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’ INTRODUCTION

As crude oil sources will perish in a foreseeable future, the
interest in alternative and renewable sources for raw materials is
increasingly gathering the focus of global research activities.1�4

One such source is CO2, which is released in many combustion
processes and is, besides methane, considered as a main origin
of the unpopular greenhouse effect.5�8 Utilization of CO2 as
C1-feedstock for copolymerization reactions would help to
slightly reduce the atmospheric CO2-content by simultaneously
delivering high-valor polymeric products.9�12

The copolymerization of CO2 with epoxides is known since
1969, when Inoue et al. combined diethylzinc, water, CO2, and
propylene oxide to yield polymer in low yields.13 This initial
experiment was followed by innumerable consecutive works,
which all had to struggle with low catalytic activities and
undesired side products like cyclic carbonate or high contents
of ether linkages in the polymer (Scheme 1).

Although contrary hypothesis exist on the initiation and
propagation mechanism of alternating CO2/epoxide copolym-
erization, recent publications mostly consider homogeneous
systems to work in a cooperative (binary or bimetallic) pathway.

One of the first investigated catalysts to prove the bimetallic
mechanism were the β-diiminate (BDI) complexes, which are
most active in their dimeric state.14�16 At very low concentration,
the monomer�dimer equilibrium is shifted to the monomeric
side and almost no catalytic activity is observed.17,18 At higher
concentrations, BDI-complexes are found in their dimeric state,

in which two metal sites spatially come close to each other,
allowing them to interact and form the respective polycarbonate.

The cooperative behavior of different catalysts has extensively
been summarized in several recent reviews.19�21 In a theoretical
study conducted by us, we predicted chain growth to take place
via the attack of a metal-bound alkyl carbonate on a metal-
coordinated epoxide.22 Such a bimolecular process has also been
observed by Jacobsen et al. for the asymmetric ring-opening of

Scheme 1. Alternating Copolymerization of CO2 and PO
and Side-Product Pathways: Formation of Cyclic Carbonate
through Backbiting and Polyether Formation through
Consecutive PO Insertions
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ABSTRACT: Copolymerization of epoxides and CO2 with heterogeneous zinc dicarbox-
ylates is prominent since the early days of this area of chemistry. However, in over 30 years of
research, the efficiency of this catalyst system could not be improved significantly.
Furthermore, a huge activity difference between zinc glutarate and its lower homologue
zinc succinate exists, which could not be explained so far. A detailed investigation of the
underlying copolymerization mechanisms on heterogeneous catalysts is therefore necessary.
Such investigations are so far lacking, which renders logical improvements of the catalysts
difficult. We therefore decided to conduct a detailed investigation on the different zinc-dicarboxylic catalysts, their copolymerization
efficiency, solid state structure and supplemented the results with theoretical calculations. The results imply that the widely
discussed bimetallic mechanism (for homogeneous catalysts) is in place for heterogeneous zinc dicarboxylates as well. Theoretical
calculations conducted to identify an “ideal” Zn�Zn distance suggest an optimal separation of Zn atoms in the range of 4.3�5.0 Å.
The combined copolymerization experiments and calculated models give a consistent explanation for the difference in activity of the
different zinc-dicarboxylate catalysts and give a hint why the activity of the heterogeneous zinc-dicarboxylate system is limited.
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epoxides.23�25 Also others have reported a bimetallic initiation,
which to their believe is followed by a monometallic propagation
step.26�29 These considerations led to the design and application
of well-defined, rigid dinuclear complexes17,30�37 and flexibly
linked salen-type complexes in recent years.38,39

In this work, we suppose the heterogeneous zinc-dicarbox-
ylates to copolymerize in a bimetallic fashion as well. The
bimetallic reaction pathway involves the interaction of two active
sites on the surface of a zinc dicarboxylate (Scheme 2). The
copolymerization proceeds by two iteratively alternating reac-
tions: (i) CO2 insertion into a zinc�alkoxide bond; (ii) nucleo-
philic attack of a precoordinated epoxide by a carbonate.

Copolymerization mechanisms on heterogeneous catalysts and
especially zinc dicarboxylates have not been reported so far. The
copolymerization of epoxides and CO2 with heterogeneous zinc
glutarate is prominent since the early days of this area of chemistry.
However, in over 30 years of research, the efficiency of this system
could not be improved significantly. Furthermore, a huge activity
difference between zinc glutarate and its lower homologue zinc
succinate exists, which could not been explained so far. The
composition of such heterogeneous catalysts is often ambiguous
and the active sites are generally only poorly definedwhich renders
logical improvements of the zinc dicarboxylates difficult. None-
theless, zinc dicarboxylates are industrially employed for the
production of polycarbonates and the majority of commercial
PPC is produced with the use of zinc glutarate.

The zinc glutarate (ZnGA) comprising Zn and glutaric acid is the
most intensively studied system. The molecular structure of ZnGA
has only recently been resolved and shows a unique structure type,
where four carboxyl groups coordinate one Zn center.40,41 The
glutarate ligands are found in either a bent or an extended conforma-
tion (Figure 3B). This leads to the formation of two metallacycles A
and B that introduce a porosity which is not conclusive formonomer
diffusion.42 These investigations showed that overall activity is
restricted to the outer surface of the ZnGA-particles.

Initial strategies to increase the activity were therefore
focused on increasing the ZnGA surface area by one of four
methods (stirring procedure, post-modification, additives, growth

controllers).43,44 Each of these strategies has been tested in
literature and shown to enhance activity, although the desired
high activities that have been realized for several homogeneous
catalysts have not been achieved with zinc dicarboxylates to
date.42,43,45�48

Besides the surface area, the crystallinity is often considered as
main contributor to the activity. This topic has been discussed
ambivalently; however, it seems that amorphous catalysts are less
active than their highly crystalline counterparts.42�44,49�52 This
shows how important the material (bulk) and especially the
surface constitution on heterogeneous zinc dicarboxylates is for
an activity in CO2/PO copolymerization.

Other attempts to increase catalytic activities were based on
the exchange of glutaric acid for its higher or lower homologues.
Recent reports have demonstrated that ZnAA (with adipic acid,
C6, TOF = 580 h�1)53,54 and ZnPA (with pimelic acid, C7,
TOF = 530 h�1)52 (all TOF values in g 3mol�1

3 h
�1) show

similar activities to ZnGA when appropriately treated. Adipic
acid is of particular interest as this is a large-scale industrial
product. Interestingly, the same trend of activity for analogous
structures of ZnGA is observed when the functionalization route
with ZnEt2, followed by SO2 activation, is employed. The activity
slightly decreases in the order of ZnGA (TOF = 630 h�1) >
ZnAA (TOF = 529 h�1) > ZnPA (TOF = 459 h�1); almost no
activity is observed for ZnSA (TOF = 7 h�1).55

These results indicate that the activity of heterogeneous zinc
dicarboxylates of this type is dependent on a defined spatial
structure which is influenced by the dicarboxylic acid used. From
these catalysts, only the solid state structures of ZnGA40,41 and
ZnSA56,57 have been reported so far. These two systems have a
considerably differing structure, which we believe to be the
crucial factor for the inefficiency of ZnSA to copolymerize
CO2 and PO, whereas its higher homologues are able to do so.

To gather a more complete understanding of the surface
processes on zinc dicarboxylates, the optimal Zn�Zn distance
for copolymerization, and the difference between ZnSA and its
higher homologues, we designed a synthesis procedure which
allows comparison of all four zinc dicarboxylates (ZnSA, ZnGA,
ZnAA, and ZnPA) and their efficiency in CO2/PO copolymer-
ization. Through careful handling in inert atmosphere, we were
able to prove that the surface needs to be activated in order to
generate initiator groups that are able to copolymerize.

Moreover, comparison of the solid state structures, surface
areas, particle sizes, and copolymerization efficiency allows to
deduce a bimetallic mechanism. The results are corroborated by
theoretical calculations on molecular model systems, delivering
the optimal Zn�Zn distance for copolymerization. This study
gives an insight into the long-known heterogeneous zinc dicar-
boxylates and the underlying mechanism and active species for
the alternating copolymerization of CO2 and epoxides.

’EXPERIMENTAL SECTION

Reagents and Methods. All reactions of air- and/or moisture
sensitive compounds were performed under an atmosphere of dry argon
using standard Schlenk techniques or in an inert atmosphere glovebox.
All chemicals were purchased from Aldrich, Acros and ABCR and used
as delivered unless stated otherwise. Solvents were obtained from a
solvent-purification systemMBraunMB-SPS. Propylene oxide was dried
over CaH2 and freshly distilled prior to use. SolutionNMR spectra of the
polymers were collected at room temperature using a Bruker ARX300
spectrometer. 1H NMR spectra are referenced to SiMe4 by the residual

Scheme 2. Bimetallic Reaction Pathway for CO2/PO
Copolymerization on Zinc Dicarboxylate Surface
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solvent peak. The molecular weights were determined with a Varian PL-
GPC-50 at 35 �C and the eluent THF. Physisorption measurements to
determine the surface area and mesopore size distribution (using
nitrogen as inert gas) were performed with a Sorptomatic 1990 instru-
ment (ThermoQuest GmbH, Bremen, Germany). Surface areas were
determined according to the BET model. Tunnel electron microscopy
pictures were taken with a JEOL JEM 100CX TEM microscope, and
scanning electron microscopy pictures were taken with a JEOL JSM
5900 LV SEM microscope.
Synthesis of Standard-ZnGA. ZnGA was synthesized with slight

variations as reported elsewhere.42,43,49,50 In a heated 250 mL Schlenk-
vessel with reflux condenser and dean-stark trap, 2.76 g (34.0 mmol) of
zinc oxide and 4.49 g (34.0 mmol) of glutaric acid were suspended in
200 mL of toluene. The mixture was heated one day at 80 �C in an inert
argon atmosphere. After cooling the reaction mixture, the white
precipitate was filtered and washed with acetone, and the product was
dried in a vacuumoven at 130 �C, delivering 6.72 g (34mmol, 100%) of the
product as powder. Thematerial was characterized via PXRD, IR, SEM, and
TEM and was used in this report as reference system. ZnGA: IR(ATR)
(cm�1): 2929, 1536, 1453, 1405, 1354, 829, 763, 677, 559.
Synthesis ofCrystallineZincDicarboxylates (Hydrothermal).

A total of 2.97 g (10.0 mmol) of zinc nitrate hexahydrate was dissolved
together with 10 mmol of the correspondent dicarboxylic acid in 20 mL of
water, introduced into a glass-autoclave, and heated to 180 �C in a heating
block. After several hours at this temperature, the glass vessel was
interstratified with streaks that eventually form the crystalline particles after
1�30 days, depending on the dicarboxylic acid used. The reaction mixture
was cooled to room temperature and the white crystalline precipitate was
filtered, washed with water and acetone, and dried in a vacuum oven at
130 �C. Even though this procedure generally suffers from low yields, highly
crystalline particles can be gathered in all cases. Several of these crystals were
collected for structure determination. ZnSA: weighed succinic acid,
1.2 g; reaction time, 4 weeks; yield, 33%. ZnGA: weighed glutaric acid,
1.3 g; reaction time, 2 weeks; yield, 15%. ZnAA: weighed adipic acid, 1.5 g;
reaction time, 7 days; yield, 25%. ZnPA: weighed pimelic acid, 1.6 g;
reaction time, 3 days; yield, 27%.
Single Crystal X-ray Structure Determinations. ZnAA.Color-

less fragment, C6H8O4Zn, Mr = 209.51; monoclinic, space group P2/c
(Nr. 13), a = 16.1050 (12), b = 4.7876 (4), c = 9.2686 (7) Å, β = 90.024
(4)�,V= 714.65 (10) Å3,Z= 4, λ(MoKR) = 0.71073 Å,μ= 3.394mm�1,
Fcalcd = 1.947 g cm�3, T = 123(1) K, F(000) = 424, θmax: 25.34�, R1 =
0.0170 (1297 observed data), wR2 = 0.0437 (all 1306 data), GOF =
1.204, 101 parameters, ΔFmax/min = 0.31/�0.27 eÅ�3. CCDC-825764
(ZnAA). For more details see Supporting Information.
ZnPA. Colorless plate, C7H10O4Zn, Mr = 223.54; monoclinic, space

group P2/c (Nr. 13), a = 38.008 (3), b = 4.7381 (3), c= 9.2728 (6) Å, β=
91.439 (4)�, V = 1669.4 (2) Å3, Z = 4, λ(Mo KR) = 0.71073 Å, Fcalcd =
1.779 g cm�3, T = 123(1) K. Due to an unresolvable disorder of one
pimelate anion, the refinements were aborted.
Ball-Milling and Post-Activation. The crystalline particles from

the hydrothermal synthesis route were introduced into a planetary ball-
mill type PM 100 from Retsch GmbH in an inert argon atmosphere. To
minimize abrasion during the grinding procedure, a 50 mL ZrO2-beaker
and ZrO2-balls (Ø = 2 mm) were used. The ball-milling procedure was
conducted for 4 h at 300 rpm. The beaker was rotated into one direction
for 10 min and, after a 5-min pause, rotated into the opposite direction
for 10 min. This procedure was repeated until the added ball-milling
events reached 4 h. Additionally, ZnGA was ball-milled for 10 min,
30min, 1 h, 2 h, and 4 h in the samemanner as previously described. One
part of the powder was taken as is for copolymerization, and the rest was
activated in a saturated water atmosphere overnight and dried thor-
oughly in a vacuum oven at 130 �C.
Polymerization Experiments. All polymerization experiments

were performed in 100 mL steel autoclaves equipped with magnetic

stirring and oil bath heating. The autoclaves were heated to 130 �C in an
oven-dried under vacuum prior to use. The autoclave was placed under
40 bar CO2 pressure and heated to 80 �C. CO2 of purity grade 4.5 was
purchased from Westfalen AG and was applied in all experiments. The
epoxide was freshly dried over CaH2 and distilled prior to use. Catalyst
(0.025�0.05 mmol) was transferred into an autoclave followed by
addition of 300 equiv of PO. The reactor was closed, pressurized to
40 bar with CO2, and heated to 80 �C for 20 h. After cooling the reaction
vessel to about 0 �C, CO2 was slowly released. The viscous reaction
mixture was diluted with CH2Cl2 and transferred to acidified (HCl)
methanol. Immediately, polycarbonate precipitated. The mixture was
then stirred for several hours and isolated polycarbonate was dried under
vacuum at 60 �C. 1H NMR measurement was done from the crude
reaction mixture to determine the ratio of cyclic propylene carbonate
and poly(propylene carbonate) products. All isolated polycarbonates
were analyzed by 1H NMR, where protons adjacent to carbonate
linkages show a signal at 4.6 ppm and the content of polyether linkages
was verified by the signals at 3.5 ppm.
Theoretical Calculations. Quantum chemical studies were per-

formed at the BP8658�60 /SV(P)61 level of theory, employing the
solvation model COSMO.62 (with a dielectric constant of infinity).
For the sake of simplicity and the general character of conclusion, as a
model for the polymer, a methyl group was used. As an epoxide for
copolymerizaion, ethylene oxide was chosen, and a dimethyl β-ketimi-
nato ligand was used to simulate this class of ligands. For the scan of
activation barriers with respect to internuclear distances, the reaction
coordinate (OCO) was kept fixed at the values computed for an
intermetallic distance of 3.5 Å. Additionally, it was also necessary in
the case of the alkoxide intermediate for the model catalyst [Cu2]

+ to
keep the C�H bond distances fixed (at around 1.10 Å) in order to avoid
a C�H agostic stabilization for longer metal�metal distances that
would markedly bias activation barriers.

’RESULTS AND DISCUSSION

Experimental Investigation. The lacking knowledge about
polymerization mechanisms on heterogeneous zinc dicarboxy-
lates prompted us to investigate not only the already character-
ized solid state structure of zinc glutarate (ZnGA) and zinc
succinate (ZnSA), but also of their higher homologues zinc
adipate (ZnAA) and zinc pimelate (ZnPA). To get decent
crystals for a structure determination, we used the synthetic
route via hydrothermal treatment. For this purpose, the

Table 1. Propylene Oxide (PO)/CO2 Copolymerization
Resultsa with Ball-Milled Zinc Dicarboxylates

entry catalyst TONb TOFc % PPCd Mn
e Mw/Mn

e

1 ZnSAf 374 19 82 12 12.4

2 ZnGAf 1160 58 94 54 4.6

3 ZnAAf 867 43 94 38 4.8

4 ZnPAf 1107 55 95 52 4.1

5 ZnSAg 600 30 83 33 11.1

6 ZnGAg 7146 357 96 103 2.8

7 ZnAAg 6431 322 96 82 3.2

8 ZnPAg 4264 213 95 78 3.4
a Polymerization conditions: 0.5 mmol cat, 150 mmol PO, 80 �C, 20 h,
40 bar CO2 (initial pressure), 500 rpm. bTurnover number in grams of
polymer per moles of zinc. cTurnover frequency in grams of polymer per
moles of zinc per hour. d Estimated by 1H NMR spectroscopy. eDeter-
mined by GPC, calibrated with polystyrene standard in THF,Mn given
in kg/mol. fNot activated. gActivated.
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corresponding zinc nitrate, together with dicarboxylic acid and
water, is introduced into a glass-autoclave and heated to 180 �C.
After several hours at this temperature, the glass vessel is
interstratified with streaks that eventually form the crystalline
particles after 1�30 days, depending on the dicarboxylic acid
used.
Even though this procedure generally suffers from low yields,

highly crystalline particles can be gathered in all cases. Several of
these crystals were collected for structure determination; the rest
was ground for 4 h via a ball-mill in an inert argon atmosphere.
To minimize abrasion during the grinding procedure, an

abrasion resistant ZrO2-beaker and ZrO2-balls were used. The
received powder was immediately transferred to a glovebox and
the correspondent amount of the received powder weighed for
CO2/PO copolymerization experiments (Table 1, entries 1�4).
However, very low activities were achieved with this material.
We suppose this inefficiency of the ball-milled zinc dicarbox-

ylates to result from inactive Zn-species on the newly generated
surface. As the treatment was conducted in an inert argon
atmosphere, no water molecules or other reagents could react
with the Zn-species on the newly created faces. However post-
treatment of the material with water and thorough drying in a
vacuum-oven at 130 �C (to anticipate any chain transfer reaction
with residual water) allowed us to activate the material. Indeed,
the post-modified material shows a largely increased activity
toward PO/CO2 copolymerization (Table 1, entries 5�8). We
ascribe this effect to the generation of ZnOH-groups on the
surface, which then show an activity for the polymerization.
To further determine the effect of grinding and post-activa-

tion, we investigated a series of different ball-milling intervals
with the system ZnGA. In this series, the crystalline ZnGA
particles from the hydrothermal synthesis were ball-milled for
10 min, 30 min, 1 h, 2 h, and 4 h, respectively, in an inert argon
atmosphere and copolymerization experiments conducted with
the resulting materials (Table 2, entries 2�6). Copolymerization
experiments with the untreated ZnGA yielded no product at all;
the material obtained via hydrothermal synthesis route is con-
stituted of big crystals with almost no surface area (Table 2, entry 1).

Additionally, the ground material was post-activated the same
way as previously described with water, then thoroughly dried
and used in copolymerization (Table 2, entries 7�11). For a
better comparison, a copolymerization experiment with standard
ZnGA (from ZnO and glutaric acid) was realized using the same
conditions (Table 2, entry 12). The activity of ZnGA formed via
standard procedure corresponds with TOF≈ 300 h�1 to that of
ZnGA currently reported in literature.42,49,50,63,64

Ball-milling of ZnGA without post-activation leads to almost
no improvement in activity. Nonactivated material shows the
same efficiency for copolymerization, independent of the pre-
vious grinding interval, which can be attributed to the lack of
initiator groups on the surface. Again, post-activation with water
leads to active material which shows the expected correlation of
grinding time and activity. For a better comparison, a graphical
presentation of the activities in Table 2 is given in Figure 1.
From the activity data given in Table 1, it is apparent that all

zinc dicarboxylates except ZnSA show a comparable activity for
PO/CO2 copolymerization. Indeed, ZnGA, ZnAA, and ZnPA
exhibit a comparable efficiency in their activated (TOF≈ 300 h�1)
as well as in their nonactivated state (TOF≈ 50 h�1). However,
the activity of the ball-milled (TOF = 19 h�1) and post-activated
ZnSA (TOF = 30 h�1) does not change to the same degree as for
ZnGA and its higher homologues.
Comparison of Surface Area and Particle Size. To further

investigate the correlation between grinding and activity, the
surface area of the ball-milled samples and the reference

Table 2. Propylene Oxide (PO)/CO2 Copolymerization
Resultsa with Different Ball-Milling Times of Zinc Glutarate

entry time of BM TONb TOFc % PPCd Mn
e Mw/Mn

e

1 0 min 0 0 / / /

2 10 minf 1080 54 94 48 3.7

3 30 minf 1548 77 93 23 4.4

4 1 hf 1432 72 93 18 8.2

5 2 hf 1348 67 92 13 5.9

6 4 hf 2108 105 94 43 4.9

7 10 ming 1056 53 94 24 4.3

8 30 ming 1416 71 94 43 4.6

9 1 hg 1744 87 93 23 6.3

10 2 hg 2932 147 95 45 4.0

11 4 hg 7146 357 96 103 2.8

12 standard 5876 294 95 72 4.5
a Polymerization conditions: 0.5 mmol cat, 150 mmol PO, 80 �C, 20 h,
40 bar, 500 rpm. bTurnover number in grams of polymer per moles
of zinc. cTurnover frequency in grams of polymer per moles of zinc
per hour. d Estimated by 1H NMR spectroscopy. eDetermined by GPC,
calibrated with polystyrene standard in THF,Mn given in kg/mol. fNot
activated. gActivated.

Figure 1. Graphical presentation of the correlation between ball-milling
time, activity, and the influence of post-activation.

Figure 2. High-resolution SEM- and TEM-images of standard ZnGA
(A and B) and ball-milled ZnGA (ball-milling interval: 4 h) (C and D).
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(standard) sample was determined via BET-measurements (N2)
and the particle sizes compared in high-resolution SEM- and
TEM-images.
The ZnGA synthesized via standard procedure has a surface

area of 15.2 m2/g; the samples that were ball-milled for 4 h show
a surface area of 8.9 m2/g (ZnSA), 14.9 m2/g (ZnGA), 9.6 m2/g
(ZnAA), and 8.5 m2/g (ZnPA), respectively. These results show
that all materials have a surface area of approximately 10�15m2/g
and no microporosity at all, confirming that the copolymerization
only takes place on the outer surface of zinc carboxylate. As the
surface area of all four catalysts lies in the same range, it cannot be
the decisive factor for the activity difference between ZnSA and its
higher homologues.
Additionally, high-resolution SEM- and TEM-images of the

material were taken (Figure 2). This allowed us to compare the
morphology and particle size of the resulting materials. The
TEM-images indicate that the ball-milling of the crystalline
particles for 4 h delivers ZnGA platelets with approximately
the same particle size (and therefore surface area and activity,
Table 2, entry 11) as for the material synthesized with the
standard procedure (Table 2, entry 12).

Further ball-milling would presumably only show a marginal
effect on activity, as the particle size of the resulting material after
4 h of ball-milling is already situated at the lower end (<1 μm) of
what ball-mills are capable to treat. As a side note, this observa-
tion also provides insight as to why logical modifications of the
zinc dicarboxylates only lead to a marginal effect in its efficiency.
All strategies investigated so far to increase the activity were

based on the increase of its surface area (stirring procedure, post-
modification, additives, growth controllers). It becomes obvious
that all of these strategies are restricted due to the limitations in
further downsizing the material.
In conclusion, the surface area, the particle size, and the

morphology of ZnSA (Figure S1 in Supporting Information)
are comparable to those of ZnGA. The reason for the activity
difference between ZnSA and its higher homologues must
therefore be attributed to a different solid state structure of
ZnSA, which does not provide the active surface species that are
necessary for copolymerization.
Comparison of Solid State Structures.To gain better insight

into the effect of the surface constitution, the solid state structures
of the different zinc dicarboxylates have to be compared. In two

Figure 3. Solid state structures of (A) ZnSA,56,57 (B) ZnGA,40,41 (C) ZnAA, and (D) ZnPA (Diamond drawing).
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independent attempts, the molecular structure of ZnSA has been
reported.56,57 Considerable variations in the solid state structure of
ZnSA are observed, which presumably arises from the different
synthetic conditions employed. However, in our hands, only the
synthesis of the monoclinic C2-symmetric structure of ZnSA
could be achieved (Figure 3A). The solid state structure of ZnGA
has been verified as described in literature (Figure 3B). The two
structures of ZnSA and ZnGA vary considerably, which makes a
clear statement about the active species difficult. To obtain
complete insight into the inefficiency of ZnSA compared to the
other zinc dicarboxylates, we also determined the solid state
structure of ZnAA and ZnPA (Figure 3C,D). The crystalline
particles for structure determination were taken from the hydro-
thermal synthesis route and their orientation and growth direction
were determined (Figure 4).
As expected, ZnGA, ZnAA, and ZnPA show the same space

group P2/c and a very similar structure, with the cell axes a and c
and all angles having approximately the same axes lengths
(degrees). Only the cell axis b differs considerably in each
structure, due to the elongated C-backbone of the higher
dicarboxylic acid, which results in a drawn-out unit cell. Most
strikingly, the constitution of the hkl-plane [100] remains
completely the same in all three structures (ZnGA, ZnAA, and
ZnPA), with four Zn-atoms in a very defined spatial conforma-
tion and a Zn�Zn distance of 4.6�4.8 Å (Figure 5). This
structural motif however cannot be found in the solid state
structure of ZnSA, which could explain the activity difference
between ZnSA and its higher homologues, when a bimetallic
mechanism is assumed. The distance of 4.6�4.8 Å is also situated
in the same area as for regular dinuclear homogeneous complexes
that are used in CO2/epoxide copolymerization and is therefore
considered as necessary for any bimetallic mechanism on a
heterogeneous zinc dicarboxylate surface.
When the structures of ZnGA, ZnAA, and ZnPA are compared

to ZnSA (Figure 5A), it becomes apparent why this material is
much less active than its higher homologues. For an active ZnSA
catalyst, the [001] plane needs to have the largest expansion, as
on most other [hkl] planes, no Zn�Zn couples can be found
(compare Figures S3 and S4 for views along b- and c-axes). Such a
directional growth is rather difficult, which limits the efficiency of
ZnSA.When ZnSA is treated with a ball-mill, the breaking events

will only expose few new surfaces with the necessary Zn�Zn
couples.
ZnGA, ZnAA and ZnPA crystals, however, can be grown or cut

in any direction and still have exposed Zn�Zn couples in the
right spatial conformation. This means that, for example, break-
ing the ZnGA along its [100], [010], or [001] plane will always
lead to newly exposed Zn�Zn couples with an intermetallic
distance of 4.6�4.8 Å. For a better comparison, some more
selected Zn�Zn distances on several important [hkl] planes are
given for all four treated zinc dicarboxylates (Table S1 in
Supporting Information). From a statistical point of view, during
ball-milling, ZnGA, ZnAA, and ZnPA will be activated to a much
larger extend than ZnSA, which explains the polymerization data
given in Table 1. A close-up view onto the relevant structure
motif in zinc glutarate with the highlighted Zn�Zn distances is
given in Figure 6.
This is the first time that a bimetallic CO2/epoxide copolym-

erization mechanism has been suggested for a heterogeneous
catalyst. However, it is not clear yet which intermetallic distance
shows an optimum toward copolymerization efficiency and/or
selectivity. To further investigate the influence of the interme-
tallic distance, theoretical calculations were conducted. These
will also allow to substantiate the conclusions derived in the
experimental part and to corroborate the necessity of two closely
linked active metal centers on the surface of heterogeneous zinc
dicarboxylates, as well as in homogeneous systems.
Theoretical Investigation. The activity of a catalyst in the

copolymerization of CO2 and epoxides depends on the activation
barrier that has to be overcome. This activation barrier can be
defined as the difference between the energetically most favor-
able species (the catalyst resting state) and the typically rate-
limiting epoxide ring-opening transition state. However, as other
reactions compete with the copolymerization and the desired
polycarbonate formation, simultaneously, the corresponding
activation barriers of these side reactions need to be as high as
possible for an efficient and selective catalyst. Such side reactions
are in particular epoxide homopolymerization and formation of
cyclic carbonates.
For PPC catalysts, it can be expected that the major para-

meters that influence the activation barrier of the main and side
reactions are the electrophilicity of the metal centers and the
metal�metal distance. As in both side and main reactions, the
oxidation states of the reactants and the catalytic centers do not
change, general and rather metal independent relations can be
assumed to define an optimal distance between two metal sites,
for example, with respect to catalyst activity. An attempt to
substantiate this idea was tried in the following via quantum
chemical calculations.
To scan the influence of intermetallic distances dMM, it is

necessary to be able to perform computations over a wide range
of dMM, which is only possible with a model catalyst. The
activation barriers Ea, which are obtained by a comparison of
energies E of the resting states and the rate-limiting transition
states of the main or the side reaction, are given by

EaðdMMÞ ¼ ETSðdMMÞ � ERSðdMMÞ

It was assumed here that the actually relevant Gibbs free energy
curves exhibit a similar behavior as the corresponding pure
energy curves given in the following. A critical point in this
concept is that it is not trivial to choose a model catalyst that
offers a reasonable description of the real zinc carboxylate

Figure 4. Orientation and growth direction of crystals (A) ZnSA, (B)
ZnGA, (C) ZnAA, and (D) ZnPA.



13157 dx.doi.org/10.1021/ja204481w |J. Am. Chem. Soc. 2011, 133, 13151–13161

Journal of the American Chemical Society ARTICLE

systems and at the same time exhibits the flexibility to vary dMM

over a sufficiently large range. Real, well-designed catalysts with a
restricted metal�metal distance around a well-defined value can
eventually corroborate these results.
Therefore, a number of different model catalysts were studied

in order to provide a sound basis for the conclusions derived here.
A general feature of the dinuclear sites in zinc carboxylate
catalysts is that two neighboring metal centers are connected
by one carboxylate bridge. Via this bridge, a (formally) constant
charge is maintained on both reactant and product side and for
both Zn atoms involved in the ring-opening processes (Figure 7).
This feature was implemented in several model catalysts by

incorporating either a chloride or an acetate as anionic bridging
ligand. In the case of an acetate bridge (which is closest to the real
system investigated), the system switches between an exo- and an
endo-conformation depending on the metal�metal distance
(Figure 8). This disadvantage can be avoided by introducing a
chloride bridge, which is more far away from the real structure, but
allows to obtain smooth potential curves at the pointswhere in either
the reactants or the transition states the bridging carboxylate ligand
would jump (typically spontaneously) to the new conformation.

Besides the bridging unit, there are also multiple choices for
the remaining ligands, required to coordinatively saturate the
metal centers. Whereas the model ligands closest to the real
system would be carboxylates, other monoanionic chelating
ligands like β-diiminates (BDI) offer the advantage of larger
and more favorable angles when bidentately coordinating to one
metal center (for the two four-coordinate Zn atoms of the
considered model catalysts as well as in the heterogeneous Zn
dicarboxylates, angles close to the tetrahedron angle of 109�
should be preferred). Furthermore, for BDI ligands, there is a
reduced tendency to rearrange to multiply bridged structures at
shorter metal�metal distances which occurred for terminal
carboxylate ligands at 2.5 Å. Apart from this, carboxylates that
coordinate with both carboxylic oxygens to the same zinc atom
are also avoided in the bulk structures of zinc dicarboxylates due
to the high ring tension.
From the considerations above, four model catalyst systems can

be derived: (BDI)2Zn2(μ-Cl), (AcO)2Zn2(μ-Cl), (BDI)2Zn2
(μ-AcO), and (AcO)2Zn2(μ-AcO). Of these four systems, the
(BDI)2Zn2(μ-AcO) model catalyst is the closest to real catalysts
described by Coates, that were already presented in the

Figure 5. View along a-axis of (A) ZnSA,56,57 (B) ZnGA,40,41 (C) ZnAA, (D) and ZnPA.
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introduction. The structural parameters of the transition states
for homo- and copolymerization (Figure 9) as well as the
computed activation barriers are given in Table 3 for metal�
metal distances of 2.5, 3.5, and 4.5 Å (as far as it is possible to
obtain reasonable reactant and transition state structures).
The energetics show drastic variations depending on the

model catalyst. This mainly reflects the binding strengths of
the alkoxide ligand in the precursor. This alkoxide ligand may
also be the bridging unit between two metal atoms at shorter
distances. However, structural parameters of the transition states
are rather similar. The O(nucleophile)�C(epoxy) distance is
found to be around 2.1 Å (i.e., a factor of 1.5 larger than typical
C�O single bond distances), whereas for the disappearing
C(epoxy)�O(epoxy), bond values are situated around 1.8 Å
(a factor of 1.3 with respect to C�O single bonds).

For all catalyst systems, it can be observed that copolymerization
requires lower activation barriers than homopolymerization. This
depends partially on the choice of reference resting states: for both
homo- and copolymerization, the same alkoxide species is consid-
ered. This means that the copolymerization barriers also reflect the
typically exothermic and fast (i.e, not rate limiting) reaction between
alkoxides andCO2. The question if alkoxide or carbonate complexes
represent the resting state actually depends onboth (model) catalyst
system as well as process conditions (temperature, CO2 pressure),
but is irrelevant if the focus lies on relative differences between
reactive pathways, that is, on catalyst selectivities.
However, with the four dinuclear Zn model catalysts in

Table 3, it is only possible to scan distances lower or around
those found for bulk structures of heterogeneous Zn dicarbox-
ylates. At larger distances, chloride ligands are not able to bridge
anymore, whereas carboxylate bridges tend to drastically inter-
fere with reacting nucleophile and epoxide in the transition state
structures, as both the ligand bridge and the actual reacting
species strongly prefer to reside as much as possible between the
two Zn atoms. Therefore, an alternative model catalyst was
chosen that allows (in principle) to model any metal�metal
distance. TwoCu+ atoms without further ligands were chosen. In
this case, overall, a monocationic catalyst results, in which every
metal center exhibits the d10 electronic configuration, which is
also characteristic for Zn2+ species. Upon ring-opening, the
negative counter charge migrates from one side of the dinuclear
Cu system to the other side, which however still means no
energetic bias (as would be the case if four nonbridging mono-
anionic ligands, among which would also be the propagating
polymer chain, were distributed, for example, as 2 + 2 in the
reactant and thus as 3 + 1 in the product). From the results (also
in Table 3), it can be concluded that structural parameters are
very similar to the dinuclear Zn complexes. As can be seen, for
this model catalyst, it was possible to extend metal�metal
distances to 5.5 Å and beyond.

Figure 8. Formation of a new bridging conformation.

Figure 9. Transition states for simplified models to study Zn�Zn
distance dependence of homo- and copolymerization. In Table 3,
copolymerization always refers to the k2-case, which was found to be
generally favored with respect to k1. Shown here is the system with a
chloride bridge and two β-diiminate ligands.

Figure 7. Neighboring neutral zinc centers connected via a carboxylate
bridge maintain their charge upon epoxide ring-opening.

Figure 6. Close-up view of metal distances in zinc glutarate (Zn�Zn
distance = 4.6�4.8 Å).
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For the dinuclear Cu model catalyst, an energetic scan with an
increment of 0.05 Å was performed for homo- and copolymer-
ization. Graphical representations of homopolymerization and
copolymerization barriers as well as of the resulting energetic
differences between these two reactions, are given in Figures 10
and 11, respectively.
For dinuclear Zn complexes, the activation barrier of copo-

lymerization (and generally of all ring-opening reactions) is
lowered upon increasing the metal�metal distance. This can
partially be explained by the weaker binding of the alkoxide
precursor to the two Cu+ cations. Above 4.35 Å, the methoxide

actually “chooses” one Cu+ and the bridge becomes unsymme-
trical; for metal�metal distances below this value, the activation
barrier for epoxide ring-opening increases steeply upon lowering
dMM. Another important point represents the intrinsic barrier of
epoxide ring-opening by a nucleophile. For an SN

2 like reaction, a
linear orientation of O�C�O would be desirable in the transi-
tion state. Indeed, part of the lowering of activation barriers for
ring-opening can be traced back to O�C�O angles being able to
come closer to 180� at larger metal�metal distances. This effect

Table 3. Dependence of Computed Structural Parameters and Activation Barriers for Homo- And Copolymerization on
Metal�metal-Distancesa

TS (homopolymerization) TS (copolymerization)

dMM [Å] d(O1�C) [Å] d(C�O2) [Å] Ea [kJ/mol] d(O1�C) [Å] d(C�O2) [Å] Ea [kJ/mol]

(BDI)2Zn2(μ-Cl)

2.5 2.29 1.99 +235.1 2.14 1.80 +117.6

3.5 2.18 1.78 +132.2 2.07 1.80 +47.5

4.5 2.21 1.75 - 2.08 1.83 -

(AcO)2Zn2(μ-Cl)

2.5 - - - - - -

3.5 2.23 1.78 +66.8 2.11 1.81 �8.3

4.5 2.22 1.77 - 2.11 1.82 -

(BDI)2Zn2(μ-AcO)

2.5 2.23 1.94 +257.8 2.09 1.84 +102.7

3.5 2.17 1.76 +197.3 2.06 1.81 +102.6

4.5 2.20 1.73 6.7 2.04 1.85 �50.1

(AcO)2Zn2(μ-AcO)

2.5 - - - - - -

3.5 - - - - - -

4.5 2.22 1.74 �46.6 2.08 1.84 �96.9

(Cu+)2

2.5 2.33 1.97 +119.9 2.21 1.77 +40.3

3.5 2.25 1.80 +92.7 2.15 1.78 +27.6

4.5 2.25 1.71 �16.9 2.10 1.82 �58.6

5.5 2.24 1.71 �54.6 2.16 1.81 �97.0
aO1 denotes O of the attacking nucleophile (alkoxide or carbonate) and O2 represents the former epoxy O atom.

Figure 10. Variation of activation barriers of homo- and copolymeri-
zation with metal�metal distance, computed for a very simplified
catalyst consisting of two Cu+ ions. Figure 11. Metal�metal distance dependent difference of activation

barriers of homo- and copolymerization, computed for a very simplified
catalyst consisting of two Cu+ ions.
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becomes even more pronounced for homopolymerization than
for copolymerization, as in homopolymerization all three atoms
between the two metal centers should assume a linear arrange-
ment, whereas in k2-copolymerization, at least five atoms take
part and thus a higher structural flexibility is possible. Therefore,
at short metal�metal distances, homopolymerization is more
strongly disfavored with respect to copolymerization, whereas at
larger metal�metal distances, the two competing reactions
become closer in energy (Figure 11).
Thus for larger distances, most significantly up to 430 pm,

catalytic activity becomes higher, whereas smaller distances below
500 pmoffer the advantage to better suppress homopolymerization.
In conclusion, the optimal Zn�Zn distance for copolymerization

of epoxides and CO2 should be located between 4.3 and 5.0 Å. The
common distance found in zinc dicarboxylates of 4.6�4.8 Å
probably leads to a balanced optimum between activity and
selectivity. At higher metal�metal distances, homopolymerization
and backbiting (which is not discussed here) become more prob-
able, increasing the side product formation. Therefore, also for
homogeneous complexes, the Zn�Zn distance has to be carefully
adjusted to a certain range and cannot be chosen deliberately.
To our knowledge, this is the first time that the effect of the

intermetallic distance onCO2/epoxide copolymerization has been
discussed and calculated. The theoretical investigation corrobo-
rates that two cooperating metal centers are necessary for any
activity in heterogeneous zinc dicarboxylates. In other words, the
more Zn�Zn couples that can be found on the surface, the higher
the activity of the catalyst will be. In accordance to this, ZnSA will
show a reduced activity than its higher homologues as the
occurrence of Zn�Zn couples is lower in this catalyst. The effect
of intermetallic distance can be extended to homogeneous systems
that assume a bimetallic copolymerization pathway.

’CONCLUSION

We designed a synthesis procedure which allows comparison
of all four zinc dicarboxylates (ZnSA, ZnGA, ZnAA, and ZnPA)
and their efficiency in CO2/PO copolymerization. Through
careful handling in an inert atmosphere, we were able to prove
that the material needs to be activated in order to generate
initiator groups on the surface that are able to copolymerize.

From the copolymerization experiments conducted, the activ-
ity discrepancy between ZnSA and its higher homologues
becomes obvious. As this difference can neither be attributed
to the surface areas nor to the particle sizes, it can be concluded
that the molecular structure is the decisive factor. The major
difference between ZnSA and its higher homologues is the
occurrence of Zn�Zn surface couples in a well-defined spatial
distance between 4.6 and 4.8 Å.

The importance of two closely linked metal sites has already
been described for homogeneous complexes in literature. Further-
more, theoretical calculations conducted in this work to identify an
“ideal”Zn�Zndistance suggest an optimal separation of Zn atoms
in the range of 4.3�5.0 Å, which gives a balanced optimum
between activation energy and selectivity toward copolymerization

The combined experimental and theoretical results allow a
more complete understanding of the surface processes on zinc
dicarboxylates. A well-defined spatial distance and the activation
of the surface metal sites is essential to give a catalytically active
material. These results strongly indicate that, for heterogeneous
zinc dicarboxylates, a bimetallic mechanism is at work on the
surface.

However, the activities with such catalysts are restricted due to
a restrained surface and diffusion limitations. Furthermore,
grinding of the material improves its efficiency as expected, even
though the increase is strongly limited due to limitations in
further downsizing the material. New strategies should therefore
focus on introduction of two metallic species into a molecular
framework that does not comprise bulky material, in which no
catalysis can take place. Therefore, new strategies have to focus
on homogeneous systems that comprise two metal centers or a
cooperative binary linked ligand system.
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