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Abstract

:

Surface modification is a hot topic in electrochemistry and material sciences because it affects the way materials are used. In this paper, a method for covalently attaching carboxyphenyl (PhCOOH) groups to a gold electrode is presented. These groups were grafted onto the electrode surface electrochemically via reduction of aryldiazonium salt. The resulting grafted surface was characterized using cyclic voltammetry (CV) before and after the functionalization procedure to validate the presence of the grafted layer. The grafting of PhCOOH groups was confirmed by analyzing electrode thickness and composition by ellipsometry and X-ray photoelectron spectroscopy (XPS). Density functional theory (DFT) calculations indicated that the grafted layers provide a stable platform and resolved, for the first time, their interactions with oxygen.
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1. Introduction


The use of aryl radicals, formed during the dediazotization of aryldiazonium salts, to modify/functionalize various surfaces is regarded as a simple and resourceful tool [1]. In contrast to other surface modification methods (thiols, phosphonic acids, etc.) [2], electrografting remains the most efficient way to modify surfaces, regardless of the surface type (metal, semiconductor, or insulator). Despite the fact that the structure of the surfaces, grafted with aryl layers, has been thoroughly investigated experimentally using a variety of experimental techniques such as XPS, Raman, infrared reflection-absorption spectroscopy (IRRAS), atomic force microscopy (AFM), as the interaction of oxygen, with this interface remains unexplored.



The majority of research has deemed diazonium salts to be simple and effective coupling agents between the surface and other functional entities. For instance, grafted layers have been used to attach nanoparticles [3,4], proteins [5], calixarenes [6], polymers [7,8], and DNA [5,9]. Another significant aspect that makes this approach attractive for surface modification processes is the stability of the nanocomposite structure formed once the aryl moieties are attached to the electrode surface [10]. Grafted surfaces have found a vast number of practical applications in biomedicine, microfluidics, sensors, biosensors, corrosion protection, and energy conversion [11].



In this study (Scheme 1), the interaction of oxygen with 2D carboxyphenyl (CP) layers grafted onto gold was explored experimentally and by molecular modeling. In general, oxygen bubbles and microbubbles are interesting prospects for future practical applications, and they allow exploration of the electrical characteristics of the gas–water interface using different analytical approaches. They are engaged in several activities, including photo-assisted water splitting reactions [12,13], in the fabrication of gas-sensing electrodes [14,15], foam fractionation [16,17], food processing [18], and purification processes [19]. Thus, understanding the interaction of oxygen with modified electrode surfaces is essential for developing these various applications.




2. Materials and Methods


Pressure-fit gold discs with a diameter of 1.5 mm were inserted into insulating Teflon sleeves to create the Au electrode. Tetrabutylammonium tetrafluoroborate (NBu4BF4), 4-aminobenzoic acid, absolute ethanol (spectroscopy grade, 99.9%), potassium chloride, sodium hydroxide, sodium nitrite (NaNO2), tetrafluoroboric acid (HBF4), diethyl ether, potassium ferrocyanide (K4[Fe(CN)6]·3H2O), potassium ferricyanide, and HPLC-grade acetonitrile (ACN) were acquired from Fisher Scientific (Bishop Meadow, Loughborough, UK).



2.1. Preparation of 4-Carboxybenzenediazonium Tetrafluoroborate


A diazotization procedure was used to produce the 4-carboxybenzene diazonium salt (4-CBD) in situ [20]. In brief, 4-aminobenzoic acid (35 mmol) was dissolved in a mixture of 10 mL HBF4 and 10 mL H2O. Under constant stirring, the solution mixture was transferred to an ice bath. After roughly a half hour, a solution of NaNO2 (37 mmol) was added, yielding the final product. The precipitate was rinsed with diethyl ether and vacuum-filtered before storage at −20 °C in the dark. Fourier-transform infrared (FTIR) spectroscopy analysis of the resulting 4-carboxybenzenediazonium tetrafluoroborate (4-CBD) was compared with the spectra of 4-aminobenzoic acid (parent compound). Spectra were collected in the 600–4000 cm−1 region in attenuated total reflectance (ATR) mode using a Vertex 60/v spectrometer (Bruker, Billerica, MA, USA).



The resulting 4-CBD was also characterized by cyclic voltammetry (CV). For this experiment, 2.5 mmol·L−1 of 4-carboxybenzenediazonium tetrafluoroborate in ACN containing 50 mmol·L−1 of NBu4BF4 was utilized. CVs were recorded in the +0.5 to −0.3 V range at v = 100 mV/s.




2.2. Modification of Au Electrode


The Au electrode was polished with 1.0 micron alumina slurry (Buehler, Esslingen, Germany) and washed with Q-POD®’s Milli-Q water (Merck, Darmstadt, Germany) water before the modification. It was sonicated for 5 min with ethanol and then with water to eliminate any remaining impurities. The electrode was then cleaned electrochemically in 0.5 M H2SO4 by running 25 cycles of CV at 100 mV/s in the range of −0.3 to 1.5 V until a repeatable voltammogram was obtained.



Chronoamperometry was used to graft the gold electrode surface, which was conducted at −0.3 V vs. Ag/AgCl (saturated KCl) reference electrode for 600 s in a solution of 2.5 mmol/L 4-carboxybenzene diazonium tetrafluoroborate containing 50 mmol/L NBu4BF4 in ACN. The grafted electrode was then rinsed with Milli-Q water, sonicated for about 200 s in acetonitrile, and then rinsed again with Milli-Q water.




2.3. Molecular Modeling


Density functional theory (DFT) calculations were made to elucidate the interaction of molecular oxygen with the Au (111) surface, grafted with carboxyphenyl groups. These calculations were made using a generalized gradient approximation (GGA) [21]/double- numeric polarized basis set (DND) using a four-layer model under the following periodic boundary conditions. Cell dimensions were 9.99 Å × 9.99 Å × 7.951 Å (with the addition of a 20 Å vacuum layer along the c axis) grafted with carboxyphenyl groups. The van der Waals interactions were included using the Tkatchenko–Scheffler (TS) method [22]. The interaction of the oxygen molecules (in vacuum and water using the conductor-like screening model) [23,24,25] with the bare and grafted gold surfaces was evaluated at different reaction sites. The results gave important molecular insight into the adsorption energy and geometry-induced changes brought about by the interaction of oxygen molecule on the grafted interface [26].



Gaussian 16 was used for the calculations on Au clusters. A gold (Au20) cluster was used to model the grafting of Au20−PhCOOH and its interaction with molecular oxygen [27]. The DFT geometry optimizations (executed without symmetry constraints) were accomplished using Grimme’s dispersion correction at the B3LYP level of theory (GD3).



The aug-cc-pvdz basis set was used to describe C, H, and O atoms, whereas the LanL2DZ basis set was used for gold atoms. The integral equation formalism polarizable continuum model (IEFPCM) was applied to account for water as solvent in the DFT calculations. All energy minima were characterized with a vibrational analysis to ensure the lack of imaginary frequencies [28]. Noncovalent interaction (NCI) surface plots were generated using Multiwfn and VMD (Visual Molecular Dynamics, version 1.9.4a51) software [29,30]. The bond dissociation energy (BDE) was calculated as [27,28]:


BDE(Au-PhCOOH) = (EPhCOOH + EAu) − (EAu−PhCOOH)








where EAu-PhCOOH is the total energy of the Au surface grafted by a –PhCOOH moiety, and EPhCOOH and EAu represent the energies of the isolated Au and PhCOOH entities, respectively.




2.4. Ellipsometry


The thickness of the film and its refractive index were determined using an alpha-SETM ellipsometer (J.A. Woollam Co., Inc., Lincoln, NE, USA). The measurements were performed at a 70° incidence angle. Ellipsometric measurements were taken before and after electrografting on the identical region of the sample plates. The optical thickness was estimated using a built-in model (CompleteEASE). The bare-gold and grafted-gold electrodes were modelled using the B-spline and WvlByWvl models, respectively.




2.5. X-ray Photoelectron Spectroscopy (XPS)


The XPS spectra for the grafted gold plates were obtained using a Kratos Axis Ultra DLD electron spectrometer (Kratos Analytical Ltd, Manchester, UK) equipped with a monochromated Al Ka source operating at 150 W. Survey spectra were obtained at binding energies ranging from 1100 eV to 0, with a pass energy of 160 eV and high-resolution spectra of the major photoelectron lines C 1s and O 1s at a pass energy of 20 eV. The spectra were processed using the Kratos Vision 2 program (version 2.2.9).





3. Results and Discussion


3.1. Characterization of Synthesized Diazonium Salt Using FTIR


The IR spectra (registered using Bruker IFS 66 v/S FTIR spectrometer with a 2 cm−1 resolution and plotted by OriginPro 2021 software, version 9.8.0.200 of the synthesized diazonium salt were used to confirm its identity. New functional groups were identified in the IR spectra at 2285 cm−1 and 1112–1034 cm−1, corresponding to −N≡N+ [20,31] and BF4−, respectively. These signals are obviously absent in the parent molecule (4-aminobenzoic acid).



Furthermore, when compared with the N–H groups in 4-aminobenzoic acid, the intensities of the N–H groups in the product were lower, and the wavenumber was displaced (Figure 1). These findings confirm that the 4-carboxybenzenediazonium tetrafluoroborate salt was successfully synthesized.




3.2. Characterization of the Electrode Modification Steps


Modification of Au Electrode by Chronoamperometry


The current decreases as the Au electrode is modified using chronoamperometry, implying the creation of a relatively thick layer of carboxyphenyl layer on the surface. The chronoamperogram (Figure 2) had the same characteristics as the grafting of multilayer films from different aryl diazonium salts [32], with an instant drop in the current during the first 100 s, after which it remained constant due to electrode blocking by the grafted layer.





3.3. Characterization of the Synthesized Diazonium Salt Using CV


The CV scans obtained during the grafting of the 4-CBD are shown in Figure 3. The current reduction, observed in the subsequent CV scans, confirms the deposition of a cabocyphenyl layer on the electrode surface [33,34].



This indicates that the electron transfer blocking characteristics of the grafted layer prevented further electrochemical reduction of diazonium. Very sharp peaks occurred at 0.34 and 0.062 V vs. ref. These two reduction peaks were most likely caused by diazonium reduction on unique crystallographic orientations of the polycrystalline gold surface [35]. The 0.062 V vs. ref peak, however, vanished in successive CV cycles (Figure 3).




3.4. Cyclic Voltammetry with the Redox Probe, Fe (CN)63−/4−


Figure 4 shows the CV obtained for the redox probe using the bare Au electrode and the modified electrode. The voltammogram of a bare Au electrode shows a well-defined Fe(CN)63−/4− oxidation/reduction peak, indicating a quasi-reversible redox activity. After the deposition of the 4-carboxyphenyl layer (CP), the current decreased and widened the peaks. The current reduction is due to the creation of partially blocking organic layers [36].




3.5. XPS Characterization of Au-CP


Changes in the surface compositions of the bare and grafted gold electrode were detected by XPS (Table 1). The bare gold surface contained carbon impurities, such as aliphatic carbon (28.99 at.%) and carboxyl and carbonyl groups seen in the C 1s and O 1s regions. The grafted electrode, however, had greater loadings of carbon species resulting from the PhCOOH coatings. This can first be appreciated by the loss in the Au peak, decreasing from 54.79 at.% in the bare gold surface down to 44.37 at.% in the grafted electrode.



For the grafted layer, compared to the bare, an increase in the content of carbon and oxygen (per Au) was observed throughout the C 1s and the O 1s regions: e.g, increase from 0.53 to 0.70 in C–(C,H), from 0.090 to 0.15 in C–OH/C–O–C, and from 0.026 to 0.084 in COOH. The O 1s region corroborates with the hike in carbon-bound oxygen species, with the appearance of a new peak at 531.8 eV from COOH functional groups. These findings confirm the coating of PhCOOH on the electrode surface.




3.6. Ellipsometry


The ellipsometric measurements were performed before and after electrografting of PhCOOH on the gold plates. The measurements were made on dried and hence collapsed films. The layer’s refractive index was therefore set to a constant value (real = 1.50; imaginary = 0), regardless of its thickness. The thickness of the deposited layer, estimated using the average of five separate measurements, was found to be 1.9 ± 0.35 nm. Taking into account that the thickness of one PhCOOH moiety is ≈0.518 nm (modelled, optimized, and measured using Avogadro software, version 1.2.0), our film is a multilayer (≈3.6 layer thick).




3.7. DFT Calculation


Bond dissociation energy (BDE) is widely used to evaluate the stability of diazonium salt-grafted layers [25,26,27,28]. The computed BDE for the carboxyphenyl group was −52.19 kcal/mol. These values are indicative of a stable interface formation.



The interaction of oxygen molecules with the gold surface’s grafted layers (Ph-COOH) was also investigated. Four distinct initial geometries were explored to investigate the interaction between the grafted Au-PhCOOH surface and molecular oxygen (as presented in Figure 5). The interaction of oxygen molecules with the grafted surface causes structural changes in all geometries, but especially when the molecule is closer to the phenyl ring’s side. This is probably related to electron-rich aromatic ring and oxygen lone pairs that exhibit attractive interactions [37]. The carboxyphenyl layer exhibits the strongest interactions at the bridge (BRD) position (Table 2), with an interaction energy of −228.86 kJ/mol.



According to Figure 6a,b, the BDE values for Au-2PhCOOH were higher compared with the BDE values for Au-PhCOOH. This is consistent with the findings of De-en Jiang et al. and Haziri et al. [38,39], who demonstrated that the inclusion of the second grafted group enhances the bond’s stability.



DFT calculations were used to investigate the potential of a gold surface, grafted with a film of PhCOOH, to adsorb oxygen molecules at the molecular level. The calculated values were then used to determine the binding energy for the adsorption of molecular oxygen on the carboxyphenyl molecule grafted on the gold cluster (Figure 7A,B).



These results provide new information on the layers’ ability to interact with oxygen molecules. The Au–C bond formed between PhCOOH and Au20 was 2.053 and 2.057 Å before and after the interaction with oxygen molecule, respectively. After grafting, the gold atom was drawn out from the mean surface plane of the Au20 cluster by about 0.479 Å. This distance increased to 0.51 Å in the presence of molecular oxygen, which can weaken the Au–C bond. Additional calculations were also performed on the geometric structure of the gold cluster after grafting and interaction with oxygen molecules. Angles between the PhCOOH ring and the Au surface were of 89.9° in the O2-free and 80.0° in the O2-bearing systems [27].



To understand the adsorption details of the oxygen molecule onto the bare and CP-grafted gold surface, the NCI 2D and 3D plots [40,41] for the interaction of O2 molecule with both surfaces were computed (Figure 8). The result confirms that adsorption proceeds through van der Waals interactions (cf. green color on the surface, spikes at −0.01 to −0.04 on the 2D plot).



The bond dissociation energy (BDE) [25,27,40,42], reported in Table 3 and Table 4, was used as an indirect measure of the stability of the grafted layers. In comparison with previously described surface modification procedures, based on the creation of self-assembling monolayers (SAM) through thiol chemistry (BDE|Au–S–(CH2)5–COOH| = 132.21 kJ/mol), the layers formed by grafting diazonium salts were more stable. Their bond dissociation energies were found to be equivalent to those of their thiol analogs.





4. Conclusions


To our knowledge, this is the first reported study to address the problem of oxygen adsorption onto grafted layers derived from aryldiazonium salts. This is important as studies have shown that the oxygen content on the interface decreases the grafting efficiency of the generated aryl radicals. Prior to the grafting reaction, deoxygenation with bubbling nitrogen, helium, or argon usually reduces the presence of oxygen in the grafting solution. The electrografting of carboxyphenyl thin films derived from the suitable aryldiazonium tetrafluoroborate salt is demonstrated in this work. CV experiments on the grafted carboxyphenyl layer using Fe(CN)63/4− as a redox probe revealed that the layer exhibits partial electron transfer blocking properties. The film was relatively thin, as shown by ellipsometry. XPS confirmed the grafted surface’s composition. DFT calculations also shed light on how oxygen interacts with the bare and the CP-grafted gold surfaces. According to NCI, the oxygen molecule interacts with the bare or grafted Au-CP surfaces via van der Waals interactions. The interaction energy gets bigger as the surface coverage of the CP groups increases.
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Scheme 1. The surface modification of Au with PhCOOH layers and the interaction of the generated interface with molecular oxygen are depicted schematically. The techniques used include XPS, Fourier-transform infrared spectroscopy (FTIR,) and ellipsometry for surface characterization and DFT for modeling the interaction of molecular oxygen with the grafted surface. 
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Figure 1. IR spectra of (A) 4-carboxybenzenediazonium tetrafluoroborate and (B) 4-aminobenzoic acid. 
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Figure 2. Chronoamperometry of 4-aminobenzoic acid with NaNO2. Potential peak −0.6 V and the reduction time 600 s. 
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Figure 3. CV of 2.5 mmol·L−1 4-CBD +50 mmol·L−1 NBu4BF4; v = 100 mV/s and voltage range +0.5 to −0.3 V. 
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Figure 4. CV of 5.0 mmol·L−1 Fe(CN)63−/4− containing 100 mmol·L−1 KCl: a) bare Au, b) CP/Au. 
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Figure 5. Optimized geometries of the oxygen molecule: (P1) on top of the Au surface, (P2) on top of the attached Ph-COOH moiety, (P3) bridge on the Au surface, (P4) fcc-hollow (level of theory: GGA/DND/TS). 
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Figure 6. Optimized geometries of gold surfaces grafted with carboxyphenyl groups in absence and presence of oxygen molecule (level of theory: GGA/DND/TS). (a) Au-CP; (b) Au-CP/O2; (c) Au-2CP; (d) Au-2CP/O2. 
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Figure 7. (A) Bond dissociation energies (calculated by DFT) for a Au cluster with grafted carboxyphenyl moieties and (B) optimized structures for the interaction of oxygen molecules with the Au-PhCOOH system (level of theory: DFT/B3LYP/aug-cc-pvdz for C, H, and O atoms and LanL2DZ basis set for Au atoms). 
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Figure 8. (A1,B1) Noncovalent interaction surfaces and the plot of (A2,B2) reduced density gradient (RDG) vs. sign(λ)ρ for the interaction of oxygen with bare and Au20-CP cluster. 
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Table 1. Atomic concentrations (AC) (in.%) of various elements on the surface of a modified gold electrode.
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Signal

	
BE, eV

	
AC, at.%

	
at.% per Au

	
BE, eV

	
AC, at.%

	
pat.% Per Au

	
Bond Type






	
-

	
Bare Au

	
-

	
CP/Au

	
-




	
C 1s

	
284.2

	
28.99

	
0.53

	
284.5

	
30.98

	
0.70

	
C–(C,H)




	
-

	
285.8

	
4.94

	
0.090

	
285.9

	
6.56

	
0.15

	
C–OH, C–O–C




	
-

	
287.1

	
2.89

	
0.053

	
287.1

	
2.91

	
0.066

	
C=O




	
-

	
288.5

	
1.4

	
0.026

	
288.4

	
3.71

	
0.084

	
COOH




	
O 1s

	
530.8

	
4.26

	
0.078

	
530.7

	
2.77

	
0.062

	
C=O




	
-

	
531.8

	
6.38

	
0.144

	
COOH




	
-

	
532.4

	
2.73

	
0.050

	
533.1

	
2.34

	
0.053

	
C–OH




	
Au 4f 7/2

	
84

	
54.79

	
1.00

	
0.65

	
44.37

	
1.00

	
-
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Table 2. BDE for different optimized energies of oxygen molecules interacting on the grafted gold surfaces (level of theory: GGA/DND/TS).
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	Position
	BDE (kJ/mol)





	P1
	−53.55



	P2
	−228.86



	P3
	−182.84



	P4
	−61.50
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Table 3. BDE and adsorption energy of oxygen molecule on Au after grafting with two CP groups (level of theory: GGA/DND/TS).






Table 3. BDE and adsorption energy of oxygen molecule on Au after grafting with two CP groups (level of theory: GGA/DND/TS).





	System
	BDE (kJ/moL)
	Adsorption Energy of the O2 Molecules (kJ/moL)





	Au-PhCOOH
	−101.54
	-



	Au-2PhCOOH
	−117.15
	-



	Au-PhCOOH/O2
	-
	−181.04



	Au-2PhCOOH/O2
	-
	−175.14
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Table 4. BDE values of the grafted moieties on different surfaces.
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	Surface
	Grafted Moiety
	BDE (kJ/moL)
	Reference





	Gold cluster
	–C6H5
	143.93
	[42]



	-
	–S–C6H5
	136.39
	-



	Pristine graphene sheet (with a grafted phenyl group)
	–C6H5
	-
	[39]



	Au(111)
	–CH2(CH2)3COOH
	154.39
	[27]



	Gold cluster (Au10)
	-triazole
	234.30
	[26]



	Zigzag SWCN (8.0)
	–C6H5–Br
	293.29
	[43]



	Zigzag SWCN (13.0)
	-
	204.51
	



	Graphyne
	–C6H5
	276.14
	[40]



	Graphene oxide
	–C6H5
	276.18
	[25]



	Borophene
	–C6H5
	317.77
	[28]



	Au(111)
	–C6H5COOH
	101.54
	This paper



	Au(111)
	–2C6H5COOH
	117.15
	This paper
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