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Fourier transform infrared spectroscopy has been used to show that benzoic acid adsorbs on
aluminum oxide as benzoate ions, oriented with their rotational symmetry axes approximately
normal to the surface. In addition a benzoic acid surface species, not observed by inelastic tunnel-

ing spectroscopy, was found.

INTRODUCTION

Inelastic electron tunneling spectroscopy
(IETS) has contributed a large body of in-
formation on monolayer adsorption of or-
ganic molecules on metal oxide surfaces
(1-7) with most of the work being done on
thin aluminum oxide layers prepared on
evaporated metal films. Previous results in-
dicate that carboxylic acids adsorb on alu-
minum oxide by proton dissociation (8, 9),
and that under suitable conditions mono-
layer coverages can be obtained (/0). How-
ever, few examples exist where infrared or
Raman spectra have been obtained for sub-
strate/adsorbate systems from which IETS
spectra have been obtained (3). We report
here the results of transmission infrared
spectra obtained from submonolayer quan-
tities of benzoic acid deposited on single
crystals of aluminum oxide using solution
doping techniques (11, 12) developed by
IETS workers.

EXPERIMENTAL

Sample preparation was essentially that
of Langan and Hansma (10) except that the
aluminum oxide electrode was replaced by
commercially available (13) sapphire plates
0.013-0.05 cm thick. The plates were ori-
ented with their (102) axes approximately
normal to the surface.
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After cleaning using standard procedures
for glass, the sapphire plates were heated in
a hydrogen flame to drive off remaining sur-
face water, cooled, and placed transversely
on a spinner similar to that described in
Ref. (10). About 20 ul of dopant solution
was dropped onto the cleaned substrate,
and the spinner immediately accelerated to
3600 rpm to spin off excess solution. Ben-
zoic acid/aluminum oxide was chosen for
initial experimentation because that was
the only adsorbate/substrate system for
which quantitative surface coverage versus
dopant solution concentration was known
(14).

Freshly prepared samples were placed in
a Nicolet 7001P interferometer equipped
with a D1010B cooled mercury—cadmium-
telluride detector. The infrared beam was
apertured to match the size of the sample
drop (usually 2—3 mm diameter). Interfero-
grams obtained from the area of the sap-
phire containing the overlayer, as well as an
area ca. 1 cm away, were processed with a
PDP 11/55 computer to give spectra with
resolution ranging from 4 to 25 cm~!. In
order to prevent channeling (15), for a plate
of thickness ¢ the limiting resolution AR is
given by AR ~ (2nt)~!, where n is the index
of refraction of the material (ca. 1.7 for sap-
phire). Since the low-frequency cutoff be-
cause of the intense lattice vibrations of the
substrate increases with increasing sub-
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strate thickness, increased resolution must
be traded off (16) with less spectral infor-
mation at low frequencies. Fortunately,
most of the bands of interest here have
width greater than 30 cm~! so the extra res-
olution is not necessary.

RESULTS AND DISCUSSION

Figure 1 shows an infrared spectrum of
benzoic acid deposited onto sapphire from
a4 x 107* M dopant solution, which from
Ref. (10) should result in roughly 30% of
saturation coverage. The main features are
bands at 1720-1695, 1550, 1500, 1450, and
1225 cm™1,

Figure 2 shows reference spectra ob-
tained from (a) benzoic acid and (b) sodium
benzoate in KBr for the same spectral re-
gion. The main v(CO) stretches are indi-
cated in Fig. 2, and the various ring vibra-
tions (¢) are labeled according to the
symmetry of their normal modes with the
frequencies taken from Ref. (17).

Figure 3 shows an infrared spectrum of a
multilayer film of sodium benzoate on sap-
phire. The film was formed by placing a 15-
pul drop of a 10~* M solution into one of our
sapphire substrates and evaporating to dry-
ness at 30°C. Assuming negligible surface
diffusion, for a typical 3- to 4-mm-diameter
drop, this corresponds to an average film
thickness of ten ‘“‘monolayers.’’ The resem-
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blance to the sodium benzoate reference
spectrum (Fig. 2b) is obvious, and we as-
sume the same band assignments.

Of particular interest is the intense band
at 1550 cm~! in Fig. 1 which is absent in the
benzoic acid spectrum (Fig. 2a). Since the
1550-cm~! band is the strongest band in the
sodium benzoate spectrum (Fig. 2b), its
presence in Fig. 1 is evidence for the car-
boxyl antisymmetric vibration of ionized
benzoic acid, i.e., some of the acid dissoci-
ates on adsorption to form a resultant ben-
zoate ion. However, in Fig. 1 the corre-
sponding carboxyl symmetric vibration at
1420 cm™! is either absent or greatly re-
duced in magnitude. In our experimental
setup the infrared light is incident approxi-
mately normal to the surface. Hence, the
electric vector can couple only to net dipole
moment changes parallel to the surface
(18). Thus, the resultant benzoate ion must
be oriented with its rotational symmetry
axis (C,y) approximately normal to the sur-
face since the symmetries of the antisym-
metric and symmetric carboxyl vibrations
are B, and A, respectively.

The above result is consistent with that
inferred from IETS (/-12) and reflec-
tion-absorption (3) data except that the se-
lection rules are reversed, since tunneling
electrons couple primarily to vibrations
normal to the surface (19). Thus, the infra-

.003 T T T

.000

-.003

ABSORBANCE

-.009 -

1 1

L
3000 2500

1 1
2000 1500 1000

WAVE NUMBER (cm~')

Fi1c. 1. Infrared spectrum of benzoic acid deposited on sapphire from 4 x 10~¢ M dopant solution.
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Fi1G. 2. Infrared spectra of: (a) benzoic acid, (b) sodium benzoate in KBr.

red measurements provide information
complimentary to those obtained from
IETS and reflection—absorption.

It has been suggested (20) that carboxylic
acids bond “‘canted’’ to an alumina surface,
although no quantitative estimates of the
amount of canting have been made (20).
The apparent absence of the carboxyl sym-
metric stretching vibration in this work sug-
gests that the amount of canting should be
small although no quantitative estimate can
be made with the current signal to noise.
Additional experiments utilizing polarized
light and variable angles of incidence could
help quantify this matter.

The additional bands at 1720-1695 and
1250 cm™! in Fig. 1 are suggestive of the
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FiG. 3. Infrared spectrum of ca. ten monolayers of
sodium benzoate deposited on sapphire.
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TABLE 1

Vibrational Assignments for Benzoic Acid on AlL,Os

v Assignment Intensity Conclusion
(cm™) -
IETS ir
1550 W(CO; ) Weak Strong Benzoate ion oriented
1420 V(CO; Dsym Strong Absent normal to surface
1720-1695 C=0) Weak Strong Benzoic acid oriented
1250 wWC—O0) Absent Strong parallel to surface

w(C=0) and v(C—O0) stretching vibrations,
respectively, thus suggesting the presence
of undissociated benzoic acid (21). This
form of benzoic acid is probably not present
in IETS measurements since it would be
removed during the evacuation prior to de-
positing the Pb counter electrode (22).

The above observations are summarized
in Table 1.

Since previous work (23) with copper ox-
ides suggested that carboxylic acids can
build up stable multilayer films of the corre-
sponding salts, a second estimate of the
amount of benzoate ion present in Fig. 1
was desirable. By comparing the intensity
of the 1550-cm~! benzoate band in Fig. 1

with that of the ten-monolayer sample
(shown in Fig. 3), we find the amount of
benzoate ton in Fig. 1 to be ca. one-half
monolayer, a value in good agreement with
that estimated by IETS workers (10).

Although we are not explicitly interested
in orientation effects in multilayer films
(such as shown in Fig. 3), we find that the
intensities of the 1410- and 1600-cm~! bands
(relative to that of the 1550-cm~! band) var-
ied by two to three times from sample to
sample, thus suggesting that these bands
are indicative of a disordered benzoate
overlayer.

The frequencies and intensities of bands
observed together with their assignments

TABLE 2

Observed Bands and Assignments

IETS« “Oriented”* *“Oriented”’ “Unoriented”’ Assign- Symmetry
CsHsCOOH CsHsCOz_ C6H5COZ_ ment? class
1741 vw 1720 s
1695 s v(C=0)
1599 1600 s wC—0C) B,
1575 vw 1550 s 1550 vs W(CO; s B,
1491 mw 1500 m wC—C)¢ A,
1450 m 1450 w v(C—C) B,
1433 m 1410 s W(CO; )eym A,
1310 w wC—C) B,
1250 w wC—0)
1153 s 1150 mw B(C—H) A

7 Frequencies taken from Refs. (4, 10, 24).

b Symbols used: v, stretch; 8, in-plane deformation; vy, out-of-plane deformation.
¢ Could alternatively be 2y(C—H) with B, symmetry since the C—H out-of-plane deformation at ca. 750 cm~!

gives rise to very strong infrared absorption (25).
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and where appropriate, their symmetry
class, are given in Table 2.

Also given in Table 2 are frequencies
from the analogous tunneling experiments.
The assignment of the 1500-, 1450-, and
1150-cm~! bands to oriented benzoic acid
and not ‘‘oriented’’ benzoate is arbitrary
since a complete analysis of the ring vibra-
tions and their intensities is well beyond the
scope of this work.

CONCLUSIONS

We have shown that transmission infra-
red spectroscopy can provide information
complimentary to that obtained from in-
elastic tunneling and reflection-absorption
spectroscopies, primarily because of mutu-
ally exclusive selection rules—tunneling
and reflection—absorption are sensitive pri-
marily to vibrations normal to a surface
while transmission infrared is sensitive to
vibrations parallel to the surface.

Transmission infrared spectroscopy has
been used to confirm the dissociation of
benzoic acid on alumina to produce ben-
zoate ions oriented with their rotational
symmetry axes (C,,) approximately normal
to the surface. There also appears to be a
second surface species, heretofore unde-
tected in inelastic tunneling, consisting of
benzoic acid molecules oriented with both
their v(C=0) and v(C—O) stretching vi-
brations approximately parallel to the sur-
face.
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