation. (c) Ball-stick model of transition states (TS1 and TS2) of HEX+DMC system.
(d) Ball-stick model of transition states (TS3 and TS4) of HEX+NHMC system.

Likewise, the activation energy calculated for the NHMC/HEX reaction with KOMe of 75
kJ/mol (Figure 9b) is comparable to the experimental value (73.2 kJ/mol). Sardon et al.
demonstrated that the aminolysis of cyclic carbonates occurred with the presence of two
amines rather than one.*® Similarly, an additional amine could stabilize the transition states
by extra hydrogen-bonding interactions (Figure 10).
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Figure 10. Ball-stick model of transition states for KOMe-catalyzed
(a) HEX/DMC and (b) HEX/NHMC reactions.

The estimated activation barriers for the HEX/DMC and HEX/NHMC systems are 18 and 70
kJ/mol, respectively. However, considering the relatively high entropy gain due to the
involvement of four molecules, such transition state is unlikely to exist in the catalytic cycle.
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The DMC-HEX reaction without catalyst was also studied by DFT calculations. The urethane
formation can proceed via a four-membered-ring transition state (Figure 11a). The calculated
activation barrier is 126 kJ/mol. The presence of an additional amine molecule can stabilize
the transition state by forming a six-membered ring structure (Figure 11b), which decreases
the activation energy barrier to 106 kJ/mol. The reaction activation energies from both the
DFT calculations (ca. 100 kJ/mol) and the kinetic experiments (ca. 90 kJ/mol) are much lower
than the values for the alkali base and TBD catalyzed reactions, indicating the efficiency of

these catalysts.
r— ﬁ 1;1 ~ ,I.T_B{_klca
- X-\/ ™ X
A= T A
@ S S (6) /I{

Figure 11. Ball-stick model of transition states of HEX/DMC system without catalyst:
(a) 4-membered ring structure; (b) 6-membered ring structure.

One might also consider the interaction between KOMe with the carbonate carbonyl groups.
There are two possibilities involving the interaction of the potassium cation with the oxygen
of the carbonyl (Figure 12a) or the attack of MeO- on the carbonyl to form the
trimethoxymethanolate intermediate followed by reaction with HEX (Figure 12b). However,
according to DFT calculations, the energy barriers for the two possibilities are 40 and 248
kd/mol, respectively, both significantly higher than the activation energy (23 ki/mol) of the
mechanism described in Figure 9, which is therefore more likely to take place.
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Figure 12. Ball-stick model of interaction between KOMe and DMC in the KOMe
catalyzed DMC/HEX model reaction: (a) situation 1: interaction of potassium with
oxygen in carbonyl group; (b) situation 2: attack of HEX on the trimethoxymethanolate

intermediate.
2.3.6 Application in polymerization

The insights obtained from the model studies described above were employed in polyurea
synthesis. To test the catalysts in polymerization reactions, the diamine-functionalized
polyether poly(propylene glycol) bis(2-aminopropyl ether), with an M, of approximately
2000 g/mol (PPGda2000) and butylene biscarbamate (BU2), were used as comonomers.
These components were polymerized at 130 <C in the presence of TBD, KOMe, and KOt-Bu
(Scheme 7) under a flow of argon to remove MeOH. M, values were determined by HFIP-
SEC and monitored as a function of polymerization time, as shown in Figure 13. The urea
formation during polymerization was confirmed by C{*H} NMR, as indicated by the
reduction of the carbamate signal at 157 ppm and the emergence of a resonance at 158 ppm
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assigned to the urea moieties (Figure 13a). The growth of urea carbonyl vibration at 1640
cm* was also observed from ATR-IR over a period of 10 hours (Figure 13b).

The results indicate a faster M, increase with KOMe and KOt-Bu in comparison to TBD, in
accordance with the results of the model reactions. In addition, the similar molecular weight
growth rates observed with KOMe- and KOt-Bu catalyzed polymerizations further
corroborate the formation of KOMe from methanol. MeQO~ is therefore the proposed active
catalytic species for those systems.
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Scheme 7. Copolymerization of PPGda2000 and BU2 with different catalysts.
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Figure 13. Reaction of a stoichiometric ratio of BU2/PPGda2000 at 130 °C with KOMe
as catalyst under argon flow, monitored by (a) **C{*H} NMR and (b) ATR-IR.

During the polymerizations with KOMe and KOt-Bu, the mixture became solid within 5 h.
Such solid formation leads to a slower polymerization rate due to a reduced mobility of the
reacting species (Figure 14a).

Although TBD is significantly less active than KOMe and KOt-Bu, it is much less sensitive
to water. Therefore, the copolymerization was also carried out under a non-dried air flow
(Figure 14b).
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Figure 14. My of (a) the polymer mixture during polymerization with PPGda2000 and
BU2 as comonomers and TBD, KOMe or KOt-Bu as catalysts under argon flow, (b) the
polymer mixture during polymerization with PPGda2000 and BU2 as comonomers,
under non-dried air (before 5 hours) and argon (after 5 hours) flow.

The molecular weight increase rate of the TBD-catalyzed polymerization under air was very
similar to the reaction under argon, as shown by Figure 14b, indicating a lack of reactivity
towards moisture. In contrast, polymerizations with KOMe and KOt-Bu proved to undergo
a significant drop in activity under non-dried air, illustrated by a very slow increase of M.
This can be explained by the reaction of the catalysts with H-O to produce KOH, completely
inactive towards amine-carbamate reactions.

After 5 h, the air flow was replaced by argon. The polymerization catalyzed by TBD was
barely affected by such a change. This further indicates the very low moisture sensitivity of
this organic catalyst. In contrast, the reactions with KOMe and KOt-Bu were subjected to
significant M, increase rates, from 1 to 2.5 h upon switching to argon. The rates are
comparable to those issued from Figure 14a, indicating almost a full recovery of the catalytic
efficiency. This sharp increase of polymerization rate may result from the production of
MeOH followed by subsequent reaction with KOH to form the KOMe catalyst. The following
equilibrium reaction shifts to the right side since the argon flow will gradually remove water,
while methanol is continuously generated by the reaction:

[MeOH] + [OH'] [MeO] + H,O

The equilibrium suggests that, despite their sensitivity towards water, alkali bases can be
regenerated up to full efficiency once the moisture is removed. This is relevant for industrial
production, since reactor exposure to air or hydrolysis of catalyst can be rectified by flushing
an inert gas.

2.4 Conclusions

In this article, we evaluated a series of potential catalysts for carbonate and carbamate
aminolysis, among which TBD and the alkali bases KHMDS, KO-t-Bu, and KOMe were the
most successful. The active catalytic species of the systems when using the alkali bases
appeared to be the alkoxide anion, the nature of which is determined by the ROC(O) groups
of the substrate. The experimental activation energies determined for the both DMC-HEX
and NHMC-HEX model reactions with the alkali bases (23-24 and 73 kJ/mol, respectively)
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were in good agreement with the computational simulation values (23 and 75 kJ/mol). The
evaluation of these catalysts in polyurea production was carried out using PPGda2000 and
BU2 as co-reacting building blocks. The results agreed with the investigations on the model
reaction, where the alkali bases were much more efficient for carbonate/carbamate
aminolysis in comparison to TBD. Finally, contrary to TBD, the alkali bases are much more
sensitive to water, as illustrated by their very low activity under non-dried air. Their catalytic
efficiency, however, can be recovered once the water is removed by flushing the reaction
vessel with inert gas.
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Appendix

Concentration changes of either DMC or DEC in model reactions

with HEX
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Figure S1. Concentration change of (a) DMC and (b) DEC in the
model reaction with HEX at different temperatures without catalyst.
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Figure S2. Concentration change of DMC in the model reaction with HEX at
different temperatures with (a) GeOg, (b) SrO, (c) tetra-methyl guanidine,
(d) MTBD, (e) DBU, () P2-Et, (g) Ti(OBu)4 and (h) Zn(NOs): as catalysts.
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Figure S3. Concentration change of (a) DMC and (b) DEC in the model reaction with
HEX at different temperatures with DBTDL as catalyst.
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(@)
Figure S4. Concentration change of (a) DMC and (b) DEC in the model reaction with
HEX at different temperatures with Sc(OTf)s as catalyst.
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Figure S5. Concentration change of (a) DMC and (b) DEC in the model reaction with
HEX at different temperatures with KHMDS as catalyst.
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Figure S6. Concentration change of (a) DMC and (b) DEC in the model reaction with
HEX at different temperatures with KOMe as catalyst.
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Figure S7. Concentration change of (a) DMC and (b) DEC in the model reaction with

HEX at different temperatures with TBD as catalyst.
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Figure S8. Concentration change of (a) DMC and (b) DEC in the model reaction with

HEX at different temperatures with KOt-Bu as catalyst.
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Figure S9. NMR spectra of the model reaction with KOMe. The resonance area at 3.72
ppm (methyl proton of DMC) is kept constant, whereas the methylene area of HEX at
2.62 ppm decreases over time.
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Figure S11. Concentration change of DMC and HEX in the reaction mixture (1/2 ratio
of DMC and HEX with 1 mol% TBD as catalyst) at 90 °C, determined by *H NMR.

Avrrhenius equation:

Ink = InA —

Ea
RT’

Where k is the rate constant of the reaction, A the pre-exponential factor, E, the activation
energy of the reaction, R the gas constant and T the absolute temperature.

Eyring equation:

kg | AS
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Where K is the rate constant of the reaction, AH the enthalpy of activation, R the gas constant,
T the absolute temperature, kg the Boltzmann constant, h the Planck’s constant and AS the
entropy of activation.
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Chapter 3. Preparation of cationically stabilized
water-borne polyurea dispersions via an isocyanate-
free route

Summary

In this chapter, the synthesis of internal amine-containing polyureas (PUs) for coating
applications and their evaluations in a water-borne coating system are reported. Internal
amine-containing diamine monomers, Vviz. diethylene triamine (DETA), bis(3-
aminopropyl)amine (BAPA), 3,3'-diamino-N-methyldipropylamine (DMDPA) and their
dicarbamate counterparts were employed as internal dispersing agents (IDAs). A model
reaction with IDA and N-hexyl methylcarbamate (NHMC) as substrates showed lower
reactivity of the internal amine of the dicarbamate functional IDAs (IDAcs) compared to the
primary ones, with the order BAPA > DETA >> DMDPA. The dicarbamate IDAs (IDAcs)
exhibited significantly lower aminolysis rates compared to butane dicarbamate (BU2) due to
the hydrogen bond formation between the carbamate and the internal amines, which sterically
hinders the aminolysis reaction. Poly(propylene glycol) bis(2-aminopropyl ether) with an
average M, of 400 Da (PPGda400), 4,7,10-trioxa-1,13-tridecanediamine (TOTDDA), 4,9-
dioxa-1,12-dodecanediamine (DODD) and isophorone dicarbamate (IPDMC) were
employed for the synthesis of PUs. Branched and crosslinked PUs were obtained with either
DETA or BAPA as IDAa. An increase of Tywas observed with increasing DMDPA content
in the polyureas with PPGda400, while PUs prepared from DCMDPA and PPGda400
exhibited similar Ty with increasing IDA content. Stable dispersions were obtained from
polyureas with either DCMDPA or DMDPA. The hardnesses of the coatings resulting from
these dispersions were hardly affected by the neutralization agent. The hardnesses of the
coatings from DMDPA-based polyureas (PUas) increase from 4B to 2B with increasing IDA
concentration, while hardnesses of 6B were obtained with PU coatings prepared from
DCMDPA (PUcs). PUcs with different IDA concentrations all passed the reverse impact test,
while most PUas did not, with the notable exception of the PUa with 40 mol% of DMDPA in
the diamine monomers and a high M, about 48 kDa. These coatings also showed a
satisfactory solvent resistance against acetone and water. In conclusion, the developed
polyureas with internal amine containing IDAs are promising materials for coating
applications.
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3.1 Introduction

Over the past decades, polyurethanes (PURs) and polyureas (PUs) have gained increasing
interest both from academia and industry due to their superior material properties, which stem
from their strong intermolecular interactions caused by hydrogen bonds (Scheme 1). Such
intermolecular hydrogen bonds can act as physical crosslinkers, which significantly improves
the mechanical properties of the material.

VLL‘ﬂﬂ H H Crrf
O\gNm OINL’?MJ"‘NMW

N / N\

H H H
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w0 NN N Ny 0. Nwvwnrv N N

Scheme 1. Intermolecular Hydrogen bonds between
urethane and urea moieties in PU(R)s.

Due to their excellent material properties and good chemical resistance, in recent years
PU(R)s have gained a dominating role in the polymer materials markets. The quantities of
PU(R)s produced in 2007 have reached 12 million metric tons, with an annual growth of
about 5%.% PU materials have been utilized in various industrial applications such as fibers,
foams, adhesives, coatings, elastomers and sealants.*® In the coating industry, PU(R)s can be
applied on many substrates for protection purposes. For instance, they provide good exterior
gloss, satisfactory color retention and they provide good scratch and corrosion resistance to
vehicles, floors and furniture. The coatings are normally prepared from PU solutions in
organic solvents or from PU dispersions in water (PUDSs), which are dried on the substrate to
form the final product. Due to environmental regulations to reduce volatile organic
compounds (VOC), solvent-borne PUs are becoming less desired. Thus, the alternative
water-borne polyurethane/urea dispersions (PUUDSs) have gained increasing attention since
the 1990s.6 Conventional isocyanate-based water-borne PUDs are prepared using cationic,
anionic or non-ionic internal dispersing agents (IDAs). Non-ionic dispersions are stabilized
by incorporating hydrophilic building blocks in the PUs to increase the hydrophilicity of the
PUD particles and to introduce steric stabilization, while cationic or anionic dispersions are
electrostatically stabilized by amine or acid groups, which are neutralized by volatile acids
or amines, added before dispersing in water. The use of an excess of diisocyanate monomer
results in a diisocyanate-functional prepolymer, which is then usually chain extended with a
diamine to reach high M, with good mechanical properties (Scheme 2). One of the most
commonly used IDAs in the PU industry is dimethylol propionic acid (DMPA), used for the
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preparation of anionically stabilized PUUDs, which are more compatible with ingredients in
the PUUDs compared to cationically stabilized ones.

The industrial PU synthesis involves highly toxic and hazardous diisocyanates (Scheme 2).
Typical diisocyanates are methylene diphenyl diisocyanate (MDI) and toluene diisocyanate
(TDI), which account for approximately 95% of the global isocyanate market.” Another
frequently used diisocyanate is isophorone diisocyanate (IPDI), which is non-aromatic.
Diisocyanates are mostly synthesized via the reaction between primary amines and phosgene
or chloroformates, both extremely toxic.

HO—~RA—OH + OCN==NCO + HO/>€)%HH

Excess Dimethyl propionic acid
(DMPA)
l 47%
o o o o
OCN—NJI\O—'VRW—OJ\N—N)LO/><\OJ\N—NCO
H H H H
COOH

NCO-terminated PU prepolymer

J Triethylamine (TEA)

o o o) o
OCN—HJ\O—'WR-N—O)I\H—HJLO OJ\H—NCO
COOHNET,
e @

Neutralized NCO-terminated PU prepolymer

J Dispersion in water

J Diamine

Poly(urethane urea) dispersions
Scheme 2. Synthesis of water-borne polyurethane via isocyanate chemistry.

Additionally, although the isocyanates is highly appreciated in practical applications due to
its high reactivity during polymerization, they can easily react with water in the aqueous
medium to form carbamic acids, which easily decompose into primary amines and CO;
during polyurethane/urea dispersion preparation (Scheme 3).8 In fact, since the generated
amines can react with NCO end-groups, leading to a deviation from the stoichiometry
between the isocyanates and the diols or diamines, thereby resulting in an uncontrolled
polymerization. The toxicity of the diisocyanates and the growing interest in sustainable
production of high performance materials as well as their high reactivity resulting in less
controlled polymerizations have triggered researchers to investigate alternative non-toxic
isocyanate-free pathways.

i OHy RNCO H H
R—-N=C=0 > R-NH,

NN
-CO, R \"/ R

o
Scheme 3. Consumption of isocyanate by water.
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Most of the isocyanate-free routes are based on cyclic species such as cyclic carbonates or
cyclic urethanes and ureas,®*? the synthesis of which often requires harsh conditions or toxic
reagents such as chloroformate and oxiranes.**” Furthermore, the reaction between dicyclic
carbonates and diamines results in poly(urethane)s carrying hydroxyl side groups, the
presence of which can lead to undesired properties such as low water-resistance and tensile
strength due to insufficient packing of neighboring chains.*®%° Recently, a new method for
preparing polyurethane/ureas was developed proposed by several groups, using dicarbamates
and diols or diamines as monomers (Scheme 4).222 The carbamates are synthesized from
potentially sustainable raw materials such as dimethyl carbonate, cyclic carbonate, CO; and
various diamines.

Compared with polyurethanes, polyureas have superior mechanical properties due to the
stronger intermolecular interactions between polyurea chains. Furthermore, the urea moieties
exhibit a much better stability against degradation.?>?* Additionally, the primary amine
groups are stronger nucleophiles than hydroxyls, which makes their reaction with carbonyls
much faster.82° Therefore, in this study, we will focus on preparing and investigating water-
dispersible polyureas obtained via diamine/dicarbamate polymerization.

For the same reactivity reasons, DMPA is not employed in this study for the preparation of
anionically stabilized PUDs. Instead, diamine-functional monomers with neutralizable
secondary or tertiary amines in the backbone are incorporated in the PU as IDAs for
synthesizing the cationically stabilized PUDs, which can potentially be applied in potentially
antibiotic coatings.?® The structure-properties relationships of these water-dispersible
polyureas are investigated by studying their dispersion and coating properties.

§ e g "
RO”™ "OR _ROH RO” “NHR' Carbonate aminolysis
o R'—NH, o}
_—
RO*NHR' -ROH R'HN)LNHR' Carbamate aminolysis

Transurethanization

Scheme 4. Non-isocyanate reactions resulting in urethane or
urea linkages through a carbamate intermediate.
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3.2 Experimental Section
3.2.1 Materials

All reagents were commercially available unless specified otherwise. Diethylenetriamine
(DETA, 99%), bis(3-aminopropyl)amine (BAPA, 98%), 3,3'-diamino-N-
methyldipropylamine (DMDPA, 96%), 4,7,10-Trioxa-1,13-tridecanediamine (TOTDDA,
97%), 4, 9-dioxa-1,12-dodecanediamine (DODD, 99%), 5-amino-1,3,3-
trimethylcyclohexane-methylamine (IPDA, cis and trans mixture, 99%), 1,5,7-triazabicyclo
[4.4.0]dec-5-ene (TBD, 98%), potassium methoxide (KOMe, 95%), dimethyl carbonate
(DMC, 99%), triethylamine (TEA, 99%), 1,4-diaminobutane (DAB, 99%), 1,7-
diaminoheptane (HDA, 98%), poly(propylene glycol) bis(2-aminopropyl ether) with an
average M, of 400 Da (PPGda400) and dimethylacetamide (DMAc, anhydrous) were
purchased from Sigma Aldrich. Other common solvents were purchased from Biosolve. All
the purchased chemicals were used without further purification.

3.2.2 Reactions and synthesis

Synthesis of N-hexyl methylcarbamate (NHMC)®

In a 100 mL flask, DMC (90 g, 1 mol), HEX (20.2 g, 0.2 mol), and TBD (0.69 g, 5 mmol)
were stirred for 12 hours at room temperature. The reaction mixture was then concentrated
by using a rotary evaporator and washed 3 times with a saturated aqueous NaCl solution. The
organic phase was then dried with anhydrous sodium sulfate to obtain NHMC as a colorless
oil (28.6 g, 90%).

IH NMR (400 MHz, CDCls, § in ppm): 4.95 (s, broad, 1H, NH), 3.65 (s, 3H, OCH3), 3.16
(m, 2H; NHCHy), 1.49 (m, 2H; NHCH2CHy), 1.29 (m, 6H; CHsCH,CH2CH3), 0.89 (m, 2H;
CH2CH3); C{*H} NMR (100.6 MHz, CDCls, & in ppm): 157.2 (C=0), 51.9 (OCH3); 40.9
(NHCH,); 31.5 (CH3CH.CHy); 29.9 (NHCH,CH;); 26.2 (NHCH,CH,CH>); 22.5 (CH3CHo);
14.0 (CH2CHs5).

Synthesis of BU2%

In a 500 mL flask, a mixture of DMC (90 g, 1 mol), molten DAB (35.2 g, 0.4 mol) and TBD
(2.39 g, 10 mmol) was stirred for 1 hour at room temperature. During this period, 100 mL of
diethylether (Et,O) were added when precipitation was observed. The precipitate was then
isolated by filtration. The residue was recrystallized from chloroform and dried in a vacuum
oven overnight at 60 °C to obtain BU2 as a colorless crystalline solid (70 g, 86%).

IH NMR (400 MHz, CDCls, & in ppm): 4.86 (s, broad, 2H, NH), 3.63 (s, 6H, OCH3), 3.16
(m, 4H, NHCH>), 1.51 (m, 4H, NHCH2CH). *C{*H} NMR (100.6 MHz, CDCls, & in ppm):
157.2 (C=0), 51.9 (OCH3); 40.6 (NHCH); 27.2 (NHCH,CHy).

Synthesis of isophorone dicarbamate (IPDMC)%

In a 2000 mL three-neck flask equipped with a condenser, 170 g (1 mol) of IPDA, 630 g (7
mol) of DMC and 70 g (1 mol) of sodium methoxide were mixed under argon flow and stirred
at room temperature. After 4 hours, the mixture was heated up to 60 °C for another 6 hours.
The solution was then cooled and poured into an excess of chloroform and then washed with
brine. The organic layer was dried over anhydrous sodium sulfate. The solvent was

57



evaporated to obtain the product as a yellowish solid (150 g, 52%).

IH-NMR (400 MHz, CDCls & in ppm): 4.75 (d, 1H, -NHCH,), 4.6 (s, 1H, cy-NHCH), 3.8-
3.6 (5, 1H, cy-CHNH, 6H,-OCHs), 3.3, 2.9 (d, 2H,-CH,NH), 1.7-0.7 (15H, cy-H). 3C{H}
NMR (100.6 MHz, CDCls § in ppm): 157.4, 156.3 (C=0), 54.8 and 52.1 (OCHs), 51.8, 46.9,
46.3,44.6, 42.5,41.8, 36.3, 34.9, 31.7, 29.6, 27.5, and 23.1 (cy-C).

Synthesis of bis(2-aminoethyl) carbamate (BAEC)

In a 1000 mL flask, a mixture of DMC (225 g, 2.5 mol), molten DETA (103 g, 1 mol) and
TBD (4.2 g, 30 mmol) was stirred for 1 hour at room temperature. During this period, 100
mL of diethylether (Et.O) were added when precipitation was observed. The precipitate was
then isolated by filtration. The residue was recrystallized from chloroform and dried in a
vacuum oven overnight at 60 °C to obtain BAEC as a colorless crystalline solid (160 g, 73%).

IH-NMR (400 MHz, CDCls, & in ppm): 5.21 (d, 2H, -CONHCH}), 3.67 (s, 6H, -OCHs), 3.3,
3.27 (d, 4H,-CH,NHCO), 2.74 (t, 4H, -CH,;NHCH,-), 1.11 (s, 1H, -CHoNHCH,-). BC{*H}
NMR (100.6 MHz, CDCls, & in ppm): 157.3 (C=0), 52.1 (OCHs), 48.7 (CH2NHCHS), 40.8
(CONHCHy).

Synthesis of bis(3-aminopropyl) carbamate (BAPC)
In a 1000 mL flask, a mixture of BAPA (131 g, 1 mol), DMC (180 g, 2mol) and TBD (2.8 g,
20 mmol) was stirred for 3 hours at room temperature. The mixture was then washed with
brine and dried with sodium sulfate. The resulting solution was evaporated to obtain the
product as a viscous light yellow liquid (177 g, 71.7%).

'H-NMR (400 MHz, CDCl3 & in ppm): 5.48 (d, 2H, -CONHCH,), 3.67 (s, 6H, -OCH3), 3.24
(d, 4H,-CH2NHCO), 2.67 (t, 4H, -CH2NHCH>-), 1.67 (m, 4H, -CH2CH:NHCH>-), 1.27 (s,
1H, -CH,NHCH,-). ¥*C{*H} NMR (100.6 MHz, CDCl5 & in ppm): 157.3 (C=0), 52.0 (OCHj),
47.5 (CH2NHCH?y), 39.6 (CONHCH?), 29.6 (-CH,CH>NHCH,-).

Synthesis of 3,3’-dicarbamate-N-methyl-dipropylamine (DCMDPA)

In a 1000 mL flask, a mixture of DMDPA (145 g, 1 mol), DMC (180 g, 2mol) and TBD (2.8
g, 20 mmol) was stirred for 3 hours at room temperature. The mixture was then washed with
brine and dried with sodium sulfate. The resulting solution was evaporated to obtain the
product as an orange viscous liquid (195 g, 74.7%).

IH-NMR (400 MHz, CDCl5 § in ppm): 5.62 (d, 2H, -CONHCHS,), 3.66 (s, 6H, -OCHs), 3.24
(d, 4H,-CH,NHCO), 2.40 (t, 4H, -CH,NCHsCH;-), 2.17 (s, 3H, -CHo,NCH3CH,-), 1.67 (m,
4H, -CH,CH,NHCH3CH,-). C{*H} NMR (100.6 MHz, CDCls 5 in ppm): 157.3 (C=0),
56.0 (OCHs); 52.0 (CH2NHCH;), 41.7 (-CH2NCH3sCH,-), 39.9 (CONHCHy), 26.8 (-CH,CH;
NCHsCH,-).

Reactivity test of the secondary amines in dicarbamate-functional IDAs (IDAcs)

The reactivity of the secondary amines in IDAcs towards carbamates was evaluated by
monitoring the reaction between IDAcs and NHMC. In a typical experiment, 0.30 mmol of
KOMe and 30 mmol of NHMC were introduced into a 20 mL crimp-cap vial, followed by
the injection of 1 mmol of IDAc into the vial. The time of the injection of IDAc was
considered as the t = 0 of the reaction.
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Reactivity test of the carbamates in IDAcs

The reactivity of IDAcs towards amines was evaluated by monitoring the reaction between
IDAs and hexylamine (HEX). In a typical experiment, 0.25 mmol of KOMe and 2.5 mmol
of HEX were introduced into a 20 mL crimp-cap vial. 0.1 g of toluene was added as an
internal standard, followed by the injection into the vial of a solution of 25 mmol of IDAc in
4 g anhydrous DMACc. The time of the injection of the IDAc solution was considered as the t
= 0 of the reaction.

Preparation of diamine-terminated cationically dispersible polyureas

Water dispersible polyureas were prepared with poly(propylene glycol) bis(2-aminopropyl
ether) (PPGda), isophorone dicarbamate (IPDMC) and various molar percentages of internal
dispersing agent (IDA). In a typical experiment, a mixture of PPGda400 (6.40 g, 16 mmol),
DETA (0.41 g, 4 mmol), IPDMC (5.72 g, 20 mmol) and TBD (0.14 g, 1 mmol) was added to
a 100 mL 3-neck flask and stirred under argon flow at 130 °C for 12 hours. Then, the pressure
in the flask was gradually reduced to 5 mmHg and maintained at this value for another 6
hours before quenching the mixture with water. Finally, the precipitated polymer was washed
with water 3 times and dried in a vacuum oven for 12 hours to obtain the light yellowish
polymer (8.30 g, 73.8%).

Preparation of water-borne polyurea dispersions

In a typical experiment, 1 gram of prepolymer was dissolved in 1 mL of methanol. An
equivalent amount of acidic acid was added according to the concentration of the amines
determined from the potentiometric titration. The mixture was stirred for 10 minutes and then
slowly added to 8 mL of water under vigorous stirring.

3.2.3 Characterizations

Size exclusion chromatography (SEC)

SEC in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was performed at 40 °C on a system
equipped with a Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive index detector
(35 °C), a Waters 2707 autosampler, a PSS PFG guard column followed by 2 PFG-linear-XL
(7 wm, 8*300 mm) columns in series. HFIP with potassium trifluoroacetate (3 g/L) was used
as eluent at a flow rate of 0.8 mL/min. The molecular weights were calculated with respect
to poly(methyl methacrylate) standards (Polymer Laboratories, Mp = 580 Da up to Mp =
7.1*10° Da).

Atomic Force Microscopy (AFM)

AFM measurements were performed at room temperature (~20<C) on an NT-MDT NTegra
Aura, in semi-contact mode, using NSG11 cantilevers (NT-MDT) with a typical spring
constant of 5.5 N/m and a typical resonance frequency of 150 KHz. The sample scan size is
10%10 pm.

Potentiometric titration

Potentiometric titrations were carried out using a Metrohm Titrino 785 DMP automatic
titration device fitted with an Ag-titrode. The sample solution was prepared by dissolving 1
gram of sample in 50 mL of methanol. The amount of the amine functionalities of the sample
was measured by titrating the sample solution with a solution of HCI in isopropanol (0.1 M).
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A blank experiment was carried out by titrating 50 mL of methanol with the HCI solution.
The molar amount of amine per gram of sample was defined according to the following
equation:

_ (Vsample - Vblank) *0.1
Namine - 1

where the Vsample is the volume of HCI solution needed for the sample (mL) and Vpjank the
volume of HCI solution needed for the blank experiment (mL).

Nuclear magnetic resonance spectroscopy (NMR)

BC{*H} NMR (100.62 MHz) and *H NMR (400 MHz) spectra were recorded using a Varian
Mercury Vx spectrometer at 25 <C. The samples were prepared by dissolving 20 mg of
polymer in 1 mL MeOH-ds or 50 mg/ml using dimethylsulfoxide (DMSO-ds) or
dimethylformamide (DMF-d-) as a solvent.

Dynamic light scattering (DLS) and {-potential measurements

DLS and C-potential measurements were performed on a Malvern ZetaSizer Nano ZS
(polyurethane refractive index: 1.59) at 25 <C to determine the dispersion characteristics. The
average particle size and the particle size distribution of dispersions containing 0.1 wt% of
solids were determined according to ISO 13321 (1996). The {-potential was calculated from
the electrophoretic mobility (i) using the Smoluchowski relationship { = nu/e with xa > 1,3
where n is the solution viscosity, € the dielectric constant of the medium, and « and a the
Debye-Hickel parameter and the particle radius, respectively. Data acquisition was
performed using the ZetaSizer Nano Software.

Gas chromatography with flame ionization detector (GC-FID)
A Varian CP-3800 equipped with an FID was used for analysis of the kinetic results. Samples
were prepared by quenching 0.05 mL of the reaction mixture into 1 mL of chloroform.

Differential scanning calorimetry (DSC)

DSC measurements were performed on a TA Instruments DSC Q100. Samples were heated
from -80 to 180 <T at a heating rate of 10 <T/min followed by an isothermal step for 5 min.
A cooling cycle to -80 <C at a rate of 10 <T/min was performed prior to a second heating run
to 180 <C at the aforementioned heating rate. The T4 was determined from the second heating
run. The Universal Analysis 2000 software was used for data acquisition.

Coating evaluations

The acetone resistance was evaluated using the acetone rub test. Hereto, the sample was
rubbed back and forth with a cloth drenched in acetone. If no damage was visible after more
than 100 rubs, i.e. 50 ‘double rubs’, the acetone resistance of the coating was considered as
good. The water resistance was evaluated by immersing the sample in water at room
temperature, if no swelling or softening was observed after 1 hour, the water resistance of the
coating was considered as good. The so-called reverse impact test is a rapid deformation test,
performed by dropping a 1 kg ball on the backside of a coated panel from a 100 cm height,
as described in ASTM D2794. Pencil hardness tests (ASTM D3363) were performed
accordingly (from the hardest to the softest: 9H-1H, F, HB, 1B-9B). The thickness of the
coatings was determined using a magnetic induction coating thickness measuring device
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(Twin-Check by List-Magnetik GmbH).

3.3 Results and discussion

3.3.1 Model reaction study of diamine-functional IDAs (IDAas) and
dicarbamate-functional IDAs (IDACs)

Ideally, the incorporation of the IDAas take place via the reaction between their primary
amines and the dicarbamate monomers, and generate linear PUs. However, the secondary
amines of the IDAas are also reactive towards the carbamates, leading to undesired branched
or crosslinked structures during polymerization. Thus, model reactions were performed to
investigate the reactivity of the secondary amines in IDAs towards carbamates. Since the
equilibrium constant of the carbamate aminolysis is very small, an excess of IDAas must be
used to accurately determine the conversion of the carbamate.?> Moreover, the secondary
amines of the IDAas are much less reactive towards carbamates compared with the primary
ones. Thus, to determine the reactivity of the secondary amine, the primary amines are
converted to methyl carbamates via reactions with dimethyl carbonate (DMC, Scheme 5b).
The resulting dicarbamate functional IDAs (IDAcs) including bis(2-aminoethyl) carbamate
(BAEC), bis(3-aminopropyl) carbamate (BAPC) and 3,3’-dicarbamate-N-methyl-
dipropylamine (DCMDPA) are then reacted with an excess of N-hexyl methylcarbamate
(NHMC) (1/20 ratio) at 90 °C with KOMe as catalyst in a closed set-up. The conversions of
the secondary amines of the IDAcs are monitored by *H NMR (Figure 1a).
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Scheme 5. (a) Structure of IDAas: DETA, BAPA and DMDPA.
(b) Model reaction with NHMC and IDAcs.
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The proton signal a at 2.62 ppm is assigned to the methylene peak adjacent to the internal-
amine of the IDAc. The signal shifts to 3.25 ppm (b) after reaction with NHMC, indicating
the formation of urea moiety at the internal-amine. The signal c at 0.8 ppm is appointed to
the methyl protons of the NMHC, and remains constant during the reaction. Thus, the
conversions of the internal amines in IDAs are determined by the ratio of the intensities
between the peaks a and ¢ (Figure 2).
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Figure 1. NMR spectrum of model reaction with BAPC and NHMC after 24 hours.

DCMDPA was inert towards NHMC due to the absence of active proton on the internal amine,
while a faster conversion of the internal amine was observed with BAPC compared to BAEC.
Such reactivity difference between the secondary amines could be attributed to the formation
of hydrogen bonds between those amines and the carbamates, which reduces their
nucleophilicity and slows down their attack on the carbonyl of NHMC (Scheme 6). Since the
carbamate and the secondary amine within BAPC are separated by one additional methylene
group compared with BAEC, the hydrogen bond of the carbamate analog is weaker, resulting
in a higher reactivity with NHMC.
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Figure 2. Conversions of internal-amines in IDAcs in the model reaction
with NHMC under KOMe as catalyst at 90 °C.
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Scheme 6. Possible intramolecular hydrogen bonds of IDAcs with
the internal amines as either hydrogen donors or acceptors.
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Similarly, various IDAcs were screened as substrates in aminolysis model reactions with
hexylamine (HEX, Scheme 7). Thus, BAEC, BAPC and DCMDPA were reacted with HEX
at 60 °C in the presence of KOMe as catalyst. The IDAcs were synthesized by reacting
IDAas with an excess DMC at room temperature in the presence of TBD. Butane
dicarbamate (BU2) was employed as internal amine-free substrate for comparison with the
IDAcs. Due to the very low reaction rate between carbamates and amines,? IDAcs and
BU2 were reacted with HEX in a 10/1 ratio (Scheme 7b). The conversion of HEX in the
reaction mixtures is shown in Figure 3.
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Scheme 7. (a) Structure of IDAcs and BU2. (b) Aminolysis model reaction between
HEX/dicarbamate (1/10 molar ratio) catalyzed by KOMe at 60 °C.
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Figure 3. Conversion of HEX in the HEX/dicarbamate
(1/20 molar ratio) aminolysis model reaction.

The IDAcs exhibit much lower reactivities towards hexylamine than BU2. This could due to
the formation of intramolecular hydrogen bonds between the carbamate functionalities and
the internal amines, which could act as either the hydrogen donor or acceptor (Scheme 6).
The hydrogen bonds enrich the electron density of the electron-deficient carbamate and
therefore increase the activation energy of the amine-carbamate reaction, leading to a slower
carbamate aminolysis rate. Additionally, such configuration change sterically hinders the
nucleophilic attack of the amines on the carbamates, further reducing the reaction rate. A
longer chain length between the internal amine and the carbamates weakens the hydrogen
bonds, leading to a faster aminolysis of BAPC compared to BAEC. Due to the absence of
hydrogen, the internal amine in DCMDPA can only act as hydrogen acceptor for the
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carbamate. This leads to a weakened hydrogen bond compared with BAPC and BAEC, the
internal amines of which can form hydrogen bonds with both the -NH and —C=0 functions
in the carbamate. Moreover, the methyl group of DCMDPA hinders the formation of the
hydrogen bonds, thereby reducing the aminolysis rate to a lesser degree.

3.3.2 Polyureas with IDAas

The model reactions showed a considerably lower reactivity of the internal amine in IDAas
compared with the primary ones. Thus, the dicarbamates preferentially react with the primary
amines during their copolymerization with IDAas, resulting in predominantly linear
polyureas. To improve the mechanical properties, such as impact resistance and tensile
strength, a combination of soft and hard segments is required for the polyureas. Therefore,
the flexible diamines DODD, TOTDDA and PPGda400 were employed together with IDAas
as comonomers. Since the flexible diamines may lead to PUs with low Tg, isophorone
dicarbamate (IPDMC) was used as dicarbamate to enhance the T, of the polyurea. For
conventional PUUDs, 4-7 wt% DMPA are incorporated in the PUUSs, which corresponds to
approximately 10-30 mol% IDAas addition in the diamine feed in this approach.® Thus, 10,
20, 30 and 40 mol% of IDAas were mixed in the diamine monomer feed to investigate the
effect of the IDAas contents on the dispersion and coating properties. An excess of 1 mol%
in diamines was used versus dicarbamate to obtain polyureas with controlled high Ms (with
degree of polymerization about 100). The molecular weight, molecular weight distribution
(Dwm) and the thermal properties of the PUs were determined by NMR, HFIP-SEC and DSC,
respectively. The results are summarized in Table 1.

The M;s of the PPGda-based polyureas with DMDPA as IDAas obtained by HFIP-SEC are
about 30 kDa, while DODD and TOTDDA generate polymers with M, values of 15-20 kDa.
This difference is attributed to the higher molar mass of PPGDa. The M, and Pw values of
the polyurea prepared with 10 mol% of DETA are significantly higher compared with those
without IDA. The high M, values are explained by the reaction of the secondary amine of
DETA with IPDMC, which leads to branching, also illustrated by the high Py value of 4. A
higher concentration of DETA (20 mol%) in the diamine and IDA feed results in a crosslinked
polymeric system. A similar behavior is already observed with 10 mol% of BAPA, as
anticipated from the model reaction results, which showed the higher reactivity of the
secondary amine in BAPA towards carbonates. On the contrary, polyureas containing
DMDPA have low Dy values of 1.3-1.5, indicating linear polymers. Such low Dy values in
PU(R) synthesis were also observed in other studies,®>3 which could be explained by the
interaction of the amine end-groups with the SEC column that lead to more exaggeration of
the Mys of the PUs with lower molecular weights (more amine end-groups) compared to PUs
with higher ones, resulting in a reduction of Pw. Thus, DMDPA is used as the IDAa for
further investigations.
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Table 1. Molecular weight of PUs, synthesized from IDAas, diamines and IPDMC,
determined by NMR and HFIP-SEC (amine monomers/dicarbamate = 1.01/1).

. PPGda400 TOTDDA DODD
0
IDAas (mol% in (mol% in (mol% in (mol% in M (kDa, Mn (kDa, Pwm)®
diamine) L - - NMR)?2
diamine) diamine) diamine)

DETA (10) 90 0 0 N.A. 45 (4)

DETA (20) 80 0 0 N.A. N.A.C

BAPC (10) 90 0 0 N.A. N.A.
DMDPA (40) 60 0 0 N.A. 32 (1.46)
DMDPA (30) 70 0 0 N.A. 30 (1.40)
DMDPA (0) 100 0 0 N.A. 31 (1.42)
DMDPA (40) 0 60 0 18 19 (1.33)
DMDPA (30) 0 70 0 17 17 (1.34)

DMDPA (0) 0 100 0 18 21(1.33)
DMDPA (40) 0 0 60 17 18 (1.35)
DMDPA (30) 0 0 70 15 19 (1.33)

DMDPA (0) 0 0 100 18 15 (1.34)

3 Determined by NMR; P determined by SEC in HFIP; © not available due to gelation.
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Figure 4. (a) Scheme of DODD, IPDMC and DMDPA polymerization. (b) NMR spectrum
of the prepared polyurea with 30 mol% of DMDPA in the monomer feed.
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An overlapping of the proton signals of the PPGda400 methyl end groups and the IPDMC
cyclic ring is observed in the *H NMR spectra of the polyureas with PPGda400, prohibiting
an accurate determination of NMR-based M, values. The Mys of the polyureas with TOTDDA
and DODD were obtained via the methylene protons adjacent to the amine end-groups (peak
a in Figure 4a) and the methylene protons adjacent to the urea moieties (peak €). The M,
values of these polyureas are situated between 15 to 19 kDa, lower than the theoretical ones
(100*(220+222) = 44 kDa). This was caused by the side reaction of amine alkylation that
consume the amine end-groups during the polymerization, leading to a deviation from the
stoichiometry (see Chapter 4). Such alkylation reactions have also been observed during the
synthesis of polyamides via diamine/dimethylester polycondensation.?

3.3.3 PU dispersions and coatings

The above mentioned internal-amine carrying PUs could be dispersed in water to form water-
borne PU dispersions, which were then applied on aluminum panels to obtain PU coatings.
However, the PU coatings prepared from TOTDDA or DODD, DMDPA and IPDMC showed
poor acetone and water resistance, probably due to the hydrophilicity of the TOTDDA and
DODD blocks. Therefore, the more hydrophobic monomer PPGda400 was employed as
diamine. The Mss, Dms and Tgs of polyureas with different concentrations of IDAas are
presented in Table 2. The molecular weights were determined by SEC in HFIP, as *H NMR
is not an appropriated method due to overlap of signals of IPDMC and of the end group of
PPGDa400.

The M, and Pw values of the polyurea prepared with 10 mol% of DETA are significantly
higher compared with those of the IDA-free PU. This can be explained by the reaction of the
secondary amine of DETA with IPCD, which leads to branching. A higher concentration of
DETA (20 mol%) in the diamine feed even results in a crosslinked polymeric system. A
similar behavior is observed with 10 mol% of BAPA, in agreement with the model reaction
results, which demonstrate the higher reactivity of the secondary amine in BAPA towards
carbonates.

The Mys of polyureas with various DMDPA contents (10-40 mol% in diamine) range from
30-32 kDa, with Pws ranging from 1.4-1.5. No gelation was observed with even 40 mol%
DMDPA addition, indicating the inertness of the internal amine. The Tgs of the PUs increase
with the content of DMDPA from 12 to 39 °C. This is explained by the higher urea density in
the materials prepared with higher content of DMDPA, which has a lower molar mass (145
g/mol) than PPGDa400. A high urea density leads to stronger hydrogen bonding which limits
the chain mobility, and thus gives a higher T.
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Table 2. Properties of PUs synthesized from PPGDa400 and IPDMC with various
concentrations of different IDAas in the monomer feed (primary amine/carbamate =

1.01/1).
IDAa (mol% in amine My (KDa)? Pu Ty (°C)P°
monomers)

0 31 15 7
DETA (10) 45 4 42
DETA (20) N.AC N.A. 56
BAPA (10) N.A. N.A. 53

DMDPA (10) 30 1.5 12
DMDPA (20) 31 15 23
DMDPA (30) 30 15 33
DMDPA (40) 32 15 39

3 Determined by SEC in HFIP; P determined by DSC; © not available.

To form stable particles in water, cationically stabilized dispersions could be prepared by
neutralization of the internal amines of the IDAas by volatile acids, which are easily
evaporated during coating applications. Thus, cationically stabilized polyurea dispersions
were prepared with DMDPA-based polyureas, by first dissolving the polyurea in methanol,
then neutralizing with acetic acid (equivalent amount to the molar amount of internal and
chain-end amines in the polyurea), and dispersing the solution in water followed by
evaporation of methanol. The dispersions were then casted on aluminum panels to evaluate
the properties of the coatings. The composition of the PUs as well as the properties of the
dispersions and of the resulting coatings are summarized in Table 3.

Table 3. Dispersion and coating properties of PUs with DMDPA as IDA, PPGda400 as
diamine and IPDMC as dicarbamate (primary amine/carbamate = 1.01/1).

DMDPA V. AV. ¢ . Water
(mol% in particle . Pencil Impact Acetone .
. (kba) (°C . potential . resistance
amine a b size (mV)e hardness test resistance p
monomers) (nm)©
10 30 12 400 48 4B - - +
20 31 23 26 52 3B - - +
30 30 33 17 49 2B - - +
40 32 39 17 51 2B - - +
40¢ 48 43 18 48 B + + +

3 Determined by SEC in HFIP; ® determined by DSC; © determined by DLS; 9 +: no swelling, % swelling without
softening; © prepared from 1/1.04 ratio of amine monomers/dicarbamate.

The thickness of the coatings are about 20-30 pm. The PUs with more DMDPA moieties
incorporated, and thus more tertiary amines, yield aqueous dispersions with a higher
concentration of charges on the particle surface. This leads to a higher particle surface area
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or smaller particle sizes when dispersed in water.?” The {-potentials of the dispersions are
around 50 mV, indicating that the repulsions between the particles are strong enough to
prevent the aggregation and coalescence, and therefore resulting in stable dispersions.?” Due
to the higher T4 and density of the hydrogen bonds in PUs with higher DMDPA contents,
their coating hardnesses are also higher compared to those with lower DMDPA contents.?%2°
The coating prepared from the PU of higher M, (48 kDa) has sufficient resistance against
acetone and water and can pass the reverse impact test, unlike the coatings obtained from the
other PUs with M, values around 30 kDa. These results can be explained by the more efficient
entanglement network of the PU with higher MW which enhances its mechanical strength
and solvent resistance. For the lower MW smaples, cross-linking would be required to
enhance the acetone and impact resistance.

Further experiments were carried out with different neutralization agent concentrations
(NACSs) to investigate their effect on the dispersion stabilities and coating properties. During
the dispersion preparation process, the neutralization agent (acetic acid, formic acid or
propionic acid) was added to neutralize the amines. Since most probably only the neutralized
amine groups stay at the particle surface to stabilize the particle, a higher NAC leads to more
of these stabilizing groups on the surface, and thus to smaller particles, as shown in Table 4.2

Table 4. Dispersion properties and coating hardness of PUs using DMDPA as IDA,
PPGda400 as diamine and IPDMC as dicarbamate, with different
concentrations (and types) of neutralization agent.

Essay Ea)n“f ilr?: ch:;?:]?rsly CHsCOOH/NH? A;\ilif ?rr]trlrf)l i C-p(?::?)t " h:fdnnctilss
1 40 0.2/1 precipitates N.A N.A.
2 40 0.4/1 300~1000 49 3B
3 40 0.6/1 38 53 2B
4 40 0.75/1 20 52 2B
5 40 11 17 51 2B
6 20 0.75/1 50 48 3B
7 20 0.9/1 28 53 3B
8 20 11 26 52 3B
9 20 1.25/1 24 48 3B
10 20 1411 22 56 3B
11 20 1/1 (C2HsCOOH) 40 48 3B

12 20 1/1 (HCOOH) 25 46 3B

3 Determined by potentiometric titration.

All coatings exhibit quite similar pencil hardnesses (2B-3B). Obviously, the chemical
compositions of the essays listed in Table 4 are not sufficiently different to influence the
coating hardness. The large particles and broad particle size distribution of essay 2 compared
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to essays 3-5 might result in higher surface roughness after coating formation, if there is
insufficient coalescence during the allowed time for film formation.® This was examined
using AFM equipment. The AFM image of coating 2 indeed exhibits a much higher surface
roughness compared to coatings 3-5, which exhibit all a comparable roughness as shown in
Figure 5. Next to acetic acid, other volatile neutralization agents such as formic acid and
propionic acid were also tested in the preparation of dispersions (essays 11 and 12). The
particle sizes as well as the (-potentials of the dispersions and the coating hardnesses are all
in the range of the values obtained with acetic acid.

@ ' (b) e

(© (@ .
Figure 5. AFM images of the coatings prepared from
essays (a) 2, (b) 3, (c) 4, (d) 5 listed in Table 4.

Figure 3 showed that the aminolysis rates of the internal amine of IDAcs are significantly
lower compared with BU2. Thus, their copolymerization with amines must be performed at
temperatures up to 160 °C (vs. 130 °C with BU2). The Mys and the Tq values of the polyureas
prepared from PPGda400 and DCMDPA or BAPC in combination with IPDMC are shown
in Table 5. BEPC was not used as IDAc because of its lack of reactivity towards amines.
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Table 5. Properties of the PUs prepared with DCMDPA and BAPC as IDAs, PPGda400
as diamine and IPDMC as dicarbamate (primary amine/carbamate = 1.01/1).

Essay IDAcs (mol% in dicarbamates) Mn (kDa, Dwm)? Tq (°C)
1 0 30 (1.5) 7
2 BAPC (10) 22 (1.9) 5
3 BAPC (20) 16 (1.8) -1
4 BAPC (30) 13 (1.6) -10
5 BAPC (40) 8 (1.5) -11
7 DCMDPA (10) 28 (1.3) 6
8 DCMDPA (20) 28 (1.4) 8
9 DCMDPA (30) 34 (1.5) 7
10 DCMDPA (40) 35 (1.6) 8

3 Determined by SEC in HFIP.

Essays 1-5 show a decreasing trend of M, with increasing BAPC monomer feed. This
decrease of My is caused by the aminolysis of carbamates by the secondary amine of BAPC
(Scheme 8). This results in an increase of the primary amine/carbamate ratio (and in an
increasing deviation from the optimum primary amine/carbamate ratio) with higher BAPC
content during polymerization, leading to a decreasing M,. This prompted us to focus our
further investigations on PUs based on DCMDPA. The decreasing trend in Tgwith increasing
BAPC content is probably caused by the corresponding decrease in Mp.

o] o] 0o o o
Cat.
N SN SN O S SO
H H H H -MeOH H H

N
(o]
NH
Scheme 8. Aminolysis of secondary amines during polymerization
between BAPC, IPDMC and PPGda400.

The Tgs of the polyureas based on DCMDPA (PUcs) are barely affected by the IDA content,
possibly due to a similar contribution of the DCMDPA and IPDMC units to the Tq of the
polymer (Figure 6). An increase of DCMDPA content in the PUcs leads to more substitution
of HS2 with HS1, while the overall hardness segment concentration is constant. Moreover,
the molecular weights of all DCMDPA-based PUcs are in the same order of magnitude.

Hard segment

Hard segments (HS1) ... Hard segments (HS2) |

o 0 o E

: H H:

PU R: '
Ve ~nnnRy J\N’\/“N’\/*NJLNHmeNJLN NYN:RN\M

H H | H H T

............................

R = PPGda400

Figure 6. Hard segments in PUa and PUc.
70



Table 6. Dispersion properties and coating hardness of polyureas with IPDMC,
PPGda400 and DCMDPA as IDA (primary amine/carbamate = 1.01/1).

?ﬁﬁf&iﬁ’f (k'\éna) (oTcg) pa?t\i/éle potecntial Pencil - Impact  Acetone Water
dicarbamate) a b size (n)© (mV)e hardness test resistance  resistance
10 27 6 55 51 6B + - +
20 28 8 30 50 6B + - +
30 34 7 19 49 6B + - +
40 35 8 13 55 6B + - +

3 Determined by SEC in HFIP; ® determined by DSC; © determined by DLS; 9 +: swelling without softening.

The properties of the dispersions and coatings obtained from the PUcs compiled in Table 6
are very similar to those found for the PUas (Table 3), namely small particle size, high -
potential and poor acetone resistance and good water resistance. However, the hardnesses of
the resulting coatings are lower due to the lower Tgs (6-7 °C) compared to the coatings based
on PUas. The coatings based on PUcs pass the reverse impact test, most probably thanks to
their flexibility, which originates from the flexible PPGda400 spacer between two hard
segments. It is obvious that the molecular weights of these PUcs are too low in order to
provide good solvent resistance without curing the coatings. Cured coatings will be discussed
in the rest of this thesis.

3.4 Conclusion

In this chapter, water-dispersible polyureas were synthesized via an isocyanate-free approach
from 4,9-dioxa-1,12-dodecanediamine (DODD), poly(propylene glycol) bis(2-aminopropyl
ether) with average M, of 400 Da (PPGda400), 4,7,10-trioxa-1,13-tridecanediamine
(TOTDDA) and isophorone dicarbamate (IPDMC) and internal dispersing agents (IDAS).
Model reactions with dicarbamate functional IDAs (IDAcs) including bis(2-aminoethyl)
carbamate  (BAEC), bis(3-aminopropyl) carbamate (BAPC) and 3,3’-dicarbamate-N-
methyl- dipropylamine (DCMDPA) and N-hexylmethylcarbamate (NHMC) as substrates
revealed that the secondary amine of BAPC reacted faster with NHMC compared to that of
BAEC. The IDAcs (DCMDPA, BEPC and BAPC) containing internal amines induced a
retarding effect on the aminolysis of the carbamate end-functions due to the hydrogen bond
formation between carbamates and internal amine, which sterically hinders the reaction. This
resulted in a much lower aminolysis rate of the IDAcs (DCMDPA > BAPC > BEPC)
compared with butane dimethylcarbamate (BU2).

The polymerization of DETA or BAPA with IPDMC and PPGda400 resulted in cross-linked
PUs, whereas PUs with DMDPA, TOTDDA or DODD and IPDMC had a relatively low Dw.
The carbamate aminolysis is accompanied by the methylation of amines, as identified by
NMR, which limited the molecular weight build-up of the growing chains. M, of polyureas
prepared from DMDPA, PPGda400 and IPDMC ranged from 30 to 48 kDa, depending on the
ratio between the comonomers. The Tqincreased with increasing DMDPA content. Neither
BEPC nor BAPC are suitable as IDA for polyurea preparation due to the lack of reactivity of
BEPC towards the diamine monomers and the limited M, increase with BAPC. The PUs
prepared from DCMDPA, PPGda400 and IPDMC exhibited Mys between 27 and 37 kDa,
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with Tgs around 7 °C.

Stable dispersions with {-potentials around 50 mV and particle sizes lower than 100 nm could
be prepared from polyureas with DCMDPA or DMDPA as IDAs. The hardness of the coatings
resulting from these dispersions were hardly affected by the type of neutralization agents.
The hardness of the coatings from the DMDPA-based polyureas (PUas) increased from 4B
to 2B with increasing IDA concentration, which is significantly higher than the 6B hardness
of those prepared from DCMDPA based polyureas (PUcs). PUcs with different IDA
concentrations all passed the reverse impact test, while most PUas did not, with the notable
exception of the PUa with 40 mol% of DMDPA in diamine monomers and a high M, of about
48 kDa. These coatings also show a satisfactory solvent resistance against acetone and water.
The other coatings studied in this chapter proved to have insufficiently high molecular
weights to give solvent-resistant coatings without curing.
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Chapter 4. Investigation and mitigation of a side
reaction during carbamate aminolysis: N-alkylation

Summary

Investigations on the N-alkylation of amines during the aminolysis of carbamates and
strategies to enhance the number average molecular weight (M,) of polyureas produced from
diamine/dicarbamate polymerizations are reported in this chapter. Poly(propylene glycol)
bis(2-aminopropyl ether) with molecular weight of 230 Da (PPGda230), 4,7,10-trioxa-1,13-
tridecanediamine (TOTDDA) and N,N'’-dimethyl-1,6-hexanediamine (DMHD) were
employed as the amine monomers, while butane dicarbamate (BU2) and isophorone
dimethylcarbamate (IPDMC) were used as carbamate monomers to study the effect of the
monomer structures on the rate of N-alkylation. Model reactions with stoichiometric amounts
of diamine and dicarbamate in a closed set-up at 130 °C showed decreasing N-methylation
rates with the order DMHD > TOTDDA > PPGda230, while similar rates were observed with
IPDMC or BU2. The activation energy of the diamine/IPDMC reactions followed the order
of PPGda230/IPDMC > TOTDDA/IPDMC > DMHD/IPDMC. The N-methylation could be
efficiently suppressed by removal of methanol and addition of catalyst, which led to faster
urea formation. The latter enhanced significantly with increasing argon flow rate when using
TBD as catalyst, the absence of which resulted in a slower urea formation rate. The highest
M, was obtained for the copolymerization of TOTDDA and IPDMC with an optimum
TOTDDA/IPDMC ratio of 0.95-0.96. A much lower N-alkylation rate was observed with
isophorone diethylcarbamate (IPDEC), and the highest M, was achieved for a stoichiometric
copolymerization. No N-alkylation was detected during the copolymerization of isophorone
di-tert-butylcarbamate (DiBoc-IPDC) and TOTDDA due to the steric effect of the t-butyl
group. The reaction between TOTDDA and an excess of DiBoc-IPDC led to gelation, while
the stoichiometric copolymerization between TOTDDA and DiBoc-IPDC resulted in a
polyurea with high M, and high polydispersity (Dwm).
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4.1 Introduction

The N-methylation of amines is a fundamental reaction in the synthesis of dyes,
pharmaceuticals and synthetic intermediates.® Such reaction normally proceeds via
nucleophilic attack of an amine on an electron deficient carbon to form a C-N covalent bond.
Therefore most of the N-methylation agents contain reactive carbonyls or halides, e.g. the
toxic formaldehyde and methylene chloride. More environmentally friendly CO,, HCOOH
and carbonates have also been reported in literature.?%’

On the other hand, the N-methylation also occurs as a side reaction in diamine-diester
polycondensations and potentially limits the molecular weight (MW) of the resulting
polyamides. This is caused by the formation of less reactive monomers (secondary amines)
and chain-stoppers (dimethylated amines) and accordingly, by disrupting the stoichiometric
balance of the monomers.'#22 In their study of the model reaction between methyl benzoate
and hexylamine or hexamethylene diamine, Hellmann et al. showed that the N-methylation
rates of amines are only ten times lower than the rate of the amidations, and therefore should
not be ignored (Scheme 1a).?° The authors proposed a bimolecular mechanism involving the
attack of the alkyl ester to form an alkylated amine and a carboxylic acid. The rate of N-
alkylation is reduced when ethyl esters are employed instead of methyl esters (Scheme 1b).
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Scheme 1. (a) Amidation and (b) N-alkylation reactions between hexylamine and
methylbenzoate.?

Similarly, the N-alkylation of amines could also take place during the aminolysis of
carbamates, as indicated in Chapter 3. This could lead to an off-stoichiometry of the
monomers during the diamine/dicarbamate polymerization, thereby resulting in PUs with
lower molecular weight than expected. Thus, in the present chapter, this reaction is
investigated in more detail. First, the influence of the structure of the monomers on the N-
methylation rate is studied by employing butane- (BU2) and isophorone dimethylcarbamate
(IPDMC), and the primary diamines 4,7,10-trioxa-1,13-tridecanediamine (TOTDDA) and
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poly(propylene glycol) bis(2-aminopropyl ether) with an average M, of 230 Da (PPGda230,
Scheme 2). N,N'-Dimethyl-1,6-hexanediamine (DMHD) is employed as diamine to study
specifically the dimethylation reaction. Limiting factors for the N-alkylation reactions such
as methanol removal and addition of catalysts are also studied, and the MWs of the polyureas
are optimized accordingly.

o*)\ o}
HZN‘[J\/ 5" NH, I

PPGda230 BU2 0
HaN O~ g O~ NH2
TOTDDA o H
\OJLN/(\ /j< N Os
H H o
\N/\/\/\/N N IPDMC
H
DMHD

Diamines Dicarbamates

Scheme 2. Structures of the monomers employed in this study.
4.2 Experimental Section
4.2.1 Materials

All reagents were commercially available unless specified otherwise. Isophorone diamine
(IPDA, cis and trans mixture, 99%), 1,5,7-triazabicyclo [4.4.0]dec-5-ene (TBD, 98%), di-
tert-butyl dicarbonate (Boc,O, 99%), diethyl carbonate (DEC, 99%), 1,4-diaminobutane
(DAB, 99%), potassium methoxide (KOMe, 95%), dimethyl carbonate (DMC, 99%),
poly(propylene glycol) bis(2-aminopropyl ether) with an average M, of 230 Da (PPGda230),
N,N'’-dimethyl-1,6-hexanediamine (DMHD, 98%), 4,7,10-trioxa-1,13- tridecanediamine
(TOTDDA, 97%) and sodium sulfate (99%, anhydrous) were purchased from Sigma Aldrich.
Deuterated solvents were purchased from Buchem BV. Other common solvents were
purchased from Biosolve. All the chemicals were used without further purification.

4.2.2 Reactions and synthesis

Synthesis of BU2

In a 500 mL flask, a mixture of DMC (90 g, 1 mol), molten DAB (35.2 g, 0.4 mol) and TBD
(2.39 g, 10 mmol) was stirred for 1 hour at room temperature. During this period, 100 mL of
diethylether (Et,O) were added at the moment a precipitation was observed. The precipitate
was then isolated by filtration. The residue was recrystallized from chloroform and dried
overnight at 60 °C in a vacuum oven to obtain BU2 as a colorless crystalline solid (70 g,
86%).

IH NMR (400 MHz, CDCls, & in ppm): 4.9 (s, broad, 2H, NH), 3.6 (s, 6H, OCHs), 3.2 (m,
4H, NHCH,), 1.5 (m, 4H, NHCH,CH5). *C{*H} NMR (100.6 MHz, CDCls, § in ppm): 157.2
(C=0), 51.9 (OCHs); 40.6 (NHCH,); 27.2 (NHCH,CHby).
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Synthesis of isophorone dimethylcarbamate (IPDMC)

In a 2000 mL three-neck flask equipped with a condenser, 170 g (1 mol) of IPDA, 630 g (7
mol) of DMC and 70 g (1 mol) of potassium methoxide were mixed under argon flow and
stirred at room temperature. After 4 hours, the mixture was heated up to 60 °C for 6 hours.
The solution was then cooled and poured into an excess of chloroform and subsequently
washed with brine. The organic layer was dried over anhydrous sodium sulfate. The solvent
was evaporated to dryness to obtain the product as a yellowish solid (196 g, 69%).

IH-NMR (400 MHz, CDCls, § in ppm): 4.8 (d, 1H, -NHCHy), 4.6 (s, 1H, cy-NHCH), 3.8-
3.6 (5, 1H, cy-CHNH, 6H,-OCHs), 3.3, 2.9 (d, 2H,-CH,NH), 1.7-0.7 (15H, cy-H). 3C{*H}
NMR (100.6 MHz, CDCls,  in ppm): 157.4, 156.3 (C=0), 54.8 and 52.1 (OCHs), 51.8, 46.9,
46.3, 4.6, 42.5, 41.8, 36.3, 34.9, 31.7, 29.6, 27.5, and 23.1 (cy-C).

Synthesis of isophorone diethylcarbamate (IPDEC)

In a 2000 mL three-neck flask equipped with a condenser, 170 g (1 mol) of IPDA, 826 g (7
mol) of DEC and 84 g (1 mol) of potassium ethoxide were mixed under argon flow and stirred
at room temperature. After 4 hours, the mixture was heated up to 60 °C for 12 hours. The
solution was then cooled and poured into an excess of chloroform and subsequently washed
with brine. The organic layer was dried over anhydrous sodium sulfate. The solvent was
evaporated to dryness to obtain the product as a brownish solid (230 g, 73%).

!H-NMR (400 MHz, CDCls, & in ppm): 4.7 (d, 1H, -NHCH,), 4.5 (s, 1H, cy-NHCH), 4.11
(s, 4H, CH3CH20) 3.75-2.9 (s, 1H, cy-CHNH, d, 2H,-CH2NH), 1.2 (t, 6H, CH3CH,0) 1.7-
0.7 (15H, cy-H). BC{*H} NMR (100.6 MHz, CDCls, § in ppm): 157.4, 156.0 (C=0), 60.77
(OCH2CHs), 54.9, 47.2, 46.3, 42.8, 41.9, 36.4, 35.1, 31.8, 29.7, 27.7, and 23.2 (cy-C), 14.7
(OCH2CHs5).

Synthesis of isophorone di-tert-butylcarbamate (DiBoc-1PDC)

In a 500 mL flask, 68 g (0.4 mol) of IPDA, 192 g (0.88 mol) of Boc.O and 150 mL water
were stirred at room temperature. After 12 hours, the mixture was dissolved in 200 mL
chloroform and washed with water (3>200 mL). The organic layer was then dried over
anhydrous sodium sulfate and evaporated to dryness to obtain a white powder (135 g, 91%).

IH-NMR (400 MHz, CDCls, § in ppm): 4.6 (d, 1H, -NHCH,), 4.3 (s, 1H, cy-NHCH), 3.7 (s,
1H, cy-CHNH), 3.2, 2.9 (d, 2H,-CH,NH), 1.7-0.7 (15H, cy-H, 18H, CCHs). BC{*H} NMR
(100.6 MHz, CDCls, § in ppm): 157.4, 156.5 (C=0), 78.6 (C(CHs)3) 54.9 51.8, 46.9, 45.8,
43.7,41.7, 41.4, 36.3, 34.3, 31.3, 28.8, 26.7, and 26.2 (cy-C), 27.4 (C(CHa)s).

Copolymerization between TOTDDA and dicarbamates

In a 50 mL crimp-capped vial, 4.29 g (15 mmol) of IPDMC (IPDEC or DiBoc-IPDC) and
3.30 g (15 mmol) of TOTDDA were mixed under argon flow and stirred at 130 °C until the
mixture was homogeneous. 0.21 g (1.5 mmol) of TBD was then added to the mixture. The
time of the addition of TBD was considered as the t = 0 of the reaction.

Model reaction of the N-methylation of a diamine

In a specific experiment, 4.29 g (15 mmol) of IPDMC and 3.30 g (15 mmol) of TOTDDA
were mixed in a 50 mL crimp-capped vial and stirred at 130 °C until the mixture was
homogeneous. The time of homogenous mixture formation was considered as t = 0 of the
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reaction.
4.2.3 Characterizations

Size exclusion chromatography (SEC)

SEC in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was performed on a system equipped with
a Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive index detector (35 °C), a
Waters 2707 autosampler, a PSS PFG guard column followed by 2 PFG-linear-XL (7 pm,
8*300 mm) columns in series at 40 <C. HFIP with potassium trifluoroacetate (3 g/L) was
used as eluent at a flow rate of 0.8 mL/min. The molecular weights were calculated with
respect to poly(methyl methacrylate) standards (Polymer Laboratories, Mp = 580 Da up to
Mp = 7.1*10° Da).

Nuclear magnetic resonance spectroscopy (NMR)

BC{*H} NMR (100.62 MHz) and *H NMR (400 MHz) spectra were recorded using a Varian
Mercury Vx spectrometer at 25 <C. Samples were prepared by dissolving 20 mg of polymer
in 1 mL of MeOD-ds.

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-
ToF-MS)

MALDI-ToF-MS spectra were recorded on a Voyager DE-STR from Applied Biosystems.
Calibrations were carried out with poly(ethylene oxide) standards for the lower mass range
and polystyrene standards for the higher mass range. Trans-2-[3-(4-tert-butylphenyl)- 2-
methyl-2-propenylidene] malononitrile (DCTB) was used as a matrix. Polymer samples were
dissolved in methanol at a concentration of 3-5 mg/mL. Potassium trifluoroacetate (KTFA, 5
mg/mL) was used as a cationization agent. The solutions of matrix (40 mg/mL), KTFA and
polymer samples were premixed in a weight ratio of 4:1:4. The mixtures were subsequently
hand-spotted on the target and left to dry. Spectra were recorded in the reflector mode at
positive polarity.

Gas chromatography with flame ionization detector (GC-FID)
A Varian CP-3800 equipped with an FID was used for analysis of the kinetic results. Samples
were prepared by quenching 0.05 mL of the reaction mixture into 1 mL of chloroform.

4.3 Results and discussion

4.3.1 Preliminary observations

We first observed the N-methylation of amine during the copolymerization between 4,7,10-
trioxa-1,13-tridecanediamine (TOTDDA) and isophorone dimethylcarbamate (IPDMC) with
aratio of 1.01/1, as mentioned in Chapter 3. Since this side reaction may affect the molecular
weight growth of the polyureas, we decided to carry out further investigations by monitoring
this polymerization by *H NMR over 5 hours under the conditions mentioned in Chapter 3
(130 °C, argon flow and 5 mol% TBD as catalyst, Figure la,c). The spectra were
characterized, between 2.0 and 2.8 ppm, by the decrease in time of the triplet at 2.71 ppm
representing the methylene protons adjacent to the primary amine end groups (d in Figure 1c)
and the rise of singlets at 2.23, 2.30, 2.35 and 2.62 ppm assigned to the methyl protons of the
monomethylated amines, the decarboxylated carbamates, the methyl protons of dimethylated
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amines and the methylene protons next to the monomethylated amines, respectively (a, b, c,
e in Figure 1c).% Thus, the N-methylation of a terminal amine by a methyl carbamate results
in an unstable carbamic acid that quickly undergoes decarboxylation to form an isophorone
moiety bearing a new amine. In other words, the N-methylation reaction consumes a
carbamate group while producing an amine, thereby resulting in a polyurea with an M, of 19
kDa, which is much lower than the theoretical value of 44 kDa.?® Additional analysis of the
TOTDDA/IPDMC polymerization with MALDI-TOF shows the existence of mono-, di-, tri-
and tetramethylated TOTDDA at m/z of 235.4, 249.4, 263.1 and 277.3, respectively (Figure
1b,d), further confirming the N-methylation reaction during the diamine-dicarbamate

polymerization.
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Figure 1. (a) Scheme of N-methylation of TOTDDA with IPDMC. (b) m/z values of

mono-, di-, tri- and tetra methylated TOTDDA. (¢) NMR spectra of a stoichiometric

TOTDDA/IPDMC mixture at 130 °C at various reaction times (MeOD-ds as solvent).
(d) Mass spectrum of a stoichiometric TOTDDA/IPDMC mixture at 130 °C after 1 hour.
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4.3.2 N-alkylation in carbamate aminolysis

In this section, systematic investigations on the N-methylation were conducted with
PPGda230, TOTDDA and DMHD as diamine monomers. PPGda230 contains primary
amines on secondary carbons, while TOTDDA carries primary amines on primary carbons
and DMHD bears secondary amines as end-groups. BU2 and the more sterically hindered
IPDMC are employed as dicarbamates. The reactions between stoichiometric ratios of the
diamines and the dicarbamates proceeded in a closed set-up to prevent the evaporation of
methanol, and thus limit the urea formation. The conversion of the amine groups into the
corresponding mono- and dimethylated amines in the reaction mixtures were determined by
H NMR (Figure 2).

A faster N-methylation rate is observed for the less sterically hindered amines in TOTDDA
compared to the amine end groups in PPGda230. BU2 and IPDMC show similar N-
methylation rates when reacting with the same amine, which indicates a limited steric effect
of the carbamates. The dimethylation (N-methylation of a secondary amine) of DMHD by
IPDMC is much faster than the N-methylation of TOTDDA, in agreement with the previous
observations during diamine-diester polycondensations, where the kave = 2kve (Scheme 3).2
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Figure 2. 'H NMR-determined conversion of amine groups into the corresponding
(di)methylated amines as a function of time in various diamine/dicarbamate
stoichiometric mixtures at 130 °C.
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Scheme 3. Mono- and dimethylation of a primary amine by a methyl carbamate.
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Similarly to the aminolysis of esters, Scheme 4 shows the proposed mechanism of the N-
methylation of an amine by a carbamate during which the nitrogen attacks the methyl group
of the carbamate to form a covalent N-C bond, while the proton of the amine is transferred
to the carbonyl oxygen.? This results in a methylated amine and an unstable carbamic acid,
which immediately undergoes decarboxylation to form a primary amine and carbon dioxide.
The methyl group next to the amine end-group in PPGda230 hinders the attack on the methyl
group of the carbamate, leading to a lower N-methylation rate compared to TOTDDA. The
methyl group of DMHD increases the electron density of the amine, which promotes the
nucleophilic attack on the methyl group of the carbamate, leading to an even higher N-
methylation rate than observed for TOTDDA. The steric effect of the R group in the
carbamate is limited due to the distance to the site of the nucleophilic attack. This results in
similar N-methylation rates for BU2 and IPDMC.
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Scheme 4. Proposed mechanism for the N-methylation of an amine by a methyl
carbamate.

The Sn2 nature of (di)methylation suggests that their rates can be calculated according to the
reaction rate of a second order reaction:?

d[A]

o - k[A][C].
Where K is the reaction rate constant, [A] and [C] the concentrations of the amine and the
carbamate, respectively, and d[A]/dt the slope of the concentration of the amine vs. time plot
for each system in Figure 2. For stoichiometric reactions, kme and kave equal the slope of the
1/[A] vs. time plot. The kme and kame values, calculated for each system, are listed in Table 1.
The kwe values of the primary diamine/dimethylcarbamate reactions range from 0.3~1.2
mmol/L.h, which are comparable with those in the diamine/dimethylester reactions reported
in the literature (kme = 0.2~1 mmol/L.h).%

Table 1. N-methylation rate constants during diamine/dicarbamate reactions at 130 °C.

Diamine Dicarbamate kme (mmol/L.h) kame (mmol/L.h)
PPGda230 IPDMC 0.31 \
PPGda230 BU2 0.28 \
TOTDDA IPDMC 1.32 \
TOTDDA BU2 1.28 \

DMHD IPDMC \ 4.53

DMHD BU2 \ 4.48

The N-methylation rate constants kmve of the TOTDDA/IPDMC and PPGda230/IPDMC
systems, and kame with DMHD/IPDMC system were calculated at 130 °C, 140°C, 150 °C and
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160 °C. For the calculation of kwe in the TOTDDA/IPDMC and PPGda230/IPDMC systems,
the conversion of primary amines to monomethylated amine was calculated as the sum of the
concentrations of mono- and dimethylated amines in the mixture determined by 'H NMR,
since the dimethylated amines are also converted from the monomethylated ones. In the
DMHD/IPDMC system, the conversion of secondary amines to dimethylated amines was
directly determined from the *H NMR measurements for kame calculation. The corresponding
activation energies were derived from the Arrhenius plots (Figure 3).

The activation energies follow the order PPGda230/IPDMC (109.9 kJ/mol) >
TOTDDA/IPDMC (93.9 kJ/mol) > DMHD/IPDMC (73.1 kJ/mol). The higher activation
energy of the PPGda230/IPDMC system compared to TOTDDA/IPDMCis in agreement with
the proposed mechanism, where the steric effect of the methyl group in PPGda230 hinders
the nucleophilic attack and raises the activation energy. Additionally, although the N-methyl
group of DMHD generates a similar steric hindrance, it also enhances the nucleophilicity of
amine, the effect of which is dominating over the former, leading to a lower activation energy
of the DMHD/IPDMC system compared to the other two.
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Figure 3. Arrhenius plots of N-methylation reactions in (a) TOTDDA/IPDMC system,
(b) PPGda230/IPDMC system and (c) DMHD/IPDMC system.

4.3.3 Mitigation of the side reaction: N-alkylation
4.3.3.1 Removal of methanol

A practical route to limit N-methylation, and thereby obtaining high M, polyureas, is by
increasing the urea  formation rate  (rura=  Kaminoysis[carbamate][amine] -
Kalcoholysisf MeOH][urea], Scheme 5). rurea is considerably dependent on the removal of
methanol and the use of a catalyst. Previous reports showed that the equilibrium of the
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carbamate aminolysis (right side of Scheme 5) strongly favors the left side, i.e. the aminolysis
rate is much lower than the urea alcoholysis (Kaminolysis << Kalcoholysis).?? Thus, the removal of
the condensation product methanol is required to enhance the urea formation rate as well as
the M, of the polyurea.
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Scheme 5. N-methylation of a diamine by a dicarbamate
and polyurea formation with a dicarbamate and a diamine.

To investigate the effect of methanol removal on the polyurea formation, stoichiometric
polymerizations of TOTDDA and IPDMC were first carried out under different argon flow
rates (AFRs, 0.3, 0.8 and 1.2 L/min) in the absence of catalyst at 130 °C. The conversion of
the amine groups into the monomethylated amines and the M, of the polyureas were
monitored by *H NMR and HFIP-SEC (Figure 4).
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Figure 4. (a) *H NMR-determined conversion of the amine groups into methylated
amines and (b) Mn of stoichiometric TOTDDA/ IPDMC polymerization determined by
HFIP-SEC under different argon flow rates at various reaction times.

A faster increase of the M, and the urea concentration in the reaction mixtures was observed
under higher AFRs, due to the more efficient methanol removal. However, the M, of the
mixture reached only 2 kDa after 5 hours, even under an AFR as high as 1.2 L/min, indicating
a slow aminolysis of the carbamates in the absence of catalyst at 130 °C. Additionally, the
absence of diamine signals from the GC-FID analysis of the blow outs from the argon flow
indicates the monomer stoichiometry was not disrupted. Therefore, the reactions were also
performed in the presence of TBD and KOMe as catalysts (see Chapter 2).

4.3.3.2 Addition of catalyst and removal of methanol

The results described in Chapter 2 showed that the alkali alkoxides are the most efficient
catalysts for the carbamate aminolysis in the PPGdad2000/BU2 system. However, a faster
M, growth is observed for the TBD-catalyzed stoichiometric TOTDDA/IPDMC
polymerization (5 mol% catalyst with regard to amines) compared with the KOMe-catalyzed
one (Figure 5). This is attributed to the extremely low solubility of KOMe in this specific
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TOTDDA/IPDMC combination (probably due to the hydrophobicity of the IPDMC), as
indicated by the cloudy appearance of the reaction mixture.
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Figure 5. Mn evolution during the TBD- and KOMe-catalyzed stoichiometric TOTDDA/
IPDMC polymerizations at 130 °C under an AFR of 1.2 L/min.

Additionally, a similar N-methylation rate of the TBD-catalyzed TOTDDA/IPDMC
copolymerization compared to the catalyst-free reaction was observed, indicating that TBD
does not catalyze the N-methylation reaction (Figure 6).
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Figure 6. 'H NMR-determined conversion of the amine groups into methylated amines
for the stoichiometric TOTDDA/IPDMC polymerization system as a function of time
with and without TBD at 130 °C in a closed set-up.

Thus, TBD was employed as the catalyst in the stoichiometric polymerizations of TOTDDA
and IPDMC. Again, different AFRs (0.3, 0.8, 1.2 L/min) were used to study the effect of the
methanol removal efficiency on the M, increase. Eight different moieties are distinguishable
in the 'H NMR spectrum, namely, the methyl group of the dimethylated amine (a), the
methylene next to the primary amine end-group of the decarboxylated IPDMC (b), the methyl
group of the monomethylated amine (c), the methylene adjacent to the monomethylated
amine (d) or primary amine end-group (e), the methylene group in IPDMC (f), the methine
group next to the carbamate (g) and the methylene next to the urea (h, Figure 7). The separate
quantifications of f and g at 2.85 ppm is difficult, since these signals overlap. Therefore, the
conversion of the carbamate next to the methine group into the corresponding amine was not
separately monitored in this study.
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The concentration of each moiety was calculated from the ratio of the integration of its NMR
signal and the integration of the signals between 0.8 and 1.3 ppm, which results from the
protons on the cyclic ring of the isophorone moieties, the concentration of which is constant
(Cisophorone = Co-ipomc/V = 0.015/0.00759 = 1.98 mol/L). The change of the concentration of
these isophorone segments over time is plotted in Figure 8. At a low AFR of 0.3 L/min, the
concentration of the mono- and dimethylated amines reaches 0.1 mol/L and 0.05 mol/L,
accounting for 2.5% and 1.2% of the original amine end groups, respectively. Thus,
approximately 5% of the carbamates had been converted into primary amines, leading to a
significant deviation from the stoichiometric conditions and a low degree of polymerization.
At AFRs of 0.8 and 1.2 L/min, the concentration of the monomethylated species dropped
more than 20 times, while no dimethylated amine was detected. It should be noted that the
intensities of the signal a, b and c are very low at high AFRs of 0.8 and 1.2 L/min, which
could potentially lead to significant error during integration. Nevertheless, it is obvious that
the intensities of these signals are much smaller at high AFRs compared to those at low AFRs
of 0.3 L/min. Higher urea formation rates were observed at those AFRs (Figure 8a,c,e), as
indicated by the faster increase of the urea concentration. The evolution of the urea groups is
affected by both the carbamate aminolysis and the urea alcoholysis, the latter being
proportional to the concentration of methanol (Cwmeon) in the mixture. At high AFRs, the low
Cwmeon significantly limits this reaction and thereby enhancing the rate of urea production.
The faster conversion of the carbamates into the urea groups at higher AFR also reduces the
amine and the carbamate concentrations and therefore decreases the rate of N-methylation,
as evidenced by the lower concentration of methylated species in the system. The
concentration of amine generated by carbamates (b) reached a constant level after 20 hours,
indicating the depletion of carbamates.

In order to assess the rate of urea formation, both contributions of the carbamate aminolysis
and its reverse reaction, the urea alcoholysis, are taken into account, while the insignificant
contribution from the methylation is neglected. Thus, the urea formation rate Kurea iS
calculated via the following equation:

dCurea _ kaminolysisCamineccarbamate - kalcoholysiscureaCMeOH

kurea - dt

Camine Ccarbamate
Curea CMeOH

)

= kaminolysis - kalcoholysis I C
amine“carbamate

where Camine, Ccarbamate, Curea @Nd Cwmeon are the concentrations of amines, carbamates, urea
groups and methanol in the mixture. Kaminolysis and Kaiconolysis are the rate constants of the
carbamate aminolysis and the urea alcoholysis and kurea represents the urea generation rate,
which also includes the contribution of the urea alcoholysis (Table 2). kurea at AFR of 0.3
L/min is only about 25 times higher than kme of the TOTDDA-IPDMC mixture at 130 °C in
a closed set-up (Table 1). This results in a considerable degree of N-methylation during the
polymerization (Figure 8b). kurea increases by a factor of 10 and 30 at AFR of 0.8 L/min and
1.2 L/min, respectively. These Kurea Values are about 150 (at an AFR of 0.8 L/min) and 500
times (at an AFR of 1.2 L/min) higher than kwe Thus, a faster removal of methanol
successfully reduces the N-methylation, as indicated by the very low concentrations of
methylated amines.
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Figure 7. (a) Reaction products of the stoichiometric TOTDDA/IPDMC system.
(b) *H NMR spectrum of the stoichiometric TOTDDA/IPDMC mixture after

2 hours at 130 °C under an AFR of 0.3 L/min with TBD as catalyst.
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Figure 8. Concentration change of the various species in the TBD-catalyzed
stoichiometric TOTDDA/IPDMC copolymerization at 130 °C with AFRs of (a) and (b) 0.3
L/min, (c) and (d) 0.8 L/min, (e) and (f) 1.2 L/min.

Table 2. Urea formation rate of stoichiometric TOTDDA/IPDMC
mixtures at 130 °C under various AFRs.
Urea formation rate

AFR (L/min) Kurea (Mmol/L.h)
0.3 23
0.8 229
12 647

The M, growth of the stoichiometric TBD-catalyzed TOTDDA/IPDMC polymerizations at
different AFRs measured by HFIP-SEC are plotted in Figure 9. A faster M, growth was
observed at higher AFRs, in agreement with the aminolysis rates listed in Table 2. After 44
hours, the M;s of the polyureas prepared at AFRs of 1.2 L/min and 0.8 L/min are 32 kDa and
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28 kDa, much higher than the M, of the polyurea prepared at an AFR of 0.3 L/min (11 kDa).
This indicates the significant impact of the AFR on the M, of the polyureas.
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Figure 9. M growth of TBD-catalyzed stoichiometric TOTDDA/IPDMC stoichiometric
polymerizations with different AFR at 130 °C as a function of time.

4.3.3.3 Alternative dicarbamates

Previous reports on amine-ester polymerizations described a limited N-alkylation with ethyl
esters compared to methyl esters, which is caused by the higher N-alkylation activation
energy due to the larger steric effect of the ethyl group.?° Similarly, the N-alkylation rate was
expected to be reduced during the polyurea formation by employing dicarbamates with
bulkier alkyl substituents such as ethyl or tert-butyl.

Similar to the model reactions with IPDMC, a stoichiometric TOTDDA/IPDEC reaction was
carried out at 130 °C in a closed set-up with 5 mol% TBD as catalyst. The concentration of
the alkylated species in these reaction mixture proved to be considerably lower compared
with that in the TOTDDA/IPDMC system (Figure 10) and the estimated N-alkylation rate
constant is 18 times lower.

0.104 4 TOTDDA+IPDEC
® TOTDDA+IPDMC

0.05+

C (mol/L)

0.00{ # A A

° 2Time (h) ¢ °
Figure 10. 'H NMR determined concentration change of alkylated amine groups in the
TOTDDA/IPDEC (black triangles) and TOTDDA/IPDMC (red spheres)

stoichiometric mixtures at 130 °C as a function of time.

The copolymerization of TOTDDA and IPDEC catalyzed by TBD at 130 °C under an AFR
of 1.2 L/min displays a slower M, growth compared with the IPDMC/TOTDDA system under
the same conditions, probably as a result of a lower aminolysis rate (Chapter 2).22 However,
for the stoichiometric IPDMC/TOTDDA polymerization, the depletion of carbamates after
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40 hours resulted in limited molecular weight growth, while continuous M, growth was
observed in the IPDEC/TOTDDA polymerization mixture (Figure 11). This indicates a low
degree of alkylation in the IPDEC/TOTDDA system compared with IPDMC/TOTDDA, in
agreement with the model reaction study in Figure 10.

109 A TOTDDA+IPDEC
e TOTDDA+IPDMC

T T T T T

0 20 40 60 80
Time (h)

Figure 11. Evolution of Mn (HFIP-SEC) during the TBD-catalyzed stoichiometric
IPDEC/TOTDDA and IPDMC/TOTDDA copolymerizations
with an AFR of 1.2 L/min at 130 °C as a function of time.

No N-alkylation was detected in the stoichiometric mixture of isophorone di-tert-butyl
carbamate (DiBoc-IPDC) and TOTDDA at 130 °C in a closed set-up, as the attack of the
amine on the carbamate is hampered by the bulky tert-butyl group (Figure 12). The good
solubility of alkali bases in the DiBoc-IPDC/TOTDDA mixture prompted us to perform
polymerizations between DiBoc-IPDC and TOTDDA in the presence of KOt-Bu at 130 °C
under an AFR of 1.2 L/min. Despite the much higher steric hindrance of the t-butyl group in
DiBoc-IPDC compared to the methyl group in IPDMC, a high M, of 120 kDa is reached with
a stoichiometric ratio of TOTDDA and DiBoc-IPDC. This indicates the reaction mechanism
of the Boc-carbamate aminolysis is different compared to that of methylcarbamate. A
possible cause for such value is the formation of isocyanate intermediates, generated by the
deprotonation of the amine of the urethane by the strong base and the dissociation of the
bulky tert-butyl group.?* These isocyanates then react with the abundant urea moieties to
form biurets, thereby introducing branching in the polymer chains, as indicated by the high
Dwmof 3.1 during the stoichiometric polymerization (Scheme 6).

32 30 28 26 24 22 20
ppm
Figure 12. 'H NMR spectrum of stoichiometric ratio of TOTDDA/Boc-1PDC

polymerization at 130 °C under argon flow in the presence of KOt-Bu after 20 min.
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Scheme 6. Possible biuret formation during the DiBoc-IPDC/TOTDDA polymerization.

i

4.3.4 M, optimization

To optimize the M, of the polyureas, and thereby enhancing their mechanical properties,
TOTDDA and IPDMC of different ratios from 1.02:1 to 0.9:1 were copolymerized at 130 °C
in the presence of TBD, first under an AFR of 1.2 L/min for 6 hours and then under vacuum
for 12 hours to remove the residual methanol. The theoretical and experimental (HFIP-SEC)
M, values of the resulting PUs are presented in Figure 13. The theoretical M, is calculated by
the following equation:

— 1 MdiaminetMdicarbamate
n - 2 !

Where r is the ratio between diamine and dicarbamate, Mgiamine and Micarbamate the molar mass
of the diamines and dicarbamate segments in the polymer backbone.

60 ™ Experimental
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Figure 13. Theoretical and experimental (HFIP-SEC) My values of polyureas
prepared from different TOTDDA/IPDMC ratios.

The highest M (Mn-max) 0f 51 kDa was obtained for a TOTDDA/IPDMC ratio between 0.95/1
to 0.96/1, which deviates from the stoichiometric one due to the partial N-methylation of the
end-groups. The use of an excess of IPDMC to reach Mn.max iS @ prerequisite, as the N-
methylation of the primary amine end-groups generates amines upon CO; elimination while
consuming carbamates (Scheme 4). The degree of N-methylation (Dme) is measured by the
proportion of the methylated amines, which can be calculated via the following equation:

1
Dpe = (E_l)/z )

where rmax is the ratio of diamine/dicarbamate at Mnmax. The estimated Dme for the
TOTDDA/IPDMC polymerization at 130 °C is then between 0.021 and 0.026 according to
Figure 10.

Similarly, the copolymerization of TOTDDA and IPDEC with ratios varying from 1.05/1 to
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0.95/1 were carried out at the same condition with TOTDDA/IPDMC reactions. The
theoretical and experimental Mys of the obtained PUs are presented in Figure 14.

= Experimental | |

601 o Theoretical .

0.96 1.04

TOTDDA/IPDEC
Figure 14. Theoretical and experimental (HFIP-SEC) Mn values of polyureas
prepared from different TOTDDA/IPDEC ratios.

An My.max 0f 39 kDa is observed for a TOTDDA/IPDEC ratio of 1/1. This is explained by the
very slow N-alkylation of TOTDDA by IPDEC, leading to little deviation from the
stoichiometry. The reduced M .max achieved during this copolymerization compared to the
TOTDDA/IPDMC system is attributed to the lower reactivity of the ethyl-carbamate moieties.

The M, and the Pm values of the PUs prepared from TOTDDA and DiBoc-IPDC with
different ratios are presented in Table 3, along with the theoretical Mys.

Table 3. Theoretical and experimental Mn of PUs prepared
from different ratios of TOTDDA and DiBoc-1PDC.

'I_'OTDDA Mn (kDa, Pu Theoretical
IDiBoc-IPDC HFIP-SEC) Mn (kDa)
1.03 15 1.3 15
1.02 18 14 21
1.01 85 2.3 50
1.00 120 3.1 0
0.98 Gel N.A. 21

As mentioned in the previous section, the stoichiometric reaction of TOTDDA/Boc-1PDC
results in a PU with a very high M, of 120 kDa and a Pwm of 3.1, while the polymerization
with an excess of Boc-IPDC with respect to TOTDDA leads to gelation. The Py of the
polyurea decreases to 2.3 in the presence of a 1 mol% excess of TOTDDA with respect to
Boc-IPDC. The M, then decreases from 120 kDa to 85 kDa, which is most probably still
sufficiently high for coating applications without crosslinking. When more than 2 mol%
excess of TOTDDA is applied in the polymerization with Boc-IPDC, the M, values of the
polymers are in agreement with the theoretical ones and the Dm values are relatively low.
This is probably caused by the competition between the excess amines with urea moieties
towards the isocyanate intermediates, leading to a limited biuret formation. Detailed
investigations on the Boc-carbamate/amine system to prepare PUs are described in Chapter
5.
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4.4 Conclusions

In this chapter, the N-alkylation of amine during carbamate aminolysis was investigated.
Stoichiometric reactions of diamines, i.e. poly(propylene glycol) bis(2-aminopropyl ether)
with a molecular weight of 230 Da (PPGda230), 4,7,10-trioxa-1,13-tridecanediamine
(TOTDDA) and N,N'-dimethyl-1,6-hexanediamine (DMHD), and dicarbamates such as
butane dicarbamate (BU2) and isophorone dimethylcarbamate (IPDMC) in a closed set-up at
130 °C showed a decreasing N-methylation rate with the order DMHD > TOTDDA >
PPGda230. This was due to the higher nucleophilicity of the secondary amines in DMHD
compared to the primary amines in TOTDDA, while the methyl groups in PPGda230
sterically hindered the nucleophilic attack of the amine towards the carbamate. Similar N-
methylation rates were observed with IPDMC and BU2, indicating the limited steric effect
of the dicarbamates on the N-alkylation. The activation energies of the diamine/IPDMC N-
methylation reactions follow the order of PPGda230/IPDMC (109.9 kJ/mol) >
TOTDDA/IPDMC (93.9 kd/mol) > DMHD/IPDMC (73.1 kJ/mol). This is in accordance with
the proposed mechanism, where an amine attacks the methyl group of a carbamate, resulting
in a methyl amine and an unstable carbamic acid, which immediately forms a primary amine
and a carbon dioxide molecule.

Both TBD catalyst and efficient removal of methanol were necessary to increase the urea
formation rate. The latter raised by a factor of 30 when the argon flow rate increased from
0.3 to 1.2 L/min, while the concentration of the methylated species was reduced more than
50 times.

Optimizations of the M, of the polyureas were carried out by copolymerization of different
ratios of TOTDDA and IPDMC at 130 °C in the presence of TBD. The highest M, of 51 kDa
was obtained at a TOTDDA/IPDMC ratio of 0.95/1 - 0.96/1, indicating an N-methylation of
2.1-2.6 mol% of the amine end-groups. The N-alkylation rate measured for the
TOTDDAVisophorone diethylcarbamate (IPDEC) mixture at 130 °C was 18 times lower than
that for the TOTDDA/IPDMC system due to the larger steric effect of the ethyl group
compared to the methyl one. The highest M, of 39 kDa was achieved with a stoichiometric
polymerization of TOTDDA and IPDEC. No N-alkylation was observed during the
copolymerization of isophorone di-tert-butylcarbamate (DiBoc-IPDC) and TOTDDA due to
the steric effect of the t-butyl group. The copolymerization of a slight excess of DiBoc-IPDC
towards TOTDDA resulted in a crosslinked structure, probably due to the formation of
isocyanates at 130 °C, thereby forming biuret that lead to branching/crosslinking in the
polymer chains. The stoichiometric polymerization of TOTDDA and DiBoc-IPDC generates
a polyurea with an M, up to 120 kDa and Pm of 3.1, indicating that DiBoc-IPDC is a
promising monomer for the preparation of high M, polyureas.
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Chapter 5. Isocyanate-free polyurethane/urea
coatings with di-tert-butyl carbamates as monomer

Summary

In this chapter, di-tert-butyl dicarbamates (DiBoc-carbamates) are investigated as
dicarbamate monomers for diamine/dicarbamate polymerizations. Tert-butyl hexylcarbamate
(Boc-HEX) and N-hexyl methylcarbamate (NHMC) were reacted with hexylamine (HEX) to
study the mechanism of the tert-butyl-carbamate (Boc-carbamate)/amine reaction. Potassium
tert-butoxide (KOt-Bu) was the most efficient catalyst for the Boc-HEX/HEX reaction
compared to the other investigated catalysts potassium methoxide (KOMe), 4-
dimethylaminopyridine (DMAP) and 1,5,7-triazabicyclo[4,4,0]dec-5-ene (TBD). High
molecular weight polyureas (PUs) were prepared from stoichiometric polymerizations of
short chain diamines with isophorone di-tert-butyl dicarbamate (DiBoc-IPDC), while
gelation was observed when an excess of DiBoc-IPDC was used with respect to the diamine.
Polyurethanes (PURS) were synthesized via the polymerization of diols with either DiBoc-
IPDC or isophorone dimethylcarbamate (IPDMC). The PURs prepared from the DiBoc-
IPDC had a higher number average molecular weight (M,) compared to those based on
IPDMC, while the reaction of an excess of DiBoc-IPDC with a diol led to gelation. Stable
dispersions were obtained from PUs and PURs with 3,3’-diamino-N-methyldipropylamine
(DMDPA) as internal dispersing agent (IDA). PU coatings with satisfactory mechanical
properties and solvent resistance were produced with high M, PUs with DMDPA as IDA,
while polyurethane urea (PUU) coatings were synthesized with diols, DiBoc-IPDC as
dicarbamate and DMDPA. These PUU coatings were either too soft or too brittle due to the
low molecular weights of the parent resins. Anionically stabilized PU dispersions were
prepared by polymerizing diamines with N2 N8-bis(tert-butoxycarbonyl) lysine (DiBoc-
lysine). However, these reactions generated PUs with low molecular weight and thus resulted
in poor coating properties compared to the PU coatings with DMDPA as IDA.
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5.1 Introduction

Dicarbamates can potentially be used in the polyurethane (PUR) or polyurea (PU) synthesis
as alternatives to the highly toxic diisocyanates.'* However, conventional dicarbamates such
as dimethyl carbamate or dihydroxyl carbamate are considerably less reactive towards
diamines or diols compared to diisocyanates, thereby limiting their practical applications.>8
Therefore, more reactive monomers must be employed for the preparation of polyurethanes
and polyureas via isocyanate-free routes. Section 4.3.3.3 in Chapter 4 described the
polymerization of isophorone di-tert-butyl carbamate (DiBoc-IPDC) and a diamine to a
polyurea with high number average molecular weight (My). It was proposed that under strong
basic conditions, tert-butyl carbamate (Boc-carbamate) transforms into an isocyanate
intermediate, which immediately reacts with an amine to form a urea moiety. Similar
reactions were described by Gastaldi et al., who mixed a series of amines with Boc-
arylcarbamates in the presence of strong bases like n-BuLi or NaH, to generate the
corresponding ureas (Scheme 1).° However, such reaction demands a large excess of base to

form isocyanates and therefore, is hardly applicable in practical polymerizations.
Ry
|
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Scheme 1. Mechanisms of urea formation with Boc-carbamate and amine.®
The tert-butyloxycarbonyl (Boc-carbamate) group is a protective group for amines frequently
used in organic chemistry, in particular for protecting the amines of amino acids. The
protection proceeds in high yield by addition of di-tert-butyl dicarbonate (Boc.0) in an
aqueous solution of amine in the presence of a weak base, such as sodium bicarbonate
(Scheme 2).%0 Other strategies of generating Boc-carbamate from either alkyl- or arylamines

were also reported, with molecular iodine, sulfamic acid or DMAP as catalysts.**3
.0.__0__0

t-Bu t-Bu
o T
2 R” \"/ St-Bu
NaHCO;, RT

[e]
Scheme 2. Boc-protection of amine using Boc2O and sodium bicarbonate.°

Boc,0 is commonly prepared from phosgene, tert-butanol and carbon dioxide, with 1,4-
diazabicyclo [2.2.2]octane (DABCO) as catalyst (Scheme 3a).!* Recently, a phosgene-free
route to Boc,O has been developed and adopted by European and Japanese manufacturers,
involving the reaction between sodium tert-butoxide and carbon dioxide in the presence of
p-toluene-sulfonic or methanesulfonic acid (Scheme 3b).'® Such phosgene-free pathway is
desired to fulfill the “green strategy” for PU(R) synthesis.
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Scheme 3. (a) Conventional and (b) phosgene-free routes to Boc,0.141°

Thus, in the present chapter, the Boc-carbamate aminolysis and alcoholysis as polymerization
tools for polyurethane/urea synthesis are investigated in more detail. First, the catalysts for
such reaction are screened via a model reaction with tert-Butyl hexylcarbamate (Boc-HEX)
and hexylamine, followed by a mechanistic study of the model reaction using *H and 3C
NMR. Then, polyureas (PUs) with high molecular weights are synthesized via Boc-
dicarbamate/diamine polymerizations. Stable cationic and anionic PU(R) dispersions are
produced by copolymerization of diamines, DiBoc-IPDC and IDAs including 3,3’-diamino-
N-methyldipropylamine (DMDPA) and N?,N®-bis(tert-butoxycarbonyl)lysine (DiBoc-lysine).
The mechanical properties and solvent resistance of the coatings prepared from these
dispersions are evaluated.

5.2 Experimental section
5.2.1 Materials

All reagents were commercially available unless specified otherwise. Sodium bicarbonate
(NaHCOs, 99%), di-tert-butyl dicarbonate (Boc,O, 99%), L-lysine (98%), poly(propylene
glycol) bis(2-aminopropyl ether) with average M, of 400 and 2000 Da (PPGda400 and
PPGda2000), dimethylcarbonate (DMC, 99%), trimethylamine (TEA, 99.5%), 5-amino-
1,3,3-trimethylcyclohexanemethylamine (IPDA, mixture of cis and trans, 99%), 1,5,7-
triazabicyclo[4,4,0]dec-5-ene (TBD, 98%), potassium methoxide (KOMe, 95%), potassium
tert-butoxide (KOt-Bu, 98%), acetic acid (AA, 99.7%), citric acid (CA, 99.5%),
ethylenediaminetetraacetic acid (EDTA, 98%), succinic acid (SA, 99%), hexylamine (HEX,
99%), dimethylacetamide (DMAc, anhydrous), N-methylpyrrolidine (NMP, 99%),
dimethylformamide (DMF, anhydrous), poly(propylene glycol) with average M, of 425 and
2000 Da (PPG425 and PPG2000), poly(tetrahydrofuran) with an M, of 650 Da (pTHF650),
triethylene glycol (TEG, 99%), 3,3’-diamino-N-methyldipropylamine (DMDPA, 96%),
4,7,10-trioxa-1,13-tridecanediamine (TOTDDA, 98%) and 3-butoxypropylamine (BPA, 99%)
were purchased from Sigma Aldrich. A diamine functional pTHF with an average M, of 1000
Da (pTHFda1000) was purchased from Huntsman. Deuterated solvents were purchased from
Buchem BV. All other solvents were purchased from Biosolve. All the chemicals were used
without further purification.

97



5.2.2 Reactions and synthesis

Model reaction of carbamate and hexylamine (HEX)

In a typical experiment, 0.25 mmol of KOMe and 2.5 mmol of HEX were introduced into a
20 mL crimp-cap vial. 0.1 g of toluene was added as the internal standard for GC
measurements, followed by the injection of a solution of 25 mmol of carbamate in 4 g of
anhydrous DMACc into the vial. The time of injection of the dicarbamate solution was
considered as the t = 0 of the reaction. The conversion of HEX was monitored by GC-FID.

Synthesis of isophorone dimethylcarbamate (IPDMC)?6

Dimethyl carbonate (DMC, 7 mol) and isophorone diamine (IPDA, 1 mol) were added in 10
min into a 1000 ml three-necked round flask with an argon inlet. Potassium methoxide (1
mol) was then added to the above mixture as the catalyst. The reaction was performed at
room temperature for 4 hours, and then at 60 <C for 6 to 8 hours. The mixture was then cooled
and poured into an excess of chloroform and washed with brine 3 times. The organic layer
was dried with anhydrous sodium sulfate and evaporated to obtain the light yellow solid (208
g, 73%).

IH NMR (400 MHz, CDCls, & in ppm): 4.75 (d, 1H, -NHCH,), 4.6 (s, 1H, cy-NHCH), 3.8-
3.6 (5, 1H, cy-CHNH, 6H,-OCHs), 3.3, 2.9 (d, 2H,-CH,NH), 1.7-0.7 (15H, cy-H). 3C{H}
NMR (100.6 MHz, CDCls, & in ppm): 157.4, 156.3 (C=0), 54.8, 52.1, 51.8, 46.9, 46.3, 44.6,
42.5,41.8, 36.3, 34.9, 31.7, 29.6, 27.5, and 23.1.

Synthesis of isophorone di-tert-butyl dicarbamate (DiBoc-1PDC)

In a 500 mL flask, 68 g (0.4 mol) of IPDA, 192 g (0.88 mol) of Boc.O and 150 mL water
were stirred at room temperature. After 12 hours, the mixture was extracted by 200 mL of
chloroform and washed with water (3>200 mL). The organic layer was then dried over
anhydrous sodium sulfate and evaporated to dryness to obtain a white powder (135 g, 91%).

IH NMR (400 MHz, CDCls, & in ppm): 4.6 (d, 1H, -NHCH,), 4.3 (s, 1H, cy-NHCH), 3.7 (s,
1H, cy-CHNH), 3.2, 2.9 (d, 2H,-CH,NH), 1.7-0.7 (15H, cy-H, 18H, CCHs). BC{!H} NMR
(100.6 MHz, MeOD, & in ppm): 157.4, 156.5 (C=0), 78.6 (C(CHs)s) 54.9 51.8, 46.9, 45.8,
43.7,41.7, 41.4, 36.3, 34.3, 31.3, 28.8, 26.7, and 26.2 (cy-C), 27.4 (C(CHy)s).

(Co)Polymerization of dicarbamates and diamines/diols

In a typical experiment with a 1/1 ratio between the monomers, 2.405 g of DiBoc-IPDC (6.5
mmol) and 1.432 g of TOTDDA (6.5 mmol) were added into a 50 mL crimp-cap vial and
mixed under argon flow at 130 <C until the mixture became homogeneous, followed by the
addition of 0.0437 g of KOt-Bu (0.39 mmol). After the 12 hours, the pressure in the flask
was gradually reduced to 5 mmHg and maintained at this value for another 6 hours before
quenching the reaction with water. Finally, the precipitated polymer was washed with water
3 times and dried in a vacuum oven for 12 hours to obtain a light yellowish polymer (3.2 g,
84%).

Synthesis of N-hexyl methylcarbamate (NHMC)Y’

In a 100 mL flask, DMC (90 g, 1 mol), HEX (20.2 g, 0.2 mol), and TBD (0.69 g, 5 mmol)
were stirred for 12 hours at room temperature. The reaction mixture was then concentrated
by using a rotary evaporator and washed 3 times with a saturated aqueous NaCl solution. The
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organic phase was then dried with anhydrous sodium sulfate to obtain NHMC as a colorless
oil (28.6 g, 90%).

'H NMR (400 MHz, CDCls, § in ppm): 4.95 (s, broad, 1H, NH), 3.65 (s, 3H, OCHs), 3.16
(m, 2H; NHCHy), 1.49 (m, 2H; NHCH,CHy), 1.29 (m, 6H; CH3CH,CH,CH>), 0.89 (m, 2H;
CH2CHj3); *C{*H} NMR (100.6 MHz, CDCls, & in ppm): 157.2 (C=0), 51.9 (OCH3); 40.9
(NHCH_); 31.5 (CH3CH2CHy); 29.9 (NHCH2CHy); 26.2 (NHCH,CH,CHy); 22.5 (CH3CHy>);
14.0 (CH2CHg).

Synthesis of tert-butyl hexylcarbamate (Boc-HEX)

In a 500 mL flask, 20.2 g (0.4 mol) of HEX, 44 g (0.2 mol) of Boc,0 and 150 mL water were
stirred at room temperature. After 12 hours, the mixture was dissolved in 200 mL chloroform
and washed with water (3>200 mL). The organic layer was then dried over anhydrous sodium
sulfate and evaporated to obtain the product as a colorless liquid (135 g, 91%).

'H NMR (400 MHz, MeOD, § in ppm): 0.87 (m, broad, 3H, -CH,CHs), 1.52-1.15 (broad,
18H, -OCCHj3), 3.01 (t, 2H, CHNH); *C{*H} NMR (100.6 MHz, MeOD, & in ppm): 157.8
(CO), 78.4 (OCCHpg); 40.1 (NHCHy); 27.6 (NHCH,CH,), 22.3(CH2CHj3), 13.2 (CH2CH3),
31.3 (CH2CH2CHs).

Synthesis of N2,N8-bis(tert-butoxycarbonyl)lysine (DiBoc-lysine)*

In a 500 mL flask, L-lysine (50 mmol) was dissolved in a 1/1 mixture of THF/H,0 (200 mL).
NaHCO;3 (250 mmol) and Boc,O (100 mmol) were added consecutively into the solution at
0 <C. After 30 min, the solution was heated to room temperature and stirred overnight. The
solution was then extracted with Et,O (3>200 mL) and 20 wt% aqueous solution of citric
acid was added into the aqueous layer until pH = 4-5. Then the solution was extracted with
CHCl,, dried with NaSQy, and the solvent was evaporated under reduced pressure to give
N2,Né-bis(tert-butoxycarbonyl)lysine (DiBoc-lysine) as a light yellowish solid (16.8g, 96%).

'H NMR (400 MHz, MeOD, § in ppm): 1.29,1.56 (m, broad, 20H, -OCCHj3, -CHCH,CHy),
1.65 (broad, 2H, -NHCH,CH,), 1.76 (broad, 2H, -CHCH,), 3.03 (t, 2H, -NHCH), 4.05
(broad, 1H,-NHCH); **C{*H} NMR (100.6 MHz, MeOD, § in ppm): 174.9 (COOH), 156.5-
157.2 (NHCO), 78.4-79.1 (OCCHgs), 53.5 (NHCH), 40.1 (NHCH,), 31.1 (NHCH), 29.6
(NHCH2CHy), 27.3(OCCHg), 22.8 (CHCH,CH>).

Synthesis of water-borne PUDs with Boc-lysine as IDA

Inacrimp cap vial of 50 mL equipped with an argon inlet and a stirring bar, 0.5 g (1.44 mmol)
of Boc-lysine was first dissolved in 1 g of anhydrous solvent (DMAc, NMP or DMF). 0.318
g (1.44 mmol) of TOTDDA was then added into the flask together with 5.0 mg (72 pmol) of
KOMe or 8.1 mg (72 umol) of KOt-Bu as catalyst. The polymerization took place under
argon flow at 130 <C. After 8 hours, the pressure in the flask was reduced to 5 mmHg and
maintained at this value for another 6 hours, before quenching in diethyl ether. Finally, the
precipitated polymer was three times washed with diethyl ether and dried in a vacuum oven
for 12 hours to obtain the product (65-75%).

Synthesis of polyurea/polyurethane with DMDPA as IDA
Copolymerization reactions were performed using DiBoc-IPDC, diamines/diols and an
internal dispersing agent (IDA). In a specific experiment, 10 g (5 mmol) of PPGda2000 and
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0.145 g (1 mmol) of DMDPA were added to a 50 mL crimp cap flask together with 1.85 g (6
mmol) of DiBoc-IPDC. The reactor was flushed with argon and the reaction mixture was
heated to 130 <C prior to the addition of 40 mg (0.36 mmol) of KOt-Bu to the reactor as
catalyst. After 12 hours under argon flow at 130 °C, the reaction mixture was poured into an
excess of water and washed three times with water before drying in a vacuum oven to obtain
the product as a yellow solid (8.9 g, 74%).

Preparation of aqueous dispersions with Boc-lysine as IDA
In a 20 mL crimp-cap vial equipped with a stirring bar, 0.5 gram of PU was dissolved in 4.5
gram of deionized water and stirred for 30 min to obtain a cloudy PU dispersion.

5.2.3 Characterizations

Differential scanning calorimetry (DSC)

DSC measurements were performed on a TA instruments DSC Q100 calorimeter. Samples
were first equilibrated at 25<C, then heated from -80 <C to 200 <C at a heating rate of 10 C
/min followed by an isothermal step for 5 min. A cooling cycle to -80 <C at a rate of 10 C
/min was performed prior to a second heating run to 200 <C at the aforementioned heating
rate. The Ty was determined from the second heating run. TA Universal Analysis 2000
software was used for data analysis.

Nuclear magnetic resonance (NMR)
BC{*H} NMR (100.62 MHz) and *H NMR (400 MHz) spectra were recorded using a Varian
Mercury Vx spectrometer at 25 <C. The samples were prepared by dissolving 20 mg of
sample in 1 mL MeOD-d, as a solvent.

Dynamic light scattering (DLS) and {-potential

DLS and {-potential measurements were performed on a Malvern ZetaSizer Nano ZS at 25 C
to determine the dispersion characteristics (polyurethane refractive index: 1.59). The average
particle size and the particle size distribution of dispersions containing 0.1 wt% solids were
determined according to ISO 13321 (1996). The (-potential was calculated from the
electrophoretic mobility (p) using the Smoluchowski relationship { = nu/e with ko > 1 and
n is the solution viscosity, ¢ the dielectric constant of the medium, x the Debye-HUckel
parameter and a the particle radius. Data acquisition was performed using the ZetaSizer Nano
Software.

Gas Chromatography with Flame lonization Detector (GC-FID)
GC-FID measurements were performed to analyze the kinetic results. A Varian CP-3800
equipped with an FID was used and samples were prepared by quenching 0.05 mL of the
reaction mixture with 1 mL of methanol.
The conversion of HEX was monitored by GC-FID measurements with toluene as internal
standard. The conversions of the HEX in the model reactions were determined as follows:
the GC-FID peak areas of HEX and toluene at time t are denoted as Anex-t and C, respectively.
The initial concentration ratio between HEX and toluene is designated by lo where

lo= AHEx-0/ Atoluene-0

The ratio between HEX and toluene after x minute is designated by I where
Ix= AHEX-x /| Atoluene-x
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The concentration of HEX at time X is then
szlx/ lo

The conversion of HEX at time X is then
px=(1-Cx/Co)><100%

The same calculation method holds for determining the conversion of Boc-HEX.

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) Spectroscopy
ATR-FTIR was performed using a Bio-Rad Excalibur FTS3000MX infrared spectrometer
(10 scans per spectrum, spectral resolution of 4 cm™) with an ATR diamond unit (Golden
Gate). The measurement was performed by applying the sample onto the ATR diamond. The
spectra were recorded between 4000 and 650 cm™.

Size Exclusion Chromatography (SEC)

SEC in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was performed at 40 <C on a system
equipped with a Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive index detector
(35 ), a Waters 2707 autosampler, and a PSS PFG guard column followed by 2 PFG-linear-
XL (7 um, 8 300 mm) columns in series. HFIP with potassium trifluoroacetate (3 g/L) was
used as eluent at a flow rate of 0.8 mL/min. The molecular weights were calculated with
respect to poly(methyl methacrylate) standards (M, = 580 Da up to My = 7.1 <106 Da).

Potentiometric Titration

Potentiometric titrations were performed using a Metrohm Titrino 785 DMP automatic
titration device fitted with an Ag electrode. The samples were dissolved in CH3OH and the —
NHy groups (x = 0-2) were titrated with a normalized 0.1 mol/L HCI isopropanol solution.
Blank measurements were carried out using the same amount of CH3;OH.

The molar mass was defined according to the following equation:

stample
M, =

(Vsample - Vblank) X CHCZ

The —NHx content was defined according to the following equation:

_ (Vsamplel — Vhiank1) X Cuer
Nypx = g

msample

Where Vpiank is the volume of HCI solution in mL needed for the blank, (average of two
measurements), Vsample the volume of HCI solution in mL consumed by the sample, Cyc the
HCI concentration in isopropanol in mol/L, Nynx (X=0-2) the molar amount of —NHx groups
in 1 gram of polymer (mol/g) and Msampie the sample weight in gram.

Evaluation of coatings

The coating performances were evaluated at room temperature by means of an acetone
double rub test, a water resistance test, a reverse impact test and a pencil hardness test. In the
acetone double rub test, the sample was rubbed back and forth with a cloth drenched in
acetone. If no visual damage was observed after more than 150 rubs (75 double rubs), the
acetone resistance of the coating was marked as good. In the water resistance test, the coating
was immersed under water for 10 minutes. If no swelling was observed, the water resistance
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of the coating was marked as good. The reverse impact test was performed by dropping a 1
kg ball on the backside of a coated panel from a 100 cm height, as described in ASTM D2794.
The pencil hardness test (ASTM D3363) was performed via pushing pencils with varying
hardness value into the sample and the coating hardness was identified visually by the trace
generated. The scale of pencil hardness ranges from 9H, the hardest scale, to 9B, the softest
scale.

5.3 Results and discussion
5.3.1 Model reaction of dicarbamates and HEX

Chapter 4 showed that the copolymerization of isophorone di-tert-butyl dicarbamate (DiBoc-
IPDC) and 4,7,10-trioxa-1,13-tridecanediamine (TOTDDA) results in polyureas (PUs) with
high Mns. However, the high Dwu values of these PUs indicate that the mechanism of the
reaction between Boc-carbamate/amine and methylcarbamate/amine does not strictly follow
that of a linear step growth polymerization. Thus, model reactions were carried out with
hexylamine (HEX) and tert-butyl hexylcarbamate (Boc-HEX) or N-hexyl methylcarbamate
(NHMC) to compare the aminolysis rate of Boc- and methylcarbamates. Chapter 2 revealed
a limited conversion of the substrates during a stoichiometric reaction of amine and NHMC,
indicating that the equilibrium of the carbamate aminolysis favors the left side, i.e. the
aminolysis rate is much lower than the urea alcoholysis.” Hence, to accurately monitor the
consumption of HEX in the model reaction, an excess of carbamate (20/1 ratio) was used
with respect to the amine, in the presence of 1 mol% of various catalysts, including alkali
bases like KOMe and KOt-Bu and organic bases such as TBD and DMAP, the latter being a
catalyst for the reaction of arylamines and Boc,O to arylisocyanates (Scheme 4).1° The
conversion of HEX was monitored by GC-FID (Figure 1).

N
A
N | OK OK
() -k -
TBD

N

N
DMAP KOt-Bu KOMe
1,5,7-triazabicyclo  4-(Dimethylamino) potassium  potassium

(a) [4,4,0]dec-5-ene pyridine t-butoxide  methoxide

H
SN O_é HEX
T

\/\/\/NH
Boc-HEX ’ “ ¥
— wm N NN
H o Cat. \(IDI/
NN ~ 60 °C
T
(b) NHMC

Scheme 4 (a) Structures of catalyst candidates; (b) Model reaction of
Boc-HEX and HEX as substrates (10/1 molar ratio) at 60 <C.
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Figure 1. Conversion of HEX as a function of time in model reactions with
(a) NHMC or Boc-HEX as carbamate and KOMe as catalyst and
(b) Boc-HEX as carbamate in the presence of different catalysts.

The plots in Figure 1a reveal a faster reaction of HEX with Boc-HEX compared to NHMC.
This is contradictory with the mechanism of alkali base-catalyzed carbamate aminolysis
proposed in Chapter 2 (Scheme 5a, also see Chapter 2). According to such mechanism, the
presence of the bulky tert-butoxide group in Boc-HEX should enhance the energy level of
the transition state A compared to the methoxide group of NHMC, thereby reducing the
reaction rate. Figure 1b displays a similar catalytic activity of KOMe and KOt-Bu towards
the aminolysis of the Boc-carbamate, both much higher than that of TBD, while DMAP is
inactive. The activity of TBD in Boc-HEX/HEX model reaction is higher than that reported
in Chapter 2 for NHMC/HEX reaction (see Figure 5a in Chapter 2). This is again in contract
with the mechanism of TBD-catalyzed carbamate aminolysis proposed in Chapter 2 (Scheme
5b, also see Chapter 2), where the tert-butoxide group could lead to higher energy level of
the transition state C, and consequently slower aminolysis reaction.'” These results suggest a
different mechanism of the Boc-carbamate/amine reaction compared to that proposed in
Chapter 2 for the methylcarbamate aminolysis.
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Scheme 5. Proposed mechanism for (a) KOMe- and (b) TBD-catalyzed aminolysis
(see Chapter 2).

The conversions of Boc-HEX in the Boc-HEX/HEX model reaction with a molar ratio of
1/20 with KOt-Bu and KOMe as catalysts were determined at different temperatures (Figure
2). Above 70 °C, both KOMe- and KOt-Bu-catalyzed reactions achieve full conversion of
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Boc-HEX within 30 min. This indicates that the reverse reaction is significantly slower and
therefore can be neglected during the calculation of the aminolysis rate.
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Figure 2. Conversion of Boc-HEX in model reaction with 1/20 ratio of carbamate to
amine, catalyzed by (a) KOMe and (b) KOt-Bu at different (measured) temperatures.

Similar catalytic activities were reported for KOMe- and KOt-Bu-catalyzed NHMC/HEX
model reactions (see Section 2.3.4 in Chapter 2) due to the deprotonation of methanol by -
Ot-Bu, leading to the same active species ((OMe) for both reactions. However, a faster
conversion of Boc-HEX was observed for the KOt-Bu-catalyzed reaction compared to
KOMe-catalyzed one. For example after 40 minutes at 66 °C, the latter reached full
conversion of the substrate, which is achieved within 20 minutes for the former. This is
caused by a much higher basicity of "Ot-Bu (pKa=19) in the KOt-Bu-catalyzed Boc-
carbamate aminolysis compared to the "OMe (pKa=15.5), which is the main catalytic species
in the KOMe-catalyzed reaction, as the methoxide anion could hardly protonate the reaction
byproduct HOt-Bu into "Ot-Bu.

If the Boc-carbamate aminolysis reaction is of second order, their reaction rates are
determined by the following equation:

_dc_ k(C +19C,) C
[T 07 =

where k is the reaction rate constant, C the concentration of Boc-HEX at time t and Co the
starting concentration of Boc-HEX. Through integration, the equation can be expressed as:
r 1 C + 19¢,
t+X = 19¢, In | a
where X is a constant. A linear relation was observed for the In((C+19C,)/C)/19Co vs. t plots,
indicating that the reaction is indeed of second order (Figure 3a). The reaction rate constants
for each reaction at different temperatures can thus be determined from the slope of such
plots, while the corresponding activation energy E. and pre-exponential factor A can be
calculated via the corresponding Arrhenius plots (Figure 3c,d). The Ea and InA of the
NHMC/HEX reaction catalyzed by KOMe and the Boc-HEX/HEX reactions catalyzed by
KOMe and KOt-Bu are listed in Table 1. Similar linear relations were also observed in model

reactions of  1/20 ratio of NHMC/HEX catalyzed by KOMe (Figure 3b, also see Chapter
2).17
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Figure 3. Plots of In((C+Co)/C)/19C, vs. time plots of (a) KOt-Bu catalyzed Boc-
HEX/HEX (1/20) reaction at 46 °C and (b) KOMe catalyzed NHMC/HEX (1/20) reaction
at 85 °C. Arrhenius plots of Boc-HEX/HEX (1/20) reactions catalyzed by (c) KOMe and

(d) KOt-Bu.

Similar E; values were observed for KOMe- and KOt-Bu-catalyzed Boc-HEX aminoylses,
both higher than the E, of KOMe-catalyzed NHMC aminolysis (Table 1). As such, this is in
agreement with the mechanism of methylcarbamate aminolysis (see Scheme 4 in Chapter 2),
as bulkier tert-butoxide group could lead to higher energy level of the transition state.
However, compared to NHMC, Boc-HEX experiences a higher aminolysis rate (Ink = -3.5
for NHMC and Ink = -3.2 for Boc-HEX, also see Chapter 2) while having a higher activation
energy in the presence of KOMe as catalyst.'” According to the Arrhenius equation,

k = Ae~Fa/(RT).

the rate constant is dependent on the absolute temperature T and a pre-exponential factor A
related to the orientation of the molecules during collision (see Chapter 2). Given the higher
activation energy and rate constant of Boc-HEX compared with NHMC, the factor A of the
alkali base-catalyzed aminolysis of Boc-HEX is significantly greater than that of NHMC
aminolysis (Table 1). This again indicates different mechanisms between alkali base-
catalyzed Boc-carbamate and methylcarbamate aminolysis.
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Table 1. Activation energies and pre-exponential factor of NHMC/HEX and
Boc-HEX/HEX (1/20 ratio) reactions catalyzed by KOMe or KOt-Bu.

InA
Carbamate Catalyst Ea (kJ/ mol) (pre-exponential factor)
NHMC KOMe 73Y 12%7
KOMe 109 35
Boc-HEX
KOt-Bu 111 37

Hence, a proposed mechanism for the Boc-carbamate aminolysis involves the formation of
an isocyanate intermediate under strong basic conditions.??2 During the polymerization
between Boc-dicarbamates and diamines, the isocyanate intermediates is formed due to the
good leaving group ability of the tert-butoxide as a result of its strong steric hindrance, and
subsequently react with the urea groups to form biurets, leading to branched structures or
even crosslinks (Scheme 6). This explains the faster aminolysis of Boc-HEX with KOt-Bu
as catalyst compared to KOMe, as the former has higher basicity (pK,= 19) in comparison
with the latter (pKa= 15.5), thereby facilitating the nucleophilic attack of the base catalyst on
the carbamate to form isocyanate intermediate.

To further investigate this mechanism, a model reaction with a Boc-HEX/HEX molar ratio
of 1.4/1 was carried out at 130 °C under argon flow with KOt-Bu as catalyst. The *H NMR
spectra of the reaction mixture over a 60 min period are shown in Figure 4.

H H
H o KOt-Bu N N N.

O [ "o B2 ety or
(0]

Isocyanate o
intermediate
RNCO

0. R
w1
R’N \"/N‘R'
o
Biuret

Scheme 6. Proposed biuret formation in the Boc-carbamate aminolysis.

The spectrum of the reaction mixture at to is characterized by a triplet at 2.65 and 3.04 ppm,
assigned to the methylene protons next to the amine end-group in HEX (c) and the methylene
protons adjacent to the carbamate group in Boc-HEX (d). The intensity of those signals
decreased with time, while a new resonance attributed to the methylene protons near urea
moieties (a) appeared at 3.20 ppm. In addition, a minor signal emerged after 10 min at 3.84
ppm (b), with an intensity of approximately 6 % with regard to d at to, suggesting possible
biuret formation.
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Figure 4. Scheme of the Boc-HEX/HEX (1.4/1) model reaction and
H NMR spectra of the reaction mixture at various reaction times.

In order to verify the biuret formation, a two-dimensional *H-'H 2D COSY NMR study was
performed to monitor the Boc-HEX/HEX reaction (see Figure 5). The COSY sequence
allows to identify the coupling between nearby protons. Thus, the *H-*H 2D COSY NMR
spectrum exhibits a correlation between signal b and the resonance at 1.61 ppm (c), which is
also correlated to the methylene resonance of the hexyl moieties at 1.29 ppm (f). This
suggests that protons ¢ and b are present in the same hexyl group. The chemical shift at lower
field of signal b compared to a indicates that the methylene protons are connected to a
stronger electron withdrawing group than a urea, such as a biuret. This is confirmed by the
BC{*H} NMR spectrum of the reaction mixture after 60 min, which reveales an extra
carbonyl signal at 149.2 ppm besides the urea carbonyl and the carbamate signals at 160.0
and 157.2 ppm, respectively.?® Thus, the resonance b is assigned to methylene protons next
to the nitrogen of the biuret. The formation of such species could lead to branching and
crosslinking during the polymerization.
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Figure 5. (a) *H- H 2D COSY and (b) **C{*H} NMR spectra of the
Boc-HEX/HEX (1.4/1) model reaction at 60 min (methanol-da).

5.3.2 Polyurea synthesis

The insights obtained from the model studies described above were employed in polyurea
synthesis. In this section, DiBoc-IPDC and 4,7,10-trioxa-1,13-tridecanediamine (TOTDDA)
were polymerized at 130 <T under argon flow with KOt-Bu as catalyst (Scheme 7). An excess
of TOTDDA was used with respect to DiBoc-IPDC (TOTDDA/DiBoc-IPDC = 1.2/1) since
the stoichiometric polymerization leads to a mixture of too high viscosity for sampling. The
reaction was monitored by ATR-IR (Figure 6).
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Scheme 7. Reaction scheme of DiBoc-IPDC/TOTDDA polymerization.

Figure 6 shows the FTIR spectra of DiBoc-IPDC and the resulting polyurea product. (Partial)
Conversion of the absorption of the carbamate carbonyl was observed at 1700 cm™ into a
band at 1640 cm™, assigned to the C=0 vibration of urea moieties.?

DiBoc-IPDC
rrrrrrr After polymerization

2200 2000 1800 1600 1400
Wavenumber (cm™)

Figure 6. FT-IR spectra of DiBoc-IPDC monomer and polyurea product.
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The DiBoc-IPDC/TOTDDA reaction was also followed by 'H NMR (Figure 7). The
spectrum of the reaction mixture at to is characterized by resonances at 0.8-1.1, 1.44 and 2.68
ppm assigned to the methyl and methylene protons on the IPDC ring (a), the methyl protons
of the di-tert-butyl groups (Boc) of DiBoc-IPDC (b) and the methylene protons adjacent to
the amine end groups (c), respectively. The emergence of a signal at 3.20 ppm attributed the
methylene protons next to the urea groups (d) is accompanied by the reduction of b and c,
indicating the formation of polyurea. The disappearance of b after 30 min suggests full
conversion of the end-groups. The degree of polymerization (DP) determined from the ratio
of the signal intensities of ¢ and a is about 11 after 60 min, similar to the theoretical value for
a 1.2/1 monomer feed ratio.?
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Figure 7. (a) Scheme of DiBoc-IPDC/TOTDDA polymerizations; (b) *H-NMR spectra
of the polymerization DiBoc-IPDC/TOTDDA (1/1.2) mixtures catayzed by KOt-Bu.

In chapter 4 it was indicated that the PUs obtained from TOTDDA/DiBoc-IPDC
polymerizations could reach high Mxs when TOTDDA was present in slight excess. Besides
TOTDDA, commercially available diamine monomers such as PPGda400 and PPGda2000
were also polymerized with DiBoc-IPDC with different amine/carbamate ratios to obtain
polyureas with high M, values. The theoretical?” and experimental (HFIP-SEC) M, values of
the resulting PUs are presented in Table 2.

As observed for the TOTDDA/DiBoc-IPDC system, stoichiometric reactions of PPGda400
or PPGda2000 and DiBoc-IPDC resulted in materials with high Pus and Ms. However, these
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M, values were lower than those obtained for the polymerization of stoichiometric
TOTDDA/DiBoc-IPDC mixtures, especially with PPGda2000, for which gelation was not
observed and for which Py values remain low, even for a diamine/DiBoc-I1PDC ratio of 0.98.
This is probably due to a much lower urea density in PPGda2000-based PUs compared to
TOTDDA and PPGda400, thereby leading to reduced biuret formation. Additionally, the
lower reactivity of the amines connected to secondary carbons in PPGda compared to the
amines connected to primary carbons in TOTDDA also contributes to the lower Mys of the
PUs prepared from the former. The stoichiometric polymerizations of these diamines and
DiBoc-IPDC result in PUs with sufficiently high M, values for coating applications.?® Much
higher Tgs of 15 to 77 °C were observed for TOTDDA-based PUs than PPGda400- (8 to 31
°C) and PPGda2000-based (-58 to -61 °C) ones. This is caused by the much lower molar mass
of the TOTDDA compared to the other two monomers, leading to higher urea densities in the
PU resins and thereby higher Tgs.

Table 2. Mn, Pm and T4 of PUs with different ratios of diamines/DiBoc-IPDC
(given between parentheses) as comonomers.

. Di_aming Theoretical Ma
(Diamine/DiBoc- M (kDa)? Dw? (KDa)® T (°C)
IPDC)

TOTDDA (1.03) 15 1.3 15 15
TOTDDA (1.02) 18 14 21 20
TOTDDA (1.01) 85 2.3 44 72
TOTDDA (1.00) 120 3.1 ® 75
TOTDDA (0.98) Gel N.Ab 22 77
PPGda400 (1.02) 33 1.9 31 8
PPGda400 (1.01) 65 2.5 62 23
PPGda400 (1.00) 79 2.9 o0 28
PPGda400 (0.98) Gel N.A. 31 31
PPGda2000 (1.02) 45 1.7 100 -60
PPGda2000 (1.01) 52 1.8 200 -61
PPGda2000 (1.00) 62 1.9 e -58
PPGda2000 (0.98) 59 1.8 200 -60

3 Determined by HFIP-SEC; ® not available due to gelation; © calculated with Carothers’ formula;® 9 determined
by DSC.

5.3.3 Polyurethane synthesis

Compared to diamines, diols are readily available and less expensive. Thus, PURs were
prepared by polymerizing DiBoc-IPDC with five different diols, namely poly(propylene
glycol) with M, of 425 and 2000 Da (PPG425, PPG2000), poly(tetrahydrofuran) with M, of
650 Da (pTHF650), poly(ethylene glycol) (PEG) with M, of 600 Da and triethylene glycol
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(TEG). These diols are conventional building blocks employed in PUR manufacturing
industries to increase the flexibility of the resins. Isophorone dimethylcarbamate (IPDMC)
was also used as dicarbamate comonomer to compare with DiBoc-IPDC, as shown in Scheme

8.
HO OH
ol
9y 0 PPG M,=2000 g/ mol
o N)koj< or M,= 425 g/ mol
>( T N

DiBoc-IPDC HOL ot KOMe/KOt-Bu HH\R/HTO\R.KO\}
* pTHF M,=650 g/ mol 130 °C  Arflow o o
o -tBuOH or -MeOH Polyurethane
/OTnJé\NkO/ HoJf\/oi‘nH
o H PEG M,=600 g/mol
IPDMC
HO\/\O/\/O\/\OH
TEG

Scheme 8. Reaction scheme of dicarbamate/diol polymerizations.

Stoichiometric polymerizations of diols and dicarbamates were performed at 130 °C in the
presence of KOt-Bu, first under argon flow for 6 hours and then, under vacuum for 12 hours
to remove the residual methanol or t-butanol condensation product. The M, values achieved
for each combination are listed in Table 3, together with the corresponding Pw and T4 values.

Table 3. Mn, Pm and Tg of PURs prepared from stoichiometric ratios of dicarbamates

and diols.
Dicarbamate Diol M (kDa)? DPm? Tg(T)®
PPG2000 49 2.8 -52
PPG425 34 21 -10
DiBoc-IPDC pTHF650 38 2.4 -20
PEG600 40 2.6 -16
TEG 30 2.0 56
PPG2000 31 1.6 -58
PPG425 20 1.6 -28
IPDMC pTHF650 13 18 -40
PEG600 17 15 -36
TEG 9 1.2 42

3 Determined by HFIP-SEC; ® determined by DSC.

The M, values of the PURs with DiBoc-IPDC and PPG2000, PPG425, pTHF650, PEG600
and TEG were 49 kDa, 34 kDa 38 kDa, 40 kDa and 30 kDa, respectively, while the M;s of
PURSs prepared from IPDMC were up to 3 times lower due to its lower reactivity towards
diols. Higher By values were also observed with PURs prepared from DiBoc-IPDC, probably
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caused by the allophanate forming side reaction between the earlier-mentioned isocyanate
intermediates and urethane moieties (Scheme 9). Such intermediate is absent in
IPDMC/diamine polymerization as indicated by the mechanism proposed in Chapter 2.
Despite the high Mys of the PURSs, their Ty values are very low (-52 °C to -10 °C), with the
exception of TEG-based PURs (42-56 °C). Such PURs could potentially be employed in
coating applications. The reduced M, values of PURs compared with PUs prepared from
DiBoc-IPDC could result from the lower reactivity of diol than diamine towards isocyanates.
The lower M, value of the TEG-based PURs compared to PPG2000-based ones is most
probably related to the higher hydrogen bond density of the urethane moieties in the
TEG/DiBoc-IPDC polymerization mixture compared to PPG2000/DiBoc-IPDC, which may
result in a higher viscosity and slower reaction. Of course, in addition a similar number of
urethane bond formations using a high molar mass polyol results automatically in higher
PUR molecular weights compared to the synthesis based on a low MW polyol. It will be
obvious that the high urethane densities in the polymer chains of TEG-based PURs could
lead to desired material properties, despite the relatively low M.

o
o
H MNXOM J.L
o Kot-Bu NCO H T S g

N -
annrnsnnneR7 f wnmpnnronrR -
\é( ﬁ O)\NH

t-BuOH |
R

|

Allophanate
Scheme 9. Possible allophanate formation during DiBoc-1PDC/diol polymerization.

Optimization of the Mps of the PURs were carried out by polymerization of different ratios
of TEG and DiBoc-IPDC or IPDMC at 130 °C under argon flow in the presence of the
corresponding alkali bases. The M, and P values of these PURs are displayed in Table 4.

Lower TEG/DiBoc-IPDC ratios led to higher Mys and Dwvs. When DiBoc-IPDC was present
in excess, gelation was observed due to the possible allophanate formation. The Mys of the
IPDMC-based PURs were below 10 kDa (Pwm of 1.1-1.2), and decreased with further
deviation from the stoichiometric TEG/IPDMC ratio, suggesting low conversions of
functional groups. Obviously, IPDMC is much less reactive than DiBoc-IPDC.
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Table 4. Reaction formulation, Mn and Pwm of polyurethanes based on DiBoc-1PDC and
TEG. TEG/dicarbamate ratios are given between parentheses.

e woay pe e
DiBoc-IPDC (1.02) 14 14 19
DiBoc-1PDC (1.01) 21 17 37
DiBoc-1PDC (1.00) 30 2.0 ©
DiBoc-1PDC (0.99) Gel N.Ab 37
DiBoc-IPDC (0.98) Gel N.A. 19
IPDMC (1.01) 8 11 37
IPDMC (1.00) 9 1.2 ©
IPDMC (0.98) 9 1.2 19
IPDMC (0.96) 9 1.2 9
IPDMC (0.94) 6 11 6

3 Determined by HFIP-SEC; ® not available due to gelation; © calculated with Carothers’ formula.?®

5.3.4. Preparation of water-borne polyurea (PU) and polyurethane urea (PUU)
dispersions

The synthesis of PUDs with IPDMC, diamines and DMDPA is described in Chapter 3. Most
of the corresponding dispersions generated coatings with unsatisfactory mechanical
properties and solvent resistance due to the low molecular weight of the PU resins. The high
M PUs prepared from DiBoc-IPDC and described in the current chapter could potentially
lead to coatings with better material properties.

In this section, PU(U)s containing tertiary amine functionalities were prepared via a one-pot,
solvent-free procedure using 3,3’-diamino-N-methyldipropylamine (DMDPA) as IDA.
Different diamines and diols were employed, including TOTDDA, TEG, PPGda and PPGdiol
with different molecular weights (Scheme 10a).
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Scheme 10. (a) Structures of diamines and diols employed in PU(U) syntheses.
(b) Reaction scheme and dispersion preparation of PU(U) cationomers.

5.3.4.1 Cationic PUDs with DMDPA as IDA

Copolymerizations of DMDPA, PPGda400 and DiBoc-IPDC were performed at 130 °C in
the presence of the catalyst KOt-Bu, first under argon flow for 6 hours and then under reduced
pressure (3 mmHg) for 12 hours (see also Chapter 3). The produced PUs were then dissolved
in methanol and neutralized with acetic acid (one mol equivalent with regard to internal and
chain-end amines in the PUs). The solutions were then dispersed in water and methanol was
evaporated to generate water-borne PUDs (Scheme 10b). The dispersions were then casted
onto aluminum panels and dried overnight in an oven at 50 °C under argon flow to form
PU(R) coatings. The mechanical properties and solvent resistance of the resulting coatings
are summarized in Table 5.

The M, values of the PUs synthesized from DiBoc-IPDC and various amounts of DMDPA
are between 62-73 kDa, which are almost twice the values of those prepared from IPDMC,
DMDPA and PPGda400 (see Table 3 in Chapter 3). The Tgs of the PUs are about 8-12 °C
higher than the values of the corresponding IPDMC analogues (see Table 3 in Chapter 3).
Despite the high Mys, stable dispersions with (-potentials of about 50 mV (a dispersion is
considered stable when the absolute value of the (-potential is higher than 30 mV) and
particle sizes of ca. 20-90 nm were obtained for these resins. The resulting coatings were
slightly harder than those prepared from IPDMC (see Table 3 in Chapter 3). They all passed
the impact test and have good acetone and water resistances, probably due to the high
entanglement density caused by the high Ms and strong hydrogen bonding between the PU
chains, thus leading to superior mechanical properties.
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Table 5. Dispersion and coating properties of PUs with DMDPA as IDA, PPGda400 as
diamine and DiBoc-IPDC as dicarbamate (primary amine/carbamate = 1/1).

Av.
0, -
Mol% of M °  Dparticle & Coating  Impact  Acetone Water
IDAin (kDa) (<T) . potential - - 4
o ) size . hardness test resistance  resistance
diamine a (mV)
(nm)
10 72 24 85 48 3B + + +
20 66 31 30 45 2B + + +
30 62 45 21 52 B + + +
40 73 52 18 50 HB + + +

3 Determined by HFIP-SEC; P determined by DSC; © determined by DLS; 9 +: no swelling.

PUs based on DiBoc-IPDC, TOTDDA and DMDPA were prepared under the same conditions
(Table 6). The resulting resins had sufficiently high Mns, ranging from 65 kDa to 75 kDa. The
Tgs of the PUs raise from 55 to 79 °C with increasing DMDPA content. This is caused by the
reduced flexibility of the chains due to the absence of oxygen atoms in DMDPA and the lower
molar mass of DMDPA (145.25 g/mol) compared with TOTDDA (220.31 g/mol), leading to
higher urea and hydrogen bonding densities. The lower molar mass of TOTDDA compared
to PPGda400 also results in higher urea densities in the PUs, and thus in higher Tgs and harder
coatings. Similarly, the coatings with TOTDDA-based PUs also passed the impact test and
had good acetone resistance. However, these coatings swelled during the water immersion
test, probably due to the higher hydrophilicity of the TOTDDA segments in the PU chains
compared to the PPG ones in the PPGda400-based PUs. The latter had good water resistance.
Additionally, the lower molar mass of TOTDDA compared to PPGda400 also led to a higher
concentration of DMDPA segments, and therefore to more tertiary amines (neutralized by
acetic acid) within the related TOTDDA-based PUs. This further enhances the hydrophilicity
of the material, as indicated by the coating softening during the water immersion test when
more than 30 mol% DMDPA was present in the TOTDDA-based PUs.

Table 6. Dispersion and coating properties of PUs with DMDPA as IDA, TOTDDA as
diamine and DiBoc-IPDC as dicarbamate (primary amine/carbamate = 1/1).

Av.

0, -
Mol /0. of M Tg particle 6 . Coating Impact Acetone Water
IDAIn (kDa) (T A potential . - p
o b size . hardness test resistance  resistance
diamine a (mV)
(nm)
10 68 55 156 43 B + + +
20 72 68 24 45 HB + + +
30 65 71 23 41 F + + -
40 75 79 18 46 F + + -

3 Determined by HFIP-SEC; P determined by DSC; © determined by DLS; 9 + swelling without softening, -:
swelling and softening.

Soft PUs were prepared from DMDPA, PPGda2000 and DiBoc-IPDC. The corresponding
dispersion and coating properties are displayed in Table 7. As those polymers have much
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lower densities of ionic groups in the polymer chain compared to the TOTDDA- or
PPGda400-based PUs, precipitation occurred during the preparation of PUDs with low
DMDPA contents of 10-20 mol% of the amine monomers. At higher DMDPA content, stable
PUDs were formed with particle sizes below 200 nm and -potentials above 40 mV. The low
Tgs of these PUs are caused by the soft PPGda2000 chain segments, which dominates over
the contributions of the rigid isophorone and DMDPA units. The poor acetone and water
resistance are probably the result of low urea densities in the polymer matrices, which swell
upon contact with solvents. As expected, the coatings prepared from PPGda2000 and DiBoc-
IPDC are softer (< 6B) compared to those with PPGda400 (3B). In principle, a high loading
of DMDPA in the diamine feed would lead to an enhanced T4 However, the Tgs of the
PPGda2000-based PUs are hardly influenced by the DMDPA contents. This could be
attributed to a microphase separation of the polymer, whose T4 measured by DSC would only
represent the soft segment part (PPGda2000 segments). With regard to the reverse impact
test, no cracking was observed for PU coatings with 30 and 40 % IDA in the amine feed due
to the softness of the materials. However, the hardnesses of the coatings are all below 6B,
which is undesired for most industrial applications.

Table 7. Dispersion and coating properties of PUs with DMDPA as IDA, PPGda2000
as diamine and DiBoc-1PDC as dicarbamate (primary amine/carbamate = 1/1).

Av.

0, -
Mol% of M Ts particle & Coating  Impact  Acetone Water
IDAIn (kDa) (T - potential - - p
diamine a b size® (mV)e hardness test resistance  resistance
(nm)
10 59 -62 N.Ad N.A. N.A. N.A. N.A. N.A.
20 57 -60 N.A. N.A. N.A. N.A. N.A. N.A.
30 53 -63 143 47 <6B + - +
40 55 -62 40 45 <6B + - +

3 Determined by HFIP-SEC;  determined by DSC; © determined by DLS; ¢ drecipitation during dispersion; ® +:
no swelling.

5.3.4.2 Cationic polyurethane urea dispersions (PUUDs) with DMDPA as IDA

Polyurethane ureas (PUUs) were synthesized by copolymerization of diols, DiBoc-IPDC and
DMDPA, first at 130 °C for 6 hours under argon flow in the presence of KOt-Bu, then under
a vacuum of 3 mm Hg for another 12 hours. The properties of PUU dispersions (PUUDS)
and related coatings based on PPG2000, PPG425 and TEG, together with DiBoc-IPDC and
different loadings of DMDPA as IDA are displayed in Table 8.

PUUs obtained from PPG2000 and DiBoc-IPDC with 10 to 20 mol% of DMDPA in the amine
feed led to precipitation during the preparation of the dispersions, probably due to an
insufficient neutralized amine loading to stabilize the particles. Similarly, precipitation was
observed during dispersion of PPG425-based PUU with 10 mol% of DMDPA, while PUUs
with higher DMDPA contents generated dispersions with {-potentials above 50 mV and
particle sizes below 50 nm. The Ty values of the PPG425- and PPG2000-based PUUSs are far
below room temperature, leading to soft coatings. Their solvent resistances are also poor due
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to a combination of low urea densities and insufficient molecular weights.

The TEG-based PUUs exhibit low M, values of 24-28 kDa with Tgs between 56-60 °C, which
resulted in hard coatings with pencil hardnesses above B. The Tgs of these PUUs are barely
influenced by the DMDPA content, probably due to the similar molar masses of DMDPA
(145 g/mol) and TEG (150 g/mol), and consequently similar contribution to the T4 of the
material. Despite their high Tgs, the low Mss of these compounds result in insufficient
entanglement formation in the polymer matrices, leading to failures in reverse impact tests.
The poor solvent resistance of the coatings is attributed to an abundant amount of hydrophilic
TEG segments in the PUUs.

Despite the similar building blocks, the Tgs of the PUUs produced from PPG425 are lower
than the corresponding Tgs of the PPGda400-based PUs (see Table 5 and Table 8). This is on
the one hand caused by the higher Mys of the PUs compared to PUUSs, as a result of the higher
reactivity of diamines towards DiBoc-IPDC compared to diols. Additionally, the stronger
hydrogen bonds between the urea moieties in PUs in comparison to those between urethanes
in PUUs reduces the chain mobility in the polymer matrices, further enhancing the Tq of the
material.

Table 8. Dispersion and coating properties of PUUs with DMDPA as IDA, DiBoc-
IPDC as dicarbamate and different diols (primary amine/carbamate = 1/1).

Mn To Av. T .
piol 'PA Da) (T) paticle  potential  C0%Ng  Impact - Acetone - Water
mol% b . hardness test resistance resistance®
a size (nm)°© (mV)°

10 33 -12 N.Ad N.A. N.A. N.A. N.A. N.A.
PPG 20 32 -2 42 52 <6B + - +
425

30 34 7 23 59 6B + ; +

40 37 11 35 50 5B + ; +

10 28 57 N.A. N.A. N.A. N.A. N.A. N.A.
PPG 20 30 56 N.A. N.A. N.A. N.A. N.A. N.A.
2000 30 34 -58 120 51 <6B + - +

40 31 -55 95 49 <6B + ; +

10 24 56 135 41 B - - -

20 28 59 46 45 - - -
TEG

30 25 57 22 40 B - - -

40 28 60 20 44 HB - . .

3 Determined by HFIP-SEC;  determined by DSC; © determined by DLS; 9 precipitation during dispersion; ® +:
no swelling, -: swelling and softening.
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5.3.4.3 Anionic PUDs with Boc-lysine as IDA

Anionic PUDs could also be synthesized by employing IDAs with carboxylic acid groups.
The conventionally used dimethylol propionic acid (DMPA) could not be incorporated into
the polymer backbone via diol/dicarbamate reaction due to the low reactivity of the hydroxyl
groups. Therefore, the diamine-functional amino acid lysine was used as an alternative.
However, the polymerization of lysine and IPDMC resulted in oligomers due to the low
reactivity of the a-amine, which forms (internal) hydrogen bonds with the carboxylic acid
group (Scheme 11).27 Similarly, the dimethylcarbamate form of lysine could not be
synthesized via the melt transurethanization method developed by Deepa et al., as a result of
the low reactivity of the a-amine of lysine towards dimethyl carbonate.”

Hy

HoN N+
N
\/\/ji IH
4

Scheme 11. Hydrogen bond formation between the a-amine and carboxylic acid
group in lysine.?

Alternatively, lysine Boc-dicarbamate (DiBoc-lysine) was successfully synthesized from
lysine and BocO in the presence of sodium bicarbonate as catalyst, as shown in Scheme 12.

H H
Boc,0 0. N
HoN NH, 2 tBu” \"/ \/\/ij\"/o\t-Bu
o 1:1 mixture of THF/ H,0 (0] 0 \on 0
OH NaHCO, s )
L-lysine NZ%,N°-bis(tert-butoxycarbonyl)lysine

(DiBoc-lysine)

Scheme 12. Synthesis of N2,N6-bis(tert-butoxycarbonyl)lysine (DiBoc-lysine).

DiBoc-lysine was incorporated into PU backbones via stoichiometric polymerizations in
DMACc solvent of DiBoc-lysine and diamines at 130 <C under argon flow (Scheme 13). An
excess of KOt-Bu was used to neutralize the pending carboxylic acid groups and to catalyze
the polymerization. The resulting polyurea solutions were then washed with diethyl ether and
dried at 80 °C under vacuum overnight. Since the carboxylic acid groups in these PUs were
already neutralized by KOt-Bu during the reaction, they can directly disperse in water to form
PUDs. The properties of the PUDs and the corresponding coatings based on the diamines
TOTDDA, PPGda400, PPGda2000 and pTHFda1000 are summarized in Table 9.

j\ O  COOH o
+ HoN NH,
O*N)\/\/\Nko/k \R/ HZN\/\/O\/\O/\/O\/\/NHQ
H H
TOD
DiBoc-Lysine NH
HZN/\/\Of\/\/Ol\n/\/ 2

DMAc 130 °C
KOt-Bu |Argon flow

_ 01\)\
o o HZNIJ\/ ¥ NH,

o

. . water a

@ Ty oy ®) and PPGAR2000
Scheme 13. (a) Preparation of PU(U)D with Boc-lysine as IDA.

(b) Structures of diamines employed in the polymerizations.

pTHFda1000 M,,=1000 g/mol
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Table 9. Dispersion and coating properties of the PUs prepared from
a stoichiometric ratio of DiBoc-lysine and diamines.

Diamine/diol (EADH;) Dw? (1—2; At;/iarﬁtrettlgrl i potgntial ;; ?3:235 ITESiCt
(nm)° (mV)°
PPGda400 13 1.7 8 N.A¢ N.A. N.A. N.A.
PPGda2000 21 1.6 -61 146.6 -40 <6B +
pTHFda1000 11 1.8 -75 N.A. N.A. N.A. N.A.
TOTDDA 5 15 2 N.A. N.A. N.A. N.A.

3 Determined by HFIP-SEC; P determined by DSC; © determined by DLS; 9 precipitation during dispersion.

The Mps of the PUs prepared from DiBoc-lysine were relatively low, with Dy values below
2, and no clear indications for branching were obtained. The low Mys of the PUs also suggest
a slow reaction between DiBoc-lysine and diamines. As a result, limited amounts of IDAs
are incorporated in the PU chains, leading to unstable dispersions. Nevertheless, the PU
prepared from DiBoc-lysine and PPGda2000 yielded a stable dispersion with a high -
potential of -40 mV. The coating generated from such dispersion is soft (< 6B) due to the low
Ty of the resin.

To enhance the mechanical properties of lysine-based PUs, the rigid IPDC building block
was introduced via a two-step method. Firstly, diamine-functional PU prepolymers of various
My values were synthesized from different ratios of DiBoc-IPDC and PPGda230. Then, the
incorporation of Boc-lysine was achieved by copolymerizing DiBoc-lysine and the
prepolymers at 130 °C under argon flow in the presence of an excess of KOt-Bu to neutralize
the acid groups. The Mys of the prepolymers with different PPGDa230/IPDMC ratios and the
resulting lysine-based PUs as well as the average particle sizes and {-potentials of the PUDs
are displayed in Table 10.

Table 10. Dispersion and coating properties of the PUs prepared from a
stoichiometric ratio of DiBoc-lysine and diamine-functional PUs with different
PPGda230/IPDMC ratios.

PPGda230/IPDMC M of prepolymer Mn of lysine- Av. particle  C-potential

Entry (molar ratio) (Da)? based PU (kDa)® size® (nm) (mV)©
1 1.101 4,900 10 N.A¢ N.A.
2 1.25/1 2,900 7 N.A. N.A.
3 1.30/1 2,800 6 53 -45
4 1.35/1 2,200 6 59 -56
5 1.40/1 1,800 6 68 -54

3 Determined by potentiometric titration; ® determined by HFIP-SEC; © determined by DLS; 9
precipitation during dispersion.

The Mys of the prepolymers range from 2 to 5 kDa (determined from potentiometric titration
of the end groups), while the PUs prepared from stoichiometric polymerization of DiBoc-
lysine and the diamine-terminated prepolymers had low M;s of approximately 6-10 kDa. PUs
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prepared from entries 1 and 2 precipitated during dispersion preparation, probably due to an
insufficient number of neutralized carboxylic acid groups present per polymer chain (Note:
the longer the prepolymer segments, the lower the DiBoc-lysine content of the final polymer).
The dispersions of entries 3-5 were rather stable with {-potentials lower than -40 mV and
particle sizes between 53-68 nm. Side reactions such as transamidation between DMAc
solvent and diamines could take place during the DiBoc-lysine aminolysis, leading to off-
stoichiometry between diamine and DiBoc-lysine.?® This side reaction can at least partially
explain the low M, values of the PUs obtained. Due to the low Mxs of the lysine-based PUs,
their coatings have poor mechanical strength. Therefore, an alternative method for
incorporating acid groups along the PU backbones will be introduced in the next chapter,
which involves poly(amic acid urea) formation via polymerization of diamine-functional PUs
and a dianhydride.

5.4 Conclusions

In this chapter, di-tert-butyl carbamates (DiBoc-carbamates) were employed as monomers in
isocyanate-free syntheses of polyureas (PUs) and polyurethanes (PURS). Potassium tert-
butoxide (KOt-Bu) proved to be most efficient catalyst compared to the other investigated
catalysts, viz. potassium methoxide (KOMe), 4-dimethylaminopyridine (DMAP) and 1,5,7-
triazabicyclo[4,4,0]dec-5-ene (TBD) in model reactions with tert-butyl hexylcarbamate
(Boc-HEX) and hexylamine (HEX) as substrates. Higher values of activation energies and
pre-exponential factors as well as faster reaction rates were observed for Boc-HEX/HEX
model reactions in the presence of KOMe compared to the N-hexylmethylcarbamate
(NHMC)/HEX model reactions with the same catalyst reported in Chapter 2. This is likely
due to the presence of isocyanate intermediates during the base-catalyzed Boc-
carbamate/amine reaction, as further evidenced by the formation of biuret during the reaction
of an excess of Boc-HEX with HEX.

Polyureas (PUs) with M, values up to 120 kDa were prepared from 4,7,10-trioxa-1,13-
tridecanediamine (TOTDDA), poly(propylene glycol) bis(2-aminopropyl ether)s with
average M,s of 400 and 2000 Da (PPGda400 and PPGda2000, respectively) and isophorone
di-tert-butyl dicarbamate (DiBoc-IPDC). Gelation was observed when an excess of DiBoc-
IPDC was used with respect to the diamine. Polyurethanes (PURS) were synthesized from
poly(propylene glycol)s with Mys of 425 and 2000 Da (PPG425, PPG2000),
poly(tetrahydrofuran) with M, of 650 Da (pTHF650), poly(ethylene glycol) (PEG) with M,
of 600 Da (PEG600) and triethylene glycol (TEG) with either DiBoc-IPDC or isophorone
dimethylcarbamate (IPDMC). Higher M, and Hwm values were measured for PURS prepared
from DiBoc-IPDC compared to those based on IPDMC, due to the higher reactivity of
DiBoc-IPDC and the possible formation of allophanates during the polymerization,
respectively.

Stable dispersions with low particle sizes and high {-potentials were obtained from PUs and
PURs with 3,3’-diamino-N-methyldipropylamine (DMDPA) as internal dispersing agent
(IDA), with the notable exception of PURs based on PPG425 and PPG2000 with low
DMDPA content. The resulting PU coatings based on both TOTDDA and PPGda400
diamines showed high pencil hardness (up to HB and F for PPGda400 and TOTDDA,
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respectively), good impact and solvent (and water) resistance. PU coatings produced from
TOTDDA and DMDPA exhibited poorer water resistance compared with the PPGda400-
based ones, probably due to the more hydrophilic nature of TOTDDA. PU coatings obtained
from PPGda2000 displayed low pencil hardness (< 6B) and poor acetone resistance due to
the low Ty (-60 °C) and low urea densities in the polymer chains. Polyurethane urea (PUU)
coatings were prepared from PUUs with Mys between 30-50 kDa were synthesized with
PPG2000, PPG425 and TEG as diols, DiBoc-IPDC as dicarbamate and DMDPA as IDA.
These PUU coatings with PPG2000 and PPG425 were soft (5B-6B) and had a poor acetone
resistance, while the TEG-based PUU coatings were brittle and exhibited poor water and
acetone resistances due to the hydrophilicity of TEG and the low molecular weights of the
resins.

Anionically-stabilized PU dispersions were obtained from N2,N¢-bis(tert-butoxycarbonyl)
lysine (DiBoc-lysine) and diamines including PPGda400, PPGda2000, pTHFdal000 and
TOTDDA, or diamine-functional PUs synthesized with PPGda230 and DiBoc-IPDC.
However, because of the low M;s of these lysine-based PUs, their coatings displayed poorer
mechanical properties compared to the PU coatings from diamines, DMDPA and DiBoc-
IPDC.

All in all we tend to conclude that the chemistry discussed in this chapter and the dispersions
and coatings based on the generated, isocyanate-free PUs and PUUs show encouraging
results. The reader should bear in mind that the mechanical and solvent and water resistance
tests were all performed on coating systems without added external curing agents. It can be
expected that the coating properties can be further enhanced when such curing agents are
mixed with the stable PU and PUU emulsions. We come back to the effect of applying curing
chemistry to our PU(U)s in Chapter 7.
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Chapter 6. Anionic polyurea dispersions with
ethylenediaminetetraacetic dianhydride as internal
dispersing agent

Summary

In this chapter, the synthesis of poly(amic acid urea)s (PAAUSs) and their evaluation in water-
borne coating systems are reported. Ethylenediaminetetraacetic dianhydride (EDTAD) was
employed together with diamine-functional polyureas (PUdas) as building blocks for the
production of carboxylic acid-containing PAAUs. A model reaction with diamine-functional
poly(propylene glycol) and EDTAD successfully generated poly(amic acid)s (PAAS) with
Mns of about 30 kDa. Imidization of the amic acid moieties was observed during
polymerization, and was promoted by removal of water. Poly(amic acid urea)s (PAAUSs) were
synthesized via polymerization of PUdas and EDTAD. The factors that affected the particle
sizes of the corresponding PAAU dispersions (PAAUDs) were investigated. Dispersions with
larger particle sizes were obtained by decreasing the neutralization agent concentration or the
carboxylic acid content in the PAAUs, which could be tailored by varying either the
molecular weight of the PUdas or the PUda/EDTAD ratio. Water-borne PAAU coatings were
prepared from PAAUDs with various diamines. Coatings with satisfactory mechanical
properties and solvent resistance were obtained via the combination of diamines with
backbones based on a hydrophobic poly(tetrahydrofuran)/poly(propylene glycol) copolymer
and a poly(propylene glycol).
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6.1 Introduction

Water-borne polyurethane urea dispersions (PUUDs) have gained increasing attention during
the past decades due to their significantly lower volatile organic compound (VOC) contents
compared to solvent-borne polyurethane (PUR) solutions.* The conventional production of
PUUDs consists of three steps. The PUR prepolymers are first synthesized with diols and an
excess of diisocyanates, together with an internal dispersing agent (IDA) such as
dimethylolpropionic acid (DMPA). The diisocyanate-functional prepolymers are then
neutralized by triethylamine (TEA) and dissolved in a low boiling point solvent like acetone,
followed by addition of water to form the aqueous dispersion, after which the organic solvent
is evaporated. Finally, diamine chain extenders are added to the dispersion to enhance the
number average molecular weight (M) of the prepolymers to yield the PUUD with particle
sizes of 50-300 nm and pH between 7-8 (Scheme 1).2# For such process, a minimum amount
of IDA is required for the preparation of stable PUUDs. This minimum value depends on
different parameters such as the polymer structure,>® the degree of neutralization” and the
preparation temperature.8°
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Scheme 1. Industrial synthesis of high molecular weight poly(urethane urea)
dispersions.?

Apart from DMPA, dimethylol butanoic acid (DMBA),* organic sulfonic acid* and organic
phosphonic acid*® are also employed as IDAs in PUUD synthesis. Another interesting
strategy to disperse PURs is via the modification with anhydrides. The production of such
water-dispersible PURs involves the synthesis of hydroxyl-functional PUR prepolymers,
followed by the end group modification with trimellitic anhydride (TMA) to afford water-
dispersible PURs with neutralizable carboxylic acid end-groups (Scheme 2).131° This method
is not suitable for the preparation of PUR resins of high MW, since in that case the
concentration of the dispersing ionic groups would be too low to stabilize the polymers in an
aqueous medium.
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Scheme 2. Modification of hydroxyl-functional PURs with trimellitic anhydride.*®

The two most popular diisocyanate monomers for PUR synthesis are the aromatic toluene
diisocyanate (TDI) and methylene diphenyl diisocyanate (MDI), employed mostly in the
production of rigid PURs.® However, aromatic diisocyanates are sensitive to UV radiation,
which causes yellowing of the PURSs in outdoor applications. An alternative for the aromatic
diisocyanates is isophorone diisocyanate (IPDI), which bears an aliphatic ring with enhanced
UV stability and pending methyl groups to enhance the rigidity of the PURs."® Traditional
diols for PUR synthesis include poly(tetrahydrofuran) (pTHF), poly(propylene glycol) (PPG)
and poly(ethylene glycol) (PEG), which act as soft-segments (SSs) in the PURs to increase
the flexibility of the materials.

In Chapters 3 and 5, cationically stabilized polyurea dispersions (PUDs) were investigated
and the resulting PU coatings were evaluated. However, conventional PUUDs are normally
anionically stabilized by -COOH groups in the backbone, with TEA as neutralization agent.
The pH values of these systems are higher than 7. They are compatible with other components
in the coating formulations.?® Thus, to mimic the industrial PUUDs, water dispersible
poly(amic acid urea)s (PAAUs) are synthesized in this chapter via reaction of
ethylenediaminetetraacetic dianhydride (EDTAD) and diamine-functional polyureas (PUs).
The latter are prepared from dicarbamates and an excess of diamine (Scheme 3). Factors that
influence the particle sizes and stabilities of the PAAU dispersions (PAAUDS) are
investigated. The properties of the corresponding PAAU-based coatings are evaluated and
optimized.

H H Excess
o__N___N__oO
YRS

0 0
Cat. Arflow
1300c | MeOH
o o
R R
HoN N[J‘\N’ ‘NJ\N nif
H H H H
o} o}
DMAc O>_\N ~
socc| NN O
oH d  EDTAD \<O
O)\ o) o] o]
N R R R
0 o
ud MeOHlNEt3
Waterl MeOH
removal

Poly(amic acid urea) dispersions

Scheme 3. Preparation of poly(amic acid urea) dispersions.
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6.2 Experimental Section
6.2.1 Materials

All reagents were commercially available unless specified otherwise. 1,4-Diaminobutane
(99%), 1,3-cyclohexanebis(methylamine) (CHBMA, mixture of isomers, 99%), isophorone
diamine (IPDA, cis and trans mixture, 99%), 4,7,10-trioxa-1,13-tridecanediamine
(TOTDDA, 97%), poly(propylene glycol) bis(2-aminopropyl ether) with average M, of 230
and 2000 Da (PPGda230 and PPGda2000), ethylenediaminetetraacetic dianhydride (EDTAD,
99%), diethylenetriamine-pentaacetic dianhydride (DETPAD, 98%), triethylamine (TEA,
99%), potassium methoxide (KOMe, 95%), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 98%),
dimethyl carbonate (DMC, 99%), dimethylformamide (DMF, anhydrous, 99.8%) and sodium
sulfate (99%, anhydrous) were purchased from Sigma Aldrich. A diamine-functional
pTHF/PPG copolymer with an average M, of 1000 Da (pTHF1000) was purchased from
Huntsman. Deuterated solvents were purchased from Buchem BV. Other common solvents
were purchased from Biosolve. All the chemicals were used without further purification.

6.2.2 Reactions and synthesis

Synthesis of butane diurethane (BU2)?°

In a 500 mL flask, a mixture of DMC (90 g, 1 mol), molten DAB (35.2 g, 0.4 mol) and TBD
(2.39 g, 10 mmol) was stirred for 1 hour at room temperature. During this period, 100 mL of
diethylether (Et,O) were added at the moment a precipitation was observed. The precipitate
was then isolated by filtration. The residue was recrystallized from chloroform and dried
overnight at 60 °C in a vacuum oven to obtain BU2 as a colorless crystalline solid (70 g,
86%).

IH NMR (400 MHz, CDCls, 8 in ppm): 4.9 (s, broad, 2H, NH), 3.6 (s, 6H, OCH3), 3.2 (m,
4H, NHCH,), 1.5 (m, 4H, NHCH2CH,). 3C{*H} NMR (100.6 MHz, CDCls, § in ppm): 157.2
(C=0), 51.9 (OCH3); 40.6 (NHCH,); 27.2 (NHCH,CHb,).

Synthesis of isophorone dimethylcarbamate (IPDMC)

In a 2000 mL three-neck flask equipped with a condenser, 170 g (1 mol) of IPDA, 630 g (7
mol) of DMC and 70 g (1 mol) of potassium methoxide were mixed under argon flow and
stirred at room temperature. After 4 hours, the mixture was heated up to 60 °C for 6 hours.
The solution was then cooled and poured into an excess of chloroform and subsequently
washed with brine. The organic layer was dried over anhydrous sodium sulfate. The solvent
was evaporated to dryness to obtain the product as a yellowish solid (196 g, 69%).

IH-NMR (400 MHz, CDCls & in ppm): 4.8 (d, 1H, -NHCH,), 4.6 (s, 1H, cy-NHCH), 3.8-3.6
(s, 1H, cy-CHNH, 6H,-OCHs3), 3.3, 2.9 (d, 2H,-CH2NH), 1.7-0.7 (15H, cy-H). 2C{*H} NMR
(100.6 MHz, CDCls § in ppm): 157.4, 156.3 (C=0), 54.8 and 52.1 (OCHs), 51.8, 46.9, 46.3,
44.6,425,41.8,36.3,34.9, 31.7, 29.6, 27.5, and 23.1 (cy-C).

Synthesis of 1,3-cyclohexanebis(methylcarbamate) (CHBMC)

In a 500 mL flask, a mixture of DMC (90 g, 1 mol), molten CHBMA (56.8 g, 0.4 mol) and
TBD (1.39 g, 10 mmol) was stirred for 1 hour at room temperature. During this period, 100
mL of diethyl ether (Et,0) were added when a precipitation was observed. The precipitate
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was then isolated by filtration. The residue was recrystallized from chloroform and dried in
a vacuum oven overnight at 60 °C to obtain CHBMC as a colorless crystalline solid (81 g,
78%).

IH NMR (400 MHz, CDCl5 § in ppm): 4.7 (s, 2H, -CH2NH), 3.66 (s, 6H, -OCHs), 3.02 (s,
4H,-CH,NH), 1.81-0.55 (10H, cy-H). *C{*H} NMR (100.6 MHz, CDCl; 8 in ppm): 157.4,
156.3 (C=0), 53.1 and 52.3 (OCHs), 51.3, 49.5, 48.6, 47.4, 38.8, 38.5, 37.7, 37.5, 34.0, 33.6,
31.8,31.2,30.7, 30.2, 29.7, 29.2, 25.9, and 24.6 (cy-C).

Preparation of diamine-functional polyureas (PUdas)

In a typical experiment, 2.86 g (10 mmol) of IPDMC, 2.99 g (13 mmol) of PPGda230 and
0.07 g (0.5 mmol) of TBD were mixed in a 50 mL crimp-capped vial under argon flow and
stirred at 130 °C for 12 hours. The pressure in the flask was then gradually reduced to 5
mmHg and maintained at this value for another 6 hours before quenching the mixture in water.
Finally, the precipitated polymer was washed with water 3 times and dried in a vacuum oven
for 12 hours to obtain a light yellowish polyurea (6.32 g, 86.7%).

Model reaction with PPGda2000 and EDTAD

In a typical experiment, a mixture of 1 g (0.5 mmol) of PPGda2000, 0.128 g (0.5 mmol) of
EDTAD and 4 g of DMF was stirred at 80 °C in a 20 mL crimp-capped vial. Samples were
taken during the reaction at a set time.

Copolymerization of PUdas and dianhydrides

In a typical experiment, 4.00 g (2 mmol) of PUda with molecular weight of 2150 Da
(determined by potentiometric titration) was dissolved in 4.00 g of anhydrous DMAc. Then,
0.51 g (2 mmol) of EDTAD was added into the solution which was stirred at 80 °C for 30
minutes. The mixture was then precipitated in water and washed with water 3 times, and
subsequently dried in a vacuum oven at 80 °C for 12 hours to obtain a yellowish poly(amic
acid urea) (3.12 g, 69.2%).

Preparation of water-borne PAAU dispersions (PAAUD)

In a typical experiment, 1 gram of PAAU was dissolved in 1 mL of methanol. An equivalent
amount of trimethylamine (TEA) was added according to the concentration of the -COOH
groups determined from potentiometric titration. The mixture was stirred for 10 minutes and
then slowly added to 8 mL of water under vigorous stirring to obtain a PAAU dispersion with
solid content of 10 wt%.

Preparation of PAAU coatings

In a typical experiment, 1.5 gram of PAAUD was casted on an aluminum panel. A wet film
of 250 um thickness was applied using a doctor blade, followed by drying at 50 °C under
argon flow to form a colorless PAAU coating with thickness of 25 um.

6.2.3 Characterization

Size exclusion chromatography (SEC)

SEC in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was performed at 40 °C on a system
equipped with a Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive index detector
(35 °C), a Waters 2707 autosampler, a PSS PFG guard column followed by 2 PFG-linear-XL
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(7 wm, 8*300 mm) columns in series. HFIP with potassium trifluoroacetate (3 g/L) was used
as eluent at a flow rate of 0.8 mL/min. The molecular weights were calculated with respect
to poly(methyl methacrylate) standards (Polymer Laboratories, Mp = 580 Da up to Mp =
7.1*10 Da).

Nuclear magnetic resonance spectroscopy (NMR)

BC{*H} NMR (100.62 MHz) and *H NMR (400 MHz) spectra were recorded using a Varian
Mercury Vx spectrometer at 25 <C. The samples were prepared by dissolving 20 mg of
polymer in 1 mL MeOD-d. or 50 mg/ml using dimethylsulfoxide (DMSO-ds) or
dimethylformamide (DMF-d-) as a solvent.

Dynamic light scattering (DLS) and {-potential measurements

DLS and C(-potential measurements were performed to determine the dispersion
characteristics on a Malvern ZetaSizer Nano ZS at 25 <C (polyurethane refractive index:
1.59). The average particle size and the particle size distribution of dispersions containing
0.1 wt% solids were determined according to ISO 13321 (1996). The (-potential was
calculated from the electrophoretic mobility (i) using the Smoluchowski relationship =
nwe with ka > 1 and n is the solution viscosity, € the dielectric constant of the medium, k
the Debye-Hckel parameter and a the particle radius. Data acquisition was performed using
the ZetaSizer Nano Software.

Differential scanning calorimetry (DSC)

DSC measurements were performed on a TA Instruments DSC Q100. Samples were heated
from -80 to 180 <T at a heating rate of 10 <T/min followed by an isothermal step for 5 min.
A cooling cycle to -80 <TC at a rate of 10 <T/min was performed prior to a second heating run
to 180 <T at the aforementioned heating rate. The T, was determined from the second heating
run. The Universal Analysis 2000 software was used for data acquisition.

Potentiometric titration

Potentiometric titrations were performed using a Metrohm Titrino 785 DMP automatic
titration device fitted with an Ag titrode. The samples were dissolved in CH3;OH, and the -
NHy groups (x=0-2) were titrated with a normalized 0.1 N HCI isopropanol solution, while
the —COOH groups were titrated with a normalized 0.1 N KOH isopropanol solution. Blank
measurements were carried out using the same amount of CH3;OH.

The molar mass of PUda was defined according to the following equation:

stample

- (Vsample - Vblank) X CHCZ’
the —NHjx content was defined according to the following equation:

_ (Vsamplel — Vhiank1) X Cucr
NNHx - ’
msample

the —COOH content was defined according to the following equation:
_ (Vsamplez — Vhiank2) X Ckon
Neoon = ’
msample
where Vpjanki and Vpiankz are the volumes of HCI and KOH solutions in mL needed for the
blank experiment (average of two measurements), respectively; Vsampler and Vsampez the

volumes of HCI and KOH solutions in mL consumed by the sample, respectively, Cnci the

M,
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HCI concentration in isopropanol in mol/L, Ckon the KOH concentration in isopropanol in
mol/L, Nnnx (x=0-2) the molar amount of -NHy groups in 1 gram of polymer (mol/g), Ncoon
the molar amount of -COOH groups in 1 gram of polymer (mol/g) and msampie the sample
weight in gram.

Evaluation of coatings

The coating performances were evaluated at room temperature by means of an acetone
double rub test, a water resistance test, a reverse impact test and a pencil hardness test. In an
acetone double rub test, the sample was rubbed back and forth with a cloth drenched in
acetone. If no visual damage was observed after more than 150 rubs (75 double rubs), the
acetone resistance of the coating was marked as good. In the water resistance test, the coating
was immersed under water for 10 minutes. If no swelling was observed visually, the water
resistance of the coating was marked as good. The reverse impact test was performed by
dropping a 1 kg ball on the backside of a coated panel from a 100 cm height, as described in
ASTM D2794. The pencil hardness test (ASTM D3363) was performed via pushing pencils
with varying hardness value into the sample and the coating hardness was identified visually
by the trace generated. The scale of pencil hardness ranges from 9H, the hardest scale, to 9B,
the softest one.

6.3 Results and discussion
6.3.1 Model reaction study with diamine and dianhydride

The reaction of a diamine and a dianhydride is commonly employed in polyimide production
(Scheme 4).24%2 The intermediate poly(amic acid) (PAA) contains abundant carboxyl groups
and could be utilized in the production of water-borne dispersions. Hence, water-dispersible
PAAUs with pending carboxyl groups could be synthesized by polymerizing diamine-
functional polyureas with a dianhydride and preventing full conversion into the
corresponding polyimides.

(0]
Poly(amic acid) Polyimide

Scheme 4. Preparation of polyimide from diamine and dianhydride.?

To investigate the rates of the diamine/dianhydride reactions and the corresponding M, build
up, model reactions were performed with a dianhydride and a long chain diamine PPGda2000
to mimic the diamine-functional polyureas. Ethylenediaminetetraacetic dianhydride
(EDTAD) was selected as the dianhydride monomer since it is non-aromatic and therefore
will not cause yellowing of the coating formulation during outdoor exposure. Additionally,
the EDTAD molecule has two tertiary amines, which could be protonated by the carboxylic
acid groups to generate potentially self-dispersible zwitterionic polymers (Scheme 5). For
simplicity, the amic acid form of the EDTAD-based polymer will be drawn in the rest of the
thesis, instead of the zwiterionic form. The bulk polymerization of PPGda2000/EDTAD
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results in a highly viscous mixture, leading to inefficient stirring and to inhomogeneity. Thus,
the reactions were performed in dimethylformamide (DMF), since it is a good solvent for
EDTAD and PUs, which are used for preparing water-borne PAAUDs.Z Polymerizations of
PPGda2000/ EDTAD with different molar ratios were carried out at 80 °C in DMF for 1 hour.
The M, values of the various mixtures determined by HFIP-SEC are displayed in Figure 1.
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Scheme 5. Polymerization of EDTAD and diamine to form zwitterionic PAAU.
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Figure 1. Mn values of PPGda2000/EDTAD mixtures with various molar ratios after 1

hour polymerization at 80 °C (HFIP-SEC).

For each combination, the M, value reached approximately 30 kDa immediately after the
dissolution of EDTAD in the solvent, and remained constant afterwards. This indicates a fast
reaction between diamine and EDTAD. The M, of 32 kDa measured for the PAA produced
under stoichiometric conditions was lower than expected. This could be explained either by
the hydrolysis of amide bonds present within the polymer, which would lead to the formation
of ammonium carboxylate salts (Scheme 6a),%* by the hydrolysis of anhydride end-groups
into non-reactive diacids, resulting in an off-stoichiometry between the amine and anhydride
groups (Scheme 6b) or by the reduction of the nucleophilicity of amine end-groups after
protonation by the abundant —-COOH moieties (Scheme 6c¢). The water responsible for
hydrolysis would originate from some imide formation, often observed during the synthesis
of PAAs (Scheme 6d).%
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Scheme 6. Hydrolysis of (a) amide bonds and (b) anhydride end-groups in
PPGda2000/EDTAD mixture at 80 °C. (c) Loss of amine reactivity via protonation by —
COOH moieties. (d) Generation of water via imide formation from PAA in DMF solution
at 80 °C.21:24

To further identify the side reactions occurring during the preparation of PAAs, a
stoichiometric polymerization of PPGda2000 and EDTAD was carried out at 80 °C in
deuterated DMF (DMF-ds). A sample was collected after 1 hour and analyzed by *H and
BC{*H} NMR. The presence of PAA was confirmed by a singlet at 8.01 ppm assigned to the
amide proton (a) of the amic acid moiety in the *H NMR spectrum and two singlets at 170.2
and 172.8 ppm in B¥C{*H} NMR attributed to the carbonyl of the amide group (b) and the
carboxyl group near the amide moiety (c), respectively (Figure 2). In addition, the hydrolysis
of the anhydride end-groups was shown, evidenced by the presence of a resonance at 173.4
ppm, probably due to the carbonyls of a diacid end group (d), thereby limiting the M, of PAA.

c b
d

8 174 172 170 168
(b) (C) ppm

Figure 2. (a) PAA prepared from PPGda2000 and EDTAD. (b) *H and (c) **C{*H} NMR
of a stoichiometric PPGda2000/ EDTAD mixture after 1 hour in DMF-d-.

The possible formation of imide was investigated via model reactions with 3-
butoxypropylamine (BPA) and EDTAD in 2/1 molar ratio in DMF-d; at 80 °C in a closed set-
up or under argon flow (Figure 3a). Both reactions were monitored by *H NMR. Figures 3b
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and 3c present the 'H NMR spectra of the reaction mixture at to and after 12 hours reaction
in a closed set-up, respectively. The latter was characterized by two triplets at 3.95 and 1.1
ppm, assigned to the methylene protons next to the imide (a) and the methyl protons in BPA
(b). The much lower intensity of a compared to b indicates a limited formation of imide
during the polymerization in a closed set-up. However, applying an argon flow for 12 hours
led to a significant increase of the intensity of a (Figure 3d). This is caused by the shift of the
equilibrium of imidization to the imide side due to removal of water by the argon flow.
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Figure 3. (a) Reaction scheme of 2/1 ratio of BPA/EDTAD. 'H NMR of
BPA/EDTAD (2/1 ratio) reaction in a closed set-up at (b) 0 h and (c) 12 hours.
(d) *H NMR of BPA/EDTAD (2/1 ratio) under argon flow after 12 hours.

6.3.2 Poly(amic acid urea) dispersions (PAAUDSs)

Similarly to the synthesis of PAAs from diamines and EDTAD, poly(amic acid urea)s
(PAAUSs) were produced via polymerization of EDTAD and diamine-functional polyureas
(PUdas). The latter were obtained from polymerization of dicarbamates and a molar excess
of diamines. To increase the hydrophobicity of the PAAUs, and thereby enhancing the
stability of the dispersions, PPGda230 was used as diamine. Three dicarbamates were
employed including the linear BU2, the cyclic ring-containing 1,3-
cyclohexanebis(methylamine) (CHBMA) and isophorone dimethylcarbamate (IPMDC)
(Scheme 6).
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Scheme 6. Diamine and dicarbamates used in the synthesis of PUdas.

Thus, PUdas with M, values between 1,780 and 2,150 Da, determined by potentiometric
titration, were synthesized from polymerizations of PPGda230 and one of the dicarbamates
presented in Scheme 6 with a molar ratio of 1.3/1. The absence of carbamate signals in the
corresponding BC{*H} NMR spectrum indicates that the PUdas were (predominantly)
diamine-functional. These PUdas were then dissolved in DMF and reacted with EDTAD.
However, the DMF solutions of both BU2- and CHBMC-based PUdas showed physical
gelling at room temperature due to the strong hydrogen bond interactions between BU2 or
CHBMC segments. Such interactions were much weaker for IPDMC-based PUdas, due to
the asymmetric structure and the pending methyl groups of the isophorone backbone that
disrupt the hydrogen bond formation between the urea moieties. These IPDMC-based PUdas
were then polymerized with stoichiometric amounts of EDTAD to form PAAU solutions. The
solutions were then precipitated in water and washed with water to remove DMF, followed
by drying in a vacuum oven overnight at 80 °C (Scheme 7).

\ )k )L - o] >_/ \_< Methanol
HoN" " NH, i \% )k )ﬁ\ Renn o pAAUD
130 °C, Ar flow NN 2 DMF, 80°C TEA

-MeOH
Scheme 7. General preparation procedure of a PAAUD.

Similarly to PAAs, the successful preparation of PAAUs was confirmed by the presence of
amic acid moieties within the polymer chains, as evidenced by *H and *C{*H} NMR. (Figure
4). However, due to the overlapping of proton signals of the isophorone fragments and the
end-groups of PPGda units, *H NMR proved to be unsuitable to determine the Mys of the
polymers (see also Chapter 3). HFIP-SEC measurements indicated that the Mys of the
obtained PAAUs were around 30 kDa, which are close to the Mss of commercial PUUD
systems (Table 1).° These PAAUs were then dissolved in methanol and neutralized with
trimethylamine (TEA, one molar equivalent with respect to the carboxyl groups as
determined by potentiometric titration), followed by dispersion into water and evaporation
of methanol to generate PAAUDSs. As expected, partial dissolution of the low M, part of both
BU2- and CHBMC-based PAAUDs in water resulted in physical gelation of the dispersions
after 24 hours. Such gelation can cause wrinkling or rough surfaces during coalescence of
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coating films due to the inhomogeneity of the dispersions. Therefore, only the IPDMC-based
PAAUDs were used for further investigations.

OH
(3

Nuwva)k/N
(a)
55 180 175 170 165 160 155 150
(b) ppm (© ppM

Figure 4. (a) Simplified structure of PAAU. (b) *H and (c) C{*H} NMR of PAAUs
prepared from PUda and EDTAD (DMF-d7).

The IPDMC-based PAAU generated a stable dispersion, as expected in view of the {-potential
of -41 mV, with an average particle size of 14 nm, much smaller than the commercially
available PUUDs (> 50 nm). Particles of small sizes can give highly viscous dispersions
especially at high solid contents, which is not favored during coating formation.?62” However,
the particle sizes can be adjusted to desired values by varying the concentration of either the
neutralization agent (TEA) or the ionic groups, by using PUdas of different Mys or varying
the PUdas/EDTAD ratios.?®

Table 1. Properties of the PAAU resins and resulting dispersions prepared from
EDTAD and PUdas with different dicarbamate building blocks and PPGda230 as

monomers.
Dicarbamates Mn of PUda? M of PAAUP Auv. particle (-potential
(Da) (kDa) size (nm)® (mV)©
IPDMC 2,150 28 14 41
BU2 1,950 36 N.A¢ N.A.
CHBMC 1,780 31 N.A. N.A.

3 Determined by potentiometric titration; ® determined by SEC in HFIP; © determined by DLS;
9 not available due to physical gelation.

6.3.3 Effect of the TEA/-COOH molar neutralization ratio on the PAAUD
particle sizes

As discussed in section 6.3.1, the PAAUSs prepared from EDTAD are zwitterionic due to the
presence of tertiary amines in the backbone, which can pick up protons from the pendent
COOH groups, and therefore can self-disperse in water. However, the absence of TEA results
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in precipitation during the dispersion process. Thus, various amounts of TEA were employed
to neutralize the carboxylic acid groups of a PAAU, obtained via stoichiometric
polymerization of EDTAD and a PUda, to different degrees. The applied PUda was produced
from excess PPGda230 and IPDMC with a molar ratio of 1.3/1. The plots of the average
particle sizes and the {-potentials of the PAAUDs vs. the TEA/-COOH ratio are displayed in
Figure 5.
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Figure 5. Particle sizes and {-potentials of PAAUDSs prepared via stoichiometric
polymerization of EDTAD and PUda (synthesized using a 1.3/1 molar ratio of
PPGda230/IPDMC) and neutralized with different TEA/-COOH molar ratios.

An average particle size of 900 nm was observed upon addition of 5 mol% of TEA with
regard to the —COOQOH groups. The dispersion partially agglomerated after 24 hours at room
temperature. This is probably caused by the depletion interaction, an attraction force arising
from an increase in osmotic pressure of the surrounding solution when colloidal particles get
close enough such that the excluded co-solutes, such as PAAUs with low M,s, do no longer
fit in between these colloidal particles.?® Increasing the TEA/-COOH molar ratio to 0.075
caused a drastic decrease of the particle size to 160 nm. For this and higher TEA/-COOH
molar ratios, the dispersion was stable and no precipitation occurred even after 30 days. The
particle sizes remained constant at a value of 14 nm for TEA/-COOH molar ratios above 0.1.
Although the {-potentials of all these PAAUDSs studied were below -40 mV, the abrupt change
of particle sizes within a small variation of TEA/-COOH molar ratio indicates that the size
of the particles cannot be readily controlled by simply changing the concentration of the
neutralization agent.

6.3.4 Effect of PUda/EDTAD molar ratio on the PAAUD particle size

Another strategy to increase the particle sizes, and accordingly reduce the viscosity of the
emulsions, is based on the reduction of the concentration of ionic groups in the PAAUS, but
still target 100% neutralization of the pendent COOH groups, which can be achieved by
increasing the PUda/EDTAD molar ratio. Thus, a PUda with an M, of 2150 Da (determined
by potentiometric titration) was synthesized from a 1.3/1 molar ratio of PPGda230 and
IPDMC, followed by polymerization with different amounts of EDTAD to generate PAAUs
of different molecular weights, which were subsequently neutralized with one equivalent of
TEA with regard to the amount of carboxylic acid groups present and finally dispersed in
water. The Mps and the -COOH concentrations (mmol/g) of the PAAUSs as well as the particle
sizes of the dispersions are displayed in Table 2.
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As expected, an increase of the PUda/EDTAD molar ratio results in a reduction of the —
COOH content of the PAAU and accordingly in dispersions with larger particles. The
dispersions have high {-potentials of -40 to -50 mV, and remained stable after 30 days at 40
°C. However, the M, values of the PAAUs decreased from 30 kDa to 12 kDa with increasing
PUda/EDTAD molar ratio from 1.0/1 to 2.0/1. Although the particle sizes of the dispersion
of the resin produced from the high PUda/EDTAD molar ratio of 2/1 are comparable to those
in commercial PUR systems, the M, value of the PAAU of 12 kDa is much lower than those
of the PURs used in conventional coatings (above 30 kDa with Py higher than 3).2° Thus,
these PAAUDs are not suitable for the preparation of coatings exhibiting the desired
mechanical properties.

Table 2. Properties of the PAAU resins and resulting dispersions prepared from
various molar ratios of PUda/EDTAD

PUda/ Mi? D Cgrieon: AV'S?:;?CIE ¢-potential®
EDTAD (kDa) (mmol/g) (nm) (mV)
2.0/1 12 1.1 0.33 48 -45
1.8/1 14 1.2 0.38 42 -50
1.6/1 18 1.3 0.43 36 -48
1.4/1 23 15 0.48 20 -49
1.2/1 25 1.5 054 16 -42
1.0/1 30 1.6 059 14 -48

3 Determined by SEC in HFIP; P determined by potentiometric titration; © determined by DLS.

6.3.5 Effect of the molecular weight of PUda on the PAAUD particle size

An alternative approach to reduce the ionic group density in PAAUs involves enhancing the
M, of the PUdas. This would enable us to reduce the concentration of ionic groups and at the
same time retain the desired high M, values. Additionally, PUda with PPGda and IPDMC
segments are hydrophobic. One should realize that longer PUda chains lead to PAAUs with
higher hydrophobicity and consequently request more ionic groups for stabilization. By
controlling the ionic group concentration along the PAAU chains it should be possible to
control the particle sizes of the corresponding PAAUDs and accordingly tune the viscosity
of the emulsions. PUdas with different PPGda230/IPDMC ratios were synthesized with Mps
ranging from 950 to 4750 Da as determined by potentiometric titration. These PUdas were
then polymerized with a stoichiometric amount of EDTAD. The resulting PAAUs were then
neutralized with a stoichiometric amount of TEA and dispersed in water to generate PAAUDS.
The Mns of the PUdas, the glass transition temperature (Tg), My, and —COOH content of the
PAAUSs as well as the particle sizes of the corresponding PAAUDs are presented in Table 3.
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Table 3. Properties of the PAAU resins and the resulting dispersions prepared
from stoichiometric amounts of PUdas and EDTAD

PPGdazz0  MnOf M of g -COOH content particle ¢-potential
nppmc  PYda PAAUL oo Of PAAUS size (nm)¢ (mv)?
(Da)? (kDa)® (mmol/g)
1.1/1 4,750 34 96 0.20 61 -42
1.2/1 2,950 32 88 0.43 38 -40
1.3/1 2,150 28 73 0.59 14 -41
1.4/1 1,700 26 65 0.83 9 -47
1.7/1 1,200 26 49 1.25 8 -50
2.0/1 950 25 41 1.54 8 -52

3 Determined by potentiometric titration; ® determined by SEC in HFIP; © determined by DSC; 9 determined by
DLS.

Higher molar ratios of PPGda230/IPDMC, deviating more and more from the stoichiometric
ratio, led to PUdas® and consequently PAAUs of lower Mys. The Tgs of these PAAUs
decreased from 96 to 41 °C with decreasing M, of PUdas, as a result of the lower content of
isophorone moieties, the presence of which significantly contributes to the increase of the Tgs
of these PAAUs (see Chapter 3). PUdas with higher Mys, which contain less amine end-
groups, react with less EDTAD to build up high molecular weight materials. These high My
polymers contain relatively low amounts of dispersing EDTAD groups and therefore gave
large particles during dispersion. Higher conversion of functional groups are required for the
reaction between EDTAD and PUdas with lower Mys during the same polymerization time.
This may result in somewhat lower M, values of the resulting PAAUs, which have relatively
high EDTAD contents, leading to smaller particles. In addition, higher EDTAD contents in
the PAAU synthesis may result in a higher amount of Mp-limiting side reactions (see Scheme
6 a-c).

To further adjust the particle sizes of the dispersions to the requirements for industrial PUUDs,
the PAAUSs described in Table 3 were neutralized with various amounts of TEA and then
dispersed in water. The particle sizes of the resulting dispersions, measured by DLS, are
reported in Figure 6.

Thus, longer PUda segments led to more hydrophobic PAAUs and consequently larger
particles, as indicated in Figure 6a. Moreover, the increase of the hydrophobicity of the
PAAUS also resulted in a less drastic change of the particle size upon small variations of the
TEA/-COOH ratio. The particle sizes of the PAAUDs prepared from a PUda with M;, of 4,750
Da (PUdaarso) varied from 60 to 100 nm when the molar ratio of TEA/-COOH decreased
from 1/1 to 0.5/1. The influence of the TEA/-COOH ratio on the pH of the PUdaszso-based
PAAUDs was investigated and displayed in Figure 6b. As expected, a linear relation was
observed between TEA loading and pH. The latter raised from 7 to 8.1 as the TEA/-COOH
molar ratio increased from 0.66-1. These pH values of the PAAUDs were close to those of
the commercial PUUDs (pH = 7-8) and accordingly are expected to be compatible with the
corresponding additives in the standard formulations.*
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Figure 6. (a)Particle sizes of PAAUDs with different lengths of PUda segments and
different molar ratios of TEA/-COOH. (b) Particle sizes and pH of PAAUDs
prepared from PUdaarso with different molar ratios of TEA/-COOH.

Another noticeable observation is the difference between the theoretical and experimental
carboxylic acid contents in the PAAUSs. For a stoichiometric PUda/EDTAD reaction, each
amine generates one carboxylic acid group in the resulting PAAU. Thus, the theoretical
carboxylic acid content in the PAAUs coincides with the number of amines in the
corresponding PUda. The theoretical and experimental carboxylic acid contents for each
PAAU presented in Table 3 are listed in Table 4.

The theoretical -COOH contents of PAAUSs are 1.5-2 times higher than the experimental ones,
indicating a reduction of the number of carboxylic acid groups during the preparation of the
resins. This is most probably caused by the loss of material with high -COOH contents,
especially the low molecular weight fractions, during the purification of PAAUs and the
formation of imide moieties, which consumes carboxylic acids as shown in Scheme 5c. As
indicated in Figure 3, the imidization probably takes place during the drying process of the
PAAU at 80 °C under vacuum rather than during the diamine/EDTAD reaction, which
proceeds in a closed set-up without water elimination. Please note that the carboxylic acid
content of a PAAU resin based on PUdaszso and EDTAD could be increased from 0.20 to 0.33
mmol/g upon freeze-drying, thereby avoiding the treatment at elevated temperature and
limiting the imidization side reaction.

Table 4. Theoretical and experimental carboxylic acid content of
PAAUSs prepared from PUdas with different molecular weights

Mn of PUda®  Experimental -COOH content of ~ Theoretical -COOH content of
(Da) PAAU? (mmol/g) PAAU (mmol/g)
4,750 0.20 0.42
2,950 0.43 0.68
2,150 0.59 0.93
1,700 0.83 1.18
1,200 1.25 1.67
950 154 211

3 Determined by potentiometric titration.
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6.3.6 Water-borne poly(amic acid urea) coatings

PUdas were synthesized with various diamines viz. 4,7,10-trioxa-1,13-tridecanediamine
(TOTDDA), PPGda400, PPGda230 and pTHF1000, a PPG/pTHF block copolymer with
amine end-groups, in combination with different ratios of IPDMC (Scheme 8). These PUdas
were then polymerized with stoichiometric amounts of EDTAD to generate PAAUSs. After
neutralization with TEA and dispersion into water, stable PAAUDs of 10 wt% solid content
were obtained with high {-potential close to -50 mV and particle sizes between 40-150 nm.
By applying the PAAUDSs on aluminum panels and drying at 50 °C overnight, PAAU-based
coatings with thicknesses of 20-30 um were produced. The coatings were evaluated by means
of pencil hardness, impact resistance, acetone and water resistance tests. The results are
summarized in Table 5.

HZN/\/\o/\/o\/\o/\/\NH2 HZNJJ\/O‘EJ\NHZ

TOTDDA PPGda230
‘IJ\/OL)\ lJ\/Oi\L/\/\ NH,
H,N 55 NH, HoN 5 Olg
PPGda400 pTHF1000

Scheme 8. Diamines employed in the synthesis of PAAU coatings.

The Mys of the PAAUSs range from 28 to 42 kDa. The coatings prepared from TOTDDA-
based PAAUSs have moderate Tys between 16-32 °C, with hardnesses of 3B and good impact
resistance, with the exception of the coating prepared from the resin obtained when applying
a TOTDDA/IPDMC ratio of 1.1/1. Although the high density of urea moieties in the
TOTDDA-based PAAUs promotes a good resistance against acetone, the resulting coatings
swell in water due to the hydrophilicity of the TOTDDA-based urea segments. The low Tgs
of the PPGda400-based resins led to soft coatings (< 4B) with good impact resistance. The
low urea density of these coatings also results in poor acetone resistance, while moderate
water resistance was observed as a result of the hydrophobicity of the PPG segments and the
lower urea content in comparison with the TOTDDA-based system. The T4s of PAAUSs based
on PPGda230 were much higher than those produced from PPGda400 (75-96 °C vs. -4-10 °C)
due to the higher urea density of PPGda230-based PAAUSs, as a result of the lower molar
mass of PPGda230. The high T4 values also give rise to coatings hardnesses higher than the
F qualification. However, the latter were brittle and failed the reverse impact tests as a result
of high moduli and low entanglement densities of the materials due to their high Tgs and
insufficiently Mys, respectively. The pTHF1000-based PAAU coatings were very soft (< 6B)
due to the low Tg values of the parent resins. Their resistance towards acetone was poor
because of the low urea density. However, the strong hydrophobicity of the pTHF segments
provided coatings with good water resistance. Thus, to compensate the moderate water
resistance and poor impact resistance of the PPGda230-based PAAU coatings, mixtures of
10-20 mol% of pTHF1000 and 90-80 mol% PPGda230 were employed as diamines for the
preparation of PAAUSs. The resulting coatings had moderate Tgs and hardness but passed the
impact tests due to the flexible pTHF1000 segments. The high density of urea moieties issued
from the short PPGda230 moiety and the hydrophobic pTHF chain resulted in PAAU coatings
with good acetone and water resistance.
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Table 5. Mn, Tq and coating properties of PAAUs prepared with TOTDDA, PPGda400,
PPGda230 and pTHF1000 as diamines, IPDMC as dicarbamate and EDTAD as

dianhydride.
Diamines Diamine/ Mn Tg Pencil Impact  Acetone Water
IPDMC (kDa)? (°C)>  hardness test resistance resistance®

TOTDDA 111 36 32 3B - ¥ -
TOTDDA 1.2/1 35 23 3B + + -
TOTDDA 1.3/1 38 16 3B + + -
PPGda400 111 39 10 4B + - +
PPGda400 1.2/1 34 3 5B + - +
PPGda400 1.3/11 31 -4 5B + - +
PPGda230 111 34 96 H - + +
PPGda230 1.2/1 32 88 F - + +
PPGda230 1.3/1 28 73 HB - + +
pTHF1000 111 42 <-60 <6B + - n
pTHF1000 1211 36 <-60 <6B + - +
pTHF1000 131 39 <-60 <6B + - +
pTHF1000

(10 mol%) 1.1/1 37 HB . . N
+PPGda230 ' 57

(90 mol%o)

pTHF1000

(20 mol%) 1.1/1 35 " B . . N
+PPGda230

(80 mol%)

3 Determined by HFIP-SEC; ® determined by DSC; 9 +: no swelling, % swelling without softening, -: swelling
and softening.

6.4 Conclusions

In this work, ethylenediaminetetraacetic dianhydride (EDTAD) was employed for the
synthesis of water-dispersible poly(amic acid urea)s (PAAUs). Model reactions with a
stoichiometric ratio of EDTAD and poly(propylene glycol) bis(2-aminopropy! ether) with
molecular weight 2000 Da (PPGda2000) generated poly(amic acid)s (PAAS), as evidenced
by *H and BC{*H} NMR. Imidization was observed during the PAA formation and was
promoted by removal of water from the system. Poly(amic acid urea)s (PAAUS) were
synthesized by polymerization of EDTAD and diamine-functional polyureas (PUdas), which
were produced from poly(propylene glycol) bis(2-aminopropyl ether) with a molecular
weight of 230 Da (PPGda230) and isophorone dimethylcarbamate (IPDMC). These PAAU
resins generated stable water-borne dispersions (PAAUDS), the particle sizes of which could
be adjusted by varying either the concentration of neutralization agent or the carboxyl content
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in PAAU. The latter was influenced by the M, of the PUda and by the PUda/EDTAD ratio.
PAAU coatings were prepared from different diamines including 4,7,10-trioxa-1,13-
tridecanediamine (TOTDDA), poly(propylene glycol) bis(2-aminopropyl ether) with a
molecular weight of 400 Da (PPGda400), PPGda230 and poly(tetrahydrofuran)/PPGda block
copolymer with a molecular weight of 1000 Da (pTHF1000). PAAU coatings with optimum
properties were obtained by using PPGda230/pTHF1000 mixtures as diamines. These
coatings have good solvent resistance and mechanical properties, as a result of their high urea
density, chain flexibility and hydrophobicity.

6.5 References

Zhou, X.; Li, Y.; Fang, C.; Li, S.; Cheng, Y.; Lei, W.; Meng, X. J. Mater. Sci & Technol.
2015, 31, 708-722.

Dieterich, D. Prog. Org. Coat. 1981, 9, 281-340.

Sardon, H.; Irusta, L.; Fernéadez-Berridi, M. J. Prog. Org. Coat. 2009, 66, 291-295.
Markusch, P. H.; Rosthauser, J. W.; Beatty, M. C. US Patent 4501852 A, 1985.

Nanda, A. K.; Wicks, D. A. Polymer 2006, 47, 1805-1811.

Wey, Y.; Luo, Y,; Li, B. Colloid Polym. Sci. 2005, 283, 1289-1297.

Saw, L. K.; Brooks, B. W.; Carpenter, K. J.; Keight, D. V. J. Colloid Interface Sci. 2003,
257, 163-172.

Saw, L. K.; Brooks, B. W.; Carpenter, K. J.; Keight, D. V. J. Colloid Interface Sci. 2004,
279, 235-243.

Sardon, H.; Irusta, L.; Fernandez-Berridi, M. J.; Luna, J.; Lansalot, M.; Bourgeat-Lami,
E. J. J. Appl. Polym. Sci. 2011, 120, 2054-2062.

Lee, D. -K.; Tsai, H. -B.; Yang, Z. -D.; Tsai, R. -S. J. Appl. Polym. Sci. 2012, 126, E275-
E282.

Dochniak, Y. D.; Michael, J.; Stammler, S. US Patent 5703158 A, 1997.

Breucker, L.; Landfester, K.; Taden, A. ACS Appl. Mater. Interfaces, 2015, 7, 24641-
24648.

Bullermann, J.; Spohnholz, R.; Friebel, S.; Salthammer, T. J. Polym. Sci., Part A: Polym.
Chem. 2014, 52, 680-690.

Kim, C. K.; Kim, B. K.; Jeong, H. M. Colloid. Polym. Sci. 1991, 269, 895-900.
Lorenz, O.; August, H. -J.; Hick, H.; Triebs, F. Angew. Makromol. Chem. 1977, 63, 11-
22.

Kreye, O.; Mutlu, H.; Meier, M. A. R. Green Chem. 2013, 15, 1431-1455.

Noble, K. L. Prog. Org. Coat. 1997, 32, 131-136.

Sugano, S.; Chinwanitcharoen, C.; Kanoh, S.; Yamada, T.; Hayashi, S.; Tada, K.
Macromol. Symp. 2006, 239, 51-57.

Manvi, G. N.; Jagtap, R. N. J. Disper. Sci. Technol. 2010, 31, 1376-1382.

Tang, D.; Mulder, D. J.; Noordover, B. A. J.; Koning, C. E. Macromol. Rapid Commun.
2011, 32, 1379-1385.

Tian, X.; Jiang, X.; Lu, H.; Huang, D. Ind. J. Chem. Tech. 2012, 19, 271-277.

Ando, S.; Matsuura, T.; Sasaki, S. Macromolecules 1992, 25, 5858-5860.

Bower, G. M.; Frost, L. J. Polym. Sci., Part A: Polym. Chem. 1963, 10, 3135-3150.
Dine-Hart, R. A.; Wright, W. W. J. Appl. Polym. Sci. 1967, 11, 609-627.

141



(25)

(26)
(27)
(28)
(29)
(30)

Jang, J. Y,; Jhon, Y. K.; Cheong, I. W.; Kim, J. H. Colloid. Surf. A: Physicochem. Eng.
Asp. 2002, 196, 135-143.

Luckham, P. F.; Michael, A. U. J. Colloid Interface Sci. 1999, 220, 347-356.

Wang, T.; Ni, M.; Luo, Z.; Shou, C.; Cen, K. Chin. Sci. Bull. 2012, 57, 3644-3651.
Chattopadhyay, D. K.; Raju, K. V. S. N. Prog. Polym. Sci. 2007, 32, 352-418.

Tuinier, R.; Rieger, J.; de Kruif, C. G. Adv. Colloid Interface Sci. 2003, 103, 1-31.
Carothers, W. H. Trans. Faraday Soc. 1936, 1, 39-49.

142



Chapter 7. Curing of polyurea coatings

Summary

The curing of polyureas (PUs) and the evaluation of the corresponding coating systems are
reported in this chapter. The complicated curing mechanism of amine- and amic acid groups
containing poly(amic acid urea) dispersions (PAAUDSs), using ethylenediaminetetraacetic
dianhydride (EDTAD) as internal dispersing agent, was investigated via a model reaction
with 3-butoxylpropylamine (BPA) and ethylenediaminetetraacetic dianhydride (EDTAD) as
substrates at 150 °C under argon flow. The reaction exhibited the formation of cyclic and
noncyclic imides, amides and imidines. The formation rates of both the noncyclic imide and
the amide were enhanced by the addition of phosphoric acid (H3POa) as catalyst. Curing of
poly(amic acid urea) (PAAU) coatings in the presence of HsPO4 resulted in significant
improvements of mechanical properties and solvent resistance. PUs prepared from
poly(propylene glycol) bis(2-aminopropyl ether) with an M, of 400 Da (PPGda400), 3,3'-
diamino-N-methyldipropylamine (DMDPA) and isophorone dimethylcarbamate (IPDMC)
were neutralized by polyacids and dispersed in water. Stable polyurea dispersions (PUDs)
were obtained with ethylenediaminetetraacetic acid (EDTA) and succinic acid (SA) as
neutralization agents. Curing of EDTA-based PU coatings resulted in enhanced hardness,
impact and acetone resistance due to the formation of amide bonds between the carboxylic
acids in EDTA and the amine end-groups in PUs.
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7.1 Introduction

Water-borne polyurethane urea dispersions (PUUDSs) are generally prepared in four steps.
First, an isocyanate-terminated PUR prepolymer is synthesized in a volatile organic solvent
like acetone via the reaction of a diol with an excess of diisocyanate and an internal dispersing
agent (IDA), usually carrying a carboxylic acid group. The prepolymers are then neutralized
by a volatile amine such as triethylamine (TEA) and dispersed in water, followed by acetone
evaporation and chain extension with a diamine to obtain high molecular weight PUUDs
(Scheme 1).* These PUUDs can be applied on various substrates, like steel, plastics and wood,
to form polyurethane (PUR) coatings with satisfactory material properties.

HO—AARWA—OH + OCN==NCO + Ho/>@oH
R: polyester/polyether/polycarbonate Excess COOH

Dimethylol propionic acid (DMPA)
lAcetone

o (e} o

(0]
OCN—NJ\O—NV‘RJW—O)]\N—NJ\O OJ\N—NCO
H H H />(C;OH H
NCO-terminated PUR prepolymer

L Triethylamine (TEA)

o o o
OCN—NJ\O——WRJ\N—O/U\N—NJ\O/><\OJ\N—NCO
H HoH coo- H

HNEt,

Neutralized NCO-terminated PUR prepolymer

Acetone l Dispersion in water

removal
l Diamine

Poly(urethane urea) dispersion (PUUD)
Scheme 1. Industrial synthesis of high molecular weight poly(urethane urea) dispersions.!

Alternatively, if the MWs of the synthesized polymers are insufficiently high, crosslinking
reactions can be used for improving the material properties, similarly to thermosets, which
are produced via curing of thermosetting prepolymers by irradiation, heating or addition of
curing agents (Scheme 2). For example, epoxy resins are commonly cured by di- or
polyamines,? polycarboxylic acids® or anhydrides,* acrylic resins via UV radiation or heating®
and hydroxyl-functional polymers by multi-functional (blocked) isocyanates®” (Scheme 3).
The increase of polymer molecular weight or crosslink density is accompanied by a raise of
tensile and shear moduli and, thereby, enhanced mechanical properties.8°

Water dispersion ~ Chain extension
PU Prepolymer - » PUUD

Thermosetting Curing agent/UV/heating
prepolymer
Scheme 2. Chain extension and curing of prepolymers to

improve the material properties of resins.

Thermoset
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Scheme 3. Crosslinking of epOX|des, acrylics and hydroxyl- functlonal polymers.2”

The production of anionically stabilized aqueous poly(amic acid urea) dispersions (PAAUDS)
with ethylenediaminetetraacetic dianhydride (EDTAD) as internal dispersing agent was
described in Chapter 6 (Scheme 4a). The amic acids in the PAAUs could form zwitterionic
species by proton exchange between the carboxylic acids and the tertiary amines of EDTAD-
derived moieties (Scheme 4b). The reaction between the carboxylic acids and
primary/secondary amines in the corresponding PAAU coatings can lead to crosslinked
structures. Such an amide formation reaction normally occurs above 100 °C, which is also
favorable for efficient water removal,’® and can be catalyzed by phosphoric acid- * and boric
acid derivatives®!3, In addition to the formation of cyclic imide structures mentioned in
Chapter 6, intermolecular imidization between carboxylic acids and amides***® as well as the
generation of imidine structures from amines and imides*® could also take place during the
curing of PAAU, promoting the crosslinking of the material (Scheme 5). Hence, the possibly
complicated curing chemistry of PAAUD at elevated temperatures was studied via model
reactions between 3-butoxypropylamine (BPA) and EDTAD. Similarly, the crosslinking of
cationically stabilized PUDs, synthesized in Chapter 3, was carried out with polyacids, acting
also as neutralization agents for the corresponding PUDs. Both types of dispersions were
cured at temperatures ranging from 50 to 150 °C and then evaluated.
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Scheme 5. (a) Cyclic and noncyclic imide formation from poly(amic acid)s.
(b) Imidine formation from imides.

7.2 Experimental Section
7.2.1 Materials

reagents were commercially available unless  specified  otherwise.

Ethylenediaminetetraacetic dianhydride (EDTAD, 99%), isophorone diamine (IPDA, cis and
trans mixture, 99%), 1,2,4,5-cyclohexanetetracarboxylic dianhydride (CHTCD, 99%), 3,3'-
diamino-N-methyldipropylamine (DMDPA, 96%), 4,7,10-trioxa-1,13-tridecanediamine
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(TOTDDA, 97%), 3-butoxypropylamine (BPA, 99%), poly(propylene glycol) bis(2-
aminopropyl ether) with average M, of 230 and 2000 Da (PPGda230 and PPGda2000),
ethylenediaminetetraacetic dianhydride (EDTAD, 99%), triethylamine (TEA, 99%), acetic
acid (99.7%), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 98%), dimethyl carbonate (DMC,
99%), tin(Il) chloride (SnClz, 99.99%), zinc chloride (ZnCl,, 98%), aluminum chloride
(AICl3, 99.99%), magnesium chloride (MgCl,, 99.9%), boric acid (H3BOs, 99.5%),
phosphoric acid (HsPOa., 99%), sulfuric acid (H2SO4, 98%), dimethylformamide (DMF,
anhydrous, 99.8%) and sodium sulfate (99%, anhydrous) were purchased from Sigma
Aldrich. A diamine-functional pTHF/PPG copolymer with a molecular weight of 1000 Da
(pTHF1000) was purchased from Huntsman. Deuterated solvents were purchased from
Buchem BV. Other common solvents were purchased from Biosolve. All the chemicals were
used without further purification.

7.2.2 Reactions and synthesis

Synthesis of isophorone dimethylcarbamate (IPDMC)

In a 2000 mL three-neck flask equipped with a condenser, 170 g (1 mol) of IPDA, 630 g (7
mol) of DMC and 70 g (1 mol) of potassium methoxide were mixed under argon flow and
stirred at room temperature. After 4 hours, the mixture was heated up to 60 °C for 6 hours.
The solution was then cooled and poured into an excess of chloroform and subsequently
washed with brine. The organic layer was dried over anhydrous sodium sulfate. The solvent
was evaporated to dryness to obtain the product as a yellowish solid (196 g, 69%).

IH-NMR (400 MHz, CDCls & in ppm): 4.8 (d, 1H, -NHCH,), 4.6 (s, 1H, cy-NHCH), 3.8-3.6
(s, 1H, cy-CHNH, 6H,-OCHs3), 3.3, 2.9 (d, 2H,-CH2NH), 1.7-0.7 (15H, cy-H). 2C{*H} NMR
(100.6 MHz, CDCls § in ppm): 157.4, 156.3 (C=0), 54.8 and 52.1 (OCHs), 51.8, 46.9, 46.3,
44.6,42.5,41.8, 36.3, 34.9, 31.7, 29.6, 27.5, and 23.1 (cy-C).

Preparation of diamine-terminated cationically dispersible polyureas

Water-dispersible polyureas were prepared from diamines, IPDMC and various amounts of
DMDPA. In a typical experiment, PPGda230 (3.68 g, 16 mmol), DMDPA (1.45 g, 10 mmol),
IPDMC (5.72 g, 20 mmol) and TBD (0.14 g, 1 mmol) were introduced into a 100 mL 3-neck
flask and stirred under argon flow at 130 °C for 12 hours. The pressure in the flask was then
gradually reduced to 5 mmHg and maintained at this value for another 6 hours before
quenching the mixture with water. Finally, the precipitated polymer was washed 3 times with
water and dried in a vacuum oven for 12 hours to obtain a light yellowish polymer (8.10 g,
85%).

Preparation of cationically stabilized polyurea dispersions

In a typical experiment, 1 gram of prepolymer was dissolved in 1 mL of methanol. One
equivalent of acetic acid was added according to the concentration of the amines determined
from the potentiometric titration. The mixture was stirred for 10 minutes and then slowly
added to 8 mL of water under vigorous stirring.

Preparation of diamine-functional polyureas (PUdas)
In a typical experiment, 2.86 g (10 mmol) of IPDMC, 2.99 g (13 mmol) of PPGda230 and
0.07 g (0.5 mmol) of TBD were mixed in a 50 mL crimp-capped vial under argon flow and
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stirred at 130 °C for 12 hours. The pressure in the flask was then gradually reduced to 5
mmHg and maintained at this value for another 6 hours before quenching the mixture in water.
Finally, the precipitated polymer was washed 3 times with water and dried in a vacuum oven
for 12 hours to obtain a light yellowish polyurea (6.32 g, 87%).

Copolymerization of PUdas and dianhydrides

In a typical experiment, 4.00 g (2 mmol) of PUda with molecular weight of 2,000 Da
(determined by potentiometric titration) was dissolved in 4.00 g of anhydrous
dimethylformamide (DMF). 0.51 g (2 mmol) of EDTAD was added into the solution and
stirred at 80 °C for 30 minutes. The mixture was then precipitated in water and washed 3
times with water and subsequently dried in oven at 80 °C for 12 hours to obtain a yellowish
poly(amic acid urea) (3.12 g, 69%).

Model reaction of EDTA and BPA

The reactivities of the carboxylic acid groups towards amines were evaluated by monitoring
the reaction between EDTA and BPA. In a typical experiment, 52 mg (0.4 mmol) of BPAand
4.9 g of DSMO-ds were introduced into a 20 mL crimp-cap vial, followed by addition of 58
mg (0.2 mmol) of EDTA. The time of EDTA addition was considered as the t = 0 of the
reaction.

Preparation of BPA-based diimide

A mixture of 2.56 g (10 mmol) of EDTAD, 2.62 g (20 mmol) of BPA and 20 g of p-xylene
was stirred in a three-neck flask under reflux for 48 hours. The reaction was then quenched
into water and washed five times with an 0.5 M aqueous NaOH solution, followed by
drying with Na,SO4 and concentrating via a rotary evaporator. The resulting viscous liquid
was then dried overnight at 80 °C under vacuum (5 mmHg) to obtain a brownish solid (2.45
g, 51%).

'H-NMR (400 MHz, CDCls, & in ppm): 3.7 (t, CH2NCOCH3-), 3.5 (s, -NCH,CON), 3.3 (m,
8H CH3;CH,CH,CH,0-, NHCH,CH,CH,0-), 2.6 (NCH2CHN-), 1.6 (NHCH>CH,CH,0-),
1.5 (CH3CH,CH,CH0-), 1.3 (CH3CH,CH,CH,0-), 0.9 (CH3CH,-). *C{*H} NMR (100.6
MHz, CDCl;, 8 in ppm): 170.6 (-NCOCHy), , 70.2 (CH3;CH,CH.CH.0), 68.3
(NHCH2CH,CH20), 56.2 (NCH2CH:N), 52.3 (NCH.CO), 36.4 (CH;NHCO), 31.8
(CH3CH,CH,CH0), 28.2 (NHCH,CH>CH0), 19.3 (CH3CH,CH,CH0), 14.4 (CH3CH>).

Preparation of BPA-based diamic acid (DAA)

In a typical experiment, 2.56 g (10 mmol) of EDTAD was dissolved in 8.00 g of anhydrous
DMF. 2.62 g (20 mmol) of BPA was added into the solution which was stirred at 80 °C for 2
minutes, followed by precipitation in a mixture of diethyl ether/hexane (5/1) and washed
three times with the same mixture. The resulting solid was then dried at room temperature
under 2 mmHg for 2 hours to obtain a white DAA solid (3.22 g, 62%).

'H-NMR (400 MHz, CDCls, § in ppm): 3.3-3.4 (12H, CH3CH,CH,CH;0-, -NCH,COOH ),
3.2 (5, NCH2CO), 3.1 (-CONHCHy), 2.7 (NCH2CHzN-), 1.6 (NHCH,CH:CH;0-), 1.5
(CH3CH,CH,CH0-), 1.3 (CH3CH,CH,CH,0-), 0.9 (CH3CH2-). *C{*H} NMR (100.6 MHz,
CDCl;, & in ppm): 174.7 (-COOH), 171.4 (CONH), 70.2 (CH3CH,CH,CH,0), 68.2
(NHCH2CH2CH,0), 59.6 (NCH,COOH), 53.6 (NCH.CH:N), 37.4 (CH,NHCO), 31.8
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(CHsCH2CH,CH;0), 29.4 (NHCH,CH,CH,0), 19.3 (CH3CH,CH2CH,0), 14.4 (CHsCHy).

Preparation of water-borne PAAU dispersions

In a typical experiment, 1 gram of PAAU was dissolved in 1 mL of methanol. One equivalent
of trimethylamine (TEA) was added according to the concentration of the -COOH groups
determined from potentiometric titration. The mixture was stirred for 10 minutes and then
slowly added to 8 mL of water under vigorous stirring.

Catalyst selection for amide formation

Catalyst activities for amide formation between carboxylic acid groups of amic acids and
amines were assessed by monitoring the reaction between BPA and EDTAD. In a typical
experiment, 105 mg (0.8 mmol) of BPA and 4.9 g of DSMO-ds were introduced into a 20 mL
crimp-cap vial, followed by addition of 51 mg (0.2 mmol) of EDTAD and 4 mg (40 umol) of
H3PO4. The time of EDTAD addition was considered as the t = 0 of the reaction.

Preparation of PAAU coatings

In a typical experiment, 1.5 gram of PAAUD was casted on an aluminum panel. A wet film
of 250 um thickness was applied using a doctor blade, followed by drying at 50 °C under
argon flow to form a colorless PAAU coating.

7.2.3 Characterization

Size exclusion chromatography (SEC)

SEC in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was performed at 40 °C on a system
equipped with a Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive index detector
(35 °C), a Waters 2707 autosampler, a PSS PFG guard column followed by 2 PFG-linear-XL
(7 um, 8*300 mm) columns in series. HFIP with potassium trifluoroacetate (3 g/L) was used
as eluent at a flow rate of 0.8 mL/min. The molecular weights were calculated with respect
to poly(methyl methacrylate) standards (Polymer Laboratories, Mp = 580 Da up to Mp =
7.1*10° Da).

Nuclear magnetic resonance spectroscopy (NMR)

BC{*H} NMR (100.62 MHz) and *H NMR (400 MHz) spectra were recorded using a Varian
Mercury Vx spectrometer at 25 <C. The samples were prepared by dissolving 20 mg of
polymer in 1 mL MeOD-ds or 50 mg/ml using dimethylsulfoxide (DMSO-ds) or
dimethylformamide (DMF-dy) as solvent.

Dynamic light scattering (DLS) and {-potential measurements

DLS and ¢-potential measurements were performed on a Malvern ZetaSizer Nano ZS at 25 C
(polyurethane refractive index: 1.59) to determine the dispersion characteristics. The average
particle size and the particle size distribution of dispersions containing 0.1 wt% solids were
determined according to ISO 13321 (1996). The (-potential was calculated from the
electrophoretic mobility (u) using the Smoluchowski relationship { = nu/e with ko > 1 and
where 1 is the solution viscosity, € the dielectric constant of the medium, « the Debye-H kel
parameter and o the particle radius. Data acquisition was performed using the ZetaSizer Nano
Software.
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Differential scanning calorimetry (DSC)

DSC measurements were performed on a TA Instruments DSC Q100. Samples were heated
from -80 to 180 <C at a heating rate of 10 <C/min followed by an isothermal step for 5 min.
A cooling cycle to -80 T at a rate of 10 <T/min was performed prior to a second heating run
to 180 <C at the aforementioned heating rate. The T4 was determined from the second heating
run. The Universal Analysis 2000 software was used for data acquisition.

Calculation of amine end-groups in PAAU

The concentration of amine end-groups in PAAUSs was calculated according to the following
equation, which is deduced from the Carothers’ equation.'’
8C,
‘T TG
M,+ M, "’

F =

where F is the concentration of amine end-groups in the polymer (mol/g), Ca and C. the
concentration of amine and carbamate in the monomer mixture, respectively, Ma and M the
molar mass of diamine and dicarbamate monomers, respectively.

Potentiometric titration

Potentiometric titrations were performed using a Metrohm Titrino 785 DMP automatic
titration device fitted with an Ag titrode. The samples were dissolved in CH;OH and the -
NHy groups (x = 0-2) were titrated with a normalized 0.1 mol/L HCI isopropanol solution
while the -COOH groups were titrated with a normalized 0.1 mol/L KOH isopropanol
solution. Blank measurements were carried out using the same amount of CH3;OH.

The molar mass of PUda was defined according to the following equation:

stample

M, = .
" (Vsample - Vblank) X CHCZ
The —NHx content was defined according to the following equation:

_ (Vsamplel — Vhiank1) X Cuer
Nypx = g

msample
The —COOH content was defined according to the following equation:

N _ (Vsamplez — Vhiank2) X Ckon
COOH — ,
msample

where Viiank1 and Vpianke are the volumes of HCI and KOH solutions in mL needed for the
blank experiment (average of two measurements), respectively, Vsampler and Vsampiez the
volumes of HCI and KOH solutions in mL consumed by the sample, respectively, Cuci the
HCI concentration in isopropanol in mol/L, Ckon the KOH concentration in isopropanol in
mol/L, Nnnx the molar amount of -NHy (x = 0-2) groups in 1 gram of polymer (mol/g), Ncoon
the molar amount of -COOH groups in 1 gram of polymer (mol/g) and Msample the sample
weight in gram.

Gel fraction measurement

In a typical experiment, 50 mg of cured polymer sample was immersed in methanol at 50 °C
for 24 h. The sample was then filtered and dried in a vacuum oven at 50 °C until constant
weight. The gel fraction was calculated by the following equation:
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Gel fraction (%) = (W¢/Wo)x100%,
where W is the original weight of the sample and W; the weight after drying.

Evaluation of the coatings

The coating performances were evaluated at room temperature by means of an acetone
double rub test, a reverse impact test and a pencil hardness test. In an acetone double rub test,
the sample was rubbed back and forth with a cloth drenched in acetone. If no damage was
observed after more than 150 rubs (75 double rubs), the acetone resistance of the coating was
marked as good. In the water resistance test, the coating was immersed in water for 10
minutes. If no swelling was observed, the water resistance of the coating was marked as good.
The reverse impact test was performed by dropping a 1 kg ball on the backside of a coated
panel from a 100 cm height, as described in ASTM D2794. The pencil hardness test (ASTM
D3363) was performed by pushing pencils with varying hardness value into the sample. The
coating hardness was identified by the trace generated. The scale of pencil hardness ranges
from 9H, the hardest scale, to 9B, the softest one.

7.3 Results and discussion

7.3.1 Catalysts for amic acid/amine reaction

The poly(amic acid urea)s (PAAUS) prepared in Chapter 6 contain amine and carboxylic acid
groups. The reaction between these moieties at elevated temperature could form amide bonds
and therefore result in crosslinked resins. Thus, to study the mechanism of the possible curing
reactions, involving amine and amic acid groups present in the PAAUS, a model reaction was
performed with 3-butoxypropylamine (BPA) and EDTAD in a 4/1 ratio in DMSO-ds at 150
°C under argon flow (model reaction A, Figure 1a). The reaction of 1 eq. of EDTAD with 2
eq. of BPA generates a diamic acid (DAA), which can either self-condense to afford a cyclic-
(CI) or anoncyclic imide (NCI), or react further with BPA to produce tri- or even tetraamides.
While amidation and the noncyclic imidization reactions imply crosslinking of the PUs, the
generation of CI does not. To follow the conversions of DAA into these three species, samples
of the reaction mixture were taken over 6 hours and analyzed by NMR. The 'H NMR spectra
of these samples are presented in Figure 1b.

The spectrum of the sample at to was characterized, among others, by a triplet at 0.87 ppm
assigned to the methyl protons (a) and two multiplets at 1.62 ppm and 1.75 ppm attributed to
the B-methylene protons close to amide (b) or imide moieties of CI (b”) or NCI (b”), and the
B-methylene protons next to the amine group of BPA (c), suggesting that 1 eq. of DAA was
immediately generated from 1 eq. of EDTAD and 2 eq. of BPA. The decrease of ¢ was
accompanied by the rise of b/b’/b> and the emergence of triplets at 3.15 ppm and 3.67 ppm
representing the methylene proton next to the amide (d) and imide groups of ClI (e) or NCI
(e), respectively. The assignment of signal e to imide was confirmed by the similarity with
the methylene resonance of the diimide prepared from BPA/EDTAD in a 2/1 ratio (see
experimental section).

To increase both amidation and noncyclic imidization rates and thereby to enhance the
crosslink densities of the material, a series of catalysts including Brensted acids such as
phosphoric (HsPO4), boric (HsBOs) and sulfuric acids (H.SO.), Lewis acids like zinc chloride
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(ZnCly), tin (11) chloride (SnCly), magnesium chlorides (MgClz) and aluminum chlorides
(AICI3) and the Lewis base 1,5,7-triazabicyclo[4.4.0] dec-5-ene (TBD, Figure 2), were
evaluated for the model reaction A depicted in Figure 1a, with a catalyst loading of 15 mol%
with regard to the initial EDTAD amount. The conversion of BPA at time t was calculated by
the intensity ratio of signal ¢ at t and to, while the conversion of DAA into imide at time t
equaled to the ratio of intensity of e at t and intensity of ¢ at to (Figure 1). Both the conversion
of BPA and the conversion of DAA into imide over a period of 4 hours were determined from
'H NMR and are depicted in Figure 2. The conversion of DAA into amide was equal to the
conversion of BPA, based on the assumption that the BPA was only consumed via reaction
with DAA to form amide. Hence, the conversions and selectivities of DAA towards amide
and imide after 4 hours of reaction time are listed in Table 1.
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Figure 1. (a) BPA/EDTAD model reaction A with 4/1 ratio. (b) *H NMR of BPA/EDTAD
(4/1 ratio) reaction at 150 °C over 6 hours (DMSO-ds).
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Figure 2. Conversions of DAA into (a) amide and (b) imide as a function of time
in a BPA/EDTAD mixture in a 4/1 ratio in DMSO-ds at 150 °C under
argon flow with 15 mol% of various catalysts, determined by *H NMR.

In the absence of catalyst, the conversions of BPA into amide and imide in the model reaction
A were comparable after 4 hours (Table 1). Similar conversions of BPA and selectivities
towards amide were observed for the model reactions with and without SnCl,, ZnCl,, TBD
and H,SO4 as catalysts. The use of H3sPO4 and H3BOs3 led to an increase of the catalytic
activity towards amidation, with the order HsPO4 > H3BOs. The model reactions catalyzed
by these two acids exhibited higher selectivities towards amide than towards imides. The
reduced selectivities for imidizations observed in the model reactions with these two catalysts
compared to the non-catalyzed ones is ascribed to the competition between amidation and
imidization, as both consume carboxylic acid moieties. Slow imidizations were found for the
MgCl,- and AlCls-catalyzed model reactions, in agreement with the results reported by Ali.
etal.l’

To verify whether HsPO., the most active amidation catalyst in reaction A, also catalyzes
imidization reactions, model reactions between BPA and EDTAD with a 2/1 ratio were
carried out in DMSO-ds at 150 °C under argon flow with or without HsPO4 (model reaction
B, Figure 3). Under such conditions, BPA and EDTAD were fully reacting into DAA upon
mixing. The subsequent conversion of DAA into the corresponding mono-or diimide in these
model reactions was determined by *H NMR and is displayed in Figure 3.
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Table 1. Conversions of DAA and selectivities towards amide and imide in model
reaction A in the presence of various catalysts at 150 °C under argon flow after 4
hours, determined by *H NMR.

Catalyst Total _conversion of  Selectivity towards amide Sel_ec_tivity towards
amine (mol%) (mol%) imide (mol%)

SnCl2 73 48 52
ZnCl; 72 49 51
AlICl3 24 58 42
MgCl2 61 59 41
TBD 74 51 49
H3BOs 80 66 34
HsPO4 93 78 22
H2S04 70 51 49
No catalyst 74 50 50

Similar conversions of DAA into imide were observed for model reaction B with or without
HsPOs, indicating the lack of catalytic activity of H3PO. towards imidization. It should be
noted that intramolecular cyclic imidization is favored compared to intermolecular noncyclic
imidization under the applied conditions, due to the low concentration of DAA (0.08 mol/L).
Hence, this does not rule out the possibility that HsPO4 may catalyze NCI formation in the
PAAU resin, where the concentration of -COOH and amides are significantly higher than in
solution.

Model reaction B
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Figure 3. (a) Model reaction B with a 2/1 ratio of BPA/EDTAD. (b) Conversion of DAA
into mono- or diimide as a function of time in model reaction B in DMSO-ds under
argon flow with or without HsPO. as catalyst, determined by *H NMR.
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Thus, further investigations on imidization at higher concentrations were carried out by
heating DAA in bulk, with or without addition of 3 wt% (15 mol%) of H3PO4 at 150 °C under
argon flow. DAA was prepared via the reaction of BPA and EDTAD in a 2/1 ratio in
dimethylformamide (DMF) at 80 °C for 2 minutes, followed by precipitation in a diethyl
ether/hexane mixture (1/5 volume ratio) and drying under vacuum at room temperature. The
conversions of DAA into imide in these two reactions were determined by *H NMR and are
displayed in Figure 4.
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Figure 4. Conversion of DAA into imide as a function of time in bulk under argon flow
with or without H3POs as catalyst at 150 °C, determined by *H NMR (DMSO-ds).

A significantly faster conversion of DAA into mono- or diimide was observed in bulk
compared to the reaction in solution (Figure 3). This is contradictory to the zero-order
kinetics of CI formation, where the conversion into imide is not influenced by the
concentration of amic acid. Moreover, the *H NMR spectrum of the reaction mixture after
2.5 hours exhibits a splitting of the signal of the methylene protons next to the imide at 3.68
ppm compared to the spectrum of the pure diimide (Figure 5a). In addition, the corresponding
BC{*H} NMR spectrum displays multiple signals between 170.4-170.7 ppm (m’), close to
the carbonyl signal (m) of the diimide (Figures 5b and 1). These data suggest the formation
of NCI from DAA upon heating at 150 °C. The faster DAA conversion in the presence of
H3PO, indicates its high catalytic activity towards NCI formation (Figure 4). The proposed
mechanisms for NCI and CI formation in the presence of HsPO4 can be found in the Appendix
of Chapter 7. Such mechanisms indicate the high selectivity of HsPO, towards intermolecular
noncyclic imidization instead of intramolecular cyclic imidization.
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Figure 5 (a) *H NMR and (b) *C{*H } NMR (C=0 region) of diimide (upper) and
BPA/DAA (2/1 ratio) reaction in bulk at 150 °C over 2.5 hour (lower, DMSO-ds)

The selectivity towards amidation and imidization in a BPA/DAA (2/1 ratio) reaction was
also investigated in bulk. The reactions were performed at 150 °C under argon flow with or
without addition of 3 wt% of HsPO.. However, precipitation was observed during the
catalyzed reaction, possibly due to the formation of salt from HsPO. and BPA. Therefore,
only the conversions of BPA and DAA into imide for the non-catalyzed DAA/BPA reaction
over a period of 22 hours were determined by *H NMR (Figure 6).
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Figure 6. (a) Conversions of BPA and (b) conversion of DAA into imide for BPA/DAA
(2/1 ratio) reaction mixture in bulk at 150 °C under argon flow, determined by 'H NMR
(DMSO-ds).

The conversion of BPA reached more than 90% after 2.5 hours, while 55% of the amic acids
in DAA generated imide moieties. The higher summation than 100% of these two
conversions is contradictory to the reaction depicted in Figure la, where DAA either
undergoes amidation with BPA or forms imides. A possible explanation lies in the formation
of imidine from an imide and BPA (Scheme 7), as indicated by two singlets at 3.45 ppm
assigned to the methylene protons next to imide (a) and imidine (b, Figure 7).1® The formation
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of imidine could also enhance crosslinking during the curing of PAAUS at high temperature.
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Figure 7. *'H NMR spectra of diimide and BPA/DAA (2/1 ratlo) reaction after
2.5 hours (in the 3.0-4.0 ppm region, DMSO-ds).

7.3.2 Crosslinking of anionically stabilized PUDs

The influence of the Mys of PUdas and the amine/carboxylic acid ratios in the PAAUs
(Scheme 4a) on the effectiveness of the crosslinking during high temperature-curing of
PAAUs were assessed by gel fraction measurements. Thus, PAAUs were produced via
polymerization of EDTAD and diamine-functional polyureas (PUdas), synthesized from
various ratios of poly(propylene glycol) bis(2-aminopropyl ether) with an average M, of 230
Da (PPGda230) and isophorone dimethyl carbamate (IPDMC). These PAAUs were then
dissolved in methanol and neutralized by TEA (one molar eq. per carboxyl group), followed
by dispersion in water and removal of methanol to form PAAUDs. Next, the PAAUDs were
casted on a Teflon sheet and dried at 150 °C for 20 hours with and without the presence of
H3PO,. Since the non-crosslinked PAAUS are soluble in methanol, the resulting free standing
films of weight Wy were immersed in methanol at 50 °C for 24 h, followed by drying in a
vacuum oven at 50 °C overnight to obtain crosslinked polymers of weight of W. The gel
fractions W/Wy and the -COOH contents of the polymers are displayed in Table 2.
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The primary/secondary amine end-groups could not be quantified from potentiometric
titration, due to the presence of tertiary amines in the EDTAD-derived moieties within the
PAAU. Hence, only the -COOH contents were determined for these PAAUs. Lower Mps of
the PUda resulted in higher (amine) end-group concentrations and also in greater amine and
—COOH contents in the corresponding PAAUS after reaction with 0.7 molar eq. of EDTAD
(entries 1-5), and consequently in faster amide formation and accordingly in a larger gel
fraction during the curing at 150 °C. The PAAUSs prepared in entries 6 and 7 bear limited
amounts of amine end-groups due to the stoichiometric and over-stoichiometric
EDTAD/PUda ratios. However, the corresponding cured resins have significantly higher gel
fractions compared to the PAAU of entry 3, of which the amine end-groups are more
abundant. This is attributed to the greater -COOH contents in entries 6 and 7 that leads to
more NCI formation than in the case of entry 3, resulting in a higher crosslinking density of
the materials of entries 6 and 7 (Scheme 8a). Such reaction could also be catalyzed by H3POu,
as indicated by entries 8-10, where the gel fractions of the corresponding cured PAAUs are
much higher than for the non-catalyzed curing processes (entries 6,7), in agreement with the
model reactions studied.

Table 2. -COOH content of the PAAU resins prepared from PUdas and EDTAD in
various dianhydride/amine ratios and gel fraction of the PAAU casted film
after curing at 150 °C for 24 h with or without H3POs as catalyst.

Enr F',V'J doat Addition of HsPO,  Anhydride Cgri;':a fritei'on

y (mol% to -COOH) /amine 0
(Da) (mmol/g) (%)

1 4,750 0 0.7/1 0.14 1
2 2,950 0 0.7/1 0.30 3
3 2,150 0 0.7/1 0.41 6
4 1,500 0 0.7/1 0.65 20
5 1,200 0 0.7/1 0.88 27
6 2,150 0 1.0/1 0.59 16
7 2,150 0 1.3/1 0.72 20
8 2,150 5 0.7/1 0.41 11
9 2,150 5 1.0/1 0.59 34
10 2,150 5 1.3/1 0.72 36

3 Determined by potentiometric titration.

The results obtained for free standing films were then applied to coatings. Thus, PUdas were
produced by polymerizing PPGda230 or 4,7,10-trioxa-1,13-tridecanediamine (TOTDDA,
Scheme 8b) with various amounts of IPDMC. These materials were then reacted with
stoichiometric amounts of EDTAD or 1,2,4,5-cyclohexanetetracarboxylic dianhydride
(CHTCD) to form PAAUSs. After dissolution in methanol and addition of 3 wt% of H3POs,
the resins were neutralized with TEA and dispersed into water to generate stable PAAUDs of
10 wt% solid contents with high (-potential values close to -50 mV and particle sizes between
50-200 nm. The PAAUDs were applied on aluminum panels and dried at 50 °C overnight,
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generating coatings with thicknesses of 20-30 um. Finally, curing at elevated temperatures
for 24 hours led to light yellowish coatings, which were evaluated by means of pencil
hardness, water and acetone resistances, reverse impact resistance and cross adhesion tests.
The results are summarized in Table 3.
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Scheme 8. (a) Cyclic imide and noncyclic imide formation during curing of PAAUs.*
(b) Building blocks employed in PAAU coatings

PAAU coatings cured at 150 °C have, compared to those cured at 50 °C, improved coating
hardness, good impact and solvent resistances and strong adhesion to the aluminum substrate,
with the exception of the coating based on PUda with high M, of 4750 Da (PUdaa7so). The
poor impact resistance probably results from insufficient crosslinking due to the low -COOH
content and the poor adhesion to the substrate is most likely due to the low -COOH
concentration as well. Although PAAUs based on PUdas with lower Ms have lower amounts
of isophorone moieties, and thereby lower Tqvalues, their corresponding cured coatings have
higher crosslink densities (see Table 2) which results in enhanced Tgs. As a result, similar Tgs
were measured for these cured coatings. Lower curing temperatures gave less crosslinking of
the resins, as reflected by the lower T4 values of the coatings, poor impact and poor acetone
resistances due to limited crosslinking densities, in particular when curing was done at 110
°C. The substitution of EDTAD by CHTCD afforded a cured coating with slightly higher T
due to the more rigid structure of the CHTCD residues. Significant enhancement of impact
and solvent resistances as well as substrate adhesion were observed for the cured PAAU
coating based on TOTDDA compared to the uncured one. These coatings were softer than
those prepared from PPGda230 due to their lower Tgs. In conclusion, curing at elevated
temperatures proved to be a useful method for improving the coating properties of PAAUS.
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Table 3. My, Ty and coating properties of cured PAAUs prepared with PPGda230 or
TOTDDA as diamines, IPDMC as dicarbamate and EDTAD or CHTCD as dianhydride.

Diamine ,F\’Aljc(i): Tae T Pencil — Impact ad(;re(ﬁZn Re\;\i/::zirrlce Acetone
(Da)? (°C) (°C) hardness test test . Resistance
PPGda230 4,750 150 101 H - - + +
PPGda230 2,950 150 95 H + + + +
PPGda230 2,150 150 88 F + + + +
PPGda230 2,150 50 73 HB - - e -
PPGda230 1,500 150 91 F + + + +
PPGda230 1,200 150 90 F + + + +
PPGda230 2,150 140 86 E + + + +
PPGda230 2,150 125 82 F + + + +
PPGda230 2,150 110 77 HB - - + -
PPGda230 2,080 150 91 F + + + +
PPGda230 2,080¢ 50 75 HB - - e -
TOTDDA 2,050 150 81 F + + + +
TOTDDA 2,050 50 18 3B - - - -

3 Determined by potentiometric titration; ® determined by DSC; © +: no swelling, = swelling without softening, -:
swelling and softening; ® With CHTCD as dianhydride.

7.3.3 Crosslinking of cationically stabilized PUDs

Chapter 3 describes the synthesis of PUs with isophorone dicarbamate (IPDMC) and
diamines as monomers, one of these being 3,3'-diamino-N-methyldipropylamine (DMDPA,
Scheme 9a). The corresponding cationically stabilized PUDs with acetic acid (AA) as
neutralization agent generated coatings with unsatisfactory mechanical properties and solvent
resistance as a result of the relatively low molecular weights of the PU resins. Hence, these
PUDs were neutralized with polyacids, which could also act as crosslinking agents during
the curing of the resulting coatings at elevated temperatures.'®

In this section, AA was substituted by five different polyacids, viz. ethylenediaminetetraacetic
acid (EDTA), citric acid (CA), succinic acid (SA), propane-1,2,3-tricarboxylic acid (PTCA)
and cyclohexane-1,2,4,5-tetracarboxylic acid (CHTCA, Scheme 9b). Their potential as
crosslinking agents was evaluated by curing the PU coatings at 150 <C.
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Scheme 9. (a) Synthetic scheme of PUD. (b) Polyacids used
in this section as neutralization and curing agents.

PUdas were prepared via polymerization of PPGda400, IPDMC and the internal dispersing
agent (IDA) DMDPA, with a 1.3/1 amine/carbamate ratio and either 20 or 30 mol% IDA.
The concentrations of the ionizable amine groups, either as end-groups or incorporated within
the backbone, were determined by potentiometric titration. Then, the PUdas were dissolved
in methanol and neutralized with various concentrations of the above-mentioned acids,
followed by addition of water and removal of methanol to obtain PUDs (Scheme 9a). The
particle sizes and {-potentials of these dispersions are summarized in Table 4.

Precipitation occurred during the preparation of PUDs neutralized by CA, PTCA and
CHTCA, while dispersions without visible macrophase separation were obtained with EDTA
and SA, with the exception of the PUD with 20 mol% IDA in entry 1, where the amines in
the polymer were neutralized by a stoichiometric amount of -COOH groups of EDTA. The
low solubility of entry 1 is probably due to the lack of sufficient surface charges for
stabilization. PUDs neutralized by AA were synthesized via the procedure described above
for comparison. The dispersions had small particle sizes of 8-32 nm and remained stable even
after 30 days at 40 °C. The PUDs neutralized by AA have high {-potentials of about 50 mV,
while slightly lower {-potentials of 34-41 mV were observed for the PUDs neutralized by
EDTA and SA, probably due to the lower mobility of the bulkier EDTA and SA that hinders
the rearrangement of the electron double layer of the particles.®

161



Table 5. Formulation and characteristics of PUDs based on PPG400 and IPDMC with
DMDPA as IDA (amine/carbamate= 1.3/1) and (poly)acids as neutralization agents.

mol% of . a Av. particle {-potential
Entry IDA Acid COOH/-NHx diameter (nm)? (mV)
1 20 11 N.A° N.A.
EDTA
2 20 2/1 18 35
3 20 11 N.A. N.A.
CA
4 20 2/1 N.A. N.A.
5 20 SA 1/1 20 39
6 20 1/1 N.A. N.A.
PTCA
7 20 2/1 N.A. N.A.
8 20 1/1 N.A. N.A.
CHTCA
9 20 2/1 N.A. N.A.
10 20 AA 1/1 26 56
11 30 11 12 34
EDTA
12 30 2/1 8 41
13 30 11 N.A. N.A.
CA
14 30 2/1 N.A. N.A.
15 30 SA 11 16 36
16 30 11 N.A. N.A.
PTCA
17 30 2/1 N.A. N.A.
18 30 1/1 N.A. N.A.
CHTCA
19 30 2/1 N.A. N.A.
20 30 AA 1/1 32 49

3 Determined by potentiometric titration; ® determined by DLS; © not available due to precipitation.

The PUDs containing 30 mol% IDA and neutralized by either EDTA, SA or AA were then
casted onto aluminum panels and dried at room temperature for 12 hours before curing at
150 <C in an oven under argon flow for 8 hours. The hardness and impact resistance of the
cured coatings were evaluated and compared to the corresponding values of the non-cured
materials. The results are summarized in Table 6. The Mys of the PUs based on SA only
slightly increased after curing due to insufficient crosslinking, leading to poor impact and
acetone resistances. The curing of PU coatings with EDTA as neutralization agent improved
the hardness and the acetone resistance as well as the impact resistance, probably because of
intermolecular amidation between the carboxyls of the neutralization agent and the amine
end-groups of the polyureas during the curing process (Scheme 10). As expected, the Mys of
the PU coatings with AA as neutralization agent remained constant after curing at 150 °C.
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The coatings with EDTA and SA were harder (3B to 2B), compared to the one with AA (6B),
illustrating the significant effect of the counter ion on the coating properties. This is likely
caused by the salt formation between amines and the polyacids EDTA and SA, providing
additional intermolecular interactions between the chains, and therefore leading to higher
hardnesses.
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Scheme 10. Possible amidation between EDTA and diamine-functional polyureas.

Table 6. Properties of PU coatings based on PPG400 and IPDMC with 30 mol%
MeBAPA as IDA (primary amine/carbamate= 1.3/1) and (poly)acids as neutralization
agents, before and after curing at 150 <C.

a
Mr (kD) Pencil hardness Impact test Agetone
Acid (Dwm) resistance
Before After Before After Before After Before After
EDTA N.A.P 3B 2B F P - +
9 11
SA (1.4) (1.6) 3B 3B F F - -
AA 9 (1.4) 6B 6B F F - -

3 Determined by HFIP-SEC; ® not available due to gelation.

Figure 8 shows deformed aluminum substrates covered with coatings prepared from
PPGda400 and IPDMC and neutralized by EDTA. The coating before curing failed the
impact test, as evidenced by visible cracks on the surface, while the one after 8 hours of
curing at 150 <C exhibited a good impact resistance. The enhanced coating properties
obtained after curing of these PUs are likely due to the increase of crosslink density as a result
of an amide-forming condensation reaction between amine end-groups and carboxylic acid
groups of the neutralizing agent. Similar curing mechanisms as described in the previous
section may also take place in the curing process of these PUDs due to presence of
comparable functional groups. The yellowish appearance of the cured coating is probably
caused by the formation of imide structures during the process (see Chapter 6).
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()
Figure 8. Deformed aluminum substrates covered with PU coatings based on
PPGda400 and IPDMC (molar ratio: 1.3/1), neutralized by EDTA after reverse impact
test, (a) before and (b) after curing at 150 <C for 8 hrs.

The enhanced coating properties obtained after curing of these PUs are likely due to the
increase of crosslink density as a result of an amide-forming condensation reaction between
amine end-groups and carboxylic acid groups of the neutralizing agent. Thus, model reactions
were carried out at the temperature at which the curing was realized, using EDTA or SA and
3-butoxypropylamine (BPA) as substrates to verify this hypothesis (Scheme 11). The same
concentration of BPA was used for each reaction with a stoichiometric acid/amine ratio.
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Scheme 11. Model reactions with EDTA/SA and BPA as substrates with a 1/1 ratio of
carboxylic acid and amine groups at 150 °C over 4 hours.

The limited M, increase of SA-neutralized PUDs after curing at 150 °C was probably caused
by the formation of the butoxypropyl-N-succinimide (Figure 9a). To verify such assumption,
a model reaction with a 2/1 ratio of BPA/SA was carried out at 150 °C under argon flow, and
monitored by *C{*H} NMR (Figure 9b). The spectrum at to was characterized by a singlet
at 175.5 ppm assigned to the carbonyl of the SA (a). The decrease of intensity of a was
accompanied by the emergence of two signals at 174.5 and 178.2 ppm attributed to the
carbonyls of amide (b) and imide (c), respectively.?’ The formation of succinimide end-caps
the amines and accordingly prohibits their further reaction with carboxylic acids, and
therefore limits molecular weight growth or crosslinking during the curing of PUs, as
indicated in Table 6. On the other hand, the tetra-functional EDTA is more efficient in
promoting the crosslinking density of the PUs compared to di-functional SA.%
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Figure 9. (a) Imide and amide formation in SA/BPA model reaction performed for 0-28 h
at 150 °C. (b) *H NMR spectra of SA/BPA (1/2) mixtures, recorded in DMSO-ds.

7.4 Conclusions

In this work, the curing of polyurea dispersions via reactions between carboxylic acids and
amines was investigated. A first model reaction with 3-butoxylpropylamine (BPA) and
ethylenediaminetetraacetic dianhydride (EDTAD) as substrates in a 4/1 ratio revealed the
formation of amides, noncyclic imides (NCI), cyclic imides (Cl) and imidines. The formation
rates of both amides and NCI was enhanced by the presence of H3PO4. Poly(amic acid urea)s
(PAAUSs) were synthesized from EDTAD and diamine-functional polyureas (PUdas). The
latter were produced by polymerization of poly(propylene glycol) bis(2-aminopropyl ether)
with an average M, of 230 Da (PPGda230) and IPDMC with different ratios. Curing of PAAU
dispersions at 150 °C with H3PO, catalyst promoted the gel fraction compared to those
without catalyst. PAAU coatings were prepared from 4,7,10-trioxa-1,13-tridecanediamine
(TOTDDA) or PPGda230 as diamines, IPDMC as dicarbamate and EDTAD or 1,2,4,5-
cyclohexanetetracarboxylic dianhydride (CHTCD) as dianhydrides. The coatings cured
above 125 °C in the presence of HsPO4 exhibited significant improvements of mechanical
properties and solvent resistance compared to those cured at 50 °C.

Cationically stabilized PUDs were prepared from 3,3'-diamino-N-methyldipropylamine
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(DMDPA), isophorone dimethylcarbamate (IPDMC) and poly(propylene glycol) bis(2-
aminopropyl ether) with an M, of 400 Da (PPGda400) with polyacids as neutralization agents,
viz. ethylenediaminetetraacetic acid (EDTA), citric acid (CA), succinic acid (SA), propane-
1,2,3-tricarboxylic acid (PTCA) and cyclohexane-1,2,4,5-tetracarboxylic acid (CHTCA).
Only EDTA- and SA-based PUDs remained stable with small particle sizes of about 20 nm
and ¢-potential values between 34 and 41 mV. Curing of EDTA-based PU coatings at 150 °C
resulted in enhanced hardness, impact and acetone resistances, due to the formation of amide
bonds between the carboxylic acids in EDTA and the amine end-groups in PUs, which was
evidenced by suitable model reactions. Curing of EDTA-based PU coatings at 150 °C resulted
in enhanced hardness, impact and acetone resistances, while limited improvements in
material properties were observed in SA-based PU coatings cured at the same temperature
due to the formation of cyclic-succinimide.
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Appendix

Proposed mechanisms of intermolecular noncyclic and intramolecular
cyclic imidizations

The proposed mechanisms for both cyclic and noncyclic imidization of EDTAD-based amic
acid in the presence of H3POy4 are displayed in Figure S1. The H3POq initially is proposed to
forms a carboxylic-phosphoric anhydride intermediate with the amic acid. For intramolecular
cyclic imidization, the nitrogen in the amide could directly attack the carbonyl of the
carboxylate and accordingly forms an imide (blue arrows). Alternatively, the nitrogen of the
amide could attack the phosphorum and result in an eight-membered transition state A, which
could transform into a transition state B via an attack of amide nitrogen on the carbonyl of
the carboxylate, followed by addition of water and dissociation of phosphoric acid to form
the imide (green arrows). Such route is energetically less favored than the direct imide
formation (blue arrows) due to the high ring strain of the transition state B. Similarly, an
attack of the oxygen of the amide on the phosphorum would result in a transition state C. The
next step involves the formation of a [3.3.1] transition state D, followed by addition of water
and dissociation of phosphoric acid to form the imide (red arrows). Again, the high ring strain
of the transition state D disfavors its presence during the reaction.

These mechanisms could also be valid for the intermolecular noncyclic imidization.
Consequently, transition states E, F, G and H are formed instead of A, B, C and D,
respectively. The energy levels of the four- and six-membered rings in the transition states F
and H are much lower than those for B and D. Therefore, these species are much more likely
to be present during the imidization of amic acid, and hence suggest a much higher rate for
intermolecular noncyclic imidization than for intramolecular cyclic imidization.

In conclusion, the proposed mechanisms indicate a high selectivity of H3PO. towards
intermolecular noncyclic imidization rather than intramolecular cyclic imidization.
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Figure S1. Proposed mechanisms of intermolecular noncyclic and intramolecular cyclic
imidizations.

168



Chapter 8. Epilogue

8.1 Highlights

This work concerning the development of an isocyanate-free approach to water-borne
polyurethane (PUR) and polyurea (PU) dispersions (PU(R)Ds) and coatings has provided a
broad range of insights into the chemistry and reactivity of dicarbamates as isocyanate-free
building blocks, the colloidal properties of PU(R) dispersions and the properties of coating
materials derived from non-isocyanate monomers.

In this study, efficient catalysts for carbamate aminolysis were screened and the mechanisms
of the reactions catalyzed by the most active ones, i.e. alkali bases and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD), were investigated via model reactions and
computational simulations. PUs with high molecular weights (MWSs) were successfully
synthesized from diamine/dimethylcarbamate polymerizations catalyzed by alkali bases.

Besides the addition of a catalyst, the MWs of the PUs were enhanced by mitigation of the
N-alkylation side reaction during the dicarbamate/diamine polymerization via an efficient
removal of the byproduct methanol. This side reaction was also limited by employing the
more sterically hindered diethyl- or di-tert-butyl carbamates (DiBoc-carbamate) as
monomers. The polymerization of DiBoc-carbamates with diamines in the presence of an
alkali base at 130 °C generated isocyanate intermediates, which led to PUs with MWs up to
120 kDa, along with branching as a result of biuret formation.

Cationically stabilized PU(R)Ds with good dispersion stability were prepared via
incorporation of the tertiary amine-containing internal dispersing agent (IDA) 3,3’-diamino-
N-methyldipropylamine (DMDPA) in the PU(R)s, followed by dissolution in the co-solvent
methanol and neutralization with volatile acids and finally, dispersion in water and removal
of the methanol. The hardness of the corresponding PU(R) coatings were dependent on the
glass transition temperatures (Tgs) and urea contents of their parent resins, which could be
modulated by employing different types and contents of building blocks and various amounts
of DMDPA. In addition, the coatings prepared from PU(R)s of MWs above 50 kDa showed
improved impact and solvent resistances compared to those issued from PU(R)s with MWs
below 30 kDa.

Anionically stabilized PUDs were produced from N2 NE-bis(tert-butoxycarbonyl) lysine
(DiBoc-lysine) and diamines. Combination of DiBoc-lysine and a series of diamines lead to
PUs with MWs up to 20 kDa, which can be dispersed in water without addition of
neutralization agents. Another approach for the preparation of anionically stabilized PUDs
involved the reaction of dianhydrides such as ethylenediaminetetraacetic dianhydride
(EDTAD) with a series of diamine-functional polyureas (PUdas). The resulting poly(amic
acid urea)s (PAAUS) with MWs up to 40 kDa were dissolved in methanol and neutralized by
trimethylamine (TEA), followed by dispersion in water and removal of methanol to form
PAAU dispersions (PAAUDSs). The particle sizes of these dispersions could be tailored by
varying the neutralization agent concentration, the molecular weight of the PUdas or the
PUda/EDTAD ratio. The PAAU coatings prepared from the corresponding PAAUDs
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exhibited satisfactory mechanical properties and solvent resistances.

Curing of PAAU coatings at elevated temperatures (> 125 °C) significantly improved their
mechanical properties and solvent resistances as a result of crosslinking between the polymer
chains via amidation between the free primary/secondary amines and amic acids and
intermolecular imidization between carboxylic acids and amides. Both these reactions can be
catalyzed by H3PO.. Similarly, the curing at 150 °C of PU coatings based on diamines,
dicarbamates and DMDPA with ethylenediaminetetraacetic acid (EDTA) as neutralization
and crosslinking agent improved their impact and solvent resistances.

8.2 Technology assessment

This work employs dicarbamates as alternative building blocks to diisocyanates for the
synthesis of PU(R)s. While the types of commercially available diisocyanate monomers are
limited, dicarbamates could be readily obtained from the reaction between various diamines
and dialkylcarbamates, thereby providing more versatility for the PU(R) industry and
allowing a more extensive tailoring of properties. Whereas diisocyanates are prepared from
diamines and phosgene, dicarbamates are synthesized from diamines and dicarbonates such
as dimethyl carbonate (DMC) and di-tert-butyl dicarbonate (Boc,O). DMC is cheaper than
both phosgene and Boc.O, while the prices of the latter two are comparable. Therefore, the
prices of the dicarbamates described in this thesis may be comparable with or even lower
than the prices of diisocyanates. Most of the polymerizations proceed in bulk, thereby
avoiding the use of toxic and/or volatile organic solvents. All diamines, dicarbamates and
internal dispersing agents used in this work are commercially available. Their combination
results in PU(R) coatings with satisfactory mechanical properties and solvent resistances,
suitable for real life applications. Additionally, the Tgs of these materials can be tailored by
employing different structures and contents of the building blocks. As a result, PU(R)s
coatings with different hardnesses could be prepared for various application purposes.
Therefore, this study is interesting for paint producing companies, some of which were
actively involved in the project within the framework of the Dutch Polymer Institute (DPI).
Furthermore, the PU(R)Ds described in this work are prepared according to an industrially
applied solvent-assisted dispersion (SAD) process, substituting acetone by methanol, a better
solvent for the PUs used during our investigations. These PU(R)Ds can easily form smooth
coatings on substrates at ambient temperature. Finally, the poly(amic acid urea) dispersions
(PAAUDSs) mentioned in this thesis do not require additional chain extenders for molecular
weight enhancement. Instead, the dispersions can be cured at elevated temperatures (>125
°C) to form crosslinked materials with enhanced mechanical properties and solvent resistance.

Three drawbacks can be mentioned of the approach described in this study. First of all,
although the alkali bases are very active catalysts for dicarbamate/diamine polymerizations,
they have poor solubility in many monomers and solvents, resulting in low catalytic activities.
Secondly, the curing rates of the PU coatings are relatively slow, as a result of slow amidation
and imidization reactions at the applied curing temperatures. Such slow curing processes are
undesired in industry, due to the excessive consumption of energy and time. Finally, the low
solid contents of around 10 wt% for the PU(R)Ds prepared in this work are much lower than
the 35-50 wt% for the commercially available PURDs. These could result in much thinner
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coatings after application and thus be less beneficial for protective purposes.

8.3 Outlook

Based on the isocyanate-free method for PU(R) production developed in this thesis, bio-
based monomers such as isosorbide, 1,4-butanediol or the fatty acid-based diamine
Priamine® (Croda) could also be integrated in the PU(R) backbone. Their combination with
lysine-based monomers could potentially generate fully renewable PU(R)s dispersible in
water. The properties of the resulting coatings could be further enhanced either by employing
DiBoc-functional monomers or via curing at elevated temperatures.

Additionally, analytical techniques such as P NMR and mass spectroscopy could be
employed to identify the possible intermediates during the phosphoric acid-catalyzed
noncyclic imidization, and consequently verify the mechanisms proposed in Chapter 7. Such
investigations could give insights into the curing mechanism of the PAAUS and may provide
potential solutions to reduce the time of curing. Alternatively, the slow curing rate of PAAU
coatings could be mitigated by addition of amine- or activated hydroxyl-containing
compounds such as diethylene triamine or Primid® (Ems-Chemie AG), and the differences
in curing rates between the coatings with and without addition of curing agent could be
studied via FT-IR or gel fraction measurements.

Since cyclic imides could potentially improve the thermal stabilities of the material,* it would
also be interesting to quantify the cyclic imides in the cured PU coatings and investigate their
influence on the thermal properties of the material via DSC and TGA.

The quaternization of tertiary amines in DMDPA-based PUs with a halogenated acid such as
chloroacetic acid could produce zwitterionic moieties with quaternary ammonium and
carboxylates.? These modified PUs could be dispersed in water without addition of
neutralization agent. The properties of the corresponding PUDs could be modulated by
varying the carbon numbers between the carboxylic acid to the quaternary amine.

As all the anionically stabilized PUDs produced in this study contain carboxylic acids, it is
also worthwhile to explore and incorporate other IDAs containing sulfonic acid such as
Vestamin® (Evonik) or phosphoric acid-derivatives in the PU backbone and study the
corresponding dispersions and coating properties.

While side reactions such as allophanate or biuret formations are expected during industrial
PU(R) production between diisocyanates and diamines or diols, the aminolysis and
alcoholysis of dicarbamates described in this work afford more control over the polymer
structures. Thus, it would be interesting to study the difference in properties of PU(R)s based
on similar building blocks prepared via isocyanate and non-isocyanate approaches.

Silicon monomers such as tetraethyl orthosilicate (TEOS) could also be incorporated in the
PU chains via reaction with diamine-functional PUs prepared in this study. The resulting
polyurea silicates could have improved thermal and mechanical properties compared to PUs.

Furthermore, PUDs with higher solid contents could be prepared by dispersing the methanol
solution of PU in lower amounts of water. The influence of the size of the dispersed particles
of the PUDs on the their viscosities could also be investigated, as the latter is a crucial
parameter for almost all coating applications.

Finally, the abundant urethane/urea moieties in PU(R)s with low MWs and Ts prepared in
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this work could provide good adhesion to polar surfaces such as glass or steel. Hence, further
investigations are recommended to explore the properties of these PU(R)s as adhesives.
8.4. References
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Summary

Polyurethane (PURs) and polyureas (PUs) are classes of polymers in which the segments are
connected by urethane or urea moieties, respectively. The hydrogen bonds between those
groups result in strong physical crosslinks between the polymer chains, leading to materials
exhibiting superior mechanical properties compared to other polymers such as polyethers or
polyesters. Important applications of PURs and PUs are the water-borne PU(R) dispersions
and coatings based thereon, the standard preparation of which utilizes extremely toxic
diisocyanates. Alternatively, PU(R) could be produced from dicarbamates or cyclic
carbonates, contributing to the global drive for green chemistry. This thesis focuses on
developing isocyanate-free routes for water-borne PU dispersions, with the emphasis on
understanding the structure-property relations of these polymers.

For this study, dicarbamates were employed as alternatives to react with diamines to form
polyureas. An extensive experimental study was performed to determine the most active and
practically usable catalysts for such polymerization. The results suggested that metal
alkoxides and amides were the best performers in terms of promoting the carbamate and
carbonate aminolysis. More specifically, potassium methoxide (KOMe), potassium ethoxide
(KOt-Bu), potassium bis(trimethylsilyl)amide (KHMDS) as well as the previously studied
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) were the best catalysts for these reactions.
Activation energies for the formation of carbamates and ureas were determined through
kinetic experiments at different temperatures. The obtained results were in good agreement
with computational modeling calculations.

Agqueous dispersions of PUs were prepared by incorporation of internal dispersing agents
(IDAs) within the PU backbones. Thus, the polyamines diethylenetriamine (DETA), bis(3-
aminopropyl)amine (BAPA) and 3,3’-diamino-N-methyldipropylamine (MeBAPA) were
incorporated into PUs. However, both DETA- and BAPA-based PUs resulted in gelation
during polymerization due to reactions between carbamates and the secondary amines in the
IDA moieties, while moderate molecular weight (MW) were observed for MeBAPA-based
PUs. The residual secondary/tertiary amine groups present along the PU backbones were
neutralized with volatile acids, such as acetic acid, and the resulting neutralized polymers
were dispersed in water to form stable PUDs with particle sizes below 300 nm and high ¢-
potentials (>40 mV). The coatings prepared from commercially available diamine-functional
poly(propylene) glycol (PPGda400), isophorone dicarbamate (IPDMC) and MeBAPA
showed satisfactory properties such as sufficient impact resistance and solvent resistance
against acetone and water.

PUs generated from dicarbamate/diamine polymerization have lower MWs than those
produced from isocyanate chemistry. Thus, an in-depth study regarding the limitations of the
MW growth during dimethylcarbamate/diamine polymerization was provided. Undesired
methylation of the amines by the methylcarbamate monomers was observed during
polymerization, and was considered to be the limiting factor for reaching high conversions
and high molecular weights during the polymerization. Suppression of the methylation, either
by efficient removal of the methanol from the reaction mixture or by substitution of
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dimethylcarbamates with the more sterically hindered diethylcarbamates, results in polyureas
with high MW.

Compared to dimethylcarbamates, faster polymerization was observed for highly sterically
hindered di-tert-butylcarbamates (DiBoc-carbamates) and diamines. This was explained by
the formation of isocyanate intermediates under basic conditions at high temperatures, as
evidenced by both proton and carbon NMR (*H and 3C NMR). Consequently, stoichiometric
polymerizations of DiBoc-carbamates and diamines or diols lead to branched structures of
high number average molecular weights (Mns) up to 100 kDa (polydispersity of 3.1) (or even
to gelation), due to the formation of allophanates or biurets from isocyanates and urethanes
or ureas, respectively. These high molecular weight DiBoc-carbamate-based PU(R) coatings
exhibited excellent mechanical properties and solvent resistance.

A key step in the development of high MW, water-borne PU systems is the chain extension
of relatively low MW prepolymers dispersed in water. As the carbamate-amine chemistry
used for prepolymerization was not sufficiently reactive to achieve chain extension under
mild conditions, the anhydride-amine coupling appeared to be a promising option, which
accordingly was explored in depth. The reaction of the cyclic anhydride
ethylenediaminetetraacetic dianhydride (EDTAD) with a primary amine generated an amic
acid structure, i.e. an amide bond and a free carboxylic acid. The latter could then potentially
be used as an IDA through neutralization with e.g. triethylamine or a non-amine base.
Although the reaction between amines and anhydrides was very fast, the observed MW build-
up was rather limited, probably due to the hydrolysis of amide bonds or anhydride moieties.
The latter generates diacid groups, which are not reactive towards amines, thereby acting as
chain stoppers during the polymerization and limiting the MW growth. Imidization between
carboxylic acid groups and amides was also observed from both *H and 3C NMR studies,
and could be mitigated by lowering the drying temperature of the polymer. The particle sizes
of these poly(amic acid urea) dispersions (PAAUDSs) could be adjusted via changing the
concentration of the neutralization agent or by changing the carboxylic acid content in the
PAAUSs, which could be tailored by varying either the MW of the diamine-functional
polyurea prepolymers (PUdas) or the PUda/EDTAD ratio.

To further improve the material properties of the PU coatings, crosslinking of the PU coatings
was also investigated by first preparing diamine-functional PAAUDs via the
copolymerization of an excess of diamine-functional polyureas and a dianhydride, followed
by drying at elevated temperature on an aluminum panel. The resulting materials were cured
above 120 °C overnight to obtain crosslinked polyurea coatings with improved solvent and
impact resistance compared to those cured at ambient temperatures. The crosslinking was
found to originate from the reaction between the pending carboxylic acid groups and the end-
amine functions as well as amide moieties. The latter resulted in non-cyclic imides formed
between the polymer chains. Both these reactions can be catalyzed by HsPOa.

Similar crosslinking reactions were also applied to non-amic acid-containing PUs. These
PUDs, produced from polymerization of diamines, dicarbamates and MeBAPA, were
neutralized with multi-functional acids such as ethylenediaminetetraacetic acid (EDTA).
Curing of these dispersions at 150 °C resulted in crosslinked structures with satisfactory
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coating properties.

Overall, this thesis screened and investigated the most efficient catalysts for the isocyanate-
free polyurea synthesis with dicarbamates and diamines. Moreover, it also demonstrated the
preparation of stable water-borne polyurea dispersions with high MW as well as polyurea-
based coatings with desired material properties. In conclusion, this work described the use
non-toxic raw materials in polyurea synthesis, and established novel isocyanate-free routes
towards high performance PU applications.
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