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Abstract 

Au-coated Si alpha-particle detectors have been widely used during the chemical 

characterization of superheavy elements that have been an area of great interest to scientists for 

decades. Further experiments are aimed at the functionalization of this type of detector to study 

the chemical properties of meitnerium. It is expected to be a member of the Group 9 elements of 

the periodic table, and its chemical properties have not been studied before. In this study, self-

assembled monolayers (SAMs) of 1-(11-mercaptoundecyl)imidazole (Im-C11-SH) and 12-

mercaptododecanoic acid (MDDA) on 1×1 cm2 Au-coated Si and glass chips were prepared and 

characterized using several analytical and optical techniques: atomic force microscopy (AFM), 

nanoprojectile secondary ion mass spectrometry (NP-SIMS), X-ray photoelectron spectroscopy 

(XPS), ellipsometry, and instrumental neutron activation analysis (INAA). The coverage of Au-

coated Si chips with Im-C11-SH SAMs was (99 ± 6)%. NP-SIMS showed quantitative sorption of 

Rh(III) from an HCl medium, the coverage of Im-C11-SH SAMs with Rh(III) was (81.3 ± 3.8)%. 

© 2023 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0169433223020366
Manuscript_c734111c0f479bd98a89b15875395e64

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0169433223020366


2 

 

INAA  showed  quantitative sorption of Ir(IV) and illustrated that it can be adsorbed from a 5.4 

μM initial Ir(IV) solution in 0.55 M HCl on the Im-C11-SH and MDDA SAMs with a surface 

saturation of (77 ± 12)% and (84 ± 16)%, respectively. 

Keywords: Thiolate Self-Assembled Monolayers, 1-(11-mercaptoundecyl)imidazole,  

12-mercaptododecanoic acid, Au-Coated Surfaces,  Ir(IV) and Rh(III) Sorption 

1. Introduction 

In the field of studying the chemical properties of superheavy elements (Z ≥ 104), there is 

a tradition of coating silicon detectors with Au. One of the first attempts to test such detectors 

was made during the chemical characterization of element 112, Cn, for which better chemical 

sorption was observed on modified surfaces rather than non-modified ones [1, 2]. However, 

element 113, Nh, showed an enhanced reactivity towards Au, preventing the proper chemical 

characterization of this element [3, 4]. A need for new chemically modified Au-coated Si 

detectors that will selectively bind the atoms of interest, but with weaker interactions, has 

emerged. The chemical modification of a pure silicon surface without any metal coating is a 

much more challenging task, requiring sophisticated moisture-sensitive organic synthesis as well 

as harsh chemical conditions to break Si-O-Si bridges [5], and this approach does not work well 

for very sensitive silicon detectors [6]. The superheavy element community is interested in 

studying the chemical properties of meitnerium (Mt, Z = 109), which have not been 

characterized yet. This requires the development of corresponding chemical procedures aimed at 

its two closest expected homologs, Ir and Rh. 

A well-known approach to the functionalization of metals, metal oxides, and 

semiconductors is the formation of self-assembled monolayers (SAMs) on top of them [7-12]. 

SAMs are arrangements of molecules that can be spontaneously adsorbed on solid surfaces from 
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a solution or a vapor phase [8]. They are very thin organic layers that are ideally composed of a 

single monolayer [13]. In general, their thickness is in the order of 1-2 nm and not more than  

10 nm [13-16]. SAMs molecules can be divided into three parts: a headgroup, a hydrocarbon 

chain, and a functional terminal group [8]. Different headgroups can bind to specific metals, 

metal oxides, and semiconductors [9-12, 17-39]. 

Alkanethiolate SAMs on the surfaces of noble and coinage metals (Au, Si, Cu, Pd, Pt, 

and Ni) are the most broadly studied and popular class of SAMs [7-12]. Among all listed metals, 

there is a preference for Au, and in particular, Au(111). Due to the fact that face-centered cubic 

metals with a (111) orientation have the lowest surface free energy, such metal surfaces are more 

stable compared to those with a (100) orientation which undergo massive reconstructions [40, 

41]. Au is the most widely used metal during the SAMs adsorption because it is easy to obtain in 

the form of thin films, is reasonably inert, and forms SAMs of good quality [7, 9]. Thiols can 

form strong thiolate-Au bonds during the SAMs’ formation [8], and these SAMs can be easily 

prepared in the liquid phase by the immersion of a substrate into an ethanolic thiol solution [9]. 

The high affinity of thiols to Au enables the creation of well-defined organic substrates with 

useful chemical functionalities and properties which can be changed in advance based on the 

application [9]. 

Kato et al. [42] reported the modification of Au disks or Au thin films deposited on 

cleaved mica with Im-C11-SH SAMs for the design of a new conceptual electronic device. In 

other work, mixed SAMs containing Im-C11-SH deposited on Au electrodes were characterized 

for the future development of biosensors or biocatalytic devices [43, 44]. 

Relevant literature on the interaction between various metal ions and different terminal 

functional groups of SAMs is summarized in Table 1. 
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Table 1. Interaction between metal ions and functional terminal groups of SAMs.  

Metal ion 
Functional terminal 

group of SAMs 
Reference 

Zn(II), Co(II), Ni(II) -C3H3N2 (Im) [44] 

K(I), Na(I), Cu(II), Ca(II), Mn(II), 

Fe(II), Fe(III), Co(II), Ni(II), 

Zn(II), 

-COOH [21, 45-47] 

Cu(II) 
-NH2, 

[46] 
-OH 

Cu(II), Pd(II), Pt(II), Cr(VI) -C5H4N (Py) [21], [48, 49] 

Cu(II), Ni(II), Ag(I), Co(II), 

Ga(III), In(III) 
-(C5H3N)2CH3 (Bpy) [50-52] 

Li(I) -C16H9 (Pyr) [53] 

Pb(II), Cu(II) EDTA [54] 

Ni(II) NTA [55] 

 

Magallanes et al. [46] characterized the interaction between Cu(II) ions and carboxylic acid- or 

alcohol-terminated thiolate SAMs on Au(111) for the future preparation of heavy metal ion 

sensors. Ivanova et al. [48] reported the electrochemical deposition of monatomic-high layers of 

Pd(II) and Pt(II) on 4-mercaptopyridine SAMs on Au(111) electrodes. A new capacitor sensor 

was developed for the Cr(VI) determination by Kochana et al. [49]; in their work, an Au(111) 

electrode was functionalized with S-{12-[1-(pyridin-4-ylmethyl)-1H-1,2,3-triazol-4-yl]dodecyl} 

ethanethiolate SAMs with the functionals groups exhibiting an affinity to Cr(VI) anions. In the 

work of Zaitouna and Lai [44], Au disk electrodes were modified with mixed SAMs containing 

Im-C11-SH. They were used to coordinate divalent metals such as Zn(II), Co(II), and Ni(II) 
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through the surface-immobilized imidazole terminal groups for the subsequent reversible 

immobilization of histidine-tagged peptides [44].  

In this work, an imidazole-terminated alkanethiol was chosen for several reasons. The 

goal was to generate an alkanethiolate SAMs-based substrate with predefined properties of 

binding Ir and Rh from HCl solutions. First of all, it is well-known that imidazolium-based ionic 

liquids have already been used for Ir(IV) extraction from HCl solutions with high distribution 

ratios of up to 71.4 [56]. An assumption was made that the imidazole-terminated alkanethiol 

would be effective in the binding of Ir(IV) as well. On the other hand, Rh(III) is extracted by 

imidazolium-based ionic liquids to a lesser degree; the extraction efficiencies were reported to be 

less than 10% [57]. Nevertheless, we proposed to compare the  surface saturation of Im-C11-SH 

SAMs with these two metals. Secondly, Im-C11-SH is a commercially available compound that 

simplifies the procedure of SAMs preparation. Thirdly, the literature review showed that several 

successful attempts were already made to prepare Im-C11-SH SAMs on Au surfaces [42-44, 58]. 

All the facts mentioned above explain the choice of the thiol described above. 

A second thiol, mercaptododecanoic acid (MDDA) was chosen to compare the metal 

adsorption on SAMs with different functional groups. The literature review illustrated that 

MDDA was successfully used to modify Au substrates and study the interaction with K+/Na+ in 

order to modulate the performance of SAM-GaIn-based molecular devices [45]. Also, MDDA 

SAMs and their metal complexes on Au substrates have recently been used in the work that can 

potentially speed up the development of high-performance molecular diode devices [47].  

However, there have been no previous reports of the application of the Au(111) surfaces 

functionalized with Im-C11-SH or MDDA SAMs for the sorption of Ir and Rh from liquid or gas 

phases. Therefore, in this paper, we report the sorption of Ir(IV) and Rh(III) from HCl solutions 
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on Im-C11-SH and MDDA SAMs deposited on Au(111)-coated silicon and glass chips for the 

first time. The results of this work were important for designing new thiolate-functionalized Au-

coated Si detectors that we successfully used for studying the sorption of online-produced 

radionuclides [59, 60]. The results of the online cyclotron-based experiments will be published in 

a separate paper that is currently in the last stages of preparation [61]. In the future, the upgraded 

functionalized detectors can potentially be used during online cyclotron-based experiments 

aimed at the characterization of the chemical properties of Mt. 

 

2. Experimental section 

2.1. Materials and equipment 

Silicon wafers of 10 mm square size and 525 µm thick were coated with a 100 nm Au(111) 

film that had been primed with Ti (5 nm) to promote adhesion between SiO2 and Au. Glass сhips of 

aluminosilicate 10 mm square in size and 700 µm thick were coated with a 50 nm Au(111) film that 

had been primed with Ti (2.5 nm). Both coatings were performed by Platypus Technologies 

(Madison, Wisconsin, USA) using the e-beam evaporation technique. 1-(11-

Mercaptoundecyl)imidazole (Im-C11-SH, C14H26N2S, 96% purity, Sigma-Aldrich, Milwaukee, 

Wisconsin, USA) and 12-mercaptododecanoic acid (MDDA, C12H24O2S, 96% purity, Sigma-

Aldrich, Milwaukee, Wisconsin, USA) were used without further purification. Hydrogen 

peroxide 30% (w/w) solution was purchased from VWR BDH®, Rouses Point, New York, USA. 

Undenatured ethanol (≥99.5% v/v) USP, 200 Proof, was purchased from by VWR, Spectrum 

Chemicals and Laboratory Products, Inc., Gardena, California, USA. Iridium Pure Plus Standard (1 

µg/mL in 2% HCl) and Rhodium Pure Plus Standard (1 µg/mL in 2% HCl) were acquired from 

PerkinElmer, Inc., Shelton, Connecticut, USA. Iridium (10 µg/mL in 30% HCl) and Rhodium (10 
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µg/mL in 30% HCl) Calibration Standard was purchased from Inorganic Ventures, 

Christiansburg, Virginia, and used to prepare calibrators during INAA. 

Im-C11-SH and MDDA were weighed using a Mettler Toledo NewClassic MF ML204/03 

balance with a precision of 0.1 mg. A commercially available SkinAct UV-sterilizer with a timer 

and a bulb emitting UV-light at 254 nm was used during the liquid-based hydrogen peroxide-

mediated UV-photooxidation treatment. 

2.2. Substrate pre-treatment 

The procedure of precleaning the surface of Au-coated samples, and their regeneration 

after SAMs deposition was designed based on a surface regeneration technique developed by 

Johnson and Mutharasan [62], specifically a liquid-based H2O2-mediated UV-photooxidation 

(liquid-UVPO) treatment. Such a technique replaces a more aggressive and destructive method 

of Im-C11-SH SAMs removal, involving a “piranha” solution [43]. 

A sample was placed into a Petri dish, and 170 μL of a 30% H2O2 solution was added to 

cover the whole surface area of the chip. The Petri dish was placed into the UV sterilizer, and the 

UV light was turned on for 30 min. After 30 min, the drop of H2O2 was refreshed to provide a 

high concentration of hydroxyl radicals. The Petri dish was placed back into the UV-sterilizer for 

an additional 30 min. Afterward, the chip was washed with a copious amount of a deoxygenated 

ethanol solution using a glass Pasteur pipette (around 10 times). The same procedure was used to 

remove thiolate SAMs from the surface during all experiments. To prepare the deoxygenated 

ethanol solution, ethanol was briefly heated in a water bath of a rotary evaporator at 55 °C for 15 

min. The optimal rotation speed was 250 rpm.  
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2.3. Im-C11-SH and MDDA solution preparation 

Im-C11-SH and MDDA must be stored in a desiccator and refrigerated at 2-8 °C to 

prevent their decomposition because their melting points are 26-31 °C and 45-50 °C, 

respectively [63, 64]. Before weighing Im-C11-SH, the chemical must be kept at ambient 

temperature until it turns from a white solid into a homogeneous viscous liquid. MDDA is a 

white powder and stays in solid form at ambient temperature. To prepare a 1.6 mM or a 5 mM 

thiol solution, an appropriate amount of Im-C11-SH or MDDA was weighed into a 15 mL 

centrifuge tube. To dissolve the thiol, 15 mL or 5 mL of a deoxygenated ethanol solution was 

added depending on the Im-C11-SH or MDDA volume needed for experiments. The components 

were thoroughly mixed manually until a homogeneous solution was formed. The preparation 

procedure was performed in a fume hood at ambient temperature. The structural formulas of Im-

C11-SH is shown in Fig. 1. 

a) 

 

 

b) 

 
 

Fig. 1 Structural formula of: (a) Im-C11-SH  (highlighted are amino and imino nitrogen 

sites of the imidazole ring); (b) MDDA used for the preparation of the thiol solutions. 
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2.4. Im-C11-SH and MDDA SAMs formation 

The procedure for SAMs deposition was designed based on the works of Yamamoto et 

al. [58], Kato et al. [42], and Wei et al. [43]. The precleaned chip was placed into the bottom of a 

50 mL plastic tube using tweezers with plastic tips. To fully cover the chip, 3 mL of the prepared 

1.6 mM or 5 mM ethanolic Im-C11-SH solution was added. The plastic tube was wrapped with 

aluminum foil to avoid exposure to light. The cap of the tube was wrapped with Parafilm. The 

chip was submerged in the thiol solution for 21 h to ensure the formation of well-ordered, 

standing-up thiolate molecules in a closed-packed configuration with the highest coverage [7, 8]. 

The immersion procedure was performed in the fume hood at ambient temperature. The next 

day, the chip was taken out of the solution using the tweezers with plastic tips. It was washed 

with a copious amount of the deoxygenated ethanol solution using a glass Pasteur pipette 

(approximately 10 times). To dry the chip, a rubber bulb with a plastic tip was used to blow the 

residual drops off the surface. Then, a stream of compressed Ar gas was used to completely dry 

the surface. 

The schematic structures of Im-C11-SH and MDDA SAMs deposited on Au-coated Si and 

glass chips are represented in Fig. 2.  
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 Fig. 2 Schematic diagram of the substrates investigated in this study. All chips were  

10 × 10 mm2. 

  

 The substrates were functionalized with Im-C11-SH SAMs deposited from ethanolic thiol 

solutions with different concentrations. Experimental parameters such as usage of the liquid-

UVPO treatment and a number of performed depositions were varied as well. Therefore, in this 

paper, Sample 1 refers to a 1.6 mM ethanolic Im-C11-SH solution. The SAMs deposition from 

this solution was performed once. The chip was not precleaned with the liquid-UVPO treatment 

before the SAMs deposition.  

Sample 2 refers to a 5 mM ethanolic Im-C11-SH solution. The SAMs deposition from this 

solution was done for the second time. This means the Au surface was regenerated before the 

second deposition by removing the SAMs obtained during the first deposition from Sample 1. 

The liquid-UVPO treatment was used to remove the SAMs. 

Sample 3 refers to a 5 mM ethanolic Im-C11-SH thiol solution. The SAMs deposition 

from this solution was performed once. The chip was precleaned with the liquid-UVPO 

treatment before the SAMs deposition.  
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Sample 4 refers to a 5 mM ethanolic MDDA thiol solution. The SAMs deposition from 

this solution was performed once. The chip was precleaned with the liquid-UVPO treatment 

before the SAMs deposition. 

Chips with freshly prepared SAMs were analyzed on the same day. To study the kinetics 

of the SAMs degradation via the XPS analysis, chips were stored in wafer carrier trays wrapped 

with aluminum foil to avoid exposure to light. The wafer carrier trays were placed in a box 

stored in a closed cabinet. 

2.5. Ir(IV) and Rh(III) sorption on Au-coated substrates 

Bare Au-coated chips, as well as Au-coated chips functionalized with Im-C11-SH or 

MDDA SAMs, that were deposited from Sample 3 or Sample 4, respectively, were placed into  

5 mL plastic tubes. Then, 2 or 3 mL of Ir(IV) and Rh(III) solutions of the target concentration in 

0.55 M HCl were added separately into the 5 mL plastic tubes containing the chips. During the 

INAA analysis used to study the surface saturation of non-functionalized and  

Im-C11-SH-functionalized chips, 2 mL of 5.2 μM Ir(IV) solution was added. Subsequently, for  

0.5 μM, 1.0 μM Ir(IV) or 1.0 μM, 1.9 μM Rh(III) concentrations, 3 mL of the corresponding 

solution was added to simplify taking an aliquot needed for the INAA measurements. For the 

metal sorption from 0.5 μM, 5.2 μM Ir(IV) or 1.0 μM Rh(III) solutions, the non-functionalized 

and  

Im-C11-SH-functionalized silicon chips coated with 100 nm of Au were employed. For the metal 

sorption from 1.0 μM Ir(IV) or 1.9 μM Rh(III) solutions, the non-functionalized and  

Im-C11-SH-functionalized glass chips coated with 50 nm of Au were used.  
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During the INAA analysis used to study the surface saturation of non-functionalized and 

MDDA-functionalized glass chips coated with 50 nm of Au, 3 mL of 0.5 μM or 5.2 μM Ir(IV) 

solutions was added.  

During the NP-SIMS analysis, the metal sorption from 3 mL of 5.2 μM Ir(IV) or 9.7 μM 

Rh(III) solutions in 0.55 M HCl was performed on the non-functionalized and  

Im-C11-SH-functionalized glass chips coated with 50 nm of Au. During both analyses, the non-

functionalized and functionalized chips were left in contact with the metal solutions for 

approximately 21 h. The plastic tubes were wrapped with aluminum foil to avoid exposure to 

light. The cap of the tube was wrapped with Parafilm. The next day, the chips were taken out of 

the solutions using the tweezers with plastic tips. The solutions that were in contact with the 

functionalized chips overnight, as well as the solutions with the initial metal concentration were 

analyzed with INAA. Prior to the NP-SIMS analysis, the chips were washed with a copious 

amount of 0.55 M HCl solution using a glass Pasteur pipette (approximately 10 times). To dry 

the chips, a stream of compressed Ar gas was used.   

2.6. Measurement techniques 

Surface characterization techniques used for the measurement of the roughness, the 

surface coverage, the chemical state of the SAMs, the kinetics of the SAMs’ degradation, the 

thickness of the SAMs, and the surface saturation with Ir(IV) are described below. Technical 

details of the employed techniques are provided in the Supplementary Material. 



13 

 

3. Results and discussion 

3.1. Characterization of Im-C11-SH and MDDA SAMs 

3.1.1. Measurement of the coverage of Au-coated silicon chips with Im-C11-SH 

SAMs 

NP-SIMS was used to identify the presence of Im-C11-SH SAMs on Au and measure the 

surface coverage with the organic molecules. The total mass spectra in Fig. 3a, and Figs. S1a-

S3a in the Supplementary Material were acquired for the substrate which was submerged into 

Sample 1. The total mass spectra in Fig. 3b, and Figs. S1b-S3b in the Supplementary Material 

were acquired for the substrate which was submerged into Sample 2.  

As mentioned in the Experimental Section in the Supplementary Material, the method of 

event-by-event bombardment-detection allows the selection of specific impacts, in the present 

case those involving SAM-related molecular fragments. In Fig. S1 in the Supplementary 

Material, the mass spectra contain characteristic peaks of the following Im-C11-SH SAMs-Au 

fragments: hydrocarbon peaks CxHy
–, CN–, S–, SH–, S2

–, and C3N2H3CH–. The latter one is a 

product of the imidazole ring fragmentation. In Fig. 3, and Figs. S2-S3 in the Supplementary 

Material, the mass spectra contain characteristic peaks of the following Im-C11-SH SAM-Au 

fragments: Au-S clusters AunS– (229, 426, 623, 820, 1017 amu), AuSCxHy
–

 (253, 255 amu), a 

deprotonated monomer  

(Im-C11-S–) (253.2 amu), and an Au-molecular cluster ion Au(Im-C11-S–)2 (703 amu). Their 

observation verifies that Im-C11-SH molecules are self-assembled on the surface of Au, forming 

the strong Au-S bond at the metal–thiol interface [65]. In Fig. 3b, their peak intensities are 

negligible compared to those in Fig. 3a. 
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Examining the zoomed-in region of 252.5-255.5 amu in Fig. 3a and Fig. 3b, the 

important characteristic peak of an (Im-C11-S–) fragment at 253.2 amu corresponds to the 

deprotonated molecule of Im-C11-SH. The adsorption of thiols on the Au surface occurs in two 

steps, beginning with physisorption followed by chemisorption [8]. During the latter one, the 

thiol molecule becomes deprotonated, converting into the thiolate (Im-C11-S−Au). The 

adsorption process can be described as follows: 

Im-C11-SH + Au → (Im-C11-SH)physAu  (1) 

(Im-C11-SH)physAu → Im-C11-S−Au + ½H2  (2) 

It must be noted that for the substrate shown in Fig. 3a, the concentration of an Im-C11-

SH solution was 1.6 mM, whereas, in Fig. 4b, it was increased to 5 mM. As a result, the intensity 

of the (Im-C11-S–) peak increased with an increase in the thiol concentration. This is one of the 

pieces of evidence that the coverage increased. 

Also, in Fig. 3a the surface of Au was not precleaned using the liquid-UVPO treatment 

before the SAMs deposition unlike the substrate shown in Fig. 3b. The positive impact of this 

treatment can be observed by comparing spectra in Fig. 3a and Fig. 3b in the mass ranges 121-

183 amu and above 255.2 amu. All peaks in these regions correspond to contaminants in the 

form of adventitious organic compounds adsorbed on the surface of Au either during the 

manufacturing of the Au-coated Si chips or during their handling under ambient laboratory 

conditions. Such compounds are composed of polymeric hydrocarbon species, (CxHy)n, or 

oxidized carbon species, CmOp, containing C–O–C, O=C–O, O=C=O, and C–OH groups [66, 

67]. 
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Fig. 3 (a) Mass spectrum of non-precleaned Au functionalized with Im-C11-SH SAMs 

deposited from Sample 1. (b) Mass spectrum of precleaned Au functionalized with Im-C11-SH 

SAMs deposited from Sample 2.  
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The same trend can be observed in the spectra of higher mass regions in Fig. S2a and  

Fig. S2b in the Supplementary Material. The intensities of the peaks at 311.2-365.2 amu and 

485.2 amu decrease significantly after the liquid-UVPO treatment was used. This technique was 

selected for all further experiments due to its efficacy, and its promising preservation of surface 

morphology as well as crystallinity of Au [62]. 

To measure the coverage (K) of Au-coated Si chips with Im-C11-SH SAMs, the Surface 

Analysis and Mapping of Projectile Impacts (SAMPI©) software (version 5.0.5) was employed 

[68, 69]. A characteristic pair of Au-S cluster ions, namely Au2S– (426 amu) and Au3S– (623 

amu), was selected to perform calculations. The SAMPI© software enables the extraction of the 

total number of detected ions per impact (Ytot, the total yield) from a total spectrum, and the 

number of detected ions per impact when detecting a specific ion (Ycoinc, the coincidence yield) 

from a coincidence spectrum. In general, a coincidence spectrum is composed of events 

containing a selected ion of interest. It shows all ions co-emitted with the selected ion from the 

same desorption volume [69-73].  In the present case, impacts of the detected Au3S– ions were 

selected to obtain a coincidence spectrum, after which the total yield of the co-emitted Au2S- ion, 

Ytot (Au2S–), was divided by the coincidence yield of Au2S– ion, Ycoinc (Au2S–): 

� =
��	�  (�
���)

��	���  (�
���)
∙ 100% 

(3) 

The corresponding peaks are shown in Fig. S2a and Fig. S3a in the Supplementary Material. K 

was measured to be (78 ± 7)% when the SAMs deposition was performed from Sample 1. 

The K value increased when the SAMs deposition was performed from Sample 2 which 

had a higher thiol concentration. Impacts of the detected Au3S– (623 amu), Au(Im-C11-S–)2  

(703 amu, and 704 amu due to the presence of 13C), Au4S– (820 amu), Au5S– (1017 amu) ions 

were selected to obtain a sum coincidence spectrum. The corresponding peaks are depicted in 
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Fig.S3b in the Supplementary Material. In general, a sum coincidence spectrum is composed of 

events containing either of the selected ions of interest. Such selection enhances the accuracy of 

co-localized species identification on complex surfaces [69]. To measure K, the total yield of 

Au2S– ion was divided by the coincidence yield of Au2S– ion utilizing Eqn. (3). The 

corresponding peak is shown in Fig. S2b in the Supplementary Material. The K value was 

increased to (99 ± 6)%. The reported errors are statistical errors of NP-SIMS measurements. 

Moreover, the appearance of another characteristic peak of a dimer Au(Im-C11-S–)2 at  

703 amu in Fig. S3b in the Supplementary Material confirms that the coverage increased when a 

more concentrated thiol solution was used. The reason is that this peak corresponds to the 

fragment where two deprotonated molecules of Im-C11-SH are attached to the same Au center. 

Additionally, one more confirmation that the coverage increased is we observed a 

decrease in the peak intensities corresponding to the substrate signal Au–, and Au cluster ions 

Aux
– shown in Fig. 3b, and Figs. S2b-S3b in the Supplementary Material. If there is a monolayer 

of thiol molecules present on the Au surface, it is harder for projectiles to bombard the Au 

surface deeply. Consequently, part of the projectiles’ energy is lost for the SAMs fragmentation. 

This results in decreasing the peak intensities of Au– (197 amu), Au2
– (394 amu), Au3

– (591 amu), 

Au4
– (788 amu), Au5

– (985 amu) ions. 

The main conclusions of NP-SIMS are: 1) a chip needs to be precleaned using the liquid-

UVPO treatment before the SAMs deposition from a 5 mM ethanolic thiol solution; 2) The 

highest value of the coverage was obtained in the order of (99 ± 6)% after the second SAMs 

deposition which indicates that surface is covered with Im-C11-SH SAMs quantitatively. To sum 

up, to obtain the highest coverage, one cycle of SAMs deposition-regeneration is recommended 

before the final second deposition. 
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3.1.2. Evaluation of the roughness of non-functionalized and functionalized  

Au-coated silicon chips 

AFM was employed to evaluate the roughness of the bare Au surface (i.e., after 

precleaning using the liquid-UVPO treatment), and Au substrates functionalized with Im-C11-SH 

SAMs deposited from Sample 3. The AFM images (10 × 10 μm2) are shown in Fig. 4, and  

Fig. S4a in the Supplementary Material, respectively. 

    

Fig. 4 AFM image (10 × 10 μm2) of pure precleaned Au. 

 Image Rq is the root mean square average of the profile heights over the evaluation 

length, which gives information about the surface roughness. For each sample, three different 

areas were scanned, and the surface roughness value was averaged. The Image Rq value for the 

bare Au surface is 1.20 nm as shown in Fig. 4. The AFM studies performed by Weiss et al. [74, 

75] showed that the lowest surface roughness results in the formation of well-ordered SAMs with 

a high degree of coverage due to a minimal degree of structural defects. Thus, the surface 

roughness of the Au substrates used in this study is sufficient to obtain well-ordered, densely 

packed SAMs. The surface roughness of Au subsequently functionalized with Im-C11-SH SAMs 

is 1.20 nm as illustrated in Fig. S4a in the Supplementary Material. As will be discussed later, 

11.0 nm 

2 µm 

Image Rq=1.20 nm 
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the chips were tested for whether they can be reused by using the liquid-UVPO treatment [62] to 

remove SAMs, and depositing SAMs for a second time. The roughness was also evaluated for 

the substrate functionalized with Im-C11-SH SAMs deposited from Sample 2. The Image Rq 

value of this substrate is 1.25 nm as depicted in Fig. S4b in the Supplementary Material. The 

comparison of the similar AFM images and the Image Rq values, which remain in the same 

range, suggests that the first and the second SAMs depositions, as well as the liquid-UVPO 

treatment, do not produce a macroscopic change to the surface morphology and topography, and 

as a result, the substrates can be reused without noticeable surface damage. 

In the corresponding 2 × 2 μm2 AFM images provided in Figs. S5a-c in the 

Supplementary Material, the grains of Au can be observed. 

3.1.3. The study of the Im-C11-SH and MDDA SAMs’ chemical state and the 

kinetics of their degradation 

The chemical state of Im-C11-SH SAMs deposited from Sample 3 was characterized by 

XPS. Fig. 5 and 6 show the XPS spectra of the S 2p and N 1s regions of the SAMs. Table 2 

summarizes peak areas as well as the elemental composition of SAMs. Sulfur XPS spectra 

shown in Fig. 5, and Fig.S7 in the Supplementary Material contain spin-orbit splitting 

components with S 2p3/2 at approximately 162.5 eV which corresponds to a thiolate bound to the 

Au surface, while S 2p1/2 at 163.0-164.0 eV indicates some unbound sulfur species produced due 

to damage to the SAMs caused by the ionizing radiation (X-rays during XPS measurements, or 

UV-light during the liquid-UVPO treatment)  [42, 76-78].  

Nitrogen XPS spectra are presented in Fig. 6, and Fig. S7 in the Supplementary Material 

for the same series of samples. They contain two components with N 1s peaks at 399.42 and  
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401.19 eV, which are assigned to imino and amino N of the imidazole ring in the Im-C11-SH 

molecule depicted in Fig. 1. [15, 42, 79]. 

a)      b) 

 

Fig. 5 Sulfur 2p XPS for Im-C11-SH SAMs on precleaned Au: (a) the fresh SAMs 

deposited from Sample 3; (b) SAMs removed using the liquid-UVPO treatment. 

a)      b) 

 

Fig. 6 Nitrogen 1s XPS for Im-C11-SH SAMs on precleaned Au: (a) the fresh SAMs 

deposited from Sample 3; (b) SAMs removed using the liquid-UVPO treatment. 
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Table 2. Peak areas in the XPS spectra, and elemental composition of Im-C11-SH SAMs. 

 

Sample 

Au 4f, 

CPS eV 

C 1s, 

CPS eV 

N 1s, 

CPS eV 

O 1s, 

CPS eV 

S 2p, 

CPS eV 

Au 4f, 

% 

C 1s, 

% 

N 1s, 

% 

O 1s, 

% 

S 2p, 

% 

Desorbed  

SAMs, 

% 

Freshly 

deposited  1621.82 2474.20 295.92 334.40 131.24 33.39 50.93 6.09 6.88 2.70 0 

2 weeks of 

storage 1802.662 2772.53 333.30 378.65 127.14 33.29 51.21 6.16 6.99 2.35 3 

1 month 

storage 1854.864 2794.45 263.08 411.92 119.05 34.08 51.34 4.83 7.57 2.19 9 

After 

SAMs 

removal 2979.337 1312.58 - 268.91 26.76 64.94 28.61 - 5.86 0.58 80 

 

As can be seen in Fig. 5b, Fig. 6b, and Table 2, the peaks of S 2p and N 1s vanished after 

the H2O2-mediated liquid UV-light photooxidation treatment that was employed to remove 

thiolate SAMs. Additionally, increases in the Au 4f peak intensity shown in Fig. S6b in the 

Supplementary Material, and the Au 4f peak area shown in Table 2 further support this idea. So, 

when SAMs are removed, the Au photoelectrons are no longer attenuated which raises the 

intensity of the Au 4f peaks [76]. The atomic fractions of S, C, and N decrease drastically after 

the Im-C11-SH SAMs are removed. The intensities and the peak areas of S 2p, C 1s, and N 1s 

peaks are related to the amount of Im-C11-SH SAMs present on the Au surface. Decreases in the 

intensities, the peak areas, and the atomic fractions explain Im-C11-SH SAMs desorption [76]. 

Carbon XPS spectra are illustrated in Figs. S6-S7 in the Supplementary Material. The peak area 

of the S 2p peak of the freshly prepared Im-C11-SH SAMs was assumed to be 100%. After the 
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SAMs’ removal, the peak area of the S 2p peak was 20% of the original 100%. This suggests that 

80% of the SAMs were desorbed from the Au surface after using the H2O2-mediated liquid UV-

light photooxidation treatment. All of this suggests that the Au-coated Si chips can be reused.  

The process that stands behind the removal of SAMs from the Au surface is the 

following. After the UV light interacts with H2O2, hydroxyl radicals (HO●) are formed. Then, 

thiolate species are oxidized to sulfonates that loosely bind to metal surfaces and can be easily 

washed away with ethanol [62]: 

½ H2O2 + h� → HO●    (4) 

RS−Au + O2 + HO● → RSO3H + Au  (5),  

where R is the organic radical.  

Furthermore, the effect of sample aging was studied. The XPS results indicate that 

prepared SAMs do not degrade significantly when stored under ambient conditions, except that 

samples were stored in wafer carrier trays and wrapped with aluminum foil to avoid exposure to 

air and light. These are known to be the main factors in causing SAMs’ degradation [76]. The 

decrease in the peak areas of the S 2p peaks allows us to evaluate the kinetics of the Im-C11-SH 

SAMs degradation, and 3% and 9% of SAMs were lost after two weeks and one month of 

storage, respectively. Additionally, a shoulder that corresponds to the imino N component 

becomes less pronounced after sample storage as shown in Figs. S7a,b in the Supplementary 

Material. This can be attributed to the transformations inside the imidazole ring due to the 

atmospheric oxidation which was previously reported by Safaei et al. [80]. On the other hand, 

the intensities the Au 4f peaks illustrated in Figs. S7a,b in the Supplementary Material and the 

Au 4f peak areas listed in Table 2 increase during sample storage which also means that a lower 

amount of the thiolate molecules is present on the Au surface. Table 2 also reveals the same 
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trend for the elemental composition of SAMs. Degradation of thiolate SAMs under ambient 

conditions leads to the formation of either disulfides (Eqn. 6) or sulfonates (Eqn. 7) which can be 

easily washed away from the Au surface with ethanol [8, 81, 82]:  

2 RS−Au → RSSR + 2 Au   (6) 

RS−Au + H2O + O3 → RSO3H + HO−Au (7) 

Similarly, the chemical state of MDDA SAMs deposited from Sample 4 was 

characterized by XPS. The sulfur XPS spectra shown in Fig. 7 contain S 2p3/2 and S 2p1/2 spin-

orbit splitting components. 

 

Fig. 7. Sulfur 2p XPS for the fresh MDDA SAMs deposited from Sample 4 on precleaned Au. 

 

Carbon XPS spectra contain the C-C, C-H component at 284.8 eV due to the presence of 

a hydrocarbon chain, the C-O-C component at 286 eV, and the O-C=O component at 288.5 eV 

as depicted in Figure S9 in the Supplementary Material [78], [83]. The last two components are 

attributed to the presence of the carboxyl functional group in the MDDA structure shown in 

Figure 1b. Table S2 summarizes the Au 4f, C 1s, O 1s, S 2p peak areas as well as the elemental 
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composition of SAMs. Gold and oxygen XPS spectra are illustrated in Figure S10 in the 

Supplementary Material. 

The effect of sample aging was studied under the same storage conditions as for  

Im-C11-SH SAMs. Minor changes in the shape of the S 2p doublet peak and the S 2p peak area 

shown in Figure S8 and Table S2 in the Supplementary Material indicate the non-significant 

degradation of MDDA SAMs during sample storage. The Au 4f peak area also remained 

approximately unchanged after one week of the sample storage as shown in Table S2 in the 

Supplementary Material. Slight increases in the Au 4f peak area and the Au 4f peak intensity as 

seen in Table S2 and Figure S10 in the Supplementary Material after one month of sample 

storage mean that some MDDA SAMs were desorbed from the surface of Au, making the Au 

photoelectrons no longer attenuated [76]. The C 1s peak intensity and the C 1s peak area 

presented in Figure S9 and Table S2 in the Supplementary Material decrease slightly after one 

month of the sample storage, also supporting the idea of the insignificant MDDA SAMs’ 

degradation. 

3.1.4. Measurement of the thickness of Im-C11-SH SAMs 

Ellipsometry is an optical spectroscopy technique that was used to determine the 

thickness of the Im-C11-SH SAMs deposited from Sample 3. Ellipsometry is sensitive to the 

presence of thin SAMs on the surface of Au due to the change in the measured delta (∆) 

parameter, which contains information about the phase difference between p- and s-polarized 

light [84]. The measured (square, triangle, and circle symbols) and modeled (dash dot, dot, and 

dash curves) ∆ values versus the wavelength (λ) are shown in Fig. S11 in the Supplementary 

Material. During ellipsometry measurements, it is important to measure a bare Au surface to 

determine optical constants at first. The obtained data are shown as green square symbols in Fig. 
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8 and were fitted using the B-Spline layer. As a result, the modeled green dash dot curve in Fig. 

8 represents the bare precleaned Au surface. The blue triangle symbols in Fig. 8 represent Im-

C11-SH SAMs on the precleaned Au surface. These data were used to determine the thickness of 

the Im-C11-SH SAMs. Fig. 8 shows a detail of the low-∆ values where the change between the 

bare precleaned Au surface and the functionalized surface is observed. One can notice a vertical 

shift in ∆ toward lower values which is attributed to the presence of a thin film on top of Au [84]. 

In the case of thicker films on the Au surface, a larger shift is observed [84]. 
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Fig. 8 Detail of low-delta values as a function of wavelength from ellipsometry: 

measured (square, triangle, and circle symbols) and modeled (dash dot, dot, and dash curves) 

data for bare precleaned Au (green), fresh Im-C11-SH SAMs deposited from Sample 3 on 

precleaned Au (blue), and Im-C11-SH SAMs on precleaned Au after one week of storage (red). 

The B-spline layer was used to fit the bare precleaned Au data with n=1.50. The Cauchy layer 

was used to fit the Im-C11-SH SAMs data with n=1.450. 

By fitting the data using the Cauchy layer, the blue dot curve was obtained, and the 

thickness of 1.690 ± 0.014 nm was determined for the freshly deposited Im-C11-SH SAMs. The 

measured thickness value indicates the presence of a single monolayer on the surface of Au and 

is in good agreement with the literature results obtained for similar films [14-16]. 
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The thickness of Im-C11-SH SAMs on the precleaned Au surface was also measured after 

one week of sample storage using the data represented by the red circle symbols in Fig. 8. The 

red dash curve was obtained after fitting the data, and a thickness of 1.640 ± 0.011 nm was 

determined. The thickness is slightly lower than that for the freshly deposited SAMs, but the 

difference in values is practically insignificant. Fig. 8 also demonstrates the proximity of the fits 

for the freshly deposited and one-week-old SAMs. As a result, ellipsometry showed that storing  

Im-C11-SH SAMs for one week did not initiate degradation processes which would lead to a 

decrease in the SAMs thickness. The uncertainties are reported at the 90% confidence level 

calculated by the fit algorithm [13]. 

3.2. Ir(IV) and Rh(III) sorption on Au-coated substrates 

3.2.1. Measurement of the coverage of non-functionalized and functionalized  

Au-coated chips with Ir(IV) and Rh(III) 

In the following section, the results of the NP-SIMS and the INAA analyses utilized to 

study the sorption of Ir(IV) and Rh(III) from 0.55 M HCl solutions on non-functionalized and 

functionalized Au-coated chips are discussed. 

During the NP-SIMS analysis, metal sorption from 5.2 μM Ir(IV) and 9.7 μM Rh(III) 

solutions in 0.55 M HCl was performed on non-functionalized Au-coated glass chips and Au-

coated glass chips functionalized with Im-C11-SH SAMs deposited from Sample 3. The 

substrates were submerged in Ir(IV) and Rh(III) solutions for approximately 21 h. 

 In the NP-SIMS analysis, a primary beam of 520 keV Au400
4+ clusters bombards the 

surface of the functionalized chips, and the energy transfer from the beam to the surface causes 

the emission of negatively charged cluster ions [69, 85]. Fig. 9, and Figs. S12a-c in the 

Supplementary Material display characteristic peaks of RhCl3
– (208-214 amu), RhCl4

–
 (243-251 
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amu), RhCl5
–

 (278-284 amu), Rh2Cl7
–

 (451-459 amu), Rh3Cl4H– (450-458 amu) clusters which 

indicate the sorption of Rh(III) on functionalized Au-coated glass chips. RhxCly
– introduce 

groups of peaks in the mass spectra due to the isotopes of Cl. 
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Fig. 9 Mass spectra of precleaned Au functionalized with Im-C11-SH SAMs from Sample 

3 and sorbed Rh(III) (pink line), and precleaned non-functionalized Au with sorbed Rh(III) 

(black line). [Rh]init = 9.7 μM , [HCl] = 0.55 M. Mass range of 206 – 216 amu showing ions of 

RhCl3
– clusters and their interference with other ions.  

In Fig. 9 and Figs. S12a-c in the Supplementary Material, the intensities of these clusters 

are much higher for samples where the Rh(III) sorption occurred on Au-coated glass chips 

functionalized with Im-C11-SH SAMs compared to non-functionalized ones. For instance, the 

sum net yield for the peaks corresponding to RhCl3
– clusters (208-214 amu) observed on 

precleaned Au functionalized with Im-C11-SH SAMs, and precleaned Au without Im-C11-SH 

SAMs is 1.73 × 10–2, and 1.85 × 10–3, respectively. The net yield is the total yield with the 

background subtracted. The difference of one order of magnitude indicates more quantitative 

Rh(III) sorption on functionalized Au-coated glass chips rather than on non-functionalized ones. 

 RhCl3
–

 was chosen as a primary cluster to measure K of Im-C11-SH SAMs with Rh(III). 

This cluster gives a more accurate result since its peaks are more narrow and have no significant 
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interference compared to the RhCl4
– group of peaks, which have more interference with other 

ions, such as AuCNC2
– (247 amu) and AuCNC2H– (248 amu) shown in Fig. S12b. RhCl5

– and 

Rh2Cl7– clusters were not taken into consideration for the coverage calculation due to low 

statistics.  

To measure K of Im-C11-SH SAMs with Rh(III), a similar approach described above to 

measure K of Au-coated Si chips with Im-C11-SH SAMs was used [69-73]. At first, impacts of 

the detected 103Rh35Cl237Cl– ions (210 amu) were selected to obtain a coincidence spectrum. 

After this, the total yield of 103Rh35Cl3
– ion (208 amu), Ytot (103Rh35Cl3

–), was divided by the 

coincidence yield of 103Rh35Cl3 ion (208 amu), Ycoinc (103Rh35Cl3
–):    

� =
��	�  (����ℎ� !"�

�
)

��	���  (����ℎ� !"�
�

)
∙ 100% =

0.008055

0.009912
∙ 100% = 81.3% 

(8) 

K was measured to be (81.3 ± 3.8)%. There were not enough statistics to measure the 

coverage of non-functionalized Au with RhCl3
– clusters. The reported error is a statistical error 

of NP-SIMS measurements. 

In the Rh(III) sorption experiments, the coverage of Au with Im-C11-SH SAMs was 

measured according to Eqn. (3) and gave a result of (80 ± 5)%. This coverage was measured 

after the sample had been in contact with Rh(III) solution in 0.55 M HCl. This means that there 

is no Im-C11-SH SAMs degradation upon contact with dilute acids. 

The discussion of Ir(IV) sorption results is presented in the Supplementary Material and 

shown in Fig. S13 and Table S3. A triply charged complex [RhCl6]3− and a doubly charged 

complex [IrCl6]2− are predominant species in given solutions [86, 87]. The fact that we observe 

RhxCly
– and IrxCly

– clusters in the NP-SIMS spectra of the functionalized Au after the contact 

with Rh(III) and Ir(IV) solutions indicates that chlorocomplexes of the named metals are sorbed 
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on the Im-C11-SH SAMs on Au. The in-depth analysis of the binding affinity of the metal 

chlorocomplexes and the kinetics of complex formation was outside of the scope of this paper. 

3.2.2. Measurement of the surface saturation of non-functionalized and 

functionalized Au-coated chips with Ir(IV) 

During the INAA analysis, the initial Ir(IV) concentration was varied in the range of  

0.5 – 5.2 μM in 0.55 M HCl to study the surface saturation of Au-coated silicon or glass chips 

functionalized with Im-C11-SH SAMs deposited from Sample 3, and non-functionalized Au-

coated chips. The substrates were submerged in Ir(IV) solutions for approximately 21 h. The 

molar mass of Ir (192.217 g/mol) was used to measure the molar concentration of Ir(IV) in the 

aqueous phase. 

The surface saturation (��) of Im-C11-SH SAMs with Ir(IV) was measured using the 

following equation: 

�� =
!)* +,+- − !)* ./

� ∙  0)1�233�45

∙ 100% =
(!)* +,+- − !)* ./) ∙ 6)* ∙ 07

� ∙  0)1�233�45

∙ 100% = 

=
0)* +,+-

 − 0)* ./
 

� ∙  0)1�233�45

∙ 100% =
80)*

� ∙  0)1�233�45

∙ 100%, 

(9) 

where !)* +,+- is the measured concentration of Ir(IV) solutions in 0.55 M HCl before 

sorption, !)* ./ is the measured concentration of Ir(IV) solutions in 0.55 M HCl after sorption, 

6:; is the the volume of Ir(IV) solutioßns that were in contact with the substrates, 07 is the 

Avogadro constant, 0)* +,+-
 is the initial number of Ir(IV) molecules in solution before sorption, 

0)* ./
 is the number of Ir(IV) molecules in solution after sorption, 80)* is the difference of the 

number of Ir(IV) molecules in solution before and after sorption, � is the area of a chip that is 

equal to 1 cm2, 0)1�233�45 which equals 4.5 × 1014 molecules/cm2 is the typical surface density 

of molecules for alkanethiolate SAMs when the maximum coverage is obtained [9].  
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Fig. 10 illustrates that the surface saturation of Im-C11-SH SAMs with Ir(IV) increases 

with an increase of the initial Ir(IV) concentration. A possible reason is that there is no driving 

force for the sorption to occur on the surface when the initial Ir(IV) concentration is too low. The 

higher initial Ir(IV) concentration results in Ir(IV) sorption on the substrate surface. The highest 

surface saturation of (77 ± 12)% was obtained with a 5.4 µM initial Ir(IV) concentration. The 

uncertainties, which are primarily determined by the counting precision, are reported at the 1σ 

(68% confidence level). 
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Fig. 10 The surface saturation (SS) of Im-C11-SH SAMs with Ir(IV) as a function of the 

initial concentration of Ir(IV) solutions in 0.55 M HCl. The line is drawn to guide the eye. The 

uncertainties are at the 1σ (68% confidence level). 

INAA results for functionalized and non-functionalized Au-coated chips are summarized 

in Table 4, and Table S4 in the Supplementary Material, respectively. Ir(IV) was barely adsorbed 

on precleaned Au-coated chips without SAMs, which can be seen in Table S4 in the 

Supplementary Material, and the highest surface saturation of <20% was observed with a  

5.4 μM initial Ir(IV) concentration.  
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Table 4. The measured concentration of Ir(IV) solutions in 0.55 M HCl before and after 

sorption, and comparison of the surface saturation of Im-C11-SH-functionalized Au-coated chips 

with Ir(IV). The uncertainties are at the 1σ (68% confidence level). 

 

 Substrate 

 Im-C11-SH SAMs on precleaned Au-coated chips 

CIr init (⋅10-8 M) 51.35 ± 0.26a  104.4 ± 0.5b 543.1 ± 3.2a 

CIr eq (⋅10-8 M) 50.93 ± 0.26 100.2 ± 0.5 514.3 ± 3.1 

VIr (⋅10-3 L) 2 3 3 

ΔNIr  

(⋅1014 molecules) 
0.08 ± 0.07 0.75 ± 0.12 3.5 ± 0.5 

0)1�=33�45 

(⋅1014 molecules/cm2) 

[9] 

4.5  

�� (%) 1.7 ± 1.5 16.7 ± 2.7 77 ± 12 

a - Si chip coated with 100 nm of Au, b - glass chip coated with 50 nm of Au, other 

quantities are defined in the main text. 

 

INAA was also performed to study the Rh sorption, but the uncertainties of the 

measurements were very high. The cross-sections of the 191Ir(n,g)192Ir and the 103Rh(n,g)104mRh 

reactions performed during the INAA analysis are 954 ± 10 b and 145 ± 2 b, respectively [88]. 

The difference of approximately one order of magnitude can explain the lower production of 

104mRh compared to 192Ir as well as the lower number of counts in the 104mRh photopeak as 

shown in Fig. S14 in the Supplementary Material. Additionally, the gamma-ray branching ratio 

for 104mRh, which is 48% [89], is much lower than that for 192Ir which is 83% [90]. All of the 

factors explain the increased uncertainties during Rh measurements. 
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Similarly, the surface saturation with Ir(IV) was studied on Au-coated glass chips 

functionalized with MDDA SAMs deposited from Sample 4, and non-functionalized ones. The 

substrates were submerged in Ir(IV) solutions with concentrations of 0.5 and 5.2 μM  in 0.55 M 

HCl for approximately 21 h. The results are summarized in Table 5 and show that the highest 

surface saturation of (84 ± 16)% was measured with a 5.4 μM initial Ir(IV) concentration. The 

surface saturation increases with an increase in the initial Ir(IV) concentration. The explanation 

is the same as for the saturation of Im-C11-SH SAMs described above. The uncertainties, which 

are primarily determined by the counting precision, are reported at the 1σ (68% confidence 

level). 

Table 5. The measured concentration of Ir(IV) solutions in 0.55 M HCl before and after 

sorption, and comparison of the surface saturation of MDDA-functionalized Au-coated glass 

chips with Ir(IV). The uncertainties are at the 1σ (68% confidence level). 

 
 Substrate 

 MDDA SAMs on precleaned Au-coated glass chips 

CIr init (⋅10-8 M) 51.71 ± 0.26 543.1 ± 3.2 

CIr eq (⋅10-8 M) 51.56 ± 0.21 522.1 ± 2.2 

VIr (⋅10-3 L) 3 3 

ΔNIr 

(⋅1014 molecules) 
<0.09 3.8 ± 0.7 

0>??@ 

(⋅1014 molecules/cm2) 

[9] 

4.5 

�� (%) <2.0 84 ± 16 

the quantities provided in this table are defined in the main text. 
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4. Conclusions 

In this work, the surface characterization of Au-coated chips functionalized with  

Im-C11-SH and MDDA SAMs was performed. AFM revealed that the SAMs deposition, as well 

as the liquid-UVPO treatment, do not affect the surface morphology and topology. The surface 

roughness values remain in the order of 1.20-1.25 nm. NP-SIMs showed that the highest surface 

coverage of (99 ± 6)% was reached when the SAMs deposition was performed twice from a 5 

mM Im-C11-SH solution. Precleaning of Au-coated silicon chips using the liquid-UVPO 

treatment enabled the use of surfaces free of numerous contaminants.  The XPS stability study of 

Im-C11-SH and MDDA SAMs under ambient laboratory conditions indicated that the 

functionalized  

Au-coated chips remain stable for at least one month of their storage in closed wafer carrier trays 

when wrapped with aluminum foil. This makes it possible to use Im-C11-SH and MDDA SAMs 

for the functionalization of Au-coated silicon detectors utilized during long-duration online 

cyclotron-based experiments. Also, the liquid-UVPO treatment was found to be an effective 

technique to regenerate the Au surfaces covered with Im-C11-SH SAMs. Finally, ellipsometry 

results showed the presence of a single thiolate monolayer with a thickness of 1.690 ± 0.014 nm 

on the surface of Au. After one week of sample storage, the thickness remained relatively the 

same and excludes significant degradation processes during this period. NP-SIMS and INAA 

illustrated the successful sorption of Rh(III) and Ir(IV), respectively, on precleaned 

functionalized Au-coated chips. The coverage of Im-C11-SH SAMs with Rh(III) was measured to 

be (81.3 ± 3.8)% using NP-SIMS. INAA results led to the conclusion that Ir(IV) can be adsorbed 

on Au-coated silicon chips functionalized with Im-C11-SH SAMs with a surface saturation of (77 

± 12)% from a  
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5.4 μM initial Ir(IV) solution in 0.55 M HCl. The surface saturation of MDDA SAMs with Ir(IV) 

was measured to be (84 ± 16)% from a 5.4 μM initial Ir(IV) solution in 0.55 M HCl. 
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