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Adsorption of acetic and trifluoroacetic acid on the TiO »(110) surface

A. S. Foster® and R. M. Nieminen
Laboratory of Physics, Helsinki University of Technology, P.O. Box 1100, Helsinki 02015, Finland

(Received 8 June 2004; accepted 11 August 2004

We use the first-principles static and dynamic simulations to study the adsorption of acetic
(CH3COOH) and trifluoroacetic (GGEOOH) acid on the Tig(110) surface. The most favorable
adsorption for both molecules is a dissociative process, which results in the two oxygens of the
carboxylate ion bonding to in-plane titanium atoms in the surface. The remaining proton then bonds
to a bridging oxygen site, forming a hydroxyl group. We further show that, by comparing the
calculated dipoles of the molecules on the surface, it is possible to understand the difference in
contrast over the acetate and trifluoroacetate molecules in the atomically resolved noncontact atomic
force microscopy images. @004 American Institute of Physic§DOI: 10.1063/1.1802652

I. INTRODUCTION properties of acetate and 3F-acetate and only differentiate

) o o ) them when necessary. We will also use the general formula
The importance of the titanium dioxide (TiPsurface  cx,coOH.

in a wide variety of applications, from photocatalysis to bio-
medical implants;*has led to a considerable research effort
to understand its properties. The basic physical and eledl- METHODS

tronic structure of the most stabl@é10 surface has been All the calculations were performed using the linear

well studied both experimentafj and theoretically;™and  <ombination of atomic orbitals basisesTa code3®” which

now, many investigat_ionflflocus on degelcét_(ig surfaces, espgnplements the density functional theory in a manner so as
cially oxygen vacancies, adsc_)ggnonl, “oor even ad- g achieve linear scaling in the construction of the Hamil-
sorption onto defected surfac€s™ Due to their particular tonian and overlap matrices. Solution of the self-consistent
relevance to catalysis, many studies have also investigatggtoplem can also be performed with linear scaling for insu-
the properties of adsorbed carboxylRCOOH acids onthe  |ators, though here, a full diagonalization is employed so that
Ti0,(110) surface. The simplest member of this acid groupthe electronic structure of the surfaces can be studied in de-
formate (HCOOH), has been studied extensivély”® and 4|, The generalized gradient approximation has been uti-
undergone a dissociative reaction upon adsorpHon INt0 & Cafized in all the calculations, based on the specific functional
boxylate ion and a proton (RCOGHRCOG™ +H"). Some  of perdew, Burke, and EmzerhBfCore electrons are repre-
experimental studies on acetate ({LKDOH) adsorptlo??' ~ sented by norm-conserving pseudopotentials of the form pro-
have also been performed providing some basic propertieposed by Troullier-Marting’ and we use the partial core
but a similar level of understanding to formate adsorption iS;qrrection scheme of Louiet al3° All the calculations were
lacking. ) ) 509  SPIN polarized and implemented a Dirac scalar relativistic
Noncontact atomic force microscopiNC-AFM)™ correction. The pseudopotential for the titanium atom was
studies of formate adsorption on Ti®Ref. 23 provided one generated in the electron configuratiphr 4s23d2, oxygen
of the first nontrivial interpretations of atomically resolved ;,, [1s%]2s22p?, hydrogen in &%, carbon in[1s%]2s22p?
images. By combining NC-AF_M With scanning tunneling 5nq that for fluorine in[ 1s2]2s22p®, where the square
microscopy, they were able to identify the source of contraspyackets denote the core electron configurations. Various ba-
in images of thoe gslean surface. This prompted an extensivgis set configurations were tested, and a good compromise
NC-AFM study”®—*° of both the acetate and_ trifluoroacetate penween accuracy and efficiency was found using a double
(CF;COOH, referred to as 3F-acetatlsorption on the sur-  zeta with polarization for Ti, H, C, and F, and using a triple
face. This remains the only fully systematic study of adsorpyeta with polarization for O. All relevant properties of the
tion in atomically resolved NC-AFM and is also an impor- systems calculated were converged with respestpoints,

tant general study of imaging organic layers with thismesh cutoff, and orbital cutoffé.e., energy shiff).
emerging technique. As such, it is crucial that the mechanism

of imaging is understood in detail.
In this work, we use first-principles calculations to study !!l. ISOLATED MOLECULES AND SURFACE

the mechanisms of the acetate and 3F-acetate adsorption on aq 5 check for the method and to see how the properties

the TiG,(110) surface and consider the implications for un-change during adsorption, initial calculations were made on
derstanding the results of the NC-AFM experiments.j,e jsolated molecules. The calculated and experimental
Throughout the text, we will refer, in general, to the COMMONyoherties of the two molecules are given in Table | and
shown in Fig. 1a), and generally, the agreement is excellent.
3Electronic mail: asf@fyslab.hut.fi Only for the 3F-acetate molecule do we see any significant
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TABLE |. Comparison of the molecular properties calculated in this work
and experimentRef. 40. Bond lengths are in angstroms, bond angles are in (a)
degrees, and dipoles are in debye. Bonds and angles refer to the labels give

in Fig. 1.

Acetate 3F-acetate
Molecule
property Theory Expt. Theory Expt.
c-C 1.524 1.520 1.566 1.546
Cc-0, 1.229 1.214 1.220 1.192
C-q, 1.377 1.364 1.35 1.35 FIG. 2. Structure of #a) molecularly adsorbed 0.5 ML coverage of acetate
C-X, 112 110 1371 1.325 and a(b) dissociatively adsorbed 0.5 ML coverage of 3F-acetate.
C-X%, 1.12 1.373
C—X3 1.12 e 1.356
(Zlécoa 122-392 ot 1(2’532 v meV. We found that this gives surface relaxations in reason-
/cca, 1112 1106 110.3 111 able a}greement with the previoab initio calculation$! and
£.CCX, 111.4 114.0 109.5 experlment§.To check the dependence of our results on the
£ CCX, 108.1 107.7 slab thickness, we also calculated thiEx1x6) and (1
£CCXs 109.3 109.6 X1X7) slabs, and found that the surface relaxations have
Dipole 1.66 170 221 2.28 converged to less than 0.01 rfand much better than this in

most cases This agrees with the previous studies of JiO
surface slab thicknes§:*

deviations from the experiment—the C—F bond lengths and
some of the bond angles are only within about 4% of thdV- ADSORPTION
experiment. Although this is likely to be better than the ex-  As stated previously, the simplest carboxylic acid, for-
perimental error, to study this in more detail, we also considmate, has been shown both theoreticdlfy and
ered the behavior of the molecules at a finite temperature. Wexperimentall§??to adsorb dissociatively on tH@10) sur-
performed constant temperature molecular-dynaniié®)  face of TiO,. At high coverages, the formate formspé2
simulations at 300 K USing a Noghermostat with a time Xl) structure Corresponding to 0.5 N[Le_, one molecule
step of 2 fs. Both molecules were run for 2.5 ps to equilibratqger two titaniums in the surfagewith the two oxygens
the system, followed by a run of 4.0 ps during which the dateyonded to the surface titaniums and the proton bonding to
was collected. This demonstrated that the C—F bonds Shome br|dg|ng oxygen sites. One would expect acetate to bhe-
much larger displacements at a finite temperature, with variahave in a similar fashion, and experiments studying the ori-
tions of up to 0.2 A compared to 0.05 A for the C—H bonds, entation of acetate molecules on the surf&@&indicate that
which may play some role in the difference between theit adsorbs with the C—C bond perpendicular to the surface, as
experimental and theoretical values for the C—F bondor the formate. However, it is not immediately evident that
lengths. The mean bond lengths over the MD (Ghi—1.12  the much less-acidic 3F-acetate should also adsorb dissocia-
A, CF—1.37 A were the same for all C-X, showing that tjvely. Hence, for both acids, we have considered dissocia-
any asymmetry seen in Table | is a result of the zerotjve and molecular adsorption at different coverag@sThe
temperature, static approximation used. Finally, we note thaholecular adsorption results in eitheg, @lenoted molecular
the calculated net dipole for both molecules is in very goodone, M) or O, (M2) [see Fig. 18)] bonding to an in-plane
agreement with the experiments. Ti, with the C—X; group oriented toward the bridging oxy-
The (110 surface is characterized by bridging oxygen gen site. This geometry is shown in Fig. 2 for 0.5 ML of
rows protruding from the surface and in-plane titaniisee  acetate M1, but the results for 3F-acetate are qualitatively
Fig. 1(b)]. Initial calculations for the surface its&lfwere  similar, and the M2 can be considered as just a 180° rotation
performed on a 36-atom cdl{1xX1x3) in terms of the six-  ground the C=C bond.
atom surface unit cdllusing 12k-points (4X4x1 k-point In principle, dissociative adsorption can occur in several
mesh, a mesh cutoff of 126 Ry, and an energy shift of 15possible configurations. However, it has been shown previ-
ously for the formaté that saturating both carboxylate oxy-
gens with bonds to the surface Ti ions is clearly favorable
due to the symmetry of the bonding configuration. The pro-
ton bonds to the bridging oxygens, and the G-gfoup is
slightly tilted toward the OH specigsee Fig. 2b)]. Since
the carboxylate group effectively occupies two Ti ions, we
can consider only 0.5 ML coverage for this configuration.
The properties of the adsorbed layers are summarized in
Table II. Here, we see that for both acetate and 3F-acetate,
dissociative adsorption is overwhelmingly favored. The
binding energy in both cases is about 2 eV, compared to less
FIG. 1. Structure ofa) an isolated acetate molecule afi the Tio,(110)  than 0.8 eV for the molecular configurations. This agrees
surface. with the experimental predictions on acet#té’ because
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TABLE II. Comparison of adsorption properties for different coverages andand the surface electrostatic potential. Hence, Sasahara
adsorption mechanisms—coveragebinding energyEg, and dipole per- et al30 speculated that the difference in contrast over the

pendicular to the surfacghe x andy dipole components are always zgro . . . .
For the systenD, , we increased the surface size and number of adsorbecmOIeCUIes is due to the difference in the dipole moment of

molecules by four. The mixed system consists of three 3F-acetate moleculdfie two species.

and a single acetate molecule adsorbed in a mixed layer on the surface. In order to study this, we calculated a mixed monolayer
on TiO, with three 3F-acetate molecules and one acetate
molecule dissociatively adsorbed on the surfétbe ratio of
Acetate M1 0.50 0.48 —0.90 3F-acetate to acetate in the experiments was roughly

System 6 (ML) Eg (eV) Dipole (D)

Acetate M1 1.00 0.37 ~1.60 3.6:1.0. The adsorption geometries do not change qualita-
Acetate M2 0-50 0.73 2.80 tively from that of the uniform layers, and the two molecules
Acetate M2 1.00 0.32 4.30 yro AYErs,

AcetateD 0.50 1.92 215 are within 0.1 A of each other in height. Table Il shows that
AcetateD 0.50 7.81 8.60 the binding energy of the mixed layer corresponds well with
3F-acetate M1 0.50 0.18 —-1.32 the binding energy of the three 3F-acetates and a single
gllz-ace:aze m; (1)-28 *2-8%2 *3-12933 acetate molecule. The overall dipole of the mixed layer is
3F:22:t:tz M2 1.00 _o31 3.10 —0.37 D(see Table l—if we take three times the 3F-acetate
3F-acetatd 0.50 1.92 _0.78 dipole (3X —0.78 D) and add the acetate dipg2.15 D), we
Mixed D 0.50 7.91 -0.37 get—0.19 D in fair agreement. Hence, it is reasonable to just

take the dipoles from the uniform layers, and we see very
clearly that acetate has a dipole three times lafged in the

thi . tion is th | that Its | C—C b pposite directionto that of 3F-acetate. This indicates that
IS configuration 1S the only oneé that resufts in a =% bongy,q dipole moment, and hence, the electrostatic potential of

perpendicular to the surface. The interaction between MOhe molecules is dominant in the imaging mechanism
lecular species is clearly stronger for 3F-acetate, so that at The difference in moment can be understood by C(.)mpar-

high coverage, the molecular configurations have a largg, yhe pmulliken charges on atoms in the molecules. The
negative binding energy. For acetate, the coverage effects A v hond in acetate is actually more ionic (47— H~ 019

much smaller and only drops by 0.1 eV'in the M1 con- 5 iy 3F.acetate (C15-F 09 resulting in a larger mo-
figuration and 0.4 eV in the M2, as the coverage is increase ent. This agrees with the experimental difference in bond
As a final check on the dissociative configuration andenthalpy with a more covalent C—F bond 2.2 eV stronger
any symmetry effects, we increased the size of the acetajg, 5 ¢_H pond? Ostensibly, the dipoles for the isolated
system by four, i.e., the coverage is the same, but we r‘O\{ynolecules(see Table)lseem to contradict this picture. How-

h;we fotl;r golecglﬁls zdsolrbgd on a Iarlgerz'l;wb. 'tliabt:e ]!I ever, considering only the moment in the direction along the
shows thakg and the dipol€ increase almost exaclly by 10ur, ., 40¢1e, which is perpendicular to the surface after adsorp-

and we found no significant change in the adsorption geomg o (along C—G, we find 0.86 D for acetate and1.67 D
etry. for 3F-acetate, and we see that the explanation is consistent.

V. NC-AFM IMAGING VI. DISCUSSION

The most direct experimental study of the properties of  We have shown that both acetic acid and trifluoroacetic
these adsorbates on Ti@G the NC-AFM images mentioned acid, similarly to formic acid, adsorb dissociatively on the
previously?>2°=%5|n the NC-AFM, the experiment is effec- TiO,(110) surface. The carboxylate ion adsorbs with its two
tively measuring the force between the tip and the surfacexygens bonding to titanium ions in the surface, with the
during scanning, so the brightest contrast in an image iderproton bonding to the bridging oxygen ions. The magnitude
tifies the area of the strongest attractive tip-surface forceof difference between the binding energies for molecular and
However, identifying the source of contrast remains difficultdissociative configurations is so large that we can be confi-
due to the unknown nature of the tip and the fact that thalent that it is beyond any inherent errors of the method. We
images are not necessarily a map of the physical topographslso see that hydrogen bonding between O and OH for dis-
of the surfaceé® This was clearly demonstrated in the NC- sociative configurations and H and O for molecular configu-
AFM images of a mixed monolayer of acetate andrations plays a role in the adsorption geometries—resulting
3F-acetaté’® The experiments assumed a dissociative adin a tilting of the adsorbed molecules. One aspect absent
sorption for both acids, and further, because the moleculeom this study is the barriers for dissociation—although we
are of similar size, the adsorbed molecules would be equivasee that dissociative adsorption is energetically favored in the
lent in height. Hence, one might naively expect that thestatic approximation, we cannot easily estimate the barrier.
mixed layer would appear the same as the images of a unHowever, for acetate, experiments at room temperature ob-
form acetate layer’ This was not the case, as the imagesserve a near perpendicular C—C bond, and our results show
effectively contained two magnitudes of bright contrastthat this can only result from dissociative adsorption. Hence,
spots, the brightest matching the dose of acetate and the lesss likely that the barrier is small enough to be easily over-
bright matching the dose of 3F-acetate. Previous studies afome at room temperature.

NC-AFM imaging®® have demonstrated that, in the absence  Our results seem to support the experimental
of strong covalent bonds between the tip and the surface, thaterpretatiof® of the NC-AFM studies of acetate and 3F-
force is strongly dependent on the interaction between the tipcetate adsorption on the Ti(110) surface. The increased
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