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ABSTRACT: Two active double metal cyanide (DMC)
complexes were successfully synthesized by solvent-free
grinding method. Their structures were characterized by
FTIR spectrometer and X-ray diffractometer. The results
showed that Complex 1 (double metal cyanide complex
with K3Fe(CN)6 and ZnCl2) and Complex 2 (double metal
cyanide complex with K3Fe(CN)6 and Zn(CH3COO)2) had
the same structures, crystal forms, and lower crystallinity as
both of them synthesized by conventional solvent-based
methods, respectively. Investigations on grinding conditions
indicated that Complex 1 ground 14 min at a high grinding
strength could achieve low crystallinity and showed sub-
stantially amorphous structures. Two speculated structures

of DMC were given. The alternating copolymerization of
CO2 and propylene oxide with Complex 1 as catalyst
obtained anticipated poly(propylene carbonate) (PPC) with
very high catalytic activity. The PPC produced by optimized
Complex 1 has molecular weight (Mn) up to 98,000 and nar-
row polydispersity of 1.93 with more than 90% carbonate
linkages. Compared with Complex 1, Complex 2 displayed
low catalytic activity but high selectivity mainly due to the
electron atmosphere and strong steric hindrance. VC 2011
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INTRODUCTION

Carbon dioxide (CO2) has seriously been considered
to be a greenhouse gas causing the global warming
that may lead to great change in climate.1–3 The fixa-
tion of CO2 to polymeric materials for the application
in industrial fields is one of the most valuable
researches for the 21st century considering the envi-
ronmental issues.4,5 Inoue first showed that partially
hydrolyzed ZnEt2 initiated the copolymerization of
propylene oxide (PO) and CO2.

6,7 Now the copoly-
merization has been one of the topics recently studied
intensively in the polymer science for biodegradable
polymeric materials and utilization of greenhouse
gas.8 As a result of these research efforts, a number
of catalyst systems have been developed.9–40 Notice-
ably, high sterically hindered catalysts such as

[(BDI)ZnOAc] complexes,22–28 chromium-salen com-
plexes,29–32 and cobalt-salen complexes,33–36 which
have been invented in recent years, show high activ-
ity in the copolymerization of CO2 and epoxides.
These systems can initiate the reactions even under
mild conditions and in some cases allow for the
regio- or stereo-selective polymerization, with high
molecular weight and narrow polydispersity of
the products. However, synthesis of these newly-
developed catalysts is so complex that it is difficult to
manufacture in common laboratory or plant.
The DMC complexes discovered in the early 1960s

by General Tire are very effective for CO2 and PO po-
lymerization (44 g g�1 cat., based on Zn3Fe(CN)6).

37,39

Furthermore, DMC complexes show desirable prop-
erties with regard to greater storage stability, catalyst
longevity, simple synthesis process, and multi-
use.37–41 The DMC also showed a potential applica-
tion in terpolymerization of CO2, epoxides and acid
anhydrides or inner esters (e.g., c-butyrolactone), the
glass-transition temperature (Tg) and degradability of
the products could be highly improved.42 However,
the conventional solvent-based synthesis of DMC was
characterized by time-, energy-, and materials-
consuming. For instance, in the US Patent 5,900,384,
over 100 h would be taken to prepare DMC in solu-
tion.41 Therefore, seeking for simplified process to
synthesize DMC is meaningful and promising.
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In this article, two DMC complexes were synthe-
sized by the mechanochemical method without
solvent. Complex 1 was obtained by ball milling
potassium hexacyanoferrate(III) and zinc chloride;
Complex 2 was obtained by milling potassium hexa-
cyanoferrate(III) and zinc acetate. The work provides
a novel method to obtain active DMC and to really
improve the efficiency of DMC synthesis.

EXPERIMENTAL

Materials

Carbon dioxide (purity more than 99.9%), potassium
hexacyanoferrate(III) [K3Fe(CN)6], zinc chloride
(ZnCl2), zinc acetate [(CH3COO)2Zn], and tert-butyl
alcohol (tBuOH), were analytical purity and directly
used unless otherwise mentioned. Propylene oxide
(PO) was analytical purity and immersed in 4 Å mo-
lecular sieves for 2 days before use.

Methods

Synthesis of DMC

Reaction conditions involved a mol ratio 10 : 1 mix-
ture of ZnCl2/(CH3COO)2Zn and K3Fe(CN)6, ground
with a Spex 8000M shaker mill in a 65-mL stainless
steel vessel with two 12.70 mm and four 6.35 mm
steel balls at 50 Hz for the specified time. After the
reaction is finished, products were washed with 30
mL mixed solution of de-ionized water, and tBuOH
so as to remove excess reactants and introduce the
required complexing agent. The final precipitates
were dried under vacuum at 50�C till constant
weight. For comparison, the DMC was also synthe-
sized following the conventional ways according to
the literature.38,39

Copolymerization

Copolymerization of CO2 and PO was carried out in a
500-mL steel autoclave equipped with a magnetic stir-
rer, water bath heating, and a check valve. Dried DMC
was added into the autoclave, followed by adding a
desired amount of purified PO under vacuum condi-
tions. The autoclave was pressurized to 3.8 MPa with
CO2. Then the autoclave was heated at 60�C with stir-
ring. After 40 h, the autoclave was cooled down to
room temperature, slowly depressurized, and opened.
The obtained polymer products were dissolved in
acetone, stirred for 15 min, then poured into water, iso-
lated, and dried under vacuum at 55�C.

Characterization

The microstructure of DMC was investigated and
compared with that of solvent-based DMC by

Bruker FTIR spectrometer (Model: TENSOR 27) with
32 scans per experiment at a resolution of 1 cm�1. X-
ray diffraction measurement of DMC was performed
on a Bruker AXS/D8 Advance diffractometer using
Cu Ka radiation at 40 kV and 30 mA. The data were
collected from 1.5� to 60� 2y with a step size of
0.025� 2y and a counting time of 0.5 s per step.
Transmission electron microscopy (TEM) pictures
were taken using JEM 2100 transmission electron
microscope, using an acceleration voltage of 200 kV.
Samples were suspended in absolute ethyl alcohol
and spread on copper grids coated with Fromwar
foil.
Spectroscopic analyses of polymer products were

performed using the Bruker FTIR spectrometer and
a Bruker NMR spectrometer (Model: Bruker AV 400
MHz) with 1H and 13C probes, CDCl3 as the solvent.
Number average molecular weight (Mn) and poly-
dispersity index (PDI) of polymer products were
estimated using a gel permeation chromatography
(GPC) system (Waters HPLC Pump, Waters 1515 de-
tector) with a set of three columns (Waters Styragel
500A, 10,000A and 100,000A). The GPC system was
calibrated by a series of polystyrene standards with
polydispersities of 1.02 supplied from Shodex. Tetra-
hydrofuran (THF, HPLC grade) was used as an
eluent.

RESULTS AND DISCUSSION

Characterization of DMC

The preparation of DMC started from the mechano-
chemical reactions between K3Fe(CN)6 and ZnX2

(X ¼ Cl, CH3COOA) by solvent-free grinding. Accord-
ing to the investigation, an excess of zinc salts guaran-
teed complete conversion and gave high catalytic
activity. Complexes 1 and 2 synthesized by grinding
revealed characteristic absorption peaks in FTIR spec-
trums basically similar to that prepared in solution,
respectively. The FTIR spectra of Complex 1 exhibited
characteristic peaks attributed to the C:N stretching
absorption in the Zn2þ-CN-Fe3þ unit at 2100 cm�1,
and Fe-CN flexural vibration absorption at 600 cm�1,
496 cm�1 (shown in Fig. 1). And because of existing in
complexing agent tBuOH, the AOH in Complex 1
showed a broad band assigned to stretching vibration
absorption at 3500 cm�1, CAH stretching vibration
absorption peak appeared at 2930 cm�1. Owing to the
coordination of Zn2þ with C:N, the C:N bond was
weakened and a resembling C¼¼N bond formed in
the Zn2þ-CN-Fe3þ unit of DMC, which showed a
symmetric stretching vibration absorption peak at
1619 cm�1.
The FTIR spectra of Complex 2 in Figure 2 exhib-

ited characteristic peaks of C:N stretching absorp-
tion at 2100 cm�1, FeACN flexural vibration
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absorption at 697 cm�1, AOH stretching vibration
absorption at 3450 cm�1, CAH (from tBuOH and
zinc acetate) stretching vibration absorption at 2923
cm�1, and CAH (from zinc acetate) flexural vibra-
tion absorption at 1440 cm�1. Compared with Com-
plex 1, Complex 2 presented a new characteristic
peak assigned to C:N stretching absorption at 2178
cm�1. Because of the property of zinc acetate, C¼¼O
antisymmetric stretching vibration absorption peak
split and was detected at 1628 and 1568 cm�1.

Crystallization of the dried DMC was determined
by an X-ray diffractometer. The essence of DMC
with high activity is amorphous, this means the
lower crystallinity of DMC is, the higher its catalytic
activity is.43–48 Figure 3 shows X-ray diffraction
pattern of Complex 1 ground for 14 min had the
same crystal pattern with that prepared in solution.

Typically, Complex 1 ground for 14 min is substan-
tially amorphous according to the substantial absence
of sharp lines in the XRD patterns, displaying very
broad peaks not associated with any sharp peaks
between 2y values of 13.5� and 22.5� and 2y ¼ 23.6�.
Results of copolymerization of CO2 and PO in Table I
implied that Complex 1 ground 14 min exhibited the
highest catalytic activity. Grinding conditions were
observed when grinding time and strength were
taken as the control parameters based on the kinetic
model showing fundamental factors which influence
the mechanochemical reactions.49,50 In Figure 3, Com-
plex 1 ground 11 min displayed sharp and dense
peaks, exhibiting higher crystallinity and lower cata-
lytic activity mainly due to incomplete transformation
of the reactants within shorter mill time. Complex 1
ground 14 and 18 min showed significantly broad-
ened peaks at about 2y ¼ 23.6�, suggesting a much
smaller crystallite size and/or a lowering of the crys-
tallinity, respectively. Crystal intensity of diffraction
peaks greatly increased with grinding time prolong-
ing from 24 to 30 min, exhibiting two sharp peaks at
2y ¼ 17.4�, 24.5�, respectively. At much more longer
grinding (40 min), the crystallinity seems to be
constant. Yield of the copolymerization of CO2 and
PO was relatively low when longer ground Complex
1 was used (shown in Table I). These results demon-
strate that the grinding time has an important impact
on the crystallite size and crystallinity of DMC, which
may strongly affect the catalytic activity.
Figure 4 indicated that Complex 1 ground 14 min

at a highest grinding strength by placing 12.70 mm
and four 6.35 mm steel balls was poorly crystalline,
compared with those ground at a lower or lowest
strength by decreasing the number and size of the

Figure 1 Comparisons of FTIR spectra of Complex 1: (a)
grinding synthesis; (b) solvent synthesis.

Figure 2 Comparisons of FTIR spectra of Complex 2: (a)
grinding synthesis; (b) solvent synthesis.

Figure 3 Comparisons of XRD patterns of Complex 1
synthesized at 50 Hz for the specified time. Two 12.70 mm
and four 6.35 mm steel balls were placed. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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balls. The results demonstrate that a stronger grind-
ing strength would contribute to low crystallinity
and high catalytic activity. Therefore, Complex 1
ground 14 min at 50 Hz is the optimal conditions for
solvent-free synthesis.

Interestingly, grinding time and strength played a
really unconspicuous role in inducing chemical reac-
tions and phasing transformation for solvent-free
synthesis of Complex 2. The 2 ground 7 min could
reach complete reaction and displayed XRD pattern
as shown in Figure 5; longer grinding or lower
strength seemed to have no effect on the crystal pat-
tern according to the experiment. Yield of Complex

2 was low (Table I, Entry 9) mainly due to the elec-
tron atmosphere and strong steric hindrance of the
different chemical bonding in DMC structures.

Proposed mechanism of reactions in
grinding process

The possible reaction mechanism in the grinding
process is deduced that, ZnX2 and K3Fe(CN)6 in the
vessel were strongly ground and collided by steel
balls, their size diminished along with specific sur-
face area increased.51 As a result, surface defects and
dislocations of K3Fe(CN)6 and ZnX2 gradually gener-
ated.52 At the same time, some of the partial

TABLE I
Results of PO and CO2 Copolymerization with Ground DMC as Catalystsa

Entry Complex
Grinding

timeb (min) TONc TOFc
Selectivityd

(% PPC) Mn/Mw/PDIe f(CO2)
f

1g 1 / 417.94 10.75 89.0 71 k/165 k/2.33 0.37
2 1 11 249.20 6.23 78.3 43 k/136 k/3.16 0.29
3 1 14 773.54 19.34 91.0 98 k/190 k/1.93 0.40
4 1 18 455.03 11.38 88.5 83 k/179 k/2.15 0.38
5 1 24 259.79 6.50 81.3 50 k/130 k/2.57 0.36
6 1 30 271.96 6.80 83.0 58 k/158 k/2.73 0.33
7 1 40 240.36 6.01 80.7 33 k/119 k/3.61 0.25
8g 2 / 229.34 5.73 95.0 123 k/209 k/1.70 0.43
9 2 7 240.42 6.01 95.0 140 k/229 k/1.63 0.44

a Copolymerization reactions of CO2 (3.8 MPa) and PO (100 mL) using DMC (0.6 g) were carried out at 60�C for 40 h
without solvent.

b Synthesis reactions of DMC were carried out for the specified time at 50 Hz.
c Turnover number in g�polymer/g�Zn and Turnover frequency in g�polymer/g�Zn h.
d Determined by using 1H NMR spectra.
e Determined by gel permeation chromatography relative to polystyrene standards in tetrahydrofuran.
f CO2 content in copolymer, which was determined by 1H NMR spectra.
g DMC prepared in the conventional solvent-based ways.

Figure 4 Comparisons of XRD patterns of Complex 1
synthesized at 50 Hz for 14 min. Grinding strength versus
ball size and number; (2,4) means two 12.70 mm and four
6.35 mm steel balls, and so forth. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 5 Comparisons of XRD patterns of Complex 2. (a)
Grinding synthesis at 50 Hz for 7 min. Two 12.70 mm and
four 6.35 mm steel balls were placed. (b) Solvent synthesis.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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collision points got a higher temperature and more
energy could be stored in the defects and disloca-
tions.53 Therefore, mechanochemical activity points
formed. As the ball milling process continuously car-
ried out, the caused defects and dislocations dis-
persed, and part of the bonds of both K3Fe(CN)6
and ZnX2 broke and Zn atoms partially rear-
ranged.49,50 Eventually, the grinding process would
lead to thermal chemical reaction in the nanometer
scale between K3Fe(CN)6 and ZnX2.

54,55 This can be
partly explained by the fact that pure K3Fe(CN)6
ground 4 min tended to be an amorphous structure
as shown in Figure 6. And amorphization raises the
free energy of the solid compared to the crystalline
state, which would help in atoms reorganization as
widely observed.56

Speculated structures of DMC

For the hardness to get single crystal and other con-
vincing evidences, the structure of DMC has not
been fully established yet. Verdaguer partially deter-
mined and regarded the DMC as Structure 1 in
Scheme 1; Zn atom was surrounded by four coordi-
nated ZnAN bonds.57 Kim et al. investigated
pyridine-zinc-halide system used for CO2 and PO
polymerization and obtained the in-process product
of both complex and polymer monomer, which were
determined by a single crystal diffraction test.58

Finally they confirmed ZnAN bond as the active
center. With provision for the DMC with similar
chemical structure of the system, the ZnAN bond is
deduced to be the active center of DMC. Herein,
two more speculated structures based on the above
findings and experimental results were given as
Structures 2 and 3 in Scheme 1. Obvious evidences

are shown as following: (1) characteristic absorption
peaks of Complex 2, with organic ligand
(CH3COOA) of zinc acetate, were detected in FTIR
spectrum (Fig. 2), 1628 and 1568 cm�1 (C¼¼O anti-
symmetric stretching), 1440 cm�1 (ACH3 flexural
vibration) and 1020 cm�1 (CAO symmetric stretch-
ing). It demonstrates the coordination of CH3COOA
in DMC structure. (2) The fact that Figures 3 and 5
gave two different patterns and diffraction peaks,
negating the hypothesis that Complexes 1 and 2
with Zn atom completely coordinated with nitrogen
atoms as Structure 1 should have the same crystal
patterns. Thus, it can be concluded that the centric
Zn2þ are coordinated with not only nitrogen atoms
but also negative ions, such as Cl� and CH3COOA.
The decrease of spatial hindrance may contribute to
giving Structures 2 and 3.

Copolymerization of CO2 and PO

The ZnAN bond was suggested to play a crucial
role in initiation and chain propagation of the poly-
merization.57,58 The ferrum(III)-cyano-group coordi-
nating to the active Zn2þ center transfers to the
propagating metal polymer chain, thereby labilizing
the ZnAN bond and facilitating the PO insertion;
and CO2 enchainment might be partly enhanced by
the electron-rich Zn2þ centers, resulting in ready
increase of CO2 content in the copolymer.48,59–61

Based on the polymerization results, proposed
mechanism of CO2 and PO copolymerization
employing ground DMC with Structure 2 is depicted
in Scheme 2. Pathway A producing both carbonate
backbone and cyclic carbonate (PC) at the surface of

Scheme 1 Solvent-free grinding synthesis for DMC. Cen-
tric Zn atom is shown in dark gray, Fe in dull red, N in
blue, and X (Cl or CH3COOA) in pink. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 6 XRD patterns of (a) pure K3Fe(CN)6 and (b)
K3Fe(CN)6 ground 4 min at 50 Hz. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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DMC is expected to be enhanced by the electron-
rich Zn2þ center, while Pathway B leading undesired
ether linkages could not be repressed due to kineti-
cally controlled homopolymerization. This can be
confirmed by reasonable amount of PC and poly-
ether produced in copolymerization of PO and CO2.
The relative importance of Pathway C producing
biodegradable carbonate linkages over A is expected
to be dependent on the steric and electronic environ-
ments of the metal center. This can be explained by
the selectivity of Complexes 1 and 2. Typically,
Pathway D is an impossible way to get perfect alter-
nating copolymer with absolute CO2 by using the
catalysts of the present study. Pathway E mainly has
a head-to-tail sequence and a random distribution of
configurational sequences to produce PPC.59,62

Results of PO and CO2 copolymerization shown in
Table I indicated the importance of Pathways A, B,
and C. Complex 2 showed surprisingly high selectiv-
ity probably due to the strong steric hindrance from
coordinated carboxyls (when X ¼ CH3COOA in
Scheme 2) and the electron atmosphere.

Analysis of copolymer

The extent of carbonate and ether backbone could be
easily traced by FTIR and NMR spectrscopies of the
copolymers. As shown in Figure 7, the intense C¼¼O
antisymmetric vibration absorption peaks appear at
� 1750 cm�1. Together with this, the existence of
absorption peaks around 1260 cm�1, which is
assigned to CAO stretching vibration absorption, pro-
vides an evidence for the presence of both carbonate
and ether backbone in the resultant copolymers.

All isolated copolymers were subjected to 1H and
13C NMR analyses in CDCl3, and a representative
spectrum of the PPC is shown in Figures 8 and 9,

respectively. The 1H NMR spectrum of PPC pro-
duced by Complexes 1 and 2 showed 91%, 95% car-
bonate linkages, respectively. The 13C NMR spec-
trum of the PPC produced by Complexes 1 and 2
showed head-to-head, head-to-tail, and tail-to-tail
linkages in the ratio 16.8 : 72.3 : 10.9, 16.7 : 76.0 : 7.3,
respectively. Such a microstructure is consistent with
a near region random ring-opening of PO and is
similar to polymers catalyzed by [(BDI)ZnOAc] com-
plexes (� 54% head-to-tail linkages)24 and zinc glu-
tatate (� 60% head-to-tail linkages).62

Catalytic activity of DMC

The ground DMC exhibited high efficiency in the
polymerization reaction, and far higher than conven-
tional solvent-based ones.38 Complex 1 exhibited
higher catalytic efficiency than Complex 2, while the

Scheme 2 Proposed copolymerization scheme of PO and CO2 at the surface of ground DMC as catalyst with Structure 2.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7 FTIR spectra of poly(propylene carbonate) pro-
duced by (a) Complex 1 and (b) Complex 2.
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copolymerization product produced by Complex 2
gave better properties by showing higher Mn (140
K), narrower PDI (1.63), and more content of CO2

(44%) (shown in Table I). As discussed earlier, main
reasons of the results are that negative ions of zinc
salts have a great impact on electron atmosphere in
Zn2þ center, as well as spatial hindrance. The order
of electronegativity is Cl� > CH3COOA. The elec-
tron atmosphere of Zn2þ center centralizes to ZnACl
bond and attenuates the binding force of the active
Zn2þACNAFe3þ unit when X of the DMC is Cl�;
such a change would facilitate the break of ZnAN
bond and the PO insertion. While the X is
CH3COOA, the electron atmosphere of Zn2þ center
centralizes less than to ZnACl bond, leading a stron-
ger binding force of the active ZnAN bond. Mean-
while, spatial hindrance increased when the X is

CH3COOA, making it difficult for PO insertion but
increasing the selectivity for desired polymer up to
95% (see Table I).
Particle size of DMC using a grinding method was

in the range of 20–100 nm as shown in Figure 10.
Complex 1 ground 14 and 24 min showed the smallest
size (� 50 nm) [Fig. 10(b,c)] compared with those syn-
thesized in solution about 750 nm [Fig. 10(a)], 2.93 lm
(D50) by using spray drier41 and 100 nm using an
emulsifier.63 The Complex 2 showed different micro-
graphs due to participation of carboxy in the structure
as discussed earlier [Fig. 10(e)]. It can be expected that
the DMC with small size and equigranular particles
contribute to high activity. The small granules equably
distribute in PO and allow for more activity points
per unit volume, helping to couple CO2 and PO.
Based on these analyses, Complex 1 has a higher

Figure 9 13C NMR spectrum of a representative sample of poly(propylene carbonate).

Figure 8 1H NMR spectrum of a representative sample of poly(propylene carbonate).
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catalytic activity than Complex 2, as well as those syn-
thesized by the conventional solvent-based ways.

CONCLUSIONS

It has been demonstrated that high active DMC can
be easily synthesized by the solvent-free grinding
method. The merit is shown by (1) reconstruction
into target compounds can be completed within
minutes without solvent, and (2) high productivity
can be achieved with ground catalyst. The grinding
method reveals a clear shortcut in synthesis of DMC
complexes compared with conventional solvent-

based ways. Overall, the findings improve our
insight into the possibility of grinding-induced trans-
formations and extend the application of grinding
method as a convenient way to synthesize catalysts.
Future work will be directed toward obtaining
mechanistic insight of both complexes reconstruction
and copolymerization of CO2 and propylene oxide,
as well as further improvements of the activity via
optimization of the DMC and cocatalyst structure.

Analytical and Testing Center of Hainan University is
acknowledged for characterization of the DMC and
copolymers.

Figure 10 TEM images of nano-sized DMC: (a) Complex 1 synthesized in the solvent-based ways; (b) Complex 1 ground
14 min; (c) Complex 1 ground 24 min; (d) Complex 1 ground 40 min; and (e) Complex 2 ground 7 min.
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