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Abstract: In this paper, a cyanide-free gold electroplating electrolyte using
5,5-dimethylhydantoin(DMH) as complexing agent was introduced. Golden bright
gold electrodeposit with smooth and compact surface was obtained from the
introduced cyanide-free gold electroplating electrolyte. The results of scanning
electron microscope (SEM) measurements confirmed that the golden bright gold
electrodeposit possess an excellent leveling capability as well as smooth and compact
morphology. The crystalline structure of the gold electrodeposits was characterized by
X-ray diffraction (XRD) analysis. Computational chemistry was employed to get an
insight view of the reason for selecting DMH from hydantoin derivatives as the
complexing agent for the introduced cyanide-free gold electroplating electrolyte.
Quantum chemical calculations were employed to study the electronic properties and
orbital information of the investigated complexing agents. The adsorption interactions
between these complexing agents and the metal surfaces were investigated by
molecular dynamic (MD) simulations. Consequently, the results of these theoretical
studies revealed that due to its strong electron donating abilities and high adsorption
energies on metal surfaces, DMH was selected from hydantoin derivatives as the

complexing agent of the introduced cyanide-free gold electroplating electrolyte.
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1. Introduction

Owing to their excellent physical, chemical, and conductive properties, gold
electrodeposits obtained from cyanide-based gold electroplating electrolytes have
been widely used in jewelries, artware, electronics, and aerospace industries for more
than 100 years. -4 Unfortunately, as one of the most toxic chemicals, cyanide brings
extremely high risks to human health and the environment.”” Numerous cyanide-free
gold electroplating electrolytes have been developed to replace the cyanide-based
electrolytes for gold electroplating.®*'* However, except for few successful cases, most
of them were unsatisfying for the poor-quality of electroplating electrolytes or gold
electrodeposits.” More works on the investigation of complexing agents are needed
for the development of cyanide-free gold electroplating electrolyte.

Hydantoin is a low cost and commercially available heterocyclic organic with
good solubility and stability in aqueous solutions in a large temperature range.'* Its
derivatives are promising and stable complexing agents for several metal ions."> '®
Among a series of hydantoin derivatives, 5,5-dimethylhydantoin (DMH) was selected
as complexing agent for cyanide-free gold electroplating electrolyte in our study. A
golden bright gold electrodeposit was obtained with the addition of some additives in
the investigated cyanide-free gold electroplating electrolyte. Besides the application
of DMH in the introduced cyanide-free gold electroplating electrolyte, DMH was
employed as complexing agents for silver and copper electroplating in our previous
studies.'”?” Tt is of important significance to get an insight view of the reasons to
select DMH from hydantoin derivatives as the complexing agents for the introduced
cyanide-free gold electroplating electrolyte and other metal electroplating electrolytes.

Studying the mechanism of complexing agents for cyanide-free gold

electroplating electrolytes through experimentation is extravagant both in time and
3
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resources, especially for the consumption of the extremely precious gold. Time-saving

techniques, such as quantum chemical calculations®'*

and molecular dynamic (MD)
simulations®, are useful and urgently needed methods to study the organometallic
compound or select complexing agents for cyanide-free metal electroplating
electrolyte. To investigate their behaviors in small chemical systems at the molecular
level, quantum chemical calculations and MD simulations are emerging areas of all
these researches for chemistry. *°** In the coordinate systems, bonding interactions
between metal ions and complexing agents can be predicted and investigated by

35-38

quantum chemical calculations. Quantum chemical calculations and MD

simulations are convenient methods to study the properties of complexing agents®” ™!,

42, 43 44-51 52-58

additives , inhibitors™ ', and other molecules as well as their adsorption
behaviors on metal surfaces.

In this work, the electronic properties and orbital information of hydantoin and
its derivatives were demonstrated by quantum chemical -calculations. MD
simulations were employed to reveal the adsorption interactions between all these
studied organics and the metal surfaces. The results of these theoretical studies
revealed that due to its strong electron donating abilities and high adsorption
energies on metal surfaces, DMH could be the optimal choice selected from

hydantoin derivatives as the complexing agent of the introduced cyanide-free gold

electroplating electrolyte.

2. Experimental

2.1. Measurements and Apparatus

The gold electroplating electrolyte was prepared with 0.025 mol/L HAuCly, 0.3

mol/L DMH, 0.36 mol/L K,CO;3, and 30 mg/L PEI in deionized water. All the



RSC Advances

reagents used in this work were analytical grade. The pH of all the electrolytes was
maintained at 10. Gold electrodeposits used for performance measurements were
prepared under galvanostatic condition (8 mA/cm?) with mild agitation at 318 K in a
cell employing an insoluble anode and a copper substrate with nickel electrodeposit
coated. Field emission scanning electron microscopy (FE-SEM, Hitachi SU8000) was
used to study the surface morphologies and composition of the gold electrodeposits.
The crystalline structure of the gold electrodeposits was characterized by XRD
analysis with a D/max-3C x-ray diffractometer at a scanning rate of 0.02°/s with Cu

Ka radiation.

2.2. Quantum chemical calculations and MD simulations

All quantum chemical calculations were carried out by density functional theory
(DFT) methods using B3LYP exchange-correlation functional method. In all these
quantum chemical calculations, 6-311G** basis set was used for hydrogen, carbon,
nitrogen, oxygen, chlorine, and bromine atoms of the studied systems, respectively.
All calculations on these systems under investigation were performed using Gaussian
09 program package at 298 K with water as solvent in the IEFPCM theoretical model.

Simulations of the adsorption interactions between the studied organics and the
nickel and gold surfaces were carried out in a simulation box with periodic boundary
conditions using Materials Studio (from Accelrys Inc.). The box consisted of a nickel
or gold surface (cleaved along the (111) plane, with volume 2.88 nm*2.88 nmx1.18
nm of Au and 2.49 nmx2.49 nmx1.02 nm of Ni, respectively.), a liquid phase, and a
vacuum layer of 1 nm height. The liquid phase was water molecules with a density of
1 g/em’® and containing 3 studied organics. The MD simulations were performed at
298 K, utilizing an NVT ensemble and the ab initio polymer consistent force field

(PCFF), with a time step of 1 fs and simulation time of 500 ps.
5
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The interaction energy between the metal surface and organic molecules was
calculated using equation (1).

Emteraction = Etotal = Entetal — Eagenss ey

Er,.1 Was the total energy of the gold or nickel crystal together with the adsorbed
organics. Epper and E 05 Were the total energy of the gold or nickel crystal and free

agents, respectively.

3. Results and discussion

3.1Function of DMH in the gold electroplating

With DMH as the complexing agent, golden bright gold electrodeposit was
obtained from the introduced gold electroplating electrolyte in the presence of suitable
additive. Fig. 1 displays the macroscopic images of gold electrodeposits obtained
from the introduced cyanide-free gold electroplating electrolyte with and without
additive, as well as the HAuCl, electrolyte without DMH.

It can be seen clearly that gold electrodeposit in Fig. 1 (a) is golden bright with
smooth and compact surface. This indicates that the introduced cyanide-free
electrolyte is effective to produce excellent gold electrodeposit, which meets the
request of application in decorative purposes. As displayed in Fig. 1 (b) and (c), the
appearances of the gold electrodeposits obtained from the electrolyte without additive
and the HAuCly electrolyte without DMH were all brown. However, the gold
electrodeposits obtained from the electrolyte with DMH and without additive had a
relatively more uniform surface.

The surface morphology of the gold electrodeposits obtained from the introduced
cyanide-free gold electroplating electrolyte with and without additive, as well as the

HAuCl, electrolyte without DMH was characterized by SEM measurements. SEM top
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view images of the gold electrodeposits obtained from the introduced cyanide-free
gold electroplating electrolyte with and without additive, as well as the HAuCl,
electrolyte without DMH were displayed in Fig. 2.

It can be seen from Fig. 2 (e) and (f) that the gold electrodeposits obtained from
the HAuCly electrolyte without DMH possess rough and loosened morphologies with
big crystal grains. Fig. 2 (c) and (d) showed that the crystal grains of gold
electrodeposit obtained from DMH based gold electroplating electrolyte without
additive were smaller than that from the HAuCly electrolyte without DMH and the
surface was more smooth and compact. These observations most likely originated
from using DMH as complexing agent, which caused an increase of the cathodic
polarization and resulted in smaller grains in the gold electrodeposit. As displayed in
Fig. S1 (Supplementary Information), after immersed the copper substrate with nickel
electrodeposit coated into the introduced cyanide-free gold electroplating electrolyte
with additive and without additive, no difference was observed on the surface after the
immersion. Thus, as DMH employed as complexing agent in the electrolyte to
coordinate with HAuCly to form [Au(DMH)], the stability of HAuCly was
significantly improved and no strike-plating process was necessary to obtain good
adherent gold deposits on the substrate using the introduced gold plating electrolyte
containing DMH as complexing agent.

However, the gold electrodeposit obtained from the cyanide-free gold
electroplating electrolyte with additive is more smooth and compact with smaller
crystal grains than that from electrolyte without additive, as shown in Fig. 2 (a) and
(b). These results provide an indication that the surface quality of the gold
electrodeposit could be further improved by the addition of suitable additive. In order

to distinguish the role of DMH and additive in the gold electroplating electrolyte, the
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additive was added into the HAuCly electrolyte without DMH to gain gold
electrodeposit from HAuCls electrolyte without DMH but with additive.
Unfortunately, when the additive was added into the HAuCly electrolyte without
DMH, the HAuCl, electrolyte become turbid and precipitation was formed, as
displayed in Fig. S2 (d) (Supplementary Information). However, Fig. S2 (c) showed
that no changes to the electrolyte were detected after it was used for many times gold
electroplating, indicating that the gold electroplating electrolyte possesses good
stability. DMH was employed as complexing agent in the introduced electrolyte to
coordinate with HAuCly to form [Au(DMH)4], and the stability of HAuCly was
significantly improved. And the influence of additive on the electrochemical behavior
and gold deposit of the introduced cyanide-free electrolyte were investigated using
electrochemical measurements and materials characterizations.>

The phase structures of the gold electrodeposits obtained from the introduced
cyanide-free gold electroplating electrolyte with and without additive, as well as the
HAuCl4 electrolyte without DMH were confirmed by EDS and XRD. All these
electrodeposits obtained from the introduced cyanide-free gold electroplating
electrolyte with and without additive, as well as the HAuCl, electrolyte without DMH
were pure gold and the purity of the gold deposit was very high as showed in the EDS
patterns (Fig. S3 in Supplementary Information). XRD patterns of the gold
electrodeposits obtained from the introduced cyanide-free gold electroplating
electrolyte with and without additive, as well as the HAuCly electrolyte without DMH
were displayed in Fig. 3.

As displayed in Fig. 3, all peaks can be indexed to Au (111), (200), (220), (311),
(222) and (400) crystal face without any additional peak observed when the gold

electrodeposits obtained from the introduced cyanide-free gold electroplating
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electrolyte with additive and without additive. However, a peak corresponding to Cu
(220) was detected on the pattern of gold electrodeposits obtained from HAuCly
electrolyte without DMH. It indicates that the Cu substrate was partially exposed after
the gold electroplating in the HAuCl, electrolyte without DMH, which can be
confirmed by the replacement reaction of a copper substrate with nickel electrodeposit
coated in the HAuCl, electrolyte without DMH as shown in Fig. S1. As the surface
morphology of the gold electrodeposits displayed in Fig. 2 (e) and (f), the gold
electrodeposits obtained from the HAuCly electrolyte without DMH possess rough
and loosened morphologies with big crystal grains. The rough and loosened gold

electrodeposits make the expose of copper substrate possible.

3.2Quantum chemical calculations

The molecular structures of hydantoin and its usual derivatives molecules,
including  aminohydantoin ~ (AHD),  1-bromo-3-chloro-5,5-dimethylhydantoin
(BCDMH), 1,3-dibromo-5,5-dimethylhydantoin (DBDMH),
1,3-dichloro-5,5-dimethylhydantoin (DCDMH), dimethyloldimethyl hydantoin
(DMDMH), 5,5-dimethylhydantoin (DMH), and 1,5,5-trimethylhydantoin (TMH),
are shown in Fig. S4 (Supplementary Information). It is of important significance to
get an insight view of the reasons for selecting DMH from hydantoin derivatives as
the complexing agent for the introduced cyanide-free gold electroplating electrolyte.

As displayed in Fig. S4, all these studied organics have the same nitrogen
containing five-membered ring with the same C=O bond and different substituents,
which might generate diversiform influences on the electronic properties and frontier
molecular orbital information of all these studied organics. It indicated that these
organic molecules showed different ability to form gold-complex coordinated bonds

and adsorb on the metal surfaces due to their probable different electronic properties
9
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and frontier molecular orbital information. Quantum chemical calculations were
conducted to reveal the electronic properties and frontier molecular orbital
information of all these studied organics to verify the prediction.

Fig. S5 (Supplementary Information) exhibits the distribution of the HOMO and
electron cloud densities of the studied hydantoin and its usual derivatives. The
distribution of LUMO is displayed in Fig. S6 (Supplementary Information).

The presence of nitrogen and oxygen atoms showed significant contributions to
the HOMO as displayed in Fig. S5. This was due to the electron donating properties
of the nitrogen and oxygen atoms, resulting in the ability to form gold-complex
coordinated bonds. With the replacement of hydrogen atoms by chlorine atoms,
bromine atoms or methylol, BCDMH, DBDMH, DCDMH, and DMDMH manifested
more complicated localization of HOMO than DMH, as displayed in Fig. S5 (b) ~ (d),
(e) and (f).

Molecules (b)~(d) in Fig. S6 show a similar localization of the LUMO and high
electron cloud densities, indicating similar electronic properties and strong electron
accepting abilities. On the other hand, molecules (a) possessed the similar electronic
properties and electron accepting abilities with molecules (e)~(h).

In addition to the localization of the molecular orbitals, Eyomo, Erumo, and their
difference (4E) are useful tools to characterize the electronic properties and
adsorption behaviors of each molecule. According to the frontier molecular orbital
theory, the energy of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are often associated with the electron donating
ability and electron accepting ability of organic molecules. Higher values of Epomo
(energy of HOMO) and lower values of Epymo (energy of LUMO) indicate a tendency
of a molecule to donate and accept electrons, respectively. EFgomo and Epumo, along

10
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with 4E are important molecular electronic properties that relate to the behavior and
adsorption properties of studied organics. A schematic depiction of these values based
on frontier molecular orbitals is presented in Fig. 4.

As displayed in Fig. 4, structures (d), (e), (f), and (g) have similarly, relatively
high Egomo values of -7.393 eV, -7.343 eV, -7.404 ¢V, and -7.444 eV, respectively.
They are likely good complexing agents owing to their propensity to donate electrons
to gold ions and form coordinated gold-complex structures. The difference between
the frontier molecular orbitals of these structures was mainly in the Epypmo. With
relatively high Eyymo values of -0.427 eV of structure (f) and -0.392 eV of structure
(h), respectively, indicating that these two organics have a similar weak ability to form
back-donation bonds when accepting electrons from the anti-bonding orbitals within
gold ions. On the other hand, the higher Erymo values of DMH imply that acceptance
of electrons from the gold ions and cathodic metal atoms are more difficult relative to
other structures by forming an anti-bond with the cathodic metals and ions. Thus, the
coordinated gold-complex of DMH and gold ions may be the most stable in all the
coordinated gold-complex of all these studied organics and gold ions.

AE values lead to different stabilities of the adsorption layers formed by
complexing agent on the metal surface.’™ ® The smallest AE calculated from
structures (d)~(g) suggests that DCDMH has a more effective adsorption on the metal
surfaces. On the other side, the higher Erumo value of structure (d) implies that
acceptance of electrons from the cathodic metal atoms or ions are easier to forming
anti-bond with the cathodic metals or ions. Thus, the stability of coordinated
gold-complex or the adsorption of structure (d) on the metal surface may be
decreased.

To investigate the ability to form the gold-complexes coordinate bonds, quantum

11



Page 13 of 28

RSC Advances

chemical calculations were employed to study the charge distributions of all these
studied complexing agents. The charge distributions of the studied organic molecules

are shown in Fig. 5.

As the charge distributions shown in Fig. 5, with low electronegativity to be an
electron donor, nitrogen and oxygen atoms in all these studied organics as well as the
chlorine and bromine atoms in structures (b)~(d) might be the possible atoms forming
coordinate bonds with gold ions. Combined the frontier molecular orbital information
and the charge distributions showed in Fig. 5, structures (e), (f), and (g) are likely
better complexing agents owing to their propensity to donate electrons to gold ions

and form gold-complex coordinated bonds.

3.3MD simulations

The adsorption behaviors of all the studied complexing agents on Ni (111) and
Au (111) surfaces were performed by MD simulations in this work. Results of AHD
simulations are shown in the manuscript and the remainders in the Supplementary
Information due to space limitations. The adsorption behaviors of AHD on Au (111)
and Ni (111) surfaces are shown in Fig. 6 and Fig. S7, respectively. Fig. 6 (a) reveals
the initial configuration of the MD simulation boxes. Fig. 6 (b) displays the final
equilibrium configuration of the MD simulation boxes at 298 K with a time step of 1
fs and simulation time of 500 ps. Fig. 6 (c) shows the top view of the final equilibrium
configuration of the simulation boxes. Fig. 6 (d) and 6 (e) shows the energy and
temperature fluctuation curves of the MD simulations. These plots indicate that the
systems were already at equilibrium with the completion of the simulation.

The adsorption energies and MD simulation boxes of all the other studied

complexing agents are summarized in Table 1 and Fig. S7 ~ Fig. S21 (Supplementary

12
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Information), respectively.

The main conclusions drawn from these simulations illustrate that all these
studied complexing agents could adsorb on the metal surfaces with high energies.
Moreover, as shown in the (c) of Fig. 6 and Fig. S7 ~ Fig. S21 (Supplementary
Information), heterocyclic rings of these studied organics were virtually parallel to the
nickel and gold surfaces, suggesting effective adsorption on the metal surfaces.
Results of MD simulations manifested that all the investigated hydantoin derivatives
could adsorb on the nickel and gold surfaces strongly, leading to a higher inhibited
effect for gold electrodeposition on the nickel and gold surfaces.

Summarily, on the results of DFT calculations and MD simulations, with a
relatively high Eyomo value and effective adsorptions on the nickel, gold, silver,
copper, and iron surfaces, DMH, with environmental compatibility, low cost, good
solubility, and superior stability in alkaline solution within a large temperature range,
could be the optimal choice from hydantoin derivatives as the complexing agent for
cyanide-free gold electroplating electrolyte and other metal electroplating electrolytes
due to its strong electron donating abilities and high adsorption energies on metal

surfaces.

4. Conclusions

In conclusion, we report a cyanide-free gold electroplating electrolyte using
5,5-dimethylhydantoin(DMH) as complexing agent. The cyanide-free electrolyte is
stable and environmental friendly with low toxicity. With the addition of suitable
additive into the investigated cyanide-free gold electroplating electrolyte, golden
bright gold electrodeposit with smooth and compact surface was obtained. SEM
images confirm that the gold electrodeposit has excellent leveling capability as well as

smooth and compact morphology. This indicates the introduced gold electroplating
13
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electrolyte is a promising candidate to replace the conventional cyanide-based gold
electroplating electrolyte. Computational chemistry was employed to get an insight
view of the reasons for selecting DMH from hydantoin derivatives as the complexing
agent for the introduced cyanide-free gold electroplating electrolyte and other metal
electroplating electrolytes. Quantum chemical calculations were employed to study
the electronic properties and orbital information of the investigated complexing agents.
The adsorption interactions between these complexing agents and the metal surfaces
were investigated by molecular dynamic (MD) simulations. Consequently, the results
of DFT calculations and MD simulations revealed that due to its strong electron
donating abilities and high adsorption energies on metal surfaces, DMH could be the
optimal choice from hydantoin derivatives as the complexing agent of the introduced
cyanide-free gold electroplating electrolyte. This efficient and versatile method to
study the mechanism of complexing agents’ selection thus opens a new window to get
insight views of coordination interaction and adsorption behaviour of complexing
agents for metal ions and metal surfaces, respectively, during metal electroplating and

will vigorously promote the level of this research region.
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Figure captions:

Fig. 1 Macroscopic images of gold electrodeposits obtained from the introduced
cyanide-free gold electroplating electrolyte, (a) with additive, (b) without additive, and

(c¢) from HAuCl, electrolyte without DMH.

Fig. 2 SEM images of the top views of gold electrodeposits obtained from the
introduced cyanide-free gold electroplating electrolyte, (a) and (b) with additive, (c)

and (d) without additive, as well as (¢) and (f) from HAuCl, electrolyte without DMH.

Fig. 3 The XRD patterns of (a) Au (JCPDS file: 04-0784) and gold electrodeposits
obtained from the introduced cyanide-free gold electroplating electrolyte, (b) with

additive, (c) without additive, and (d) from HAuCl, electrolyte without DMH.

Fig. 4 Schematic diagrams of frontier molecular orbitals of (a) AHD, (b) BCDMH, (c)

DBDMH, (d) DCDMH, (¢) DMDMH, (f) DMH, (g) Hydantoin, (h) TMH.

Fig. 5 Charge distributions of (a) AHD, (b) BCDMH, (c) DBDMH, (d) DCDMH, (e)

DMDMH, (f) DMH, (g) Hydantoin, (h) TMH (unit of e).

Fig. 6 Adsorption behaviors of AHD on the Au surface, (a) Initial configuration of the
simulation box (AHD visualized by balls and sticks, water molecule visualized by
lines). (b) Final equilibrium configuration of the MD simulation box (c) Top view of
the final equilibrium configuration of the simulation box. (d) Energy fluctuation

curves of the MD simulation. (e) Temperature fluctuation curve of the MD simulation.
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Figures:

Fig. 1 Macroscopic images of gold electrodeposits obtained from the introduced cyanide-free gold
electroplating electrolyte, (a) with additive, (b) without additive, and (c) from HAuCl, electrolyte

without DMH.
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Fig. 2 SEM images of the top views of gold electrodeposits obtained from the introduced
cyanide-free gold electroplating electrolyte, (a) and (b) with additive, (c) and (d) without additive,

as well as (e) and (f) from HAuCl, electrolyte without DMH.
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Fig. 3 The XRD patterns of (a) Au (JCPDS file: 04-0784) and gold electrodeposits obtained from
the introduced cyanide-free gold electroplating electrolyte, (b) with additive, (¢) without additive,

and (d) from HAuCl, electrolyte without DMH.
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Fig. 4 Schematic diagrams of frontier molecular orbitals of (a) AHD, (b) BCDMH, (c) DBDMH,

(d) DCDMH, (¢) DMDMH, (f) DMH, (g) Hydantoin, (h) TMH.
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Fig. 5 Charge distributions of (a) AHD, (b) BCDMH, (c) DBDMH, (d) DCDMH, (¢) DMDMH, (f)
DMH, (g) Hydantoin, (h) TMH (unit of e).
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Fig. 6 Adsorption behaviors of AHD on the Au surface, (a) Initial configuration of the simulation
box (AHD visualized by balls and sticks, water molecule visualized by lines). (b) Final
equilibrium configuration of the MD simulation box (c¢) Top view of the final equilibrium
configuration of the simulation box. (d) Energy fluctuation curves of the MD simulation. (e)

Temperature fluctuation curve of the MD simulation.
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Table:

Table 1 Adsorption energies of all the studied complexing agents on Ni (111) and Au (111) surface.

(unit of kJ/mol)

Ni(111) Au(111)
a Aminohydantoin (AHD) 244.760 314.881
b BCDMH 244312 337.349
c DBDMH 290.857 288.399
d DCDMH 201.312 266.578
e DMDMH 297.777 305.429
f DMH 248.861 289.469
g Hydantoin 259.131 217.384
h TMH 298.177 339.674
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