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Abstract The ligands at the surface of a gold nanopar-

ticle (GNP) have a significant influence on the optical

and physical properties, that may render different func-

tionalities to the GNP. Therefore, there is a need in

understanding the nature of the interaction at atomic

resolution in order to allow rational design of GNPs

with desired physico-chemical properties. The interac-

tion between Au79 and a series of small organic molecules

has been systematically studied at the quantum me-

chanical level : methane, methanol, formic acid, hy-

drogen sulfide, benzene, and ammonia. The reactiv-

ity of Au79 has been first analyzed by performing the

condensed Fukui analysis to emphasize that the sur-

face of Au79 is dominated by electrophilic sites, with

higher reactivity at the corner and edge atoms. The

net charge transfer flowing from the organic molecules
towards Au79, comes from the electrophilic behaviour

of the GNP. Furthermore, the shape of the frontier

molecular orbitals of Au79 and of the incoming organic

molecules has been found to dictate the preferred ori-

entation of the adsorption. Several quantum chemical

topological analyses of the electron density have been
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performed to further classify the interactions to weak

dispersive or van der Waals interactions in methane and

stronger non-covalent interactions in ammonia, benzene,

hydrogen sulfide, methanol, and formic acid. The anal-

ysis of the electron localization function (ELF), on the

other hand, provides more insight about the charge

transfer, as the population of the basins of the organic

molecules has decreased after interacting with Au79.

Keywords Quantum Chemical Topology · Gold

nanoparticle · Non covalent interactions · DFT

1 Introduction

Gold Nanoparticles (GNPs), due to their versatility and

unique optical properties, have largely been applied in
many different fields that include catalysis, drug deliv-

ery, imaging, molecular recognition, sensors, and biomed-

ical applications. All of these applications require the

gold nanoparticles to be surrounded by ligands of an

increasing complexity. The tunability of the size and

geometrical shape of GNP, along with the variation in

surface charge, further adds into the richness of the

gold nanoparticles systems. However, we also could not

exclude the role of solvent packing at the interface of

gold nanoparticles, which have been shown to increase

the radiosensitizing properties of gold nanoparticles.[1–

3] Therefore, there is an interest in understanding the

interaction between GNP and ligands in the presence of

solvent at atomic level to allow design of optimal ligands

for GNP with desired properties. The pursuit of such

understanding has been undertaken by the researchers

worldwide. With the development of surface-sensitive

spectroscopy techniques, such as Surface Plasmon Res-

onance (SPR), attenuated total reflection Fourier trans-

form Infrared (ATR-FTIR), Sum Frequency Generation
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(SFG), Polarization Modulation Infrared Reflectance

Absorption Spectroscopy (PM-IRRAS), Time-of-flight

Secondary Ion Mass Spectrometry (TOF-SIMS), Sur-

face Enhanced Raman Spectroscopy (SERS), Circular

Dichroism (CD), and X-ray Absorption Spectroscopy

(XAS), it is possible to probe into the interactions at

the interface.[4–13] Computational modelling approaches

have also been employed to provide atomistic insight

into the nature of the interactions between nanoparti-

cles and biomolecules.[14–28] Yao et al, has reported

a combined experimental and theoretical study on the

adsorption behavior of l-cystein on gold nanoparticles.

The experimentally obtained SERS spectra have been

qualitatively compared to calculated spectra for a series

of cysteine geometries interacting with gold nanoclus-

ters. They conclude that the S and O sites of cysteine

are the binding sites with the nanoclusters.[29]. Shao

et al performed a thorough investigation on the inter-

action of amino acids with gold nanoparticles with clas-

sical molecular dynamics simulation. The variables con-

sidered during their simulation were the size of GNPs,

the preference of either backbone or sidechain, and the

influence of the solvation shell, which demonstrated the

complexity of the interaction. [30]. Yet, atomic investi-

gation into the interaction with gold nanoparticles is

still limited. The precise information on the interaction

will present the opportunity to design optimal ligands

for desired properties or to predict the bonding orien-

tation of biomolecules.

Therefore, the goal of the current article is to de-

cipher the nature of the interaction between Au79 and

several small organic molecules, whose functional groups

are commonly present in amino acids. The Density Func-

tional Theory (DFT) framework was used and followed

by thorough quantum chemical topological analysis to

characterize the interaction. The study starts by com-

puting the electronic property and reactivity index of

Au79. Then, representative organic molecules, such as

methane, ammonia, methanol, hydrogen sulfide, formic

acid, and benzene, are adsorbed to the surface of the

GNP. The interaction is investigated by electronic struc-

ture calculations and quantum chemical topological anal-

ysis of the electron density combining several theoreti-

cal tools.

2 Methodology

Systems of interest Au79 (1.15 nm of diameter) has

been selected as the model GNP throughout the article,

and representative organic molecules have been selected

with commonly available functional groups: methane,

ammonia, formic acid, hydrogen sulfide, benzene, and

methanol (see Figure 1). The structure of Au79 has been

taken from the dataset for silver nanoparticles, and re-

optimized with gold atoms at the DFT level [31].

Fig. 1 Left: Schematic representation of Au79 interacting
with methane, ammonia, formic acid, hydrogen sulfide, ben-
zene, and methanol. Right: Different interaction sites on
Au79.

Fukui analysis The reactivity of Au79 is analyzed by
computing the Fukui function f(r) to identify the elec-
trophilic and nucleophilic sites. Investigations on the
Au clusters [32], AuNPs [33], and Au [111] surface [34]
based on the Fukui’s frontier molecular orbitals theory
have demonstrated the effectiveness of the analysis on
the prediction of their reactivity. Fukui function analy-
sis at the DFT level is defined as :

f(r) =

[
δµ

δυ(r)

]
N

=

[
δρ(r)

δN

]
υ(r)

(1)

with µ as the chemical potential, υ(r) as the external

potential, ρ(r) as the electron density and N as the

total number of electrons. Based on equation (1), Fukui

function can be defined as the sensitivity of the chemical

potential to a change in the external potential and as

the change in the electronic density as the number of
electrons change. Therefore, the electrophilic (f−) and

nucleophilic attacks (f+) can be evaluated using a finite

different approach:

f−(r) = ρ(r,N) − ρ(r,N − 1) (2)

f+(r) = ρ(r,N + 1) − ρ(r,N) (3)

Yang and Mortier proposed a method that allows evalu-

ating the Fukui function at the atomic center[35], which

is also known as condensed Fukui function, in terms of

the charges, as follow:

f−k (r) = qk(N) − qk(N − 1) (4)

f+k (r) = qk(N + 1) − qk(N) (5)

with k indices representing the atomic centers. With

the introduction of dual descriptors, the simultaneous

nucleophilic and electrophilic behaviors of the system

at point r have been made possible. This dual descrip-

tor, called ∆f , is defined as the difference between f+
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and f−. When ∆f > 0 the atom behaves as elec-

trophilic species and when ∆f < 0, the atom behaves

as nucleophilic species.[36,37] In this study, the ana-

lytic Fukui function calculation has been performed as

implemented in deMon2k,[38,39] which uses auxiliary

density perturbation theory (ADPT). ADPT is based

on the variational fitting of the coulombic potential and

the associated approximation of exchange-correlation

energy.

DFT calculations All DFT calculations have been per-

formed with deMon2k code,[40] which generates aux-

iliary density that are variationally fitted against the

Kohn-Sham density, resulting in reduced computational

cost that depends on the number of auxiliary functions,

instead of the size of the basis set. The electronic prop-

erties, such as frontier molecular orbitals were initially

calculated for Au79, with unrestricted Kohn-Sham method

(convergence criteria: for SCF (self-consistency field con-

vergence) tolerance of 1.0.10−9 a.u., for CDF (auxiliary

density convergence) tolerance of 5.0.10−7 a.u.). Ini-

tially, the organic molecules were placed at the three

different positions as shown in Figure 1. Calculations

were performed using the PBE functional, with em-

pirical dispersion added[41]. DZVP Gaussian-type ba-

sis sets were used for all the organic molecules and

relativistic large-core effective core potential (11 va-

lence electrons treated explicitly) with the associated

basis set for Au.[42] Local geometry optimizations were

performed with the criteria of 1.0.10−4 a.u. and with

1.0.10−7 a.u. and 1.0.10−5 a.u. for SCF and CDF toler-

ance, respectively. Due to the small electronic gap and

degenerated orbitals between the frontier molecular or-

bitals (MOs), the spin multiplicity was set to 2 at the

beginning of the calculation and a smearing process was

activated to allow fractional occupation of orbitals with

energy difference of 0.01 a.u.. The interaction energy,

EINT , was obtained via:

EINT = ETOT − EGNP − EORG (6)

with the ETOT the energy of the system, EGNP the

electronic energy of Au79, and EORG the electronic en-

ergy of the respective organic molecule at the geometry

of the full system. Basis set superposition error (BSSE)

was estimated for several complexes but frequently, the

open-shell nature of the systems with different basis

sets results to SCF convergence issues. Consequently,

BSSE corrections were not included in the interaction

energies to simplify the calculations. The provided in-

teraction energies are thus qualitative but the underly-

ing trends are preserved. The charge transfer (CT) was

obtained by subtracting the total charge of Au79 be-

fore and after interacting with organic molecules using

different population schemes.

Quantum chemical topology analysis All quantum chem-

ical topological analyses[43,44] were performed with the

Multiwfn code,[45] by analyzing the electron density

generated from the deMon2k code with tight SCF and

CDF criteria of 1.0.10−9 a.u. and 5.0.10−7 a.u. respec-

tively. Calculations of bond critical points in the quan-

tum theory of atoms in molecule (QTAIM) framework

were performed,[46,47] associated to the computation

of several properties, such as the electron density ρ(r),

the energy densityH(r), and the electron density Lapla-

cian descriptor to characterize the bonding.[48] Then,

the electron localization function (ELF) basins of the

system were calculated,[49] to observe the change in

the population of the basins as the molecule interact

with Au79. Lastly, the analysis of Non-Covalent Inter-

actions(NCI) were calculated based on the reduced den-

sity gradient (RDG).[50]

3 Results and discussion

3.1 Electronic properties of Au79

We initially calculated the electronic properties of Au79,

and the 5 highest occupied and 5 lowest unoccupied

molecular orbitals (HOMO and LUMO, respectively)

are reported in Figure S1. Considering the degenerated

molecular orbitals, the fractional occupation of the or-

bitals has been allowed during the calculation. There-

fore, the 5 HOMOs could act as both electron donor

and electron acceptor, while the LUMO can only act as

the electron acceptor. The reactivity of Au79 was then

analyzed by performing both condensed Fukui analy-

sis and the electrostatic potential (ESP) calculation to

pinpoint the nucleophilic and electrophilic sites. On the

left of Figure 2, the plot of ∆f function is shown, with

the blue lobes (positive isosurface) corresponding to the

electrophilic sites and red lobes (negative isosurface) to

the nucleophilic sites (the isosurfaces of f+, f− and

the average between the two are available in Figure S2,

numerical values are provided in Table S1). In this rep-

resentation, the surface of Au79 is more susceptible to

the attacks by nucleophile species, while the area sensi-

tive to the electrophile attack is within the core of the

GNP. Furthermore, the size of the electrophilic lobes

at the corner and edges positions are larger than that

of the face positions, which implies an increased reac-

tivity at these sites.[33] As a result, nucleophiles are

more likely to adsorb on the corner and edges atoms

rather than the face atoms. The electrostatic potential

of Au79 is shown in Figure 2 right, where the blue iso-

surface represents the positive potentials (electrophilic
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sites) and the red isosurface represents the negative po-

tentials (nucleophilic sites). In this analysis, similarly,

the surface of GNP has been dominated by the elec-

trophilic sites, while the nucleophilic sites are rather

localized at the top and face positions of GNP. There-

fore, the ESP also predicts that GNP behaves more as

an electrophile and that nucleophile species prefer in-

teracting with the corner and edges atoms rather than

the atoms at the surface.

Fig. 2 Left: representation of the condensed Fukui analysis
of Au79 (isovalue of 0.00025): the blue lobes represent the
electrophilic sites and the red lobes the nucleophilic sites.
Right: electrostatic potential of Au79 with the blue isosurface
(+0.005) represents positive potentials and red isosurface (-
0.001) represents negative potentials.

3.2 Interaction with small organic molecules

To validate the prediction, geometry optimizations of
Au79 interacting with the representative organic molecules

were performed. The molecules were initially placed at

the three different sites (Figure 1). The optimized ge-

ometries for different binding sites along with the inter-

action energy and charge transfer are shown in Figure

S3. From the optimization step, several observations

can be made. Firstly, the preferred binding sites vary

with the ligand, but in most cases they prefer either

the corner or edge sites to the face sites, which is con-

sistent with the Fukui analysis. Secondly, the interac-

tion is considered as weak with an interaction energy

range between -0.18 and -0.72 eV. The order of inter-

action strength, considering the most favorable bind-

ing site for each system, is found to follow this trend:

methane, formic acid, methanol, hydrogen sulfide, ben-

zene, and ammonia, as shown in Figure 3. Methane,

considered as weak nucleophile and electrophile, inter-

acts very weakly with Au79, while the other organic

molecules form stronger interaction through their func-

tional groups. The availability of lone pairs on these

moieties could render them as the anchoring points on

the surface of GNP.

Thirdly, CT was calculated using different popula-

tion schemes, i.e. Mulliken, Hirshfeld, Atomic Dipole

Corrected Hirshfeld (ADCH), Voronoi, Becke, and Bader

analyses, as the change in the total charge of Au79 be-

fore and after interacting with the ligand. In most cases,

GNP receives electrons which implies that it is acting as

electrophile, except in the case of the interaction with

methane computed using Hirshfeld and ADCH popula-

tion schemes. This behavior is consistent with the Fukui

analysis. Depending on the population scheme, the cal-

culated CT does not exactly follow the trend for the

interaction energy (see Figure S4). Among them, the

ADCH scheme provides a good correlation as shown

in Figure 3. However, due to the arbitrary nature of

the population analysis, and the different reactivity of

the molecules investigated, it is less straightforward to

draw a direct comparison between the charge transfer

and interaction energy. Benzene, owing to the relatively

richer π-electron, is more likely to donate more elec-

trons, which has been shown by the different popula-

tion schemes (Figure S4). Methanol and formic acid,

despite having two lone pairs, do not donate more elec-

tron than ammonia, with one lone pair on the nitro-

gen atom. Therefore, further analysis on the interaction

would be necessary in order to probe the possibility of

other contributing factors to the interaction energy, in

addition to the charge transfer.

Lastly, the possible role of the shape of MOs in the

orientation of the organic molecules at the surface is in-
vestigated. Considering that organic molecules behave

as electron donors, the HOMO is expected to interact

with empty MOs of GNP (Figure S1). It turns out that

the shape of MOs does influence the orientation of the

organic molecules (Figure 4). In the example of ammo-

nia and benzene molecules, the HOMO approaches the

GNP and re-orientates itself to maximize the overlap

with the MOs of Au79. In all of the geometries for am-

monia and benzene interacting with GNP (Figure S3),

ammonia always adopts the same orientation where the

hydrogen atoms are pointing away from the surface

while nitrogen atom is pointing towards the surface.

Meanwhile, the benzene always adopts a flat configura-

tion and the perpendicular configuration is not stable

(back to the flat orientation). The same behaviour is

expected for the other organic molecules as well. There-

fore, the MOs of the two species are important in deter-

mining the orientation of the ligand, which will be help-

ful in prediction of possible interaction between GNP

of any size with other organic molecules.
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Fig. 3 Trend in interaction energy (ev) and charge transfer (e) using the ADCH[51] population scheme across the different
organic molecules.

Fig. 4 Approaching HOMO of ammonia (left) and benzene
(right) to Au79.

3.3 Quantum chemical topological analysis

To further complement the analysis of the interaction,

a thorough quantum chemical topological analysis on

each system is presented to gain more insight into the

nature of the interaction.

3.3.1 BCP analysis

In the QTAIM framework developed by Bader and co-

workers[52], we performed a search for the bond critical

points (BCP) and bond paths (BP) with the focus on

the interaction sites. BCPs and BPs are present for ev-

ery system that was analyzed, validating the presence

of bonds for the interaction. To characterize the nature

of these bonds, several local properties were calculated,

i.e. electron density, the Laplacian of the electron den-

sity and the energy density, at these BCPs based on the

classification proposed by Bianchi and coworkers[48].

The BCPs and properties of the gold-molecule inter-

action regions are shown in Table 1, in Figure 5 and

Figure S5.

The electron density at each BCP is rather small,

in contrast to covalent bonds (whose electron density

is greater than 0.1 a.u.), which confirms weak inter-

action. For some of the ligands, i.e. methanol, formic

acid, and benzene, there are two BCPs, which indicate

the presence of another weak interaction site. Subse-

quently, the Laplacian for all of the systems is greater

than 0, which further clarifies that the interaction is

not covalent. The discriminating factor will then be the

energy density, whose sign is a good indicator of the

stability of the interaction. According to the classifica-

tion[48], the interaction formed with methane is clas-

sified as van der Waals interactions (H(r)> 0). Mean-

while, the other organic molecules form at least one

interaction, which is classified as dative bonding and

characteristic of ligand to metal interactions (H(r)< 0).

In the case of methanol, two bond critical points are

found, one is dative interaction and the other is van

der Waals interaction (which forms between the methyl

group and the surface). In the case of formic acid, we

also found two BCPs between the oxygen of carbonyl

group and -OH group with the H pointing to the surface

of Au79, respectively. The interaction between the oxy-

gen of carbonyl group is supposedly stronger than that

of the -OH, as seen from the electron density. However,

it is clear that this interaction contributes to the overall

interaction energy. The quantum chemical topological

analysis of formic acid oriented differently (see config-

uration 1 in Figure S6) at the surface reveals that the

second interaction point is not favorable, which result

in a lower value of the interaction energy. Therefore,

the orientation of the ligand at the surface plays a sig-

nificant role in determining the interaction energy of a

system. Lastly, two bond critical points were found for

benzene, with the formation of two dative bonds.
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Fig. 5 BCP analysis and the respective RDG and NCI analysis on methane (top) and formic acid (bottom).

Table 1 Distances from the BCP to Au and organic molecule, local AIM electron properties (electron density, energy density
and Laplacian of the electron density) calculated at the BCPs for the different ligands interacting with Au79.

System Au-BCP (Å) Org-BCP (Å) H(r) (a.u.) ρ(r) (a.u.) Laplacian (a.u.)
Methane 1.625 1.507 0.0016 0.0138 0.0563
NH3 1.270 1.123 -0.0118 0.0574 0.1992
H2S 1.367 1.372 -0.0069 0.0430 0.1167
CH3OH 1.859 1.159 0.0010 0.0065 0.0207

1.315 1.130 -0.0047 0.0445 0.1960
HCOOH 1.315 1.123 -0.0041 0.0438 0.1997

1.552 0.736 -0.0018 0.0242 0.0545
Benzene 1.457 1.317 -0.0013 0.0298 0.0974

1.433 1.284 -0.0023 0.0331 0.1070

3.3.2 ELF analysis

Then, the ELF analysis was performed. As expected

for such weak interactions, we do not observe the pres-

ence of a valence basin that signifies covalent interaction

between the two interacting species. Nevertheless, the

population of the detected basins that belong to the

ligands was investigated (Table 2). Interestingly, a de-

crease in the overall population of the ligands interact-

ing with Au79, as compared to the isolated molecule, is

highlighted. For CH4, we observe a very small change

in the total population of the basins, which supports

the fact that methane forms a very weak interaction

with GNP. For ammonia, the population of the lone

pair of the nitrogen atom decreases from 2.109 (iso-

lated molecule) to 1.871 upon interaction with GNP. As

for H2S, the population of the lone pairs also decreases

and rearranges from 2.127 each to 1.840 and 2.186, re-

spectively. Similarly, the population of the lone pairs of

methanol also changes from 2.412 and 2.368 to 2.728

and 1.898. However for formic acid, the population of

the lone pairs of both oxygen atoms slightly increases

from 4.311 and 5.117 for -OH and C=O respectively, to

4.231 and 5.261, which could probably due to the forma-

tion of favorable interaction between Au· · ·H-O. Lastly,

the total population of the benzene changes slightly,

from 29.293 to 29.228. This analysis demonstrates that

the organic ligands form interaction with Au79 that in-

volves intermolecular charge transfer. ELF results are

consistent with the CT population analysis in section

3.2 and the electrophilic character of GNP.

To check the possibility of back donation from Au79

to the ligands, the contribution of gold atoms to the

basins of organic ligands was calculated. The results

are shown in the last column of Table 2. Though the

contribution is small, but it is still non-negligible, and it
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demonstrates the possibilities of the overlapping of the

LUMO of ligands and HOMO of Au79, which results in

stronger interactions.[53,54]

3.3.3 Non-covalent interaction analysis

The NCI analysis, developed by Johnson and cowork-

ers[50], allows the detection and the visualization of

weak interactions, such as steric effects, hydrogen bonds,

and dispersion interactions. Here, NCI analysis was per-

formed to identify the weak interaction between the

Au79 and the organic molecules. The plots of the re-

duced density gradient with respect to the electron den-

sity multiplied by the sign of the second eigenvalues of

the Hessian matrix [55] restricted to the intermolcular

regions are shown in the middle parts of Figure 5 and of

Figure S5. Dative interactions are found to overlap with

metal-metal interaction, while the dispersion/van der

Waals interactions are seen at a very low electron den-

sity. The color-coded NCI basins representation [55,50]

on the right parts of Figure 5 clearly reveal non-covalent

interactions. The green colored basins between the in-

teracting species represents the weak interactions, i.e.

dispersive interactions, as in the case of methane. The

color gradually changes to blue as the interaction shifts

to the stronger dative interactions as in the case of am-

monia. There is a consistent trend observed between

this analysis and AIM results in the previous section,

where multiple interaction basins have been observed

on some of the molecules. There are two interaction

points for methanol, with one strong dative interac-

tion and one weak dispersive interaction (NCI basis and

RDG plots). Similarly, the formic acid forms one strong

dative interaction with one relatively weaker dative in-
teraction. For bezene, two strong dative interactions are

identified. Again, this analysis further demonstrates the

multiple cooperating weak interactions that eventually

contribute to the overall interaction energy.

4 Conclusion

To summarize, we have performed Fukui function and

electrostatic potential analysis to identify the reactiv-

ity of Au79, based on the electrophilic and nucleophilic

sites. These reactivity descriptors predicted that the

Au79 is more likely to behave as an electrophilic species,

with the corner and edges atom identified as the more

reactive sites as compared to the surface sites. This pre-

diction has been fulfilled as the geometry optimizated

GNP-organic molecules complex indeed demonstrated

stronger interaction energy at the corner and edge sites

of Au79 as compared to the face sites (0.1 to 0.2 eV).

Furthermore, the electron rich moieties (O, S, C=O, π

electrons) of the organic molecules act as anchor points

on the surface of Au79. The subsequent calculation of

charge transfer shows that Au79 behaves as an elec-

trophile as it accepts electrons from the incoming or-

ganic molecules. Among several population analyses,

only the dipole-corrected Hirshfeld analysis provides

charge transfer which follows the interaction energy trend.

Possibly, charge transfer is not the unique contribut-

ing factor. Meanwhile, the role of the shapes of frontier

molecular orbitals has been proposed to be important in

determining the orientation of organic molecules on the

surface. Therefore, various quantum chemical topologi-

cal analyses have been performed to gain deeper insight

into the interaction.

The analysis of bond critical points and bond paths

in the AIM framework has classified the bond forming

between methane to be weak van der Waals interaction,

while the other organic molecules form at least one da-

tive interaction. Moreover, the analysis on the different

geometries of formic acid has demonstrated the impor-

tance of structural orientation in the overall interaction

energy. The ELF analysis has helped in following the re-

arrangement of the electron density, which supports the

charge flow from the ligand to GNP. Lastly, NCI anal-

ysis highlights weak interactions, which are consistent

with the calculation of BCPs in QTAIM. This global

quantum chemical topological analysis allows identi-

fication of the multiple interaction points for organic

molecules, whose contribution to the overall interaction

energy could be important.

All in all, this study has investigated thoroughly the

interaction between Au79 with small organic molecules.

The conclusion from this study is a first step in predict-
ing the way larger molecules, with multiple functional

groups, would interact with GNPs.

5 Supplementary Information

Valence molecular orbitals of Au79, condensed Fukui

analysis, geometries, interaction energies and charge trans-

fers for the different interaction sites, charge transfer

from various population analyses, and quantum chemi-

cal topological data are provided in Supplementary In-

formation. A set of coordinates for the different com-

plexes is also provided.
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Table 2 Population of ELF valence basins (e) of organic molecules before and after interaction with Au79.

Molecule Isolated (e) After Interaction (e) Contribution of GNP (%)
Methane 7.882 7.879 0.20
NH3 2.109 1.871 2.48
H2S 4.253 4.025 2.99
CH3OH 4.780 4.626 0.66
HCOOH 9.428 9.491 0.52
Benzene 29.293 29.228 2.15
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