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Abstract

We have used plane wave density functional theory (DFT) to determine the structure and relative binding energies of ethoxy, mono-, di-, and
tri-fluoroethoxy adsorbed on Cu(1 1 1). The FCC site is found to be the most stable binding site for all four adsorbed species. The orientations
of ethoxy and tri-fluoroethoxy on the surface are found to be in good agreement with quantitative predictions based on previous FT-IRAS
experiments. The orientations of mono- and di-fluoroethoxy on Cu(11 1) are also presented.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction with respect to the surface nornjd]. Camplin and McCash
examined ethoxy on Cu(1 0 0) using RAIRS and were able to
Understanding the characteristics of transition states for rule out several possible surface structures but not definitively
surface catalyzed reactions is one of the fundamental issues talescribe the geometry of the adsorbed spdbieStreet and
be tackled in developing general concepts that account for theGellman used FT-IRAS to probe the orientation of ethoxy
sensitivity (or insensitivity) of such reactions to surface struc- and 2,2,2-trifluoroethoxy on Cu(11 1§,7], providing pre-
ture and compositiofi]. The study of sets of reactive species cise measurements of the angle between th€ @nd G-O
in which a non-reactive portion of the molecule is systemati- bonds and the surface normal. They showed that the planes
cally varied has provided one useful avenue to experimental of both ethoxy species are tilted with respect to the surface
investigation of the characteristics of surface transition statesand that the €C bonds are tilted slightly away from parallel
[2]. One class of reaction that has been studied by use of thes¢o the surface.
substituent effects is tH&-hydride elimination of fluorinated Several theoretical studies have also probed the geometry
alkoxy groups on metal surfac€®]. B-hydride elimination of alkoxy species on surfaces. Anderson and Uvdal recently
is the dominant reaction path for a broad range of alkoxy and used density functional theory (DFT) calculations using
alkyl groups on metal surfac¢3)]. cluster approximations to examine methoxy and ethoxy
A prerequisite for achieving a detailed understanding of adsorption on Cu(1 0 @8]. Both species were found to favor
the kinetics of any surface catalyzed process is a descriptionthe four-fold hollow sites on the surface as binding sites.
of the geometry of the reactive species. A number of experi- The binding of methoxy on Cu(11 1) has been studied using
mental studies have examined the geometries of ethoxy anccluster-based DFT calculations by Gomes and Goffigs
its fluorinated derivatives on Cu surfaces. Crapper et al. usedand plane-wave DFT by Greeley and MavrikaKif]. Both
NEXAFS to examine ethoxy on Cu(110) and showed that studies indicate that methoxy binds in the three-fold sites on
that the G-O bond angle in this species is tilted at-835° Cu(111).Inadditiontothe geometry of the adsorbed species,
Greeley and Mavrikakis used DFT to estimate the activation
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has been examined by Natal Santiago and Dumesic, whosurface relaxation on the geometry and energy of adsorbed

used DFT to describe the adsorption on ethoxy and 2,2,2-ethoxy is discussed below.

trifluoroethoxy on silica[11]. The geometry of these two To characterize the relative energies of the adsorbed

adsorbed alkoxy species was found to be very similar. species on the surface, we computed the energy chaiige,
None of the theoretical studies mentioned above have associated with the overall reaction:

examined the same species that have been used in the

experiments of Gellman et al. to probe substituent effects on CHsCH20H(g) + RCHO(a)

the B-hydride elimination of fluorinated alkoxy groups on — CH3CH20(a)+ RCH,OH(g) (1)

Cu surfacedq1,12,13] As an initial step towards a unified

experimental and theoretical description of these reactions,for R=CFtp, CRH, and Ck. This energy change has

we describe in this paper a series of plane wave densityPeen measured experimentally for R = GF&hd Ck to be

functional theory calculations that examine the geometry AE=0.03 and 0.09 eV, respectively. To compare the relative

of adsorbed ethoxy, mono-, di- and tri-fluoroethoxy on binding energiesty, of a single species at different adsorp-

Cu(111). In Sectio@, we describe our calculation methods. tion sites on the surface, we used the energy difference be-

In Section3, we discuss the geometries and energies of the tWeen the ethoxide adsorbed on the surface and the same

relevant surface structures of ethoxy and tri-fluoroethoxy €thoxide in the gas phase. That is, we computed:

on Cu(111) and compare these results with the available

experimental data. Our results indicate that the FCC site

is the most favorable binding site, and provide a detailed where the three terms on the right hand side of this expression

description of the structure of adsorbed species. Our DFT are the total energy of the supercell containing that molecule

calculation results are in good agreement with the available adsorbed on the surface, the energy of ethoxide in the gas

data from FT-IRAS experimen{44]. The surface structures phase, and the energy of the bare surface, respectively.

of mono- and di-fluoroethoxy, for which geometric informa-

tion is not available from experimental data, are presented

Ep = Eadsorbat;eCu(l 11)— [Eadsorbate+ ECu(l 1 li, (2)

in Sectiond. Section5 summarizes our findings. 3. Ethoxy and trifluoroethoxy adsorption on
Cu(111)
2. Computational methods We first used DFT to calculate the geometry of ethanol in

the gas phase, using the same size supercell as our subsequent

We performed plane wave density functional theory calcu- surface adsorption calculations. The staggered conformer
lations using the Vienna ab initio Simulation Package (VASP) was found to be more stable than the eclipsed conformer.
[15,16]with the ultrasoft pseudo-potentials available in this The resulting geometry is summarized and compared with
packagdg17,18] We present below results from calculations experimental data ifiable 1 As should be expected, the cal-
with the generalized gradient approximation (GGA) using the culated results are in good agreement with the experimental
Perdew-Wang 9[19,20]functional. A plane wave expansion data. After removing the H atom of the hydroxyl group, this
with a cutoff of 29.2 Ry was used in studying ethanol and structure was used as an initial approximation for adsorbed
ethoxy, while a cutoff of 31.3 Ry was used to examine flu- ethoxy. To explore the possible adsorption geometries of
orinated species. Total energy calculations were done usingethoxy on Cu(111), initial configurations were created
the residual minimization method for electronic relaxation, with the O atom above a high symmetry surface site. For
accelerated using Methfessel Paxton Fermi-level smearingeach such surface site, configurations were examined with
with a width of 0.2 eV. Geometries were relaxed using the the O-C bond initially oriented along several directions
conjugate gradient algorithm until the forces on all uncon- relative to the surface normal with these directions chosen
strained atoms were less than 0.03 eV/A. The results belowin a manner to span the full range of possible orientation
are from calculations with a % 5x 1 k-point mesh. The
Cu(111) surface was represented by a slab five layers thickTable 1
and avacuum spacing of 233 All calculations placed asin- DFT and experimental data for the geometry of gas phase ethanol

gle adsorbed molecule in @33 unit cell. Dipole corrections  Distance or angle DFT Experimefa6]
were applied to determine the total energy of the final struc- go—n) 0.97 097
tures determined in our geometry optimizations, although d(0—C,) 1.44 143
this correction made only negligible contributions to the total d(C:—Cz) 150 151
energy. d(C1—H) 1.09 110
. , : d(Co—H) 1.09 109
All calculations used supercells defined using tohe DFT- 8(H—0—Cy) 108 105
GGA optimized lattice constant for Cu, which is o3,6,4in 0(0—C1—Cy) 109 108
good agreement with the experiment value of 3%6R1]. 6(H—C1—H) 108 N/A
All the results reported below are from calculations in which #(H—C2—H) 109 N/A

the surface atoms were held fixed. The impact of including Distances are i% and angles are in degrees.
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Table 2 is aligned approximately from the three-fold site towards a
Calculated geometry of ethoxy adsorbed on Cu(1 1 1) in surface fcc and hcp bridge site.

sites, with binding energy in eV, angles in degrees, and distandes in Table 2also summarizes the geometry of ethoxy bound

fec site hep site to the fcc and hcp three-fold sites. The molecule favors an
Binding energy -191 -1.85 antiplanar conformer. When minimizing the energy of the
(C—O-normal) 1k:1 13+4 adsorbed molecule from several different initial structures,
ggg:(é—ur;ormal) 27%'[25 7290i21 our calculations yielded a small range of bond angles rela-
d(0—C1) 1.44 1.44 tive to the surface normal. The uncertainties givemable 2
d(C1—Cy) 1.51 151 represent the full range of observed angles. The uncertainties
d(C:i—H) 110 110 calculated in a similar way for the other bond angles (bond
d(Co—H) 1.09 1.09 lengths) inTable 2were smaller than1(0.01A). It can be
ggg:gi:ﬁi) i(l)g 183 seen fromTable 2that the geometry of ethoxy is very sim-
6(H—Co—H) 108 108 ilar for the fcc site and hcp sites. Our results for the angle

d(O—Cu) is the distance between the O atom and the nearest Cu atom in the_b(':'tvv(:"en the surface _normal and the@and G-C bonds are
surfaced(C—H) is the average value of the relevart8 bond lengths, and in good agreement with the FT-IRAS data of Street and Gell-
6(H—C,—H) is the average value of the angles betwegrad H. man[7]. These angles are illustratedkig. 2. With ethoxy

in the fcc site, the inclination of the-® bond to the surface

angles for this bond. Each configuration was then optimized hormal is found to be 1% 1° in our calculation, compared
using energy minimization as described in Seciowhich 10 17+2° in experiment. For the €C bond, the DFT pre-
allowed all degrees of freedom in the adsorbate to vary. This diction is 72+ 5° and the experimental result is #12°. The
procedure was used to separately examine adsorption ofc~C—O bond angle in the adsorbed molecule is’] lhile
ethoxy in three-fold, bridge, and on-top sites. in gas phase ethanol itis 109 _ _

Our calculations indicate that the three-fold sites are the Ve used the structure of ethoxy bounded in an fcc site as
stable binding sites for ethoxy on Cu(111). On-top and & means .to probe the effect of _surface relaxation in our re-
bridge sites are not stable minima for ethoxy adsorption; Sults. Taking the structure described above as a starting point,
configurations that began at on-top or bridge sites ultimately €N€rgy minimization was performed while allowing the top
converged to geometries with the O atom in a three-fold site. two layers of the five layer Cu slab to relax. After this mini-
The fact that ethoxy binds in a site that maximizes the coor- Mization, the binding energy of ethoxy increased by 0.09 eV,
dination between the chemisorbed O atom and the surface i¢he angle of the €0 bond relative to the surface normal
consistent with previous DFT calculations of methoxy bind- ¢hanged from 11to &, and the GC angle with the surface
ingon Cu(1 1 1) and Cu(1 0 (8—10]and ethoxy on Cu(1 0 0) normal changed from 720 77. This calculation suggests
[8,22]. The energy of ethoxy (as defined using B)) in the that changes in these bond angles due to surface relaxation
three-fold fcc and hep sites as determined in our calculations@re Within the range of values observed in our calculations

This energy difference, 0.06 eV, is very similar to the energy Pelow are from calculations in which the Cu surface was held

difference computed by Greeley and Mavrikakis for the dif- 1gid- _ o .
ference in the binding of methoxy in the fcc and hep sites ~ Calculations similar to those described above were used to

on this surfacd10]. Two views of ethoxy bound in the fa-  explore the geometry of 2,2,2-trifluoroethoxy on Cu(111).
vored fcc site on Cu(1 1 1) are shownfiiy. 1 It canbe seen  Theinitial structure of the gas phase molecule was generated
from this figure thatin the plane of the surface, the@bond by replacing the H atoms in the Ghgroup in ethanol with

ANAAA, AY
e

Fig. 1. The optimal geometry of adsorbed ethoxy molecule insagpunit cell on Cu(1 1 1), top and side views.



80 X. Li et al. / Journal of Molecular Catalysis A: Chemical 228 (2005) 77-82

Table 3
The same a%able 2 but for trifluoroethoxy adsorbed on Cu(111)
FCC site HCP site
Binding energy —-1.92 —1.83
6(C—0O-normal) 20+ 3 23+2
6(C—C-normal) 58+ 1 57+1
d(O—Cu) 2.01 2.01
d(0—Cy) 141 141
d(C1—Cy) 1.52 151
d(C1—H) 1.10 1.10
d(Co—F) 1.36 1.36
0(0—C1—C») 114 113
0(H—C1—H) 109 108
O(F—Cy—F) 107 107

. o . . Fig. 3. Similar to the top view irFig. 1, but for 2,2,2-trifluoroethoxy ad-
F atoms with G-F bonds 1.3%\ in length. As with ethoxy, Sogrbed on Cu(111). P ’ Y

only the three-fold adsorption sites were found to be stable

minima for the chemisorbed 2,2,2-trifluoroethoxy. The calcu- larger than the angle of 10®bserved in gas phase 2,2,2-
lated energies and geometries of 2,2,2-trifluoroethoxy in the trifluoroethanol.

fcc and hep sites of Cu(1 1 1) are summarizedable 3 The

calculated energy difference between the favored fcc site and ) )

the hcp site is found to be slightly greater for the fluorinated 4- Mono- and di-fluoroethoxy adsorption on Cu(111)
species than for ethoxy. The energy difference defined by Eq.
(1) for the relative energy of ethoxy and 2,2,2-trifluoroethoxy
on the surface was calculated to A&=0.06 eV, in good
agreement with the experimental result of 0.09&¥].

The optimal geometry of 2,2,2-trifluoroethoxy on
Cu(111) is shown irFig. 3 As with the non-fluorinated
species, the ©€C bond points approximately along the di- ; : .
rgction from the surfacep three—f(F))II()j site to a gridgegsite in the we flrs_t exammeql 2-monoflucroethanol in the gas phase,
plane of the surface. The computed geometries are in goodby removing one H in the Ckigroup of the ethanol geom-

agreement with FT-IRAS experimertd. The calculations etry described above ando replacing it with an F atof“ with
give the angles of the-@ and G-C bonds relative to the a G-F bond length of 1.38. Exploring the conformations
surface normal of 28 3° and 58+ 1°, respectively, while available to this molecule showed that there is an energy bar-

the experimental results are 307° and 50+ 5° [7]. The rier of ~0.27 eV to ro_tate the CRHgroup from the staggered
calculations and experiments both indicate that fluorination conformer to the eclipsed conformer. The gauche conforma-

causes the Q0 (C-C) bond to be slightly more (less) tilted El)lon ?(ftrzl—mon?ﬂuorct).ethanol VIV&S found ttotpe thftrTOSthl_t'a'
away from the surface normal than in ethoxy. TheGzO & of the conformations available via rotation of the G

lei 2 2 2_trifl thoxv i hl group, a conclusion consistent With pre\(ious studies of this
bondangle in adsorbed 2,2,2-trifluoroethoxy is 1 Eightly molecule[23—-25] The gauche configuration was used as an

In order to provide a complete description of the influ-
ence of fluorination on the geometry of adsorbed ethox-
ides on Cu(111), we extended our calculations to 2-
monofluoroethoxy and 2,2-difluoroethoxy. In these calcula-
tions, we only considered adsorption in the fcc site on the
surface.

initial structure for the adsorbed species.
o The energy and geometry of the optimized structure of
I & 2-monofluoroethoxy in the fcc site on Cu(1 11) are summa-
o LB/L"C ‘ rized in Table 4 The relative energies associated with Eq.
\ [ (1) give AE=0.01 eV when comparing 2-monofluoroethoxy

with ethoxy. This is in excellent agreement with the exper-
N imental value of 0.03 eVY12]. The orientation of the fluori-
O nated species is very similar to that of ethoxy, with thedC
and G-C bonds tilted relative to the surface normal by ap-
proximately 10 and 70, respectively. To determine the ori-
entation of the €F bond relative to the surface, we optimized
Surface Normal several initial configurations with varying-& bond orien-
I tations. The preferred orientation is shown schematically in
- Fig. 4. We find that the €F bond is oriented essentially par-
allel to the surface, forming an angle of 213° with the
Fig. 2. A schematic view of the orientations of ethoxy on Cu(1 B(GO) surface normal. This is consistent Wlth_ the pre_dlctlon from
is the angle between the-€C bond axis and the surface normal, wiHEC) FT-IRAS by Street and Gellman that this bond is parallel to
is the angle between they€C, bond axis and the surface normal. the surfacg7].
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Table 4 that the two F atoms in the terminal group of the adsorbate
Structural and energetic properties of mono- and di-fluoroethoxy adsorbed point down towards the surface. Similar to ethoxy and 2,2,2-
inaCu(t11) FCC site triflouroethoxy, the GC—O bond angle in the mono- and di-

Mono-fluoroethoxy Di-fluoroethoxy  flourinated species on their surface are several degrees larger
Eo —1.99 —1.99 than in the gas phase alcohols.
0(C1—0O-normal) 9.0 2 14.0+2
6(C1—Cz-normal) 6%H-3 60+ 1
6(Cz—F-normal) 913 - 5. Discussion
d(0—Cu) 2.02 2.02
d(0—Cy) 1.43 141 We have used DFT to assess the structure and relative
d(C1—Cy) 1.50 1.51 . .
d(Cr—H) 110 110 stability of ethoxy and several fluoroethoxides adsorbed on
d(Co—H) 1.10 1.10 Cu(111). The fcc site is found to be the most stable site for
d(C,—F) 1.41 1.39 these species. This result is consistent with the binding site
6(0—C1—Cy) 113 114 that has been observed for methoxy and ethoxy on Cu(100)
zEEZgZE; 1(1)3 i08 and Cu(111) in previous theoretical studj&6,22,26] The
Q(H_Cj_,:) 107 108 adsorbate geometries are in good agreement with the data
0(F—Co—F) _ 106 available from FT-IRAS experiments by Street and Gellman
The notation is similar tdables 2 and 3 [6,7]. Our results imply that CAHHCH2O(aq) has an orien-
tation closer to that of GFCHO(aq) than CHCH>O(aq),
| H while CFHCH;0(,q) has an orientation closer to that of
CH3CH;0(aq). Our results are consistent with the experi-
mental conclusion that the binding energies of the fluorinated
F . . o
ethoxy species that we have examined are very siffil2c
The similarities in binding energy and adsorption geometry
_ E in the adsorbates, we have studied and provide strong support
| Surface Normal for the idea that observing the overall reaction kinetics asso-
[ | ciated with this set of adsorbates can be used to consistently

_ o study substituent effects associated with the elemergary
Fig. 4. Schematic view of the geometry of 2-fluoroethoxy on Cu(111). hydride elimination reaction available to these species.

Similar methods were used to examine the adsorption of ~ The results of this work have a number of implications
2,2-difluoroethoxy in the fcc site on Cu(111). The relative for prior investigations of the structure and reactivity of
energies of 2,2-difluoroethoxy and ethoxy defined by(®y.  ethoxy groups on metal surfaces. The aforementioned ex-
were found to b\ E=0.02 eV. This value is intermediate be- Perimental determination of the structures of ethoxy and
tween the relative energies described above for the mono- and?.2,2-trifluoroethoxy on the Cu(111) surface made use of
tri-fluorinated species. No experimental data for the binding infrared absorption intensities measured using single reflec-
energy of 2,2-difluoroethoxy on Cu(1 1 1) are available. The tionatglancing incidence. The absorption intensity of a given
geometry can be described as intermediate between that obvibrational mode is given by:
served for ethoxy and 2,2,2-trifluoroethoxy. The@(C-C) e
bond angle of 2,2-difluoroethoxy was found to be tilted by & () 3)
14+ 2° (60+ 1°) relative to the surface normal compared
to 114+ 1° (72+5°) and 20+ 3° (584 1°) for ethoxy and
2,2,2-trifluoroethoxy, respectively. It can be seen fiieign 5

wherern is the surface normal and is the dynamic dipole
moment of the absorbing species. The structure determina-
tion was made by measuring the relative absorption intensi-
ties of several pairs ofch, vep, andvcg modes in a set of
partially deuterated ethoxy groups and 2,2,2-trifluoroethoxy
groups. Doing so required that the relative magnitudes of the
dynamic dipole moments;i|, be known and that their rel-
ative orientations within the framework of the molecules be
known. One assumption made in that work was that the rel-
ative magnitudes of the dipole moments could be obtained
from infrared absorption measurements of the alcohols in the
gas phase where the dipoles are randomly oriented. This was
a reasonable assumption given that none of thid @D or

C—F bonds were directly involved in bonding to the surface.
The second assumption was that the relative orientations of
Fig. 5. Similar to the top view ifig. 1, but for 2,2-difluoroethoxy adsorbed the dipole moments within the molecular framework could
on Cu(111). be deduced from their symmetry. For example, the dynamic
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