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Highlights

o Synthesis of citrate stabilized gold nanoparticles and the displacement of citrate ions by
DPC on the surface of gold nanoparticles to form DPC-AuNPs.

e The use of RGB colour coordinates and CIELa*b* colour system to analyse colour
changes upon the addition of Cr (VI) standards in the concentration range of 0.5—
50.0 uM.

e Molecular dynamics simulation of DPC-AuNPs interaction with Cr (VI), resulting to
DPC-Cr (VI) confirming the aggregation of AuNPs.

Abstract

This paper demonstrates the application of smartphones as well as spectrophotometers as tools
to demystify the mechanism leading to colour variation of 1,5-diphenylcarbazide
functionalized gold nanoparticles (DPC-AuNPs) due to chromium addition. Colour Grab 3.6.1
app was used to capture and decode colours from samples containing DPC-AuNPs with
different concentrations of hexavalent Chromium [Cr(VI)] standards. The presence of Cr(VI)
aggregated DPC-AuNPs resulted in a colour change from pink to blue and a decrease in the
peak intensity as accompanied by a red shift of the SPR peak to 670 nm.

The R colour coordinates decreased as Cr(VI) concentration was increased to 16 uM then a
rapid decrease was noted between 18-25 uM and G and B colour coordinates followed the
same trend. Colour difference (AE) increased significantly as the Cr(VI) concentration
increased. A rapid decrease was noticed in the hue angle between 16-25 uM while chroma
decreased significantly as the Cr(VI) concentration increased. Molecular dynamics calculation
of'a gold cluster was used to simulate the aggregation process. The calculated radial distribution
[g(r)] from cluster models of the Cr-DPC complex was two-fold more than Cr-AuNPs. This
was associated with the aggregation of gold nanoparticles leading to the appearance of the blue
colour of AuNPs solution which was also supported by the intensity obtained from colour Grab.
This study will potentially be applied in the future for the fabrication of a Lovibond photometer
for the detection of metal ions in environmental samples.
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1. Introduction

The detection of hexavalent chromium from wastewater and other environmental samples
using the UV—Visible spectrometric technique is an established method [1,2]. However, with
the advancement of nanotechnology and nanoscience, there has been a growing trend of using
gold nanoparticles (AuNPs) for the detection of metal ions. The application of AuNPs is mainly
contributed by their characteristic surface Plasmon resonance (SPR) properties that are highly
dependent on the particle's size, shape and inter-particle distance [3], [4], [5], [6]. The AuNP-
based colorimetric sensors are of particular interest because they are exploited on the colour
change that arises from the inter-particle Plasmon coupling upon the aggregation of AuNPs
(changing colour from red to blue or purple) [7], [8], [9], [10], [11], [12]. Over the past decade,
the controlled assembly and disassembly of AuNPs have been a subject of great interest due to
the prospective applications, such as the one reported by Shaikh et al. on the application of
citrate-capped AuNPs functionalized with ortho-dicarboxylate substituted pyridine (2,3-
PDCA) to probe the stability of AuNPs and response for Cr(III) [13]. Further studies by Lai
and Tseng resulted in a simple and rapid method for sensing Cr(VI) using 5-thio-(2-
nitrobenzoic acid) modified AuNPs (TNBA-AuNPs) as well as a remedial removal of Cr(III),
and as a sensor for Cr(VI) [14]. Shahrivari et al. reported the interaction of 4-amino-5-methyl-
4H-1,2,4-triazole-3-thiol functionalized AuNPs (AMTT-Au NPs) with some metal cations
[15]. These examples demonstrated how functionalized AuNPs can be used to detect different
substances with good selectivity and sensitivity [16].

Molecular dynamics (MD) simulation has proved to be the most convenient tool to complement
experimental results. MD simulations are suitable for studying gold nanocluster systems to
expose nano-structure features with or without assuming any prior specific gold nanocluster



models [17], [18], [19], [20]. Our previous study demonstrated the impact of interatomic
distance to understand the adsorption of polymers on gold nanoclusters [17]. In a separate
study, we demonstrated that theoretical simulations could provide good evidence for the
interaction of silver and gold with pyrrolidone, which was also supported by experimental data
[21]. The simulated gold nanoclusters provided good evidence to understand the mechanism
between silver clusters and polyvinyl pyrrolidone (PVP). The study also demonstrated the
regioselective adsorption of the selected functional group of PVP onto the surface of gold
nanoclusters.

Another smartphone-based colorimetric system has been reported for the detection of different
analytes using metal nanoparticles [22], [23], [24], [25]. In the current study, we particularly
explore the effects of chromium ions on inducing aggregation of gold nanoclusters models
through classical MD simulations and chromaticity diagrams. Special focus attention was on
the radial distribution factor of chromium interaction with DPC, hence a series of MD
simulations were carried out for gold nanocluster capped with 1.5-diphenylcarbazide (DPC)
with the addition of chromium ions. We also report the image analysis using CIEL*a*b* and
Red Green Blue (RGB) coordinates for the colorimetric detection of Cr(VI) using AuNPs
functionalized with DPC. A Smartphone was used as well to analyse the intensity of colours to
support the spectrophotometric technique.

2. Materials and methods
2.1. Chemicals and materials

Gold chloride trihydrate (>99.9%) was purchased from Leap Chem (Hangzhou, China) through
DLD Scientific (Durban, South Africa). Other chemicals used were tri-sodium citrate
dehydrate (>99%) from Merck (Pty) Ltd (Durban, South Africa) and Potassium dichromate
from Associated Chemical Enterprises (Johannesburg, South Africa). Other reagents were of
analytical grade and used without further purification. All solutions were prepared with
deionized water (18.2 MQcm specific resistance). All chemicals that were used for synthesis
were purchased from Sigma-Aldrich and Merck (St. Louis, Missouri United States) and used
without further purification. The solvents used were of synthesis grade.

2.2. Instrumentation

UV-Vis extinction spectra were measured on a Cary UV 50 from Varian (Cape Town, South
Africa) spectrophotometer at room temperature. All Localised Surface Plasmon Resonance
(LSPR) spectra were recorded from 350 to 800 nm and experimental absorbence was measured
at 520 and 650 nm. Transmission Electron Microscopy (TEM) observations were carried out
with a TEM CM 120 model from Philips (Johannesburg, South Africa). The TEM was
operated, and images were processed at 120 kV. The melting point was determined by Stuart
SMP 10 (Palo Alto, California) and was uncorrected.

2.3. Analysis of the intensity of colours using a smartphone

A Mobicel R6 smartphone was used to capture the intensity of each gold standard. The colour
Grab app version 3.8.1 developed by Loomatix Ltd was installed and used to analyse the
intensity of gold nanoparticles. The RBG values that were obtained from the colour Grab app
were converted to the XYZ chromaticity diagram.



2.4. Computational simulations

The relative surface-to-molecule orientation on gold nanoclusters was modelled following our
published work with minor alterations [20]. In this case, AuNPs with diameters of 0.5 nm
(cluster sizes Au43) were constructed (Fig. 4) and surfactant adsorption was simulated using
the Metropolis Monte Carlo method and surfactants were allowed to be adsorbed onto the
AuNP surfaces [26]. Since a trade-off exists between simulation accuracy and computational
time, it becomes increasingly more difficult to accurately execute molecular mechanics and
dynamics calculations on large gold clusters. Therefore, the Au43 small nanocluster was
selected and simulated to reduce simulating cost and time. It was found that for the largest
nanocluster, the computational time (wall-clock time) became too large to continue. However,
although these simulated nanocluster sizes were not the same size as those used in the
experimental investigation because of the cost of calculation, the same trends can still be
observed as discussed below. Molecular mechanics were used to determining the optimum
geometries for each of the resulting DPC, DPC-AuNP systems, and MD simulations were
performed on each of the systems to arrive at the energy-optimized configurations. The
Condensed-phase Optimized Molecular Potentials for Atomistic Simulation Studies
(COMPASS) force field was used to calculate the intermolecular potential energy of DPC-
AuNP complexes. The models indicating the absorption of DPC were generated using the
amorphous cell construction of Material Studio as well as the COMPASS force field. The
lattice parameters’ cell dimensions were set ata =b = ¢ = 36.40 A. The COMPASS force field
is the first ab initio forcefield that enables accurate and simultaneous prediction of gas-phase
properties (structural, conformational, vibrational, and so on) and condensed-phase properties
(equation of state, cohesive energies, and so on) for inorganic materials. All systems were
subjected to energy minimization using the Forcite module in Biovia Material Studio 2020
before MD simulations were conducted. The following convergence criteria were set to fine as
follows, energy = 1 x 107*kcal/mol, Max. force =0.005 kcal/mol/A and Maximum
displacement = 0.001 A.The MD simulation using Forcite Dynamics calculation at constant
temperature and constant volume (NVT) thermodynamic ensembles which lasted for 50
picoseconds with a time step of 1 femtosecond and all atomic density profiles were collected
in the last 50 picoseconds simulated MD results for each model. All MD simulations were
performed in triplicates, snapshots of the simulated data are shown in Supplementary Table S1.

3. Results and discussion
3.1. Sensitivity of the response of DPC-AulNPs to Cr(VI)
The digital image from colour Grab App and the change in the colours of the DPC-AuNPs

upon the addition of Cr (VI) standards solutions in the concentration range of 0.5-50.0 uM are
presented in Fig. 1 and Supplementary Fig. S1.
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Fig. 1. Photograph images of the DPC-AuNPs blank and different concentrations of Cr(VI) in the range
0f 0.5-50.0 pM, captured by smartphone using colour Grab as well as the corresponding Chromaticity
diagram associated with each generated coluor.

The colour change of the DPC-AuNPs induced by Cr(VI) was monitored using the smartphone
colour Crab App and UV—Vis spectrophotometry. The colour grab App generated different
colours upon the addition of different concentrations of Cr(VI) onto DPC-AuNPs. The change
in colour from red to blueish was associated with the formation of anisotropic nanoparticles,
and the alteration of the dielectric environment of the surface of AuNPs as shown in
Supplementary Fig. S1 (a). These observations were confirmed with a UV-Vis
spectrophotometer which showed two well-separated peaks at 520 and 670 nm as shown in
Supplementary Fig. S1 (b). Further observation of the colour change upon increasing the
concentration of Cr was observed from the UV—Vis spectra which showed that the addition of
20 uM Cr(VI) led to a slight red shift to 670 nm wavelength. The result of the colour Grab for
20 uM Cr(VI) was converted into an observable colour using the RGB values, this generated a
clear violet colour which confirmed that an increase in the Cr(VI) concentration over 20 uM
contributed to a second peak at 670 nm wavelength and a parallel decrease in the intensity of
the SPR peak at 520 nm was observed as shown in Supplementary Fig. S1 (b). Thus, the colour
of the DPC-AuNPs changed from Ruby-red to blue as the Cr(VI) concentration was increased
[Supplementary Fig. S1 (a)]. The created colour pattern for the Cr(VI) standards matched the
colours of the solutions. The TEM image in Supplementary Fig. S1(c) showed that the
synthesised gold nanoparticles were monodispersed with an average diameter of 14 nm. The
DPC-AuNPs have been utilized as a sensor for the detection of Cr(VI) as shown in Table 1. It
was found that the detection limit in environmental samples was 0.3 uM [27]. In Table 1, other
methods are shown where a comparison of the AuNPs’ sizes, and gold conjugates gave a
variable limit of detections (LOD). In the current study, further employment of the chromaticity
diagram was explored to probe colour development due to aggregation as a result of the
complexation of Cr(VI) by DPC-AuNPs.



Table 1. Data on the analytical methods of the reported gold nanoparticles-based methods for the
determination of chromium.

Gold Capping Agent Methods LOD Ref
nanoparticles
size (nm)
13 1,5-diphenylcarbazide Photometric 0.3 uM [27]
20 Monoclonal antibodies against | immunochromatographic | 50 ng/mL | [28]
isothiocyanobenzyl-EDTA assay
(iEDTA)-chelated Cr**
19.5 sodium hyaluronate Colorimetric 2.90nM | [29]
14 3-(p-tolyl)-2,3- Colorimetric 0.14 uM | [6]

dihydropyrazolo[3,4-bJindole-
1(4H)-carbothioamide

13 Tween 20 Colorimetric 0.009 uM | [7]
10 Dithiocarbamate-modified N- | Colorimetric 31 ppb [30]
benzyl-4-(pyridine-4-
ylmethyl)aniline ligand
13 5-thio-(2-nitrobenzoic acid) Colorimetric 1 uyM [14]

3.2. Image analysis using RGB colour coordinates and CIELa*b* colour system

The RBG values were obtained from colour Grab analysis, these were generated from the
colours of AuNP's response to the concentration of Cr(VI) as shown in Fig.2 and
Supplementary Fig. S2, respectively. A significant decrease for the red colour component was
observed in both curves, however, this was slightly prominent in the UV—Vis spectrum as
shown in Supplementary Fig. S1(b). The significant decrease in red colour was associated with
the increased Cr(VI) concentration which led to more aggregation, thus, indicating the colour
change of AuNPs from red to blue. Meanwhile, the green and blue curves were gradually
increased as the concentration of Cr(VI) was increased from 0 tol6 uM. However, there was a
significant decrease from 18-50 uM to lower values of green and blue, respectively as shown
in Fig. 2 and Supplementary Fig. S2(a). The RGB colour coordinates were used to generate the
CIE L*a*b* colour system coordinates which were further used to create the chromaticity
diagram. Supplementary Fig. S2 (b) represents the hue angle and chroma of the data that was
obtained from the CIE L*a*b* colour system. It was noted that there was a decrease in the hue
angle as observed from the Cr(VI) concentration of 0—20 uM. The decrease in the L values
suggested that there was a change from lightness (red) to darkness (blue) which was associated
with the aggregation of AuNPs as shown in Fig. 2(b). A notable a* curve significantly
decreased; this trend was again associated with the change from the red region (+a) to a green
region (—a). The observation obtained from the b* curve showed that for the Cr(VI)
concentration from 0—16 uM, the b* curve was almost constant, then an observable decrease
was noted for Cr(VI) concentration ranging from 18 to 20 uM. This was associated with the
colour change of AuNPs from red to blue. These results agreed with the data obtained from the
spectrophotometer which are presented in Supplementary Fig. S1(b)
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Fig. 2. (a) RBG colour plot against the corresponding Cr(VI) concentration and (b) plots of L*a*b*
against Cr(VI) concentration.

3.3. Qualitative and quantitative analysis of the response of DPC-AuNPs to Cr(VI)

The colour difference (AE) was calculated using equation 1 (supp. Information) with the values
of AL, Aa* and Ab* obtained from the colour produced on the calibration standards shown in
Supplementary Fig. S1 (a). Fig. 3(a) and Supplementary Fig. S2(a) show that the AE value
increased significantly with increasing Cr(VI) concentration which confirmed high assay
reproducibility due to the aggregation of AuNPs. The colour change associated with AE value
is very instrumental in understanding the design of the Lovibond colour filters for detecting
chromium in water. These colour changes which were measured were associated with the
modulus of the distance vector between the initial colour values and the actual colour
coordinates. The Hue angle (h*) was considered the qualitative attribute of colour. The Hue
angle was used to define the difference between a certain colour concerning a grey colour with
the same lightness. Hue was calculated using equation 2 (supp. Information) and the obtained
values are plotted against the concentration of Cr(VI) in Fig. 2(b). A significant decrease of the
Hue angle was observed in the concentration of chromium ranging from 18-25 uM. Chroma
(C*) was also used as the quantitative attribute of the change in colour due to the aggregation
of AuNPs. The higher C* values were associated with the high colour intensity of samples
perceived by human eyes. The C* was calculated using equation 3 (Supp Information). The C*
decreased significantly with the increase in Cr(VI) concentration up to 25 uM with dullness of
4.260 and vividness of 35.908 as shown in Supplementary Fig. S2(b). Total colour difference
and C* were considered the most sensitive parameters for the measurement of colour. The final
horseshoe chromaticity diagram is shown in Fig. 3(a) for data obtained from the smartphone
as well as in Supplementary Fig. S2(c) for spectrophotometric data. It was visible from the
plotted RBG point in the chromaticity diagram that the increased concentration of chromium
contributed to the colour change from red to blue, which is due to the aggregation of AuNPs
as shown in pathways 1 and 2 of Fig. 3. Further evidence of the aggregation is shown in the
plotted chromaticity diagram that shows the shifting toward the blue region [Fig. 3(a)]. The
mechanism of aggregation is due to the formation of the Cr(VI) DPC complex thus leaving
unprotected AuNPs inducing aggregation due to the sintering. In Fig. 3, it was noted that as the
concentration of chromium ions was increased, the XY coordinates obtained from RBG
coordinates occupied the blue region of the chromaticity diagram model, further evidence of
this trend was also observed in Supplementary Fig. S2(c) from spectrophotometric data.
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Fig. 3. Three pathways leading to aggregation of gold nanoparticles (1) position of aggregated gold
nanoparticles in the Chromaticity and (2) enhanced blue values as a result of aggregation, and (3)
position in chromaticity image of dispersed gold nanoparticles.

3.4. Molecular simulation of DPC-AuNPs to Cr(VI)

The model depicting the aggregation of DPC-AuNPs upon the addition of Cr(VI) is shown in
Fig. 4. The charges of Cr(VI) were balanced with oxygen as shown with the red dots in Fig.
4(b). Fig. 4 demonstrates that upon the addition of Cr(VI), aggregation was induced which
could be seen in Fig. 4(b) as compared to Fig. 4(a) where gold clusters are separated. The
mechanism of aggregation was discussed in our previously published work [6,31].The
mechanism is due to the interaction of Cr(VI) with the capping DPC which is introduced by
replacing the citrate used during the synthesis of AuNPs. This results in the formation of the
Cr-DPC complex, thus leaving AuNPs uncapped as a result, aggregation is induced as shown
in Fig. 4(b).



Fig. 4. Model for simulation DPC-AuNPs and Cr(IV) (a) DPC-AuNPs and (b) Cr-DPC-AuNPs.

The MD simulation was performed in triplicate, it is evident from the calculated radius of
gyration that there is a slightly different in the final calculated data, however, it was noted that
they all fall between 3.5 to 4.5 A (Supplementary Fig. S3 and Supplementary Table S1). The
simulated radial distribution functions (RDF) for different selected atoms of DPC-AuNPs and
Cr(IV) were calculated to quantify interactions amongst the DPC groups, AuNPs, and Cr ions.
The RDF provided information regarding the intermolecular interaction amongst the three
components (AuNPs, Cr and DPC). The peak height and position were used for the structural
analysis of these interactions. The RDF of DPC-AuNPs is shown in Fig. 5(a), in this case, the
simulation was done by interacting AuNPs with the carbonyl end of the DPC. In Fig. 5(a), it
can be noted that the r(A) at 3 A is associated with RDF [g(r)] of 3.4 r, this is an indication of
strong interaction with the surface of gold nanoparticles, where most of the DPC molecules are
within 3 A from the surface of gold nanoparticles. A further molecular simulation was done to
depict the formation of a new Cr-DPC complex. The formation Cr-DPC complex was
simulated by looking at the bonds between Cr-N and Cr-AuNP bond formation using the radial
distribution as shown in Fig.s 5(a) and (b). Clear evidence of the formation of a strong Cr-N
bond, leading to the formation of the Cr-DPC complex is evident from the radial distance of
3 A. The height of the g(r) for Cr-AuNPs is 3.4 r at the radial distribution of 3 A. Notable so,
the radial distance at 3 A for the Cr-DPC bond is 8.4 r. It is obvious from Fig. 5(c) that the
radial distribution for Cr-DPC was increased by more than two folds when it is compared with
the radial distribution of Cr-AuNPs. This demonstrated clear evidence of the formation Cr-
DPC complex. The formation of this complex was very crucial in understating the aggregation
process of AuNPs. The mechanism of this process can be explained by the process that is
similar to the molecule exchange process wherein AuNPs are stabilized by DPC which covers
the surface, thus preventing aggregation. However, upon the addition of Cr(VI) ions into the
system, they interact with DPC, leaving uncapped AuNPs which are likely to aggregate as
attested with the simulated radial distribution functions in Fig. 5.
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Fig. 5. Radial distribution function for DPC-AuNPs and Cr(IV) (a) DPC-AuNPs, (b) Cr-AuNPs and (c)
Cr-DPC.

4. Conclusions

This study demonstrated the elucidation and full explanation of the mechanism for aggregation
of DPC-AuNPs supported by chromaticity diagram as well molecular modelling. The result of
this study showed that the colour change leading to the formation of a blue complex is due to
the aggregation of AuNPs as a result of the formation of a complex between DPC and Cr (VI).
The application of the CIEL*a*b* colour system and RGB colour coordinates may assist in
understanding the colorimetric method used for the detection of Cr(VI) and other metal ions in
water bodies. The use of colour difference (AE) was appropriate for a colorimetric
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concentration measurement based on the colour change due to the DPC-AuNPs aggregation.
The combination of the DPC-AuNPs and image analysis based on AE enabled quantitative
analysis for multiple colour changes as expected. The present method will accelerate
applications of colorimetric systems to point-of-care testing and in resource-limited settings.
The aggregation of AuNPs was further proved by using MD simulation.
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