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ABSTRACT: Nuclear magnetic resonance spectroscopy (NMR) characterization of the statistical copolymers of this study showed that

the poly(e-caprolactone-co-L-lactide)s, with e-caprolactone (e-CL) molar contents ranging from 70 to 94% and e-CL average sequence

length (lCL) between 2.20–9.52, and the poly(e-caprolactone-co-d-valerolactone)s, with 60 to 85% of e-CL and lCL between 2.65–6.08,

present semi-alternating (R!2) and random (R�1) distribution of sequences, respectively. These syntheses were carried out with the

aim of reducing the crystallinity of poly(e-caprolactone) (PCL), needed to provide mechanical strength to the material but also

responsible for its slow degradation rate. However, this was not achieved in the case of the e-caprolactone-co-d-valerolactone

(e-CL-co-d-VAL). Non-isothermal cooling treatments at different rates and isothermal crystallizations (at 5, 10, 21 and 378C) were

conducted by differential scanning calorimetry (DSC), and demonstrated that e-CL copolymers containing d-valerolactone (d-VAL)

exhibited a larger crystallization capability than those of L-lactide (L-LA) and also arranged into crystalline structures over shorter

times. The crystallization enthalpies of the e-CL-co-d-VAL copolymers during the cooling treatments and their heat of fusion (DHm)

at the different isothermal temperatures were very large (i.e. DHc> 53 Jg21) and in some cases, unrelated to the copolymer composi-

tion. In some compositions, such as the 60 : 40, Wide Angle X-ray Scattering (WAXS) proved that that these two lactones undergo

isomorphism and co-crystallize in a single cell. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42534.
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INTRODUCTION

Lactones and macrolactones are used in the chemical industry

as flavors and fragrances but are also being employed in the

manufacture of highly specialized biopolymers. Cyclic esters

larger than five-membered rings lead to homopolymers that

show a similar mechanical behavior, with good ductility and

strength which resemble the properties of low density polyethyl-

ene (LDPE). d-valerolactone,1–4 e-caprolactone,5,6 ethylene bras-

sylate,7 x-pentadecalactone8–11 or hexadecalactone,12 containing

four, five, 13, 14 or 15 straight methylenes, respectively, together

with an ester group (two in the case of ethylene brassylate),

allow the formation of flexible semi-crystalline polymers with

low melting points (<1008C) and glass transition temperatures

(Tg, <–278C) that make them easy to manipulate with thermo-

plastic processing techniques. Nevertheless, these polylactones

degrade at a very slow rate under hydrolytic conditions, over

several years, which restricts their potential applications in the

biomedical field.

Poly(e-caprolactone) (PCL) was one of the earliest polymers

synthesized by the Carothers’ group in the early 1930s13 and

was used extensively in the biomaterials field during the

resorbable-polymer-boom of the 1970s and 1980s. Nowadays, it

is still popular due to its outstanding rheological and visco-

elastic properties6 and is employed in medical devices and for

tissue engineering, including among others, sutures for wound

dressings, artificial blood vessels, nerve regeneration, drug-

delivery devices and bone engineering applications.14 PCL is a

semi-crystalline polymer having a glass transition (Tg) at

(260)–(265)8C and a melting point between 56 and 658C;5 the

crystalline nature of PCL makes it easily formable at relatively

low temperatures. Likewise, this polyester presents exceptional

blend-compatibility, efficient processing with thermoplastic
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techniques, high thermal stability15–17 and very attractive mechani-

cal properties, with high elongation at break values (750–1000%)

and Young’s Modulus from 210 to 440 MPa.18 However, among its

disadvantages are its resistance to hydrolytic degradation. PCL

homopolymer biodegrades slowly and shows complete degradation

after 2–4 years depending on the initial molecular weight of the

device or implant.19–22 In the hydrolytic degradation of polyesters,

amorphous regions are preferentially degraded over the crystalline

lamellae.23–25 Therefore, the rate of biodegradation is highly influ-

enced by the crystallization capability and the degree of crystallin-

ity,26 reaching 69% in the case of PCL.27

In this study, the copolymerization of e-caprolactone with L-lac-

tide28,29 or d-valerolactone30–33 units was the strategy used to

reduce the crystallinity and so improve the biodegradability of

the PCL homopolymer. For this purpose, several poly(e-capro-

lactone-co-L-lactide) and poly(e-caprolactone-co-d-valerolac-

tone) copolymers were synthesized using triphenyl bismuth

(Ph3Bi), a catalyst that is known to favor random sequences.34

Above their glass transition, the crystalline phase is the respon-

sible of the mechanical properties of these low glass transition

temperature’s polymers and, therefore, e-CL rich compositions

were used. On the other hand, it should also be taken into con-

sideration that their melting temperatures (Tm) should be above

the body temperature (378C), the one at which they would be

employed, in order to ensure their mechanical performance

during the application.

The polymers were characterized by proton and carbon nuclear

magnetic resonance spectroscopy (1H NMR and 13C NMR) and

gel permeation chromatography (GPC) measurements. In this

first paper crystallization studies were carried out by means of

non-isothermal cooling and isothermal experiments made on a

differential scanning calorimetry (DSC) device, while wide angle

X-ray diffraction (WAXRD) and Polarized Light Optical Micros-

copy (PLOM) techniques were also employed to complement

the study. In the future, the analysis of these biomaterials will

be completed after conducting mechanical characterization and

in vitro hydrolytic degradation studies on the copolymers with

high melting temperatures (Tm).

MATERIALS AND METHODS

Materials

e-caprolactone monomer (assay >98%) was provided by Merck.

L-lactide monomer (assay> 99.5%) was supplied by Purac

Biochem (The Netherlands) while d-valerolactone monomer

(assay >98%) was provided by Tokyo Chemical Industry

(Cymit Quimica). The triphenyl bismuth (Ph3Bi) catalyst was

obtained from Gelest. 1-hexanol was supplied by Sigma Aldrich.

Synthesis Procedure

Statistical copolymers from e-caprolactone, L-lactide and d-

valerolactone were synthesized in bulk by one pot-one-step

ring-opening polymerizations (ROP). The synthesis reactions

were carried out in a flask immersed in a controlled tempera-

ture oil bath. In each polymerization, predetermined amounts

of the different comonomers at the chosen mass feed ratio were

simultaneously added and melted into the flask. 1-hexanol was

also added to provide alcohol (ROH) groups in order to control

the molecular weight. The flask was purged for 30 min with a

nitrogen stream under the surface of the melt. The catalyst

(Ph3Bi) was then added (at 500 : 1 comonomers/catalyst molar

ratio) and the magnetic stirrer maintained at 100 rpm. The

e-caprolactone-co-L-lactide polymerizations were carried out for

48 h at 1308C whereas the synthesis reactions of the

e-caprolactone-co-d-valerolactone copolymers were conducted

for 48 h at 1208C. The e-caprolactone homopolymer was syn-

thesized at 1308C after 24 h of reaction.

After the corresponding reaction time, the products were dis-

solved in chloroform and precipitated, pouring the polymer

solution into an excess of methanol in order to remove the cat-

alyst impurities and those monomers that had not reacted.

Finally the product was dried at room temperature and then

subjected to a heat treatment at 1408C for 1 h to ensure the

complete elimination of any remaining solvent.

Methods

Proton and carbon nuclear magnetic resonance (1H NMR and
13C NMR) spectra were recorded in a Bruker Avance DPX 300

at 300.16 MHz and at 75.5 MHz of resonance frequency respec-

tively, using 5 mm O.D. sample tubes. All spectra were obtained

at room temperature from solutions of 0.7 mL of deuterated

chloroform (CDCl3). Experimental conditions were as follows:

(a) for 1H NMR: 10 mg of sample; 3 s acquisition time; 1 s

delay time; 8.5 ms pulse; spectral width 5000 Hz and 32 scans;

(b) for 13C NMR: 40 mg, inverse gated decoupled sequence; 3 s

acquisition time; 4 s delay time; 5.5 ms pulse; spectral width

18800 Hz and more than 10000 scans.

The molecular weights of the polymers were determined by

GPC using a Waters 1515 GPC device equipped with two Styra-

gel columns (102 2104 Å). Chloroform was used as eluent at a

flow rate of 1 mL min21 and polystyrene standards (Shodex

Standards, SM-105) were used to obtain a primary calibration

curve.

The crystallization behavior and the thermal properties of the

polymers were studied on a DSC 2920 (TA Instruments). Sam-

ples of 6–9 mg were melted at 1008C and then quenched to

2508C at different cooling rates (5, 10, and 208C min21) to

study the crystallization process during the cooling. On the

other hand, the isothermal treatments were conducted at 5, 10,

21, and 378C for 1, 10, 30, 60, 180, 300, 600, and 1440 min.

The melting temperature (Tm) and the heat of fusion (DHm)

were obtained from the scans completed from the correspond-

ing isothermal temperature to 1008C at 208C min21. The values

determined from the scans which were made immediately after

cooling at 408C min21 to the isothermal temperature were used

as initial time values (time zero). Finally, a scan was also made

at 208C min21 from 285 to 1008C to determine the glass tran-

sition temperatures (Tg) of the samples.

Polarized light optical microscopy (PLOM) was used to study

the nucleation and growth of spherulites in some of the

(co)polymers: the PCL homopolymer and two e-CL-co-LA and

e-CL-co-d-VAL copolymers with similar average sequence length

of e-caprolactone unit. The samples were melted at 1808C in an

oven and then immediately put under a polarizing microscope

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4253442534 (2 of 14)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


(Leica DMLM). The evolution of spherulites was followed dur-

ing 20 min with images recorded at different times.

Wide angle X-ray diffraction (WAXRD) data were collected on

a Bruker D8 Advance diffractometer operating at 30 kV and 20

mA. This device is equipped with a Cu tube (k51.5418 Å), a

Vantec-1 PSD detector, an Anton Parr HTK2000 high-

temperature furnace and an Anton Parr MRI-wide low-temper-

ature chamber. The powder patterns of the high-temperature

furnace were recorded in 2h steps of 0.0338 in the 10 �2h� 38

range, counting for 0.2 s per step, from 30 to 1228C every 28C

using a heating rate of 0.178C s21. The powder patterns of the

low-temperature chamber were recorded in 2h steps of 0.0338 in

the 10 �2h� 38 range, counting for 0.2 s per step, from 2 to

628C every 28C using a heating rate of 0.28C s21.

RESULTS AND DISCUSSION

Characterization

Tables I and II summarize the characterization data of the

copolymers studied. As can be observed, the initial molecular

weights (Mw) of each polymer are large, ranging from 91 to

173 kg mol21 with dispersities (D) between 1.70 and 1.92. For

proper evaluation of the behavior of the e-caprolactone based

copolymers, a polycaprolactone (PCL) homopolymer was also

synthesized. This material has a Mw of 135 kg mol21 with a dis-

persity of 1.74, and a glass transition temperature (Tg) at

260.48C.

Poly(e-caprolactone-co-L-lactide) Copolymers. The characteri-

zation data of the poly(e-caprolactone-co-L-lactide) copolymers

are gathered in Table I. This set of copolymers show glass tran-

sition temperatures (Tgs) that range from 257 to 2338C, in

ascending order as the e-CL content decreases. Their lactide

molar content ranges from � 6% (CL-LA 94) to 30% (CL-LA

70) with average sequence lengths of e-CL (lCL) from 9.52 to

2.20, and possess a semi-alternating distribution of sequences.

The randomness character (R) value in all cases is higher than

1.50 and tends toward 2 as the e-CL content increases.

The e-caprolactone and L-lactide molar content and the micro-

structural magnitudes of the copolymers were obtained from

the average dyad relative molar fractions. The lactide methine

signals, centered at 5.15 ppm, and those of the a and e methyl-

enes of the e-caprolactone, around 2.35 and 4.10 ppm, seen in

the 1H NMR spectrum (see Figure 1) were assigned to the dif-

ferent dyads.28 Then, eqs. (1)–(3)35 were employed to obtain

the number-average sequence lengths (li), the Bernoullian ran-

dom number-average sequence lengths (li) and the randomness

character (R):

lLA5
LA-LAð Þ1 1

2
LA-CLð Þ

1

2
LA-CLð Þ

5
2 LAð Þ
ðLA-CLÞ ;

lCL5
CL-CLð Þ1 1

2
LA-CLð Þ

1

2
LA-CLð Þ

5
2 CLð Þ
ðLA-CLÞ

(1)

ðlCLÞrandom5
1

ðLAÞ ; ðlLAÞrandom5
1

ðCLÞ (2)

R5
ðlCLÞrandom

lCL

5
ðlLAÞrandom

lLA

(3)

where (CL) and (LA) are the e-caprolactone and L-lactide molar

fractions and (CL-LA) is the CL-LA average dyad relative molar

fraction.

To confirm the semi-alternating character (R!2) of this group

of copolymers, the 13C NMR spectrum was recorded for CL-LA

88, a copolymer showing an R value of 1.74 in the proton

nuclear magnetic resonance (1H NMR). The region of b and c
methylene carbon atoms, located between 24–26 ppm,29,36,37

was employed for obtaining the randomness character from eq.

(4).

R5
ðlCLÞrandom

lCL

where lCL5
ICL-CL-CL1ILA-CL-CL

ICL-CL-LA1ILA-CL-LA

11 (4)

Figure 2 shows the 13C NMR spectrum of CL-LA 88 with the

region of b and c-methylene carbon atoms enlarged. CL-CL-CL,

LA-CL-CL, CL-CL-LA, and LA-CL-LA triads can be assigned

from left to right in both methylene signals.37 It can be

observed that the CL-CL-CL triad signals are significantly more

intense than in the rest of the triads. However, for a random

(R�1) or blocky (R!0) distribution of sequences, the peaks

corresponding to the other triads should be lower, primarily in

Table I. Characterization Data of the Different Poly(e-Caprolactone-Co-L-Lactide) Polymeric Materials

SAMPLE

Polymer Compositiona

% molar composition Mw (3103) Microstructural magnitudesb
Tg

c

% e-CL % L-LA g mol21 D lCL lLA R 8C

CL-LA 94 94.3 5.7 143.1 1.70 9.52 0.58 1.84 257.4

CL-LA 92 91.6 8.4 131.6 1.77 6.65 0.61 1.80 254.0

CL-LA 88 88.3 11.7 132.6 1.84 4.91 0.65 1.74 254.6

CL-LA 83 83.3 16.7 172.9 1.92 3.54 0.71 1.69 248.2

CL-LA 70 70.0 30.0 123.1 1.86 2.20 0.94 1.51 232.9

a Calculated from 1H NMR spectra.
b lCL and lLA are the CL and LA number average sequence lengths obtained from 1H NMR. These values are compared to the Bernoullian random
number-average sequence lengths (lCL51/LA and lLA51/CL), obtaining the randomness character value (R).
c Obtained from a DSC scan made at 208C min21from 285 to 1008C
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the case of the LA-CL-LA signal, a peak which is distinguishable

in the b carbon atom signal at 25.2 ppm. The calculated value

of R for this copolymer was 1.85, proving again the semi-

alternating chain microstructure of these poly(e-caprolactone-

co-L-lactide) polymeric materials synthesized with Ph3Bi.

Poly(e-caprolactone-co-d-valerolactone) Copolymers. In the

case of the poly(e-caprolactone-co-d-valerolactone) copolymers,

the resonances for the protons of either repeat unit overlap suf-

ficiently to prevent accurate integration of the peak areas.31,38,39

For this reason, the molar composition and the microstructural

parameters were calculated through the integration of the 13C

NMR spectra.

Figure 3 shows the 13C NMR spectrum of CL-VAL 70, a poly(e-

caprolactone-co-d-valerolactone) copolymer with a e-CL molar

content of 70%. The signals appearing between 21 and 174 ppm

of chemical shift (d) can be assigned to the different carbons of

the repeat units as follows. The signals centered at 173.5 ppm

belong to the carbonyl carbon of the e-CL and d-VAL units, the

peaks at 64.0, 34.0, and 28.3 ppm are respectively assigned to e-,

a-, and d-methylenes and the region 20–26 ppm contain the

remaining methylene carbons. The peaks at 25.5 ppm and 24.6

correspond to the b- and c-methylenes of the e-CL repeat unit

(d-VAL unit does not have c-CH2 in its structure, see Figure 4)

whereas the b-methylene of the d-Val repeat unit give a signal at

21.4 ppm of chemical shift. The molar composition of the

Figure 1. 1H NMR spectrum of CL-LA 70.

Figure 2. 13C NMR spectrum of CL-LA 88; region of b and c-methylene carbon atoms is enlarged.
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copolymers can be easily determined by comparing the area

under the peak due to the b-carbon in the d-VAL unit to either

the area of the b-CH2 or the c-CH2 of the e-CL. The area calcu-

lated from the b-carbon of the e-CL was reported by Storey

et al.31 to always be larger than that of the c-carbon because of

an added contribution from the initiator fragment. So, in this

paper the calculus was made based on the ratio of the integrated

areas of the c-methylene group from the e-CL to that of the b-

CH2 of the d-VAL repeat unit.

In Figure 3, the e-CH2 region at 63.5 to 64.5 ppm is also

expanded. As can be seen these signals present dyad sensitivity.

Hence, the peaks at 64.22, 64.14, 63.91, and 63.83 ppm can be

assigned to CL-VL, CL-CL, VL-VL, and VL-CL dyads, respec-

tively, and the average dyad relative molar fractions calculated.

This allowed the number-average sequence lengths (li), the Ber-

noullian random number-average sequence lengths (li), and the

randomness character (R) to be obtained, using the eqs. (5–7).

lCL5
CL-CLð Þ1 1

2
CL-VLð Þ

1

2
CL-VLð Þ

5
2 CLð Þ
ðCL-VLÞ ;

lVL5
VL-VLð Þ1 1

2
CL-VLð Þ

1

2
CL-VLð Þ

5
2 VLð Þ
ðCL-VLÞ

(5)

ðlCLÞrandom5
1

ðVLÞ ; lVLÞrandom5
1

ðCLÞ

�
(6)

R5
ðlCLÞrandom

lCL

5
ðlVLÞrandom

lVL

(7)

Table II summarizes the data obtained from the 13C NMR,

molecular weights and glass transition temperatures of the dif-

ferent poly(e-caprolactone-co-d-valerolactone) copolymers syn-

thesized. These copolymers present e-CL molar contents ranging

from 85.3 to 60.0% (lCL from 6.08 to 2.65) and show a random

distribution of sequences (R�1). Owing to the similarities

between the glass transition temperatures of both homopoly-

mers (at 2658C for PCL and at 2578C for PVL40), the Tg val-

ues of this series of copolymers are almost equal, around

2648C.

Crystallization Studies

Non-Isothermal Crystallization During the Cooling. Several

DSC cooling treatments from 100 to 2508C at rates of 5, 10,

and 208C min21 were conducted successively on the polymer

samples. As an illustration, Figure 5 shows the different scans of

CL-LA 92.

The crystallization temperature (Tc) and the enthalpy of crystal-

lization (DHc) of each material were obtained from these scans

and gathered in Table III. As can be observed not all the poly-

mers were able to crystallize during the cooling treatments. CL-

LA 83 and CL-LA 70 copolymers, with average sequence lengths

of e-CL (lCL) of 3.54 and 2.20, did not exhibit a crystallization

peak at any cooling rate despite the fact that, as will be seen

below, crystalline domains were formed during isothermal stud-

ies. Conversely, the e-CL sequences of the rest of poly(e-capro-

lactone-co-L-lactide), within the length range of 4.91 to 9.52,

were large enough to crystallize during the cooling process.

Likewise, the four poly(e-caprolactone-co-d-valerolactone)

copolymers, with lCL ranging from 2.65 to 6.08, arranged into

crystalline structures presenting high enthalpy of crystallization

values (DH> 53 J g21 in all cases) with slight differences

between them.

Figure 3. 13C NMR spectrum of CL-VAL 70; region of e-methylene carbon atoms is enlarged.

Figure 4. Scheme of the units of e-caprolactone (left) and d-valerolactone

(right).
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As expected, a decrease in the cooling rate meant that the crys-

tallites appeared at a higher temperature, presenting a narrower

crystallization peak. At lower cooling rates, there is more time

for the crystal nucleus to develop, leading to higher crystalliza-

tion temperatures.41 The differences between the respective

enthalpies from the same copolymer were small, although it was

noted that at 58C min21 (the slowest cooling rate) the DH asso-

ciated to the crystallization peak was larger than those corre-

sponding to the other cooling treatments. As an illustration, at

a rate of 208C min21 the DHcs of PCL homopolymer, CL-LA

92, and CL-VAL 85 were 65.4, 41.1, and 57.8 J g21, respectively,

while at a rate of 58C min21 they presented slightly higher val-

ues of 68.6, 49.6, and 59.8 J g21. On the other hand, it was also

observed that the changes in the crystallization temperatures

were more important in the e-CL-co-LA copolymers than in the

d-VAL based ones. For example, the Tcs at a cooling rate of

208C min21 for CL-LA 92 and CL-VAL 85 (both copolymers

have an lCL in the range of 6.0 to 6.7) were 21.6 and 9.88C,

respectively, whereas at 58C min21 their Tcs were 8.6 and

12.98C.

Another aspect to take into account is that the CL-co-LA

copolymers show a lower crystallization capability than the CL-

co-VAL, regardless of their lCL (a parameter that depends on

both the composition and the randomness character). This fact

can be explained by the higher Tg values of those materials con-

taining lactide (supramolecular arrangements occur quickly if

the polymer presents lower glass transition temperature, perhaps

because the small rigid chains of L-lactide disrupt the crystal

structure of the e-CL domains or it could even be due to an

isomorphism phenomenon between the e-CL and d-VAL crystal

lattice. Therefore, it is worth mentioning the fact that the

enthalpies associated with the crystallization of some of the

poly(e-caprolactone-co-d-valerolactone) copolymers, such as

CL-VAL 60, were surprisingly very large and unrelated to the

copolymer composition. In depth analysis of these findings is

discussed in the following sections.

Crystallization During Isothermal Treatments. Isothermal

treatments were carried out at 5, 10, 21, and 378C for 1, 10, 30,

and 60 min and 3, 5, 10, and 24 h. These temperatures were

selected because the biomaterials are usually stored or used at

this range of temperatures. The melting temperature (Tm) and

the heat of fusion (DHm) with respect to the time were

obtained from the DSC scans, made from the selected isother-

mal temperature to 1008C.

Some of the polymers (PCL, CL-LA 94, CL-LA 92, CL-VAL 85,

CL-VAL 76, and CL-VAL 70) were able to crystallize during the

cooling process at 408C min21 to the isothermal temperature.

Those which presented a crystallization temperature above

228C at a cooling rate of 208C min21, exhibited a melting peak

during the scan made after the cooling to 58C despite the fact

that at higher cooling rates the crystallization temperatures are

lower. From now on, the enthalpies obtained immediately after

this cooling process, summarized in Table IV, will be used as

initial time values of heat of fusion (time zero) in the isother-

mal study.

Table V summarizes the melting temperatures (Tm) of the poly-

mers studied, which were determined at the different isothermal

temperatures. As the isothermal temperature decreased, it was

found that the Tm also dropped towards lower values. The

growth of the crystal nucleus was less pronounced and the crys-

tallites formed were thinner and less perfect. As can be seen,

only PCL, CL-LA 94, CL-LA 92, and CL-VAL 85 were capable

to form a crystalline phase at 378C. The rest of copolymers pre-

sented Tm values around this temperature or even at lower

Table II. Characterization Data of the Different Poly(e-Caprolactone-Co-d-Valerolactone) Polymeric Materials

SAMPLE

Polymer Compositiona

% molar composition Mw (3103) Microstructural magnitudesb
Tg

c

% e-CL % d-VL g mol21 D LCL LVL R 8C

CL-VAL 85 85.3 14.7 90.9 1.75 6.08 1.05 1.12 264.3

CL-VAL 76 76.1 23.9 109.7 1.76 3.94 1.24 1.06 263.7

CL-VAL 70 70.2 29.8 94.2 1.75 3.30 1.40 1.01 263.6

CL-VAL 60 60.0 40.0 123.6 1.77 2.65 1.77 0.94 265.3

a Calculated from 13C NMR spectra.
b lCL and lVL are the CL and VL number average sequence lengths obtained from 13C NMR. These values are compared to the Bernoullian random
number-average sequence lengths (lCL51/VL and lVL51/CL), obtaining the randomness character value (R).
c Obtained from a DSC scan made at 208C min21from 285 to 1008C

Figure 5. Crystallization process during the cooling at different cooling

rates (5, 10, and 208C min21) of CL-LA 92.
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values, which will restrict its potential application in the bio-

medical field.

Poly(e-caprolactone) Homopolymer. Figure 6 shows the evolu-

tion of the melting enthalpy of the poly(e-caprolactone) homo-

polymer at the four isothermal temperatures. The highest values

of heat of fusion (DHm) were achieved at 378C (84.3 J g21 after

24 h), with a melting peak appearing at �638C. Using Crescen-

zi’s42 value of 139.5 J g21 for the heat of fusion (DHm) for

100% crystalline material (DHm
0), the calculated crystalline

fraction was 60.4%, which is in agreement with the PCL values

found in literature.27 The Tm moved towards lower values as

the isothermal temperature decreased, just as in the case of the

rest of copolymers in this study (see Table V). Hence, following

the isothermal experiment conducted at 58C, the Tm was located

at around 588C (5 degrees less than at 378C) and after 24 h at

this temperature the DH reached a final value of 77.9 J g21

with an associated crystallinity of 55.8%.

At a lower isothermal temperature that is further from the melt-

ing point of the e-CL crystallites, the undercooling is larger and

the changes in the polymer structure also occurred much more

quickly owing to the more efficient nucleating abilities under

those conditions. However, in the case of PCL, noteworthy dif-

ferences were only observed at the initial state (time zero) and

after the isothermal treatment of 1 min, that is at very short

times. PCL homopolymer crystallizes very fast and at 5, 10 or

218C the heat of fusion (DHm) after “1 min” was in the range

of 68 to 70 J g21 while in all cases the DSC thermograms made

immediately after cooling to the isothermal temperature pre-

sented a large melting peak, over 55 J g21
. On the other hand

the sample cooled to 378C at 408C min21 was not capable of

crystallizing during the cooling process while a melting peak of

41 J g21 was found after 1 min at this temperature.

Poly(e-caprolactone-co-L-lactide) Copolymers. The same iso-

thermal treatments at 5, 10, 21, and 378C were carried out for

the poly(e-caprolactone-co-L-lactide) samples. The evolution of

DHm against time is plotted in Figure 7. As was expected, at a

larger average sequence length of e-CL (lCL) the crystallization

capability of the copolymers was greater. CL-LA 94 (lCL59.52)

was the copolymer that exhibited the highest value of melting

enthalpy (62.1 J g21 after 24 h at 218C with a Tm at 488C). This

DHm value was several J g21 below than that of the PCL follow-

ing the same treatment (81.9 J g21 with a Tm at 598C), proving

that a 6% L-lactide content was enough to significantly alter the

thermal properties of the homopolymer. On the other hand,

and in general, the crystallization process of these polymeric

materials was more important and progressed faster at the low-

est isothermal temperature of the study (58C), at which crystal

nucleation was favored. CL-LA 83 (lCL53.54), despite not being

capable of crystallizing during the cooling studies outlined in

the previous section, arranged into crystalline structures under

isothermal conditions at 5 and 108C. A melting peak, at around

258C, was found after 3 h at 58C and after 5 h at 108C, and

reached a final value of DHm of 25.5 and 17.5 J g21, respec-

tively. On the contrary, CL-LA 70 (lCL52.20) did not exhibit a

crystalline phase after any of the isothermal conditions

employed in this study.

Table III. Characterization Data Obtained from the Cooling Treatments on the Different Poly(e-Caprolactone-Co-L-Lactide) and Poly(e-Caprolactone-

Co-d-Valerolactone) Copolymers

SAMPLE

Cooling rate at 58C min21 Cooling rate at 108C min21 Cooling rate at 208C min21

DH (J g21) Tc (8C) DH (J g21) Tc (8C) DH (J g21) Tc (8C)

PCL 68.6 32.8 65.7 30.8 65.4 28.2

CL-LA 94 49.6 23.0 47.9 19.5 47.2 14.8

CL-LA 92 42.8 8.6 41.4 4.7 41.1 21.6

CL-LA 88 34.0 27.9 30.9 216.2 16.4 225.7

CL-LA 83 – – – – – –

CL-LA 70 – – – – – –

CL-VAL 85 59.8 12.9 58.2 11.6 57.8 9.6

CL-VAL 76 59.4 8.9 58.3 7.5 57.7 4.8

CL-VAL 70 56.7 8.5 55.0 6.3 54.0 3.0

CL-VAL 60 55.4 1.4 53.7 21.0 53.0 24-3

Table IV. Melting Enthalpies of the Polymers Studied after Cooling at

408C min–1 to the Isothermal Temperature

SAMPLE

DHm (J g21) after cooling at 408C min21

to Isothermal Temperaturea

TC558C TC5108C TC5218C TC5378C

PCL 66.2 64.3 55.1 –

CL-LA 94 45.5 47.0 10.0 –

CL-LA 92 30.4 1.6 – –

CL-LA 88 – – – –

CL-LA 83 – – – –

CL-LA 70 – – – –

CL-VAL 85 61.9 56.8 – –

CL-VAL 76 52.7 – – –

CL-VAL 70 40.3 – – –

CL-VAL 60 – – – –

a Obtained from a DSC scan made at 208C min21from the isothermal
crystallization temperature up to 1008C immediately after cooling at
408C min21.
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The behavior of CL-LA 94, CL-LA 92, and CL-LA 88 was quite

similar at 5, 10 or 218C: DHm was almost stabilized after the

first hour of the experiment and the differences between their

DHm values with respect to the isothermal temperature were

not very large. As viewed above, higher Tm values were achieved

at the highest isothermal temperatures for each of the polymers

(see Table V). Figure 8 shows the evolution of the DSC thermo-

grams of CL-LA 92 after the different isothermal treatments at

5, 10, 21, and 378C. As can be seen, this copolymer has its Tm

between 39–508C and the final melting peak values DHm, with

the exception of that from the isothermal treatment at 378C, are

between 51.6 and 57.7 J g21 (of these the highest value corre-

sponds to the isotherm at 58C). At 378C a small melting peak

does not appear until at least 10 h have passed and after 24 h at

this temperature, the associated DHm was only 1.9 J g21. This

copolymer, with an lCL of 6.65, along with CL-LA 94, was the

only one that crystallized at 378C and also had a melting peak

at time zero (immediately after cooling) in the experiments at 5

or 108C. With regard to CL-LA 94 at 378C, it is worth mention-

ing that it started to crystallize after 30 min and from hour 3 to

hour 24 the melting peak was almost stable and did not

undergo virtually any change (DHm rose from 48.4 to 53.7 J

g21).

Poly(e-caprolactone-co-d-valerolactone) Copolymers. Figure 9

shows the evolution of the melting enthalpies of the poly(e-cap-

rolactone-co-d-valerolactone) copolymers obtained at isothermal

temperatures of 5, 10, 21, and 378C. At the latter temperature

the only copolymer that presented a melting peak during the

experiment was that containing an 85% molar content of e-CL,

CL-VAL 85. Its Tm was centered at 518C, which is well above

the isothermal temperature (378C), and its DHm was 21.5 J g21

after 24 h of treatment. This value was considerably lower than

those measured after 24 h at 5, 10 or 218C (DHm was 80.5,

74.8, and 72.5 J g21, respectively). The melting of the crystal

phase usually occurs over a wide range of temperatures. There-

fore, at 378C it is possible that imperfect crystallites of low Tm

may not be able to form, reducing the crystallization capability

of the polymer or it is possible that the time required at these

conditions for the activation of the nuclei was too short (more

than 24 h would be needed).

In the case of the copolymers with lower e-CL contents, those

ranging from 60 to 76%, no crystalline peaks were found at the

DSC during the 24 h at 378C. However, at an isothermal tem-

perature of 218C, CL-VAL 76 showed a melting peak with a

final DHm value of 39.6 J g21 (Tm539.58C), whereas CL-VAL

70 had a DHm of 13.8 J g21 (Tm535.58C). On the other hand

CL-VAL 60 did not crystallize at all. Referring to CL-VAL 76, its

DHm was practically constant from the third hour of the experi-

ment proving that the growth of the melting peak is limited by

the fraction of crystals that have a melting temperature (Tm)

higher than 218C. With respect to CL-VAL 70, the crystallization

process began after 5 h and after 24 h the DHm values did not

attain stability yet. The nucleation occurred at a slow rate.

Therefore, for this poly(e-caprolactone-co-d-valerolactone)

copolymer, the enthalpy associated with its melting peak might

be larger if the treatment had been extended for more than

24 h.

At 5 and 108C, the four e-CL-co-d-VAL studied had high values

of DHm after 24 h, ranging from 69.8 to 80.5 J g21 at 58C and

from 68.0 to 74.8 J g21 at 108C. Those copolymers with a lower

average sequence length of e-CL, such as CL-VAL 60, took lon-

ger to develop a crystalline phase and had a slightly lower final

DHm. However, contrary to what was expected, the differences

in the DHm between CL-VAL 85 (lCL56.08), CL-VAL 76

(lCL53.94), CL-VAL 70 (lCL53.30), and CL-VAL 60 (lCL52.65)

were not really noteworthy despite their different copolymer

composition. The melting enthalpy was in some cases very large

and did not change gradually with composition. This suggests

that e-CL and d-VAL units co-crystallize, giving rise to a con-

spicuous crystal phase.43

Table V. Melting Temperatures of the Polymers Studied with Respect to

the Isothermal Temperature

SAMPLE

Tm (8C) with respect to Isothermal
Temperaturea

TC558C TC5108C TC5218C TC5378C

PCL 57.8 59.4 59.0 63.2

CL-LA 94 45.8 45.9 47.5 54.3

CL-LA 92 39.2 40.1 42.9 50.3

CL-LA 88 32.2 33.5 38.7 –

CL-LA 83 24.7 25.8 – –

CL-LA 70 – – – –

CL-VAL 85 43.6 44.0 46.8 51.1

CL-VAL 76 33.6 35.9 39.5 –

CL-VAL 70 30.9 33.3 35.5 –

CL-VAL 60 26.9 28.1 – –

a Obtained from a DSC scan made at 208C min21from the isothermal
crystallization temperature up to 1008C. The values given correspond to
the isothermal treatments during 24 h.

Figure 6. Melting enthalpies obtained from the isothermal treatments on

poly(e-caprolactone) at 58C (–�–), 108C (–•–), 218C (–~–), and 378C

(–�–). The values obtained after 10 and 24 h at those temperatures are

not shown. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Wide Angle X-ray Scattering (WAXS). WAXS was employed to

study those poly(e-caprolactone-co-d-valerolactone) copolymers

that exhibited an uncommon crystallization behavior in the

DSC. The WAXS profiles of the poly(e-caprolactone-co-l-lac-

tide) will be similar to those of the PCL and it was not consid-

ered necessary their discussion.

Figure 10, three-dimensional, shows the diffraction profiles of

CL-VAL 85 and CL-VAL 60, in the range of diffraction angles

2h between 10 and 388, in which the “z” axis represents the

number of scans. These scans were made every 28C from 30 to

1228C in the case of CL-VAL 85 and from 2 to 628C for the e-

CL-co-d-VAL copolymer containing 60% of e-CL units. As can

be observed, as the temperature increased the reflection inten-

sity of the crystal bands decreases and eventually vanishes. This

is the consequence of the transition from a crystalline phase to

an amorphous one. These two copolymers, CL-VAL 85 and CL-

VAL 60, presented a stable crystalline phase respectively until 50

and 288C, values that are consistent with their corresponding

melting temperatures (from 44 to 518C for CL-VAL 85 and

�288C for CL-VAL 60). On the other hand, the PCL homopoly-

mer, whose profile is not shown, displayed a stable crystalline

phase up to a higher temperature, 618C.

Figure 11 shows the diffraction profiles of CL-VAL 85 and CL-

VAL 60 together with the diffractogram of the reference homo-

polymer (PCL). CL-VAL 85 presented exactly the same signals

as PCL at 15.0, 21.6, 22.2, 23.8, 30.0, and 36.48, while the peaks

in the 21 �2h� 248 range were the most intense. Therefore, it

can be stated that both polymers present the same crystal struc-

ture. However, this cannot be said for CL-VAL 60. Conversely,

this copolymer did not exhibit the shoulder-shaped signal at

22.28 whereas the peak at 23.8 shifted to 24.28 (see the magnifi-

cation in the figure). The latter peak was broader and encom-

passed the signals of PCL at 23.88 and that of the poly(d-

valerolactone) (PVL), centered at 24.48.44 Hence, it can be con-

cluded that CL-VAL 60 presents a different crystalline phase.

Moreover, the fact that the WAXRD patterns of PCL and PVL

are very similar proves that the lattice parameters of both lac-

tones are analogous and confirms that e-CL and d-VAL units

are co-crystallizing in this copolymer composition.

The term isomorphism refers to two or more distinct substances

with similar crystalline structure that crystallize together in a

single crystal unit cell.45–48 The different types of isomorphism

have been classified by Natta et al.,49 the subject was later

reviewed by Wunderlich50 and by Allegra et al.51,52 Macromolec-

ular isomorphism represents the statistical co-crystallization of

different constitutional repeating units in a single isomorphic

crystalline lattice. In a strict sense, isomorphism means that

only one crystalline phase is observed, and the crystal structure

is essentially the same, irrespective of the composition. On the

contrary, when the reference homopolymers have different

Figure 7. Melting enthalpies of the poly(e-caprolactone-co-L-lactide) copolymers obtained after different isothermal treatments. CL-LA 94 (–�–), CL-LA

92 (–�–), CL-LA 88 (–"–), CL-LA 83 (–D–), and CL-LA 70 (—).
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crystal structures, copolymers crystallize in either of the crystal

lattices depending on composition (isodimorphism), and often

both crystals coexist at some intermediate composition. As

stated by Allegra and Bassi,51 macromolecular isomorphism

should meet several requirements: (i) the different types of

monomer units must have approximately the same shape and

occupy the same volume, (ii) the chain conformation of the

parent homopolymers must be compatible with either crystal

lattice, and (iii) the crystalline structures of parent homopoly-

mers should be analogous in the chain conformation, as well as

in lattice symmetry and dimensions. In agreement with early

observations by Wunderlich,50 PCL and other polylactones

adopt polyethylene-like crystal structures, in which the length of

the methylene sequences determines the packing of

polyethylene.

e-caprolactone is known to crystallize in an extended zigzag

conformation and its units cells are orthorhombic,53 with

a57.496 Å, b54.974 Å, and c (fiber axis)517.297 Å. d-

valerolactone, with one less methylene in its chemical structure,

was also found to arrange itself into orthorhombic lattices, with

parameters a57.47 Å, b55.02 Å, and c (fiber axis)57.42 Å.54

The identity of the chain conformation and the close similarity

of unit-cell lateral dimensions allow both units to co-crystallize,

as was seen in the 60 : 40 e-CL-co-d-VAL copolymer. Several

other co-crystallizing copolymer systems containing e-CL repeat

units have been documented in literature. Shalaby and

Kafrawy55 prepared random poly(e-caprolactone-co-1,5-dioxe-

pan-2-one) copolymers, suggesting that isomorphic crystalliza-

tion of these copolyesters took place. J�erome and coworkers56

reported co-crystallization of poly(e-caprolactone-co-2-oxepane-

1,5-dione) random copolymers. Bikiaris and coworkers57 stud-

ied the crystalline structure and crystallization kinetics of

poly(e-caprolactone-co-propylene succinate) stating that co-

crystallization occurs in these copolymers to some extent.

Finally, Ceccorulli et al.43 investigated the co-crystallization

behavior of poly(e-caprolactone-co-x-pentadecalactone) while

Gross and coworkers with Scandola58–60 also studied other iso-

morphic copolymers containing pentadecalactone units.

Polarized Light Optical Microscopy (PLOM). In the previous

sections it has been demonstrated that at certain compositions

of e-CL and d-VAL, poly(e-caprolactone-co-d-valerolactone)

copolymers undergo isomorphic crystallization. As a result they

are highly crystalline over the whole composition range studied.

Nevertheless, e-CL-co-d-VAL copolymers also exhibited a higher

crystallization capability than some poly(e-caprolactone-co-L-

lactide) copolymers with higher average sequence lengths of e-

CL. This cannot be explained by the co-crystallization phenom-

enon. As has been proved, CL-VAL 85, with an 85.3% of e-CL

and a lCL of 6.08, is not a co-crystallizing polymer system, how-

ever it displayed a large crystallizing ability in comparison to

CL-LA 92, a L-lactide based copolymer that has a higher con-

tent of e-CL (91.6%) and a larger lCL (6.65). CL-VAL 85

reached a maximum of crystallization after 24 h at 58C, with a

DHm of 80.5 J g21, while it presented a crystallization peak of

59.8 J g21 following a cooling treatment at 58C min21 from

1008C. Conversely, CL-LA 92 showed lower values of 57.7 J g21

of DHm and 49.6 J g21 of DHc after the same experiments in

Figure 8. DSC thermograms of CL-LA 92 after different isothermal treat-

ments at 58C (a), 108C (b), 218C (c), and 378C (d).
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the DSC. In addition, during the isothermal process at 218C it

was noted that after 1 min only CL-VAL 85 showed a melting

peak, demonstrating that the supramolecular arrangements take

place faster in this copolymer. In order to complete the study of

crystallization of those two copolymers that have a very low Tg

(264.38C for CL-VAL 85 vs. 254.08C for CL-LA 92) and simi-

lar Tm (from 43 to 518C for CL-VAL 85 vs. from 39 to 508C for

CL-LA 92), Polarized Light Optical Microscopy (PLOM) meas-

urements were carried out

PCL, CL-LA 92, and CL-VAL 85 samples were melted in an

oven and then immediately brought to the polarizing micro-

scope, simulating the cooling to room temperature (218C) dur-

ing a thermoplastic processing. Then, images were taken at

different times. Figure 12 shows PLOM micrographs of CL-VAL

85 after 6, 7, and 10 min (above) and CL-LA 92 after 9, 10, and

15 min (below) after the start of the cooling to room tempera-

ture. It was found that the nucleation and the spherulite growth

began earlier in the case of CL-VAL 85, at minute 6, while the

first crystal spherulites of e-CL from CL-LA 92 were observed at

9 min. The crystalline structures of CL-VAL 85 and CL-LA 92

were stable after 10 and 15 min, respectively, while the PCL

homopolymer (whose images are not shown) was already highly

crystalline after 2 min.

On the basis of the DSC, WAXS, and these PLOM studies, it

can be said that the crystallization of the e-CL units was easier

in the presence of d-VAL units; both lactones have a similar

structure (five straight methylenes and an ester group for e-CL-

units and four straight methylenes together with one ester

group for a unit of d-VAL). However, rigid L-lactide segments

disrupt the structure of the crystal lattice of e-CL, which

decrease its crystallization capability.

CONCLUSIONS

In this work, e-caprolactone was co-polymerized with L-lactide

or d-valerolactone monomers with the aim of reducing the crys-

tallinity of the poly(e-caprolactone) homopolymer, so as to

improve its biodegradability properties. The poly(e-caprolac-

tone-co-L-lactide) and poly(e-caprolactone-co-d-valerolactone)

copolymers were synthesized using triphenyl bismuth (Ph3Bi) as

catalyst and were characterized by nuclear magnetic resonance

spectroscopy (NMR), showing respectively semi-alternating

(R!2) or random (R�1) distribution of sequences.

By means of differential scanning calorimetry (DSC), non-

isothermal crystallizations were conducted at different cooling

rates (at 5, 10, and 208C min21) and several isothermal experi-

ments (at 5, 10, 21, and 378C) were also carried out over 24 h. e-

CL-co-LA copolymers (with e-CL molar contents ranging from

70 to 94%) exhibited a lower crystallization capability than the e-

CL-co-d-VAL (with e-CL content in the range of 60 to 85%).

This was observed regardless of their e-CL average sequence

length (lCL), a parameter that depends on both the composition

and the randomness character. In addition, supramolecular

Figure 9. Melting enthalpies of the poly(e-caprolactone-co-d-valerolactone) copolymers obtained after different isothermal treatments. CL-VAL 85 (–�–),

CL-VAL 76 (–D–), CL-VAL 70 (–*–), and CL-LA 60 (–w–).
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arrangements occurred slower in those copolymers containing

lactide owing to their higher Tg values (�(264)8C for the e-CL-

co-d-VAL and from (257) to (233)8C for the e-CL-co-LA).

Likewise, it was demonstrated that rigid L-lactide segments

interfered with the structure of the crystal lattice of e-CL, limit-

ing the crystallization capability in CL-co-LA structures. On the

other hand, crystallization of the e-CL was easier in the presence

of d-VAL units. Furthermore, for some compositions, such as

the 60 : 40 e-CL-co-d-VAL copolymer, it was found that e-CL

and d-VAL undergo isomorphic crystallization. The WAXS pat-

tern of this copolymer differed from the diffraction profiles of

the PCL homopolymer and the 85 : 15 copolymer, proving that

the crystal phase of the CL-VAL 60 was different. As a result,

the e-CL-co-d-VAL copolymers were highly crystalline over a

broad composition range, at the same time their crystallization

and melting enthalpies were very large, unrelated to the copoly-

mer composition. To the best of the authors’ knowledge this is

Figure 10. Three dimensional WAXS profiles of CLVAL 85 (a) and CLVAL 60

(b). “X” axis represents the diffraction angle (2h), “Y” axis the intensity, and

“Z” axis the number of scans. The scans were made every 28C from 30 to 1228C

in the case of CL-VAL 85 and from 2 to 628C for CL-VAL 60. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11. Initial WAXS profiles of PCL, CL-VAL 85, and CL-VAL 60 in

the 10 �2h� 38 range.

Figure 12. PLOM images of CL-VAL 85 after: (a) 6 min, (b) 7 min, and (c) 10 min; and CL-LA 92: (d) 9 min, (e) 10 min, and (f) 15 min. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the first time that this co-crystallizing system has been reported

in literature.

In further studies the mechanical performance of these poly-

meric materials will be studied by testing their mechanical

properties at room temperature (218C) and at 378C, human

body temperature, at which these biomaterials are intended to

be employed. Moreover, an in vitro hydrolytic degradation

study, in phosphate buffered solution (PBS) at 378C for a

period up to 26 weeks, will be carried out so as to evaluate in

depth their biodegradation mechanisms. These studies have

started and will be reported on in due course.
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