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Abstract:

Self-assembled monolayers (SAM) are ubiquitous in studies of modified electrodes for 
sensing, electrocatalysis, and environmental and energy applications. However, 
determining their adsorptive stability is crucial to ensure robust experiments. In this work, 
the stable potential window (SPW) in which a SAM-covered electrode can function without 
inducing SAM desorption were determined for aromatic SAMs on gold electrodes in 
aqueous and non-aqueous solvents. The SPWs were determined by employing cyclic 
voltammetry, attenuated total reflectance surface-enhanced infrared absorption 
spectroscopy (ATR-SEIRAS), and surface plasmon resonance (SPR). The 
electrochemical and spectroscopic findings concluded that all the aromatic SAMs used 
displayed similar trends and SPWs. In aqueous systems, the SPW lies between the 
reductive desorption and oxidative desorption, with pH being the decisive factor affecting 
the range of the SPW, with the widest SPW observed at pH 1.  In the non-aqueous 
electrolytes, the desorption of SAMs was observed to be slow and progressive. The 
polarity of the solvent was the main factor in determining the SPW. The lower the polarity 
of the solvent, the larger the SPW, with 1-butanol displaying the widest SPW. This work 
showcases the power of spectroelectrochemical analysis and provides ample future 
directions for the use of non-polar solvents to increase SAM stability in electrochemical 
applications. 

Page 2 of 32Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3

Introduction:

Self-assembled monolayers (SAM) are regarded as a convenient method for 

functionalizing metal electrode interfaces.1–5 Thiols spontaneously adsorb and organize 

themselves through intermolecular interactions into monolayers on metallic surfaces 

commonly used in electrochemistry such as Au, Cu, Pt, and others.1–5 Due to the ease of 

preparation and diversity of thiol molecules, thiolate SAMs allow the tailoring of electrode 

surfaces to many desired properties.1–5 Thus, SAM-covered electrodes apply to a 

plethora of electrochemical applications including electrochemical sensors6–8, 

electrocatalysis9, electrosynthesis10,11, electronic devices12,13, and batteries14. The use of 

SAMs in such electrochemical applications requires a fundamental understanding of their 

adsorptive stability on the electrode, especially when under electrochemical stress. Yet, 

in the four decades since SAMs were discovered,15,16 the long-term adsorptive stability of 

SAMs remains one of their greatest vulnerabilities.17–19  The stability of SAMs is correlated 

to the formation of a high-quality well-packed layer on the electrode surface, with 

molecules exhibiting strong intermolecular interactions.17–19 Additionally, the vulnerability 

of SAMs to various environmental factors such as exposure to high temperatures, light, 

or air has been thoroughly established.17,20–23 

Despite these efforts to understand the factors contributing to SAM stability, there 

are only a handful of studies focusing on the electrochemical stability of SAMs.24–31 

Ramos et al. established that the electrochemical stability varies by thiol types and pH for 

different metals, but the quality of the SAM remains the most relevant factor.25 More 

importantly, they demonstrated that for all electrodes there are discreet potential limits in 

which a SAM-covered electrode can operate and maintain its integrity.25 This stable 
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potential window (SPW) is crucial to any electrochemical application utilizing SAMs as 

the SAM will desorb from the electrode at potentials beyond the SPW. However, these 

values have only been reported in a few electrolytic systems, primarily in alkaline aqueous 

electrolytes, as reductive desorption methods in these media have been conveniently 

used to quantify SAM surface coverage.32–34 The anodic limits have been explored 

sparsely34–36. Thus, expanding the reporting of SPWs of SAMs for a variety of electrolyte 

environments is an essential analysis that is sorely underrepresented in literature. Such 

analysis would create convenient guidelines for any electrochemical application that uses 

SAMs.

The SPWs of various well-known SAMs were determined utilizing cyclic 

voltammetry, attenuated total reflectance surface-enhanced infrared absorption 

spectroscopy (ATR-SEIRAS), and surface plasmon resonance (SPR). Cyclic 

voltammetry allows a direct assessment of the SAM’s electrochemical stability since the 

SAM passivates the electrode surface inducing solely capacitive anodic and cathodic 

currents.24,37–39 The stability of the SAM can be assessed by maintaining a capacitive 

current during continuous cycling.24,25 In contrast, if the CV profile tends to return to the 

bare gold baseline, it is taken as an indication that the SAM has desorbed from the 

electrode surface.24,25 Electrochemical SEIRAS  (EC-SEIRAS) enables precise 

monitoring of the SAMs at an electrode interface due to signal enhancement induced by 

surface plasmon polaritons.40,41 Similarly, SPR is a plasmon-driven surface-sensitive 

measurement that is dependent upon the refractive index of material or solution near the 

metal surface.42 SPR offers the opportunity to measure in situ changes occurring at the 

gold interface and is easily coupled with electrochemistry.42 Therefore, electrochemical-
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SPR (EC-SPR) can be utilized to probe the stability of SAMs within their respective 

SPWs.43 

In this work, we expand on the capabilities offered by EC-SEIRAS and EC-SPR to 

systematically probe SPWs in various electrolytes of interest to the broad 

electrochemistry community. We report the SPWs of 4 aromatic SAMs in aqueous and 

non-aqueous solvents on gold electrodes, showing that despite their structural 

differences, their SPWs remain similar. The aromatic SAMs included 4-mercaptopyridine 

(4-PySH), 4-mercaptoaniline (4-MA), 4-nitrothiolphenol (4-NTP), and 2-

mercaptobenzothiazole (2-MBT). 4-PySH was chosen due to its extensive use and 

characterization in electrochemical literature.32,44–47 4-MA and 4-NTP were utilized due to 

their similar structure and unique IR signals stemming from their amine48–50 and nitro51–55 

group, respectively. 2-MBT was utilized to act as a control to validate how universal the 

determined SPWs are for other aromatic SAMs with differing structures, adsorption 

methods, and surface coverage.56–58 The SPWs were investigated at acidic, neutral, and 

basic conditions for the aqueous systems. The non-aqueous systems studied were 

commonly used aprotic solvents and alkyl alcohols.

Materials and Methods:

Chemicals: All chemicals were purchased from commercial sources and used as 

received. 4-Mercaptopyridine (95%), 4-mercaptoaniline (97%), 2-mercaptobenzothiazole 

(97%), potassium hydroxide (KOH, >97%), sodium chloride (NaCl), perchloric acid 

(HClO4, 70%), acetonitrile (MeCN, 99%), propylene carbonate (PC, 99%), dimethyl 

formamide (DMF, 99%), tetrabutylammonium hexafluorophosphate (TBAPF6, 98%), and 

gold(III) chloride trihydrate (99.9%) were purchased from Sigma-Aldrich. 4-
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nitrothiophenol (96%), methanol (MeOH, 99%), butanol (BuOH, 99%), lithium chloride 

(LiCl, 99.5%), and sulfuric acid (H2SO4, trace metal) were purchased from Thermo Fisher 

Scientific. Molecules from other suppliers include ethanol (EtOH, 200 proof, Decon Labs), 

and isopropanol (IPA, 99%, Honeywell). Aqueous solutions were made using deionized 

water (DI) from a Millipore Sigma Direct-Q 8 (resistivity of 18.2 MΩ).

Electrode Preparation and Polishing: All electrochemical experiments were performed 

using a CHI potentiostat (CH Instruments Inc.) with a polycrystalline 2 mm gold working 

electrode (CH Instruments Inc.), a platinum wire for the counter electrode, and the 

Ag/AgCl (3 M KCl) reference electrode placed in the cell via a 0.1 M NaClO4|agar salt 

bridge. The gold electrode was polished using Buehler MicroCloth polishing pads with 1 

µm, 0.3 µm, and 0.05 µm alumina suspensions with DI rinse in between. After the last 

polishing step, the electrode was sonicated for 5 minutes in acetone, IPA, and DI water. 

A further electrochemical cleaning step was conducted by cycling from 0 V to 1.3 V (vs 

Ag/AgCl) for 30 cycles in 0.5 M H2SO4 at 500 mV/s. 

Gold Surface Modification and Surface Coverage Calculation: All SAMs were formed 

by submerging the gold electrode in 1 mM solutions of the thiols in EtOH for 10 minutes. 

Cyclic voltammetry was utilized to assess the surface coverage of the formed thiolate 

SAMs. Reductive desorption curves (RDC) were performed by cycling between 0 V and 

-1.3 V in degassed 1M KOH (Figure S1a)1,32–34. Figure S1b shows the average surface 

coverage of each SAM calculated using Equation 1:

(E1)Г =  Q / nFA
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where Г is the surface coverage (mol/cm2), Q is the charge (C), n is the number of 

electrons transferred, F is Faraday’s constant (C/mol), and A is the area of the electrode 

(cm2). The charge was attained by numerical integration of the current described by the 

RDC. 

Determining the Stable Potential Window (SPW):  Cyclic voltammograms (CV) were 

acquired from bare gold electrodes in every solvent tested to act as a baseline to compare 

against SAM-covered electrodes. Any mention of a baseline is in reference to the CV of 

a bare gold electrode. The aqueous solvents investigated were 1 M KOH, 0.1 M NaCl, 

and 0.1 M HClO4. For the aqueous systems tested: the SAM-covered electrode was 

cycled from open circuit potential (OCP) negatively until reductive desorption occurred. 

After another SAM adsorption, the SAM-covered electrode was cycled from OCP 

positively until oxidative desorption occurred. The non-aqueous solvents investigated 

were 0.1M TBAPF6 in MeCN, PC, or DMF, and 0.1 M LiCl in MeOH, EtOH, IPA, or BuOH. 

For the non-aqueous solvents tested: the SAM-covered electrode was cycled from OCP 

to increasingly negative potentials in increments of 100 mV. The SAM was determined to 

have desorbed when the current increased to baseline levels when comparing the same 

potential window. The same procedure was followed for cycling from OCP to increasingly 

positive potential. Once the SPWs were established in both aqueous and non-aqueous 

systems, they were tested with the 4 thiol molecules (4-MA, 4-NTP, 4-PySH, 2-MBT) in 

each solvent in triplicate. To monitor the integrity of the SAM, the average charge cycled 

during the cycle was determined by integrating under the anodic sweeps of the triplicate 

CVs and averaging the attained charge. The average charge and its standard deviation 
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were plotted versus the cycle number for easier visualization of the continual passivation 

of the electrode due to the SAM on the electrode surface.

IR instrumentation and SEIRAS substrate preparation: EC-SEIRAS experiments 

were carried out using a Perkin-Elmer Spectrum 3 FTIR with a liquid nitrogen-cooled MCT 

detector. The FTIR was equipped with a VeeMax III (PIKE technologies) specular 

reflection accessory with a Jackfish electrochemical cell (PIKE technologies) for housing 

the specialized low-depth micro-grooved ATR crystal (PIKE technologies) internal 

reflection element (IRE).59 The angle of incidence used was 35˚ with the spectra collected 

between 4000-600 cm-1 at 4 cm-1 resolution using an 8.94 mm J-stop at a scan speed of 

1 cm-1/s. The spectra were taken with an accumulation of 55 scans. The SEIRAS 

substrate was constructed by vacuum depositing 20 nm of gold onto the IRE using a 

Temescal electron-beam evaporator at 0.1 Å/s. The gold-plated IRE was roughened 

following an electrochemical plating of gold islands from our earlier SEIRAS studies.60 In 

short using a 10 mM solution of gold (III) chloride trihydrate the potential was pulsed three 

times via chronoamperometry between open circuit potential and -0.35 V with a pulse 

width of 0.25 seconds for 300 steps.

EC-SEIRAS Verification of SPW: All EC-SEIRAS experiments used the gold-plated IRE 

as the working electrode, a carbon rod as the counter electrode, and an Ag/AgCl (3 M) 

as the reference electrode. The corresponding electrolytes were used as background for 

their respective experiments, followed by the modification of the gold-plated IRE with the 

SAMs dissolved in EtOH. After modification, the solution was removed and the EC-

SEIRAS cell was washed thoroughly with EtOH. The IRE was then purged with Argon to 

eliminate any EtOH contaminates, and the background electrolyte was added back. 
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Potential-dependent spectra were recorded starting at OCP, by holding increasingly 

negative potentials in increments of 100 mV for 1 minute until the signal from the SAM 

was lost. After subsequent adsorption of SAMs, the same procedure was followed by 

holding increasingly positive potentials from OCP.

SPR instrumentation: All EC-SPR experiments were carried out using a BI-2500 SPR 

(Biosensing Instrument Inc.) and utilizing commercially available planar (111) gold single 

crystal sensor chips (Biosensing Instrument Inc.) in a custom-built static EC-SPR cell 

(Scheme S1). The SPR setup is based on the Kretschmann configuration, using a 670 

nm light source and a detection speed of 4 milliseconds. 

EC-SPR Validation of SPW: All EC-SPR experiments used the gold sensor chip as the 

working electrode, a platinum wire as the counter electrode, and an Ag/AgCl (3 M) as the 

reference electrode. For all SPR experiments, both the bare gold baseline and SAM-

modified sensor chips were cycled within the SPWs for a fair comparison. The baseline 

sensorgrams were obtained in the corresponding electrolytes for each SAM and 

electrolyte pairing. The gold sensor chip was then modified with SAMs for 15 minutes. 

The solution was removed, and the cell was rinsed to eliminate any excess electrolyte. 

Then, beginning at OCP, the systems were cycled within the determined SPWs to monitor 

refractive index signal shifts. Due to the gold sensor chip being planar(111) and of 

nanometer thickness, an added level of mindfulness is taken to ensure that Cl- ions did 

not etch away gold when working with all chloride-based electrolytes.61 

Results and Discussion:

Establishing stable potential windows in aqueous systems: 

Page 9 of 32 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

The reductive and oxidative desorption of SAMs establishes the two potential limits 

in which a SAM can remain adsorbed to the gold. Thus, the electrochemical stability of 

SAMs in aqueous systems is strictly dependent on mitigating these two desorption 

reactions. Scheme 1a depicts the potential range between both desorption reactions as 

the SPW of the SAMs. Scheme 1b displays the 4 different thiol molecules used in the 

investigation of SPWs. 

R
S =

S

NH2

N

S S

N

SS

NO2

a. b.

(4-MA) (4-NTP) 
(4-PySH) 

(2-MBT) 

Gold

Scheme 1: (a) Depiction of the stable potential window (SPW) of thiolate SAMs on gold 
in aqueous solvents. (b) The thiol molecules used to investigate the SPWs: 4-
mercaptoaniline (4-MA), 4-nitrothiolphenol (4-NTP), 4-mercaptopyridine (4-PySH), and 2-
mercaptobenzothiazole (2-MBT).  

Figures 1a-b depict the CVs taken in degassed 1 M KOH with a bare gold 

electrode and a 4-PySH-covered electrode. When cycling negatively with a bare gold 

electrode, the CV is solely capacitive until the hydrogen evolution reaction (HER) occurs 

at potentials beyond -1 V (Figure 1a).33,35 Conversely, on the cathodic sweep with a SAM-

covered electrode, the stripping of the 4-PySH from the electrode surface occurs at 

approximately -0.5 V.32 The reductive desorption of the SAM is represented in Equation 

2 and Scheme 1a, where the Au-S bond cleaves and the SAM desorbs as thiolate 

species.1,32–34 Additional peaks are observed between -0.8 V and -1.1 V, both 
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11

corresponding to the desorption of sulfur species on terraces and steps of gold, 

respectively (Equation 3).32

(E2)𝑨𝒖 ― 𝑺𝑹 +  𝒆 ― → 𝑨𝒖 +  𝑹𝑺 ― 

 (E3)𝑯𝟐𝑶 + 𝑨𝒖 ― 𝑺 + 𝟐𝒆 ― → 𝑯𝑺 ― + 𝑶𝑯 ― + 𝑨𝒖

In contrast, when cycling positively with a bare gold electrode, the anodic sweep 

comprises the formation of gold oxides (Equation 4) at ~0.3 V and the oxygen evolution 

reaction (OER) at 1.1 V (Figure 1b).35,36 On the returning cathodic sweep, the stripping 

of the gold oxides can be observed at ~0.1 V.35,36 When cycling with a SAM-covered 

electrode, the oxidative desorption (presumably Equation 5) and gold oxidation coincide. 

Figure 1b shows the presence of a SAM delays the onset of gold oxidation by 300 mV 

and the peak current is doubled due to the simultaneous desorption of the SAM and 

oxidation of gold.34–36

(E4)                                                                                          𝑨𝒖 +  𝟑𝑯𝟐𝑶  → 𝑨𝒖𝟐𝑶𝟑 + 𝟔𝒆 ― + 𝟔𝑯 + 

 (E5)𝑨𝒖 ― 𝑺𝑹 +  𝟐𝑯𝟐𝑶  → 𝑹𝑺𝑶𝟐𝑯 + 𝟑𝒆 ― + 𝟑𝑯 + 
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Figure 1: CVs in degassed 1 M KOH showing the (a) reductive desorption and (b) 
oxidative desorption of 4-PySH compared to baseline bare gold CVs. 
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Determining the effects of pH on the aqueous stable potential windows:

Figure 2 establishes the SPWs within aqueous systems at different pH values, 

including alkaline, neutral, and acidic environments. At pH 14, reductive desorption 

begins to onset at -0.5 V and oxidative desorption occurs at 0.4 V. However, we observed 

that cycling between these limits leads to an increase in the capacitive current and gold 

oxidation and stripping are observed, indicating degradation of the SAM (Figure S2). 

Cycling in a narrower window allowed us to identify a more conservative SPW. For 

example, cycling between 0.3 V and -0.4 V for 50 cycles showed no changes in the 

voltametric response, thus defining the viable SPW (Figure 2a). 

Gold oxidation and oxidative desorption are both proton-coupled electron transfer 

(PCET) reactions (Equations 4 and 5).34–36 Thus as pH decreases, the onset potentials 

of both reactions shift a positive 59 mV per unit of pH.25,35,36 The onset of gold oxide 

formation is ~0.3 V, ~0.6 V, and ~1 V at pH 14, 7, and 1, respectively. (Figures 2a-c).25,36 

Thus, in aqueous systems as the pH lowers, the anodic limit of the SPW expands into 

more positive potentials.25 Conversely, the reductive desorption is pH-independent 

except when the pH < pKa of the SAM.25,34  The pKa of the SAMs used in this study are 

reported in Table S1. For every SAM the reductive desorption of the SAMs is pH-

independent and pH-dependent at pH 14 and pH 1, respectively. Thus, as the pH lowers 

the reductive desorption will shift positively 59 mV/pH. This effectively shortens the 

reductive limit of the SPW to -0.1 V, -0.2 V, and -0.4 V at pH 1, 7, and 14, respectively 

(Figures 2a-c). Moreover, other PCET reactions such as the oxygen reduction reaction 

(ORR) and HER, disrupt SAM stability.25,34 Thus, the SPW is 800 mV at pH 7 (-0.2 V to 

0.6 V) and 1100 mV at pH 1 (1 V to -0.1 V) (Figures 2b-c). 
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Figure 2: CVs of a bare gold electrode compared to a 4-PySH-covered electrode cycled 
within the SPW in (a) 1 M KOH (pH 14), (b) 0.1 M NaCl (pH 7), and (c) 0.1 M HClO4 (pH 
1).

Electrochemical assessment of the aqueous stable potential windows:

To verify if the SPW is universal to all SAMs tested, 4-MA, 4-NTP, 4-PySH, and 2-

MBT covered electrodes were cycled within the SPWs identified at pH 14, 7, and 1 for 50 

cycles in triplicate (Figure 3). The SAM-covered electrodes were compared to that of the 

gold baseline cycled within SPW for a clear demonstration of SAM stability.24,37  

Remarkably, for every SAM at the studied pHs, the CVs retain their capacitive profile.24,37 

Since the adsorption of SAMs passivates the electrode surface, with a reduced measured 

current.24,37 The integrity of the SAM can be assessed based on the current levels, 

however, when the SAM remains intact it is harder to visualize and compare the 

differences in current strictly based on the capacitive CVs (Figure 3a-c). To establish an 

easier method to monitor the integrity of the SAM, the average charge cycled during the 

cycle was determined by integrating under the anodic sweeps of the triplicate CVs. The 

electrochemical stability of the SAMs can be better assessed by plotting the charge from 

the triplicate CVs versus the cycle number (Figure 3d-f). These plots reiterate the 

consistent electrochemical stability of the SAM within the SPW for every SAM at every 

pH.24,25 Regardless of the SAM, the pH of the solution remains the main factor for the 

electrochemical stability of these aromatic SAMs. 

Page 13 of 32 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14

 

0 10 20 30 40 50
2

4

6

8

10

12

14

 Bare Gold 4-NTP 2-MBT
4-MA 4-PySH

C
ha

rg
e 

(
C

)

Cycle Number
0 10 20 30 40 50

0

2

4

6

8

 Bare Gold 4-NTP 2-MBT
4-MA 4-PySH

C
ha

rg
e 

(
C

)

Cycle Number
0 10 20 30 40 50

4

6

8

10

12

14

16

 Bare Gold 4-NTP 2-MBT
4-MA 4-PySH

C
ha

rg
e 

(
C

)

Cycle Number

1.0 0.8 0.6 0.4 0.2 0.0 -0.2

-4

-3

-2

-1

0

1

2

3

C
ur

re
nt

 (
A

)

Potential vs Ag/AgCl (V)

 Bare Gold
4-MA
4-NTP
4-PySH
2-MBT

0.4 0.2 0.0 -0.2 -0.4
-10

-5

0

5

C
ur

re
nt

 (
A

)

Potential vs Ag/AgCl (V)

 Bare Gold
4-MA
4-NTP
4-PySH
2-MBT

0.6 0.4 0.2 0.0 -0.2

-3

-2

-1

0

1

2

 Bare Gold
4-MA
4-NTP
4-PySH
2-MBT

C
ur

re
nt

 (
A

)

Potential vs Ag/AgCl (V)

a. b. c.

d. e. f.

pH 1
100 mV/s

pH 7
100 mV/s

pH 14
100 mV/s

pH 14 pH 7 pH 1

Figure 3: CVs of 4-MA, 4-NTP, 4-PySH, and 2-MBT modified electrodes compared to 
baseline CVs cycled within the SPWs established for (a) 1 M KOH (pH 14), (b) 0.1 M 
NaCl (pH 7), and (c) 0.1 M HClO4 (pH 1). The average integrated charge from the anodic 
sweeps of the baseline and modified electrodes CVs plotted versus the cycle number in 
(d) KOH, (e) NaCl, and (f) HClO4. The shaded regions depict the standard deviation of 
each measurement for three independent measurements.

Spectroscopic confirmation of the aqueous stable potential windows:

Spectroscopic assessment of the SAM stability was conducted using EC-SEIRAS 

and EC-SPR to monitor the electrochemical stability of SAMs at interfaces. Figure 4 

shows the potential-dependent spectra obtained for gold-plated IREs modified with 4-

NTP at pH 14, 7, and 1. The spectra were acquired while applied potentials were held for 

1 minute. The background of the spectra was the spectrum of gold-plated IRE in contact 

with the electrolyte of interest. Using such a background distinguishes the changes in the 

IR bands corresponding to the adsorption of 4-NTP and the effect of applied potentials. 

Negative peaks indicate desorption of the 4-NTP and/or changes in conformation of the 
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molecules causing vibrational modes to fall outside of selection rules, while positive peaks 

correlate to the opposite.62 The two main peaks observed from 4-NTP correspond to the 

asymmetric and symmetrical NO2 stretches at 1520 cm-1 and 1330 cm-1, respectively.63–

65  Other peaks observed are the aromatic C-C stretching at 1570 cm-1, a C-H twist at 

1497 cm-1, and the H-O-H bend at 1650 cm-1
.
51–55  As seen in Figures 4a-b, the 4-NTP 

peaks remain consistent at potentials within the SPW but abruptly disappear when cycled 

beyond the SPW. However, in acidic conditions at potentials >0.9 V, the 4-NTP signal 

completely disappears (Figure 4c). This is perplexing as CV clearly shows retention of 

the SAM at these potentials. It is possible that partial degradation of the SAM could lead 

to structural rearrangement, with the SAM either bending out selection rules at positive 

potentials62 or partially desorbing from the electrode (Figure S3).66 Moreover, the fast 

nature of cycling mitigates the desorption of the SAM at potentials where desorption 

should occur (Figure S4). Hence, there is a discrepancy with the potential-dependent 

spectrum due to holding desorbing potentials for longer amounts of time compared to the 

CVs. To this point, the IR-based SPWs are more accurate than CV-based SPWs. These 

spectra confirm and validate the SPWs and the importance of pH on the electrochemical 

stability of the SAMs.
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Figure 4: Spectra of a 4-NTP modified gold-plated IRE at different applied potentials 
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within (a) 1 M KOH (pH: 14), (b) 0.1 M NaCl (pH: 7), and (c) 0.1 M HClO4 (pH: 1). The 
potentials marked in red denote those beyond the CV-based SPW. 

Figure S5 compares the EC-SPR sensorgrams of a bare gold sensor chip and a 

4-NTP-covered gold sensor chip at pH 14, 7, and 1 when cycled within their respective 

SPWs. The sensorgrams exhibit sinusoidal profiles that display the shifts in the refractive 

index of the gold chip over time as a function of the applied potential.42,43 A clear 

difference between the sensorgrams of the bare and SAM-modified electrodes was 

observed. The presence of SAMs decreases the magnitude of the shifts in the refractive 

index, however, the incidence angle increases, a phenomenon that is consistent with the 

adsorbed species effectively modifying the electrode surface.24,42,43 In NaCl electrolyte, 

the sensorgram of the SAM-covered shows a continual increase in the refractive index 

which can be attributed to the reported attraction of chlorides to the gold surface (Figure 

S5b).61 These sensorgrams confirm the validity of the SPWs and show the 

electrochemical stability of the SAMs in aqueous solvents.

Establishing stable potential windows in non-aqueous solvents:

As established by the results above, the SPW is defined by the cathodic and anodic 

desorption events. Despite increases in the SPW as the pH decreases, the SPW of 

aqueous systems are still limited. The ideal system would be a solvent that induces no 

gold oxides, does not react with the SAM, and hinders the onset of reductive desorption. 

Aprotic non-aqueous solvents and alcohols seem like good candidates for expanding the 

SPW beyond those in aqueous systems. For those reasons, the electrochemical stability 

of thiolate SAMs was assessed in three aprotic solvents and four alcohols. MeCN, PC, 

and DMF with 0.1M TBAPF6 supporting electrolyte were assessed due to their abundance 
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in the electrochemistry literature.67 MeOH, EtOH, IPA, and BuOH with a 0.1M LiCl 

supporting electrolyte were the four alcohols investigated in this study. 

 In every case the desorption of the entire SAM did not occur instantly nor at a set 

potential limit. Instead, a SAM-covered electrode is capable of being cycled over large 

potential ranges with slow degradation after each cycle (Figure 5). The tradeoff to this 

greater potential range is a decrease in the duration of the electrochemical stability.   

Because of its larger SPW range, we first discuss the case for 0.1 M LiCl in BuOH. As 

seen in Figure 5a, a baseline was established by cycling between 0.3 V and -1 V. The 

resulting CV exhibits a capacitive profile with solvent breakdown occurring at negative 

potentials beyond -0.5 V. Comparing that baseline to the initial cycle of a 4-MA-covered 

electrode, it is obvious the SAM is passivating the electrode due to lowered anodic and 

cathodic currents. Yet, with each consecutive cycle, both currents continually increase 

back to the baseline. This indicates that the SAM is slowly desorbing from the electrode 

with each passing cycle.25 A similar phenomenon is observed when cycling positively 

from -0.3 V to 1V (Figure 5b). The baseline contains solvent breakdown at potentials 

greater than 0.7 V. Again, the initial cycle contains lowered currents but after the 25th 

cycle, the CV of the 4-MA-covered electrode is equivalent to the baseline. Fortunately, 

there exists an SPW in which the desorption of SAMs can be minimized (Figure 5c). The 

SPWs within non-aqueous solvents differ from those in aqueous systems as there is no 

clear voltametric desorption in the solvents evaluated. The SPW in non-aqueous solvents 

is denoted as the potential range in which the electrode remains passivated for at least 

50 cycles (Scheme 2).
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when (a) cycled negatively beyond the SPW and (b) when cycled positively beyond SPW. 
(c) A scheme of the SPW of thiolate SAMs in non-aqueous solvents.
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Electrochemical assessment of the non-aqueous stable potential windows:

Following the procedure described above, SPWs were identified in the three 

aprotic solvents (Figure S6) and evaluated based on a consistently passivated CV 
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compared to the bare gold baseline for 50 cycles. Every aprotic system was assessed in 

triplicate for each SAM following the procedures used for the aqueous systems (Figure 

S7). The SPW identified were 600 mV in PC (-0.1 V to 0.5 V), 500 mV in DMF (-0.3 V to 

0.2 V), and 400 mV in MeCN (-0.2 V to 0.2 V). For MeCN, PC, and DMF, the initial 

oxidative sweeps contained an oxidation wave consistently larger than any current in the 

baseline (Figure S7). For PC and DMF after the initial sweep, the currents lowered and 

remained below the baseline for the remaining 49 cycles (Figures S7e-f). For MeCN, 

only a 4-NTP-modified electrode exhibited oxidative current below the baseline for all 50 

cycles (Figure S7d). It is apparent long-term electrochemical stability within MeCN is 

inconsistent.  It is important to reiterate that modified electrodes in these solvents can still 

operate within large potential windows but only for short durations. 

The same procedure used for evaluating the aprotic solvents was used for 

identifying SPWs in the alcohols (Figure S8) and evaluating them. The SPWs are 

equivalent for both MeOH and EtOH at 400 mV (-0.2 V to 0.2 V) (Figures 6a-b). The 

SPW increases to 900 mV in IPA (-0.6 V to 0.3 V) and further expands to 1200 mV in 

BuOH (-0.6 V to 0.6 V) (Figure 6c-d). Figures 6e-h show the SAM-covered electrode 

consistently remained passivated for all 50 cycles when cycled within the SPW for every 

alcohol. The only two outliers are the initial cycle of 4-MA and 4-PySH in BuOH, yet the 

current remained below the baseline (Figures 6h). 

An interesting trend emerges that the SPW expands with increasing alkyl chain 

length of the alcohols. Just as pH was the main factor for SPWs in aqueous systems, we 

posit that the solubility of the SAM is the main factor in non-aqueous systems. With 

increasing alkyl chain length the alcohol becomes less polar.68 The polar SAMs used in 
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this study are less soluble in non-polar solvents, therefore, due to the sluggish kinetics 

for dissolution of thiolates in these solvents, the SAMs remain attached to the electrode 

for larger potential windows. This explanation is confirmed by both the slow desorption of 

SAMs in non-aqueous systems (Figure 5) and by the observation that the SPW increases 

with decreasing polarity index (Table S2).68 These observations line up with established 

literature that thiolate-capped gold nanoparticles remain stable in toluene and hexane 

which have polarity indexes of 2.4 and 0.1, respectively.4,68 Moreover, the electrochemical 

stability of alkanethiols increases with increasing alkyl chain length.1,25 Further 

conformation is found in the observation that the aprotic solvents used here are the most 

polar non-aqueous solvents used, while the electrochemical stability of the SAMs is most 

inconsistent in these solvents (Figures S7e-f). 
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Figure 6: CVs of 4-MA, 4-NTP, 4-PySH, and 2-MBT modified electrodes compared to 
baseline CVs cycled within the SPWs established for 0.1 M LiCl (a) MeOH, (b) EtOH, (c) 
IPA, and (d) BuOH. The average integrated charge from the anodic sweeps of the 
baseline and modified electrodes CVs plotted versus the cycle number in (e) MeOH, (f) 
EtOH, (g) IPA, and (h) BuOH. The shaded regions depict the standard deviation of each 
measurement for three independent measurements.
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Spectroelectrochemical validation of non-aqueous stable potential windows:

EC-SEIRAS was used to verify the non-aqueous SPWs and evaluate the slow 

desorption. Potential-dependent spectra were measured for gold-plated IREs modified 

with 4-MA. The background of the spectra was the spectrum of gold-plated IRE in contact 

with the electrolyte being assessed. The two main peaks observed from 4-MA correspond 

to the C-C stretch of the aryl ring at ~1590 cm-1 and the N-H stretch of the amine at 1620 

cm-1.48–50 In MeCN and PC the 4-MA peaks remain observable even at potentials beyond 

the CV-based SPW (Figures S9a-b). For DMF the 1590 cm-1 peak is only observed for 

positive potential close to the CV-based SPW (Figure S9c). These spectra further display 

the slow desorption in non-aqueous solvents and exemplify the inconsistencies of the 

SPWs in the polar aprotic electrolytes. 

This trend of the 1590 cm-1 peak shrinking at negative potentials and growing at 

positive potentials could be due to either desorption at negative potentials or the SAM 

bending out of selection rules due to potential-induced conformation changes (Scheme 

S2).69 When applying negative potentials, a SAM can undergo a conformation change 

induced by the permeation of ions into the SAM while at positive potentials these changes 

are reported to be smaller or not observed.69 Thus, conformation changes will only occur 

at negative potentials and should be reversible when applying positive potentials.69  The 

reversibility of this potential-induced conformation change is best exemplified within 

BuOH (Figure S10), The signal derived from the 4-MA lowers with increasingly negative 

applied potential. Yet, upon applying positive potential immediately after, the 4-MA signal 

returns and grows with progressively positive applied potential.

Page 21 of 32 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22

Figure 7 shows the potential-dependent spectra of a 4-MA modified gold-plated 

IRE in every alcohol. The spectra of the alcohols all display signals from the 1590 cm-1 

C-C stretch and vary in capacity to resolve the 1620 cm-1 N-H stretch. In MeOH, EtOH, 

and IPA the 4-MA peaks alter significantly even within their voltametric SPW (Figures 

7a-c). Like the aprotic electrolytes, for potentials within the SPW, the 1590 cm-1 peak 

shrinks at negative potentials and grows at positive potentials. The same explanation of 

the SAM bending it out of selection rules can apply to these systems as well (Scheme 

S2).69 Figure 7d confirms SAMs can exist on an electrode cycled in BuOH negatively 

longer than cycling positively as seen in Figure 5. The 4-MA signal slowly diminishes 

when cycled beyond -0.2 V, but the signal abruptly disappears past 0.4 V. 
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Figure 7: Spectra of a 4-MA modified SEIRAS substrate at different applied potentials 
within 0.1 M LiCl (a) MeOH, (b) EtOH (c) IPA, and (d) BuOH. The voltages marked in red 
denote applied potentials beyond the CV-based SPW. 

EC-SPR was used to further study the spectroscopic interactions of the SAMs in 

non-aqueous solvents (Figures S11 and S12). Both the baseline and 4-MA-covered gold 

sensor chips were cycled within the SPWs and monitored with the SPR.24,42,43  Baseline 

measurements for the non-aqueous solvents were not possible as the BI-2500 reached 

detection limits due to their high refractive indexes’. Yet, the 4-MA modified sensor chips 

were able to obtain SPR signals from the SAM interacting with these solvents while 

cycling within their respective SPWs. (Figures S11 and S12a). The key takeaway is this 
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signal is observed solely when the SAMs are modifying the surface. Therefore, since this 

signal remains while cycling within the respective SPW in each solvent, the SAMs are 

stable. The sensorgrams of the alcohols demonstrate a sloping profile which is attributed 

to the attraction of the Cl- ions with the gold surface.61 MeCN demonstrated a similar 

sensorgram to the alcohols which could be attributed to the adsorption of MeCN onto 

gold. 70,71 There were no clear signals from either DMF or PC (Figure S12b-c). 

A summary of these findings is shown in Scheme 3. These SPWs have been 

confirmed to work for both types of gold electrodes used in this work (Figure S13). 

Interesting future directions could investigate the applicability of these findings with a wide 

variety of SAMs, explore the stability in more non-polar solvents, and study the effects of 

supporting electrolytes on electrochemical stability.
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Scheme 3: Summary of the identified SPWs for aromatic SAMs on gold in each aqueous 
and non-aqueous solvent investigated. 

Conclusions: 
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In this study, we successfully used CV and ATR-SEIRAS to detect changes 

associated with SAM desorption events on modified gold electrodes. Using these 

techniques, we determined the stable potential windows of electrodes modified with 

aromatic SAMs in aqueous electrolytes as a function of pH and non-aqueous electrolytes 

for selected alcohols and aprotic polar solvents. Our results demonstrate that the SPWs 

determined universally apply to all four aromatic SAMs in every system tested, thus 

greatly simplifying our determined results (Scheme 3). In aqueous systems, the potential 

range between the two reductive desorption and oxidative desorption/gold oxidation 

defined the stable potential window. Clear voltametric features and well-defined changes 

in the SEIRAS signatures were measured for all cases. The pH was the largest factor for 

determining the range of the SPW as it directly delayed the onset of oxidative desorption 

to higher potentials. Since gold oxidation is pH-dependent, the SPW increases with 

decreasing pH. The largest SPW (1.1 V wide) was observed for pH 1. In the non-aqueous 

solvents, instead of being limited to potentials between desorption events, SAM slowly 

dissolves into solution when cycled at large potential ranges. The non-aqueous SPW was 

defined as the potential range the SAM-covered electrode could be cycled for 50 cycles 

without degradation of the SAM. It was determined that the polarity of the solvent was the 

main indicator for the SPW. The lower the polarity index of the solvent, the larger the 

SPW. The largest SPW (1.2 V wide) was observed for 0.1 M LiCl in 1-butanol. Our 

findings unambiguously demonstrate that the solvent utilized is the biggest decider in the 

electrochemical stability of aromatic SAMs. This work opens a new opportunity for further 

investigations into the uses of non-polar solvents in electrochemical applications involving 

Page 24 of 32Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25

SAMs, such as electrosynthesis, catalysis, battery research, and CO2 capture and 

conversion, the latter of which our laboratory is exploring using modified electrodes. 

Supporting Information: The SPR data, additional schemes, tables, and experimental 

results. surface coverages of the SAMs, identification of the SPWs in non-aqueous 

systems, CVs, and SEIRAS spectra in non-aqueous systems. 
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