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Abstract. Electrolyte cation identity can have large effects on electrocatalysis by influencing the
interfacial electric field, structure, or local pH. However, the specific role(s) of cations is not clear.
Herein, we probed electrolyte cation effects on interfacial acidity and electric fields as a function
of applied potential (¢p) for mixed self-assembled monolayers (SAMs) of 4-mercaptobenzoic
acid and 4-mercaptobenzonitrile on gold using Li*, Na*, K", ND4", or tetrabutylammonium (TBA™)
phosphate electrolytes by surface-enhanced infrared absorption spectroscopy. The small cations
showed only subtle differences in their effects on acidity and electric fields. In contrast, electrolytes
containing the large TBA* gave much higher electric fields that were less sensitive to ¢y, and
much more basic SAMs with a more ¢@,,-responsive pKi». Varied cation identity and ¢y, together
can shift interfacial acid/base equilibria by >3 orders of magnitude. The impeded approach of
TBA™ to the surface results in less electric screening within the SAM and steeper potential decays
into the electrolyte solution compared to other cations. Our data also suggest specific
cation/surface COO™ interactions and cation identity effects on SAM heterogeneity. These insights
on electrolyte cation effects on interfacial structure, proton transfer, and electric field are of
fundamental interest for a range of electrochemical applications.



Electrolyte Cation Effects on Interfacial Acidity and Electric Fields Delley, Nichols, and Mayer

Introduction

Electrolyte cations can chemically interact with electrode surfaces, alter interfacial structures, and
change the charge transfer ability at electrochemical interfaces.! Such cation effects are important
for many electrocatalytic applications, including the electrochemical oxidations of hydrogen,?
CO,? or methanol,? and the electrochemical reductions of oxygen,>*3 CO,*% or CO, (CORR)*"!7
by metal electrodes. Cations affect the behavior of surface functionalities, from CO>~ bound to a
surface in the CO2RR to carboxylate functionalities in surface ligands, as in self-assembled
monolayers (SAMs) on metal electrodes. SAMs have long been viewed as valuable model systems
to probe interfacial properties because of their relative homogeneity and the ease of including
direct spectroscopic handles. While the importance of electrolyte cations is well known, the origin
of these effects in electrocatalysis and interfacial properties is still debated.

One key element in the discussion of electrolyte cation effects is the adsorption mode of
electrolyte cations at the electrode. In contrast to anions, cations are often thought to adsorb
electrostatically and with intact hydration shells at the electrode surface. The location of the cations
at the interface directly influences the key interfacial potential distribution.'®!° In contrast to the
normal behavior of anions, cyclic voltammetry does not typically show evidence of specific cation
adsorption, i.e. direct metal-ion interaction with partial loss of the ion hydration shell. Specific or
quasi-specific adsorption of cations has only been experimentally demonstrated in few cases, e.g.
for Pt,??! because obtaining direct evidence is challenging.!'®?? However, quasi-specific cation
adsorption to the surface or a surface ligand has been a frequent proposal for the cation effects in
electrocatalysis, for instance the binding to surface carboxylates as mentioned above.>!%!3 Other
proposals for electrolyte cation-dependent effects include changes in interfacial electric field and
the interfacial potential distribution®!32>24 and changes in the interfacial pH near the electrode.!!-?
A better understanding on how electrolyte cations adsorb, how the cation identity influences the
interfacial electric field and the ability for proton transfer—a key elementary step in most
electrocatalytic processes—is hence urgently needed.

The current study uses mixed carboxylic acid and nitrile-functionalized SAMs on gold
electrodes to probe fundamental properties of the electrified interface. Prior studies of acidic SAMs
have shown that they (de)protonate as a function of applied potential (), using cyclic
voltammetry (CV),2%3° or vibrational spectroscopic techniques.’**’” Our own recent
spectroelectrochemical study using surface-enhanced infrared adsorption spectroscopy (SEIRAS)
of a 1:1 mixed SAM of 4-mercaptobenzoic acid (4-MBA) and 4-mercaptobenzonitrile (4-MBN)
as a function of ¢, directly connected SAM acidity to the interfacial electric field.*® Our results
indicated that electrolyte cations have a key role in determining effective acidity at the electrified
interface. In 500 mM sodium phosphate buffer, a 700 mV change in ¢.,, was needed to move the
pKa by one unit. This non-Nernstian relationship (non-59 mV/pK,) is likely in large part due to
cations penetrating the SAM and screening the potential within the SAM. Because of this, the
potential difference from the acidic SAM edge to the bulk solution, the experienced potential @e.p,
is only a fraction of @ypp.

Theoretical models predict that it is this ¢.., that determines the effective acidity of the SAM
via equation 1,340
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F¢€X
pKi/2 = Ky — 2_3—}; (eq 1)

where pKi» and pKa refer to the effective and intrinsic acidity of the SAM in presence and absence
of an experienced potential, respectively, and F, R, and T refer to the Faraday constant, molar gas
constant, and temperature, respectively. To test this model we previously employed the 4-MBN
component of the SAM as a Stark reporter of the interfacial electric field, similarly to other
studies.*®4!"*8 The electric field is the derivative of potential with respect to distance. The shift of
D¢y with ¢y, directly translates to the local electric field (Er) via equation 2.4-52

Ucy (E_I;) = Uy (0) — Afi - E_I; (eq2)

In eq 2, ¢y (0) = 2233.1 cm™ is an estimate for the CN vibrational wavenumber of this mixed
SAM in aqueous solution and in absence of an electric field*® and Ay is the difference in dipole
moment between the ground and first excited vibrational states (the Stark tuning rate, estimated as
6.0-107° cm™'V-'m as a first approximation, since the local field correction factor fis unknown.
The actual Ay is likely lower by a factor fof 1 to 2.).41:4%3 Our analysis of the Stark data provided
an estimate of @., and implied that electrolyte cations contribute substantially to the interfacial
charge density. Herein, we examine electrolyte cation effects on SAM-covered metal electrodes
in detail.

The relevance of cation effects for SAM acidity has previously been implicated. Andreu and
Fawcett suggested that cations should be treated as discrete charges to understand interfacial
properties.>* Experimentally, electrolyte cation effects on acidity have been studied e.g. by quartz
microbalance or electrochemical methods, which showed similar responses for Na" and K" and
larger effects for Ca®*.>%3° Rosendahl and Burgess reported the loss of voltammetric signal that
has typically been connected to proton transfer events for a 4-MBA SAM in presence of electrolyte
cations.’® Those authors attributed this effect to disruption of interfacial hydrogen bonding and to
cation exchange with protons. However, the absence or presence of CV waves for aromatic SAMs
is not necessarily diagnostic of the chemistry occurring at the SAM interface.*

In sum, electrocatalysis on metal electrodes is clearly strongly influenced by cations and the
more elementary studies on proton transfers by SAM-covered metal electrodes seem to imply
cation effects as well. The development of improved electrochemical technologies could be
accelerated by knowledge of cation adsorption modes and cation-effects on potential distribution
and proton transfer reactivity at electrochemical interfaces. Here, we address these questions for a
1:1 4-MBA:4-MBN mixed SAM electrochemical interface by performing in situ SEIRA

spectroscopy as a function of ¢, and solution pD with a series of different electrolyte cations.

Results

1. Overview.

A 1:1 4-MBA:4-MBN mixed SAM on gold was studied by SEIRAS as a function of ¢,,, and
electrolyte solution pD in presence of 50 mM deuterated phosphate buffers with different cations:
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Li*, Na', K', ND4", and tetrabutylammonium (TBA") (Figure 1). The 4-MBA and 4-MBN
components of the SAM are intermixed and do not form separate domains as shown previously.3®
For each electrolyte cation we collected 3 or 4 replicate measurements, each with systematically
varied electrolyte pD between 2 and 9 or 12, dependent on the cation, and varied ¢, from +300
to -400 mV vs Ag/AgCl. The ionic strength of the electrolyte solution was kept constant for the
different cations and varied from ~10 to 150 mM across the examined pD range for each cation.
We separately probed the effect of ionic strength in similar SEIRAS experiments on the mixed
SAM by addition of NaCl aliquots. Cyclic voltammograms of the mixed SAMs using different
electrolytes typically showed no (or only broad) voltammetric waves. Voltammetric waves have
previously been observed for (de-)protonation events of alkyl SAMs,?6-?° but are not necessarily
diagnostic of the occurrence such events as shown below.® It has been suggested that CV waves
are more likely to be observed on closer to atomically flat gold surfaces versus the likely
nanostructured Au from the sputtering technique used here.’%7 See SI for further information on
SAM preparation and experimental procedures.
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Figure 1. Top: Schematic of interfacial acid/base equilibrium that shifts with ¢uy, (vs Ag/AgCl) or solution pD. This
equilibrium was probed as a function of electrolyte cation identity (Li*, Na*, K*, ND4", or TBA") and ionic strength.
Relative hydrated and dehydrated cation sizes of the studied cations are shown below the scheme.’® Panels: SEIRA
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spectra of a 1:1 4-MBA:4-MBN mixed SAM in 50 mM phosphate buffer with ND4* (a,b,d) or Na* (c) cations. Panels
(a-c) show the region 1830-1270 cm™' containing C=O stretching modes for COOD and COO~ headgroups, and
aromatic ring stretching modes of the SAM. Panel (d) shows the region 2270-2190 cm™! containing the CN stretching
mode. (a) Varied pD from pD = 2 to 9 (rainbow colors), @upp = —50 mV; (b, d) varied @upp =+250 to —400 mV (red to
blue), pD = 6.7; (c¢) varied NaCl concentration changing ionic strength from ~10 to 1070 mM (light to dark green),
dapp = —50 mV. Replicate data sets have been collected for all cations with solution pDs up to pD =9 or 13.

The mixed SAM showed ¥cpop and Dcgo- SEIRAS bands at ca. 1688 and 1384 cm’!,
respectively, characteristic of the 4-MBA COOD and COO~ surface groups in the SAM.?8
Following the U-pop and U-oo- band integrals relative to the fully protonated or deprotonated SAM
at the low or high pD limits gave the interfacial COOD and COO~ fractional populations (see SI).?
With all cation buffers studied, the COOD and COO™ fractional populations of the SAM varied as
a function of solution pD and ¢, indicating acid/base equilibrium shifts (Figures 1a,b). This is
similar to our previous results in 5 or 500 mM Na phosphate buffers.’® In contrast, NaCl addition
did not move intensity from one peak to the other, it only increased the Uipo- band integrals
without affecting ¥.0op (Figure 1c). This suggested that the COOD/COOQO~ equilibrium was not
shifted by increasing the Na" concentration (or, ionic strength). The observed increase of Uggq-
band integrals may be caused by a change in IR absorption coefficient or — since SEIRAS bands
are orientation-dependent®® — a reorientation of the COO™ groups (e.g. by reordering of the SAM),
perhaps through specific ion interaction with Na*. An ordering effect by cations has previously
been noted for Langmuir monolayers of fatty acids.°

The Stark reporter component in the mixed SAM, 4-MBN, can be identified by its Uy at ~2231
cm.3® For all cations, ¢y of 4-MBN in the SAM varied mostly as a function of ¢, (rather than
pD) indicating a Vibrational Stark Effect*3? of the interfacial electric field (Figure 1d).

II. Cation Effects on Surface Structures.

Acid/base Equilibria. Comparison of the relative U-pop and U¢oo- band integrals and the derived
fractional COOD and COO™ populations at a specific pD for varied electrolyte cations showed the
cation effects on the 4-MBA acid/base equilibrium (Figure 2a and SI). Qualitatively, COOD:COO~
populations were roughly 50:50 at pD = 7 and ¢y, = -50 mV vs Ag/AgCl for all smaller cations
(Li*, Na*, K", and ND4"). With TBA", higher populations of COOD were obtained. The SAM
carboxylic acids were hence less acidic in presence of TBA™ than with other cations at the same
@app. This showed that the relative acid/base populations and SAM acidity depended on electrolyte
cation identity (see next section).
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Figure 2. SEIRA spectra of a 1:1 4-MBA:4-MBN mixed SAM in 50 mM cation phosphate buffers at ~ —50 mV vs.
Ag/AgCl, comparing the effect of electrolyte cation identity (TBA, black; Li*, purple; ND4*, red; Na®, blue; K,
green). (a) Spectra showing acid/base equilibria, with a ~50:50 COOD:COO™ for most cations at pD = 7, higher COOD
populations with TBA™ (compare shaded Upop and Ucoo- band areas relative to each other for each cation). (b)
Expansion of the carboxylate region of the spectra, showing only one Ui, with Na*, K*, or ND4*, a broadened ¥
with Li*, and a second ¥, (dashed line) with TBA™ (high pD of 9 to 13, dependent on cation). (c) Expansion of the
nitrile (Stark probe) region, with the TBA™ spectrum showing a shifted ¥y (dashed black line) with larger FWHM
(horizontal double-arrows) vs other cations (pD = 7). Panels (b) and (c¢) show normalized absorbances. See SI for all
replicate measurements for all cations.

Surface Carboxylates. The U;po- band shape and width are indicative of the number and type
of surface carboxylates present for different electrolyte cations (Figure 2b). At high pD (fully
deprotonated SAM) the ¥;po- band was broader with Li* buffers than with ND4*, Na*, or K*
buffers. This could be indicative of the presence of more than one type of carboxylate (though, the
limited solubility of Li-phosphate in water may influence observations at high pD, see SI). A
distribution of surface structures could for instance occur due to differing interaction strengths of
carboxylates with Li", spanning weaker and stronger (specific) interactions.

Two distinct Ui-o_ were observed in TBA buffers of high pD likely corresponding to at least
two distinct types of carboxylates. The carboxylate associated with the higher energy Ui-p- (at
1401 cm™) was absent in ND4*, Na*, and K* buffers. We attribute this T, present for TBA*
(dashed line, Figure 2b) to a type of carboxylate that did not interact or that interacted only weakly
with TBA" (i.e., at larger distances). This is consistent with literature on carboxylate-cation
interactions in ionic liquids: a COO/TBA"-system has two maxima in their anion-cation radial
distribution functions at ~4 and 7 A and shows two Dco_ bands.®! Crystallographic data of COO~
/TBA* salts suggest similar N to O of TBA" to COO™ distances of 4-6 A.9>%* Metal carboxylate
networks or ionic liquids with COO/Li" to COO /K", or COO/ND4" have one carboxylate-cation
distance ranging from 1.9 to 2.8 A.%5%7 Since no weakly- or non-interacting carboxylate Ticp-
were observed in presence of ND4*, Na®, or K" buffers, these cations likely interacted by specific
(strong) COO/cation-interactions with the SAM only.

Stark Reporter and Surface Heterogeneity. The Uy Stark data of 4-MBN reports on the local
environment and the Uy band width can be indicative of the surface heterogeneity (Figure 2c). At
any one ¢,y and pD, the Uy frequency was remarkably similar for the smaller cations, while D¢y
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was shifted to lower wavenumbers by 2-3 ¢cm™! for TBA* compared to the other cations. This
reflects the higher electric field with TBA" (see the Stark response and discussion sections
below). Uy was also significantly broader in presence of TBA" compared to the other cations,
likely indicating a larger heterogeneity of the interface, consistent with the observation of multiple
carboxylate stretches with this cation.

I1I1. Effective Acidity as a Function of Applied Potential for Different Cations.

Under each set of conditions, the pD at which the relative COOD and COO~ surface populations
are equal designates the effective acidity, pKi, at this applied potential ( @,,,) and buffer condition.
(The procedure to normalize the spectra and extract pK.» are described in our previous report.*®)
For all cations, the pKi, depended linearly on ¢, having higher pKi,» values at more negative
Gapp (Figure 3). All pKi/2 Vs ¢@ypp relationships were relatively shallow (<2.8 pD units/V, or >350
mV/pD). This shows that the potential experienced at the SAM surface by the carboxylic
acids/carboxylates () is only a fraction of ¢, (see Discussion below and reference ®). The
absolute pK2 values and the slopes of the pKi2 vs @y relationships varied with cation identity as
described below. Notably, within the potential window examined and with varied cation the pKi,
of the same mixed SAM can vary from ~6.5 to 10, reflecting an acid/base equilibrium shift by
more than three orders of magnitude.
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Figure 3. Plots of pKi» (determined from relative surface populations of COOD and COO") vs @y for 1:1 mixed
SAMs in 50 mM phosphate buffers with varied cation: a) Li*, b) Na*, ¢) K*, d) ND4", and €) TBA". Individual data
sets (connected circles, three or four independent measurements) were fit linearly (not shown); Averages of these
linear fits are shown as bold lines, in numerical values, and as a comparison for all cations in (f). Shaded areas
designate the +1c uncertainty of these average relationships from propagation of the error in both slope and intercept.

Smaller cations. Li" and K led to similar pKi» Vs ¢y relationships with a pKi of ~7.2 at 0
V vs Ag/AgCl and a slope of ~520 mV/pD (alternatively, 1.9 pD units/V). ND4" led to similar
acidity as Li" and K" within the examined potential window but with a shallower dependence on
Gapp (700 mV/pD, or 1.4 pD units/V). Na* led to similar pKi» vs @ slopes as Li* and K* (500
mV/pD) and a slightly more basic SAM (higher pKi,» by ca. 0.4) than ND4", Li", and K*. It is
interesting that the SAM acidity was similar with Li* or K*, but lower with Na* by 0.5(3) pK units.
The SAM acidity hence does not correlate systematically with ion size for alkali cations in this
system.

Large TBA'. With TBA" phosphate buffers, the pKi» of the SAM was much higher (8.7 at 0
V vs Ag/AgCl) and changed the most with ¢, (370 mV/pD, or 2.7 pD units/V), compared to the
smaller cations. This is a significant cation effect even with the larger uncertainty for the pKi» vs
@app relationship in case of TBA™. The larger uncertainty presumably reflects the larger structural
heterogeneity with TBA™ (see Figures 2b,c and corresponding text above). These data show that
the SAM is much more basic and that the SAM acidity responds more sensitively to @, with
TBA" compared to all other cations. This is consistent with weaker cation/COO"™ interactions or
weaker SAM penetration with the large TBA™ (see Discussion).
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IV. Stark Response for Different Cations.

After discussing the U width above, we here examine the Stark response — the variation of ¥y
as a function of ¢, — for different cations (Figure 4). The Stark reporter probes a 3D space at the
interface around the CN group.®® In this system, we previously identified this as the interface
region likely containing the SAM COOD, COO~, and CN headgroups, part of the SAM, and —
particularly relevant here — nearby electrolyte components.*®
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Figure 4. Plots of Uiy VS @upp for 1:1 mixed SAMs in 50 mM phosphate buffers at pD = 7 with varied cations: a) Li,
b) Na*, ¢) K", d) ND4*, and €) TBA™. Individual data sets (connected circles, three or four independent measurements)
were fit linearly (not shown); Averages of these linear fits are shown as bold lines, in numerical values, and as a
comparison for all cations in (f). Shaded areas designate the £1c uncertainty of these average relationships from
propagation of the error in both slope and intercept.

For all examined cations, Uiy varied linearly with ¢,,,. The data for TBA* compared to other
cations had a larger variation from one experiment to another, perhaps reflecting a greater
sensitivity to small differences in SAM structure. The Stark response (both slope and intercept)
was the same within error for ND4", Li*, and Na*. The Ucy Vs ¢@app slope varied with cation by
ND4* = Li* = Na" = K" (~7.6 cm™'/V) > TBA* (6.3 cm™!/V). A similar trend has previously been
reported for CO-covered Cu electrodes showing shallower Stark slopes with larger electrolyte
cations.’
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Examination of the variation of the Stark intercept with different cations is particularly
interesting, as our previous study showed that this is the most sensitive metric of local environment
by Stark data.?® This intercept is Dy at a fixed ¢y, here arbitrarily taken at 0 V vs Ag/AgCl. The
Stark intercept trended with cation size: ND4* = Li" ~ Na* (~2231.6 cm'!) > K*(2231.0 cm™) >
TBA* (2229 cm™). Note that this correlates with the non-solvated cation radii (Li'<K*<TBA™)
rather than the hydrated radii (K'<Li*<TBA™) as shown in Figure 1,772 suggestive of specific
cation interactions with the SAM. Limited water access to the surface due to the hydrophobic
TBA* could further contribute to the significantly shifted Stark intercept with TBA*.#+73 The Stark
intercept shift observed here with TBA" vs other cations was even larger than Stark shifts
previously observed with varied SAM surface composition.*® This highlights the significance of
electrolyte cations in determining the properties of the SAM and the interface.

Discussion

Our results show strong effects of cation identity on the SAM acidity and the Stark data, mostly
for TBA" vs small cations. Switching the electrolyte cation to TBA" changed the SAM acidity by
up to two pK units and the Stark response up to ~2.5 cm™! at a specific dyy. Small cations gave
surprisingly similar SAM properties. Below we discuss (I) cation interactions with the SAM, (II)
structural heterogeneity at the interface, (III) the volume probed by the Stark reporter, and (IV)
cation effects on the interfacial potential distribution.

1. Cation Interaction with the SAM.

Since cation identity influenced interfacial properties, different cations likely interact with the
SAM surface differently. Generally, this interaction can be specific with loss of the hydration shell,
or non-specific with one or several intact hydration shells. The mode of interaction depends on
whether ion-surface interactions or ion hydration energies dominate, and on other factors.!” Cation
interactions with the SAM are likely also pD- and potential-dependent,'’* and could potentially
occur with any of the COOD, COO~, and CN headgroups presented at the SAM surface.

The ¥;po- band shapes for fully deprotonated SAMs indicated two distinct types of
carboxylates only in presence of TBA™. These likely stem from weak or strong interactions with
TBA". Weak TBA"/COO" interactions are much more likely, as a consequence of the large TBA*
size hindering its approach to the surface. This is supported by analysis of the pKin VS @upp
relationships. The much more basic SAM with TBA" compared to other cations indicates a
decreased Coulombic stabilization of the COO~ with a cation and hence weaker interactions. In
addition, the pKi, response to ¢y, is the largest with TBA*. This indicates that a larger portion of
@app 1s experienced by the acidic SAM headgroups and that ¢, is not screened as much across the
SAM for TBA™" (also see Discussion IV). These observations are consistent with the larger size of
TBA" hindering cation-carboxylate association and/or SAM penetration. Displacement of
interfacial water by the hydrophobic TBA* cations can also contribute to these observations.”’>76

With Li*, the observed broad ¥ipo- could indicate a distribution of interfacial structures
spanning Li*-SAM interactions with an intact first hydration shell or with loss of water(s) and

10
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inner-sphere coordination of a SAM carboxylate. Li" has the largest hydration enthalpy among the
cations,’”? and should be most prone to surface adsorption with an intact first hydration shell
according to molecular dynamics (MD) simulations.”’

The U-9o- band shapes at high pD further suggest that all cations can interact specifically
(strongly) with the COO™ of the SAM and this is the exclusive mode of interaction for ND4", Na*,
or K" cations. This is supported by the observed 9-oo- SEIRAS intensity increase with added NaCl
that presumably occurred through specific carboxylate-Na" interactions. Further support for
specific cation interactions is provided by reported MD simulations for ion interactions with COO~
-terminated SAMs.””” Importantly, the Stark intercepts correlated with the non-hydrated cation
radii rather than the hydrated radii. This suggests that the cations were at least partially dehydrated
(e.g., fully dehydrated on one side or with loss of some of the 2"-coordination sphere water
molecules). These data further support specific cation interactions with the polarized SAM.

The small changes in pKi», among the smaller cations could provide insight into subtle
differences in specific interactions. The SAM pKi, at any one ¢, does not correlate
systematically with ion size among K*, Na*, and Li*. This is quite unusual, but has sometimes been
experimentally observed®® and has been predicted by MD simulations for alkali ion interactions
with COO-terminated SAMs under certain conditions.”” Non-ion-size-systematic effects cannot
be simply explained by dominating ion-surface interaction or ion hydration energies,’®®' but
suggest other thermochemical contributions. For instance, non-ion-size-systematic effects might
be due to action of matching water affinities, where ions prefer to pair with ionic groups with
comparable hydration enthalpies.3%-82-84

Among the small cations, the dependence of the pKi» on ¢,,, was similar for alkali cations,
but different for ND4", which had the most stable (unresponsive) SAM acidity with ¢,,. This
might be due to interaction mechanisms that are only possible for ND4", such as hydrogen-bonding.

Taken together, the data show that cations interact specifically with the SAM COO~ groups
modulated by size, hydration energy, and binding mechanism. Spatial proximity of cations with
CN groups is implied by the Stark data reporting on cation identity. We speculate that CN and
COOD groups may be capable of non-covalent cation interactions (e.g. ion/dipole through-space
interactions or H,O-mediated hydrogen bonding), but this is currently not known. Specific
interactions of cations with SAM COO~ or COOD headgroups seem reminiscent of the sometimes
proposed stabilizing quasi-specific cation-metal electrode interactions via adsorbed COO~ or
COOH intermediates during CO2RR electrocatalysis,!*!® or the non-covalent cation interactions
with surface OH groups in Pt-based electrocatalysis.?

I1. Structural Heterogeneity of the SAM.

The collected SEIRAS data provide information on the structural heterogeneity of the SAM as a
function of electrolyte cation identity. The larger - width in presence of TBA™ suggests a larger
distribution of surface structures (i.e., a larger distribution of specific chemical environments for
the CN groups). We attribute this to the larger cation size leading to less packed interfaces while
small cations might reduce an inherent heterogeneity of the SAM through specific interactions.
TBA" could also increase the heterogeneity of the interface due to its larger configurational
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flexibility leading to a larger number of different stable interactions with the SAM. The ¥;¢(. at
high pD indicate two distinct classes of carboxylates in presence of TBA', and hence a
heterogeneity in COO™ structures of bimodal character. Additional evidence for the structural
heterogeneity with TBA™ comes from the larger scatter in the pKin vs ¢@yp compared to other
cations.

A larger structural heterogeneity for Li" compared to Na*, K*, and ND4" is indicated by the
broad ¥;oo- with this cation, as discussed above. In contrast to the case with TBA™ this is neither
reflected in the Uy band width, nor scatter in pKi2 Vs @pp relationships with Li*. It is surprising
that for Li" the heterogeneity seems to be limited to the carboxylates, while CN groups experience
a relatively homogeneous environment—especially since our prior study has shown that the 4-
MBA and 4-MBN components are well mixed in the SAM.>8

III. Dimensions of the Interface Region.

As noted above, the Stark reporter probes a 3D interface region around the CN group containing
SAM headgroups, likely part of the SAM, and electrolyte components.3® Though Stark reporters
have effectively and frequently been used,’®#!*7 the precise dimensions of this 3D space are not
known. This knowledge would be valuable, however, as Stark data give information about the
ensemble average of electrostatic contributions within this space that largely contribute in
determining interfacial properties.*®*7-%% Here, we estimate the dimensions of this interface region
for this system from Stark data with varied cation identity or ionic strength.

The fact that Stark response changed significantly only when going to electrolyte cations with
large ionic radii (some change for K, large change for TBA", and correlation with dehydrated
cation radii) may give some insight on these dimensions. Any structural changes at the interface
potentially occurring with the electrolyte cations ND4" vs Li" vs Na* were not distinguishable by
this method. Hence, the ensemble of individual Er vectorial contributions probed by the Stark
reporter was the same within error for these cations. Large cations led to observable effects
indicating a different spatial distribution of Er contributions (all cations compared herein have a
+1 charge). Our results may hence indicate that the ‘reach’ of the Stark probe extended far enough
into the electrolyte solution to average the ND4", Li", and Na* contributions, but not those of TBA ™.
Based on reported COO~ oxygen-to-cation distances in other systems of 1.9-2.8 A for COO/Li",
K*, and ND4", or 4-7 A for COO/TBA",°!-%7 this seems to indicate a Stark probing depth into the
electrolyte solution on the order of 3 A.

Insight into the dimensions of the interface region into solution could also be obtained by
analyzing the Stark response as a function of electrolyte ionic strength /, implemented by NaCl
addition. The Stark slope was unaffected by varied /, and the Stark intercept was relatively constant
for =300 to 1100 mM (shifts < -0.2 cm™!, see SI). For low ionic strengths of / < ~300 mM the
Stark intercept changed more significantly with 7 (shifted by ~-0.5 cm™! between 0 and 300 mM).
The interfacial potential screening by electrolytes of different ionic strength is typically described
by a characteristic length-scale, the Debye length, at which the potential drops to its 1/e value.'®!°
Na phosphate buffers of 7 < 300 mM correspond to Debye lengths of >5.5 A. This suggests that
only at low electrolyte ionic strengths, when the cation-SAM surface characteristic length is larger
than ~5.5 A, did the Stark probe report a change.
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Based on the combined results varying cation identity and ionic strength, we therefore estimate
that the CN Stark reporter probes roughly 3-6 A of interfacial electrolyte solution, and likely the
SAM itself on similar length scales in a non-symmetric way around the CN.%®

IV. Implications for the Interfacial Potential Distribution.

Based on the effective acidity and Stark data with varied ¢,,,, we here build on the model proposed
previously®® for a more detailed picture of the interfacial potential distribution as a function of
electrolyte cation (Figures 5 and 6). This simplistic model was designed to only mirror the level
of detail that is supported by our data. More complex treatments of electrochemical interfaces
would likely include additional components, such as an explicit Stern layer,% or non-linear
potential distributions within the SAM on an atomic level.%®

Acidity and Experienced Potential. Classical theoretical models®***? predict that the SAM pKi
depends in a Nernstian fashion on the experienced potential @, (59 mV per pD, eq 1).38
Experimentally, a one-unit change of pKi,; of the mixed SAM required 370-700 mV change in the
applied potential ¢, for the various cations. This showed that the change in @, (A@eyy) is only 8-
16% of the change in @y (Adpp), similarly to what we and others proposed previously.?*3438 The
significantly larger slope of pK1/2 vs ¢y for TBA™ compared to other cations indicates that changes
in @exp with varied ¢y, are larger in case of TBA" (Figure 5).

Insight into absolute values of ¢@.., can be gained by examining specific ¢@u,,’s and absolute
values of observed pKi at a specific @upp. At a @upp = P, dexp 1s zero and the interface region is
uncharged.®® ¢ can be identified as the @,y at which Ty = Uy (0) = 2233.1 cm™! (see SI).3%4!
This occurs at a positive ¢ at or above +0.15 V vs Ag/AgCl for this mixed SAM with the cations
studied. This means that within almost the full potential window examined here, the interface
experiences a negative ¢@..,. Therefore cations interact with the surface even at positive applied
potentials @,p. Notably, ¢y is more positive by ca. +0.45 V for TBA" vs. other cations based on its
higher @y, at Uy (0). Therefore, a larger polarizing positive potential had to be applied in case of
TBA" to get enough repulsive surface-cation Coulomb interaction to reach a net zero charge
situation in the interface region. This is consistent with the expectation for larger cations having
smaller charge densities and larger distance to the surface in the interface region and hence
decreased Coulomb interactions. Secondly, at any one specific @y, the pKiz with TBA®
electrolytes was higher (more basic SAM) vs other cations. This indicates that ¢.y, at any specific
dapp Was more negative (larger in magnitude) for TBA" compared to the corresponding ¢@e., with
other cations (Figure 5).

In sum, the pKi,2 Vs @upp relationships suggest that ¢y, is only a fraction of ¢, for all cations,
and that ¢y, is more negative and changes more with ¢,,, for TBA" compared to other cations.
This is illustrated in Figure 5. The less extensive potential screening across the SAM for TBA™ is
likely due to its size, which limits the interaction of TBA™ with the SAM carboxylates and/or limits
the penetration of TBA" into the SAM.
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Figure 5. Cartoon of cation effects on the interfacial potential profile and SAM acidity: a) Smaller cations (K*, Na*,
Li*, and ND4") can interact strongly with the SAM COO™ groups or penetrate the SAM (illustrated by a wavy SAM
surface). b) In contrast, the large TBA™ does not penetrate the SAM as well and on average does not come as close to
the SAM surface (illustrated by a flat SAM surface). Compared to TBA*, small cations hence led to a larger potential
drop across the SAM and a shallower potential drop in the electrolyte solution (dark lines within grey and blue areas).
Hence, the SAM had a lower pK12 (more acidic) with a shallower dependence on ¢y, with smaller cations.

Interfacial Electric Field. The observations made in the Stark results section with varied cation
have likely two main contributors: an electrostatic effect due to cation-dependent changes in
interfacial electric field and H-bonding effects due to cation-dependent changes in interfacial
hydrophobicity.4%73-8687 Tg extract qualitative electrostatic trends, we here interpret the observed
Stark responses as an electric field effect only and translate the Stark data into the ensemble-
averaged electric field Er in the interface region by equation 2.41:43-46:49:50 The thereby determined
Er likely also contain cation-specific changes in the electrostatic contributions due to
intermolecular interactions such as dipole-dipole interactions as we used a constant Ty (0) for the
different cations in equation 2. Er changed linearly with ¢, and varied between 0 and -1.5-10° V

m™! (-1.5 Vnm') dependent on ¢, and cation (see SI). The measured Er correspond to the average

.. . . . d ) ) )
derivative of the potential with distance, d—(g, around the Stark reporter in the interface region, as

illustrated in Figure 6 (red dotted lines).

The similar Stark responses of the smaller cations, Li*, Na*, and ND4", suggest similar
ensemble averaged interfacial Er with varied ¢@,,. At the same time, we obtained a shallower pKi»
VS. @upp relationship with ND4" vs other small cations. This implies a smaller Ag.., and a larger
screening of the potential across the SAM for ND4". The origin of this apparent contrast between
similar Er yet different potential screening is not clear. One should note, however, that the effective
acidity of the SAM reflects differences in free energy between protonated and deprotonated states,
while the Stark response gives an ensemble average of electrostatic contributions within the

14



Electrolyte Cation Effects on Interfacial Acidity and Electric Fields Delley, Nichols, and Mayer

interface region for the dominant state.>® These are two different phenomena. The fact that one
metric can distinguish between different cations while the other cannot highlights the utility of
using two parallel probes of a system to obtain complementary information.

a)  Small Cations : K*, Na*, Li*, ND4* b) Large Cation : TBA*
Au SAM Double Layer Au SAM Double Layer
© " © .
) ] +
¢ ) ¢
E + slope ‘;—d = electric D VS K b slope ’;—‘p = electric
“ field E. . ' field E,
< > . ti L
-_EF’ o smaller F '-‘EF o larger
- . at any ¢app <. D* [ ‘._‘ at any ¢app
= e changes = e changes
b= more with = Ies_s with
% ¢ varied ¢, o % varied ¢app
o o
&) ¢bu/k ©)
d from SAM surface d from SAM surface

Figure 6. Cartoon of cation effects on the interfacial potential profile as in Figure 5, here highlighting interfacial
electric fields. The electric field is the average derivative of potential with respect to distance (red dotted line)
measured within the 3D interface region by the Stark probe. For small cations (a) this electric field is lower (less steep
average slope), and the change of electric field with @y is larger (larger change in average slope) compared to (b)
with the large TBA™. The insets overlay these electric fields at different ¢y, for small cations (a) or TBA™ (b) for
easier comparison. The differences result from the larger potential drop within the SAM for smaller cations.

The measured interfacial electric field was quite different with TBA™ vs the other cations. The
electric field in the interface region at a given ¢, is larger (more negative) for TBA" than for
other cations (Figure 6). This means that ¢, is less screened within the SAM in presence of TBA*
consistent with our pKi» vs @y analysis above. A similar cation size effect has previously been
reported for MesNR" surfactants at intermediate electrolyte concentrations of 0.5-10 mM by
Dawlaty and coworkers.*’ Additionally to this electrostatic effect, the significantly shifted Stark
response of TBA™ to lower wavenumbers vs the other cations is likely in part due to the TBA™’s
larger hydrophobicity and decreased ability for H-bonding interactions.*44%-73:86

Furthermore, the smaller Stark slopes observed with TBA™ vs small cations suggest that the
electric field changed less with @y, for the large TBA™ (AEr smaller) compared to other cations.
This is illustrated in Figure 6, where the change in slope of the potential vs distance plots as a
function of @y, is smaller for TBA™ than for other cations (compare among panel insets a and b,
the differences in slope Er at @uyp and ¢yp,’). Figures 6 and 5 also illustrate how Uiy can change
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less with @y, (due to smaller AEr), while the pKi, changed more with ¢, (due to larger Adexy)
for TBA" vs other cations.

Overall, the ¢,,,-dependent pKi» and Stark response data combined suggest that both the
potential drop across the SAM and outside towards bulk solution varied as a function of electrolyte
cation identity. Interaction with the SAM surface and/or SAM penetration was less with the large
TBA", which led to less potential screening across the SAM and this screening also varied less
with @, In the electrolyte solution outside the SAM, the potential therefore drops more steeply
and the experienced potential changes more as a function of @, for TBA" vs small cations. These
effects are likely general for bulky electrolyte cations.

Conclusions

Electrolyte cations extensively screened the applied potential and thereby strongly influenced the
effective acidity (pKi2) and interfacial electric field (Er) of acidic mixed SAMs on gold. Smaller
cations (Li*, Na*, K*, or ND4") had very similar effects on pKi, and Er and their response to the
applied potential ¢,,. In contrast, dramatic changes were observed when switching to TBA™ —
much more basic SAMs, large acidity changes with ¢,,,, large negative Er, and smaller Er changes
with ¢@a,,. These effects show that the interfacial potential distribution is quite different with the
large electrolyte cation: the potential drop is minimized across the SAM and maximized in solution
due to the impeded approach of TBA™ to and/or into the SAM surface.

Electrolytes with TBA™ cations also had strong macroscopic effects on interfacial structure
making it more heterogeneous than with smaller cations. For instance, two distinct types of SAM
surface COO™ were observed with TBA™. On a molecular level, there is evidence that Li*, Na*, K,
or ND4" associate specifically with the COO™ groups of this mixed SAM and lose part of their
hydration shell. This is intriguing, because direct evidence for (quasi-)specific cation-metal
electrode interaction has generally been difficult to obtain and is debated, e.g., for stabilization of
surface-bound COO~ or COOH intermediates in CO2RR electrocatalysis. Whether cations also
interact with CN and/or COOD SAM surface groups or only with COO" is not clear.

This study highlights how specific cation interactions influence interfacial structures, electric
potential distribution, acidity, and charge transfer at electrified interfaces. By select choice of
electrolyte cation identity and applied potential, the interfacial acid/base equilibria (and hence, the
propensity for proton transfer) can be shifted by more than three orders of magnitude. These shifts
are determined both by subtle effects of cation/carboxylate affinities and binding mechanisms, and
by substantial effects through cation sterics. Similar cation phenomena could also contribute to the
interfacial chemistry in electrocatalysis by metal electrodes or e.g. oxides with acidic
functionalities. This work helps to understand cation effects at electrified interfaces that are
relevant to a range of electrochemical applications, including electrocatalysis, (opto)electronic
devices, or molecular electronics.
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