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Abstract

Acetonitrile is a common solvent for heterogeneous catalysis and electrochemical
applications, as well as the simplest example of an organic nitrile. Understanding the
energetics and nature of its interactions with Pt(111) is of interest for a wide array of
applications, especially for estimating the effect of acetonitrile as a solvent on the
adsorption energies of catalytic and electrocatalytic reaction intermediates on Pt group
metals. Here, the heat of adsorption of molecular acetonitrile on clean Pt(111) was
measured by single crystal adsorption calorimetry (SCAC) as a function of coverage,
and from that, the adhesion energy of liquid acetonitrile to Pt(111) was estimated. At
180 K, the differential heat of adsorption is initially 82.9 kd/mol, decreasing to 63.2
kJ/mol by a saturation coverage of 0.25 ML. The integral (average) heat of adsorption at
180 Kis 74.3 kd/mol at a saturation coverage of 0.25 ML. At 100 K, the heat of
adsorption is 84.5 kd/mol initially, and decreases to ~45 kJ/mol after the completion of
the first layer (0.35 ML), and finally reaches a constant multilayer heat of 43.4 kJ/mol at
coverages higher than 0.7 ML. (Errors bars on all heats are +4%.) The saturation
coverage is higher at 100 K than 180 K, attributed to the formation of a less stable
adsorbate configuration at 100 K due to lower surface mobility. Using the heats of
adsorption at 100 K up to bulk-like multilayer coverages, we estimate the adhesion
energy for liquid acetonitrile to Pt(111) to be 0.198 J/m?, which can be used to estimate
the effect of acetonitrile as a solvent on the adsorption energies of catalytic reactants
relative to gas phase. This adhesion energy is considerably lower than those for water,
benzene, and phenol on Pt(111), but slightly greater than those for methanol and formic
acid.
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1. Introduction

Due to its wide use as a solvent, the interactions of acetonitrile with Pt surfaces are
important in electrochemistry and electrocatalysis. As the simplest example of an
organic nitrile, a fundamental understanding of its interactions with Pt(111) is also of
general interest to surface chemistry and catalysis. Here we report calorimetric
measurements of the adsorption energies versus coverage of molecularly adsorbed
acetonitrile on clean Pt(111) at 100 K and 180 K, and estimate from these the adhesion
energy of liquid acetonitrile to Pt(111) at room temperature. Most importantly, this
adhesion energy can be used to estimate the adsorption energies of catalytic reaction
intermediates on Pt(111) in an acetonitrile solvent based on energies measured (or
calculated) in gas phase. This is done using an equation we recently developed which
shows that the difference in adsorption energy in liquid solvent relative to gas phase is
dominated by the product of this solvent adhesion energy times the footprint area of the
adsorbed intermediate on the surface.!? Since there is vast knowledge already of
adsorption energies on Pt group metals in gas phase, but very few such energies
known in liquid solvents, this opens up important new opportunities to gain fundamental
insights into catalysis in liquid solvents and electrocatalysis.

Acetonitrile is a polar, organic solvent commonly used in a number of chemical
reactions and synthesis processes. It’s high dielectric constant and aprotic nature make
it an attractive electrolyte solvent in electrochemical reactions and electrocatalysis,*>® as
well as in batteries and capacitors.®-'3 It's low viscosity and high miscibility with a wide
variety of polar solvents and solutes makes it promising for applications in many other
areas of heterogeneous catalysis including bio-fuels synthesis and biomass based
chemical upgrading, as well as the engineering of optimal mixed solvent
environments.#'® The measurement here of its adhesion energy to a Pt-group metal,
and the use of that value to estimate adsorption energies of catalytic and
electrocatalytic reaction intermediates on that and other Pt-group metal surfaces, which
generally have similar adsorption and adhesion energies to Pt'%-2" will aid in developing
basic understanding of those important reactions, their mechanisms, and their reaction
energy diagrams.

Platinum, in addition to its widespread use as a heterogeneous catalyst in numerous
industrial processes, is a common electrode material for electrochemical applications.
Therefore, elucidating the energetics and nature of interaction between acetonitrile and
the Pt surface is of great interest. Pt(111) is the most thermodynamically stable face of
platinum, and is consequently commonly used as a model catalyst. Previously,
experimental results from temperature programmed desorption (TPD) and vibrational
spectroscopy (RAIRS) studies have shown that acetonitrile will form multilayers at low
temperatures (<150 K), but only forms a single, molecularly adsorbed adlayer from 150
K to ~200 K.22 The adsorption of acetonitrile on Pt(111) has also been studied by
density functional theory (DFT).23-25 Here, we report the enthalpies of adsorption for
acetonitrile to clean Pt(111) at 100 K and 180 K, determined in ultrahigh vacuum
conditions using single crystal adsorption calorimetry (SCAC). These results, when
combined with those recent RAIRS, TPD, and DFT studies, provide detailed insight into



the nature and energy of surface adsorption and interaction of acetonitrile with Pt(111).
Enthalpies of adsorption for acetonitrile to clean Pt(111) have also been studied by
SCAC previously, but only at 298 K,?* where later TPD studies show that the first layer
is already desorbed almost completely.?? The highly accurate adsorption energy and
estimated adhesion energy of acetonitrile on Pt(111) reported here are the first such
values reported for any nitrile-containing molecule on any Pt-group metal surface, and
as such they serve as important benchmarks for validating the energy accuracy of
computational methods (like density functional theory) used to estimate these energies
when nitrile groups are involved.In addition, a recently developed method by this group
has enabled the extraction of solvent adhesion energies from SCAC measurements of
adsorption energies in ultrahigh vacuum (UHV)."® Below, we use this method to extract
and report the adhesion energy of liquid acetonitrile to the Pt(111) surface. This
adhesion energy can in turn be used to quantitatively estimate the effect of this
important solvent on the adsorption energies of catalytic reaction intermediates, as
described previously."? This knowledge is of interest for efforts to utilize solvent
properties to tune intermediate energetics and interactions with the catalyst surface, and
consequently affect reaction rates and selectivities in liquid solvents.

2. Experimental Methodology

The experiments were performed in an ultrahigh vacuum (UHV) chamber (base
pressure < 2 x 10-'° mbar) designed for single crystal adsorption calorimetry (SCAC).
The chamber is also equipped with X-ray photoelectron spectroscopy (XPS), low energy
electron diffraction (LEED), Auger electron spectroscopy (AES), low energy ion
scattering spectroscopy (LEIS), a quadrupole mass spectrometer (QMS), and a liquid-
nitrogen-cooled quartz crystal microbalance (QCM). The SCAC apparatus and
experimental procedures for the molecular beam flux, sticking probability, and heat
measurements have been described in depth previously.?6-28

To briefly summarize, the Pt(111) sample used was a 1 um thick single-crystal foil
provided by Bine Hansen at Aarhus University. The surface was cleaned by repeated
cycles of Ar* ion sputtering and annealing to 1120 K. The Pt(111) surface was exposed
to a pulsed, collimated molecular beam of acetonitrile and the heat of adsorption and
sticking probability were recorded simultaneously. The sticking probability was
measured with a QMS using the King and Wells method,?® and the heat of adsorption
was measured by a pyroelectric ribbon pressed against the back of the Pt(111) crystal.
The molecular beam was created by expanding approximately 1.5 mbar of acetonitrile
through a glass capillary array and collimated through a series of orifices that are cooled
with liquid nitrogen. The resulting molecular beam is then chopped into 102 ms pulses
every 3 s.

Here, one monolayer of coverage is defined as the number of molecules of
acetonitrile adsorbed to the surface per unit area, normalized to the density of Pt atoms
on the (111) surface (1.50 x 10"% atoms/m?). A typical dose is 0.005 ML (~1.0 x 102
molecules within the beam diameter of ~4 mm) per acetonitrile gas pulse.



3. Results
3.1 Sticking Probabilities

Figure 1 shows the average long-term (S~) and short-term (S102ms) sticking
probabilities versus coverage for acetonitrile adsorption on clean Pt(111) at 180 K. The
long-term sticking probability is the probability that a gas molecule strikes the sample
surface, sticks, and remains until the next gas pulse starts 3 s later. This is used to
calculate the adsorbate coverage remaining at the start of the next gas pulse. The
short-term sticking probability is the probability that a gas molecule strikes the sample
surface, sticks, and remains at least throughout the time window of the heat
measurement (i.e., the first 102 ms). This is used to calculate the number of moles of
gas-phase reactant that contribute to the measured heat of adsorption.

At 180 K, the long-term and short-term sticking probabilities were
indistinguishable below 0.23 ML. They both start at a probability of ~0.98 and decrease
with coverage to ~0.88 by 0.23 ML. Past this coverage, the long-term sticking probability
drops off rapidly, reaching zero by 0.25 ML, while the short-term sticking probability
remains high (>0.80). This indicates that the adsorption of acetonitrile on Pt(111)
saturates by a coverage of 0.25 ML at 180 K, however acetonitrile continues to
transiently adsorb on that adlayer with a high probability but desorbs again completely
(but slowly) before the next pulse starts 3 s later.

Accurate determination of the long-term sticking probabilities at 180 K and high
coverage was complicated by adsorption and desorption of acetonitrile on the walls of
the vacuum chamber. Molecules that did not adsorb left the Pt surface and adsorbed
transiently on the chamber walls, with a residence time on the same scale of the 3 s
pulse period. This resulted in a mass spectrometer signal that was a combination of the
‘real’ signal coming from molecules directly leaving the Pt surface, and the ‘background’
signal of molecules desorbing from the chamber walls. Accurately distinguishing
between these two signals was impossible without using a simple assumption based on
previous TPD measurements. Those TPD results showed that more than a single layer
will not build up at 180 K,?? and therefore the long-term sticking probability must drop to
zero upon saturation of the first layer at 180 K. We used this to more accurately
estimate the background signal of the mass spectrometer, chosen such that the long-
term sticking probability decreases to zero after saturation at 180 K. As seen in Figure
1, this steep drop occurs at a coverage of ~0.25 ML. This measured long-term sticking
probability was then applied to the heat measurements to calculate accurate coverages.

At 100 K, the short-term sticking probability starts at 0.98 and increases to unity
within <1% by 0.15 ML. The long-term sticking probability is the same as the short-term
sticking probability within error bars (~1%) at all coverages. As this temperature is cold
enough to form multilayers of acetonitrile on the Pt(111) surface, the sticking
probabilities remain at unity through the formation of at least 5 multilayers.
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Figure 1: Average short-term (red, S102ms) and long-term (blue, S-) sticking probabilities of
acetonitrile on Pt(111) at 180 K as a function of acetonitrile coverage. A coverage of 1 ML is
defined as 1 adsorbate per Pt(111) surface atom, or 1.50 x 10'® adsorbates/m?. The short-term
and long-term sticking probabilities were indistinguishable (within the noise) below 0.23 ML, so
only one is shown.

3.2 Heats of Adsorption

In this paper, the term “heat of adsorption” is defined as the negative of the standard
molar enthalpy change for the adsorption reaction, with the gas and the sample surface
being at the same temperature. As explained in detail previously, this requires a small
enthalpy correction on the measured heat since the gas molecule’s enthalpy at this
temperature is slightly different than a Boltzmann distribution at the sample temperature
due to the actual experimental molecular beam conditions.?® The differential heat of
adsorption is the heat released per mole when a small increment of adsorbate is added
to the surface at nearly fixed coverage, as occurs in one of our molecular beam pulses
during SCAC. The integral heat of adsorption is the integral of the differential heat
versus coverage from zero up to the coverage of interest, divided by that coverage, and
is thus the average heat for that coverage range.

Figure 2 shows the differential heat of adsorption for acetonitrile on Pt(111) at 180 K
(red) and 100 K (blue) (after this small correction to the raw heats) as a function of total
acetonitrile coverage, along with the integral heat of adsorption at 180 K (black). These
are the averages of 8 and 6 runs at 100 K and 180 K, respectively.
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Figure 2: Differential heats of adsorption of acetonitrile on Pt(111) at 100 K (blue circles) & 180
K (red squares) as a function acetonitrile coverage. The average heat of adsorption reached at
the multilayer limit is shown by the black line through the 100 K data. The integral heat of
adsorption for 180 K is shown in black from the low coverage limit, fit by (82.9 — 34.40) kJ/mol
and giving 74.3 kJ/mol at saturation (6 = 0.25 ML). 1 ML = 1.50 x 10'"® molecules/m?,

Previous results from literature show that acetonitrile molecularly adsorbs on Pt(111)
below ~250 K, and multilayers will adsorb to the surface below 150 K.?2 Thus, the
calorimetric measurements here correspond to molecular adsorption on Pt(111), with
multilayers of acetonitrile forming during the 100 K experiments but not at 180 K. The
initial heat of adsorption at 100 K is 84.5 kd/mol, which decreases until reaching ~45
kd/mol by ~0.35 ML. The heat then remains constant through ~0.7 ML, before dropping
slightly to a final multilayer heat of 43.4 £ 1.7 kdJ/mol. (This is the run-to-run average and
standard deviation of the multilayer heats of the 8 runs.) Each run’s multilayer heat is
the pulse-to-pulse average heat for coverages above 0.8 ML. This average multilayer
heat is close to the heat of sublimation of bulk acetonitrile of 46.8 kdJ/mol at 100 K,
estimated from literature values for the enthalpies of phase transitions3%3' along with
heat capacities of solid, liquid, and gaseous acetonitrile,3? as a heat of sublimation at
100 K was not available in literature. Given the error bars in this estimate, the measured
heat is probably within the combined error bars. This multilayer heat is also within the
error bars of the value from the activation energy of desorption of 44 + 3 kJ/mol
calculated from TPD (discussed further below).?? The agreement with these values
provides some estimation of the absolute accuracy of the results in Figure 2. This is
consistent with our previous estimate of the accuracy of the absolute calibration of this
calorimeter’s heat measurement of 3%.2°

The heat of adsorption at 180 K is initially 82.9 kd/mol, decreasing to 63.2 kdJ/mol by
a coverage of ~0.25 ML. After this point the long-term sticking probability has dropped
to zero, indicating that the monolayer of adsorbed acetonitrile has become saturated.



Any additional molecules that impinge on the surface adsorb transiently (as indicated by
the high short-term sticking probability) but fully desorb before the start of the next pulse
3 s later. The integral heat of adsorption at 180 K is shown in black from the low
coverage limit fit by (82.9 — 34.40) kJ/mol, where 8 is coverage in ML, with a heat of
74.3 kJ/mol at saturation (0.25 ML).

We estimate the saturation coverage of the adsorbate layer at 180 K to be 0.25 ML.
(The midpoint of the steep drop off in the long-term sticking probability in Figure 1
occurs at 0.248 ML.) This is in excellent agreement with the coverage of 74 that
corresponds to an ideal (2x2) overlayer with one acetonitrile molecule for every four Pt
surface atoms. This is supported by a previous study that used low-energy electron
diffraction (LEED) and found the presence of a (2x2) overlayer for acetonitrile adsorbed
on Pt(111) up through coverages of 0.19 ML, though this pattern was replaced by an
absence of long-range order by the next coverage studied of 0.36 ML and the
experimental temperature was not reported.®3 Additionally, the Somorjai group found
the acetonitrile saturation coverage on Ni(111) at 190 K to also be a (2x2) overlayer
using LEED.3* As seen in Figure 2, the first layer seems to complete at 100 K at a
higher coverage, or ~0.35 ML.

Although the initial heat of adsorption is slightly higher at 100 K than at 180 K (84.5
vs. 82.9 kd/mol), the difference is within the error bars associated with absolute heat
calibration (< +4%) and thus the heat capacity is too small to measure accurately.

4. Discussion
4.1 Comparison to Temperature Programmed Desorption

Figure 3 compares the activation energy for desorption (Edes) of acetonitrile from
Pt(111) versus acetonitrile coverage as determined from the heats measured here at
180 K from Figure 2 (black dots, corrected as needed by subtracting 2RT3®) to that from
the TPD study of Tylinski et al.?? (The temperature T we used for this %2RT correction
was 220 K, the mid-point of the monolayer TPD peak.) The smooth curve was
determined by Tylinski et al. from the inversion of their TPD spectra for acetonitrile
desorption from Pt(111) at different coverages, assuming the Polanyi-Wigner rate
equation with a pre-factor of v = 106 s-' (which they assumed to be the same as that
obtained from the Arrhenius fit of their multilayer desorption rates in TPD).

The bottom x-axis coverage (per Pt surface atom) here is defined relative to the
surface density of Pt atoms on the (111) surface (1.50 x 10'® atoms/m?), as in Figures
1-2. The top x-axis coverage (MLtyinski) was defined by Tylinski et al. such that 1.0
MLyiinski is the highest coverage of acetonitrile before the multilayer peak first appears in
the TPD spectra after dosing at 20 K. (One can see this was their definition of “ML” by
inspection of the TPD spectra in Figure 2 of their paper.) Even though the sub-
monolayer peak is near saturation at that coverage, it is clear from careful inspection
that it continues to grow at higher coverages, so that the first layer is not complete until
a higher coverage than 1.0 MLryiinski. Instead, it seems more logical that in that study,
the first layer completed at the midpoint of the 10-15 kd/mol drop in Edes with coverage
they reported at 1.2-1.5 MLyinski. As shown above, the first layer completes at a
coverage of ~0.25 acetonitrile molecules per Pt surface atom. We have thus adjusted



the coverage axes in the two curves in Figure 3 such that 1.28 MLryiinski corresponds to
0.25 acetonitrile molecules per Pt surface atom.
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Figure 3: A comparison of the desorption energy of acetonitrile from Pt(111) as a function of
acetonitrile coverage as determined from the differential heats measured in this work (black
points) to the values determined by Tylinski et al.? in a very careful TPD study (solid curve).
The bottom x-axis coverage is defined as in Figures 1 & 2, i.e. relative to the density of Pt atoms
on the (111) surface (1.50 x 10'® atoms/m?), while the top x-axis is in units as defined by Tylinski
et al., where 1 MLryinski Was the highest coverage of acetonitrile that showed no multilayer
desorption peak in TPD. In this plot, we adjusted 1.0 MLryinski to correspond to 0.195 ML (per Pt
surface atom) to align the steepest (broadened step-like) drop in desorption energy versus
coverage in Tylinski’s data with the saturation coverage at 180 K (black points), which we
assumed here to correspond to completion of the first layer of adsorbed acetonitrile at 0.25 ML
(see text). The green, red, and blue shadings are from Tylinski et al. and were intended to
separate the regions where TPD features were seen associated with step sites, (111) terraces
in the first layer, and coverages where the multilayer TPD peak was also seen, respectively. We
note that the TPD peak area associated with terrace sites continued to grow considerably in this
blue region, which explains why 1.0 MLryinski cOrresponds to a lower coverage than 0.25 ML.

As seen, with this adjustment the desorption energies versus coverage from the
calorimetry results are in excellent agreement with those determined by TPD. The
discrepancy at very low coverages is likely due to a higher concentration of surface
defects (step sites) for the Pt(111) surface used for TPD than that used for calorimetry.
Further, the multilayer heat of 43.4 + 1.7 kJ/mol obtained from calorimetry is within the
error bars of the activation energy of 44 + 3 kJ/mol determined by Tylinski et al. from
leading-edge analysis of the multilayer desorption peak (which can be corrected to a



heat of adsorption by adding "2RT = 0.47 kd/mol with T = 140 K). The strong agreement
of these results provides a convincing confirmation of each study. Collectively, the
combination of energetic data from calorimetry and structural information from RAIRS
performed by Tylinski et al. provides detailed insight into the nature and energy of
surface adsorption and interaction of acetonitrile with Pt(111).

The adsorption of acetonitrile on Pt(111) was studied previously by SCAC, but
only at 298 K by Shayegi et al.?* The initial heat of adsorption reported there at 298 K
(87 kJ/mol) is very close to that measured here at 100 K and 180 K in Figure 2 (83-85
kd/mol). However, the heat drops much more rapidly with coverage in those results at
298 K, and the saturation coverage (~0.18 ML) is lower. It is very clear from looking at
the TPD spectra for acetonitrile on Pt(111) presented in Tylinski et al.??> that most of the
first layer of molecularly adsorbed acetonitrile desorbs well below 298 K, so it is not
clear what species Shayegi et al. were producing above ~0.05 ML. That SCAC study at
298 K?* did not present the long-term and short-term sticking probabilities versus
coverage, so it is difficult to assess how to interpret those data.

4.2 Monolayer Saturation Coverages

In the heats of Figure 2, saturation of the first layer appears to occur much later in
the 100 K data, at a coverage of ~0.35 ML, than at 180 K (0.25 ML). This can be
explained by a closer analysis of the acetonitrile adsorbate configurations, along with
the lower surface mobility at 100 K which limits the ability for adsorbed molecules to
arrange themselves in the most energetically stable configurations compared to those at
180 K. This also explains why the heat from ~0.2 to 0.25 ML is lower at 100 K than at
180 K'in Figure 2.

Previous work using RAIRS,32236 EELS,3” and computational methods?3-2% showed
that the most stable orientation of the adsorbed acetonitrile molecule on Pt(111) is a
bridged structure, referred to as the p-configuration. This configuration was observed at
temperatures as low as 60 K, but is the dominant surface configuration observed above
110 K in vacuum.?? In this configuration the C=N triple bond becomes a C=N double
bond, and new C-Pt and N-Pt bonds are formed, leaving the methyl group oriented
away from the surface. Further, DFT calculations?*-2° suggest that the second most
stable orientation, referred to as the N-top configuration, is bound to a single Pt surface
atom via the lone pair on the N atom, with the acetonitrile molecule oriented
perpendicularly to the plane of the surface. The N-top configuration thus requires a
smaller area on the surface than the p-configuration. The N-top configuration was
observed from 60-110 K by RAIRS, but was only present above 110 K in vacuum at
coverages nearing and above saturation of the first layer (above 1 MLyiinski, or 0.19 ML
per Pt surface atom).?2 At the highest temperature they studied by RAIRS below 110 K
(i.e. 60 K) there is not enough thermal energy for the adsorbates to overcome the
activation barrier for the formation of the p-configuration, and by coverages nearing the
completion of the first layer, stearic constraints are present.?? Additionally, SFG
measurements for acetonitrile in the liquid phase at a Pt electrode interface also
observed the formation of the N-top configuration due to stearic constraints introduced
by the presence of solvents (ethanol, methanol, or water).*38



At 100 K in UHV, all incoming acetonitrile molecules adsorb when they hit the
surface, regardless of the local surface coverage where they hit, as evidenced by the
unity sticking probability at high coverage. The heat stays much higher than in the
second layer up to at least 0.25 ML (Figure 2), implying that they transiently adsorb
when landing on top of preexisting adsorbates, and diffuse rapidly to find an adsorbate-
free site to bind strongly to the Pt atoms below, as commonly occurs when organic
molecules adsorb on late transition metal surfaces.3® As the first absorbate layer nears
saturation, stearic constraints arise which inhibit the formation of the p-configuration,
which requires multiple adjacent, unoccupied Pt surface atoms. This surface
temperature is apparently cold enough to both prevent desorption as well as prevent the
u-bonded molecules from moving apart to create larger free metal sites to
accommodate the more favorable p-configuration. So, some molecules only have
enough space to form the N-top configuration. The resulting surface adlayer is a
combination of the u and N-top configurations, enabling the formation of a higher-
density first layer that saturates by ~0.35 ML. This is consistent with RAIRS data
showing the presence of both configurations on Pt(111) at 120 K at coverages near and
above saturation of the first layer.??

In contrast, the saturation coverage at 180 K is only 0.25 ML. As the first layer nears
saturation at 180 K, any incoming adsorbate molecules that land at a less favorable site
can migrate to a more favorable site or wait until thermal fluctuations create more open
space to allow it to convert to the most stable p-configuration. Again, RAIRS data
observed the formation of the N-top configuration only below 110 K or at coverages
higher than a single layer, but never at 180 K, which is too hot to form more than a
single layer.?? Thus, thermal motion at 180 K enables the formation of an absorbate
layer dominated by the more stable p-configuration, as seen in literature for adlayers
deposited over the range of 120-140 K.?2 This results in a less densely packed first layer
that saturates by 0.25 ML, but also makes the higher temperature (180 K) results in
Figure 2 a more accurate approximation of the most stable structure of the first layer
and its heat versus coverage. DFT calculations have shown that the p-configuration is
stable at a coverage of 0.25 ML (i.e., one per 2x2 unit cell),?>-25 consistent with the
saturation coverage we measure here at 180 K of 0.25 ML. This is further supported by
LEED studies that have observed a (2x2) overlayer structure for acetonitrile adsorbed
on Pt(111) and Ni(111). On Pt(111) the (2x2) overlayer was observed up through
coverages of 0.19 ML, but was no longer present by a coverage of 0.36 ML.33 For
Ni(111), the acetonitrile saturation coverage at 190 K was found to be a (2x2)
overlayer.34

4.3 Adhesion Energy

Given how commonly acetonitrile is used as a solvent, determination of the adhesion
energy of liquid acetonitrile on Pt(111) can provide valuable insight into the energetics of
the liquid-solid interface. It has been shown that solvent-metal adhesion energies are
the dominating factor that determines differences in reactant adsorption energies in
different solvents or in any solvent relative to gas-phase adsorption energy
measurements.” !9 Solvent adhesion energies allow one to quantitatively estimate the
effects of different solvents on the adsorption energies of catalytic reaction
intermediates.! Thus, it is highly desirable to measure the adhesion energy of



acetonitrile to Pt(111) to enable the prediction of adsorption energies of molecules to
Pt(111) in an acetonitrile solvent. However, there is currently no way to directly measure
the adhesion energy of a liquid solvent to a clean metal surface.

To estimate this adhesion energy, we will employ a recently developed method from
this group.’'® This method used a standard thermodynamic cycle to derive a
relationship between the adhesion energy of a solvent and the experimentally
determined differential heat of adsorption data like that in Figure 2. Notably, this requires
heat versus coverage measurements out to multilayer coverages of the solid solvent
and that the coverage has known absolute units. This derived relationship is presented
in Equation 1, where E,qn saiq)m(s) 1S the adhesion energy of the liquid solvent to the
solid metal, and ygq) is the surface energy of the liquid solvent at its gas or vacuum

interface:1®

Eadh,S(liq)/M(s) = [Qadsorption —n- AHvap,s]/A +2- Ys(liq) (1)

As shown in this derivation,? yg;q) is multiplied by 2 here because, in the
thermodynamic cycle used there, the first step is to produce (from gas molecules) a
free-standing liquid slab, whose energy is higher than bulk-like liquid by ysiq) times the
area of both the top and the bottom surfaces of the slab. The term
[Qadsorption — 1 - AHyaps] /A here is equal to the integrated area from zero coverage up
to a (bulk-like) multilayer coverage (with n moles adsorbed per area A) of the heat-
versus-coverage curve (Qagsorption) Minus n/A times the molar heat of vaporization of
the liquid solvent (AH,,, s). Ideally, these values would all be measured at room
temperature to provide the adhesion energy at room temperature. Since Q,gsorption CaN
only be measured on a clean metal surface in ultrahigh vacuum, which is only possible
for acetonitrile at temperatures where the solvent grows as solid films rather than liquid
films, the assumption was made that the term [Qadsorption — 1 - AHyap,s| /A at room
temperature is approximately equal to the analogous quantity at experimental
temperatures where the solvent is a solid, or [Qadsorption — 1 * AHsups]/A, where AHgyp
is the heat of sublimation of bulk acetonitrile. (See references’-'® for justification of this
assumption). We evaluate this quantity from the heat data in Figure 2 at 100 K as its
integrated area above the solid horizontal line shown (at the bulk heat of
sublimation).This is equivalent to assuming that the difference in the heat capacities
(including the heat of fusion) between the first and subsequent layers of acetonitrile is
negligible when heating from 100 K to 300 K.

Using this method and the reported surface tension of bulk, liquid acetonitrile of
Ysaiq) = 0.02866 J/m?,%° we calculate the adhesion energy of liquid acetonitrile to the

Pt(111) surface at 100 K to be E,g4, = 0.198 J/m2. Comparatively, this value is slightly
greater than the adhesion energies of formic acid and methanol to Pt(111) (0.162 J/m? &
0.168 J/m?, respectively) but considerably below that of water, benzene, and phenol
(0.273 J/Im?, 0.447 J/m?, & 0.468 J/m?, respectively).’® Understanding this adhesion
energy, and particularly how it compares to other common solvents, contributes to the
growing interest in using these solvents, or mixtures thereof, to tune reaction
environments to have more desirable energetics for surface adsorption or desorption for



catalytic reactants and intermediates. We note that these adhesion energies were all
estimated using the same assumption of a negligible difference in heat capacities
(including the heat of fusion) between the first and subsequent layers, and the errors
associated with this assumption are possibly large (~25%). However, all these errors
are probably qualitatively similar, so these trends in Eadn values will remain. It is
expected that computational approaches could provide estimates of the corrections
needed for this heat capacity approximation.

We next show that this acetonitrile / Pt(111) adhesion energy can be used to
estimate the adsorption energy of uncharged adsorbed catalytic reaction intermediates
on Pt(111) in liquid acetonitrile solvent based on their far better-known values in the gas
phase. The adsorption energy in acetonitrile is approximately equal to the gas-phase
adsorption energy minus this adhesion energy times the area occupied on the surface
per mole of the adsorbate. This is based on a bond-additivity type model which was
used recently to derive a relationship between the adsorption energy of an adsorbate in
gas phase and the adsorption energy of that adsorbate in a liquid solvent." Utilizing a
thermodynamic cycle, a constant was derived to quantify the difference in these
adsorption energies as a result of the presence of a solvent. This model was originally
only for flat adsorbates (like benzene and phenol), but it was recently extended to
adsorbates of arbitrary shape.? This relationship is presented below in Equation 2,
where AU,4s rsolvent) 1S the adsorption energy of the adsorbate in solvent, AU, 4 r(gas) IS

its adsorption energy in gas phase, and the remaining bracketed term is the constant:?

AUsolvation,R(gas)

AUads,R(solvent) = AUads,R(gas) + [Eadh,S/M - - YS(liq)] ORr (2)

Otot

The difference in adsorption energy is composed of the adhesion energy of the solvent
to the surface (E,qn,s/m), the gaseous adsorbate’s solvation energy per unit molecular

area (AUsqlvation,R(gas)/ Otot), @nd the solvent’s surface energy (ysqiq)), all multiplied by

the footprint area of the adsorbate on the surface (oR). This equation is independent of
the shape of the adsorbate other than the fact that the shape determines the ratio of the
total outer surface area of the adsorbate (o,,;) and the footprint of the adsorbate on the
surface upon adsorption (og). This constant is dominated by the solvent adhesion
energy term, as the remaining terms are smaller, opposite in sign, and nearly cancel.
The errors on this estimated constant are probably rather large (up to 30%), but we
expect that it will capture the trends with changing solvents and adsorbates reasonably
well. The determination of the adhesion energy of acetonitrile on Pt(111) therefore
allows for the quantification of this constant and consequently the effect of acetonitrile
as a solvent on the adsorption energy of any adsorbing species on Pt(111) for which the
gas phase adsorption energy is known. This model, combined with this adhesion
energy, provides a powerful tool for improving the understanding and computational
models for liquid phase reactions on Pt(111) that use acetonitrile as a solvent, and in
combination with previously published values for other solvents and catalyst
surfaces,?"? liquid phase heterogeneous catalysis in general.



5. Conclusions

The energetics of molecular adsorption of acetonitrile on Pt(111) were measured by
SCAC, as a function of coverage. At 180 K, the integral heat of adsorption is 74.3
kd/mol at a saturation coverage of 0.25 ML, and well fit at lower coverages by (82.9 —
34.40) kd/mol. At 180 K, the initial differential heat of adsorption is 82.9 kJ/mol, which
decreases to 63.2 kd/mol by 0.25 ML. At 100 K, the initial heat of adsorption is 84.5
kd/mol, which decreases to ~45 kJ/mol at the completion of the first layer (0.35 ML), and
finally drops to a multilayer heat of 43.4 kdJ/mol above coverages of 0.7 ML. This
difference in saturation coverage of the first layer at 100 K versus 180 K is a result of
the formation of two different surface adsorbate configurations, p and N-top, with the
former being more energetically favorable but the latter arising in the presence of stearic
constraints, which are present at 100 K due to lower adsorbate mobility across the
surface. These present results agree well with recent TPD and RAIRS studies, and
collectively these results provide a clear understanding of the nature of interaction
between acetonitrile, the simplest organic nitrile, and Pt(111).

Using the 100 K heat of adsorption curve measured out to multilayer coverages,
we estimate the adhesion energy for liquid acetonitrile to Pt(111) to be 0.198 J/m?. This
is slightly higher than that of formic acid and methanol to Pt(111), but considerably
lower than that of water, benzene, and phenol. This adhesion energy is useful for
estimating the effects of acetonitrile as a solvent on the adsorption energies of catalytic
reaction intermediates of interest in liquid-phase catalytic and electrocatalytic reactions.
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