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duced coordination numbers of surface cations or anions
Mechanisms of an incipient reaction between Ca(OH)2 and (7, 8).

SiO2 under mechanical stressing are studied mainly by detailed In our previous report (5), we found that the number
infrared (IR), X-ray photoelectron (XPS), and solid state 1H- of basic sites on the surface of Ca(OH)2 rapidly increases
NMR spectroscopies. Pretreatments by H–D exchange, adsorp- on milling. The basicity increases even more rapidly with
tion of pyridine or ammonia were carried out prior to IR spec- a maximum when milled together with SiO2 . The manner
troscopy. From the comparison between the separate and of the change in the basicity is closely related with the
mixed-milling, a solid state acid–base reaction and simultane-

solid state acid–base reaction.ous dehydration are revealed. Subsequent charge transfer, con-
In the present study, we discuss the changes of the sur-firmed by XPS, leads to the formation of a precursor of complex

face hydroxyl groups, including coordination numbers ofoxides involving Ca–O–Si bonding.  1996 Academic Press, Inc.

2OH, and of acidity due to mechanochemical activation
in the Ca(OH)2–SiO2 system, by using adsorption of am-
monia or pyridine as probe gas molecules, coupled with1. INTRODUCTION
thorough infrared and solid state 1H-NMR studies, partly

Solid state mechanochemical processes are often consid- with a preliminary H–D exchange. Furthermore, the
ered as a method of synthesis of complex oxides. Problems charge transfer, being the result of the acid–base interac-
discouraging the practical application are, among others, tion, is discussed on the basis of X-ray photoelectron spec-
contamination from machinery parts and high energy con- troscopy (XPS).
sumption. To surmount these drawbacks, rapid reaction
systems should be chosen, where hydroxyl groups are con-

2. EXPERIMENTALtained at least in one of the reaction ingredients. We have
been developing such systems under the concept of soft A commercial reagent (Wako, guaranteed grade, 99.9%)
mechanochemistry (1). was used as a source of Ca(OH)2 . The specific surface area

Mechanochemical synthesis from systems containing wa- was 7.19 m2 ? g21, as determined by the BET method with
ter was already reported in some detail by Avvakumov N2 adsorption. As a SiO2 source, fumed silica powder
and his co-workers (2). They found a number of reactions (Degussa, Aerosil 200) was used. One gram of sample was
taking place more rapidly than those between simple ox- milled in air batchwise with varying milling time by using
ides, even against the expectation from thermodynamic a laboratory sized vibration mill (Glen-Creston), with an
data (2, 3). For a rapid solid state mechanochemical reac- amplitude of 50 mm and a frequency of 12 Hz. Eight nylon
tion, hydroxyl groups on the solid surface play an important coated iron balls, 9.8 mm in diameter, and a cylindrical
role (1–5). Water generated by mechanical dehydration PTFE container (26.1 cm3) were used.
can serve as a solvent for the reactants, or induce hydro- Infrared spectroscopy was carried out for the determina-
thermal effects (2, 6). On top of that, active sites produced tion of the local structure of the surface OH groups by
by in situ mechanical dehydration interact with each other substituting a part of the surface OH groups with OD
(5). Hydroxyl groups on the surface behave as acidic or groups by the H–D exchange operation, in order to distin-
basic sites, particularly when they are combined with re- guish the surface OH from those in the bulk. FT-IR mea-

surement was carried out by using a self-support disk
method (9) (BIO-RAD, FTS 175). Surface acidic sites were1 To whom all correspondence should be addressed.
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characterized by NH3 (Nihon Sanso : 99.999%) and pyri-
dine (Wako : 99.5%) adsorption followed by IR spectros-
copy. Since 1H-NMR is a versatile tool for the purpose of
direct characterization of the nature of surface hydroxyl
groups, we carried out NMR analyses by using a high
resolution solid state unit (Chemagnetics Inc. CMX-300)
with the method combined rotation and multiple pulse
(CRAMPS) NMR spectroscopy.

The charge transfer at the mechanically activated inter-
face between Ca(OH)2–SiO2 was examined by X-ray pho-
toelectron spectroscopy (XPS, JEOL JPS-90SX) which en-
ables us to reveal the O 1s, Ca 2p, and Si 2p electronic
states of oxides. The binding energy of Au 4f7/2 was used
as a standard to calibrate the effect of charge up. To esti-
mate the thickness of the reacted layer in the mixed-milled
samples, we used 500 V Ar ion etching, the ion current

FIG. 1. Differential IR spectra of pyridine adsorbed Ca-0 (initialdensity, 1 mA ? cm22. Under this condition, the erosion rate
Ca(OH)2), Ca-3(Ca(OH)2 milled separately for 3 h), CaS-3 (mixed-mill-of the flat silica glass was confirmed to be 0.72 nm ? sec21
ing for 3 h), and S-3 (SiO2 milled separately for 3 h). The assignments

by an atomic force microscope (AFM, SEIKO Instruments are shown by connected lines (see Ref. (9–11)).
Inc. SPA300).

3. RESULTS AND DISCUSSION
cations and consequent stronger acceptors of the electron.

3.1. Measurements of Change in the Acidic Sites Due to
These changes are related with an on-top type of hydroxyl

Milling by Molecules Probes
groups (cf. Ref. (12) Fig. 3(1)–(3)), with a broad distribu-
tion of oxygen coordination number, like a hollow site typePyridine is frequently used as a probe molecule to exam-

ine the properties of the surface acidic sites, since it chemi- shown in Ref. (12). Since these sites are consumed as base
during the mechanochemical acid–base reaction betweensorbs selectively by its lone paired electrons bound to the

nitrogen on the specific points where the local surface Ca(OH)2 and SiO2 , no broad band is observed for CaS-3.
In the case of milling Ca(OH)2 alone, the bands due toelectron density is low. Three modes of adsorption, hydro-

gen bond type (PyH), Lewis acidic type (PyL) and other modes of pyridine adsorption at around 1450 cm21

were absent. This indicates that acidic sites formed onBrønsted acidic type (PyB), are well established (9–11).
Differential IR spectra, i.e., those between after and separately milled Ca(OH)2 are not strong enough to induce

PyL or PyB type adsorption.before pyridine adsorption, are shown in Fig. 1. The follow-
ing changes are appreciable after the adsorption. First of Although pyridine adsorption is well-defined, it is not

very suitable for the examination of dissociative adsorptionall, milling silica alone (S-3) brought about absorption
bands typical for the PyH bond due to surface silanol, as on the juxtaposed acid–base pair sites. Pyridine is also

inconvenient for the sample with micropores because ofmarked by arrows in Fig. 1. These bands due to surface
silanol drastically decreased on milling in the presence of its relatively large molecular diameter. An alternative IR

spectroscopy was, therefore, carried out by using NH3 asCa(OH)2 (see CaS-3). The reduction of the band due to
PyH is attributed to the donation of silanolic protons from a probe, in order further to examine the properties of

surface acid species imparted with milling. Figures 2 andthe silica surface to the basic site of the hydroxyl groups of
Ca(OH)2 , resulting in the mechanochemical dehydration. 3 show differential spectra, just after NH3 adsorption and

after evacuation at 1.3 3 1023 Pa, respectively. The latterThis tallies well with the loss of OH groups from Ca(OH)2

on mixed milling, as reported previously (5). was carried out for the purpose of forced desorption.
The former peak at 1097 cm21 and a shoulder at 1600A new distinct absorption band is observed at 1590 cm21

in CaS-3 after pyridine adsorption. This new band must cm21 are observed for the separately milled Ca(OH)2 , as
shown in Fig. 2. They are attributed to the coordinationbe associated with a new, stronger PyH acidic site formed

by an acid–base solid state reaction at the silica/Ca(OH)2 of ammonia due to the entrapped unpaired electron by
Ca21 with the low coordination number Lewis acidic siteinterface under mechanical stressing. On milling Ca(OH)2

alone (Ca-3), PyH band appeared at 1600 cm21 along with (13). They are absent on the mixed-milled sample, CaS-3.
A prominent peak at 1472 cm21 is observed only on thebroad wings extending between 1530 and 1670 cm21. This

PyH adsorption corresponds to the increase in the acidity separately milled SiO2 and not on the mixed-milled one.
This is attributed to the formation of ammonium ions,as a result of reduced oxygen coordination number around
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cule, leaving an O22 ion. The latter anion serves as a basic
site, while the Ca21 bound with O21 serves as a Lewis acidic
site. This is compatible with the present IR observation as
well as what we have discussed in our previous study by
temperature programmed desorption (TPD) (5). This fur-
ther explains the absence of the band due to Lewis acidic
site after mixed-milling, because of the consumption of
these sites by the reaction with silica to form Si–O–Ca
bonds. Survival of the band at 1650 cm21 on the mixed-
milled sample (CaS-3) is explained simply by the nature
of the stronger acidity of silanolic OH as compared with
a hydroxyl group of Ca–OH. This parallels with the disap-
pearance of the band at 1472 cm21 due to the silanolic
Brønsted site on mixed-milling.

On evacuation, all the bands due to NH3 adsorption on
the surface acidic sites decreased significantly, as shown in
Fig. 3, as a consequence of forced desorption. On a closer
look, however, the relative extent of decrease in the inten-
sity was different between the two bands at 1619 and 1650
cm21. The intensity of the IR band of 1619 cm21 relative
to that at 1650 cm21 becomes larger for both Ca-0 and
CaS-3 on evacuation, as revealed by comparing Fig. 3 with
Fig. 2. This indicates the stronger coordination of NH3

when the surface O22 base site is highly polarized as a
result of a hydrogen bond with NH3 .

On the sample Ca-3, a weak absorption at around 1583FIG. 2. Differential IR spectra of ammonia adsorbed Ca-0, Ca-3,
cm21, once overwhelmed by the large band at 1472 cm21CaS-3, and S-3 at 173 Pa.

formed by a proton transfer from a surface silanol,
Si–OH (14).

On the other hand, ammonia adsorption on intact
Ca(OH)2 (Ca-0) and the mixed-milled sample (CaS-3)
shows a doublet absorption bands, whose larger and
smaller peaks are located at 1619 and 1650 cm21, respec-
tively. The first is attributed to the hydrogen bond adsorp-
tion of NH3 on the surface hydroxyl groups of Ca(OH)2

by lone-paired nitrogen electrons of NH3 (13). As a result
of the formation of surface basic sites, –OH and O22, juxta-
posed by a surface hydrogen atom of hydroxyl groups
and available for hydrogen bond adsorption, a part of the
hydrogen bond adsorption peak must have shifted from
1619 to 1650 cm21 (13). This is also observed on intact
Ca(OH)2 since ammonia as a probe molecule is capable
of adsorption on the weaker acidic sites compared with pyr-
idine.

There is close relation between the above-mentioned
two observations; i.e., Lewis acidic sites, Ca21, are found
only on the separately milled Ca(OH)2 , Ca-3, and the
common existence of the band at 1650 cm21 on the intact
Ca(OH)2 , as well as on the mixed-milled sample, CaS-3.
On separate milling of Ca(OH)2 , mechanochemical dehy- FIG. 3. Differential IR spectra of ammonia adsorbed Ca-0, Ca-3,
dration is only possible by disproportionation of two ini- CaS-3, and S-3 after outgassing at room temperature for 60 min to reduce

the pressure to 1023 Pa for the purpose of forced desorption.tially identical hydroxyl groups into a neutral water mole-
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basic sites of the hydroxyl groups by mixed-milling was dis-
cussed.

A band, being assigned as silanolic –OD, at around 2760
cm21 is observed on the surface of milled silica without the
presence of calcium hydroxide (sample S-3) and a physical
mixture, CaS-0. This band completely disappears on mill-
ing a mixture (CaS-3). This also shows consumption of
silanol, again, suggesting the reaction with strong basic
sites of Ca(OH)2 , giving rise to the precursor of calcium
silicates. This is compatible with the disappearance of the
silanolic acidic site on mixed-milling, as mentioned in Sec-
tion 3.1. This contrasts with the result of separate milling.
On the intact Ca(OH)2 (sample Ca-0), only a band corre-
sponding to fully coordinated Ca is observed at around
2680 cm21. On milling calcium hydroxide alone, the absorp-
tion band grew and broadened toward a lower wave num-
ber (see samples Ca-3 and Ca-12 in Fig. 4).

The change in the peak profile on milling can be attrib-
uted to two factors. The first is a decrease of the anion
coordination number from 6 to 5 or 4. This induces polar-
ization of O–D, since a decrease in the oxygen coordination
number leads to the decrease in the electron density
around a calcium atom, and hence, increases the relative
contribution of the electrons bound to the oxygen of O–D
groups, weakening the O–D bonds. This, in turn, facilitates
the formation of surface oxygen ion, imparted to the mech-

FIG. 4. Changes of O–D vibrational IR absorption bands of milled anochemical dehydration. This tallies well with the re-
samples. The dotted line at the bottom denotes the vibrational band for

ported increase in the surface basicity (5), since mechano-the free D2O molecule.
chemical dehydration induces the formation of O22, serving
as surface basic sites.

The second factor, being a consequence of the foregoing,
is a bidentate, dissociative readsorption of D2O on thebefore evacuation, becomes detectable. This small peak is
juxtaposed acid–base sites on the less coordinate cationsattributed to the deformation of NH2i

2 , as a result of dissoci-
and anions. This mechanism accords with the idea sug-ation, NH3 1 O22 R NH2

2 1 OH2 (13–15), at the moment
gested by Stone et al. (16, 17), i.e., dissociative adsorptionof adsorption. In contrast, no sign of NH2

2 , i.e., dissociative
is promoted by the decrease of the anion and cation coordi-adsorption of NH3 , was detected on the mixed-milled
nation number. They also report that the dissociative ad-sample. Consumption of Ca21–O22 pair sites disables
sorption of H2O occurs more easily than that of NH3 .dissociative adsorption to form NH2

2 . Consumption of the
Knowing that the dissociative adsorption of NH3 was ob-pair sites is only explained by the Ca–O–Si bond for-
served on the separately milled Ca(OH)2 , dissociative ad-mation.
sorption of D2O must also have taken place on the sample
Ca-3.

3.2. Characterization of Surface Hydroxyl Groups by
A very broad band, also observed between 2400 and

D2O Probe Adsorption
2550 cm21 on samples Ca-3 and Ca-12, is likely to be attrib-
uted to the hollow site –OD(12) adsorption. The formationIR spectra of milled samples after the exchange a part

of hydrogen atoms on the surface hydroxyl groups with of hollow site type OD groups can be explained by dissocia-
tive adsorption of D2O either preexisted in the millingdeuterium atoms are shown in Fig. 4. In the case of milling

Ca(OH)2 alone, a remarkable absorption band due to the milieu or formed by mechanochemical dehydration. This
broad band is not observed on the mixed-milled sample.O–D stretching vibration is observed at about 2680 cm21,

however, on milling a mixture of Ca(OH)2 and SiO2 the Therefore, it is also conceivable from the viewpoint of
dissociative adsorption after disproportionation, that jux-absorption band at about 2680 cm21 decreases. This indi-

cates the reduction of OD groups as a result of mechano- taposed acid–base sites formed by milling were immedi-
ately consumed through the formation of a Si–O–Cachemical dehydration, by mixed-milling, as already re-

ported elsewhere (5), where the decrease of the surface complex.
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a consequent microscopic flow into the near-surface region
of silica to form Ca–O–Si bonding.

The change due to mixed-milling is more remarkable
for Ca 2p electron binding energy. As shown in Fig. 6, the
peak at 346 eV for Ca–O increased remarkably against
that for Ca–OH at 350 eV, on milling with SiO2 . This is
not the case on separate milling. This tallies well with
the remarkable increase in the surface basicity on mixed
milling, as reported previously (5). It is to be noted that
the shape of Ca 2p peaks for CaS-3 is similar to that of
CaS-0/1473 K. The Ca 2p XPS profile of sample CaS-3
turns back to that of CaS-0 on sputtering by Ar1 only for
1 or 2 sec (see CaS-3/E1 and /E2, respectively). Therefore,
the thickness of the layer of interaction is proved to be
localized at the outermost layer, less than 1.5 nm, of the
mixed-milled sample.

The change in the Si 2p on milling is even more remark-
able. As shown in Fig. 7, a signal from Si21 at 101 eV,
being only a shoulder on the physical mixture before mill-
ing, CaS-0, becomes by far the predominant on mixed-
milling for 3 h (CaS-3). Since no such increase in Si21 is
observed on separate milling (S-3), reduction of Si41 to

FIG. 5. X-ray photoelectron spectra of O 1s; for separately milled
samples (Ca-t) and mixed-milled samples (CaS-t), where -t indicates the
milling time in hours. The profile of calcium silicate, obtained by firing
the Ca(OH)2–SiO mixture at 1473 K, is also shown on the top of the figure.

3.3. Charge Transfer at Ca(OH)2–SiO2 Interface

Charge transfer during milling is visualized by the chemi-
cal shifts of XPS, shown in Figs. 5 to 7 for O 1s, Ca 2p,
and Si 2p electrons, respectively. Assignments of respective
peaks are given in Table 1. On intact and separately milled
Ca(OH)2 , the O 1s peak from Ca–OH at 530 eV is predomi-
nant. A slight shift toward the high energy side on milling is
attributed to the weakening of the Ca–OH bonds from that
of the structural ones to that of adsorbed water. This tallies
well with the appearance of –OH basic sites on milling (5).
The XPS spectra from the sample S-0 were not shown, sim-
ply because they were quite similar to those from CaS-0 and
S-3. The similarity of the O 1s bands observed between
CaS-0 and S-3 might be attributed to the eventual coating
of the Ca(OH)2 surface by ultrafine silica particles.

As asymmetric peak shape of CaS-3 and CaS-12 with
tailing toward the lower energy side, similar to the profile
of calcium silicate (CaS-0/1473 K), suggests a chemical
interaction between SiO2 and Ca(OH)2 . The chemical in- FIG. 6. X-ray photoelectron spectra of Ca 2p; for separately milled
teraction is most likely achieved by the migration or short- samples (Ca-t) and mixed-milled samples (CaS-t), where -t indicates the

milling time in hours and /E shows the Ar ion etching time in seconds.range diffusion of Ca21 due to mechanical stressing, and
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FIG. 8. 1H-CRAMPS-NMR spectra of the initial Ca(OH)2 (Ca-0),
FIG. 7. X-ray photoelectron spectra of Si 2p; separately milled sam- milled for 3 h (Ca-3), SiO2 milled for 3 h (S-3), and the mixtures Ca(OH)2–

ple (Ca-t) and mixed-milled samples (CaS-t), where -t indicate the milling SiO2 , before milling (CaS-0), and milling for 3 h (CaS-3), where * denotes
time in hours and /E shows the Ar ion etching time in seconds. the spinning side band of Ca(OH)2 . A common peak at 0.12 ppm, marked

by an arrow, represents a signal from a silicon rubber used as a standard.

Si21 is necessarily be attributed to the mechanochemical
reaction with Ca(OH)2 , and not to the simple Si–O bond heating CaS-0 to 1473 K. Similar reduction of the cation
breakage. This is explained briefly by the electron transfer due to reactive charge transfer is observed by the sputtering
from oxygen to silicon due to higher electronegativity of of Ag and Pt on SiO2 (20), as well as by the mechanical
Si, as a consequence of proton transfer and, hence, forma- alloying of Al with TiO2H2O (21).
tion of Ca–O–Si bonds after mechanochemical dehydra- The strong signal from Si21 disappeared again on Ar1

tion. Such a chemical shift, accompanied by the formation etching for 2 sec, indicating again, that the reaction layer
of Ca–O–Si, is observed on calcium silicate prepared by is not more than 1.5 nm. Thus, mechanically induced diffu-

sion of cationic species on milling is restricted to the order
of a single nanometer as far as the Ca(OH)2–SiO2 system

TABLE 1 is concerned.
Binding Energies of O 1s, Ca 2p, and Si 2p

3.4. Change in the Chemical States of Proton Examined
Binding energy by 1H-NMR

(eV) Assignment Literature
1H-CRAMPS-NMR profiles are shown in Fig. 8 for the

O 1s 533 SiO2 lattice (18) samples Ca-0, Ca-3, CaS-0, CaS-3, and S-3. In all the pro-
530 OH, H2O, CO2 (19)

files containing Ca(OH)2 , the peak due to bulk –OH of528 Ca(OH)2 lattice (19)
Ca(OH)2 at 1 ppm is observed, together with the spinning

Ca 2p 350 Ca–OH (19) side band at 13.5 ppm. No remarkable changes are ob-
346 Ca–O (19) served on milling Ca(OH)2 alone, because of the large

abundance of bulk hydroxyl groups. A small peak at 5
Si 2p 103 Si41 (18, 20)

ppm is observed only on the mixed samples and S-3, and101 Si21 (18, 20)
is attributed to the silanolic proton (22). This peak shifts
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