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A novel method combined theoretical and experimental study for environmental friendly silver
electroplating was introduced. Quantum chemical calculations and molecular dynamic (MD) simulations
were employed for predicting the behaviour and function of the complexing agents. Electronic properties,
orbital information, and single point energies of the 5,5-dimethylhydantoin (DMH), nicotinic acid (NA), as
well as their silver(I)-complexes were provided by quantum chemical calculations based on density
functional theory (DFT). Adsorption behaviors of the agents on copper and silver surfaces were investigated
using MD simulations. Basing on the data of quantum chemical calculations and MD simulations, we
believed that DMH and NA could be the promising complexing agents for silver electroplating. The
experimental results, including of electrochemical measurement and silver electroplating, further
confirmed the above prediction. This efficient and versatile method thus opens a new window to study or
design complexing agents for generalized metal electroplating and will vigorously promote the level of this
research region.

ilver is widely used in microelectronics, aerospace, automotive, and jewelries due to its excellent physio-
chemical properties, good corrosion resistance, high bulk conductivity, and beautiful features for decorative
purposes’.

During more than 100 years application, the mirror bright, compact, smooth, and adhesive silver deposits were
usually realized from cyanide baths, which offer the most consistent deposit qualities at the lowest cost*.
Unfortunately, cyanide is one of the most toxic chemicals, which brings extremely high risks to human health
and the environment, especially when operated these cyanide-based baths at a high temperature’.

To solve this problem, a number of attempts have been made in past few years to develop cyanide-free silver
plating baths. Among them, the complexing agents for silver electroplating were widely investigated owing to its
important roles during the electroplating process. In conclusion, complexing agents for cyanide-free silver plating
baths, such as thiosulfate®, hydantoin'®", 5,5-dimethylhydantoin'?, uracil”®, succinimide'*'®, sulfite'®, ammo-
nia'’""°, thiourea®**', HEDTA?, 2-hydroxypyridine®**, and ionic liquids (ILs)***%, efc. have been proposed.

Considering the satisfactory bath and deposit performances, it is necessary to design a plating bath with
excellent consistent deposit quality and reliability. Generally, these attempts were intensively studied by experi-
ments. Some complexing agents for cyanide-free silver electroplating were found recently after enormous experi-
ments. However, except for few successful cases, most of the results were unsatisfied. The silver plating baths still
suffer from problems of unstable, light, high cost, sensitive to temperature, relatively high toxicity, and sometimes
the silver ions are eventually reduced to the metal with low quality deposits in terms of adhesion and morphol-
ogies, etc. Therefore, a more effective approach should be explored to choose or design the desired cyanide-free
silver plating baths.

In the last decades, quantum chemistry, computational chemistry and molecular modeling were fast emerging
for the calculation, modeling and simulation of small chemical and biological systems, in order to understand and
predict their behaviors at the molecular level***. Quantum chemical calculations and molecular dynamic simula-
tions have become useful methods to study many natural systems in pharmacology, chemistry, and biology.

Density functional theory (DFT) has made an unparalleled impact on the application of quantum mechanics to
interesting and challenging problems in chemistry for the past decades®*"*>***, which allows us to compute all
properties of systems by the electron density p(r) as a function of three variables: p(r) = f(x, v, z). As it confirmed,
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Figure 1 | Molecular structures of (a) DMH and (b) NA.

DFT has become a generally useful technique to study the bonding
interactions between ions and complexing agents in complexes* .
In this work, DFT calculations were employed to investigate the
bonding interactions of complexing agents with Ag™ in the silver
electroplating bath. Another useful method is the molecular dynamic

(MD) simulation, which is a convenient way to study the interactions
between molecules and interfaces****~>* or other questions in chem-
istry®®%. Adsorption interactions exist between complexing agents
and the cathode surface during the electroplating process, which
could be simulated by means of MD simulations.

Figure 2 | Localization of the highest occupied molecular orbital (HOMO) of (a) DMH and (c) NA, the lowest unoccupied molecular orbital (LUMO)
of (b) DMH and (d) NA.
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Figure 3 | Schematic diagrams of frontier molecular orbitals of DMH and
NA, and the calculated E (eV).

In the present paper, 5,5-dimethylhydantoin (DMH) and nico-
tinic acid (NA) were selected as complexing agents for silver electro-
plating. DFT calculations were used to investigate the bonding
interactions between complexing agents and Ag*, and MD simula-
tions were employed to discuss the adsorption interactions between
5,5-dimethylhydantoin (DMH), nicotinic acid (NA) and the copper,
silver surface. Basing on the quantum chemical calculations and MD
simulations, a synergistic effect between DMH and NA in the silver
plating bath was predicted, which was further confirmed through
electrochemical measurements and silver electroplating.

Results and discussion

Molecular structures and quantum chemical calculations. DMH
and NA were predicted to be complexing agents for silver elec-
troplating in this research, the molecular structures of DMH and
NA were shown in Figure 1.

It can be seen both DMH and NA were heterocyclic structure
organic molecules. The oxygen and nitrogen containing in such
structures ensure a firmly coordination with metal ions (Ag™) as well
as the adsorption to the metal surfaces (Cu or Ag).

Quantum chemical calculations were employed to study the elec-
tronic properties, orbital information and single point energies of
each agent and their silver(I)-complexes. According to the frontier
molecular orbital theory, the energy of highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)

are often associated with the electron donating ability and electron
accepting ability. The higher value of Eopo and the lower value of
Erumo indicate a tendency of the molecule to donate and accept
electrons, respectively. Except for the localization of MO, Eyonos
Erumo» and AE are useful tools to characterize the electronic prop-
erties of each agent. The localization of HOMO and LUMO of DMH
and NA were shown in Figure 2.

Figure 2(a) exhibited the distribution of HOMO in DMH. The
carbon and oxygen atoms in DMH showed significant contribution
to the HOMO, however, the 80 atom of NA did not show a signifi-
cant contribution to the HOMO as shown in Figure 2(c). The con-
tribution to the HOMO of the atoms was connected to the electron
donating ability i.e. the ability of forming silver(I)-complexes coord-
inate bonds. Hence, as shown in Figure 2, 2N, 4N, 60, 70 of DMH
and 3N, 90 of NA could be the possible atoms forming coordinate
bonds with Ag*.

The schematic diagrams of Epyy and Eyu based on frontier
molecular orbitals were presented in Figure 3.

As shown in Figure 3, Eyopo of DMH and NA were —7.630 eV
and —7.680 eV, respectively. It indicated that the electron donating
ability of DMH was similar to that of NA. Therefore, both DMH and
NA could donate electrons to Ag™ to form coordinate bonds with
similar ability. The difference of frontier molecular orbitals in DMH
and NA was mainly in LUMO, E;yyo of DMH and NA were
—0.783 eV and —2.139 eV, respectively. AEpyy was 6.847 eV,
whereas AEy, was 5.541 eV. The different value of AE may corre-
spond to the different stabilities of the agent-adsorption layers on the
metal surface® .

Based on the frontier molecular orbital calculations combined
with other advantages, such as environmental compatibility, low
cost, good solubility, and superior stability in alkaline solution within
a large temperature range, these two organic molecules could be
adopted as complexing agents for silver electroplating.

Charge distributions and structures of silver(I)-complexes. To
investigate the ability of forming silver(I)-complexes coordinate
bonds, quantum chemical calculations were employed to study the
charge distributions of these two organic molecules, the possible
structures of the silver(I)-complexes and the single point energies
of the silver(I)-complexes. The charge distributions of DMH and NA
were shown in Figure 4.

As the charge distributions shown in Figure 4, 2N (—0.307), 4N
(—0.218), 60 (—0.474), 70 (—0.397) of DMH and 3N (—0.118), 80
(—0.207), 90 (—0.357) of NA could be the possible atoms forming
coordinate bonds with Ag™. Figure 5 presented 16 possible structures
of the silver(I)-complexes with DMH and NA based on their elec-
tronic properties showed in Figure 2 and Figure 4.

Figure 4 | Charge distributions of (a) DMH and (b) NA (unit of e).
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Figure 5 | Possible structures of the silver(I)-complexes with DMH and NA.

DFT calculations were performed to validate whether these 16
possible structures of the silver(I)-complexes were reasonable and
stable existing in the plating bath. The final energies of different
silver(I)-complexes under study were calculated at BALYP/GENECP
level and B3LYP/GENECP optimized geometries. The optimized
structures of possible silver(I)-complexes were displayed in
Figure 6. The key geometric parameters and bonding energies of
the studied complexes were summarized in Table 1.

The main conclusions from Figure 6 and Table 1 were as follows,
structure (b) (2N-Ag-2N), (d) (4N-Ag-4N), and (f) (2N-Ag-4N) of
DMH-Ag-DMH, structure (h) (80-Ag-80) of NA-Ag-NA, structure
(k) (2N-Ag-80) and (I) (4N-Ag-80) of DMH-Ag-NA with bonding
energy —247.613 kJ/mol, —288.993 kJ/mol, —267.939 kJ/mol,

—216.135 kJ/mol, —231.05 kJ/mol, and —251.927 kJ/mol, respect-
ively, were the most possible and stable structures in the plating bath
introduced in this paper. As the bonding energies shown in Table 1,
the silver(I)-complexes of DMH-Ag-DMH possess high bonding
energies than those of silver(I)-complexes of DMH-Ag-NA and
NA-Ag-NA, demonstrating that silver(I)-complexes of DMH-Ag-
DMH possess high stability in the plating bath.

Results of molecular orbital characteristic, charge distributions,
geometry optimization, single point energy, and bonding energy
calculations suggested that these two organic molecules could be
used as complexing agents for silver electroplating. Additionally,
DMH could form more strong silver(I)-complexes coordinate
bonds with Ag" compared with NA, indicating a higher efficiency
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Figure 6 | Optimized structures of the silver(I)-complexes with DMH and NA.

as a complexing agent to chelate free Ag™ in the silver electroplating
bath.

Adsorption behaviors of agents on cathode surface. MD simula-
tions were performed to study the adsorption behaviors of DMH and
NA on the Cu (111) and Ag (111) surfaces. Figure 7 showed the final
equilibrium configuration of the MD simulation boxes at 328 K with
a time step of 1 fs and simulation time of 500 ps.

The final equilibrium configuration of the simulation boxes of
DMH on Cu (111) and Ag (111) were presented in Figure 7(a) and
(c), respectively. Eagsorption calculated from Figure 7(a) and (c) was
290.752 and 200.540 kJ/mol, respectively. Figure 7(b) and (d) dis-
played the final equilibrium configuration of the simulation boxes of

NA on Cu (111) and Ag (111), respectively. E4gsorprion calculated from
Figure 7(b) and (d) was 338.437 kJ/mol and 252.524 kJ/mol, respect-
ively. Moreover, as shown in Figure 7(b) and (d), the NA ring was
approximately parallel to the copper and silver surface, suggesting an
effective adsorption on the metal surfaces. Results of MD simulations
manifested that NA could adsorb on the copper and silver surfaces
more strongly than DMH, leading to a higher inhibited effect for
silver electrodepositing on the copper and silver surfaces.

Basing on the conclusions of quantum chemical calculations and
MD simulations, we predicted that there would be a synergistic effect
between DMH and NA when jointly used as complexing agents in
the silver plating bath. Electrochemical measurements and silver
electroplating were carried out to further confirm the prediction.
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Table 1 | Energetic data calculated with B3LYP for the complexes under study (unit of kJ/mol)

Charge Ag* DMH NA H,O H;O* complexes Egonding
—382352.461 —1195927.711 —1147334.215 —-200762.737 —201783.322

a 1 1 2 0 0 0 —2774268.609 60.726
b -1 1 2 0 2 2 —2771919.1 —247.613
c 1 1 2 0 0 0 —2774278.330 70.447
d -1 1 2 0 2 2 —2771877.720 —288.993
e 1 1 2 0 0 0 —2774275.616 67.733
f -1 1 2 0 2 2 —2771898.774 —267.939
g 1 1 0 2 0 0 —2677128.051 107.160
h -1 1 0 2 2 2 —2674763.586 -216.135
i 1 1 0 2 0 0 —2677068.356 47 .465
i 1 1 0 2 0 0 —2677090.473 69.582
k -1 1 1 1 2 2 —2723342.167 —231.05
| -1 1 1 1 2 2 —2723321.290 —-251.927
m 1 1 1 1 0 0 —2725692.618 78.231
n 1 1 1 1 0 0 —2725666.917 52.53
o 1 1 1 1 0 0 —2725663.569 49.182
p 1 1 1 1 0 0 —2725650.003 35.616

Electrochemical measurements. The cathodic polarization curves
measurements were employed to investigate the influences of DMH
and NA on electrochemical behaviors in the silver plating baths.
Figure 8 displayed the cathodic polarization curves of bath (r)
containing 0.7 M DMH and 0.7 M NA, bath (s) containing 1.4 M
DMH and bath (t) containing 1.4 M NA, measured by linear sweep
voltammetry on a glassy carbon electrode (GCE) at a scan rate of
1 mV/s. The other contents in these three baths were AgNO; and
K,COj3 with the same concentrations.
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Figure 7 | The final equilibrium configuration of the MD simulation
boxes, adsorption behaviors of (a) DMH and (b) NA on the
Cu (111) surface, (c) DMH and (d) NA on the Ag (111) surface.

As shown in Figure 8, there were three waves of different silver
plating baths. The suitable range for silver electroplating in bath (r)
was about —0.5to —1.2 V vs Hg/HgO, compared to —0.5to —1.1 V
for bath (s) and —0.5 to —0.9 V for bath (t). It is clearly can been seen
the cathodic polarization was significantly improved by mixing
DMH and NA as composite complexing agents in one bath, indi-
cating the highest cathodic polarization of the silver(I)-complexes in
bath (r). The combination of DMH and NA as composite complex-
ing agents in one silver plating bath caused an increase in cathodic
polarization, consisting well with the conclusions of quantum chem-
ical calculations and molecular dynamic simulations.

Function of DMH and NA in silver electroplating. In the silver
electroplating experiments, mirror bright silver deposits were
obtained from the bath containing 0.7 M DMH and 0.7 M NA as
composite complexing agents. While, in the controlled experiments,
white silver deposits were originated from baths containing 1.4 M
DMH or 14 M NA as single complexing agent at the same
electroplating conditions.

The typical plating results were shown in Figure 9 and Figure 10.
Figure 9 exhibited the SEM images of the top views of silver deposits
obtained from different baths.

As revealed in Figure 9(a), 9(c), and 9(e), the deposit of plating
bath (r) was smooth and compact, while for both bath (s) and (t), the

||====1:0.7M DMH+0.7M NA
=35 |.4M DMH
—: 1.4M NA

o~

Current density (A/dmz)
2

o P

-0.6 -0.8 -1.0 -1.2 -1.4
Potential (V) vs.Hg/HgO

Figure 8 | Cathodic polarization curves measured by linear sweep
voltammetry in three silver electroplating baths.
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Figure 9 | SEM images of the top view of silver deposits obtained from different silver plating baths, (a) and (b) from bath (r), (c) and (d) from bath (s),

(e) and (f) from bath (t).

deposits layers were much rougher Figure 9(b), 9(d), and 9(f) showed
that the crystal grains of deposit obtained from plating bath (r) were
smaller than that from the other two baths. In bath (s) or (t), a white
and non-compact silver deposit was obtained, the particles were
larger in size than those from bath (r). When using the silver plating
bath containing 0.7 M DMH and 0.7 M NA as the composite com-
plexing agents, a mirror bright and compact silver deposit was
obtained with the corresponding crystal grain size decreased to less
than 100 nm (as shown in Figure 9(b)). Indicating that, the com-
bination of DMH and NA as composite complexing agents caused an
increase in cathodic polarization and resulted in smaller grains in the
silver deposit. Meanwhile, the deposit from bath (t) was rougher than

that from bath (s) in consistent with the results of quantum chemical
calculations: DMH could form silver(I)-complexes coordinate bonds
with Ag" more strongly than NA.

AFM three-dimensional height images of the copper surface
before and after silver deposits were presented in Figure 10.
Checked by NanoScope Analysis, the Ra (Rq) in Figure 10 (a)-(d)
was displayed in table 2.

As shown in Figure 10(a), there were some trenches on the pure
copper surface. Compared to the copper surface, the silver deposit
surface in Figure 10(b) showed a smoother morphology. The
trenches were not existed after the copper surface was electrodepos-
ited with silver.

SCIENTIFIC REPORTS | 4:3837 | DOI: 10.1038/5srep03837
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Figure 10 | AFM three-dimensional height image of the top view of (a) the polished copper surface, deposits (b) from bath (r), (c) from bath (s), (d)

from bath (t).

From the results of AFM three-dimensional height tests of the
silver deposits and the copper surface, it can be confirmed that the
silver plating bath containing DMH and NA as composite complex-
ing agents possessed excellent leveling capacity.

In conclusion of the silver electroplating, SEM and AFM tests, the
silver plating bath containing DMH and NA as composite complex-
ing agents possessed excellent bath and deposit performances.
Silver(I)-complexes in this bath exhibited good complex stability,
mirror bright silver deposit with excellent leveling capability, smooth,
and compact morphologies could be obtained from the bath. Results
of silver electroplating corroborated the conclusions of quantum
chemical calculations, MD simulations, and the electrochemical
measurements.

Conclusions

In summary, we reported a novel method for predicting the behavior
of complexing agents in mirror bright silver electroplating using
quantum chemical calculations and molecular dynamic simulations.
The results of quantum chemical calculations suggested that DMH
and NA could be used as potential composite complexing agents for
silver electroplating based on their electronic properties and orbital
information. The DFT calculations confirmed that DMH was more
effective in chelating free Ag* in the plating bath than NA. However,
NA was more effective for inhibiting silver electrodeposit on the
copper and silver surfaces than DMH. In a word of the results of

Table 2 | Ra (Rq) in Figs. 10(a)—(d). (unit of nm)

10 (a) 10 (b) 10 (c) 10 (d)
Ra 45.0 15.9 25.0 28.8
Rq 54.7 20.0 30.6 35.1

quantum chemical calculations and MD simulations, a synergistic
effect between DMH and NA as composite complexing agents in the
silver plating bath was predicted.

The electrochemical measurements showed that the combination
of DMH and NA as complexing agents to one bath caused an
increase in cathodic polarization, corroborating the conclusions of
quantum chemical calculations and MD simulations. The SEM
results showed that a compact silver deposit with the corresponding
size less than 100 nm can be obtained from DMH/NA complexing
agents, indicating that the combination of DMH and NA as com-
posite complexing agents to the bath caused an increase in cathodic
polarization and resulted in smaller grains in the silver deposit. From
the results of AFM tests of the silver deposits and the copper surface,
the silver plating bath containing DMH and NA as complexing
agents possessed excellent leveling capacity.

Basing on our research, quantum chemical calculations and MD
simulations could be used effectively for the prediction of complex-
ing agents in silver electroplating. The method introduced in this
paper may be easily transferred to other metal electroplating. This
efficient and versatile method thus opens a new window to study or
design complexing agents for generalized metal electroplating and
will vigorously promote the level of this research region.

Methods

Quantum chemical calculations. All quantum chemical calculations were carried
out by DFT using the B3LYP functional method. In the geometry optimization, single
point energy calculation, and molecular orbital characteristic analysis, 6-311+ +G**
basis set was used for hydrogen, oxygen, carbon, and nitrogen atoms of the studied
systems, respectively, except silver ions with LANL2DZ ECP basis set. All calculations
on these systems under investigation were performed using Gaussian 09 program
package at 328 K with solvent = water.

The bonding energy between Ag" and the complexing agents was calculated as
equation (1).
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Egonding =Eag +Eagens —Ey" —

(1)
EComplexes Was the total energy of the complexes containing Ag"™ and complexing
agents, Exg ", Eagents and Eyy ™ (Epso ™) was the total energy of the free Ag™, agents, and
H" (H;0"), respectively.

Ecomplexes

Molecular dynamic simulations. Molecular dynamic (MD) simulations of the
adsorption interactions between DMH, NA and the copper, silver surfaces were
carried out in a simulation box with periodic boundary conditions using Materials
Studio (from Accelrys Inc). The box consisted of a silver or copper surface (cleaved
along the (111) plane), a liquid phase, and a vacuum layer of 1 nm height. The liquid
phase contained water molecules with density of 1 g/cm® and four DMH or NA
molecules.

The MD simulations were performed at 328 K, NVT ensemble and COMPASS
forcefield, with a time step of 1 fs and simulation time of 500 ps. The interaction
energy between the metal surface and organic molecules was calculated as equation

@.
@)

Erotal Was the total energy of the copper or silver crystal together with the adsorbed
complexing agents, Enreral and Eagencs Were the total energy of the copper or silver
crystal and free agents, respectively. The adsorption energy was the negative value of
the interaction energy, Exdsorption = — Einteraction-

Elnteraction = ETotal — Emetal — EAgenls

Electrochemical measurements and silver electroplating. All solutions were of
analytical grade reagents and deionized water was utilized throughout this work. The
silver plating bath was prepared by adding AgNO; solution into a solution containing
DMH, NA, and K,CO3, the pH value of the bath was adjusted to 10.0 ~ 14.0 with
KOH solution.

All of the electrochemical measurements were performed in a three-electrode cell
using a potentiostat/galvanostat (PARSTAT2273 Electrochemical Integrated Test
System, Princeton Applied Research) at 328 K. A glassy carbon electrode (GCE) with
a diameter of 3 mm was employed as the working electrode (WE). The counter
electrode (CE) was a platinum plate with an area of 1 cm®. A mercuric oxide electrode
(Hg/HgO) was used as the reference electrode (RE). Silver electroplating experiments
were conducted under galvanostatic conditions, a cell with a silver anode and a copper
substrate was employed.

Field emission scanning electron microscopy (FESEM, FEI XL30S-FEG) was used
to study the surface morphologies of the silver deposits. Atomic force microscope
(AFM) was employed to study the surface roughness of the silver deposits. The AFM
analysis was carried out with a Dimension Icon (Bruker), working in contact mode
with silicon nitride cantilevers.
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