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ABSTRACT: The desorption kinetics for benzene and cyclohexane from a graphene
covered Pt(111) surface were investigated using temperature-programmed desorption
(TPD). The benzene desorption spectra show well-resolved monolayer and multilayer
desorption peaks. The benzene monolayer and submonolayer TPD spectra for coverages
greater than ∼0.1 ML have nearly the same desorption peak temperature and have line
shapes which are consistent with first-order desorption kinetics. For benzene coverages
greater than 1 ML, the TPD spectra align on a common leading edge which is consistent
with zero-order desorption. An “inversion” procedure in which the prefactor is varied to find
the value that best reproduces the entire set of experimental desorption spectra was used to analyze the benzene data. The
inversion analysis of the benzene TPD spectra yielded a desorption activation energy of 54 ± 3 kJ/mol with a prefactor of 1017±1

s−1. The TPD spectra for cyclohexane also have well-resolved monolayer and multilayer desorption features. The desorption
leading edges for the monolayer and the multilayer TPD spectra are aligned indicating zero-order desorption kinetics in both
cases. An Arrhenius analysis of the monolayer cyclohexane TPD spectra yielded a desorption activation energy of 53.5 ± 2 kJ/
mol with a prefactor of 1016±1 ML s−1.

■ INTRODUCTION
The interactions of adsorbates with graphene is of interest in a
variety of fields including catalysis,1−5 material science,6,7 and
electronics.8−11 In addition, theoreticians have studied
adsorbate-graphene interactions as models to improve the
calculation of weakly bound and van der Waals systems.12−19

Understanding the interactions and desorption kinetics from
carbon-based substrates is also important for astrophysicists to
create models for the composition of various astrophysical
bodies (e.g., comets, interplanetary ices, interplanetary dust,
and planetary surfaces).20−28

Recently, we have used graphene covered Pt(111) as an
analog for carbonaceous surfaces to study the desorption of
some astrophysically relevant adsorbates.29,30 The desorption
spectra for all of the adsorbates studied (water, methanol,
ethanol, Ar, Kr, Xe, N2, O2, CO, methane, ethane, and
propane) have well-resolved monolayer and multilayer
desorption peaks. Further, the leading edges for both the
monolayer and multilayer desorption peaks are aligned on a
common curve which is a signature of the zero-order
desorption. These results contrasted with studies on highly
oriented pyrolytic graphite (HOPG) which had reported the
observation of fractional-order desorption kinetics for mono-
layer coverages of water, methanol, and ethanol.22,23,27 The
difference between these results could be due to several
experimental factors including the dosing (background versus
molecular beam) and detection (background versus line-of-
sight).29

In the present article we study the desorption kinetics of
benzene and cyclohexane from a graphene covered Pt(111)
surface. The interaction of benzene with graphene has been
used as a model system for calculating π−π interactions which
are believed to be important in biological systems (e.g., protein

and DNA structure).13,14,17−19,31 Compared with the number
of theory papers, there have been relatively few experimental
studies. Zacharia et al.32 and Ulbrict et al.33 have studied
benzene desorption from HOPG (graphite) and Burghaus et
al.34,35 have studied benzene desorption from graphene on
metal and SiO2 supports. In these prior works the experimental
desorption results are analyzed using the Redhead equation.36

This equation uses the desorption peak temperature and an
assumed or estimated prefactor to estimate adsorbate binding
energies. In the present work, we use an “inversion” procedure
in which the prefactor is varied to find the value that best
reproduces the entire set of experimental desorption spectra.
The value of prefactor will affect the calculated binding energy.
Here we use molecular beam dosing techniques to acquire high
quality desorption spectra that are analyzed with the inversion
procedure to obtain accurate binding energies and prefactors.
We find that while the binding energies for benzene and
cyclohexane are nearly the same, the desorption order for the
two species are different.

■ EXPERIMENTAL SECTION

The graphene layer was grown by exposing a Pt(111) substrate
held at 1100 K to a molecular beam of decane. This procedure
has been shown to produce an single layer of carbon that has
the structure of graphite.37 The sample substrate was mounted
within an ultrahigh vacuum system (UHV) described in detail
previously.38,39 The 1 cm diameter Pt(111) crystal was cooled
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by a closed-cycle helium cryostat to a base temperature of ∼25
K and was resistively heated through two tantalum leads spot-
welded on the back. A K-type thermocouple spot-welded to the
back of the sample measured the temperature with a precision
of better than ±0.01 K and was calibrated to an absolute
accuracy of better than ±2 K utilizing the desorption of Kr and
H2O multilayers. Benzene and cyclohexane were deposited at
25 K and at normal incidence using a quasi-effusive molecular
beam collimated by four stages of differential pumping. The
beams for both species were created by expanding 1.0 Torr of
the vapor through a 1 mm diameter orifice. The vapor pressure
and flow were controlled by a leak valve. Experiments were also
performed at a deposition temperature of 100 K (not shown)
and the desorption results were essentially identical. For each
species, a ML was defined as the dose needed to saturate the
monolayer desorption peak. The dosing beam fluxes were 0.11
ML/s for benzene and 0.10 ML/s for cyclohexane. Temper-
ature-programmed desorption (TPD) spectra were obtained
using an Extrel quadrapole mass spectrometer in a line-of-sight
configuration. A linear heating rate of 1 K/s was used for all the
TPD experiments.

■ RESULTS AND DISCUSSION
Benzene and Cyclohexane Desorption from Gra-

phene. The TPD spectra for benzene films deposited at 25
K on a graphene covered Pt(111) substrate and heated at 1.0
K/s are displayed in Figure 1. The desorption spectra for
coverages from 0.11 to 1.0 ML (blue curves) are displayed in
Figure 1a. The TPD spectra have the same desorption peak
temperature (for coverages greater than 0.11 ML) and are not
aligned on the leading or trailing edges. These features and the
asymmetric line shapes are characteristic of first-order

desorption. Figure 1b displays benzene desorption spectra
from both the first layer (blue) and the second layer (1.11 to
2.0 ML, red). In this case, the leading edges from the second
layer are aligned and give rise to a peak that is well-separated
from the first layer peak. The alignment of the leading edges is
characteristic of zero-order desorption.
Figure 2 displays the TPD spectra for cyclohexane films

deposited at 25 K on a graphene covered Pt(111) substrate and

heated at 1.0 K/s. The top panel, Figure 2a, displays the
monolayer (0.1 to 1 ML, blue) spectra and the bottom panel,
Figure 2b, displays both the monolayer and second layer (1.1 to
2.0 ML, red) spectra. The leading edges for both the first and
second layer desorption spectra are aligned indicating zero-
order desorption kinetics. Zero-order desorption kinetics for
submonolayer coverages can occur if an equilibrium is
established between individual adsorbates and adsorbate islands
on a time scale that is fast compared to the desorption
rate.40−42 The situation is analogous to the equilibrium between
the vapor (isolated adsorbate) and the condensed phase
(islands). The establishment of a two-dimensional, two-phase
coexistence defines the chemical potential and thus the vapor
pressure of the system. If during the desorption process this
equilibrium is maintained, the desorption rate (vapor pressure)
will depend only on temperature and not on coverage, i.e., the
desorption kinetics are zero-order.
Figure 3 displays multilayer (2 to 30 ML) TPD desorption

spectra for benzene (Figure 3a) and cyclohexane (Figure 3b).
The inset in Figure 3a is an enlargement of the desorption
leading edge for benzene TPD spectra with 2, 2.5, and 3 ML.
The inset shows that the 2 ML desorption rate is initially

Figure 1. TPD spectra for benzene deposited on a graphene covered
Pt(111) substrate at 25 K and heated at 1.0 K/s. (a) Benzene TPD
spectra for monolayer coverages of 0.11, 0.22, 0.33, 0.44, 0.55, 0.66,
0.77, 0.88, and 1.0 ML (blue). (b) Benzene TPD spectra for second
layer coverages of 1.11, 1.22, 1.33, 1.55, 1.77, and 2.0 ML (red) plotted
along with those for the monolayer (blue).

Figure 2. TPD spectra for cyclohexane deposited on a graphene
covered Pt(111) substrate at 25 K and heated at 1.0 K/s. (a)
Cyclohexane TPD spectra for monolayer coverages of 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 ML (blue). (b) Cyclohexane TPD spectra
for second layer coverages of 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.8, and 2.0 ML
(red) plotted along with those for monolayer and submonolayer
coverages (blue).
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greater than the 3 ML but at higher temperature (∼140 K) the
curves converge. The 2.5 ML spectrum behaves similarly except
that it comes into alignment with the 3 ML curve at a slightly
lower temperature (∼137 K). For coverages above 3 ML the
TPD spectra are aligned from the onset of measurable
desorption. This behavior is typically an indication of a phase
change in the film.43 For example, films vapor deposited at low
temperature often grow as amorphous solids and can crystallize
when heated to a higher temperature. The transformation from
the higher free energy amorphous phase to the lower free
energy crystalline results in a decrease in desorption rate (vapor
pressure). We have previously observed using infrared
spectroscopy that amorphous benzene films readily crystallize
at low temperatures.44 The multilayer cyclohexane TPD spectra
in Figure 3b are all aligned from the onset which means that
there is no phase change during desorption. This could mean
that the cyclohexane film had crystallized at a temperature
before the onset of measurable desorption.
Figure 4 is an Arrhenius plot of the multilayer TPD spectra

for benzene and cyclohexane from Figure 3. The dashed line in
Figure 4a is an Arrhenius fit to the leading edge of the 30 ML
benzene TPD spectrum which yielded an activation energy of
53 ± 2 kJ/mol and a prefactor of 3.2 × 1018±1 ML s−1. The
dashed line in Figure 4b is an Arrhenius fit to the leading edge
of the 30 ML cyclohexane TPD spectrum which yielded an
activation energy 49 ± 2 kJ/mol and a prefactor of 1.3 × 1018±1

ML s−1.
The results for the desorption of benzene (Figure 1) and

cyclohexane (Figure 2) clearly show that the desorption
kinetics are different for the two. Determination of the
desorption binding energies and prefactors will require different
approaches.

Energetics of Benzene Desorption from Graphene
Inversion Analysis. In this section, we analyze the benzene
monolayer TPD spectra in Figure 1 to extract the desorption
parameters. Adsorbate desorption rates are mathematically
expressed using the Polanyi−Wigner rate equation,

θ νθ
β

= −d
dT

exp
n

E RT/Des

(1)

where ν is the prefactor, θ is the coverage, n is the desorption
order, β is the heating rate, R is the gas constant, and T is the
temperature.45 In eq 1, increasing EDes results in a higher peak
desorption temperature, TPeak. Redhead developed a relation-
ship between EDes and TPeak by taking the derivative of the
desorption rate with respect to temperature, setting it equal to
zero, and rearranging to get,

ν
β

= −
⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥E RT

T
ln 3.64Des Peak

Peak

(2)

for first order desorption, n = 1.36 Because of its simplicity, the
Redhead eq (eq 2) is widely employed to obtain desorption
energies, however it has several limitations. The first is that one
must have a value for the prefactor, which is often assumed to
be 1013 s−1. However, this assumption can lead to errors for
adsorbates where the real desorption prefactor is larger.
Another limitation is that one obtains a single desorption

Figure 3. Multilayer TPD spectra for benzene and cyclohexane
deposited on a graphene covered Pt(111) substrate at 25 K and heated
at 1.0 K/s. (a) TPD spectra for benzene coverages of 2, 3, 4, 5, 6, 8,10,
15, 20, 25, and 30 ML. Inset: An enlargement of the leading edges for
the 2, 2.5, and 3 ML TPD spectra. (b) TPD spectra for cyclohexane
coverages of 2, 3, 4, 5, 7.5,10, 15, 20, and 30 ML.

Figure 4. Arrhenius plot of the multilayer TPD spectra for benzene
and cyclohexane from Figure 3. (a) TPD spectra for benzene
coverages of 3, 4, 5, 6, 8,10, 15, 20, 25, and 30 ML. The dashed line is
an Arrhenius fit to the 30 ML curve which yielded an activation energy
of 53 ± 2 kJ/mol and a prefactor of 3.2 × 1018±1 ML s−1. (b) TPD
spectra for cyclohexane coverages of 2, 3, 4, 5, 7.5,10, 15, 20, and 30
ML. The dashed line is an Arrhenius fit to the 30 ML curve which
yielded an activation energy of 49 ± 2 kJ/mol and a prefactor of 1.3 ×
1018±1 ML s−1.
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energy which does not take into account adsorbate−adsorbate
interactions that may result in a coverage dependent activation
energy.
Here we analyze the benzene desorption data using an

“inversion” method.30,39,46−50 In this method the Polanyi−
Wigner rate eq (eq 1) is rearranged to give,

θ
β

νθ
= −

θ⎛

⎝
⎜⎜

⎞

⎠
⎟⎟E RT( ) ln

d
dT

Des

(3)

for a first-order desorption process. eq 3 is solved using an
experimental TPD spectrum (typically the 1 ML) and an
assumed constant prefactor (ν) to obtain an EDes(θ) curve. The
Polanyi−Wigner eq (eq 1) is numerically integrated using this
EDes(θ) curve and the assumed prefactor to generate a set of
submonolayer TPD spectra. The difference between the
experimental and simulated spectra for the entire set is used
to calculate a chi square error. The process is repeated using the
prefactor as a variational parameter to find the value that best
fits the experimental data set.
Before implementing the inversion method, it is possible to

obtain estimates of the desorption parameters. One approach is
to observe that the benzene TPD spectra have classic first-order
desorption lineshapes. In this case, eq 1 can be rearranged to
give,

θ
ν=

−
+

θ⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

E
RT

ln ln( )
d
dT Des

(4)

for n and β equal to 1. Figure 5 is an Arrhenius plot of (dθ/
dT)/θ for benzene TPD spectra with initial coverages of 0.33,

0.44, 0.55, 0.66, 0.77, and 0.88 ML (from Figure 1). The TPD
spectra (plotted to near the desorption peak) nearly align onto
a single curve which is consistent with a first-order desorption
mechanism. The value of EDes and ν can be obtained from the
slope and intercept respectively of a line fit to the curve (see eq
4). The dashed line in Figure 5 is an Arrhenius fit to the 0.88
ML curve which yielded an activation energy of 54.5 ± 2 kJ/
mol and a prefactor of 1.0 × 1017±1 s−1.
Another method for estimating the prefactor is to invert the

submonolayer coverages in addition to the 1 ML spectrum. The

inversion of all the submonolayer spectra is not necessary for
the inversion procedure (described below) but it is useful to
estimate the range of potential prefactors. Figure 6 displays the

EDes(θ) curves obtained from selected benzene TPD spectra
with initial coverages from 0.22 to 1.0 ML using prefactors of
1013, 1015, 1017, 1019, and 1021 s−1. For prefactors of 1013 s−1 and
1015 s−1 the EDes(θ) curves do not align on a single curve but
instead veer upward at higher coverages. The EDes(θ) curves for
a prefactor of 1021 s−1 also do not align on a single curve but in
this case veer downward at higher coverages. The best
alignment is obtained with a prefactor of 1017 s−1. The
alignment of the inverted TPD spectra onto a single curve
means that the desorption energy depends only on the
coverage at the time of desorption. Although qualitative, the
results in Figure 6 predict that the prefactor is close to 1017 s−1.
The full inversion procedure is illustrated in Figure 7. The

first step is to calculate an EDes(θ) for the 1 ML TPD spectrum
for a given prefactor (like those displayed in Figure 6). The
Polyani-Wigner eq (eq 1) is integrated using this EDes(θ) curve
and corresponding prefactor to simulate a set of submonolayer
coverage TPD spectra. Figure 7a displays a set of simulated
TPD spectra (black lines) generated for an assumed prefactor
of 1017 s−1. Also plotted are the corresponding experimental
(open blue circles) TPD spectra. The χ2 error is calculated from
the difference between the set of simulated and experimental
spectra. The process is repeated with various prefactors. Figure
7b is a plot of the χ2 error (solid red circles) versus the log of
the prefactor obtained from simulations using prefactors of
1013, 1015, 1017, 1019, and 1021 s−1. The dashed line is a
quadratic fit to the data and yields a minimum at ∼17.1 (ν = 1.3
× 1017 s−1). The minimum is close to the 1017 s−1 prefactor
although the fit curve shows that the χ2 error for simulations
using prefactors of 1016 s−1 and 1018 s−1 would only be slightly
larger.
Figure 8 displays the EDes(θ) curves obtained using prefactors

of 1016 (blue line), 1017 (black line), and 1018 s−1 (red line).
The curves are relatively flat over most of the coverage range
with an increase in EDes at coverages below ∼0.05 ML. The
relatively flat curves from 0.05 to 1.0 ML indicates the
desorption energy is largely coverage independent. The
increase in EDes below 0.05 ML could be due to adsorption
on a small amount of higher energy binding sites, i.e., defects.
The desorption energy at a coverage of 0.5 ML (vertical dashed

Figure 5. Arrhenius plot of the desorption rate (ML/s) divided by the
coverage (ML) for benzene TPD spectra with initial coverages of 0.33,
0.44, 0.55, 0.66, 0.77, and 0.88 ML (from Figure 1). The dashed line is
an Arrhenius fit to the 0.88 ML curve which yielded an activation
energy of 54.5 ± 2 kJ/mol and a prefactor of 1.0 × 1017±1 s−1.

Figure 6. Coverage dependent desorption energy curves obtained by
inverting the 0.22, 0.44, 0.66, 0.88, and 1.0 ML benzene TPD spectra
in Figure 1 using assumed prefactors of 1013, 1015, 1017, 1019, and 1021

s−1.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.7b05102
J. Phys. Chem. B 2018, 122, 587−594

590

http://dx.doi.org/10.1021/acs.jpcb.7b05102


line) for the three prefactors 1016, 1017, and 1018 s−1 is 51.3,
54.4, and 57.4 kJ/mol, respectively. This plot shows that the
desorption activation energy of benzene from graphene covered
Pt(111) is 54 ± 3 kJ/mol with a prefactor of 1017±1 s−1.
Energetics of Cyclohexane Desorption from Gra-

pheneZero Order Analysis. The monolayer cyclohexane
TPD spectra in Figure 2 have the characteristics of zero-order

desorption kinetics (e.g., the alignment of the leading edges and
an increase in peak temperature with coverage). For zero-order
desorption, the kinetic parameters can be determined from an
Arrhenius analysis. Figure 9 is an Arrhenius plot of the

desorption rate (ML/s) for cyclohexane TPD spectra with
initial coverages of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and
1.0 ML (from Figure 2). The dashed line is an Arrhenius fit to
the 1 ML curve which yielded an activation energy of 53.5 ± 2
kJ/mol and a prefactor of 1.7 × 1016±1 ML s−1.

■ DISCUSSION AND CONCLUSIONS
The TPD experiments in Figure 1 clearly show that monolayer
and submonolayer coverages of benzene desorb from graphene
covered Pt(111) with first-order desorption kinetics. Analysis of
the TPD spectra using several methods gave consistent values
for the desorption parameters. The Arrhenius plot in Figure 5
gave an activation energy of 54.5 ± 2 kJ/mol and a prefactor of
1.0 × 1017±1 s−1. Another method (inversion of the TPD
spectra in Figure 6) gave an estimate for the prefactor of ∼1.0
× 1017 s−1. Finally, the full inversion procedure (Figure 8)
yielded a binding energy of 54 ± 3 kJ/mol (at a coverage of 0.5
ML) and a prefactor of 1017±1 s−1. While this prefactor is larger
than the typically assumed value of 1013 s−1, it is not unusual for
large molecules. This is a result of the differences in the
molecular degrees of freedom in the adsorbed and desorbed
states.47,51 These differences contribute to the entropy change
that occurs during desorption and are reflected in the larger
prefactor. Our value of 1017±1 s−1 is in good agreement with the
prefactor of 9 × 1015±3 s−1 estimated by Ulbricht et al. for the
desorption of benzene from graphite (HOPG).33

There are a few reports of benzene desorption from other
carbon-based surfaces. The desorption of benzene from
graphite (HOPG) was reported to have a binding energy 48
± 8 kJ/mol and a prefactor of 9 × 1015±3 s−1.32,33 This result is
in good agreement with our value of 54 ± 3 kJ/mol. The fact
that the graphite and graphene covered Pt(111) results are in
agreement may mean that either system can be used to study
adsorbate interactions with a graphene or graphite surface
depending on what is being studied. Only a single desorption
energy is reported in the graphite work, so no comparison of
the desorption energy coverage dependence is possible.

Figure 7. (a) Comparison of benzene TPD experiments (blue open
circles) and simulations (black curves). The simulations used a
coverage dependent desorption energy curve obtained by inverting the
1.0 ML benzene TPD spectrum using a prefactor of 1017 s−1. (b) The
total chi square error (solid circles) between the experimental and
simulated TPD spectra for all initial coverages versus the log of the
prefactor used in the inversion analysis. The dashed line is a quadratic
fit to the chi square error points which yields a minimum at ∼17.1 (ν =
1.3 × 1017 s−1).

Figure 8. Coverage-dependent binding energy curves for benzene on
graphene covered Pt(111) obtained by inversion of the 1 ML TPD
spectrum in Figure 1 using prefactors of 1016 (blue), 1017 (black), and
1018 s−1 (red). The vertical dashed line is at a coverage of 0.5 ML
which gives desorption energies of 51.3, 54.4, and 57.4 kJ/mol for
prefactors of 1016, 1017, and 1018 s−1, respectively.

Figure 9. Arrhenius plot of the desorption rate (ML/s) for
cyclohexane TPD spectra with initial coverages of 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 ML (from Figure 2). The dashed line is
an Arrhenius fit to the 1 ML curve which yielded an activation energy
of 53.5 ± 2 kJ/mol and a prefactor of 1.7 × 1016±1 ML s−1.
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In work on graphene covered substrates, desorption energies
of 37 kJ/mol (on SiO2), 39 kJ/mol (on Cu), and 40 kJ/mol
(on Ru) at coverages of 0.5 ML were reported.34,35 These
values were obtained using the Redhead equation and an
assumed prefactor of 1013 s−1. Reanalysis of those data using a
prefactor of 1017 s−1 would increase the binding energies by
∼30% and bring them to be closer to our value. In that work, a
coverage dependent binding energy is obtained by using the
Redhead equation for a series of submonolayer TPD spectra.
The results show a much stronger coverage dependence for the
desorption energy than ours. For example, on graphene
covered Cu, the benzene binding energy varies continuously
from 37 kJ/mol at 1.0 ML to 44 kJ/mol at 0.05 ML.35 This
could be either due to strong repulsive interactions between the
adsorbates or due to a distribution of higher binding energy
defect sites. Our results show a relatively “flat” coverage
dependence until coverages less than ∼0.05 ML (Figure 8)
which would argue against strong long-range repulsive
interactions as the explanation. Instead, it is possible that
those samples may have more defect sites than ours.
The TPD experiments in Figure 2 show that monolayer and

submonolayer coverages of cyclohexane desorb from graphene
covered Pt(111) with zero-order desorption kinetics. The
Arrhenius plot in Figure 8 gave an activation energy of 53.5 ± 2
kJ/mol and a prefactor of 1.7 × 1016±1 ML s−1. To our
knowledge there have been no experimental publications of the
desorption energy of cyclohexane on graphene, however a
theoretical paper reports a binding energy of 31 kJ/mol.52 This
value is ∼40% lower than our experimental value but this may
be due to the calculation being performed on a single graphene
layer and not on a graphene covered Pt(111) substrate.
Our prior studies on graphene-covered Pt(111) showed that

a wide range of adsorbates (water, methanol, ethanol, Ar, Kr,
Xe, N2, O2, CO, methane, ethane, and propane) all display
zero-order desorption kinetics for monolayer and submono-
layer coverages.29,30 As mentioned above, zero-order desorp-
tion kinetics are possible for submonolayer coverages if a two-
dimensional equilibrium is established between isolated
adsorbates and islands. One might argue that the explanation
for the difference between benzene (first-order) and the
previous adsorbates (zero-order) is that the prior adsorbates
were all smaller (propane being the largest). However, this
argument is contradicted by the fact that the cyclohexane
exhibits zero-order desorption.
It is also interesting to note that the binding energy is not a

determining factor for the desorption order since the values for
benzene and cyclohexane are nearly the same, 54 ± 3 kJ/mol
and 53.5 ± 2 kJ/mol, respectively. The establishment of a two-
dimensional, two-phase equilibrium requires that the surface
diffusion rate is fast compared to the desorption rate. We
expect this to be the case for both benzene and cyclohexane.
For example, the surface diffusion barrier for benzene is
calculated to be ∼12% of the desorption energy, 5.4 kJ/mol
versus 45 kJ/mol, respectively.19 Assuming that the prefactor
for surface diffusion and desorption are the same, at 150 K an
average benzene molecule will experience 6 × 1013 diffusive
hops prior to desorption.
The obvious difference between benzene and cyclohexane is

aromaticity. It has been reported that on graphite (HOPG) the
desorption kinetics for benzene, toluene, and naphthalene (all
have aromatic rings) are first-order.33 The transition from zero-
order to first-order desorption means that the adsorbate is
behaving as a two-dimensional gas without the establishment of

an equilibrium with islands. This may mean that the island
formation in these aromatic systems is not favored due to the
lack of attractive adsorbate interactions. For example, benzene
has an order of magnitude larger quadrupole moment
compared to cyclohexane (−28.9 C m2 × 10−40 versus 3.0 C
m2 × 10−40).53,54 The positively charged outer region of the
molecule (the hydrogens) may result in repulsive interactions
between coplanar molecules that limit or prohibit the formation
of islands. This would account for the observed first-order
desorption kinetics. On the other hand, cyclohexane has an
order of magnitude smaller quadrupole and the configurational
flexibility that may allow for attractive interactions and the
formation of two-dimensional islands. This would explain the
observation of zero-order desorption kinetics in this case.
Future work will further explore how these lateral interactions
affect the desorption kinetics of other adsorbates on graphene.
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