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Synthesis and properties of high performance
thermoplastic polycarbonate polyurethane
elastomers through a non-isocyanate routef
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Thermoplastic polycarbonate polyurethane elastomers (TPCUEs) are synthesized through a solvent-free
non-isocyanate melt polycondensation with the synthesis of 1,6-
bis(hydroxyethyloxycarbonylamino)hexane (BHCH) from ethylene carbonate and 1,6-hexanediamine, and
then the TPCUEs are prepared by the melt polycondensation of BHCH and polycarbonate diols (PCDLs).
The TPCUEs are characterized by GPC, FT-IR, *H NMR, XRD, AFM, DSC, TGA and tensile testing. The
TPCUEs prepared have linear structures and high molecular weights, with Mn over 3.0 x 10% g mol™%.
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And these TPCUEs exhibit excellent thermal and mechanical properties, with T4 ranging from —18 to -1
°C, T ranging from 93 to 122 °C, Ty sy over 240 °C, tensile strength between 28.1-47.3 Mpa, elongation
at break above 1000%, Young's modulus between 13.8-32.7 Mpa and resilience at 200% fixed-length
between 70-90%, which makes them a promising alternative to products synthesized through the
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Introduction

Polyurethanes (PUs) are an important class of polymers that are
widely used as elastomers, foams, coatings, adhesives and
medical materials due to their extraordinary physical and
chemical properties, such as toughness, biocompatibility, wear
resistance and elasticity.”? Thermoplastic polyurethane elasto-
mers (TPUEs) play an irreplaceable role in a wide range of
applications with their excellent mechanical and processing
properties.® Traditionally, TPUEs are synthesized in a stepwise
polymerization process of oligomeric diols and diisocyanates
with chain extenders, with the isocyanates and chain extenders
forming the hard chain segments and the oligodiols forming
the soft chain segments.® Oligomeric ether diols, oligomeric
diols and oligomeric carbonate diols are commonly used as
oligomeric alcohol reactants.>*

The main problems associated with the synthesis of TPUEs
by conventional methods are the toxicity of diisocyanates and
their sensitivity to moisture. Isocyanates are highly toxic
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segment on the properties of TPCUEs are researched.

chemicals that can cause irreversible damage to the eyes and
respiratory system.”® Moreover, isocyanates are usually ob-
tained industrially through the more toxic phosgene. In addi-
tion, during the synthesis process, isocyanates readily react with
water of raw materials or in the air to generate carbon dioxide
gas, which causes bubbles to form in the materials, and while it
is needed in foam synthesis, it is undesirable in the synthesis of
TPUEs.” Therefore, non-isocyanate routes that do not use
isocyanates have attracted great interest from researchers in
recent years.'*"?

The non-isocyanate routes allow the synthesis of TPUEs by
stepwise polymerization or condensation polymerization.">*
Stepwise polymerization of diamines and dicyclic carbonates
has been extensively studied, and TPUEs prepared in this way
are called polyhydroxycarbamates due to the hydroxyl groups on
their repeating units."*****® The presence of hydroxyl groups in
the side chains leads to the formation of inter and intra
molecular hydrogen bonds with the carbamate carbonyl groups,
and as a result, some properties of polyhydroxycarbamates like
resistance to permeation and adhesion perform better than
typical PUs."” However, this route requires solvents and rela-
tively long reaction time, and the preparation of the required
dicyclic carbonates is complicated, especially for large mole-
cules with complex structures.

TPUEs synthesized by condensation polymerization have
similar structures and properties as classical PUs, and the reac-
tions are mostly solvent-free and environmentally friendly.
Bisalkyl carbamates and bishydroxyalkyl carbamates are
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commonly used as raw materials for the synthesis of TPUEs by
condensation polymerization. Bisalkyl carbamates can be
synthesized from dimethyl carbonate (DMC) with diamines,
several reports have investigated this method in recent years.'**
Shen et al. found experimentally that methyl bisalkyl carbamates
were self-crosslinked at high temperature due to the reactions of
terminal methoxycarbonyl groups with secondary amide groups.
In order to solve this problem, a new “hard segment-first” route
was developed to prepare linear PUs, and the obtained PUs
exhibited quite good mechanical properties but poor flexibility.**
In 2002, Rokicki and Piotrowska reported a new method for the
synthesis of aliphatic PUs using ethylene carbonate, diamines and
diols catalyzed by a tin coordination catalyst. The authors used
1,4-butanediamine and 1,6-hexanediamine to open the ring of
ethylene carbonate to obtain bis(hydroxyalkyl)carbamate, which
was then condensed with diols to obtain PUs while removing
small molecule ethylene glycol.**

The non-isocyanate routes are significant for the greening of
the PUs industry, but the reported non-isocyanate routes of PUs
synthesis still face some problems and challenges, such as
difficulty in synthesizing PUs of high molecular weights,
insufficient mechanical properties, long reaction time and by-
product generation."»*™° In the PUs industry, polyester poly-
urethanes and polyether polyurethanes have their own advan-
tages and disadvantages. Polyester polyurethanes have poor
hydrolysis resistance, while polyether polyurethanes have poor
mechanical and heat resistance properties. Polycarbonate
polyurethanes overcome the disadvantages of both and have
good weather resistance, bacteria resistance, hydrolysis resis-
tance and excellent mechanical properties, and its good
biocompatibility can also be used for biological materials.>***

In this work, we obtained high molecular weight and high
performance TPCUEs using a non-isocyanate route of melt
polycondensation and overcame some problems of non-
isocyanate routes, making the approach very competitive in
replacing isocyanate routes.

Experimental
Materials

DMC was obtained from Chengdu Kelong Chemicals Co., Ltd.
1,6-hexanediol (HDO), 1,6-hexanediamine (HDA), ethylene
carbonate (EC) and dibutyltin oxide (DBTO) were purchased
from Shanghai Macklin Biochemical Co., Ltd.

Synthesis of BHCH

Ethylene carbonate and 1,6-hexanediamine were added to
a three-necked flask in a molar ratio of 2.2 : 1, and the reactions
were maintained under nitrogen atmosphere and refluxed at
100 °C for 5 h. The products were recrystallized with distilled

100°C,5h
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Fig. 1 Synthesis of BHCH.
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water and the yields were about 89%. The "H NMR spectra of
BHCH is shown in ESI (Fig. S1%). Fig. 1 shows the synthesis
route of BHCH.

'H NMR data (600 MHz, CDCl,): 6 (ppm) = 4.98 (NH); 4.25
(CH,0); 3.89 (CH,OH); 3.27 (CH,NH); 2.75 (OH); 1.57 (CH,-
CH,NH); 1.39 (CH,CH,CH,NH).

Synthesis of PCDLs

PCDLs were prepared by a two-step method of ester exchange
and polycondensation. DMC and HDO were added to a three-
necked flask in a certain molar ratio, and the catalyst CH;-
COONa was added. The reaction was carried out at 125 °C for
4 h under atmospheric pressure, and then the reaction was
heated to 150 °C for 5 h under 5 kPa. The obtained PCDLs were
named as PCDL1000, PCDL2000, PCDL3000 (PCDL1000,
PCDL2000, PCDL3000 indicated that the obtained PCDLs with
molecular weights of 1000, 2000 and 3000, respectively). The 'H
NMR spectra of PCDL2000 is shown in ESI (Fig. S27). Fig. 2
shows the synthesis route of PCDLs.

'H NMR data (600 MHz, CDCl,): 6 (ppm) = 4.17 (CH,0); 3.68
(OH); 1.74 (CH,CH,0, CH,CH,OH); 1.63 (CH,OH); 1.48 (CH,-
CH,CH,0, CH,CH,CH,OH).

Synthesis of TPCUEs

BHCH, PCDLs and catalysts were added to a three-necked flask,
and a nitrogen atmosphere was maintained for the pre-
polymerization reaction at a lower vacuum degree, followed by
polycondensation at a higher vacuum degree. The products
were quickly removed at the end of the reaction in the molten
state. The products were named TPCUEm/n, where m was the
molecular weights of PCDLs and n was the hard segment
content. For example, TPCUE1000/40 was the synthesized
TPCUEs with a soft segment of PCDL1000 and a hard segment
content of 40%. Fig. 3 shows the synthesis route of TPCUEs.

Characterization

The Mn, Mw and PDI of TPCUEs were determined by gel
permeation chromatography (GPC) with waters 1525 & Agilent
PL-GPC220, polystyrene as standard sample and DMF as solvent
at a flow rate of 1 mL min .

The FT-IR spectra was measured by the Thermo Fisher
Nicolet 670 within the wavelength range of 4000 to 500 cm ™"
and the resolution was 4 cm ‘. The "H NMR spectra was
measured by Bruker Avance NEO 600MHz spectrometer at 25 °C
and the CDCIl; was used as solvent.

The surface morphology of TPCUEs was observed by atomic
force microscope (AFM, Bruker Dimension Icon) at room
temperature, and the tapping mode was selected.

The X-ray diffraction (XRD) of TPCUEs were analyzed by
a Rigaku Smart Lab diffractometer with a range of 5-90°.

o cat: CH3COONa, 125 °C, 4 h

then 150 °C, 5 kPa, 5 h
~ 0)1\ o HO—{CHyJ;OH — =222t

o
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Fig. 2 Synthesis of PCDLs.
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Fig. 3 Synthesis of TPCUEs.

The melting and crystallization behaviors of TPCUEs were
measured on the TA DSC2500 analyzer under N, atmosphere,
the samples were warmed up to 180 °C from 30 °C, then cooled
down to —60 °C, and then warmed up to 180 °C for the second
time with a temperature rise and fall rate of 10 °C min.

The thermal stabilities of TPCUEs were performed by the
TGA5500 thermogravimetric analyzer, the samples were heated
under N, atmosphere with a temperature rise rate of 10 °C
min~" and a temperature range of 30-600 °C.

The tensile testing was measured by a universal tensile tester
(NKK 3010D), and the samples were made into standard
dumbbell-type specimens based on the standard of ISO 527-2:
1993. The tensile testing was tested at 25 °C and the stretching
rate is 20 mm min . When the samples were stretched to an
elongation of 200%, the external force was removed, then the
samples were left for 3 min and the effective length was
measured. The Resilience (R.) was calculated by the following
equation:

2Ly — (L - Ly)

R
¢ 2L,

x 100% 6))]
where L, is the original effective length of the samples, L is the
effective length of the samples after stretching.

Results and discussion
Preparation of TPCUEs

A series of TPCUEs were synthesized with the optimized process
conditions: DBTO catalyst dosage of 0.2 wt%, prepolymeriza-
tion temperature of 120 °C, prepolymerization time of 1 h,
polycondensation temperature of 180 °C, and polycondensation
time of 1 h. The synthesized TPCUEs and the GPC data are
shown in Table 1. Because the difference in the contents of the
hard segment as well as the structures and molecular weights of
the soft segment, the molecular weights of synthesized TPCUESs
also varied. The Mn of synthesized TPCUEs were in the range of
3.0-7.6 x 10* g mol™', and the Mw of synthesized TPCUEs were
in the range of 4.1-19.3 x 10* g mol™". The trend of molecular
weights of TPCUEs was that the larger the hard segment
contents and the soft segment molecular weights led to the
larger molecular weights of TPCUEs.

Structures characterization of TPCUEs

Since the synthesized TPCUEs contain the same functional
groups, a certain sample (TPCUE2000/50) was taken for FT-IR

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The GPC data of synthesized TPCUEs

TPCUEs “ ss? HS%° Mn (g mol™") Mw (g mol™!) PDI
TPCUE1000/40 PCDL1000 40 30460 41160 1.35
TPCUE1000/50 PCDL1000 50 42590 66320 1.56
TPCUE1000/60 PCDL1000 60 39270 48430 1.23
TPCUE2000/40 PCDL2000 40 44000 67710 1.54
TPCUE2000/50 PCDL2000 50 50330 69520 1.38
TPCUE2000/60 PCDL2000 60 62040 147100 2.37
TPCUE3000/40 PCDL3000 40 48520 63160 1.28
TPCUE3000/50 PCDL3000 50 76740 193100 2.52

% Reaction conditions: 0.2 wt% DBTO; 120 °C, 3 kPa, 1 h; then 180 °C,

300 Pa, 1 h. ? SS: types of soft segments. © HS%: mass percentage of
my
my — A X M,

the hard segments, HS% = L

m
m; — — X Me + my
M, ¢

and M, are the mass and molecular weight of BHCH, respectively; and
M, is the molecular weight of ethylene glycol, m, is the mass of PCDL.

x 100%, where m,

characterization. The FT-IR spectra of the TPCUE2000/50 is
shown in Fig. 4. As shown in Fig. 4, the sample had N-H
stretching vibration peak at 3323 cm ™", methylene stretching
vibration peak at 2936 cm ' and 2864 cm ', free C=0
absorption peak and hydrogenated C=0 absorption peak in the
carbamate bond at 1736 em™" and 1685 cm™". 1530 cm™" and
1245 cm™ ! peaks were the C-N stretching vibration peak and C-
O stretching vibration peak in the carbamate bond, respectively.
979 em ™' peak was C-O-C vibration peak in the carbonate
group. The result of FT-IR spectra was in accordance with the
structural features of TPCUE2000/50.

To further confirm the chemical structures of the
TPCUE2000/50, the sample was analyzed by "H NMR (Fig. 5). In
the "H NMR spectra of the sample, d (6 = 4.0 ppm), e (6 = 3.2
ppm), f (6 = 1.7 ppm) and i (6 = 1.3 ppm) were the proton
characteristic peaks of the methylene on the hexamethylene
chain segments, a (6 = 4.8 ppm) was the proton characteristic
peak of the carbamate bond, ¢ (6 = 4.1 ppm), g (6 = 1.5 ppm)
and h (6 = 1.4 ppm) were the proton characteristic peaks of the
methylene groups on the PCDLs chain segments, and b (6 = 4.2
ppm) was the terminal hydroxyl peak of the PCDLs chain

1245

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers(cm’w)

Fig. 4 FT-IR spectra of the TPCUE2000/50.
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Fig. 5 H NMR spectra of the TPCUE2000/50.

segments. The "H NMR spectra was consistent with the struc-
tural features of TPCUE2000/50, which further confirmed the
chemical structures of the TPCUE2000/50.

Crystallization properties of TPCUEs

The crystallization properties of synthesized TPCUEs were
analyzed by using XRD testing (Fig. 6). The crystallinity (X.) of
TPCUE:s is listed in Table 2. As shown in Fig. 6, the intensity of
two sharp diffraction peaks of the TPCUEs at 26 of 21° and
23.5°, respectively, decreased with the increase of the hard
segment contents, and finally formed a wide diffraction peak at
20 of 19.6°. The appearance of diffraction peaks at 21° and 23.5°
were typical diffraction peaks of PCDLs, which indicated that
soft segment crystallization was the main source of crystalliza-
tion of TPCUEs with lower hard segment contents. Due to the
addition of hard segments, the regular structures of soft
segments were destroyed. At the same time, there was a certain
compatibility between soft segments and hard segments, and
with the increase of hard segment contents, the hard segments
dissolved in soft segments also increased, which decreased the
degree of microphase separation and led to the decrease of
crystallinity. Microphase separation arises because of the ther-
modynamic incompatibility of hard segments and soft
segments, often combined with crystallization of either or both
segments, drives their microphase separation into hard and soft

TPCUE1000/40

TPCUE1000/50
TPCUE1000/60

TPCUE2000/40
TPCUE2000/50
TPCUE2000/60

Intensity

/M\
—MN

TPCUE3000/40

TPCUE3000/50

20 40 60
20

Fig. 6 The XRD diagrams of synthesized TPCUEs.
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Table 2 The thermal properties data and crystallinity of synthesized
TPCUEs

TPCUEs T, (°C) Ty (°C) Ta.5% (°C) X, (%)
TPCUE1000/40 —15.5 93 251 36
TPCUE1000/50 -7.9 112 246 19
TPCUE1000/60 1.1 119 243 5
TPCUE2000/40 —-17.2 103 265 39
TPCUE2000/50 —9.4 117 259 27
TPCUE2000/60 -1.5 122 245 9
TPCUE3000/40 -18.3 110 282 43
TPCUE3000/50 —-10.7 117 262 33

phases.®® The bright and dark areas of the AFM images
confirmed the microphase separation of TPCUEs (Fig. 7). The
peaks at 19.6° were diffraction peaks of hard segments, the wide
and weak diffraction peak indicated weak crystallization. When
the hard segment contents of TPCUEs reached 60%, the main
crystallization came from the hard segments. In the case of the
same hard segment contents, the larger the molecular weights
of the PCDLs, the stronger the crystallization ability. This was
because the longer soft segment chains were conducive to the
microphase separation of TPCUEs.

Thermal properties of TPCUEs

The thermal properties of synthesized TPCUEs were measured
by DSC testing (Fig. 8) and TGA testing (Fig. 9). The thermal
properties data including glass transition temperature (Tj),
melting temperature (T,,), and 5% mass decomposition
temperature (T4 5,) are listed in Table 2.

As shown in Fig. 8, some samples showed exothermic peaks
during the secondary heating process, which crystallized during
heating, while others completed crystallization during cooling.
The T, of obtained TPCUESs ranged from —18 to —1 °C, and the
T, moved toward higher temperature as the hard segment
contents increased; the Ty, ranged from 93 to 122 °C, and the Ty,
increased with the increase of the hard segment contents. The
increase in T, with the increase in hard segment contents was
due to the increase in the mixing of hard segments and soft
segments, resulting in a decrease in the degree of microphase
separation. The increase in Ty, with the increase hard segment
contents was due to the increase in the number of hydrogen

Phase W

Height Sensor

Fig. 7 AFM images of TPCUE2000/50 (a, phase image; b, 3D height
image).

© 2022 The Author(s). Published by the Royal Society of Chemistry



Paper

TPCUE1000/40

TPCUE1000/50
TPCUE1000/60
TPCUE2000/40

T~

TPCUE2000/50

Heat Flow (mW)

TPCUE2000/60

TPCUE3000/40

TPCUES3000/50

-50 0 50 100 150

Temperature(°C)

Fig. 8 The DSC curves of synthesized TPCUEs (secondary heating).
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Fig. 9 The TGA curves of synthesized TPCUEs.

bonds with the increase in the proportion of hard segments,
and the increase in the degree of physical cross-linking of the
TPCUEs. At the same hard segment contents, the T, of the
TPCUEs declined as the molecular weights of the PCDLs
increased, which correlated with the increase in degree of
microphase separation of TPCUEs. And the T, increased
because of the increase of crystallinity.

As shown in Fig. 9, the thermal decomposition occurred on
different temperature ranges and was divided into two stages.
The two stages were attributed to the decomposition of
different components. The first decomposition stage was the
decomposition of the hard segments and partly soft segments,
and the second stage was the decomposition of the soft
segments only. Because the bond energy of the carbonate bond
was higher than that of the carbamate bond, the hard
segments were more easily decomposed than the soft
segments. The thermal stability of the TPCUEs was good, and
the T4 50, were above 240 °C. The Ty 5o, of TPCUESs decreased as
the contents of hard segment increased, because the heat
resistance of hard segments was weaker than that of soft

© 2022 The Author(s). Published by the Royal Society of Chemistry
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segments, and the decomposition of carbamate bonds became
more obvious when the number of hard segments increased.**
Moreover, the thermal stability of TPCUEs increased with the
molecular weights of the PCDLs increased. As the molecular
weights of PCDLs increased, the degree of microphase sepa-
ration increased, resulting in a higher degree of physical cross-
linking of the hard segment domains, thus increasing the
initial degradation temperature.

Mechanical properties of TPCUEs

The stress—strain curves of synthesized TPCUEs are shown in
Fig. 10, and the tensile data of the TPCUEs are listed in Table 3.
All obtained TPCUEs exhibited good tensile strength, elonga-
tion at break and resilience. From the Fig. 10, it can be seen that
the stress-strain curves of TPCUEs had the typical characteris-
tics of elastomeric materials. From the data in Table 3, it can be
seen that with the increase of the hard segment contents, the
tensile strength and Young's modulus of the TPCUEs increased,
but the elongation at break and resilience showed a gradual
decrease. The rigid hard segments provided excellent mechan-
ical strength to the TPCUEs through the formation of hydrogen
bonds, while the hard segments aggregated to form the hard
segment phase region and acted as physical cross-linking
points in the soft segment phase, increasing the mechanical
strength of the TPCUEs. While the physical cross-linking
increased, which restricted the movement of the molecular
chains and led to a decrease in elasticity. It was also clear from
the data in Table 3 that the tensile strength, Young's modulus
and elongation at break increased as the molecular weights of
the PCDLs increased. This was due to the increase in the
molecular weights of PCDLs, which led to an increase in the
crystallinity of the soft segment domains thus showing higher
tensile strength, while longer PCDLs chains increased the
elongation at break. The obtained TPCUEs exhibited compa-
rable or even better mechanical properties than isocyanate
TPUEs (the Bayer's polycarbonate series TPU products, e.g.,
Desmopan 786 E and Desmopan 786 S, have a tensile strength
of 35-40 Mpa, Young's modulus of 20-35 Mpa and an elonga-
tion at break of 500-600%).

504 TPCUE3000/50

TPCUE2000/60
~_

/ TPCUE3000/40
/

40 TPCUE1000/50

TPCUE1000/60.

PCUE2000/50

TPCUE2000/40

w
S
L

Stress(MPa)
S
!

TPCUE1000/40

T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
Strain(%)

Fig. 10 The stress—strain curves of synthesized TPCUEs.
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Tensile strength Young's Strain at break Resilience at 200%
TPCUESs (MPa) modulus (MPa) (%) fixed-length (%)
TPCUE1000/40 28.1 13.8 1254 84
TPCUE1000/50 35.7 20.7 1106 78
TPCUE1000/60 37.6 31.0 1033 75
TPCUE2000/40 34.9 18.7 1305 85
TPCUE2000/50 46.3 22.2 1200 82
TPCUE2000/60 47.3 32.7 1085 80
TPCUE3000/40 44.1 22.4 1387 87
TPCUE3000/50 47.0 24.1 1233 82

Conclusions

In this work, a series of TPCUEs with linear structures and high
molecular weights were synthesized through a non-isocyanate
route, and these TPCUEs exhibited good thermal properties
and excellent mechanical properties, suitable for application in
high performance elastomeric materials. The hard segment
contents and soft segment molecular weights had a great
influence on the properties of TPCUEs. With the increase of
hard segment contents, the crystallization ability of TPCUEs
weakened, T, and Ty, increased, thermal stability decreased,
tensile strength increased and elongation at break decreased;
with the increase of soft segment molecular weights, the crys-
tallization ability of TPCUEs increased, T, decreased, T,
increased, thermal stability increased, tensile strength and
elongation at break increased.

This work does not use isocyanates, no solvent is needed, the
reaction time is short and the by-product ethylene glycol
generated can be recycled for the synthesis of ethylene
carbonate, which is green and environmentally friendly. The
TPCUEs prepared have no phenyl groups in its structures, so it
does not yellow during use. In addition, the TPCUEs are soluble
in organic solvents such as DMF, and have excellent strength
and toughness, offering great prospects for industrialization.
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