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Abstract

The desorption kinetics of polyethyleneglycols (PEGS) of varying chain lehytiave been studied on the surface of graphite. The chain
length dependence of tmaEées has been measured for PEGs and compared with thasal&bnes and polyethyleneglycol dimethylethers
(PEG-DMESs) adsorbed on graphite. The short PEGs have hjgﬂégsthan PEG-DMEs of comparable length. More importantly, in the short
chain regime I{ < 30) the A E}\,, of the PEGs are linear in chain length while theZ},, of the n-alkanes and PEG-DMEs are non-linear in
chain length. For long chain lengthd ¥ 30) theAEﬁesof the PEGs become non-linear and approach those of the PEG-DMEs. The differences
between the short chain PEGs andtkelkanes and PEG-DMEs are attributable to the hydroxyl endgroups of the PEGs.
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1. Introduction of a fairly simple potential energy surface with a single re-
action coordinate that describes the motion of the adsorbate
The properties of polymers at a surface or interface are from its adsorbed state into the gas phase. The critical param-
of considerable interest from both a practical and theoreti- eter that describes the desorption kinetics is the desorption
cal point of view because of their fundamental importance barrier,AEfjeg which in transition state theory is the differ-
in numerous technologies including the stabilization of col- ence between the zero-point energies of the adsorbed species
loidal suspensions, adhesion, and tribology. Adsorption and and the transition state to desorption. For desorption of small
desorption are also of relevance to the behavior of polymeric molecules it is often sufficient to think of the surface nor-
lubricants used to protect the surfaces of magnetic storagemal as the reaction coordinate for desorption. Although the
disks and to the dynamics of the detachment of long chain adsorbate—surface interaction potential has many degrees of
molecules from catalyst surfaces. As a result the statics andfreedom in addition to the reaction coordinate for desorp-
dynamics of adsorbed polymers have been the focus of in-tion, for a small polyatomic adsorbate one generally thinks
tense research efforts in recent yefdis In particular, there  of these as contributing to the desorption rate constant only
has been an emphasis on understanding the kinetics of adthrough the partition functions for the adsorbed species and
sorption and desorption of polymer chains as these processeshe transition state to desorption. For desorption of a linear
lead to the formation of an equilibrated adsorbed layer. oligomer, such a description of the system would tend to pre-
The desorption kinetics of small molecules from sur- gjet thata £ should be linear in the chain length. The goal
faces are measured and studied routinely using temperaturgyf this work has been to test this assumption by measuring
programmed desorption (TPD) spectroscopy. Desorption of AEQ‘"; <as a function of chain length for a set of polyethylene

. . ) e
small molecules from surfaces is usually considered in termsglycols (PEGS).
There have been several previous studies which have
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on various surfaces. Zhang and Gellman used temperaturéby exploring the possible effect on oligomer desorption
programmed desorption (TPD) to study the reversible ad- of functional endgroups such as hydroxyl groups. Desorp-
sorption/desorption of a series of straight-chain alcohols tion rates were measured for a set of monodispersed PEGs
(CH3(CH2)N—10H, N=1-5) on the Ag(110) surface and (H(OCH,CH,),OH, n=1-20) adsorbed on graphite at cov-
concluded that theAEées(N) increased incrementally by ~ erages ranging from <0.1 monolayers to many multilayers.
4.6+ 0.4 kd/mol per methylene group in the hydrocarbon The range of chain lengths explored in this work is similar
chain[2]. Millot et al. investigated the desorptionmflkanes ~ to that previously used in our studies of thalkaneg6-8]
(N=4-8) from silicalite crystals using TPD and found that and the PEG-DME9,10]. In all cases the desorption of the
the AEiies(N) also scaled linearly with chain length but in PEGs can be ad(z\quately characterized by a first-order rate
increments of 13.5 kJ/mol per methylene UL The des-  constant and & Ej ¢ that is roughly independent of cover-
orption of n-alkanes K=6-12) from the Au(111) surface age. TPD studies conducted atvarying heating rates for initial
was studied by Wetterer et al. using helium atom reflectivity PEG coverages of1 monolayer have been used to measure
[4]. Their study indicated that ths E (V) increased incre-  their A Ejand pre-exponential factors, independently.
mentally by 6.2t 0.2 kJ/mol per methylene unit. Inthese and  For the PEGs, the\ E.,__scale linearly with chain length up
other such studies the range of alkyl chain lengths has beeno N =28 atoms but non-linearly thereafter. This result is in

limited toN < 121[5]. _ _ _ direct contrast to the results for both th@lkanes and PEG-
Our previous studies of oligomer desorption have used DMEs, whoseAEges are distinctlynon-linearover the full

n-alkanes (G&H2n+2, N=5-60)[6-8] and polyethylenegly-  range of chain lengthd\(=5-60). The differences must be
col dimethylethers (PEG-DMEs, GKDCH,CH2)nOCH, attributable to the interactions between hydroxyl endgroups
n=1-22)[9,10] adsorbed on graphite. These have shown of the PEGs.

conclusively that the values oAEf,es measured using
temperature programmed desorption (TPD) are non-linear
in the chain length and indicate that the desorption process
cannot be thought of in the same simple terms as used to
describe small molecule desorption. In those studies the

2. Experimental

- ) t _ All experiments were conducted in a stainless steel
empirically observed scaling of theEgeswith chainlength jiranigh vacuum (UHV) chamber with a base pressure of
was AEées% a+b+/N. The origin of the non-linearity is  10-° Torr achieved through use of an ion-pump and titanium
the conformational entropy of the chains as they desorb from sublimation pump. TPD experiments were performed using
the surface. One can imagine that an adsorbed oligomeran ABB Extrel Merlin quadrupole mass spectrometer (QMS).
passes through many possible, energetically equivalent con-This instrument has a mass range of 1-500 amu and is capable
figurations on the surface as its structure evolves towards anyof simultaneously monitoring up to five masses as a function
of the many possible and energetically equivalent transition of time during a TPD experiment. In addition, the chamber
states to desorption. In essence, there is a multiplicity of was equipped with a high molecular weight doser used to ex-
energetically equivalent pathways or reaction coordinates pose the surface to compounds with very low vapor pressure.

along which desorption might occur. This multiplicity of The substrate used was a 12 mr2 mmx 2 mm piece of
reaction trajectories has been shown to have a significanthighly oriented pyrolytic graphite (HOPG). Prior to mount-
impact on the desorption kinetis,8,10] ing, the sample was cleaved in air to expose the basal plane.

We have proposed a model for the desorption mecha- The graphite was then mounted on a square piece of tanta-
nism and for the energy and entropy of the conformational Jum foil ~0.25mm thick using electrically conductive sil-
states of ther-alkanes and PEG-DME oligomers adsorbed ver epoxy purchased from the Aremco Co. Two tantalum
on graphitg7,8,10} The model inherently accounts for the wires were spotwelded to the rear of the tantalum foil and
multitude of energetically equivalent trajectories, that an ad- mounted to the end of a manipulator capablexof, and
sorbed oligomer might follow leading to desorption. When z translation and 360rotation. Once mounted the graphite
combined with transition state theory the model can be usedcould be cooled te-120 K through mechanical contact with
to predict the chain length dependence of the measureda liquid nitrogen reservoir at the end of the manipulator. In
AEgeS and accurately explains the observed non-linear de- addition, the graphite substrate could be heated resistively
pendence on chain length for both thalkanes and PEG-  at a constant rate using a computer to provide proportional-
DME oligomers. The fits to the data by the models were derivative temperature control. The temperature of the tanta-
extremely accurate in both cases and suggest that a commolum foil was measured using a chromel-alumel thermocouple
mechanism can be used to describe the detachment processepot-welded to its rear face. The temperature of the graphite
of alkane and PEG-DME oligomers from surfaces. sample was assumed to be that of its tantalum foil mount.

In this work, we report the results of studies of the des-  Monodisperse PEGs (H(OGBH2),OH) with n=1-2
orption kinetics of long chain polyethyleneglycol oligomers were purchased in purities of >98.0% from Aldrich Chemi-
from the surface of graphite. The goal has been to extendcals. Several PEGs with= 3—-6 were purchased from Fluka
the previous work om-alkanes and PEG-DME oligomers Chemicals in purities of >97%. Three relatively monodis-
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perse PEG3(~ 9, 13, 20) each having polydispersities <1.10 do _AEF
were also purchased from Fluka Chemicals. Although the r = — - = kded) = vexp( des) 6 (1)
PEG samples were all nearly monodisperse, each species with

n> 3 required extensive outgassing prior to use to remove \yherer s the desorption rate, the fractional surface cov-

low molecular weight precursors .use'd in their'synthesis. This erage of the adsorbed speciethe time kgesthe desorption
procedure of outgagsmg or purl_f|cat|on consisted of heating rate constant; a pre-exponential factorfordesorptionEges
gletelanpirZ?LTrqierSa%iigg:‘?c?; \ggl flé??_('e(ro\g:; Cum;;lg: the measured desorption barriéthG_ univers_al gas constant,
t0 150°C for H(OCH,CH,)200H. The purities of the com- andT the tgmperature. The §o|lowmg sectlon.s describe the
determination of the and A £ for the PEGs in the length

pounds were further verified by measuring the heats of vapor-
ization directly from multilayer desorption peaks observed in "aN9¢ HOCHCH,OH to H(OCHCHz)200H adsorbed on

their TPD spectra and comparing these measurements Withgraphlte.
values reported in the literature.

Prior to each set of TPD experiments conducted with a 3.1. Evaluation of PEG purity
given PEG, the graphite sample was heated in vacuum to
~1200K to induce the desorption of any adsorbed contami- Prior to any detailed analysis of the kinetics of PEG des-
nants. Surface cleanliness of the graphite sample has beeRrPtion it is necessary to ascertain that the techniques for
assumed based on observations made in previous studieftroduction of the PEGs into the UHV chamber do allow
[11,12] In addition, desorption spectra were highly repro- adsorption of a pure, uncontaminated film on the graphite
ducible indicating that no contamination of the surface oc- surface. This has been done by measuring the multilayer des-
curred due to adsorbate decomposition. The desorption peak'Ption energiesa Efud, and comparing them to published
for submonolayer coverages of heptaneHgs) were used values of the heats of vaporizatiofHyap. Fig. 1shows the
to assess the reproducibility of the spectra. During a normal TPD spectra of H(OCEKCH2)3OH for different coverages
TPD experiment using heptane, the peak desorption temperJnma”y adsorbed on the gl’aphite surface at 120K. The TPD
ature was consistently found to be 211 K and the width of the SPectra were generated by using the QMS to monitor the sig-
desorption peak was <7 K. nal atm/q=45 (GHsO") during heating. Several additional

The PEGs were introduced into the vacuum chamber us-
ing a high molecular weight doser consisting of a heated Multilayer
glass vial mounted at the end of a 50 cm long by 2cm di- Desorption
ameter dosing tubfr]. During dosing the end of the colli- %
mating tube was positioned directly in front of the graphite R/
sample. Deposition of the PEGs with< 6 was performed
with the bulk phase maintained at room temperature in the
glass vial. Deposition of the bulk PEGs witl=9, 13, and
20 was performed by heating their bulk phases t6®0
80°C, and 100C, respectively. No decomposition of the
PEGsis expected atthe outgassing or deposition temperatures
choser[13].

TPD studies were performed by cooling the graphite sam-
ple in UHV to ~120 K and exposing its surface to vapor of
the PEGs. Following adsorption of the PEGs on the graphite
surface, the substrate was positioned approximately 2cm
from an aperture leading to the QMS and heated at a con-
stant rate to the temperatures necessary to induce the desorp-
tion of all adsorbed species. During heating, the QMS was
used to monitor the desorption rate of the adsorbed PEGs
and any decomposition products, if present. In all cases, =
adsorption of the PEGs was both molecular and reversible 200 220 240 260 280 300
with no indication of decomposition during heating and Temperature (K)
desorption.

Monolayer
Desorption

Desorption Rate (a.u.)

Fig. 1. TPD spectra of H{OCHCH,)3OH adsorbed at various coverages on

the graphite surface at 120 K. The desorption pedl at 263 K is assigned

to desorption of the H(OCFCH,)sOH monolayer. The desorption feature

at T, ~ 239K is assigned to desorption of H{O@EH,)30H multilayers.

. . The monolayer desorption temperature is a function of coverage and indi-
The rate of a first-order desorption process from a surface cate attractive interactions between adsorbates. The spectra were generated

is expressed as monitoring the signal at/q =45 (GHs0"). The heating rate wgs= 2 K/s.

3. Results



70 A.J. Gellman et al. / Journal of Molecular Catalysis A: Chemical 228 (2005) 67-75

mass-to-charge ratios were monitored includinig=59, 73 16 =
and 89 to detect desorption of any decomposition products,
if present. The desorption signals at thegq ratios all oc- 15
curred at the same temperatures suggesting that they are due
to desorption of the same molecule and that there is no decom- L
position of the H{OCHCH,)30H on graphite during heating. -
No decomposition of any of the PEGs studied was observed ™" = 80.3 kd/imole
on the graphite surface during heating. 12 4
At the lowest coverage, H(OCIEH,)30H desorbs over
a relatively narrow temperature rangAT~ 7K at half- "3 114
height) and achieves a maximum rate of desorption at =
Tp=251K, as shown ifFig. 1L As the PEG exposure to the ~ ~ 107
surface is increased, the desorption peak increases in inten- "
sity and shifts in temperature 1@ = 263 K. This shift and the
shape of the peak are distinctive of either a zero-order process g
or attractive interactions between the adsorbed molecules.
Given that the desorption process is molecular it seems most 7
likely that it should be describable as a first-order desorp- -
tion with attractive interactions between adsorbed species. 51 7 7 : I X

As the monolayer state approaches saturation, a second des-
orption feature grows in atp~ 239K (shifting to 249K
at the maximum exposure) which arises from multilayer

1000/T (K™

. Fig. 2. Arrhenius representation of the TPD spectrum for H(@CH,)3OH
desorption. o _ _ measured at highest coverage. A line has been fit to the leading edge
The heat of vaporizationpHyap, has been used in this  of the multilayer desorption feature and shows that HhETU for

study as a basis for establishing the effectiveness of the tech-H(OCH;CHz)30H is 80.3+ 3.2 kJ/mol. "

nigues used to purify the PEGs. This analysis has been es-

pecially important for evaluating the purities of those PEGs ~ The dependence of the desorption spectra on
that were supplied in polydisperse form. Thélyap of the H(OCH,CH)3sOH coverage shown previously iRig. 1

PEGs withn <5 were determined using the relation diSpIayS characteristics that are common to all of the PEGs
studied. In general terms both the monolayer and multilayer

d In(r) AE{,“eLfS" 5 peak desorption temperatur@y, increase with the number

d(1/7) = R @ of ethoxy units,n, in the backbone of the PEG oligomer.
This is shown in more detail ifrig. 3 which illustrates the

to measure the multilayer desorption enelzgyzg“elgt, by us- TPD spectra measured for each of the PEGs for an initial

ing the leading edge of the multilayer desorption peak at coverage of roughly one monolayer. Thgof the monolayer
highest coverage shown iRig. 1 The values ofAEg‘e“SIt is observed to vary from 235 K for HOGIEH,OH to 645 K
should be close to the valuestfyapof the PEGs. Asanex-  for H{OCH,CHy)20OH. The T, measured for the PEGs
ample, the data for the desorption of the H(OCHH,)30OH havingn < 6 were observed to increase by roughly 10-20K
multilayer are presented irig. 2 and reveal thanEg"e‘fS“ = upon increasing the coverages from <0.1 monolayer to near
80.3 £ 3.2kJ/mol. This is consistent with the value of monolayer saturation. This coverage dependence of the

AHyap=79.2+ 7.9 kJ/mole for H{OCHCH;)30H reported Tp disappears for the longer chain PEG oligomers, with

by Pedley et al[14]. H(OCH,;CH)130H showing only a 1K increase in thg,
The values ofA Ed’“eusIt were determined for the PEGs with  with increasing coverage.
n<5. The AETU" of the PEGs witn > 6 were not deter-

mined because the exposures needed to generate multilayerable 1 _ _
films were too highTabIe 1summarizes the multilayer des- Multilayer peak desorption temperaturég,‘“", the corresponding desorp-
orption temperatures observed for the PEGSAI@‘”“ de- tion energiesAEg“e”S", and the reported heats of vaporizatioitlyap, for the
. . . €s PEGs withn=1-5
termined for the PEGs used in this study and the values of

their AHyap reported in the literaturgl4]. The agreement Ethﬁ"‘?’;e oxide  7g"" (K) 'Eflki?sulf)edAEH‘e‘;'t AHygp (kd/mol)
. units (, mo

between the&E[,“““ for the PEGs witm < 5 and the values

es . ; " ; 230 58.1+ 2.1 61.9+ 6.3
of AHyap reported in the literature indicates that the puri- 237 6294 2.8 57315 g4
fied PEG samples were free of any low mass contaminants.; 249 8034+ 3.2 79 21 7 g4
The correlation between tMEg“e“s“ and theAHy,p for the 4 256 95.6+ 3.8 98.7+10.04
PEGs withn < 5, suggests that our technique of purification 5 285 110.7+ 5.5 119.8

should be sufficient to purify the higher molecular weight 2 Estimates based on a linear extrapolation of the published data for PEGs
PEGs. with n< 4.
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P ) Fig. 4. TPD spectra of H{OC}H2)sOH measured at variable heating rates

(B=0.2-5KI/s) for initial coverages of approximately one monolayer. The
monolayer desorption temperatures increase with increasing heating rate.
The spectra were generated using a mass spectrometer to monitor the signal
atm/g=45 (GHs0") during heating. The inset s a plot of Bi(l'pz) vs. 1Ty

for the desorption of H{OCKCH,)sOH from the graphite surface. The slope

of the linear fit has been used to estimateA:hEéesfor H(OCH;CH,)sOH

from graphite.

Fig. 3. TPD spectra of the PEGs studied following the adsorption of approx-
imately one monolayer on the graphite surface at 120 K. Both the desorption
peak temperaturdy,, and peak width increase with increasing chain length.
All spectra were generated by monitoring the signals/gt= 45 (G;HsO")
during heating ag=2KI/s.

3.2. Measurement oiEfjesand v for PEGs from
graphite

measured using the QMS to monitor the signaiméd =45

The fact that adsorption and desorption of the PEGs on N :
graphite appears to be molecular and reversible suggests thatC2Hs0"). The H(OCH.CHz)sOH monolayer desorbed with
maximum rate &afp = 332 K when the graphite surface was

their TPD spectra may be analyzed using a simple Redhea eated a3 =0.2K/s. As the heating rate was increased in

method to gl\:_e ?;Ja?t|tati\ge v\;;\\/luis of bt?]th m;EdeSand the d subsequent experiments, the desorption peaks intensified and
pre-exponen '? a_LC or [15]. We have, there ore., MeasSUred - shifted to higher temperatures. TPD experiments using a heat-
bothv and A E s independently for the PEGs in an effort g rate of 5 K/s induced desorption of the H(OgEH,)sOH

to accurately analyze their desorption kinetics from graphite. monolayer aff, = 355 K.

We pre;sent below two methods used to determine both Analysis of the heating rate dependence of the peak des-
andA Egesfrom the TPD spectra. Sectidnz. 1describes the  orption temperature can be used to determirend A E}
analysis of desorption data using a simple Redhead method;ngependently. As shown in the insetfif. 4, TPD data pre-
while Section3.2.2focuses on obtaining the kinetic param-  ganted in the form Inf/ T2) versus 1T, yields a straight line
eters through fitting of the TPD spectra to simulated spectra,, hose slope yields a vglue NE. —1290+58 kJ/mol
obtained by numericalintegration of the desorption rate equa- ¢, H(OCH,CHy)sOH. Fig. 4and (ijtessinset qualitatively illus-

tion. trate the desorption behavior of all the PEGs studied using
o variable heating rate TPD experiments. With mg@es of

3.2.1. Desorption kinetic parameters from Redhead the PEGs measured using the variable heating rate method, it

analysis is possible to determine the pre-exponential factors for des-

We have measured bothand AEf,esindependently for  orption for each PEG. The pre-exponential factors for des-
PEG desorption from graphite in an effort to accurately ana- orption, v, may be estimated using Redhead’s equati&i
lyze their desorption kinetics. TPD spectra were recorded for for first-order kinetics
the PEGs at various heating ratgsand initial coverages of
approximately one monolayer. The heating rates used in each BA El AEL
set of experiments varied frofi= 0.2-5 K/sFig. 4illustrates V= RTgeS ( R;“) ©))
the variable heating rate TPD spectra for H(QCH,)sOH p p
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Table 2
Desorption barriersAEées(kJ/mol), the pre-exponential factons(s~1), and the intermolecular interaction parameterspr PEG desorption from graphite
determined from Redhead analysis of variable heating rate TPD and by fitting @f)Eg both variable heating rate and variable coverage TPD data.

Ethoxy units () Redhead analysis of variable Fitting to variable heating rate TPD Fitting to variable coverage TPD
heating rate TPD
log10(v) N logio(v)  AEL,  « AEL, «
1 155+1.4 714+6.2 164 733 —0.028 750 —0.025
2 17.3+0.3 820+1.6 176 814 —0.028 833 —0.032
3 187+0.9 943+4.3 183 929 —0.026 906 —0.030
4 187+0.8 1058+4.5 183 1019 —0.015 1009 —0.020
5 184+04 1163+2.7 178 1156 —-0.015 1122 —0.023
6 187+0.9 1290+5.8 186 1343 —0.010 1325 —0.014
9 191+0.7 1622+5.8 202 1859 0.072 1823 0.081
13 192+1.3 1996+ 13.1 194 2045 0.081 2045 0.072
20 ND 24272 ND ND ND ND ND

ND = not determined.
a Calculated value based @i = 645K andv=10"88s1,

where T, depends on the heating ratg. The pre- simulated spectra obtained from E¢) are shown irFig. 5
exponent for H{OCHCH,)sOH desorption from graphite is  for heating rates op=0.2-5K/s and are indicative of the
p=108.7+£095-1 fits obtained for the TPD spectra of the remaining PEG

Values ofv andAEéeshave been measured using Redhead oligomers. The free parameters for H(O&EH,),OH as-
analysis of variable heating rate TPD spectra for the PEGSsumed final values of = 107651, AEE —814 kJ/mol,

. _ . des™
with n=1-13. Columns 2 and 3 diable 2list the values of 4 — (028 The values of, AE(ijeg anda determined

v andAEéesdet_erm_ined_from the Redhead analysis for all of py fitting the variable heating rate TPD spectra for the PEGs
the PEGs studied in this work. Note that the value dfas  are listed in columns 4-6 dFable 2 Comparison with the
not been determined for HLOGBH,)20OH as the exposures
needed to generate a full monolayer were too high. The value

of AE_for H(OCH,;CHy)200H reported ifTable Zhas been

des
calculated using the Redhead equation and a pre-exponential

factor of v =10'88s1 (the average value offor the PEGs

values forv and AEgeSdetermined through Redhead anal-
ysis shows that the two methods yield fairly similar re-

withn>2) gnd the peak desorption temperaturgof 645 K e—
observed in the TPD spectra. Rate
3.2.2. Desorption kinetic parameters determined by e
simulation

In addition to using the Redhead analysis, a second ap-
proach was used to obtain values foland AEf,es of the 5 2Kis
PEGs using both variable coverage and variable heating rate <
TPD experiments. This approach involved fitting the experi- 5
mental TPD spectra with simulated spectra generated using né 1Kls
the following expression for the desorption rate. '%_

i &

r= vexp(W) 0 (4) & 0.5 Kis

The variablex is a parameter that quantifies the fraction of
the AEéeSthat is attributable to intermolecular interactions. x14.2 .
The fitting procedure used AEfjeS, andax as free parameters ’
that were allowed to vary to optimize the fit. We will present —
the results of fitting the TPD spectra obtained with variable 200 225 250 275 300

heating rates first and then the results of fitting the spectra Temperature (K)

obtained at different initial coverages.

The set of TPD spectra obtained at varying heating F|g._5.'TPDspectraofH(OCiCHg)ZOHmeasqredatvanableheatmgrates
(solid line) and the results of a least squares fit to the data using a first-order

rates for a given PEG ollgomer W?"e fit S'mUItaneOUSIy desorption rate constant (dashed line). The free parameters allowed to vary
to determine the best values of AE;,, anda for each during the course of the fitting were found to have values 076571,

molecule. The TPD spectra of H(OGBH,)2,OH and the AE}os=814kymol, anda = —0.028.
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sults. The fact that the interaction parametersfor the results, we will for the purposes of further discussion use the
PEGs with chain length < 6 are all negative indicates some values OfAEges andv listed in columns 2 and 3 ofable 2
weak attractive interactions between the adsorbed PEGs andhat were obtained using the Redhead analysis.

is consistent with both the peak shapes and the small in-

creases in the peak desorption temperatures as coverage

increases. 4. Discussion

The TPD spectra recorded at varying coverages and using
a constant heating rate gf= 2 K/s for each PEG were also fit The goal of the work presented in this paper has been
to the first-order desorption rate equation showf#iinFixed to measure the chain length dependence of the kinetic pa-
heating rate desorption spectra do not deCOﬂFﬂ%esandv rameters for PEG desorption in order to make comparisons

sothe value of has been fixed atits value determined through With the results of previous studies usimgalkanes and
fitting of the variable heating rate spectra. As such, only the PEG-DMEs. For thos$ molecules we have observed that the
AEéeg anda were allowed to vary as free parameters during Mmeasured values @ £, are non-linear in the chain length,

N. Furthermore, they can be modeled quite effectively as

fitting. Fig. 6displays the fits of the simulated spectra to the ) _ _ _
TPD spectra of HOCHKCH,),OH for coverages in the range chains of identical, independent segments that attach and de-
0.20-1.0 monolayers and qualitatively illustrates the accu- {@Ch reversibly to and from the surface in a complex process
' . i that ultimately leads to desorption. That model accounts
racy of the fits for the remaining PEGs. Thet . anda for ) ; S : !
i for the energies and entropies of the chains in their various
H(OCH,CH,),OH assume values ot £, = 83.3kJ/mol stages of partial detachment and quantitatively reproduces

ande:= __0'032’ respectlvel%/. Columns 7 and 8'adble 2 the observed non-linearity in the measured vaIueSEﬁes
summarize the values df £y and« found for the PEGS  1he difference between the PEGs and the PEG-DMEs (or
by fitting to the variable coverage TPD data. The important n-alkanes) is that they have polar hydroxyl endgroups that
point is thatA £, for the PEGs determined through fitting  can interact through hydrogen bonding with one another. The
to either the variable heating rate TPD or the variable cov- work presented here probes the influence of such endgroups
erage TPD data are very similar and are very close to the on the oligomer desorption kinetics and ultimately will serve
values determined from the Redhead analysis of the TPDas the basis for the inclusion of such endgroup effects into
spectra obtained with variable heating rates. Given that all our previously developed model for the kinetics of oligomer
three analyses of the PEG desorption spectra yield consistentiesorption.

4.1. Chain length dependenceof

The pre-exponents to PEG desorption listed in column
2 of Table 2 are plotted against the PEG chain length,
1.0 ML N=3n+1, in Fig. 7. For the short PEGs the value ofin-
creases with chain length until at a length M&10 the
values reach a plateau af,g=10'88£085-1 The differ-
ence between this and the results obtained previously is
that for then-alkanes and PEG-DMEs the pre-exponents do
T not show any measurable chain length dependence. Their
pre-exponents areayg= 1005571 for the n-alkanes
and vayg= 108807571 for the PEG-DMEs. These very
0.30 ML high values of the desorption pre-exponent for all the
long oligomers are quite surprising but have been observed
consistently in studies of the desorption of many alkanes
and organics from the graphite surface. In fact, the the-
ory developed for understanding the chain length depen-

0.20 ML dence ofAEfjes does not account adequately for the fact
that the pre-exponents far-alkane and PEG-DME des-
200 225 250 275 300 orption are independent of chain length,8,16] On the
Temperature (K) basis of that theory one would expect that the measured
desorption pre-exponents should increase for short chains
Fig. 6. TPD spectra of H(OC4€H).OH measured at variable coverages  and then decrease for the longer chain oligomers. Although

and a constant heating rate®f 2 K/s (solid line) and the results of a least the data for the PEGs does show an increase in the des-
squares fit to the data using a first-order desorption rate constant (dashed . ) . .
line). The value ofy was fixed at 1876s~1 (seeTable 9 and the free pa- orption pre-exponents for the short chains, it plateaus at

rameters determined from the fitting were found ta\i), . = 83.3kJ/mol values close to those observed for the longlkanes and
ande=0.032. PEG-DMEs.

Coverage

0.82 ML

Desorption Rate (a.u.)

0.25 ML
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Fig. 7. Pre-exponential factons,of the first-order desorption rate constants, Fig. 8. Desorption barriers&Eﬁeg of the PEGs from graphite as a function

kaes Of the PEGS as a function of chain length. The values wkre cal- of chain length. The solid line is the empirical curve representing the values
culated using a Redhead analysis of the variable heating rate TPD spectra. g P P g

i ; f
The pre-exponential factors for the PEGs with 1 and 2 are significantly of the AE¢e, found for the PEG-DMEs on graphif@ 8]. The AE g, are
lower than those of the remaining molecules. The valuesa® indepen- linear in chain length forithe PEGs with chain lengths lower tias 30
dent of chain length for the PEGs witt> 2 and have an average value of ~andare higher than the£ g for the corresponding PEG-DMEs. For longer
Vavg= 10!88+085-1 chain lengths the values eﬁEéeSfor the PEGs become non-linear in chain

length and approach those of the corresponding PEG-DMEs.
4.2. Chain length dependenceADEi

des
range fromN =5-60, it is clear that tha EX __for the PEGs

1 ; des
The AEges0f the PEGS have been determined from TPD arelinear in chain length folN < 28 but varynon-linearly

studies using varying heating rates for constant initial PEG ) i t
coverages of approximately one monolayer and using vari- (N€reafter. In the short chain length regime g, of the

able coverage TPD data obtained at a single heating rate. Thé ECGS €xceed those of the PEG-DMEs. This is not surpris-
primary aim of the work has been to determine the effect of Ing given the presence of the polar, hydroxyl endgroups on

chain length omEL  For the purposes of this analysis the the PEGs. What is somewhat surprising is the fact that the

; des ] ) endgroups somehow modify the chain length dependence of
values of theA E g, reported will be those determined by the the AEiﬁeS As the chain length increases the influence of the

Redhead analysis and listed in column 3rable 2

The chain length of the PEGs used in this study are de-
notedN=3n+1 and give the number of C and O atoms in
the chain. The chain lengths explored in this work range from . t
N=4(HOCH,CH,OH)toN =61 (H{(OCHCHy)200H). This the chain length dependence of theEd?sfor the PEGs ap- .
representation of the data for the PEGs allows a comparisonP€'S to become non-linear and begins to follow the chain

of the chain length dependenceztsﬂ'ii for the PEGs with length dependence of the PEG-DMEs.

des

those of the PEG-DMESN= 6-69)[9,10] investigated over The origin of the non-linear dependence of e, of
similar ranges of chain lengths. then-alkanes and the PEG-DMEs on graphite is the configu-

The chain length dependence of méfges measured for rational entropy of the molecules in the adsorbed state. If the

the PEGs on graphite is significantly different from that ob- Zstg?heenést(;){haensﬂ:?;crgei:('ih(;h:(ljnssgtf: da;;Z atlr:(:r??)r\:\(lae\:veoﬁ::j
served for then-alkanes and the PEG-DMEBEig. 8illus- '

heAEE of th id circl function of expect theAEgesto scale linearly with chain length. At finite
trates theA By, of the PEGS (solid circles) as a function o temperatures, however, the segments of the chain are able to

the chain length. For comparison purposes the Si°|'d line " attach and detach from the surface independently. As a conse-
shows the empirical fit to the observed valuesiaf ;. of quence, the average energy of the molecules in the adsorbed

the PEG-DMEs. Whereas theE’.__of the PEG-DMEs (and  state,(Eaq), is higher than that of the fully attached chain. As

des
the n-alkanes) are non-linear in chain length over the entire the temperature increases towards the desorption temperature

endgroups ought to diminish and as illustratedFig. 8 the

values ofAEf,eSfor the PEGs approach those of the PEG-
DMEs. Furthermore, once the chain length readdes30
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agreater fraction of the chains are detached from the surface g, the PEGs. the measured values\d:  scale linearly

. . des
The net effect is that the me_asured valuex(ﬂ‘éesls reduced with chain length up to values di=~ 30 and non-linearly
and falls below the desorption energy that one would expect hareafter. In contrast, thﬁEées of the n-alkanes and the
to observe for the fully attached chain. PEG-DMEs, which do not have functional endgroups, scale

The fact that thea Ej,, for the PEGs scale linearly for non-linearly with chain length through the ranije= 5-60.
chain lengths up tdN~ 30 suggests that the short PEG e suggest that the effect of the endgroups in the PEGs may
oligomers are constrained to lie flat and fully attached to pe to constrain their chains to lie flat against the surface to
the surface up to the temperatures at which they desorb. Al-higher temperatures than for the PEG-DMEs.
though no detailed model is being proposed at this point, it
is possible that intermolecular hydrogen bonding between
chain ends serves to constrain the PEGs to lie flat againstacknowledgements
the surfaces. In order for internal segments to detach from
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