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Abstract A theoretical investigation of the ring-opening
polymerization (ROP) mechanism of ε-caprolactone (CL)
with tin(II) alkoxide, Sn(OR)2 initiators (R=n -C4H9,
i -C4H9, t -C4H9, n -C6H13, n -C8H17) was studied. The density
functional theory at B3LYP level was used to perform the
modeled reactions. A coordination-insertion mechanism was
found to occur via two transition states. Starting with a
coordination of CL onto tin center led to a nucleophilic
addition of the carbonyl group of CL, followed by the
exchange of alkoxide ligand. The CL ring opening was
completed through classical acyl-oxygen bond cleavage. The
reaction barrier heights of ε-caprolactone with different
initiators were calculated using potential energy profiles.
The reaction of ε-caprolactone with Sn(OR)2 having
R=n -C4H9 has the least value of barrier height compared to
other reactions. The rate constants for each reaction were
calculated using the transition state theory with TheRATE

program. The rate constants are in good agreement with
available experimental data.

Keywords Coordination-insertionmechanism . Density
functional theory . ε-caprolactone . Ring-opening
polymerization . Tin(II) alkoxides . Transition state theory

Introduction

Poly(ε -caprolactone) (PCL), synthetic biodegradable and
biocompatible polymer, has been extensively studied due to
its medical and environmental applications [1]. The
biomedical uses are in areas of controlled release drug
delivery systems [2–5] and 3D scaffolds for use in tissue
engineering [6]. The environmental friendly uses are in the
area of disposable packaging [7]. The most widely used
technique for synthesizing this polymer and its related
aliphatic polyesters is the ring opening polymerization
(ROP) [8]. The ROP of cyclic esters [9] can be achieved by
using cationic, anionic, activated monomer, enzymatic, and
organocatalytic methods [10]. A large number of experimental
studies have been carried out with different catalyst or initiator
of metal alkoxides in which metals can be alkali [11, 12],
transition [13–16], and lanthanide [17, 18]. Metal alkoxides
are the most widely used types of ROP initiator and their ring
opening mechanism is coordination-insertion of monomer
into the metal-oxygen bond of initiator. To date, the most
widely use metal alkoxide both in academia and industry is
Sn(Oct)2 [9, 19–24]. Many research groups have used
Sn(Oct)2 with alcohol to study the ROP of different kinds of
monomers. It is widely accepted that the Sn(Oct)2 initiator and
ROH co-initiator react together in situ to form the
corresponding tin(II) monoalkoxide, [Sn(Oct)(OR)], and/or
dialkoxide, [Sn(OR)2] which are the “true initiator”. However,
the true initiator has to be formed prior to ROP initiation and
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propagation which leads to an inevitable long induction time.
Furthermore, themolecular weight of desired polymers cannot
be precisely controlled using Sn(Oct)2 because the true
initiator is not formed directly in the first state. To reduce this
induction time and also obtain polymers with highly
controlled molecular weight, a novel tin(II) alkoxide initiator
was introduced [25, 26] with more effective molecular weight
control and less reduction time. The ROPmechanism of cyclic
esters with metal alkoxide initiators has been proposed to
follow the states illustrated in our adapted Scheme 1 [9, 27,
28]. In the adapted schematic diagram, Sn atom is used to
represent any metal in the metal alkoxide initiators and
ε-caprolactone represents any cyclic ester monomer. The
detail information on the ROPmechanism shown in Scheme 1
is described in the following five steps:

1. Complex : The initial step involves the weak complexation
of CL and tin(II) alkoxide. The weak complex can be
formed by a coordination interaction between CL and
tin(II) alkoxide initiator. An electrophilic attack by
carbonyl group of CL onto the nucleophilic Sn atom of
tin(II) alkoxide is attained.

2. TS1 : The second step is the first transition state (TS1 )
formation. This four-membered ring transition state is
formed by introducing the new bond between Sn and
oxygen atom on the carbonyl group of CL.

3. Intermediate : The third step is the stable intermediate
formation. This intermediate is formed by rotating the
alkoxyl (−OR) group away from the Sn atom and

the weak interaction between Sn and oxygen atom
is attained.

4. TS2 : The forth step involves the formation of second
transition state (TS2 ). This transition state can be
achieved by making a covalent bond of Sn atom to the
oxygen atom adjacent to the carbonyl group. The high
constraint four-membered ring transition is readily open
to the CL forming the product .

5. Product : The final step is the product formation. This
product is the consequence of ring-opening of TS2
species. The second monomer of CL can be added into
this product and the propagation of next ring-opening
polymerization is continued.

The detailed information on the molecular level of ROP of
CL with true initiator can be revealed only by means of
theoretical study. Some theoretical investigations using
density function theory (DFT) on the ROP of CL with various
initiators have been employed [11, 29–33]. In this present
work the ROP polymerization mechanism of ε-CL with tin(II)
alkoxide initiators will be investigated by quantum chemical
calculations. Geometries, energies, and vibrational
frequencies of all stationary points (reactant, transition state,
intermediate, and product) along the reaction profiles shown
in Scheme 1 will be explored using DFT at B3LYP method
withmixed basis set. The calculated results will be analyzed to
give the energy profile and to compare the effect of different R
groups on the initiators. Furthermore, information derived
from energy profiles will be used to calculate the rate

Scheme 1 The mechanism for ring-opening polymerization of ε-caprolactone initiated by tin(II) alkoxides
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constants of different initiators using transition state theory
(TST).

Computational details

Quantum chemical calculation was used to investigate the
ROP mechanism of CL initiated by tin(II) alkoxides, Sn(OR)2
when R=n -C4H9(n -But), i -C4H9(i -But), t -C4H9(t -But),
n -C6H13(n -Hex) and n -C8H17(n -Oct). Geometries, energies,
and vibrational frequencies of all stationary points (reactant,
complex , transition state, intermediate and product ) along
with reaction profiles were computed using the hybrid density
functional theory (DFT) at B3LYP level [34]. For metal atom,
a doublet-ζ-valence quality basis set LANL2DZ was assigned
for Sn atom. A relativistic electron core potential (ECP)
developed by Hay and Wadt replaced the Sn core electron
[35, 36]. For non-metal atoms, a valence triple zeta with
polarization function (VTZ2P) at cc-pVTZ was assigned for
C, H, and O atoms. This popular and computationally cost
effective method predicted reliable geometries and energies as
reported in previous studies [11, 30, 37]. The characters of
intermediates and transition states were confirmed by
performing frequency calculations [11, 38]. Furthermore, the
connection between the reactive reactants (intermediate) and
products was checked with the assistance of the intrinsic
reaction coordinate (IRC) [39]. The IRC procedure was
carried out using the step size of 20 and maxpoint of 10 both
forward and reverse directions which means that reaction
coordinate was calculated every 0.2 amu1/2 bohr. The reaction
barrier heights of all reactions were corrected by including the
zero-point energy corrections [40]. All calculations were
performed with the Gaussian03 software package [41].

The information obtained from quantum chemical
calculations was employed to determine the thermal rate
constants of the reactions. These thermal rate constants in
temperature range of 100–120 °C were calculated using the
conventional TST method [42] by University of Utah’s web-
based kinetics module within the Computational Science and
Engineering Online suite (CSEOnline) [43]. Finally, the
calculated rate constants will be compared with the available
experimental data.

Results and discussion

The tin(II) butoxide assisted ROP coordination-insertion
mechanism for monomer of CL was investigated by
DFT(B3LYP) with mix basis set method. The corresponding
DFT based optimized structures and energies of each step
following Scheme 1 are depicted in Fig. 1 which is the ROP
reaction of CL with Sn(n -OBut)2. This ROP diagram is used
to represent the ROP mechanism of CL with Sn(II) alkoxides.

The ROP mechanism

The exo-carbonyl group of CL coordinates the Sn metal
(complex ) in the cis position with O1, resulting in a Sn-O2

distance of 2.61 Å. The energy of complex formation is
−7.53 kcal mol−1. The transformation of complex into TS1
involves addition of the Sn-O3 onto the C1-O2 double bond
and a corresponding rotation of the O1-C1-O2 plane 90°
forming a planar four-membered ring (TS1 ) having sp2-sp3

hybridized C1 which is located above that O2-C1-O1 plane.
This process lengthens the Sn-O3 and shortens the Sn-O2

(Fig. 1). It requires moderate energy (14.58 kcal mol−1) and
the supported DFT with only one negative imaginary
frequency of −217 cm−1 is obtained. The correspondent
vibrational mode to this imaginary frequency is shown in
Fig. S1 of the Supplementary data. Furthermore, the IRC
result confirms the connection between complex and Int1
as shown in Fig. S2 of the Supplementary data. The nature
bond orbital (NBO) charges along the reaction pathway on Sn
and C1 slightly decrease and on O1 also decrease but those on
O2 and O3 increase (Fig. 2). The slight change of natural bond
orbital (electronic density) from the Lewis base of Sn was
observed due to compensation from O2 and O3 to Sn of
Complex and TS1 .

The conversion of TS1 to intermediate 1 (Int1) involves
rotation of CL ring around the C1-O2 bond resulting in a
decrease and an increase in the Sn-O3 and Sn-O1 distances,
respectively (Fig. 1). The Sn-O1 distance is about 3.41 Å
which is not a bond between two atoms but only an attractive
force between them (a normal bond distance of Sn-O is about
2.00 to 2.20 Å). The Int1 energy is 9.2 kcal mol−1 above the
complex . The optimized transition state 2,TS2 , shows a four-
membered ring with nearly equal Sn-O1 and Sn-O2 distances
and a sp3 hybridized C1 atom with C1-O1, C1-O2 and C1-O3

bond lengths between 1.28 and 1.86 Å. This step is
completely attained when the bond of Sn-O1 is created. The
TS2 structure is confirmed by an imaginary frequency of
−215 cm−1 (its correspondent vibrational mode with
displacement vectors is shown in Fig. S3 of the
Supplementary data) and IRC calculation indicates that a
saddle point along the reaction pathway (between Int1 and
Int2) exists (see S4 in Supplementary data as an example of
IRC results). This TS2 eventually ruptures to intermediate 2
(Int2) and then forms product with increasing bond length of
C1-O1. The information of the lowest frequencies in all
species (complex , TS1 , Int1 , TS2 , Int2 , and product ) is
listed in Table S1 of the Supplementary data. Our DFT based
calculation gave two transition state formation steps with the
TS1 being the rate-determining step. Our calculated results
based on proposed mechanism in Scheme 1 of tin(II) butoxide
with CL is found to be similar to the proposed ROP
mechanism of SnMe3OMe with 1,5-dioxepan-2-one
(DXO) reported by von Schenck and co-workers [11].
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This may be due to the similarity of coordinate stability
for Sn both in tetravalent and divalent forms. Moreover,
the relative enthalpies of product compared to that of

reactant of all initiators were found to be negative
indicating that the overall ring opening polymerization
reactions in all initiators is exothermic. The thermodynamic

Fig. 1 ROP mechanism of CL initiated with Sn(n-OBut)2. Bond lengths are in Å and the relative total energies (electronic energy + ZPE) are in
kcal mol-1
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data of all species along the reaction path are listed in Table S3
of the Supplementary data.

Generally, ROP mechanisms of CL with other tin(II)
alkoxides (Sn(OR)2) namely: Sn(n -OHex)2, Sn(n -OOct)2,
Sn(i -OBut)2, and Sn(t -OBut)2 are shown in S5–S8 of
Supplementary data which are similar to that of CL with
Sn(n -OBut)2. Two transition state steps formation (TS1 ,
TS2 ) with four-membered ring of CL with initiators prior to
ring-opening is found in all initiators. However, the relative
energy changes as a function of reaction coordinate are quite
different in some initiators, especially with bulky groups. So
the effects of side chain and bulky group are given below.

Comparison of different initiators

Like in the case of CL with Sn(n -OBut)2, the DFT results of
complex for CLwith Sn(n -OHex)2 and Sn(n -OOct)2 give the
identical Sn-O2 distance of 2.61 Å implying that longer chain
does not affect the stability of complex formation. The
stability of different R groups depends on the bond distance
of Sn-O3 in reactant (initiator) and complex . The Sn-O3 bonds
of t -But and i-But are found to be shorter (1.97 Å) than that of
other initiator (2.61 Å). The shorter the Sn-O3 bond, the more
stable the complex becomes which results in more energy
required to break this bond. In addition for complex , the
Sn-O3 bond in t -But is found to be shortest (2.00 Å) compared
to that of other initiators (2.03 Å). All important Sn-O bonds
along the reaction path for all initiators are listed in Table S2 of
the Supplementary data. Moreover, the NBO charge values of
important atoms along the reaction path and the plots of NBO
charges for all initiators were listed in Table S3 and plotted in
Fig. S9–S12 of the Supplementary data.

The complex stability is found in the following order of R
group: t-But > n -But > n -Hex > i -But > n -Oct (see Table 1).
The formation of TS1 for all four initiators requires moderate
energy with the energy ranked as t -But > i -But = n -Oct > n -
Hex > n -But which is in the order of energy somewhat
difference from complex stability. This order of energy
requirement may be explained by the stability of TS1 by
steric effect influence from the R group. The more bulky the
R group, the more energy is required for TS1 to be formed.
Note that i -But and n -Oct have the same steric effect even
though number of carbon atom on both are not the same. The
confirmation of TS1 formation with all initiators is confirmed
with only one imaginary frequency and IRC calculation.

The conversion ofTS1 to intermediate for all four initiators
proceeds similarly to the CL and Sn(n -OBut)2. The rotation of
C1-O2 bond causes the Sn-O3 and Sn-O1 distances to decrease
and increase respectively. The energy required for TS2 to be
formed is about 9.62 kcal mol−1 which is not as much as
required for TS1 (values can be obtained by subtracting the
energy of TS2 with energy of Int in Table 1 for TS2 energy
required and the energy ofTS1 with complex forTS1 energy
required). The existences of TS2 for all four initiators are
confirmed by frequency calculation with one imaginary
number and IRC. Like in the case of tin(II) n -butoxide, TS2
of these four initiators with driving force eventually ruptures
to Int2 prior to forming the product . The next cycle of a new
monomer of CL will form complex and the propagation will
be repeated to form a longer chain of polymer.

Table 1 and Fig. 3 summarize the energy changes of
reactions of CL initiated by different Sn(OR)2 initiators where
R=n -But, i -But, t -But, n -Hex and n -Oct as a function of
reaction progress. With similar geometries, complex (as

Fig. 2 Natural bond orbital
charges of several atoms involved
in the reaction intermediates in the
polymerization of CL initiated by
Sn(OR)2 having R n-But

J Mol Model (2013) 19:5377–5385 5381



shown in S2–S5 in Supplementary data) can be regarded as
being equivalent to product . Thus, the above DFT based
mechanism may be applicable to both initiation and
propagation. There are two main effects on the initiators to
be discussed in more detail. First, the effect of long chain on R
group in Sn(OR)2 initiator starting from C4(n -But) to C6

(n -Hex) and C8 (n -Oct) shows a slight energy change on the
relative TS1 energy. For n -But, n -Hex, and n -Oct the
required energies are 7.05, 7.13 and 8.13 kcal mol−1,
respectively. The longer chain on R group slightly destabilizes
the TS1 formation stability. Therefore the shorter R group is
more favorable tomake the rate of reaction go faster within the
same condition as TS1 is the rate-determining step for ROP.

The calculated rate constants of each initiator and also some
available experiment data are discussed in the next section.
The initiators with R group greater than C4 was considered in
our study due to the solubility of initiators based on our
experiment study. Second, the effect of branching group on
butyl group in Sn(OR)2 initiator from C4(n -But) to iso -C4

(i -But) and tert -C4 (t -But) reveals significant change on
energy of TS1 formation. Obviously, the more steric
hindrance of branching C4, the less stable the TS1 observed.
The overall reaction of all initiators is found to be exothermic
compared with reactants.

The thermal rate constants in the range of 100–120 °Cwere
calculated using information from the quantum calculation
with TST implemented in TheRATE program [25]. The
calculated and experimental results are shown in Table 2 and
plotted in Fig. 4. Both available experiment data and
theoretical results correspond with TST in which the higher
the temperature, the faster the rate constants becomes.
Especially at 120 °C, the rate constants show the highest
value.

The comparisons of rate constants between the experiment
(▲) and the calculation (●) results were discussed. From the
comparison, we found that rate constant results show an
interesting value. For experimental results, the rate constants
of Sn(n -OBut)2, Sn(n -OHex)2, Sn(n -OOct)2, Sn(i -OBut)2
and Sn(t -OBut)2 are 118.70, 95.40, 20.10, 31.65 and
9.90 L mol−1 min−1, respectively. Meanwhile, the rate

Table 1 The relative energies comparison in each initiator

Reaction
coordination

Relative energy (kcal mol−1)

n-But n-Hex n-Oct i-But t-But

Reactant 0.00 0.00 0.00 0.00 0.00

Complex −7.53 −7.48 −6.46 −6.91 −10.55
TS1 7.05 7.13 8.13 8.13 9.49

Int 1 1.67 1.77 2.73 3.88 6.19

TS2 11.29 11.38 12.43 12.82 15.37

Int 2 −3.45 −3.45 −2.41 −4.33 1.28

Product −9.37 −9.42 −8.30 −8.13 −9.81

Fig. 3 Energy changes as a function of reaction progress formonomer addition for the ROP of CLwith different Sn(OR)2 initiators as R=n-But(blue), i-
But(purple), t-But(orange), n-Hex(red), and n-Oct(green)
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constants of all initiators in calculation results are 59.56,
35.81, 17.37, 27.05, and 3.31 L mol−1 min−1, respectively.
The calculated value is in good agreement within a factor of
two compared with experimental data. Especially, tin(II) n -
butoxide shows the highest rate constants compared with
other initiators. It is indicated that tin(II) n -butoxide gives
the highest reaction rate constant among the other initiators.
These rate constant results are also related to the energy profile

of tin(II) n-butoxide (Fig. 3) that is the lowest relative energy
of rate-determining step (TS1) compared to the other initiators.

From the discussion above, we found that rate constant
results are different due to two main factors. First, the effect of
side chains, Sn(n -OBut)2, Sn(n -OHex)2, Sn(n -OOct)2, shows
that the longer the chains, the more steric effect takes place
indicating that the rate constant decreases the number of
carbon atoms (C4, C6, and C8) on R group as initiator
increases. Second, for the effect of branching initiators;
Sn(n -OBut)2, Sn(i -OBut)2 and Sn(t -OBut)2, it is found that
the more branch of side chains, the more steric effect increases
resulting in decreasing of rate constants.

Conclusions

DFT calculations of stationary points along the reaction
pathway in the ROP of CL initiated by tin(II) alkoxides give
insight into the addition detailed mechanisms of their
initiation and propagation processes. Transition states having
four-membered rings are found in all cases and the apparent
energy barriers of initiation (energy differences between
complex and TS1 ) of CL with different Sn(OR)2 initiators
as R=n -But, i -But, t -But, n -Hex, n -Oct are calculated to be
14.58, 14.61, 14.59, 15.04, and 20.04 kcal mol-1, respectively.
The Sn(OR)2 with R having n -But has the lowest apparent
energy barriers resulting in the fastest rate constant under the
same condition among all five initiators. The calculated rate
constants of all initiators by transition state theory are in
good agreement with experimental results. Such studies
may be applicable to ROP of lactide initiated by tin(II)
alkoxides and also ring-opening of cyclic ester by metal
alkoxide initiators.

Table 2 The theoretical and experimental rate coefficient of all initiators

Sn(OR)2 Temperature(°C) Rate coefficient (L mol−1 min−1)

Experimenta Theoryb

n-But 100 55.80 33.57

110 111.70 45.01

120 118.70 59.56

n-Hex 100 34.30 20.12

110 62.70 27.01

120 95.40 35.81

n-Oct 100 13.10 9.11

110 16.30 12.67

120 20.10 17.37

i-But 100 - 14.09

110 - 19.67

120 31.65c 27.05

t-But 100 − 1.56

110 − 2.29

120 9.90c 3.31

a Calculated by dilatometry’s measurement of Winita’s group [25]
b Calculated by TheRATE program of University of Utah [43]
c These values were calculated by relative number

Fig. 4 The rate coefficient of all
reactions in ROP of CL initiated
by tin(II) alkoxide series,
calculated at 120 °C
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