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The thermodynamics of polymerization of ε-caprolactone and 1,4-dioxan-2-one has been investi-
gated theoretically and compared with that recently reported for δ-valerolactone and γ-butyrolac-
tone. Specifically, the ability of these monomers to polymerize has been related to the strain of the
rings, theGibbs free energy of simplemodels for ring-opening reactions of the cyclic lactones, and the
conformational preferences of linear model compounds of the corresponding homopolyesters. The
results are fully consistent with the lack of polymerizability of γ-butyrolactone, while the ring
openings of ε-caprolactone and δ-valerolactone have been found to be exergonic processes.
Polymerizability of 1,4-dioxan-2-one has been found to be favored, even though less than that of
ε-caprolactone and δ-valerolactone. Two factors explain these features: (i) the strain of the ester
group in the lactones increases with the exergonic character of the ring-opening process, and (ii) the
stability of coiled conformations inmodel compounds follows this order: poly-4-hydroxybutyrate>
poly(1,4-dioxan-2-one)> poly-6-hydroxycaproate≈ poly-5-hydroxyvalerate. Finally, the influence
of the environment on the polymerizability of the three cyclic lactones is discussed in detail.

Introduction

Aliphatic polyesters, prepared by ring-opening polymeriza-
tion of lactones, are an important class of versatile polymers
with excellent properties1 that make them useful for a wide
range of applications. These extend from those based on large-
scale production of simple commodity thermoplastics2 to
specialty biomedical and pharmaceutical applications, e.g.,
resorbable implant material and controlled drug delivery.3

For example, lactones are quite reactive and readily con-
vert to their linear counterparts. Polymerization of unsub-
stitutedmonocyclic lactones dependsmostly on the enthalpy
of polymerization, which has been related to the release of
the monomer ring strain.1b,1c Thus, the four-membered
cyclic ester polymerizes practically to completion. Similarly,
the six membered cyclic ester (δ-valerolactone, hereafter
denoted δ-VL) polymerizes merely on storage at room
temperature, doubtless caused by adventitious initiation
by hydroxylic impurities. Completely different behavior is
shown by the five-membered cyclic ester (γ-butyrolactone,
hereafter abbreviated γ-BL), which is just on the verge
of polymerizability. Thus, under high pressure,4 γ-BL

(1) (a) Carothers, W. H. Chem. Rev. 1931, 8, 353. (b) Hall, H. K. Jr.;
Schneider, A. K. J. Amer. Chem Soc. 1958, 80, 6409. (c) Coulembier, O;
Degu, P.; Hendrick, J. L.; Dubois, P. Prog. Polym. Sci. 2006, 31, 723.

(2) Fakirov, S. Handbook of Thermoplastic Polyesters; Wiley-VCH:
Weinhem, 2002.

(3) (a) Degradable Polymers, Principles and Applications; Scott, G., Ed.;
Kluwer: Dordecht, 2002.(b) Albertssohn, A. C.; Varma, I. K. Biomacromolecules
2003, 4, 1466. (4) Korte, F.; Glet, W. J. Polym. Sci. Polym. Lett. Ed. 1966, 4, 685.
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polymerizes in moderate yield. Duda and Penczek oligomer-
ized γ-BL up to decamers and studied the thermodynamics
of this reaction.5 Marchessault and co-workers were also
able to obtain a mixture of oligomers using lipase catalyst.6

In recent studies, enzymatic catalysis was used to produce a
high molecular weight homopolymer of γ-BL.7 On the other
hand, the polymerization of macrolides, i.e., higher lactones,
which present unfavorable enthalphies of polymerization, is
due to the positive entropic contribution.8

In a very recent study, wemodeled the thermodynamics of
polymerization of γ-BL and δ-VL (eqs 1 and 2) using
quantum mechanical calculations.9 The results indicated
that the lack of polymerizability of γ-BL can be attributed
to the low strain of the ring,which showsmuch less geometric
distortion in the ester group than in δ-VL, and also to the
notable stability of the coiled conformations found in model
compounds of poly-4-hydroxybutyrate. However, no theo-
retical study about the thermodynamics of the ring opening
of higher lactones, such as caprolactone (hereafter denoted ε-
CL; eq 3), have been reported yet. It is worth noting that a
detailed comparison of the polymerizabilities of γ-BL, δ-VL,
and ε-CL should provide information about how the phe-
nomena described above extends with the size of the cycle.

Poly(1,4-dioxan-2-one) is a kind of aliphatic polyester
with outstanding flexibility, biodegradability, and biocom-
patibility due to the co-existence of ester and ether bonds in
the repeat unit.10 This aliphatic polyester is prepared by the
ring-opening polymerization of 1,4-dioxan-2-one (hereafter
denoted PDO; eq 4) with the existence of certain initiators.
Interestingly, conventional initiators (such as triethylalumi-
num, aluminum isopropoxide, zinc lactate, etc.) do not

provide satisfactory results, which was attributed to the
stability of the six-membered ring.10b,11 Polymerization con-
ditionswere improved in a very recentwork by using a single-
component rare compound, lanthanum isopropoxide, as
initiator.12 All these features suggest that a theoretical
comparison between the polymerizabilities of PDO and δ-
VL is highly desirable.

In this workwe extend our previous theoretical study on γ-
BL and δ-VL to the polymerizability of ε-CL and PDO. For
this purpose, the ring opening of ε-CL andPDOwere studied
using simple model reactions. Results have been compared
with those derived for δ-VL and γ-BL, which have been
recalculated using the same computational procedure. For
completeness, the influence of both conformational and
medium effects on the thermodynamics of such reactions
has been examined in detail. The conformational preferences
of linear model compounds of poly-6-hydroxycaproate and
poly(1,4-dioxan-2-one), the homopolyesters produced by
ring-opening polymerization of ε-CL and PDO, respectively,
have been examined and compared with those of the corre-
sponding homopolyesters derived from δ-VL and γ-BL.

Methods

All quantum mechanical calculations were performed with
Gaussian 03,13 while force-field simulations were carried out
with NAMD.14 All geometry optimizations were performed
using the MP215 method combined with the 6-31G(d)16 basis
set. Frequency analyses were carried out to verify the nature of
theminimum state of all of the stationary points obtained and to
calculate the zero-point vibrational energies (ZPVE) and both
thermal and entropic corrections at 298 K. In addition, the
electronic energy of all minima was re-evaluated using single
point calculations at theMP2/6-311G(d,p) level.17 Accordingly,
the best estimate to the free energy in the gas phase (ΔGgp) was
obtained by adding the statistical corrections calculated at the
MP2/6-31G(d) level to the latter electronic energies.

(5) Duda, A.; Penczek, S.; Dubois, P.; Mecerreyes, D.; Jerome, R.
Macromol. Chem. Phys. 1996, 197, 1273.

(6) Nobes, G. A. R.; Kazlauskas, R. J.; Marchessault, R. H. Macro-
molecules 1996, 29, 4829.

(7) (a) Su, F.; Iwata, T.; Tanaka, F.; Doi, Y. Macromolecules 2003, 36,
6401. (b) Kim, K. J.; Doi, Y.; Abe, H.;Martin, D. P.Polym. Deg. Stab. 2006,
91, 2333. (c) Martin, D. P.; Williams, S. Biochem. Eng. J. 2003, 16, 97.
(d) Moore, T.; Adhikan, R.; Gunatillake, P. Biomaterials 2005, 26, 3671.

(8) Rastetter, W. M.; Phillion, D. P. J. Org. Chem. 1981, 46, 3209.
(9) Houk, K. N.; Jabbari, A.; Hall, H. K. Jr; Alem�an, C. J. Org. Chem.

2008, 73, 2674.
(10) (a) Yang, K.; Wang, X.; Wang, Y. J. Macromol. Sci. Polym. Rev.

2002, 42, 373. (b) Nishida, H.; Yamashita, M.; Endo, T.; Tokiwa, Y.
Macromolecules 2000, 33, 6982.

(11) (a) Raquez, J.-M.; Deg�ee, P.; Narayan, R.; Dubois, P. Macromole-
cules 2001, 34, 8419. (b) Kricheldorf, H. R.; Damrau, D.-O. Macromol.
Chem. Phys. 1998, 199, 1089.

(12) Zhu, X.-L.; Wu, G.; Qui, Z.-C.; Zhou, Y.; Gong, J.; Yang, K.-K.;
Wang, Y.-Z. J. Polym. Sci., Part A: Polym. Chem. 2008, 46, 5214.

(13) Gaussian 03, Revision B.02; Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A.;
Vreven, Jr., T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;
Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda,
R.;Hasegawa, J.; Ishida,M.;Nakajima, T.;Honda,Y.;Kitao,O.;Nakai,H.;
Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A.D.; Strain, C.; ,M.; Farkas, O.;Malick, D.K.; Rabuck, A.D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian, Inc.:
Pittsburgh, PA, 2003.

(14) Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.;
Villa, E.; Chipot, C.; Skeel, R. D.; Kale, L.; Schulten, K. J. Comput. Chem.
2005, 26, 1781.

(15) Moeller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618.
(16) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 23, 213.
(17) Frisch, M. J.; Pople, J. A.; Binkley, J. S. J. Chem. Phys. 1984, 80,
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To obtain an estimation of the environmental effects, single

point calculations were conducted on the gas-phase optimized
structures using a SCRF model. Specifically, the polarizable
continuum model (PCM) developed by Tomasi and co-work-
ers18 was used to describe chloroform (ε= 4.9) and acetonitrile
(ε = 36.64) as solvents. The PCM method represents the
polarization of the liquid by a charge density appearing on the
surface of the cavity created in the solvent. This cavity is built
using a molecular shape algorithm. PCM calculations were
performed in the framework of the HF/6-311G(d,p) level using
the standard protocol. Within this context, it should be recalled
that previous studies indicated that the free energy of solvation
(ΔGsol) obtained using solute geometry relaxations in solution
and single point calculations on the optimized geometries in the
gas phase are almost identical.19 The conformational free
energies in solution (ΔGsol) were estimated using the classical
thermodynamics scheme, i.e., adding ΔGsol to ΔGgp.

The conformational preferences of CH3OCO-(CH2)5-
OCOCH3 and CH3OCO-CH2-O-(CH2)2-OCOCH3, hereafter
denoted 1 and 2, respectively, were determined using a con-
formational search strategy that combines classical Molecular
Dynamics (MD) simulations and geometry optimizations at the
MP2/6-31G(d) level. Specifically, a preliminary exploration of
their potential energy hypersurfaces was performed using a
procedure based on consecutive series of heating-cooling MD
cycles, following the principles of classic simulated annealing
(SA) strategy.20,21 Thus, two initial conformations, i.e., those
with all flexible dihedral angles arranges in trans and gaucheþ,
were brought to 800 K and kept at that temperature for 20 ns,
coordinates and velocities being stored every 200 ps. These 2 �
100= 200 structures were cooled down to 298K at a rate of 6 K
per 25 ps, and subsequently, their conformational energies were
minimized applying 3 � 103 steps of conjugated gradient. All
classical calculations, i.e., MD simulations and energy minimi-
zations, were performed using the NAMD program.22 Energies
were calculated using the AMBER force-field,23 the required
parameters being taken from the AMBER libraries with the
exception of the electrostatic ones. Atomic charges were expli-
citly developed for 1 and 2 using a procedure previously
reported,24 which is fully compatible with AMBER parameters:
the quantum mechanical molecular electrostatic potential cal-
culated at the HF/6-31G(d)25 was fitted to the classical Cou-
lombic expression.

To provide a list of unique minimum energy conformations
for each compound, the structures minimized using the AM-
BER force-field were compared among them. The rotamers
were classified as follows: antiperiplanar or trans (t, for 150�e χi
< 210�), anticlinical- or skew- (s-, for 210� e χi < 270�), syn-
clinical- or gauche- (g-, for 270�e χi < 330�), syn-periplanar or
cis (c, for 330�e χi < 30�), syn-clinicalþ or gaucheþ (gþ, for 30�

e χi < 90�), and anticlinicalþ or skewþ (sþ, for 90�e χi < 150�).
Two structures were considered different when they differ in at
least one of their six flexible dihedral angles by more than 30�.
After this, full geometry optimization of all unique minima
within a threshold of 3.0 kcal/mol was carried out at theMP2/6-
31G(d) level. Finally, for all minima obtained within an energy
threshold of 5.0 kcal/mol we performed the following calcula-
tions: frequencies at the MP2/6-31G(d) level, electronic energy
evaluation at the MP2/6-311G(d,p) level, and ΔGsol using the
PCM procedure in the framework of the HF/6-311G(d,p) level.

It is worth noting that recent studies26 demonstrated that the
combination of MD-SA with geometry optimizations allows
generation of a representative set ofminimum energy conforma-
tions, i.e., minima located at the more stable regions of the
potential energy hypersurface. Furthermore, systematic confor-
mational searches previously developed for CH3OCO-(CH2)4-
OCOCH3 and CH3OCO-(CH2)3-OCOCH3 (denoted 3 and 4,
respectively), which were performed using the rigorous multi-
dimensional conformational analysis, indicated that the
contribution of many minima to the thermodynamics charac-
teristics of these homologues of 1 was negligible.9 Considering
that the application of rigorous multidimensional conforma-
tional analysis involves a huge amount of computational re-
sources (for example, the number of minima that can be
anticipated for 1, assuming three minima for each of the six
flexible dihedral angles, is 36 = 729), the conformational search
procedure used for 1 and 2 in this work has allowed accurate
results using reasonable computational effort.

Results and Discussion

Molecular Geometry of Lactones. Figure 1a and b shows
the chair and boat conformations of ε-CL derived from ab
initioMP2/6-31G(d) calculations. The former conformation
was energetically favored with respect to the latter by 2.6 and
2.2 kcal/mol at the MP2/6-31G(d) and MP2/6-311G(d,p)
levels, respectively. The conformational free energy in the
gas phase (ΔGconf

gp ) of the boat conformation, which was
estimated by adding the ZPE, thermal and entropic correc-
tions obtained at the MP2/6-31G(d) level to the MP2/6-
311G(d,p) electronic energy, was higher than that of the

FIGURE 1. MP2/6-31G(d) optimized structures of ε-CL chair (a)
and boat (b) conformations, δ-VL (c), and γ-BL (d).

(18) (a) Miertus, S.; Scrocco, E.; Tomasi, J. Chem. Phys. 1981, 55, 117.
(b) Miertus, S.; Tomasi, J.Chem. Phys. 1982, 65, 239. (c) Tomasi, J.; Persico,
M. Chem. Phys. 1994, 94, 2027. (d) Tomasi, J.; Mennucci, B.; Cammi, R.
Chem. Rev. 2005, 105, 2999.

(19) (a) Hawkins, G. D.; Cramer, C. J.; Truhlar, D. G. J. Chem. Phys. B
1998, 102, 3257. (b) Jang, Y. H.; Goddard, W. A. III; Noyes, K. T.; Sowers,
L. C.; Hwang, S.; Chung, D. S. J. Phys. Chem. B 2003, 107, 344. (c) Iribarren,
J. I.; Casanovas, J.; Zanuy, D.; Alem�an, C. Chem. Phys. 2004, 302, 77.

(20) Kirkpatrick, S.; Gelatt, C. D. Jr.; Vecchi, M. P. Science 1983, 220,
671.

(21) Steinbach, P. J.; Brooks, B. R. Chem. Phys. Lett. 1994, 226, 447.
(22) Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.;

Villa, E.; Chipot, C.; Skeel, R. D.; Kale, L.; Schulten, K. J. Comput. Chem.
2005, 26, 1781.

(23) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.;
Ferguson,D.M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J.W.; Kollman, P. A.
J. Am. Chem. Soc. 1995, 117, 5179.

(24) Alem�an, C.; Luque, F. J.; Orozco, M. J. Comput. Aided Mol. Design
1993, 7, 72.

(25) Hariharan, P. C.; Pople, J. A. Chem. Phys. Lett. 1972, 16, 217.
(26) (a) Baysal, C.; Meirovitch, H. J. Comput. Chem. 1999, 20, 1659.

(b) Simmerling, C.; Elber, R. J. Am. Chem. Soc. 1994, 116, 2534.
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chair one by 2.2 kcal/mol. Moreover, the ΔGconf
sol of the boat

form was 2.4 kcal/mol higher than that of the chair con-
former in both chloroform and acetonitrile solutions. Other
structures, e.g., half-chair and conformers with a trans
lactone ring, were significantly higher in energy. Overall
these results are in excellent agreement with those previously
obtained using molecular mechanics calculations, which
predicted the chair conformation as the most stable form
of ε-CL, with the boat 2.7 kcal/mol higher in energy.27

Moreover, microwave studies revealed that no significant
amount of any conformer except the chair form is present in
condensed media.28 Themost stable geometries found in our
previous work for δ-VL and γ-BL were the half-chair
(Figure 1c) and envelope (Figure 1d), respectively,9 which
was in good agreement with both theoretical and experi-
mental studies.26a,29,30 On the other hand, Figure 1e reports
the only minimum energy conformation identified for PDO,
which corresponds to a half-chair arrangement. As can be
seen, this conformation resembles that found for δ-VL.

The more relevant geometrical parameters around the
ester group obtained for theminimum energy conformations
of ε-CL, δ-VL, γ-BL, and PDO are compared in Table 1.
Furthermore, parameters for the optimized s-cis and s-trans
forms of methyl acetate (MA) have also been included in
Table 1. As was stated in our previous work,9 comparison
with s-transMA,which has been considered as the strain-free
reference, indicates that δ-VL presents more strain deforma-
tion than γ-BL. The geometrical parameters of ε-CL (chair
conformer) and PDO reveal important differences with
respect to those of s-trans MA, especially for the bond
angles—O1-C1-C3 (8.2� and 8.8�, respectively) and—O2dC1

-C3 (7.7� and 5.1�, respectively). Interestingly, despite the
deformation of the bond angles associated with the ester
moiety being similar for ε-CL, PDO, and δ-VL, the distortion
of dihedral angles defined by C-O1-C1dO2 and C-O1-C1

-C3 varies in the following order: ε-CL<PDO< δ-VL. The
significant difference between ε-CL and the other two lactones
should be attributed to the conformational flexibility of the
ring, which grows with the size, i.e., flexibility is significantly

higher in ε-CL than in δ-VL and PDO. However, the geome-
trical differences between the PDO and δ-VL are intrinsic to
their chemical constitution. Accordingly, the replacement of a
methylene unit by the ether functionality suggests a reduction
of the polymerizability.

Ring-Opening Reaction. Reactions 5 and 6 are simple
models for the ring-opening reaction of ε-CL and PDO,
respectively. The enthalpies and Gibbs free energies in the
gas phase (ΔHrxn

gp and ΔGrxn
gp , respectively) of the ring-open-

ing reaction for these two cyclic compounds have been
calculated using the whole set of minimum energy structures
obtained after a conformational search for 1 and 2.

Table 2 lists the values of ΔHrxn
gp and ΔGrxn

gp values for
reactions 5 and 6. The thermochemical parameters of the
ring-opening reactions of δ-VL and γ-BL were calculated in
our previous work at the CBS-QB3 level using the model

TABLE 1. Selected Geometrical Parameters (deg) around the Ester Bond for theMinimumEnergy Conformations Calculated for ε-CL, δ-VL, and γ-BL
at the MP2/6-31G(d) Level; Parameters for s-trans and s-cis Conformers of MA Included for Comparison

ε-CL (chair)a ε-CL (boat)b δ-VLc γ-BLd PDOe MA (s-trans) MA (s-cis)

O1-C1-C3 118.7 117.6 118.6 108.9 118.8 110.5 110.5
O1-C1dO2 122.9 118.6 118.7 122.4 120.1 123.4 118.5
O2dC1-C3 118.3 123.8 122.4 128.7 120.9 126.0 126.0
C-O1-C1-C3 -2.8 6.0 -20.7 2.4 -9.1 180.0 0.0
C-O1-C1dO2 179.2 -174.6 164.8 -177.3 175.1 0.0 180.0

aChair conformation of ε-CL (Figure 1a). bBoat conformation of ε-CL (Figure 1b). cHalf-chair conformation of δ-VL (Figure 1c). dEnvelope
conformation of γ-BL (Figure 1d). eHalf-chair conformation of PDO (Figure 1e).

TABLE 2. Thermochemistrya of Reactions of Methyl Acetate with ε-
CL (Reaction 5) and PDO (Reaction 6) in the Gas Phase,b Chloroform

Solution,
c
and in an Environment with Variable Polarity

d,e

reaction 5 reaction 6 reaction 7 reaction 8

ΔHrxn
gp -15.4 -13.2 -16.2 -11.5

ΔGrxn
gp -2.4 -0.5 -1.9 þ1.2

ΔHrxn
chl -9.6 -8.5 -12.6 -9.4

ΔGrxn
chl -1.7 -0.8 -2.7 þ2.8

ΔHrxn
p/np -10.0 -8.2 -12.2 -9.1

ΔGrxn
p/np -2.3 -1.0 -2.5 þ2.9
aIn kcal/mol. bΔHrxn

gp andΔGrxn
gp are the enthalpy and free energy in the

gas phase, respectively. cΔHrxn
chl and ΔGrxn

chl are the enthalpy and free
energy in chloroform solution, respectively. dΔHrxn

p/np and ΔGrxn
p/np are the

enthalpy and free energy, respectively, calculated considering a polar
environment (ε=36.64) for cyclic lactones and MA and a nonpolar
environment (ε=4.9) for the linear compounds (see text). eEstimations
were obtained considering two strategies: the corresponding linear
compounds were described using (a) only the lowest energy minimum
(LEM) or (b) a weighted distribution of all minima (WDM) provided by
the conformational search. Thermochemical parameters for δ-VL
(reaction 7) and γ-BL (reaction 8) have been recalculated and included
in the table for comparison.

(27) Allinger, N. L. Pure Appl. Chem. 1982, 54, 2515.
(28) (a) Abraham, R. J.; Leonard, P.; Smith, T. A. D.; Thomas, W. A.

Magn. Reson. Chem. 1996, 34, 71. (b) Cogley, C. D. J. Phys. Chem. 1987, 91,
4235.

(29) (a) Philips, T.; Cook, R. L.;Malloy, T. B. Jr.; Allinger, N. L.; Chang,
S.; Yuh, Y. J. Am. Chem. Soc. 1981, 103, 2151. (b) Lambert, J. D.; TeVrucht,
M. L. E. Org. Magn. Reson. 1984, 22, 613.

(30) Abraham,R.;Ghersi, A.; Petrinello,G.; Sancassan, F. J.Chem. Soc.,
Perkin Trans. 2 1997, 1279.



J. Org. Chem. Vol. 74, No. 16, 2009 6241

Alem�an et al. JOCArticle
reactions 7 and 8 and considering the lowest energy mini-
mum of 3 and 4.9 In this work we have re-evaluated these
parameters at the MP2 level using the methodology de-
scribed in the Methods section and using the whole set of
minimum energy conformations identified for 3 and 4

through a weighted Boltzmann distribution. This represents
a significant improvementwith respect to our previouswork,
results being included in Table 2, for comparison. The
conformational preferences of 1 and 2 have been explicitly
developed in this work (see next sections for details), whereas
those of 3 and 4 were reported in our previous study.9

The ΔGrxn
gp values obtained for γ-BL, δ-VL, and ε-CL are

þ1.2,-1.9, and-2.4 kcal/mol, respectively. Thus, reactions
5 and 7 are predicted to be exergonic, whereas an endergonic
behavior is found for reaction 8. Although environmental
effects have not been considered yet, these results are in
very good agreement with experimental determinations of
enthalpies of polymerization, which range from -1.9 to
-2.4 kcal/mol31 and from -2.6 to -3.8 kcal/mol31b,32-35

for δ-VL and ε-CL, respectively. Comparison of the results
obtained for PDOandδ-VL reveals that the polymerizability
of the former lactone is significantly lower than that of the
latter one. Indeed, theΔGrxn

gp predicted forPDO,-0.5kcal/mol,
is more exergonic than the reported experimental determina-
tions, which range from-0.1 to-0.2 kcal/mol.10b,11a,12 More-
over, theΔGrxn

gp values predicted at theMP2 level for themodel
ring-opening reactions 5-8 is consistent with the polymeriza-
bility order derived from the molecular geometries of the
corresponding lactones (see Table 1).

To ascertain the influence of the medium in the thermo-
chemistry of reactions 4-7, the free energies of solvation in
chloroform solution of ε-CL, PDO, δ-VL,γ-BL,MA, and all
minimum energy conformations characterized for the linear
compounds 1-4 have been calculated. Results have been
used to estimate the enthalpies and Gibbs free energies in
chloroform solution (ΔHrxn

chl and ΔGrxn
chl , respectively) of the

ring-opening reaction for the three lactones, which are listed
in Table 2.

TheΔGrxn
chl calculated for reactions 5-8 using a Boltzmann

distribution of the minimum energy conformation found for

the linear compounds are -1.7, -0.8, -2.7, and þ2.8 kcal/
mol, respectively. These values indicate that the role of the
medium in the ring-opening reaction of lactones is very
significant. Thus, the ring opening of δ-VL in chloroform
solution is favored over γ-BL by 5.5 kcal/mol, while in the
gas phase it was stabilized by only 3.1 kcal/mol. This
increase, which is produced by the higher endergonic char-
acter of reaction 8 in chloroform solution, is fully consistent
with the experimental observations discussed in the Intro-
duction section and in our previous work.9 Reaction 5 is less
exergonic in solution than reaction 7 by 1.0 kcal/mol. This
should be attributed to the strength of the interaction
between the linear compound involved in such reaction
and the solvent, which is more repulsive for 1 than for 3.
Thus, the ΔGsol values of ε-CL and δ-VL are relatively
similar (-5.2 and -4.9 kcal/mol, respectively), while the
ΔGsol for the different conformers of 1 and 3 range from-0.1
to 4.2 kcal/mol and from-2.3 toþ1.3 kcal/mol, respectively.
Comparison between reactions 5 and 6 indicates that the
latter is less exergonic than the former by 0.9 kcal/mol, even
though the ring opening of PDO is more favored in solution
than in the gas phase by 0.3 kcal/mol. The latter is because
the interaction with the solvent is more favorable for PDO
(ΔGsol=-6.4 kcal/mol) than for 2 (ΔGsol ranging from-4.9
to þ0.1 kcal/mol). It is worth noting that for reaction 7 the
change from gas phase to chloroform solution produced a
very similar stabilizing effect, i.e., 0.8 kcal/mol. This feature
suggests that the lowpolymerizability of PDOwith respect to
δ-VL is due to the differences in the conformational prefer-
ences of the linear compounds 2 and 3, which will be
discussed below.

Influence of the Polarity of the Environment in the Ring-

Opening Reaction. To mimic the experimental conditions
used byDuda et al.32,33 and Zhu et al.12 to determine the free
energy of polymerization of ε-CL (ΔGp = -2.6 and -3.1
kcal/mol when the monomer-polymer states are liquid-
liquid and liquid-condensed, respectively) andPDO (ΔGp≈
-0.1 kcal/mol when the monomer-polymer states are li-
quid-liquid), respectively, a new solvation strategywas used
to describe the environmental effects in reactions 4-7. In this
strategy the dielectric constants of the acetonitrile (ε =
36.64) and chloroform (ε = 4.9) solvents were used to
determine the electrostatic component ofΔGsol for reactants
(polar lactones and MA) and products (nonpolar linear
segments), respectively. This electrostatic contribution was
calculated using the PCM method,18 the standard protocols
for the above-mentioned solvents being used. Thus, the
cavitation and van der Waals contributions produced by
these solvents to ΔGsol, which are typically evaluated by the
standard PCMmethod, were not considered in this strategy.
In other words, the variation in the polarity of the medium
occurringduring the polarmonomer (inpolar environment)f
nonpolar polymer (in nonpolar environment) polymerization
process was the only factor included in the evaluation of the
enthalpies and Gibbs free energies (ΔHrxn

p/np and ΔGrxn
p/np,

respectively) of reactions 5-8. Results obtained using
Boltzmann distributions of minima for 1-4 are included in
Table 2.

As can be seen, from a qualitative point of view, results
were similar to those obtained in chloroform solution. Thus,
the values of ΔHrxn

p/np and ΔGrxn
p/np followed the same relative

order in all cases, which suggests that the ring opening of

(31) (a) Estropov, A. A.; Lebedev, B. V.; Kulagina, T. G.; Lebedev, N. K
Vysokomol. Soed. Ser A. 1982, 24, 568; Chem. Abstr. 96: 218273. (b) Save, M.;
Schappacher, M.; Soum, A. Macromol. Chem. Phys. 2002, 203, 889.
(c) Encyclopedia of Polymer Science and Engineering, 2nd ed.; Mark, H. F.,
Bikales, N. M., Overberger, C. G., Mengen, G., Kroschwitz, G. J., Eds; Wiley:
New York, 1988; Vol. 12.

(32) Duda, A.; Kowalski, A.; Libiszowski, J.; Penczek, S. Macromol.
Symp. 2005, 224, 71.

(33) Duda, A.; Libiszowski, J.; Mosnacek, J.; Penczek, S. Macromol.
Symp. 2005, 226, 106.

(34) Saiyasombat, W.; Molloy, R.; Nicholson, T. M.; Johnson, A. F.;
Ward, I. M.; Poshyachinda, S. Polymer 1998, 23, 5581.

(35) Lebedev, B. V. Dokl. Phys. Chem. 1982, 264, 334.
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δ-VL and γ-BL is the most and the least favored process,
respectively. A detailed inspection to the values listed in
Table 2 reveals that the free energy difference between
reactions (5) and (7) decreases from 1.0 to 0.2 kcal/mol when
the description of the environment varies from chloroform
solution to the model with different dielectrics for reactants
and products. Thus, the ring opening of ε-CL and δ-VL
become similarly favored exergonic processes if the variation
in the environmental polarity produced by the polymeriza-
tion process is taken into account.On the other hand, the free
energy determined for reaction 6 decreases 0.2 kcal/mol
when chloroform is replaced by environments with different
polarities. Accordingly, it can be stated that although it is a
favored process, the ring opening of PDO is less favored than
that of ε-CL and δ-VL, which is consistent with the thermo-
dynamics parameters determined experimentally.

Conformational Preferences of the Model Compounds of

Homopolyesters. Linear compounds 1, 2, 3 and 4 should be
considered as model systems of poly-6-hydroxycaproate,
poly(1,4-dioxan-2-one), poly-5-hydroxyvalerate and poly-
4-hydroxybutyrate, respectively, i.e. homopolyesters derived
from ε-CL, PDO, δ-VL and γ-BL, respectively. In this
section we examine the conformational preferences of 1

and 2, and compare these results with those reported in our
previous study8 of 3 and 4.
The conformational preferences of 1 and 2 were deter-

mined using the strategy reported in the Methods section.
MD simulations and subsequent energyminimizations using
a classical potential based on the AMBER force-field led to
188 and 89 minima, respectively, 52 and 46 of them being
within a relative energy threshold of 3.0 kcal/mol. All of
these structures were reoptimized at theMP2/6-31G(d) level,
which produced 47 and 44 different minimum energy con-
formations for 1 and 2, respectively. Frequencies obtained at
the MP2/6-31G(d) level combined with electronic energies
determined by single point calculations at the MP2/6-
311G(d,p) level, which were calculated for the 38 and 44
structures within a relative energy threshold of 5.0 kcal/mol,
were used to estimate the ΔGconf

gp values.
Tables 3 and 4 list the dihedral angles of the 12 and 17

significant minima (those withΔGconf
gp e 1.5 kcal/mol) found

for 1 and 2, respectively, the population expected for the
remaining conformations being negligible. As can be seen,
for 1 the global minimum (gþgþtgþgþgþ) in the gas phase
corresponds to a coiled conformation (Figure 2a) with five of
the six flexible dihedral angles arranged in gaucheþ. The
Boltzmann distribution used to describe the conformational
preferences of 1 in the gas phase shows that the population of
the global minimum is 28%. However, the most remarkable
result is that the fully extended conformation (tttttt) is
destabilized with respect to the global minimum by only
0.6 kcal/mol (population: 11%). Interestingly, the relative
ΔGconf

gp estimated for the extended conformation of 3 and 4

was 1.0 and 1.2 kcal/mol, respectively.9 The stability of the
extended conformation increases with the size of the central
aliphatic segment. Regarding 2, the conformation with the
lowest free energy in the gas phase corresponds to the tgþtg-t
(Figure 2b). The population of this semiextended structure,
which shows three dihedral angles arranged in trans, is 18%.
The fully extended conformation is 1.1 kcal/mol unfavored
with respect to the global minimum. However, the popula-
tion of the latter conformation, if a Boltzmann distribution is

assumed, is 3% only since there is a number coiled confor-
mations with lower energy.

The conformational free energy in chloroform solution
(ΔGconf

chl ) for all minima of 1 and 2 was estimated by adding
the ΔGsol, which was calculated using the PCM method,
to the ΔGconf

gp . For 1 only three of the structures listed in
Table 3 can be considered as significant conformations in
solution, theΔGconf

chl for the remaining 26minima being larger
than 1.5 kcal/mol. The global minimum is the same in
chloroform solution as that in the gas phase, even al-
though in general the solvent tends to destabilize the minima
with coiled conformations (Table 3). However, the most

TABLE 3. Dihedral Angles (deg) and Conformational Free Energy in

theGasPhase (ΔGconf
gp , kcal/mol) andChloroformSolution (ΔGconf

chl ; kcal/mol)
for Significanta Minimum Energy Conformations of Linear Compound 1

χ1 χ2 χ3 χ4 χ5 χ6 ΔGconf
gp ΔGconf

chl

gþgþtgþgþgþ 65.6 60.0 175.7 58.9 49.5 80.8 0.0 0.0
gþgþtg-g-sþ 63.3 55.6 173.5 -68.2-63.9 102.8 0.6 2.3
tttttt 179.9 180.0 180.0 180.0 180.0 180.0 0.6 0.3
s-gþgþgþgþgþ-117.7 57.0 56.2 55.1 50.4 81.4 0.7 1.9
gþtttgþgþ 68.3 178.3 179.6 179.9 57.8 82.6 0.8 1.5
sþgþtgþgþs- 98.3 73.9-169.5 68.6 58.5-108.1 0.9 5.0
sþg-ttg-sþ 104.6-51.9-173.3-168.5-58.2 100.9 1.0 2.4
gþgþgþgþgþgþ 67.5 51.9 55.5 54.9 50.0 81.5 1.0 2.3
tg-tgþg-g- 164.4-68.7 174.4 68.4-67.6 -81.5 1.1 2.0
gþtgþtgþgþ 67.7 173.7 64.0 176.2 58.0 81.8 1.2 2.0
gþgþtsþg-sþ 70.9 59.8-177.7 90.2-61.1 107.7 1.3 1.4
gþtg-tgþgþ 67.7 173.7 64.0 176.2 58.0 81.8 1.4 1.9

aMinimum energy conformations with ΔGconf
gp e 1.5 kcal/mol.

TABLE 4. Dihedral Angles (deg) and Conformational Free Energy in

the Gas Phase (ΔGconf
gp , kcal/mol) and Chloroform Solution (ΔGconf

chl , kcal/

mol) for Significanta Minimum Energy Conformations of Compound 2

# χ1 χ2 χ3 χ4 χ5 ΔGconf
gp ΔGconf

chl

tgþtg-t -179.1 67.9 -175.0 -73.6 -177.7 0.0 0.7
gþgþtg-t 80.3 62.4 -175.8 -74.4 -178.3 0.2 1.3
gþgþtgþt 76.4 62.8 -157.5 75.4 179.4 0.2 2.0
tgþg-gþc -164.8 76.5 -70.8 89.3 16.6 0.4 1.1
tgþg-gþt -173.6 76.0 -67.2 91.1 -173.2 0.6 0.0
tgþs-g-t -179.1 69.3 -97.1 -75.3 -172.6 0.7 1.6
tgþtg-c -178.8 68.0 -175.4 -73.1 -14.7 0.8 1.6
sþg-tgþt 106.5 -65.9 169.6 73.3 176.4 0.8 1.4
gþg-g-g-t 94.7 -57.2 -79.4 -74.7 -174.1 1.0 2.5
gþgþg-gþc 80.4 70.1 -78.1 87.1 24.8 1.1 2.2
ttttt 180.0 180.0 179.9 180.0 179.9 1.1 1.4
gþgþtg-c 80.5 62.9 -176.2 -73.8 -13.7 1.2 2.1
gþgþtgþc 72.2 53.5 -166.2 70.7 12.1 1.2 1.3
gþgþg-gþt 80.4 71.7 -70.2 89.4 -164.0 1.2 2.2
gþgþg-g-t 81.4 73.8 -66.1 -61.1 165.1 1.4 1.8
tgþs-g-c -178.9 69.0 -97.6 -77.7 0.5 1.4 2.1
sþg-tg-t 97.5 -71.0 160.5 -78.4 177.0 1.5 2.4

aMinimum energy conformations with ΔGconf
gp e 1.5 kcal/mol.
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remarkable feature is that the stability of the fully extended
conformation increases in chloroform solution. Thus, the
population estimated in solution for the global mini-
mum and the fully extended conformation is 50% and
28%, respectively. For 2 the most favored conformation
in chloroform solution is the tgþg-gþt (Figure 2c). The
population predicted for this coiled conformation in solu-
tion is 44%. The ΔGconf

gp of the semiextended tgþtg-t con-
formation, which was the preferred in the gas phase,
increases to 0.7 kcal/mol. However, the most striking
feature is that the all-trans conformation is unfavored in
chloroform solution by 1.2 kcal/mol, its population being
6% only.

The overall results showed in Tables 3 and 4 indicate that
the conformational tendencies of 1 are similar to those
found for 3 but clearly different from those of 2 and 4. In
our previous study we concluded that the stability of the
extended conformation was significantly higher, especially
in solution, for 3 than for 4.9Moreover, our conformational
studies on many other organic molecules containing small
aliphatic segments flanked by oxygen-containing func-
tional groups, e.g.,ω-hydroxyacids [HO-(CH2)n-COOH],36

ω-methoxy methyl esters [CH3O-(CH2)n-COOCH3],
37

diamides [CH3NHCO-(CH2)n-CONHCH3],
38 and dike-

tones [CH3CO-(CH2)n-COCH3],
39 systematically showed

that compounds with n e 3 clearly prefer folded coiled
conformations while the stability of extended and semiex-
tended arrangements is enhanced when ng 4. Furthermore,
this effect was found to be more pronounced when
the oxygen-containing functional groups involved CdO
rather than the ether functionality.36-39 This feature is
consistent with the conformational differences found be-
tween 2 and 3, even although these compounds are prob-
ably affected by other electronic effects, e.g., the gauche
effect. The overall of these features are in excellent agree-
ment with results obtained in the previous sections, which
showed both the ability of ε-CL and δ-VL to polymerize,
the stability of the γ-BL monomer and the intermediate
situation of PDO.

Conclusions

The polymerizability of ε-CL and PDO has been inves-
tigated and compared with that of δ-VL and γ-BL. For this
purpose, quantum mechanical calculations at the MP2
level have been performed on these cyclic lactones as well
as in the simple model compounds of the corresponding
homopolyesters. Results indicate that the thermodynamic
polymerizabilities of ε-CL and δ-VL are very similar. Thus,
the free energies of the ring-opening reactions calculated
for these lactones are-2.3 and-2.5 kcal/mol, respectively,
when the variation of the polarity of the environment is
considered. In contrast, ring-opening polymerization of γ-
BL is endergonic by þ2.9 kcal/mol, while the behavior
predicted for PDO is halfway with a free energy of -1.0
kcal/mol. Overall these results are fully consistent with the
free energies of polymerization reported in the literature,
even though they spread out over a relatively wide interval
of values as a result of the experimental conditions, i.e.,
from-1.0 to-3.8 kcal/mol for ε-CL,31b,32-35 from-1.9 to
-2.4 kcal/mol for δ-VL,31 and from-0.1 to-0.2 kcal/mol
for PDO.10b,11a,12

Analyses of both the ring strain of cyclic esters and the
conformational preferences of linear model compounds for
the corresponding homopolyesters explain the results.
Comparison of the cyclic lactones with the s-trans MA,
the strain-free reference, reveals significant distortions in
the molecular geometry of ester groups of ε-CL, PDO and
δ-VL. In contrast, the geometry of the ester group is very
similar for s-trans MA and γ-BL, and the latter is not
strained. The model compound for poly-4-hydroxybuty-
rate shows a remarkable tendency to adopt coiled confor-
mations, whereas the extended conformation is
significantly more stable in the model compounds of poly-
6-hydroxycaproate and poly-5-hydroxyvalerate. The mod-
el compound for poly(1,4-dioxan-2-one) also prefers a
coiled conformation but with less intensity than that of
poly-4-hydroxybutyrate. These results are consistent with
the free energies calculated for the ring-opening reaction of
ε-CL, PDO, δ-VL, and γ-BL.
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solution (c).
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