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Abstract 

The production of polycarbonates from carbon dioxide and epoxides is an important route by 

which CO2, a waste product with harmful environmental effects, is converted into useful 

products. Some of these polymers have been commercialized as binders, adhesives, and coatings; 

low molecular weight polycarbonate polyols are used to prepare polyurethanes and ABA triblock 

polymers. Of current interest is poly(glycerol carbonate) that may consume excess glycerol that 

is generated from biodiesel production. This review surveys the use of computational chemistry 

toward answering questions pertaining to the CO2-epoxide copolymerization. Emphasis is placed 

on the thermodynamics of polymer formation, and the kinetics of polymer growth and 

degradation. 

Introduction 

Carbon dioxide is a product of burning carbonaceous fuel, and humans produce it on a grand 

scale: ca. 35 gigatonnes per year. As a greenhouse gas, its increasing concentration in the air is 

linked to global climate change. There are numerous strategies to reduce carbon dioxide’s 

accumulation, and sequestration in geologic formations is viewed by some as a long-term 

solution.1 CO2 utilization is complementary to such efforts, and incorporation of this gas in 

useful products provides an opportunity for indirect storage. The production of polycarbonates 

from CO2 and epoxides (Scheme 1) is one of the focuses of the U.S. Department of Energy’s 

Carbon Storage Program.2 As significant energy costs are involved in mechanically compressing 

CO2 for use,3 efforts are being made toward the direct use of CO2 within flue gas.4, 5 

This copolymerization reaction that was first reported by Inoue and coworkers in 19696 converts 

an otherwise undesirable waste product into a useful chemical feedstock. Some of these 

polycarbonates have been commercialized as packaging material and coatings,7, 8 while low 

molecular weight poly(propylene carbonate) serves as a drop-in replacement for poly(propylene 

oxide) used for preparing polyurethanes.9 Catalytic systems that produce these polycarbonates 

have been comprehensively reviewed.10-20  
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Scheme 1. Reaction between CO2 and an epoxide to yield the desired copolymer, and cyclic 
carbonate side-product. 

 

In the general reaction, the polymerization reaction begins when an epoxide co-monomer 

displaces a metal-bound initiator ligand. The epoxide is activated by a Lewis acidic metal center, 

and undergoes nucleophilic attack by a suitable initiator, undergoing ring-opening. The alkoxide 

formed reacts with CO2 to form a carbonate (Scheme 2). This carbonate serves as the 

nucleophile for subsequent epoxide ring-opening reactions (Scheme 3), and the catalytic cycle 

continues. Along the way, the polymeric carbonate or alkoxide may backbite while metal-bound 

or metal-free to give the undesired cyclic carbonate. 
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Scheme 2. The initiation step for the general CO2-epoxide copolymerization reaction. 
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Scheme 3. Propagation: Once the initial carbonate is formed, the copolymerization proceeds by 
successive epoxide ring-opening reactions, followed by CO2 insertion into the metal-alkoxide 
bond. The polymeric carbonate (top) or alkoxide (bottom) may undergo backbiting while metal-
bound or metal-free to produce, in this instance, the undesired cyclic carbonate side-product. 

 

The first generation of catalysts comprises zinc complexes that trace their lineage to Inoue’s 

diethylzinc-water system such as zinc phenoxides.21, 22 Coates et al. showed that the zinc-

catalyzed reaction was second order in [Zn],23 leading to the design of dizinc complexes by 

Coates’ and Williams’ groups (Figure 1a). Early zinc catalysts were effective for copolymerizing 

cyclohexene oxide with carbon dioxide, but ineffective for the analogous reaction with propylene 

oxide. Due to zinc’s Lewis acidity, some of these systems catalyzed the epoxide 

homopolymerization reaction too, resulting in polyether defects within the polycarbonate. The 

more mature systems are very active, and can provide polyether-free polycarbonate at low CO2 

partial pressures.24 Zinc catalysts are especially well covered in Williams et al.’s review.17  
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Figure 1. Examples of catalysts for the CO2-epoxide copolymerization: (a) First generation: a 
zinc phenoxide catalyst, and a (β-diiminate)zinc dizinc catalysts. (b) Second generation 
(salen)M(III)X catalysts, usually used with cocatalysts. (c) Third generation bifunctional salen-
type catalyst that comes with its own cocatalyst. 

 

Subsequently, a second generation of catalysts derived from porphyrin and salen complexes were 

developed (Figure 1b). In the absence of an onium salt, these catalysts were second order in 

metal, reminiscent of the well-studied epoxide hydrolysis reaction.25 Coates and coworkers’ 

binap-linked dinuclear cobalt complex was an elegant response to the rate law.26-28 However, the 

addition of cocatalysts converted the square pyramidal complexes to octahedral complexes that 

were first order in metal. Especially effective cocatalysts in use are the chloride, azide, and 

dinitrophenolate anions, and the N,N-dimethylaminopyridine (DMAP) and N-

methyltriazabicyclodecene (mTBD) neutral amines. These catalysts required modest CO2 

pressures to operate, but yielded copolymers with perfect CO2 incorporation. Unfortunately, 

these systems tended to generate cyclic carbonates in addition to the desired polymer. These 

second generation salen-type catalysts have been comprehensively reviewed by Darensbourg.15 
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Third generation cobalt catalysts featuring built-in cocatalysts emerged (Figure 1c). Those 

bearing quaternary onium cation arms had the added benefit, in that the dissociated anionic 

polymer chain was kept from being lost to the bulk of the reaction mixture. Proximity allows the 

polymeric carbonate to quickly return to ring-open the epoxide that displaced it from the metal 

center. Furthermore, the tethered polymer is prevented from attacking its own carbonyl group, 

thereby reducing monomer wastage through cyclic carbonate formation. Since they contain their 

own built-in cocatalyst, they are also named bifunctional catalysts, as opposed to prior binary 

catalyst/cocatalyst systems. These third generation catalysts are some of the best to date. These 

third generation cobalt complexes are now able to operate at high temperatures (70-110 °C) that 

the conventional salen complexes did not survive.18, 19 

Now that good general purpose catalysts have been developed, attention has turned toward 

alternate epoxide monomers like styrene, chloropropylene, and indene oxides (Figure 2).29 

Poly(indene carbonate) in particular, has the highest reported Tg (138 °C) for a CO2-epoxide 

polycarbonate.29, 30 Renewable feedstocks in the form of limonene oxide have been tried too.31 

Increasing attention is being given toward synthesizing polycarbonate polyols as precursors for 

ABA-type triblock polymers; poly(propylene carbonate), 43 % CO2 by weight, is a drop-in 

replacement for poly(propylene oxide) in the production of polyurethane that has been 

commercialized by Bayer as polyether polycarbonate polyols.9 Of current interest are glycerol 

carbonates32, 33 and polycarbonates34, 35 ultimately derived from glycerol and CO2. Such 

carbonates represent the conversion of two burdensome waste streams into useful materials. 
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Figure 2. Polycarbonates and their corresponding epoxide precursors. Commercialized (top-
bottom): Poly(propylene carbonate), poly(cyclohexene carbonate). Investigational (top-bottom): 
Poly(styrene carbonate), poly(chloropropylene carbonate), poly(cyclopentene oxide), and 
poly(indene carbonate). 

 

While much of the current mechanistic understanding of these polycarbonate-forming reactions 

has been derived from experimental work, the use of computational methods is increasingly 

popular for solving chemistry problems. The judicious use of computational chemistry can 

reduce the amount of experimental work to be done, leading to the use of fewer expensive 

reagents and the generation of less waste. Significantly, computational chemistry allows the 

chemist to consider elementary reactions separate from other competing reactions. In contrast, 

many kinetics experiments are unable to distinguish the effects of multiple pathways. 

Morokuma and coworkers36 were the first to examine the CO2-epoxide copolymerization using 

computational chemistry in 2002. Much has transpired since, though no survey of these 

computational studies has been performed. Herein, we explore the use of quantum mechanical 
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methods toward understanding the CO2-epoxide copolymerization. Outside the scope of this 

work, reviews of computational methods applied toward utilizing CO2,
37, 38 and of the 

computational prediction of other polymer properties39 are available. 

Thermodynamics of polymer formation  

Polymerization processes involve the agglomeration of small monomeric units, resulting in the 

formation of a large macromolecule, with a concomitant decrease in the system’s entropy. 

Axiomatically, polymerization is favored at low temperature, whereas depolymerization is 

favored at high temperature. ∆S is normally negative, making the entropic –T∆S component for 

the expression of Gibb’s free energy (��	 � 	��	– 	�	��) positive. At relatively high 

temperatures, -��� may be sufficiently positive that the overall reaction is no longer exergonic. 

The temperature at which ∆G = 0 is known as the ceiling temperature, Tc, and we can 

define	�
 �
��

�
.40  

The preceding discussion assumes gaseous reactants; phase changes and solvation give rise to 

drastic changes in enthalpy and entropy.41 A major exception to our axiom is the ring-opening 

polymerization of some large, unstrained rings: the loss of translational entropy in individual 

monomers is countered by the gain of rotational and vibrational entropy present in the flexible 

polymer chains. These polymers have floor temperatures, Tf, instead of ceiling temperatures.41  

Conventionally, ∆H may be obtained by direct measurement of the heat evolved during a 

polymerization reaction. It may also be found by calorimetry: samples of polymer and monomer 

are burned, and the heat evolved is recorded. The difference between the two would represent the 

enthalpy of polymerization. ∆S may be calculated from the standard entropies of monomer and 

polymer. These standard entropies are themselves calculated by ���� � �
��

�
��

�

�
, where Cp is the 

experimental heat capacity of either at constant pressure.42  

In the case of equilibrium reactions, enthalpies and entropies can also be extrapolated by 

Dainton’s equation.43 In the model system reversible addition of a monomer unit, M, to a 

growing polymer chain, Mn*, leads to an elongated polymer, Mn+1*: 

��
∗ 	� 	�	 ⇌ 	����

∗
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Since Mn* and Mn+1* are equivalent, the equilibrium constant, K, can be simplified: 

� �
�����

∗  

���
∗ �� 

�
1

�� 
 

The Gibb’s free energy of reaction is the standard free energy of reaction, corrected with the 

reaction quotient, Q: 

Δ#� � Δ#�° � %� ln( � Δ#�° ) �Δ#�° � %� ln( 

At equilibrium, ∆rG = 0 and Q = K: 

Δ#�° ) �Δ#�° � %� ln� � 0 

Δ+�° ) TΔ+�° � )%�	ln	� 

Dividing throughout by T, and substituting K for 1/[M], we obtain Dainton’s equation: 

% ln�� � 	
Δ+�°

T
) Δ+�° 

Polymerization reactions are run at different temperatures, and the equilibrium concentration of 

residual monomer is thereafter measured. Plotting ln [M] against 1/T provides Δ+�° and Δ+�°. 

Estimating enthalpies of polymerization 

One of the oldest methods to calculate enthalpies of polymerization is to use tabulated bond 

dissociation energies,44, 45 be they experimental or theoretical figures. A more sophisticated 

approach is the Benson and Buss’ group additivity method that compensates for the effects of 

neighboring groups.46-48 Miller et al. have demonstrated both approaches for poly(ethylene) and 

for the ethylene-carbon dioxide copolymer.49 

Computational chemistry can be used to calculate the enthalpies of monomer vs. oligomer 

directly. Enthalpies of polymerization are obtained as the enthalpy of chain extension: 

∆H(polymerization) = ∆H((n+1)-mer) - ∆H(n-mer) - ∆H(monomer) 
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This oligomer approach requires the ends of the model polymer to be defined. Hydrogen is the 

conventional choice, even though hydrogen-capped oligomers are not observed in the actual 

polymerization processes. This process should in principle be repeated until convergence,49-52 but 

intramolecular hydrogen bonding may complicate matters. Some workers have chosen to only 

consider the 1-mer to 2-mer reaction, as the 2-mer is short enough to avoid this problem. They 

too found the iterative approach for well-behaved polycarbonates superfluous, the 1-mer to 2-

mer reaction enthalpy being within 0.1 kcal/mol of the average of several iterations.50 Of course, 

the rate of convergence may differ for other systems, such as for polyacetylenes with extended π 

systems that Brothers et al. has reported.51 

We may consider polymers to be infinitely repeating linear chains, periodic boundary conditions 

having been applied. In so doing, the chain-end approximations are obviated and complications 

due to intramolecular bonding are avoided. Additionally, fewer computational resources are 

needed for modeling a small repeat unit than for a relatively large oligomer. At first glance, the 

enthalpy of polymerization may simply be calculated: 

∆H(polymerization) = ∆H(repeat unit) - ∆H(monomer) 

Brothers et al. point out that vibrational analysis of a single repeat unit is inadequate, as 

vibrations in the whole polymer that are out of phase within a small repeat unit are not taken into 

account. As a result, supercells (containing more than one repeat unit) are used iteratively to 

achieve convergence.51  

While useful fiction, a real polymer is not an oligomer, nor is it an infinitely long polymer. Even 

sterically-unencumbered poly(ethylene) is not infinitely long, and linear alkanes of increasing 

length eventually favor hairpin structures to take advantage of favorable intramolecular van der 

Waals interactions.53-55  

Benchmarking various computational methods 

To the best of our knowledge, only two articles have discussed the thermodynamics of the CO2-

epoxide copolymerization. Both compared polymer vs. cyclic carbonate formation, and both 

groups investigated polymer formation via the oligomeric approach. In the 2011 article,56 the 

authors compared BP86, m06-l, m06, and m06-2X (in conjunction with electronic energies with 
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the results of high level CCSD(T)/def-TZVPP calculations, and concluded that no one functional 

reproduced the high level ab initio results perfectly. High accuracy thermochemistry was not a 

stated goal. Enthalpies of copolymerization vs. cyclic carbonate formation were obtained using 

BP86/SV(P). 

In a later article,50 the “chemically accurate” composite CBS-4M method was declared the best 

after an extensive benchmarking study. Semi-empirical PM6,57 DFT, ab initio, and composite 

calculations were carried out to determine the enthalpies for the reactions in Scheme 4, and they 

showed that the composite methods yielded the “chemical accuracy” (±1 kcal/mol) promised 

(Table 1). These composite methods include several ab initio calculations that attempt to 

approximate the “truth” represented by a full configuration interaction calculation using an 

infinitely large basis set. The Complete Basis Set family achieves this approximation by 

extrapolation, whereas the Gaussian-n family does so by additive corrections. Unlike ab initio 

calculations, DFT results may not be systematically improved.58 CBS-4M was chosen for its 

ability to handle large oligomers.  

 

O+ CO2O O

O

+CO2

OH

OH - H2O

+ CO2O O

O

+CO2
2 CH3OH O

- H2O

 

Scheme 4. Reactions considered for the benchmarking study in reference 50 (Table 1). The 
carbonates included in the test set were ethylene, propylene, and butylene cyclic carbonates, and 
dimethyl, diethyl, and diphenyl acyclic carbonates.  
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Table 1. Results of the benchmarking study in Scheme 4.50 Deviations (kcal/mol) = calculated 
enthalpy – experimental gas phase enthalpy (from NIST). 

 Mean signed 

deviation  

Mean unsigned 

deviation  

Root mean 

squared deviation  

NIST error  1.9 2.4 
B3LYP/6-311G(2df,p) 4.9 4.9 5.3 
TPSSTPSS/6-311G(2df,p) 4.9 4.9 5.3 
mPWPW91/6-311G(2df,p) 4.8 4.8 5.2 
m06-2X/6-311G(2df,p) -1.2 2.1 2.5 
MP2/6-311G(3d2f,p) 3.5 3.5 3.8 
CCSD/6-311G(3d2f,p) 0.7 1.6 2.0 
CBS-4M 0.1 0.8 1.1 
CBS-QB3 -0.3 0.7 0.8 
G3MP2 1.2 1.2 1.8 
G4 0.7 0.9 1.1 

 

To supplement the reliable but computationally intensive CBS-4M method, the authors sought a 

less computationally demanding method to calculate “ballpark” enthalpies of polymerization. 

They examined the use of PM6 for this purpose because this method requires minimal 

computational resources. The use of periodic boundary conditions was also of interest, because 

smaller systems might stand in for large oligomers. They wanted to make use of PM6 for this 

purpose, because MOPAC directly reports enthalpies of formation, whereas Gaussian 09 is 

generally unable to do so for PBC calculations. Initial results were promising, but PM6 was 

ultimately found to be unsuitable. Compared with the experiment,59, 60 PM6 underestimates 

carbon dioxide’s enthalpy of formation by 9.3 kcal/mol, whereas it overestimated dimethyl, 

diethyl, and diphenyl carbonates’ enthalpies of formation by 6.5-11.5 kcal/mol. This unintended 

cancellation of error led to PM6’s seemingly excellent performance in the benchmarking study.57  

The CO2-epoxide copolymerization 

In both articles that discuss the CO2-epoxide copolymerization, polymer formation was studied 

via the oligomeric approach. Rieger et al. reported enthalpies obtained by density functional 

theory (BP86/SV(P)),56 whereas Darensbourg and Yeung used the “chemically accurate” 

composite CBS-4M method.50 Of passing relevance is the article by Miller et al. that modeled 

the copolymerization of ethylene with carbon dioxide using the oligomeric approach, with 
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enthalpies obtained by DFT (B3LYP/6-31G(d’)).61 The enthalpies of polycarbonate formation 

are compared in Table 2.  

 

Table 2. Enthalpies of the reactions to produce polymers and cyclic carbonates.  

 Polymer  Cyclic carbonate 

 CBS-

4M
50

  

B3LYP/  

6-31G(d')
50

 

BP86/  

SV(P)
56

 

Lit. CBS-

4M
50

 

B3LYP/ 

6-31G(d')
c
  

BP86/ 

SV(P)
56

 

NIST
59, 60

 

EC -21.2 -21.5 -17.8 -20.8a -15.1 -15.4 -15.0 -15.2 
PC -21.2 -20.1 -13.6  -15.7 -15.1 -14.7 -16.1 
CHCb -22.6 -17.0 -17.4  -16.7 -14.0 -14.5  
a∆Hpoly = -124.5 kJ/mol by calorimetry. The gas phase enthalpy of polymerization was estimated by 
subtracting -37.5 kJ/mol,59, 60 the enthalpy of vaporization of dimethyl carbonate (representing approximately one 
repeat unit). bTo give the cis-cyclic carbonate. cNot previously published. 
 

CBS-4M, B3LYP/6-31G(d’), and BP86/SV(P) calculated the enthalpies of cyclic carbonate 

formation well. For determining enthalpies of polymerization, B3LYP/6-31G(d’) agreed well 

with CBS-4M, as with the single literature data point. The BP86/SV(P) level of theory appeared 

to have more significant deviations. Despite B3LYP/6-31G(d’)’s general agreement with CBS-

4M, the authors do not recommend its use where accurate thermochemistries desired, because it 

(and other functionals tested) experienced significant sensitivity to the basis set chosen.50 

The authors continue to tabulate both enthalpies and free energies of polymer growth vs. cyclic 

carbonate formation, and their latest table is reproduced below (Table 3).50, 62 These free energies 

include vibrational corrections obtained. Entropies obtained this way are quite sensitive to low 

vibrational frequencies,42 but the authors expect that most errors are systemic, and that calculated 

free energies are at least qualitatively correct.  
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Table 3. Thermodynamics of polymer vs. cyclic carbonate formation.50, 62 

 Enthalpy (kcal/mol) Free Energy (kcal/mol) 

 Polymer Cyclic 
carbonate 

Polymer Cyclic 
carbonate 

Ethylene carbonate -21.2 -15.1 -0.4 -3.8 
Propylene carbonate -21.2 -15.7 0.5 -4.2 
Chloropropylene carbonate -22.1 -13.8 0.1 -2.5 
Styrene carbonate† -22.8 -14.8 -0.8 -3.4 
Cyclopentene carbonate* -15.8 -14.5 7.1 -5.8 
Indene carbonate* -21.1 -18.2 1.5 -6.6 
Cyclohexene carbonate* -22.6 -16.7 3.4 -4.6 
Trimethylene carbonate -23.1 -11.7 -2.6 -0.8 
1,2-Glyercol carbonate -21.3 -16.2 0.6 -4.3 
1,2-Glycerol carbonate, methyl 
ether 

-22.1 -15.3 0.0 -3.9 

1,3-Glycerol carbonate -22.3 -9.0 -0.5 1.7 
1,3-Glycerol carbonate, methyl 
ether 

-20.9 -8.2 0.7 2.8 

Average of 4 iterations unless noted. * Calculated from 1-mer + CO2 + epoxide → 2-mer. † Average of 3 
iterations (until 4-mer). 

 

Polymer formation is more exothermic but less exergonic than cyclic carbonate formation for all 

examples, except for trimethylene carbonate obtained from CO2 and oxetane. These figures 

explain why trimethylene carbonate is quantitatively converted to the polymer,63 whereas five-

membered cyclic carbonates do so with concomitant decarboxylation (gain of entropy).64-66 

Pendant groups on aliphatic polycarbonates rotate out of the way, even for poly(head-to-head 

propylene carbonate), so they do not contribute to intramolecular steric repulsion. On the other 

hand, poly(cyclopentene carbonate) experiences significant intrachain repulsion, resulting in its 

lowered enthalpy of polymerization. Happily, the poor exothermicity of the CO2-cyclopentene 

oxide copolymerization gives rise to a polymer that is easily recycled to the constituent co-

monomers.67, 68 

Kinetics of chain growth 

The kinetics of the CO2-epoxide copolymerization was first studied computationally by 

Morokuma et al.36 Computational analysis has been done for other first generation zinc catalysts, 

and for the second generation cobalt and chromium systems supported by salen ligands. Also of 
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interest to workers in this field is similar work done for the ring-opening polymerization of 

lactide69-71 and caprolactone.72 

Zinc-catalyzed routes 

The first computational study of the CO2-epoxide copolymerization was reported by Morokuma 

et al. in 2002.36 It was performed on Coates’ (β-diiminate)zinc complex (Figure 3), and the 

monomeric form was presumed. A two-layer ONIOM approach was used, with the low layer 

represented by the semi-empirical PM3 method, and the catalytic center calculated with the 

B3LYP functional and the LANL2DZ and LANL2DZ(d) (added polarization functions) basis 

sets (denoted PM3:B3LYP/LANL2DZ and PM3:B3LYP/LANL2DZ(d)).  

 

 

Figure 3. General structures of the bis(β-diiminate) (left) and the Robson-type (right) dizinc 
catalysts. 

 

A plausible sequence of reactions for the CO2-epoxide copolymerization was mapped out, 

ethylene oxide serving as the prototypical epoxide. In this sequence, carbon dioxide weakly 

coordinates to the coordinatively unsaturated zinc-bound polymeric alkoxide (trigonal planar, 16 

electron) via one of its oxygen atoms (O-Zn = 2.497 Å, binding energy = 1.7 kcal/mol) according 

to PM3:B3LYP/LANL2DZ, while no analogous structure was found at the 

PM3:B3LYP/LANL2DZ(d) level of theory. The authors found CO2 insertion into the Zn-

methoxide to be barrierless. Subsequently, epoxide coordinates to the catalytic center. The zinc-

bound polymeric carbonate (represented by methyl carbonate) attacks a methylene carbon of the 
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tethered ethylene oxide, but it is unable to approach from the back side like in an SN2 reaction. 

As a result, this transformation is asynchronous, and ring-opening of the epoxide occurs before 

the O-C bond forms. At the transition state, the breaking epoxide O-C bond is longer than the 

nascent O(carbonate)-C(epoxide) bond. The rate limiting step for this reaction is the last: ring-

opening ethylene oxide by the polymeric carbonate, with a very high free energy barrier of 36.4 

kcal/mol. 

The authors attributed cyclohexene oxide’s polymerizability vs. ethylene oxide’s lack thereof to 

relief of ring strain in the bicyclic system. In support, they showed that hydration of cyclohexene 

oxide was ca. 40 kcal/mol more exoergic than the hydration of ethylene oxide. Recalculated at 

the CBS-4M level of theory, we find that hydration to trans-eq-cyclohexan-1,2-diol is 

exothermic by 23.0 kcal/mol, comparable to that of -22.3 to -23.9 kcal/mol for ethylene oxide. In 

contrast, hydration of trans-cyclohexene oxide to give cis-cyclohexan-1,2-diol is exothermic by 

62.3 kcal/mol. Later studies also indicate that the enthalpies for aliphatic and alicyclic epoxides 

to copolymerize with carbon dioxide are similar.50, 56 Morokuma et al. might have considered 

trans-cyclohexene oxide instead of the cis isomer used for copolymerization with carbon 

dioxide. This point may be moot because the (BDI)zinc system has since been found to operate 

via a bimetallic mechanism.23 

In the following computational report,56 propylene and cyclohexene oxides were found to behave 

similarly in principle. The reason propylene oxide does not copolymerize with CO2 is that the 

zinc-catalyzed carbonate-backbiting reaction successfully competes with the zinc-catalyzed 

enchainment reaction (epoxide ring-opening is the rate-determining step; ∆G‡ = 23.7 and 22.6 

kcal/mol, respectively). Since propylene carbonate is unable to undergo ring-opening 

polymerization, it serves as the thermodynamic sink of the system, and any poly(propylene 

carbonate) that manages to form is eventually destroyed. Cyclohexene oxide avoids this fate by 

having a higher free energy barrier for zinc-catalyzed carbonate backbiting than zinc-catalyzed 

polymer growth (∆G‡ = 26.4 and 18.6 kcal/mol, respectively). The authors expanded upon this 

work by designing a dinuclear zinc complex that solves the “entropy problem” in that at high 

temperatures, the monomeric zinc complexes are less likely to aggregate to provide the required 

catalytic activity.73 This catalyst is flexible enough to accommodate varying Zn-Zn distances 

along the reaction coordinate (4.50-5.66 Å). Unusually, the rate-determining step is CO2 
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insertion. Where CO2 pressure were increased, this catalyst system’s rate-determining step 

switches from CO2 insertion to epoxide ring-opening. This study is noteworthy for 

demonstrating effects of pressure on the calculated reaction profile.  

Rzepa, Williams and coworkers subsequently performed a computational-experimental 

investigation.74 They chose to use the dispersion-corrected ωB97X-D functional75 in conjunction 

with the double-zeta 6-31G(d) basis set; geometries were essentially the same when a larger 

basis set was used. They found that the Robson-type dizinc complex (Figure 3) favors a bowl 

conformation over an “S” conformation by 15.3 kcal/mol, and that only one of the acetate 

ligands initiates a single polymer chain. Experimental infrared spectra were compared with the 

predicted spectra of the zinc complexes after one CHO ring-opening reaction, and after that 

alkoxide complex underwent carboxylation. These spectra were in general agreement.  

In this catalytic cycle, both zinc centers work cooperatively to enable CHO and CO2 to 

copolymerize. The epoxide coordinates to one zinc center, and it undergoes ring-opening by the 

acetate ligand on the other zinc center. Two plausible scenarios exist: the acetate may attack via 

the zinc-coordinated oxygen atom, or it may attack via the uncoordinated carbonyl oxygen with 

concomitant cleavage of the zinc-oxygen bond. Unsurprisingly, the second route is more 

accessible than the first (∆G‡ = 24.3 vs. 41.9 kcal/mol). The supporting acetate bridge assists by 

facilitating electron flow between the two otherwise-unconnected zinc centers (Figure 4), 

confirmed by appropriate changes in the acetate Zn-O bond lengths. In the next step, the zinc-

bound alkoxide attacks CO2 to generate a zwitterionic carbonate. The carbonate coordinates to 

the adjacent zinc center in a separate step. Eventually, the carbonate attacks another zinc-bound 

cyclohexene oxide ligand, preferentially via the free carbonate oxygen. In agreement with 

previous reports,36, 56 this step is rate-determining. The theoretical and experimental free energies 

were in excellent agreement too (25.7 vs. 23.5 kcal/mol at 353 K).  
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Figure 4. The bridging acetate ligand facilitates the flow of electrons according to Rzepa, 
Williams, and coworkers: (a) Ring-opening of the zinc-bound cyclohexene oxide ligand via the 
free carbonate oxygen. (b) The zinc-bound alkoxide attacks a carbon dioxide molecule that is not 
pre-coordinated. 

 

Side reactions were examined too. Sequential epoxide ring-opening that leads to polyether 

defects had a very high free energy barrier (∆G‡ = 39.3 kcal/mol), despite being exergonic. 

Conversely, sequential CO2 enchainment is endergonic and unfavored (∆G = 22.8 kcal/mol), 

even though its elementary steps had modest barriers. 

The defining difference between the (BDI)zinc and subsequent (salen)M(III)X (X = cocatalyst) 

systems is that the zinc catalyst is coordinatively unsaturated, whereas the octahedral salen 

complexes do not have vacant coordination sites. That is to say, the polymeric carbonate ring-

opens the epoxide while both moieties are zinc-bound, whereas epoxide displaces the polymeric 

carbonate for at least the cobalt(III) and chromium(III) complexes, and the free polymeric 

carbonate ring-opens the activated epoxide ligand in an SN2-like fashion. These details are 

discussed in the next section. 

Liu and coworkers studied different possible pathways of ZnEt2-glycerine and ZnEt2-glycerine-

YCl3 catalyst systems using DFT.76 Consistent with the literature, the rate-determining step was 
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the ring-opening of the epoxide co-monomer. The former system was found to have lowest free 

energy barriers when a dizinc mechanism was considered. Epoxide ring-opening had the lowest 

barrier when the zinc center that activates it had the most positive NBO charge. This correlation 

inspired the addition of (Cl3CO2)3Y as a Lewis acid cocatalyst. The dizinc-yttrium complex 

successfully reduced the free energy barriers for epoxide ring-opening from 32.2 to 27.1 

kcal/mol. Experimentally, addition of (Cl3CO2)3Y caused the catalyst to be thrice as active. 

Besides these molecular catalysts, Luinstra and Molnar mentioned some preliminary work77 on 

the heterogeneous zinc glutarate catalyst.78 They modeled the ethylene oxide 

homopolymerization reaction on the zinc glutarate surface using Car–Parrinello molecular 

dynamics. Like the dizinc mechanisms for molecular catalysts, one zinc center activates an 

ethylene oxide molecule for nucleophilic attack by a polymeric alkoxide tethered to an adjacent 

zinc center; the propylene-CO2 copolymerization is expected to proceed in a similar fashion. 

Cobalt(III) and chromium(III)-catalyzed routes 

Unlike the zinc-catalyzed routes, closed-shell singlet electronic states may not be assumed for 

the rest of the first transition series. Prior to an in-depth discussion on the CO2-epoxide 

copolymerization, we note that the mechanism for epoxide hydrolysis has parallels with the 

epoxide ring-opening step of the CO2-epoxide reaction (Scheme 2 and Scheme 3). The nature of 

the hydrolysis reaction was clarified by experimental25, 79 and theoretical studies.80, 81  

In the Jacobsen article, (salen)Co(III)-bound hydroxide is the nucleophile that ring-opens the 

similarly coordinated epoxide. The steric bulk of the both salen ligands and the manner in which 

they are “stepped”, controlled by the chiral cyclohexylene backbone,82 enhance differences in 

reactivity between the two epoxide substrates. Differences in electronic energy between the 

“matched” and “mismatched” systems were determined at the B3LYP/6-31G(d) level of theory 

to be 2-4 kcal/mol. Differences were more prominent (6-9 kcal/mol) at the m06-L/6-31+G(d) 

level that places more emphasis on weak dispersion interactions. The authors also acknowledged 

that the triplet (spin-unpaired) octahedral [Co]-OH complex’s hydroxy ligand may be more labile 

(due to occupation of the anti-bonding d(x2-y2) and d(z2) orbitals, compared with for a low-spin 

d6 complex), but found that nucleophilic attack by the hydroxy ligand occurs while the ligand is 
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still firmly bound to the cobalt center. This indicates that the hydroxy ligand’s nucleophilicity 

while cobalt-bound determines its reactivity more than its lability.  

At about the same time, Coates, Cavallo, and coworkers did a computational-experimental study 

of the epoxide homopolymerization using Coates’ binap-linked bimetallic catalyst (Figure 5). 

They found that methine attack (leading to a head-head mis-insertion) and ring-opening of R-

propylene oxide by the (R,R,R,R)-dicobalt catalyst were disfavored by ca. 4 kcal/mol of free 

energy. The authors were able to account for the system’s good stereo- and region-selective 

homopolymerization (rac-proplyene oxide yields isotactic poly(propylene oxide) with > 99 % 

regioregularity). A bimetallic mechanism has also been described for the homopolymerization of 

propylene oxide by uranyl catalysts.83 

 

 

Figure 5. Left: X-ray crystal structure of the binap-linked dicobalt catalyst,28 showing the 
catalytic groove (Co-Co = 6.937 Å). Hydrogen atoms, counterions, and solvent not shown; free 
uncoordinated pyridine ligands have been reduced to nitrogen atoms. Dark blue = cobalt; gray = 
carbon; red = oxygen; light blue = nitrogen. Right: A two-dimensional representation of this 
complex, py = pyridine. 

 

Also of importance to the CO2-epoxide copolymerization, Curet-Arana and coworkers examined 

plausible interactions between carbon dioxide and metal-salen complexes, and concluded that the 

former does not bind directly to the metal-salen complex (endothermic by ca. 50 kcal/mol).84 
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This is consistent with our understanding that CO2 insertion does not involve the metal center, 

based on experimental kinetics studies.85-90  

Preliminaries aside, the first theoretical examination of the CO2-epoxide copolymerization 

catalyzed by (salen)M(III) complexes was performed by Luinstra et al. in 2005. This older study 

made use of a minimal salen-like ligand for computational efficiency that was found to give 

results equivalent to the full salen complex. Several metal(III) complexes were examined, as 

were chloride, acetate, and N,N-dimethylaminopyridine cocatalysts. Luinstra et al. determined 

that when epoxides bind to square pyramidal (salen)M(III)X complexes, they are activated 

toward ring-opening to a great degree; ∆E‡ = 0.5-6.9 kcal/mol (E referring to electronic energy), 

acetate being the nucleophile. That is to say, epoxide ring-opening has a minimal barrier for 

reaction.  

The following CO2 insertion reaction has significant electronic energy barriers of 10.3 kcal/mol 

and 23.7 kcal/mol for octahedral iron(III) and aluminum(III) acetatoethoxide complexes, 

whereas no such transition state could be found for chromium(III). Instead, one of the salen 

phenoxide ligands had to de-coordinate (∆E‡ = 23.9 kcal/mol) in order for the carboxylation to 

occur, prior to barrierless CO2 insertion, and phenoxide re-coordination. In contrast, electronic 

energy barriers for the neutral (salen)M(III) acetatoethoxide complexes to undergo carboxylation 

were lower, at 10.8 and 9.1 kcal/mol for chromium and aluminum respectively. 

Despite minimal barriers for free acetate to ring-open octahedral metal-bound ethylene oxide 

molecules, the only low-energy pathway for the ring-opening of the metal-bound epoxide 

molecule necessitated attack by another metal-bound carbonate ligand. These reactions had 

barriers of ca. 10 kcal/mol, regardless of the system’s spin configuration. The authors 

acknowledge that vibrational corrections to obtain free energies may change the energy profile of 

these reactions. With that said, they conclude that at low CO2 partial pressures, CO2 insertion is 

rate-limiting. Additionally, they note that the carbonate ligands dissociate from aluminum 

complexes more easily than chromium complexes (∆G = 10.7 vs. 19.1 kcal/mol). After this 

dissociation, metal-free backbiting can commence, and this helps to explain why aluminum 

complexes are good for making cyclic carbonates. 
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Nguyen and Baik studied the formation of cyclic carbonates (the epoxide ring-opening and 

carboxylation steps are common with the copolymerization reaction) using the B3LYP 

functional.91 DMAP serving as the nucleophile, ring-opening [Cr]-bound propylene oxide had a 

free energy barrier of 23.1 kcal/mol, in contrast with Luinstra’s 0.5-6.9 kcal/mol electronic 

energy barrier. They found that carboxylation was not rate-limiting (∆G‡ = 16.0 kcal/mol), 

whereas Luinstra found that CO2 insertion had the highest barrier (∆E‡ = 23.9 kcal/mol). The 

authors were unable to find a bimetallic pathway. 

Apart from mapping the peaks and valleys in the energy profile of the copolymerization reaction, 

we have found an example of computational chemistry standing in for physical measurements. In 

2009, Lee et al. noted that one of their highly-active cobalt-salen complexes behaved quite 

unusually. The imine nitrogens on the salen backbone that are usually expected to coordinate to 

the metal center was not bonded to the metal, two coordination sites having been occupied by 

dinitrophenolate ligands. In the absence of definitive crystallographic evidence, gas phase DFT 

calculations were used to support their proposed structure. The unusually coordinated complex 

was 34 kcal/mol lower in electronic energy to the complex with a “conventional” arrangement, 

plus two dinitrophenolate ligands. The difference in electronic energy was corrected for 

electrostatic attraction between the free dinitrophenolate ligands and the quaternary ammonium 

cations on the salen ligand.92 The use of a solvation model would have stabilized the anion 

better, providing more accurate differences in energy. 

Kinetics of backbiting 

Efforts to prepare polycarbonates have long been complicated by parallel cyclic carbonate co-

product that is thermodynamically favored. In the generally-accepted catalytic cycle, the 

catalyst-bound polymeric carbonate is displaced by an epoxide unit, before being ring-opened by 

the displaced carbonate. Cyclic carbonate formation occurs when the free polymeric carbonate 

(or polymeric alkoxide, under low-CO2 conditions) backbites upon itself to extrude one unit of 

cyclic carbonate, leaving behind a shortened polymer chain. The metal-bound polymeric 

carbonate or alkoxide are less nucleophilic, so they are less susceptible to this degradation 

reaction (Scheme 5). Complete dissociation of the polymeric carbonate has resulted in the design 

of catalysts bearing tethered onium cations that trap these polymeric carbonates, preventing this 

deleterious side reaction. These catalysts are some of the most active yet.18 
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Scheme 5. The principal paths by which polycarbonates degrade to cyclic carbonates. 

 

Experimentally, the kinetics of these nuisance chromium-bound degradation reactions were 

measured alongside the target polymerization reaction by in situ infrared spectroscopy,93, 94 and 

the metal-free degradation reactions were the focus of a dedicated investigation.95 Luinstra, 

Rieger et al. studied the metal-bound and metal-free carbonate backbiting reactions using gas 

phase BP86/SV(P) geometries, supplemented by BP86/TZVP single point energies.96 Ethylene 

oxide was the prototypical epoxide, and the authors approximated the remainder of the polymer 

chain with acetate. For the metal-bound degradation reactions, the chromium(III) and aluminum 

complexes were greatly truncated. The authors concluded that the metal-free carbonate 

backbiting reaction is the most likely degradation route, while metal-bound carbonate 

degradation routes are more difficult (Table 4). The authors did not find pathways for metal-

bound or metal-free alkoxide backbiting reactions, noting that a polymeric alkoxide is a poor 

leaving group. 
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Table 4. Electronic energy barriers (kcal/mol) to carbonate backbiting per reference 96. 

Polymeric carbonate bound to ∆E
‡
 

[Cr]-OAc 
[Cr]-Cl 
[Cr]-DMAP 

22.7 
21.5 
31.6 

[Al]-Cl 22.2 
Metal-free 8.4 

 

The kinetics of metal-free backbiting reactions were obtained independently using the composite 

CBS-QB3 and CBS-QB3(+).50 The authors favor composite methods for their more accurate 

thermochemistries, and the CBS-QB3 method makes use of B3LYP/6-311G(2d,d,p) geometries 

that are superior to HF/3-21G geometries used by CBS-4M for these bond-forming and bond-

breaking reactions. The authors successfully located transition states for alkoxide-backbiting 

reactions by the use of added diffuse functions. Martin’s modified CBS-QB3(+) method97 

utilizing B3LYP/6-311+G(2d,d,p) geometries was used for these calculations. Their results are 

summarized in Table 5. 

 

Table 5. Free energies barriers (kcal/mol) for metal-free backbiting reactions.50
 

 Carbonate backbiting 

(methine, methylene attack) 

Alkoxide backbiting 

 (lowest barriers) 

EC 20.4 11.6 
PC 24.0, 18.5 11.8 
ClPC 25.5, 19.7 12.4 
SC 19.5, 20.2 10.7 
cis-CPCa 20.3  
trans-CPCa

  19.9 
cis-CHCa 25.8  
trans-CHCa  14.6 
aCis epoxides generate trans polymers. Carbonate backbiting produces cis-cyclic carbonate 
due to inversion at the point of substitution, whereas the trans configuration is retained in 
alkoxide backbiting. 

 

In contrast to Luinstra, Rieger, et al.’s assertion, the metal-free carbonate backbiting has a higher 

free energy barrier (20-25 kcal/mol) than for alkoxide backbiting (10-15 kcal/mol, except for 

Page 24 of 35Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 25

trans-CPC). These values are in general agreement with experimental numbers (Ea = 11 – 19 

kcal/mol),95 and they are significantly lower than chromium-bound 32 and 25 kcal/mol for 

carbonate93 and alkoxide backbiting to give cyclohexene carbonate,94 as experimentally 

observed. 

Carbonate backbiting is understood to be SN2-type, whereas alkoxide backbiting would be 

similar to what organic chemists refer to as the BAC2 mechanism.98 In this mechanism (Scheme 

6), the alkoxide attacks the carbonate carbon to generate a tetrahedral intermediate. The 

tetrahedral intermediate either reverts to give polymeric alkoxide, or proceeds to eliminate a 

cyclic carbonate molecule, and a shortened polymer chain. Due to free alkoxides’ affinity for 

carbon dioxide,99 carbonate backbiting proceeds under high-CO2 conditions, whereas alkoxide 

backbiting can proceed under low-CO2 conditions. 

 

 

Scheme 6. Mechanism for alkoxide backbiting. 

 

Other significant findings include:  

1. Relaxed-chair poly(cyclohexane carbonate) requires an endergonic (+4.7 kcal/mol) 

conformational change to adopt the book conformation required for carbonate backbiting. 

This explains poly(cyclohexane carbonate) tendency not to backbite. In contrast, 

benzannulated poly(1,4-dihydronaphthalene carbonate) requires no such conformational 

change, and cyclic carbonate is observed as a side-product.100 

2. Poly(styrene carbonate)’s easy degradation is explained: the transition state for carbonate 

backbiting is stabilized by resonance with the phenyl group’s pπ orbitals, while the 
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intermediate for alkoxide backbiting is destabilized anti-bonding interactions involving 

the same. 

3. Formation of trans-cyclopentene carbonate is exceptionally difficult due to angle strain. 

Degradation to the epoxide plus carbon dioxide is surprisingly the preferred option as a 

result (Scheme 7), especially where CO2 is removed to shift the equilibrium toward the 

polymeric alkoxide.67, 68 

 

 

Scheme 7. The possible degradation routes available for poly(trans-cyclopentene carbonate). 
Free energy barriers are noted. 

 

The base- and acid-catalyzed decarboxylation reactions of 1,2-glycerol carbonate to yield 

glycidol that may react with CO2 to give poly(1,2-glycerol carbonate) were also studied.62 

Glycerol carbonate may be prepared from glycerol and CO2, and the polymer is of interest 

because it represents the conversion of two waste streams into useful products (Scheme 8). The 

authors studied the decarboxylation reactions using CBS-QB3(+), and found that both base- and 

acid-catalyzed routes are feasible (∆G‡ = 21.7 and 12.3 kcal/mol, respectively). Future 

calculations of this nature may need to take into account how B3LYP (used in the CBS-QB3(+) 

sequence of calculations) tends to overestimate O-C bond lengths in protonated epoxides by 0.2 

Å.101  

O

O

OO
-

O O

O

Poly OO

O

O

CO2+

O

O

OO O O

O

Poly

O

O
-

OO

O

+ CO2

∆G
‡
 = 19.9 kcal/mol 

∆G = 16.4 kcal/mol 

∆G
‡
 = 13.3 kcal/mol 

∆G
‡
 = 20.3 kcal/mol 

∆G = -5.3 kcal/mol 

Page 26 of 35Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 27

O
O

O

OH

n

O O

O

OH

OH

O
+ CO2

 

Scheme 8. 1,2-Glycerol carbonate is decarboxylated to glycidol. After suitable protection, it 
copolymerizes with CO2, and poly(1,2-glycerol carbonate) is obtained after deprotection.34, 35, 102-

108 In this idealized scheme, glycidol copolymerizes with CO2 that is produced by 
decarboxylation.  

 

Cyclic carbonate formation 

For polymer chemists, cyclic carbonates are usually thought of as unwanted byproducts arising 

from the metal-bound or metal-free backbiting reactions.94 However, these compounds are 

synthetic targets in their own right, useful as battery electrolytes and as high temperature 

solvents.109, 110 As one of the most exciting advancements in this field, North and coworkers 

demonstrated a catalytic system that converts ethylene and propylene oxides into the cyclic 

carbonates using power station flue gas as the carbon dioxide source.5 

Computational chemistry allows the uncatalyzed reaction between carbon dioxide and epoxide 

(that normally does not occur) to be studied, providing a point of comparison for catalyzed 

coupling reactions. In the uncatalyzed reaction, the epoxide oxygen attacks carbon dioxide’s 

central carbon atom, while one of its oxygen atoms attacks the carbon atom forming the base of 

the epoxide. This is a concerted cycloaddition reaction: two bonds are made, while two bonds are 

broken, all at the same time. The barrier for this sort of reaction is extremely high: ∆E‡ is ca. 53 

and 58 kcal/mol for the reaction between propylene oxide and CO2 (Figure 6).111-114 
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Figure 6. Transition states for the reaction between propylene oxide and carbon dioxide 
(B3PW91/6-31G(d,p)). The forming O-C bond occurs at the methine position (left) and the 
methylene position (right). 

 

In the more commonly discussed mechanism of cyclic carbonation formation, the epoxide is 

attacked by a suitable nucleophile to give an alkoxide that is usually stabilized by some sort of 

Lewis acid. CO2 inserts to yield a carbonate that backbites to eliminate the initial nucleophile. 

This mechanism is akin to the metal-bound or metal-free carbonate backbiting reactions studied 

by polymer chemists. Lewis acid catalysts for this reaction that have been probed by 

computational chemistry include: lithium bromide,115 potassium iodide,113 azolium111 and 

quaternary ammonium salts.116, 117 The counterions are not mere spectators; they serve to ring-

open the epoxides. The mechanisms for (salphen)Zn and (amino-tris(phenolato))aluminum 

complexes to catalyze the formation of cyclic carbonates are similar to that discussed in the 

preceding section (no CO2 pre-coordination).114, 118  

The metal center need not merely serve as a Lewis acid. With cyanomethylcopper(I) as a 

catalyst, CO2 inserts into the Cu-CH2CN bond, serving as a reservoir of activated carbon 

dioxide.112 Chen, Liu, He et al. looked at a cobalt-substituted phosphotungstate catalyst, where 

activity occurs at the cobalt(II) site.119 Upon coordination, the epoxide is reduced by one electron 

(generating Co(III)). Homolysis of the epoxide O-C bond produces a carbon radical that reacts 

with CO2.
 Reaction barriers were similar for both doublet and quartet spin states, but the radical 

mechanism was confirmed experimentally by loss of activity following addition of free radical 

scavengers. The reaction between Co(II) and CO2 to give a metallaformate (once postulated by 
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Paddock and Nguyen120) was also ruled out: CO2 adds to the Co-O bond, generating a four-

membered carbonate chelate ring that does not react further. 

Re(CO)5Br is a pro-catalyst for making cyclic carbonates. Wu et al. studied two proposed 

mechanisms for cyclic carbonate formation.121 The first invokes the oxidative addition of the 

epoxide O-C bond to the reduced Re(I) center. CO2 insertion is followed by reductive 

elimination of the cyclic carbonate. The second mechanism involves insertion of CO2 into the 

Re-Br bond. Epoxide binds, and is ring-opened by the activated CO2 moiety. Rearrangement 

ensues to generate the cyclic carbonate. The first step of this second mechanism is similar to 

what Hazari, Kemp, et al. have discussed for their chemistry (CO2 inserting into a Pd-H bond, 

serving as activated CO2 for further reaction).122 With that said, Wu et al. dismissed the second 

route as unfeasible due to the difficulty of CO2 insertion into the Re-Br bond. This is consistent 

with metal-halide bonds being stronger than metal-hydride bonds, CO2 insertion/deinsertion into 

the latter generally being thought of as low energy processes. 

Concluding remarks 

Summarizing the work done to-date, the CBS-4M composite method designed for high accuracy 

thermochemistry has successfully been used to evaluate the thermodynamics of polycarbonate 

vs. cyclic carbonate. In the articles reviewed, the enthalpy of the 1-mer to 2-mer reaction 

adequately represents that of subsequent chain extensions. Other composite methods or high 

level ab initio calculations should, in principle, give equally good results, but they may require 

too much computer resources for routine use.  

Differential functional theory has not been shown to give such chemically-accurate results, but 

the m06 and m06-2X functionals with triple-zeta basis sets give energies that bracket those 

obtained by high-level CCSD(T) calculations. The BP86 and the m06-L functionals lacking 

Hartree-Fock exchange did not do well. The semi-empirical PM6 method is not appropriate for 

this work, and agreement with experimental enthalpies is fortuitous. The use of periodic 

boundary conditions should reduce the difficulty of calculation, but the ability to perform DFT 

frequency calculations under PBC conditions is not widely implemented at this time. 

To model the large metal-containing catalytic systems for CO2-epoxide copolymerization, 

compromises are necessary. Early studies made use of two-layer ONIOM models with a semi-
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empirical low level and a DFT high level. Others analyzed skeletal toy systems using DFT. 

Reflecting the better computational resources available today, recent investigations have made 

use of lightly-truncated or non-truncated catalyst models. Calculations performed for selected 

examples help justify such simplifications. 

 “Double-barreled” calculations utilizing geometries obtained at lower levels of theory and single 

point calculations at higher levels of theory have been used. DFT calculations should give 

qualitatively correct results, although energies obtained differently should be compared with 

caution. Some authors emphasize the importance of addressing non-covalent interactions to get 

reliable results (e.g. the dispersion-corrected ωB97X-D functional with basis sets containing 

diffuse functions). Per common wisdom, the use of a solvation model is helpful, and energetics 

are overestimated in its absence. Zinc complexes may be assumed to be low-spin singlets, but the 

lowest energy electronic state for other transition metal complexes should be verified. 

The search for better catalysts and more useful polycarbonates continues. Our work with 

poly(cyclopentene carbonate) has shown beneficial synergism between experimental and 

computational chemistry: Computational chemistry is used to understand experimental 

observations. Quantifying reaction energetics in turn allows better-designed experiments, and the 

pace of research is accelerated as a result. Pertaining to computational chemistry, several aspects 

of the CO2-epoxide copolymerization have been explored: the thermodynamics of the process; 

the kinetics of the zinc-, cobalt-, and chromium-catalyzed chain-extension reactions; the metal-

free degradation reactions. Building upon this foundation, we hope to see more successful 

reports of rational catalyst design in coming years, and overall progress in the field of CO2 

utilization for polymer synthesis. 
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