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Abstract

The surface state of polycrystalline zinc glutarate (ZnGA) catalyst and its catalytic adsorption of carbon dioxileri@@ropylene
oxide (PO) were investigated by using near edge X-ray absorption fine structure (NEXAFS) spectroscopy. The outermost layer of ZnGA
catalyst was found to contain more hydrocarbon units (i.e., glutarate ligand component) than the inner layers. The ZnGA catalyst was
found to reversibly react with Cfand to readily react with PO via adsorption onto the catalyst surface and insertion into the Zn—O bond.
Experiments in which the catalyst was treated with)G@lowed by PO and vice versa showed that each of these components can replace
the other component on the catalyst surface. This reversible adsorption and insertiopaicCPO on the ZnGA surface provides a clue to
the mechanism underlying the production of alternating poly(propylene carbonate) in the ZnGA-catalyzed copolymerizatjceinaf PO.
However, in comparison to CQPO was more easily adsorbed onto the ZnGA catalyst and inserted into the Zn—O bond. As a consequence,
PO significantly modified the catalyst surface. This suggests that the ZnGA-catalyzed copolymerization is initiated by PO rather than CO
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction In particular, zinc glutarate (ZnGA) was found to give the
highest yield in the synthesis of PAC [9,13]. The low cost of

The copolymerization of COand oxirane is widely re-  the raw chemicals required to prepare ZnGA catalyst make
garded as an effective method for €fixation. Importantly, this catalyst the most cost-effective catalyst for converting
the product of this reaction, polyalkylenecarbonate (PAC), COz resources into PAC materials that can be used in the
has numerous potential applications in various areas of thePolymer industry [9,12-14].
polymer industry; for example, it could be used as a com- Most active ZnGA catalysts are generally prepared as

modity polymer to replace some polyolefins, as a biomedical powders from zinc oxide and glutaric acid [9,11]. The ZnGA

or environmental polymer due to its biocompatibility, and as cat@lystis insoluble in solvents including water [9,11]. Only

a temporary disposable binder on account of its complete N Nighly acidic solutions (pH< 2), the catalyst dissolves
thermal decomposition properties. A variety of materials are Vi@ dissociation [9,11]; thus, the ZnGA acts as a heteroge-
known to catalyze the copolymerization of €@nd oxi- neous rather than homogeneous catalyst in the copolymer-

rane [1-14]. Among the catalysts considered to date Zir]Cizations. Due to this inherent insolubility, the single crystal
dicarboxylates have proved to be among the most effectiveformat'on of the ZnGA was not succeeded. Furthermore, the

for producing reasonably high molecular weight PAC with Icn;[gllsg(lzlIgcrt]il\?i?;yo:‘etshtg(:;(ésAtucﬂfaslyosftthgnsl;/riﬁﬂcr:?uigcll::je
high polymerization yield in the copolymerization [9-14]. catalytic mechanisms of the heterogeneous catalyst ZnGA

have been studied with a view to improving its catalytic ac-
* Corresponding author. tivit_y.and to developing new Catalysts With higher catalytic
E-mail address: ree@postech.edu (M. Ree). activity [15-18]. To date, however, little is known about the
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surface state of ZnGA, which is usually a polycrystalline signal from a highly transmissive (about 80%) gold grid,
material, and the reactivity of ZnGA with GGand oxirane measured with a picoammeter. A pre-edge background was
monomers remains poorly understood. then subtracted from the normalized spectra and the edge
In the present study, we investigated the surface characjump far above thek-edge (340-380 eV for (X-edge;
teristics of ZnGA catalyst and examined catalytic adsorp- 570-590 eV for OK -edge) was arbitrarily scaled to unity.
tions of CQ and propylene oxide (PO) on the catalyst This procedure produces NEXAFS spectra in which all res-
surface using carbon (¥ -edge and oxygen (OK-edge onance intensities correspond to the same number of C or O
near edge X-ray absorption fine structure (NEXAFS) spec- atoms in the sample, as discussed elsewhere [22]. The en-
troscopy. NEXAFS spectroscopy is a powerful tool for de- ergy scale was calibrated using the carbon-induced structure
termining the local atomic structure and the electronic prop- at 284.7 eV in the monochromator transmission function.
erties around the X-ray absorbing atoms in molecules, and inThe reproducibility of the measured spectra was carefully
many cases this technique can even be used to examine dischecked by comparing multiple scans. No evidence of beam
ordered adsorption systems [19]. NEXAFS spectra with dif- damage was found. Spectra measured with an X-ray spot
ferent surface sensitivities can be simultaneously measuredsize of 01 x 1 mn? did not change with time. The speci-
by means of the Auger electron yield (AEY) and total elec- men was mounted on a rotatable holder that made it possible
tron yield (TEY) detection modes [22]. The AEY measure- to rotate the specimen around a vertical axis to change the in-
ment uses an electron energy analyzer to monitor the inten-cidence angl® of the X-ray beam relative to the specimen
sity of elastically emitted Auger electrons. Sampling depth surface. However, as expected for a polycrystalline sample
is given by the elastic mean free path of the Auger elec- the spectra reported here do not show any dependence on
trons in the material, which is for the C KVV Auger elec- the angle between the beam and the ZnGA sample; hence,
trons in carboceous materials usually on the order of 1.5 nm.all spectra were recorded at a fixed incident angle 6f 55
Hence, AEY measurements sample only the near subsurface NEXAFS measurements were additionally conducted on
region [20]. In TEY measurements, on the other hand, all ZnGA-scrubbed Si wafers exposed to £i0 the following
of the electrons emitted from the sample surface (i.e., elas-way. Each sample was first mounted on a holder equipped
tically scattered Auger and all other electrons) are counted.with a tungsten-wire heater and moved into the second vac-
The TEY signal is dominated by the low energy electrons ex- uum chamber of the sample compartment at the NEXAFS
cited in the inelastic scattering cascade of the primary Auger beamline. The sample was then annealed at abol€ 1h-
electrons. Since these low kinetic energy electrons have un-der high vacuum (16 Torr) for 2 h, after which it was
dergone several scattering events, TEY probes deeper belovexposed to by injecting into the second chamber. The ex-
the sample surface than does AEY [20]. In the present work, posure was 600 or 1200 Langmuir (L) (1=£10° Torr/s)
we use the unique capabilities of surface-sensitive NEXAFS at 7 x 10~° Torr. Within 10 min of the exposure, the sample
spectroscopy to investigate the changes of chemical compo-was moved into the first vacuum chamber at3@orr and
sition at the surface of a ZnGA catalyst resulting from the the NEXAFS measurements were carried out. The cycle of
adsorption and reaction of G@nd PO. exposure and NEXAFS measurement was repeated at least
two times for each sample.
In addition, X-ray photoelectron spectroscopy (XPS)
2. Experimental measurements were carried out to determine the surface
composition of the ZnGA catalyst using a PHI 5400ESCA
ZnGA catalyst was prepared from zinc oxide (ZnO) system with a Mg-K 350 W X-ray source. The vacu-
and glutaric acid (GA) as described elsewhere [9,11,12]. um level in the sample chamber was maintained .at>2
ZnGA samples for NEXAFS measurements were prepared10~° Torr. The binding energies were calibrated with re-
by scrubbing a powder of the catalyst onto scratched silicon spect to the signal for adventitious carbon (binding en-
(Si) wafers. The resulting ZnGA-scrubbed Si wafers were ergy= 284.6 eV).
treated with CQ or PO in one of four ways: (i) exposure to
100 or 300 psi C@for 10 h in an autoclave, (ii) dipping in
boiling PO for 30 or 60 min, (iii) exposure to 300 psi €0 3. Resultsand discussion
for 10 h and subsequent dipping into boiling PO for 4 h, and
(iv) dipping into boiling PO for 4 h and subsequent expo- 3.1. C K-edge and O K -edge NEXAFS spectra
sure to 300 psi C®for 10 h. The size of each sample was
1x 1cn?. Fig. 1 displays NEXAFS spectra measured from the
NEXAFS measurements were conducted at the NEX- ZnGA catalyst before and after annealing at’@0 In the
AFS beamline (BL 10-1) of Stanford Synchrotron Radiation ZnGA catalyst, Zn metal ions are coordinated with glutarate
Laboratory (Stanford, USA) and at the 2B1 VUV beamline (GA) ligands composed of two carboxyl end groups and
of Pohang Accelerator Laboratory (Pohang, Korea) [21]. three methylene units. The €-edge and QX -edge NEX-
The photon energy resolution was about 100 meV around AFS spectra originating from the GA ligand have been as-
300 eV. The spectra were divided by the total electron yield signed with the aid of NEXAFS results previously reported
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Fig. 1. C and OK-edge near edge X-ray absorption fine structure (NEXAFS) spectra measured from zinc glutarate (ZnGA) before and after annealing at

Photon Energy (eV)

70°C. NEXAFS spectra were measured in total electron yield (TEY) at (&)-€dge and (c) QK-edge and Auger electron yield (AEY) modes at (b) C

K-edge and (d) &K -edge.

Table 1

weak shoulder peak is also observed at the low energy region

Energies and tentative assignments of all major resonance peaks of zincof peak1, which may originate from C—Hresonance [27].

glutarate (ZnGA) measured by C andkOedge near edge X-ray absorption
fine structure spectroscopy

Resonance Energy (eV) Assignment Resonance Energy (eV) Assignment
peak (CK-edge) peak (X -edge)
1 288.6 njg‘:zo 1: 530.5 n:‘E::o
2 291.9 UE—C i} 2/ 534.1 7T*C=O i}
3 296.3 o c-0 %0 3/ 537.3 o c-0 %0
4 300.2 Uézo 4 540.8 Uézo
5 557.5 o’&_o

for compounds containing carboxyl and methylene units,
specifically, saturated carboxylic acids [23], polymethyl-
methacrylate (PMMA) [22], and poly(ethylene terephtha-

Other peaks appear at 296.3 eV and 300.2 eV (p8aksl

4, respectively). These resonance energies are close to the
characteristic resonance energies of shieresonances of
C-0 and G0 in carboxyl group, respectively [28]. Thus,
one might be tempted to assign peato the C—Oo* reso-
nance and pea to the C=0 o* resonance. However, our
recent X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spec-
troscopy studies at the Zki-edge indicate that in the ZnGA
catalyst the two oxygen atoms of each carboxyl end group
of the GA ligand equally coordinate to the Zn metal atoms,
making a tetrahedral coordinated complex with a Zn—O bond
distance of 1.95-1.96 A [18]. In this tetrahedral complex,

late) (PET) [24-26]. The energies and assignments of thethe two oxygen atoms of each carboxyl end group of the

peaks in the NEXAFS spectra are summarized in Table 1.
As seen in Fig. 1a, a pronounced sharp pgappears
at 288.6 eV, which is attributed to the excitation of a € 1

electron of the carboxyl group to the empty orbital. A

GA ligand were found to coordinate to the Zn atoms in
two different ways,syn—syn and syn—anti bridge configu-
rations [18]. The presence of these two bridge structures
was also evident in infrared spectroscopy results reported
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elsewhere [10]. The tendency to form two bridge structures
implies that ther-bonding character of the carbonyl bond
in the carboxyl group of the GA ligand is rather delocalized
to the adjacent C—O bond. Taking this structural informa-
tion into account, peak8 and4 may in fact arise mainly
from the splitting of the delocalized-60 bond caused by*
bond-to-bond interactions [22]. While, the absorption peak
2 corresponds to the C—&€* resonance [23]. Taking into ac-
count the interactions of the adjacerit bonds, peak8 and

4 are further affected by the* splittings of the hydrocar-
bon and carboxyl group in the ZnGA. The effect of the
splitting caused by the hydrocarbon may, however, be small
due to the short alkylene length in the GA ligand. Collec-
tively, the results lead to the conclusion that each carboxyl
group of the Zn-coordinated GA ligand is in a degenerate
state, and that the two bonds of the carboxyl group in the
degenerate state interact with each other, causing splitting
of theo ™ resonance. This interaction effect must be signifi-
cant, given that the ZnGA catalyst has a network structure in
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Fig. 2. O I absorption spectrum of ZnGA catalyst measured by X-ray pho-

which each Zn metal ion is tetrahedrally coordinated to four teemission spectroscopy.

carboxyl oxygen atoms.

In the NEXAFS spectrum recorded in the AEY detection
mode (Fig. 1b), peak appears with relatively high intensity.
Generally, NEXAFS spectroscopy in the AEY mode is sen-
sitive to the chemical composition at the surface [29]. Thus,
the appearance of such a strong p2awhich corresponds
to the C-Co* resonance, indicates that the surface of the
ZnGA catalyst is enriched with hydrocarbon units. This is
supported by analysis of the XPS spectrum of the ZnGA cat-
alyst, which shows that the concentration of carbon is higher
than that predicted for a perfect ZnGA crystal and that the
concentration of oxygen is lower than that of the ZnGA crys-

literature [24—26,30], the @ -edge NEXAFS spectral peaks
are assigned as follows. The intense feature at 530.5 eV
(peakl’), is assigned to the€0 = * resonance, pedk at
537.3 eV is assigned to the C-«J resonance, and pedk

at 540.8 eV is assigned to the-© o * resonance. However,

as discussed above in relation to thekGedge NEXAFS
spectra, peak’ may arise mainly from the splitting of-€0

o* resonance due to the interaction of twe-O bonds in

the degenerate state. Additional evidence for this degenerate
state of the carboxyl group in the GA ligand is provided by

tal (see Table 2). Furthermore, on the basis of the XPS resultsihe observation of a single O peak without any shoulders

the coordination number of the zinc metal ions at the cata-
lyst surface can be estimated to be 2.7. This coordination
number is much lower than 4.0-4.3 determined previously
by EXAFS analysis of the bulk ZnGA catalyst [18]. Taken

together, the XPS and NEXAFS results indicate that unsatu-

in the XPS spectrum (see Fig. 2); the appearance of a single
O 1s peak indicates that the oxygens in the carboxyl group
are in almost the same state.

We now consider the effects of structural defects in the
ZnGA catalyst on the NEXAFS spectra, in particular the ef-

rated zinc metal ions are present on the outermost surface ofects on peak8 and4 in Figs. 1a and 1b as well as peaks

the ZnGA catalyst.

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

Table 2

A comparison of the theoretical (crystal) composition of zinc glutarate
(ZnGA) with the composition as determined by X-ray photoemission spec-
troscopy (XPS)

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

Zn 2p3;o 116814 3.726 28 10

O1ls 42,690 0.711 22 40

Cls 54,071 0.296 682 50

3 and4’ in Figs. 1c and 1d. The ZnGA used in this study
was not a single crystal but rather a powder comprised of
particles of high crystallinity [9]. Hence, the ZnGA cata-
lyst possibly has defect sites originating from the presence
of uncoordinated carboxyl end groups of the GA ligands or
uncoordinated Zn metal ions, although the number of such
sites is very small relative to the number of fully coordinated
sites. In fact, the C-O single bond character indicating the
presence of uncoordinated carboxyl groups is derived from
the relatively weak intensity of the pe8k compared to that

of the peakl’, which is attributed to the weak contribution
of the C—Oq¢* resonance. Taking this result and any pos-
sible structural defects into account, we believe that peak
3in the C K-edge spectrum and pe&kin the O K-edge
spectrum originate mainly from the splitting of the delocal-
ized carboxyb* resonances arphrtially from the C—QOo *
resonance.
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3.2. Annealing effect on the ZnGA surface AEY mode. As seen in Fig. 1d, all of the peaks are more
intense after annealing. In particular, pezikis more dis-

The intensities of the NEXAFS spectra of the ZnGA cata- tinct after annealing. However, the absorption p&akhat

lyst vary after annealing of the catalyst at“@under high is clearly detected in the TEY mode is barely distinguish-

vacuum. Overall, the X -edge spectrum measured in the able in the spectrum measured in the AEY mode due to the

TEY mode (Fig. 1a) strengthens due to annealing. In con- relatively large noise level.

trast, the spectrum measured in the AEY mode does not The changes in the NEXAFS spectra caused by anneal-

show any intensity change with annealing (Fig. 1b). ing may be directly related to interaction between the ZnGA
Fig. 1c displays the X -edge spectra of the ZnGA cata- catalyst and atmospheric GO his pointis discussed in de-

lyst measured in the TEY mode before and after annealing. tail in the following sections.

It is evident that annealing changes the intensities of the

absorption peaks. Overall, annealing strengthens absorptior8.2.1. In situ CO; treatment of ZnGA

peakl but weakens all other peaks. In particular, absorp- Some ZnGA catalyst specimens were first annealed at

tion peaks' disappears almost completely after annealing. 70°C and then treated with 600 or 1200 L g@fter which

In contrast, a new absorption pe2kat 534.1 eV is clearly  they were immediately characterized by NEXAFS spec-

discernible after annealing. The appearance of this new peaktroscopy. The resulting NEXAFS spectra are displayed in

is accompanied by a strengthening of pdakwhich corre- Fig. 3.

sponds to the €0 = * resonance. This suggests that p&ak In the NEXAFS spectra of the ZnGA recorded in the

may be related to the€0 =* resonance. TEY mode (Fig. 3a), all of the & -edge absorption peaks
The effect of annealing on the absorption peaks is also are apparently suppressed by £X@atment. Thereafter, the

clearly observed in the NEXAFS spectra measured in the suppressed peaks are not changed with further varying CO
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Fig. 3. C and OK -edge NEXAFS spectra of ZnGA catalysts annealed &C@nd in-situ treated with 600 to 1200 L GOSpectra were measured in total
electron yield (TEY) at (a) & -edge and (c) &K -edge and Auger electron yield (AEY) modes at (bkGedge and (d) X -edge.



J.-S Kimet al. / Journal of Catalysis 218 (2003) 386-395 391

dose. When peak3 3, and4 are normalized by the inten-  and unidentate coordinatioh ():

sity of peaki, all the normalized peaks, however, show only N
slight changes due to the GQreatments. The NEXAFS \ 0 \\‘Zn\o o
spectrum recorded in the AEY mode (Fig. 3b) shows very zn II\C—OECHZ«W ‘)——O&CHZM
little variation after CQ treatment, regardless of the g0 ¥ o \ O
dose. These results suggest that the carbon atoms of the GA \\«Z”\
ligand in the ZnGA are not involved in the reaction (or inter- I I
action) of ZnGA and CQ. \_./ O O
In contrast to the CK-edge spectra, the ®-edge ab- \\~'Z"\o—&';_OECH2m

sorption spectrum is sensitive to g@eatment. Comparison

of the spectra measured in the TEY mode (Fig. 3c) before

and after CQ treatment shows that treatment with £l@ads ut

to a slight suppression of pedk, and a strengthening of  where Zn is the zinc metal ion and —OCOgHis the GA
peaks?, 3, 4, and5'. In the spectra measured in the AEY ligand.

mode (Fig. 3d), pealt’ is suppressed by GQreatment to Structured andll contain only one C-O single bond,
a much greater extent than it is in the TEY measurements.that of the carboxyl unit of the GA ligand. In contrast, struc-
The other peaks(, 3, and4') are also suppressed as a re- turelll has two C-0 single bonds, that of the carbox_yl unit
sult of CQy treatment, although only to a small extent. All of of .the GA Ilgand. anq that of the oxygen |n\{olved In t.he
the changes observed in thekOedge spectra indicate that u_mdentate coordlngtlon._AII of the thre.e- possible _coordma—
CO, reacts with the ZnGA catalyst, influencing the charac- tions due to the C@insertion would positively contribute to

-  th di d bondina b he 7 | the absorption peak® and%’, although structurél 1 would
Fens‘ucs of the coordinated bonding .etween the Zn metal ., hiribute to these peaks to a greater extent than strudtures
ion and the carboxyl group of the GA ligand.

andll.

Of particular importance is the G&nduced evolution Furthermore, in the cases of the structuremdll, we
of a peak centered at 557.5 eV (pe&k which is in good  must also consider the effect of the extra molecular inter-
agreement with the energy of the CeOresonance in cad-  action to the unoccupied* orbital. It is well known that
mium carbonate (CdC$) [22]. Thus, peal®’ is tentatively K-shell excitation spectra are sensitive to extra molecular
assigned to the* resonance of the C—-O bond formed by interactions (i.e., charge transfer) [34]. The % =* en-
CO; insertion into the bond between Zn metal ion and the €rgies and particularly the transition intensities, which are
carboxyl group of the GA ligand. In addition, exposure of directly related to the &, and G, contributions to ther*
ZnGA to CO, causes a much greater change in p&akan orbital, can be used to probg charge transfer in metal-ligand
in peak4’. As mentioned earlier, pea originates mainly complexes. Blyholder [35] first suggested that charge trans-

from the splitting of the delocalized carboxyt resonances fer from the metalix orbital to the absorbate/2orbital .
of the carboxvl aroun of the GA ligand and partly from the strengthens the metal-adsorbate bond but weakens the in-
ylgroup 9 partly tramolecular bond [36]. The softening of the intramolecular

o™ resonance of the C-O .smgle bon.d chgragtensﬂc of the bond on the ligand usually leads to a reduction in vibrational
carboxyl group of the GA ligand. Taking this into account, frequency. With increasing bond strength, the métatpx
the large variation in peaR’ due to CQ treatment is at-  grpjtals with the 2* orbital increase and the* resonance
tributed to an increase in the C—O single bond population asintensity decreases [22]. Therefore, when the,@@ertion
aresult of CQ insertion into the coordination bond between take place via bidentate or bridge coordination, the inten-
the Zn metal ion and the carboxyl group of the GA ligand. sity of the Iy — 7* resonance may decrease due to charge
Various examples of C@insertion into metal-oxygen transfer between the Zn metal and carbonyl oxygen. The co-
bonds [M—OR (R: alkyl or aryl)] have been reported [31-33]. ordination is generally known to significantly influence the
In particular, Kato et al. [33] found that the insertion reac- Peak intensities ofd— z* transitions but not to affect their
tion of CO; into Zn—OR complex (R: alkyl or aryl) is facile ~ €Nnergies [22]. Comparison of the NEXAFS spectra of ZnGA
in a study using infrared and nuclear magnetic resonancecatalySts before and after treatment with £ghows just

. ) . such an intensity reduction in the &> 7* resonance (peak
spectroscopy. Their results, combined with the results of the 1’ in Figs. 3¢ and 3d). This suggests that a bidentate and/or

present study, lead us to conclude that the changes in theoridge coordination forms during GOnsertion into ZnGA.

O K-edge sp'ectrum resulting from GQ@reatment are due The reduction in the intensity of pedk is much larger in

to the formation of a carbonate bond. The carbonate bondi,e AEY mode than in the TEY mode indicating that £0

formation is discussed in more detail as follows. ~ insertion into ZnGA through the bidentate and/or bridge co-
When the insertion reaction of Gnto the Zn-Obondin  ordination occurs more favorably at the outermost surface

the ZnGA catalyst takes place, possible coordination geome-layer rather than in an inner layer (i.e., a bulk layer). This is

tries about the central Zn ion are bidentdtg bridge (1), logical given that the outermost layer, which has sites with
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uncoordinated Zn metal ions, has a greater chance than thaised in the copolymerization of GQwith oxirane, which

inner layers of coming into contact with G@nolecules.
The NEXAFS spectra of ZnGA catalysts treated with

CO;, after annealing are almost identical to those of unan-

nealed ZnGA catalyst which was already exposed t@ CO
in air through its handling. This result indicates two things.
First, the CQ amount and subsequently inserted into the
ZnGA catalyst sample is supplied sufficiently by the £0O

concentration naturally present in air; namely, the ,CO

adsorption level of ZnGA catalyst might be small. Sec-
ond, CQ adsorbed and inserted into the ZnGA catalyst
is removed reversibly by thermal annealing. Similar re-

gives a high PAC product yield [9]. Surprisingly, the NEX-
AFS spectrum of the ZnGA catalyst changed very little after
exposure to high pressure gCas can be seen in Fig. 4.

In fact, as discussed above, the ZnGA catalyst had already
been exposed to atmospheric £@rough its handling in the
experiment. The NEXAFS results therefore suggest that the
very limited amount of atmospheric G@ which the cata-
lyst was exposed during handling was sufficient to use up all
of the reactive capacity of the catalyst. Thus, the ZnGA cata-
lyst either has only limited reactivity with CQOor has only a
limited number of reactive sites for GOThis low reactivity

versible CQ insertion behavior has been observed in other may originate from the weak basicity of the oxygen of the

organometallic compounds [37].

3.2.2. ZnGA treated with high pressure CO;
Fig. 4 shows the QK-edge NEXAFS spectra acquired

stable CQ, compared to the oxygen of oxirane. Moreover,
the low reactivity suggests that the ZnGA-catalyzed copoly-
merization of CQ with oxirane is not initiated by C®

after ZnGA catalysts has been treated with 300 or 700 psi 3 3. ZnGA treated with boiling PO

CO, for 10 h. These C@pressures are typical conditions

T (@

—7ZnGA

------- ZnGA treated with
300 psi CO,

) -=--ZnGA treated with

700 psi CO,

Normalized Intensity (a.u.)

‘ . . . ITEY
530 540 550 560 570 580

! (b)
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Normalized Intensity (a.u.)

JI 1 1 1 IAEY
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Photon Energy (eV)

Fig. 4. OK-edge NEXAFS spectra of ZnGA catalyst before and after treat-
ment with 300 to 700 psi C& Spectra were measured in (a) total electron
yield (TEY) and (b) Auger electron yield (AEY) modes.

Fig. 5 shows the C and ®@-edge NEXAFS spectra ac-
quired after ZnGA had been dipped into boiling PO for 30
to 60 min. As seen in Fig. 5a, the PO treatment significantly
weakened all of the peaks in the KC-edge NEXAFS spec-
tra measured in the TEY mode. In particular, peakand
4 in both the TEY and AEY mode spectra were severely
weakened by the PO treatments (see Figs. 5a and 5b). These
changes in peak intensity may originate from the adsorption
of PO molecules onto the ZnGA surface and/or reaction of
PO molecules with the ZnGA surface. Contrary to the gen-
eral trend, the PO treatments caused an enhancement of the
shoulder peak of resonance pebBkwhich corresponds to
the C—H resonance, in both the TEY and AEY modes. This
peak enhancement might also be attributed to the methyl and
methylene units of PO molecules adsorbed onto or/and re-
acted with ZnGA surface.

In the O K-edge NEXAFS spectrum, on the other hand,
the PO treatments caused a significant strengthening of
peaks3d, 4, and5’ and a weakening of pedk (Fig. 5c). In
particular, the strengthening of pe2alkis much stronger than
that of pealdt'. As discussed earlier, pe8koriginates in part
from the C—Oc* resonance and pe&k originates from the
C-Oo* resonance. Thus, the observation of a strong PO-
induced enhancement of peasand5' is evidence that the
PO molecule is inserted into the Zn metal ion and carboxyl
group of the GA ligand, forming the following coordination
structure with C—O bond characteristit¥}:

\
z

N

{ GHs O
~0~CH-CH,0OCCHy

v

In particular, the strengthening of pe&k as a result of
the PO treatments is much stronger than that resulting from
the CQ treatments. This suggests that the ZnGA-catalyzed
copolymerization of C@ with PO is initiated by the PO
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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 electron
yield (TEY) at (a) CK-edge and (c) &K -edge and Auger electron yield (AEY) modes at (bKGdge and (d) X -edge.

monomer, which is more easily adsorbed onto the ZnGA sur- CO;, alone. In summary, these results suggest that the sur-

face and is inserted into the Zn—O bond of the catalyst. face state of ZnGA is the state induced by the final treating
species (i.e., C®or PO), which indicates that the reaction
3.4. ZnGA treated with PO and CO» of the initial species with the catalyst surface is reversible.

This reversibility of the ZnGA surface state in the interac-

Fig. 6 shows the C and ®@-edge NEXAFS spectra ac- tions with CQ and PO is directly related to the production
guired after ZnGA had been treated with £é8nd then PO of alternating poly(propylene carbonate) from the copoly-
or vice versa. When ZnGA was treated with £llowed merization of CQ and PO that occurs with the aid of the
by PO, the CK -edge NEXAFS spectrum of the treated cata- ZnGA catalyst [9].
lyst (Fig. 6a) was similar to that of the catalyst treated with
PO alone, both in terms of relative intensity and shape. The
spectra do show, however, some differences. Péaksd2 4. Conclusions
for the catalyst treated with COollowed by treatment with
PO for 4 h are more blurred than those of the catalyst treated The surface state of polycrystalline ZnGA catalyst and its
with only PO for 1 h. This could be due to the different du- catalytic adsorption of C®and PO were studied in detail
rations of the PO treatment. In addition, pe2ikin the O using C and OK-edge NEXAFS spectroscopy. The out-
K-edge NEXAFS spectrum is much stronger than that of the ermost layer of the ZnGA catalyst was found to contain
catalyst treated with PO alone. However, when the order of more hydrocarbon units than the inner layers. Adsorption
treatment is reversed such that the catalyst is treated with POof CO, and PO onto the ZnGA catalyst and insertion of
first and then with CQ, the resulting C and & -edge NEX- these molecules into the Zn—O bond of the catalyst were de-
AFS spectra are similar to those of the catalyst treated with tected. However, the adsorbed and inserted into the ZnGA
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Fig. 6. C and OK -edge NEXAFS spectra of ZnGA catalyst before and after treatment witha®@® PO. Spectra were measured in total electron yield (TEY)
at (a) CK-edge and (c) & -edge and Auger electron yield (AEY) modes at (bKGedge and (d) X -edge.

catalyst was replaced by PO treatment and vice versa, indi-NEXAFS measurements were carried out at the Stanford
cating that the surface state of ZnGA is changed reversibly Synchrotron Radiation Laboratory, a national user facility
by the final treating species (i.e., @0r PO). This reversible  operated by Stanford University on behalf of the US Depart-
adsorption and insertion of GOand PO onto the ZnGA  ment of Energy, Office of Basic Energy Sciences.
surface provides a clue to the mechanism by which alter-
nating poly(propylene carbonate) is produced in the ZnGA-
catalyzed copolymerization of GOand PO. However, in
comparison to Cg) _PO was -more easily adsorbed onto the [1] (a) S. Inoue, H. Koinuma, T. Tsuruta, J. Polym. Sci. Polym. Lett. Ed. 7
ZnGA catalyst and inserted into the Zn—O bond. As a conse-  (1969) 287;
guence, PO significantly modified the catalyst surface. This  (b) S. Inoue, H. Koinuma, T. Tsuruta, Macromol. Chem. 130 (1969)
suggests that the ZnGA-catalyzed copolymerization is initi- _ 210-

d by PO rather than GO [2] A. Rokicki, W. Kuran, Macromol. Chem. 177 (1979) 135.
ated by [3] K. Soga, E. Imai, I. Hattori, Polym. J. 13 (1981) 407.
[4] D.J. Darensbourg, M.W. Holtcamp, Coord. Chem. Rev. 53 (1996) 155.
[5] C.-S. Tan, T.-J. Hsu, Macromolecules 30 (1997) 3147.
[6] M. Cheng, E. Lobkovsky, G. Coates, J. Am. Chem. Soc. 120 (1998)

11018.
[7] D.J. Darensbourg, J. Wildeson, J. Yarbrough, J. Reibenspies, J. Am.
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