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Adsorption energies and geometries of phenol on th€l11) surface of nickel: An ab initio study
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The adsorption of a phenol molecule on a(Nil) surface is studied by employing ab initio DFT
approach. Adsorption energies and geometries at each surface high symmetry site are determined and com-
pared with the analogous case of benzene. Adsorption at the bridge site, with C-C bond aI@Egl];he
direction, is found to be the most energetically favorable. Application of the current results to a multiscale
modeling of polycarbonates interacting with a metal surface is briefly discussed.
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[. INTRODUCTION tion of the other submolecul®ded to the conclusion that,
while phenolic chain ends strongly adsorb on the surface,
The interest in studying the interaction of molecules withinternal phenylenes are sterically hindered to adsorb. In fact,
transition metal surfaces is usually associated with their catfor example, at a distance of about 2.9 A from the surface the
lytic activity. Certainly this is an important aspect, and ben-minimumtotal repulsion energy of a monomer of the chain is
zene or benzenelike molecules, such as phenol, because afout 0.18 eV(i.e., ~3.6 kT, T=570 K to be compared
their high symmetry represent a convenient prototype of avith the typical thermal energy KTand this quantity rapidly
relatively large molecule for such studies. At the same timejncreases to~0.4 eV at 2.8 A 8.0 kT) and to 0.7 eV
due to its high symmetry and to the fact that is a well under{14.0 kT) at 2.6 A.
stood system, Ni111) represents a convenient model sub-

strate. Howevgr, while it is possible to find several theoreti- Il. TECHNICAL DETAILS
cal and experimental works for the benzen¢Ili) system
(see Refs. 1-3, and references thereio our knowledge, We use the DFT based finite-electronic temperature

the present work represents the first attempt at a detaileghethod of Alaviet al”® (FEMD) implemented in theePMD
understanding of the interactions in the phendlINi) code? In this method, with a self-consistent procedure, the
system. electron density and the Hellmann-Feynman forces are com-
The reason we performed this study is not directly relatedputed using a subspace diagonalization of a high temperature
to possible consequences in catalysis but rather to the invegensity matrix. The subspace is expanded in a plane-wave
tigation at a multiscale level of the behavior of polymer mol- basis set up to a cutoff of 60 Ry. A partial occupation of
ecules near metal surfaces. The idea of combining coarsstates at Fermi level can be handled &mabint sampling of
graining models for polymers withab initio density the electronic states in the Brillouin zone of the supercell is
functional theory(DFT) calculations for small molecule ana- also implemented. The system consists of a phenol molecule
logs of polymer subunits is particularly useful when poly-and a N{111) surface which is represented by four close-
mers interact with interfaces where local chemistry may inpacked layers of Ni11) (lattice parameten,=3.543 A),
fluence global properties of polymer systems. In particularwith the top two layergand the phenol moleculallowed to
phenol(or benzengcan represent the chain-terminating phe-relax. We use a (33) lateral supercell in hexagonal sym-
noxy group of bisphenol A polycarbonatBPA-PQ. Its in-  metry employing X 3X1 k-point mesh, the cell dimension
teraction with the surface can be extremely useful for underin the z direction is 20 A so that the thickness of the vacuum
standing whether or not chain ends are attached to thketween the phenol molecule and the bottom layer of the
surface, as we have shown using a multiscale approach image slab of Nil1l) is equal to about 12 A. A Troullier-
preceding work:> Moreover, a better understanding of phe- Martins pseudopotential is used for oxygen and carfSan,
nol behavior itself on a metal surface is warranted, due to itsocal pseudopotential is used for hydrogeand for nickel
toxicity and widespread occurrence as a by-product. Howthe pseudopotential developed by Lee is u$edle use the
ever, despite of an adsorption energy of about I(fev¥both ~ PBE(Ref. 13 generalized gradient approximati@@GA). In
benzene and phenahe adsorption of théternal benzene- order to check the validity of our setting, we performed a
like part of the BPA-PC chaiiiphenyleng is sterically for-  calculation for a benzene molecule at the bridge site of the
bidden due to the strong repulsion of the two neighboringNi(111) surface, corresponding to the most energetically fa-
submolecules in the chain. In fact, as we can anticipate, phevorable configuration for such a systént; our result for
nol (or benzengpresents a strong attraction in the optimal adsorption energy and geometry are in good agreement with
flat configuration at about 2.0 A from the surface but itsprevious work and experiments. We also tested our technical
strength rapidly decreases as this distance increases. We haedtings by performing calculations for bulk nickel, surface,
also shown that as the inclination of the carbon ring with and phenol isolated molecule; structural parameters and en-
respect to the surface increases the attraction rapidly desrgies were reproduced in good agreement with previous
creases. These results combined with those about the adsomgerk and experiment! =16
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TABLE |. Adsorption energies at high symmetry sites for phe- 11
nol and benzene. For benzene the data were taken from Ref. 1; for a lnltlal geometry

bridge A we report also the result of our calculation. Because of the
higher symmetry of the benzene with respect to the phenol, con-

figurations type 1 and type 2 coincide for benzene.

Position E.q (eV) phenol E.q (eV) benzene

fccAl 0.73 0.78 .

fccA2 0.79 0.78 flnal geometr

fccB 0.67 0.94 b)

hcpAl 0.75 0.84

hcpA2 0.84 0.84

hcpB 0.73 0.91 FIG. 2. The figure compares the optimized configuration of the
AtopB 0.20 0.42 isolated pheno(a), with a phenol configuration taken from an op-
AtopA 0.02 timized Ni/phenol systentb). The most evident features is the up-
BridgeB1 0.74 0.74 ward rotation of the oxygen, which probably makes the Ni-C bonds
BridgeB2 0.64 0.74 weaker.

BrfdgeAl 0.86 1.002.05 our valu fied next; this, as one can expect, will play the major role in
BridgeA2 0.91 1.0QA.05 our valug

determining the properties of the bond between molecule and
surface.

The orientation of the carbon ring on the plane parallel to
the surface is indicated by the letters A and B, while numbers
1 and 2 indicate the possible location of the O-H with respect
to the atoms of the surface. In all the cases considered the

Table | shows the adsorption energy for each possiblgarbonic ring lies parallel to the surface at an average dis-
molecular orientation on the plane parallel to the surface afance of about 2.0 A, this because having calculated the en-
each high symmetry site of the surfa@®ee Fig. 1 This is  ergy as a function of the inclination with respect to the plane
compared with the corresponding value for benzene. For thgf the surface we found that the energy rapidly decays as the
phenol the substitutionf@ H with an O-H reduces the sym- inclination increasegreduced to 0.05 eV beyond 40° which
metry of the molecule with respect to the benzene, and fofust be compared with 0.9 eV for the optimal parallel con-
this reason the number of possible symmetric geometries gfguration. The fixed point of the rotation is a hydrogen
each different high symmetry site increases as will be speciattached to a carbon, this choice was taken because the mo-
lecular orientation should be consistent with the polymer to-

Ill. ENERGY AND GEOMETRY OF ADSORBED PHENOL
AT THE SURFACE HIGH SYMMETRY SITES

AtopA BridgeBl  BridgeB2 pological constraints. The same was done as function of the
A A distance from the surface and found that also in this case the

ISAZNE AW N ; BridgeAl interaction rapidly decaysreduced to 0.03 QV beyond S.Q
VIWAMQWAVIVA ' A). As one can see from Table I, for each site the adsorption

RN RN bonzene, conddaring the prociion of the calcuation and the
- o ! ' - ‘.' d !
vAvAVA‘A“VA'A' Bridgent fact that the phenol has a lower coverage, the systematic
\/} o " ¢ /)7 difference is within 0.1 eV. These results in general mean
vAvlva‘ s that the presence of the oxygen, by rotating upward, as illus
YAYAVA S 74V V4 TA | er: this

4 trated in Fig. 2, makes one of the C-Ni bonds weaker; this

;AvA A"AvAVA'AvA seems to be the main characteristic of the molecule-surface
AN \ A N A interaction.

Hotlow® W"‘m‘vmv‘vl-y)\ One can also note that for the same position over the

‘VA"AVI_SWAvAv}AWAVA surface, the energy can be significantly different depending

_ on the O-H location in the ring. For example for hcpA2 and
hcpAl, the difference is due to the fact that in the first case
the projection of the oxygen on the surface lies at the center
HollowAl Holloa2 of the equilateral triangle formed by 3 Ni atoms, while in the
second case is on a Ni atom of the surface. This fact suggests

FIG. 1. Possible orientations of phenol at the four high symme-th tth ist K Ision in the first d
try sites of the(111) nickel surface. Letters A,B specify the carbon atinere exists a weaker repuision in the lirst case compare

ring orientation while numbers 1,2 specify, for a given ring orien- to the second. As for benzene, brldge Adtidge A, ie.,
tation, the O-H position with respect to the surface. Here for sim-bridge site with C-C bond along the&11] direction, turns
plicity only the top layer is illustrateqwe used four layejs one  out to be the energetically most favorable position for phe-
should read the hollow configurations as hollow hcp type and fcanol. The weaker bonding energy is probably due to the fact
type. that the carbon attached to the O-H has a larger bonding

AtopB
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FIG. 3. The figure shows the top layer of the Ni surface and the ~FIG. 4. The figure shows the top layer of the Ni surface and the
phenol molecule lying over the atop site in configuratioteBpB.  phenol molecule lying over the atop site in configuratiotaB®pB.
The meaning ofl,,;,, i.e., the minimum distance along theoor-  The meaning ofl,, i.e., the average distance along #irection is
dinate between the phenol and the top layer is graphically illus-graphically illustrated.
trated.

for both first and second layer; this is due to the C-Ni bonds

distance from the Ni atom with respect to the correspondin@®” the surface, while the inward shift is probably due due to
C in benzene. Also, in general the average C-Ni bondindat€ral compressive stress.
distance is larger for phenol than benzene.

As for benzene, the carbon ring is uniformly expanded IV. CONCLUSION

with respect to the isolated phgnol, being characterized by a \\e analyzed the adsorption process of a phenol molecule
larger C-C bond length, and, in the case of phenol, the expn each high symmetry site of a (4iL1) surface. We found
pansion is slightly smaller than the benzene. The averaggat the adsorption at the bridge site, with C-C bond along

length of the C-H bonds remains constant, within an error th = . . . . . .
. ) e[211] direction, which we termed bridge A2, is energeti-
less than 0.5%, with respect to the isolated phenal, but aQally the most favorable, while in general adsorption at the

upward rotation with respect to the carbon ring can be no-

ticed " in the benzen As anticipated ab Vatop site is the less favorable. Comparison has also been
iced, exaclly as in the benzene case. As anficipated abovig, e ith the adsorption of benzene, where experimental

significant upward rotation of the oxygen is also seen. Indata are available. The main result to emerge from this study

9‘?”6“’3‘" the r!umber of bqnds between the C atoms and tl?g that the phenol molecule-surface interaction witti114/i)
Ni atoms (defined as a distance less than or equal to th?s reduced compared to that of benzene. The results pre-

average carbon ”.‘Eta' bond .2'14 & smaller for phenol; sented are important not only for a better understanding of
Ereover the C-Ni average distance and dgrr%n as well as molecule-nickel interaction process but also in building a
d, (i.e., distances molecule-surface perpendicular to the sumultiscale model for the interaction of polycarbonates, con-
face; see Figs. 3 and) 4re larger for phenol, this clearly taining phenolbenzenglike submolecules as component of
leads to a weaker interaction, making the C-Ni bond weakethe chain, with a metal surface. We have elsewhere applied
in general. The upward shift of some Ni atoms is signifi- this strategy for the example of BPA-PC on(H1) nickel
cantly larger than the inward shift of some other Ni atoms surface*®
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