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Interlayer cohesive energy of graphite from thermal desorption of polyaromatic hydrocarbons
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We have studied the interaction of polyaromatic hydrocarbons~PAHs! with the basal plane of graphite using
thermal desorption spectroscopy. Desorption kinetics of benzene, naphthalene, coronene, and ovalene at sub-
monolayer coverages yield activation energies of 0.50 eV, 0.85 eV, 1.40 eV, and 2.1 eV, respectively. Benzene
and naphthalene follow simple first order desorption kinetics while coronene and ovalene exhibit fractional
order kinetics owing to the stability of two-dimensional adsorbate islands up to the desorption temperature.
Preexponential frequency factors are found to be in the range 1014–1021 s21 as obtained from both Falconer-
Madix ~isothermal desorption! analysis and Antoine’s fit to vapor pressure data. The resulting binding energy
per carbon atom of the PAH is 5265 meV and can be identified with the interlayer cohesive energy of graphite.
The resulting cleavage energy of graphite is 6165 meV/atom, which is considerably larger than previously
reported experimental values.

DOI: 10.1103/PhysRevB.69.155406 PACS number~s!: 81.05.Uw, 61.50.Lt, 68.43.Mn, 81.07.De
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I. INTRODUCTION

The cohesive energy of a solid is determined by the in
actions among its constituent atoms. In the case of grap
a layered material with strongly anisotropic bonding, it a
pears natural to distinguish the total from the interlayer
hesive energy. The first is dominated by strong localized
valent bonding throughsp2 carbon orbitals while the latter i
dominated by weak nonlocal van der Waals~vdW! interac-
tions between graphene sheets. A description of the cohe
energy of graphite thus necessarily involves interactions
fundamentally different character and poses a true challe
even to the most advanced calculational techniques. In
ticular, dispersion forces that give rise to the long-range
traction between graphene layers have been notoriously
ficult to predict. Not too surprisingly, one finds that valu
calculated from semiempirical orab initio methods for the
interlayer cohesive or exfoliation energy of graphite ran
from as little as 8 meV/atom up to 170 meV/atom.1–6 Ex-
perimental determinations of the interlayer cohesive ene
of graphite have been comparatively rare and are restricte
a heat of wetting experiment by Girifalco which yields a
exfoliation energy of 43 meV/atom7,8 and a measurement b
Benedict et al. based on radial deformations of multiwa
carbon nanotubes which yields 35 meV/atom.9 At this point
it seems that not only the agreement between theory
experiment leaves room for improvement but that the exp
mental evidence for such comparisons should also be pu
a firmer basis.

Here, we aim at a better experimental characterization
the weak interlayer interactions in graphite using therm
desorption of thin films of polyaromatic hydrocarbons fro
the surface of a highly oriented pyrolytic graphite~HOPG!
sample. Polyaromatic hydrocarbons~PAHs! are planar aro-
matic molecules formed by two or more fused aromatic rin
and valencies of peripheral atoms are satisfied through c
lent bonded hydrogen atoms. The interaction of PAHs w
graphite is thus considered as suitable model system for
interaction between graphene layers. This analogy is
0163-1829/2004/69~15!/155406~7!/$22.50 69 1554
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supported by their striking structural resemblance, i.e.,
same hybridization of atoms and practically identical bo
lengths as well as the formation of adsorbate layers comm
surate with the substrate10–12which suggests that the chara
ter of the interaction between PAHs and graphite—in p
ticular for larger PAHs—should be the same as that of
interaction of a graphene sheet with a graphite substr
Moreover, the electronic structure and density of states
larger PAHs converges rapidly to that of graphene.15

A better understanding of the long-range vdW forces
graphitic systems is also of interest when interactions
tween carbon nanotubes~CNTs! are studied, for example
The latter are frequently found to be agglomerated in
called carbon nanotube ropes, quasicrystalline arrangem
of close packed CNTs which are difficult so separate due
considerable long-range vdW interactions.13 Only recently
have soaps been successfully used to separate and exf
such ropes,14 where again vdW forces between the surfact
and the tubes play a crucial role as for the wider field of s
matter physics.

II. EXPERIMENT

Thermal desorption~TD! experiments were performe
under ultrahigh-vacuum~UHV! conditions where the bas
pressure of below 1310210 mbar was maintained using
combination of membrane, turbodrag, and turbomolecu
pumps. The HOPG sample from Advanced Ceramics~Grade
ZYB! was mounted on a Ta disk using conducting silv
epoxy and was freshly cleaved prior to transfer into t
vacuum chamber. The sample surface was cleaned prio
dosing by repeated annealing cycles to 1200 K. A typeK
thermocouple was spot welded to the Ta disk to measure
allow control of the sample temperature. The thermocou
was calibrated using desorption of Xe multilayers in com
nation with their well known heat of sublimation. Th
sample holder was attached to a He continuous flow cryo
that enabled sample cooling down to 30 K.

Benzene or naphthalene~99.89% and 99.99%, Aldrich!
©2004 The American Physical Society06-1
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vapor was admitted from a gas reservoir to the sample
face through a retractable pinhole doser. Unwanted at
spheric contaminants were removed from the solvents
freeze-pump cycles prior to adsorption experiments. Ex
sure of HOPG to coronene~99%, Aldrich! and ovalene
~99.5%, Dr. Ehrenstorfer GmbH! was by sublimation of
powder material from a PID temperature controlled Knuds
cell. A typical coverage series of TD traces was obtained
dosing the graphite surface with successively increasing
sorbate quantities up to a total coverage of approximate
monolayers~ML !. TD spectra were recorded for a consta
heating rate between 0.75 K/s and 2 K/s. Desorption of s
cies with a mass to charge ratio of up to 200 amu/e, such as
benzene and naphthalene, could be monitored using a q
rupole mass spectrometer~Spectra Satellite!. Due to their
high molecular mass, coronene and ovalene desorption
nals had to be obtained from the total pressure inside
UHV chamber as monitored by a Bayard-Alpert ionizati
gauge. Background correction of the latter TD traces w
carefully cross-checked with simultaneously recorded
spectra from species with masses between 4 and 200
Further details of the experimental procedure are availa
elsewhere.16

III. RESULTS AND DISCUSSION

A. Thermal desorption of PAHs

We begin our discussion with benzene TD spectra sho
in Fig. 1~a!, which were recorded after exposure of t
HOPG surface with a dose of up to 5 L~1 L5131026

Torr s!. The TD spectra are characterized by a high tempe
ture feature attributed to desorption from the first monola
and a low temperature feature due to the desorption f
multilayers, which are centered around 152 K and 142
respectively. The submonolayer phase diagram of benz
on graphite shows a complex pattern of phase transit
wherein the high coverage and high temperature phases
zene molecules tend to be oriented with their molecu
plane perpendicular to the graphitic surface to satisfy st
and entropic constraints.17 However, at coverages signifi
cantly below 1 ML and at 152 K, i.e., the temperature
desorption in our experiments, the molecules are expecte
be adsorbed with their aromatic rings parallel to t
surface.17 The shape of TD spectra and the coverage in
pendent desorption peak maximum at low coverages
clearly indicative of first-order kinetics. With coverages a
proaching the monolayer regime, however, the desorp
traces broaden toward the low temperature side and bec
more complex—as expected due to the changes of molec
orientation within the adsorbate layer at higher coverag
The TD spectrum from a complete monolayer is here as
ciated with the last trace before the additional desorpt
feature around 140 K develops with increasing covera
The latter is typical of desorption from multilayers with
common leading edge corresponding to zero-order kinet

As in the case of benzene, the coverage series for n
thalene desorption exhibits two clearly distinguishable
sorption features corresponding to mono- and multilayer
sorption, respectively@see Fig. 1~b!#. The TD spectra of
15540
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coronene and ovalene in Figs. 1~c! and 1~d! on the other
hand do not exhibit clearly distinguishable mono- a
multilayer desorption features. At low exposure, desorpt
traces from both substances exhibit a behavior indicative
fractional order kinetics. Here, the saturation of the fi
monolayer is estimated from the onset of multilayer deso

FIG. 1. Series of thermal desorption spectra from the HO
surface. Coverages in parentheses are given in units of close-pa
monolayers for~a! benzene~0.4,0.6,0.8,1.0,2.3,4.0,5.1!, ~b! naph-
thalene ~0.3,0.6,0.8,1.0,2.2,3.9,4.8!, ~c! coronene~0.1,0.5,0.8,1.0,
2.4,3.6,5.1!, and~d! ovalene~0.2,0.5,0.8,1.0,1.4,1.8,2.9!. The rate of
desorption was 0.7 K s21, 1.0 K s21, 2.0 K s21, and 2.0 K s21,
respectively.
6-2
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INTERLAYER COHESIVE ENERGY OF GRAPHITE FROM . . . PHYSICAL REVIEW B69, 155406 ~2004!
tion as apparent from the development of a common lead
edge in the TD spectra at higher coverages. This leave
with considerable uncertainty of the actual monolayer cov
age which—as a worst case scenario—is assumed to b
most a factor of 2 higher or smaller. For ovalene, furth
evidence for the formation of the first monolayer is obtain
from the appearance of a shoulder in the TD spectra be
the common leading edge develops. The monolayer des
tion maxima for coronene and ovalene are found at 390
and 490 K, respectively. Adsorption of coronene monolay
on graphite reportedly also leads to the formation of tw
dimensional~2D! islands12 owing to lateral interaction be
tween adsorbed molecules, which in the case of coron
and ovalene may make islands stable up to typical desorp
temperatures. Under such circumstances, diffusion from
island edges may become rate limiting and give rise to fr
tional order desorption kinetics as observed for coronene
ovalene~see analysis in the next section!.

B. Determination of frequency factors and binding energies

The rate of desorption of some adsorbate from a s
surface is commonly described by an Arrhenius equation

du

dt
52nun exp~2Ea /kBT! ~1!

wheren is the preexponential frequency factor,u is the sur-
face coverage, andEa is the activation energy for desorption

In the following we will determine the activation energie
for desorption of each adsorbate using the series of TD tra
presented above. Based on the above Arrhenius equatio
variety of techniques, each one with unique merits, can
used to obtain activation energies. Here, we will focus on
analysis using Redhead’s peak maximum method18 and an
isothermal analysis introduced by Falconer and Madix.19

1. Redhead analysis

The Redhead equation18 relatesEa , the temperature at th
desorption peak maximumTmax, and the heating rateb as
follows:

Ea5kBTmax@ ln~nTmax/b!23.64#. ~2!

The use of the latter expression is most commonly app
to systems with first-order kinetics but can be extended
fractional or zero-order kinetics if the desorption trace us
for determination ofTmax corresponds to evaporation from
saturated monolayer.

A crucial factor for the analysis of TD spectra using Re
head’s peak maximum method is the availability of reliab
preexponentials. Commonly, the latter are assumed to b
the order of 1013–1015 s21 and small uncertainties of les
than an order of magnitude will not give rise to any serio
error of the activation energy. However, the assumption
constant preexponentials is sometimes problematic,20 in par-
ticular if large adsorbates with many internal degrees of fr
dom are studied.21 For thermal desorption of alkane chain
from graphite, for example, preexponential factors have b
calculated using transition state theory~TST! and were found
15540
g
us
r-
at

r
d
re
rp-
K
s
-

ne
on
e
-

nd

d

es
, a
e
n

d
o
d

-

on

s
f

-

n

to increase by over four orders of magnitude with cha
length from 1012 s21 for methane up to 1016 s21 for
C12H26.

21 Qualitatively this can be attributed to constrain
on various vibrational degrees of freedom of the molecule
the adsorbed state. If preexponentials are calculated f
TST one generally computes the ratio of partition functio
in the adsorbed and the transition state. If molecular deg
of freedom are somewhat constrained or ‘‘frozen in’’ in th
adsorbed state this will usually reduce the corresponding
tition function and thus tends to give higher preexponen
factors. When studying and analyzing the thermal desorp
of small and larger polyaromatic compounds we will th
avoid using estimated preexponentials and instead use
perimentally determined values.

We here assume that preexponential frequency factor
not depend strongly on the film thickness and that multila
values can thus also be used for analysis of monolayer
sorption traces. Preexponentials for multilayer desorpt
can be obtained using the temperature dependence o
adsorbate vapor pressure. This is done by assuming det
balance between the rate of adsorption and desorption
tween a multilayer film in equilibrium with its gas-phas
vapor. A similar approach has previously been used by Sc
chting and co-workers.22 The preexponential frequency fac
tor can then be expressed as

n5
s

sA2pmkBT
p0 , ~3!

wheres is the sticking coefficient,s the number of adsor-
bates per unit area,m their mass, andp0 the vapor pressure
at infinite temperature. The latter is obtained from the te
perature dependence of the vapor pressure using

p~T!5p0 expS 2
DHs

kBT D . ~4!

Here,DHs is the heat of sublimation at the temperature
desorption Tmax. However, none of the vapor pressu
curves reported in the literature extend to the range of
sorption temperatures in these experiments.23–25 Due to the
commonly observed increase ofDHs with decreasing tem-
perature we thus have to extrapolate and evaluate the v
pressure curves at temperatures where desorption occu
our experiments. This can be done by a fit to vapor press
data using Antoine’s expression:26

ln@p~T!#5A2
B

T1C
, ~5!

whereA, B, andC are the fit coefficients listed in Table I.
For ovalene, where no vapor pressure data are availa

the preexponential factor 5.631021 s21 was obtained using
the tabulated slope and offset from the Clausius-Clapey
equation in the form ln(p)5A2B/T.25 The densitys of ben-
zene, naphthalene, and coronene molecules adsorbed o
graphite surface can be obtained from low energy elect
diffraction or scanning tunneling microscopy data.12,27 For
ovalene where again no such data are availables can be
6-3
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ZACHARIA, ULBRICHT, AND HERTEL PHYSICAL REVIEW B 69, 155406 ~2004!
estimated assuming that molecules are close packed with
polyaromatic rings oriented parallel to the surface. The
sulting densities are summarized in Table I.

The sticking coefficients used in Eq.~3! is here assumed
to be close to unity, which is commonly observed for h
moepitaxial growth and should also be appropriate for
sorption of weakly interacting polyaromatics on graphi
Table I summarizes all parameters used for the computa
of frequency factors as well as the temperature at the des
tion peak maximum used for computation of the activat
energy from the Redhead equation. The computed freque
factors are summarized in Table II together with the result
activation energies as obtained from Eq.~2!.

2. Falconer-Madix analysis

In this section we will perform an isothermal analysis
TD spectra of the type frequently referred to as the Falcon
Madix method.19 For this purpose we plot the logarithm o
the desorption rate ln(2du/dt) versus lnu as evaluated at on
specific temperature for several desorption traces of diffe
initial coverage. A linear fit to the resulting data sets fro
submonolayer coverages as shown in Fig. 2 can be anal
according to

lnS 2
du

dt D5 ln n1n ln u2
Ea

kBT
. ~6!

If the interceptI

I 5 ln~n!2
Ea

kBT
~7!

is plotted versus 1/T ~see Fig. 3 for naphthalene! one obtains
the preexponential frequency factor as well as the activa
energy from a straight line fit to the data. From the slope
naphthalene and benzene desorption isotherms we obtai
order of desorptionn of 0.9560.02 andn51.0160.02, re-

TABLE I. Vapor pressures and desorption temperatures use
compute the frequency factor.

Molecule A B ~K! C ~K! s ~cm22) a p0 ~mbar! Tmax ~K!

Benzene 26 7640 30 2.731018 5.831011 151
Naphthalene 43 20 100 124 1.631018 1.331014 235
Coronene 37 30 400 184 0.931018 2.631013 390
Ovalene 0.631018 7.631013 490

aSee the text for references.
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spectively. On the other hand, coronene and ovalene ap
to follow fractional order kinetics withn50.2760.04 and
0.3460.01, respectively.

The preexponentials as well as the activation energies
tained from this analysis are summarized together with
results from the Redhead peak-maximum analysis in Ta
II.

Note, that the preexponential frequency factors in
present study are considerably larger than those comm
used for desorption of smaller molecules where typical v
ues are on the order of 1013 s21 to 1015 s21. This reinforces
the necessity to determine these parameters accurately
reliably either from experiments or by complementary the
retical investigations as recently reported by Fichthornet
al.21 The high preexponentials found here can qualitativ
be accounted for by the larger difference between partit
functions in the adsorbed and the transition states, if co
pared with desorption of mono- or diatomic adsorbates,
example. A comparison of the preexponentials obtained h
by the two different methods shows good agreement wit
estimated error bars.

C. The interlayer cohesive energy of graphite

The cohesive energy of a solid is commonly referred to
the energy needed to ‘‘disassemble it into its constitu
parts’’28 while the work of cohesion is occasionally als
referred to as the energy needed to ‘‘separate unit area
of a medium ‘‘...from contact to infinity in vacuum.’’29

The two are not identical and for a layered system with
tremely anisotropic bonding like graphite the first can
identified with the exfoliation energyEex, i.e., the energy

to

FIG. 2. Linear fit to isothermal desorption data for naphthale
in the temperature range of 228 to 234 K.
Madix
TABLE II. Binding energy and frequency factor: comparison between Redhead and Falconer-
analysis.

Redhead Falconer–Madix
n (s21) Ea ~eV! n (s21) Ea ~eV!

Benzene 13101663 0.5060.08 5.03101562 0.5060.08
Naphthalene 53101662 0.860.1 1.03101761.5 0.9060.07
Coronene 23101662 1.360.2 1.73101860.5 1.560.1
Ovalene 53102163 2.260.2 8.03101860.5 1.9760.08
6-4
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INTERLAYER COHESIVE ENERGY OF GRAPHITE FROM . . . PHYSICAL REVIEW B69, 155406 ~2004!
needed to separate all layers of the crystal to infinity, wh
the latter is equivalent to the cleavage energyEcl , which is
commonly slightly larger than the exfoliation energy. Pre
ous work suggests that the energy needed to separate a s
sheet of graphene from a graphite crystal, i.e., the exfolia
energy, is approximately 18% smaller than the cleav
energy.8 The normalization in this paper will be with
respect to surface atoms and not to area. The area per su
atom in a graphene sheet is@(2.46310210 m)23A3#
51.05310219 m2.

In the following we will use the results from the previou
section to determine the interlayer cohesive energy of gra
ite to which the dominant contribution is generally believ
to arise from long-range van der Waals interactions betw
graphene sheets. Our approach for the determination o

FIG. 3. Plot of intercept I vs inverse temperature.
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interlayer cohesive energy—using the activation energies
desorption of small polyaromatic molecules, i.e., sm
‘‘flakes of graphene’’—is based on the near-additivity
such vdW interactions.29,30 The latter is well established, fo
example, for the cohesive energy of alkanes where de
tions from linearity in the number of chain segments a
about 1% or less.29 The activation energy for desorption—a
measured by TD spectroscopy—will here be identified w
the binding energy of the adsorbate to the graphite surfa
The contribution of individual carbon atoms to this bindin
energy is derived from our data which—in the limit of infi
nitely large PAHs—would correspond to the energy need
to separate a graphene sheet from its parent crystal an
thus associated with the interlayer cohesive energy. Ad
tional contributions to the desorption energy from interm
lecular interactions are assumed to be negligible. This is
tified if adsorbate-adsorbate interactions are either small
to large mutual separation—as in the case of the low cov
age regime for benzene or naphthalene desorption—or
may be justified if adsorbate-adsorbate interactions wit
2D islands on the surface are comparatively small as in
case of adsorbed coronene or ovalene.

A rough estimate of the exfoliation energy can be o
tained by averaging over desorption energies per car
atom for all studied adsorbates, which would yield 67 me
atom. In this case, however, one neglects the small but
nificant contribution to the binding energy from hydroge
atoms and this approach is thus expected to overestimate
contribution of carbon atoms to the total binding energy.
more thorough analysis of the binding energies plotted
Fig. 4 thus also has to account for the contribution of hyd
gen atoms. Here, this is done by optimizing the carb
carbon and hydrogen-carbon interaction potentials to g
optimum agreement of experimental energies with calcula
binding energies. Experimental data for this optimization
averaged over values obtained from both the peak maxim
and isothermal analysis. The calculated binding energies
obtained in the usual manner by summation over empir
vdW pair potentials:

FIG. 4. Dependence of activation energy for desorption on
number of carbon atoms of four polyaromatic hydrocarbons.
6-5
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EB
PAH5(

n,m
VCC~ ur n2r mu!1(

l ,m
VHC~ ur l2r mu!, ~8!

where the summation overn and l includes all carbon or
hydrogen atoms in the adsorbate and the summation ovm
includes all atoms in the substrate. The carbon-carbon~C-C!
and carbon-hydrogen~C-H! vdW potentials are those of th
MM3 force field by Allinger and co-workers.31 They have the
form

VAB~r !5eABF184 000 expS 2
12r

r AB
D22.25S r AB

r D 6G , ~9!

where for dissimilar atomsA and B eAB is given by eAB

5AeAeB and r AB is given by r AB5r A1r B . The values
(eC,r C) and (eH ,r H) given by Allinger and co-workers fo
carbon and hydrogen are (2.44 meV,1.96 Å) a
(0.87 meV,1.67 Å), respectively. In the following we us
the depth of the two vdW potentialsV0

CC and V0
HC as free

scalable parameters while the position of the poten
minima is kept fixed. The binding energyEB

PAH(V0
CC,V0

HC,z)
is then optimized by adjusting the molecule-surface dista
z while the orientation of the aromatic rings of the molecu
is fixed parallel to the graphite surface. We then determ
the set of parametersV0

CC andV0
HC which gives best simul-

taneous agreement of all calculated with all experimen
binding energies by minimizing the corresponding root me
square deviation. Using theMM3 force field parameters th
depth of the hydrogen vdW potential for interaction with
graphite surface is estimated to be 27 meV/atom. If we al
this to vary by at most65 meV, we get best agreement wi
the experimental binding energies if the depth of the carb
graphite potential is 5265 meV/atom. From Fig. 4, where
calculated and experimental binding energies are compa
one finds that deviations between experimental and ca
lated values are about 10% or less. The major uncerta
here arises due to the large error bars of the preexponent
the Redhead method and from the estimated error of
temperature calibration as well as the reproducibility of T
traces due to small variations of the sensed temperature
the Falconer-Madix analysis. For coronene and ovalene
additional error of about 2% arises due to uncertainties of
coverage calibration. The cleavage energy of graphite is
tained from the above value by accounting for the 18
higher energy previously observed for the separation of
crystal halves if compared with the separation of a sin
graphene layer from its parent crystal.8 This yields a cleav-
age energy of 6165 meV/atom which is significantly large
than previously reported values.

The earliest measurement of the exfoliation energy fr
heat of wetting experiments by Girifalco and Lad gave 2
630 ergs/cm2 which—using the carbon atom density with
a graphene sheet—is equivalent to 4365 meV per surface
atom.8 Unfortunately, the only documentation for the heat
wetting data used for the determination ofEex by Girifalco
and Lad has been published in a thesis and is not rea
available.7,8 Also, no information on the kind of graphit
sample used in the original experiments is available. Car
powders commonly used for such experiments usually h
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higher surface areas of the order of tens to hundreds
square meters per gram. They are usually treated with a
to oxidize nongraphitic contaminants and are then therm
treated to achieve the highest possible degree of graphi
tion. The adsorptive properties and surface chemistry of s
carbons, however, depend strongly on the history of
sample treatment.32 An assessment of systematic and sam
dependent uncertainties of the value reported by Girifalco
thus difficult.

An even smaller value of 35210
115 meV/atom for the cohe-

sive energy of graphite was obtained by Benedictet al. from
the analysis of collapsed multiwall carbon nanotubes.9 This
analysis is based on a measurement of the diameter of
low ‘‘bulbs’’ at the sides of three different collapsed mult
wall carbon nanotubes with a precision of about 1–2
Other than statistical errors or those due to the limited ac
racy of the bulb diameter determination may also contrib
to uncertainties associated with this value. This again ma
it difficult to assess the relevance of possible systematic
statistical errors which could help to better understand
discrepancy between our and other experimental determ
tions of the cohesive energy of graphite. Note that a disti
advantage of the present investigation is that the experim
tal conditions and assumptions leading to the conclusions
most clearly defined and that a well characterized model s
tem is used for the investigation of the interlayer cohes
energy of graphite.

As stated in the Introduction, theoretical estimates us
ab initio or semiempirical methods show a much strong
variation from values as little as 8 meV/atom to as much
170 meV/atom.1–6 These large discrepancies are partly d
to the inherent difficulties encountered in the calculation
long-range dispersion forces. Even advanced calculations
ing nonlocal density functional theory,6 which account for
vdW interactions, with reported values for a single pair
graphene sheets of only 35 meV/atom tend to underestim
the interlayer cohesive energies. However, the desorption
ergies reported here for different PAHs may serve as a us
benchmark for future studies to allow a better comparison
theoretical binding energies with experiment. Reliable valu
for the cleavage and interlayer cohesive energies may e
tually be derived from a successful calculation of the int
action of PAHs with graphite if the interlayer forces
graphite can be treated on the same footing.

IV. SUMMARY

In conclusion, we have presented a thermal desorp
study of benzene, naphthalene, coronene, and ovalene
sorbed on the basal plane of graphite. Binding energies w
obtained by the peak-maximum method and alternatively
an isothermal analysis which also allowed us to determ
preexponential frequency factors. For the peak-maxim
method we derived preexponentials from vapor pressure
in combination with Antoine’s law for extrapolation of th
data to the temperature of desorption. Both methods in
cated that preexponential factors increase with adsorbate
from 1014 s21 to 1021 s21. The corresponding binding ene
gies increase from 0.50 eV for benzene to 2.1 eV
6-6
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ovalene. These values were used to determine the interl
contribution to the cohesive energy of graphite by assum
pairwise additivity of the interaction of carbon and hydrog
atoms to the total binding energy of the molecules. The
sulting cleavage energy of graphite of 6165 meV/atom is
derived from the average carbon atom contribution to
binding energy of the PAHs of 5265 meV/atom, which can
also be associated with the exfoliation energy. This is sign
cantly larger than previous experimental determinations,
.
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these results provide an experimental benchmark for fu
theoretical investigations of interlayer bonding and van
Waals interactions in graphitic systems.
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