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Abstract Nowadays, coating systems have to fulfill a
wide range of requirements. In addition to mechanical
properties such as hardness and elasticity, resistance
and weatherability, specifically corrosion or chemical
resistance are also important. Increasing attention is
also being paid to points such as the use of sustainable
reactants or the energy optimization of synthesis
processes.1 The use of enzymes in the synthetic
processes offers two main advantages: firstly, reaction
temperatures can be significantly reduced, for example
in the production of polyesters, and as a result and a
major advantage, certain functional groups can be
selectively retained during the reaction.2,3 Thus, for

example, aromatic hydroxyl groups can be obtained,
while aliphatic groups are esterified.4,5 This allows the
preparation of polyesters that do not only have
terminal OH groups, but hydroxyl groups within the
chain that can act as additional crosslinking points
during network formation or as adhesion-promoting
groups.6,7 In this work, the influence of such an
aliphatic–aromatic polyester, produced enzymatically
at low temperatures, on the coating properties is
investigated when using different hardener compo-
nents. Coating formulations were created, and the
required OH functionality and the hydroxyl number of
the enzymatic polyester have been calculated by using
two different, independent methods. Besides the
development of guide formulations, the unique
mechanical properties of coatings based on the enzy-
matic polyester were studied. In addition to compar-
ative analysis of network densities, the coatings were
also investigated by IR spectroscopy in order to assess
the network formation reaction spectroscopically. It
can be shown that additional OH groups in the
polyester chain increase the network density, but this
is not at the expense of elasticity. Thus, enzymatically
produced polyesters combine the advantages of low
reaction temperatures during production with a unique
property profile due to aliphatic and aromatic moieties
as well as the partial preservation of OH groups within
the chain.

Keywords Enzymatic synthesis, Aliphatic–aromatic
polyester, Sustainability, IR spectroscopy

Introduction

Hydroxy-functionalized polyesters, crosslinked by
polyisocyanates, melamines or epoxides, have been
used in the coating industry for decades. The produc-
tion of the polyester requires high reaction tempera-
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tures of 150–280�C and often leads to undesirable side
reactions.8–10 Furthermore, metal catalysts based on
zinc, antimony or cobalt are used, which limit the
selective conversion of higher functional monomers at
high temperatures and therefore lead to the formation
of undesired branched polyesters.11–14

The enzymatically catalyzed production of hydroxy-
functional linear polyesters based on lipase catalysts
offers the advantage of very mild reaction tempera-
tures of 50�C, in addition to a biodegradable catalyst,
which is biodegradable and does not remain in the
resin after synthesis.9

What is particularly interesting is the fact that
lipases have individual regioselectivities that allow
certain reactive functional groups not to be affected
during the reaction. This possibility would only exist
performing complex protection and deprotection steps
when synthesizing polyesters in form of conventional
thermic polycondensation.15

Thus, when using enzymatically catalyzed synthesis,
additional aromatic hydroxyl groups can be imple-
mented in the polyester chain, which on the one hand
have an adhesion-promoting effect and on the other
hand can represent further crosslinking points during
crosslinking with the hardener component. In particu-
lar, the combination of aliphatic and aromatic mono-
mers in one polyester leads to excellent physical and
mechanical properties and a favorable cost struc-
ture.16,17

In the present work, the polyester based on adipic
acid, 1,6-hexanediol and 2,6-bis (hydroxymethyl) -p-
cresol, first introduced in the publication by Seithüm-
mer et al.,18 has been applied in developed coating
formulations with different hardener components, such
as polyisocyanates, epoxy and melamine building
blocks. Therefore, the OH functionality and OH
number were calculated using different, independent
methods. Furthermore, application and mechanical
properties of the enzymatically produced polyester
were compared with two commercially available, short-
chain polyesters (Desmophen� VP LS 2328 and
Desmophen� 800). Desmophen� VP LS 2328 is a
linear polyester, while Desmophen� 800 is highly
branched and has a high OH-content.

The schematic structure of the polyester produced
enzymatically at 50�C prior to chain extension via
transesterification with glycerol is shown in Fig. 1.

After the formation of the oligoester, there are still
terminal acid groups, which are reacted with glycerol in
a second step and lead to chain elongation or, in the
case of a simple reaction, to a further increase in OH
functionality.

The polyester obtained by chain elongation with
glycerol has been used for this work.

Due to the linear aliphatic and aromatic structure
with additional hydroxyl groups located within the
polyester chain, the coating films are expected to have
excellent mechanical properties. The presence of
aromatic constituents and two types of hydroxy groups
allows the expectation of a high film hardness with

simultaneous elasticity and good surface adhesion.
Furthermore, when applying the synthesized polyester,
it is expected to achieve higher crosslinking density and
better chemical resistance of the coating in comparison
with other tested polyesters.19,20

Raw materials

Short chained polyesters Desmophen� VP LS 2328 and
Desmophen� 800 as well as isocyanate crosslinker
Desmodur� ultra N 3600 were generous gifts from
Covestro AG (Leverkusen, Germany). The aliphatic
polyfunctional epoxy resin based on glycerol, ipox� CL
12, was kindly provided by ipox-chemicals (Laupheim,
Germany). The isobutylated melamine-formaldehyde
resin Maprenal� MF 800/55iB was kindly provided by
BYK-Chemie (Wesel, Germany). The used catalysts
such as p-toluenesulfonic acid (PTSA), 1,4-diazabicy-
clo[2.2.2]octane (DABCO), dibutyltin dilaurate
(DBTDL), and all solvents were purchased from
Sigma-Aldrich and are used without further purifica-
tion.

The following tables show the properties of the
binders, and crosslinkers on the basis of which the
crosslinking ratio and formulations have been calcu-
lated:

Analytical methods

The hydroxyl number has been determined by DIN
EN ISO 4629-2:2016 three times. For calculation, the
average number has been used.

IR spectra, measured on a Bruker Lumos FTIR-
Microscope with a resolution of 4 cm�1, are baseline
corrected and normalized. For normalization, a signal
is used whose intensity does not change during the
crosslinking reaction. Depending on the binder system,
different bands were used, which are indicated in each
case in the spectrum evaluation.

The pendulum damping values have been obtained
according to DIN EN ISO 1522 using a Königspendel
from Erichsen. Three measurements for each panel
were performed 4 h after baking, and average values
are given.

The adhesion of the coating films was determined by
performing the cross-cut test according to DIN EN
ISO 2409 after application on steel panels. Further-
more, the resistance of the samples in the event of
sudden deformation based on DIN EN ISO 6272-
1:2011 has been determined. For the evaluation, a drop
height of 1 m was chosen and it was judged as to
whether the film cracked and if it still adhered to the
steel surface after the indirect impact of the 1-kg
weight.

The contact angle is measured three times with
water as testing substance according to DIN EN ISO
19403-2:2020 with the OCA15 measuring device from

1800

J. Coat. Technol. Res., 19 (6) 1799–1808, 2022



Dataphysics Instruments. Average values of three
measurements are given.

To assess the chemical resistance of the coating
films, one drop of different chemicals has been put on
the film surface, absorbed and wiped away after 1 min
using light pressure with a piece of cloth. Then, the
treated area of the coating film is compared to the
untreated one and the impact of the chemical on the
coating film is visually judged. The value of one means
that there was no impact of the chemical on the coating
film; a value of six means that the coating film is
completely peeled off. For the experiments, methyl
ethyl ketone (MEK), ethanol, acetone, water, and
dimethyl sulfoxide (DMSO) have been used.

Furthermore, sol–gel analysis has been performed to
draw conclusions on the network density of the
different polyester coating films. For this, the polymer
networks are extracted with MEK in a Soxhlet extrac-
tor for 16 h. A double determination is carried out, and
the mean value is given (Tables 1 and 2).

Application testing

In order to comparatively test the application proper-
ties of different polyesters, the weights were selected in
such a way that the reaction of the functional groups of
the polyester with the respective hardener component
is equimolar.

The solvents were selected, on the one hand,
according to their compatibility with the coating
system and, on the other hand, on the basis of their
boiling ranges, so that uniform oven drying and
crosslinking can be achieved. Preliminary tests were
carried out to ensure this. The use of surface-active
additives, as used in coating formulations, has been
deliberately avoided, so that any interaction between

additives and binder or hardener component can be
ruled out.

Table 3 shows all formulations of the different
polyesters with the hardener components, including
solvents and catalysts. Weights are given in grams.

Annotation

Sample number 4 (Desmophen� 800 and Desmodur�

ultra N 3660) is crosslinked with a 20% excess of
Desmophen� 800 because 1:1 crosslinking leads to a
coating film with too high crosslinking-density, which
does not have any surface adhesion.

Sample number 8 (Desmophen� VP LS 2328and
ipox� CL 12) does not lead to a crosslinked polymer
network. Higher baking temperatures of 160 �C, dou-
bling the amount of catalyst or working with a 30%
higher amount of epoxide, do not lead to crosslinked
coating films.

All samples were applied on cleaned steel panels
(type DX51D+Z) by a squeegee and baked for 30 min
in the oven at a temperature of 140�C to achieve a dry
film thickness of 40 lm. The mean values of the coating
thicknesses of the individual samples are presented in
tabular form in the supplementary information,
Table S1.

Results and discussion

The value of OH functionality has been calculated in
two different, independent ways. NMR-spectroscopy
allows to determine the percentage incorporation of
hydroxyl-functional monomers into the chain of the
polymer before post-polymerization with glycerol. The
molar ratio of 1,6-hexanediol and 2,6-bis (hydrox-
ymethyl)-p-cresol in the chain is 0.38 to 0.62.18 Con-
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Fig. 1: Schematic structure of enzymatically synthesized aromatic–aliphatic polyester
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sidering acid numbers decreasing from a theoretical
value of 375 mg KOH/g to a value of 73 mg KOH/g
during the reaction, around 20% of the polymer chains
are acid functional before linking with glycerol.
Because the molar composition and the initial weight
are known, the mean functionality without additional
aromatic OH-groups of the polyester can be calculated
and has a value of FOH-theo. terminal = 1.80 (F = FOH-theo.

terminal � Facid.funct. = 2.00–0.20).10 By using acid
number and 1H-NMR data of the oligoester of
Seithümmer et al.,18 the molar composition of the

enzymatic polyester before chain lengthening can be
determined (Table 4).

Furthermore, an equivalent weight for the enzymat-
ically unaffected aromatic hydroxyl groups of incorpo-
rated 2,6-bis (hydroxymethyl)-p-cresol can be
determined: Equivalent weightaromat. OH = M2,6-bis

(hydroxymethyl)-p-cresol = 168.19 g/mol. Since, according
to Table 3, only 31% of the polyester consists of the
cresol component, the aromatic OH equivalent weight
of the polymer is 168.19 g/mol: 0.31 mol% = 542 g/mol
aromatic hydroxyl groups.

Table 1: Specifications of polyester-binder used in this work

Polyester (Supply form 100%) Structure Acid Value [mg KOH/g] OH Value [mg KOH/g]

Desmophen� 800 Highly branched < 5.0 284
Desmophen� VP LS 2328 Linear < 5.0 262
Enzymatic Polyester Linear 33 168

Table 2: Specifications of crosslinking components used in this work

Crosslinking agent Form of delivery
[%]

Chemical type Viscosity
[mPa s]

Equivalent weight [g/mol funct.
group]

Maprenal� MF 800/
55iB

55 Isobutylated melamine-form-
aldehyde resin

220–360 200*

Desmodur� ultra N
3600

100 Hexamethylene diisocyanate trim. 900–1500 ca. 183

ipox� CL 12 100 Glycerol-polyglycidylether 160–200 140-150

*Calculated taking into account manufacturer information and usage ratio

Table 3: Formulations of polyester-binder with different hardener components

Formulation 1 2 3 4 5 6 7 8 9

Raw materials
Desmophen� VPLS 2328 3.24 3.00 5.34
Desmophen� 800 2.84 2.97 4.75
Aromatic-aliphatic poly. 2.85 3.69 4.15
Maprenal� MF 800/55iB 5.68 5.28 5.67
ipox� CL 12 3.32 3.05 2.27
Desmodur� N 3600 2.25 2.24 2.02
Butyl glycol 1.14 1.14 1.14
Butyl diglycol 0.28 0.28 0.28 0.34
PTSA 0.06 0.06 0.06
Butyl acetate 2.25 2.24 2.02
Acetone 1.80 1.79 1.61
Dimethyl Sulfoxide 0.68 0.67 0.60
MEK 0.83 0.76 1.59
DBTDL (10% in BuAc) 0.05 0.07 0.06 0.10 0.09
Ethyl acetate 0.83 0.76 1.59
Butyl diglycol Acetate 0.17
DABCO 0.07

1802

J. Coat. Technol. Res., 19 (6) 1799–1808, 2022



Using number average molecular weight Mn = 2400
g/mol from 1H-NMR end group analysis of oli-
goester,18 FOH = 4.43 (Mn/OH equivalent weight of
the polymer) aromatic OH-functionalities are added to
the chain enzymatically without further reaction. When
the terminal FOH-theo.terminal = 1.80 OH groups are
added, the calculated hydroxyl functionality of the
oligoester before chain extension is FOH = 6.23.

After post-polymerization with an excess of glycerol
(10:1),18 the acid number decreased to a value of 33 mg
KOH/g. Since a strong glycerol excess has been used, it
can be assumed that mainly a simple addition of
glycerol takes place instead of a chain extension and
thus, the average OH functionality of the enzymati-
cally synthesized polymer is increased by about FOH =
1.1. Thus, the calculated functionality of the polyester
using acid number and 1H-NMR data is approximately
FOH = 7.2.

The OH number of 168 mg KOH/g titrated accord-
ing to DIN EN ISO 4629-2:2016 of the extended
polymer can be converted into an OH equivalent
weight and is 334 g/mol OH.19 By using the number
average molecular weight of the chain-extended poly-
mer, obtained by GPC analysis, of Mn = 2760 ± 140
g/mol,18 the functionality can also be calculated by
dividing Mn by the equivalent weight. Thus, an OH-
functionality between FOH = 7.8–8.7 is obtained.

Since the numerical values determined by GPC (Mn

= 2760 ± 140 g/mol) and NMR (Mn = 2800 g/mol) are
highly correlated, the OH functionality of FOH = 7.8–
8.6, which is very high for a nearly linear polyester, can
be confirmed by two independent wet chemical meth-
ods, respectively. On the one hand, the acid number
values were used in combination with 1H-NMR data,
and on the other hand, the hydroxyl number values
were used with those of the GPC data, with both
methods yielding similar results.

For the calculations of the formulations, the mini-
mum hydroxyl functionality of FOH = 7.2 has been
used, since small amounts of unreacted OH groups do
not adversely affect the coating films after crosslinking.

IR spectroscopy is used to confirm the crosslinking
reaction of the coatings after baking and to elucidate
the polymer network structure. Figure 2 shows the IR
spectra of the polyesters crosslinked with the epoxy
resin after curing.

IR (resonance in [cm�1] and type): 3300–3500 (OH
valence), 2930 (CH3 stretch), 2870 (CH2 sym. stretch),
1730 amide I (C=O stretch), 1607 (C=C conj. aromat.),
1465 (CH2 deformation), 1260 (OH deformation),
1260–1240 (C-O stretch epoxide),

1250 (=C-O-C), 1130, 1080 (C–O–C valence), 863
(aromatic CH out of plane), 750 (C=O out of plane),
spectra not normalized due to lack of possible normal-
ization peak.21–23

After crosslinking with the epoxy resin ipox� CL 12,
high similarities are present in the IR spectra. Char-
acteristic ether valence vibrations are present at 1130
cm�1 and 1080 cm�1. Furthermore, OH groups formed
by ring opening are visible at 3500–3300 cm�1 and at
1260 cm�1 (OH deformation) for both polyesters.
Characteristic epoxide vibrations, for example C-O
stretch epoxide at 1280–1230 cm�1, are superimposed,
so that no reliable statement can be made as to
whether the ring opening of the glycidyl groups has
occurred completely. In the paint film of Desmophen�

800, the C–O stretch vibration of the oxirane ring at
840 cm�1 indicates that the reaction has not been
completed. Furthermore, the aromatic vibrations speci-
fic to the enzymatic polyester are present at 1607 cm�1

(C=C conj. aromat.) and 863 cm�1 (aromatic CH out of
plane). Both IR spectra suggest that many OH groups
remain after crosslinking, so that very soft, but cross-
linked, coating films can be expected (Figs. 3, 4).

IR (resonance in [cm�1] and type): 3350 (NH–COO
and NH stretch), 2997 (CH3 stretch), 2920 (CH2

stretch), 1715 (C=O, urethane), 1685 amide I (C=O,
urethane, isocyanurate), 1615 (C=C conj. aromat.),
1530 amide II (NH–COO and NH bending), 1460 (CH3

deformation asym.), 1240 (=C-O-C, urethane), 1175,
1140 (C–O–C valence), 863 (aromatic CH out of
plane), 765 (C–N stretch, isocyanurate, normalization
peak).23–25

Finally, the reactions of the different polyesters with
the HDI-trimer Desmodur� ultra N 3600 also show
high similarities and the urethane bands formed via
successful crosslinking, for example the urethane/
amide I band, can be detected at 1715 cm�1 and 1685
cm�1 with the corresponding amide II or N–H signal at
1530 cm�1 caused by N–H-bending vibration of the
urethane groups. An amide II signal is visible, if at least
one proton is bound to the nitrogen of the amide.26

Table 4: Data for calculation of OH functionality and molar composition of oligoester

Polymer building Blocks Molar mass
(g/mol)

Weight
(mol)

Molar incorporation*
(mol)

Composition Oligoester
(mol%)

Adipic acid 146.14 0.35 0.28 0.50
2,6-bis (hydroxy-methyl) -p-

cresol
168.19 0.24 0.18 0.31

Hexane diol 118.17 0.11 0.11 0.19

*Molar incorporation of adipic acid is calculated by decrease in acid number 0.8 • mol = 0.28 mol and incorporation ratios of
2,6-bis (hydroxymethyl)-p-cresol (0.62) and hexane diol (0.38) are determined by 1H-NMR.
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Furthermore, C–O–C-valence of the urethane peaks at
1175 cm�1 and 1140 cm�1 is visible.

The coating film in which the enzymatic polyester
has been used exhibits the characteristic aromatic
vibrations of cresol at 1615 cm�1 (C=C conj.aromat.)
and 863 cm�1 (aromatic CH out of plane).23,27 Thus, it
is expected that all urethane-based coating films are
crosslinked and have similar application properties.

Figure 5 represents the results of the crosslinking
reactions of the polyesters with the melamine Mapre-
nal� MF 800/55iB resin:

IR (resonance in [cm�1] and type): 3350 (NH–COO
and NH stretch), 2960 (CH3 stretch), 2865 (CH2

stretch), 1715 (C=O stretch, 1650 (C=C conj. aromat.),
1530 (NH bending, ring stretch triazine), 1470 (CH
deformation asym.), 1360 (ring stretch triazine), 1255
(=C–O–C), 1165, 1140 (C–O–C valence), 863 (aromatic
CH out of plane), 813 (sym. out of plane vibration,
triazine, normalization peak).23,28,29

Here, very similar IR spectra can be found for the
different polyesters being crosslinked with the mela-
mine resin. It is striking that NH bands at 3350 and
1530 cm�1 are present in all films, although a complete
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Fig. 2: ATR spectra of Desmophen� 800 and enzymatic polyester crosslinked with epoxy resin ipox� CL 12 (7,9), applied on
aluminum panels and baked for 30 min at 140�C
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Fig. 3: ATR spectra of Desmophen� 800, Desmophen� VP LS 2328 and enzymatic polyester crosslinked with HDI-trimer
Desmodur� N 3600 (4, 5, 6), applied on aluminum panels and baked for 30 min at 140�C
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butylated melamine resin has been used. Wysoglad29

shows in his thesis that the butylation of melamine
resins is incomplete and thus, NH groups are still
present after crosslinking.

The presence of C-O-C ether vibrations at 1165 and
1140 cm�1 in all spectra indicates that the crosslinking
reaction has been successfully carried out. Further-
more, specific triazine bands are present at 1530 and at
813 cm�1.23,30 Again, in the spectrum of the enzymatic
polyester coating the specific peaks of the aromatic
ring are found at ca. 1650 cm�1 (C=C conj. aromat.)
and 863 cm�1 (aromatic CH out of plane).

After spectroscopic observation of the coating films
and confirming successful crosslinking reaction, appli-

cation tests are carried out. Results are presented in
Tables 5 and 6.

When crosslinked with the melamine resin Mapre-
nal� MF 800/55iB, the coating film with the enzymatic
polyester has by far the highest film hardness (110
enzymatic, 37 star-polyester and 25 linear polyester).
The chemical resistance of the coating film containing
the enzymatic polyester is over all tested substances a
little higher to comparative polyesters. Here, the
chemical resistances of coatings containing enzymatic
polyester exceed the performance of formulations
containing the branched polyester Desmophen� 800.
When crosslinked with the Maprenal� MF 800 / 55iB,
the coating film made from the enzymatically synthe-
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Fig. 5: ATR spectra of Desmophen� 800, Desmophen� VP LS 2328 and enzymatic polyester crosslinked with Maprenal� MF
800/55iB (1, 2, 3), applied on aluminum panels and baked for 30 min at 140�C
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sized polyester shows a slight incompatibility, which
can possibly be attributed to the higher hydrophobicity
of the enzymatic polyester, which also explains the
poorer adhesion to the surface and the slight clouding
of the coating film. However, the measured contact
angles do not show this phenomenon, as similar values
to the comparison polyesters have been determined.
Thus, the aromatic-aliphatic polyester is only partly
suitable for use with a melamine resin.

The use of the glycerol polyglycidyl ether ipox� CL
12 as a crosslinking component for the polyester leads
to very soft, sometimes tacky films. The film hardness
when using the short-chain, linear polyester Des-
mophen� VP LS 2328, is not sufficient for performing
application tests. It is interesting here that the enzy-
matically produced polyester has an approximately

15% higher gel content than the star polyester
Desmophen� 800, a higher film hardness with higher
elasticity and chemical resistance at the same time.
When performing contact-angle test, the water drop on
sample including Desmophen� 800 spreads immedi-
ately and an angle of 70.5� has been determined while
for the coating made from the enzymatic polyester, the
angle is 83.6�. Although the enzymatic polyester has a
linear structure, the mechanical properties are consis-
tently better compared to the branched polyester
Desmophen� 800. This illustrates the positive effect
of the linear structure with additional hydroxyl groups
within the chain, as the chain mobility is higher
compared to a branched polyester. Only the yellow
coloration of the coating film containing the enzymatic
polyester is to be assessed as disadvantageous.

Table 5: Coating properties of tested polyesters crosslinked with different curing agents after baking 30 min at
140�C

Sample
no.

Sample name Gel-part
X
� �

[%]
Pend. damp.

X
� �

[counts]
Contact

angle X
� �

[�]
Cross-cut

value*
Impact test

[1 m]

1 Desmophen� 800 and Maprenal� MF
800/55iB (1:1)

93.45 37 84.8 GT0 Cracked,
adheres

2 Desmophen� VP LS 2328 and
Maprenal� MF 800/55iB (1:1)

85.60 25 80.0 GT0 Not cracked,
adheres

3 Enzymatic polyester and Maprenal�

MF 800/55iB (1:1)
95.75 110 83.9 GT4 Cracked,

adheres
4 Desmophen� 800 and Desmodur�

ultra N 3600 (1.2:1)
92.80 125 73.7 GT5 Cracked, no

adhesion
5 Desmophen� VP LS 2328 and

Desmodur� ultra N 3600 (1:1)
90.10 17 80.8 GT0 Not cracked,

adheres
6 Enzymatic Polyester and Desmodur�

ultra N 3600 (1:1)
96.70 133 80.5 GT0 Not cracked,

adheres
7 Desmophen� 800 and ipox� CL 12

(1:1)
76.70 3 70.5 GT2 Not cracked,

adheres
8 Desmophen� VP LS 2328 and ipox�

CL 12 (1:1)
– – – – –

9 Enzymatic Polyester and ipox� CL 12
(1:1)

91.25 9 83.6 GT0 Not cracked,
adheres

*GT0 (DIN EN ISO 2409) = ISO/JIS = 0 or ASTM = 5B

Table 6: Chemical resistance of tested polyesters crosslinked by different curing agents after baking 30 min at
140�C

Sample no. Sample name MEK EtoH Acetone Water DMSO

1 Desmophen� 800 and Maprenal� MF 800/55iB (1:1) 3 4 2 1 5
2 Desmophen� VP LS 2328 and Maprenal� MF 800/55iB (1:1) 2 2 4 1 5
3 Enzymatic polyester and Maprenal� MF 800/55iB (1:1) 3 2 2 1 3
4 Desmophen� 800 and Desmodur� ultra N 3600 (1,2:1) 2 2 2 1 3
5 Desmophen� VP LS 2328 and Desmodur� ultra N 3600 (1:1) 4 2 3 1 4
6 Enzymatic Polyester and Desmodur� ultra N 3600 (1:1) 2 1 2 1 2
7 Desmophen� 800 and ipox� CL 12 (1:1) 4 5 6 3 4
8 Desmophen� VP LS 2328 and ipox� CL 12 (1:1) – – – – –
9 Enzymatic Polyester and ipox� CL 12 (1:1) 3 2 3 1 3

1 = no impact of the chemical on the coating film; 6 = coating film is completely peeled off
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The highest performance of the enzymatic polyester
can be observed when the isocyanate hardener Des-
modur� ultra N 3600 is used for crosslinking. With an
average of 133 pendulum swings, the film hardness is
only slightly higher than that of the branched polyester
Desmophen� 800 with a value of 125, but the film
elasticity and surface adhesion of the linear, enzymat-
ically produced polyester are significantly higher than
that of Desmophen� 800. For example, the enzymatic
polyester achieves the best values in the cross-cut test
and in the impact test, while the branched polyester
splinters in both tests—despite a 1.2-fold excess of
polyester being used—no longer adhere to the metal
surface after the tests. Figure S2, presented in the
supplementary information, pictures the results of the
cross-cut and impact test of both polyesters in direct
comparison.

The coating film with the linear, dihydroxy-func-
tional polyester Desmophen� VP LS 2328 also has
high flexibility and good surface adhesion, but is much
softer (25 pendulum swings), and the chemical resis-
tance and the gel content are lower compared to the
other polyesters. This shows that the enzymatically
produced polyester, especially when used in combina-
tion with the hexamethylene diisocyanate trimer Des-
modur� ultra N 3600, combines the properties of a
linear polyester with high elasticity and good adhesion
with those of a highly branched polyester such as
Desmophen� 800 with high hardness, increased net-
work density and chemical resistance.

A visual assessment of the various coating films is
presented together with pictures in the supplementary
information, Figs. S3-S5.

Further advantages are the very low reaction tem-
peratures of 50�C while synthesizing the enzymatic
polyester and the lack of metal catalysis in the
synthesis. The regioselective lipase B from Candida
antarctica (CAL-B) used for catalysis can also be used
multiple times.3 The synthesis of the enzymatic
polyester-polyol in an industrial scale poses a chal-
lenge. Nevertheless, the property profile is unique due
to the high gel content and chemical resistance, and in
particular, the combination of high film hardness with
simultaneous elasticity and surface adhesion illustrates
the advantages of a linear polyester with additional,
secondary hydroxyl groups within the chain.

The enzymatically produced polyester can be used
particularly in application fields in which high mechan-
ical demands are made with regard to the mechanical
properties and a slight yellowing of the coating is not to
be assessed as disadvantageous.

Conclusions

In this work, the high hydroxyl functionality of the
enzymatically prepared aromatic-aliphatic linear
polyester was confirmed by two independent measure-
ment methods and based on these results paint

formulations were calculated. Particularly when used
in the tested polyisocyanate and epoxy resin systems,
the enzymatically synthesized polyester exhibits very
good application properties, since contrary properties
such as hardness and flexibility are combined by the
linear structure with additional hydroxyl groups. Thus,
the polymer networks are highly branched and have
good adhesion, but are not brittle, so that the polyester
can be used primarily in areas with high mechanical
requirements without great decorative demands.
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