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

Kris R. Paserba and Andrew J. Gellman?®
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 oh-alkanes from the surface of single crystalline graphite. Desorption rates were
measured using a set of 21 monodisperseglkanes (GHoy 4 2,5<N=<60) each adsorbed at
coverages in the range0.1 to >1 monolayers. Desorption is observed to be a first-order process
with a desorption barrier AEf.) that is independent of coverage. The pre-exponential of the
desorption rate constant is independent of the oligomer chain length and has a value of
=10'9605571 We also find that\Ef,.;has a nonlinear dependence on chain length and takes the
empirical form AEj.=a+bN”, with the exponent having a value of=0.50+0.01. 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 dependencetdf,. AE}is given by the difference

in energy between the gas phasalkane and the conformation of the adsorimealkane 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 Physic§DOI: 10.1063/1.1398574

LIST OF SYMBOLS from those of their bulk phasés:! Theories describing the
AEc:ﬁes desorption energy changes in material properties upon adsorption suggest that
N chain length adsorption energies can be sufficient to overcome the loss of
ab constants in empirical fit configurational entropy associated with adsorption and thus
n number of detached segments alter the conformation of the molecules from that observed in
r rate of desorption the bulk phase. The resulting structures of the adsorbed spe-
0,,0 oligomer coverages cies typically show a high degree of orientational and posi-
Ky equilibrium constants for oligomer detachment tional order. In recent years much scientific research into the
An free energies of species with detached segments properties of adsorbed macromolecules has focused on un-
ky-1  rate constant for oligomer desorption derstanding basic properties such as film thickness, coverage,
Af energy to get last segment from surface and segment density distribution in the near-surface
E energy of desorption transition state region?~* The results of these studies provide a compre-
E, energy of species with detached segments

hensive description of adsorbed polymer layers under equi-
librium conditions.

In many situations adsorbed polymers and macromol-
ecules do not reach an equilibrium state. The understanding
of adsorbed polymers under conditions that are far from
equilibrium is an important problem but one that has re-
ceived considerably less attention than the study of equilib-
. INTRODUCTION rium properties. For example, the kinetics of order—disorder

The molecular structure and dynamics of macromolecuiransitions within adsorbed polymer films have a significant
lar films adsorbed on surfaces are of fundamental importandépact on phenomena such as polymer evaporation or de-
to numerous technologies, including polymer flooding in en-sorption from surfaces. This is important in determining the
hanced oil recovery, lubricant coatings on magnetic storageate of evaporative loss of lubricants from the surfaces of
disks, chromatographic separation, and protein adsorption amagnetic storage media, a process which generally leads to a
the surfaces of implanfsThe study of polymers interacting substantial decrease in wear durability. The design of me-
with solid substrates is also of fundamental interest sincghanical components for satellites requires knowledge of the
these films represent examples of two-dimensional mattefate of lubricant evaporation into the vacuum of space. As a
whose physical and chemical properties differ significantlyfinal example the final step in the mechanism of Fischer—
Tropsch synthesis of high molecular weight hydrocarbons is
dAuthor to whom correspondence should be addressed. their desorption from the catalyst surface. All of these repre-

04,0, partition functions
sum over equilibrium constants
S, entropy of species withh detached segments
a intermolecular interaction parameter
y exponent in empirical fit
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sent examples of oligomer desorption processes from suconformations when adsorbed on a surface. Any deviation
faces. from the alltrans structures observed in the room tempera-
In this report we focus on understanding the kinetics andure STM images oih-alkanes would tend to cause a de-
mechanism of the complex process by which oligomeric speerease inA Ef;es as a result of the displacement of the meth-
cies desorb from surfaces. The dynamics of oligomer desorpdene groups away from the surface. In other words, if long
tion from surfaces has been studied by measuring the desorphain oligomers adopt less ordered structures on a surface,
tion kinetics ofn-alkanes (GHon: 2, N=5 to 60 from the AEﬁeS(N) would not scale linearly with chain length. Such
basal plane of single crystalline graphite into vacuum. Condisorder has been observed in variable temperature STM im-
siderable progress has been made in the last 30 years &ges of long chaim-alkanes adsorbed on graphite which
understandingn-alkane adsorption on graphite. Their ad- indicate that a multitude of conformations may be adopted at
sorption isotherms from solution have been measdradd ~ elevated surface temperatures. Askadskaya and?Rabed
the molecular structure of crystallinealkane monolayers a variable temperature STM to image monolayer coverages
adsorbed from solution at room temperature has been invesf C,,Hs, and G,Hgg 0n graphite in air. High-resolution im-
tigated using scanning tunneling microscof§TM).15=21  ages of each monolayer were obtained at 297, 303, 313, and
These experiments suggest that over a considerable range 38 K. At 297 K, highly ordered lamellae of thealkanes
coverages n-alkanes adsorb in densely packed mono-were observed with their carbon atoms in antedhs con-
layers'®2?2with their carbon atoms in an aitansconforma-  formation and their molecular backbone parallel to the sur-
tion and their molecular backbone parallel to the surface. Théace. Heating to 303 K induced a small dynamic roughening
n-alkanes that have been imaged have had chain lengtles the lamellae. Further heating to 313 K caused a continuing
ranging from GgHysg to CigeH3g5 @and the observation of all- increase in roughness, however, the spacing between the
trans structures in each case indicates that the conformatiomolecules within the lamella remained essentially constant.
at low temperatures is not dependent on molecular size. ThiSinally at 318 K no molecular structure was observed for the
suggests that the barrier to desorptiArEﬁes(N), might vary  n-alkanes on graphite. Upon cooling, the lamellae assumed
linearly with chain lengthN. In this work we have shown their original structures, indicating the reversible nature of
that AE}.(N) for n-alkanes depends nonlinearly dhand the disordering observed with the STM. The fundamentally
demonstrate that this nonlinearity can be attributed to conimportant result of that work is that substrate temperature
formational disorder that occurs during heating. will affect the conformations of adsorbed oligomers by caus-
The description of the desorption of a long flexible mol- ing deviations from the alirans configurations observed at
ecule from a surface must take into consideration the fadow temperaturé®-2
that the molecular structure has many degrees of freedom Thermally induced disorder and conformational defects
that provide many energetically equivalent trajectories leadin n-alkane monolayers on graphite have also been investi-
ing to desorption. One such trajectory might be the simultagated by Bucheret al?” STM images were recorded for
neous detachment of all segments from the surface. In thi€,gHsg and G, Hgg at 281 and 300 K, respectively. At 281 K
hypothetical process)EX.{N) would be proportional to the the monolayers of each molecule formed lamellar structures
number of monomers or chain length. There have been sewith the molecules in an atkans conformation, as previ-
eral previous studies which have investigated the effects obusly reported. In an effort to investigate the thermal disor-
chain length on the desorption kinetics of alkyl alcohols anddering of these monolayers, Buchefral. utilized a quench
simple alkanes adsorbed on various surfaces. Zhang ardchnique whereby the graphite substrate was heated to a
Gellman used temperature programmed desorgfié™D) to  temperature near the bulk melting point of the adsorbed
study the reversible adsorption of a series of straight-chaim-alkane and then rapidly cooled at a rate of 200 K/min to a
alcohols[CH;(CH,)n_10OH, N=1 to 5] on the Ag110 sur-  final temperature of 283 K. This rapid quenching allowed
face and concluded thatE;.(N) increased incrementally “frozen-in” structures of the high temperature phase to be
by 4.6+ 0.4 kd/mole per methylene group in the hydrocarbonimaged using the STM. During these experiments, the mono-
chain? Millot et al.investigated the desorption pfalkanes layers of GgHsg and G,Hgg ON the graphite surface were
(N=4 to 8 from silicalite crystals using TPD and found that heated to 346 and 342 K, respectively. The choice of tem-
AEfﬁe;N) also scaled linearly with chain length but in incre- peratures was made so as to allow study of the conforma-
ments of 13.5 kJ/mole per methylene WifThe desorption tional disorder that occurs at temperatures both slightly be-
of n-alkanes N=6 to 12 from the AU11l) surface was low (CsHge) and slightly above (GHsg) the bulk melting
studied by Wettereet al. using helium atom reflectivitf?  points of then-alkanes. After quenching, STM images were
Their conclusions from this study indicate th?aEﬁe;N) in-  recorded for GgHsg and GyHgg at 279 and 287 K, respec-
creased incrementally by 620.2kJ/mole per methylene tively. In each case, the STM images revealed a significant
unit. In these cases the range of alkyl chain lengths has bedoss of molecular order. The identity of the individual lamel-
limited to N<12. Needless to say, it is not surprising thatlae present in the low temperature equilibrium structure was
over this limited range\ EﬁeS(N) would appear to be linear completely lost in the quenched films as a result of confor-
in chain length. mational disorder. These phenomena are similar to those ob-
The conclusions drawn from the previous studies of oli-served by Askadskaya and Rabe in their stuffiesll the
gomer desorption are limited by the limited range of thevariable temperature STM images of long chakialkanes
alkyl chain lengths. By nature, longer chain molecules posadsorbed on graphite suggest that heating causes displace-
sess more degrees of freedom and therefore more possitieent of methylene groups from the surface and might
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thereby decreaseAEj. relative to that expected for Scales nonlinearly with chain length. Waegal. used dy-

n-alkanes in an altrans conformation. namic Monte Carlo simulations to model the desorption of
Molecular dynamic$MD) simulations have also proved homopolymer chains having lengths Nf=5 to 85 Their

to be a valuable method for investigating the conformation ofnodel of the system was framed in terms of polymer con-

adsorbed molecules. Hansenal?® reported MD simula- figurations consisting of trains of segments in contact with

tions of the melting behavior of £Hes adsorbed on graphite. the surface, separated by loops of detached segments, and

Both the intermolecular and intramolecular potential energiederminated by tails which are also detached from the surface.

per Gy,Hgs molecule were calculated as a function of tem- Their conclusions were that the average I|fet|me,of_an

perature and simultaneously exhibited an inflection point afidsorbed polymer chain on the surface can be described by a

~350 K. This behavior was attributed to the onset of bothPOWer law =N?”); where the exponent has a value pf

intermolecular and intramolecular disorder at the melting=2-5+0.1. More importantly, the average train lenghh, ,

point of the G,Hgs monolayer. To further support this asser- @nd the average number of trains in a chaip, were cal-

tion, the probability that each of the 29 dihedral bondsculated under the conditions of the simulations and revealed

present in a GHgs molecule was in a gauche conformation tNatNy reaches an asymptotic limit of 10 segments for large
was calculated at five temperatures ranging from 250 to 508\ In this limiting case AE for chain detachment would

K. In general the distributions displayed a similar form at all "0 longer increase in proportion b ,
temperatures and were characterized by a constant level of Although the studies detailed above have been informa-
gauche defects in the middle of the molecule with a highefiVé, @ mechanistic and quantitative study of the effect of

number of defects at the chain ends. More importantly, th&hain length on polymer desorption is still needed. This
probability of an internal bond being in a gauche conforma-Study represents the first set of measurements of desorption

tion increased from less than 1% at 250(ikdicating an ~ Kinetics to use a broad enough range of oligomer chain
all-trans structuré to nearly 40% at 500 K. The probabilities '€ngths to allow a quantitative description of the nonlinear
also increased dramatically in the temperature range 3259€Pendence oAEgeson chain length. Desorption rates from

375 K, a finding that is consistent with the inflection point of graphite were measured using temperature programmed de-

350 K observed in the intermolecular and intramolecular poSCTPtion(TPD) for a series of 2h-alkanes ranging in length

tential energies of GHge As with the studies mentioned TOM CsHiz 10 CeoHizp. Desorption is observed to be a first-

. i . .
above, this work provides conclusive evidence that substraf@lder process with & Ege that is roughly independent of
temperature is expected to alter the conformation of adSoverage. The pre-exponent of the desorption rate constant

_ 9.6+£0.5o-1 P
sorbed molecules and thereby Chatztgﬁﬁes. was measured to be= 10" s - and is independent of

The detachment of a polymer chain from a surface hathen-alkane oligomer chain length. The desorption energy
also been investigated theoretically by Haepal2® Their does not scale linearly with chain length and takes the em-

studies involved predicting force-extension profiles mealirical form AEja+bN? with the exponent having a
sured using an atomic force microscoyFM) tip to pullan ~ value of y=0.50+0.01. More interestingly we have been
isolated polymer molecule from a weakly adsorbing surface?Pl€ t0 propose a mechanism for the desorption process and
under differing rates of extension. The model used consisteft M0de! for the energy and the entropy of the oligomers on
of an ideal or Gaussian chain of monomers some fraction off€ Surface that provides an extremely good quantitative fit to
which adsorb on a surface with a characteristic adsorptioff®¢ observed chain length dependence\&c,. These re-

energy ofsRT. Each of these contacts separates the polyme?“'ts reveal that conformational entropy plays a significant
into a series of loops and tails. The AFM tip is allowed to role in determining the desorption kinetics of oligomers from

contact a loop or tail and extend it some distance orthogonaitrfaces.

to the surface while simultaneously measuring the force

needed for this process. In order to Qetach a chain from thﬁ_ EXPERIMENT

surface, all of the monomers contacting the surface must be

released. At fast extension rates, the theoretical force profile All experiments were conducted in a stainless steel ul-

(i.e., force versus extension distahcesembles a sawtooth trahigh vacuum(UHV) chamber with a base pressure of

structure with the discontinuities resulting from the detach-10"° Torr achieved through use of an ion-pump and titanium

ment of individual contact points separating the pulled loopsublimation pump. TPD experiments were performed using

from an adjacent loop. The maximum force at each sawtootan ABB Extrel Merlin quadrupole mass spectrometer

represents the detachment force, which decreases with [06MS). This instrument has a mass range of 1-500 amu and

of successive monomers. These trends have also been ab-capable of simultaneously monitoring up to five masses as

served in AFM experiments and clearly illustrate that thea function of time during a TPD experiment.

detachment of the adsorbed monomer trains does not occur The substrate used was aX122x 2 mm piece of highly

simultaneously but instead follows a sequential mechanisnoriented pyrolytic graphitdHOPG. Prior to mounting, the

On the basis of these findings it is reasonable to suggest thaample was cleaved in air to expose the basal plane. The

the desorption of polymer molecules from surfaces has graphite was then mounted on a square piece of tantalum foil

AEﬁeSthat does not scale linearly with chain length. ~0.25 mm thick using electrically conductive silver epoxy
Quantitative studies have recently been reported ifAremco Co). Two tantalum wires were spotwelded to the

which the desorption or detachment of homopolymer chaingear of the tantalum foil and mounted to the end of a ma-

from a solid surface has been suggested to ha&Easthat nipulator capable ok, y, andz translation and 360 °C rota-
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tion. Once mounted the graphite could be cooled-i20 K
through mechanical contact with a liquid nitrogen reservoir gt
at the end of the manipulator. In addition, the graphite sub- — valve

strate could be heated resistively at a constant rate using gate gauge ~— graphlite
sample

computer to provide proportional-derivative temperature valve /
1/ mass

control. The temperature of the tantalum foil was measured \ _ T
face. The temperature of the graphite sample was assumed ' J A H spec.

]
T

using a chromel-alumel thermocouple spotwelded to its real
be that of its tantalum foil mount. | / LY\
Prior to each set of TPD experiments conducted with @ gass vial ifear translator %‘ _
givenn-alkane, the graphite sample was heated in vacuum tcwith r-alkane (300 mm) ﬂ d‘t’:t')';g
~1200 K to induce the desorption of any adsorbed contami- toturbo
nants. Surface cleanliness of the graphite sample has bee pump UHV
assumed based on observations made in previous stidfes.
In addition, desorption spectra were highly reproducible, in-

dicating that no contamination of the surface occurred due t6!G. 1. Schematic illustration of the high mass deposition source used in

. . his work. Then-alkane to be deposited onto the graphite substrate is housed
adsorbate decomposmon. The desorptlon peaks for Su@n a glass vial at the end of a linear translator. A dosing tube extends the

monolayer coverages of heptane/kiss) were used to assess ength of the linear translator and may be extended into the UHV chamber
the reproducible nature of the spectra. During a normal TPDluring deposition. The-alkane is vaporized in the glass vial using a heating
experiment using heptane the desorption temperature wareket and the_vapor travels the length of the dosing tube to be adsorbed
. . onto the graphite substrate.
consistently found to be 211 K and the width of the desorp-
tion peak was<7 K.
A set of n-alkanes (GH,n.2, N=5, 6, 7, 8, 10, 12, 14,
16, 18, 20, 22, 24, 26, 44, BWere purchased having purities into the UHV chamber and positioned directly in front of the
of >98% from Aldrich Chemicals. Acros Chemicals sup- substrate. The vapor of the adsorbate travels from the glass
plied n-alkanes N=28, 32, 36, 4D in purities of >97%. vial down the length of the stainless steel tube and is depos-
Fluka Chemicals provided-alkanes N=48, 56 with puri- ited onto the substrate which is held-af20 K.
ties of >97%. All compounds purchased in liquid form were Within the UHV chamber the graphite substrate was po-
purified through a series of freeze—pump—thaw cycles desitioned to face either the stainless steel dosing tubes from
signed to remove any high vapor pressure contaminantshe leak valves or the stainless steel dosing tube from the
Compounds purchased in solid form were purified by heatindiigh mass deposition source. TPD studies were performed by
the sample in a glass vial under vacuum fet2 h at tem-  cooling the graphite sample in UHV to120 K and expos-
peratures ranging from 6Q@for C;gH;g) to 280°C (for  ing its surface to vapor of the-alkanes. Following adsorp-
CeoH129) . The purity of the compounds was further verified tion of the n-alkanes on the graphite surface, the substrate
by measuring the heats of vaporization directly fromwas positioned approximately 2 cm from an aperture leading
multilayer desorption peaks generated in their TPD spectrto the QMS and heated at a constant rate to the temperatures
and comparing these results with values reported in the lithecessary to induce the desorption of all adsorbed species.
erature. These data will be presented in later sections of thiduring heating, the QMS was used to monitor the desorption
report. rate of the adsorbed-alkanes and any decomposition prod-
Exposure of the graphite surface to thelkanes with  ucts if present. In all cases, adsorption of thalkanes was
carbon numbeN =12 was performed using leak valves fitted both molecular and reversible with no indication of decom-
with stainless steel dosing tubes to introduce alkane vapgdposition.
into the UHV chamber. Introducing vapor of tmealkanes
with N> 12 required alternate methods. One of the features
of th_e higher molecula_r weight-alkanes that prevents intro- ||| rResuLTs
duction of their vapor into the UHV chamber through a leak
valve is that they exhibit very low vapor pressures even at The rate of a first-order desorption process from a sur-
high temperatures. Vapor pressures of thakanes withN face is expressed as
> 26 are expected to be on the order of 0orr or less at
100 °C3*34 This was the reason for the construction of the de AE}..
high mass deposition source shown in Fig. 1. Tirakane to r=—gi - ko=v-exgq - 70
be used as an adsorbate is housed in a glass vial and coupled
to a stainless-steel tube enclosed in a linear translation unitvherer is the desorption ratef is the fractional surface
The entire deposition source is under vacuum and isolatedoverage of the adsorbed speciksis the desorption rate
from the main UHV chamber by a gate valve. A heatingconstant,v is a pre-exponential factor for desorptior]nE§es
jacket(Glascol Co) with a maximum temperature of 450 °C is the desorption barrieR is the universal gas constant, and
is used to heat the bulk adsorbate to the temperature neceb-s temperature. The following sections describe the deter-
sary to induce its vaporization. During dosing the linearmination of the values o¥ and AE?jes for n-alkanes in the
translation unit allows the stainless steel tube to be extendddngth range ¢H,, through GgH;,, adsorbed on graphite.

@
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Multilayer C,gHsg on graphite during heating. No decomposition of any
Desorption | of then-alkanes studied was observed on the graphite surface
: during heating.

I At the lowest coverage, §gHsg desorbs over a relatively

| narrow temperature range and achieves a maximum rate of
: desorption at 481 K as shown in Fig. 2. As thalkane

| exposure to the surface is increased, the desorption peak in-
! creases in intensity and shifts to slightly higher temperatures.
: Monolayer At highest coverage the,gHsg monolayer desorbs at 485 K.

| Desorption As the n-alkane exposure is further increased a second de-
| : .
I
I
1
1
I
I
I
I
I
1
I
I

e

sorption feature grows in at344 K which indicates the
onset of multilayer desorption. This low temperature desorp-
tion feature continues to grow with increasing coverage and
displays zero-order kinetics. Upon furtheialkane exposure
T =485K I to the graphite surface, a third desorption feature grows in at
~334 K that also is characteristic of multilayer desorption.

Increasing This double peak structure observed in the multilayer de-
Surface Coverage sorption of GgHsg is consistently observed for all the longer
chain n-alkanes. Although its origin is not known it is pos-
NS sible that this is due to desorption from the second and then
P T o the thirdn-alkane layers on the graphite surface.

The heat of vaporizationdH,,, has been used in this
study as a basis for establishing the effectiveness of the tech-
Temperature (K) niques used to purify the alkanes. The valueAd,,, for

C,gHsg has been determined using the relation
FIG. 2. TPD spectra of £§gHsg adsorbed at various coverages on the graph-
ite surface at 120 K. The desorption peak centered at 485 K is assigned to

Desorption Rate (a.u.)

J y T T T ' T ' 1
200 300 400 500 600 700

desorption of the gHsg monolayer. The desorption features at 334 and 344 dinr AEmUIt

. . . des
K are assigned to desorption obdElss multilayers. The monolayer desorp- == (2)
tion temperature is independent of coverage and indicates a first-order de- d(a/m) R
sorption process with a coverage—indepenﬁﬁﬁes. The spectra were gen-
erated using a mass spectrometer to monitor the signalmég . . mult
=57 (GH{). The heating rate was 2 KIs. to measure the desorption energy for the multilaydt .,

by using the leading edge of the multilayer desorption peak

which exhibits zero-order desorption kineti¢sE " should

be close to the heat of bulk vaporizatiahit,,,, of CygHsg.
The data for the desorption of thegdElsg multilayer are pre-
sented in Fig. 3 and reveal thAETY" of CygHsg is 153.8
*+1.5kJ/mole. This is consistent with theH, ., of CygHsg
Prior to any detailed analysis of the kinetics of alkanereported in the literature using various experimental tech-
desorption it is necessary to ascertain that the desorption proiques. Piacentet al. conducted both Knudsen effusion and
cess is indeed first-order and describable by &g. The torsion effusion studies on gHsg and determined thAH,,,
order of the desorption reaction atdE? of the n-alkanes  to be 156.6 27.7 kd/mole and 151:23.8 kJ/mole from each
on graphite have been measured by performing TPD experimeasurement, respectivélyTranspiration studies of fHxg
ments using a constant heating rgge,of 2 K/s and initial  conducted by Grenier-Loustalet al. indicated a heat of va-
n-alkane coverages ranging from submonolayers to manporization of roughly 157.69.4 kJ/mole® Chirico et al.
multilayers. Figure 2 shows the TPD spectra gfHsg for ~ found theAH,,, for C,gHsg to be 150.72.9 kd/mole using
different coverages initially adsorbed on the graphite surfacénclined piston measuremenits.The agreement between
at 120 K. Deposition of GHsg was performed by heating the AETY for CygHsg in this work and the values akH,,, re-
bulk phase to 110 °C in the high molecular weight doser. Ngported in the literature indicates that the purifiedgttg
decomposition of GHsg is expected at this temperature sample is free of any low mass contaminafsisch as short-
based on reports indicating a bulk decomposition temperaechain n-alkanes possibly used in their synthgsigsing a
ture of 400 °C for then-alkanes?>*® The TPD spectra were similar procedure, theAH,,, of eachn-alkane used was
generated by using the QMS to monitor the signahg evaluated and compared with values reported in the litera-
=57 (CHg) during heating. Several additional mass-to-ture. Table | summarizes the multilayer desorption tempera-
charge ratios were monitored includimyq=71 (GH;,), tures observed for the-alkanes withN=32 as well as
m/q=85 (GH1y), andm/q=99 (GH;y to detect the de- AE[e determined in this study and theH,,, reported in
sorption of any decomposition products if present. The dethe literature. Values of&E[,“e“;‘ for the n-alkanes withN
sorption signals at thege/q ratios all occurred at the same >32 were not determined since the exposures needed to gen-
temperatures suggesting that they are all due to desorption efate the multilayer films on the graphite surface were too
the same molecule and that there is no decomposition of thieigh.

A. Evaluation of reaction order for  n-alkane desorption
from graphite
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13 < TABLE |. Multilayer peak desorption temperatures for thelkanes and
their corresponding desorption energiaﬁg";;‘. Two multilayer desorption
J features(a and B peak$ are observed for the-alkanes withN=18 and
their desorption temperatures are reported gand Tﬁ. The purity of the
12 4 n-alkanes has been ascertained by comparing the measured vaAIE§.ff
OO&Q%& with the AH,,, reported in the literature. NAnot applicable NDB-not
1 5@6 o % . determined.
11 - ° "i Chain MeasuredA ET! AHyap
° ¥ length,N Tg (K) Tff (K) (kJ/mole (kJ/mole
. . . &ZX 5 133 NA 24.2-3.3 26.4(Ref. 40
Lo mult 6 143 NA 31.2£0.2 31.5(Ref. 40
= 104 o &% LE . =153.8 kd/mole 7 154 NA 38.2:0.4 36.6(Ref. 40
- A 8 171 NA 46.2:0.2 41.6(Ref. 40
E & 3 10 193 NA 52.4-0.2 51.4(Ref. 40
éf K 12 224 NA 59.6-0.7 61.5(Ref. 40
o1 K 14 239 NA 70.3-0.6 71.7(Ref. 40
’ v 16 258 NA 74.8:0.5 81.4(Ref. 40
= #, 18 213 218 90.40.6 91.4(Ref. 40
% 20 288 294 108.1x1.5 101.8(Ref. 40
8 %Q%OOO@WQ&R%%?@O& 22 298 307 118325 120.1(Ref. 37
24 315 321 132215 134.8(Ref. 37
J 26 322 332 128.43.3 146.1(Ref. 37
28 334 344 153815 151.2(Ref. 37
7 . | ; | | 32 353 363 182.41.9 190.1(Ref. 41
0.0026 0.0028 0.0030 0.0032 0.0034 0.0036 36 370 382 ND 212.6Ref. 41
40 388 399 ND 235.1Ref. 4)
1T (K™ 44 413 ND ND 257.6Ref. 41
48 430 ND ND 280.2Ref. 4)
FIG. 3. Arrhenius representation of the TPD spectrum fgg; measured 56 456 ND ND 325.2Ref. 4]
at highest coverage. A line has been fit to the leading edge of the multilayer 60 467 ND ND 347.7Ref. 4)
desorption feature and measures m&g“;s“ for CygHsg to be 153.8
+1.5kJ/mole.

desorb from the graphite surface with first-order, coverage
independent kinetics.

The dependence of the desorption spectranaikane
coverage is similar for all of the-alkanes studied. In general B- Measurement of AE., and » for n-alkanes
terms both the monolayer and multilayer peak desorptiofffom graphite
temperaturesT,, increase with chain lengthN. In all cases TPD experiments performed with a constant heating rate
the desorption temperature of the monolayer is nearly indeand variable coverages ofalkanes on graphite have shown
pendent of ther-alkane coverage indicating that the desorp-that the desorption kinetics of this system may be repre-
tion process is first-order and that there is little coverag&ented by a simple first-order expression. As a first approxi-
dependence to the desorption barri®Ef,... The change in  mation, the pre-exponential factar, shown in Eq.(1) gen-
T, in the submonolayer regime varied from a minimum of erally assumes a value of & based on conventional
0.5 K for CggH12,t0 @ maximum 67 K for CsHy,. The small  transition state theoi? However, past studies indicate that
change in thd, of then-alkanes at these coverages indicateshis approximation is not always valid for first-order desorp-
that there is very little coverage dependent interaction betion processeg_MThese data suggest that an experimental
tween the adsorbed molecules. Attractive interactions are oltetermination of the pre-exponential factors is required for
served for then-alkanes withN<<16 but are not significant the accurate analysis of the kinetics governing the desorption
enough to justify an analysis other than the use of a simplef molecules from surfaces. We present below two methods
first-order rate expression. This is consistent with the analyysed to determine both and AEﬁes from the TPD spectra.
sis of n-alkane (N=5 to 10 desorption from metal surfaces Section Il B 1 describes the analysis of desorption data using
such as C(100.“"** The dependence of peak shape anda simple Redhead meth88while Sec. Il1B2 focuses on
peak position on factors such as coverage ofrttadkanes  obtaining the kinetic parameters through fitting of the TPD
resembled that of a simple first-order desorption process igpectra to simulated spectra obtained by numerical integra-
both studies on G100. The T, increased by~4 K when  tjon of the desorption equation.
increasing the coverage from 25 to 100% of a monol&er.
This result indicates that little interaction occurs between thel- Desorption kinetic parameters determined
n-alkane molecules. The interactions that were observed af®’ Redhead analysis
attractive and at monolayer saturation their magnitude was With the details above in mind we have measured hoth
roughly 2% that ofAEj. on the C{100 surface. On the and AEj., independently for a subset of ninealkanes
basis of these studies and the observations made thus far (€yH,n. 2, N=7, 12, 24, 26, 28, 36, 40, and Wi an effort
the current work it is reasonable to suggest thattadkanes to accurately interpret their desorption kinetics from graph-
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FIG. 5. Pre-exponential factors, of the first-order desorption rate con-
FIG. 4. TPD spectra of gH,, measured at varying heating ratg® for stantsk, for then-alkanes of varying chain lengttNE 7 to 44. The values
initial coverages of approximately one monolayer. Heating rates varyingdf v were calculated using a Redhead analysis from the TPD spectra mea-
from 0.1 to 5 K/s were used to desorb thgld,, monolayer. The monolayer sured at varying heating rate8£ 0.1 to 5 K/9. The pre-exponential factors
desorption temperatures increase with increasing heating rate. The spectange from 18 to 10°°s™! and are significantly greater thakgT/h
were generated using a mass spectrometer to monitor the sigmalgat ~10"s™. The value of logf) is nearly independent of chain length.
=57 (GHg) during heating. The inset is a plot of yBI(I'S) vs 1T, for the
desorption of GgH7, from the graphite surface. The slope of the linear fit

: : : . . .
has been used to estimate the e, for Cyef, from graphite. periments were calculated in a similar manner to that out-

lined above.

ite. TPD spectra were recorded for thealkanes at various With AEjeof the n-alkanes measured, it is possible to
heating rates, using initial coverages of approximately one €valuate the pre-exponential factors for desorption for each
monolayer. The heating rates used in each set of experimenfisalkane studied using variable heating rate TPD experi-
varied from 0.1 K/s to 5 K/s. Figure 4 illustrates the variablements. The pre-exponential factors for desorptigmay be
heating rate TPD spectra fors{,, generated by using the €stimated using Redhead'’s equatfofor first-order kinetics
QMS to monitor the signal at/q=57 (CHg). The GgH74 BAE} AEE
. . . des des

monolayer desorbs with a maximum rate from the graphite v= RT2 xp( RT )
surface afT,=524 K when the substrate was heated at 0.1 p P
K/s. As the heating rate was increased in subsequent expewithereT, depends on the heating rgéeAs indicated by Eq.
ments, the desorption peaks intensified and shifted to high&B), a pre-exponential factor for desorption may be calculated
temperatures. TPD experiments using a heating rate of 5 Kist each heating rate. Figure 5 illustrates the averaged pre-
induced desorption of thegH;, monolayer afl ;=568 K. exponential factors as a function of chain lendthfor each

Analysis of the heating rate dependence of the peak des-alkane studied using variable heating TPD experiments.
sorption temperature can be used to determirmmd AEj,;  Note that they-axis is displayed in the form of log). The
independently. TPD data presented in the fomﬁﬁﬁﬁ) ver-  fundamentally important result is that the pre-exponential
sus 1T, should yield a line with a slope equal to factors for desorption afi-alkanes from graphite assume val-
—AE}.JR.“® Shown in the inset to Fig. 4 is a plot of ues in the range #8-10?°s %, as opposed to the value of
In(,B/Tf)) versus 1T ,, whereT, is dependent on the heating 103s ! that is commonly assumed in analysis of TPD spec-
rate, 8. A linear regression performed on the data in the insetra. In addition, the value of is roughly independent of the
of Fig. 4 indicates thatAEj.—211.5-6.9kd/mole for chain length with an average value of,—10'505s2,
CsgH74 Figure 4 and its inset qualitatively illustrate the de- The values of bothv and AEj, for the n-alkanes studied
sorption behavior for all the-alkanes studied using variable using variable heating rate TPD experiments will be com-
heating rate TPD experiments. Valuesidnd AE,. for the  pared with values obtained by fitting to simulated TPD spec-
othern-alkanes studied using variable heating rate TPD exira as outlined below in the next section.

()
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Experiment TABLE II. Desorption barriersAE},., and the pre-exponential factors,
~~~~~~~~ Simulation of then-alkanes determined from both a Redhead analysis and by simulation
variable heating rate TPD data.
Chain AEf AE%
p=5KI/s length,N log(v)? log(»)® (kJ/mole? (kJ/mole®
7 18.7+0.3 18.8 76.41.0 76.4
12 20.3:0.3 19.1 116.61.5 109.9
_ _ 24 19.6:0.8 19.3 171.36.3 175.4
3 - p=2Kis 26 19.0-0.6 18.4 174.35.0 170.4
~ 28 20.1:0.3 18.8 191.23.0 182.9
% 32 19.3:0.8 18.7 200.x8.2 200.4
< x5 36 19.1+0.7 18.7 211.56.9 215.3
g e B=1Klis 40 19.9+0.7 19.3 233.87.8 237.8
s 44 19.0:0.6 20.3 235.26.8 266.9
e
8 8Calculated using a Redhead analysis of variable heating rate TPD data.
Q PCalculated through a least squares minimization of the variable heating rate
o x10 p=0.5Kis g a 9
TPD data.
p=0.2Kis =215.3kJ/mole, and:=0.052. For comparison, the values
) of v and AE}, determined from both the simulation and the
Redhead methods are given in Table Il for all nmelkanes
T T T T T T T T T i T M 1

100 200 300 400 500 60O 700 800 900 studied using variable heating rate TPD. The data presented
in Table Il illustrate that the pre-exponential factors deter-
mined through fitting assume values that are approximately
FIG. 6. Fits of simulated desorption spectra to the TPD spectra recorded ft0°~10°s™* and are independent of the chain length. The

CaeHz4 at varying heating ratesg=0.2 to 5 K/9. The solid lines represent  gverage pre-exponential factor calculated through fitting was
the measured TPD spectra while the dashed lines indicate the simulatgg) nd to ber.. =10'91%651 and is similar in magnitude to
avi

spectra. The free parameters used in the minimization were found to hav, 1 ~9.650.5 . —1
values ofAE%,=215.3 k/mole,v=10""s"%, and a=0.052. BothAEZ,, the value ¢a,=10" s %) found through the Redhead

and are of the same magnitude as those calculated using a Redhead ana§falysis.

sis of the TPD data. The significant conclusion from the data presented in
Table Il is that a single averaged pre-exponential factor may
be used with confidence to model the desorption kinetics for

2. Desorption kinetic parameters determined all of the n-alkanes studied. The fact that the desorption pre-

by simulation exponent is independent of chain length,suggests that its

In addition to using the Redhead analysis, a second agligh value is due to a degree of freedom common to all of
proach was used to obtain values for the pre-exponential fadl€ n-alkanes such as center of mass translation in the tran-
tors, », and the desorption barrier EX., of the nine sition state. The independence of .the .desorpt|on pre-
n-alkanes studied using variable heating rate TPD experi€XPonent orN has also been observed in prior work. Hand-

ments. This approach involved fitting the TPD spectra toscNuhetal. used TPD to study the desorption kinetics of
spectra simulated using the following expression for the de€thylene glycol and polyethylene glycol oligomers from a

Temperature (K)

sorption rate: silica surfacé’® Desorption spectra were obtained for oligo-
mers ranging in molecular weight from 62 to 35000 g/mole.

AEgeél— ab) Although the high molecular weight polyethylene glycols de-
r=v-exp— RT ' ) composed during heating, desorption of oligomers having

molecular weights<600 g/mole desorption was observed to
be both molecular and reversible and was characterized by
first-order kinetics. The pre-exponential factors for desorp-
tion of the low mass polyethylene glycol oligomers were
found to be independent of chain length with an average

The variable« is an intermolecular interaction parameter.
The value of«a is positive for repulsive interactions and
negative for attractive interactions. A modified version of
Powell's method for minimization was used to fit spectra
generated by integrating E¢d) with the experimental TPD value on the order of=10'3s"1. This observation further

‘o firti $
spectra. This fitting procedure usedAEqge, :_;m(_jaas frge validates our observation that a single averaged pre-
parameters that were allowed to vary to optimize the fit. The

. exponential factor may be used to model the desorption ki-
TPD spectra recorded at all heatllng rates forrealkane netics of all of then-alkanes used in our study.
were fit simultaneously to determine the best values,of
AEﬁeS, anda for each molecule. The TPD spectra of8+4
and the simulated spectra obtained from &g.are shown in
Fig. 6 for heating rates g8=0.2—5 K/s and are indicative of The desorption barriers fall of the n-alkanes must be
the fits obtained for the TPD spectra of the remaining eightalculated and compared to one another in order to gain in-
n-alkanes analyzed in this manner. The free parameters faight into the role that chain length and conformational en-
CsH7s assumed final values ofv=10'%7s7, AE, tropy plays in determining their desorption kinetics. We

C. Desorption barriers for n-alkanes on graphite
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728K TABLE Ill. The values of AE for n-alkanes on graphite obtained by
i analysis of the peak desorption temperatures and by fitting of the TPD
x,/'\ﬁ C H spectra. Column four lists the values of the intermolecular interaction pa-
6o 122 rameter determined from fitting of the spectra to E).
_—/\ C56H114
- CHy Chain Interaction
T Cuoy length, N AE} (kJ/mole®  AE}. (kJmole®  parameterg®
- cH 5 65.0-2.4 60.7 ~0.0003
S CoH. 6 73.6:2.6 69.0 —0.0001
& C”HGB 7 81.5+2.8 78.2 0.0006
8 Cstsa 8 88.2£2.9 83.1 0.0006
g SN C,H,, 26 54 10 100.9:3.2 95.6 0.0004
c N CH,, 12 114.8-3.6 108.0 —0.0003
o A\ C H 14 124.7338 119.7 —0.0001
2 R 16 134.3-4.1 128.9 0.0012
S AN cH® 18 146.7-4.3 142.1 0.017
b AN C H 167 20 156.2-4.6 150.5 0.014
o N coH 22 166.2-4.8 163.8 0.020
cH 24 174.2-4.9 168.8 0.019
AN Cﬂi-l 2 26 182.3:5.1 177.9 0.033
AN Can 28 190.7#5.4 187.0 0.043
AN C7H1s 32 205.5-5.8 202.0 0.041
- o 36 219.6-6.0 215.3 0.041
! 5 12 40 232.9:6.4 228.6 0.052
164K 44 246.2-6.6 241.1 0.046
T T T T T T T gl 48 256.76.9 253.6 0.055
100 200 300 400 500 600 700 800 900 56 280.5-7.5 277.7 0.060
60 289.0:7.7 289.3 0.078

Temperature (K)

) ) . &Calculated using a Redhead analysis of variable coverage TPD data with
FIG. 7. TPD spectra of alh-alkanes studied following adsorption of ap- B=2 KIs.

proximately one monolayer on the graphite surface at 120 K. Both thexcyicjated through a least squares minimization of variable coverage TPD
desorption peak temperature and peak width increase with increasing Cha”aata.

length. The peak desorption temperatures of aaatkane have been used

to estimate their barriers to desorptiahE}... All spectra were generated

using a mass spectrometer to monitor the signals at eithég t t
=57 (CHg) or m/q=71(GH;) during heating. The heating rate was 2 AEdes_ v F{ _ AEdes)

: ==
K/s in all cases. RTp B RTp

®)

and a pre-exponential factor of=10'"6s% Although
present below two different approaches used to obtain thag’ . were previously determined for several of the
desorption barriers for all of the-alkanes on graphite. Sec- n-alkanes through a Redhead analysis of the variable heating
tion 111 C 1 will detail a Redhead analysis of the TPD spectrarate TPD experiment$Sec. Il B 1), those are not signifi-
for all the n-alkanes to determine their desorption barriers,cantly different fromAEﬁes calculated using the averaged
AEj. Section 111 C 2 will discuss a fitting of the TPD spec- pre-exponential factor of #8%s%, differing by at most 7%.
tra for then-alkanes to obtain both thekE} .and intermo-  This study focuses on the dependenceAE";ﬁes on N so we

lecular interaction parameters, rely on AEZ calculated by using the peak desorption tem-
_ _ peratures measured for a heating rate of 2 KWE},. are
1. AEj.s obtained by Redhead analysis listed in Table Ill. The values oAE} increase monotoni-
AEgeS of all 21 n-alkanes studied on graphite were de- Ca”y with the chain Iength, but as will be shown below the

termined using a Redhead analysis of the TPD spectra ol§lependence on chain length is nonlinear.

tained at a constant heating rate of 2 K/s for varying initial

coverages. The monolayer desorption peak temperatures &f Fitting of desorption spectra to obtain desorption

eachn-alkane were used to evaluate thaiE% . The de- barriers

sorption spectra of the-alkanes indicated very little interac- In addition to using the Redhead methdds} for the

tion between adsorbed molecules even at coverages ap-alkanes on graphite have also been estimated by fitting the

proaching one monolayer. Figure 7 shows TPD spectrdPD spectra measured at a constant heating rate of 2 K/s to

obtained for each of the-alkanes adsorbed on graphite at anspectra simulated using E¢4) with varying values of the

initial coverage of approximately one monolayer. This figurefitting parameters Ef,esand a. In a procedure similar to that

reveals that the-alkanes desorb over a broad range of tem-outlined in Sec. 1lIB 2, the TPD spectra data obtained for

peratures but each has a fairly narrow, well-defined desorpeachn-alkane at all submonolayer coverages were fit simul-

tion peak and that the peak desorption temperatures increatmeously. Since the fixed heating rate desorption spectra do

monotonically with chain length\. not decoupleAE}. and v the value ofv has been fixed
The AEﬁes of the n-alkanes from the graphite surface constant av=10'"1s™%, the average value of this parameter

have been estimated using Redhead’s equititor first-  determined by fitting of the variable heating rate TPD spectra

order desorption in Sec. llIB2. Figure 8 displays the fits of the simulated
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Temperature (K) FIG. 9. Desorption barriersAE},., of the n-alkanes from graphite as a

function of chain lengthN. The desorption barriers reported have been
FIG. 8. Fits of simulated desorption spectra to the TPD spectra recorded fatalculated using a Redhead analysis of the TPD data measured at a constant
C,gHsg at a constant heating rate of 2 K/s for varying initial coverages. Theheating rate of 2 K/s. These data clearly indicate that the desorption barrier
solid lines represent the measured TPD spectra while the dashed lines ind$ nonlinear in then-alkane chain length. The dashed line represents the
cate the simulated spectra. The pre-exponential factor was held constant msults of fitting a power-law to the data of the fofEj.=a+bN?, with
y=10"%1g7? during the fit. The free parameters used in the fit were found tothe parameters taking on valuesaf — 29+ 4 kJ/mole,b=42+2 and an
have values oA Ef.=187.0 kd/mole and'=0.043.AE}  were observed to  exponent ofy=0.50+0.01.
be of the same magnitude as those calculated via a Redhead analysis of the
TPD data.

TPD spectra measured using a constant heating rate of 2 K/s
spectra to the TPD spectra obdflsg for coverages in the and varying initial coverages. Both methods yield roughly
range 0.39-1.0 monolayers and qualitatively illustrates thghe same results foAE} but the fitting method has the
accuracy of the fits for the remaining-alkanes. The free added value of providing some insight into the magnitude of
parameters Eje. and  of CpgHsg assumed values of 187.0 the intermolecular interaction parameters. We have chosen to
kd/mole and 0.043, respectively. More importanfifée.for  investigate the effects of chain length @rE?. using the
the n-alkanes determined through both the Redhead analysigata from the Redhead analysis presented in Sec. Il C1.
and the fitting method are of the same magmtude and vary biigure 9 illustratesh E,. of the n-alkanes on graphite as a
a maximum of~7%. Table Il summarizes\Ege, for the function of the chain lengthyl. This figure clearly illustrates
n-alkanes as determined by both of these methods in addltlomat the re|at|onsh|p betweek]EdeS andN is nonlinear over
to providing the intermolecular interaction parameterfor  the range of chain lengths explored in this work. As a first
each molecule. It should be pOlntEd out that an exact Con'lapproach to the ana|ys|s of the nonlinear dependence of
parison cannot be made between the Va|UeA|5§es deter-  AE}_ on chain length we. have fit the data to a power law
mined by the two methods. Note thAE(,,of then-alkanes  expression of the form\E¥,—a+bN?. The reason for in-
determined from a Redhead analysis are average values medgding the offseta, rather than using pure power law scal-
sured at the peak desorption temperatligg, where the cov-  jng («N?) is that the ends of the molecules are unlikely to
erage is roughly one-half its initial value. In contra8€f.s  have the same interaction with the surface as the chain seg-
determined from fitting of the TPD spectra are measured ifnents in the interior of the molecule. At the low end of the
the limit of zero coverage. The differences in the values ofange ofn-alkanes that we have used this will certainly be a
AE¢,, measured by both methods are minor becal&ge;  significant contribution ta\E_. and the offseta, is a cor-

are fairly independent of coverage. rection for that effect. The fitting parameters found A€},
, R dependence on chain length ase=—29+4 kJ/mole, b
3. Chain length dependence of = AE g =42+2 and the exponent ig=0.50+0.01. The fit to the

The AE}, for the n-alkanes on graphite have been de-data is shown as the solid line in Fig. 9 and reproduces the
termined using both a Redhead analysis and by fitting oflata extremely well. It is interesting to note that the extrapo-
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lation of the expression foA Eges yields a value of 13 kJ/ detachment of a polymer into a melt. The detachment rate
mole forAEgesof methane from graphite which is extremely from a strongly interacting surface in this case was observed
close to the well-determined experimental value of 12.2 kJto scale adN*2.%* The system studied in this work, however,
mole for the heat of adsorption of methane on graphite. is quite different from those described or studied in the past
This close comparison may be fortuitous since the extrapoin that we are measuring the barrier to desorptidE .,
lated value ofA Ezes: 30 kJ/mole for ethane does not match into an infinitely dilute solution rather than a melt. The origin
as closely with the experimental, although less well-of the scaling behavior that we observe remains something of
determined, value of 17.2 kJ/mole for the heat of adsorptior@ mystery but is nevertheless intriguing. The remainder of
of ethane on graphi@_ Nonetheless the fit foN=5 to 60 this paper describes a model which captures the curvature of
reproduces the data extremely well. As a final point of com-AE§.{N) without explicitly addressing the origin of the
parison, a power-law fit to the values &fE).(N) deter- scaling parametery.
mined through simulation of the TPD specfi®ec. IlIC2 In order to describe the dependenceAd s on N ob-
gave fitting parameters oi=—25+5 kJ/mole,b=36+3, served in our experiments we have chosen to model the sys-
and y=0.53+0.01. This fit also reproduced the data ex-tem using transition state theory as the basis for describing
tremely well and the values of the fitting parameters werghe desorption rate constant. Our analysis of this behavior
found to be nearly identical to those determined from therequires a description of the mechanism by which desorption
power-law fit to the values (ﬁEﬁe;N) found from the Red- occurs and a model for the interaction energy and entropy of
head analysis of the TPD spectra. the chains on the surface. The desorption mechanism will be
In view of the fact that there are many room temperaturedescribed in Sec. IV A. The interactions, energetics, and en-
images of then-alkanes on graphite which show that thesetropy of the oligomers are dependent on their configuration
molecules lie in a straight, aftans configurations on the on the surface. These interactions are given in terms of seg-
surface, it is extremely interesting thAEE . do not scale mental parameters such as the segment-surface interaction
linearly in chain length. The implication is that at the desorp-energy and are described in Sec. IV B. The description of the
tion temperature, configurational entropy in either the initialdesorption mechanism and the oligomer-surface interaction
state or the transition state to desorption decreases the namte then combined in Sec. IVC to predict the observed
AE} for the longer chain oligomers. The fact thatE}.. AEX.(N) using the microscopic segment-surface interaction
—a) scales ad\”? is also intriguing. It should be noted that energies as fitting parameters.
a true power-law representation of m@,ﬁeg versus logh)
yields a curve with a slope of 0.65 Bit=5 that tends to 0.55
atN=60. These results suggest that as a result of configura- The desorption kinetics of small molecules from sur-
tional entropy the number of monomers interacting with thefaces are measured and studied routinely using TPD spec-
surface at the desorption temperature is of the oid¥f  troscopy. Desorption of small molecules from a surface is
rather than\. usually considered in terms of a fairly simple potential en-
ergy surface with a single reaction coordinate that describes
the motion of the adsorbate from its adsorbed state into the
V. DISCUSSION gas phaseAE}.is the difference in the zero-point energy of
The desorption problem described in this paper is verjthe adsorbed species and the energy of a transition state that
similar to that of a polymer interacting with a solid surface lies along the reaction coordinate leading from the adsorp-
but is, of course, a case in which the polymer is of shorition well into vacuum. Although the adsorbate-surface inter-
chain length. In language commonly used to describe polyaction potential has many degrees of freedom in addition to
mer adsorption the system described here would be one iie reaction coordinate for desorption, for a polyatomic ad-
which the polymer is desorbing from a strongly interactingsorbate one generally thinks of these as contributing to the
surface(graphite into a poor and infinitely dilute solvent desorption rate constant only through the partition functions
(vacuun). Theoretical descriptions of such systems are usufor the adsorbed species and the transition state to desorp-
ally framed in terms of polymer configurations involving tion. If the adsorbedn-alkanes used in this work were
“trains” of segments in contact with the surface, separatedhought of as rigid rods and desorption were simply transla-
by “loops” of detached segments, and terminated by “tails” tion of the center-of-mass along the surface normal, then this
which are also detached from the surface. As mentioned, a ffimple description would be adequate. However, such a de-
of AE}.{N) shows that it can be described empirically with scription of the system would tend to predict th&Ej.
a function of the forma+bN? wherey=0.50+0.01. Theo- should be linear in the chain lengtN, and that is obviously
ries have predicted that for a polymer of lengttadsorbing  not the case.
from a melt the fraction of adsorbed segments should scale There are many STM images of long straight chain
asNY252-%4This suggests that E,, might also exhibit the n-alkanes adsorbed on the surface of graphite that reveal
same scaling wittN under such conditions. Such theories straight alltransstructures at room temperatufe?*At tem-
and simulations most commonly describe equilibrium prop-peratures above room temperature but below the desorption
erties. Recent simulations, however, have also shown thaémperature such images cannot be obtained because of seg-
dynamic properties such as polymer detachment rate from mental motion and disorder. This indicates that the desorp-
surface might also scale &2 This has been observed in tion of oligomeric species such as thelkanes cannot be
an experiment that measured the friction associated with thénought of as simple motion along a single reaction coordi-

A. Oligomer desorption mechanism
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once the last tether to the surface is broken and the oligomer
is in vacuum it does not return to the surface. The desorption
rate constant is of the form

. AE
N,]_—V'eX _R_T

with the barrier to this last irreversible stepE, being given

by the zero-point energy differences between the species
with n=N-—1 and the transition state to desorptiakkE
=E*—Ey_,. The pre-exponent would be given by transi-
tion state theory as

FIG. 10. Hypothetical conformations adopted byrealkane chain of length
N=28 on the graphite surface. The ground state is one in which-#ikane kBT o

molecule lies in an altrans conformation and has no detached segments V= T )

(n=0). An intermediate state is depicted in which thalkane chain is On-1

adsorbed in a conformation with four of its eight segments detached ( \yhere the partition functions are for the species witAN

=4). The adsorbed state that exists prior to desorption is also depicted and _
is one in which all-but-one of the chain segments is detacimedN— 1 1 detached segmentgy 1, and for all degrees of free

=7). The conformations adopted in each of these states are in equilibriurlOM Of the. transition state other tha}n the desorption COOI‘Qi-
with one another and the relative concentrations of each are related bpate,qs . Finally, the rate of desorption can be expressed in
simple equilibrium constants. terms of 6y_, or, more usefully, the total coverage:,

r=Kn-1-0n-1
nate. One can imagine the oligomer passing through many
possible, energetically equivalent configurations on the sur- _ .0 ~ex;<
face as its structure approaches a number of possible and N-1T0
energetically equivalent transition states to desorption. In es- 1 _AA
sence, there is a multiplicity of energetically equivalent path- =Kn_1- = -exp( ¢) .0
ways or reaction coordinates along which desorption might I RT
occur. This multiplicity of paths must be included within a The summation over the equilibrium constarifs,will al-

model for the desorption process. ways be dominated by the term with the minimum free en-
Consider the adsorbed oligomers as consistin eg-  ergy, AA ;.

ments each of which can be described as being in either an N_1

attachedor a detachedstate. The segments each attach and F=exy{ —AAmin) 5 exr{ AAmin— AAn)

detach from the surface reversibly and independently. The RT RT

state of a particular molecule will be described by the num-

ber of detached segments,For example, Fig. 10 shows an =ex;{ _AAmin) T ®)

oligomer of lengthN=8 in three states: fully attachea ( RT '

=0), partially detachedn=4), and having all-but-one seg-

ments detachedn=N-1=7). The oligomer coverages in

each of these states are given #)y and the total oligomer

coverage is given by. The rapid and reversible attachment

and detachment of individual segments means that equilib- —AE

rium is established among the species in differing stages dfapp™ V'EXP( RT | ' T’ RT

detachment and the coverages are all related by equilibrium

constantsK,,, as follows: v F<SN1_Smin) -exp{ _(ENl_Emin)_AE)
N An) r RT

R
0n=Knbo=bo- EXP( RT The quantityl’’, defined by Eq(6), is a summation over the

The f i A Il ref dtothe f number of segmentdy, of terms with values<1. Thus for
e Iree energy differencesA, are all referenced to the free the molecules used in this work it can at most take on a value

energy Of, the fully adsorbed state which will hakg="0. equal to the number of segments in the molecule. In reality
For an oligomer of lengtiN the total coverage of adsorbed I'" has values ranging from 1 te10 while the rate constants

speciesg, can be written in terms of the coverage of SpGCieSfor desorption range in value over35 orders of magnitude.

that are fully adsorbedy: More importantlyl"” is quite insensitive to temperature and
N-1 N—1 A, thus the apparent rate constant yields an expression for the
0=, 0,=0p 2>, ex ): 6p-T. measured desorption barrier.
n=0 n=0 RT . . . .

The mechanism described above gives an expression for
The second element of the oligomer desorption mechathe measured desorption barrier of an oligomer Wtkeg-
nism is that the only species that are capable of desorbing atents as the difference between the zero-point energies of
any instant in time are those with just one segment left atthe transition state for desorption and the species with mini-

tached,n=N-—1. This desorption step is irreversible in that mum free energy:

—AAN-1
RT

n=0

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

1 F{ _(AANl_AAmin))
-ex
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AEges(N) =E*—E.;;,=(En_1— Emin) + AE. (7)  C. Oligomer desorption kinetics

At a given temperature the value Bf,;, will be determined Using the model defined above for the desorption

by the number of detached segments in the species Witwechanism and the oIigomer-surfgce Interaction we have
minimum free energyA,..., and must be determined on the compared the predicted and experimental values of the de-

basis of a model which gives the ener@y,, and entropy, sorgti?n barr;_ers ri]n ord?r o -deézrn;ine the abilityh Ofl.the
S,, of the partially detached oligomers. model to predict the nonlinearity &Ej.{N). For each oli-

gomer we determine the number of detached bongs,
which minimizes the free energy

B. Oligomer-surface interaction model AN= E,’:'—TB'S,’:'.

In order to evaluate\ Ef.{N) within the framework of  Note that the temperatures used are the peak desorption tem-
the mechanism described above and in terms of microscopi@eratures,‘rp, which are the temperatures at which the de-
oligomer-surface interaction parameters we must propose gorption barriers were measured. Also note that the value of
model that allows us to calculate the adsorption energy ang! depends on the undetermined paramei&f, Using the
the entropy of the oligomer in each of its possible configu-value of n,;, which minimizes theA) one can predict the
rations on the surface. To begin we define the number ofalue of AE}.(N) using Eq.(7). Note also that the expres-
segments in the-alkanes as the number béndsrather than  sion for AEj{N) includes the second free parameter in the
the number of methylene units or carbon atoms. In othemodel which isAE, the desorption barrier for the last seg-
words the species used in this work haMe-1=4 to 59  ment attached to the surfa¢gig. 10. To be clear it should
segments, wherbl is the number of carbon atoms. Detach- he mentioned here that our predictions mEﬁes(N) have
ment of a segment then is the detachment of a bond from thgeen made in all cases by equating the number of segments
surface. The reason for using this model rather than considp the number of bonds rather than the number of carbon

ering the number of segments to be the number of carboatoms N. This implies that the desorption barrier would now
atoms will become apparent when calculating the number obe given by a modified version of E):

conformations available to a species witlietached bonds. :
The reference energy state of the adsorbed alkanes will AEgedN)=(En_2—Emin) +AE, (7)
be those molecules with no detached segmetys; 0. This

is the state observed for a number of longlkanes adsorbed where the subscripts refer to the number of detached bonds.
on graphite in a straight attans chain at room Finally, this problem can be solved using the two free param-

temperaturd®—2! The energy of a species with of its N etersE® and AE to fit the predicted values afE}(N) to

—1 bonds detached from the surface is given by the expreéhe?l experimentally measured valuesidt o N,)' Figure
sion 11 illustrates a comparison between the experimental values

of AEj.{N) and the theoretical fit drawn with the dashed
E,ﬁ':n-EbS. (8) line. There is an almost exact agreement between the two

o ] and this simple model completely reproduces the nonlinear
In other words, the energy is simply proportional to the NUM-genendence OAEges on chain length. Figure 12 plots the

ber of desorbed segments with the bond-surface interactiovna|ues ofn.;, for eachn-alkane oligomer at its desorption

energy,E®>, being an unknown parameter. _ temperature. Note that the number of detached segments at

The configurational entropy of the partially detached oli-ihe gesorption temperature increases with chain length and
gomer is given by the configurational partition fU”Ct'qﬁ‘” that for the long chains the minimum free energy configura-
through the Boltzmann equation. For an oligomer withf (o has a significant fraction of detached segments at the
its N—1 bonds detached from the surface the configurationajesorption temperature. In looking at this plot it is important
partition function is to realize thathE} (N) scales adN-2-n,;,.
(N—1)! It is important to consider the values of the free param-
qﬁzmsn. eters predicted by the fit of the theoretical values of

' ' AE}.{N) to our experimental data and to decide whether

The first term simply accounts for the number of ways tothese are physically reasonable. First, the predicted value of
detachn of N— 1 bonds from the surface. The second term isthe bond-surface interaction energy &°=8.0kJ/mole/
particular to then-alkanes and accounts for the three rota-bond. It is important to realize that physically this parameter
tional conformations(trans, +gauche and —gauché that ~ may include both interaction with the graphite surface and
can be adopted by each detached C—C bond. This assumi&¢ interactions between adsorbed chains. Previous measure-
that those bonds that are attached to the surface are restrictgtgnts of the interaction of much shorter alcohols and alkanes
to one configuration, presumably thrans configuration ob-  With metals such as A%, Cu,’*** and Af® have yielded
served in scanning tunneling micrographs. Finally, the exvalues in the range 5—6 kJ/mole/gHroup. A recent study
pression for the entropys), of a species in a configuration by Bishopet al. has reported segment-surface interaction en-

with n of N—1 bonds detached is given by ergies of~ 8 kJ/mole/CH group forn-alkanes N=6 to 10

adsorbed on P111).%° The predicted value oAE must also
SR In (N=1)! be explored to ensure that its magnitude is physically reason-
n'(N—1-n)! able. As defined in Sec. IV AAE is the energy needed to

n

+n-In3
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FIG. 12. The number of detached bonds;,, at desorption for the-alkane
oligomers used in this study. The valuesmf;, are the values which have

ireversibly detach the last adsorbed bond from the surfac%'r:"n}':é%';e&efeegfiﬁ:’ Colfeg::; ?:igg:g:ﬁﬁ f’;fctrr;eagﬁzoéﬂg?n" It;:gfhe e
At first glance the predicted value @fE=40kJ/mole may although in a nonlinear fashion. The desorption barrier is given B,
seem high since one would expect it to be of similar magni—=Eg,_,—E,,,+AE and therefore also increases with chain length but with a
tude toEPS. The significance oAE, however, is more com- nonlinear dependence dn

plicated. As used in the expression #E;.(N) in Eq. (7")

it represents an offset to the values &\ ,—Ein). It is . . .
important to keep in mind that the oligomers that we haveThe term E*® is now an additional frge parameter in the
used are far from being infinite polymers and that end effectdn0del and represents the bond—bond interactions among de-
are likely to be observable. In essenkg, the offset to the sorped segments of & Tolecuie. The fit of theoretlcal to ex-
values ofAE}.{N), also accounts for the difference between perimental values oA Ege{N) is, of course, improved by

the bond-surface interaction at either end of the molecule an@IS addition since the model now.con_tains three free param-
the bond-surface interaction in the middi&s. In this sense  Sers: However, the improvement is minor and the magnitude
the value ofAE can be thought of as havir,ig three contribu- of the mean field parameter which represents the interaction
i b_
tions. One contribution is from the interaction of the Iastbetvé?_eﬁntdetafhed bb?\?vds lsdvFryhlocl;Zi _8'007 kJ/mtoerll
remaining bond with the graphite surface expected to be Oﬁi();n 1(y: gfrZ(i:EI*OZf\i) eevi?inin ?hzcloen e;r_]aﬁ’(:r?gogg d 32) €ss
the order ofEPS. The remaining two contributions would be _ des /0 = % g ’
equated to the energy needed over and above thaP%ofo nqt contribute at ‘?‘” ta&Ede;N) .Of the shortn-alkanes. The
desorb each of the two terminal endgroup bonds. In otheP'mary _observations of this fiting are that the model de-
words, the value oA E can be thought of as arising from two spnbed r'}” .Selcs. ng and (Ijv B cltze:;I%/ reNprodLijceﬁ thehiion—
endgroup contributions of roughly 16 kJ/mole each and aA'ne?r N a'; hengt depen ei:ced dedN) (;m t f”lt tlls
energetic interaction of the last remaining bond on the syrhonlinear behavior is primarily due to conformational en-

face of ~8 kd/mole. Each of these contributions is of a plau_tropy_eﬁect_s._ . - .
sible magnitude. Finally, it is worth mentioning the origin of the relatively

; 961 ;

One might imagine that interactions between detacheg"gh value fOL mlks observedh_for Itheh_desorg)oltion r;])re—
segments might favor configurations with many detacheXPonent Obt € adanes on grap .'te' .nt Ii:S) problem the ap-
segments and thus contribute to the nonlinearity ofParent or observed pre-exponent is given by
AE?jes(i\_l). This possibility Was_considered by including a 1 [keT| i Sn—1— Smin
mean-field term in the expression for the energy of species Yapp— 7 | T~ On-1 e R '

with n detached segments: _ )
As mentioned the value df’ does not contribute more than
a factor of 10. The partition functions are those for the spe-

EN=n-EPS+ in(n—1)EPP, (8"
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