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ABSTRACT: The effect of chain structure (supramolecular random copolymer vs supramolecular segmented
copolymer) on material properties of supramolecular polymers was studied, using polyesters, end-functionalized
with quadruple hydrogen-bonding ureidopyrimidinone (UPy) units. Mixing of miscible UPy homopolymers led
to supramolecular segmented copolymers while functionalized random copolymer diols resulted in supramolecular
random copolymers. The (co)polymers were prepared by (co)polymerization ofε-CL andδ-VL using Novozym
435, followed by end functionalization with UPy. Thermal analysis of the functionalized (co)polymers showed
two melting transitions. With variable temperature IR, the lower transition was attributed to the melting of the
polyester part, while the higher transition corresponded to melting of UPy moieties. The materials can therefore
be considered as supramolecular thermoplastic elastomers with a hard phase of microphase separated UPy dimers,
giving mechanical strength to the material. Mixing of UPy functionalized homopolymers gave better control
over the mechanical properties than UPy functionalized copolymers as a correlation was found between the Young
modulus and the fraction ofδ-VL polymer in the material.

Introduction

Polyesters are commonly used in biomaterials because of their
biocompatibility, biodegradability and tunable mechanical
properties.1-4 Poly(ε-caprolactone) (PCL)4 is a particularly well
studied aliphatic polyester receiving much attention due to its
potential use in biomedical and pharmaceutical applications.
However, due to its high crystallinity,5 PCL degrades slowly,2-4,6

which is a major drawback for a successful application as a
biomaterial. Copolymerization1,4,7 of ε-caprolactone (CL) with
other monomers, as well as blending8-13 with other polymers
substantially improved the degradation rates. For example,
copolymers of CL with ethylene glycol,4,14 D- andL-lactide,4,10

ω-pentadecalactone,15,16 1,5-dioxepan-2-one,4,5 1,4-dioxepan-
2-one,17 or δ-valerolactone7,18-20 all showed enhanced hydrolysis
rates due to a lower crystallinity in the copolymer. Moreover,
the thermal and mechanical properties of the copolymers could
be tuned by varying the copolymer composition.19 However, if
small modifications of the copolymer are required such as a
different comonomer ratio or the incorporation of a slightly more
polar monomer, the complete polymerization procedure needs
to be repeated. Moreover, minor chemical modifications may
require a radical change of the synthetic procedure such as the
need of protection and deprotection steps. Here, we report a
method based on reversible supramolecular interactions, which
allows for a simple modification of the copolymer without the
need of elaborate synthesis.

Supramolecular polymerizations based on quadruple hydrogen
bonding of the ureidopyrimidinone (UPy) moiety (Scheme 1)
was developed and elaborately studied in our laboratory.21,22

Upon end-functionalization with the UPy moiety of low
molecular weight polymers with low tensile strength, the
macromonomers polymerize via hydrogen bonding to form
elastic materials with useful mechanical properties.22-24 Dra-
matic changes in mechanical properties were found for a wide
range of polymers such as polyethers, polycarbonates and
polyesters. Microphase separation between the UPy moiety and

the polymer backbone was shown to contribute significantly to
the improvement of mechanical properties in, e.g., UPy func-
tionalized poly(ethylene butylene).22,25,26 Supramolecular po-
lymerization allows the formation of segmented copolymers,
which has been reported for non-miscible diblock copolymers27-29

and non-miscible segmented copolymers.28,30-33 In this paper,
we will focus on the preparation of miscible segmented
copolymers by simply mixing of functionalized homopoly-
mers.24

Two methods of preparation of supramolecular copolymers
as depicted in Scheme 1 are compared in this study. First, low
molecular weight random copolymers are discussed, which after
functionalization with UPy moieties result in supramolecular* Corresponding author. E-mail: r.p.sijbesma@tue.nl.

Scheme 1. Supramolecular Random Copolymers (First
Copolymerize, Then Functionalize) and Supramolecular

Segmented Copolymers (Mixing of Homopolymers)
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random copolymers. These are compared with supramolecular
segmented copolymers, which are obtained by mixing of func-
tionalized homopolymers. Homo- and copolymers ofε-capro-
lactone (CL) andδ-valerolactone (VL) were selected to prepare
the supramolecular copolymers because of vast knowledge of
their chemical structure and thermal properties and their potential
as biomaterials.4,7,18-20 Ring-opening polymerizations of lactones
can be performed chemically4,34-36 or enzymatically.37-40 All
polymerizations presented here were performed enzymatically,
using the immobilized Lipase B fromCandida antarctica(No-
vozym 435) as it is then possible to work under mild conditions.
Moreover, it is known that the copolymerization of two lactones
using Novozym 435 results in random copolymers.16,41-43 In
the present work, the possibility to tune both thermal and
mechanical properties of copolymers by using supramolecular
chemistry is investigated, and the method which leads to
materials with the best tunable material properties is identified.

Experimental Section

Chemicals. ε-Caprolactone was used as received from Fluka;
δ-valerolactone (Fluka) was distilled prior to use. 2(6-Isocyanato-
hexylaminocarbonylamino)-6-methyl-4[1H]pyrimidinone (UPy-
NCO) was synthesized as reported.23 Novozym 435 was obtained
from Novozymes A/S. Toluene was freshly distilled from sodium
prior to use. Bis(triphenylphosphine)nickel(II) bromide and 1,6-
hexanediol were both obtained from Acros. The aminomethyl
polystyrene resin (200-400 mesh) was obtained from Nova
Biochem. All chemicals were used without further purification
unless stated otherwise.

Analytical Methods. 1H NMR and 13C NMR spectra were
recorded on a Varian Mercury 200, Varian Gemini 300, or Varian
Mercury 400 in deuterated chloroform, chemical shifts are reported
in ppm relative to tetramethylsilane (TMS) and the delay time (d1)
was set to 10 s. Gel permeation chromatography (GPC) was carried
out on a Waters 712 WISP HPLC system with Waters 410
Differential refractometer detector and a PL gel guard precolumn
(5 mm, 50× 7.5 mm) followed by two PL gel mixed-C columns
(10 mm, 300× 7.5 mm, Polymer Laboratories), using THF as the
eluent. Sample concentrations were 1 mg/mL in THF, and all
molecular weights were relative to polystyrene standards.

Differential Scanning Calorimetry. Differential scanning cal-
orimetry (DSC) measurements were performed on a Perkin-Elmer
differential scanning calorimeter Pyris 1 with DSC Autosampler
and Perkin-Elmer CCA7 cooling element under a nitrogen atmo-
sphere. The melting temperatures (Tm) with corresponding transition
enthalpies (∆H) were determined from the second heating run (10
K/min), while the glass transition temperature was determined at a
scan speed of 40 K/min (third heating run) on samples of 8-12
mg.

Determination of CL/VL Ratio in Prepolymer Diols. The
integrated peak areas of the signals atδ ) 1.44 ppm (A), with
contributions of CL (n) and initiator (x), and those atδ ) 2.37
ppm (B), with contributions of VL (m), CL, and initiator, were used
to calculate the CL/VL ratio in the prepolymer diols by solving
eqs 1 and 2. From the integrated peak area of CH2OH (δ ) 3.67
ppm) the contribution of 1 CH2 (x) to the integrated peak area was
calculated (divide the integrated peak by 2 as there are two end
groups in each chain contributing to the integrated peak area).

Variable Temperature Infrared Spectroscopy.Attenuated total
reflection infrared (ATR-IR) spectroscopy was measured on small
polymer films using a BioRad Excalibur 3000 spectrometer
equipped with a Specac Golden Gate ATR setup. The IR spectra
were recorded over a spectral range of 650 up to 4000 cm-1 with
a resolution of 4 cm-1 coadding 8 scans. For temperature calibration
of the IR measurements, benzil (Reichert, Vienna,Tm ) 95 °C),

phenyl ether (Fluka,Tm ) 27 °C), biphenyl (Across,Tm ) 68 °C)
and benzoic acid (Merck,Tm ) 122 °C) were used as reference
compounds.

Tensile Testing.Films were prepared by dissolving the polymers
(total of 1.5 g) in chloroform (15 mL) and drop casting these
solutions in Teflon dishes of 105× 45 × 5 mm. The dishes were
covered with a beaker to allow the solvent to evaporate slowly.
After solvent evaporation, the films were dried for a minimum of
10 h at 30°C in vacuum and were stored at room temperature for
at least a week. Tensile bars (according to ASTM D1708-96
dimensions) were punched from these films. Tensile properties were
measured according to ASTM D1708-96 in air at room temperature.
The thickness of the samples was always very close to 0.3 mm.
Testing was conducted in a Zwick Z010 Universal Tensile Tester
equipped with a 20 N load cell. The crosshead speed was 2.2 mm/
min with an initial length of 22 mm and 5 samples were evaluated
to determine Young’s modulus and stress and strain at break. An
indicative Young’s modulus was determined using eq 3, whereσ1

is the stress at a strain (ε1) of 0.0005 andσ2 is the stress at a strain
(ε2) of 0.0025.

Dynamic Mechanical Analysis.Dynamic mechanical analysis
(DMTA) tests were performed on films drop cast from chloroform
in a Teflon dish covered with a beaker to allow slow evaporation
of chloroform. The films were then dried for at least 8 h in avacuum
oven at 30°C and were evaluated within 2 days after preparation.
DMTA was performed on a TA Instruments Q800 Dynamic
analyzer in film tension mode to determine the dynamic modulus
(Ed) and the tangent of the phase lag (tanδ). Samples were
characterized at 1 Hz during a temperature ramp of 2°C/min starting
at-80°C (to determine the mechanical glass transition temperature)
up to the temperature limit at which the elastic modulus was
experimentally inaccessible. The thickness of the films was always
close to 0.2 mm and a length of more than 20 mm, the width was
always 5.3 mm controlled by the size of the punch used to cut the
samples.

General Procedure of Ring-Opening Polymerization of Lac-
tones Catalyzed by Novozym 435: High Molecular Weight
Polymers.Prior to all ring-opening polymerizations, Novozym 435
was dried over P2O5 at 1 mbar for 24 h.37 To obtain high molecular
weight polymers, a lactone solution (2 M in toluene with 4 Å
molecular sieves) with Novozym 435 (2.5 mg/mmol lactone) was
stirred at 40°C under an argon atmosphere. The water present in
the enzyme was used as initiator. The conversion of the lactone
was followed with1H NMR and when the conversion was>90%,
bis(triphenylphosphine)nickel(II) bromide was added to inhibit the
enzyme and the reaction mixture was filtered over a glass filter to
remove the enzyme.44 Polymers were precipitated from chloroform
in methanol.

pCL (Entry 1). The reaction was stopped after 6 days. The
polymer was precipitated from chloroform in methanol and a white
powder was obtained. Yield: 34%. GPC (THF):Mn ) 82.6 kg/
mol, PDI ) 2.0.

pVL (Entry 2). The reaction was stopped after 19 days. After
precipitation from chloroform in heptane, the polymer was obtained
as a white powder. Yield: 50%. GPC (THF):Mn ) 22.3 kg/mol,
PDI ) 6.3.

p(VL- co-CL) (Entry 3). The reaction was stopped after 11 days.
The product was precipitated from chloroform in heptane and oil
was obtained. Yield: 66%. GPC (THF):Mn ) 6.9 kg/mol, PDI)
4.3.

General Procedure of Ring-Opening Polymerization of Lac-
tones Catalyzed by Novozym 435: Prepolymer Diols.The
reaction mixture was prepared by adding the appropriate lactone,
1,6-hexanediol and freshly distilled toluene (∼2 M mixture of
lactone in toluene) into a dry flask with stirring bar. Copolymers
were obtained by mixing of CL and VL in different ratios. The
reaction was started by addition of the dried Novozym 435 to the
mixture and increasing the temperature to 65°C. After reaching a

EI ) (σ2 - σ1)/(ε2 - ε1) (3)

A ) 2n + 3x (1)

B ) 2m + 2n + 2x (2)
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conversion over 90% (checked by1H NMR), the enzyme was
filtered off over a P4 glass filter and solvent was evaporated under
reduced pressure. All polymers were precipitated inn-heptane to
remove the unreacted monomer. The resulting white powders or
oils were isolated, dried and characterized using1H NMR, 13C
NMR, GPC, and DSC.

pCL-diol (Entry 4): Waxy solid. Yield: 94%. GPC (THF):
Mn ) 3.4 kg/mol, PDI) 1.5.

pVL-diol (Entry 6): Waxy solid. Yield: 74%. GPC (THF):Mn

) 2.3 kg/mol, PD) 1.8.
p(CL-co 20% VL)-diol (Entry 8): Oil. Yield: 96%. GPC

(THF): Mn ) 2.9 kg/mol, PDI) 1.8.
p(CL-co 33% VL)-diol (Entry 10): Oil. Yield: 86%. GPC

(THF): Mn ) 2.9 kg/mol, PDI) 1.7.
p(CL-co 80% VL)-diol (Entry 12): Oil. Yield: 98%. GPC

(THF): Mn ) 3.0 kg/mol, PDI) 1.5.
General Procedure for the Reaction of Prepolymer Diols with

UPy)Isocyanate.Hydroxyl end-terminated polymers were func-
tionalized with UPy moieties according to a literature procedure.23

The crude polymers were precipitated in heptane and isolated. The
resulting elastic materials were dried at 25°C in vacuum and
characterized using1H NMR, 13C NMR, GPC, and DSC.

pCLdiUPy (Entry 5). Yield: 60%. GPC (THF):Mn ) 3.8 kg/
mol, PDI ) 1.6.

pVLdiUPy (Entry 7). Yield: 77%. GPC (THF):Mn ) 3.0 kg/
mol, PDI ) 1.7.

p(CL-co 14% VL)diUPy (Entry 9). Yield: 45%. GPC (THF):
Mn ) 4.6 kg/mol, PDI) 1.5.

p(CL-co 33% VL)diUPy (Entry 11). Yield: 79%. GPC
(THF): Mn ) 2.7 kg/mol, PDI) 1.8.

p(CL-co 80% VL)diUPy (Entry 13). Yield: 34%. GPC
(THF): Mn ) 8.9 kg/mol, PDI) 1.3.

Results and Discussion

Synthesis of High Molecular Weight pCL, pVL, and p-
(CL-co 50% VL). High molecular weight polyesters (pCL ,
pVL , andp(CL-co 50% VL) ) were synthesized as reference
materials to compare the thermal and mechanical properties of
supramolecular (co)polymers with “traditional” polymers. The
polyesters were obtained by enzymatic ring-opening polymer-
ization of the corresponding lactones employing Novozym 435
as the catalyst. To reduce the amount of water, which acts as
initiator and limits the molecular weight, all reagents and

Novozym 435 were rigorously dried as previously described.37

Although the drying procedure significantly slows down the
reaction rate, polyesters of good molecular weight are accessible
in this way.40 For example,pCL was obtained with aMn of
82.6 kg/mol and a PD of 2.0 with a reaction time of 6 days. In
contrast topCL andpVL , which were white powders,p(CL-
co 50% VL) was obtained as an oil.

Synthesis of Supramolecular (Co)Polymers.Low molecular
weight prepolymers, poly(caprolactone diol) (pCL-diol ), poly-
(valerolactone diol) (pVL-diol ), and random copolymers of CL
and VL with varying VL content (entries 8, 10, 12), were
obtained by modification of the method to obtain high molecular
weight polyesters (Scheme 2). A bifunctional initiator, 1,6-
hexanediol, was used in a 1:20 I/M ratio, ensuring that all
polymer chains have two diol end groups.

Using this procedure, polymer diols with aMn of ap-
proximately 2 kg/mol were obtained as determined by NMR
and GPC. From1H NMR, the ratio of CL (n) to VL (m) was
determined by comparison of the integrated peak areas of the
signals atδ ) 1.44 ppm andδ ) 2.37 ppm (See Experimental
Section). The observed and feed ratios are in good agreement
for all polymer diols (Table 1).

All prepolymers were subsequently functionalized with the
ureidopyrimidinone (UPy) group by reaction with the UPy-
NCO synthon (Scheme 3) according to the literature procedure.23

In the preparation ofp(CL-co 33% VL)diUPy , the excess of
UPy-NCO was removed by reaction with a aminomethyl
polystyrene resin after which precipitation in heptane followed.
Table 1 summarizes the CL/VL ratio in the UPy functionalized
polymers after workup. For bothp(CL-co14% VL)diUPy and

Scheme 2. Ring-Opening Polymerization of Lactones Catalyzed by Novozyme 435

Table 1. Feed Ratio and Observed Molar Ratio of CL (n) and VL
(m) in Random Copolymers before and after Functionalization with

the UPy Moiety Obtained from 1H NMR

random copolymer
molar feed ratio
CL/VL (n:m)

observed molar ratio
CL/VL (n:m)

p(CL-co20% VL)diol 80:20 81:19
p(CL-co14% VL)diUPy 81:19 86:14
p(CL-co50% VL)diol 50:50 52:48
p(CL-co33% VL)diUPy 52:48 67:33
p(CL-co80% VL)diol 20:80 18:82
p(CL-co80% VL)diUPy 18:82 20:80
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p(CL-co 80% VL)diUPy the CL/VL ratio slightly increased
upon functionalization. Forp(CL-co 33% VL)diUPy , on the
other hand, the CL/VL ratio significantly and reproducibly
increased from 50/50 to 67/33. Functionalization of the diols
was performed in the presence of dibutyl tin dilaurate (DBTDL),
which is a Lewis acid, which is known to depolymerize pVL
segments.19,45 In order to investigate the influence of DBTDL
on copolymer composition samples ofpVL-diol , pCL-diol , and
p(CL-co 50% VL)diol were refluxed in chloroform with and
without DBTDL for 72 h and monitored with GPC. Refluxing
in the presence of DBTDL did not affect the composition of
pCL-diol , while for pVL-diol andp(CL-co 50% VL)diol , a
signal corresponding to VL monomer was observed after 16 h.
In the absence of DBTDL, such a signal was not observed. (See
Supporting Information for GPC data) Therefore, the shift in
CL/VL ratio after functionalization with UPy moieties is
attributed to the action of DBTDL. All supramolecular (co)-
polymers (entries 5, 7, 9, 11, 13) (Scheme 3) were obtained in
yields varying from 34 to 77%. (Table 2).

Thermal Properties. The thermal properties of the polymers
were investigated using differential scanning calorimetry (DSC)
and variable temperature attenuated total reflection infrared
spectroscopy (ATR-IR). The melting temperatures around 55
°C and glass transitions at-60 °C observed forpCL (entry 1)
and pVL (entry 2) (Figure 1A), are in good agreement with
values previously reported in literature.5,12,18,36In the IR (Figure
1B), a shift from 1724 cm-1 (crystallineνs(CdO)) to 1737 cm-1

(amorphousνs(CdO)) was observed around 56°C, indicating
melting of PCL12,13,46,47and PVL.12 The signal at 1724 cm-1

decreased for both polymers, while a new and much stronger
signal appeared at 1737 cm-1, represented in Figure 1B. Melting
was furthermore confirmed by the disappearance of the stretch
vibration at 1293 cm-1, corresponding to the C-O and C-C
stretch vibrations of the crystalline fraction of the material.
(Figure 1B, inset) The thermal behavior ofp(CL-co-VL) (entry
3) differs distinctly from the homopolymerspCL andpVL as
the melting temperature is approximately 40°C lower (Table
2, Figure 1A). A lowering in the melting temperature of

Scheme 3. Functionalized Supramolecular (Co)Polymers

Table 2. Composition, Molecular Weight and Thermal Properties of HMW (Co)Polymers, (Co)Polymer Diols, Supramolecular (Co)Polymers,
and Mixtures of Supramolecular Polymers

entry polymer
CL
[%]

VL
[%]

yield
[%]

Mn
c

[kg/mol] PDIc
Tg

[°C]
Tm

[°C]
∆H
[J/g]

1 pCL 100 0 34 82.6 2.0 -58 53 62
2 pVL 0 100 50 22.3 6.3 -50 55 61
3 p(VL- co-CL) 50 50 66 6.9 4.3 -60 15 64
4 pCL-diol 100 0 94 3.4 1.5 -63 46 95
5 pCLdiUPy 100 0 60 3.8 1.6 -55 39/63 32a

6 pVL-diol 0 100 74 2.3 1.8 -61 42 75
7 pVLdiUPy 0 100 77 3.0 1.7 -50 34/77 8/8
8 p(CL-co20% VL)-diol 81 19 96 2.9 1.5 -62 28/33 57a

9 p(CL-co14% VL)diUPy 86 14 45 4.6 1.5 -55 22/52 24/6
10 p(CL-co50% VL)-diol 50 50 86 2.9 1.7 -88b 6 53
11 p(CL-co33% VL)diUPy 67 33 79 2.7 1.8 -56 73 6
12 p(CL-co80% VL)-diol 18 82 98 3.0 1.5 -84 13 48
13 p(CL-co80% VL)diUPy 20 80 34 8.9 1.3 -49 23/34 49a

14 Mix(pCLdiUPy/20% pVLdiUPy) 80 20 n.a. n.a. n.a. -55 38/65 21a

15 Mix(pCLdiUPy/50% pVLdiUPy) 50 50 n.a. n.a. n.a. -54 30/70 13a

16 Mix(pCLdiUPy/77% pVLdiUPy) 23 77 n.a. n.a. n.a. -52 34/74 15a

a Total for two transitions.b Determined from second heating run.c Determined by GPC in THF. n.a.: not applicable.
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copolymers of VL and CL has been observed previously by
Storey et al.19 and Fay¨ et al.18 Furthermore, Gruvegård5 and
co-workers suggested that suppression of melting points ob-
served for copolymers originates from a mismatch in the
sequence length of the crystal. The conformations in the crystals
of CL and VL are both planar zigzag, however, the sequence
length of CL (17.0 Å) is slightly bigger than for VL (15.7 Å),
a plausible reason for a suppressed melting point. The work of
Furuhashi et al.48 supports this latter work as they concluded
that due to the odd number of methylene units in CL the
carbonyl ester groups are distributed regularly on both sides of
the chains, in contrary to even-numbered polymers like VL.

The homopolymerspCL-diol and pVL-diol display single
melting points at 46°C and 42°C (Figure 1C), respectively.
This is substantially below the melting temperatures found for
pCL andpVL of 53 and 55°C, respectively. The differences
are attributed to the significantly lower molecular weights of
pCL-diol andpVL-diol . Furthermore, the random copolymer
diols (entries 8, 10, 12) also display single melting temperatures,

indicating that no macrophase separation between VL and CL
occurred. However, an additional melting point at 28°C is
observed forp(CL-co 20% VL)-diol , but the origin of this
transition is not clear. The random copolymer diols all show
lower melting temperatures than the corresponding homopoly-
mer diols as a consequence of the random character of the
copolymers (vide supra). Glass transition temperatures were
observed below-60 °C for all prepolymer diols (Table 2).

All UPy functionalized materials showed similar glass
transition temperatures around-55 °C, but significant differ-
ences in the melting points were observed (Table 2). Further-
more, the polymers changed from oils or waxy solids into elastic
solids upon functionalization.22,23Besidesp(CL-co 33% VL)-
diUPy, all polymers functionalized with UPy moieties displayed
two melting temperatures. (Table 2 and Figure 1D) Variable
temperature IR was performed to investigate the nature of the
melting temperatures in the supramolecular polymers. Figure
1E shows the infrared spectrum forpCLdiUPy as a function
of temperature, which is representative for the other polymers.

Figure 1. (A) DSC traces ofpCL , pVL , andp(VL- co-CL) . (B) ATR-IR of pCL (triangles) andpVL (squares) at 1737 cm-1. Inset: ATR-IR
of pCL at 1293 cm-1. (C) Melting temperatures of prepolymers diols vsδ-VL fraction. (D) Melting temperatures of supramolecular random
copolymers (squares) and supramolecular segmented copolymers (circles) vsδ-VL fraction. (E) ATR-IR of pCLdiUPy vs temperature, inset:
ATR-IR at 1724 cm-1. (F) DSC traces ofp(CL-co 33% VL)diUPy (black),Mix(pCLdiUPy/50% pVLdiUPy) (gray).
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The intensities of the absorption bands at 1724, 1668, and 1293
cm-1 were evaluated as a function of temperature. The bands
at 1724 and 1293 cm-1 are typical for the crystalline CdO
vibration of polyesters and their intensities are expected to
decrease when pCL and pVL become amorphous.12,46,47Around
45 °C a decrease in intensity at 1293 cm-1 and a shift from
1724 cm-1 to higher wave numbers were indeed observed
(Figure 1E and inset), corresponding to the lowest melt transition
at 39 °C. The band at 1668 cm-1 originates from the UPy
moiety, although we cannot assign it to a specific vibration.49,50

A closer look to the intensity at 1668 cm-1 showed a decrease
around a temperature of 60°C, corresponding to the highest
melting transition at 63°C. We conclude that the lowest melting
temperatures can be attributed to the melting of the polyester
backbone and the highest melting temperature can be attributed
to melting of the UPy moiety. Therefore, microphase separation
of the UPy moiety and polymer part is indeed the origin of the
appearance of two melting peaks. Although functionalized with
UPy moieties, the melting temperatures of the polyester
backbone show aδ-VL fraction dependency, similar to the
melting temperatures as observed for the (co)polymer diols
(Figure 1C).

Unexpectedly,p(CL-co33% VL)diUPy displayed only one
melting temperature at 73°C. Infrared spectroscopy at room
temperature (Figure 2A) showed the absence of a vibrational
band at 1293 cm-1, indicating an amorphous polyester backbone
at room temperature. This is in line with the maximum in
melting point depression previously described by Storey19 et
al. for a CL/VL ratio of 67/33. The characteristic vibration
corresponding to the crystalline form of the UPy moiety at 1668
cm-1 (Figure 2B) is present at room temperature. The melting
point observed at 73°C is therefore attributed to melting of
microphase separated domains of UPy dimers. High melting
points for UPy moieties have been observed before for polymers
with an amorphous backbone. Thermal analysis of UPy tele-
chelic (amorphous) poly(ethylene butylene)25 showed a single
melting transition at 69°C in the first heating run, attributed to
the melting of the microphase separated UPy moieties. The slight
differences in melting temperature of the UPy moieties can be
explained by the enhanced UPy crystallite formation in an
amorphous polymer matrix due to higher mobility of the UPy
groups, resulting in larger crystallites with a higher melting
temperature.

The melting transitions corresponding to melting of the UPy
moieties observed for the supramolecular random copolymers
do not show any relation with increasing VL ratio (Figure 1D).
Whereas melting point suppression is absent in the supramo-
lecular segmented copolymers, higher values for the melting
transitions of the polymer backbones (entries 14, 15, and 16)

were observed, compared to the supramolecular random co-
polymers (Figure 1D). The presented supramolecular segmented
copolymers show a constant melting temperature (34°C) similar
to the blended CL/VL oligomers studied by Storey.19 In addition,
a linear increase of the melting temperature of the UPy moiety
from 63 to 77°C with increasing VL content was observed.

Mechanical Properties.Functionalization of low molecular
weight polymers with UPy groups leads to improved mechanical
properties.22,23 The mechanical properties of the copolymers
were studied by tensile testing and representative stress-strain
curves are depicted in Figure 3 whereas the results are
summarized in Table 3. The mechanical properties of the pure
polymers, pCLdiUPy and pVLdiUPy , represent the two
extremes.pCLdiUPy is slightly more brittle (Table 3) but is
more flexible thanpVLdiUPy as indicated by Young’s moduli
of 28 and 45 MPa, respectively. As the maximum applied stress
for pCLdiUPy (2.9 MPa) is lower than forpVLdiUPy (4.7
MPa),pCLdiUPy is also weaker. The supramolecular polymers
differ in a similar manner from each other as the high molecular
weight counter parts (entries 1 and 2).pCL is also more though,
more flexible but weaker thanpVL (Table 3). Although Young’s
modulus seems to increase with increasing VL content, no
relation between the stress-strain curves and the ratio of VL
to CL in the copolymers can be observed for the random
copolymers (Figure 3A). Because of limited availability,p(CL-
co 80% VL)diUPy was only measured once and its results
cannot be interpreted with great certainty. All tensile tests were
preformed at room temperature and when a closer look is taken
to Figure 1D, it becomes clear that the polymer backbones of
the supramolecular random copolymers are all molten at room
temperature. Remarkably, despite the molten polymer backbone,
the materials have sufficient mechanical properties to undergo
mechanical testing. Evenp(CL-co 33% VL)diUPy displays
good mechanical properties. The polymer properties of the
supramolecular random copolymers are not influenced anymore
by the composition of the polyester backbone but the material
properties are mainly determined by the UPy dimers. Mi-
crophase separation of the polymer backbone and the UPy
hydrogen-bonding moieties (melting temperatures above 30°C)
results in an elastomeric network, responsible for the strength
and flexibility of the materials.

In contrast to the stress-strain curves of the supramolecular
random copolymers, the stress-strain curves of the supramo-
lecular segmented copolymers were found to lie between the
two extremes. Moreover, a correlation between the stress-strain
curves and the ratio CL:VL was observed (Figure 3B). Shifting
the ratio of CL:VL from 20:80 to 80:20 by increasingpVLdi-
UPy, leads to more brittle but stronger and stiffer materials
(Figure 2B) as evidenced by the increasing Young’s modulus

Figure 2. ATR-IR of p(CL-co 33% VL)diUPy at (A) 1293 and (B) 1668 cm-1.
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(Table 3). Apparently, the polyester mainly present in the
mixture, determines the material properties of the polymer film.

While tensile testing is performed at room temperature and
allows for the determination of Young’s modulus, dynamic
mechanical thermal analysis (DMTA) permits us to investigate
the mechanical properties from below the glass transition
temperature up to the melting point. Comparison of the
properties of materials with similar CL/VL ratios is of particular
interest, and therefore DMTA was measured forp(CL-co33%
VL)diUPy and Mix(pCLdiUPy/50% pVLdiUPy) . Figure 4
depicts the dynamic moduli and tanδ of p(CL-co 33% VL)-
diUPy (Figure 4A) andMix(pCLdiUPy/50% pVLdiUPy)
(Figure 4B) against temperature.

For both polymers a gradual decrease in dynamic modulus
(Edynamic) is observed from glass to rubber and finally to melt.
The dynamic moduli are very similar, indicating that below the
glass transition temperature the polymers have similar properties.
Both samples displayed a glass transition around-50 °C
(maximum in tanδ), corresponding nicely to the glass temper-
atures found by DSC (Table 2). After the glass transition, a
rubber plateau is reached forp(CL-co 33% VL)diUPy at a
value of 40 MPa between-20 and 40°C. The sample yielded
around the melting temperature of the UPy moiety (73°C). A
higher value for the dynamic modulus is observed after the glass
transition forMix(pCLdiUPy/50% pVLdiUPy) . However, the
dynamic modulus decreases with increasing temperature and

Figure 3. Representative stress-strain curves of (A) supramolecular random copolymers and (B) supramolecular segmented copolymers.

Figure 4. Dynamic mechanical analysis curves of (A) supramolecular random copolymerp(CL-co33% VL)diUPy and (B) supramolecular segmented
copolymerMix(pCLdiUPy/50% pVLdiUPy) .

Table 3. Mechanical Properties of Supramolecular Random Copolymers and Supramolecular Segmented Copolymers with Data Derived from
Engineering σ-E Curves

polymer E [MPa] σmax [MPa] εbreak [%]

pCLdiUPy 28.1( 0.6 2.9( 0.1 24.0( 1.9
pVLdiUPy 45.4( 1.2 4.7( 0.1 20.7( 1.1
p(CL-co-14% VL)diUPy 20.9( 0.5 2.4( 0.1 31.0( 1.4
p(CL- co-33% VL)diUPy 38.2( 4.2 4.4( 0.1 24.4( 1.2
p(CL- co-80% VL)diUPy a 29.0 1.5 12.8
Mix(pCLdiUPy/20% pVLdiUPy) 33.4( 0.5 3.4( 0.1 22.9( 1.1
Mix(pCLdiUPy/50% pVLdiUPy) 38.2( 4.2 4.4( 0.1 24.4( 1.2
Mix(pCLdiUPy/77% pVLdiUPy) 39.7( 2.5 3.8( 0.2 17.8( 1.7
pCLb 255( 25 15( 0.7 685( 112
pVL b 241( 158 22( 5.2 792( 163

a n ) 1. b Representative stress-strain curves given in the Supporting Information.
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no rubber plateau can be observed. Melting of the polymer
backbone is visible by the drop in modulus around 40°C. The
sample ofMix(pCLdiUPy/50% pVLdiUPy) began to yield
after reaching the melting temperature of the UPy dimers.

Conclusions

The results presented here show that the strong and directional
hydrogen bonds in UPy telechelic polyesters can be used to
prepare supramolecular copolymers in two fundamentally dif-
ferent ways. Functionalizing a random copolymer leads to
supramolecular random copolymers, while mixing miscible
telechelic homopolymers yields supramolecular segmented
copolymers. In the functionalization of VL-containing diols,
attention should be paid to the amount of catalyst used as it
may cause depolymerization of VL segments, changing the
original CL/VL ratio in the final product. The mechanical and
thermal properties of the random copolymers and the segmented
copolymers are different. In the random copolymer, the melting
point of the polyester backbone is dependent on composition,
and is below room temperature when the monomer ratio is close
to 1, negatively affecting the mechanical properties of the
material. In the supramolecular segmented copolymer, the
melting point of the crystalline polyester parts is nearly
independent of composition, and the modulus of the materials
can be tuned by varying the composition. Both types of materials
show an additional melting point ascribed to crystallinity of the
UPy groups. The materials can therefore be described as
supramolecular thermoplastic elastomers51 in which the UPy
moiety is microphase separated from the polyester matrix and
provides mechanical strength above the melting point of the
polyester.

We conclude that, of the two methods to obtain supramo-
lecular copolymers, the mixing of two supramolecular ho-
mopolymers leads to a better control over thermal and mechan-
ical properties. Furthermore, an advantage of blending homopoly-
mers over the use of functionalized copolymers is that only two
polymers have to be synthesized, which can be mixed in
different ratios to obtain a material with the desired modulus.
Using this method, it is possible to create a “library” of materials
from which materials with controllable mechanical and thermal
properties are obtained with minimal synthetic effort.
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