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Abstract

The surface state of polycrystalline zinc glutarate (ZnGA) catalyst and its catalytic adsorption of carbon dioxide (CO2) and propylene
oxide (PO) were investigated by using near edge X-ray absorption fine structure (NEXAFS) spectroscopy. The outermost layer
catalyst was found to contain more hydrocarbon units (i.e., glutarate ligand component) than the inner layers. The ZnGA ca
found to reversibly react with CO2 and to readily react with PO via adsorption onto the catalyst surface and insertion into the Zn–O
Experiments in which the catalyst was treated with CO2 followed by PO and vice versa showed that each of these components can r
the other component on the catalyst surface. This reversible adsorption and insertion of CO2 and PO on the ZnGA surface provides a clue
the mechanism underlying the production of alternating poly(propylene carbonate) in the ZnGA-catalyzed copolymerization of CO2 and PO.
However, in comparison to CO2, PO was more easily adsorbed onto the ZnGA catalyst and inserted into the Zn–O bond. As a cons
PO significantly modified the catalyst surface. This suggests that the ZnGA-catalyzed copolymerization is initiated by PO rather th2.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The copolymerization of CO2 and oxirane is widely re
garded as an effective method for CO2 fixation. Importantly,
the product of this reaction, polyalkylenecarbonate (PA
has numerous potential applications in various areas o
polymer industry; for example, it could be used as a co
modity polymer to replace some polyolefins, as a biomed
or environmental polymer due to its biocompatibility, and
a temporary disposable binder on account of its comp
thermal decomposition properties. A variety of materials
known to catalyze the copolymerization of CO2 and oxi-
rane [1–14]. Among the catalysts considered to date,
dicarboxylates have proved to be among the most effe
for producing reasonably high molecular weight PAC w
high polymerization yield in the copolymerization [9–1

* Corresponding author.
E-mail address: ree@postech.edu (M. Ree).
0021-9517/03/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00122-2
In particular, zinc glutarate (ZnGA) was found to give t
highest yield in the synthesis of PAC [9,13]. The low cos
the raw chemicals required to prepare ZnGA catalyst m
this catalyst the most cost-effective catalyst for conver
CO2 resources into PAC materials that can be used in
polymer industry [9,12–14].

Most active ZnGA catalysts are generally prepared
powders from zinc oxide and glutaric acid [9,11]. The ZnG
catalyst is insoluble in solvents including water [9,11]. O
in highly acidic solutions (pH< 2), the catalyst dissolve
via dissociation [9,11]; thus, the ZnGA acts as a hetero
neous rather than homogeneous catalyst in the copoly
izations. Due to this inherent insolubility, the single crys
formation of the ZnGA was not succeeded. Furthermore
insolubility highly restricted studies of the structure and
catalytic activity of the ZnGA catalyst. Only structure a
catalytic mechanisms of the heterogeneous catalyst Z
have been studied with a view to improving its catalytic
tivity and to developing new catalysts with higher cataly
activity [15–18]. To date, however, little is known about t
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surface state of ZnGA, which is usually a polycrystalli
material, and the reactivity of ZnGA with CO2 and oxirane
monomers remains poorly understood.

In the present study, we investigated the surface cha
teristics of ZnGA catalyst and examined catalytic adso
tions of CO2 and propylene oxide (PO) on the cataly
surface using carbon (C)K-edge and oxygen (O)K-edge
near edge X-ray absorption fine structure (NEXAFS) sp
troscopy. NEXAFS spectroscopy is a powerful tool for d
termining the local atomic structure and the electronic pr
erties around the X-ray absorbing atoms in molecules, an
many cases this technique can even be used to examin
ordered adsorption systems [19]. NEXAFS spectra with
ferent surface sensitivities can be simultaneously meas
by means of the Auger electron yield (AEY) and total el
tron yield (TEY) detection modes [22]. The AEY measu
ment uses an electron energy analyzer to monitor the in
sity of elastically emitted Auger electrons. Sampling de
is given by the elastic mean free path of the Auger e
trons in the material, which is for the C KVV Auger ele
trons in carboceous materials usually on the order of 1.5
Hence, AEY measurements sample only the near subsu
region [20]. In TEY measurements, on the other hand
of the electrons emitted from the sample surface (i.e., e
tically scattered Auger and all other electrons) are coun
The TEY signal is dominated by the low energy electrons
cited in the inelastic scattering cascade of the primary Au
electrons. Since these low kinetic energy electrons have
dergone several scattering events, TEY probes deeper b
the sample surface than does AEY [20]. In the present w
we use the unique capabilities of surface-sensitive NEXA
spectroscopy to investigate the changes of chemical com
sition at the surface of a ZnGA catalyst resulting from
adsorption and reaction of CO2 and PO.

2. Experimental

ZnGA catalyst was prepared from zinc oxide (Zn
and glutaric acid (GA) as described elsewhere [9,11,
ZnGA samples for NEXAFS measurements were prepa
by scrubbing a powder of the catalyst onto scratched sil
(Si) wafers. The resulting ZnGA-scrubbed Si wafers w
treated with CO2 or PO in one of four ways: (i) exposure
100 or 300 psi CO2 for 10 h in an autoclave, (ii) dipping in
boiling PO for 30 or 60 min, (iii) exposure to 300 psi CO2
for 10 h and subsequent dipping into boiling PO for 4 h, a
(iv) dipping into boiling PO for 4 h and subsequent exp
sure to 300 psi CO2 for 10 h. The size of each sample w
1× 1 cm2.

NEXAFS measurements were conducted at the N
AFS beamline (BL 10-1) of Stanford Synchrotron Radiat
Laboratory (Stanford, USA) and at the 2B1 VUV beaml
of Pohang Accelerator Laboratory (Pohang, Korea) [2
The photon energy resolution was about 100 meV aro
300 eV. The spectra were divided by the total electron y
-

e

-

signal from a highly transmissive (about 80%) gold gr
measured with a picoammeter. A pre-edge background
then subtracted from the normalized spectra and the
jump far above theK-edge (340–380 eV for CK-edge;
570–590 eV for OK-edge) was arbitrarily scaled to unit
This procedure produces NEXAFS spectra in which all r
onance intensities correspond to the same number of C
atoms in the sample, as discussed elsewhere [22]. Th
ergy scale was calibrated using the carbon-induced stru
at 284.7 eV in the monochromator transmission funct
The reproducibility of the measured spectra was caref
checked by comparing multiple scans. No evidence of b
damage was found. Spectra measured with an X-ray
size of 0.1 × 1 mm2 did not change with time. The spec
men was mounted on a rotatable holder that made it pos
to rotate the specimen around a vertical axis to change th
cidence angleθ of the X-ray beam relative to the specim
surface. However, as expected for a polycrystalline sam
the spectra reported here do not show any dependenc
the angle between the beam and the ZnGA sample; he
all spectra were recorded at a fixed incident angle of 55◦.

NEXAFS measurements were additionally conducted
ZnGA-scrubbed Si wafers exposed to CO2 in the following
way. Each sample was first mounted on a holder equip
with a tungsten-wire heater and moved into the second
uum chamber of the sample compartment at the NEXA
beamline. The sample was then annealed at about 70◦C un-
der high vacuum (10−9 Torr) for 2 h, after which it was
exposed to by injecting into the second chamber. The
posure was 600 or 1200 Langmuir (L) (1 L= 10−6 Torr/s)
at 7× 10−6 Torr. Within 10 min of the exposure, the samp
was moved into the first vacuum chamber at 10−9 Torr and
the NEXAFS measurements were carried out. The cycl
exposure and NEXAFS measurement was repeated at
two times for each sample.

In addition, X-ray photoelectron spectroscopy (XP
measurements were carried out to determine the su
composition of the ZnGA catalyst using a PHI 5400ES
system with a Mg-Kα 350 W X-ray source. The vacu
um level in the sample chamber was maintained at 2.0 ×
10−9 Torr. The binding energies were calibrated with
spect to the signal for adventitious carbon (binding
ergy= 284.6 eV).

3. Results and discussion

3.1. C K-edge and O K-edge NEXAFS spectra

Fig. 1 displays NEXAFS spectra measured from
ZnGA catalyst before and after annealing at 70◦C. In the
ZnGA catalyst, Zn metal ions are coordinated with glutar
(GA) ligands composed of two carboxyl end groups a
three methylene units. The CK-edge and OK-edge NEX-
AFS spectra originating from the GA ligand have been
signed with the aid of NEXAFS results previously repor
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nealing at
C

Fig. 1. C and OK-edge near edge X-ray absorption fine structure (NEXAFS) spectra measured from zinc glutarate (ZnGA) before and after an
70◦C. NEXAFS spectra were measured in total electron yield (TEY) at (a) CK-edge and (c) OK-edge and Auger electron yield (AEY) modes at (b)
K-edge and (d) OK-edge.
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Table 1
Energies and tentative assignments of all major resonance peaks o
glutarate (ZnGA) measured by C and OK-edge near edge X-ray absorptio
fine structure spectroscopy

Resonance Energy (eV) Assignment Resonance Energy (eV) Assignm

peak (CK-edge) peak (OK-edge)

1 288.6 π∗
C=O 1′ 530.5 π∗

C=O
2 291.9 σ∗

C–C 2′ 534.1 π∗
C=O

3 296.3 σ∗
C–O, σ∗

C=O 3′ 537.3 σ∗
C–O, σ∗

C=O
4 300.2 σ∗

C=O 4′ 540.8 σ∗
C=O

5′ 557.5 σ∗
C–O

for compounds containing carboxyl and methylene un
specifically, saturated carboxylic acids [23], polymeth
methacrylate (PMMA) [22], and poly(ethylene terepht
late) (PET) [24–26]. The energies and assignments o
peaks in the NEXAFS spectra are summarized in Table

As seen in Fig. 1a, a pronounced sharp peak1 appears
at 288.6 eV, which is attributed to the excitation of a Cs
electron of the carboxyl group to the emptyπ∗ orbital. A
weak shoulder peak is also observed at the low energy re
of peak1, which may originate from C–H∗ resonance [27]
Other peaks appear at 296.3 eV and 300.2 eV (peaks3 and
4, respectively). These resonance energies are close t
characteristic resonance energies of theσ ∗ resonances o
C–O and C=O in carboxyl group, respectively [28]. Thu
one might be tempted to assign peak3 to the C–Oσ ∗ reso-
nance and peak4 to the C=O σ ∗ resonance. However, ou
recent X-ray absorption near-edge structure (XANES)
extended X-ray absorption fine structure (EXAFS) sp
troscopy studies at the ZnK-edge indicate that in the ZnG
catalyst the two oxygen atoms of each carboxyl end gr
of the GA ligand equally coordinate to the Zn metal atom
making a tetrahedral coordinated complex with a Zn–O b
distance of 1.95–1.96 Å [18]. In this tetrahedral comp
the two oxygen atoms of each carboxyl end group of
GA ligand were found to coordinate to the Zn atoms
two different ways,syn–syn and syn–anti bridge configu-
rations [18]. The presence of these two bridge struct
was also evident in infrared spectroscopy results repo
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elsewhere [10]. The tendency to form two bridge structu
implies that theπ -bonding character of the carbonyl bo
in the carboxyl group of the GA ligand is rather delocaliz
to the adjacent C–O bond. Taking this structural inform
tion into account, peaks3 and 4 may in fact arise mainly
from the splitting of the delocalized C=O bond caused byσ ∗
bond-to-bond interactions [22]. While, the absorption p
2 corresponds to the C–Cσ ∗ resonance [23]. Taking into ac
count the interactions of the adjacentσ ∗ bonds, peaks3 and
4 are further affected by theσ ∗ splittings of the hydrocar
bon and carboxyl group in the ZnGA. The effect of theσ ∗
splitting caused by the hydrocarbon may, however, be s
due to the short alkylene length in the GA ligand. Colle
tively, the results lead to the conclusion that each carbo
group of the Zn-coordinated GA ligand is in a degener
state, and that the two bonds of the carboxyl group in
degenerate state interact with each other, causing spli
of theσ ∗ resonance. This interaction effect must be sign
cant, given that the ZnGA catalyst has a network structur
which each Zn metal ion is tetrahedrally coordinated to f
carboxyl oxygen atoms.

In the NEXAFS spectrum recorded in the AEY detect
mode (Fig. 1b), peak2 appears with relatively high intensit
Generally, NEXAFS spectroscopy in the AEY mode is s
sitive to the chemical composition at the surface [29]. Th
the appearance of such a strong peak2, which correspond
to the C–Cσ ∗ resonance, indicates that the surface of
ZnGA catalyst is enriched with hydrocarbon units. This
supported by analysis of the XPS spectrum of the ZnGA
alyst, which shows that the concentration of carbon is hig
than that predicted for a perfect ZnGA crystal and that
concentration of oxygen is lower than that of the ZnGA cr
tal (see Table 2). Furthermore, on the basis of the XPS re
the coordination number of the zinc metal ions at the c
lyst surface can be estimated to be 2.7. This coordina
number is much lower than 4.0–4.3 determined previou
by EXAFS analysis of the bulk ZnGA catalyst [18]. Tak
together, the XPS and NEXAFS results indicate that uns
rated zinc metal ions are present on the outermost surfa
the ZnGA catalyst.

Figs. 1c and 1d display the OK-edge NEXAFS spectr
obtained from the ZnGA. The present oxygen content in
ZnGA gives good statistics of spectrum and useful inform
tion of coordination change between the zinc metal ion
the carboxyl groups of GA ligand. Adopting the NEXAF
results for PET and its analogues with carboxyl groups in

Table 2
A comparison of the theoretical (crystal) composition of zinc glutar
(ZnGA) with the composition as determined by X-ray photoemission s
troscopy (XPS)

XPS element Area Sensitivity Concentration Theoretic
(cts-eV/s) factor (mol%) value (mol%)

Zn 2p3/2 116,814 3.726 8.28 10
O 1s 42,690 0.711 22.4 40
C 1s 54,071 0.296 69.32 50
f

Fig. 2. O 1s absorption spectrum of ZnGA catalyst measured by X-ray p
toemission spectroscopy.

literature [24–26,30], the OK-edge NEXAFS spectral peak
are assigned as follows. The intense feature at 530.5
(peak1′), is assigned to the C=O π∗ resonance, peak3′ at
537.3 eV is assigned to the C–Oσ ∗ resonance, and peak4′
at 540.8 eV is assigned to the C=O σ ∗ resonance. Howeve
as discussed above in relation to the CK-edge NEXAFS
spectra, peak3′ may arise mainly from the splitting of C=O
σ ∗ resonance due to the interaction of two C=O bonds in
the degenerate state. Additional evidence for this degen
state of the carboxyl group in the GA ligand is provided
the observation of a single O 1s peak without any shoulder
in the XPS spectrum (see Fig. 2); the appearance of a s
O 1s peak indicates that the oxygens in the carboxyl gr
are in almost the same state.

We now consider the effects of structural defects in
ZnGA catalyst on the NEXAFS spectra, in particular the
fects on peaks3 and4 in Figs. 1a and 1b as well as pea
3′ and4′ in Figs. 1c and 1d. The ZnGA used in this stu
was not a single crystal but rather a powder comprise
particles of high crystallinity [9]. Hence, the ZnGA cat
lyst possibly has defect sites originating from the prese
of uncoordinated carboxyl end groups of the GA ligands
uncoordinated Zn metal ions, although the number of s
sites is very small relative to the number of fully coordina
sites. In fact, the C–O single bond character indicating
presence of uncoordinated carboxyl groups is derived f
the relatively weak intensity of the peak3′, compared to tha
of the peak1′, which is attributed to the weak contributio
of the C–Oσ ∗ resonance. Taking this result and any p
sible structural defects into account, we believe that p
3 in the CK-edge spectrum and peak3′ in the OK-edge
spectrum originate mainly from the splitting of the deloc
ized carboxylσ ∗ resonances andpartially from the C–Oσ ∗
resonance.
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3.2. Annealing effect on the ZnGA surface

The intensities of the NEXAFS spectra of the ZnGA ca
lyst vary after annealing of the catalyst at 70◦C under high
vacuum. Overall, the CK-edge spectrum measured in t
TEY mode (Fig. 1a) strengthens due to annealing. In c
trast, the spectrum measured in the AEY mode does
show any intensity change with annealing (Fig. 1b).

Fig. 1c displays the OK-edge spectra of the ZnGA cat
lyst measured in the TEY mode before and after annea
It is evident that annealing changes the intensities of
absorption peaks. Overall, annealing strengthens absor
peak1′ but weakens all other peaks. In particular, abso
tion peak5′ disappears almost completely after anneal
In contrast, a new absorption peak2′ at 534.1 eV is clearly
discernible after annealing. The appearance of this new
is accompanied by a strengthening of peak1′, which corre-
sponds to the C=O π∗ resonance. This suggests that pea2′
may be related to the C=O π∗ resonance.

The effect of annealing on the absorption peaks is
clearly observed in the NEXAFS spectra measured in
n

AEY mode. As seen in Fig. 1d, all of the peaks are m
intense after annealing. In particular, peak2′ is more dis-
tinct after annealing. However, the absorption peak5′ that
is clearly detected in the TEY mode is barely distingui
able in the spectrum measured in the AEY mode due to
relatively large noise level.

The changes in the NEXAFS spectra caused by ann
ing may be directly related to interaction between the Zn
catalyst and atmospheric CO2. This point is discussed in de
tail in the following sections.

3.2.1. In situ CO2 treatment of ZnGA
Some ZnGA catalyst specimens were first anneale

70◦C and then treated with 600 or 1200 L CO2, after which
they were immediately characterized by NEXAFS sp
troscopy. The resulting NEXAFS spectra are displayed
Fig. 3.

In the NEXAFS spectra of the ZnGA recorded in t
TEY mode (Fig. 3a), all of the CK-edge absorption peak
are apparently suppressed by CO2 treatment. Thereafter, th
suppressed peaks are not changed with further varying2
tal
Fig. 3. C and OK-edge NEXAFS spectra of ZnGA catalysts annealed at 70◦C and in-situ treated with 600 to 1200 L CO2. Spectra were measured in to
electron yield (TEY) at (a) CK-edge and (c) OK-edge and Auger electron yield (AEY) modes at (b) CK-edge and (d) OK-edge.
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dose. When peaks2, 3, and4 are normalized by the inten
sity of peak1, all the normalized peaks, however, show o
slight changes due to the CO2 treatments. The NEXAFS
spectrum recorded in the AEY mode (Fig. 3b) shows v
little variation after CO2 treatment, regardless of the CO2

dose. These results suggest that the carbon atoms of th
ligand in the ZnGA are not involved in the reaction (or int
action) of ZnGA and CO2.

In contrast to the CK-edge spectra, the OK-edge ab-
sorption spectrum is sensitive to CO2 treatment. Compariso
of the spectra measured in the TEY mode (Fig. 3c) be
and after CO2 treatment shows that treatment with CO2 leads
to a slight suppression of peak1′, and a strengthening o
peaks2′, 3′, 4′, and5′. In the spectra measured in the AE
mode (Fig. 3d), peak1′ is suppressed by CO2 treatment to
a much greater extent than it is in the TEY measureme
The other peaks (2′, 3′, and4′) are also suppressed as a
sult of CO2 treatment, although only to a small extent. All
the changes observed in the OK-edge spectra indicate th
CO2 reacts with the ZnGA catalyst, influencing the char
teristics of the coordinated bonding between the Zn m
ion and the carboxyl group of the GA ligand.

Of particular importance is the CO2-induced evolution
of a peak centered at 557.5 eV (peak5′), which is in good
agreement with the energy of the C–Oσ ∗ resonance in cad
mium carbonate (CdCO3) [22]. Thus, peak5′ is tentatively
assigned to theσ ∗ resonance of the C–O bond formed
CO2 insertion into the bond between Zn metal ion and
carboxyl group of the GA ligand. In addition, exposure
ZnGA to CO2 causes a much greater change in peak3′ than
in peak4′. As mentioned earlier, peak3′ originates mainly
from the splitting of the delocalized carboxylσ ∗ resonances
of the carboxyl group of the GA ligand and partly from t
σ ∗ resonance of the C–O single bond characteristic of
carboxyl group of the GA ligand. Taking this into accou
the large variation in peak3′ due to CO2 treatment is at-
tributed to an increase in the C–O single bond populatio
a result of CO2 insertion into the coordination bond betwe
the Zn metal ion and the carboxyl group of the GA ligand

Various examples of CO2 insertion into metal-oxygen
bonds [M–OR (R: alkyl or aryl)] have been reported [31–3
In particular, Kato et al. [33] found that the insertion rea
tion of CO2 into Zn–OR complex (R: alkyl or aryl) is facil
in a study using infrared and nuclear magnetic resona
spectroscopy. Their results, combined with the results of
present study, lead us to conclude that the changes in
O K-edge spectrum resulting from CO2 treatment are du
to the formation of a carbonate bond. The carbonate b
formation is discussed in more detail as follows.

When the insertion reaction of CO2 into the Zn–O bond in
the ZnGA catalyst takes place, possible coordination geo
tries about the central Zn ion are bidentate (I), bridge (II),
and unidentate coordination (III):

where Zn is the zinc metal ion and –OCOCH2∼ is the GA
ligand.

StructuresI and II contain only one C–O single bon
that of the carboxyl unit of the GA ligand. In contrast, stru
tureIII has two C–O single bonds, that of the carboxyl u
of the GA ligand and that of the oxygen involved in t
unidentate coordination. All of the three possible coordi
tions due to the CO2 insertion would positively contribute t
the absorption peaks3′ and5′, although structureIII would
contribute to these peaks to a greater extent than structuI
andII.

Furthermore, in the cases of the structuresI and II, we
must also consider the effect of the extra molecular in
action to the unoccupiedπ∗ orbital. It is well known that
K-shell excitation spectra are sensitive to extra molec
interactions (i.e., charge transfer) [34]. The 1s → π∗ en-
ergies and particularly the transition intensities, which
directly related to the C2p and O2p contributions to theπ∗
orbital, can be used to probe charge transfer in metal–lig
complexes. Blyholder [35] first suggested that charge tra
fer from the metaldπ orbital to the absorbate 2p orbital
strengthens the metal-adsorbate bond but weakens th
tramolecular bond [36]. The softening of the intramolecu
bond on the ligand usually leads to a reduction in vibratio
frequency. With increasing bond strength, the metaldπ–pπ

orbitals with the 2π∗ orbital increase and theπ∗ resonance
intensity decreases [22]. Therefore, when the CO2 insertion
take place via bidentate or bridge coordination, the int
sity of the 1s → π∗ resonance may decrease due to cha
transfer between the Zn metal and carbonyl oxygen. The
ordination is generally known to significantly influence t
peak intensities of 1s → π∗ transitions but not to affect the
energies [22]. Comparison of the NEXAFS spectra of Zn
catalysts before and after treatment with CO2 shows just
such an intensity reduction in the 1s → π∗ resonance (pea
1′ in Figs. 3c and 3d). This suggests that a bidentate an
bridge coordination forms during CO2 insertion into ZnGA.
The reduction in the intensity of peak1′ is much larger in
the AEY mode than in the TEY mode, indicating that C2
insertion into ZnGA through the bidentate and/or bridge
ordination occurs more favorably at the outermost surf
layer rather than in an inner layer (i.e., a bulk layer). Thi
logical given that the outermost layer, which has sites w
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uncoordinated Zn metal ions, has a greater chance tha
inner layers of coming into contact with CO2 molecules.

The NEXAFS spectra of ZnGA catalysts treated w
CO2 after annealing are almost identical to those of un
nealed ZnGA catalyst which was already exposed to C2
in air through its handling. This result indicates two thin
First, the CO2 amount and subsequently inserted into
ZnGA catalyst sample is supplied sufficiently by the C2
concentration naturally present in air; namely, the C2
adsorption level of ZnGA catalyst might be small. S
ond, CO2 adsorbed and inserted into the ZnGA cata
is removed reversibly by thermal annealing. Similar
versible CO2 insertion behavior has been observed in ot
organometallic compounds [37].

3.2.2. ZnGA treated with high pressure CO2

Fig. 4 shows the OK-edge NEXAFS spectra acquire
after ZnGA catalysts has been treated with 300 or 700
CO2 for 10 h. These CO2 pressures are typical conditio

Fig. 4. OK-edge NEXAFS spectra of ZnGA catalyst before and after tr
ment with 300 to 700 psi CO2. Spectra were measured in (a) total elect
yield (TEY) and (b) Auger electron yield (AEY) modes.
eused in the copolymerization of CO2 with oxirane, which
gives a high PAC product yield [9]. Surprisingly, the NE
AFS spectrum of the ZnGA catalyst changed very little a
exposure to high pressure CO2, as can be seen in Fig.
In fact, as discussed above, the ZnGA catalyst had alr
been exposed to atmospheric CO2 through its handling in the
experiment. The NEXAFS results therefore suggest tha
very limited amount of atmospheric CO2 to which the cata
lyst was exposed during handling was sufficient to use u
of the reactive capacity of the catalyst. Thus, the ZnGA c
lyst either has only limited reactivity with CO2 or has only a
limited number of reactive sites for CO2. This low reactivity
may originate from the weak basicity of the oxygen of
stable CO2, compared to the oxygen of oxirane. Moreov
the low reactivity suggests that the ZnGA-catalyzed cop
merization of CO2 with oxirane is not initiated by CO2.

3.3. ZnGA treated with boiling PO

Fig. 5 shows the C and OK-edge NEXAFS spectra ac
quired after ZnGA had been dipped into boiling PO for
to 60 min. As seen in Fig. 5a, the PO treatment significa
weakened all of the peaks in the CK-edge NEXAFS spec
tra measured in the TEY mode. In particular, peaks1 and
4 in both the TEY and AEY mode spectra were sever
weakened by the PO treatments (see Figs. 5a and 5b). T
changes in peak intensity may originate from the adsorp
of PO molecules onto the ZnGA surface and/or reactio
PO molecules with the ZnGA surface. Contrary to the g
eral trend, the PO treatments caused an enhancement
shoulder peak of resonance peak1, which corresponds t
the C–H∗ resonance, in both the TEY and AEY modes. T
peak enhancement might also be attributed to the methy
methylene units of PO molecules adsorbed onto or/and
acted with ZnGA surface.

In the OK-edge NEXAFS spectrum, on the other ha
the PO treatments caused a significant strengthenin
peaks3′, 4′, and5′ and a weakening of peak1′ (Fig. 5c). In
particular, the strengthening of peak3′ is much stronger tha
that of peak4′. As discussed earlier, peak3′ originates in par
from the C–Oσ ∗ resonance and peak5′ originates from the
C–O σ ∗ resonance. Thus, the observation of a strong
induced enhancement of peaks3′ and5′ is evidence that th
PO molecule is inserted into the Zn metal ion and carbo
group of the GA ligand, forming the following coordinatio
structure with C–O bond characteristics (IV):

In particular, the strengthening of peak3′ as a result o
the PO treatments is much stronger than that resulting
the CO2 treatments. This suggests that the ZnGA-cataly
copolymerization of CO2 with PO is initiated by the PO
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electron
Fig. 5. C and OK-edge NEXAFS spectra of ZnGA catalyst before and after dipping in boiling PO for 30 to 60 min. Spectra were measured in total
yield (TEY) at (a) CK-edge and (c) OK-edge and Auger electron yield (AEY) modes at (b) CK-edge and (d) OK-edge.
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monomer, which is more easily adsorbed onto the ZnGA
face and is inserted into the Zn–O bond of the catalyst.

3.4. ZnGA treated with PO and CO2

Fig. 6 shows the C and OK-edge NEXAFS spectra ac
quired after ZnGA had been treated with CO2 and then PO
or vice versa. When ZnGA was treated with CO2 followed
by PO, the CK-edge NEXAFS spectrum of the treated ca
lyst (Fig. 6a) was similar to that of the catalyst treated w
PO alone, both in terms of relative intensity and shape.
spectra do show, however, some differences. Peaks1 and2
for the catalyst treated with CO2 followed by treatment with
PO for 4 h are more blurred than those of the catalyst tre
with only PO for 1 h. This could be due to the different d
rations of the PO treatment. In addition, peak3′ in the O
K-edge NEXAFS spectrum is much stronger than that of
catalyst treated with PO alone. However, when the orde
treatment is reversed such that the catalyst is treated wit
first and then with CO2, the resulting C and OK-edge NEX-
AFS spectra are similar to those of the catalyst treated
CO2 alone. In summary, these results suggest that the
face state of ZnGA is the state induced by the final trea
species (i.e., CO2 or PO), which indicates that the reactio
of the initial species with the catalyst surface is reversi
This reversibility of the ZnGA surface state in the intera
tions with CO2 and PO is directly related to the producti
of alternating poly(propylene carbonate) from the copo
merization of CO2 and PO that occurs with the aid of th
ZnGA catalyst [9].

4. Conclusions

The surface state of polycrystalline ZnGA catalyst and
catalytic adsorption of CO2 and PO were studied in deta
using C and OK-edge NEXAFS spectroscopy. The ou
ermost layer of the ZnGA catalyst was found to cont
more hydrocarbon units than the inner layers. Adsorp
of CO2 and PO onto the ZnGA catalyst and insertion
these molecules into the Zn–O bond of the catalyst were
tected. However, the adsorbed and inserted into the Zn
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EY)
Fig. 6. C and OK-edge NEXAFS spectra of ZnGA catalyst before and after treatment with CO2 and PO. Spectra were measured in total electron yield (T
at (a) CK-edge and (c) OK-edge and Auger electron yield (AEY) modes at (b) CK-edge and (d) OK-edge.
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catalyst was replaced by PO treatment and vice versa,
cating that the surface state of ZnGA is changed revers
by the final treating species (i.e., CO2 or PO). This reversible
adsorption and insertion of CO2 and PO onto the ZnGA
surface provides a clue to the mechanism by which a
nating poly(propylene carbonate) is produced in the ZnG
catalyzed copolymerization of CO2 and PO. However, in
comparison to CO2, PO was more easily adsorbed onto
ZnGA catalyst and inserted into the Zn–O bond. As a con
quence, PO significantly modified the catalyst surface. T
suggests that the ZnGA-catalyzed copolymerization is i
ated by PO rather than CO2.
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