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Chapter-5: Metal-molecule interactions....... cluster

5.1 Introduction

Cystine is a dimer formed via oxidation of the thiol head group of amino acid cysteine.
Cystine has a disulfide linkage (—-S—S-) which is responsible for the folding and unfolding
of proteins and thus provides stability to the secondary and tertiary structure of proteins.:-
® SERS (surface-enhanced Raman scattering) technique has proven highly effective in
examining the structural and stability characteristics of this molecule.5’ In fact, SERS
technique stands out as an exceptionally sensitive surface method for detecting various
adsorbate molecules, pushing the boundaries to achieve single molecule detection
levels.21% Conventionally, coinage metals such as Au, Ag, and Cu have been preferred
substrates due to their ability to substantially boost the Raman scattering signals of

molecules adsorbed onto their surfaces.

The significant amplification primarily originates from two mechanisms; electromagnetic
field enhancement (EM) and chemical enhancement (CE).2'%'?2 EM enhancement
primarily arises when surface plasmon resonance occurs on a metal surface!34 whereas,
CE enhancement is ascribed to a resonance-like process involving charge transfer
between the substrate and the probe molecule.®>1" Unlike the electromagnetic (EM)
mechanism, the chemical enhancement (CE) mechanism requires the adsorbate to be in
close proximity to the SERS substrate. While both mechanisms can play a role in
enhancing SERS simultaneously, the degree of SERS enhancement also relies on
experimental factors, the composition and structure of the SERS substrate, and the

characteristics of the specific analyte.8-20

The stability of disulfide in the chemisorbed cystine on silver and gold nanoparticles was
studied experimentally, in which it was found that the disulfide bond remained intact on
large-sized gold nanoparticles while it was cleaved on smaller gold nanoparticles.?! At a
lower concentration of cystine, the disulfide bond got cleaved, while at higher
concentration, this cleavage was prevented by a monodentate binding of cystine on to the

silver metal surface (nanoparticles). It was also shown that the adsorption through
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disulfide caused cleavage of this linkage after which cystine got adsorbed either through
its thiol/ carboxylic or thiol/amino or amino/carboxylic groups on the metal surface.

SERS measurements of cystine adsorbed on copper metal revealed that on bulk copper
the disulfide bond remained intact, whereas it got cleaved when adsorbed on copper
nanoparticles.’? The mechanism of breaking of the disulfide bond on copper
nanoparticles and the role of other functional groups of cystine toward its interaction with
copper metal are yet to be understood. According to the literature reported, DFT (density
functional theory) methods have been found to be very efficient in predicting the

interaction between adsorbed molecule/moiety and metal surfaces.?28

Recently, T.D. Hieu et al. studied SERS of thiram pesticide on copper cluster by DFT
method and found that their predictions supported the experimental results exceedingly
well.?” Small-sized copper clusters were found as efficient model clusters to represent the
metal surface for the study of adsorption as shown by Ahmed et al.?® Literature revealed
that the model surface clusters provide an optimal extrapolation to the properties of the

metal surface.?

Therefore, in this chapter DFT method was used to get better insight about the binding
modes between cystine and metal cluster comprising 9 copper atoms (Cu9).
Computational characterization of the adsorption of cystine on the copper cluster has not
been reported earlier, to the best of our knowledge. Computational results reported herein
substantiate the earlier reported experimental finding significantly well.?? This study also
suggested that, unlike Ag and Au metals, Cu metal not only shows affinity toward sulfur
but also toward oxygen also, rendering Cu a very good SERS substrate despite being air

sensitive.

5.2 Computational Details
Using the molecule-model approach, a 9-atom copper cluster (Cu9) was constructed by
the Avogadro software.®® The Gaussian 16 program package was employed for the DFT

calculations. Ground-state optimization was carried out for cysteine, Cu9 cluster. The
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optimized geometries were used to create the cystine-Cu9 (Cys-Cu9) system which was
further subjected to geometry optimization. Normal mode and relative Raman activity
were calculated for the optimized geometries. The MK (Merz Kollman), ESP
(electrostatic potential) charges of each atom, and FMO (frontier molecular orbital)
calculations were carried out to determine the stability of the Cys-Cu9 system. NBO
(natural bond orbital) and AIM (atoms in molecule) calculations were performed to find
out the extent of interaction between cystine and Cu9 cluster. For the investigation of
DOS (density of states), Multiwfn was utilized. Becke’s three-parameter functional and
Lee—Yang—Parr hybrid functional (B3LYP) was used for all the above calculations and
Cu atoms were treated by relativistic effective core potentials (RECP) with
(LANL2DZ),% and for C, H, N, S, and O atoms 6-311+ +G(d,p) basis set was used. The
tight convergence criterion of Gaussian 16 was used in structural optimization. The
geometry of the Cys-Cu9 system was fully optimized without any constraint on the
geometry. It was also reported that usually cystine occurred in its zwitterionic form in
solution.?:?2 Hence, in this work, the zwitterionic form of cystine where the carboxyl
group was considered in its de-protonated state and protonated amine group was taken.
The implicit solvation model®? based on density in Gaussian 16 package was employed

for the calculations of both the energy and vibrational properties.

5.3 Results and discussion

5.3.1 Geometry optimization

Different orientations of cystine toward copper cluster were taken for geometry
optimization in order to probe the binding modes between cystine and Cu cluster and
thereby resulting in the most stable CysCu9 system. These different orientations were
designated as Cys-Cu(A), Cys-Cu(B), Cys-Cu(C), and Cys-Cu(D), where Cys-Cu
represents the Cys-Cu9 system while (A), (B), (C), and (D) represents different
orientations of cystine toward copper cluster. All the optimized structures were found to

be global minimum having no imaginary frequency. The optimized structures are shown

1T (BHU), Varanasi. 195



Chapter-5: Metal-molecule interactions....... cluster

in Fig. 5.1. The interaction energy was calculated for all four Cys-Cu9 systems at
B3LYP/LANL2DZ/6-311+ +G(d,p) level of theory using the following equation (1):

Interaction energy = Ecu9-cystine — Ecus — Ecystine (1)

where Ecug-cystine refers to the optimized energy of the Cu9-cystine system, Ecug refers to
the optimized energy of the Cu9 cluster, and Ecystine refers to the optimized energy of the
cystine molecule. It was observed that the system Cys-Cu(A) had the highest interaction
energy compared to other systems and are mentioned in the caption of Fig. 5.1.
Interaction energy was also calculated at the other level of theory (shown in figure 5.2),
and among all, the B3LYP/LANL2DZ/6-311+ +G(d,p) level of theory was found to be
the optimal one. Therefore, throughout this study B3LYP/LANL2DZ/6-311+ + G(d,p)
level of theory was utilized. As the highest interaction energy was observed in Cys-Cu(A)
system, it was used for further analyzing the interaction between cysteine and Cu9 in
detail.
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Figure 5.1: Optimized structures at B3LYP/LANL2DZ/6-311+ +G(d,p) level of theory:
1 Cu9 cluster, 2 cystine, 3 Cys-Cu(A) with interaction energy (IE)= —88.34 kcal/mol, 4
Cys-Cu(B) with IE=—40.28 kcal mol, 5 Cys-Cu(C) with IE=—23.84 kcal/mol, and 6 Cys-
Cu(D) with IE=—19.51 kcal/mol [atoms in Cys-Cu9 are numbered]
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Figure 5.2: Interaction energy in kcal/mol at B3LYP functional but different basis sets

where, A = LANL2DZ/6-311++G(d,p), B = LANL2DZ/6-311++G(2d,2p), C =
LANL2DZ/cc-pVDZ, D = LANL2DZ/cc-pVTZ, E = Def2-TZVPP and F = SDD/6-
311++G(d,p)

5.3.2 Vibrational analysis
By comparing normal Raman spectra and SERS spectra of cysteine, the effect of the

copper cluster on cystine molecule was apparent through the peak shift. Raman
frequencies were calculated for both cystine and Cys-Cu(A) system at
B3LYP/LANL2DZ/6-311+ +G(d,p) level of theory. Calculated normal modes of
vibrations were assigned by visualizing modes on the Gauss view 6.0.16 platform. The
comparison of experimental and calculated Raman vibrational frequencies along with the
simulated SERS of cysteine on Cu9 cluster is shown in Table 5.1. Some specific peaks

are marked in the calculated Raman and SERS spectrum of cysteine, shown in Fig. 5.3.
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Table 5.1: Calculated and Experimental Raman active normal modes of vibrations of
cystine at BALYP/LANL2DZ/6-311++G(d,p) level of theory

Calculated Calculated Raman | Experimental Raman | *Tentative
SERS modes of | modes of Cystine | modes of Cystine Solid | Assignment
Cystine on Cu9 | (solvent) (cm™) (cm™1)?
cluster (cm™)
282 - - v(Cu-S)
307 - - v(Cu-S)
327 - - v(Cu-0)
- 518 497 vs(S-S)
671 666 614 v(C-S)
1021 1035 - v(C-N)
1356 1354 1338 v(C-C)
1397 1378 1407 B(C-H)+
v(COO)
1577 1608 - d(NHz)
1639 1673 - vas(COO
)+6(NH3s)
3061 3095 2913 vs(C-H)
3135 3155 2966 vas(C-H)

#Note: (v) = stretching, (vs) = symmetric stretching, (vas) = asymmetric stretching,

(6) = bending and (B) = out of plane bending
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Figure 5.3: Calculated Raman Spectrum; (a) cystine and (b) Cys-Cu(A) system
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It is inferred from the Raman spectrum (Fig. 5.3) that the disulfide linkage of cystine got
cleaved after interacting with the Cu9 cluster. The band which appears at 518 cm™ due
to S-S stretching vibrational mode of cystine got completely disappeared after interacting
with the Cu9 cluster. This indicates a strong interaction with Cu9 via its disulfide linkage.
This observation was also reported in an earlier experimental study,?? wherein it was
reported that the disulfide bond of cystine got cleaved completely when it was adsorbed
on copper nanoparticles through SERS studies. Blue shift in C-S stretching vibrational
mode can be attributed (Fig. 5.3, Table 5.1) to the strengthening of the S—C bond. This
observation, too, was found in good agreement with the earlier reported experimental
study.?? In the calculated SERS spectrum reported herein, the red shift observed in the
asymmetric stretching vibrational mode of CO2™ from 1673.7 [cystine] to 1639 cm
[Cys-Cu(A) system] indicates a strong interaction of carboxylate with the Cu9 cluster.
Besides these, peaks corresponding to the stretching modes of Cu-S were predicted at
282 cm™t, 307 cm™, and the Cu—O stretching was predicted at 327 cm™t. Expectedly,
owing to the plasmonic resonance, most Raman peaks of cystine got intensified

suggesting a strong interaction between cystine and copper cluster.

These observations further support the experimental findings that the disulfide linkage
got cleaved on copper cluster. The interaction between cystine and copper cluster is also
stabilized by the carboxylic moiety. Raman frequency calculation provides the reason
behind the change in the bond length observed in the optimized structure of cystine prior
to and after being adsorbed on the copper cluster (Table 5.2). The disappearance of a
symmetric stretching mode of the disulfide confirms the cleavage of a disulfide bond.
Similarly, an increase in the bond length of C=0 and N-H bonds got confirmed by the
red shift in dnHs+and vasCO2— vibrational modes. These observations were also supported
by NBO results where electron pair donation from sulfur to Cu caused its cleavage.
Similarly, the electron pair donation from oxygen to Cu weakened the C=0O bond,
resulting in the red shift of the vasCO2™ vibrational mode. And the decrease in bond
distance between S and Cu and O and Cu also suggests its interaction toward Cu cluster

which is confirmed by the appearance of Cu-S and Cu-O bands in Raman frequency
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calculation. Consequently, these observations, too, emphasized that the adsorption of
cystine on copper cluster occurs via cleavage of its disulfide linkage.

Table 5.2: Calculated bond length (A) of Cys-Cu(A) system at B3LYP/LANL2DZ/6-
311++G(d,p) level of theory

Bond length (A)
Pre- Post-
Bonds * adsorption adsorption
S1-S2 2.08 5.28
S1-C3 1.85 1.85
C12-016 1.21 1.27
S1-Cu2l 2.58 2.29
S2-Cu20 3.34 2.26
016-Cu24 | 5.56 1.99

# Atom numbering according to the optimized geometry shown in figure 5.1(3)

From table 5.2 it is inferred that in Cys-Cu(A) system, the difference in bond lengths was
observed after adsorption of cystine on copper cluster. The bond distance between S-S
got increased from 2.089 to 5.277 A suggesting the cleavage of the disulfide linkage (-S-
S-). Also the bond distance between Cu-S and Cu-O got reduced after adsorption. These

observations are well supported by Raman frequency calculations.

5.3.3 DOS (density of states) analysis

From the total density of states (TDOS) plots shown in Fig. 5.4, it is inferred that the
energy band gap of the Cu9 cluster got reduced from 2.20 to 1.24 eV, after interacting
with cystine. This reduced band gap, besides indicating a stronger interaction between
the Cu9 cluster and cysteine, confirms the transfer of electron density from cystine to the
Cu9 cluster along with a back donation from the cluster to cystine. From the analysis of
the projected density of states (PDOS), it was observed that in the highest occupied
molecular orbital (HOMO) of the Cu9-cystine, the contribution of cystine is about 60%
while Cu9 contribution is about 40%. Similarly, the lowest unoccupied molecular orbital
(LUMO) of Cu9-cystine consists of 90% contribution from Cu9 while 10% contribution
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from the cystine molecule. It means 50% electron density is transferred from cystine to
Cu9 cluster during the transition from HOMO to LUMO of the Cys-Cu(A) system.

(-4.80 eVv) HOMQ kUMO (-3.55 eV)

OE = 1.24 eV

(-7.10 eV) (-1.63 eV)

HOMo‘ AE =5.47 eV I“UMO

Total density of states (a.u.)

(-4.93 eV)HOMO‘ LUMO (-2.73 eV)
S

! !
‘

' AE = 2.20 eV
‘

-20 -15 -10 -5 0 5
Energy (eV)

Figure 5.4: Total density of plot of (a) Cu9 cluster (b) Cystine and (c) Cys-Cu(A) system
showing energy of HOMO, LUMO and band gap (AE)

5.3.4 NBO analysis
NBO analysis has been found to be very effective and accurate for determining the charge
transfer and its strength. It provides the stabilization energy E(2) which is estimated by

second-order perturbation theory. The detail is given in the introduction section 1.6.3.

This stabilization energy E(2) is associated with the delocalization of electron pair from
donor orbital to acceptor orbital. As E(2) increases the interaction between the donor and
acceptor orbitals will be greater and, consequently, the strength of the interaction will
also be higher. Therefore, to get more insight about which orbitals are involved in these

charge transfer and their strength, NBO calculation was carried out for the Cys-Cu(A)

1T (BHU), Varanasi. 202



Chapter-5: Metal-molecule interactions....... cluster

systemat B3LYP/ LANL2DZ/6-311+ +G (d, p) level of theory. Some significant donor—
acceptor NBO interactions in CysCu(A) system are shown in Table 5.3. From NBO
analysis, it was observed that the sulfur atoms are donating its electron pair to the
antibonding (do) orbital of Cu with high E(2) stabilization energy. Similarly, the oxygen
atom is also donating its electron pair to the antibonding (do) orbital of Cu. Due to this
electron transfer, the negative charge density on sulfur and oxygen atoms decreases which
is confirmed by the MK[ESP] charge calculation. It is hereby inferred that the disulfide
linkage and carboxylate groups of cystine molecule majorly interact with the cluster and
thereby adding stability to the system.

Table 5.3: Some significant donor-acceptor NBO interactions in Cys-Cu(A) system with
calculated second-order stabilization energies E(2) (kcal/mol)

Donor NBO— Acceptor NBO® | E(2) kcal/mol

LP S1 — LP* Cu2l 4.61
LP O16 — LP* Cu24 9.76
LP S2 — LP* Cu20 6.40

LP* Cu20 — BD* C3 —H4 1.60
LP O13 — BD* N26 — H28 4.68
LP* Cu21 — BD* S2 — Cu20 9.33
BD C10 - C12 — LP* Cu24 2.92
$: BD-Bonding orbital, BD*-antibonding orbital, LP-lone pair of electrons, LP*-

drn-orbital of Cu atom. Atom numbering according to the optimized geometry

shown in figure 5.1(3).
5.3.5 AIM analysis

While carrying out Bader’s topological AIM analysis, the nature of bonding interaction
was analyzed by means of properties of electron density and its derivatives. The theory
of AIM analysis is given in introduction section 1.6.4. In the AIM analysis of Cys-Cu(A)
(table 5.4 and figure 5.5), it was observed that the interaction between S and Cu is of
medium strength having partially covalent character, while between O and Cu, the
interaction is weak and non-covalent kind. Besides weak non-covalent H-bond
interactions were also observed, as shown in Table 5.4. The equation formulated by

Emamian et al.>® was used to compute these interaction energies. Thus, it can be
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concluded that bond between S and Cu can be considered partially covalent and partially
electrostatic, which further reinforced the cleavage of disulfide linkage in cystine. At
BCP (3,—1) the calculated parameters of AIM analysis are summarized in Table 5.4 and
basin surfaces of corresponding BCP are shown in figure 5.5.

Table 5.4: Topological parameters for bonds of interacting atoms in Cys-Cu(A) system:
electron density (pecp), Kinetic electron energy density (Gecp), potential electron energy
density (Vecp), total electron energy density (Hscp), Laplacian of electron density

(V2gcp), estimated interaction energy (Ein) at bond critical point (BCP)

Critical Point | pBCP Gecer | Veerp Hecp V2pBCP | Eint
number (a.u.) (a.u.) (a.u.) (a.u.) (a.u.) (kcal/mol)

14(O—HN) 0.03703 | 0.02880 | -0.02842 | 0.00032 | 0.11649 |-7.51

24(S—HN) 0.02038 | 0.01204 | -0.01144 | 0.00060 | 0.05058 | -3.80

33(S—Cu) 0.07089 | 0.06952 | -0.07773 | -0.00820 | 0.24526 |-15.1

38(0—Cu) 0.07031 | 0.12268 | -0.11828 | 0.00439 | 0.50833 | -14.94

39(S—Cu) 0.06542 | 0.06759 | -0.07348 | -0.00589 | 0.24680 | -13.85

46(0O—HN) 0.02848 | 0.02382 | -0.02104 | 0.00277 | 0.10639 |-5.61

48(S—HN) 0.02254 | 0.01290 | -0.01281 | 0.00009 | 0.05200 |-4.3

Figure 5.5: Topological basin surfaces with Bond critical points (3,-1) of Cys-Cu(A)
system at B3LYP/LANL2DZ/6-311++G(d,p) level
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5.3.6 FMO analysis

FMO calculations were reported to provide deeper insight on the chemical reactivity and
stability of a system. Ground state properties of Cys-Cu(A) system were utilized for
calculating the FMO at B3LYP/ LANL2DZ/6-311+ +G(d,p) level of theory. With the
help of FMO results, the global reactivity descriptors like p (chemical potential), n
(chemical hardness), y (electronegativity), and o (electrophilicity index) were calculated

using equations as given in the introduction section 1.6.6.

In the present study, the reduced HOMO-LUMO gap in Cys-Cu(A) indicates the
increased reactivity of cystine after adsorption on copper cluster. The high dipole moment
of 25.81D indicates a substantial charge rearrangement in the system Cys-Cu(A). The
low value of hardness suggests the increased reactivity of cystine on copper cluster.
Similarly, the values of p, %, and ®, too, support the above prediction. The frontier
molecular orbitals and all the calculated energy parameters of FMOs for cluster, cysteine,

and CysCu(A) system are shown in figure 5.6 and table 5.5.
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Figure 5.6: HOMO-LUMO (AE) gap of (a) cystine (b) Cys-Cu(A) system
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Table 5.5: Computed energy [eV] parameters at B3LYP/cc-PVTZ level of theory

Energy Parameters Cu9 Cystine | Cys-Cu(A) system
Enomo (IP) [eV] -4.93 -7.10 -4.80

ELumo (EA) [eV] -2.73 -1.63 -3.55
HOMO-LUMO gap (Eg) [eV] | 2.20 5.47 1.24

Dipole moment [D] 0.08 15.75 25.81

Hardness(n) [eV] -3.83 -4.36 -4.17

Chemical potential(p) [eV] -1.10 -2.73 -0.63
Electronegativity(y) [eV] -3.83 -4.36 -4.17
Electrophilicity index(w) [eV] | -0.16 -0.85 -0.05

5.3.7 Charge analysis

Interaction of copper cluster with cystine molecule affects the charge distribution of these
independent moieties. These charge values can be calculated by Merz Kollman (MK)
electrostatic potential (ESP) charge calculations. According to the literature, charges
calculated using the MK scheme are better compared to the Mulliken scheme as the
former is almost invariant to the level of theory and basis sets,®* in contrast to the latter.
Therefore, MK[ESP] charge calculation was performed for Cu9, cystine, and Cys-Cu(A)
system at BALYP/LANL2DZ/6-311+ +G(d,p) level of theory. The charge values, before
and after adsorption, on each atom of Cu cluster and cystine are shown in table 5.6 and
figure 5.7. It was observed that the negative charge on S1 decreased from —0.124 to 0.087
a.u. upon interaction with the Cu cluster. Similarly, the negative charges on all oxygen
and nitrogen atoms decreased which indicate that these atoms interact with the Cu9

cluster.
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Figure 5.7: ESP charge density shown by colour (1) Cu9, (2) cystine and (3) Cys-Cu(A)

system; where, @ represents extreme negative charge (a.u.) and @ represents extreme

positive charge (a.u.) and the charges in between them are represented by other colours

shown in this figure

Table 5.6: Results of MK[ESP] charge calculation at B3LYp/LANL2DZ/6-311++G(d,p)

level of theory

Charges on atoms (a.u.)
Post

Atoms | adsorption | Pre adsorption | *AQ(a.u.)
S1 0.087 -0.124 -0.211
S2 -0.101 -0.145 -0.044
013 -0.170 -0.775 -0.604
014 -0.080 -0.780 -0.699
015 -0.344 -0.773 -0.428
016 -0.149 -0.779 -0.629
Cul7 0.201 -0.003 -0.205
Cul8 0.015 0.002 -0.013
Cul9 0.190 -0.001 -0.191
Cu20 0.028 0.001 -0.027
Cu2l 0.061 -0.001 -0.063
Cu22 0.084 -0.003 -0.087
Cu23 0.163 0.001 -0.162
Cu24 -0.103 0.001 0.104
Cu25 -0.066 0.001 0.068
N26 0.077 -0.366 -0.444
N29 0.097 -0.363 -0.460
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## AQ = represents differences in charges on each atom before and after adsorption,
numbers after atoms represents the label of that atom in optimized geometry of Cys-
Cu(A) system

From the table 5.6 and figure 5.7, it is inferred that the negative charge on sulfur moieties
decreased after adsorption of cystine on copper cluster. Similarly, the negative charges
on all oxygen and nitrogen atoms decreased which indicate that these atoms interact with
the Cu9 cluster.

The distribution of charge density on Cys-Cu(A) system is depicted in Fig. 5.8, where it
is evident that the carboxylate moiety directed toward cluster has electron density, while
the one which is away from cluster has comparatively more. Also, there is less electron
density on sulfur moieties indicating the chemisorption of cystine via sulfur moieties.

0.143 N (T 0143

Figure 5.8: ESP Map on Cys-Cu(A) system. The colour scale indicates red as minimum
electrostatic potential meaning excess of electrons or loosely bound electrons and blue as

the maximum of electrostatic potential.
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5.4 Conclusion
Structural, electronic, and spectral properties of cystine and its complex with Cu9 cluster

were investigated using DFT method. The interaction energy between cystine and Cu
cluster was observed to be —88.34 kcal/mol in Cys-Cu(A) system where disulfide linkage
got cleaved completely. In calculated SERS of cystine on Cu9 cluster, the cleavage of
disulfide linkage was confirmed by the disappearance of the S-S stretching vibrational
mode and the blue shift in C-S stretching mode suggest the strong interaction between
cystine and copper cluster. Involvement of the carboxyl moiety in interacting with the
Cu9 cluster was also significant. These observations are in good agreement with earlier
reported experimental findings. NBO and PDOS analysis revealed that electron density
got transferred from cystine molecule to copper cluster along with a back donation from
cluster to molecule, thereby contributing to the overall stability of the system. AIM
analysis revealed the partial covalent and partial electrostatic nature of the Cu—S bond.
Results of FMO and MK[ESP] charge calculations supported the above mentioned results
exceedingly well. Thus, from the present computational study, it is reinforced that cystine

got chemisorbed on copper cluster via the cleavage of its disulfide linkage.
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