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Base initiated depolymerization of polycarbonates to
epoxide and carbon dioxide co-monomers: a
computational study†

Donald J. Darensbourg,* Andrew D. Yeung and Sheng-Hsuan Wei

High-accuracy CBS-QB3(+) calculations were used to obtain the free energy barriers for several polycarbo-

nates of interest to undergo alkoxide back-biting to give the corresponding epoxide and carbon dioxide.

Free energy barriers to epoxide formation were modest for most polymeric alkoxides (12.7–17.4 kcal

mol−1), and they were higher than for the same starting material to give cyclic carbonate (10.7–14.6 kcal

mol−1). Poly(cyclopentene carbonate) differs: epoxide formation has a lower free energy barrier

(13.3 kcal mol−1) than cyclic carbonate formation (19.9 kcal mol−1). These results explain why poly(cyclo-

pentene carbonate) depolymerizes to cyclopentene oxide when treated with a strong base, whereas pro-

pylene and styrene polycarbonates depolymerize to their respective cyclic carbonates. Recycling via

regeneration of the monomer represents the ideal method for producing material of the highest quality.

Introduction

The increasing levels of carbon dioxide in the atmosphere are
of great concern due to carbon dioxide’s role as a greenhouse
gas. A multi-pronged effort to address this problem likely
includes technologies such as carbon capture and storage
(CCS),1 whereby carbon dioxide is extracted from point sources
(mainly flue gases), then sequestered indefinitely in appropri-
ate reservoirs such as disused oil wells. Aside from sequestra-
tion, carbon dioxide is a cheap, abundant, non-toxic gas that
can be utilized in three broad ways: (1) as-is in the form of a
propellant, solvent, blowing agent, etc.; (2) as a C1 feedstock
for further chemical transformation; (3) as a biological feed-
stock in the bio-production of desirable chemicals or fuels.2 In
regards to its use as a chemical feedstock, 10% of CO2 emis-
sions are attributed to the production of chemical products.
Aresta suggests that if carbon dioxide were fully utilized as a
chemical feedstock, a 7% saving in CO2 emissions might be
realized.3

Carbon dioxide and epoxides react to give polymers and
cyclic carbonates (Scheme 1). The former have been commer-
cialized as burnable binders and packaging material,4–6 while
the latter are used as green solvents.7–9

Extensive mechanistic studies of the metal-catalyzed reac-
tion between carbon dioxide and different epoxides to give
polymers or cyclic carbonates have been carried out.9–22

Polymer growth is often accompanied by cyclic carbonate for-
mation as the anionic growing polymer chain (metal-bound or
metal-free) undergoes alkoxide or carbonate back-biting,
leading to the loss of one repeat unit, and the formation of
one equivalent of cyclic carbonate.20,23,24 Complementary to
experimental reports by ourselves and others, we have recently
performed a computational study on the thermodynamics of
the enchainment reaction, and the reaction barriers of both
the metal-free back-biting reactions.25

In that article, we reported that the metal-free carbonate
and alkoxide back-biting reactions had free energy barriers of
18–25 kcal mol−1 and 10–14 kcal mol−1, respectively. In con-
trast, where a (salen)Cr(III) catalyst were used, the analogous
metal-bound degradation reaction of poly(cyclohexene carbon-
ate) had higher activation energies, 32 kcal mol−1 26 and
25 kcal mol−1 23 respectively. The theoretical results indicate
that back-biting requires more energy when metal-bound,
helping to explain the success of contemporary catalysts
for the polymerization reaction that have tethered onium

Scheme 1 Carbon dioxide and epoxides react to give polymers (left) and cyclic
carbonates (right).

†Electronic supplementary information (ESI) available: 1H NMR spectra of the
depolymerization product of poly(propylene carbonate) and poly(styrene carbon-
ate). Calculated C–O lengths and O–C–O angles at the alkoxides’ transition states
to epoxide formation. See DOI: 10.1039/c3gc40475g
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cations.19 These onium cations prevent the growing polymer
chain from dissociating fully, thus avoiding metal-free
degradation.20,27

Herein, we present the reaction barriers of another degra-
dation pathway that causes these polycarbonates to revert to
the epoxide and carbon dioxide co-monomers. Such a depoly-
merization reaction is particularly attractive in the context of
recycling plastic waste:28 by returning the waste polymer to
monomer indistinguishable to raw material in an energy-
undemanding process, the original polymer can be recreated
with no compromise as to its physical properties.

The results will be discussed in the context of the carbon-
ate- and alkoxide-backbiting reactions that yield cyclic carbon-
ate. These computational results will also be used to
rationalize experimental observations with regard to the degra-
dation of poly(trans-cyclopentene carbonate). They emphasize
that poly(trans-cyclopentene carbonate)’s behavior sets it apart
from other members of this class of polycarbonates.

Results and discussion

The motivation for the investigation undertaken herein was an
interesting experimental observation.29 That is, when treated
with sodium bis(trimethylsilyl)amide, a strong base, hydroxy-
terminated poly(trans-cyclopentene carbonate) was degraded
to a mixture of cyclopentene oxide and cis-cyclopentene car-
bonate. However, upon performing the same reaction in the
presence of carbon dioxide, only cis-cyclopentene carbonate
was obtained (Scheme 2).

Formation of the epoxide indicated that the alkoxide had
undergone an intramolecular nucleophilic substitution, dis-
placing a carbonate-terminated polymer represented by a
methyl carbonate anion (Scheme 3). This reaction is akin to
the formation of an epoxide by the deprotonation of a
chlorohydrin.

Reaction barriers for the alkoxide back-biting reaction to give
epoxide

In this study, we considered a free alkoxide anion generated by
the complete deprotonation of a hydroxy-terminated polymer,
solvated by tetrahydrofuran. This approach allowed us to evalu-
ate barriers to epoxide formation that are uncomplicated by
ion pairing, and by the equilibrium that arises when the
alcohol is deprotonated by a poorer base.24

At the transition state, the appropriate carbon–oxygen
bonds are ∼2.0 Å in length, significantly greater than the
typical C–O length of 1.42 Å.30 To yield epoxides, the alkoxide
oxygen is only two bonds away from the carbon center under-
going substitution; the O–C–O angles of 148–157° are signifi-
cantly distorted (Table S1†). For the oxetane-forming reaction,
the alkoxide oxygen is three bonds away, permitting an O–C–O
angle of 175° that is close to the idealized 180°.

The free energy barriers for the alkoxide back-biting reac-
tion to yield epoxides were computed (Table 1) in advance of
experimental kinetic data. The trends previously reported for
carbonate back-biting reactions to give cyclic carbonates25

were also observed for the current system that yields epoxides,
and they are consistent with SN2-type reactions in general:31

(1) There is a higher barrier to reaction at the methine posi-
tion than at the methylene position; this is a steric effect
(entries 2 and 4; see Scheme 3).

(2) In some cases, there is a lower barrier to reaction at the
methylene position, compared with the alkoxide derived from
ethylene carbonate (entries 3 and 5). For the case of carbonate
back-biting, we showed that this lowering was due to favorable
interactions between the pendant group and the carbon atom
undergoing substitution. Such interactions are less obvious for
the cases we have studied here.

(3) The reactivity trends mentioned above are not observed
for the alkoxides derived from styrene carbonate. The pπ elec-
trons on the phenyl pendant group delocalize onto the empty

Scheme 2 Behavior of hydroxy-terminated poly(trans-cyclopentene carbonate)
when treated with a strong base, with and without added carbon dioxide.

Scheme 3 Intramolecular nucleophilic substitution reactions leading to an
epoxide. Methine attack occurs where R2 ≠ H and methylene attack occurs
where R2 = H.

Table 1 Relative free energies (in kcal mol−1) of the species involved in alko-
xide back-biting to give the corresponding epoxidea

No.
Parent
carbonate

Open-chain
alkoxide

Transition
state

Epoxide + methyl
carbonate

1 EC 0.0 14.6 −16.7
2 PC-1 0.0 14.9 −19.1
3 PC-2 0.0 12.7 −18.8
4 1ClPC 0.0 17.4 −15.7
5 2ClPC 0.0 13.7 −14.2
6 SC-1 0.0 14.5 −18.0
7 SC-2 0.0 15.4 −14.0
8 CPC 0.0 13.3 −20.6
9 CHC 0.0 15.6 −17.1
10 TMC 0.0 20.7 −19.6

aOpen chain alkoxide derived from ethylene carbonate (hereafter
abbreviated EC) = −OCH2CH2OCO2CH3. PC = propylene carbonate;
ClPC = chloropropylene carbonate; SC = styrene carbonate; CPC =
cyclopentene carbonate; CHC = cyclohexene carbonate; TMC =
trimethylene carbonate. -1 and -2 denote alkoxide attack at the
methine or methylene positions, respectively. The convention used
here is consistent with that used in our last report on this topic.24
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p orbital of the carbon undergoing substitution, thereby redu-
cing the barrier to reaction (entry 6 and Fig. 1).

The alkoxide derived from trimethylene carbonate
(entry 10) has an unusually high free energy barrier to ring
closure (20.7 kcal mol−1), compared with that derived from
ethylene carbonate (14.6 kcal mol−1, entry 1), even though the
ring strain energies for cyclobutane and cyclopropane are
approximately the same (26.2 and 27.6 kcal mol−1, respecti-
vely).31 An extended discussion of this topic is beyond the
scope of this article, but we do note that at the transition state,
the substituents on two carbons are eclipsed for the alkoxide
derived from trimethylene carbonate, whereas such an
arrangement is absent in the alkoxide derived from ethylene
carbonate (Fig. 2). When allowed to relax, the alkoxide derived
from trimethylene carbonate is able to extend and relieve such
strain. From a different perspective, more conformational
change is needed for trimethylene carbonate’s alkoxide to
attain the transition state to cyclic ether formation, compared
with ethylene carbonate’s. Similar attempts were made to
rationalize the free energy barriers for cyclopentene and cyclo-
hexene carbonate-derived alkoxides to form the corresponding
epoxides, but no straightforward explanation was found for
their differing reactivity.

The data in Table 1 indicate that the epoxide-forming reac-
tions are exergonic, which may seem surprising given the
strain present in the three-membered cyclic ethers. However,

the methyl carbonate leaving anion is expected to be a poor
nucleophile. Consequently, it has a very high free energy
barrier to cause the epoxide to undergo ring-opening. Note
that the methyl carbonate anion and the epoxide are con-
sidered as separate species rather than as a product complex,
so the TΔS component of free energy is overestimated by
approximately 10 kcal mol−1.

Alkoxide back-biting reactions to give epoxide vs. cyclic
carbonate

For a given alkoxide, epoxide formation has a higher barrier
than cyclic carbonate formation (Table 2). The barrier to cyclic
carbonate formation was previously found to be the energy
required for the polymeric alkoxide (represented by a metho-
xide anion) to dissociate from the tetrahedral intermediate.
Formation of the tetrahedral intermediate is barrierless, in
comparison.25 The alkoxide derived from cyclopentene carbon-
ate is an anomaly, and it will be discussed vide infra.

Because epoxide formation has a higher barrier than cyclic
carbonate formation, it follows that cyclic carbonate formation
should dominate. Indeed, no trace of the corresponding

Fig. 2 At the transition state to cyclic ether formation, the substituents on the
two carbons of the alkoxide derived from trimethylene carbonate are eclipsed,
whereas that is not the case for the alkoxide derived from ethylene carbonate.
This may help explain why the former’s free energy barrier to cyclic ether for-
mation is 6.1 kcal mol−1 higher.

Fig. 1 HOMO-3 of the alkoxides derived from styrene carbonate (left) and pro-
pylene carbonate (right) at the transition state to epoxide formation (methine
attack). The filled pπ electrons on the phenyl pendant group are delocalized into
the empty p orbital on the carbon undergoing substitution, stabilizing the tran-
sition state, and lowering the barrier for reaction (left). The methyl pendant
group provides no such stabilizing interaction (right).

Table 2 Free energy barriers (in kcal mol−1) for both alkoxide back-biting
reactions

No.
Parent
carbonate

Epoxide
formation

Cyclic carbonate
formation24

1 EC 14.6 11.6
2 PC-1 14.9 11.8
3 PC-2 12.7 11.8
4 ClPC-1 17.4 12.4
5 ClPC-2 13.7 12.4
6 SC-1 14.5 10.7
7 SC-2 15.4 10.7
8 CPCa 13.3 19.9b

9 CHCa 15.6 14.6
10 TMC 20.7 15.8c

a The oxygen and the methyl carbonate substituents of the alkoxide
anion are mutually trans, as they would appear in the polymer. The
epoxide will have a cis configuration, whereas the cyclic carbonate
formed will have a trans configuration. bOverall barrier from the open
chain alkoxide, through the tetrahedral intermediate to the cyclic
carbonate + methyl carbonate anion. cNot previously published.
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epoxide was observed when propylene and styrene polycarbo-
nates were treated with base (Fig. S1†). Furthermore, sequen-
tial epoxide formation steps generate carbon dioxide. An
equilibrium between polymeric alkoxide (left) and carbonate
(right) exists:

Poly-O� þ CO2 Ð Poly-OCO2
� ð1Þ

This equilibrium reduces the concentration of free alkoxide
that is required for epoxide formation. With that said, this
equilibrium cannot be used to exclude epoxide formation out-
right since the alkoxide derived from cyclopentene carbonate
is able to form appreciable amounts of epoxide in a closed
system.

It remains of great interest to depolymerize polycarbonates
to recover the starting epoxides. Recycling the co-monomers
allows the production of new polycarbonates no different from
virgin polymer, superior to current recycling efforts that blend
recovered polymer with fresh material to give a product with
inferior physical properties. Cyclic carbonates formation may
be avoided by conducting the base-initiated degradation reac-
tion under a mild vacuum. By removing any carbon dioxide
formed, carbonate back-biting (to cyclic carbonate) can be
excluded, and epoxide formation will be able to compete with
cyclic carbonate formation.

Understanding poly(trans-cyclopentene carbonate)

At this point, we return to the poly(trans-cyclopentene carbon-
ate) story that inspired this line of inquiry: Absent added
carbon dioxide, poly(trans-cyclopentene carbonate) degrades to
a mixture of cyclopentene oxide and cis-cyclopentene carbon-
ate. In a carbon dioxide atmosphere, cis-cyclopentene carbon-
ate is the only product.

cis-Cyclopentene carbonate has a low free energy barrier to
formation (9.9 kcal mol−1) via alkoxide back-biting of poly(cis-
cyclopentene carbonate), but the polymer is of a trans con-
figuration.25 Unlike the other open chain alkoxides, the alko-
xide derived from trans-cyclopentene carbonate is lower in free
energy than the tetrahedral intermediate leading to cyclic car-
bonate formation. This tetrahedral intermediate is, in turn,
lower in free energy than the trans-cyclopentene carbonate +
methoxide product complex, and this was attributed to angle
strain. Rather than a 10–15 kcal mol−1 free energy barrier for

the loss of the polymeric alkoxide (modeled as methoxide), the
overall free energy barrier for cyclopentene carbonate to
undergo alkoxide back-biting is 19.9 kcal mol−1,25 significantly
higher than the free energy barrier for epoxide formation
(13.3 kcal mol−1).

The great disparity between these two free energy barriers
helps explains why no trans-cyclopentene carbonate (the
product of alkoxide back-biting) is produced (Scheme 4).29

Additionally, trans-fused five-membered cyclic rings are
unstable relative to cis-fused isomers due to their strained
geometries (Table 3), and this statement is generally true.32

Replacing oxygen with sulfur leads to less strain due to the
C–S bond (∼1.83 Å) being longer than C–O bonds (1.44 Å), and
trans-cyclopentene trithiocarbonate is well known.32,33

To explain the formation of cis-cyclopentene carbonate, the
polymeric alkoxide is rapidly converted to carbonate in the
presence of carbon dioxide (e.g. from epoxide-forming reac-
tions).34 The polymeric carbonate product back-bites, giving
rise to the cis-cyclopentene carbonate that is observed experi-
mentally. Given significant amounts of carbon dioxide, negli-
gible free alkoxide should exist. Carbonate back-biting is the
only possibility, making cis-cyclopentene carbonate the sole
product.29

Concluding remarks

Beyond the established carbonate and alkoxide back-biting
routes, an additional degradation mode for cyclic carbonates
has been described, and the computational results presented
have explained experimental observations well. This epoxide-
forming degradation is only observed for poly(trans-cyclopen-
tene carbonate) without added carbon dioxide, because its free
energy barrier is lower than the free energy barrier to cyclic

Scheme 4 The possible degradation routes available for poly(trans-cyclopentene carbonate). Free energy barriers are noted.

Table 3 Relative enthalpies (in kcal mol−1, CBS-QB3) of the different confor-
mations of cyclopentene carbonate and trithiocarbonate

Conformation
Cyclopentene
carbonate

Cyclopentene
trithiocarbonate

cis-Boat 0.0 0.0
cis-Chair 2.5 0.1
trans 19.2 5.0
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carbonate formation via alkoxide back-biting. In all other
cases examined, cyclic carbonate is the sole product because
epoxide formation has a higher barrier for reaction, and
because epoxide formation gives rise to polymeric carbonates
that undergo carbonate back-biting.

Nevertheless, epoxide formation reactions have small bar-
riers, and this pathway may be competitive if carbon dioxide
were continually removed. The base initiated degradation can
therefore serve as a low energy route to recycle waste polycarbo-
nate to fresh polymer.

Computational methods

All calculations were performed using the Gaussian 09
suite.35 Geometries were fully optimized using the B3LYP
functional36–38 and the Pople-style 6-311+G(2d,d,p) basis
set.39–41 Molecular orbitals were visualized at this level as well.
The Integral Equation Formalism Polarization Continuum
Model (IEFPCM) calculation with radii and non-electrostatic
terms for Truhlar and coworkers’ SMD solvation model42 was
used with tetrahydrofuran as the prototypical solvent
throughout.

All local minima and saddle points were verified by their
calculated vibrational frequencies (zero and one imaginary
frequencies respectively), except for one example noted in the
text. The saddle points found were confirmed to be the correct
ones by visualizing the imaginary vibrational modes with
AGUI43 and Avogadro.44 No attempts were made to locate
global energy minima of the structures studied.

To be consistent with our previous work,25 the enthalpies
and free energies of the various species at their stationary
points were obtained using CBS-QB3(+) calculations:45 B3LYP/
6-311+G(2d,d,p) reference geometries and frequencies were
read-in, and the CBS-QB346,47 calculation proceeded directly to
the third step (CCSD(T)/6-31+G(d′)) using the CBS-QB3
(StartMP2) keyword in Gaussian 09. The scale factor for the
zero-point energies was not changed from the 0.99 pre-defined
by CBS-QB3.

Experimental methods
Degradation of polycarbonates with base

15 mg of propylene, styrene and cyclopentene polycarbonates
were charged into separate J. Young-sealed NMR tubes. 0.4 mL
of a stock solution of sodium bis(trimethylsilyl)amide in
toluene-d8 (11 mM) was added to each NMR tube. The solu-
tions were heated to 110 °C for 16 hours, and the NMR spectra
were recorded.

Notes
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Note added after first publication

This article replaces the version published on the 19th April
2013, which contained errors in Table 2.

Acknowledgements

We thank the National Science Foundation (CHE1057743) and
the Robert A. Welch Foundation (A-0923) for financial support
for this work. The authors acknowledge the Laboratory for
Molecular Simulation and the Supercomputing Facility at
Texas A&M University for providing computing resources. We
thank Professor Geoffrey W. Coates and Dr W. Chadwick
Ellis (Cornell University) for a sample of poly(cyclopentene
carbonate).

References

1 DOE/NETL Carbon Dioxide Capture and Storage RD&D
Roadmap, http://www.netl.doe.gov/technologies/carbon_
seq/refshelf/CCSRoadmap.pdf, Accessed Feb 2013.

2 M. Aresta, in Utilization of Greenhouse Gases, American
Chemical Society, 2003, vol. 852, pp. 2–39.

3 M. Aresta, in Carbon Dioxide as Chemical Feedstock, ed.
M. Aresta, Wiley, Weinheim, 2010, pp. 1–13.

4 Novomer, http://www.novomer.com/
5 Empower Materials, http://www.empowermaterials.com/
6 M.-A. Ok and M. Jeon, in ANTEC 2011 Plastics: Annual

Technical Conference Proceedings, Society of Plastics
Engineers, 2011, pp. 2134–2139.

7 J. H. Clements, Ind. Eng. Chem. Res., 2003, 42, 663.
8 B. Schaffner, F. Schaffner, S. P. Verevkin and A. Borner,

Chem. Rev., 2010, 110, 4554.
9 M. North, R. Pasquale and C. Young, Green Chem., 2010,

12, 1514.
10 D. J. Darensbourg and M. W. Holtcamp, Coord. Chem. Rev.,

1996, 153, 155.
11 G. W. Coates and D. R. Moore, Angew. Chem., Int. Ed., 2004,

43, 6618.
12 H. Sugimoto and S. Inoue, J. Polym. Sci., Part A: Polym.

Chem., 2004, 42, 5561.
13 D. J. Darensbourg, R. M. Mackiewicz, A. L. Phelps and

D. R. Billodeaux, Acc. Chem. Res., 2004, 37, 836.
14 M. H. Chisholm and Z. Zhou, J. Mater. Chem., 2004, 14,

3081.
15 D. J. Darensbourg, Chem. Rev., 2007, 107, 2388.
16 C. Chen, T. M. J. Anselment, R. Fröhlich, B. Rieger, G. Kehr

and G. Erker, Organometallics, 2011, 30, 5248.
17 S. Klaus, M. W. Lehenmeier, C. E. Anderson and B. Rieger,

Coord. Chem. Rev., 2011, 255, 1460.
18 M. R. Kember, A. Buchard and C. K. Williams, Chem.

Commun., 2011, 47, 141.
19 X. B. Lu and D. J. Darensbourg, Chem. Soc. Rev., 2012, 41,

1462.

Paper Green Chemistry

1582 | Green Chem., 2013, 15, 1578–1583 This journal is © The Royal Society of Chemistry 2013

Pu
bl

is
he

d 
on

 0
9 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
18

/0
5/

20
16

 0
3:

06
:4

5.
 

View Article Online

http://dx.doi.org/10.1039/c3gc40475g


20 D. J. Darensbourg and S. J. Wilson, Green Chem., 2012, 14,
2665.

21 X.-B. Lu, W.-M. Ren and G.-P. Wu, Acc. Chem. Res., 2012,
45, 1721.

22 A. Decortes, A. M. Castilla and A. W. Kleij, Angew. Chem.,
Int. Ed., 2010, 49, 9822.

23 D. J. Darensbourg, P. Bottarelli and J. R. Andreatta, Macro-
molecules, 2007, 40, 7727.

24 D. J. Darensbourg and S.-H. Wei, Macromolecules, 2012, 45,
5916.

25 D. J. Darensbourg and A. D. Yeung, Macromolecules, 2013,
46, 83.

26 D. J. Darensbourg, J. C. Yarbrough, C. Ortiz and C. C. Fang,
J. Am. Chem. Soc., 2003, 125, 7586.

27 J. Liu, W.-M. Ren, Y. Liu and X.-B. Lu, Macromolecules,
2013, 46, 1343.

28 S. M. Al-Salem, P. Lettieri and J. Baeyens, Waste Manage.,
2009, 29, 2625.

29 D. J. Darensbourg and S. H. Wei, Unpublished results, 2013.
30 W. M. Haynes, CRC Handbook of Chemistry & Physics, CRC

Press, 92nd edn, 2011.
31 S. M. Bachrach, Computational Organic Chemistry, John

Wiley & Sons, Inc., 2006.
32 S. M. Iqbal and L. N. Owen, J. Chem. Soc., 1960, 1030.
33 D. J. Darensbourg and S. J. Wilson. Unpublished results. We

have determined the X-ray structure of trans-cyclopentene
trithiocarbonate.

34 B. O. Heston, O. C. Dermer and J. A. Woodside, Proc. Okla.
Acad. Sci., 1942, 23, 67.

35 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, J. A. Montgomery, J. E. Peralta,

F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers,
K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar,
J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene,
J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin,
R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,
K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador,
J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas,
J. B. Foresman, J. V. Ortiz, J. Cioslowski and D. J. Fox, Gaus-
sian 09, Revision B.01, Gaussian Inc., Wallingford, CT,
2009.

36 A. D. Becke, J. Chem. Phys., 1993, 98, 5648.
37 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B: Condens.

Matter, 1988, 37, 785.
38 S. H. Vosko, L. Wilk and M. Nusair, Can. J. Phys., 1980, 58,

1200.
39 G. A. Petersson, A. Bennett, T. G. Tensfeldt, M. A. Al-

Laham, W. A. Shirley and J. Mantzaris, J. Chem. Phys., 1988,
89, 2193.

40 G. A. Petersson and M. A. Al-Laham, J. Chem. Phys., 1991,
94, 6081.

41 G. A. Petersson, T. G. Tensfeldt and J. A. Montgomery,
J. Chem. Phys., 1991, 94, 6091.

42 A. V. Marenich, C. J. Cramer and D. G. Truhlar, J. Phys.
Chem. B, 2009, 113, 6378.

43 Ampac GUI 9. Semichem, Inc., 2008.
44 M. D. Hanwell, D. E. Curtis, D. C. Lonie,

T. Vandermeersch, E. Zurek and G. R. Hutchison,
J. Cheminf., 2012, 4, 17.

45 S. Parthiban, G. de Oliveira and J. M. L. Martin, J. Phys.
Chem. A, 2001, 105, 895.

46 J. A. Montgomery, M. J. Frisch, J. W. Ochterski and
G. A. Petersson, J. Chem. Phys., 1999, 110, 2822.

47 J. A. Montgomery, M. J. Frisch, J. W. Ochterski and
G. A. Petersson, J. Chem. Phys., 2000, 112, 6532.

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2013 Green Chem., 2013, 15, 1578–1583 | 1583

Pu
bl

is
he

d 
on

 0
9 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
18

/0
5/

20
16

 0
3:

06
:4

5.
 

View Article Online

http://dx.doi.org/10.1039/c3gc40475g

