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ABSTRACT: We present a combined experimental and theoretical
quantification of the adsorption enthalpies of seven organic molecules
(acetone, acetonitrile, dichloromethane, ethanol, ethyl acetate, hexane,
and toluene) on graphene. Adsorption enthalpies were measured by
inverse gas chromatography and ranged from −5.9 kcal/mol for
dichloromethane to −13.5 kcal/mol for toluene. The strength of
interaction between graphene and the organic molecules was estimated
by density functional theory (PBE, B97D, M06-2X, and optB88-vdW),
wave function theory (MP2, SCS(MI)-MP2, MP2.5, MP2.X, and
CCSD(T)), and empirical calculations (OPLS-AA) using two graphene
models: coronene and infinite graphene. Symmetry-adapted perturbation theory calculations indicated that the interactions were
governed by London dispersive forces (amounting to ∼60% of attractive interactions), even for the polar molecules. The results
also showed that the adsorption enthalpies were largely controlled by the interaction energy. Adsorption enthalpies obtained
from ab initio molecular dynamics employing non-local optB88-vdW functional were in excellent agreement with the
experimental data, indicating that the functional can cover physical phenomena behind adsorption of organic molecules on
graphene sufficiently well.

■ INTRODUCTION
Since its discovery, graphene1 has been demonstrated to have
promising applications in diverse disciplines, ranging from
electronics to medicine.2,3 It has been shown that the potential
applications of graphene can be extensively broadened by
various modes of functionalization, including non-covalent
binding (adsorption) of molecules and nanoparticles.4 One
particularly interesting branch of research is the development of
graphene-based chemical detectors, which can achieve such a
high level of sensitivity that individual molecules adsorbed on
graphene can be detected.5,6 However, further progress requires
quantification and understanding of the interaction of adsorbed
molecules with graphene.
Quantification and identification of the nature of the

interaction of adsorbed molecules on graphene pose several
challenges from a theoretical perspective. Adsorption of small
single molecules on graphene can be evaluated by quantum
mechanical calculations based on density functional theory
(DFT).7,8 DFT can readily accommodate the periodic
boundary conditions necessary to model a graphene sheet
and can, in principle, calculate the adsorption properties of an
arbitrary molecule. However, the reliability of the results
obtained with the most widely used exchange-correlation DFT
functionals, i.e., local density approximation (LDA) and
generalized gradient approximation (GGA),9,10 is often
inadequate. In particular, omission of non-local electron
correlations can severely affect the calculated adsorption
properties because the interaction of guest molecules with
graphene involves a large component of London dispersive

forces of non-local nature. Recently, several techniques have
been developed to combat this shortcoming, ranging from
empirical corrections11 and addition of a non-local correlation
core (vdW-DF)12 up to fully non-local and computationally
expensive methods, such as random phase approximation.13,14

However, there is a current lack of suitable experimental data
with which to assess the performance of these methods.
In this paper, we present a combined experimental and

theoretical study of the adsorption of seven small organic
molecules onto graphene, which aimed to identify the
magnitude and nature of the interaction. We used inverse gas
chromatography to determine the adsorption enthalpies of gas-
phase molecules to graphene flakes. This method allows
adsorption enthalpies of volatile organic compounds onto a
given surface to be measured directly and has previously been
used to determine surface and interaction properties of various
carbon-based materials, e.g., graphite,15,16 carbon nanotubes,17

and activated carbon.18 However, to date, no reports have
analyzed the interaction of molecules with graphene. To
address this deficiency, we performed ab initio molecular
dynamics (AIMD) simulations based on DFT to identify
energetically favorable configurations of adsorbed molecules
and evaluate the adsorption energies. In particular, we
investigated use of the optB88-vdW DFT functional, which
includes a contribution from non-local correlations.19 For
comparison, we also evaluated the adsorption properties using

Received: March 29, 2013
Published: April 9, 2013

Article

pubs.acs.org/JACS

© 2013 American Chemical Society 6372 dx.doi.org/10.1021/ja403162r | J. Am. Chem. Soc. 2013, 135, 6372−6377

pubs.acs.org/JACS


an empirical force field typically used to analyze the interaction
of graphene with large assemblies, such as nucleobases20,21 or
large molecules.22,23 In addition, we calculated the properties of
molecules adsorbed on coronene, which has been suggested to
be a suitable small model of graphene.24−28 The coronene
model also allows the treatment of non-local correlations via
the benchmark CCSD(T) method and evaluation of the
contributions to the enthalpy of adsorption arising from zero-
point and thermal vibrations. The nature of the interaction was
examined in further detail using the symmetry-adapted
perturbation theory (SAPT) method.29

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Differential isosteric adsorption enthalpies (heats of adsorption),
ΔHads, were measured by inverse gas chromatography (iGC) using an
SMS-iGC 2000 instrument (Surface Measurement Systems, UK)
equipped with an SMS silylated column (diameter 4 mm, length 30
cm) containing 18.8 mg of graphene flakes (Graphenesupermarket,
AO-1) with a surface area of 510 m2/g. Measurements were carried
out with n-hexane (Merck, LiChrosolv for LC, ≥98%), toluene
(Sigma-Aldrich, Chromasolv for HPLC, 99.9%), dichloromethane
(Merck, LiChrosolv for LC, ≥99.9%), ethyl acetate (Lach:ner, for
HPLC, min. 99.8%), ethanol (Merck, gradient grade LiChrosolv for
LC, ≥99.9%), and acetonitrile (Lach:ner, HPLC supergradient, min.
99.9%).
The adsorption enthalpies ΔHads for a given coverage ν can be

calculated from the Clausius−Clapeyron equation:
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where T is the thermodynamic temperature. Assuming ideal gas
behavior and that ΔV is approximately equal to the volume of vapor in
the gas phase, this equation can be rewritten as
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where R is the universal gas constant and P is pressure. The adsorption
enthalpy can then be derived from a plot of ln P vs 1/T. Further details
on how ln P can be calculated from elution times measured by iGC can
be found in the literature.30,31

Scanning electron microscopy (SEM) images were captured on a
Hitachi 6600 FEG microscope operating in the secondary electron
mode and using an accelerating voltage of 5 kV. Energy dispersive X-
ray spectra (EDS) were also captured on this microscope by using a
NORAN System 7 X-ray microanalysis system and an accelerating
voltage of 5 kV. The SEM sample comprised a dried powder sample
mounted on an aluminum holder with double-sided adhesive carbon
tape.
Benchmark wave function calculations were performed for model

complexes on coronene using the TurboMole 6.3 program32 and
Molpro 2012 package.33 The CCSD(T)/CBS estimate was obtained
by extrapolating34 the cc-pV(T,Q)Z/MP2 energies and correcting for
higher order correlation effects obtained at the CCSD(T)/cc-pVDZ
level.35 MP2.5/CBS and MP2.X/CBS energies were evaluated
analogically, with the correction term obtained at the MP3/cc-pVDZ
level.36 The SCS(MI)-MP2 method was used with parameters of cOS =
0.4 and cSS = 1.29, as recommended for cc-pV(T,Q)Z extrapolation.37

All energies were corrected for the basis set superposition error by
using the counterpoise correction38 (see Supporting Information for
rigorous definitions and details). Geometry optimizations were carried
out with cc-pVDZ and cc-pVTZ basis sets for MP2 and M06-2X,39 and
B97D,40 respectively, using the Gaussian09 package.41 Frequency
calculations were performed at the B97D/cc-pVTZ level to determine
the zero-point energy (ΔΔE0), thermal (ΔΔET), and enthalpy
(ΔΔEH) corrections. These corrections contribute to the enthalpy
ΔH and internal energy ΔU as follows:

Δ = Δ + ΔΔ + ΔΔ + ΔΔH E E E ET H0 (3)

Δ = Δ + ΔΔ + ΔΔU E E ET0

where ΔE stands for the electronic energy. All electronic energies
discussed in the text are adsorption (i.e., stabilization) energies, ΔE,
defined as the energy difference between the complex and infinitely
separated fragments (graphene/coronene and molecule), whereas the
interaction energy, ΔEint, corresponds to fragments with the geometry
of the complex. The difference between the adsorption and interaction
energies is termed the deformation energy, Edef, of the fragments, i.e.,
ΔE = ΔEint + Edef

gr + Edef
mol (see Supporting Information for further

details).
SAPT decomposition allows the interaction energy to be partitioned

into physically meaningful components. Here, we used DFT-
SAPT42−45 implemented in the Molpro program package.33 The
components obtained from the SAPT calculation were gathered into
four terms corresponding to electrostatics, exchange repulsion,
induction, and dispersion:

= + + +‐E E E E ESAPT
elst exch rep ind disp (4)

where Eelst is Eelst
(1), Eexch‑rep is Eexch‑rep

(1) , Eind is Eind
(2) + Eexch‑ind

(2) + δ(HF), and
Edisp is Edisp

(2) + Eexch‑disp
(2) (for more details on DFT-SAPT, see the

references above). We used the LPBE0AC exchange-correlation
potential42−49 for monomer calculations and a cc-pVTZ basis set.

DFT calculations on graphene were performed using the projector-
augmented wave (PAW) method in the Vienna Ab initio Simulation
Package (VASP) suite.50,51 The energy cutoff for the plane-wave (PW)
expansion was set to 400 eV, as further increasing the energy cutoff to
500 eV resulted in no change in the calculated adsorption energies.
The graphene sheet was modeled using a 4×4 supercell (32 carbon
atoms) with a calculated C−C bond length of 1.44 Å. The periodically
repeated sheets were separated by 15 Å of vacuum. The AIMD
simulation was used to mimic finite temperature effects; molecules
were placed onto a graphene sheet, and the system was treated as a
canonical (NVT) ensemble. The temperature in the simulation was set
to 333 K, which was typical of the temperature used in the experiment.
AIMD simulations were performed for at least 5 ps with a time step of
1 fs. Adsorption energies were obtained by quenching low-energy
configurations from the AIMD run (ΔEAIMD) and by time-averaging
Kohn−Sham energies Δ⟨EAIMD⟩ obtained in the AIMD simulation. In
order to determine enthalpies of adsorption ΔHAIMD, we corrected the
adsorption energies on graphene, ΔEAIMD, by the zero-point (ΔΔE0)
and thermal (ΔΔET) corrections from the coronene model and −RT
(∼ΔΔEH). The Δ⟨EAIMD⟩ obtained from the AIMD simulations
intrinsically included thermal corrections. Thus, the respective
enthalpy Δ⟨HAIMD⟩ was calculated by adding zero-point energy and
−RT corrections only.

Force field (FF) simulations were performed using all-atom optimal
potentials for liquid simulation (OPLS-AA).52 Structures and top-
ologies of the molecules were taken from the Gromacs Molecule &
Liquid Database.53,54 Graphene was modeled by 3936 atoms, which
were kept in fixed positions in a planar hexagonal lattice with a bond
distance of 1.4 Å. Periodic boundary conditions were applied in all
three dimensions of the simulation box, which had a size of 100 × 100
× 130 Å. Intermolecular interactions were calculated using the
Lennard-Jones potential described by Chang and Steele55 with a cutoff
radius of 10.0 Å. The Newtonian equations of motion were integrated
using a 2 fs time step. Each MD run was equilibrated for 0.2 ns, and
the energy Δ⟨EFF⟩ of the molecule−graphene interaction was
calculated as an average of 5000 values over 1 ns of simulation time.
All simulations were performed with a constant volume and a
temperature of 323 K. The adsorption enthalpies from force field
simulations were calculated as follows:

Δ⟨ ⟩ = Δ⟨ ⟩ −H E RTFF FF (5)

where −RT corresponds to the enthalpy correction (ΔΔEH).
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■ RESULTS AND DISCUSSION
Experiment. The adsorption enthalpies (ΔHads) of the

organic molecules to graphene flakes (Figure S1) measured by
iGC ranged from −5.9 to −13.5 kcal/mol (Table 1).

Dichloromethane had the lowest ΔHads, followed by ethanol,
acetonitrile, acetone, ethyl acetate, hexane, and last toluene,
which displayed the highest affinity to graphene. Each
measurement was conducted at five (four for acetone)
temperatures (Table 1) at low coverage ν (∼2.0%), and plots
of ln P against 1/T (Figures S2−S8) were linear for each
molecule with a coefficient of determination (r2) above 0.99,
except for ethanol (r2 ≈ 0.98).
The same ΔHads values were obtained in consecutive

independent measurements under constant conditions, con-
firming the reproducibility of the results. The estimated
experimental error in the adsorption enthalpies was, on
average, less than 0.4 kcal/mol (Table 1). The values of
ΔHads depended on coverage (see Figure 1 for ΔHads of

acetone, toluene, and hexane). ΔHads was more negative at very
low coverage, indicating that adsorption initially occurred onto
high surface energy sites (e.g., sides and edges) of the graphene
flakes but increased with increasing coverage. Once the high
surface energy positions were filled, molecules then adsorbed
onto the graphene surface, as manifested by the constant ΔHads
value. A slight deviation from this behavior was observed for
ethanol: after an initial drop, ΔHads slowly increased with
increasing coverage (data not shown). This can be attributed to
clustering of ethanol molecules (via hydrogen bonds) on the

surface, which is also reflected in the large error bars observed
for ethanol (Table 1). This may also explain the deviation of
the ln P vs 1/T plot for ethanol from linearity (albeit not
statistically significant at α = 0.05). Consequently, the ΔHads
value of ethanol measured at low temperatures was lower (−9.1
kcal/mol) than that at higher temperatures (−5.2 kcal/mol).

Computations on Coronene Model. In order to unravel
the nature of the interaction between the studied molecules and
a graphene-like support, we performed calculations on a finite
model system, i.e., coronene. The calculated geometries of
molecules allowed to relax and adsorb on coronene are
displayed in Figure 2. The coronene model enabled

decomposition of the interaction energies by SAPT (Figure
3a), and computation of zero-point energy, and thermal and
enthalpy corrections (Figure 3b,c), needed to convert
calculated energies of adsorption into enthalpies of adsorption.
The coronene model also enabled the strength of the
interaction to be evaluated by various ab initio methods up to
the CCSD(T) level and identification of a DFT functional
suitable for the description of molecules adsorbed on graphene
(Table 2, Figure 3d).
Figure 3a shows the contributions of dispersion, induction,

and electrostatics calculated by SAPT to the total attractive
energy. For instance, the dispersion contribution (in %) was
calculated as Edisp/(Edisp + Eind + Eelst). Clearly, the dispersion
stabilization was dominant as it contributed more than 60% of
the total attractive interaction for all the complexes considered,
including those that were polar. The second largest attractive
contribution was due to electrostatics, which was very large
even for nonpolar molecules such as hexane. This indicates that
most of the electrostatic attraction originates from large overlap
(or penetration) electrostatics, which is a consequence of quite
short intermolecular distances caused by strong dispersion
attraction. The induction (or polarization) interaction was
comparatively small in all cases. Full SAPT data are shown in
Table S1.
The contributions to the enthalpy of adsorption (ΔH)

according to equation 3 are displayed in Figure 3b,c. The zero-

Table 1. Experimental Adsorption Enthalpies (in kcal/mol)
and Their Respective Confidence Intervals (at α = 0.05) for
Seven Molecules, Measured by Inverse Gas Chromatography
in the Specified Temperature Ranges (Tmin−Tmax in K)

compound ΔHads Tmin−Tmax

acetone −8.2 ± 0.3 303−333
acetonitrile −7.6 ± 0.3 303−343
dichloromethane −5.9 ± 0.5 303−343
ethanol −7.3 ± 0.7 303−343
ethyl acetate −11.5 ± 0.2 303−343
hexane −12.2 ± 0.2 333−373
toluene −13.5 ± 0.3 343−383

Figure 1. Adsorption enthalpies (ΔHads) of acetone, toluene, and
hexane on graphene flakes vs coverage, showing saturation at ∼2%
coverage. Inset: SEM image of the graphene flake.

Figure 2. Calculated geometries of (a) acetone, (b) acetonitrile, (c)
dichloromethane, (d) ethanol, (e) ethyl acetate, and (f) toluene
adsorbed on coronene.
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point energy corrections (ΔΔE0) were similar for all molecules
and increased the adsorption energy by about 0.8−1.3 kcal/
mol. Thermal corrections (ΔΔET) further increased the final
adsorption enthalpies by 0.9−1.6 kcal/mol. On the other hand,
enthalpy corrections (ΔΔEH) had an opposite effect,
decreasing the energies by ∼−0.7 kcal/mol, i.e., by an amount
similar to −RT for an ideal gas. As a result, each correction had
a similar magnitude for all molecules on coronene. Thus, the
adsorption enthalpies (ΔH) were predominantly controlled by
the adsorption energies (ΔE).

Figure 3d displays the calculated adsorption (stabilization)
energies ΔE (obtained by adding monomer deformation
energies to the interaction energies; see Methods and
Supporting Information for definitions) of molecules on
coronene. All methods reproduced the experimental order of
adsorption energies. Compared to the CCSD(T) method,
which provides the most physically robust description of
dispersion interactions, the SCS(MI)-MP2, MP2.5, and MP2.X
methods gave very reliable results with mean errors (MEs) of
0.4, 0.7, and 0.7 kcal/mol, respectively. However, it should be
noted that the MP2 method gave consistently lower adsorption
energies, reflecting the known tendency of MP2 to over-
estimate the dispersion contribution to the correlation
energy.56

Comparison of adsorption energies calculated by DFT
functionals with the reference CCSD(T) data showed that
only functionals incorporating non-local dispersive electron
correlation effects provided reasonable results. Adsorption
energies ΔE calculated by the widely used semi-local GGA
functional PBE were positive (except for ethanol; see Figure
3d), although geometry optimizations with the PBE functional
found minima corresponding to adsorbed states of the
molecules. In this case, slightly negative interaction energies
ΔEint (between −0.4 and −3.2 kcal/mol) were counterbalanced
by positive deformation energies. Adsorption energies
predicted by the B97D functional, which accounts for London
dispersive forces by empirical corrections, were in close
agreement with CCSD(T) values, with a ME of 2.4 kcal/mol.
However, such empirical corrections are pairwise additive,
which limits their use for larger systems.57 The optB88-vdW
functional, which includes a non-local core to account for non-
local correlation effects (as well as many-body vdW energy),
provided better adsorption energies compared to the CCSD(T)
method (ME = 1.8 kcal/mol) and therefore was used for the
simulations of molecules on graphene. It should be noted that
vdW-DF12-based functionals have been shown to be highly
sensitive to the exchange component, particularly in the case of
metal−graphene interactions.58,59 Hybrid meta-GGA M06-2X
functional, which accounts for dispersion using a reparame-
trized exchange-correlation functional, gave the lowest ME of
0.9 kcal/mol with respect to the CCSD(T)/CBS estimate of
adsorption energies.
For the sake of completeness, we also compared interaction

energies ΔEint (i.e., energies not including the deformation
energies) obtained by the optB88-vdW, M06-2X, and SCS-
(MI)-MP2 methods (i.e., the best-performing functionals and
wave function-based method) against those calculated from the

Figure 3. (a) Decomposition of the attractive contributions to the
adsorption energy from SAPT. (b) Adsorption energies/enthalpies
showing the contributions of the zero-point energy (ΔΔE0), thermal
(ΔΔET), and enthalpy (ΔΔEH) corrections. (c) Effects of the
corrections to the adsorption energies. (d) Adsorption energies of
the seven studied molecules on coronene calculated by various
methods.

Table 2. Interaction Energies of Seven Different Molecules
on Coronene (ΔEint in kcal/mol) Calculated with the
optB88-vdW Functional, M06-2X Functional, SCS(MI)-
MP2/CBS Method, and CCSD(T)/CBS Estimate

compound
optB88-
vdW/PW

M06-2X/
cc-pVTZ

SCS(MI)-
MP2/CBSa

CCSD(T)/
CBSa

acetone −8.5 −7.5 −7.9 −7.6
acetonitrile −6.6 −5.4 −6.6 −6.2
dichloromethane −6.8 −5.4 −7.0 −6.7
ethanol −7.8 −7.1 −7.1 −7.1
ethyl acetate −10.5 −9.1 −9.7 −9.7
hexane −11.6 −9.9 −10.7 −10.4
toluene −12.1 −9.7 −13.5 −11.9

aB97D geometries.
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benchmark CCSD(T) method (Table 2). The MEs (0.6, 0.8,
and 0.4 kcal/mol for optB88-vdW, M06-2X, and SCS(MI)-
MP2, respectively) were lower than the thermochemical
accuracy (1 kcal/mol) usually required for such types of
calculations. Owing to the high quality (low ME of the energy)
and reasonable computational demands, we recommend all
three methods for calculations of the interaction energies of
organic molecules to coronene. Full data sets of the adsorption
and interaction energies of molecules on coronene are provided
in Tables S3 and S4.
Computations on Graphene. The adsorption enthalpies

of molecules on graphene were initially calculated using the
empirical OPLS-AA force field. The resulting enthalpies
Δ⟨HFF⟩ (Table 3) correlated to the experimental data with a
correlation coefficient of r = 0.93. Compared to the
experimental data, the force field energies were underestimated
by an average ME of 1.9 kcal/mol. This might be due to the
neglect of polarization energy in the pairwise additive force
fields60 and other limitations of classical force fields.57

Nevertheless, the OPLS-AA force field was able to recognize
weakly and strongly bound molecules, and thus may be suitable
for semi-quantitative estimates of the interaction energies of
large molecules with graphene.
Based on the above-mentioned results, we applied the

optB88-vdW functional to obtain the adsorption enthalpies of
molecules on graphene at a quantum mechanical level by
AIMD. The starting configurations were adopted as the
geometries obtained from the molecule−coronene system
optimizations (Figure 2). All molecules remained bound to
the graphene surface during the AIMD simulations, with the
average surface−molecule distance corresponding to phys-
isorption. It should be noted that, in test AIMD with the
standard PBE functional,49 the molecules spontaneously
detached from the graphene surface, which underlines the
importance of non-local dispersive correlations. Adsorption
energies obtained by quenching low-energy AIMD config-
urations (ΔEAIMD) and time-averaged energies from AIMD
runs (Δ⟨EAIMD⟩) are reported in Table 3. The time-averaged
energies intrinsically included a contribution from thermal
vibrations (ΔΔET) to the internal energy, which slightly
increased the adsorption energy (ΔEAIMD < Δ⟨EAIMD⟩; Table
3). However, the adsorbed molecules did not alter the
electronic structure of graphene, as shown by the band
structure (Supporting Information, Figure S9).
The close agreement between experimental and calculated

values of the adsorption enthalpies ΔHAIMD and Δ⟨HAIMD⟩,
obtained from ΔEAIMD and Δ⟨EAIMD⟩, respectively, by adding
appropriate corrections (see Methods section for details),
indicates that thermal vibrations were well described, even by
using the harmonic approximation on the coronene model.

Theoretical enthalpies of adsorption followed the same order as
the measured adsorption enthalpies, with the strongest binding
being that of toluene and the weakest binding for dichloro-
methane. Moreover, the absolute values of the calculated
adsorption enthalpies were in excellent agreement with the
experimental values (r = 0.99, ME = 0.4 kcal/mol for Δ⟨HAIMD⟩
and r = 0.99, ME = 0.5 kcal/mol for ΔHAIMD). This agreement
shows that modern DFT functionals that include non-local
dispersive interactions can reliably treat even difficult systems,
such as a molecule adsorbed on a two-dimensional graphene
sheet.

■ CONCLUSIONS

Inverse gas chromatography measurements provided exper-
imental values for the adsorption enthalpies of seven organic
molecules on graphene flakes with an error less than 0.7 kcal/
mol (ME = 0.4 kcal/mol). Molecule−coronene systems were
modeled to calculate the strength and nature of the interaction
together with the effect of zero-point energy, thermal vibration,
and enthalpy corrections to the adsorption enthalpy. SAPT
calculations showed that all the considered complexes were
predominantly stabilized by dispersion, which contributes more
than 60% to the attractive energy, even in polar complexes. The
change in zero-point energy upon adsorption was similar for
each molecule and led to an increase of the adsorption energy
by about 0.8−1.3 kcal/mol. Thermal vibrations further
increased the energy by 0.9−1.6 kcal/mol. Thermal correction
to the enthalpy had an opposite effect, decreasing the energy by
∼−0.7 kcal/mol, equivalent to −RT for an ideal gas. As these
contributions were similar (and rather small) for all the
considered molecules, we concluded that the adsorption
enthalpy is mainly controlled by the interaction energy. Ab
initio MD simulations of molecules on graphene were
performed using the optB88-vdW functional. We found that
the order and absolute values of the theoretical adsorption
enthalpies were in excellent agreement with the experimental
values, indicating that the non-local electron correlation is
crucial for proper description of the adsorption to graphene at
the DFT level.

■ ASSOCIATED CONTENT

*S Supporting Information
Figure S1, SEM images and EDS spectra of graphene flakes;
Figures S2−S8, measured slopes of ln P against 1/T for each
molecule; Figure S9, band structures; details on energy
calculations; Table S1, SAPT components; Table S2,
adsorption enthalpy contributions; Tables S3 and S4,
adsorption and interaction energies on coronene; and Table
S5, adsorption geometries of molecules on coronene. This

Table 3. Adsorption Energies ΔE (and Enthalpies ΔH, see text for details, both in kcal/mol) Obtained by Quenching AIMD
Simulations (ΔEAIMD and ΔHAIMD), Averaging Energies Obtained in AIMD Simulations (Δ⟨EAIMD⟩ and Δ⟨HAIMD⟩), and from
Force Field Simulations (Δ⟨HFF⟩); Experimental Adsorption Enthalpies ΔHads Are Also Listed

compound Δ⟨HFF⟩ ΔEAIMD Δ⟨EAIMD⟩ ΔHAIMD Δ⟨HAIMD⟩ ΔHads

acetone −6.6 −9.3 −8.3 −7.8 −7.9 −8.2 ± 0.3
acetonitrile −5.0 −8.0 −6.9 −6.6 −6.8 −7.6 ± 0.3
dichloromethane −6.3 −7.2 −5.8 −5.7 −5.8 −5.9 ± 0.5
ethanol −5.0 −7.9 −6.9 −6.2 −6.4 −7.3 ± 0.7
ethyl acetate −9.4 −13.1 −11.5 −11.5 −11.2 −11.5 ± 0.2
hexane −10.2 −12.2 ± 0.2
toluene −10.5 −15.1 −12.9 −14.0 −12.7 −13.5 ± 0.3

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja403162r | J. Am. Chem. Soc. 2013, 135, 6372−63776376



material is available free of charge via the Internet at http://
pubs.acs.org.
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