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Abstract

C—H acids including monofluoro-, trifluoro- and trichloromethane, as well as acetylene and methylacetylene were tested
as probe molecules for basic sites on MgO by FTIR-spectroscopy. Adsorption structures, frequency shifts, and the
applicability of various probes are discussed. Acetylene and methylacetylene undergo H-bonding interactions with
Lewis-basic sites on the MgO surface. The experimental frequency shift of the CH-stretching modes can be taken as a
measure of the strength of the basic sites. Two adsorption complexes are observed for trichloromethane (CHCI ; and CDCl ;)
with the CH- (CD-) mode being shifted to lower wavenumbers. A red shift of 36 cm~! was obtained for the H-bonded
02" - H-CCl ;-complex. In contrast, the stronger CH-acid CF;H forms an adsorption complex in which hydrogen
interacts with the basic oxygen sites and simultaneously one of the fluorine atoms is connected with a Mg2*-site. Adsorbed

CH,F on MgO retains the C,,-symmetry and therefore, the most likely adsorption complex is Mg®* - - - F—~CH,. © 1999

Elsevier Science B.V. All rights reserved.
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1. Introduction

Extensive studies have been devoted to the
characterization of solid acid catalysts over the
last 30 years [1-4]. In contrast, less attention
has been paid to basic properties and the charac-
terization of basicity. To estimate the basic
properties of a surface, two types of methodolo-
gies are used: titration with various reagents [5]
and spectroscopic techniques [4,6—8]. Whereas
the titration method only allows determination

* Corresponding author. Fax: -+ 49-89-590-2602
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M325, 67056 Ludwigshafen, Germany.

of the total number of centres without differenti-
ation of their properties, the use of spectro-
scopic techniques in conjunction with molecular
probes, allows the nature and properties of basic
centres to be studied.

The basic properties of oxide surfaces can be
tested by acidic probe molecules combined with
FTIR-spectroscopy. For this purpose these probe
molecules must fulfil certain criteria[4]. In par-
ticular, a probe molecule should be unreactive
relative to the surface to be characterized so that
chemical transformations of the probe molecule
cannot occur. It is for this reason that only very
few acidic probe molecules for probing basic
sites have been reported, and those mentioned
in the literature are hardly ever universaly ap-
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plicable. A potentially useful class of probe
molecules may be CH-acids. Paukshtis and
Y urchenko [9] suggested trichloromethane as a
probe molecule for basic centres. The adsorp-
tion of acetylene and methyl-substituted
acetylenes on Al,O; and SIO, was studied by
Yates and Lucches [10]. Experiments using
methane adsorption on MgO were reported by
Li et a. [11] and Ferrari et al. [12]. Universally
applicable probe molecules for the characteriza-
tion of basic sites have not yet been found [7,8],
largely because most of the probe molecules
strongly interact with the surface, forming strong
complexes, which can cause irreversible changes
at the surface. In the present contribution, we
have tested a series of CH-acidic molecules
having distinct acid strength for their applicabil -
ity as probe molecules. As a model basic solid,
we used MgO. One group of probe molecules
were trihalogeno methanes which are expected
to undergo H-bonding interactions with 02~
acceptor sites. This should lead to low-frequency
shifts of the isolated C—H stretching mode,
which should be easy to detect and which should
correlate with the H-bond acceptor strength of
the O?~ site. The isolated C—H stretching mode
of methylacetylene should be analogoudly af-
fected and was thus included into this study.
Unsubstituted acetylene was also studied be-
cause of its high symmetry which is expected to
be reduced by the adsorption interaction and
provide interesting information on adsorption
geometries.

2. Experimental

The probe molecules acetylene (5% in He)
and methylacetylene (> 99.5%) were obtained
from Linde; trichloromethane (> 99%) and tri-
fluoromethane (> 98%) were from Merck and
monofluoromethane (> 98.5%) from Euriso-
Top.

MgO was prepared as described by Kirlin et
al. [13] and the specific surface area of this
material (35 m?/g) was determined by nitrogen

adsorption. For FTIR-spectroscopy, self-sup-
porting wafers were pressed with a pressure of
15 MPa for 10 min. The resulting wafers (15
mg,/cm?) were pretreated in situ in an oxygen
flow at 773 K for 1 h, followed by evacuation
(~1072 Pa) at 773 K for 1 h. Prior to admis-
sion of trifluoromethane and monofluo-
romethane, the wafer was cooled with liquid
nitrogen to 150 K. Adsorption of acetylene,
methylacetylene, and trichloromethane was car-
ried out at room temperature.

IR transmission spectra were recorded using
a Bruker IFS66 FTIR-spectrometer, with a spec-
tral resolution of 0.7 cm™! as a function of
equilibrium pressure of the adsorbate. A total of
256 scans were accumulated. A detailed de-
scription of the low-temperature transmission
cell, which was used for adsorption of the halo-
genated compounds, has been reported previ-
oudly [14]. For adsorption of acetylene and its
derivates, a stainless steel transmission cell pro-
vided by ISRI (In situ Research and Instru-
ments, South Bend, USA) was used.

3. Results and discussion

3.1. Adsorption of chlorinated and fluorinated
methane

Halogenated methanes such as trichlo-
romethane and trifluoromethane, are considered
as suitable probes for FTIR-spectroscopic char-
acterization of basic sites on oxides and in
zeolites. The C-H-stretching mode shifts to
lower frequencies relative to the gas phase if an
O*™ - .- H-C-interaction can be detected. The
norma modes of the gaseous compounds are
given in Table 1, for comparison purposes.

3.1.1. Adsorption of CDCl; and CHCl,

Fig. 1 shows the FTIR-spectra of CHCI,
adsorbed on MgO a 290 K. Two bands are
observed in the symmetric CH-stretching region
of adsorbed CHCI, at 3011 and 2983 cm™ 1.
The HCCl-mode (v,) gives also rise to two
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Table 1
Normal modes [in cm~*] of CHCIl, [15,16] CDCl, [17], CHF,
[18,19] and CH 4F [20]

vy (al) vy (al) V3 (al) Vy (©)] Vg (e Vg (e

CHCI; 3019 668 366 1216 761 262
CDCl; 2253 651 366 908 738 262
CHF; 3035 1209 700 1377 1152 508
CH;F 2965 1475 1048 2982 1471 1196

bands at 1240 and 1216 cm™*. If the C,,-sym-
metry of the trichloromethane is lowered to C,,
or C,, the doubly degenerate v, mode is ex-
pected to split into two components. However,
there is no linear correlation of the integral
intensities of the bands at 1240 and 1216 cm™*
a different partia pressures. Therefore, it can
be concluded that two different kinds of adsorp-
tion species are formed with CHCI ;. For deter-
mination of integral intensities the overlapping
bands were deconvoluted as shown in Fig. 1.
Fig. 2 shows the correlation of the integra
intensities of v, and v, modes of adsorbed
CHCI ;. The integral intensities of the band at
3011 cm™! at various pressures of CHCl,; and
theintegral intensities of the band at 1240 cm ™2,
as well as those of the bands at 2983 cm™~* and
at 1216 cm~*, show a linear correlation. This
supports the conclusion that the bands at 3011
and 1240 cm~*, and the bands at 2983 and 1216
cm™?, respectively, are caused by two different
kinds of adsorption species.
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Fig. 2. Adsorption of CHCI; on MgO: (a) Correlation of the
integral intensities of bands at 1216 and 2983 cm™?, (b) Correla-
tion of the integral intensities of bands at 1240 and 3011 cm™ 1.

These results can be further supported by the
adsorption of CDCI ;. Adsorption of CDCl, re-
veals bands at 2245 and 2220 cm™!, which
correspond to a red shift of 8 and 33 cm™?,
respectively, as compared to the gas phase spec-
trum. The C—H and C-D frequency ratios are in
good agreement with the calculated value of
1.34.

These observations are in agreement with
results reported by Paukshtis and Y urchenko [9]
and Paukshtis et al. [21,22], who studied the
adsorption of trichloromethane on different ox-
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Fig. 1. FTIR-spectraof the adsorption of (&) 0.05, (b) 0.07, (¢) 0.1 and (d) 0.15 kPa CHCI ; on MgO at 290 K.
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ides. They observed two bands at 3010 and
2960 cm~! for the CH-stretching mode of
CHCI , adsorbed on MgO (2245 and 2210 cm ™!
for the CD-stretching mode of adsorbed CDCI ,).
Fig. 3 shows possible interactions of trichlo-
romethane with Lewis-acidic and Lewis-basic
sites. The large half width of the CH- (as well
as the half width of the CD-) stretching mode at
3011 cm™? (or 2245 cm™?) indicates an O?~
-+ H(D)-CCl, interaction. The half width of
the lower frequency band at 2983 cm™?! is
approximately 1.8 X broader when compared
with the band at 3011 cm™ 1. A stronger red
shift is expected for an only acid—base interac-
tion (complex 1) than for a complex in which
the chlorine atom and the hydrogen atom inter-
act with both the Lewis-acid and the Lewis-basic
sites simultaneously (complex I1). A frequency
shift to higher wavenumbers is expected if only
the chlorine atom interacts with Lewis-acid sites
(complex 111), because in this case the C—
H(D)-bond becomes stronger.

In agreement with Paukshtis and Y urchenko
[9] and Paukshtis et al. [21,22] and Xie et 4.
[23], the band at 2983 cm™*! is attributed to
complex | of adsorbed CHCI, (at 2220 cm™*
for adsorbed CDCI;), while the higher fre-
guency band is connected with complex II.
However, a symmetry reduction of adsorbed
trichloromethane should lead to a splitting of
the v,-mode into two components. This suggests
that the splitting is probably too small to be
resolved in these spectra but presumably led to
significant line broadening. The OH-stretching
vibration at 3750 cm~! shows no shift. There-

fore an interaction of trichloromethane with the
OH-groups of MgO, as discussed by Davydov
et al. [24], is not observed.

Two adsorption complexes are observed for
CHCI ; (or CDCl ;) with the C—H- (C—D-) mode
being shifted to lower wavenumbers. A red shift
of 36 cm~! (33 cm™!) was obtained for the
H-bonded O*" - - - H(D)-CCl,. Kustov et al.
[25] reported shifts to lower frequencies be-
tween 15 and 110 cm~* for MgO/Al,O, and
K ,CO,/Al,0,. Gordymova and Davydov [26]
observed, besides the CH- or the CD-stretching
mode, bands at about 1600 and 1390 cm~* on
v-alumina which they assigned to formate
species. These bands were not observed in the
present work on MgO.

3.1.2. Adsorption of CHF; and CH;F

The use of the stronger CH-acid CHF; should
also lead to a red shift of the CH-stretching
mode if it forms an H-bonded complex. As
shown in Fig. 4, CHF; adsorbed at 150 K on
MgO gives rise to the following IR-bands: the
very weak v,-mode is observed at 3055 cm™?,
the v,-mode at 1200 cm™*, the doubly degener-
ate v,-mode at 1375 cm™*, and in the CF-region
there are two bands at 1158 and 1116 cm™ ™.
CHF; can be removed by warming up to room
temperature. Contrary to expectations, the v;-
mode shifts to higher frequencies. Fig. 5 shows
possible interactions of CHF; with MgO. Com-
plex | should lead to a red shift of the »,-mode
because of the weakening of the C—H-bond.
Therefore, it can be concluded that the fluorine
atoms must be involved in the interactions with

Cl H
Cl ‘ Cl Cl I /Cl
N C / Cl Cl N c
| D¢ |
H Cl / \H Cll
— Mg— O — — Mg — O — — Mg —0—
complex I complex II complex IIT

Fig. 3. Possible interactions of CHCI ; with MgO.
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Fig. 4. FTIR-spectra of the adsorption of (a) 0.01, (b) 0.05 and (c) 0.1 kPa CHF; on MgO at 150 K.

MgO. The large half width of the »;-mode (45
cm~! at 0.05 kPa CHF;) suggests that the C—
H-bond is directly involved in the adsorption
interaction. These results lead to the conclusion
that the stronger CH-acid CF;H forms an ad-
sorption complex in which the hydrogen inter-
acts with a basic oxygen site, while one of the
fluorine atoms is simultaneously connected with
aMg?*-site (Fig. 5, complex V).

CHF; and CHCI; belong to the point group
C,,, and the symmetry reduction of C, to C,,
as in the proposed complex, should lead to a
splitting of the doubly degenerate modes v,, v
and vg. Due to the extremely low transmittance
of the CaF, windows in the IR-transmission cell
below 1000 cm™?, the v,- and the wg-mode
cannot be observed in the spectra. The detected
broad and intense bands in the CF-region (v.-
mode) at 1158 and 1116 cm™*! indicate the
symmetry reduction. The splitting of the w,-

mode cannot be resolved in the spectra, but may
be responsible for the large width of the band at
1375 cm™ 1,

Adsorption of CH ;F on MgO was carried out
to study the interaction between fluorinated
compounds and Lewis-acidic and basic sites
(Fig. 6). The v,-band is observed at 2966 cm ™2,
which is near the frequency of gaseous CH;F.
The v,- and the v;-modes can be seen at 1470
and 1454 cm~?! (not shown) and the first over-
tone of these bands is observed at 2860 and
2850 cm™!. The band at 3019 cm™! can be
assigned to the doubly degenerate »,-mode
which has a large width but does not show
splitting. In comparison to the adsorption of
CHF; the half width of this band is smaller (25
cm~! at 0.03 kPa CH,F), which probably ex-
cludes an 0% ... H-CH,F-complex. The
doubly degenerate v,-mode is observed with

low intensity at 1177 cm™ .

H
NP N
J/ F F
C N/ C
| /N |
H F H F
| | !
— Mg — 0 — — Mg — 0 — — Mg —O0 —
complex IV complex V complex VI

Fig. 5. Possible interactions of CHF; with MgO.
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Fig. 6. FTIR-spectra of the adsorption of (a) 0.01, (b) 0.03, (c) 0.1
and (d) 0.5 kPa CH4F on MgO at 150 K.

These results lead to the conclusion that the
C,;, symmetry of CH;F is retained when the
molecule is adsorbed on MgO. Compared to the
assignment of Heidberg et al. [27], who studied
the adsorption of CH ;F on NaCl and proposed a
Na* - - - F-CH,-complex, the most likely ad-
sorption complex on MgO is thus Mg®* - - - F—
CH,.

Neither CHF;, nor the weaker CH-acid CH ;F,
show a red shift of the CH-stretching mode. In
contrast to CHCI ; (CDCl ), fluorinated methane
cannot be used as a direct measure of the basic
strength of oxides, because of its complex type
of adsorption interaction but it may provide
information on properties of acid—base pair sites.

3.2. Adsorption of acetylene and derivates

Acetylene and monosubstituted acetylenes are
C-H acids and should undergo O?" --- H-
C=C-R H-bonding interactions with basic oxy-
gen centres on oxide surfaces, which are ex-
pected to induce a red shift of the C—H stretch-
ing mode depending on the strength of the
H-bond and hence, on the acceptor or basic
strength of the O?~ site. The norma modes of
gaseous C,H, and CH,—C=C-H (or CH,—
C=C-D) are given in Tables 2 and 3, respec-
tively.

Table 2
Normal modes [in cm~*] of C,H, [28]

vy v, V3 2 Vs

C,H, 3373(R) 1974(R) 3287(IR) 612(R) 729(IR)

Adsorption of acetylene at 280 K reveas a
broad asymmetric band at 3150 cm~* (Fig. 7).
The appearance of rotation structure at 3287
cm~! at a pressure of 0.025 kPa C,H,, indicates
the presence of gaseous acetylene (Fig. 7spec-
trum (f)). The adsorption leads to a shift of the
antisymmetric CH-stretching mode (v) to lower
frequency by 137 cm™! indicative of H-bond-
ing, and the asymmetric shape of this broad
band indicates an interaction with sites of vari-
able acceptor strength. The IR silent v,-mode
becomes activated and appears at 1942 cm™ ™.
Adsorbed acetylene can be removed by evacua-
tion at room temperature. The appearance of the
v,-mode and the red shift of the v,-mode are
clear evidence for an H-bonded complex: 0%~
.-+ H-C=CH.

By analogy to the IR-silent v,-mode, the
symmetric CH-stretching mode (»,) should also
be activated athough it may be weak. The
Raman frequency of the v,-mode of gaseous
acetylene is located at 3373 cm 1. As shown in
Fig. 7, the symmetric CH-stretching mode is
probably superimposed by the v, gas phase
bands. The adsorption induced symmetry reduc-
tion of the C,H, makes the two C—H-bonds

Table 3
Normal modes [in cm™!] of CH;—C=C-H and CH,-C=C-D
[28,29]

CiH, C,H3D
vy CH(D) (a, IR/R) 3334 2674
v, CH (a,, R) 2041 2041
vy C=C(a;, IR/R) 2142 2009
v, CH, (ay, IR/R) 1383 1376
vs C—C (&, IR/R) 926 914
v5 CH (e, IR/R) 3008 3009
v; CH; (e IR/R) 1448 1454
vg CH (e, IR/R) 1041 1037
vy C=C-H(D) (e, IR/R) 643 498
vy, C-C=C (e, R) 336 314
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Fig. 7. FTIR-spectra of the adsorption of (a) 0.005, (b) 0.025, (c) 0.1, (d) 0.25 kPa, (e) 0.5 kPa of adsorbed C,H, on MgO at 290 K and (f)

0.15 kPa gaseous C,H,.

inequivalent. Therefore, in the spectra of ad-
sorbed C,H,, there should be two bands for the
antisymmetric stretching (v,-) mode. Due to the
fact that the antisymmetric stretching vibration
appears as a very broad and asymmetric band
(half width of the v,-mode more than 100 cm™1)
there cannot be observed a clear splitting of this
band.

Y ates and Lucchesi [10] observed two differ-
ent adsorption complexes with acetylene on
Al,O; and SIO,. The strongly-held acetylene
was thought to be orientated perpendicular to
the surface and displayed bands at 3300 and

2007 cm™!, while the weakly-held acetylene
was thought to be adsorbed parallel to the sur-
face and bands at 3220 and 1950 cm~* could be
observed. The authors assigned the bands of the
stronger adsorbed speciesto a Su - - - C=C—H-
complex (where Su represents a surface atom),
and the weaker adsorbed species to an interac-
tion of the Lewis-acid sites with the -electrons
of the triple bond. Because of the ease of des
orption of acetylene from MgO, dissociation
appears to be unlikely.

These conclusions are further supported by
the coadsorption of C,H, and CDCI, (Fig. 8).

0.02

— 3287

Absorbance

MWWMMWMWK_W

2245
— 2220

S\ b

3450 3300 3150 3000 2850 2700 2550

2250 21 OO

Wavenumber [cm” ]

Fig. 8. FTIR-spectra of the adsorption of (&) 0.01 kPa CDCI ; and (b) 1 kPaCDCl; + 2kPaC,H, on MgO at 290 K.



124 S. Huber, H. Knozinger / Journal of Molecular Catalysis A: Chemical 141 (1999) 117-127

Absorbance

N

| " ! 1 1

3500 3250 3000

2750

"5250 2000 1750 1500

Wavenumber [cm™']

Fig. 9. FTIR-spectra of the adsorption of (a) 0.02, (b) 0.05, (c) 0.07 and (d) 0.1 kPa CzH, on MgO at 290 K.

As described in Section 3.1.1., adsorption of
CDCl; at room temperature reveals bands at
2245 and 2220 cm™* (Fig. 8spectrum (&), where
the adsorption sites for CDCl, are mainly the
Lewis-basic sites. Fig. 8spectrum (b) shows the
IR-spectrum after exposure of MgO to 1 kPa
CDCl; and 2 kPa C,H,. Besides the bands of
adsorbed CDCIl,; only gaseous C,H, can be
seen; no band of adsorbed acetylene is ob-
served. This indicates that the Lewis-basic sites
are dready occupied by the trichloromethane
molecules.

The substitution of one hydrogen atom of
acetylene by a methyl group leads to the weaker
CH-acid, CH;—C=C-H. In contrast to acety-
lene, the adsorption of methylacetylene pro-
duces two bands at 3280 and 3203 cm~* for the
v,-mode (Fig. 9). The haf width of the lower
frequency band is approximately twice the half
width of the higher frequency band. For the
v5-mode, also two bands are observed at 2123
and 2094 cm~ 1. The band at 2961 cm™~* can be
assigned to the doubly degenerate v5-mode, and
the band at 2922 cm™?! can be attributed to the
v,-mode. The v~ and the v,-modes are ob-
served at 1446 and 1381 cm™%, and the first
overtone of v, can be seen at 2859 cm™ ™.

Fig. 10 shows possible complexes between
the methylacetylene and the surface of MgO.
The two observed bands for the non-degenerate

v,-, as well as for the v;-mode, are clear evi-
dence that methylacetylene adsorbs in two dif-
ferent adsorption geometries. On one hand,
methylacetylene may be attached perpendicu-
larly to the surface via its acetylenic end (Fig.
10complex VII) and on the other hand, it may
be oriented parallel to the surface (Fig. 10com-
plex VIII). Both pairs of v,- and v;-modes
undergo a red shift on adsorption which appears
to be consistent with the proposed adsorption
species. The band a 3203 cm™! is shifted
relative to the »,-mode of the free molecule
(3334 cm %) by —131 cm ! and the band
width is significantly increased. Therefore, this
band can most likely be attributed to an H-
bonded complex VII (Fig. 10). The correspond-
ing v5;-mode is most probably the band at 2094

R

C

It

|

H H—C=C—R

l

—Mg—0 — —Mg—0 —

complex VII complex VIII

Fig. 10. Possible interactions of HC=CR with MgO (R=CH ).
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Fig. 11. FTIR-spectra of the adsorption of (a) 0.05, (b) 0.1, (¢) 0.5 and (d) 1 kPa CH ;—C=C-D on MgO at 290 K.

cm™?, since the intensity of this bands seems to
correlate with that of the »,-mode at 3203
cm™1, Both bands saturate at low equilibrium
pressures, while the intensities of the second
pair of bands at 3280 and 2123 cm™! continu-
ously grow as the pressure increases within the
covered range. These bands are therefore at-
tributed to a more weakly adsorbed species,
most likely the w-complex VIII (Fig. 10). It is
inferred that the H-bonded complex is strongly
preferred for acetylene because of its higher
acidity so that the w-complex formation plays a
negligible role and remains undetected within
the covered pressure range.

These band assignments are supported by the
spectra recorded after adsorption of deuterated
methylacetylene CH,;C=CD. Fig. 11 shows the
FTIR-spectra after exposure of MgO to C;H ;D
with the assignments of the observed frequen-
cies given in Table 4. The two bands in the
v,-region at 2593 and 2543 cm™~* correspond to
the bands observed at 3280 and 3203 cm™ %,
respectively, for adsorbed CH,C=C-H (Fig.
9). The »,(C-H)/v,(C-D) frequency ratios are
1.26. At low pressures a very weak band can be
detected at 2614 cm~! which is superimposed
by the strong band at 2593 cm™! at higher
pressures. The width at half maximum of the
band at lower frequency, namely 2543 cm™! is
approximately twice as large as that of the band

at 2593 cm™1. This compares nicely with the
relative band widths of the two »,-modes in the
C—H stretching region observed for the hydro-
gen form of methylacetylene. These observa
tions are consistent with the attribution of the
high and low frequency components in the v -
region to the m-complex VIII and the H-bonded
species VI, respectively. The calculated fre-
quency shift for the H-bonded complex in the
C-D region is 131 cm™* and is identical to the
shift seen in the C-H region for adsorbed
CH ,C=C-H.

The v;-modes of the adsorbed deuterated
methylacetylene are also shifted to lower fre-
quencies and appear around 1960 cm~! in Fig.
11. Additional weak bands at 1906, 1814 and
between 1510 and 1150 cm ™! can be assigned
to combination bands and overtones.

The weak band which can be seen at 2614
cm! at low pressures may be tentatively at-
tributed to a second w-complex being formed at
low abundance.

Table 4

Frequencies [in cm 1] of adsorbed C3H 3D on MgO

v, v, vy N Vg v, 2v,)
2614 2924 1987 1381 2982 1446
2593 ~2920M 1961 2961  (2859)
2543

sh: shoulder.
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4. Conclusions

Acetylene, methyl acetylene, and trichlo-
romethane undergo H-bonding interactions with
basic 0% -sites on the MgO surface.

The experimental frequency shifts of the CH-
and CD-stretching modes of halogenated com-
pounds are summarized in Table 5. A com-
pletely different behavior was obtained for chlo-
rinated and fluorinated methane. In contrast to
chlorine atoms fluorine atoms do not produce an
M-effect but their inductive effect is particularly
strong. The high electronegativity (EN: 4.1) and
the smaller size of the fluorine atoms as com-
pared to the chlorine atoms, favors the addi-
tiona interaction with Lewis-acid sites via a
F-atom as exemplified by complex V in Fig. 5.
A simple H-bonding interaction is only ob-
served for the adsorption of trichloromethane.
Therefore, fluorine substituted methanes cannot
generally be used as probe molecules to study
the basicity of oxides, although they may pro-
vide information on properties of acid—base pair
sites. The moderate acidity of trichloromethane
alows it to be used as a probe for sites of
different basic strength. Although two different
kinds of adsorption geometries are observed for
trichloromethane adsorbed on MgO, both species
are well-resolved and the CH-stretching mode
of the 02~ - - - H—C-complex can be easily as-
signed.

The experimental CH-, CD- and CC-stretch-
ing modes and the shifts of adsorbed acetylene
and methylacetylene on MgO are summarized
in Table 6. The red shifts of the CH-stretching

Table 5
CH-, CD-frequencies and the shift (Avgy o cp) [in cm™1] of
adsorbed halogenated methanes on MgO

VCH or cD Avey orcp
CHCl, 2983 —-36

3011 -8
CDCl, 2220 -33

2245 -8
CHF; 3055 +20
CH;F 3019 +37

Table 6

CH-, CD- and CC-frequencies and the shifts (Avgy o cp and
Avee) [in ecm™1] of adsorbed acetylene and methylacetylene
(CH4;—C=C—-H and CH,—C=C-D) on MgO

VCH or cD Avey orcp Vee Avee
C,H, 3150 —137 1942 -32
C;iH 3280 —54 2123 —-19
3203 —-131 2094 —48
C;3H3D 2614 —60 1987 —-22
2593 -81 1961 —48
2543 —131

modes show that acetylene and methylacetylene
offer favorable properties for the characteriza-
tion of the basic sites. Methylacetylene forms
two adsorption complexes. However, the band
splitting for both species is well-resolved allow-
ing a clear distinction.

Therefore, we can conclude that the experi-
mental frequency shifts of trichloromethane,
acetylene and methylacetylene, can be taken as
a measure of the base strength of adsorption
sites. In contrast, fluorine-substituted methanes
are less suitable as probe molecules because of
their strong additiona interactions with Lewis-
acid sites via the fluorine atoms. The applica
tion of acetylene as a probe molecule may be
limited to relatively strong solid bases because
otherwise polymerization of acetylene may take
place.

It should also be mentioned that a theoretical
study of the low temperature adsorption of
methane using density functional techniques[12]
has recently shown that this molecule only in-
teracts with edge and corner sites, but not on the
(100) plane. The location of the 02~ sites for
adsorption of trichloromethane and acetylenes is
not clear at this time but a study into this
problem is presently under way.
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