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ABSTRACT: Acetonitrile is among the most commonly used
nonaqueous solvents in catalysis and electrochemistry. We study its
interfaces with multiple facets of the metals Ag, Cu, Pt, and Rh using
density functional theory calculations; the structures reported shed new
light on experimental observations and underscore the importance of
solvent—solvent interactions at high coverage. We investigate the
relationship of potential of zero charge (PZC) to metal work function,
reporting results in agreement with experimental measurements. We
develop a model to explain the effects of solvent chemisorption and
orientation on the PZC to within a mean absolute deviation of 0.08—
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0.12 V for all facets studied. Our electrostatic field dependent phase
diagram agrees with spectroscopic observations and sheds new light on electrostatic field effects. This work provides new insight into
experimental observations on acetonitrile metal interfaces and provides guidance for future studies of acetonitrile and other

nonaqueous solvent interfaces with transition metals.

Metal—solvent interfaces are important in a variety of
technological applications. The composition of the
solvent can critically influence the performance of electro-
chemical processes.”” Among nonaqueous solvents, acetoni-
trile is commonly used.'”*”**7** The use of acetonitrile to
enhance or control the performance of complex electro-
chemical reactions such as oxygen reduction,"”*~”* carbon
dioxide reduction,™'*7****72%31 and various oxidation reac-
tions'*~"?%%% is of active research interest. Understanding the
effects of nonaqueous solvents, including acetonitrile, on
surface electrochemistry is thus a crucial step toward
engineering catalytic and electrochemical systems for optimal
performance.

Electrochemical and spectroscopic methods have been the
primary experimental tools for fundamental experimental
investigations of metal—solvent interactions. Electrochemical
evidence indicates that acetonitrile chemisorption takes place
on transition metals such as Pt, Pd, and Fe, in contrast to a
weaker interaction without significant chemisorption on Au,
Ag, Bi, Ga, Hg, and other sp-m(>_tals.5’33_48 The relationship of
potential of zero charge (PZC) in various solvents to vacuum
work function has been of fundamental interest in the study of
metal—solvent interactions, as well as of practical importance
in electrochemical applications.*’™>* In acetonitrile, it was
observed that among Ag and the sp-metals, the PZC depends
linearly on the work function, whereas other transition metals
such as Pt and Pd deviate substantially from this linear
relationship; the deviations are hypothesized to be caused by
differences in chemisorption across different groups of
metals.*****"°%3*=57 Vibrational and X-ray photoelectron
spectroscopy’ **""%'~7! corroborate that only weak adsorp-
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tion without chemical bonding occurs on Au, while at least two
chemisorbed species are observed on Pt, Pd, and Ni surfaces: a
“bridged” di-sigma-bonded species and a “linear” adsorption,
oriented roughly normal to the surface plane and coordinated
through the lone electron pair of the N atom, with distinct CN
stretching frequency ranges. Potential and charge dependent
spectra have also been observed,”*"****%*">73 providing
evidence of potential and field dependence of adsorption
configurations. But it is difficult to conclusively and
unambiguously translate all of the available experimental
evidence into a clear understanding of the atomic structure
of the interface; this provides motivation for theoretical study
of these interfaces.

Density functional theory (DFT) has been widely applied to
study the structure of metal surfaces due to a balance of
computational expense and accuracy.”* DFT has been applied
to study acetonitrile interactions with Pt, Si, and
Ti0,.>””">~*! With few exceptions such as a binding energy
coverage dependence study on Pt’ and DFT-based molecular
dynamics studies on TiO,,”” previous works generally studied
low coverages and isolated acetonitrile molecules, rather than
full coverage solvent layers corresponding to the metal—liquid
interface. At low coverages, distances between adsorbed
acetonitrile molecules are large and the corresponding
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Figure 1. Global minima structures found for acetonitrile—metal interfaces. The simulation supercell periodic boundaries are displayed as green
lines. Additional perspectives are shown for the Pt and Rh cases to more clearly display the adsorption configurations.

adsorbate—adsorbate interactions are thus weak; thus the
relative stabilities of the possible adsorbate configurations
depend predominantly on the adsorbate—surface interactions.
At higher coverage, the distance between adsorbates decreases
and the interactions between adsorbates becomes significant in
determining the overall energy and therefore the structure, in
competition with purely adsorbate—surface interactions. There
has not been a systematic study of the interfaces of acetonitrile
with multiple transition metals and facets at full coverage from
first-principles, despite their current relevance in electro-
chemical technologies.

This study contributes a comprehensive, systematic
theoretical study of the fully solvated acetonitrile metal
interface on a variety of transition metals (Ag, Cu, Pt, Rh)
and facets ((111) and (211), representative close-packed and
stepped facets). We apply a global optimization algorithm®***
to thoroughly sample physically relevant structures for each
interface. We describe the work function—PZC relationship
across metals and facets. We explain the collective effects of
chemisorption and solvent orientation on the solvated work
function and PZC by fitting the numerous local minima to a
simple model, with a mean absolute deviation (MAD) of
0.08—0.12 eV for all metals and facets considered. We also
investigate the preferred adsorption structure as a function of
electrostatic field, indicating the sensitivity of chemisorbed
structures on electrostatic fields that may be induced by ions or
other adsorbates. And we compare our results to relevant
experimental observations, finding consistent results and
providing insight into the complex structures of the acetonitrile
transition metal interfaces and their properties.

We begin by describing the globally optimized acetonitrile
transition metal interfaces. We generated 100 local minima for
each surface using minima hopping.*”*’ The structures of the
global minima are shown in Figure 1. A summary of
chemisorbed configurations and coverages is provided in
Table 1. No chemisorption is observed on either Ag facet or on
Cu(111), and in general chemisorption coverage increases in
the order Ag - Cu — Pt — Rh for both facets. Note that
although visually the step edge of Ag(211) appears to adsorb a
linear acetonitrile, the closest N—Ag distance on Ag(211) is

9803

Table 1. Summary of Acetonitrile Chemisorption on
Transition Metal Facets

total linear bent surface atom step edge

facet ads ads ads coord coord
Ag(111) 0 0 0 0/9 (0%)
Cu(111) 0 0 0 0/9 (0%)
Pt(111) 2 1 1 3/9 (33%)
Rh(111) 2 1 1 4/9 (44%)
Ag(211) 0 0 0 0/9 (0%) 0/3 (0%)
Cu(211) 1 1 0 1/9 (11%) 1/3 (33%)
Pt(211) 1 0 1 2/9 (22%) 2/3 (67%)
Rh(211) 2 0 2 7/9 (78%) 3/3 (100%)

2.7 A, much longer than the N-metal distances on on Cu(211),
Pt and Rh, of #2.0—2.1 A. This significantly greater N—metal
distance on Ag indicates relatively smaller orbital overlap and
thus less chemical bonding character; the density of states
analysis investigating this is provided in the Supporting
Information. Therefore, we do not categorize this as a
chemisorption in Table 1. Two easily distinguishable types of
chemisorbed acetonitrile species are observed; one is linear
and binds through N, and the other is bent and binds through
both C and N, consistent with previous findings. The diversity
of configurations and orientations observed among adsorbed
and non-adsorbed acetonitrile molecules suggests that
interactions among chemisorbed, and non-chemisorbed,
acetonitrile species at high coverages become important in
determining the overall structure. On Cu(111), for example,
the non-chemisorbed acetonitrile molecules assemble into an
alternating antiparallel pattern to maximize dipole—dipole
interactions between solvent molecules, and Pt and Rh display
mixed coverages of strongly chemisorbed linear and bent
configurations due to steric and dipole—dipole interactions.
We calculated the energies of dipole—dipole interactions
between an isolated pair of acetonitrile molecules, as well as
the dipole induced dipole interaction of an acetonitrile
molecule physisorbed parallel to a metal surface and found
that both of these interactions were approximately 0.2 eV in
strength. This provides further insight into the driving forces
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Figure 2. Relationship between metal work function and PZC (a) from previously published experimental results®**"** and (b) from our DFT
results, with comparison to the linear fit to experimental results for Au and the sp-metals.

for the competition between the adsorbate—adsorbate and
adsorbate—surface interactions at high coverage.

Next we discuss the work function—PZC relationship. The
PZC on an absolute scale is approximated by the solvated work
function when no excess charge is present.”' ~>*** The PZC on
a standard hydrogen electrode (SHE) scale is thus obtained by
subtracting the absolute potential of the SHE, a quantity that
remains a matter of open research.**~* Here we use the value
4.3 V, which has been recently indicated.**~*® This choice
does not affect the relative trends among our DFT results but
uniformly shifts the DFT results on an SHE scale. Previous
theoretical™ and experimental work®"** has shown that the
effect of solvent on the metal work function is largely
accounted for by the first layer of solvent in direct contact
with the metal. The bulk phase of a conventional solvent is
isotropic; therefore, it has no net orientation and thus has no
contribution to the electrode potential other than via its
interfaces. Our results are summarized in Figure 2.

Previously reported experimental results®”*">* are displayed
in Figure 2a; our DFT results are displayed in Figure 2b. Here
we discuss three main points in comparison with experimental
results:

1. the linear trend of non-chemisorbing surfaces,
2. the deviations of chemisorbing surfaces from this line,

and

3.

A linear relationship is apparent among the experimental
results for sp-metals and Au, whereas transition metals such as
Pd and Pt significantly deviate from this relationship; this
observation has been previously discussed.”**"*>”° We
demonstrate in Figure 2b that our DFT results for non-
chemisorbing facets also fall on this same line. Thus, the DFT
results for non-chemisorbing surfaces are consistent with the
sp-metal trend from experiments. Our DFT results for
chemisorbing surfaces deviate from this non-chemisorbing
line in the direction of lower PZC. This is consistent with
available experimental results, as indicated by the negative
deviations of Pd and Pt from the sp-metal trend line. This
decrease in PZC has been previously hypothesized to result
from electron donation from chemisorbed solvent to the metal
surface and possible solvent orientation effects.”*** Finally, we
compare the facet dependence of a non-chemisorbing metal.

the trend among facets of a non-chemisorbing metal.

9804

The only metal we studied on which acetonitrile does not
chemisorb on either facet studied is Ag. We observe a trend of
increasing PZC and work function for Ag(211) — Ag(111).
This trend is caused by the trend in work functions of these
facets and the lack of chemisorption among these facets;
changes in the work function thus propagate directly to
changes in the PZC. This trend is consistent with the
experimentally observed facet trend on Au of increasing work
function and PZC on gold in the order of increasingly
coordinated facets Au(210) — Au(100) — Au(111).*""!
Thus, our results are consistent with the experimental findings
for the linear trend of non-chemisorbing surfaces, the
deviations from this trend caused by chemisorption, and the
trend among facets of a given non-chemisorbing metal. But
there remains an unexplained and apparently nonlinear
relationship between work function and PZC for the strongly
chemisorbing facets.

To explain the origins of that more complicated chemisorb-
ing metal relationship in more detail, we build a model to
describe variations in the PZC caused by solvent chem-
isorption and orientation. The form of the model is displayed
in eq 1.

D

solvated —

b+ YN +b) + 1| LN =)

i € {configurations} (1)
This equation incorporates two solvent contributions (chem-
isorption and orientation) from each configuration i: not-
adsorbed, linear (adsorbed), and bent (adsorbed). N; is the
number of molecules in cofiguration i per supercell. The
quantity 6 is the cosine of the angle of the C—N bond vector
with the surface normal, representing the surface-normal-
component of the C—N orientation. The term 6, is the average
of that quantity, averaged over all species of configuration i
which are present. The permanent intrinsic dipole moment of
acetonitrile is aligned along the C—N bond, with N the
negative end and C the positive end. It is well-known that near
metal surfaces, dipoles aligned normal to the surface are
reinforced by the image charges induced in the metal whereas
dipoles aligned parallel to the surface are canceled out by the
image charges induced in the metal. Furthermore, only the
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Figure 3. Parity plots (model predicted vs DFT calculated) for model of solvated work function. Marker colors organize data by total number of
adsorbed species, visually indicating that the quality of fit is relatively independent of the number of adsorbed species (per supercell).

surface-normal component of the surface dipole moment
density contributes to the solvated work function, and thus the
PZC. Thus, the quantity N/, represents the sum of the
components of the permanent dipole moments of the species
of configuration i that are normal to the surface and thus can
contribute to the total surface dipole moment density. Those
considerations provide the physical justification for the form of
the orientation term, which aims to capture the effect of the
solvent dipole orientation normal to the surface on the PZC.
The terms m;Ng; thus model the effect of the combined
orientations of molecules of a given type, where m; depends
primarily on the intrinsic dipole moment of the solvent since it
provides the relationship between the solvent orientation and
its effect on the work function. The terms N;b; model any
additional effect of chemisorption beyond its effect on the
orientation of solvent dipoles. Chemisorption of a solvent
molecule in a particular configuration could induce polar-
ization of either the adsorbate or the metal surface, or result in
a net charge transfer between the adsorbate and surface. Either
of these effects would result in a change in charge distribution
and thus an effect on the solvated work function, or PZC.
Therefore, the coeflicient b, models the effect of charge
redistribution per chemisorbed species coverage; the term N;b;
thus represents the total effect of chemisorption assuming the
effect is linear in coverage, in addition to whatever orientation
effect chemisorption induces. Finally, the interaction term
1Y, N, = j] accounts for the effect of adsorbate—adsorbate
interactions, or nonlinearity with coverage; the function
l[ziNl- =] is an indicator function equal to 1 whenever

YN, = j and is only active when there are more than 1
adsorbed species per supercell. This term is required when the
effect of chemisorption does not remain constant as the
coverage of chemisorbed species increases. In other words, the
interaction term accounts for the possible effects of
interactions between chemisorbed molecules as the coverage
increases. A more detailed explanation of this model is
provided in the Supporting Information for the interested
reader. We fit the model parameters m;, ¢, b, b for eq 1 for

each metal facet using least-squares. The resulting model
explains the effect of adsorption and orientation on the PZC
with a MAD of between 0.08 and 0.12 eV, as summarized in
parity plots in Figure 3. The configurations studied have PZCs
that span a range of at least 3—4 eV, so the MAD of ~0.1 eV
indicates that the model accurately describes much of the
variation in this data. Parameter values are tabulated in the
Supporting Information. We summarize the key physical
insights that arise from the fitted model here:

1. The effect on the PZC of orientation of non-adsorbed
species is approximately the same for all metals.

2. The effects on the PZC of linear adsorption are similar
for all metals, and the orientation dependence is slightly
stronger than that of the non-chemisorbed species,
indicating a stronger effective dipole moment.

3. Both linear and bent chemisorption generally decrease
the PZC at low coverage, but this effect is nonlinear in
coverage.

4. The overall intercept terms b of all surfaces correlate
closely with their vacuum work functions, underscoring
that solvent orientation and chemisorption effects cause
the deviations from the linear relationship for non-
chemisorbing surfaces.

Further elaboration on these conclusions based on the fitted
model parameters is provided in the Supporting Information.
Our results show that the PZC depends sensitively on
chemisorption and orientation of species at the surface,
which has been hypothesized experimentally,”* underscoring
the importance of thoroughly sampling many possible
configurations to globally optimize the structure.

The above results pertain to the structure at the PZC due to
the lack of excess surface charge, but at electrode potentials
significantly far from the PZC, significant external electric fields
can exist at the metal—solvent interface, and there is
experimental evidence that this affects the interface struc-
ture.>*@037987273 We thus study the effect of electrostatic
fields on the chemisorbed species on each facet. Field
dependence of chemisorbed acetonitrile structure on Pt(111)

https://dx.doi.org/10.1021/acs.jpclett.0c02692
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has already been investigated using DFT; "> here we extend
these results to other metals and facets, including the stepped
(211) facets. The binding energies are calculated as a function
of electrostatic field as shown in Figure 4; this was done for all
surfaces. The resulting phase diagram as a function of
electrostatic field is shown in Figure S.

The phase diagram in Figure S is consistent with the
observed global minima shown in Figure 1; the facets that do
not display chemisorption are reported to be clean at the zero
field state, corresponding to the PZC. From Figure 1, on
Cu(211) the global minima configuration shows a linear
adsorbate, Rh(211) has two bent adsorbates, and Pt(211) has
one bent adsorbate, all consistent with the dominant adsorbate
at 0 field from Figure S. Global minima of Rh(111) and
Pt(111) in Figure 1 show a mix of linear and bent adsorbates,
reflecting that the linear and bent states both appear quite
close to the PZC on Figure S. Positive electrostatic fields
(which are present at positive electrode potential relative to
PZC) promote the linear adsorption configuration, which has a
greater positive surface dipole moment than that of the bent

state (we use the convention that “positive dipole moment”
means that the positive end is directed away from the surface).
We also note that the positive surface dipole moment of both
adsorbed species is consistent with the experimental
observation that chemisorption of acetonitrile lowers the
work function®*** as mentioned earlier.

We now compare the field-dependent phase diagram with
selected experimental results. The non-chemisorbing facets
Ag(111), Ag(211), and Cu(111), which appear to have very
similar behavior in Figure 5, display no chemisorption at
negative fields or fields less than ~0.3 V/A. At fields more
positive than ~0.3 V/A, a linear N-down chemisorbed state
becomes energetically favorable. Experiments demonstrate that
on Au, acetonitrile weakly physisorbs with no evidence of
chemisorption on the neutral and negatively charged electrode
(corresponding to negative field strengths in Figure
5);*139°767%8 N.down linear chemisorption occurs only at
positive electrode charge above approximately 8 uC cm™
(corresponding to positive field in Figure 5).*"% In fact,
Figure S demonstrates that Cu(211) shows the same

9806 https://dx.doi.org/10.1021/acs.jpclett.0c02692
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qualitative behavior: no chemisorption at sufficiently negative
electrostatic field, and linear, N-down chemisorption at
sufficiently positive electrostatic field. Thus, our results for
Ag and Cu are in agreement with available experimental data
for group 11 (coinage) metals.

Next we consider the more strongly binding metals Pt and
Rh, which demonstrate behavior qualitatively different from
that of Ag and Cu. Near the PZC and at low field strengths,
there is an electrostatic field range within which the bent
configuration dominates. At fields positive of this bent regime,
the linear configuration dominates, and at sufficiently negative
fields, acetonitrile desorbs, flipping N-up to align the
permanent dipole moment with the field. The bent
configuration is stable over a broader range of fields on the
(211) facet than on the (111) facet for both Pt and Rh. Thus,
step sites stabilize the bent configuration relative to both the
desorbed, N-up configuration and the linear chemisorbed
configuration. Our results are consistent with previous
experimental and theoretical evidence that on Pt acetonitrile
adsorbs in the linear N-down form at potentials positive of the
PZC and in the bent form at potentials near and slightly
negative of the PZC, and it desorbs to flip N-up at strongly
negative fields.”””> Our results show that this behavior extends
to both facets of Pt and Rh, including on steps. More generally,
the existence of both linear and bent chemisorbed species has
been exg)erirnentally demonstrated on Pt, Pd, and Ni
surfaces™ "' 7%* and for methyl isocyanide on Rh;’* our
results show that both forms are stable on the surface at
conditions relatively close to the PZC and thus are consistent
with those observations. We also note that the vibrational
frequencies from DFT are consistent with experiment: the CN
stretching mode of the bent configuration is strongly red-
shifted.””%° Vibrational modes are provided in the Supporting
Information.

Finally, we investigate the physical origins of the effect of
chemisorption on the PZC, which we empirically described by
the model presented in eq 1 and Figure 3. We posit two
hypotheses for the origins of the effect of chemisorption of
solvent on the PZC:

1. The chemisorbed configurations of the solvent have
intrinsic dipole moments arising from the charge
distribution within the adsorbate itself; the contribution
of these adsorbate dipole moments to the surface dipole
moment density has an effect on the PZC, and

. The redistribution of charge density due to chem-
isorption: both the metal surface and the adsorbate
could be polarized by their interaction, and charge can
be transferred between the adsorbate and the surface.
This too would result in a surface dipole moment
density with an effect on the PZC.

To investigate the relative importance of these two possible
physical origins, we perform single point calculations on the
chemisorbed solvent configurations studied in the phase
diagram for each surface. We compare the effective dipole
moments of the adsorbed solvent configurations on their
respective metal surfaces to those configurations in the absence
of the surface (in a vacuum) with the work functions. We also
approximate any charge transfer between the adsorbate and the
surface using Bader charge analysis.””~® The results for the
Bader charge as well as the gas-phase and adsorbed surface
dipole moments (in the z-direction) are provided in Table 2.
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Table 2. Charge Transfer to Adsorbate, Adsorbate Surface
Dipole Moment, and Change in Surface Dipole Moment
Induced by Chemisorption Relative to the Same
Configuration in the Gas Phase, for Linear and Bent
Adsorbates on All Facets Studied

charge adsorbate change in dipole
transfer to  surface dipole moment from
facet config. adsorbate/e  moment/e A adsorption/e A
Ag(111) linear —0.01 0.84 0.09
Ag(211)  linear —0.01 0.74 0.10
Cu(111)  linear -0.03 0.72 0.10
Cu(211)  linear —0.04 0.51 0.14
Pt(111)  bent —0.20 023 —0.08
Pt(111)  linear 0.03 0.87 0.19
Pt(211)  bent —023 021 —0.09
Pt(211)  linear —0.01 0.89 0.18
Rh(111)  bent —0.48 0.18 -0.18
Rh(111)  linear —0.07 0.77 0.04
Rh(211)  bent (i) ~0.50 0.06 ~0.17
Rh(211)  bent (i) -035 027 —0.16
Rh(211)  linear —0.09 0.70 —-0.01

These results indicate that most of the chemisorbed surface
dipole moment, and thus the effect on the PZC, are explained
purely by the chemisorbed configuration of the adsorbate; the
dipole moments without the surface present are in general
quite similar to those of the adsorbed species. For both linear
and bent configurations, this surface dipole moment is positive,
consistent with a decrease in the PZC concomitant with
chemisorption. Negative charge is transferred to the bent
adsorbate from the metal; there is nearly zero net charge
transfer between the linear adsorbate and the metal surface.
Adsorption to the metal surface has a small polarization effect
on the adsorbed species; adsorption increases the positive
dipole moment in the linear configuration and diminishes the
positive dipole moment in the bent configuration, consistent
with the negative charge that is transferred to the bent
configuration. But our results indicate that in general this effect
is relatively smaller than that of the intrinsic dipole of the
adsorbed species due to its orientation.

More detailed descriptions of the field-dependent binding
energies are provided in the Supporting Information; these are
important for determining competing adsorption equilibria
among other possible adsorbed species. Acetonitrile chem-
isorption does not fully cover even surfaces on which it is
strongly bound at low coverage, as reported here in Figure 1
and Table 1; this is consistent with previously reported
repulsive adsorbate—adsorbate interactions at higher cover-
ages.” We also did not consider possible reactive/dissociative
chemisorption® ™ or any electrochemical steps involving
other species such as hydroxide or hydrogen ions,” as we aimed
to model the pure acetonitrile metal interface, investigating
only molecular adsorption steps. Finally, it should be noted
that the current work focused on examining structure using
static local minima rather than using molecular dynamics
simulations,”’ which could provide more detailed structural
data regarding the effect of thermal fluctuations, which may be
important especially for the non-chemisorbed species. The
fundamental understanding of acetonitrile transition metal
interfaces contributed by this work should provide guidance
for future studies incorporating the complexities just
mentioned.

https://dx.doi.org/10.1021/acs.jpclett.0c02692
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B COMPUTATIONAL DETAILS

Quantum ESPRESSO®””® was used for DFT calculations with
the dispersion-corrected Bayesian error estimation functional
(BEEF),”**?7'%" the atomic simulation environment (ASE)
was used for minima hopping calculations and thermochem-
istry analysis,'’> and figures were produced using VMD.'*?
Valence electrons were represented by a plane wave basis set,
Vanderbilt ultrasoft pseudopotentials were used for core
electrons,'**™'"” and the Brillouin zone was sampled using a
Monkhorst Pack k-point grid."® Further details are provied in
the Supporting Information.

For the (111) facets, a 3 X 3 (9 surface atoms) supercell was
used; for the (211) facets, a 3 atom X 3 atom (3 step edge
atoms; 9 surface atoms total) supercell was constructed. We
included four acetonitrile molecules per simulation supercell,
as this corresponded to at least one full solvent layer on the
surfaces studied; more acetonitrile molecules would not fit in
contact with the metal surface. We applied the minima
hopping algorithm®*** as described in previous work® to
generate 100 local minima each for the (211) and (111) facet
of each metal.
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