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Visualizing the origin of rotational entropy effects in coadsorbed systems

Ryan T. Hannagan,' Kyle Groden,” Amanda M. Larson,! Andrew J. Therrien,! Theodore Thuening,'

Alex C. Schilling,1 Jean-Sabin McEwen,23%5:%-" and E. Charles H. Sykesl’*

' Department of Chemistry, Tufts University, Medford, Massachusetts 02155, USA
2The Gene and Linda Voiland School of Chemical Engineering and Bioengineering,
Washington State University, Pullman, Washington 99164, USA
3Department of Chemistry, Washington State University, Pullman, Washington 99164, USA
4Department of Physics, Washington State University, Pullman, Washington 99164, USA
SDepartment of Biological Systems Engineering, Washington State University, Pullman, Washington 99164, USA
SInstitute of Integrated Catalysis, Pacific Northwest National Laboratory, Richland, Washington 99354, USA

® (Received 3 May 2019; accepted 18 May 2020; published 12 June 2020)

We demonstrate that significant entropic effects govern the stability of rotationally constrained molecular

complexes on surfaces. Using a complementary combination of low-temperature scanning tunneling microscopy,
temperature programmed desorption, and density functional theory calculations, we probe the energetics of
surface adsorbed molecular rotors as well as their corresponding rotationally hindered complexes. The results
reveal that absorbate-absorbate interactions can significantly decrease the rotational entropy associated with such
complexes leading to lower than expected desorption temperatures.
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I. INTRODUCTION

The interactions between molecules on surfaces is of fun-
damental interest due to their relevance to many research
areas, such as heterogeneous catalysis, semiconductors, cor-
rosion inhibition, and lubrication [1]. For many years, these
interactions could only be probed experimentally due to the
complexity of coupling molecule-molecule with molecule
surface interactions. Modern computational architecture has
now made it possible to efficiently quantify the energetics of
molecular adsorption and their interactions from fundamental
quantum mechanical principles [2—4]. Despite these advances,
subsequent analysis of these results often neglects entropic
effects that can play an important role in the fundamental
physics of the systems under examination. Kreuzer and Payne
have shown how the desorption rate depends on the chemical
potential of the adsorbate under quasiequilibrium conditions
and thus entropy must be considered. Under simplifying
assumptions (see Appendix), these results can be reduced
to the familiar Polanyi-Wigner equation [5,6]. Recent work
by Campbell and co-workers has shown that, for simple
molecular desorption, these entropic effects can often be
more significant than expected [7-9]. For instance, Campbell
and Sellers found the entropy of many molecules bound to
surfaces can be nearly two-thirds of the gas phase entropy
[9]. Significant entropic effects have also been observed by
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Ellis and co-workers who observed entropically enhanced
diffusion of benzene on Cu(001) [10]. The importance of
these entropic contributions to diffusion are relevant even at
cryogenic temperatures [11]. Campbell and co-workers have
discussed models that account for entropic contributions from
vibration, rotation, and translation, but they restrict their dis-
cussion to systems with isolated molecular desorption without
considering absorbate-absorbate interactions [12,13].

While the important role of rotational entropy has been ad-
dressed for molecular desorption, the influence of absorbate-
absorbate interactions on adsorbate rotational motion is still
unknown. Since many processes of fundamental impor-
tance are governed by the interactions between coadsorbed
molecules, it is pertinent to consider the more compli-
cated case where absorbate-absorbate interactions are present.
Bradshaw and co-workers studied the behavior of CO com-
plexes on Cu(110) and interestingly found that CO dimers
diffused faster than CO monomers due to different diffu-
sion preexponential factors [14]. Although entropic contri-
butions have been examined for small molecules such as
CO [15,16], examination of these contributions for more
complex molecules has been largely absent in the literature.
In this study, we present a combined low-temperature scan-
ning tunneling microscope (LT-STM), temperature programed
desorption (TPD), and density functional theory (DFT) study
of propylene oxide (PO) and propylene (Py) complexes on
Cu(111). These complementary techniques allow us to both
visualize the dynamic motion of molecules and quantify
the energetics, thereby developing a physically meaningful
DFT-based model to understand how an attractive molecular
interaction between adsorbates can be counteracted by the
effect of rotational entropy at elevated temperatures. Our
LT-STM results show these molecules form 1:1 complexes
comprised of 1 Py and 1 PO molecules due to enthalpic
attractions, a result confirmed by our DFT calculations which
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FIG. 1. LT-STM images showing how the attractive lateral inter-
actions between rotating PO and Py molecules lead to rotationally
constrained complexes when they are coadsorbed on a Cu(111)
surface. (a) STM image depicting the rotation of pure Py, (b) pure
PO, and (c) static 1:1 complexes. Insets shows high resolution images
of each molecule. Panels (d)—(g) show molecular manipulation ex-
periments in which we are able to start and stop rotations using STM
tip manipulation. Manipulation paths are shown with blue arrows.
Panel (d) shows a PyPO complex which is pulled apart resulting
in two rotationally free molecules as seen in (e). Panel (f) shows
two rotational free molecules which are pushed together to form a
rotationally constrained complex as seen in (g). The green arrows
highlight rotating molecules while the red crosses highlight station-
ary complexes. All images were collected at 5 K. Typical imaging
conditions were +/—60 mV and tunneling currents <70 pA. Scale
bars are 10 nm in main figure panels (a)-(c), 5 nm in figure panels
(d)—(g), and 0.5 nm in the insets.

show an attractive interaction between Py and PO of —0.14 eV
[17]. However, our TPD results show that there is no net
stabilization of Py by PO, which means entropy must play an
important role. Using a DFT and statistical mechanical model,
we show that, around the desorption temperature, some of the
PyPO complexes break apart due to the increase in entropy
associated with breaking a rotationally constrained complex
into two rotationally free monomers. Therefore, these re-
sults demonstrate how absorbate-absorbate interactions can
influence the entropy of the system and demonstrate that
attractive interactions between rotationally free molecules can
lead to a decrease in entropy due to changes in rotational
degrees of freedom. To accurately analyze desorption rates
from surfaces, these effects must be accounted for.

II. EXPERIMENTAL RESULTS AND
THEORETICAL MODELING

Figure 1 shows a series of STM images of Py and PO on
Cu(111). Both Py [Fig. 1(a)] and PO [Fig. 1(b)] display net
repulsive interactions between like molecules that prevent the
formation of large agglomerates even after annealing >40 K

to equilibrate the system. The isolated Py and PO molecules
freely rotate on the surface, which results in the appearance
of a sixfold symmetric shape due to time-averaged STM
imaging of the rotating molecule, as seen in the insets of
Figs. 1(a) and 1(b). In contrast to the isolated behavior, when
Py and PO are coadsorbed on the surface and equilibrated,
they form 1:1 complexes as seen in Fig. 1(c). Formation of the
complexes, however, leads to a loss of rotational freedom for
both molecules as seen in the inset [17]. Using the STM tip,
we can pull the complexes apart to identify them primarily as
dimer complexes comprised of one Py and one PO molecule.
As seen from the sixfold rotational symmetry in panels (a) and
(b) both Py and PO are free to rotate when they are isolated
from one another but are stationary in the complex. We show
examples of STM tip induced single molecule manipulations
in which we are able to start and stop molecular rotation in
Fig. 1, panels (d)—(g). In panel (g) we use the tip to pull apart
a stationary complex and form two rotationally free molecules
as seen in panel (e). In panel (f) we use the STM tip to push
two molecules back together and rotation is stopped due to
complex formation as seen in panel (g). Complex formation,
being spontaneous when the Py/PO system is equilibrated,
must therefore be enthalpically favored as complexation re-
sults in loss of rotational entropy. This is supported by our
DFT-based models that indicate the enthalpic gain due to
complexation is —0.14 eV [17].

Figure 2 shows a series of TPD traces collected with
increasing coverages of PO [Fig. 2(a)] and Py [Fig. 2(b)] on
Cu(111). The insets show the change in desorption energy
as a function of initial coverage computed via a Redhead
analysis [18]. Preexponentials were calculated using available
gas phase entropy data and the correlations presented by
Campbell and Sellers, resulting in a preexponential on the
order of ~10" s~! for both molecules [8,9,19,20]. For PO,
we observe a monolayer peak (¢) and a multilayer peak
(B) in good agreement with previous work by Gellman and
co-workers who have studied PO on Cu surfaces [21,22].
For Py desorption, we again observe a monolayer peak (o)
and a multilayer peak (8). Similar desorption features are
reported by Gellman and White who collected TPD and vi-
brational spectra of Py on Cu(111) and Ag(111), respectively
[23-25]. As expected from our STM data, both Py and PO
display repulsive interactions, which we quantified by the
TPD analysis shown in the insets in Fig. 2. A nearly linear
decrease in desorption energy from the low coverage limit
to around 0.5 ML is observed. In the zero-coverage limit,
the experimental desorption energies of isolated PO and Py
molecules are 0.58 eV and 0.44 eV, respectively, and are
in very good agreement with our corresponding DFT-based
values of 0.5 eV and 0.4 eV [17].

To quantify the desorption energetics of the dimer com-
plex phase we observed via STM, we conducted a series of
coadsorption TPD experiments in which a mixture of Py and
PO were exposed to the surface. TPD is quite sensitive to the
lateral interactions between adsorbates, even on the order of
a few meV [21]. Figure 3(a) shows a representative coadsorp-
tion experiment along with solo-dose controls for comparison.
Initial coverages of Py and PO in this experiment were both
0.014 molecules per Cu atom. Guided by the STM and DFT
results that show evidence of attractive lateral interactions
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FIG. 2. TPD traces showing desorption of various initial coverages of (a) propylene oxide (PO) and (b) propylene (Py) from Cu(111). The
insets show the change in the desorption energy as a function of initial coverage for both PO and Py, respectively, revealing that both PO and
Py display repulsive lateral interactions below ~0.5 ML. Coverages are reported here with respect to the saturated monolayer (ML) of each

molecule.

between PO and Py [17], one may expect Py to desorb at a
higher temperature when complexed with PO. Counterintu-
itively, Py desorbs at a slightly lower temperature after coad-
sorbed with PO as compared to the corresponding experiment
where the same initial coverage of Py was present on the
surface. If we account for the increase in local coverage of
Py in the presence of PO by comparing to an equivalent total
coverage (initial coverage of Py plus PO), we see nearly iden-
tical peak desorption temperatures, i.e., no net stabilization
due to complexation. This lack of stabilization is shown for a
series of coadsorption TPD experiments as seen in Fig. 3(b).
The data for the desorption of Py in the presence of PO falls
within the same range as desorption of isolated Py and we
do not find a significant difference between the two data sets.
This is despite an enthalpic stabilization of the complex of
—0.14 eV according to DFT [17]. We estimate a stabilization
of this magnitude for the PyPO complex (assuming no change
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in preexponential) would result in a shift of 40 K in the
corresponding TPD spectra.

This result is particularly surprising if one draws an anal-
ogy to the desorption of Py from the PyPO complex with the
desorption of CO from stepped surfaces. Since CO molecules
on a stepped metal surface can be safely assumed to be in
quasiequilibrium during a TPD experiment (i.e., the time scale
for CO desorption is much larger than the time scale for
diffusion), the desorption of a more strongly bound CO at a
step site will occur at a higher temperature as compared to
desorption of CO from a terrace site [26,27]. The fact that we
do not observe this when Py desorbs from a mixture of PO
and Py on Cu(111) is strong evidence that entropic effects,
which are typically more relevant at higher temperatures,
play a significant role. To further elucidate these results,
we constructed a free energy based model using DFT-based
calculations and statistical mechanics.
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FIG. 3. Coadsorption experiments in which the surface was exposed to a mixture of Py and PO showing no significant difference in
peak desorption temperature for isolated Py, and Py in the presence of PO when total coverage is accounted for. (a) Representative solo and
coadsorption TPD experiments. The low temperature peak at 133 K is Py desorption in the presence of PO, while the peak at 136 K is isolated
Py desorption. High temperature peaks at 184 K are PO desorption in both cases showing no temperature difference. The slightly lower
desorption temperature of Py when codosed with PO is due to the increase in local coverage caused by the adsorbed PO. (b) Graph showing
the change in Py desorption temperature as a function of total initial coverage for the series of coadsorption experiments (blue) as compared
to control experiments with only Py (orange). After accounting for total coverage, there is no significant difference between the Py only and

codose data. Reported errors are at 95% confidence intervals.
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As we previously mentioned and outlined in the Appendix,
we consider the chemical potentials of both the isolated
molecules and the complex (assuming no lateral interactions,
or that the configurational integral is zero) to provide insights
into the complex and monomer distribution during the TPD
experiments. As such, we take the following reaction repre-
senting the complexation of Py and PO on the surface (where
all species are surface-bound):

Py* + PO* <> PyPO*. (1

The quasiequilibrium criterion for this surface reaction can be
described in terms of the chemical potentials of these species,

upypo (T, Opypo) — py(T, Opy) — po(T, Op0) =0, (2)

where the chemical potential of the s species, us(T, 65), is
a function of the temperature 7 and the coverage of the
species 65 (on a per surface atom basis). Note that each
PyPO complex is counted as one molecule in this definition
(see the Appendix for more details). We also remark that by
assuming the quasiequilibrium criterion given in Eq. (1), we
are also assuming that the time scale for dissociating the PyPO
complex in this process, Tcomplex, Must be much shorter than
the time scale for desorption, T4es. It also assumes that the
time scales for diffusion of the PO and the Py monomers,
Taqiff, are much shorter than the time scale for desorption. If
either of these conditions were not satisfied (Tcomplex <K Tdes
or T4iff <K Tdes)> then we could not model using the formalism
described in the Appendix and would need to model the
desorption kinetics with a kinetic lattice gas model [28-30].

We have derived these chemical potentials in the Appendix
and, using these definitions, the equilibrium criterion can be
expanded to

27tmpvp()k]3T \/3 2
VORPOOR Py =5 (L ))

AEcomp]ex - kBT 11’1(

nT xpo(T) - xpy(T)
)
+ ksT In (ﬂ> = 0. 3)
pyOPO

In this equation, AE omplex s the electronic energy of com-
plexation defined as AEcompleX = AEads.PyPO — AEads,PO —
AE ,45,py, Where AE 4 pypo is the adsorption energy of the
PyPO complex on Cu(111), AE 44 po is the adsorption energy
of PO on Cu(111), and AE 4 py is the adsorption energy of
Py on Cu(111) (all with respect to isolated PO and/or Py in
the gas phase). Further, ®g po and Og py are the rotational
temperatures of the molecules on the surface, xpo(7) and
xpy(T) are functions for the hindered translator treatment of
the adsorbates when not complexed (see the Appendix for the
definition), mpypo is the mass of the PyPO complex, and a is
the Cu-Cu spacing on the Cu(111) surface. We can define a
“standard” change in Gibbs energy of complexation (i.e., if

all coverages were unity), AG o1 (T), as

A Ggomplex (T )

= AEcomplex —kgT In (

T xeo(T) - xpy(T) )’
“

making the equilibrium criterion simply

. Opypo
AGcomplex(T) + kBT In (L =0. (5)
pyOpo
It is clear that this standard Gibbs energy of complexation is
made up of electronic (AGY,,), translational [AGy,, . (T)], and
rotational [AG: (T )] components

rot
AGzomplex(T) = AGg,, + AGfrans

elec

(T)+ AG,(T), (6)

rot

where these components are defined as

AGzlec = AEcomplexa (7)

2w mpypokp T (ﬁaz)
AGS, (T)= —kgT In | —E 221} (3
’ (xPo<T)~xPy<T>

/Orro®
AG(T) = —ksT In (M>

—T (€))

This splitting of the standard Gibbs energy change into com-
ponents allows us to understand how each contribution affects
the equilibrium distribution of each species on the surface.

Consulting Eq. (5), we can solve for the equilibrium cover-
ages of the Py and PO monomers and PyPO clusters at a given
temperature. If we assume the coverage of each monomer is
initially 6exp and to attain equilibrium it must decrease by an
arbitrary amount x, Eq. (5) becomes

X AGgomplex (T)
—_— = —_— . 10
exp ( kT ) 10)

Solving this for x gives us the coverages of monomers and
clusters at equilibrium as a function of temperature, as shown
in Fig. 4.

These results demonstrate that, even though there is an
enthalpic interaction favoring complexation, an equilibrated
surface at the desorption temperature will consist of a distri-
bution of monomers and complexes due to the low entropy
of the complexed state. The rotational contribution to the
standard Gibbs energy plays an important role here, as it
provides a constant, positive penalty to complexation that
negates the enthalpic stability of the complexes. This is further
demonstrated by the coverage distributions in Fig. 4 when this
rotational contribution to the standard Gibbs complexation
energy is zero, as only complexes are expected on the surface.
Physically, the monomeric phase contains a higher number
of states (due to the degrees of freedom of the free rotating
monomer) that can be occupied as one increases the temper-
ature as compared to the complexed phase that is rotationally
arrested. Thus, as temperature is increased, the occupation of
these rotational states becomes favored in comparison to the
enthalpic interaction experienced through complexation.

Our equilibrium calculations (Fig. 4) show that we would
expect a mixture of monomer Py and PyPO complexes at the
experimental desorption temperature. This raises the follow-
ing question: if there are two states present, why do we not
observe two discreate desorption features? While our DFT
model predicts the attractive interaction between Py and PO to
be —0.14 eV [17], which should correspond to a ~40 K higher
desorption temperature of Py from the complex relative to
the isolated molecules, this calculation neglects any entropic
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FIG. 4. Coverages of the PO and Py monomers and the PyPO complex as a function of temperature (left). Note that the case where there is
no rotational contribution to the standard Gibbs energy of complexation is shown for comparison as dashed lines. Additionally, the translational
and rotational contributions to the standard Gibbs energy of the complex are plotted as a function of temperature for comparison (right).

effects which clearly play an important role in this system.
First order molecular desorption from a metal surface is often
considered using the Polanyi-Wigner equation, which gives
the rate of desorption as a function of the preexponential,
desorption energy, coverage, and temperature. As shown by
transition state theory [31], the preexponential term depends
on entropy; therefore, we expect entropy effects to manifest
themselves in the desorption kinetics of this system. As we
show in the Appendix, this can also be expressed in terms of
chemical potential. The reason we only observe one feature
in the desorption experiment despite there being two states
present must be the free energy of desorption is the same
for monomer Py and Py in the PyPO complex. Put another
way, the entropic payback of breaking the complex negates
the 0.14 eV enthalpic stabilization predicted by DFT at the
desorption temperature so the free energy of desorption from
the complex is equal to the free energy of desorption of the
monomer.

III. CONCLUSIONS

In conclusion, we have determined how rotational entropy
effects dictate the stability of molecular complexes on sur-
faces and how this impacts the resulting desorption kinetics.
LT-STM data indicates that Py and PO display attractive
interactions and DFT based calculations, which alone ne-
glect entropic effects, predict this attractive interaction to be
approximately —0.14 eV [17]. However, TPD experiments
result in identical desorption temperatures for isolated and
complexed Py molecules. Our statistical mechanical modeling
reveals that both PyPO complexes and isolated Py exist at the
desorption temperature and the dissociation of the complex
is driven by an increase of rotational entropy. The fact that
Py desorbs from the surface whether or not PO is present
indicates that the entropy of complex formation (bringing
two rotationally free molecules together to form a rotation-
ally locked complex) negates the enthalpic interaction at
the desorption temperature, resulting in almost identical free
energies of desorption for isolated Py and Py from the PyPO
complex. The current work goes beyond previous studies

of entropic contributions to molecular desorption energies
in that adsorbate-adsorbate interactions are considered. We
demonstrate that the reduction of rotational entropy due to the
formation of molecule-molecule complexes can have a signifi-
cant impact on the desorption kinetics. These results should be
generalizable to a wide range of interacting molecular systems
on surfaces and enable better quantification of important
desorption events in, for example, catalytic reactions.
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APPENDIX: VISUALIZING THE ORIGIN OF ROTATIONAL
ENTROPY EFFECTS IN COADSORBED SYSTEMS

1. Desorption under quasiequilibrium conditions

In this section, we demonstrate how the desorption rate
depends on the chemical potential of the adsorbate, 1,. We
first consider the desorption from an adsorbate where the
diffusion is so fast (on the time scale of desorption) that
the adsorbate is maintained in quasiequilibrium throughout
the desorption process. Thus the adsorbate can be charac-
terized by its chemical potential w,(6(¢), T(¢)). As a next
step, we look at a situation where the gas phase pressure of
a molecular species, P, is different from its value, P, which
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maintains a coverage 6. As such, to reestablish equilibrium
between the gas phase and the adsorbate there is an excess
flux that is given by

9P _ 50, 7)p — Py

a7 h o’
where S(0,T) is the coverage and temperature-dependent
sticking coefficient, ay is the adsorption site area, 4 is Planck’s
constant, and

(AD)

h
A/ 27‘[ka T

is the thermal wavelength, where m is the mass of the adsorb-
ing species and kg is Boltzmann’s constant. As a next step,
we express the equilibrium pressure in terms of the gas phase
chemical potential, pig,

A = (A2)

]izim exp <ﬁ>
)‘ih kBT
Here, Z;y, is the intramolecular partition function that accounts
for rotations and vibrations of the molecule in the gas phase.
Further, for nondissociative adsorption, the chemical potential
of the adsorbate, w,, is equal to the chemical potential of
the adsorbate in the gas phase at equilibrium. Therefore, the
desorption rate can written as

as kT Ha
Ry =S0,T)—5—7Z, .
o= 50105 Bz e ()

P = (A3)

(A4)

This is our principal result that shows that the desorption rate
directly correlates to the chemical potential of the adsorbate.

One can further show that (S4) reduces down to the fa-
miliar Polanyi-Wigner equation for first order desorption if
further simplifying assumptions are made. As a first additional
assumption, we consider a noninteracting adsorbate in the
submonolayer regime, for which the temperature and cover-
age dependence of the chemical potential of the adsorbate is
given by [32]

0
e = Vo + kBT[ln (1 9> —In (QBQint)], (AS)

where V, is the (positive) binding energy of an isolated

molecule on the surface. Moreover,
q3 = qz4xy (A6)

is the molecular partition function for an adsorbed molecule
where

exp (—357)
9= ——F (A7)
1—exp (— kB—;)
is the vibrational partition function for motion normal to
the surface and ¢y is the partition function for the motion
parallel to the surface. If the adsorbate can be treated as a
two-dimensional ideal gas, then g,y can be written as
as

—— (A8)
A

Axy
Finally, giy is the internal partition function of an adsorbed
molecule in which some of the internal degrees of freedom
are frozen out or frustrated. In the high temperature limit
(kgT > hv,) for a nonlocalized, noninteracting adsorbate, we

can apply these expressions to

0 Zin Vo
Ry =S0,T)—— — . A9
4= S( )1_9qimvzexp< kBT) (A9)
In particular, if S(9,T) = 1 — 0, then (A9) becomes the fa-
miliar first-order Polanyi-Wigner rate expression:

Zin Vi
Ry=06 tvzexp<——0).
Gint ksT

We finally note that the above considerations can be gen-
eralized to associative desorption [6], e.g., the associative
desorption of two adsorbed oxygen atoms to O,. In such a

case, we would have that ugz =2u2. Using the appropriate

expression of the sticking coefficient, S0, T) = (1 — 0)?, we
would then get the appropriate second-order rate expression
for desorption.

(A10)

2. Diffusion of PO and Py on Cu(111)

To account for translational degrees of freedom for PO
and Py on Cu(l11) in free energy calculations, estimates
of their site-to-site diffusion (or hopping) barriers must be
obtained. We considered PO, Py, and PyPO cluster diffusion
on Cu(111). All relevant species preferentially adsorb to top
sites on Cu(111), so hopping barriers between adjacent top
sites were computed using the climbing-image nudged elastic
band method [33]. Results of these calculations for PO and Py
are presented in Fig. 5.

The hopping barrier for PO on the surface is 0.11 eV and
the hopping barrier for Py on the surface is 0.05 eV. The
hopping barrier calculation for the PyPO complex returned a
value of roughly 5 meV, which is too small in magnitude to
be trusted at the DFT level. Therefore, the translations of the
complex along the surface were considered to be barrierless.
It should be noted that intermolecular attractions have led to
increased surface mobility of complexes in the literature, so
the result of this calculation is not necessarily unexpected
[14]. A schematic of the complex diffusion is shown in Fig. 6.

3. One-dimensional rotor partition function

In light of the results from a previous section, we will
be treating the rotations of isolated PO and Py molecules
as effectively barrierless due to the insignificant magnitude
of their “rotational barriers.” Therefore, to treat these rota-
tions in thermodynamic calculations, the energy levels from
the Schrodinger equation must be used. These energy levels
parametrized by quantum number J, E ;, are

h2
rot,J — 82l

In the equation above, I is the moment of inertia about
the molecule’s surface-normal rotational axis (defined as the
vector normal to the center of the top site) and 4 is Planck’s
constant. The one-dimensional rotational partition function,
Grot,1D- 18 defined as

> E
rot,J
4rot, 1D = eXpl\ —f——~ )
=3 ew (-2

J=—00

J?, VJel. (Al1)

(A12)

Note that T is the absolute temperature and kg is Boltzmann’s
constant in the above equation. Inserting the energies from
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FIG. 5. Minimum energy pathways for propylene (Py) and propylene oxide (PO) between favorable adsorption sites on Cu(111) with

atomistic models of the structures along the pathway.

(A11) into (A12) yields
00 2
J O
GroiD = Y eXp (— - R), (A13)
J=—00
with ®g being the rotational temperature defined as
h2

= —. Al4
* 7 8nlkg (A1)

If we assume this sum can be approximated to be an inte-
gral due to the close spacing of the energy levels, the one-
dimensional partition function for our molecular rotors is

o .12®R aT
qrot, 1D /;oo exp ( T ) ®R

4. Chemical potentials of surface-bound species

(A15)

In this section, we derive chemical potentials of Py and PO
monomers as well as PyPO clusters on the Cu(111) surface
using fundamental statistical mechanics. We will work in the
canonical ensemble, as this is the sensible ensemble for this
problem.

a. Chemical potentials of uncomplexed molecules

We begin by writing the Helmholtz energy for a system
of Npo propylene oxide molecules that are not clustered.
Under the assumption that the particles are noninteracting, the
partition function for this system, Opo, would be (accounting
for indistinguishability)

Nro
4po
Npo!

In this equation, gpg is the microcanonical partition function
for PO. Consider the Helmholtz free energy of this ensemble
of molecules, App, using the standard statistical mechanical

definition:
qNPO
Apo = —kgT In | =22 ).
PO gl In ( Neo!

(A16)

Opo =

(A17)

Applying Stirling’s approximation and rearranging yields
Apo = —NpokgT In(gpo) + kT (Npo In Npo—Npo ), (A18)

APO = —NpokBT In (qP;O) —NpokBT.
Npo

(A19)

FIG. 6. Schematic of pathway for (approximately) barrierless hopping of the PyPO complex on Cu(111).
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For the microcanonical partition function, we assume there are
electronic, rotational, and translational degrees of freedom.
Note that vibrational degrees of freedom were not considered
as it was assumed the vibrational degrees of freedom in
the complexed and noncomplexed states were approximately
identical and that all significant changes in Helmholtz energy
would arise due to changes in rotational and translational
motion. Rotations of these separate molecules will be treated
as barrierless (due to the fact that these molecules rotate at
5 K and thus have essentially barrierless rotations) [17] and
translations will be considered hindered using the results from
Sec. 2. The treatment from Sec. 3 will be used for treatment
of the rotational partition function for these molecules. The
electronic partition function for PO, gelec po, Will be (after
neglecting excited states)

AEads,PO ) (AZO)

ksT

In this equation, AE,4spo is the adsorption energy of PO on
the Cu(111) surface. Note that the energetic zero is taken as
the isolated molecule in the gas phase. The hindered translator
partition function for a surface-bound species S, Gh-trans.s» 1S
defined as follows [13,31]:

Ny () exp (=72) exp (—72)65 (57)

X8

[1 —exp(—7))

where I, is the zero-order modified Bessel function of the first
kind and r, ; and T ; are species dependent parameters defined

{elec,PO = €XP <_

. (A21)

{h-trans,s —

as
2E, ;m.a®
Ix,s = (/’l—2> ) (A22)
T — kgT [ 2m,a® : (A23)
e h Ea,s '

In these expressions, N, is the number of sites available
for diffusion (i.e., number of Cu atoms), E,, is the hop-
ping barrier between nearest-neighbor sites on the surface
for species s, m, is the mass of the species, and a is the
nearest-neighbor site-to-site distance between two surface Cu
atoms. For simplification of notation, we will define x,(7T"), a
species-dependent parameter, as

(=) exp (= 72) exp (= 7)1 (57-)
[1 —exp(—7-)]

which makes the hindered translator partition function for a
species s:

X.Y(T) =

., (A24)

Gh-trans,s = Xs(T)N. (A25)

Using all of this, the microcanonical partition function for PO
is

qdrPO = {elec,POYrot,1DYh-trans, s

AEq45,p0 7T
= _DTadspo ) | TN,,  (A26
exp ( kT ) Or ro xpo(T) (A26)

where Og po is the rotational temperature for PO, which is
defined in Sec. 3. Using this partition function in (A19), the

Helmbholtz free energy of this ensemble is

aT N\'
Apo=Npo | AEy3s,p0—ksT In xpo(T)
ORr.ro Nro

)|

(A27)
If we define the surface coverage of PO 6pg as
M
Oro = Nio (A28)

the equation for the Helmholtz energy of this ensemble be-
comes

T T
Apo:Npo AEads,po—kBT In il XPO( ) —kBT .
Orpro bro

(A29)

Using this equation, we can define the chemical potential of
PO on the surface, wpo(T, 6po). From standard thermodynam-
ics, this is defined as

SA
upo(T,epo)=< PO) .
T,N,

A30
Moo (A30)

Using this definition and our Helmholtz energy expression for
this ensemble of PO molecules (noting that the coverage is a
function of Npg), the chemical potential is

aT
mpo(T, Opo) = AEgsp0 — kT In (1/ XPO(T)>
Og,po

+ kgT In (6po). (A31)

This derivation can be exactly mirrored for an ensemble of
Npy molecules on the surface that have equivalent statistical-
mechanical degrees of freedom (i.e., they are free rotors,
hindered translators, and only have a ground electronic state).
Thus, if we define the coverage of Py as

Ney
Ny

and let all other variables for Py mirror those in the PO
derivation above, the chemical potential of Py, upy (T, 6po),
on the surface can be written as

T
upy(T, Opy) = AEugspy — kT In (‘/ XPy(T))
Or,py

+ kgT In(6py). (A33)

Opy = (A32)

b. Chemical potential of PyPO complexes

We now consider an ensemble of Npypo complexes on the
surface. To find the chemical potential of a complex on the
surface, we must first determine the Helmholtz energy of
this ensemble of complexes. Considering each complex as
an individual, indistinguishable entity, the canonical partition
function for this system, Opypo, would be

Npypo
PyPO

Opypo = (A34)

Npypo!
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where gpypo is the microcanonical partition function of a
PyPO complex. The Helmholtz free energy of an ensemble
of Npypo complexes would be

qpryPO

Apypo = —prpokBT In ( ) — prpokBT. (A35)

PyPO
In terms of degrees of freedom, these clusters are treated
as free translators given the negligible diffusion barriers
computed in Sec. 2. Further, they are rotationally arrested
according to experimental STM images and thus possess
no rotational degrees of freedom. Finally, they do possess
an electronic degree of freedom with an electronic partition
function, gelec,pypo, that is given as follows:

AEads,PyPo)

(A36)

Gelec,PyPO = €XP <_ kT
B

In this equation, AFE.pypo is the adsorption energy of the
PyPO complex (with respect to the isolated species in the
gas phase). Again, the use of the complex adsorption energy
indicates that our energetic zero is the isolated molecules in
the gas phase. The neglect of vibrational degrees of freedom
is discussed above. The free translator partition function,
Qtrans,PyPO; iS

{trans,PyPO = (A37)

h? 2
where the area available for translation is expressed based on
the number of sites on the Cu(111) surface and the area of
a surface unit cell (v/3a?/2). Using both of these partition
functions, the microcanonical partition function for the PyPO
complex is

27TmPyPOkBTN (\@ 2)

qPyPO = {elec,PyPOYtrans,PyPO
AE, 2rm kgT 3
— exp <_ ads,PyPo> pypoks T ( £ a2>.

ksT h? 2
(A38)
Defining the coverage of the complex, Opypo, as
N
Opypo = I;PO , (A39)

the Helmholtz energy of this ensemble of complexes can be
written using (A35) and (A37):

Apypo = Npyro { AE,gspypo — kgT

2 kT 1
X ln|: 7T TtryPOXB <£a2>] —kBT}.

h? Opypo \ 2

(A40)

We can calculate the chemical potential of a PyPO complex,
mpypo (T, Opypo), On the surface using an equation analogous
to (A30):

pypo(T, Opypo) = AE,dspypo

27TmPyP0kBT (\/_5 2)i|
h2

- kBT 1n|: )
+ kgT In(pypo).

(A41)

5. Experimental and computational methods

LT-STM experiments were carried out in an UHV cham-
ber with background pressure of 1x10~!" mbar using an
Omicron Nanotechnology low-temperature scanning tunnel-
ing microscope. The crystal was cleaned by cycles of Ar™
sputtering and thermal annealing in an adjoining preparation
chamber with a base pressure of 2x107!% mbar. Adsorbates
were deposited on a clean Cu(111) crystal at 5 K using a
precision leak valve and the surface was briefly annealed to
greater than 40 K to equilibrate the adsorbates. Propylene
and propylene oxide samples were procured from Matheson
Tri-gas and Sigma Aldrich, respectively. Propylene (99.9%
purity) was used as received and propylene oxide samples
(99.9% purity) were subjected to multiple freeze-pump-thaw
cycles. All imaging was performed at 5 K. Typical imaging
conditions were between 60 and —60 mV with a tunneling
current less than 70 pA.

TPD experiments were conducted in a separate UHV
chamber with a background pressure less than 1x 10™'9 mbar.
Experiments were conducted on a Cu(111) surface which was
cleaned with repeated Ar* sputtering with an RBD hot fila-
ment sputter gun and thermal annealing to 750 K. Propylene
and propylene oxide were dosed using a precision leak valve
while the crystal was held at 85 K. The chamber was equipped
with a shielded Hiden Hal RC 201 mass spectrometer capable
of being advanced to within less than 1 mm of the crystal
surface for TPD experiments. Only reversible desorption was
observed so cleaning was only done at the start of each day
of experiments and controls were performed to check that the
same results were obtained on a freshly cleaned crystal. The
crystal was heated via resistive heating and cooled via liquid
nitrogen. Temperatures were measured with a K-type ther-
mocouple. Experiments were conducted with a linear heating
rate of 1.5 K/s and TPD traces are background subtracted and
corrected for ionization cross section, ionization pattern, and
relative sensitivity of the mass spectrometer at the specific m/z
of interest. Coverages are reported relative to the number of
Cu atoms unless otherwise noted. Comparison of desorption
of a saturated monolayer of both Py and PO revealed a
similar packing density, with ~1 molecule per 5 Cu atoms. We
calculated these values based on comparison of the corrected
area with the saturation desorption feature of CO, which has a
known packing density of 0.52 CO per Cu atom [34]. In terms
of chirality we used primarily R-PO for these experiments
but trials with S-PO gave the same desorption energies as
expected.

All theoretical calculations were performed using closed-
shell density functional theory implemented within the Vienna
ab initio simulation package (VASP), which calculates the
electronic energy of a periodic system using a plane-wave
basis set [35,36]. These energies were computed using the
frozen-core approximation for treatment of the core electrons
along with the projector augmented wave method to quench
valence wave function oscillations near core regions [37,38].
The data sets used to implement this approach were released
by VASP developers in 2012. A cutoff energy of 500 eV was
used to determine the number of plane waves employed at
each k point. The Perdew-Burke-Ernzerhof (PBE) functional
was used to treat electronic exchange and correlation [39].

023326-9



RYAN T. HANNAGAN et al.

PHYSICAL REVIEW RESEARCH 2, 023326 (2020)

Additionally, a 3x3x1 Monkhorst-Pack grid was used to
sample the first Brillouin zone. Using these quantum me-
chanical parameters, geometry optimizations were performed
using a conjugate-gradient algorithm and transition states
were obtained using the climbing-image nudged elastic band
(CINEB) method [33,40]. Transition state structures were
confirmed to have a single imaginary vibrational frequency
through standard harmonic analysis performed with in-house
software. These calculations were considered converged once
appropriate atomic forces were lower than 0.02 eV/A. A
(4x4) Cu(111) supercell (four layers in thickness; theoretical
lattice constant 3.635 A) was used for all presented calcu-
lations. This lattice constant was obtained using a primitive
face-centered cubic unit cell where a 12x12x12 k-point
Monkhorst-Pack grid was used to sample the first Brillouin
zone. In this cell, the bottom two layers were held fixed in bulk

positions during geometry optimizations and transition state
calculations. The vacuum thickness between periodic metallic
slabs was at least 15 A in all cases.

In the text, we use the barrier calculations presented in
the supplemental information and electronic complexation
energies from work by Sykes and co-workers to compute
the free energy change of complexation [17]. The electronic
portion of the complexation free energy was calculated using
a generalized gradient approximation functional that included
dispersive corrections (the optB88-vdw functional) while the
functional used to compute the barriers in this work did not
include corrections of this nature. As different functionals
have been shown to produce relatively similar reaction ener-
gies (and thus likely similar activation energies), the mixing
of these functionals in our free energy calculation is justified
[41].
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