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Abstract

Ether group (E) diols [HO(CH,CH,0),H, x=2, 3, 4, 5, 6, and 8] and polyethylene glycol (PEG) [HO(CH,CH,0),OH] were
used as initiators in the ring-opening polymerization (ROP) of e-caprolactone (CL) catalyzed by ammonium decamolybdate
to synthesize the poly(e-caprolactone) (PCL) macrodiols such as HOPCL-E-PCLOH and HOPCL-PEG-PCLOH, respec-
tively. The effect of E or PEG on the crystallinity of the PCL segments (xp¢;) in HOPCL-E-PCLOH homopolymer and
HOPCL-PEG-PCLOH triblock copolymer was evidenced, respectively, where a weight percent of E or PEG was inversely
proportional to the xp¢( ; this effect was explained due to that the ether segments are causing a partial disruption on the
crystalline domain of PCL. A couple of species of poly(ester—ether—urethanes) (PEU) derived from HOPCL-E-PCLOH and
HOPCL-PEG-PCLOH with 1,6-hexamethylene diisocyanate (HDI) were prepared, and these PEU showed an elastomeric
behavior. Comparing two samples of PEU prepared from E (MW =370 g/mol) (PEUg) and PEG (M, =408 g/mol) (PEUpgg),
a parallel profile of their mechanical properties was seen. Eventually, HOPCL-E-PCLOH and HOPCL-PEG—PCLOH species
showed similarities in terms of crystallinity and elastomeric behavior from their PEU derivatives. In addition, HOPCL-E-
PCLOH and HOPCL-PEG-PCLOH and PEU samples were characterized by 'H NMR, FT-IR, GPC, DSC, and mechanical
properties. Hence, homopolymers and triblock copolymers derived from PCL macrodiols with E or PEG segments, respec-
tively, and their PEU had similarities in terms of chemical structure and physical properties
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Introduction

Poly(e-caprolactone) (PCL) is a biodegradable aliphatic poly-
ester that is preferentially synthesized by ring-opening polym-
erization (ROP) of e-caprolactone (CL) (Scribanti et al. 2016
and Yao et al. 2014). The ingredients involved in the ROP of
CL are a monomer (CL), initiator, and catalyst (Baez et al.
2003). An important characteristic during the synthesis of PCL
is that the use of a solvent can be avoided (green chemistry)
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by bulk polymerization to high temperatures with respect to
the regular melting point of PCL (> 60 °C) (Baez et al. 201 1a,
b; Erdagi et al. 2016). In the ROP of CL, the initiator pro-
vides the functionality of PCL; it means that alcohol [ROH]
(Béez et al. 2011a, b; Erdagi et al. 2016), diol [HOROH] (Béez
et al. 2006), triol [HOR(OH),] (Meier et al. 2004), and tetraol
[(HO),R(OH),] (Choi et al. 2005) can produce o-hydroxy
PCL (Béaez et al. 201 1a, b; Erdagi et al. 2016), a,w-hydroxy
telechelic PCL (or PCL diol) (Baez et al. 2006), PCL triol
(Meier et al. 2004; Brzeska et al. 2017), and PCL tetraol (Choi
et al. 2005), respectively. PCL diol (HOPCLOH) represents
an important functionality; HOPCLOH is the precursor of a
family called poly(ester-urethanes) (PEU) that can be used
potentially in a biomedical area (Lin and Hsu 2015; Ma et al.
2011). A route to synthesize the PCL diol is using an aliphatic
or ether group (E) diol as an initiator, such as ethylene gly-
col [HOCH,CH,OH] (Ping et al. 2005) and diethylene glycol
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[HOCH,CH,OCH,CH,0OH] (Lin and Hsu 2015), respectively.
For example, Lin and Hsu (2015) used the PCL diol with an
ether group in the main chain (HOPCL-E-PCLOH) as a pre-
cursor of biodegradable polyurethane microspheres. Ping et al.
(2005) synthesized a series of segmented polyurethanes with
PCL soft segment using PCL diol as a precursor, and a signifi-
cant shape-memory effect was displayed.

Another species of interest is a triblock copolymer derived
from PCL, especially, the o,0-hydroxy telechelic PCL—poly-
ethylene glycol-PCL (HOPCL-PEG—PCLOH) (Colwell et al.
2015; Bai et al. 2016) due to the intrinsic amphiphilic environ-
ment in the main chain, where PCL and PEG are hydropho-
bic and hydrophilic segments, respectively. Recently, calcium
hydride (Colwell et al. 2015) and N-heterocyclic carbene (Bai
et al. 2016) have been used as new catalysts to synthesize
HOPCL-PEG-PCLOH. Guo et al. (2017) reported curcumin-
loaded nanoparticles derived from HOPCL-PEG-PCLOH
as a useful system for controlled drug release. Hence,
HOPCL-PEG-PCLOH has been used in interdisciplinary

Scheme 1 Synthesis of PCL
macrodiols derived from a
homopolymer (top, HOPCL—
E-PCLOH) and a triblock
copolymer (bottom, HOPCL—-
PEG-PCLOH)

studies with different areas of the sciences such as chemistry,
biomaterials, microbiology, pharmacology, nanomaterials, and
medicines; all of them were reported in the recent years (Pazar-
ceviren et al. 2017; Guo et al. 2017). HOPCL-PEG-PCLOH
is synthesized by ROP of CL using polyethylene glycol (PEG)
[HO(CH,CH,0),H] as a macroinitiator (Bai et al. 2016; Col-
well et al. 2015). HOPCL-PEG-PCLOH is also an important
precursor of poly(ester—ether—urethanes) (PEU); PEU repre-
sents materials with interesting properties in a biomedical area
(You et al. 2008).

The significance of this work is to understand the
effect of E on the macrodiols properties derived from
HOPCL-E-PCLOH and HOPCL-PEG-PCLOH [that usu-
ally had been synthesized and reported for different poten-
tials applications (Hlavag et al. 2018; Yin et al. 2015)] due
to their similarities regarding ether functional groups and
polyethylene glycol segment. Recently, in our research, we
explored the differences and similarities between homopoly-
mers and diblock copolymers (Béez et al. 2017a, b).
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Table 1 Poly(e-caprolactone) macrodiols (HOPCL-E-PCLOH or HOPCL-PEG-PCLOH) prepared using different types of linear ether group
(E) diols [HO(CH,CH,0),H, where x=2, 3, 4, 5, 6, and 8] or PEG as initiators in the ROP of CL

Sample Type of initiator ~ [CH,], Ether group
(E) or PEG

(%)™

DP{.cy DPXur) M, (caled)® M, (NMR)*" M, (GPC)® M, /M

HOPCL-E, (,—PCLOH
HOPCL-E, 5, PCLOH
HOPCL-E, ,—PCLOH
HOPCL-E,;;PCLOH
HOPCL-E,,~PCLOH
HOPCL-E;PCLOH

HO(CH,CH,0),H 40 8
HO(CH,CH,0);H 6.0 12
HO(CH,CH,0)H 80 14
HO(CH,CH,0)sH 100 17
HO(CH,CH,0)jH 120 19
HO(CH,CH,0)H 160 24

HOPCL-PEG,,,PCLOH HOPEG,,,OH 101 164
HOPCL-PEG - PCLOH HOPEG,(OH 177 259
HOPCL-PEG);-PCLOH HOPEG;OH 268 36.1

HOPCL-PEG,;,PCLOH HOPEG,);,,0H 460 47.2
HOPCL-PEG4,~PCLOH HOPEG,;,OH 719 60.3
HOPCL-PEG,,q-PCLOH HOPEG,,OH 1019 69.3

10 10.5 1240 1300 2720 1.32
10 9.6 1290 1240 2830 1.40
10 10.0 1330 1330 2770 1.33
10 9.9 1380 1370 2950 1.41
10 10.7 1420 1500 2950 1.47
10 10.0 1510 1510 2660 1.27
10 10.6 1380 1460 - -

10 10.2 1550 1570 2949 1.35
10 9.4 1750 1680 2610 1.17
10 10.1 2170 2180 3060 1.38
10 9.2 2740 2650 3570 1.28
10 8.8 3400 3260 4290 1.16

aObtained from the equation % Ether=Myipiiao/Ma(NMR)) X 100; where MW;

(HOEOH). A similar equation for % PEG (HOPEGOH) was used
"Determined by 'H NMR in CDCl,

¢Obtained from CL/HOEOH or CL/HOPEGOH feed molar ratio
4Using end-group analysis by 'H NMR

nitiator 18 the molecular weight of initiator or ether diol

°Obtained from the equation M, (calcd)=(MW(CL)).(mmol CL/mmol HOEOH)+MW(HOEOH), where MW is the molecular weight of

e-caprolactone (CL, 114 g/mol) monomer or initiator (HOEOH)

fObtained from the equation M, (NMR) = (DP(gr) X MW (repetitive unit)) + MW(HOEOH), where MW is the molecular weight of the repetitive
unit (114 g/mol) or ether diol (HOEOH). A similar equation for HOPEGOH was used

¢ Determined by gel permeation chromatography (GPC) using polystyrene standards

The topic of this work is a comparison between two
different polymeric species with one factor in common,
the ether segment: 1) ether group (E) diols as initiators
HO(CH,CH,0),H (where x=2, 3, 4, 5, 6, and 8) in the syn-
thesis of HOPCL-E-PCLOH homopolymer and 2) polyeth-
ylene glycol (PEG) as macroinitiators HO(CH,CH,0),H in
the preparation HOPCL-PEG-PCLOH triblock copolymer.
In this sense, a simple question can illustrate our interest
in this contribution: how is the effect of the E or PEG seg-
ment on the homopolymer (HOPCL-E-PCLOHR) or triblock
copolymer (HOPCL-PEG-PCLOH)? (Scheme 1) To our
knowledge, a comparison between homopolymers and tri-
block copolymers derived from PCL and ether groups (or
PEG) has not been reported. In addition, all polymeric spe-
cies were characterized using different analytical techniques
such as '"H NMR, FT-IR, GPC, and DSC.

Experimental
Materials
Diethylene glycol, triethylene glycol, tetracthylene glycol,

pentaethylene glycol, hexaethylene glycol, octaethylene
glycol, polyethylene glycol (PEG) (M, =200, 400, 600,

1000, 1500 y 2000 g/mol), and e-caprolactone (CL) were
purchased from Aldrich Chemical Co. Ammonium hepta-
molybdate tetrahydrate (NH,)4[Mo0,0,,4].,H,0 (Hep) (Fluka)
was ground with a pestle and mortar before use.

A typical procedure for the synthesis of a,w-hydroxy
telechelic poly(e-caprolactone) (HOPCL-E, ,.—PCLOH

or macrodiol) by ammonium decamolybdate as a catalyst
and diethylene glycol (DEG) [HO(CH,CH,0),H,
M,,=106.12 g/mol] as the initiator

Polymerization was performed in absent of solvent (bulk
polymerization) in a dried 25 ml round-bottom flask. Ammo-
nium heptamolybdate tetrahydrate [(NH,)4[Mo,0,,]-,H,O
(Hep), 3 mg], e-caprolactone (CL) (50 mmol), 5.707 g), and
diethylene glycol (DEG) (5 mmol, 530 mg) were charged
and heated to reflux by stirring them in an oil bath at 150 °C
for 30 min (molar ratio CL/Hep =20,600 and CL/DEG = 10).
Ammonium decamolybdate (NH,)g[Mo,,05,] was obtained
in situ in the solid state by thermal decomposition of ammo-
nium heptamolybdate [(NH,)s[Mo,0,,] (Baez et al. 2003).

The product o,w-hydroxy telechelic poly(e-caprolactone)
(HOPCL-E,(,-PCLOH, where E and 106 are indicating
ether group and the molecular weight of the ether group diol
used as the initiator, respectively) synthesized was analyzed
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«Fig.1 '"H NMR (400 MHz) spectra for homopolymers: a
HOPCL-E,;-PCLOH [M (NMR)=1370 Da], b HOPCL-E,,—
PCLOH [M (NMR)=1500 Da], and ¢ HOPCL-E;;,,~PCLOH
[M (NMR)=1510 Da] after derivatization with trifluoroacetic anhy-
dride (TFAA) in CDCl; at room temperature

without purification. Number-average molecular weight (M)
and conversion were monitored by 'H NMR. After reac-
tion time, an aliquot of crude of the reaction was dissolved

in CDCl; and derivatized with two drops of trifluoroacetic
anhydride (TFAA) to prevent overlapping between methyl-
ene attached to hydroxyl and diethylene glycol groups and
analyzed by 'H NMR (Biez et al. 2011a, b). In 'H NMR
spectrum, the peaks at 2.36 [-CH,-CO-O-, Ipol, repetitive
unit], 3.82 [F;C-CO-O-CH,-CH,-O-CH,-CH,-0O-CO-,
I.,, monosubstitution of diethylene glycol], and 3.76
[-CO-O-CH,-CH,-O-CH,~CH,-0-CO-, I,, bisubstitu-
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Fig. 2 '"H NMR (400 MHz) spectra for triblock copolymers: a HOPCL-PEG,,,—PCLOH (M (NMR)=1460 Da) and b HOPCL-PEG,—
PCLOH (M,(NMR)=1570 Da) after derivatization with trifluoroacetic anhydride (TFAA) in CDCl; at room temperature
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Table2 Thermal properties of different samples of the HOPEGOH
used as macroinitiators

Sample? M, (NMR)® T, (°C)* H, (/2)° xpgg (%)
HOPEG,,,OH 240 - - -
HOPEG,;o0H 408 0 97 51
HOPEGgOH 608 0f; 158 108 57
HOPEG,,( 0H 1030 205348 156 83
HOPEG 4, OH 1600 47 164 87
HOPEG,qOH 2260 52 173 92

*HOPEG,OH, where x is M, (NMR)
Using terminal group analysis by 'H-NMR
“Obtained by DSC analysis (second heating)

dUsing the value of 188.1 J/g for a PEG 100% crystalline [Li et al.
2013; Martuscelli et al. 1985], the crystallinity of PEG (xpgg) was
calculated

“Not melting transition was observed (from — 40 to 100 °C)
fMinor band (overlapping)
£Major band

HOPEG 4050H
T,,=0°C

(b)

< Endo

HOPEG,s0H
Tn=15°C

T T T T T T T T T v T
-20 0 20 40 60 80

Temperature (°C)

Fig.3 DSC thermograms (second heating) of a HOPEG,,sOH and b
HOPEGg3OH used as macroinitiators (see Table 2)

tion of diethylene glycol] were used to quantify the M, in
two steps:

(1) The degree of polymerization (DP). DP(NMR) =
Lo /#H o + Lo/#H,. 1, and I, represent the integrals
of the methylenes obtained by "H NMR from the poly-
ester [-CH,-CO-0O-] and diethylene glycol group
[F;,C-CO-0O-CH,-CH,-0O-CH,-CH,-0-CO- and
—-CO-O-CH,-CH,-0O-CH,-CH,-0-CO-] peaks, respec-
tively, #H,, and #H,, represent the number of protons

@ Springer

that contributed to the peaks. Finally, the equation is
DP Ry =1Ipor/2 + I /4

(2) The number-average molecular weight (M,).
M, (NMR) =(MW(CL)).(DPnyr)) + MW (diol), where MW
is the molecular weight of the repetitive unit (CL) and diol
(diethylene glycol), respectively; DP g, Was previously
calculated in step 1. M, (calcd)=1250, M (NMR)=1300
(Conv.=99%), M,(GPC)=2720, M,/M,=1.32. IR (cm™")
3446 (v, OH, PCL), 2942 (v,,, CH,, PCL), 2865 (v,
CH,, PCL), 1721 (v, C=0, PCL), 1470 (6., CH,, PCL),
1162 (v,,, C—(C=0)-0, PCL), 1044 (v,,, O-C-C, PCL),
and 732 (p, CH,, PCL). NMR data for HOPCL,OH.
'"H NMR after derivatization with TFAA (400 MHz,
CDCl;, ppm): 6 4.50 [F;C-CO-O-CH,-CH,-O-,
DEG monosubstitution and unreacted DEG (4)], 4.35
[-CO-CH,—CH,—CH,—CH,-CH,~O-CO-CF;, PCL (f)], 4.27
[-CO-O-CH,—CH,-O-CH,~-CH,~O—-CO-, DEG bisubstitu-
tion (2) and F;,C-CO-O-CH,-CH,-O-CH,-CH,-0-CO-,
DEG monosubstitution (2)], 4.10 [(-CO-CH,—CH,—CH,—
CH,—-CH,-0O-),,, PCL (d)], 3.82 [F;C-CO-O-CH,—-CH,-O-,
DEG monosubstitution and unreacted DEG (3)], 3.76
[-CO-O-CH,-CH,-O-CH,~CH,~-O-CO-DEG bisubstitution (1)
and F;C-CO-0O-CH,-CH,-O-CH,-CH,-O-CO-, DEG
monosubstitution (1)], 2.35 [(-CO-CH,~CH,-CH,—CH,—
CH,-0-),, PCL (a)], 1.77 [-CO-CH,-CH,-CH,—-CH -
CH,-0-CO-CF;, PCL (e)], 1.66 [(-CO-CH,-CH -
CH,-CH,~CH,-0-),, PCL (b)], 1.38 [(-CO-CH,~CH,—
CH,-CH,-CH,-0-),, PCL (c)]. The triblock copolymer
HOPCL-PEG-PCLOH samples were prepared analogously
to that previously described but with different types M, of
PEG as macroinitiators.

A typical procedure for the synthesis of poly(ester-ether-
urethane) (PEU) derived from HOPCL-PEG,,,—PCLOH
and 1,6-hexamethylene diisocyanate (HDI)

The reaction was carried out in a 25-ml round-bottom
flask previously dried. 2.23 g of HOPCL-PEG,,.—PCLOH
[M (NMR)=1570] was charged [according to 'H NMR
analysis, it is assumed that 8% of unreacted diol (HOPE-
GOH) is present in the polymer sample, so this fraction was
considered in the preparation, M, = 1440 (1.54 mmol)], and
then, 1,6-hexamethylene diisocyanate (HDI) (1.75 mmol,
294 mg) and tin(II) 2-ethylhexanoate [Sn(Oct),] (34 mg,~3
drops) were added as diisocyanate and catalyst, respectively,
and dissolved in 8 ml of 1,2-dichloroethane (DCE). A molar
ratio 1:1.14 (HOPCL-PEG,,s—PCLOH:HDI) with a slight
excess of HDI was used to prevent the reaction of moisture
present in the HOPCL-PEG,,q.—PCLOH. In addition, a dry-
ing tube to prevent the moisture was adapted on the top of a
reflux system. After 1 h of reaction at 80 °C, a fresh portion
of solvent was added (~ 1 ml) to prevent a high viscosity.
Then, the reaction mixture was stirred for another 2 h at
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Table 3 Thermal properties of the HOPCL-E-PCLOH homopolymer and HOPCL-PEG-PCLOH triblock copolymer
Sample® Type of initiator or M, (NMR)" T, (°C)° Ty, (°C)° T, (°C)°  AH;,(/g) AHES o Alg)  X58(%)
macroinitiator
HOPCL-E,,,-PCLOH HO(CH,CH,0),H 1300 - 68 35 42 66" (1" 66 48
HOPCL-E, 5,-PCLOH HO(CH,CH,0);H 1240 - 69 37 44 60" (1" 60 44
HOPCL-E,,—~PCLOH HO(CH,CH,0),H 1330 - 69 35 42 59" ()b 59 43
HOPCL-E,;;—-PCLOH HO(CH,CH,0)sH 1370 -170 37 44 58" ()b 58 42
HOPCL-E,z,-PCLOH HO(CH,CH,0)H 1500 - 67 35 42 547 (1)t 54 40
HOPCL-E;,,—PCLOH HO(CH,CH,0);H 1510 - 68 31 39 520 (1) 52 38
HOPCL-PEG,,,-PCLOH  HOPEG,,,OH 1460 — 66 29 40 s1F () 51 37
HOPCL-PEG,,-PCLOH  HOPEG,;,OH 1570 - 68 34 41 49" (1)t 49 36
HOPCL-PEG¢,-PCLOH  HOPEG,OH 1680 - 65 20 28 548(0.63)" 34 25
HOPCL-PEG,;3;;-PCLOH  HOPEG;;;,0H 2180 - 65 30 40 67¢(0.52)" 34 25
HOPCL-PEG 4,,-PCLOH HOPEG 4,,OH 2650 — 66 30 40 73£(0.39)" 28 21
HOPCL-PEG,,,,-PCLOH = HOPEG,,s,0OH 3260 — 66 - 39 78 ¢(0.300" 23 17

“HOPCL-E,~PCLOH, where x is the molecular weight (MW) of the initiator (E diol) and HOPCL-PEG,—PCLOH, where x=M_ (NMR) of the

macroinitiator (PEG macrodiol)
bUsing terminal group analysis by 'H-NMR
“Obtained by DSC analysis (second heating)

4Enthalpy of fusion attributed to the PCL, obtained by the equation AH, pc; =(AH,,).(weight fraction of PCL)
“Using the value of 135.3 J/g for a PCL 100% crystalline [Crescenzi et al. 1972], the crystallinity of PCL (xpc ) was calculated

The E diol and PEG macrodiol are liquids a room temperature and with a melting point < 0 °C

£The PEG macrodiol is solid at room temperature and with a melting point > 15 °C (Table 2)

"Weight fraction of PCL in the sample

80 °C. The PEUpgg40s film was obtained by casting in a
leveled Teflon surface within a fume cupboard. The cast
solution (at 80 °C) was covered with a conical funnel to
protect it from dust and to avoid an excessively fast solvent
evaporation an allowed to stand a room temperature for 12 h.
Next, the PEU film was released and dried under vacuum.
Using the same methodology, other different PEUs were
synthesized. M (GPC) = 122,530, M, /M, =1.59. IR (cm™})
3326 (v, N-H, urethane), 2938 (v,,, CH,, PCL), 2865 (v,
CH,, PCL), 1720 (v, C=0, PCL), 1684 (v, C=0, urethane),
1467 (6,, CH,, PCL), 1161 (v,,, C—(C=0)-0, PCL), 1044
(V,e» O—C-C, PCL), and 731 (p, CH,, PCL). In all samples of
PEUS, the band at 2250 cm™ detected by FT-IR and attrib-
uted to diisocyanate group in the HDI was not observed.

Polymer characterization

Nuclear magnetic resonance (NMR) "H NMR was recorded
at room temperature on a Varian Inova or Mercury 400 MHz
(400 MHz 'H and 100 MHz *C). CDCl, was used as a sol-
vent, and all spectra were referenced to the residual solvent
CDCl; [6 (ppm) 7.26 (*H)1. Fourier transform infrared
spectroscopy (FT-IR) Homopolymers (HOPCLOHs) and
poly(ester—ether—urethanes) (PEUs) films were recorded
with attenuated total reflectance spectroscopy (ATR) acces-
sory in a Perkin—Elmer Spectrum One FT-IR spectrometer.

Differential scanning calorimetry (DSC) Thermograms
were performed in a Mettler Toledo DSC822° instrument.
Three scans were obtained with two heating (25-100 °C and
— 100 to 100 °C) and one cooling (100 to — 100 °C) between
them, at a rate of 10 °C/min and under a nitrogen purge.
The degree of crystallinity (xpc) for PCL was calculated
from the endothermic peak area (AH,,) by xpey = AH, /AHY,
where HY is the heat of fusion for perfect PCL (135.3 J/g)
(Crescenzi et al. 1972) crystals; in the case for PEG H;On the
heat of fusion for perfect PEG was 188.1 J/g (Li et al. 2013;
Martuscelli et al. 1985). Complementary, For PEG mac-
rodiol samples, a TA Instruments Q2000 was used. Three
scans (25-100 °C, 100 to — 40 °C, and — 40 °C to 100 °C)
were performed using a heating rate of 10 °C/min and cool-
ing the instrument between runs under a nitrogen purge. Gel
permeation chromatography (GPC) HOPCL-E-PCLOH
and HOPCL-PEG-PCLOH: GPC measurements were
determined using a Waters gel permeation chromatograph
equipped with a Waters 1515 isocratic high-performance
liquid chromatography (HPLC) pump and Waters 2414
refractive index (RI) detector. A set of three Waters col-
umns conditioned at 35 °C were used to elute samples at the
flow rate of 1 mL/min HPLC grade tetrahydrofuran (THF).
Polystyrene standards (Polymer Laboratories) were used for
calibration. Mechanical properties The mechanical proper-
ties were measured in an MTS testing machine equipped
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Fig.4 DSC thermograms
(second heating) of homopoly-
mer (down) [HOPCL-E;,—
PCLOH, M (NMR)=1510 Da]
and triblock copolymer (top)
[HOPCL-PEG,,s—PCLOH,

M (NMR)=1570 Da]

Endo >

Ty =41°C
Tnm=34°C ™

-90 -60

Endo >

-30 0 30 60 90

Temperature (°C)

T,p=39°C
T,,=31°C

XpcL = 38%

-90 -60

with a 100 N load cell. Type 3 dumbbell test pieces (accord-
ing to ISO 37) were cut from the films. A crosshead speed
of 200 mm/min was used. The strain was measured from
crosshead separation and referred to 12 mm initial length. At
least three samples were evaluated for each PEU.

Results and discussion

a,w-Hydroxy telechelic poly(e-caprolactone)

using ether group diols (HOPCL-E-PCLOH)

and polyethylene glycol (PEG) (HOPCL-PEG-PCLOH)
as initiators and macroinitiators

A family of six different molecules derived from ether group
(E) diols such as ethylene glycol [HO(-CH,—CH,-O-) H,
where x=2, 3, 4, 5, 6, and 8] (HOEOH) were used as
initiators in the ring-opening polymerization (ROP) of
e-caprolactone (CL) in the presence of decamolybdate anion
as catalyst under bulk polymerization at 150 °C for 30 min

@ Springer

T T T T T

-30 0 30 60 90

Temperature (°C)

(Scheme 1). After the reaction time, a high conversion (99%)
was obtained (Table 1). Therefore, the values of the degree
of polymerization (DP) calculated by end-group analysis
('H NMR) [DP MRyl were similar to DP(caled) (obtained
by monomer and initiator feed); therefore, this is evidence
of control of polymerization. In the same way, the num-
ber of average molecular weight (M) M (NMR) is close
to M, (calcd). Thus, all the initiators acted as transfer agent
during the polymerization. It is well known that in the ROP
of CL different types of alcohol or diol are transfer agents
in the presence of a metallic catalyst (Béez et al. 2006 and
Erdagi et al. 2016). To have a better perspective of the effect
of E substituents (with low MW) on the o,w-hydroxy tel-
echelic poly(e-caprolactone) (HOPCL-E 4 3,,—PCLOH, E,
where x is the molecular weight of the E diol), a low value of
DPpc;, ~ 10 was synthesized, where DP(calcd) = CL/initiator.
From HOPCL-E;c—PCLOH to HOPCL-E;;,—PCLOH the
weight percent (wt%) of the E inserted in the PCL main chain
was from 8 to 24%, these percentages are important due to
involving a factor to compare with polyethylene glycol (PEG)
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Fig. 5 Comparison between (a) r ’ T . T T . T I r I T 20
homopolymers (a HOPCL—-

E-PCLOH) and triblock 48 o)

copolymers (b HOPCL-PEG— | © xp(;._ - 18
PCLOH). Effect of the E or —— Linear fit of data X0

PEG on the crystallinity of PCL
segment under similar values
of the degree of polymerization
(DPp¢p ~10)

46 1 L 16

Crystallinity of the PCL (x.,_,) (%)
19d au3 Jo (***da) uonezuswAjod Jo sa1Beq

T T T T T T T T T T T T
100 150 200 250 300 350 400

MW of ether diol as initiator in the HOPCL-E-PCLOH

(b) | | ' I ' I T T T 20

: I o
. o o xPCL - 8
1 — Linear fit of data x__ I 8
. ) -16 O,
: — o)
I o
: - <
: -14 3
O 28 | ;
: - L 12 %"-
kel ; | :
244 . e )
: e 10 %

E ] LA Ia
e |2
; =
o | ® DP_ | :
- T v
wd T Linear fit of data DP__ ° "

| | ' | ' | . T !

0 500 1000 1500 2000 2000

Mn of PEG diol as macroinitiator in the HOPCL-PEG-PCLOH

Table 4 Poly(ester-ether-urethanes) (PEU) derived from HOPCL-E-PCLOH and HOPCL-PEG-PCLOH and 1,6-hexamethylene diisocyanate
(HDI)

Sample Precursor M,(GPC}* MM  HS (%)™  SS(%* T,  T,(CF  AH, XL
PEUg;70 HOPCL-E,,,—PCLOH f - 12 88 - 55 26 25 18
PEUpggys ~ HOPCL-PEG,-PCLOH 122530 1.59 11 89 -55 28 26 19

“Determined by gel permeation chromatography (GPC) using polystyrene standards
"Hard segment

“Soft segment

dWeight percent

¢Obtained by DSC analysis (second heating)

The sample was not totally soluble in DMF for GPC analysis
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Fig.6 DSC thermogram (second heating) for poly(ester-ether-ure-
thane) (PEUg;,) derived from HOPCL-E;,;,—PCLOH homopolymer
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Fig.7 Comparison between two different PEU samples derived from
a homopolymer PEUg;;, (HOPCL-E;;,—PCLOH) and a triblock
copolymer PEUpgg,05 (HOPCL-PEG,(s—PCLOH)

segment in triblock copolymers (HOPCL-PEG-PCLOH)
(see Table 1). In the penultimate column of Table 1, the val-
ues of M, (GPC) are visualized,; it is evident that the M (GPC)
is higher than M, (calcd) or M (NMR); approximately, with
the double value of the M, (calcd), which is attributed to
the polystyrene standards used in the calibration curve; in
addition, the polydispersity of the HOPCL-E-PCLOH
(M, /M =1.27-1.47) was moderate.

HOPCL-PEG-PCLOH was prepared according to the
same method of HOPCL-E-PCLOH but using polyeth-
ylene glycol (HOPEGOH) as a macroinitiator. In Table 1,
six different samples of oligomeric species from a triblock
copolymer of HOPCL-PEG-PCLOH with a variation of
PEG (16-69 wt%) segment are seen. Unimodal distribution
with some moderate values of polydispersity and a good
approach between M, (calcd) and M (NMR) were observed,
such as in the previous HOPCL-E-PCLOH species. Prac-
tically, homopolymers and triblock copolymers have simi-
lar DP(NMR) ~ 10 of PCL, but a significant variation of
M_ (NMR) due to the contribution of E relative to PEG
segments.

The chemical nature of homopolymers (HOPCL-E—
PCLOH) and triblock copolymers (HOPCL-PEG-PCLOH)
was analyzed by nuclear magnetic resonance (NMR).
In Fig. 1, '"H-NMR spectra of three distinct species of
HOPCL-E-PCLOH with a significant increase in the
number of methylenes [(a) 10, (b) 12, and (c) 16] in the
E are showed. Due to that methylene attached to the
hydroxyl group which is regularly overlapping with meth-
ylenes bonding to oxygen in the E in a regular 'H-NMR,
the derivatization reaction using trifluoroacetic anhydride
[CF;(0=C)-0-(C=0)CF;, TFAA] was realized (Béez
et al. 2006, 2011b). In the derivatization reaction (Fig. 1),
the hydroxyl terminal groups [-CH,—OH, 6 3.64] react
with the TFAA to produce trifluoroacetate ester groups [f,
—CH,—-0—(C=0)CF;, 6 4.35]. Complementary signals for
PCL [d, -CH,~O—(C=0)-, 6 4.10 and a, -O—(C=0)-CH,-,
0 2.35], E [5, -CH,-O-, 6 3.70], bisubstitution E [1,
—-CH,—CH,—0O-, 6 3.76 and 2, -CH,—CH,—O—, § 4.25] and
monosubstitution E [3, -CH,~CH,—O-(C=0)CF;, 6 3.82
and 4, -CH,—CH,-O—(C=0)CF;, 6 4.50] were observed. In
addition, in the previous contributions for macrodiols, one
fraction of unreacted diol had been quantitative in the PCL
diols (Béaez et al. 2017a), and the peaks of unreacted E diol
feed are overlapping with signals of monosubstitution E spe-
cies. The peak number 5 attributed to E is increasing propor-
tionally from Fig. 1a—c. On the other hand, "H-NMR spectra
of triblock copolymers derived from HOPCL-PEG-PCLOH
are similar to the HOPCL-E-PCLOH (Fig. 2). Therefore,
the differentiation between the homopolymer or triblock
copolymer by NMR spectra is not obvious. Thus, 'H NMR is

Table 5 Mechanical properties of poly(ester-ether-urethanes) (PEU) derived from HOPCL-E-PCLOH, HOPCL-PEG-PCLOH and 1,6-hexam-

ethylene diisocyanate (HDI)

Sample Precursor MW of EG M, of PEG Stress at break (MPa) ~Strain at break (%) Modulus (MPa) xpcp,
initiator (g/ macroinitiator (g/
mol) mol)
PEUg37 HOPCL-E;,-PCLOH 370 - 4.66 +0.39 2432 + 161 2.1 +0.50 18
PEUpggss HOPCL-PEG,,i—PCLOH — 408 4.65 +0.39 2554 + 159 0.3 +0.05 19

2Obtained by DSC analysis (second heating)
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a good technique to visualize similarities between homopol-
ymers and triblock copolymers.

In Table 2, thermal properties for HOPEGOH macrodiols
are seen. Samples from HOPEG,(,sOH to HOPEG,,.,,0OH
were semicrystalline oligomers with a melting temperature
(T, and crystallinity (xpgg) proportional to the M (NMR)
(Fig. 3). However, for HOPEG,,,0H, the melting point
was not observed during all the experiments (from — 40 to
100 °C), so HOPEG,,,OH is an amorphous oligomer.

The results of the thermal properties investigation of
HOPCL-E-PCLOH and HOPCL-PEG-PCLOH are in
Table 3. In all the samples, a perceptible glass transition
temperature (T,) was observed, where analogous values
(from — 70 to — 65 °C) are evident for the two species,
indicating an amorphous domain in the semicrystalline
PCL segment of the homopolymer or triblock copolymer.
The melting point (T,) exhibited two endothermic peaks
in all the species (Fig. 4), this effect is attributed to two
distinct environments of crystallites from PCL segments,
where the crystallites with low T, are embedded in amor-
phous domains, and the crystallites with relative high T, are
immersed in zones more crystallines.

When two samples with similar molecular weight of
E diol (monodisperse initiator, My, =370 g/mol) (Fig. 4,
down) and PEG (polydisperse macroinitiator, M, =408 g/
mol) (Fig. 4, top) were used as initiators and inserted in
the main chain of PCL, different melting temperatures were
visualized for HOPCL-PEG-PCLOH with two character-
istics endothermic zones, the first zone at — 13 °C is not
corresponding to PEG, on the contrary, this peak was attrib-
uted to an impurity, probably ethylene glycol (T, =— 13 °C);
the second zone at 34 and 41 °C was assigned to PCL seg-
ment. In the case of HOPCL-E-PCLOH, only the T, of
PCL segment (31 and 39 °C) was visualized. This effect is
explained, because the PEG (400 g/mol) and E (370 g/mol)
segments have low molecular weight and their precursors
(diol and macrodiol) are liquids a room temperature (25 °C)
and amorphous; so, around 30 °C, there is not fusion of E or
PEG segments in the homopolymer or triblock copolymer,
respectively, only from PCL segments.

The effect of E on the HOPCL-E-PCLOH has a
decrease in the crystallinity values of PCL segment from
48 (diethylene glycol) to 38% (octaethylene glycol) with
a DP (~10) similar of PCL (Fig. 5a). An analogous effect
for HOPCL-PEG-PCLOH was visualized but with an
accentuated decrease, because the PEG segments have a
long-chain and molecular-weight distribution respect to E
(Fig. 5b). Therefore, a long ether substituent (E or PEG)
causes a disruption in the PCL crystalline domains favoring
the amorphous domains. Complementary, when the PEG
segment has similar or relative high M, respect to PCL seg-
ment in the HOPCL-PEG-PCLOH, an overlapping of melt-
ing points from both segments was observed; this effect is

because the weight percent of PEG is gradually increasing
and its enthalpy of fusion. Therefore, the enthalpy of fusion
of PCL segment decreases in a proportional manner and its
crystallinity.

The evidence regarding chemical nature (NMR and GPC)
and thermals properties (DSC) show that oligomers derived
from HOPCL-E-PCLOH or HOPCL-PEG-OH had a simi-
lar pattern of NMR spectra and DSC thermograms, and thus,
the frontier between homopolymers and triblock copolymers
have points in common.

Poly(ester-ether-urethane)

Poly(ester—ether—urethanes) (PEU) were synthesized from
a homopolymer (HOPCL-E;,,—PCLOH, M, (NMR)=1510)
and a triblock copolymer (HOPCL-PEG,,;—PCLOH,
M_ (NMR)=1570) and 1,6-hexamethylene diisocyanate
(HDI), both macrodiols were selected due to their similar
M, and ether segment. Typically, HOPCL-E;;,—PCLOH
and HDI were reacted with a molar ratio 1:1.14, respec-
tively, using tin(II) 2-ethylhexanoate [Sn(Oct),] and
1,2-dichloroethane (DCE) as a catalyst and solvent, respec-
tively, at 80 °C for 3 h. In the case of PEUgj3,, derived from
HOPCL-E;,;,—PCLOH, to corroborate the functional groups,
the formation of the urethane group [1685 cm~! (C=0) and
1533 cm™! (N-H)] and the ester group [1722 cm™! (C=0)]
was observed, the same pattern in the PEUppq4g derived
from HOPCL-PEG,,s—PCLOH was seen. Complimentary,
the carbonyl group in the HDI [2250 cm™! (C=0)] was not
visualized.

In Table 4, the thermal properties of PEU are illustrated.
Usually, the pattern of PEU samples showed two different
transitions, T, and T}, (Fig. 6). The T, (= 55°C) of PEU
have an increase in the values with respect to the macrodi-
ols (from — 70 to — 65 °C) due to the hydrogen bonding of
urethanes groups. T, (26-28 °C) and the crystallinity (xpcy)
(18-19%) of PEU were decreasing in comparison with their
macrodiols precursors, because the physical crosslinking
from the urethane group restricts the possibilities to form
crystalline domains of PCL.

In Fig. 7, mechanical properties of PEU derived from a
homopolymer (PEUg;5,, E=370 g/mol) vs triblock copoly-
mer (PEUpggug. PEG =408 g/mol) with analogous molecu-
lar of E or PEG (Table 5) were analyzed, where the curves
of mechanical properties showed an overlapping, exposing
an elastomeric behavior for both samples. Therefore, the
molecular weight distribution in PEG (PEUpgg,0g) did not
have appreciable differences with respect to E (PEUg;()
in terms of the stress—strain curve. However, the modulus
exhibited a reduction that is consistent with the pattern in
the penultimate column in Table 5. Therefore, the inclusion
of EG or PEG in the PEU induces an elastomeric behavior
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where the modulus is more visible affected with PEG due to
its molecular weight distribution.

Conclusions

Oligomers of the poly(e-caprolactone) (PCL) macrodi-
ols derived from homopolymers (HOPCL-E-PCLOH),
and triblock copolymers (HOPCL-PEG-PCLOH) with
two distinct types of substitution such as ether group (E)
and polyethylene glycol (PEG) were synthesized to under-
stand the effect of the ether substituents on their physical
properties. Similarities between HOPCL-E-PCLOH and
HOPCL-PEG-PCLOH in the NMR spectra and thermal
properties (DSC) were found. For HOPCL-E-PCLOH
and HOPCL-PEG-PCLOH, the crystallinity of PCL seg-
ment (DPp; =10) decreases proportionally according to
the weight percent of E and PEG, respectively. The effect
of E or PEG on the PCL is due to the ether segments that
are causing a partial disruption of the crystalline domain
of PCL. Both types of macrodiols were used to synthesize
poly(ester-ether-urethanes) (PEU) derived from 1,6-hexam-
ethylene diisocyanate (HDI), where the mechanical proper-
ties of the films of PEU have a similar elastomeric behavior
for the two species, with low values of the modulus.
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