JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Article

Phenylalanine near Inorganic Surfaces:
Conformational Statistics vs Specific Chemistry
Luca M. Ghiringhelli, and Luigi Delle Site
J. Am. Chem. Soc., 2008, 130 (8), 2634-2638 « DOI: 10.1021/ja077817d
Downloaded from http://pubs.acs.org on February 8, 2009

Phenylalanine on transition metals

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 2 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

ACS Publications

W High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036



JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja077817d

JIAICIS

A RTI

CLES

Published on Web 02/02/2008

Phenylalanine near Inorganic Surfaces: Conformational
Statistics vs Specific Chemistry

Luca M. Ghiringhelli* and Luigi Delle Site*
Max-Planck-Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany

Received October 11, 2007; E-mail: ghiluca@mpip-mainz.mpg.de; dellsite@mpip-mainz.mpg.de

Abstract: We present a first principle density functional study of phenylalanine interacting with three different

classes of surfaces, namely a purely repulsive hard wall,

mildly interacting close packed surfaces of group

11 metals (Cu(111), Ag(111), and Au(111)), and strongly interacting close packed surfaces of group 10
metals (Ni(111), Pd(111), and Pt(111)). In particular, we characterize, by changing the substrate, the passage
from the statistical behavior of a flexible molecule in the presence of the topological confinement of a hard
wall to a purely chemical behavior where the molecule, highly deformed compared to the free state, strongly
binds to the surface and statistical conformations play no longer a role. Such a comparative study allows
for characterization of some of the key aspects of the adsorption process for a prototype of flexible amino
acids on experimentally and technologically relevant metal surfaces.

1. Introduction

of the molecule increases, the number of conformational states

The behavior of large molecules near inorganic substrates isaccessible becomes larger and the specific chemical structure

becoming a field of rapidly growing interest due to its relevance
in many problems of condensed matter and chemistry, from
catalysis!~3 through the understanding of chirality!? to the
design of materials propertié%.16 Of particular interest is the
case of biomolecules; this is extremely important for several
emerging fields of biophysics and biochemistry, such as the
design of biomedical devic¥s2° and of biocompatible materi-
als?122The above-mentioned interaction between biomolecules

becomes less relevant; thus statistical generic models are
computationally convenient and theoretically well founded for
describing the large scale conformational properties. On the
other hand the specific chemical structure of each moiety
(functional group) of the molecule can react differently in the
presence of a surface. The overall result of the balance between
the two aspects is that the intrinsic conformational preferences
of the free molecule are altered in a different way when it is in

and inorganic surfaces is a rather complex problem. As the sizethe presence of different surfaces, depending on the strength of

(1) Chakarova-Kek, S. D.; Borck, O.; Schider, E.; Lundqvist, B. 1Phys.
Rev. B 2006 74, 155402.
(2) Nilsson, A.; Petterson, L. G. Msurf. Sci. Rep2004 55, 49—167.
(3) Narskov, J. K.; Scheffler, M.; Toulhoat, WIRS Bulletin2006 31, 669.
(4) Barbosa, L. A. M. N.; Sautet,.B. Am. Chem. So2001, 123 6639.
(5) Kuhnle, A; Linderoth, T. R.; Hammer, B.; BesenbacherN&ture 2002
415 6874.
(6) Barlow, S. M.; Raval, RSurf. Sci. Rep2003 50, 201.
(7) Hermse, C. G. M.; van Bavel, A. P.; Jansen, A. P. J.; Barbosa, L.; Sautet,
P.; van Santen, RJ. Phys. Chem. B004 108 11035.
(8) Rankin, R. B.; Sholl, D. SSurf. Sci 2005 574, L1.
(9) Rankin, R. B.; Sholl, D. SJ. Phys. Chem. B005 109, 16764.
(10) Jones, G.; Jenkins, S. J.; King, D. 8urf Sci 2006 600, 224L.
(11) Jones, G.; Jones, L. B.; Thibault-Staryk, F.; Seddon, E. A.; Jenkins, S. J.;
Held, G.Surf. Sci 2006 600, 1924.
(12) Gladys, M. J.; Stevens, S. N. R. A. V.; Jones, G.; Batchelor, D.; Held, G.
J. Phys. Chem. @007, 111, 8331.
(13) Delle Site, L.; Abrams, C. F.; Alavi, A.; Kremer,.IRhys. Re. Lett.2002
89, 156103.
(14) Delle Site, L.; Leon, S.; Kremer, K. Am. Chem. So@004 126, 2944~
2955.

(15) Johnston, K.; Nieminen, R. MPhys. Re. B 2007, 76, 085402.

(16) Schiffrin, A.; Riemann, A.; Auwarter, W.; Pennec, Y.; Weber-Bargioni,
A.; Cvetko, D.; Cossaro, A.; Alberto, M.; Barth, J. Yroc. Natl. Acad
Sci. USA. 2007, 104, 5279-5284.

(17) Knoll, W. Annu. Re. Phys. Chem1998 49, 569.
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2007, 19, 176004.
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the attractive interaction between the two systems. This means
that a computationally feasible study can be accomplished only
via a multiscale approach. Here, for multiscale approach we
mean the description of the two different aspects (functional
group reactivity and sampling of conformations), each done with
the most appropriate method in terms of physical soundness
and computational feasibility, but the crucial point is that they
must be linked to each other in a sequential and consistent
way1314n particular, from a computational point of view, the
first principles treatment of all the relevant molecular conforma-
tions on a surface, especially the metal one, is in general a
prohibitive task, and thus for large molecules a hierarchical
sequence of computational methods, as mentioned above, is
requiredt314.23.244owever, in order to understand the problem
in detail, without anya priori modeling approximation (instead
required by multiscale approaches), one needs to consider a
prototype of biomolecule that clearly displays the relevant
aspects of the conformational properties (molecular flexibility)
and whose study of adsorption on a metal surface is computa-
tionally feasible at the quantum level. This study is useful to
understand whether or not the flexibility for a large class of

(23) Tarmyshov, K. B.; Muller-Plathe, K. Chem. Phys2007, 126, 074702.
(24) schravendijk, P.; Ghiringhelli, L. M.; Delle Site, L.; van der Vegt, N. F.
A. J. Phys Chem C 2007, 111, 2631.
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Figure 1. Left: perspective view of the ground state geometry for gas phase Phe. Top Right: the (top) graph displays the contour plot of the probability
distribution of the dihedrap and the “out-of-plane” anglé, derived from the confined trajectory of the molecule (i.e., the molecule near the hard wall).
Bottom right row: (a) one of the statistically more visitedernal conformations of Phe near graphene (the rigid rotation wrt the surface being practically
free; the particular orientation we display was chosen for convenience and we labelJt Ritig conformation of the molecule (diamond in the plot) is
basically the same as the gas-phase ground state. (b) Energetically most favorable adsorption of Phe onto Ag(111); in this N# orientatiomatierconfor

of the molecule (square) is close to the gas-phase ground state. (c) Most favorable adsorption of Phe onto Pt(111), with both the ring and the &latom bond
(Ring/NJ) to the surface; the conformation of the molecule (circle) is never visited during the confined evolution. The bottom panels show also the total
electron density; the isosurface level is 0.37 %fé all the panels.

biomolecules must be considered as a primary aspect whenfor theoretical studies in the field in order to allow for a clearer
predicting adsorption affinities with metal surfaces. This, in turn, interpretation of experimental data and design of new experi-
provides a valid tool for the interpretation of experimental data ments!® Besides the reasoning given above, the amino acid we
and of course becomes at a later stage of high importance inhave chosen allows also for some generalization of the results
the development of simplified models of molecule/metal to the adsorption behavior of other molecules which display
interface which can then access simulation times and sizessimilar properties. In fact, this study, on one hand, provides
farther beyond those of the standard quantum approaches. Fothe adsorption energies and geometries related to the interaction
this reason we have chosen phenylalanine (Phe) as the moleculef the amino and carboxylic functional groups (common to all
to study; it is large enough to display relevant flexibility and at amino acids) with the specific surface and, on the other hand,
the same time is small enough to be studied near metal surfaceslue to the high flexibility at the &-C, and G—C; bonds (as

by first principles methods at a reasonable computational cost.displayed in Figure 1) common to other amino acids, predicts
Previous studies of a relatively large biomolecules at a metal a trend of the molecular distortion as a function of the substrate.
surfacé=1225-27 could not take the flexibility of the molecule  For this reason the results found in this work are expected to
into account since they do consider molecules whose flexibility approximately hold for similar flexible amino acids such as
is rather limited. In particular, most of those studiés are tyrosine (with phenol as side group), tryptophan (with indole),
mainly focused on the important aspect of the chirality of the and histidine (with imidazole). In all these cases the amino acid
adsorbate and explore the effect of the lateral interactions can also be thought of as part of a polypeptide, with the side
between molecules at relatively high coverages. group still flexible in the chain. Next we proceed to describe

In light of what was stated above, in this work we present a the approach used. In order to explore the space of molecular
density functional (DFT) study of the interaction of (isolated) conformations in an exhaustive and computational efficient way,
phenylalanine with various substrates, namely a purely repulsivewe adopt two complementary approaches. On one side we
surface, and closed packed surface of group 10 (Ni(111), Pd-analyze the statistics of preferred conformations of the molecule
(111), and Pt(111)) and group 11 (Cu(111), Ag(111), and Au- in the presence of a purely confining surface; the most probable
(111)) metals. Despite the limitations of DFT, this approach conformations (named in the following “statistical conforma-
still represents an extremely powerful theoretical tool to gain tions”) are then located on the particular metal surface and
insights into the electronic properties of matter, and it is adsorbed. From the other side, one can consider the molecule
particularly suited for the systems under consideration. It must &s & composition of submolecules (in our case alanine and a
also be noticed that the metals we selected are among thosdhenyl ring, and alanine can be in turn subdivided into amino,
commonly used in experiments of organic molecules on metals carboxylic, and methyl groups); thus, “non-statistical conforma-
and in technological applications. In this study we neglect the tions” are designed following a building-blocks criterighin
role of the solvent because (a) the size of the calculations wouldbrief, for a building-blocks approach we mean that when the
become prohibitive and (b) experiments of gas phase adsorptioninteraction of moieties with the selected surface are known,
of organic molecules, such as amino acids, onto metal surfacegopologically allowed conformations of the complete molecule
are nowadays performé&.6although the comparison between hear the surface, obtained from the composition of the interact-
experiments and numerical simulations is still at the qualitative ing moieties, are tested.

level. Because of point (b), there is currently an urging demand ~We found that the two classes of metals clearly split into
two interacting behaviors. Noble metals of group 11 only allow

(25) Di Felice, R.; Selloni, AJ. Chem. Phys2004 120, 4906-4914. for adsorption in “statistical conformations” (i.e., the conforma-

(26) Preuss, M.; Schmidt, W. G.; BechstedtPRys. Re. Lett 2005 94, 236102. i H i H i

©7) Ghiringhelii L. M.: Schravendijk .. Delle Site. Phys Ren. B 2006 tions determined first by the topological confinement due to
74, 035437.

(28) Lingenfelder, M.; Tomba, G.; Costantini, G.; Colombi Ciacchi, L.; De Vita, (29) A building-blocks idea was already proposed by one of us in ref 39; here
A.; Kern, K. Angew. Chem2007, 119 4576. we elaborate that germinal idea by analyzing the effect of molecular strain.
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the surface), whereas group 10 metals prefer “non-statistical l;«_ab/e 1 A(dsorpr:iore)_Energieg (inev) ﬁlnd Br?n??ing Pergeﬂdicular

: n (i : : : iIstances (i.e., the Distance between or the Ring and the
conformations” (i.e., the conformations _WhICh _are hlghly Average First Layer Plane, in A) for Selected Conformations of
deformed wrt the free state due to the interaction with the phe onto Metal (111) Surfaces?

surface). The reason for the different behavior, which we will

h i th fition bet : d metal  conformation Evis z9 . Eep  EDO. EM

snow, IS In e competton between surrace response an .

. ’ | . fth P | | P Pt Ring -1.0 215 -— —3.0 1.7 0.3

internal strain of the molecule. NI 11 219 -12 01 00
ol —-0.4 2.22* —0.6 0.2 0.0

2. Methods and Model Systems RingNV(c) —-1.3 211 228 -40 24 03

L . Ring!NV (d -1.3 213 2.35 —4.5 2.7 0.5
2.1. Hard Wall (Graphene). In order to closely mimic a simple ingiN+ (d)

repulsive wall in the DFT framework, we adopted a graphene-like sheet. Ni Ring! —-0.9 2.08 -l9 08 0.2

For this purpose, we used Cdrarrinello molecular dynamics as gilnglNL © :2'(15 207 %ig :g'g (1):}) 8;

implemented in the CPMD cod€.During the molecular dynamics Ring/N! (d) 11 205 223 -33 19 0.3

(MD) run, all the atoms of graphene were kept fixed (with the@ -

distance at the optimal value for our setting) and the other degrees of Pd mnd :8'3 217 212 :(2)'; (1)2 8'(2)

freedom were thermostatted via a Nes#oover algorithrm!32at 300 RingiN! (d) 10 212 232 -32 20 02

K. For all the DFT calculations, the wavefunctions are expanded in a -

plane-wave basis set, with a cutoff at 60 Ry, which we find to yield Cu mng :8;‘) 289 299 :8% 8(1) 88

well converged bonding energies. We employed norm conserving Ring/N} ' “Unstable ' '

Troullier—Martins pseudopotentidfsextensively tested befofé?” We -

use the PBE generalized gradient approximation (G&Aar modeling Au Eingl :82 3.25 230 :82 82 82

the graphene sr/}\eet, we adopted a rectangular supercell of edges 12.3 RingiN/ ' “Unstable ’ '

x 12.8 x 12.3 A% in correspondence to the-y face we placed a -

graphene sheet consisting of a3 supercell (60 atoms). In this way, Ag Elngl :8; 3.09 231 :8'}1 82 88

the evolution of the molecule is confined between two hard walls, due Ring/N} ' “unstable ’ '

to periodic replicas. The perpendicular distance between the replicas

of the graphene sheets, i.e., 12.3 A, is such that the molecule, when 2 The metals are ordered from the strongest to the weakest binding (and

temporarily in the center of the slab, does not feel the presence of the the strongest adsorption energy for each metal is in bold). In the case of

walls and thus is still free to display rigid body rotations. In nature EE: gﬁﬁ?@”ﬁ@'g{‘hgpczﬁhms*sdﬁitmﬁz getégmsggtitgr? gf{ﬁg%s%rgggn

Phe would interact with graphene via dispersion interactions (see the gnergies into partial contributions (see text). The estimated uncertainty for

similar case of phenol on graphéheHowever, to our advantage, the  E,qis 0.05 eV.

latter are not accounted for in the DFT scheme we adopted, and thus

our modeled graphene behaves approximately as a hard wall: foratom flexibility. In Figure 1 we show the probability density of two

surface (perpendicular) distances bel@ A the interaction energy  such variables, namely the dihed¢a{described by the 4 atoms

quickly rises to several times the average thermal energy of the moleculeC,—C;—C,—N) and the “out-of-plane” angl® (referred to

at 300 K. atoms G—C ,—Cy). It turned out that the torsion around the
2.2. Metals.For studying the adsorption of Phe onto metal surfaces, C1—C, bond (dihedralg) is limited to three well separated

we used the DFT based finite-electronic temperature method of Alavi basins, while Phe is almost free to rotate around the G

et al® (FEMD), as implemented in the CPMD cotfeThe metallic bond (not shown in Figure 1). This behavior is similar to that

surfaces were represented by four close-packed layers of Ni(111), Pd- rring for th -oh Phe (we tested also thi ) and
(111), Pt(111), Cu(111), Ag(111), and Au(111), with the two top layers CCCUITING for the gas-phase Phe (we tested also this case) a
is consistent with what it is generally known about aliphatic

allowed to relax. We use a 4 4 lateral supercell in a hexagonal
symmetry and a & 2 x 1 k-point mesh. The two lattice vectors in  SyStéms.

thexy-plane have the following lengths: 10.12 (Ni), 11.24 (Pd), 11.28  In Figure 1a we show one of the statistically more visited
(Pt), 10.48 (Cu), 11.72 (Ag), and 11.68 A (Au). The cell dimension in conformations of Phe on graphene, taken from the trajectory at
the z-direction is two times the lattice vector, so that the vacuum 300 K. Analysis of the frozen configuration taken from the
thickness between the bottom layer of the image slab of the metallic snapshot reveals that there is a negligible (i.e., below the
surface and the atom in Phe with the highesbordinate (its identity  accuracy of our setup) attraction between the molecule and the
depends on the orientation of the molecule) is at least 10 A. The surface, independently of the molecule orientation (i.e., the
Troullier=Martins pseudopotentials for the metals were extensively a1 of the molecule keeping the distance of closest approach
tested for previous studié$The structures studied here were considered to the surface always gave a negligible attractive interaction).

fully relaxed when the ionic forces fell below 2 102 atomic units When di . v d ibed d th h
and the change of total energy between two subsequent geometry en diSpersions aré propeérly described, an us graphene

optimization steps was belowsd 10~ atomic units. We geometrically ~ d0€S not have the role of a hard wall anymore (as already
optimized systems consisting of one Phe molecule and a metal (111)Underlined above), the adsorption energy is much higher.

surface. 3.2. Metals.In Table 1 we report the adsorption energies on
) ) the metals for a selection of the conformation we studied.
3. Results and Discussion Adsorption energies are usually definedBgs = Emotsurf —

| | :
3.1. Hard Wall (Graphene). For the statistical analysis of Emo — Esuts i-€., the total energy of the relaxed fragments,
the Conﬁned mo'ecu'e’ we monitored during the MD runs the ViZ. the m0|ecu|e and the Surface, |S SUbII'aC'[ed fI’0m the '[0'[a|

trajectory of the most representative variables of the molecular €nergy of the adsorbed system. All metals allow for the
adsorption via the amino group, with the phenyl ring away from

(30) CPMD, version 3.4.1, developed by Hutter, J.; Alavi, A.; Deutsch, T.;
Silvestri, W. copyright MPI fu Festkaperforschung Stuttgart and IBM (33) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993.

Zurich Research Laboratory (1993999). (34) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys Rev. Lett 1996 77, 3865.
(31) Nose S. Mol. Phys 1984 52, 255. (35) Alavi, A.; Kohanoff, J.; Parrinello, M.; Frenkel, IPhys Rev. Lett 1994
(32) Hoover, W. GPhys. Re. A 1985 31, 1695. 73, 2599.
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the surface (conformationiNlabeled with b in Figure 1). The  conformations. We conclude that on group 10 metals the
molecule adsorbs Non all surfaces basically in its gas-phase adsorption ground state is one of the Ridgconformations,
ground state geometry, with a small distortion localized at the where the molecule is highly strained, contrary to the case of
amino group. The first striking difference between the two group 11 metals where only nonstrained conformations adsorb.
classes of closed packed surfaces concerns the interaction withReferring to surface reactivity, we find a trend along the groups
the phenyl ring: benzene scarcely adsorbs on Cu, Ag, as®l Au and rows of the periodic table consistent with theand model
while it strongly does on Ni7 Pd, and P# Consistently, the ~ of Hammer and Narskot?. We quantify the balance between
Ring! conformation strongly adsorbs on group 10 metals and adsorption and internal strain, by decomposing the adsorption
almost negligibly on group 11 metals. This conformation is energy into three contributions, the “response” of the surface
similar to the one labeled as in Figure 1, but with the ring Esp and the strain energies of molecule and surfa&®.,
parallel to the surface. A new important aspect, with respect to and ES - Eaqs = Eresp+ Emon, + Esol  Eresp= Emol+surt —

the hard wall-like surface, is the possibility that, due to the E2% — E2%% je., the total energies of the isolated molecule
interaction with the surface, the molecule can be highly and surface frozen in their adsorbed geometries are subtracted
deformed with subsequent massive internal strain. In fact, asfrom the total energy of the adsorbed syst&f]2, = E2% —
evidence of the fact that chemistry starts to play a clear role, EL?L?X i.e., the energy needed to strain the molecule into its
we note that the strong adsorption on Ni, Pd, and Pt is adsorbed conformation. A similar definition holds &g . In
accompanied by a relevant bending up of the ring’s hydrogens. Taple 1 we report the values for those quantities. In Figure 1,
In contrast, Phe on Cu, Ag, and Au is not deformed, and the we show, for three adsorption conformations, also the total
equilibrium distance is much higher than that on Pt. electron densities, whose comparison summarizes the results
However, the above conformations are still among those described above. Keeping in mind that the isosurface level we
obtained from the statistical analysis of a confined molecule chose is the same for the three cases, we see that no distortion
(see square and diamond in the graph of Figure 1), and it would of the electron density is associated with the graphdtee
suggest that bonding geometries have to be searched amongnteraction, a small polarization accompanies the adsorption of
conformations with high probability (though upon some local the molecule onto Ag, while a significant overlap of the surface
optimization, as in this case of the hydrogens). This argument, and molecular electron density is seen in correspondence to the
we show now, is not sufficient. Following our building-blocks adsorption onto Pt. The latter is a clear signature of a strong
idea?® several “non-statistical conformations” with N and the chemical bond between the molecule and the surface, and the
ring (RingNY); or carbonyl O and the ring; or N, O, and the corresponding molecular geometry is located rather far away
ring near the surface were considered. We find the secondfrom the region of sampled conformations. Regarding this point,
striking difference between the two classes of surfaces: only it has to be noted that the molecule maximizes the electronic
on (all) group 10 metals the Rilg! conformations adsorb. We  overlapping with the surface thanks to its large flexibility which
find that the RingN! conformations are typically characterized allows for a strong structure deformation.
by a high molecular strain and, consistently, statistically never  Besides the adsorbing conformations discussed above, we find
sampled near the hard wall. None of them are stable on Cu,that Phe adsorbs on all metals also via the carbonyl O, but
Ag, and Au, since even a small strain overcomes the mild always with lower adsorption energy than the adsorption via N
binding of the ring, leaving the Nmetal binding as the only  (see in Table 1 the case of Pt, but compare also to how Ala
possibility. In contrast, we find four nonequivalent RiNg on adsorbs on Ni(11%J). In a previous work concerning Ala on
Pt (on Ni only two of those were considered and on Pd only Ni(111)2* and confirmed on Pt(111) for the present study, we
one). Here we have shown the one with the strondgggt found that the simultaneous adsorption of N and the carbonyl
(labeled with ¢ in Figure 1 and in Table 1, with the angle O (a conformation that is found for the adsorption of Ala on
distorted up to 149. Another one, with the same adsorption open metal surfacé$1?) is not bonding. In our case the internal
energy, not shown in Figure 1 and labeled with d in Table 1, strain (the molecule has to bend in order to allow for the
results from a significant deformation which decreases the angleconcomitant adsorption through both atoms) made this confor-
6, from the equilibrium value of 178 up to 133, and the mation energetically not favored. Furthermore we find that even
molecule is oriented with the twoiQiydrogens pointing away  on the more reactive group 10 metals the conformation with
from the surface. Here we note that a small molecular distortion both the ring and the carbonyl O adsorbed is not stable, nor is
has been already observed for adsorption of, e.g., gl§ycing a conformation with the ring, N, and O adsorbed. In all these
adeniné® on metallic surfaces; however, the relevant angular cases the internal strain overcomes the response of the surface.
distortions we have found cause strains that are 1 order of Still a question remains open, that is, if a deprotonation process
magnitude stronger than previously found and are, above all, occurs, specifically, the deprotonation of the carboxylic group
widely unpredictable, if considering typical angles for aliphatic and thus the formation of a carboxylate group. In some
systems. Within the building-blocks framework, only this experimental as well as theoretical work, the bonding of the
combination of chemical intuition, based on the knowledge carboxylate group is claimed to be a bonding motif of interest
regarding the affinity of the moiety to the surface, and the for similar molecules on metals (see, e.g., refs 10 and 11 and
conformational analysis brought to the extreme case of large references therein) although according to a recent experimental
and counterintuitive deformations, could reveal those adsorbing work this seems to not be important for alanine (and thus most
likely for phenylalanine¥® However, in this case the main issue

(36) Bilic, A.;; Reimers, J. R.; Hush, N. S.; Hoft, R. C.; Ford, M.JJ.Chem. is the determination of the deprotonation path. This in general
Theory Comput2006 2, 1093. . Lo .

(37) Mittendorfer, F. Hafner, JBurf. Sci 2001, 472, 133. can happen in two ways: via the internal transfer of the proton

(38) Morin, C.; Simon, D.; Sautet, B. Phys. Chem. B004 108 12084.

(39) Delle Site, L.; Kremer, Kint. J. Quantum Chen005 101, 733-739. (40) Hammer, B.; Nagrskov, J. KNature 1995 376, 238.

J. AM. CHEM. SOC. = VOL. 130, NO. 8, 2008 2637



ARTICLES Ghiringhelli and Delle Site

from the carboxylic group to the ammonium group, i.e., the 4. Conclusions

molecule goes into the zwitterionic state where it becomes polar ) ) )

but conserves the total charge, and that where the proton is N conclusion, the relevance of our study is manifold; on the
adsorbed by the surface, and thus the molecule becomes ionic®"€ hand we have quantitatively documented the adsorption of
In the context of this work the question to address concerns the@ Prototype flexible amino acid on several relevant metal
fact that potentially a strong bond can be formed by the surfac_es. Our results_ can be exter_1ded to all other amino acids
deprotonated carboxylic group, and this could influence the régarding the adsorption via the amino group. Moreover we have
conclusions regarding the importance of chemisorption relative considered the molecular flexibility and by that introduced an
to the conformation. To address this issue one has to keep in@SPect which we have shown being of high if not dominant
mind that the zwitterionic state occurs in water at physiologic relevance. The utility of this work for the theoretical modeling
conditions while in vacuo the molecule is in its neutral state; and for the design and (or) interpretation of experimental and
thus in principle, for the adsorption study in vacuo the technological applications should be now evident. For the latter,
zwitterionic state should not play a relevant role. One can still One can choose the surface that shows adsorption properties on
argue that the internal proton transfer can be activated by thedemand. For modeling purposes, a far from obvious conclusion
adsorption process; however in our previous work on alanine is that the internal strain of the molecule has to be carefully
on Ni(111) and test calculations on Pt(111), after a detailed taken into account, together with the direct interaction of the
analysis, we have found no evidence which supports the submolecular fragments. Concerning both the interpretation of
hypothesis abov#. Obviously this does not prove that the experiments and the modeling, one would have been easily lead
process cannot occur but certainly suggests that the internalto assume that a flexible molecule would choose its conforma-
proton transfer may have a rather complicated path with a very tion at the surface among those allowed near a confining (hard
high, and perhaps sharp, energy barrier. Regarding the deprowall) surface and only at a later stage the specific chemistry of
tonation of the molecule (ionic state) upon adsorption, this can the surface comes into play, e.g., selecting for adsorption the
strongly depend on the chemical nature of the metal and on theconformations allowed by the symmetry of the surface. We have
topology of the surface. For example for the simple case of shown that this is not always the case, and the flexibility of the
water, deprotonation can occur on Rh(111) but does not occurmolecule and chemical response of the surface cannot be naively
on any of the surfaces considered in this work (see ref 41 anddecoupled.

references therein). Furthermore, a detailed study of deproto- The current study focuses on the response of the single
nation of phenol on Ni(111), Ni(110), and Ni(221) showed that molecule to the presence of the surface. Our technical setup
for the more open surfaces the energy barrier to the deproto-yas such that the molecule did not experience a molecule
nation is lower because of their stronger reactivity compared molecule interaction with its periodic images. Of course it would
to the (111) surface however, in all cases, is very high and makespe of high interest to study the effect of additional molecules
the process unlikely to happéhFrom the discussion above i, the system, but to properly describe cooperative effects among
one may tend to conclude that the deprotonation is not likely the adsorbed molecules, one needs to include at least two
to occur for the molecule and the surfaces we are currently yolecules in the simulation supercell. While for smaller
considering. Of course to properly address the question and gomgecules this is still doabté;!! for our large and flexible
beyond speculations one must carry a detailed study of the mojecyle the sampling of all the possible conformations, even

deprotonation process in a proper way, probably using SOme egiricted to few conformations per molecule, would become

sort of transition path sampling, which given the size of the q,ickly computationally unfeasible. From this perspective, this
system and the number of degrees of freedom of the moleculestudy could be used in principle to model the moleciderface

is, at the current state, computationally prohibitive. In any case, jntaraction, which then can be plugged into a classical force
already at this stage, based on our previous study of Zwitterionic i\ \yhere the molecutemolecule interaction is already well
alanine on Ni(11# and test calculations of zwitterionic alanine described (see, e.g., ref 24). Finally, a classical MD, which is

on Pi(111) we can conclude that, at least for_ the zwitterionic computationally feasible, could provide a first guess regarding
state, the bonding of the carboxylate group is at best of the such an effect

same magnitude as the bonding of the amino group. Thus, the . .
g d group For all the reasons given above, this work could be relevant

balance between the flexibility of the molecule and the chemical tulfilling the lack of th ical studi d insoire furth
affinity to the surface holds the same relationship, since one to fulf |_ngt €lacko t. eoretical studies and may inspire further
theoretical and experimental work.

would have a bonding situation as that occurring for the
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