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Highlights
» The competitive adsorption between different NOM’s on Ag (1 1 1) surface was investigated.

» The adsorption energy results suggest that the more the NOM’s on Ag (1 1 1) surface, the higher the

adsorption.

» The global reactivity descriptors in the gas phase and water as a solvent were calculated.

Abstract

The nature of the interaction of low molecular weight natural organic matter (NOM) with the
Ag (111) surface is of crucial importance in the environment. The low molecular weight
organics used in this study are formic acid (FA), acetic acid (AAl) and ascorbic acid (AA2). In
this study, we think of a realistic environment where single, multiple or even a mixture of
NOM’s can attach on one Ag (111) surface. Such critical information is relevant in order to
understand the behaviour of engineered nanoparticles (ENPs) when they get into the
environment. To bridge this gap, we investigate the adsorption and co-adsorption properties
of NOM’s on Ag (111) surface using dispersion-corrected density functional theory (DFT-D) in
the gas phase and water as a solvent. Throughout this paper, the nhumber behind the letter
represents the number of molecules i.e nFA, nAAl, nAA2 (n=1,2,3,4).The results of the
calculated adsorption energy suggest that the interaction of 4FA, 2AA1 and 2AA2 molecules
with Ag (111) surface is the strongest with the most negative values (-6.54 and -3.84 eV) in
both gas phase and COSMO respectively which reveals that is the most stable system.The

global reactivity descriptors in the gas phase and water as a solvent were calculated.



Graphical abstract

Side and top view snapshot of Ag (11 1)-1AA2, Ag (11 1)-2AA2 and Ag (11 1)-3AA2.
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1. Introduction

The nanotechnology field continues to grow rapidly and the increasing use of engineered
nanoparticles (ENPs) in commercial products translates into an increasing presence in the biosphere.
Engineered NMs are manufactured materials having at least one dimension in the nanoscale (1-100

nm) dimension [1]. Once released into the environment, silver engineered nanoparticles (Ag ENPSs)
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undergo different pathways during transportation. They may remain as individual particles in
suspension and be delivered long distances, or tend to aggregate at high ionic strength [2,3]. After
contact with oxygen and other oxidants, partial oxidation and Ag+ dissolution is also expected. Most
probably, Ag ENPs would react with sulfides, chlorides or other natural substances, altering the
original properties of the nanoparticles [4,5]. The behaviours of the Ag ENPs largely depends on the
surface properties of the nanoparticles themselves and the surrounding environment, involving
capping agents, electrolyte composition, solution ionic strength, pH and NOM [6-8]. NOM is expected
to attach to the surface of ENPs, changing the physiochemical properties of ENPs and the interfacial
forces or energies between interacting ENPs, thereby altering the aggregation behaviour [9,10].
Various experimental studies have shown that the pH, ionic strength, electrolyte valence, and NOM
content of an aquatic system control the surface charge and aggregation state of ENPs [11-13]. In
these studies, NOM has been found to influence ENPs stability and surface chemistry for carbon-
based nanomaterials and metals. However, increased production levels inevitably lead to increasing
incidence of the materials in the environment. Until a few years ago, little was known about the fate of
nanomaterials in the environment. Recent studies suggest important emerging patterns [14-16]. There
are still major knowledge gaps for even the most widely used ENPs involving their postproduction life
cycles. This includes entry into the environment, environmental pathways, eventual environmental
fate, and potential ecotoxicological effects. The adsorption of NOM to the surfaces of natural colloids
and engineered nanoparticles is known to strongly influence, and in some cases control their surface
properties and aggregation behaviour. The adsorption process of molecules at the surface can be
computed by ab initio calculations, which have been proven to be a useful tool to understand the gas-
sensing mechanism at atomic level [17]. As a result, the understanding of nanoparticle fate, transport

and toxicity in natural systems must include a fundamental framework for predicting such behaviour.

ENPs may enter the environment intentionally (e.g., use of zero valent iron NPs for remediation) or by
accidental release (e.g., release of silver ions after washing socks embedded with Ag ENPs [18-19].
Toxicologists have demonstrated the uptake, accumulation, and toxicity of nanomaterials in
organisms exposed to ENPs [20]. Moreover, effects on organisms are dependent on nanomaterial
physicochemical properties [20]. The ENPs physicochemical properties will be influenced by
environmental conditions and it is critical to assess environmental behaviour of these materials to gain
an understanding of the possible implications. These properties will also influence their environmental
behaviour, hence there is an urgent need to determine the effects of ENPs surface functionality on

their behaviour in aquatic systems, including interactions with NOM’s.

According to literature, the physicochemical properties of ENPs and the characteristics of NOM’s will
determine the extent of adsorption and the influence on stability [21,22]. There is a need to correlate
environmental behaviour with specific properties of ENPs and aquatic chemical composition
(including NOM) for development of predictive models to assess the environmental impacts of ENPs.
A library of well-defined ENPs with varying surface chemistry is essential to gain an understanding of

the relationship between ENP physicochemical characteristics and their behaviour in environmental



systems [8,23,24]. As engineers and scientists build models to predict the fate and transport of
engineered ENPs in the environment, there is a need to relate properties of the ENPs with specific
environmental behaviour. Building from our previous work [25],[26], the purpose of the paper is to
gain insight on the adsorption and coadsorption of natural organic matter on Ag (111) surface. Thus
the paper aimed at answering the following questions, can we adsorb more than one NOM on the Ag
(111) surface? It is possible to coadsorb a mixture of NOM’s on Ag (111) surface? The goal of this
study is to further understand the Ag (111) surface adsorption and co-adsorption with low molecular
weight (LWM).The investigations in this paper go beyond those in the current literature considering
the implications of adsorption and co-adsorption of LMW NOMs mixtures on the surfaces of nAg (111)
to establish the likely implications of a mixture of NOM’s on the adsorption. Overall, this theoretical
based-study attempts to offer better insights on how NOMs MW singularly and mixtures of NOMs co-
existing in the aquatic system may influence the fate of ENPs. To the best of our knowledge, this is
one of the few studies to provide insight to elucidate how a mixture of NOMs may have diverse set of
implications on the fate of ENPs in aquatic systems using first-principles calculations; and may be a
useful reference in designing experiments on the influence of different NOMs on the ENMs fate in
aquatic systems. The use of density functional theory technique based on its strengths like non-
intrusive, lesser laborious and not costly compared to experimental studies can be valuable tool to
screen potential descriptors for ENPs interactions with NOM during the adsorption process. In this
context, the results have potential significance in advancing the field of risk assessment of ENPs in

the aquatic systems, and enhancing the application of DFT in other fields of science.

2. Computational details

All of the spin-polarized calculations were performed within density functional theory dispersion-
corrected (DFT-D) computations as implemented in DMol3 code embedded in Materials Studio
(Accelrys, San Diego, CA) [27]. The generalized gradient approximation (GGA) with Perdew—Burke—
Ernzerhof (PBE) functional was employed using the DFT semi-core pseudopotential [28] to describe
exchange and correlation effects and the polarization p-function (DNP) as the basis set for the double
numerical atomic orbital augmented was chosen. The convergence tolerances of the geometry
optimization are set to 10-° Ha (1 Ha = 27.21 eV) for the energy, 0.002 Ha for the maximum force, and
0.005 A for the maximum displacement. The electronic SCF tolerance is set to 106 Ha. In order to
achieve accurate electronic convergence, we apply a smearing of 0.005 Ha to the orbital occupation.

Convergence accuracy of charge density of self-consistent field was 1.07% Ha and Brillouin k point was
1x1x1. In addition, direct inversion of iterative subspace (DIIS) was chosen to accelerate
convergence speed of charge density of self-consistent field to reduce calculation time and enhance
efficiency. A Fermi smearing of 0.005 hartree and a real-space cutoff of 4.4 A were employed to
improve the computational performance. The Ag (111) surface was modelled using a seven-layer slab
with a (4x4) unit cell and only the top three layers were allowed to relax while the four bottom layers
were fixed in the optimized bulk position. A 20 A vacuum space between the periodic slabs was
utilized to eliminate spurious interactions. The effect of solvent was modelled by COSMO [29], where

water has been used as a solvent. COSMO is a considerable simplification of the continuum solvation



model without significant loss of accuracy [30]. For solvation studies, water which has the highest
dielectric constant (78.4), is taken as solvating medium as it mimics the human biological system in

recognizing the behaviour of NOM’s on Ag (111) surface in aquatic systems in the environment

Ag ENPs exhibits different shapes such as cubooctahedral, multiple-twinned decahedral,
guasispherical shape with pre-dominant (100) facets along a small percentage of (111) facets and
rod-like shapes e.g., pentagonal rods which have side surfaces and ends, respectively, bounded by
(100) facets and (111) facets [31]. Previously Pal et al [32], and colleagues investigated the effects of
Ag ENPs and showed shape-dependent interactions with Escherichia coli primarily due to marked
differences in reactivity of different crystal facets. In particular, the (111) facet was found to have
induced the most significant antibacterial activity linked to high atoms density [32]. Similarly, Morones
et al [33] demonstrated increased Ag ENPs toxicity to several bacterial strains linked to higher
reactivity presented by the (111) facets. In addition, the adsorption of NOM's onto different surfaces
and different shapes of NPs is likely to play a significant role in elucidating the NPs' transport and fate
in the environment [34].

Figures 1-5 show the optimized structures of side and top view snapshot. Throughout this section, the

number behind the letter represent the number of molecules i.e. nFA, nAAL, nAA2.

Figure 1: Side view crystallographic axes snapshot of Ag (111)-1FA, Ag (111)-2FA and Ag (111)-3FA
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Figure 2: Side and top view snapshot of Ag (111)-1AA1, Ag (111)-2AA1 and Ag (111)-3AAl
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Figure 3: Side and top view snapshot of Ag (111)-1AA2, Figure 4: Side and top view snapshot of Ag (111)-1AA2,
Ag (111)-2AA2 and Ag (111)-3AA2. Ag (111)-2AA2 and Ag (111)-3AA2.
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Figure 5: Side and top view snapshot of Ag (111)-1AA2, 1FA, Ag (111)-1AA1,1FA and Ag (111)-
2AA2,4FA,2AAL.

3. Results and discussion

3.1 Adsorption and co-adsorption of one, two, three and a mixture of different NOM’s on Ag
(111) surface

This adsorption and co-adsorption study was motivated by the fact that in a real environment, it is
highly possible for single, multiple or even a mixture of different NOM to attach on one Ag (111)
surface at the same time, thus a realistic environmental scenario has been mimicked. This study has
suggested that it is possible to adsorb more than one NOM on the Ag (111) surface using
computational modelling. After optimization, the adsorption and co-adsorption configurations of 1AA1,
2AA1 and 3AA2 on Ag (111) surface were obtained, as presented in Figures 1-5. The adsorption and

co-adsorption energies are shown in Table 1 were obtained from the expression.

Eads = ENOM/surface - nENOM - Esurface (1)



Enomysurface 1S the total energy of the surface and the NOM, where Ey,,, is the energy of the NOM
without the surfaceand Es,,rqc is the energy of the surface without the adsorbate. In the expression

above, n is the number of adsorbates on the Ag (111) surface.

Table 1: Adsorption and coadsorption of NOM’s on Ag (111) surface and equilibrium distance in gas
phase and in water as a solvent as well as molecular weights.

Eads dH-Ag dO-Ag Eads dH-Ag dO-Ag
MW eV)gas (Aygas (A) (eV) A (A)

System g/mol phase phase solvent solvent solvent  solvent
Ag (111)-1FA 46.02 -0.19 5.16 - -0.07 5.16 -
Ag (111)-2FA 92.02 -1.38 5.23 - -0.49 - 5.22
Ag (111)-3FA 138.06 -1.81 - 5.18 -0.65 5.18 5.18
Ag (111)-1AA1 60.05 -0.32 4.46 - -0.17 4.46 -
Ag (111)-2AA1 120.1 -1.52 4.43 - -0.61 4.43 -
Ag (111)-3AA1 180.15  -2.06 4.44 - -0.90 4.44 -
Ag (111)-1AA2 176.12  -0.53 3.57 - -0.32 4.30 -
Ag (111)-2AA2 35224  -3.05 3.77 - -1.63 3.77 -
Ag (111)-3AA2 528.36  -3.77 3.90 - -1.72 3.59 -
Ag (111)-1AALIFA 106.07  -2.29 4.05 - -1.32 3.86 -
Ag (111) -1AA2,1FA 22214  -4.41 3.80 - -2.49 3.01 -
Ag (111) -1AAL1AA2 236.17 -2.06 3.63 - -0.80 3.85 -
Ag (111)- 1IFA,1AAL1AA2 28219  -1.92 3.61 - -1.10 3.61 -
Ag (111) -2FA,2AAL1,2AA2 564.38  -1.00 4.42 - -0.55 4.42 -
Ag (111)-4FA 2AA12AA2 65642  -6.54 3.36 - -3.84 3.75 -

According to Table 1, our computations, both gas phase and COSMO results reveal that the
adsorption and co-adsorption of NOM’s on Ag (111) surface is favourable. As shown in Table 1, the
adsorption and co-adsorption energy becomes stronger as the number of molecules increases on the
Ag (111) surface. The adsorption energy of 3AA2 on Ag (111) surface is the most negative value -
3.77 eV and -1.72 eV respectively in the gas (solvent) phase. From Table 1, an increase in
equilibrium distances between the Ag (111) surface and NOM'’s as the adsorption energy increases
3.90 A and 3.59 A in gas and water phase has been observed. Another trend was observed for the
co-adsorption with the exception of 1FA, 1AAl, 1AA2 on Ag (111) surface, the reason for these
molecules to have less adsorption energy could be attributed to the fact that molecules with unique
properties such as, molecular weight, electronegativity melting point etc. when put on one surface are

likely to compete for the active adsorption sites.

When the system consists of adsorbates with different molecular properties, the difference in
interaction energies will lead to enhancement of one adsorbate relative to the others. Previous study
by Timon et. al [35] while working on structural single and multiple molecular adsorption of CO2 and
H20 in zeolitic imidazolate framework crystals dealt with the issue of competition, even though some
of the molecules in their study were not favourable unlike in this study where all the molecules are

favourable. Another study that dealt with the issue of competition was conducted by Nalaparaju et.al.

9



[36] on molecular understanding for the adsorption of water and alcohols in hydrophilic and
hydrophobic zeolitic metal-organic frameworks. This study found that the adsorption energy
increases as the number of molecules is increasing. For the co-adsorption results we observed that a
mixture of 2AA2, 4FA and 2AALl on Ag (111) has the highest adsorption energy -6.54 eV (-3.84 eV)
respectively in the gas (solvent) phase making it the most stable compared to other mixtures of
different NOM'’s. The equilibrium distances between the Ag (111) surface and NOM’s were 3.36 A and
3.75 A respectively in the gas (solvent) phase. It has been observed that from individual adsorption
energies of FA, AA1 and AA2, the adsorbate with the highest adsorption energy will adsorb first on
the Ag (111) surface. In our case, AA2 has the highest adsorption energies compared to FA and AA1.

3.2 Electronic structure

Figure 6 reveals the charge distribution, HOMO and LUMO of FA, AAl and AA2 in COSMO. The
charge distribution, HOMO and LUMO of FA, AAl and AA2 in gas phase are shown in Figure S1
(Supporting document)

DFT-D COSMO
Adsorbate HOMO LUMO

FA

AA;

AA;

Figure 6: Optimized structures and the frontier molecular orbital density distributions (HOMO and
LUMO) in COSMO.

To better understand the adsorption and co-adsorption process of NOM's on Ag (111) surface,
frontier molecular orbitals (HOMO and LUMO) were analysed. The HOMO and LUMO for FA, AAl

10



and AA2 (Figure 6) show density uniformly distributed on all atoms. It is worth noting that going from

gas phase to water as a solvent the HOMO and LUMO distribution slightly change as shown in Table

2 and 3. Tables 2-3 give the global reactivity descriptors calculated using equations in equation 2-5.

IP +EA
= —— (2
IP — EA
= — ©)
| and A are related in turn to Enomo and Etumoas P = —Eyomo ; and EA = —E;ymo
The chemical potential and electrophilicity index respectively are calculated as follows;
w= —X= (Egomo + Erumo)/2 (4)
_ w2
w = 27 (5)
Based on Koopman'’s theorem [37], electronegativity (X) and hardness (1) are related to electron
affinity (EA) and ionization potential (IP)
Table 2: Calculated global reactivity descriptors (eV) in water as a solvent.
DFT-D COSMO
System EHOMO ELUMO Eg pu IP EA n ®
FA -6.89 -1.45 545 -4.17 6.89 145 417 272 3.19
AA1l -6.60 -1.14 546 -3.87 660 114 387 273 274
AA2 -5.64 -1.86 378 -375 564 186 375 189 372
Ag (111) -4.50 -4.41 0.09 -446 450 441 446 004 22815
Ag (111)-1FA -4.75 -4.48 0.27 -4.62 475 4.48 462 013 79.20
Ag (111)-2FA -4.74 -4.46 027 -460 474 446 460 014 76.99
Ag (111)-3FA -4.71 -4.44 0.28 -4.57 471 4.44 457 014 75.39
Ag (111)-1AA1 -4.50 -4.42 0.08 -4.46 450 4.42 446 0.04 251.60
Ag (111)-2AA1 -4.46 -4.39 0.07 -443 446 439 443 004 277.05
Ag (111)-3AA1 -4.71 -4.43 028 -457 471 443 457 014 7530
Ag (111)-1AA2 -4.44 -4.38 0.06 -4.41 444 438 441 003 311.07
Ag (111)-2AA2 -4.66 -4.37 029 -452 466 437 452 014 70.74
Ag (111)-3AA2 -4.69 -4.40 029 -454 469 440 454 014 7223
Ag (111)-1AAL1,1FA -4.73 -4.46 027 -460 473 4.46 460 014 76.90
Ag (111)-1AA2,1FA -4.70 -4.42 028 -456 470 4.42 456 014 74.25
Ag (111)-1AA1,1AA2 -4.70 -4.43 027 -456 470 443 456 014 76.53
Ag (111)-1FA,1AAL1AA2  -4.67 -4.38 029 -452 467 438 452 014 7163
Ag (111)-2FA2AAL2AA2 471 -4.40 031 -455 471 440 455 016 66.81
Ag (111)-4FA,2AAL2AA2 -4.80 -4.51 0.29 -4.65 480 451 465 014 75.82
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Table 3: Calculated global reactivity descriptors (eV) in the gas phase.

DFT-D Gas phase

System EHOMO ELUMO Eg u P EA y q ®
FA -6.74 -1.43 531 -408 674 143 408 265 3.14
AAL -6.29 -1.00 529 -365 629 100 365 265 251
AA2 -5.57 -1.78 379 -368 557 178 368 190 3.56
Ag (111) -4.50 -4.41 009 -445 45 441 445 004 227.88
Ag (111)-1FA -4.74 -4.47 027 -461 474 447 461 013 7883
Ag (111)-2FA -4.71 -4.43 027 -457 471 443 457 014 76.00
Ag (111)-3FA -4.67 -4.40 027 -453 467 440 453 014 74.82
Ag (111)-1AAL -4.47 -4.39 008 -443 447 439 443 004 24854
Ag (111)-2AA1 -4.40 -4.33 007 -437 44 433 437 004 269.60
Ag (111)-3AA1 -4.63 -4.36 028 -450 463 436 450 014 7281
Ag (111)-1AA2 -4.41 -4.35 006 -438 441 435 438 003 306.10
Ag (111)-2AA2 -4.57 -4.28 029 -442 457 428 442 014 6848
Ag (111)-3AA2 -4.63 -4.33 030 -448 463 433 448 015 67.60
Ag (111)-1AA1,1FA -4.69 -4.41 028 -455 469 441 455 014 7467
Ag (111)-1AA2,1FA -4.63 -4.35 028 -449 463 435 449 014 7197
Ag (111)-1AA1,1AA2 -4.62 -4.34 028 -448 462 434 448 014 7237
Ag (111)-1FA,1AAL,1AA2  -4.55 -4.28 027 -441 455 428 441 014 7159
Ag (111)-2FA2AAL2AA2  -4.52 -4.22 030 -437 452 422 437 015 63.19
Ag (111)-4FA2AAL2AA2  -4.53 -4.23 030 -438 453 423 438 015 64.67

Moreover, we observed that the energy gap (Eg) decreased after adsorption. Previous studies [38-39]
showed that lower Eg means higher electrical conductivity and in contrast higher Eg corresponds to
the lower electrical conductivity. Relatively small changes after adsorption and co-adsorption (Table

2-3) in both gas phase and COSMO, Eg again indicate limited perturbation(s) on Ag (111) surface.

The calculated p values in Table 2 for the Ag (111) surface indicate that after adsorption and co-
adsorption with 1FA, 2FA and 3FA, the chemical potential increased from -4.46 to -4.62, -4.60 and -
4.57 eV, respectively. In contrast, a different observation was made for the Ag (111) surface with
1AA1, 2AA1 and 3AA1, after adsorption and co-adsorption. The y values remained the same at -4.46
eV, decreased to -4.43 eV and increased to -4.57 eV. Similar observation were made for the Ag (111)
surface with 1AA2, 2AA2 and 3AA2 After adsorption and co-adsorption the y values decreased from
-4.46 to -4.41 for the 1AA2 surface and then increase for the 2AA2 and 3AA2 to 4.52 and -4.54 eV
respectively. The adsorption of different NOM’s on Ag (111) surface showed an increase in the values
of y from -4.46 eV for a pristine Ag (111) surface to -4.60, -4.56, -4.56, -4.52, -4.55 and -4.65 eV on
Ag (111)-1AA1,1FA, Ag (111)-1AA2,1FA, Ag (111)-1AA1,1AA2, Ag (111)-1FA,1AA1,1AA2, Ag(111)-
2FA,2AA1,2AA2 and Ag 111)-4FA,2AA1,2AA2 respectively.

Moving from water to gas phase, it has been observed in Table 3 that a similar trend after adsorption
and co-adsorption was observed. The p values increased from -4.47 eV for the Ag (111) surface
pristine to -4.61, -4.57 and -4.53 eV for 1FA, 2FA and 3FA respectively. In the case of Ag (111)
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surface with 1AA1, 2AA1 and 3AAL, after adsorption and co-adsorption, the p values decreased and
increased from -4.47 to -4.43, -4.37 and 4.50 eV, respectively. For the Ag (111) surface with 1AA2,
2AA2, 3AA2 after adsorption and co-adsorption the p values decreased and increased from -4.47 to -
4.29, -4.31 and -4.51 respectively. Unlike in water as a solvent, in the gas phase as shown in Table 3,
the co-adsorption of different NOM’s on Ag (111) surface showed an increase, decrease and increase
again in the values of y from -4.47 eV for the Ag (111) surface for the pristine before co-adsorption to
-4.41, -459, -4.48, -4.49, -455 and -4.39 eV for Ag (111)-1FA,1AA1,1AA2, Ag (111) -
2FA2AAL2AA2, Ag (111)-1AA1,1AA2, Ag(111)-1AA2,1FA, Ag(111)-1AA1,1FA and Ag(111)-
2AA2,4FA,2AAL respectively.

A close look at Table 2 the values of y are very similar. The difference is very small even though the
COSMO values are a bit higher than the p values in gas phase except in the case of Ag (111) -2FA,
2AA1, 2AA2 where a y value of -4.55 and -4.59 eV in the water as a solvent and in the gas phase
respectively were observed. Based on the y values obtained in Table 2 and Table 3, it can be
concluded that water as the solvent enhances the reactivity. Compared to p values, ionization
potential also followed the same trend before and after adsorption and co-adsorption, increased,
decreased, increased and decreased. In the case of EA, different results were observed. The EA
values increase from 4.43 eV for the Ag (111) surface pristine to 4.48 eV and 4.46 eV for 1FA and
2FA respectively while they remain unchanged for 3FA at 4.43 eV. For other adsorption and co-
adsorption as shown in Table 3, IP decreased except for Ag (111) -1AA1, 1FA where we observed

4.45 eV, after co-adsorption.

Similar to p values and values for electronegativity () after adsorption and co-adsorption with 1FA,
2FA and 3FA, the chemical potential increased. Something dissimilar for the Ag (111) surface with
1AA1, 2AAl and 3AAl, after adsorption and co-adsorption the chemical potential (u) values

decreased and increased respectively. Similar observation was made for the Ag (111) surface with

1AA2, 2AA2 and 3AA2, after adsorption and co-adsorption the X values decreased and increased.

The adsorption of different NOM’s on Ag (111) surface showed an increase in the values of X as

shown in Table 1.The higher the value of w, the higher the electrophilic power of the investigated
structure. Based on the above statement, from our calculated results we noticed that the
electrophilicity index of Ag (111) surface was higher than that of adsorbates i.e. FA, AA1 and AA2,
indicating a charge transfer from FA, AA1l and AA2 to Ag (111) surface.

To better elucidate the interaction between Ag (111) and NOM'’s it is worthwhile to study the electronic
properties. For these purposes, analysis of total density of states (TDOS) is predominantly valuable.
The TDOS of all NOM’s on Ag (111) surface species in Figure 7 are drawn in the -30 to 4 eV ranges,
in order to show the electronic structures near the Fermi level. TDOS of NOM’s only and NOM with Ag
(111) surface have also been studied and the data are shown in Figure 7 (a-d). Based on Figure 7 (a-
d), upon interaction of Ag (111) surface with NOM’s, no major changes in the energy states, the

states kept the shape of Ag (111) surface which means there is not much done by the NOM’s on Ag
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(111) surface. Before adsorption in Figure S2 (Supporting document), it has been observed that the
TDOS of isolated Ag (111) surface, FA, AA1 and AA2 have distinct peaks corresponding to separate
energy levels. For the Ag (111) surface, the dominant peaks were observed at -6.8 eV, -5.2 eV, -4.1
eV and -2.8 eV which are all below Fermi level. For FA and AA1 the dominant peaks were observed
at-7.1eV, -5.2 eV, -2.8 eV and 0 eV which are all below Fermi level. In the case of AA2 the dominant
peaks were observed at -7.2 eV, -5.0 eV and -2.1 eV which are all below Fermi level and 0.4, and 1.2
eV above Fermi level. After adsorption of FA, AA1, AA2 and a mixture of different NOM’s on Ag (111)
surface. Their TDOS demonstrates an alteration and the peaks move to the low energy level near the
Fermi level even though the prominent peaks remain those of Ag (111) surface. After adsorption the
dominant peaks were observed at -5.1 eV,-4.8 eV,-4.4 eV and 0 eV all below the Fermi level as
shown in Figure 7. The small changes after adsorption in the TDOS of Ag (111) surface, FA, AAl and
AA2 show the interaction between the NOM’s and Ag (111) surface. It can be concluded that the
results of TDOS calculation show that after the interaction, the NOM’s do not do much on the
structure of silver, as confirmed by the results of after adsorption in Figure 7 (a-d). Results of TDOS in
the gas phase are shown in supporting information Figure S3 (a-d) they are the same as the results of

TDOS in water as a solvent.

In Figures 8-9 (a-i) PDOS plots for NOM’s on Ag (111) surface calculated using DFT-D/GGA in water
as a solvent, PDOS in gas phase are shown in Figures S4 and S5. PDOS in Figures 8-9 (a-i) show
intense peaks below and one above Fermi level, prominent shoulder peaks corresponding to separate

energy levels between -7.8 and -0.3 eV below the Fermi level and 0.3 eV above the Fermi level.
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Figure 7: The total density of states (TDOS) in water as a solvent for (a) Ag (111)-1FA, Ag (111)-2FA
and Ag (111)-3FA (b) Ag (111)-1AA1, Ag (111)-2AA1 and Ag (111)-3AAl (c) Ag (111)- 1AA2, Ag
(111)-2AA2 and Ag (111)-3AA2 and (d) Ag (111) surface with a mixture of NOM’s. The Fermi level is
indicated with a black vertical line.
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Figure 8: Projected density of states of NOM’s on Ag (111) surface (a-f) in COSMO using DFT-D/GGA level of theory.
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4, Conclusion

The main purpose of the work was to gain insight on the adsorption and co-adsorption of natural
organic matter on Ag (111) surface. Thus the work aimed at answering the following questions: Can
we adsorb more than one NOM on the Ag (111) surface? From this part of the work, it has been
confirmed that well indeed, it is possible to co-adsorb a mixture of NOM’s on Ag (111) surface. The
adsorption and co-adsorption properties of one, more than one and a mixture of NOM’s on Ag (111)
surface using density functional theory dispersion-corrected (DFT-D) in the gas phase and water as a
solvent have been investigated. The calculated adsorption energy results suggest that the interaction
of 4FA, 2AA1 and 2AA2 molecules with Ag (111) surface is the strongest with most negative energy
values (-6.54 and -3.84 eV) in both gas phase and COSMO. This reveals that it is the most stable
system. The reason for the co-adsorption of 4FA, 2AA1 and 2AA2 molecules with Ag (111) surface to
absorb more on Ag (111) surface can be attributed to the fact that when they are combined they have
the highest molecular weight. In this section, the question of the competition between FA, AA1 and
AA2 for the adsorption sites has been addressed; it is well known that different adsorbates with
different properties will compete for the active sites when adsorbed on one Ag (111) surface. From
the Table 3, it has been observed that from individual adsorption energies of FA, AAl and AA2, the
adsorbate with the highest adsorption energy will adsorb first on the Ag (111) surface. In our case
AA2 from Table 3 has the highest adsorption energies compared to FA and AAL. It has been found
that water as a solvent does not play a crucial role in enhancing the adsorption because the
calculated adsorption energies in water as a solvent are not higher compared to adsorption energies
in the gas phase. The global reactivity descriptors such as HOMO, LUMO, LUMO-HOMO, e.g. IP, EA,
n and w in the gas phase and water as a solvent were calculated. To better elucidate the adsorption
characteristics of Ag (111) surface, total density of states (TDOS) analyses were performed, TDOS
results showed little changes after the adsorption of low molecular weight NOM’s on Ag (111) surface.
The calculations have given a better understanding of the interaction of Ag (111) surface toward FA,
AA1, and AA2 organics in the gas phase and in water as a solvent. In summary, the present work
shows that it is possible to adsorb more than one NOM or a mixture of NOM’s on one Ag (111)

surface.
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