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Publishing ABSTRACT

The electron density topology of carbon monoxide (CO) on dry and hydrated platinum is evaluated

under the quantum theory of atoms in molecules (QTAIM) and by ad?rbate orbital approaches.

The impact of water co-adsorbate on the electronic, structural, and vij [%io roperties of CO on

Pt are modelled by periodic density functional theory (DFT).4At CO coverage, increased
fied

hydration weakens C-O bonds and strengthens C-Pt bonds, % changes in bond lengths

and stretching frequencies. These results are consist t‘\witls TAIM, the 5¢ donation-2m*

backdonation model, and our extended m-attraction @pulsio odel (extended n-c model). This

work links changes in the non-zero eigenvalugs of the electron density Hessian at QTAIM bond
e

critical points to changes in the © and o, Cb*b\ with systematic variation of CO/H20 co-

\
adsorbate scenarios. QTAIM invaria h\bond strengths and lengths as being negatively
"
correlated. For atop CO on hydrate OTAIM and phenomenological models are consistent with

a direct correlation between C—é\h{ﬂxength and CO coverage. However, DFT modelling in the
absence of hydration shogv that'C-O bond lengths are not negatively correlated to their stretching
frequencies, in contrdst to‘the Badger rule: When QTAIM and phenomenological models do not
agree, the use 0/ Wn— ero eigenvalues of the electron density Hessian as inputs to the
phenomenologi Qmodels, aligns them with QTAIM. The C-O and C-Pt bond strengths of bridge
and three- ({ bO)md CO on dry and hydrated platinum are also evaluated by QTAIM and

-

adsorbate orbﬁfal analyses.
-

‘K]; RDS: DFT, CO adsorption, hydrated Pt, Blyholder model, extended n-c model, QTAIM
~
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Publishing 1. INTRODUCTION

1.1. Background
Carbon monoxide has a greater affinity for fuel cell Pt catalysts than does hydrogen'. This

is compounded by the fact that hydrogen fuel cell anode potentials of ar?ever sufficiently positive

osed\()g&ixed phase with Pt,

are used to lower the CO adsorption energy (Eads). This is knovK:EIigand effect.’ In direct

to oxidize adsorbed CO (COuds) to CO2.2 Hence, transition metals, al

methanol fuel cells, where the anode can be as high as 30 mV)vs RHE, transition metals (e.g.,
T—

Ru) lower the activation energy by activating water fo@::e: sfer to COads (Ref. 2). The

key components for theoretical analyses of hydroge@d dir xidation fuel cells are CO, water,

.)

and the catalyst structure.* > T

CO adsorption on transition metals %@s are described by phenomenological and
catalyst d-band models (Neorskov bam and our d-band dispersion’ model). The
phenomenological models include? Q{ol&ér-type models® 2) the Nilsson and co-workers”!?
m-attraction and o-repulsion (n-g\ | and most recently 3) the Dimakis-Smotkin extended n-c

model.'+17

Blyholder-type de}/s:dn adsorption on Pt, the internal COads bond weakens (C-O

énshifts) and a stable C-Pt bond is formed.'®?° This is explained by

stretching freque@
a 56 donati —2% backdonation model, also known as the “Blyholder model”. The original

Blyholdef“model }v limited to m-molecular orbital contributions to the adsorption process (1n
=

d ZQIY ffect of the 56 donation was added later.?! Although the 56 donation-2m*

Stion model successfully explains CO adsorption on a variety of metals including Pt, ?? it

an
-
ils for COads on Pt-based alloys.?

=

Nilsson m-attraction and o-repulsion (7-6) model: The Nilsson -6 model improved upon the

5c donation-2n* backdonation model by considering the influence of charge polarization effects
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Publishiog: the entire set of 6 and & CO-substrate orbitals. The hybridization of the CO molecular orbitals
with the metal orbitals yield hybrid adsorbate-substrate tilde-type orbitals. The 7-system contains

three orbitals/bands: the 17, the d and the 27 *-bands. The 17 orbital is both C-O and C-Metal

bonding, whereas the 27 *-band is C-O antibonding and C-Metal bonding. The d%-band is a hybrid

of the 1z and 2x* CO molecular orbitals mixed with the metal d £ _-band. The d%-band extends

from a lower energy region dominated by oxygen lone pair lecﬁr\oﬂ¥n heavily weighted by a
17 contribution (i.e., C-O bonding), to a higher energy region ¢ 'ﬁ‘ﬁg to the Fermi level with a
heavy 27* contribution (i.e., C-O antibonding). While théw-o )mdel does not explicitly invoke
direct backdonation to the CO region of the 27* l&ﬁ liil—adonation is certainly inferred by the
presence of the C-O antibonding dz high ene@hat weakens the internal COads bond. The
decreased 17 polarization towards oxygeﬁr\mmutes to the internal COads bond weakening.

The &-system also containsshre nita'ls/bands: the 46 and 56 orbitals and the dz-band.
The 46 and 56 orbitals are % ding, whereas the dz-band is C-Metal antibonding.

Moreover, the 46 and the dg-band aré«C-O antibonding, whereas the 56 is weekly bonding. The

free CO 40 and 56 molécula
£
hybridization with‘meta rbi(als, the 46 and 56 orbitals reverse polarization and strengthen the

Hbals are polarized towards oxygen and carbon, respectively. Upon

internal COa o@%-o model does not consider charge donation from the CO regions of the

46 and 5@ orbitals te the substrate bands. Therefore, the G-system is repulsive to the surface. The

4

=
internQa:sb d weakens upon adsorption, because the weakening of the fi-system more than
offsets t}§, engthening of the 6-system.

‘D.ig‘-a is-Smotkin extended -6 model: The extended n-c model considers the same 7-system as
\

does the m-6 model: The dz- and 27 *-bands are equivalent to the n-c model dz-lower energy

region and dz-higher energy region, respectively. The innovation of this model is inclusion of the
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Publishisg active components of the §-system orbitals/bands via donation from the 46 and 56 orbitals to
the substrate bands. In the extended n-c model, the 6-system is C-Metal bonding. The C-Metal 46
and 56 bonding orbitals are not offset by the antibonding dz-band. This was not the case in the
original m-c model, which assumed all 6-system orbitals/bands below the Fermi level were filled

(Ref. 11). Incomplete occupancy of the dz-band was confirmed b Rz@elov al., using inverse

photoemission spectra of CO/Ni, CO/Pd, and CO/Pt.** In thvéjixk% odel, the effect of the

56 orbital on the internal COags bond is small.'* The extende > model has been used by other

_—

research groups.?*2®

-

A

We described an expression that correlateg ¢ ge?)n Vco to changes in the COads, C and
O atomic orbital charges (Ref. 17). Here we;m h expression for v, from our prior report

by including the oxygen contribution to t % d as,

~ d& STk
Vco X _(Qggs + QE(ZTS + Q 2S +}x~y\+ Q(%gxy ) (1)
where Q3 are charge contribu@v atomic orbital to the x tilde-type orbital/band. This
expression improves the dﬁﬁion f the f-system, by allowing for charge to be directly

transferred between COads and interacting water molecules.
£

1.2. Quantum t]& otﬁs in molecules (QTAIM) applied to CO adsorbed on metals
i

Phen e@log'ca models based on adsorbate orbital occupation have shortcomings.

Orbital rees, ; ined by integration of densities-of-states (DOS) spectra, do not always
=

correlate to b%n trengths. Bader and co-workers have developed the quantum theory of atoms in

-

oleculeg AIM), which is based on the topology of p(#), Vp(#), and the Laplacian VZp(7) to
Yiescri atoms and bonds of chemical systems. QTAIM analyses are basis set and method
N

independent, as long as a minimally adequate basis set is used.?” Fig. 1 shows the free CO p(#)

and the Vp(7) associated with the CO bond critical point. It also shows the negative of the
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Publishingplacian -V2p(7) associated with the oxygen and carbon non-bonding charge concentrations (i.e.,
presence of lone pair electrons). The 2D p(7) and -V2p(#) are plotted with CRYSPLOT.*® The
AIM-UC program was used to plot and calculate the 3D p(#) and -V2p(#) and the Vp(#).3! A pair
of atoms are considered “bonded”, when a point of zero-flux density (Eig. 1b, black line) along

the path connecting these two atoms (bond path) carries charge %umu tion in the plane

perpendicular to the internuclear axis (Fig. 1a). This point is the boad critical point (saddle point

in the 3D p(#)). Moreover, the -V?p(#) is used to dete ilﬁ%\e}ccumulation at non-nuclear

locations, as in the case of free CO (Fig. 1c). Fig. I‘I:QQ‘[ e atomic basins for carbon and

oxygen atoms, which are the regions of space trayiby‘ajl Vp(7) that terminate at the attractor
| -

or nucleus and are bounded by zero-flux sur%

CO adsorption on metals has beenﬂs%@y QTAIM. **-3¥ Macchi and Sironi analyzed
CQOads on B, Cr, Fe, Co, Ni, and Cu \sijag\tr nsition metal-carbonyl clusters (Ref. 38) and
emphasized the difficulty of d”[e:\c&\\Q ackdonation due to p(#) cylindrical symmetry for

metal-C bonds. However, they did notrelate the non-zero eigenvalues of the p(#) Hessian to 5c-

donation and 2n*ba@tween the CO and the adsorbing metal.
£

Chemical jfiteractionséare also described by Energy Decomposition Analysis (EDA),34
Constrained R)ml Variation (CSOV),**? Natural Energy Decomposition Analysis-
NEDA 43, /444

5/10 ized molecular orbitals EDA,** 47 and more recently periodic energy

lysis (pEDA).*® EDA has been extended to the study of COadgs on metals and

decor@"‘sﬂl:‘Q
ctal oxi1 f Li and Na (Ref. 49), Ni (Ref. 11), Cu (Ref. 11, 49, 50), Al (Ref. 56), Pt (Ref. 22,

é% g0,%> 3 where interactions are decomposed into ¢ and ©t contributions.
N
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AlPP

Publishing. CO/Pt QTAIM and orbital approach to hydration and CO coverage variations

Here, periodic density functional theory (DFT) >* 3% is used to model CO/Pt with and

without hydration at 1/9, 1/3, and 5/9 monolayer (ML) CO coverages. The internal COads and C-

Electron Density p(¥)
2D view

3D view

=

()

CO-bond critical point

8
) //\\,/\

CO-bond critical point

Gradient of Electron Density Vp (?)\

N

N

<S5

C Lone pair

.

3D view

FIG. 1. Free CO representations with labeled bond critical point and lone pairs (a) extrema

electron densities p(7): 2D and 3D (high charge, red; low charge, blue); (b) gradient of electron
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Publishidghsity Vp(7) (oxygen, red; carbon, blue; bond path, gray line; zero flux surface, black line), (c)
extrema Laplacian -V2p(#): 2D and 3D (color code same as (a)).

Pt bonds are then examined by: 1) QTAIM analyses of p(#) and V?p(7) at C-O and C-Pt bond

critical points and 2) COads orbital approaches. Bond strengths are corelated to changes in the (v¢q

and vp,) stretching frequencies, the p(#), V?p(#), and to QT ?}press ns (vide infra) at

critical points vs. CO and water coverages. Changes in the p ?)‘Nl on-zero eigenvalues at
C-O and C-Pt bond critical points are directly associate wiéﬁ@bs in the J- and ft-systems,
which are used by the extended n-c model. We also gxgn@ e effect of surface relaxation on
the above properties by performing frozen and r xgd-sub?&ate calculations.

A

2. STRUCTURES AND COMPUTA }«L‘ ETHODS

\
2.1. Modelling of the periodic structures

The Pt substrates were mo djhge-layer fcc (111) periodic slabs with 9 atoms per
layer in the unit cell. Fig. 2 sho “hstrate unit cells, employed in this work, with COads at
1/9 and 5/9 ML covera S,W«i% and without interacting water molecules. The C and O atom
Mulliken charges®® (Fig. 3) ¢'calculated using relaxed-top substrate layer configurations. The
measured Pt lattié aram r/of 3.924 A was used for the calculations performed with 1) all Pt
atoms locke t)rystallographic lattice positions (frozen substrate calculations), 2) the top
substrate ‘Tayef rel;x d, and 3) both the top and the middle layers relaxed (relaxed substrate
calcul ti‘(:;ls).SIn the latter case, 4 of 9 middle layer atoms were constrained to move only
p‘@t‘)ular to the substrate surface to avoid possible alignment of all three layers (i.e., no longer
N

At 1/9 and 1/3 ML coverages, the COads were placed atop as (3 X 3)-CO and (3 x 3)-3CO

overlayers respectively, to the fcc lattice and were free to move during geometry optimization. At
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Publishing ML coverage, the atop COads were located at the corners of an equilateral triangle. At low
coverages, the CO ags are experimentally observed as atop.”’** The frozen substrate calculations

show the atop is preferred by ~ 0.04 eV relative to the three-fold site. However, the relaxed
y

CO Coverage ﬁ
0O=38l4de 1/9 ML. O water =gloe ML, 0 water

C=572¢

Water Coverage

0=82¢ O=814e 5/9 ML. 12 water
C=582¢ » \ C=582¢ P

/\)

FIG. 2. Unit cell F t{nized three-layer Pt slabs, plotted by Jmol,% and C and O Mulliken
charges on Pt ate top layer (a) at 1/9 ML and (b) 5/9 ML CO coverages on dry Pt and (c) and
(d) corresponding, calculations of (a) and (b), respectively by including 12 interacting water
molecé.omsftre colors: Pt (top and bottom layers), gray; Pt (middle layer), light blue; C,
green; O (COggs) violet; O (water), red; and H, white.

—

\v.Bstr calculations show the opposite by ~ 0.1 eV. Feibelman et al., using a variety of DFT
-~

codes, found that DFT favors high coordination sites for CO/Pt(111) at low CO coverages,

contrary to experiments. This DFT failure is often referred as the “CO adsorption puzzle”.%* In
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Publishisugr to reconcile modelling results with experimental observables, the CO molecules are initially
positioned atop for 1/9 ML and 1/3 ML coverages. At 5/9 ML CO coverage, five CO are initially

placed over the 9-atom Pt surface as follows: three atop, one bridge, and one 3-fold site CO.

At 1/9 ML CO coverage, the (CO+n*H20)/Pt, n < 12 04 ized geometries were
obtained as follows: For n = 1, a single water molecule is pla astantly from a geometry
optimized CO/Pt. This (CO+H20)/Pt initial guess is re-op rrlije Eor n = 2, a single water
molecule is placed distantly from a geometry optimized (€O+H: ;E‘followed by (CO+2H20)/Pt
re-optimization. The process is repeated for all (C@+n* /Pt, n < 12. Alternate methods to
develop the series of geometry optimized s&%e? l:c,:tglctures consistently yielded higher
conformation energies than our systematic séqé(a{r -optimization approach, ensuring that our
optimized geometries are at a global enerN@n. For the 1/3 and 5/9 ML CO coverages, SCF
energy convergence was not possible with,advater molecule co-adsorbed on the Pt surface. In these

X

cases, the (CO+12*H.0)/Pt (a\s CO coverage) served as an initial guess followed by

separation of the water m lqﬁcjo- sorbed with CO) from the Pt surface and its repositioning

er molecules.

—

distant from the remaiding
£

At 1/9 ]\/{ O, c éations used optimized geometries of (CO+n*H20)/Pt, n < 12, at
frozen, relaxe t(Q and relaxed top and second layer Pt. At higher coverages, we used relaxed Pt

top layer r’elay top and second layer Pt for calculation of CO/Pt and CO+12*H20/Pt.

-

2. _]2 fun)tional, basis sets, and parameters
Eh:ctronic, structural, and vibrational properties of COads on dry and hydrated Pt were
wcu'l'ated using the CRYSTAL14 DFT code® % with Gaussian basis sets centered at the atoms.

The PBEO non-empirical/parameter-free functional was used.’” ® The v., and vgp, were

10
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Publishiggculated at the T point (l_c) = 6) within the harmonic approximation® using a partial Hessian
approach for the COads. The innermost Pt orbitals were described by Stuttgart-Dresden effective
core potentials (ECP),’" 7! which accounts for mass-velocity and Darwin relativistic corrections.
This provides similar accuracy as the all-electron basis sets at a fragtion of CPU time. The Pt
effective valence basis set [4s4p2d]’> was optimized for crystalhn ca h For C and O, the

[4s3p2d] (Ref. 16) basis sets were used, whereas for H, the [3 et was used. The basis

sets were size-limited to avoid linear dependencies, resulti ing \mall exponents present in the

Gaussian basis sets. Due to the size of the calculations, Br ouln)one integrations were performed

on a 6 X 6 Monkhorst-Pack grid,’* whereas the¢Fermi e}rgy and the density matrix used the

12 x 12 grid (Gilat grid)”> 7® without loss o W

Crystal Orbital Overlap Populatio 7 were calculated by CRYSTALI14, whereas

COOP vs. energy plots were obtaine mng‘ RYSTAL17.7® SCF energy convergence and

Y

Eads/N = E(nco+msH,0)pt — Emstigo/pe — N * Eco.n=1,2, ..,andm=0, I, 2... (eq. 2)

geometry optimization parame@ ribed in our past work (Ref. 17). The Eadsis given by

where n and m are the r of €O and water molecules, respectively. This expression is similar
to one used by S‘?\'ﬁ{;@ﬁhefﬂer for CO and O co-adsorption on Ru.”® The Eads is calculated
with treatmen o set superposition error (BSSE),* which arises due to finite size of the

crystallin as/ls s used. The BSSE error (~0.1 eV, Ref. 17) is minimized using the counterpoise

.

COHGQZb Cluding “ghost” atoms (i.e., atoms with nuclear charge and electrons removed,
bq:i;sA Ctained) in the fragment SCF energy calculations of the adsorbate-substrate structure.
3

IM methodology
“.The p(#) and -V?p(#) topological analysis was performed with the TOPOND,?? which is

integrated with CRYSTAL14. The bond critical points are denoted as (3, -1), where 3 stands for

the three non-zero eigenvalues of the p(#*) Hessian at the critical point and -1 is the summation of

11
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Publishithg number of positive and negative eigenvalues. For the (3, -1) bond critical point, two p(7)

curvatures are negative and one is positive, and VZp () |;Cp=K1+X2+7»3, where Ai (=1, 2, 3) are the

non-zero eigenvalues of the p(7) Hessian. The A1 and A2 values (< 0) are associated with charge
accumulation in the planes perpendicular to the bond path and A3 (> Q/ ith charge accumulation

along the bond path. Increased A3 is indicative of charge accumulati Dthe atomic basins and the

bond being more ionic (Ref. 83). ‘)\

T—
We also examine a critical point classified as (3, 8), whichidenotes p () local maxima and

may correspond to non-nuclear attractors due to p(?Conc tion at this point. These points are
explored by -V2p(#), which exhibits altering shells of eharge concentrations and depletions
(valence shell charge concentration-VSCC, Ref. The sign of V2p(#) at the bond critical point
can be used to identify the type of the bond and, is expected to be negative for covalent and positive

for ionic bonds. However, for cova% # bonds (e.g., C-O and C-Pt bonds), V2p(#) is positive
\m

at the bond critical point (Ref: ovalent bonds, an improved description of the bond
strength is given by (H/p)(#)at the bond critical point 7, such that H(¥) = G(¥) + V(¥), where
G (7) is the positive definite Kinetic energy density, and V (#) is the potential energy density.?” Gatti
stated that adoptign.of a si é QTAIM criterion for bond assessment is challenging.®* Therefore,

we use p(7), &> /bi), and (H/p)(¥) at C-O and C-Pt bond critical points to determine changes in

the corresponding bond strengths via QTAIM.
=

2.4. OP and COHP calculations

For periodic systems, Ruggiero et al.,®

implemented an improvement to COOP, called Crystal
Orbital Ppamilton Population (COHP),% and is available in CRYSTAL17. The COHP accurately
c01.1\nts for bond strengths, by partitioning the band energies (i.e., instead of the electron states)

into bonding and antibonding regions. However, both COOP and COHP calculations are basis set

12


http://dx.doi.org/10.1063/1.5046183

E I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishiagendent. Grechnev et al.,’” found that COOP and COHP provide acceptable results, when
minimal and localized basis sets are used, whereas high-quality basis sets may introduce artificial
large antibonding peaks in the energy region near and below the Fermi level, in both the COOP
and COHP spectrums. The C-O COOP and COHP are calculated uSing the entire basis sets
described above, whereas for the C-Pt cases, we removed the s or taﬂ)om the carbon outermost
sp basis function (outermost carbon sp basis function is repN p function) to avoid

overestimation of the antibonding C-Pt COOP/COHP dz-ban ‘) -~

—~
3. RESULTS AND DISCUSSION C K

3.1. Hydration effects for CO/Pt at 1/9 ML CO verag_?

C-0 and C-Pt bond lengths, stretching frem OOP, and E,qs. Fig. 3 shows the changes
in the C-O and C-Pt bond lengths, th vCO,N\t,NEorresponding COOP, and the Eadgs for CO/Pt
(frozen and relaxed top substrates) \{ er}f waters in the unit cell. Our calculated v, values
are in supplementary materials SI)."At low (1/9 ML) CO coverage, our v, values (dry,
2203 frozen, 2207relaxed cm’! ted with 12 waters: 2113frozen, 212 1relaxed cm™) are 2-6 % higher
than that reported by, ri(‘)/r c tations (dry, 2073-2100 cm™', Ref. 60, 88-91) and experiments

£

léctrochemical conditions, 2051-2071 cm™).”>* Our v.p, values

(UHV, 2085-21Q{ m;
(488frozen, 51 1aQ cm™') depend on the number of interacting waters and degree of surface
relaxation«Quf v67 lues are close to the value measured under UHV of 480 cm™ at and 0.17 ML
CO ¢ V;agé) reported by Steininger et al. (Ref. 60). Our DFT calculations, systematically
0 e;;sti%ate Veo and |Eads| (Ref. 17). Our calculated |Eads| for adsorption on dry (1.77-1.68 eV)
?ng thdrated (1.57-1.50 ¢V, 12 waters) Pt are within the DFT calculated ranges reported by Steckel

et al.>° The top layer lifts by ~ 0.1 A, when allowed to relax. This lattice expansion is accompanied

by systematic shifts in C-O and C-Pt properties (Fig. 3, squares to circles). This top layer relaxation

13
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AllP

Publishiegeds that reported by Doll (0.05 A) for CO/Pt(111) because they used five-layer Pt (Ref. 72).
The C-O calculated properties (Fig. 3a,c, v¢o, C-O distance, and COOP) are minimally affected
upon relaxation of the top layer (blue circles) compared to that of the frozen substrate (red squares).

The negative correlation between bond lengths and stretching’ frequencies is known as

Badger’s rule. *%8 We found Badger’s rule applicable to the inte egads and C-Pt bonds at low

(m e veo (o 0 COlength b o O O C-Ptlength
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numb i (a) v)o and C-O bond lengths, b) v-p; and C-Pt bond lengths, c¢) C-O COOP, and d) C-Pt
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CR/erage, where the C-O bond weakens with hydration. This is confirmed by the vco downshift

(Fig. 3a, solid), the increase in the C-O bond lengths (Fig. 3a, hollow), and the decrease in the C-
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PublishiogCOOP (Fig. 3c). The v, downshift with hydration is in agreement with infrared reflection
absorption spectroscopy (Ref. 93).

At low CO coverage, C-Pt bond strengthening with hydration is verified by the vp; upshift

(Fig, 3b, solid), the decrease in the C-Pt bond lengths (Fig. 3b, hollow){and the increase in the C-

Pt COOP (Fig. 3d). While this does not appear to be consistent wi co?’emmg changes in the

Eads (Fig. 3d), the absence of correlation between the C-MeN ing frequency and the

corresponding Eads has been reported (Ref. 14, 17, 89). The_\- ¢tal'stretching frequency and Eads

are derived from local and global properties of the potential ene&gy surface, respectively: The C-

Metal stretching frequency is more closely assoc'atgddyith“)ocalized interactions of the adsorbate

A
with the metal atom, whereas the Eads is associated with\interactions between the adsorbate and the

entire substrate surface. The lack of v;p; &ﬁ;s?orrelation is attributed to direct charge transfer
r

from water molecules to COads. Specifi \fy?f(k ads on hydrated Pt (12 waters), the COads charge

is increased by ~ 0.19 e (Fig. ,@\Q ecreases in charges of the adsorbing Pt (0.13 ¢) and

surrounding water molecules (0.0

At low CO coverage,«one water molecule is co-adsorbed with CO on the Pt surface (Fig. 2c¢),
whereas this effect/s not’ obyrved at higher CO coverages (Fig. 2d). As hydration is increased
(Fig. 2a-c), ele mgls\m\transferred from the water molecules to both the C and O atoms (Fig. 2,

M n charges); Thus, the CO contribution to the occupied 27 *-band increases and leads to C-
£
akenin

ullike
O bond we g and C-Pt bond strengthening. At higher CO coverages, deviations from the rule
are .ot

fre encas at low CO coverage is not observed at higher coverages (vide infra).

S

|H/p(#)] at the C-O and C-Pt bond critical points vs. number of interacting waters and the p(7)

KK d. Eimilarly, the observed positive correlation between the COOP and stretching

C-O and C-Pt bond strengths by QTAIM. Fig. 4 shows the values of p(7), V2p(#), and

15
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Publishingssian Ai eigenvalues (i=1, 2, 3) at the C-O and C-Pt bond critical points. The decrease in p(7),
V2p(7), and |H/p(7)| at the C-O bond critical point (Fig. 4a-c, solid), as hydration increases, is
indicative of internal COads bond weakening. The opposite is observed at the C-Pt bond critical

point (Fig. 4a-c, hollow). This agrees with changes from the v, and V({ the corresponding bond

lengths, and the COOP (Fig. 3). The p(#), V2p(#), and |[H /p(#)| 4t bond critical points (Fig. 4a-
g g
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(red-dashed a&d lue-dotted, respectively) for C-O (solid) and C-Pt (open), a) p(7), (b) V2p(#),
F/ p§ ;-and (d)-(f) p(7) Hessian of the non-zero eigenvalues Ai (i=1, 2, 3) at the C-O and C-

t bond

itical points relative to the number of interacting water molecules for CO/Pt at 1/9 ML

(
P
} coverage.
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Publishi®)g e negatively correlated to changes in the corresponding bond lengths (Fig. 3a and b, hollow)
throughout this work. The above QTAIM properties at bond critical points have a positive
correlation with corresponding stretching frequencies for all cases except COads on dry Pt at CO
coverages > 1/9 ML. This will be reconciled in the next section. /

Upon hydration, the |Ai| eigenvalues (Fig. 4d-f) at the C-O bo cr%:a\pont (solid) decrease,

while those of the C-Pt bond critical point (hollow) increase. This negative correlation was found

for all co-adsorption scenarios involving atop CQOads. Th &\ igenvalues positive correlations to

the p(7), V?p(7), and | H/p(#)| at the C-O and C-Pt bend cbtical points are observed for all

adsorptions and coverages. We confirm a positiv cgﬁlzii@l of |A1] and |A2| eigenvalues to C-O &t
Q

bonding and the same for A3 values to C-O GQK

Fig. 5 shows the oxygen to C-O-bond-ctitieal-point distance (Ro-bep) from the p(7) (Fig.

ide infra).

5a-b) and the carbon (3, -3) non-‘%diﬁ/SQC -V2p(#) |A3| eigenvalue (Fig. 5c-d) vs. water
e

kﬁse of Ro-bep with hydration (Fig. 5b) is consistent with

number for 1/9 ML CQads on P\
internal COads bond weakening and inereased CO contribution to the C-O antibonding 27 *-band
QK |A3| eigenvalue (Fig. 5d) decreases with hydration, suggesting

(Ref. 38). The (3, -3) garbon¥/S
£
a decrease in the/ bon anonding p(#) along the C-Pt axis. The C-Pt bond critical point A3

\
eigenvalue inFig. 4f) with hydration, suggesting that the C-Pt G-system becomes more

ionic (i.e’«¢harge is eoncentrated in the C and Pt basins).
- V.
an C-Pt overlap populations and phenomenological models. The relationship
-
between ,'Snternal COads and C-Pt bond strengths to surface hydration were correlated to C-O and

\‘&;: overlap populations. Moreover, these changes in bond strengths are predicted by the 5o
~
do

tion-2n* backdonation and extended n-c models. Fig. 6 shows the DOS, COOP, and COHP

spectra at 1/9 ML CO coverage with the top Pt layer relaxed, with and without 12 interacting water

17
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Publishimgecules. Positive and negative COOP denote bonding and antibonding (i.e., extent of bonding),
respectively. The -COHP is equivalent to COOP, thus COOP and -COHP predict extent of bonding
(i.e., COOP gives bond order; -COHP gives bond strength, Ref. 78).

The COOP and -COHP (Fig. 6¢-f) confirm the C-O and C-Pt e?ént of bonding in terms of

the 6- and fi-systems orbitals/bands, described in the introduction. &:i‘on ifts the 46 and 56
S

orbitals towards more negative energies and broadens the 5(?% n by the DOS, COOP,

—

Electron Density p (1) F\\
7 - e \
4 ) /A
: |

®  Frozen substrate| g
o Relaxed t

0.753 1 Q l_...g;
Bk ‘-\41.

/ [ |
224 .
— I:\:‘\-\.
- i 8
e LR
= 244 o,
g -w“\‘
= L R
£ .".._ !\
LA
2.09 [ Frozen substrate . .
® Relaxed top g e o
0 3 6 9 12
(d) Number of Waters

FIG. 5. QTAIM calculated properties for COadgs on Pt at 1/9 ML CO coverage at varied hydration:

(a) extrema electron density p(7) (dry case: high charge, red; low charge, blue), (b) distance from

18
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Publishisgygen to the C-O bond critical point (Ro-bep) Vs Waters number, c) extrema Laplacian -V2p(#)
(dry case: high charge, red; low charge, blue), and d) carbon non-bonding valence shell charge

concentration (VSCC, (3, -3)) |A3| value vs. waters number.

and COHP spectra (Fig. 6a,c,e). For dry (Fig. 6e, solid red) and hy eh&'& 6e, dotted red, 12

waters) CO/Pt, the 56 C-O strengths, given by -COHP, are abou&dry) and 10 % (hydrated)

S 1
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FIG. 6. DET caleulated spectra of COads on dry (solid) and hydrated (dotted;12 waters) Pt at 1/9

ML CO co ége )With a relaxed top Pt substrate layer: (a)-(b), DOS (black, CO; red, O; blue, C),
ﬂ

(c)-(d COOS d, C-O; blue, C-Pt), and (e)-(f) -COHP (red, C-O; blue, C-Pt). Vertical dashed

black'linesyds- and 27T*- energy bands region separation.

)
NI

off\comparable 44 strengths: The -COHP (and COOP) spectra integrations show that hydration

enhances the 46 C-O antibonding character and diminishes the 56 C-O bonding character.
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Publishingreover, the COOP and -COHP show that changes in the d-band upon hydration further weaken
the internal COads bond (Fig. 6¢,e inserts, solid and dotted red lines). The DOS shows that the 46
orbital is polarized towards carbon, whereas the 55 orbital is polarized towards oxygen (Fig. 6a,
blue and red solid lines). These polarizations are opposite to those g/%ee CO 4c and 5o
molecular orbitals, in agreement with past reports (Ref. 10-14, 17, 3D

Hydration downshifts and broadens all 7z-system orbit I/A%W\Q 6b,d,f). This decreases
the C-O 11t orbital bonding and substantially increases t &mding, whereas the dz-band
line

remains relatively unchanged (Fig. 6f, solid and dotted r bintegrations), in agreement with

changes in the orbitals/bands CO contributions, §ho E}?DOS integrations. The DOS, COQP,
and -COHP show that the - and ft-systems gveaken the internal COags bond upon hydration. The
COOP and the -COHP spectra facilitate thegeleetion of the d%- and 27 *-bands energy regions for
calculation of corresponding CO contri hm.used in phenomenological models.

Fig. 7 shows charge di fere&is etween C and O for the 46 and 56 orbitals, the CO

contributions to the 17+ dz, the 277 "~band, and the 6- and fi-systems, as well as the 5o donation-

%xtended n-c model (eq. 1) relative to the number of interacting

2n* backdonation modél a

£
waters (relaxed t(()j/ substrate galculations). Hydration decreases both the 46 and 56 polarizations
towards carb aﬁﬁ%ygen, respectively (Fig. 7a), and increases the CO contributions to the

g-syste Fig/ 7c,%solid circle and Fig. S1). These effects weaken the internal COads and C-Pt

4

)

Oads bond (Fig. 7b, hollow circles). This is attributed to increased CO charges in the C-

bondsg':;QS
g';:fc verall decreased CO contribution to the ff-system upon hydration, weakens the

te
~
ntibonding 27 *-band (Fig. 7b, solid circles) and decreases in the net CO contribution to the 17

orbital and the dz-band, both being C-O bonding (Fig. 7b, hollow circles). The overall
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Publishisgngthening of the C-Pt bond is due to a competition between the C-Pt - and the E-systems.
More specifically, hydration enhances C-Pt antibonding, via changes in the &-system, and
increases C-Pt bonding, via changes in the fi-system. Both phenomenological models predict
weakening of the internal COads bond, along with increased hydratiofi (Fig. 7d). However, the

agreement of the 5o donation-2n* backdonation model in the weakehing of the internal COads bond
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FIG. 7. (a) Charg %ces between C and O for the CO/Pt at 1/9 ML CO coverage, calculated
by relaxing the Ptsubstrate top layer relative to the number of interacting water molecules for 46
and 56 ()_{"bl ‘é Thie CO contributions to the (b) 17 and dz-band and the 27 *-band and (c) the G-
and 7 stems. Outputs from (d) 5o donation-2n* backdonation model and the t-c model (eq. 1).

e CO %0 ibutions to the G-system do not include the 56 orbital.

<

is fortuitous. The 5o donation-2n* backdonation model uses the free CO 56 and 2n* molecular

orbitals charges (C-O antibonding) to estimate the internal COads bond strength. At low CO

21


http://dx.doi.org/10.1063/1.5046183

E I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishiegcrage, the 5o charge is constant upon hydration and, thus the weakening of the internal COads
bond is only due to increases in the 2n* charge (i.e., single parameter model).
QTAIM and orbital analyses comparison. For COatop at 1/9 ML coverage, QTAIM and
phenomenological models show the internal C-O bond weakens, Whilei}‘ée C-Pt bonds strengthens

(via competition between J- and system 7-systems) with hydratigh. T)le decreased C-O critical

point |A1]| and |A2| eigenvalues (Fig. 4d,e) and increases in@% Fig. 5b) correspond to

weaker C-O 7 bonding. Moreover, the decreased A3 eigenyal ‘the“C-O critical point (Fig. 4f)

—

bep
t
corresponds to a weaker C-O o bonding. . 5
3.2. CO coverage effect for adsorption on dry Sﬁry(}:aed Pt
C-0O and C-Pt stretching frequency and :ﬁ:@h coverage dependence. We quantified
effects of CO coverage and hydration on i al C-O and C-Pt bond strengths by QTAIM
and adsorbate orbital analyses as d<i1 })abqve. Figure 8 shows the variation of vy and v p¢,

bond lengths, COOP, and the @nd hydrated Pt) with coverage at 1/9 ML, 1/3 ML, and

5/9 ML. The v, upshift with coverage, has been attributed to decreased 2m*-backdonation.”® Liu

et al. explain further t tg@ coverages, competition for a finite number of d-band electrons
Y.

ectle rediiction of 2n*-backdonation (Ref. 92). The v, upshift is also a

results in a per ?61
consequence Of 'p%dipole (i.e., intermolecular) coupling (Ref. 20, 99-102). Thus, CO

ing serves as a probe for CO island formation (Ref. 93, 103, 104). Our v

iffed along with the increased CO coverage by about 13 cm™ and 97 cm™, for

Value@
a(sé?ptio dry and hydrated Pt, respectively (Fig 8b). In the latter case, the substantial
0

N~

and is attributed to the water-CO co-adsorption that appears at the low CO coverage but is absent

ft is mostly between the CO/Pt configurations at 1/9 ML and 1/3 ML CO to the coverages

at higher coverages (Fig. 2c). Moreover, these v, upshifts are accompanied by decreases in the
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Publishi@g) bond lengths (Fig. 8a), in agreement with Badger’s rule (i.e., negative correlation between
bond lengths and stretching frequencies, Ref. 96-98).
In the absence of hydration, the correlations between changes in the C-O distances and
Vco, as the CO coverage varies (Fig. 8a,b), do not adhere to Badger8 rule (i.e., not negatively
correlated). For these cases, the internal COads bond strength, predi tea))y the* QTAIM properties
p(#), V2p(7#), and | H/p(#)| at the C-O bond critical point, is HN t between 1/9 ML and
5/9 ML CO coverages, in contrast with v, upshifting (vide _1-{1 . Thew, upshift with increasing
CO coverage, Fig. 8b) is consistent with past reports fgr sorpt}m on hydrated (Ref. 92) and dry
Pt (Ref. 16, 90, 91, 95, 105-107), and is consistent \gnh in‘@‘nal COags bond strengthening.
Similar to our past report for COads on%grfaws, at high CO coverages, changes
in the C-O and C-Pt COOP (Fig. 8c, f) &Orrelate with changes in the v¢o and v¢p; (Fig.
8b,e), respectively (Ref. 16). Negative\?la&o s between COOP and corresponding stretching
e

frequencies for adsorption on dry Pt N n attributed to hybridization defects (Ref. 17). Kaupp
%\

SO

et al. reported that shorter b are not necessarily stronger bonds, due to possible sp

hybridization defects, %s orbital may have insufficient charge to hybridize with the p

orbital.!®® Increase c/oveyge, from 1/9 ML to 5/9 ML, weakens the C-Pt bond, as verified by

the downshifts %h% (averaged between the two relaxed substrate calculations, Fig. 8¢) and

the increasés 1;1 C-Pt distances (Fig. 8d). The weakening of the C-Pt bond with increased CO

coverage-is eféronounced with hydration. Concomitantly, for adsorption on dry Pt, the Eads
)

egative, in agreement with past reports (Fig. 8f, blue lines and symbols and Ref.

becom
1&@)%, when water is present, the 1/9 ML and 5/9 ML CO coverage Eags are about the same

d are significantly more negative at the 1/3 ML coverage (Fig. 8f, gray lines and symbols). As
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Publishiinghe last section, there is no general trend between the v¢p; and Eags and this is also found in the
next sections.

QTAIM and phenomenological models. Fig. 9 show the QTAIM properties p(7),

V2p(#), and | H/p(#)| at the C-O and C-Pt bond critical points, at Va%wcoverages for atop

adsorption on dry and hydrated Pt. Corresponding changes in th Kin)tl, 2,3) eigenvalues are

shown in Fig. S2 and follow the same pattern as the Fig. 8 QT \(Qe i
n

es. The values of these

properties at the C-O and C-Pt bond critical points reveal so \07.'6worthy differences for the

—

strength of the corresponding bonds between adsorpf'on dry %d hydrated Pt, as CO coverage

: - & - Relaxed top Pt layer —e—Dry Pt

/ - O N
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y
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PublishiRK . 8. DFT calculated properties vs. CO atop coverage on dry (blue circles) and hydrated (gray
triangles, 12 water) Pt. Relaxed top substrate layer (hollow shapes); Both top and middle substrate
layers relaxed (solid shapes): (a) C-O bond length, (b) CO v,p, (¢c) C-O COOP, (d) C-Pt bond
length, () v¢pe, () C-Pt COOP, and (g) C-Pt COOP and Eags.

A

increases. More specifically, for adsorption on dry Pt, the predict @AIM internal COads bond
strengths do not correlate with changes in the v and follow Eﬁ;\sh wn in Fig. 9. However,
for adsorption on hydrated Pt, QTAIM shows internaleCQads ond" strengthen and C-Pt bond

weaken, along with increased CO coverage, and arcin eer&nt with changes in the v, and

Vept- L.‘,)

Table I shows the CO contributions t%’ldﬁ pe orbital/bands, and outputs from the 5o
donation-2n* backdonation and extende(ﬁ%@tﬂels for CO/Pt at various coverages, with and
without hydration (in units of e) Fomsm&ption on hydrated Pt, increased CO coverage,
strengthens the C-O f-system a.b&ﬁer dn — 27 values). Additional calculations show that
increased CO coverage on:h h\ﬂ increases the 46 polarization towards carbon and 56
towards oxygen, thus tr&bg the COads (i.e., stronger C-O G-system), whereas there is no
clear trend is de(véribe /rorﬁ the changes of overall CO contributions to the 6-system. The
combined ef ctﬁkharges and polarization changes in C-O G-system is described by the
changes ifi theQT A3 eigenvalue: Here, the increased A3 eigenvalue (at the C-O bond critical
point)is indi‘ﬁm e of the 6-system being more bonding.

0 shows the Ro-bep and the |A3] at the VSCC carbon non-bonding location (3, -3) vs.

‘69 a}t\op adsorption on hydrated and dry Pt at 1/9ML, 1/3ML, and 5/9 ML. Fig. 10b shows that
thexe is no charge change at the carbon non-bonding location along the C-Pt axis between 1/3 ML

and 5/9 ML CO coverages. At the 1/9 ML CO coverage, the absence of hydration increases the
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Publishipg value at the VSCC carbon non-bonding location, in agreement with the changes in the & system
polarization between adsorption on dry and hydrated Pt. At 1/3ML, and 5/9 ML coverages, no
significant changes are observed in the |A3| value at the VSCC carbon non-bonding location.

On hydrated Pt, both the 56 donation-2n* backdonation and the e{ ded m-c models show
stronger internal COads bond with increasing CO coverage (Table :F}se models are consistent
with calculated changes in the QTAIM properties at the C;O.critical points (Fig. 9a,c,e, gray

symbols and lines) and the upshifts of the v, (Fig. 8b, gray.sy ols and lines).
S
N}
‘\:\
\ S =
AS
K
A

N

26


http://dx.doi.org/10.1063/1.5046183

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishing
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FIG. 9. QTAIM caléuylated ‘properties at the C-O and C-Pt bond critical points vs. CO atop
cir and hydrated (gray triangles, 12 water) Pt. Relaxed top substrate

coverage on dry (blue
(hollow shape$); Bo tog and middle substrate layers relaxed (solid shapes): (a) and (b) p(7),

(c) and (d %3 7),'and (e) and (f) H/p (7).
£
.\K/
(@er, in the absence of hydration, both models show that the internal COads bond
ﬁ
strength ﬁllows the changes in the C-O COOP (Fig. 8c, blue symbols and lines). We examine the

»qf increased CO coverage from 1/9 ML to 1/3 ML, where QTAIM properties show internal

COags bond weaken, in contrast with the v, upshift (Fig. 8b, blue symbols and lines). Recall that,
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Publishimghle 1. CO contributions to the tilde-type orbital/bands, and outputs from the 56 donation-2m*
backdonation and extended m-c models for CO/Pt at 1/9ML, 1/3ML, and 5/9 ML CO coverages

with and without 12 interacting waters per unit cell. The Pt top layer was relaxed during geometry

optimizations. Values in parenthesis refer to the hydrated case. Rows for the 5/9 ML CO coverage

models are indicative of weaker internal COads bond.

refers to atop, bridge, and 3-fold sites values. The higher values on ?/xphenomenologlcal

CO Orbital/Band

1/9 ML

CO Coverage

O

5/9 ML

Models

\
) \.531 (3.521)
V.

1.653 (1.728)

1.590 (1.6@81 (1.582)
i\

a
6)

0.548 (0.419)

0.301 (0.537)

)

-

0.298 (0.322)

3.559 (3.544)

0.554 (0.502)

0.285 (0.346)

1.6@3\ 1.668 (1.655)
C 1.655 (1.643)

1.763 (1.790)
1.620 (1.627)
1.696 (1.683)
1.700 (1.631)
0.354 (0.364)
0.409 (0.423)
0.507 (0.542)
3.455 (3.489)
2.850 (2.677)
2.555 (2.464)
0.611 (0.551)
1.054 (1.031)
1.126 (1.337)
0.291 (0.280)
0.800 (0.788)
0.905 (0.854)
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Publishing 56 — 21 1.891 (2.138) 1.866 (1.929) 1.912 (1.908)
2.496 (2.471)

2.605 (2.486)

Extended m-c  2.085(2.366)  2.077(2.140) 2.122(2.114)

24 640)

976 (2.830)
e
in this case, C-O and the v do not follow the Badger rule«(Figw8a, b). Table I shows that both
models predict increased C-O 7-system bonding Vi(decre d )n* charge, for adsorption on dry
Pt. For the extended n-c model, increased C-O bonding (@to changes in the 7-system more than

offsets the C-O bond weakening due to chamgestin the G-system, the latter agreeing with the

changes in the QTAIM A3 eigenvalue at th\ej\\ORnd critical point (Fig. S2¢). Therefore, in the

N . .
ween bond lengths and stretching frequencies,

absence of a negative correla\.x

phenomenological models tha@g contributions to the adsorbate/molecular orbitals as

inputs, are not consistent with“QT AIM calculations of the internal COads bond strengths. However,

the QTAIM non-zerofeigenv M, A2, and A3 can serve as substitutes for the adsorbate orbital
£

information sincAK c{rectly correlated with changes in the - and 7-systems and their

summation is la to the value of V2p(7) at the bond critical points. This statement applies to all

cases and pro ide}a asis set and method independent approach for C-O and C-Pt bond strength

—
assessment. 3

—
3&@1‘@ and 3-fold Pt sites: 5/9 ML CO co-adsorbed with water

S ““.The internal COads and C-Pt bonds at bridge and 3-fold sites at 5/9 ML CO coverage are

contrasted with atop adsorption. Fig. 11 shows changes in the vy, V¢p;, the respective bond
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/ —A——@— Relaxed top & middle Pt layer 1

FO——e— Dry Pt NS
(a) —A— Hydrated Pt \
; é ,

3 224
&
>
O
E; |
2 1980
1.925 . .
1/9 1/ ) 5/9
- ge (ML)

FIG. 10. QTAIM calculated prop s \4 C atop coverage on dry (blue circles) and hydrated
(gray triangles, 12 water) Pt. Re substrate (hollow shapes); Both top and middle substrate

pes)ja) Robep and b) carbon non-bonding valence shell charge
3

layers relaxed (solid s

concentration (VSCC{ (3 value.

/

lengths, E s, the |H/ p(r)| at bond critical points of atop, bridge, and 3-fold COads on dry
at

Y.

(blue) and ed (gray) Pt (12 waters). Whether dry or hydrated, the v, and v-p; systematically
ift as §-e C to Pt coordination increases from atop to bridge to 3-fold, concomitant with an
incrgase }1 corresponding bond lengths (Fig. 11a,b, squares and rhombus). These trends are
wsi?tent with vy DFT calculations by Deshlahra et al. (Ref. 90) and Shan et al. (Ref. 91) (dry

calculations), and observed spectra (hydrated Pt, atop and bridge sites).!® Thus, our v, and v p,
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Publishiag nshifts confirm internal COags and C-Pt bond weakening with increased C to Pt coordination:
This is consistent with decreased QTAIM |H /p(7)| at C-O and C-Pt bond critical points, and bond
strengths negatively correlated to coordination number (Fig. 11c,d). The negative correlation is

further supported by changes in the p(#) and V?p(#) at the above b@al points (Fig. S3)

and by the C-O and C-Pt COOP (Fig. S4). j

For hydrated and dry Pt, the internal COads and C-Pt nﬂ)‘skng\th dependence on the C to
Pt coordination number was examined by QTAIM and €Ouss o ':Gnalyses. The |Ai| (=1, 2, 3)
eigenvalues at the C-O and C-Pt bond critical poinﬁ-ll deergase with increased coordination, in
contrast to atop adsorptions (3.1 and 3.2) at various«{CO cqlgages and hydrations. The diminishing
of all |Ai| values at the C-Pt bond critical p Nd\ e |A3| at the VSCC carbon non-bonding

location (Fig. S5), are attributed to %ﬁ@ bond critical points per Pt, as the C to Pt

coordination increases. S .

Both G- and ft-systems weake%&@mal COads and C-Pt bonds as the C to Pt coordination

increases. For COads atop vs. bridge and three-fold sites, the 46 and 56 orbital polarizations
increase towards car on;ldX/gen, respectively. This strengthens both the internal COads bond
and the C-Pt boé@ {5 orbitals are bonding to the metal). However, the increased CO
contributions ) entire 6-system (mostly due increased CO contributions to the dz-band, Table
I) more _'Ell {)ffsyts bond strengthening due to changes in the 46 and 56 polarizations. The

decrease of th§ A3 eigenvalue, at the C-O bond critical point, as the C to Pt coordination increases,
-

is nsist}nt with C-O o bond weakening.

\ <

The overall C-O ft-system weakens the bond with increased coordination: The CO

contributions to the 27*-and dz-bands increase and the CO contribution to the 17 orbital
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Publishidg reases. In summary, both phenomenological models show that increased C to Pt coordination

weakens the internal COads bond (Table I). The C-Pt bond also weakens as CO contributions to the

£

-O —e— [} —m DryPt N--O —{ - Relaxed top(lay
x —A— —o— Hydrated Pt —A——o— —¢——8— Relaxedyp & middle yers
—
2250+
2.10
2100+
o A
v _D_ —~
Ex )
8 g
> -0 o O
1950
1.89
1800
-1.53
El 1.908
&
o A 1.70 <
o —o— O . L ’ E
3 N SR MNP - 3
S0 _ i N 8
= 1.890 1 e —o-u
as)
= +4-1.87
‘\ 50 4 —~
1.8724 (©] k\ (d) T O
T T — T T T
Atop Bridge 3- Atop Bridge 3-fold
CO Adsorptio CO Adsorption Site

FIG. 11. DFT and AI}/I rties for COads atop, bridge, and three-fold at 5/9 ML CO. Dry
12'wafte

(blue), hydrated , 1), relaxed Pt top layer (hollow shapes) and relaxed top and middle
Pt layers (sol %%) Veo (circles and triangles) and C-O (squares and rhombus) (b) v¢pe

(circles a
-

(circles and triangles), and (d) (H/p) () at the C-Pt critical points (circles and triangles) and Eads

ﬁ
(@nd rhombus).

I

tﬂang%e ) and C-Pt (squares and rthombus), (¢) (H/p)(7#) at the C-O critical points
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Publishiggt antibonding bands (i.e., dz and d) increases. All the above are consistent with decreased |A|

and |A2| eigenvalues at both the C-O and C-Pt bond critical points.

4. CONCLUSIONS

COags at low coverage: At low COads coverage, water coadsozt’i’%n\}s{ens the sums of the

C-O G- and 7-system orbitals. The resulting internal COads bond weakening is concomitant with

C-Pt bond strengthening. These co-adsorption net-effec i‘rbreas with hydration and are
—

consistent with observed shifts on v, and vp;, and p ),\V2 p(M.and H/p(7) evaluated at the

)

bond critical points. We correlated the p(7) Hes@ non- eigenvalues Ai, (i=1, 2, 3) with

changes in the 7- and J-system. Specifically, e%fgs‘h-rthe |A1] and |A2| correspond to weaker

—~

C-O n bonding and decreases in the A3 (all at MO nd critical point) to weaker C-O o bonding.
The QTAIM view of internal CQOads en%xsk

ening, resulting from Pt surface hydration, is
"

consistent with the 5¢ donation-2x kdoenation and the extended n-c model.

COags atop at higher cover(agkk\ncreasing CO coverage eventually precludes water co-

adsorption, while stren @ye internal bond of atop COads at the expense of the C-Pt bond

strength. This is cofs e{lt \yith the classic inverse relationship of atop C-O to C-Pt stretching
frequencies an \agsth}‘EQIM However, for COads on dry Pt, the atop C-O bond lengths and their

Vco valuesdare notpnegatively correlated. Therefore, increased vy values do not always correlate
£
bonds#as

to strofiger might be intuitively expected (Ref. 110).
-~ en!ral, the p(#), V2p(#), and H/p(7) at bond critical points are negatively correlated
togskdl)ngths. In this work, when DFT calculated bond lengths and stretching frequencies are
t n.e?gatively correlated, the phenomenological models cannot be reconciled with QTAIM results.

However, because of the direct relationship between the 7i- and the 6-orbitals and the Ai at the C-
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Publishiogond critical points, the Ai values can be used as inputs to phenomenological models to obtain
an accurate description of how bond strengths vary with coverages. This demonstrates, as a
highlight of this work, a powerful synergy between QTAIM and phenomenological models.

COags bridge and 3-fold vs. atop. Both QTAIM and COag¢ orbital analyses confirm

weakening of both the internal Cads and C-Pt bonds with increased Pt coordination, in agreement
with spectroscopic observations, and the weakening of both t eN d-systems. The above

are all consistent with decreased Aiat C-O and C-Pt bond rj}ic oints: The COuds orbital analyses

show weakening of the C-Pt bond due to increased CO ¢ tribbtions to the C-Pt antibonding dz

-

orbitals/bands of the 7i- and the G-systems. \\

These conclusions can be extende&*q?’\rhe&aimilar systems. Augmentation of the extended
Oona

-0 model with QTAIM provides a 071%
analyzing adsorption. \&\

SUPPLEMENTARY. %@AL. See supplementary material for calculated v, alternative
£
contgibu

expressions for (%Qf tions to the G-system relative to number of integrating waters, and

additional QT@MES at atop, bridge, and three-fold sites.

and dz-bands. These effects more than offseﬁC-l;t) bonding, caused by the remaining

method and basis set independent technique for
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