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Effects of conformational isomerism on the desorption kinetics
of n-alkanes from graphite

Kris R. Paserba and Andrew J. Gellmana)

Department of Chemical Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213

~Received 3 April 2001; accepted 11 July 2001!

The dynamics of oligomer desorption from surfaces have been studied by measuring the desorption
kinetics of a set ofn-alkanes from the surface of single crystalline graphite. Desorption rates were
measured using a set of 21 monodispersedn-alkanes (CNH2N12,5<N<60) each adsorbed at
coverages in the range,0.1 to.1 monolayers. Desorption is observed to be a first-order process
with a desorption barrier (DEdes

‡ ) that is independent of coverage. The pre-exponential of the
desorption rate constant is independent of the oligomer chain length and has a value ofn
51019.660.5s21. We also find thatDEdes

‡ has a nonlinear dependence on chain length and takes the
empirical form DEdes

‡ 5a1bNg, with the exponent having a value ofg50.5060.01. More
interestingly, we have proposed a mechanism for the desorption process and a model for the
energetics and the entropy of the oligomers on the surface that provide an extremely good
quantitative fit to the observed chain length dependence ofDEdes

‡ . DEdes
‡ is given by the difference

in energy between the gas phasen-alkane and the conformation of the adsorbedn-alkane with the
minimum free energy at the desorption temperature. These results reveal that conformational
isomerism plays a significant role in determining the desorption kinetics of oligomers from surfaces.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1398574#
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LIST OF SYMBOLS

DEdes
‡ desorption energy

N chain length
a,b constants in empirical fit
n number of detached segments
r rate of desorption
un ,u oligomer coverages
Kn equilibrium constants for oligomer detachment
An free energies of species with detached segments
kN21 rate constant for oligomer desorption
DE energy to get last segment from surface
E‡ energy of desorption transition state
En energy of species withn detached segments
q‡,qn partition functions
G sum over equilibrium constants
Sn entropy of species withn detached segments
a intermolecular interaction parameter
g exponent in empirical fit

I. INTRODUCTION

The molecular structure and dynamics of macromole
lar films adsorbed on surfaces are of fundamental importa
to numerous technologies, including polymer flooding in e
hanced oil recovery, lubricant coatings on magnetic stor
disks, chromatographic separation, and protein adsorptio
the surfaces of implants.1 The study of polymers interactin
with solid substrates is also of fundamental interest si
these films represent examples of two-dimensional ma
whose physical and chemical properties differ significan
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from those of their bulk phases.2–11 Theories describing the
changes in material properties upon adsorption suggest
adsorption energies can be sufficient to overcome the los
configurational entropy associated with adsorption and t
alter the conformation of the molecules from that observed
the bulk phase. The resulting structures of the adsorbed
cies typically show a high degree of orientational and po
tional order. In recent years much scientific research into
properties of adsorbed macromolecules has focused on
derstanding basic properties such as film thickness, cover
and segment density distribution in the near-surfa
region.12–14 The results of these studies provide a comp
hensive description of adsorbed polymer layers under e
librium conditions.

In many situations adsorbed polymers and macrom
ecules do not reach an equilibrium state. The understan
of adsorbed polymers under conditions that are far fr
equilibrium is an important problem but one that has
ceived considerably less attention than the study of equ
rium properties. For example, the kinetics of order–disor
transitions within adsorbed polymer films have a significa
impact on phenomena such as polymer evaporation or
sorption from surfaces. This is important in determining t
rate of evaporative loss of lubricants from the surfaces
magnetic storage media, a process which generally leads
substantial decrease in wear durability. The design of m
chanical components for satellites requires knowledge of
rate of lubricant evaporation into the vacuum of space. A
final example the final step in the mechanism of Fische
Tropsch synthesis of high molecular weight hydrocarbon
their desorption from the catalyst surface. All of these rep
7 © 2001 American Institute of Physics
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sent examples of oligomer desorption processes from
faces.

In this report we focus on understanding the kinetics a
mechanism of the complex process by which oligomeric s
cies desorb from surfaces. The dynamics of oligomer des
tion from surfaces has been studied by measuring the des
tion kinetics ofn-alkanes (CNH2N12 , N55 to 60! from the
basal plane of single crystalline graphite into vacuum. C
siderable progress has been made in the last 30 yea
understandingn-alkane adsorption on graphite. Their ad-
sorption isotherms from solution have been measured15 and
the molecular structure of crystallinen-alkane monolayers
adsorbed from solution at room temperature has been in
tigated using scanning tunneling microscopy~STM!.16–21

These experiments suggest that over a considerable ran
coverages n-alkanes adsorb in densely packed mon
layers,15,22 with their carbon atoms in an all-transconforma-
tion and their molecular backbone parallel to the surface.
n-alkanes that have been imaged have had chain len
ranging from C19H40 to C196H386 and the observation of all
trans structures in each case indicates that the conforma
at low temperatures is not dependent on molecular size.
suggests that the barrier to desorption,DEdes

‡ (N), might vary
linearly with chain length,N. In this work we have shown
that DEdes

‡ (N) for n-alkanes depends nonlinearly onN and
demonstrate that this nonlinearity can be attributed to c
formational disorder that occurs during heating.

The description of the desorption of a long flexible mo
ecule from a surface must take into consideration the
that the molecular structure has many degrees of free
that provide many energetically equivalent trajectories le
ing to desorption. One such trajectory might be the simu
neous detachment of all segments from the surface. In
hypothetical process,DEdes

‡ (N) would be proportional to the
number of monomers or chain length. There have been
eral previous studies which have investigated the effect
chain length on the desorption kinetics of alkyl alcohols a
simple alkanes adsorbed on various surfaces. Zhang
Gellman used temperature programmed desorption~TPD! to
study the reversible adsorption of a series of straight-ch
alcohols@CH3(CH2)N21OH, N51 to 5# on the Ag~110! sur-
face and concluded thatDEdes

‡ (N) increased incrementally
by 4.660.4 kJ/mole per methylene group in the hydrocarb
chain.23 Millot et al. investigated the desorption ofn-alkanes
(N54 to 8! from silicalite crystals using TPD and found th
DEdes

‡ (N) also scaled linearly with chain length but in incr
ments of 13.5 kJ/mole per methylene unit.24 The desorption
of n-alkanes (N56 to 12! from the Au~111! surface was
studied by Wettereret al. using helium atom reflectivity.25

Their conclusions from this study indicate thatDEdes
‡ (N) in-

creased incrementally by 6.260.2 kJ/mole per methylene
unit. In these cases the range of alkyl chain lengths has b
limited to N<12. Needless to say, it is not surprising th
over this limited rangeDEdes

‡ (N) would appear to be linea
in chain length.

The conclusions drawn from the previous studies of o
gomer desorption are limited by the limited range of t
alkyl chain lengths. By nature, longer chain molecules p
sess more degrees of freedom and therefore more pos
Downloaded 03 Jun 2002 to 128.2.52.76. Redistribution subject to AIP
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conformations when adsorbed on a surface. Any devia
from the all-trans structures observed in the room tempe
ture STM images ofn-alkanes would tend to cause a d
crease inDEdes

‡ as a result of the displacement of the me
ylene groups away from the surface. In other words, if lo
chain oligomers adopt less ordered structures on a surf
DEdes

‡ (N) would not scale linearly with chain length. Suc
disorder has been observed in variable temperature STM
ages of long chainn-alkanes adsorbed on graphite whic
indicate that a multitude of conformations may be adopted
elevated surface temperatures. Askadskaya and Rabe26 used
a variable temperature STM to image monolayer covera
of C24H50 and C32H66 on graphite in air. High-resolution im
ages of each monolayer were obtained at 297, 303, 313,
318 K. At 297 K, highly ordered lamellae of then-alkanes
were observed with their carbon atoms in an all-trans con-
formation and their molecular backbone parallel to the s
face. Heating to 303 K induced a small dynamic roughen
of the lamellae. Further heating to 313 K caused a continu
increase in roughness, however, the spacing between
molecules within the lamella remained essentially consta
Finally at 318 K no molecular structure was observed for
n-alkanes on graphite. Upon cooling, the lamellae assum
their original structures, indicating the reversible nature
the disordering observed with the STM. The fundamenta
important result of that work is that substrate temperat
will affect the conformations of adsorbed oligomers by ca
ing deviations from the all-trans configurations observed a
low temperature.16–21

Thermally induced disorder and conformational defe
in n-alkane monolayers on graphite have also been inve
gated by Bucheret al.27 STM images were recorded fo
C28H58 and C32H66 at 281 and 300 K, respectively. At 281 K
the monolayers of each molecule formed lamellar structu
with the molecules in an all-trans conformation, as previ-
ously reported. In an effort to investigate the thermal dis
dering of these monolayers, Bucheret al. utilized a quench
technique whereby the graphite substrate was heated
temperature near the bulk melting point of the adsorb
n-alkane and then rapidly cooled at a rate of 200 K/min to
final temperature of 283 K. This rapid quenching allow
‘‘frozen-in’’ structures of the high temperature phase to
imaged using the STM. During these experiments, the mo
layers of C28H58 and C32H66 on the graphite surface wer
heated to 346 and 342 K, respectively. The choice of te
peratures was made so as to allow study of the confor
tional disorder that occurs at temperatures both slightly
low (C32H66) and slightly above (C28H58) the bulk melting
points of then-alkanes. After quenching, STM images we
recorded for C28H58 and C32H66 at 279 and 287 K, respec
tively. In each case, the STM images revealed a signific
loss of molecular order. The identity of the individual lame
lae present in the low temperature equilibrium structure w
completely lost in the quenched films as a result of conf
mational disorder. These phenomena are similar to those
served by Askadskaya and Rabe in their studies.26 All the
variable temperature STM images of long chainn-alkanes
adsorbed on graphite suggest that heating causes disp
ment of methylene groups from the surface and mi
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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thereby decreaseDEdes
‡ relative to that expected fo

n-alkanes in an all-trans conformation.
Molecular dynamics~MD! simulations have also prove

to be a valuable method for investigating the conformation
adsorbed molecules. Hansenet al.28 reported MD simula-
tions of the melting behavior of C32H66 adsorbed on graphite
Both the intermolecular and intramolecular potential energ
per C32H66 molecule were calculated as a function of te
perature and simultaneously exhibited an inflection poin
;350 K. This behavior was attributed to the onset of bo
intermolecular and intramolecular disorder at the melt
point of the C32H66 monolayer. To further support this asse
tion, the probability that each of the 29 dihedral bon
present in a C32H66 molecule was in a gauche conformatio
was calculated at five temperatures ranging from 250 to
K. In general the distributions displayed a similar form at
temperatures and were characterized by a constant lev
gauche defects in the middle of the molecule with a hig
number of defects at the chain ends. More importantly,
probability of an internal bond being in a gauche conform
tion increased from less than 1% at 250 K~indicating an
all-transstructure! to nearly 40% at 500 K. The probabilitie
also increased dramatically in the temperature range 3
375 K, a finding that is consistent with the inflection point
350 K observed in the intermolecular and intramolecular
tential energies of C32H66. As with the studies mentione
above, this work provides conclusive evidence that subst
temperature is expected to alter the conformation of
sorbed molecules and thereby changeDEdes

‡ .
The detachment of a polymer chain from a surface

also been investigated theoretically by Hauptet al.29 Their
studies involved predicting force-extension profiles m
sured using an atomic force microscopy~AFM! tip to pull an
isolated polymer molecule from a weakly adsorbing surfa
under differing rates of extension. The model used consis
of an ideal or Gaussian chain of monomers some fraction
which adsorb on a surface with a characteristic adsorp
energy of«RT. Each of these contacts separates the poly
into a series of loops and tails. The AFM tip is allowed
contact a loop or tail and extend it some distance orthogo
to the surface while simultaneously measuring the fo
needed for this process. In order to detach a chain from
surface, all of the monomers contacting the surface mus
released. At fast extension rates, the theoretical force pr
~i.e., force versus extension distance! resembles a sawtoot
structure with the discontinuities resulting from the deta
ment of individual contact points separating the pulled lo
from an adjacent loop. The maximum force at each sawto
represents the detachment force, which decreases with
of successive monomers. These trends have also been
served in AFM experiments and clearly illustrate that t
detachment of the adsorbed monomer trains does not o
simultaneously but instead follows a sequential mechani
On the basis of these findings it is reasonable to suggest
the desorption of polymer molecules from surfaces ha
DEdes

‡ that does not scale linearly with chain length.
Quantitative studies have recently been reported

which the desorption or detachment of homopolymer cha
from a solid surface has been suggested to have aDEdes

‡ that
Downloaded 03 Jun 2002 to 128.2.52.76. Redistribution subject to AIP
f

s
-
t

h
g

s

0
l
of
r
e
-

–

-

te
-

s

-

e
d

of
n

er

al
e
e

be
le

-
p
th
ss

ob-

ur
.
at
a

n
s

scales nonlinearly with chain length. Wanget al. used dy-
namic Monte Carlo simulations to model the desorption
homopolymer chains having lengths ofN55 to 85.30 Their
model of the system was framed in terms of polymer co
figurations consisting of trains of segments in contact w
the surface, separated by loops of detached segments
terminated by tails which are also detached from the surfa
Their conclusions were that the average lifetime,t, of an
adsorbed polymer chain on the surface can be described
power law (t}Ng); where the exponent has a value ofg
52.560.1. More importantly, the average train length,Ntr ,
and the average number of trains in a chain,ntr , were cal-
culated under the conditions of the simulations and revea
thatNtr reaches an asymptotic limit of 10 segments for lar
N. In this limiting case,DEdes

‡ for chain detachment would
no longer increase in proportion toN.

Although the studies detailed above have been inform
tive, a mechanistic and quantitative study of the effect
chain length on polymer desorption is still needed. T
study represents the first set of measurements of desorp
kinetics to use a broad enough range of oligomer ch
lengths to allow a quantitative description of the nonline
dependence ofDEdes

‡ on chain length. Desorption rates from
graphite were measured using temperature programmed
sorption~TPD! for a series of 21n-alkanes ranging in length
from C5H12 to C60H122. Desorption is observed to be a firs
order process with aDEdes

‡ that is roughly independent o
coverage. The pre-exponent of the desorption rate cons
was measured to ben51019.660.5s21 and is independent o
then-alkane oligomer chain length,N. The desorption energy
does not scale linearly with chain length and takes the e
pirical form DEdes

‡ 5a1bNg with the exponent having a
value of g50.5060.01. More interestingly we have bee
able to propose a mechanism for the desorption process
a model for the energy and the entropy of the oligomers
the surface that provides an extremely good quantitative fi
the observed chain length dependence ofDEdes

‡ . These re-
sults reveal that conformational entropy plays a signific
role in determining the desorption kinetics of oligomers fro
surfaces.

II. EXPERIMENT

All experiments were conducted in a stainless steel
trahigh vacuum~UHV! chamber with a base pressure
1029 Torr achieved through use of an ion-pump and titaniu
sublimation pump. TPD experiments were performed us
an ABB Extrel Merlin quadrupole mass spectrome
~QMS!. This instrument has a mass range of 1–500 amu
is capable of simultaneously monitoring up to five masses
a function of time during a TPD experiment.

The substrate used was a 1231232 mm piece of highly
oriented pyrolytic graphite~HOPG!. Prior to mounting, the
sample was cleaved in air to expose the basal plane.
graphite was then mounted on a square piece of tantalum
;0.25 mm thick using electrically conductive silver epox
~Aremco Co.!. Two tantalum wires were spotwelded to th
rear of the tantalum foil and mounted to the end of a m
nipulator capable ofx, y, andz translation and 360 °C rota
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tion. Once mounted the graphite could be cooled to;120 K
through mechanical contact with a liquid nitrogen reserv
at the end of the manipulator. In addition, the graphite s
strate could be heated resistively at a constant rate usi
computer to provide proportional-derivative temperatu
control. The temperature of the tantalum foil was measu
using a chromel-alumel thermocouple spotwelded to its r
face. The temperature of the graphite sample was assum
be that of its tantalum foil mount.

Prior to each set of TPD experiments conducted wit
givenn-alkane, the graphite sample was heated in vacuum
;1200 K to induce the desorption of any adsorbed conta
nants. Surface cleanliness of the graphite sample has
assumed based on observations made in previous studie31,32

In addition, desorption spectra were highly reproducible,
dicating that no contamination of the surface occurred du
adsorbate decomposition. The desorption peaks for s
monolayer coverages of heptane (C7H16) were used to asses
the reproducible nature of the spectra. During a normal T
experiment using heptane the desorption temperature
consistently found to be 211 K and the width of the deso
tion peak was,7 K.

A set ofn-alkanes (CNH2N12 , N55, 6, 7, 8, 10, 12, 14,
16, 18, 20, 22, 24, 26, 44, 60! were purchased having puritie
of .98% from Aldrich Chemicals. Acros Chemicals su
plied n-alkanes (N528, 32, 36, 40! in purities of .97%.
Fluka Chemicals providedn-alkanes (N548, 56! with puri-
ties of.97%. All compounds purchased in liquid form we
purified through a series of freeze–pump–thaw cycles
signed to remove any high vapor pressure contamina
Compounds purchased in solid form were purified by hea
the sample in a glass vial under vacuum for;12 h at tem-
peratures ranging from 60~for C18H38) to 280 °C ~for
C60H122). The purity of the compounds was further verifie
by measuring the heats of vaporization directly fro
multilayer desorption peaks generated in their TPD spe
and comparing these results with values reported in the
erature. These data will be presented in later sections of
report.

Exposure of the graphite surface to then-alkanes with
carbon numberN<12 was performed using leak valves fitte
with stainless steel dosing tubes to introduce alkane va
into the UHV chamber. Introducing vapor of then-alkanes
with N.12 required alternate methods. One of the featu
of the higher molecular weightn-alkanes that prevents intro
duction of their vapor into the UHV chamber through a le
valve is that they exhibit very low vapor pressures even
high temperatures. Vapor pressures of then-alkanes withN
.26 are expected to be on the order of 1029 Torr or less at
100 °C.33,34 This was the reason for the construction of t
high mass deposition source shown in Fig. 1. Then-alkane to
be used as an adsorbate is housed in a glass vial and co
to a stainless-steel tube enclosed in a linear translation
The entire deposition source is under vacuum and isola
from the main UHV chamber by a gate valve. A heati
jacket~Glascol Co.! with a maximum temperature of 450 °
is used to heat the bulk adsorbate to the temperature ne
sary to induce its vaporization. During dosing the line
translation unit allows the stainless steel tube to be exten
Downloaded 03 Jun 2002 to 128.2.52.76. Redistribution subject to AIP
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into the UHV chamber and positioned directly in front of th
substrate. The vapor of the adsorbate travels from the g
vial down the length of the stainless steel tube and is dep
ited onto the substrate which is held at;120 K.

Within the UHV chamber the graphite substrate was p
sitioned to face either the stainless steel dosing tubes f
the leak valves or the stainless steel dosing tube from
high mass deposition source. TPD studies were performe
cooling the graphite sample in UHV to;120 K and expos-
ing its surface to vapor of then-alkanes. Following adsorp
tion of the n-alkanes on the graphite surface, the substr
was positioned approximately 2 cm from an aperture lead
to the QMS and heated at a constant rate to the tempera
necessary to induce the desorption of all adsorbed spe
During heating, the QMS was used to monitor the desorpt
rate of the adsorbedn-alkanes and any decomposition pro
ucts if present. In all cases, adsorption of then-alkanes was
both molecular and reversible with no indication of deco
position.

III. RESULTS

The rate of a first-order desorption process from a s
face is expressed as

r 52
du

dt
5ku5n•expS 2

DEdes
‡

RT D u, ~1!

where r is the desorption rate,u is the fractional surface
coverage of the adsorbed species,k is the desorption rate
constant,n is a pre-exponential factor for desorption,DEdes

‡

is the desorption barrier,R is the universal gas constant, an
T is temperature. The following sections describe the de
mination of the values ofn and DEdes

‡ for n-alkanes in the
length range C5H12 through C60H122 adsorbed on graphite.

FIG. 1. Schematic illustration of the high mass deposition source use
this work. Then-alkane to be deposited onto the graphite substrate is hou
in a glass vial at the end of a linear translator. A dosing tube extends
length of the linear translator and may be extended into the UHV cham
during deposition. Then-alkane is vaporized in the glass vial using a heati
jacket and the vapor travels the length of the dosing tube to be adso
onto the graphite substrate.
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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A. Evaluation of reaction order for n-alkane desorption
from graphite

Prior to any detailed analysis of the kinetics of alka
desorption it is necessary to ascertain that the desorption
cess is indeed first-order and describable by Eq.~1!. The
order of the desorption reaction andDEdes

‡ of the n-alkanes
on graphite have been measured by performing TPD exp
ments using a constant heating rate,b, of 2 K/s and initial
n-alkane coverages ranging from submonolayers to m
multilayers. Figure 2 shows the TPD spectra of C28H58 for
different coverages initially adsorbed on the graphite surf
at 120 K. Deposition of C28H58 was performed by heating th
bulk phase to 110 °C in the high molecular weight doser.
decomposition of C28H58 is expected at this temperatu
based on reports indicating a bulk decomposition temp
ture of 400 °C for then-alkanes.35,36 The TPD spectra were
generated by using the QMS to monitor the signal atm/q
557 (C4H9

1) during heating. Several additional mass-t
charge ratios were monitored includingm/q571 (C5H11

1),
m/q585 (C6H13

1 ), and m/q599 (C7H15
1 ) to detect the de-

sorption of any decomposition products if present. The
sorption signals at thesem/q ratios all occurred at the sam
temperatures suggesting that they are all due to desorptio
the same molecule and that there is no decomposition of

FIG. 2. TPD spectra of C28H58 adsorbed at various coverages on the gra
ite surface at 120 K. The desorption peak centered at 485 K is assign
desorption of the C28H58 monolayer. The desorption features at 334 and 3
K are assigned to desorption of C28H58 multilayers. The monolayer desorp
tion temperature is independent of coverage and indicates a first-orde
sorption process with a coverage-independentDEdes

‡ . The spectra were gen
erated using a mass spectrometer to monitor the signal atm/q
557 (C4H9

1). The heating rate was 2 K/s.
Downloaded 03 Jun 2002 to 128.2.52.76. Redistribution subject to AIP
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C28H58 on graphite during heating. No decomposition of a
of then-alkanes studied was observed on the graphite sur
during heating.

At the lowest coverage, C28H58 desorbs over a relatively
narrow temperature range and achieves a maximum rat
desorption at 481 K as shown in Fig. 2. As then-alkane
exposure to the surface is increased, the desorption pea
creases in intensity and shifts to slightly higher temperatu
At highest coverage the C28H58 monolayer desorbs at 485 K
As the n-alkane exposure is further increased a second
sorption feature grows in at;344 K which indicates the
onset of multilayer desorption. This low temperature deso
tion feature continues to grow with increasing coverage a
displays zero-order kinetics. Upon furthern-alkane exposure
to the graphite surface, a third desorption feature grows i
;334 K that also is characteristic of multilayer desorptio
This double peak structure observed in the multilayer
sorption of C28H58 is consistently observed for all the longe
chain n-alkanes. Although its origin is not known it is pos
sible that this is due to desorption from the second and t
the thirdn-alkane layers on the graphite surface.

The heat of vaporization,DHvap, has been used in thi
study as a basis for establishing the effectiveness of the t
niques used to purify the alkanes. The value ofDHvap for
C28H58 has been determined using the relation

d ln r

d~1/T!
52

DEdes
mult

R
~2!

to measure the desorption energy for the multilayer,DEdes
mult,

by using the leading edge of the multilayer desorption pe
which exhibits zero-order desorption kinetics.DEdes

mult should
be close to the heat of bulk vaporization,DHvap, of C28H58.
The data for the desorption of the C28H58 multilayer are pre-
sented in Fig. 3 and reveal thatDEdes

mult of C28H58 is 153.8
61.5 kJ/mole. This is consistent with theDHvap of C28H58

reported in the literature using various experimental te
niques. Piacenteet al. conducted both Knudsen effusion an
torsion effusion studies on C28H58 and determined theDHvap

to be 156.6627.7 kJ/mole and 151.263.8 kJ/mole from each
measurement, respectively.37 Transpiration studies of C28H58

conducted by Grenier-Loustalotet al. indicated a heat of va-
porization of roughly 157.669.4 kJ/mole.38 Chirico et al.
found theDHvap for C28H58 to be 150.762.9 kJ/mole using
inclined piston measurements.39 The agreement betwee
DEdes

mult for C28H58 in this work and the values ofDHvap re-
ported in the literature indicates that the purified C28H58

sample is free of any low mass contaminants~such as short-
chain n-alkanes possibly used in their synthesis!. Using a
similar procedure, theDHvap of each n-alkane used was
evaluated and compared with values reported in the lite
ture. Table I summarizes the multilayer desorption tempe
tures observed for then-alkanes withN<32 as well as
DEdes

mult determined in this study and theDHvap reported in
the literature. Values ofDEdes

mult for the n-alkanes withN
.32 were not determined since the exposures needed to
erate the multilayer films on the graphite surface were
high.

-
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e-
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The dependence of the desorption spectra onn-alkane
coverage is similar for all of then-alkanes studied. In genera
terms both the monolayer and multilayer peak desorp
temperatures,Tp , increase with chain length,N. In all cases
the desorption temperature of the monolayer is nearly in
pendent of then-alkane coverage indicating that the deso
tion process is first-order and that there is little covera
dependence to the desorption barrier,DEdes

‡ . The change in
Tp in the submonolayer regime varied from a minimum
0.5 K for C60H122 to a maximum of 7 K for C5H12. The small
change in theTp of then-alkanes at these coverages indica
that there is very little coverage dependent interaction
tween the adsorbed molecules. Attractive interactions are
served for then-alkanes withN,16 but are not significan
enough to justify an analysis other than the use of a sim
first-order rate expression. This is consistent with the an
sis of n-alkane (N55 to 10! desorption from metal surface
such as Cu~100!.40–43 The dependence of peak shape a
peak position on factors such as coverage of then-alkanes
resembled that of a simple first-order desorption proces
both studies on Cu~100!. The Tp increased by;4 K when
increasing the coverage from 25 to 100% of a monolaye42

This result indicates that little interaction occurs between
n-alkane molecules. The interactions that were observed
attractive and at monolayer saturation their magnitude
roughly 2% that ofDEdes

‡ on the Cu~100! surface. On the
basis of these studies and the observations made thus f
the current work it is reasonable to suggest that then-alkanes

FIG. 3. Arrhenius representation of the TPD spectrum for C28H58 measured
at highest coverage. A line has been fit to the leading edge of the multil
desorption feature and measures theDEdes

mult for C28H58 to be 153.8
61.5 kJ/mole.
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desorb from the graphite surface with first-order, covera
independent kinetics.

B. Measurement of DEdes
‡ and n for n-alkanes

from graphite

TPD experiments performed with a constant heating r
and variable coverages ofn-alkanes on graphite have show
that the desorption kinetics of this system may be rep
sented by a simple first-order expression. As a first appro
mation, the pre-exponential factor,n, shown in Eq.~1! gen-
erally assumes a value of 1013s21 based on conventiona
transition state theory.44 However, past studies indicate th
this approximation is not always valid for first-order desor
tion processes.45–47 These data suggest that an experimen
determination of the pre-exponential factors is required
the accurate analysis of the kinetics governing the desorp
of molecules from surfaces. We present below two meth
used to determine bothn and DEdes

‡ from the TPD spectra.
Section III B 1 describes the analysis of desorption data us
a simple Redhead method,48 while Sec. III B 2 focuses on
obtaining the kinetic parameters through fitting of the TP
spectra to simulated spectra obtained by numerical inte
tion of the desorption equation.

1. Desorption kinetic parameters determined
by Redhead analysis

With the details above in mind we have measured botn
and DEdes

‡ independently for a subset of ninen-alkanes
(CNH2N12 , N57, 12, 24, 26, 28, 36, 40, and 44! in an effort
to accurately interpret their desorption kinetics from grap

TABLE I. Multilayer peak desorption temperatures for then-alkanes and
their corresponding desorption energies,DEdes

mult. Two multilayer desorption
features~a and b peaks! are observed for then-alkanes withN>18 and
their desorption temperatures are reported asTp

a andTp
b . The purity of the

n-alkanes has been ascertained by comparing the measured values ofDEdes
mult

with the DHvap reported in the literature. NA5not applicable ND5not
determined.

Chain
length,N Tp

a ~K! Tp
b ~K!

MeasuredDEdes
mult

~kJ/mole!
DHvap

~kJ/mole!

5 133 NA 24.263.3 26.4~Ref. 40!
6 143 NA 31.260.2 31.5~Ref. 40!
7 154 NA 38.260.4 36.6~Ref. 40!
8 171 NA 46.260.2 41.6~Ref. 40!

10 193 NA 52.460.2 51.4~Ref. 40!
12 224 NA 59.060.7 61.5~Ref. 40!
14 239 NA 70.360.6 71.7~Ref. 40!
16 258 NA 74.860.5 81.4~Ref. 40!
18 273 278 90.460.6 91.4~Ref. 40!
20 288 294 108.161.5 101.8~Ref. 40!
22 298 307 118.362.5 120.1~Ref. 37!
24 315 321 132.261.5 134.8~Ref. 37!
26 322 332 128.963.3 146.1~Ref. 37!
28 334 344 153.861.5 151.2~Ref. 37!
32 353 363 182.961.9 190.1~Ref. 41!
36 370 382 ND 212.6~Ref. 41!
40 388 399 ND 235.1~Ref. 41!
44 413 ND ND 257.6~Ref. 41!
48 430 ND ND 280.2~Ref. 41!
56 456 ND ND 325.2~Ref. 41!
60 467 ND ND 347.7~Ref. 41!er
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ite. TPD spectra were recorded for then-alkanes at various
heating rates,b, using initial coverages of approximately on
monolayer. The heating rates used in each set of experim
varied from 0.1 K/s to 5 K/s. Figure 4 illustrates the variab
heating rate TPD spectra for C36H74 generated by using th
QMS to monitor the signal atm/q557 (C4H9

1). The C36H74

monolayer desorbs with a maximum rate from the graph
surface atTp5524 K when the substrate was heated at
K/s. As the heating rate was increased in subsequent ex
ments, the desorption peaks intensified and shifted to hig
temperatures. TPD experiments using a heating rate of 5
induced desorption of the C36H74 monolayer atTp5568 K.

Analysis of the heating rate dependence of the peak
sorption temperature can be used to determinen and DEdes

‡

independently. TPD data presented in the form ln(b/Tp
2) ver-

sus 1/Tp should yield a line with a slope equal t
2DEdes

‡ /R.48 Shown in the inset to Fig. 4 is a plot o
ln(b/Tp

2) versus 1/Tp , whereTp is dependent on the heatin
rate,b. A linear regression performed on the data in the in
of Fig. 4 indicates thatDEdes

‡ 5211.566.9 kJ/mole for
C36H74. Figure 4 and its inset qualitatively illustrate the d
sorption behavior for all then-alkanes studied using variab
heating rate TPD experiments. Values ofn andDEdes

‡ for the
othern-alkanes studied using variable heating rate TPD

FIG. 4. TPD spectra of C36H74 measured at varying heating rates~b! for
initial coverages of approximately one monolayer. Heating rates vary
from 0.1 to 5 K/s were used to desorb the C36H74 monolayer. The monolaye
desorption temperatures increase with increasing heating rate. The sp
were generated using a mass spectrometer to monitor the signal atm/q
557 (C4H9

1) during heating. The inset is a plot of ln(b/Tp
2) vs 1/Tp for the

desorption of C36H74 from the graphite surface. The slope of the linear
has been used to estimate theDEdes

‡ for C36H74 from graphite.
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periments were calculated in a similar manner to that o
lined above.

With DEdes
‡ of the n-alkanes measured, it is possible

evaluate the pre-exponential factors for desorption for e
n-alkane studied using variable heating rate TPD exp
ments. The pre-exponential factors for desorption,n, may be
estimated using Redhead’s equation48 for first-order kinetics

n5
bDEdes

‡

RTp
2 expS DEdes

‡

RTp
D , ~3!

whereTp depends on the heating rateb. As indicated by Eq.
~3!, a pre-exponential factor for desorption may be calcula
at each heating rate. Figure 5 illustrates the averaged
exponential factors as a function of chain length,N, for each
n-alkane studied using variable heating TPD experime
Note that they-axis is displayed in the form of log(n). The
fundamentally important result is that the pre-exponen
factors for desorption ofn-alkanes from graphite assume va
ues in the range 1019– 1020s21, as opposed to the value o
1013s21 that is commonly assumed in analysis of TPD sp
tra. In addition, the value ofn is roughly independent of the
chain length with an average value ofnavg51019.660.5s21.
The values of bothn and DEdes

‡ for the n-alkanes studied
using variable heating rate TPD experiments will be co
pared with values obtained by fitting to simulated TPD sp
tra as outlined below in the next section.

g

ctra

FIG. 5. Pre-exponential factors,n, of the first-order desorption rate con
stants,k, for then-alkanes of varying chain length (N57 to 44!. The values
of n were calculated using a Redhead analysis from the TPD spectra
sured at varying heating rates (b50.1 to 5 K/s!. The pre-exponential factors
range from 1019 to 1020 s21 and are significantly greater thankBT/h
'1013 s21. The value of log(n) is nearly independent of chain length.
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2. Desorption kinetic parameters determined
by simulation

In addition to using the Redhead analysis, a second
proach was used to obtain values for the pre-exponential
tors, n, and the desorption barriers,DEdes

‡ , of the nine
n-alkanes studied using variable heating rate TPD exp
ments. This approach involved fitting the TPD spectra
spectra simulated using the following expression for the
sorption rate:

r 5n•expS 2
DEdes

‡ ~12au!

RT D u. ~4!

The variablea is an intermolecular interaction paramete
The value ofa is positive for repulsive interactions an
negative for attractive interactions. A modified version
Powell’s method for minimization was used to fit spec
generated by integrating Eq.~4! with the experimental TPD
spectra. This fitting procedure usedn, DEdes

‡ , anda as free
parameters that were allowed to vary to optimize the fit. T
TPD spectra recorded at all heating rates for ann-alkane
were fit simultaneously to determine the best values on,
DEdes

‡ , anda for each molecule. The TPD spectra of C36H74

and the simulated spectra obtained from Eq.~4! are shown in
Fig. 6 for heating rates ofb50.2– 5 K/s and are indicative o
the fits obtained for the TPD spectra of the remaining ei
n-alkanes analyzed in this manner. The free parameters
C36H74 assumed final values ofn51018.7s21, DEdes

‡

FIG. 6. Fits of simulated desorption spectra to the TPD spectra recorde
C36H74 at varying heating rates (b50.2 to 5 K/s!. The solid lines represen
the measured TPD spectra while the dashed lines indicate the simu
spectra. The free parameters used in the minimization were found to
values ofDEdes

‡ 5215.3 kJ/mole,n51018.7s21, anda50.052. BothDEdes
‡

andn are of the same magnitude as those calculated using a Redhead
sis of the TPD data.
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5215.3 kJ/mole, anda50.052. For comparison, the value
of n andDEdes

‡ determined from both the simulation and th
Redhead methods are given in Table II for all ninen-alkanes
studied using variable heating rate TPD. The data prese
in Table II illustrate that the pre-exponential factors det
mined through fitting assume values that are approxima
1019– 1020s21 and are independent of the chain length. T
average pre-exponential factor calculated through fitting w
found to benavg51019.160.6s21 and is similar in magnitude to
the value (navg51019.660.5s21) found through the Redhea
analysis.

The significant conclusion from the data presented
Table II is that a single averaged pre-exponential factor m
be used with confidence to model the desorption kinetics
all of then-alkanes studied. The fact that the desorption p
exponent is independent of chain length,N, suggests that its
high value is due to a degree of freedom common to all
the n-alkanes such as center of mass translation in the t
sition state. The independence of the desorption p
exponent onN has also been observed in prior work. Han
schuhet al. used TPD to study the desorption kinetics
ethylene glycol and polyethylene glycol oligomers from
silica surface.49 Desorption spectra were obtained for olig
mers ranging in molecular weight from 62 to 35 000 g/mo
Although the high molecular weight polyethylene glycols d
composed during heating, desorption of oligomers hav
molecular weights,600 g/mole desorption was observed
be both molecular and reversible and was characterized
first-order kinetics. The pre-exponential factors for deso
tion of the low mass polyethylene glycol oligomers we
found to be independent of chain length with an avera
value on the order ofn51016.3s21. This observation further
validates our observation that a single averaged p
exponential factor may be used to model the desorption
netics of all of then-alkanes used in our study.

C. Desorption barriers for n-alkanes on graphite

The desorption barriers forall of the n-alkanes must be
calculated and compared to one another in order to gain
sight into the role that chain length and conformational e
tropy plays in determining their desorption kinetics. W

for

ted
ve

aly-

TABLE II. Desorption barriers,DEdes
‡ , and the pre-exponential factors,n,

of then-alkanes determined from both a Redhead analysis and by simula
variable heating rate TPD data.

Chain
length,N log(n)a log(n)b

DEdes
‡

~kJ/mole!a
DEdes

‡

~kJ/mole!b

7 18.760.3 18.8 76.461.0 76.4
12 20.360.3 19.1 116.661.5 109.9
24 19.660.8 19.3 171.366.3 175.4
26 19.060.6 18.4 174.365.0 170.4
28 20.160.3 18.8 191.263.0 182.9
32 19.360.8 18.7 200.168.2 200.4
36 19.160.7 18.7 211.566.9 215.3
40 19.960.7 19.3 233.867.8 237.8
44 19.060.6 20.3 235.966.8 266.9

aCalculated using a Redhead analysis of variable heating rate TPD dat
bCalculated through a least squares minimization of the variable heating
TPD data.
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present below two different approaches used to obtain
desorption barriers for all of then-alkanes on graphite. Sec
tion III C 1 will detail a Redhead analysis of the TPD spec
for all the n-alkanes to determine their desorption barrie
DEdes

‡ . Section III C 2 will discuss a fitting of the TPD spec
tra for then-alkanes to obtain both theirDEdes

‡ and intermo-
lecular interaction parameters,a.

1. DEdes
‡ obtained by Redhead analysis

DEdes
‡ of all 21 n-alkanes studied on graphite were d

termined using a Redhead analysis of the TPD spectra
tained at a constant heating rate of 2 K/s for varying init
coverages. The monolayer desorption peak temperature
eachn-alkane were used to evaluate theirDEdes

‡ . The de-
sorption spectra of then-alkanes indicated very little interac
tion between adsorbed molecules even at coverages
proaching one monolayer. Figure 7 shows TPD spe
obtained for each of then-alkanes adsorbed on graphite at
initial coverage of approximately one monolayer. This figu
reveals that then-alkanes desorb over a broad range of te
peratures but each has a fairly narrow, well-defined des
tion peak and that the peak desorption temperatures incr
monotonically with chain length,N.

The DEdes
‡ of the n-alkanes from the graphite surfac

have been estimated using Redhead’s equation48 for first-
order desorption

FIG. 7. TPD spectra of alln-alkanes studied following adsorption of ap
proximately one monolayer on the graphite surface at 120 K. Both
desorption peak temperature and peak width increase with increasing
length. The peak desorption temperatures of eachn-alkane have been use
to estimate their barriers to desorption,DEdes

‡ . All spectra were generated
using a mass spectrometer to monitor the signals at eitherm/q
557 (C4H9

1) or m/q571 (C5H11
1) during heating. The heating rate was

K/s in all cases.
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‡

RTp
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and a pre-exponential factor ofn51019.6s21. Although
DEdes

‡ were previously determined for several of th
n-alkanes through a Redhead analysis of the variable hea
rate TPD experiments~Sec. III B 1!, those are not signifi-
cantly different fromDEdes

‡ calculated using the average
pre-exponential factor of 1019.6s21, differing by at most 7%.
This study focuses on the dependence ofDEdes

‡ on N so we
rely on DEdes

‡ calculated by using the peak desorption te
peratures measured for a heating rate of 2 K/s.DEdes

‡ are
listed in Table III. The values ofDEdes

‡ increase monotoni-
cally with the chain length, but as will be shown below th
dependence on chain length is nonlinear.

2. Fitting of desorption spectra to obtain desorption
barriers

In addition to using the Redhead method,DEdes
‡ for the

n-alkanes on graphite have also been estimated by fitting
TPD spectra measured at a constant heating rate of 2 K
spectra simulated using Eq.~4! with varying values of the
fitting parametersDEdes

‡ anda. In a procedure similar to tha
outlined in Sec. III B 2, the TPD spectra data obtained
eachn-alkane at all submonolayer coverages were fit sim
taneously. Since the fixed heating rate desorption spectr
not decoupleDEdes

‡ and n the value ofn has been fixed
constant atn51019.1s21, the average value of this paramet
determined by fitting of the variable heating rate TPD spec
in Sec. III B 2. Figure 8 displays the fits of the simulate

e
ain

TABLE III. The values of DEdes
‡ for n-alkanes on graphite obtained b

analysis of the peak desorption temperatures and by fitting of the T
spectra. Column four lists the values of the intermolecular interaction
rameter determined from fitting of the spectra to Eq.~4!.

Chain
length,N DEdes

‡ ~kJ/mole!a DEdes
‡ ~kJ/mole!b

Interaction
parameter,ab

5 65.062.4 60.7 20.0003
6 73.662.6 69.0 20.0001
7 81.562.8 78.2 0.0006
8 88.262.9 83.1 0.0006

10 100.963.2 95.6 0.0004
12 114.863.6 108.0 20.0003
14 124.763.8 119.7 20.0001
16 134.364.1 128.9 0.0012
18 146.764.3 142.1 0.017
20 156.264.6 150.5 0.014
22 166.264.8 163.8 0.020
24 174.264.9 168.8 0.019
26 182.365.1 177.9 0.033
28 190.765.4 187.0 0.043
32 205.565.8 202.0 0.041
36 219.666.0 215.3 0.041
40 232.966.4 228.6 0.052
44 246.266.6 241.1 0.046
48 256.766.9 253.6 0.055
56 280.567.5 277.7 0.060
60 289.067.7 289.3 0.078

aCalculated using a Redhead analysis of variable coverage TPD data
b52 K/s.

bCalculated through a least squares minimization of variable coverage
data.
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spectra to the TPD spectra of C28H58 for coverages in the
range 0.39–1.0 monolayers and qualitatively illustrates
accuracy of the fits for the remainingn-alkanes. The free
parametersDEdes

‡ anda of C28H58 assumed values of 187.
kJ/mole and 0.043, respectively. More importantly,DEdes

‡ for
the n-alkanes determined through both the Redhead ana
and the fitting method are of the same magnitude and var
a maximum of;7%. Table III summarizesDEdes

‡ for the
n-alkanes as determined by both of these methods in add
to providing the intermolecular interaction parameter,a, for
each molecule. It should be pointed out that an exact c
parison cannot be made between the values ofDEdes

‡ deter-
mined by the two methods. Note thatDEdes

‡ of then-alkanes
determined from a Redhead analysis are average values
sured at the peak desorption temperature,Tp , where the cov-
erage is roughly one-half its initial value. In contrast,DEdes

‡

determined from fitting of the TPD spectra are measured
the limit of zero coverage. The differences in the values
DEdes

‡ measured by both methods are minor becauseDEdes
‡

are fairly independent of coverage.

3. Chain length dependence of DEdes
‡

The DEdes
‡ for the n-alkanes on graphite have been d

termined using both a Redhead analysis and by fitting

FIG. 8. Fits of simulated desorption spectra to the TPD spectra recorde
C28H58 at a constant heating rate of 2 K/s for varying initial coverages. T
solid lines represent the measured TPD spectra while the dashed lines
cate the simulated spectra. The pre-exponential factor was held const
n51019.1s21 during the fit. The free parameters used in the fit were found
have values ofDEdes

‡ 5187.0 kJ/mole anda50.043.DEdes
‡ were observed to

be of the same magnitude as those calculated via a Redhead analysis
TPD data.
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TPD spectra measured using a constant heating rate of 2
and varying initial coverages. Both methods yield rough
the same results forDEdes

‡ but the fitting method has the
added value of providing some insight into the magnitude
the intermolecular interaction parameters. We have chose
investigate the effects of chain length onDEdes

‡ using the
data from the Redhead analysis presented in Sec. III
Figure 9 illustratesDEdes

‡ of the n-alkanes on graphite as
function of the chain length,N. This figure clearly illustrates
that the relationship betweenDEdes

‡ andN is nonlinear over
the range of chain lengths explored in this work. As a fi
approach to the analysis of the nonlinear dependence
DEdes

‡ on chain length we have fit the data to a power la
expression of the formDEdes

‡ 5a1bNg. The reason for in-
cluding the offset,a, rather than using pure power law sca
ing (}Ng) is that the ends of the molecules are unlikely
have the same interaction with the surface as the chain
ments in the interior of the molecule. At the low end of th
range ofn-alkanes that we have used this will certainly be
significant contribution toDEdes

‡ and the offset,a, is a cor-
rection for that effect. The fitting parameters found forDEdes

‡

dependence on chain length area522964 kJ/mole, b
54262 and the exponent isg50.5060.01. The fit to the
data is shown as the solid line in Fig. 9 and reproduces
data extremely well. It is interesting to note that the extrap
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e
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FIG. 9. Desorption barriers,DEdes
‡ , of the n-alkanes from graphite as a

function of chain length,N. The desorption barriers reported have be
calculated using a Redhead analysis of the TPD data measured at a co
heating rate of 2 K/s. These data clearly indicate that the desorption ba
is nonlinear in then-alkane chain length. The dashed line represents
results of fitting a power-law to the data of the formDEdes

‡ 5a1bNg, with
the parameters taking on values ofa522964 kJ/mole,b54262 and an
exponent ofg50.5060.01.
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lation of the expression forDEdes
‡ yields a value of 13 kJ/

mole forDEdes
‡ of methane from graphite which is extreme

close to the well-determined experimental value of 12.2
mole for the heat of adsorption of methane on graphite.50,51

This close comparison may be fortuitous since the extra
lated value ofDEdes

‡ 530 kJ/mole for ethane does not mat
as closely with the experimental, although less we
determined, value of 17.2 kJ/mole for the heat of adsorp
of ethane on graphite.51 Nonetheless the fit forN55 to 60
reproduces the data extremely well. As a final point of co
parison, a power-law fit to the values ofDEdes

‡ (N) deter-
mined through simulation of the TPD spectra~Sec. III C 2!
gave fitting parameters ofa522565 kJ/mole, b53663,
and g50.5360.01. This fit also reproduced the data e
tremely well and the values of the fitting parameters w
found to be nearly identical to those determined from
power-law fit to the values ofDEdes

‡ (N) found from the Red-
head analysis of the TPD spectra.

In view of the fact that there are many room temperat
images of then-alkanes on graphite which show that the
molecules lie in a straight, all-trans configurations on the
surface, it is extremely interesting thatDEdes

‡ do not scale
linearly in chain length. The implication is that at the deso
tion temperature, configurational entropy in either the init
state or the transition state to desorption decreases the
DEdes

‡ for the longer chain oligomers. The fact that (DEdes
‡

2a) scales asN1/2 is also intriguing. It should be noted tha
a true power-law representation of log(DEdes

‡ ) versus log(N)
yields a curve with a slope of 0.65 atN55 that tends to 0.55
at N560. These results suggest that as a result of config
tional entropy the number of monomers interacting with
surface at the desorption temperature is of the orderN1/2

rather thanN.

IV. DISCUSSION

The desorption problem described in this paper is v
similar to that of a polymer interacting with a solid surfa
but is, of course, a case in which the polymer is of sh
chain length. In language commonly used to describe p
mer adsorption the system described here would be on
which the polymer is desorbing from a strongly interacti
surface~graphite! into a poor and infinitely dilute solven
~vacuum!. Theoretical descriptions of such systems are u
ally framed in terms of polymer configurations involvin
‘‘trains’’ of segments in contact with the surface, separa
by ‘‘loops’’ of detached segments, and terminated by ‘‘tail
which are also detached from the surface. As mentioned,
of DEdes

‡ (N) shows that it can be described empirically wi
a function of the forma1bNg whereg50.5060.01. Theo-
ries have predicted that for a polymer of lengthN adsorbing
from a melt the fraction of adsorbed segments should s
asN1/2.52–54This suggests thatDEdes

‡ might also exhibit the
same scaling withN under such conditions. Such theori
and simulations most commonly describe equilibrium pro
erties. Recent simulations, however, have also shown
dynamic properties such as polymer detachment rate fro
surface might also scale asN1/2. This has been observed i
an experiment that measured the friction associated with
Downloaded 03 Jun 2002 to 128.2.52.76. Redistribution subject to AIP
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detachment of a polymer into a melt. The detachment r
from a strongly interacting surface in this case was obser
to scale asN1/2.52 The system studied in this work, howeve
is quite different from those described or studied in the p
in that we are measuring the barrier to desorption,DEdes

‡ ,
into an infinitely dilute solution rather than a melt. The orig
of the scaling behavior that we observe remains somethin
a mystery but is nevertheless intriguing. The remainder
this paper describes a model which captures the curvatur
DEdes

‡ (N) without explicitly addressing the origin of th
scaling parameter,g.

In order to describe the dependence ofDEdes
‡ on N ob-

served in our experiments we have chosen to model the
tem using transition state theory as the basis for describ
the desorption rate constant. Our analysis of this beha
requires a description of the mechanism by which desorp
occurs and a model for the interaction energy and entrop
the chains on the surface. The desorption mechanism wil
described in Sec. IV A. The interactions, energetics, and
tropy of the oligomers are dependent on their configurat
on the surface. These interactions are given in terms of s
mental parameters such as the segment-surface intera
energy and are described in Sec. IV B. The description of
desorption mechanism and the oligomer-surface interac
are then combined in Sec. IV C to predict the observ
DEdes

‡ (N) using the microscopic segment-surface interact
energies as fitting parameters.

A. Oligomer desorption mechanism

The desorption kinetics of small molecules from su
faces are measured and studied routinely using TPD s
troscopy. Desorption of small molecules from a surface
usually considered in terms of a fairly simple potential e
ergy surface with a single reaction coordinate that descr
the motion of the adsorbate from its adsorbed state into
gas phase.DEdes

‡ is the difference in the zero-point energy
the adsorbed species and the energy of a transition state
lies along the reaction coordinate leading from the adso
tion well into vacuum. Although the adsorbate-surface int
action potential has many degrees of freedom in addition
the reaction coordinate for desorption, for a polyatomic a
sorbate one generally thinks of these as contributing to
desorption rate constant only through the partition functio
for the adsorbed species and the transition state to des
tion. If the adsorbedn-alkanes used in this work wer
thought of as rigid rods and desorption were simply trans
tion of the center-of-mass along the surface normal, then
simple description would be adequate. However, such a
scription of the system would tend to predict thatDEdes

‡

should be linear in the chain length,N, and that is obviously
not the case.

There are many STM images of long straight cha
n-alkanes adsorbed on the surface of graphite that re
straight all-transstructures at room temperature.16–21At tem-
peratures above room temperature but below the desorp
temperature such images cannot be obtained because of
mental motion and disorder. This indicates that the deso
tion of oligomeric species such as then-alkanes cannot be
thought of as simple motion along a single reaction coor
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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nate. One can imagine the oligomer passing through m
possible, energetically equivalent configurations on the
face as its structure approaches a number of possible
energetically equivalent transition states to desorption. In
sence, there is a multiplicity of energetically equivalent pa
ways or reaction coordinates along which desorption mi
occur. This multiplicity of paths must be included within
model for the desorption process.

Consider the adsorbed oligomers as consisting ofN seg-
ments each of which can be described as being in eithe
attachedor a detachedstate. The segments each attach a
detach from the surface reversibly and independently.
state of a particular molecule will be described by the nu
ber of detached segments,n. For example, Fig. 10 shows a
oligomer of lengthN58 in three states: fully attached (n
50), partially detached (n54), and having all-but-one seg
ments detached (n5N– 157). The oligomer coverages i
each of these states are given byun and the total oligomer
coverage is given byu. The rapid and reversible attachme
and detachment of individual segments means that equ
rium is established among the species in differing stage
detachment and the coverages are all related by equilibr
constants,Kn , as follows:

un5Knu05u0•expS 2DAn

RT D
The free energy differencesDAn are all referenced to the fre
energy of the fully adsorbed state which will haveA050.
For an oligomer of lengthN the total coverage of adsorbe
species,u, can be written in terms of the coverage of spec
that are fully adsorbed,u0 :

u5 (
n50

N21

un5u0• (
n50

N21

expS 2DAn

RT D5u0•G.

The second element of the oligomer desorption mec
nism is that the only species that are capable of desorbin
any instant in time are those with just one segment left
tached,n5N21. This desorption step is irreversible in th

FIG. 10. Hypothetical conformations adopted by ann-alkane chain of length
N58 on the graphite surface. The ground state is one in which then-alkane
molecule lies in an all-trans conformation and has no detached segme
(n50). An intermediate state is depicted in which then-alkane chain is
adsorbed in a conformation with four of its eight segments detachedn
54). The adsorbed state that exists prior to desorption is also depicted
is one in which all-but-one of the chain segments is detached (n5N21
57). The conformations adopted in each of these states are in equilib
with one another and the relative concentrations of each are relate
simple equilibrium constants.
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once the last tether to the surface is broken and the oligo
is in vacuum it does not return to the surface. The desorp
rate constant is of the form

kN215n•expS 2
DE

RTD
with the barrier to this last irreversible step,DE, being given
by the zero-point energy differences between the spe
with n5N21 and the transition state to desorption,DE
5E‡2EN21 . The pre-exponent would be given by trans
tion state theory as

n5S kBT

h D q‡

qN21
,

where the partition functions are for the species withn5N
21 detached segments,qN21 , and for all degrees of free
dom of the transition state other than the desorption coo
nate,q‡ . Finally, the rate of desorption can be expressed
terms ofuN21 or, more usefully, the total coverage,u:

r 5kN21•uN21

5kN21•u0•expS 2DAN21

RT D
5kN21•

1

G
•expS 2DAN21

RT D •u.

The summation over the equilibrium constants,G, will al-
ways be dominated by the term with the minimum free e
ergy,DAmin :

G5expS 2DAmin

RT D • (
n50

N21

expS DAmin2DAn

RT D
5expS 2DAmin

RT D •G8. ~6!

Substitution of this expression and the expression given
the desorption rate constant into the rate equation gives
apparent first-order rate constant of

kapp5n•expS 2DE

RT D • 1

G8
•expS 2~DAN212DAmin!

RT D
5

n

G8
•expS SN212Smin

R D •expS 2~EN212Emin!2DE

RT D .

The quantityG8, defined by Eq.~6!, is a summation over the
number of segments,N, of terms with values<1. Thus for
the molecules used in this work it can at most take on a va
equal to the number of segments in the molecule. In rea
G8 has values ranging from 1 to;10 while the rate constant
for desorption range in value over;35 orders of magnitude
More importantlyG8 is quite insensitive to temperature an
thus the apparent rate constant yields an expression for
measured desorption barrier.

The mechanism described above gives an expression
the measured desorption barrier of an oligomer withN seg-
ments as the difference between the zero-point energie
the transition state for desorption and the species with m
mum free energy:

s

nd

m
by
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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DEdes
‡ ~N!5E‡2Emin5~EN212Emin!1DE. ~7!

At a given temperature the value ofEmin will be determined
by the number of detached segments in the species
minimum free energy,Amin , and must be determined on th
basis of a model which gives the energy,En , and entropy,
Sn , of the partially detached oligomers.

B. Oligomer-surface interaction model

In order to evaluateDEdes
‡ (N) within the framework of

the mechanism described above and in terms of microsc
oligomer-surface interaction parameters we must propo
model that allows us to calculate the adsorption energy
the entropy of the oligomer in each of its possible config
rations on the surface. To begin we define the numbe
segments in then-alkanes as the number ofbondsrather than
the number of methylene units or carbon atoms. In ot
words the species used in this work haveN2154 to 59
segments, whereN is the number of carbon atoms. Detac
ment of a segment then is the detachment of a bond from
surface. The reason for using this model rather than con
ering the number of segments to be the number of car
atoms will become apparent when calculating the numbe
conformations available to a species withn detached bonds

The reference energy state of the adsorbed alkanes
be those molecules with no detached segments,E050. This
is the state observed for a number of longn-alkanes adsorbed
on graphite in a straight all-trans chain at room
temperature.16–21 The energy of a species withn of its N
21 bonds detached from the surface is given by the exp
sion

En
N5n•Ebs. ~8!

In other words, the energy is simply proportional to the nu
ber of desorbed segments with the bond-surface interac
energy,Ebs, being an unknown parameter.

The configurational entropy of the partially detached o
gomer is given by the configurational partition function,qn

N ,
through the Boltzmann equation. For an oligomer withn of
its N21 bonds detached from the surface the configuratio
partition function is

qn
N5

~N21!!

n! ~N212n!!
•3n.

The first term simply accounts for the number of ways
detachn of N21 bonds from the surface. The second term
particular to then-alkanes and accounts for the three ro
tional conformations~trans, 1gauche, and 2gauche! that
can be adopted by each detached C–C bond. This ass
that those bonds that are attached to the surface are rest
to one configuration, presumably thetrans configuration ob-
served in scanning tunneling micrographs. Finally, the
pression for the entropy,Sn

N of a species in a configuratio
with n of N21 bonds detached is given by

Sn
N5R•F lnS ~N21!!

n! ~N212n!! D1n• ln 3G .
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C. Oligomer desorption kinetics

Using the model defined above for the desorpti
mechanism and the oligomer-surface interaction we h
compared the predicted and experimental values of the
sorption barriers in order to determine the ability of t
model to predict the nonlinearity ofDEdes

‡ (N). For each oli-
gomer we determine the number of detached bonds,nmin,
which minimizes the free energy

An
N5En

N2Tp
NSn

N .

Note that the temperatures used are the peak desorption
peratures,Tp , which are the temperatures at which the d
sorption barriers were measured. Also note that the valu
En

N depends on the undetermined parameter,Ebs. Using the
value of nmin which minimizes theAn

N one can predict the
value ofDEdes

‡ (N) using Eq.~7!. Note also that the expres
sion for DEdes

‡ (N) includes the second free parameter in t
model which isDE, the desorption barrier for the last se
ment attached to the surface~Fig. 10!. To be clear it should
be mentioned here that our predictions ofDEdes

‡ (N) have
been made in all cases by equating the number of segm
to the number of bonds rather than the number of car
atoms,N. This implies that the desorption barrier would no
be given by a modified version of Eq.~7!:

DEdes
‡ ~N!5~EN222Emin!1DE, ~78!

where the subscripts refer to the number of detached bo
Finally, this problem can be solved using the two free para
etersEbs andDE to fit the predicted values ofDEdes

‡ (N) to
the 21 experimentally measured values ofDEdes

‡ (N). Figure
11 illustrates a comparison between the experimental va
of DEdes

‡ (N) and the theoretical fit drawn with the dashe
line. There is an almost exact agreement between the
and this simple model completely reproduces the nonlin
dependence ofDEdes

‡ on chain length. Figure 12 plots th
values ofnmin for eachn-alkane oligomer at its desorptio
temperature. Note that the number of detached segmen
the desorption temperature increases with chain length
that for the long chains the minimum free energy configu
tion has a significant fraction of detached segments at
desorption temperature. In looking at this plot it is importa
to realize thatDEdes

‡ (N) scales asN-2-nmin .
It is important to consider the values of the free para

eters predicted by the fit of the theoretical values
DEdes

‡ (N) to our experimental data and to decide wheth
these are physically reasonable. First, the predicted valu
the bond-surface interaction energy isEbs58.0 kJ/mole/
bond. It is important to realize that physically this parame
may include both interaction with the graphite surface a
the interactions between adsorbed chains. Previous mea
ments of the interaction of much shorter alcohols and alka
with metals such as Ag;24 Cu,42,43 and Au25 have yielded
values in the range 5 – 6 kJ/mole/CH2 group. A recent study
by Bishopet al.has reported segment-surface interaction
ergies of;8 kJ/mole/CH2 group forn-alkanes (N56 to 10!
adsorbed on Pt~111!.55 The predicted value ofDE must also
be explored to ensure that its magnitude is physically reas
able. As defined in Sec. IV A,DE is the energy needed t
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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irreversibly detach the last adsorbed bond from the surfa
At first glance the predicted value ofDE540 kJ/mole may
seem high since one would expect it to be of similar mag
tude toEbs. The significance ofDE, however, is more com
plicated. As used in the expression forDEdes

‡ (N) in Eq. ~7’!
it represents an offset to the values of (EN222Emin). It is
important to keep in mind that the oligomers that we ha
used are far from being infinite polymers and that end effe
are likely to be observable. In essenceDE, the offset to the
values ofDEdes

‡ (N), also accounts for the difference betwe
the bond-surface interaction at either end of the molecule
the bond-surface interaction in the middle,Ebs. In this sense
the value ofDE can be thought of as having three contrib
tions. One contribution is from the interaction of the la
remaining bond with the graphite surface expected to be
the order ofEbs. The remaining two contributions would b
equated to the energy needed over and above that ofEbs to
desorb each of the two terminal endgroup bonds. In ot
words, the value ofDE can be thought of as arising from tw
endgroup contributions of roughly 16 kJ/mole each and
energetic interaction of the last remaining bond on the s
face of;8 kJ/mole. Each of these contributions is of a pla
sible magnitude.

One might imagine that interactions between detac
segments might favor configurations with many detach
segments and thus contribute to the nonlinearity
DEdes

‡ (N). This possibility was considered by including
mean-field term in the expression for the energy of spe
with n detached segments:

En
N5n•Ebs1 1

2n~n21!Ebb. ~88!

FIG. 11. Comparison of the experimentally determined values ofDEdes
‡ with

those predicted by the theory described in this paper. The results o
theoretical fits are given by the dashed line through the data. The res
errors or difference between the theory and experiments are shown a
bottom.
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The term Ebb is now an additional free parameter in th
model and represents the bond–bond interactions among
sorbed segments of a molecule. The fit of theoretical to
perimental values ofDEdes

‡ (N) is, of course, improved by
this addition since the model now contains three free par
eters. However, the improvement is minor and the magnit
of the mean field parameter which represents the interac
between detached bonds is very low,Ebb50.007 kJ/mole/
bond2. Interactions between detached bonds account for
than 1% ofDEdes

‡ (N), even in the longestn-alkane, and do
not contribute at all toDEdes

‡ (N) of the shortn-alkanes. The
primary observations of this fitting are that the model d
scribed in Secs. IV A and IV B clearly reproduces the no
linear chain length dependence ofDEdes

‡ (N) and that this
nonlinear behavior is primarily due to conformational e
tropy effects.

Finally, it is worth mentioning the origin of the relativel
high value of 1019.6s21 observed for the desorption pre
exponent of the alkanes on graphite. In this problem the
parent or observed pre-exponent is given by

napp5
1

G8
•S kBT

h D q‡

qN21
•expS SN212Smin

R D .

As mentioned the value ofG8 does not contribute more tha
a factor of 10. The partition functions are those for the s

he
al

the

FIG. 12. The number of detached bonds,nmin , at desorption for then-alkane
oligomers used in this study. The values ofnmin are the values which have
minimized the free energy of the adsorbed state at the desorption tem
ture, Tp . The value ofnmin clearly increases with increasing chain leng
although in a nonlinear fashion. The desorption barrier is given asDEdes

‡

5EN222Emin1DE and therefore also increases with chain length but wit
nonlinear dependence onN.
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cies with all-but-one bond detached,qN21 , and for the tran-
sition state to desorption,q‡ . The final term is due to the
difference in configurational entropy of the species w
minimum free energy and the species with all-but-one bo
detached. This can be quite significant and for the rang
chain lengths studied in this work it contributes on averag
factor of 103.4 to the apparent desorption pre-exponent. Th
it is apparent that one should observe relatively high val
of the desorption pre-exponent for oligomer desorption fr
surfaces.

V. CONCLUSIONS

The desorption kinetics of oligomers from surfaces h
been shown to be influenced by chain length. The meas
desorption energies are clearly nonlinear in chain leng
This is not surprising given the multiplicity of desorptio
paths that can be taken by molecules such as oligomers
have many different energetically equivalent conformatio
We have proposed a model in which adsorbedn-alkanes can
adopt numerous configurations in which some segments
detached and those that are detached adopt a mixtur
gauche,1trans, and2transconfigurations. This model suc
cessfully predicts the nonlinear dependence ofDEdes

‡ (N) on
the oligomer chain length,N.
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