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The effect of anharmonicity on the adsorption of CO molecules on the Ni(111) surface has been investigated.
The DFT calculations are used to obtain the effective adsorption potential of the CO molecule on the Ni(111)
surface. First, using an appropriate slab model, the geometry of adsorption system corresponding to hcp, fcc,
bridge, and on-top sites with p(R 2) arrangement and coverage of 0.25 ML is optimized by the DFT
calculations using a plane wave basis set and ultrasoft pseudopotentials; this gives the hcp site as the most
stable site wittD, = 185 kJ/mol, for which the equilibrium distance of CO from the surface an@@®ond

length on the surface are found to be 1.31 and 1.192 A, respectively. Then, the potential function of adsorption
versus adsorptive bond distance was plotted, which is significantly different from that of a harmonic oscillator,
i.e., the anharmonicity for the adsorptive bond is significant. Also the harmonic and anharmonic shifts of
vibrational frequencies of adsorptive and-O bonds are calculated to be22.6 and 7.8 cmt, respectively.

Hence, two potential models are selected for which their Stthger equations are solved analytically, namely

the hard repulsionsoft attraction (HS) and Morse potential (MP) models. The adsorption isotherms, internal
energy, isochoric heat capacity, and entropy of adsorbed CO molecules have been calculated for the mentioned
model potentials and compared with those of the harmonic oscillator (H). As a result, the adsorption isotherms
are not considerably sensitive to the model potential. The anharmonicity eNC@ond, which is included

in HS and MP models, gives an average deviation in pressure as much as 1.4% for HS and 5.8% for MP,
compared to 6.1% for the H model. However, isochoric heat capacity and entropy depend on the model
potential significantly, and the differences may be as high as 69% and 55% for isochoric heat capacity and
entropy, respectively.

Introduction simple molecules on transition metal surfaces. Loffreda et al.
calculated N-O stretching frequencies for low coverage adsorp-
tion of NO on PdMn(100) and (111) surfaces using periodic
DFT calculationg. They concluded that the frequencies depend
poth on the coordination of the site (hollow, bridge, etc.) and
on the chemical nature of the metal atoms. Loffreda et al. also
interpreted variation in NO stretching frequencies for different
sites of PgMn alloy using Mulliken population analysfs.
Titmuss et al. studied structure, bonding, and anharmonic
librational motion of CO molecules adsorbed on an Ir(100)
surface by a combination of low-energy electron diffraction
(LEED) technigue and DFT calculatioAZhey concluded that
1Ihe potential energy surface for librational motion of atop-CO
in the p(2x 2) phase is anharmonic and the harmonic potential
energy surface local to the atop site is a poor representation of
the true potential energy surface. Lie et al. studied vibrational
properties of hydrogen on the Rh(111) surface using DFT
methods! They found that the potential energy surface is very
anharmonic and there is a strong coupling between parallel and

Investigation of adsorption phenomena is mainly related to
the study of vibration of adsorbed molecules on the surface. A
simple approach for such an investigation is via classical
statistical mechanics. However, because the separation o
vibrational energy levels is too far apart to be treated classically,
the classical treatment of vibrational degree of freedom is
reasonable only at high temperatutegherefore, the accurate
study of adsorption may be done by quantum statistical
mechanics. However, the S¢hinger equation for many- body
systems is too complicated to be solved analytically. Therefore,
one may use a simple model like a harmonic oscillator to
investigate such phenomena. However, the important aspect o
a chemical bond is its anharmonic behavior. Anharmonicity
leads to different trends for attraction and repulsion walls of
the potential energy surface, which has effects on vibrational
frequencies of chemical bonds and hence on vibrational partition
functions. To take the anharmonic effect of the adsorptive bond

into account, the following questions should be clarified: (1) . . e
How significant is the anharmonicity of the adsorptive bond? perpendlcular motions due to th_e strong anha_rmomcny .Of the
potential. Anderson et al. studied anharmonic properties of

(2) Is it reasonable to ignore the anharmonic coupling of the . )
adsorptive bond with other bonds? The answers to thesemethoxy|ntermed|ate, adsorbed on a Cu(100) surface by surface

qguestions may guide us to present appropriate models formfrared_ overtone spectroscopy and DFT electron!c_ structure

adsorptive bond calculationg In this investigation, the anharmonicity was
The effect of z;mharmonicity on adsorption phenomena was measured in the zero-coverage limit, and it is observed that the
studied by different researchers for the adsorption of some 2hharmonicity is increased upon adsorption as compared with
the free methanol. They demonstrated that modifications for

*To whom correspondence should be addressed. E-Mail: parsafar@ @nharmonicity of the methoxy species are indeed induced by
sharif.edu. adsorption onto the copper surface and not by the formation of
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the methoxy species. Kurten et al. calculated the one- 5 AM!

— Ne
dimensional potential energy profiles along theand N-Ni Q= NI(AM — N !(ql’ T ---+ Ge) @
bonds and vibrational wavenumbers of Nadsorbed on the )
Ni(111) surface using DFT calculatiohsThey fitted one- exp(— @)
dimensional potential energy profiles to an analytical expression _ kT,
using an accurate anharmonic potential model and concluded %= ho, @
that when anharmonicity effects are taken into account, the 1- exp(— ﬁ)
vibrational frequencies are in good agreement with the experi-
mental data. , @i ho;

Adsorption of CO on different Ni surfaces has been pro- €0, = Eg 6 +7 (3)

pounded in industry before. The most important industrial

applications of the CO/Ni adsorption system are in methane =
reforming and FischerTropsch synthesis:® Therefore, there

are a considerable number of articles in which the electronic whereM is the number of sites per unit are¥f, is the number
and geometrical structures of this system have been studiedof adsorbed molecule4\ is the area of surface, ari, is the
Eichlef® and Shah et dft performed a comprehensive DFT  potential energy of the adsorbed molecules, which is related to
calculation for CO adsorption on different Ni surfaces and the intermolecular interactions of the adsorbed molecules, which
especially for the Ni(111) surface. The later researchers usedof course, depends on the coverageandg are the angular
the calculated density of states, DOS, diagrams for CO adsorp-frequency and the corresponding partition function of ithe
tion on the Ni(111) surface before and after the adsorption, from Vibrational mode of adsorbed CO molecule, respectively, and
which they suggested thavBnd 2r molecular orbitals of CO kis the Boltzmar)n constant. They used the vibrational partition
have the strongest interactions with Ni surface atéhBoth functhn to obtain the following expression for the chemical
mentioned researchers have shown that the adsorption of copotential of the adsorbed moleculésy”, as:

on the hcp site of Ni(111) surface is the strongest. In these |

articles, the potential energy of adsorptive bond versus distance u’(T,N%) = (i) (4)

of the CO molecule from the surface is not reported. Xu et al. N’/ TA

performed the complete active-space multiconfiguration self- NG

consistent field, CASSCF, calculations for the ground states of 1’ (T,N%) =KkTIn ; (5)
Ni—CO and Fe-CO bonds and emphasized that a balance (AM — N°) o ex;{b_ﬁ)
betweerv/z interactions has a very important role in the stability kT

of these typeg of bonds. o whereF!' is the Helmholtz free energy of the adsorbed molecules
In 1999, Elliott and Wartf developed a quantum statistical gng

approach to study the adsorption of diatomic gases on single
crystalline surfaces. They used an ideal model to calculate some hwj
thermodynamic properties of the adsorbed CO gas on a Ni(111) —
surface, including the chemical potentials. The adsorption of W(T) = 2KT, ©)
CO on a Ni(111) surface predominantly has only one type of 3 Ao

adsorptive bond{ especially when the coverage is less than : exr(—J) -1

0.5 ML in which the CO molecules are perpendicular to the kT

surface and multibonded.Quiroset al. studied CO adsorption ho\ |

on a Ni(111) surface using X-ray diffraction in an ultrahigh :
vacuum (UHV) environment in a pressure range from®iio 6 F{ZKT)
1.2 bar!é They indicated that, in this pressure range, ordered b(T) =KTIn|| | ——— (7)
structures close ta/7 x +/7R19.1° occur. In these circum- = ex;{hwi) L

stances, the coverage is more than 0.5 ML, and the side-by- E
side interactions are important in such a way that the intermo-

lecular distance of adsorbed CO on Ni(111) depends on the CO d(EpN?)

pressure in the chamber and there is a reversible compression/ B(N’) = p

expansion of adsorbed CO on a Ni(111) surface at room dN

temperature. At atmospheric pressures, most of the molecules |, the above expressions, six vibrational degrees of freedom
sit on low-symmetry sites. Quifost al. showed that the 4 5dsorbed CO on Ni(111) surface are divided into two
compressibility of the adlayer arises from a repulsive force categories:w; andw,, which are known experimentally,and
between the CO molecules on the surface. AlSO, there is anwa, veey W, for which there are no experimenta| data. Therefore’
abundance of experimental data for the geometry and thermo-they used experimental isotherms to obtain the valua(Df
dynamic properties, especially for the adsorption isothéfm8.  and g/(N°) for temperatures for which experimental data are
Because of these facts, the CO/Ni(111) adsorption system isavailable. As mentioned, they assumed all vibrational modes
an appropriate case for theoretical investigations. To obtain theto be harmonic. At least for the stretching mode of CO
vibrational partition function for the adsorbed CO molecule, perpendicular to the surface, such an assumption seems to be
Eillott and Ward used a harmonic oscillator model and assumed unrealistic because of the fact that the media on two sides of
random distribution for the adsorbed CO molecules on the lattice the vibration are quite different: one medium is hard (surface)
sites. Using such an ideal model, they obtained the following and the other is soft (gas).

expression for the canonical partition functio@) of the In this work, first, we have used the density functional theory
adsorbed molecules &%: (DFT) to calculate the effective potential function for the
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adsorption of the CO molecule on the Ni(111) surface, which
is expected to be quite anharmonic. Using these potential
surfaces, we calculated those vibrational frequencies for which
experimental data exist and investigate harmonic and anhar-
monic shift of these frequencies. Second, two model potentials
are used for the adsorptive bond to obtain the canonical partition
function of the adsorbed species in such a way that their
Schralinger equation can be solved analytically and, therefore,
we can obtain an analytical expression for the partition function.
These potential models are, namely, the soft attraetizard
repulsion (HS) and Morse potential (MP) models. The HS model
does not completely correspond to the physical reality of the
system but can be used to compare its properties with other
potential models in order to indicate effect of the model potential
on the thermodynamic properties of adsorptive bond. The Figure 1. Replication of supercell in—y plane such that the periodic
calculated partition function is used to calculate thermodynamic boundary condition of the slab model is included.

proper_ties for both models. The i_mportanC(_a of the chosen mo_delTABLE 1: Results Obtained from Geometry Optimizations
potentials on the thermodynamic properties of the adsorptive compared with Those of Eicchlef?, Shah et al' in 6 = 0.25
bond is investigated. ML, and This Work for CO Adsorption on Ni(111) Surface,

Where dc—o Is C—0O Bond Distance,dc_y; Is the Bond
Length between C and the nearest Ni Atom, andZ¢ Is the

Calculation of Adsorption Potential Distance of CO Molecule from the Surface
To calculate the partition function of the adsorbed CO  sites dco (A) deni (A) Zc(A) Eass(eV)

molecule on the Ni(111) surface, the interaction potential energy  on-top 1.16% 1.7 1.837 153
between the surface and adsorbed molecule as a function of 1.16F 1.7# 1.740 1.58
distance is needed. To do such a task, the potential function is bridge 1.188 1.88 1.439 1.8¢
calculated using the Vienna ab initio simulation package 118 1-83)2 1.404 178
(VASP), which solves self-consistently the Keh8ham equa- fec i'igg %'353 igi; i'gg:
tions®® by developing the electronic wave functions in a plane  pcp 1192 1.99 1.32F 193
wave basis set. The generalized gradient approximation (GGA), 1.19% 1.955 1.338 1.90

using the functional of Perdew and Wahg(PW1), is 2 Data of Eichle® " Data of Shah et af °Data of this work.
employed. As shown in the previous calculations, this functional « g — E.. + E.p — Ecoreun

gives reasonable results for many transition me&i®. The

electronic wave functions were expanded as linear combinationsas shown in Figure 2a, b, ¢, and d, respectively. Note that, in
of plane waves, truncated to include only plane waves with these figures, only two topmost layers of the Ni(111) surface
kinetic energies below a prescribed cutoff energy, 400 eV. are shown in order to avoid any complexity in representing
Because of the delocalized nature of the itinerant electrons various adsorption sites of the Ni(111) surface. The results for
within the lattice, a delocalized, plane-wave basis set provides geometry optimizations are compared with those of EiéRler
a good representation of metallic systems. The core electronsand Shah et af in Table 1.

are replaced by pseudopotentials to render the computations Now, to obtain the potential function of the adsorptive bond,
tractable as well as to enhance efficiedéyThe k-space we might change statically the C&urface distance, step by
sampling was performed using tfiecentered griéf because step. The calculated interaction ener@) yersus the distance
we found that the energy converges significantly faster with r is plotted in Figure 3. It is clear that the potential function for
the T'-centered grid than with the standard MonkheiRack?® the adsorptive bond is significantly different from a harmonic
grid in this work. Ak-point mesh of 4x 4 x 1 is employed for oscillator model used by Elliott and Ward, i.e., the anharmonicity
the relaxation calculations and ax66 x 1 grid for the potential contribution of the adsorptive bond is significant.

energy calculations. The pseudopotentials for Ni, C, and O, There are many calculated results in the literature for the-CO
which are given in the VASP package, are used for all Ni bond of the Ni(CO) complexes. Doerr et al. calculated
calculations. The Ni(111) surface is modeled using the supercelldissociation energip, for the CO-Ni bond to be 27 kcal/mol
approach, where a periodic boundary condition is applied to by using the DFT method for the Ni(CQ¥omplex3® Petz et

the central supercell so that it is reproduced periodically al. calculatedD, for the CO-Ni bond to be 16.3 kcal/mol by
throughout the space. The surface is cleaved from a faced-using the DFT with the B3LYP hybrid functional for some Ni
centered cubic (fcc) crystal structure of Ni, corresponding to complexes with CO and C(PPh3) ligardsOur calculations
the (111) Miller plane, which comprised five Ni layers. The predict values of 151, 178, 192, and 196 kJ/mol for the potential
surface is produced by replication of the central supercell in well depth, D, for the on-top, bridge, fcc, and hcp sites,
thex—y plane, as shown in Figure 1. A vacuum spacing of 16 respectively, compared to 14024 kJ/mol of the experimental

A is considered in the direction to prevent any interaction data for theD, of the Ni—-CO particle32 Our calculated value
between the mirror images. An optimized lattice constant value of D, for the CO-Ni adsorptive bond is reasonable due to the
of 3.532 A is obtained by the bulk cell optimization using the fact that an adsorptive bond is to some extent different from
same computational parameters. To model the adsorption, a CChe corresponding bond in a molecule because of the different
molecule is adsorbed on any possible site of the first layer of local interactions on the lattice sites. Because CO molecules
the slab and the three topmost layers are allowed to relax while are adsorbed perpendicularly and multibonded on the Ni(111)
two bottom layers are fixed. The CO adsorption is considered surface when coveragse 0.5 and the hcp site is the most
as a monolayer coverage (ML) of 0.25, corresponding to the suitable one, we may assume that the adsorption is mainly taking
p(2 x 2) arrangement for the on-top, bridge, fcc, and hcp sites, place on this site.
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Figure 2. p(2 x 2) arrangement of adsorbed CO molecules on Ni(111) surface that are used in the relaxation calculations. The adsorption on the
on-top, bridge, fcc, and hcp sites are shown in (a), (b), (c), and (d), respectively.

After the calculation of adsorption potential, the harmonic results for the harmonic and anharmonic shifts of calculated
and anharmonic frequencies of the-&urface and €0 bonds frequencies are compared to experimental data in Table 2. As
for the hcp site were calculated. The harmonic frequency of shown in Table 2, the anharmonicity effect of the adsorptive
each bond was obtained by fitting five points around the bond is considerably more than that of the @ bond. Because
minimum point of adsorption potential in a quadratic function. the stretching frequencies of the-Gurface and €0 bonds
The anharmonic frequencies were calculated by fitting the sameare far from each other and the interaction between CO and the
points in a Morse potential functiot: Ni(111) surface is very weak compared to the strength of the

C—0 bond, the mixing of the CO internal mode with the
D, \v2 C—surface mode is negligibi&3®> and we may discard the
v=_p o 9) anharmonic coupling between these vibrational modes. This
H behavior is also observable in Ni(G@pmplexes® An example
is the Ni(CO), complex, in which the €0 stretching frequency
where De is the potential well depth and and 4 are the is 1994.5 cm?! but the Ni-C stretching frequency is 591.1
anharmonic frequency and reduced mass, respectively. Thecm™1,

U(x) = Dg(1 — exp(=fx))’,
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80 4 Considering such a constraint for the harmonic oscillator wave
— functions, we may obtain a simple relation for the quantum
o) ;
£ 40+ mechanical energy levels of the HS modePas:
= ]
g S — E. = hu(2n+%,), n=0,1,2, .. (11)
g f
G‘; 40 + whereh is the Planck constant andis the classical vibration
= frequency. Note that, like the harmonic oscillator potential
M .o —&—on-top function, the attraction wall of the HS model is a quadratic
g : - @ - bridge function; however, the repulsion wall is hard, like that of the
5 1204 —k-— fcC hard sphere model.
o 1 —A—hcp We may use eq 11 to derive the partition function as:
© -160 -
S~
) ] AM! o
= = (q e G 12
E -200 4 Q NO'(AM N !(qHS,l' O 'qG) ( )

T T T v T T T T T T T T 1
0 1 2 3 4 5 6 7 8
when
r R
Figure 3. The calculated interaction energy of adsorbed molecule vs 30,
distance of CO from the surface, for four different adsorption sites. eXp — 2T
s~ 7 201\ (13)
v
Hence, we have calculated thermodynamic properties of the 1- exr{— T )

adsorptive bond by assuming that the adsorption occurred on ,
the hcp site only. Our calculatdgt is the energy difference of o —exd— X;Eq (14)
the adsorptive bond between the equilibrium distance and a Ons,1 = €X kT Ous.1

distance far from the surface (up to 8 A), and it is a little
different from the adsorption energy calculated by Eicfland E = ) 15
Shah et al! This difference is due to the fact that, in scanning 0= ) %Fo (15)
the CO distance from the surface to fiBd, we do not change
the co |_nternal bond distance and fix it at its equilibrium where the contribution of each vibrational degree of freedom
distance in the adsorbed form because we have assumed tha“;] E' is taken as an unknown value, where 0< x < 1 and

the vibrational modes of CO on the surface are independent, _¢ © ~ 1 and it does not a e'ar in the thermodvnamic
whereas in the calculated adsorption energies by Eichler and2i=1 X = Ul rﬁp hemical . ny h
Shah et al., the CO bond distancebg was set to be the gas- properties. We may cal cu ate the chemica pptenﬂa or t €
phase value. We may note that the calculated valudfois adsorbed molecules' using the thermodynamic ch.aractenstlc
larger than that of the actual value. The additional value is equal function of the canonical ensemblg, eq 4. Th.e res.ult IS thg same
to the energy difference between the adsorbed CO and the co?® €4 5 exc’ept tha.t the expression 4d) given in eq 6 is
thatis 8 A apart from the surface; therefore, we have calculated replaced byy'(T) as:

this difference for the hcp site and subtracted this value from
the previously calculate®.. The difference is found to be exp(hwl) ex;{hwz)
11 kJ/mol. N 2KT, 2KT,
Because we wish to have an analytical expression for the v(m= 2hw, hw, (16)
energy levels, we may propose some model potentials for which €x KT ) —1f lex W) -1

the Schidinger equation can be solved analytically and used
to calculate the partition function and thermodynamic properties.

Calculation of Thermodynamic Properties Using the HS
Model. A HS potential model may be represented as:

wherew; is the angular frequency for the adsorptive bond and
w>, for the internal CO stretching mode. The obtained expression
for the adsorption isotherm is the same as that given by Elliott

o X <X and Ward, with the exception thai(T)must be replaced by
ux) = 10 (M), i.e.
where X is the equilibrium bond length. Solution of the P(T,0) = Oe (17)
Schralinger equation for this model is simple and similar to € Oy — 0’y exdb - ﬁ')
that for the harmonic oscillator, whereas in this case, only those M kT

wave functions that pass through the origin are acceptable.
Therefore, the wave functions of the harmonic oscillator with whereP«(T, 6¢) is the pressure of the gas phase at equilibrium
odd quantum numbers are acceptable for such a model.with the adsorbed phase, and:

TABLE 2: Harmonic ( v) and Anharmonic (van) Frequencies of C-surface and C-O Stretching Modes Calculated with DFT
Compared to Experimental Data (vexp) for the Adsorption of CO on the hcp Site of Ni(111) Surface
bond VexgAcm™2) vh (cm™Y) van (CMY) A(vh — vexp) (M) A(Van — vexp) (cM™2) A(vn — van) (cm™Y)

C—surface 410.1 377.1 387.5 —33 —22.6 —10.4
Cc-0 1856.8 1866.5 1864.6 9.7 7.8 1.9
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M N Three important thermodynamic properties, namely the
O =11 =AM (18) internal energyE, isochoric heat capacity,, and entropyS,
0 are calculated using the HS model. The internal energy, heat
Because CO molecules adsorb perpendicularly and multi- capacity, and entropy may be given as follots:
bonded on the Ni(111) surface when the< 0.5!° we have

used the experimental Christmann isotherms for all for which E= NkTZ(M) (19)
Ocis less than 0.5 ML. We have used the method of Elliott and dT

Ward to calculate the adsorption isotherms. The average _ (oE

deviations of calculated pressures from experimental data for v (B_T)N,v (20)
H, HS, and MP models have been shown in Figure 4a. The E

average overall deviation in pressure from experimental data is S=Nking+=+C (21)

found to be 1.4% for HS and 5.8% for MP, compared to 6.1%

for the H model. Hence, the HS model gives better results for Equations 19 and 20 may be used to obtaiand C, for the
adsorption isotherms in comparison with H and MP models. HS model as

These results indicate that, if anharmonicity of adsorptive bond

is taken into account, the overall deviation of calculated pressure E =N 3_911 n 20, 22)
from the experimental value becomes less. Although including HS 2 20,

anharmonicity leads to better results for adsorption isotherms, ex;{ T ) -1

the differences between mentioned models are not significant.

The mean differences of calculated pressures for Christmann ex;{@)

isotherms given by the H, HS, and MP models versuare C .= Nk(Z_BU)Z T (23)
shown in Figure 4b. As shown in this figure, as temperature V.HS T 20, 2

increases, in which the anharmonicity becomes significant, the (ex;{ T ) - 1)

differences between the calculated pressures are more noticeable.

The calculated results fd, C,, andSversusT for the HS and

H models are shown in Figures 5, 6, and 7, respectively.
Calculation of Thermodynamic Properties Using the MP

Model. The oscillatory energy levels for the Morse potential

are given by?3

30

20

N H — 1 1, \2 1, ,\3
wiita A E, = hi{(n+ ) = x(n+ " + v+ = ],
AT Tay ./é""x n=0,1,2, .. (24)

in which X, Ve, ... are anharmonicity constants. Because of the
infinite number of terms in eq 24, one is not able to calculate
—m— exp-H an analytical expression for the partition function. However,
el @Xp-HS becausex. is significantly larger than other inharmonicity
---@-- exp-MP coefficients?® we may truncate the terms after the quadratic one
in eq 24. Because when a molecule is far enough from the
surface, it will not belong to the adsorption phase any more,
we may assume that a molecule belongs to the adsorption phase
if its energy does not excedd.. Hence, we may assume that
the upper limit of vibrational energy level for an adsorptive bond

1 I 1 1 T 1 1 I
280 300 320 340 360 380 400 420 440
T.K

NE 0.00002 iS De.
= 0.00000 —8—8—888 We may use such an upper bond limitation for the energy
:; 1 s "'l: .\. levels along with the truncated eq 24 to obtain the highest energy
0 -0.00002 1 ‘.\A \ level, Nmax, corresponds t®, as2?
< -0.00004 - o\,
g ] W\ no=— -1 (25)
é -0.00008—_ PY \ max 2Xe 2
= -0.00008 - —_— H
A 1 H-MP \ where
L 000010 - —e—H-HS ®
B 0.00012 A—MP-HS D —fw (26)
0 e 4
o 1 Xe
— -0.00014
B 00016 ] For the adsorption of CO on the Ni(111) surface, with=
g ] ® 185 kJ/molw = 7.73 x 10" s71, we obtainxe = 0.006 649
O -0.00018 andNmax = 74.
= Using the truncated eq 24, we may obtain the canonical

280 300 320 340 360 380 400 420 440 S| | >
T K partition function of the MP modebysp) for the adsorption bond
) as:

Figure 4. Mean deviations of the calculated pressures from experi-
mental isotherms, obtained from the HS, MP, and H models versus 01/ " 1, 2
temperature (a). Mean differences of the calculated pressures from each Oue = ZO exg— —[(n+ ) —x(n+71)7] (27)
other, obtained from the HS, MP, and H models vs temperature (b). n= T

Nmax
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Because the partition function for the other degrees of freedom A
are assumed to be harmonic, the total partition function for the 104 —H e
adsorption phase may be writenas: L |l HS T
I [ MP -7 .
O IA\’\/I| N "./ e
=—q ’ [RCEES] 28 el ,.—""
Q NIAM — N !(qu Ty, -+ Gg) (28) o
_ xlEa) 5 T
Ovp = eXF{ KT /e (29) \g
. ho, 2
od T2 W
_ KT -
q= ) F(hwi) , i=2,..,6 (30) 4.
kT 3
6
EE): z XIEb (31) 2 T T T T T T T | T T T
= 0 100 200 300 400 500 600
T.K

where the contribution of each vibrational degree of freedom
in E, is taken as an unknown valug where 0< x < 1. Figure 5. Calculated internal energy for the adsorptive bond vs
By having the total partition function, the chemical potential €mperature, using the H, HS, and MP models. Note that the zero-

of adsorbed molecules may be calculated from eq 4 as: point energy of H is quite different from that of two other models, and
y q ) the trend of energy with respect to temperature are comparable for all

N models.
u’(T,N°) =KkTIn b_p (32) ;
(AM =N ' x> )
Note that the obtained expression fois the same as that given

by eq 5, except thap is replaced byy", where 0.8
F{hwz) 1
eXAA 5+ 0.6

" 2KT, X
P"(T) = Ayp " Thol (33) £ |

2 (&
ex ﬁ) -1 0.4 -}

Also, the expression for the adsorption isotherm is the same as
eq 16, except thap' is replaced byy".

Also, the deviation of pressures calculated by the MP model
from the experimental data have been shown in Figure 4a, and 44

0.2

differences between MP pressures and the other models are 0 100 200 300 400 500 600
shown in Figure 4b. The expressions for the thermodynamic T K
propertiesfE, C,, andS, may be obtained for the MP model as '

Figure 6. Same as Figure 5 for the isochoric heat capacity.
Eve = NKO,, x .
e P must be replaced witlgwe. The calculated results fdg, C,,
Z N+ %) — x(n+ 43 exp(, S+ - xe(n+1/z)2)) and S versusT for both the MP and HS models are shown in
= T Figures 5, 6, and 7, respectively. Also, the calculated entropies
versus the internal energy and partition functions versus
temperature obtained from different potential models are plotted
(34) C :
as shown in Figures 8 and 9, respectively.

Avp

01} 2
Cowp=N T x Discussion
iy . 1 s o, . 1 The calculatedD, for various types of CO adsorption are
Z (04 F2) = xln o+ 7o) eXp(_ T ) o+ ) )) reasonable, although we used DFT methods to calculate the
- potential energy of CO adsorption on each type of adsorption
e sites. For small molecules and systems with a limited number
e . . 0, . Lo of electrons, usually DFT methods do not give exact results for
k(‘) )2 Z () = x(n+ ")) expl = —((+ ) = X0+ 1)) interaction energies. However, in this work, the results for
NK{ — — potential well,De, seem to be reasonable in comparison with
T e experimental data for complexes containing the-80 bond.
(35) The reasons for this reasonableness are not exactly clear due to
the fact that the DFT methods are based on the Kdbimam
The expression foBis the same as that of eq 21, except fhpat  equations and the solution to them gives the KeBham
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0 100 200 300 400 500 600 Figure 9. Calculated partition function for the adsorptive bond vs
T.K temperature using the H, HS, and MP models.
Figure 7. Same as Figure 5 for entropy. and may be considered as an additive constant to total energy

and does not affect thermodynamic properties. However, as
reported by Quiro®t al., whend > 0.5 ML, the side-by-side
interactions become significant. Thus, at high coverage, the side-
by-side interactions should be taken into account.

Because of the fact that, at low temperatures, most of the
molecules are in the vibrational ground state, which vibrate
within their equilibrium positions, the harmonic model is
reasonable for internal molecular vibrations. Also, the shape of
the potential function of the oscillator is similar to the harmonic
one about the equilibrium distance. As shown in Table 2, the
vibrational frequency of the internal CO bond on the Ni(111)
surface is larger than that of the adsorptive bond by a factor of
more than four, we may discard the coupling of these degrees
of freedom. Moreover, the anharmonicity effect of the adsorptive
bond is much greater than that of-© bond, the anharmonicity
of C—0O may be ignored. Because the adsorbed CO molecule
on the Ni(111) surface has a stretching vibrational mode
perpendicular to the surface for which the mode is faced with
two different mediums (solid and vacuum), such a vibration is

E, kJ/mol expected to deviate from a harmonic oscillator significantly.
Figure 8. Calculated entropy for the adsorptive bond vs internal energy, Therefore, for the reason given above, we have discarded the
using the H, HS, and MP models. anharmonicity for the CO bond. We used a DFT calculation to
obtain the interaction potential for such a mode. The calculated
orbitals that do not have any physical interpretation and only potential can be fitted on the MP model because of the fact
are used to obtain the ground-state energy of the system.that this model is consistent with the physical reality of the
However, we may give such reasonablenesBohs follows: system, but this is not the case for HS model because of the
First, there are many free electrons in metallic systems, thusfact that, even though its repulsive wall is considered as a limit
the initial guess in solving KohnSham equations using DFT  of the real repulsion wall, its attraction wall does not reflect
calculations in which many electron systems are considered asany physical reality of the system.
a uniform electronic gas in local density approximation, LDA,  On the basis of results shown in Figure 4a and b, we have
seems to be reasonable. Second, in the slab model, the periodigalculated pressure that is not considerably very sensitive to
boundary condition is included; therefore, the environment the model potentials in such a way that the average deviation
around an atom in the surface is mainly similar to that of the from the experimental data are less than 8% (see Figure 4a).
real case. The reason for such insensitivity may be due to the existence

Because we have investigated the adsorption for the caseof two adjustable parametet¥;T) andj’'(0), whose values are
that & < 0.5 ML, the side-by-side interactions among the obtained by using the experimental data. However, if side-by-
adsorbed molecules may be discarded. This is due to the factside interactions and all types of adsorption sites are taken into
that, on the basis of Quifa al. investigation, the side-by-side account, we may expect that the calculated pressures would be
interactions among the CO molecules are repulsive, therefore,in better agreement with experimental data. On the basis of the
CO molecules on the surface tend to be farther from each otherresults shown in Figure 4b, the calculated pressures obtained
than we may expect that at low coverage, and the environmentfrom the MP and HS models are more than that of the H model,
around each adsorbed molecule is similar to that of the others.indicating that the pressure of the gas phase in equilibrium with
In other words, at low coverage, potential energy due to the the adsorption phase for MP and HS models are more than that
side-by-side interactions is the same for all adsorbed moleculesof the H model. Because the chemical potential varies mono-
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tonically with pressure, and at equilibrium, the chemical cannot absorb heat any more. Unlike the H and HS models, the
potential of the adsorption and gaseous phases are equalyalue of C, given by the MP approaches zero at very high
therefore, MP and HS models predict the chemical potential of temperatures because, when energy of the vibration is equal to
the adsorption phase more than that of the harmonic model. In Y i=1"max (N/Nmay) Ei, (i = 1, ...,Nmay), there is a uniform molecular
other words, two former models predict a more unstable phasedistribution on the energy levels correspondind te co when

for the adsorbed system thermodynamically. On the basis of the internal energy becomes equaNiGyay and no more energy
Figure 9, the calculative partition function of adsorptive bond absorption will be allowed; therefor€, = 0. As shown in
using the H model is more than those of the MP and HS models, Figure 6, the maximum difference &, between HS and H
and the partition function of the adsorptive bond calculated from models and between MP and H models are about 69% and 3.5%,
the MP model is more than that of the HS model. Because all respectively. Because the heat capacity is more sensitive to the
of the partition functions of the adsorptive bond in the spacing between the energy levels in comparison with internal
temperature range of the Christmann isotherms are less tharenergy, effect of the model potential on the isochoric heat
one, their logarithm will be negative and hence a larger value capacity is more significant.

of the partition function will give a smaller value for the The calculated entropies given by the three models are shown
chemical potential, i.e., the H model gives the most stable in Figure 7. Separation of the energy levels plays an important
adsorption phase again (Note that, for the canonical ensemblefole in the value of the entropy. For this reason, the MP model
u = —KT In(g/N)). Also, it may be noted that, in the range of with the least separation gives the highest values and the HS
experimental isotherms, the temperature is low enough that themodel with the most separation gives the lowest valueSfat
higher energy levels are not significantly important, and partition low temperatures. However, at very high temperatures at which
function which is a measure for the availability of the energy the number of available energy levels has a significant effect
levels for the H model is more than those for the MP and HS on the number of distribution on the energy levels and hence
models. However, at higher temperatures, the differences in theon S, for the H and HS models (with infinite number of energy
partition functions of the various potential models become more levels),Sapproaches infinity wheil tends to infinity. However,
significant due to the fact that, at higher temperatures, higher for the MP model,

energy levels involve more and distribution of the adsorbed

particles on energy levels depends on the spacing betweenS= KN N! or

energy levels, and we may expect that the differences become N |, [Pmect?

more significant. See the trend of the calculated pressure [(nmax).]

differences in Figure 4b. Because of the fact that the anharmo- S

nicity effects become more significant at high temperatures, Nk NN+ 1) =In 80=4.382

larger differences in the calculated pressures are expected.

As shown in Figure 5, the trend of the calculated energy given \\henT tends to infinity. If such a vibrational model has energy

by different models is insensitive to the models at low 51 tharEmax= (N/Nmay) Ti=o™max i, then population inversion
temperatures. However, unlike the other models, because the,ccyrs hence the entropy decreases with energy increngsht: (
MP model has an upper energy levah{x= 74), the difference 9E), < 0 because &J9IE),n = 1/T, which means that the

between the calculated energy given by the MP is significant jpgq)ute temperature becomes negafivé Such unusual
with that of the other moo!els at high temperatures. the that henavior is expected for any system with a limited number of
the MP model has a maximum energy NEqax at very high energy levels. To show how the absolute negative temperature
temperatures, which are not shown in Figure 5, but the other occyrs, the calculated entropies versus energy are shown in
models have no upper bond energy whEkgx is the highest Figure 8. As shown in this figure, f& > (N/Nmay iz €i,
energy level. Note that the internal energy trend does not the calculated entropy from the MP model decreases Eijth
significantly depend on the spacing between energy levels dueyhich means thalT < 0. Because the entropy is too sensitive
to the fact that the internal energy is the partial derivative of g the spacing between energy levels, the effect of the model
the partition function with respect to temperature and variation potential on the entropy of the adsorptive bond is significant.
of temperature does not change the spacing between the levelsgch differences are not obvious in the grapi$es a function
The calculated internal energy depends on the zero-point energyof T pecause its maximum at finite positive temperatures (at
as well as the molecular populations on the energy levels, whichwhich the adsorption system does not exist physically) is not
later vary with temperature. shown in Figure 7; however, it can be seen readily in Figure 8.
The calculated values @, are shown in Figure 6. As shown  As shown in Figure 7, the maximum difference of S between
in this figure, the values given by the HS and H models are the HS and H models and between the MP and H models are
generally very small except at low and moderate temperatures.about 55% and 4%, respectively. Also, the entropy may be
Note that, because the energy spacing for the energy levels foraffected by the side-by-side interactions in which the repulsive
the H model is less than that of the HS, the former model gives interactions between adsorbed molecules keep them away from
a higher value o€,. Both models would give the classical value each other. Therefore, one may expect that molecules do not
of C,/Nk = 1 whenT approaches infinity. However, the value distribute on the sites randomly, from which we may conclude
given by MP is quite different from those of the two other that the configurational entropy decreases with the coverage.
models. Because the energy spacing between the energy levels Our overall conclusion is that the model potential and hence
of the MP is less than that of two other models, the values of the anharmonicity for adsorptive bond does not significantly
C, given by the MP model is significantly larger than those of affect those thermodynamic properties which are not sensitive
two other models at low and moderate temperatures. At higherto the spacing between the energy levels such as adsorption
temperatures, the molecular population on the highest energyisotherms, but its effect on those which are sensitive to the
level, nmax, becomes significant, and the value@f given by spacing between energy levels, such as heat capacity and
the MP declines with temperature. Such a behavior is expectedentropy, is important. The differences may be small at very low
because of the fact that such molecules onrthg = 74 level temperatures, however, it becomes significant at high temper-
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atures, even at room temperature (see Figures 6 and 7). Because (19) Erley, W.; Wagner, H.; Ibach, Fsurf Sci 1979 80, 612.

of the fact that the anharmonicity effects become important at

high temperatures, such a behavior is expected.
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