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Abstract: The self-organized (2\/5 X 2\/5) coadsorbed phases of CgHs with O and with CO are
investigated within first-principles density functional theory. The main driving force for formation of the CsHe/
20 phase is found to be the reduction of O adatom repulsive interactions, while for the CsHe/2CO phase
it is the interspecies attractive interactions and benzene—benzene repulsive interactions which are most
important.

I. Introduction to the surface, it exhibits only relatively small energy differences
between different possible sites and orientations, leading to a
tendency toward the formation of disordered overlayers. Only
on a few substrates, such as{MN1} and R§000%L, will an
ordered monolayer be formed. Intriguingly, however, it has been
reported that long-range ordered structures of benzene are more

Self-organizing systems are the focus of much current
attention, in light of their significance for possible nanotech-
nological applications. The painstaking assemblage of functional
units to achieve a complex purpose seldom represents a viable
mode of nanomanufacture, so the concept of diverse molecular
components which will automatically find their correct place readily formed under the infuence of small amounts of
in a device is clearly an appealing proposition. In fact, the coadsorbateg such as O or C_:O' ]
spontaneous emergence of order in molecular systems is a Coadsorption of benzene with O on{NL1} leads to a well-
phenomenon frequently observed in surface science, whereordered (2/3 x 2v/3)R80° structure. Angle-resolved ultravio-
overlayers of a single molecular species often adopt orderedlet photoemission spectroscopy (ARUPS) suggests that the
structures commensurate with an underlying metallic substrate.molecule is adsorbed with its H atoms pointing along tHet]2
One would not 0rd|nar||y consider such Systems to be self- directions of the Substrﬁéhereaﬂer Slmply referred to as the
organized, however, as an ordered array of identical components[211] orientation”, as opposed to the alternative 10}
is essentially trivial from a nanotechnological standpoint. orientation”). Furthermore a low-energy electron diffraction

Coadsorption of multiple species, on the other hand, opens a(LEED) study has shown that both the benzene molecule and
door to a range of possibilities: the species may mix intimately the O adatoms occupy tHec hollow sites of the substrate,
in a disordered fashion, segregate to form single-species islandg!though a [10] orientation was favored in contradiction to the
or indeed react to produce entirely different species on the ARUPS work. Coadsorption of benzene with CO o Nil}
surface. In a small number of cases, however, the coadsorbecsimilarly leads to a well-ordered {23 x 2v/3)R30° structure,
species can self-organize, adopting a structure which is bothWith ARUPS again indicating flat-lying benzene in thel 12
intimately mixed and well-ordered. While it remains far from orientatior®4 A recent LEED study® revealed that both
clear to what extent these structures may be exploited, it is molecules were adsorbed on thep hollow sites, in contrast
certain that a first step toward useful devices must be to gain to the case of O coadsorption, and also favored tHel][2
an understanding of the driving forces which dictate the tendency orientation.
toward self-organization. We believe that density functional  In both cases, some interaction between the benzene and its
theory (DFT), together with crystallographic measurements, can coadsorbates may be expected to influence the formation of the
fruitfully be employed to address this issue. To that end, we ordered monolayer. It should be noted that the same coverage
report here on calculations aimed at an understanding of two of benzeneavithoutcoadsorbates is characterized by disordered
related systems, in which benzene is coadsorbed with either Ooccupation of the bridge sitésThe aim of the present work is
adatoms or CO molecules to form a self-organized overlayer.

As the prototypical aromatic compound, benzene has attracted (1) Mate, C. M.; Somorjai, G. ASurf. Sci.1985 160, 542.
considerable attention as an adsorbate on transition metal % J2e%%% V- Zebisch, P.; Bomemann, T.; StégleuH.-P.Surf. Sci 1091

surfaces. Most frequently found to adsorb with its ring parallel (3) Titmuss, S. Ph.D. Thesis, UnlverSIty of Cambridge, 1999.
(4) Huber, W Steinrck, H.-P.; Pache, T.; Menzel, [Burf. Sci.1989 217,

) . 103.
T'National Metrology Institute of Japan (NMIJ). (5) Braun, W. Ph.D. Thesis, University of Erlangen, 2003.
* University of Cambridge. (6) Braun, W.; Steirirck, H-P.; Held, G. In preparation.
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to study the (2/§ X 2@)R30° coadsorbed phases of benzene Table 1. Comparison of Two-Phase and Intimately Coadsorbed

with O and with CO on Ni11l} with a view to elucidating é“s";%"’” I,:‘\Anﬁrg'els ('g ev) o (CeHo + 20) Unit, Relative to the
as-rnase Molecular species

these influences through consideration of atomic geometry and :

electronic structure. The technique employed is a first-principles, adsorpion - Cefl (VIxVD) (V3% @3 %23

I . . . site orientation  Ni{111}/CeHs  Ni{111}/O  two-phase coadsorbed
periodic implementation of the density functional theory (DFT) =
f Hohenberg, Kohn, and Shat fee [110] 0.79 2.11 5.01 6.14
0 9 , : foc [211] 0.67 2.11 4.89 6.02
: hcp [110] 0.79 2.02 4.83 5.96
Il. Methodology and Reference Calculations hep 2] 0.73 202 e = g7
The present calculations were performed by means of the CASTEP  bridge [110] 1.57
computer codé? using ultrasoft pseudopotentidlisnd a plane wave bridge (21] 0.91 1.57 4.05
basis set of 340 eV cutoff. Electronic exchange and correlation were a{oP (110] 0.36
atop [21] 0.36

included through the generalized gradient approximation (GGA) in the

PerdeW—Wan.g form (PW91}? and the Brillouin zone of the 62@’ x aThe two-phase adsorption energy is defined as the sum of the adsorption
2V/3)R30° unlt.cell was.sampled via a 2 x 1.Monkhorst—P.ack energies of Ni111}/CeHe-(v/7 x ~/7) [ref 16] and 2x Ni{111/0-(+/3
mesh of k-points. In view of _the ferr_omagnetlsm_ of the {(NiLT} % \/5) [ref 18].
surface, we have performed spin-polarized calculations for the system.
These spin-polarized calculations require the use of a Ni pseudopotentialTable 2. Comparison of Two-Phase and Intimately Coadsorbed
incorporating nonlinear core corrections (NLGEN order correctly Adsorption Energies (in eV) per (CeHe+2CO) Unit, Relative to the

. . Gas-Phase Molecular Species?
to describe the surface magneti¥m.

All convergence-related parameters used in the present work were adsomtion — CiHs  (vV7xv/7)  (v3x+/3) (2v3x2V/3)
fully consistent with those employed for our previous studies of S  orientation Ni{111}/CeHs  Ni{111}/CO  two-phase  coadsorbed
benzené® CO} and G®on Ni{111}. In particular, the validity of the fce [110] 0.79 1.95 4.69 5.47
cutoff energy and mesh density were inferred from test calculations fcc [211] 0.67 1.95 4,57 5.39
on bulk Ni, in which we obtained a lattice constant of 3.55 A, in good ~ hcp [110] 0.79 1.96 4.71 5.61
agreement with the experimental valtief 3.524 A. The G-C and hep [211] 0.73 1.96 4.65 5.55

bridge [10] 1.81

C—H bond lengths of free benzene were calculated as 1.38 and 1.08

A, again in good agreement with the respective experimental Vlues Ztr:)dge {—]ﬂl(l)} 0.91 115891 4.53

of 1.399 and 1.101 A. The-€0 bond length of the free CO molecule atoB [211] 1:59

was also calculated to be 1.14 A, in good agreement with the

experimental valuié of 1.1283 A. aThe two-phase adsorption energy is defined as the sum of the adsorption

The surface calculations themselves were performed for a four-layer energies of Ni111} /CeHg-(+/7 x ~/7) [ref 16] and 2x Ni{111}/CO-(v/3
Ni slab with vacuum region equivalent to nine Ni layers and adsorbates x +/3).
placed on only one side of the slab. The structures of the adsorbates
and of the top two surface layers were relaxed according to the
calculated forces, with the back two layers of the slab held fixed in
their ideal bulk geometry. Localized information embedded in the
electron and spin densities was subsequently extracted from the plan

wave results by means of a tapological technique due to Bfider. + 20) unit, relative to the gas-phase molecular species, falls in the

In view of the large size of this system, we initially guessed the range 4.775.01 eV for hollow site models but is only 4.05 eV for the
possible adsorption sites of the benzene molecule and its coadsorbateﬁll] bridge model. Spin-relaxedtop and [110] bridge models were
by referring to separate calculations of the pure benzene, pure O, and '

. ever calculated in our previous study for t 7) benzene
pure CO adsorbate phases. In the case of benzene coadsorbed with (51 . P ; y Tor hsﬁ( s f)

- ; . Overlayer, as preliminary zero-spin calculations had shown them to be
we referred to our previous calculations of benzene drilNt} in the

. . ) much higher in energy than the hollow models. We do not, therefore,
6
(*/”—715 ;ﬁ)d_un_lt celf ;and of Ofon :(\1{11;} n the (_*/5’ _Xh\/é) unit list two-phase adsorption energies for these cases but nevertheless expect
Cr? f T e |it|rt1)chpre ergnce o O for a sorpttllonfln either limor them to be significantly unfavorable. We conclude from these consid-
F efcc site (the riagean atopsites are unstable for O on fi11}) erations thatitopandbridge models may safely be excluded from our
is expected to drive both components of the coadsorption system toward

: . . S . __-coadsorption studies but that the range of the two-phase adsorption
occupation of hollow sites. Simply combining the calculated adsorption energies for thécc andhcp models is sufficiently narrow that all four

corresponding coadsorption models must be investigated in detail.

energies for the separate systems (Table 1), we arrive at a measure of
the stability of a putative two-phase system in which the two different
species form distinct islands on the surface rather than an intimately
€mixed coadsorbed phase. The resulting adsorption energy ps (C

(7) Schaff, O.; Fernandez, V.; Hofmann, Ph.; Schindler, K.-M.; Theobald, A.;

Fritzsche, V.; Bradshaw, A. M.; Davis, R.; Woodruff, D.Burf. Sci1996 Similarly, we have considered the case of benzene coadsorption with
@® ﬁ(‘%gﬁber b Kohn, Vhys. Re. 1964 136 B864 CO, having first performed a new set of reference calculations for CO
(9) Kohn, W sham L jph)}s_yR'e_ 1065 140, A1133, adsorbed on NiL1Z} in the (/3 x ~/3) unit cell (our earlier work on

(10) CASTEP 4.2, academic version, licensed under the UKCP-MSI agreement, Ni{ 111}/CO having been carried out for the relatively low-coverage

ﬁggﬁﬁgggﬁiog a}”&e'\/’"M%a T;ggglgﬂézp&ﬁlg‘fé D. C; Arias, T. A5 (5 2) overlayet). Once again, théxcp and fcc sites are strongly

(11) Vanderbilt, D.Phys. Re. B 199Q 41, 1990. favored, suggesting that these are the only likely options for occupation

(12) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. j ian i i i H
R.. Singh. D. 3. Fiolhais. (Bhys. Re. B 1992 46, 6671, in the coadsorbed system. Coadsorption ingtop andbridge sites is

(13) Monkhorst, H. J.; Pack, J. [Phys. Re. B 1976 13, 5188. ruled out as before, on the grounds of the combination of separate
(14) Louie, S. G.; Froyen, S.; Cohen, M. Bhys. Re. B 1983 26, 1738. adsorption energies (Table 2). Two-phase adsorption energies for the
(15) éf’snelsir:;’. %nﬂétg?gg?ﬁugg&na\llé\fa{gr'als Scienpeeszczynski, J., Bd: oy site models fall in the range 4.54.71 eV per (GHs + 2CO)

(16) Yamagishi, S.; Jenkins, S. J.; King, D. A.Chem. Phy2001, 114, 5765. unit. The [211] bridge model is not quite so strongly unfavorable as
17 gféﬂﬁzlyn, A. D; Fiorin, V.; Jenkins, S. J.; King, D. Surf. Sci.2003 was the case for O coadsorption, with a two-phase adsorption energy
(18) Yamagishi, S.; Jenkins, S. J.; King, D. 8urf. S¢i.2003 543 12. of 4.53 eV, but we nevertheless excluded it from further study in view

(19) CRC Handbook of Chemistry and Physig3rd ed; Lide, D. R., Ed.; CRC of the fact that the DFT stability of the {4] bridge model for benzene
Press: Boca Raton, FL, 2002. . \/— «/_ .. . .

(20) Bader, R. F. WAtoms in Molecules: A Quantum Thepi@larendon in the (V7 x ~/7) structure is, if anything, overstated relative to the
Press: Oxford, 1990. hollow sitest?

J. AM. CHEM. SOC. = VOL. 126, NO. 35, 2004 10963
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Table 3. Adsorption Energies (in eV per molecule) of CO on
Ni{111} in the (v/3 x +/3) Structure?

adsorption (V3x+/3) (V3x+/3) (2%x2)

site this work [ref 23] [ref 20]
fcc 1.95 1.93 2.02
hcp 1.96 1.94 2.05
bridge 1.81 1.81 1.90
atop 1.59 1.59 1.68

aResults of earlier DFT calculations for the/8 x «/1_3) [ref 23] and
the (2 x 2) [ref 17] phases are listed for comparative purposes.

Table 3 lists energetic data for the pure CO adsorption system, for o’ -]
reference. Note that the adsorption energies of 1.96 and 1.95 eV per 9
molecule, in théncpandfcc sites respectively, are reasonably consistent
with the 1.31 eV integral heat recorded at a 0.25 ML coverage in a
single-crystal adsorption calorimetry (SCAC) experim@rgiven the
general tendency of DFT/PW91 to overbind molecules at metal
surface$? The hcpsite has also been reported as marginally the most
stable in other DFT calculations of CO on{NiL1} in the («/§ X
V/3)2 and the (2x 2)'7 structures also shown in Table 3.

Looking in detail, for a moment, at the most favorahlkgp model
for the pure CO phase, the CO bond length and the height of the C
atom above the surface plane are found to be 1.19 and 1.30 A,
respectively, in good agreement with values of 1.190 and 1.328 A
reported in previous DFT calculatiosThe net electron flow is found
to be 0.44e in the direction from the surface to the molecule. We
define a density difference functiompf(r), to represent the change
in electron density when species “a” is adsorbed on substrate “b”.
That is,

Figure 1. (A) Density difference plot showing electron transfer upon
co_ o adsorption of CO in thdicp sites of N{111} in the (/3 x +/3) phase.
ApNi” = Prirco ~ Pco P 1) Red contours indicate electron density decrease; green contours indicate
electron density increase:(.5 x 1072 A=3). (B) Residual spin density
where the functional dependencemhas been suppressed for clarity;  plot for the same system. Residual majority spip ¢ ps > 2.0 x 1073
onirco, pco, andpni represent the electron densities of CO ofNi1}, A~3) shown in gold; residual minority spimg — ps < —2.0x 1072 A~9)
gas-phase CO, and clean{li 1}, respectively, all calculated with their ~ Shown in silver.
constituent atoms frozen in the optimum geometries adopted upon
adsorption. A plot ofApS° (Figure 1A) reveals that the electron —Same preference exhibited by the pure O phase. The preference
density increases in the region of the CO LUMGrfRand decreases  for the [110] orientation appears to follow that of the pure
in the region of the CO HOMO (§. A plot of the residual spin density ~ benzene phase hollow site mod#ls.
(i.e., po — pp) for the adsorption system demonstrates that the CO  To estimate the interactions between the adsorbates, we also
molecu_le gains a net minority spin (Figgre 1B), which is distributed in  performed separate calculations of (i) benzene with tH®][1
:\rll'?lrigoﬂ g g;‘; '-CL)“\QIO sstfl‘?:r:‘:dpggg;’;']y Loernt;(')tth g(f)fe"sr‘gr?c’\eloaﬁg orientation on thefce site of N{111} and (ii) 20 on thefcc
| Fa VIiously publ Ity di . . L .
residual spin density plots for O on{\i11} '8 are also shown in Figure site of NT{ 111}, both Wlthlr! the same (\Zé x 2\/.§)R300 unit
2 for comparative purposes. cgll as in the coadsorpthn .system .(see Figure 3. for the
disposition of adsorbates within the unit cell). We obtained the
lll. Results and Analysis adsorption energies of these systems as (i) 1.23 eV relative to

A. Benzene Coadsorbed with O on Ni113}. 1. Energetics. ~ 9as-phase benzene and (i) 4.93 eV relative to gas-phase O
Four models for coadsorption have been considered, in which There is thus essentially no net energy of interaction between
O adatoms and benzene molecules occupy elibprsites or the benzene and the oxygen adatoms in the coadsorbed system
fcc sites, with benzene in either the 10] or the [2L1] (the sum of these separate adsorption energies is only 0.02 eV
orientation. Thefcc [110] model was found to be the most larger than the joint adsorption energy of the coadsorption
favorable option, with a joint adsorption energy of 6.14 eV per system). We might therefore ask what the driving force for the
(CeHe + 20) unit, relative to the gas-phase molecular species formation of a mixed benzene/oxygen phase could be, in the
(Table 1). This model is similar to that reported from the absence of an attractive interspecies interaction. The answer may
previous LEED experimeritalthough it should be remembered be found by considering the saturated islands«67 (< ~/7)
that earlier ARUPS experiments had indicated th&1]2 benzene andv(3 x +/3) oxygen phases which constitute the
orientatior? It is interesting to note that the preference for the alternative to intimate coadsorption.
fcc adsorption site over thiecp site seems to be driven by the We take, as our starting point, a surface on which benzene
molecules and O adatoms are deposited at the appropriate

) eSSy, ArSarah N.; Wartnaby, . King, D-AChem. Phys. density to form a perfect coadsorbed overlayer but are arranged

(22) Ge, Q.; Kose, R.; King, D. AAdv. Catal. 2001, 43, 207. instead in separate islands at close to saturation local coverage
23) Eichler, A.Surf. Sci.2003 526, 332. B ; B ;
2243 G'e‘ o Jenlfms’ sl. 7. ging’G‘D_ /hem. Phys. Let200Q 327, 125. (see I_:lgure 4). Igno_nng edge effects, the integral adsorptlon
(25) Jenkins, S. J.; Ge, Q.; King, D. Rhys. Re. B 2001, 64, 012413. energies for these islands may be taken from our previous

10964 J. AM. CHEM. SOC. = VOL. 126, NO. 35, 2004
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(A)

(B)

Figure 2. (A) Density difference plot showing electron transfer upon

adsorption of O in théacpsites of N{111} in the (/3 x +/3) phase. (B) Figure 3. Schematics of the (23 x 2+/3) unit cells of GHg coadsorbed
Residual spin density plop§ — pg) for the same system. Color scheme  with (A) O/CO, (B) GHe, and (C) 20/2CO on NiL11}, respectively.
and isosurface threshold values as defined in Figure 1.

differences between LEED and DFT were found in previous

calculations for benzehgand oxygef® adsorption. Simply  studies of pure benzene on{NiL1} 2626 The second layer also
diluting the saturated bridge-adsorbed7( x +/7) benzene buckles slightly in our calculations, by 0.05 A, and the
islands (in the absence of oxygen) to the/@x 2v/3) density perpendicular distance between the C atoms and the highest-
andfcc site appropriate for the coadsorbed phase (case (i) above)lying Ni atoms is found to be 1.97 A, in good agreement with
produces an increase in adsorption energy of 0.32 eV perthe LEED experiment (1.94 A). The radius of the benzene ring
molecule. Similarly, diluting the saturatedB x \/:_%) oxygen is slightly expanded, with €C bond lengths of 1.41 and 1.43
islands (in the absence of benzene) to /32« 2v/3) structure A, compared to gas-phase values of 1.381 A (thépand 1.399
compatible with the coadsorbed phase (case (i) above) produced? (experiment’). These results are in acceptable agreement with
an increase in adsorption energy of 0.71 eV per 20 adatoms.the LEED experiment, which shows-& bond lengths of 1.42
The reduction of repulsive interactions between neighboring and 1.36 A, bearing in mind that LEED experiments typically
benzene molecules, and particularly between neighboring O show less precision in lateral than vertical geometrical analysis.
adatoms, essentially accounts almost perfectly for the 1.01 eV The H atoms of benzene, which were not included in the LEED
increase in calculated adsorption energy for the coadsorbedstudy, rise up to make angles with the surface plane 0f°16.4
system compared with the sum of the separate adsorptionThe corresponding €H bond lengths are 1.08 A, virtually
energies for pure saturated overlayers. Thus it is the reductionunchanged from the gas-phase results of 1.08 A (tH€oayd
in intraspecies repulsive interactions which is the driving force 1.101 A (experimen#).
for the formation of the intimately coadsorbed phase and not The perpendicular distance between the O atoms and the
any attractive interspecies interactions (Figure 4). The inter- highest-lying Ni atoms was found to be 1.00 A, which is rather
species interactions are actually mildly repulsive at this joint less than the result of the LEED experiment (1.25 and 1.30 A).
coverage but far less so than the intraspecies interactions in theThe two O atoms in each unit cell are found to buckle in the
saturated single-species overlayers. LEED analysis; we have not allowed such buckling to occur,

2. Structural Analysis. The calculated geometry of ttiec for reasons of computational economy, but it is unlikely that
[110] model of benzene coadsorbed with O ofilil} is shown this would entirely account for the discrepancy. There is thus a
in Figure 5. The top Ni layer shows a strong buckling of 0.20 clear disagreement between LEED, which shows the O atoms
A, with those atoms beneath the molecule being raised raised by 0.17 and 0.22 A, relative to €% x +/3) height of
somewhat out of the surface. This buckling is larger than that
reported in the previous LEED experiment (0.043%&)t similar (26) Mittendorfer, F.; Hafner, Burf. Sci.2001, 472, 133.

J. AM. CHEM. SOC. = VOL. 126, NO. 35, 2004 10965
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00 (0.07)

1.00 (1.25-1.30) 1.97 (1.94)

(8]

e 164

45 O benzene
A . L4 (15 (0.02)
. 0.05 (0,023

i/ surface Ni 193] 108

(2.02)

—1.01 eV
w ‘

®

0.05)

2.04(A)

. 2nd layer

o :::a unit cell
Figure 5. Detailed geometry of gH¢/20 coadsorption at thtec site of
Ni{111}. Distances calculated in the present work are given in A units, as
are the results of the previous LEED [ref 3] experiment (in parentheses).

4 i (A)
i 1 i 4

ST SR | - -

ol L

S s s s
d”
L
(273 x 273 ) structure
o : (B)
+ —

(243 % 23 ) structure (V3 %3 ) struciure

Figure 4. Schematic of energy changes upon adsorbate rearrangement for

CeHes and 20 on Ni111}. Marked energy changes are to be understood as
being per GHs, per 20 or per (gHs + 20) unit, as appropriate.

1.08 A, and the DFT result, which shows them lowered by 0.14
A, relative to a ¢/3 x +/3) height of 1.14 A,

3. Electron and Spin Density AnalysisWe commence our
analysis of the electron density by defining a density difference
function for the coadsorbed system as

Ape 20 = p — P — Pro — Pi 2) Figure 6. (A) Density difference plot showing electron transfer upon
N Nif(CeHg+20) Cefs 20 Ni coadsorption of gHs and O in theficc[110] model. (B) Residual spin density
plot (oo — pp) for the same system. Color scheme and isosurface threshold
where pnirceHg+20), PNizo, and priicgHs TEpresent the electron  values as defined in Figure 1.

densities of coadsorbed and separately adsorbed benzen
molecules and O adatoms, with the systems frozen in the
optimum geometries established for the coadsorbed gase;

and pcg, represent gas-phase electron densities for oxygen
atoms and benzene molecules, again frozen in the optimum
coadsorption geometries. Thepe"e"° function thus indi-

cates the total change in electron density which occurs when
both species are deposited onto the clean surface. Plots of thi

function for thefcc[110] and [211] models are shown in Figure

Qdsorbed O atoms show a net majority spin and that the electron
density increases in the 2pnd 2p orbitals and decreases in
the 2p orbitals. On the other hand, the adsorbed benzene gains
a net minority spin and reflects a Kekule-like symmetry in the
fcc [110] model and C 2plike lobes in thefcc [211] model.

To understand the changes in electron density upon co-
adsorption, we define two further density difference functions
s follows:

6A and Figure 7A, respectively. In these figures, the benzene Apﬁiﬁ,';g = PilCH120) ~ PCH, — PNil20 3)

molecules and the O adatoms appear almost the same as in our o o

previous studies of pure benzene o MNil}6 and pure O on Apﬁﬁc He = PNI(CH4+20) ~ P20 ~ PNIICH 4)
6 '6 6 '6 6 '6

Ni{111} .18 Similarly, plots of residual spin density (i.eaq —
pp) are also reminiscent of those for the individual species The Ape and Apﬁf,’cGHe functions thus indicate the
(Figure 6B and Figure 7B). In both models, we note that the changes in electron density which would occur upon adsorption

10966 J. AM. CHEM. SOC. = VOL. 126, NO. 35, 2004
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Figure 7. (A) Density difference plot showing electron transfer upon  Figure 8. Charge density difference plots of (A" (B)
coadsorption of gHg and O in thefcc[211] model. (B) Res!dual spin density ApnilCaHg+20); (C) Apﬁci/)c v and (D)Apﬁ?,gg. Color scheme and isosurface
plot (oo — pp) for the same system. Color scheme and isosurface threshold threshold values as defined in Figure 1.

values as defined in Figure 1.

oo
of each species on a surface already precovered by its co- ¢
adsorbate. In addition, we define a final density difference % ¥ 9 .9
function, ApniceHs+20) Which represents the change in electron ;ﬂ 9 W\‘? @
density occurring when separate islands of adsorbed benzene : Q- Jf ﬁ &"o P
molecules and adsorbed O adatoms are rearranged to form g’J / "_yﬁ "',’o o°
islands of the coadsorbed phase and complementary patches of > & o ° o '0& ©
. & o 2 Q
clean surface: Qa. o .0 ©
A Q o
ApNi/(CGH6+20) = PNil(CHg+20) +on — PniicgHg — PNir20 (5) e *-—-.-.-. “) o
N _ o
Plots of these supplementary density difference functions é’ °

(Figures 8 and 9) reveal that (i) the density difference for O
; ; G Figure 9. Density difference plot of\ piic,Hs+20) (@S Figure 8B, but oblique
f’idsorptl.on m.the presence of .preadsorbed benmp@ce'*e'_ ... view). Color scheme and isosurface Ithreshold values as defined in Figure
is very little different from that in the absence of benzene; (i) ;|
the density difference for benzene adsorption in the presence
of preadsorbed O adatomspyibe, is very little different from in Table 4. The net electron flow is from Ni to the adsorbed
that in the absence of O adatoms; and (|||) the density Changebenzene (O_z@lmolecu|e) and to the O adatoms (OQD)
when well-separateq adsorbed b_en_zene molecqles and Oalthough the electron transfer from Ni to O increases by 0.06
adatoms are brought into close proximityniicgHe+20) IS VEIry e compared to they(3 x +/3) phase, that from Ni to benzene

small in relation to the changes occurring during adsorption. yacreases by 0.18compared to the«ﬁ « ﬁ) phase (in the
To analyze the localized properties of our calculated results, preferredbridge [211] model).

the topological method introduced by Batfehas been em- B. Benzene Coadsorbed with CO on Nil11}. 1. Energet-

ployed. The surfaces of zero normal gradient in the charge ics. Four models for the coadsorption of benzene with CO were

e Do e a0 Conceplal SPPEA cluse conespondng o ocupancyofeandicstes
P 9 9 9 “with [110] and [2.1] orientations for the benzene molecules.

This method has recently proved extremely useful in extracting

|pca|IlZGez(i Z.Lr;flormatl(.)n from pla_ne W.ave surface calcula- (28) Jenkins, S. J.; King, D. Al. Am. Chem. So00Q 122, 10610.

tions %<4 In this way, we investigated atom-resolved (29) Held, G.; Braun, W.; Steifiok, H.-P.; Yamagishi, S.; Jenkins, S. J.; King,
i 1 D. A. Phys. Re. Lett. 2001, 87, 216102.

Charges and magnetlc moments of fbe [110] model shown (30) Yamagishi, S.; Jenkins, S. J.; King, D. A.Chem. Phys2002 117, 819.

(31) Yamagishi, S.; Jenkins, S. J.; King, D. 8hem. Phys. Let2003 367,
(27) Jenkins, S. J.; King, D. AChem. Phys. Let00Q 317, 381. 116.
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Table 4. Atom-Resolved Charges, g, and Magnetic Moments, x, frequency of around 35 cm for CgHg or 31 cnm?! for CgDe.
for N'{lll}/CeHe'(ﬁ x ~/7) [ref 16], Ni{ 111}/0-(+/3 x Such frequencies are substantially lower than those calculated
V/3) [ref 18] and Ni{111}/(CeHs + 20)-(2v/3 x 2/3)? previously for pure benzene overlayers on{B003}2° of 78
Ni{ 111}/CsHs Ni{ 111}/0 Ni{ 111}/(CsH;+20) and 71 cmi! respectively, although it seems unlikely that even
charge spin charge  spin  charge spin such slow oscillations could account for the discrepancy between
Ni (Type I) 011 031 0.13 0.43 exper_iment and theory in this_ case. _ _
Ni (Type I1) 0.02 0.64 0.07 0.68 As in the case of coadsorption with oxygen, we investigated
2(!5 }SType 1) 047 0,04 028 0.53 00-2293 00623 the interactions between the adsorbates by performing separate
0 6 : : 086 016 -092 012 cglculatigns of (i) beqzene with theJQ] qrientatipn in théncp
site of N{ 111} and (ii) 2CO on thencpsite of N{ 111}, both
"Units are the electionic charge, and the Bohr magnetoys, | within the same @3 x 2V/3)R30° unit cell as for the
respectively. Type | Ni atoms bond withsEs, type Il form no bonds, an ; ; ; ;
type Il form bonds with O. For comparison, the Ni atoms at the clean coadsprptlon system (see Flgurg 3). We Obtamed,_the adsorption
Ni{111} surface are calculated to hagye= —0.02 andu = 0.6 [ref energies of these systems as (i) 1.28 eV and (i) 4.03 eV. In
16]. contrast to the benzene/oxygen coadsorption system, there is

clearly a net energy of interaction between the benzene and CO

0.08 T molecules, because the adsorption energy of the coadsorption
0.07 4 system is 0.30 eV larger than the sum of the separate adsorption
energies.
0.06 - Considering dilution of saturated bridge-adsorbed¥ (x
0.05 1 V7) benzene islands (in the absence of CO) to thé3(x
' 2«/§) density of the coadsorbed phase (case (i) above) pro-
0041 duces an increase in adsorption energy of 0.37 eV per molecule.
> This differs from the value used in our discussion of coadsorp-
= 0.08- tion with oxygen because the final state here is tiop
S adsorption site, rather than the. Dilution of (v/3 x +/3) CO
A 0.021 islands (in the absence of benzene) to«a@q& 2«/1—3) structure
0.011 compatible with the coadsorbed phase (case (ii) above) produces
an increase in adsorption energy of only 0.11 eV per 2CO
0.00 - molecules (compared with 0.71 eV per 20 adatoms in the case
of oxygen). Thus the increase in adsorption energy of 0.78 eV
-0.01 for the coadsorbed phase relative to the sum of the separate
adsorption energies for the pure islands has very little to do
=0.02 with repulsive interaction between CO molecules. The driving
[110] [211] [110] force for the formation of the intimately coadsorbed phase is
Figure 10. Azimuthal angular dependence of energy for coadsorkett C ~ therefore predominantly a combination of intraspecies repulsion
and 2CO on Nil111}. Energy is measured per dds + 2CO) unit, between benzene molecules and interspecies attraction between

referenced to the value in thel@] model, and the curve is merely a guide benzene and CO molecules (see Figure 11).
to the eye. Note that the (2/5 X 2\/5) ordered coadsorption structure
Thehcp[110] model was found to be the most favorable option, Was reported to be formed at room temperatfr& so we
with an adsorption energy of 5.61 eV pergtG + 2CO) unit should strictly discuss the energetics of the pure CO phase with
(Table 2). The preferred site is in agreement with the previous reference to the 0.25 ML saturate® x 4) structuré? formed
LEED experiment: Although thehcp site is the same as that under the same conditions. Previous DFT studies, however, have
preferred by pure CO on fi111}, the energy difference over ~ shown that the adsorption energies of CO in the hollow sites of
the fcc site is substantially greater in the coadsorbed system. Ni{111} are fairly constant in the coverage range between 0.1
The preference for the 1D] orientation once again appears to and 0.5 ML?® We therefore use thev3 x +/3) model, with
follow the preference of the pure benzene phase, but is not in confidence that the energetics are almost identical, for ease of
agreement with the [P1] orientation found in the LEEE and comparison with the results for benzene/oxygen coadsorption.
ARUPS studies. 2. Structural Analysis. The calculated geometry of thep

In view of the small energy difference between the two [110] model of benzene coadsorbed with CO of Nil} is
orientations, we carried out a series of calculations in which shown in Figure 12. The top Ni layer shows a strong buckling
the benzene molecule was gradually rotated insteps, its of 0.19 A, with those atoms beneath the molecule being raised
internal lateral coordinates being fixed at an appropriate linear somewhat out of the surface, again rather larger than the
interpolation between the two fully relaxed end points. All other buckling reported in LEED experiments (0.04 #)The second
atomic degrees of freedom were allowed to relax as before, andlayer also buckles in our calculations, by 0.14 A which is in
the resulting energy curve is displayed in Figure 10. THe[2 ~ good agreement with the LEED study (0.15 A), and the
orientation appears as a shallow minimum in the raw data, perpendicular distance between the lowest-lying C atoms of the
although the barrier preventing rotation into th&(@] orientation benzene molecule and the highest-lying Ni atoms is found to
is revealed as around 0.005 eV, not reliable within the accuracybe 1.97 A, which is almost the same as that in the LEED
of the present calculations. Fitting a polynomial to the results ., o1 G . schuler, 3.; Skiarek, W.; Steioky H.-P.Surf. Sci199§ 217,
close to the [10] orientation, one may estimate a rigid rotational 154.
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©) 0,11 eV
v Y ™ Figure 13. (A) Density difference plot showing electron transfer upon
.*"““"J: x:,.é:h__«':‘;__u.:,f-\ coadsorption of gHg and CO in thehcp [110] model. (B) Residual spin
A A | density plot p, — pp) for the same system. Color scheme and isosurface
| e oo o threshold values as defined in Figure 1.
.e""‘r,""r;““:;"'ﬂl}‘:;‘b"::‘“":.’! S
L Ao A A | . .
o _,,, A. On the other hand, in the LEED experiment the benzene
- [ Yo o L= o .
JE NPLNIPLNIPE NI molecule is oriented in the §A] direction and strongly distorted,
\",__,& A with C—C bond lengths of 1.35 and 1.68 A. It should be noted

that all the C-C bond lengths of ouncp[211] model are 1.42
A in length and that a 3-fold rotational symmetry has been
imposed. We believe that the highly distorted geometry obtained

(373 x 23 structure ('.__‘3 3 sructure in LEED may be an artifact and that this may also account for
Figure 11. Schematic of energy changes upon adsorbate rearrangementthe difference in apparent benzene orientation betwe?n LEED
for CsHg and 2CO on Ni111}. Marked energy changes are to be understood and DFT. The H atoms of the benzene molecule, which were
as being per gHe, per 2CO, or per (gHs + 2CO) unit, as appropriate. not included in the LEED study, rise upward to make angles of
18.0° with the surface plane. The corresponding K bond
_ e d . lengths are 1.08 A, virtually unchanged from the gas-phase
'i]:; DITALEED P (D4 results of 1.084 A (theo) and 1.101 A (experimetf).

So0.08) The C-O bond length is expanded to 1.20 A from the

| 97(1.99) calculated gas-phase value of 1.14 A, in passable agreement
- ::[,_mu_,m with the findings of the LEED study (1.24 and 1.25 A for two

‘1’_2;:‘]]3; inequivalent CO molecules). The calculated@ bond length
puo of pure CO on Nj111} in the (/3 x +/3) phase is 1.19 A,

fo0d(0.08)

o \‘_4'-2
5 X
+

X
2 3

RO030.03) ) which is only slightly less than that in the coadsorption system.
Lorctos \ high The perpendicular distance between the C atom of the CO
"GI 1_4_,{'&) middle molecule and the highest-lying Ni atoms is found to be 1.14 A,
AN 2 .Im\' which is less than the result of the LEED experiment (1.19 and
.m layer 1.21 A). The CO of the coadsorption system is adsorbed on the
< it el surface more closely than that in the pure C(Zﬁ(x ~/§)—

- phase, where DFT gave a vertical distance of 1.30 A.
Figure 12. Detailed geometry of gHg/2CO coadsorption at thiecp site i ; i ;
of Ni{111}. Distances calculated in the present work are given in A units, 3. Electron and Spin Density Analysis.Electron density

. L CaHg+2CO 7 =
as are the results of the previous LEED [ref 5] experiment (in parentheses). difference plots, ShOW'_n@/?N? ° for hcp[110] and [2-1]
models are presented in Figures 13A and 14A, respectively. In

experiment (1.97 A). The radius of the benzene molecule is these figures, the benzene and CO molecules appear almost the
also slightly expanded, with-©C bond lengths of 1.41 and 1.43 same as in the studies of pure benzene dril N} 6 and pure
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Figure 14. (A) Density difference plot showing electron transfer upon
coadsorption of gHs and CO in thehcp [211] model. (B) Residual spin
density plot p« — pp) for the same system. Color scheme and isosurface
threshold values as defined in Figure 1.

CO on N{111} (see Figure 1). Residual spin density plots (i.e.,
pa — pp) are likewise very similar to the noncoadsorbed cases
(Figures 13B and 14B). We also plotted (Figures 15 and 16)
electron density difference functionSogi,eo, Aoy, and
Apnincgrst2coy defined by analogy with the corresponding
functions in egs 35. Compared with the case ofgl@s/20
coadsorption, the electron density changes induced in the vicinity
of the O atoms by the proximity of the benzene molecules are
far more pronounced, in line with our conclusion above that
attractive interspecies interactions play a significant role in
stabilizing the GHg/2CO system.

We investigated atom-resolved charges and magnetic mo-
ments of théncp[110] model shown in Table 5. The net electron
flow is from Ni to the adsorbed benzene (0&&holecule) and
the CO (0.58/molecule). Although the electron transfer from
Ni to CO increases by 0.1 compared to thex@ X «/§)
phase, that from Ni to benzene decreases by 8.@dmpared

to the (\/7 X ﬁ)-benzene phase (theidge [211] model).
IV. Discussion and Conclusions

Our DFT calculations for the (\Z:_’, X 2«/§)R30° phases of
(CsHs + 20) and(GHe + 2CO) confirm the experimental
finding of fcc occupancy in the former case ancpoccupancy
in the latter. The determining factor appears to be the site
preference of the nonaromatic adsorbate, by virtue of its more
site specific adsorption energy. Averaging over the two different

Figure 15. Charge den5|ty difference plots of (Alpg;
Apnices+2coy (C) AlelcsH ; and (D)Ap,\,,,2co Color scheme and isosur-
face threshold values as defined in Figure 1.

CoHe+2CO. ®)

Figure 16. Density difference plot of\pnicgHs+2co) (@s Figure 15B, but
oblique view). Color scheme and isosurface threshold values as defined in
Figure 1.

the case of coadsorption with CO molecules. The site specificity
of the present calculations is thus expected to be relatively
secure.

In contrast, the energy difference between differing orienta-
tions of the benzene molecule is found to be somewhat smaller
(verging upon negligible in the context of probable error
margins). The trend is always to favor thell] orientation of
the benzene molecule over thel[] orientation, for a given
site and coadsorbate, but by only 0-0612 eV. Photoemission
and crystallographic experiments, however, tend to favor the
[211] orientatior?4-6 with the exception of a LEED study on

high-symmetry orientations of the benzene molecule, the energythe (GHs + 20) overlayeg It seems that the balance between

difference betweehcpandfcc sites amounts to a credible 0.17
eV in the case of coadsorption with O adatoms and 0.15 eV in

10970 J. AM. CHEM. SOC. = VOL. 126, NO. 35, 2004

the different molecular orientations is probably rather fine and
sensitive not only to variations in the experimental conditions
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Table 5. Atom-Resolved Charges, g, and Magnetic Moments, x, molecules provides a secondary contribution, while the inter-
for Nif 111}/CeHe-(v/7 x ~/7) [ref 16], Ni{111}/CO-(+/3 x +/3) and action energy between the coadsorbed species in the ordered
Ni{111}/(CsHs + 2C0)-(2+/3 x 2+/3)2 overlayer is practically nil. In contrast, the tendancy toward
Ni{ 111}/CsHs Ni{111}/CO Ni{ 111}/(CeHs+2CO) formation of an intimate ordered overlayer in thelig+ 2CO)
charge  spin  charge  spin charge spin case is driven in almost equal measure by the repulsion between
Ni (Type I) 011 031 012 0.34 CsHe molecules and by the attractive energy of interaction
Ni (Type II) 0.02  0.64 0.07 0.63 between the coadsorbates in the ordered overlayer. The repulsion
Ni (Type Ill) 014 014 011 0.32 between CO molecules plays only a minor role.
865{6 ~047 —0.04 _0.44 —0.04 :8:5; :8:8? In coqclusion, thereforg, we have shovyn that the present IZ?FT
calculations allow a detailed understanding of self-organization
2Units are the electronic charge, and the Bohr magnetorys, in benzene coadsorption systems. The picture that emerges is

respectively. Type | Ni atoms bond witheBs, type 1 form no bonds, and one in which the site preferences are determined by the
type 1l form bonds with CO. . . . . .

nonaromatic species, the orientational preferences are finely
but also perhaps to subtle isotope effects beyond the scope obalanced, and the tendency toward long-range order may be
the present calculations. In this regard, it is worth noting that inducedeither through the intraspecies repulsive interactions
the ARUPS measuremeftsand one of the LEED studie$ of the coadsorbatesr through their interspecies attractions.

were actually performed with {Ds, while the other LEED Acknowledgment. We acknowledge financial support for this
study? used GHe. work from the EPSRC(UK), in the form of funds for worksta-
Site and orientation preferences aside, however, the crucialti On arc:d a € tdoct rgl a;’ istan?[ r?i (g Yu) Osneoof 0 (SS% 3)
insight offered by the present DFT calculations is that the self- ons ar postdocto s SOIP (. Y-). > O US (...
o . . would like to thank The Royal Society for a University Research
organization of the coadsorbates in the two different overlayers . . - .
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arises from two different effects. In the case of thgHE+ . . . .
20) overlayer, it is the strong repulsion between the O adatomssp3 m?Ch'”e a.‘t. the Cambridge-Cranfield High Performance
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which provides the primary driving force toward formation of
an intimate ordered structure. The repulsion betwegHsC  JA048289Y
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