RAPID COMMUNICATIONS IN MASS SPECTROMETRY
Rapid Commun. Mass Spectroh2, 1226-1231 (1998)

Ejection of Neutral Molecules from lon-
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PA 16802, USA

Time-of-flight distributions of neutral molecules ejected from various organic surfaces have been measured
subsequent to 8 keV A and H, " ion bombardment. The distributions show that depending on the physical
and chemical nature of the substrate, the neutral molecules have strikingly different desorption profiles. For
CeHe/Ag{111}, at low coverage the GHg molecules eject with energies in the range 0.25-1 eV while at high
coverage most of the molecules desorb with thermal kinetic energies-0.04 eV). At intermediate coverage
two peaks are present in the time-of-flight distribution indicating that two different mechanisms contribute

to the desorption process. For self-assembled monolayers of phenylethanethiol on Au, while a minor ejection
is observed at higher kinetic energy £1 eV) most of the molecules desorb with thermal kinetic energies
(~0.03 eV). Pyrenebutyric acid molecules ejected from monolayer and multilayer samples have kinetic
energies close to 0.2 eV. One ejection mechanism is observed in this case. For tryptophan, most molecules
eject with kinetic energies close to 0.1 eV. In addition, a feature unique to this case is the continuous emission
of molecules from the surface that extends beyond 2Q@s after ion impact. For all the multilayer samples
investigated, a molecular collision cascade in the solid leads to ejection of molecules with kinetic energies in
the range 0.1-0.3 eV(© 1998 John Wiley & Sons, Ltd.
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lon beam induced desorption techniques have found useful In the present study, time-of-flight and energy distribu-
applications in molecular surface characterization of tions of various neutral molecules ejected upon keV ion
organic and biological systems> Of fundamental interest  bombardment of different types of organic surfaces have
is the interaction of ion beams with organic solids and the been investigated. First, benzene/Ag{111} has been em-
mechanisms that lead to molecular desorption. It is well ployed as the simplest molecular adsorbate. BenzegiésfC
known that a collision cascade leads to ejection of atomic exposure was varied to obtain sub-monolayer to multilayer
species in the case of metals and semicondutbv&arious coverage on the Ag substrate. Next, self-assembled mono-
mechanisms have been put forth to describe the process byayers of phenylethanethiol on gold and pyrenebutyric acid
which the primary ion beam dissipates energy into the (PBA) on Al were employed as more complicated systems
molecular solid to lead to the ejection of molecufe¥’ where the molecule is bound to the surface by strong
These include sputtering via a collision cascade and chemical bonds. And finally, we examined the behavior of
momentum transfeY"*"various thermal desorption mech- multilayer samples of PBA on various substrates and solid
anisms®'® and mechanisms involving electronic pro- biological materials such as tryptophan. Each of these
cesseg??! systems exhibit very different behavior, depending on the
Itis important to be able to isolate the contributions of the physical and chemical nature of the system. From this
various mechanisms that lead to molecular desorption. Thecomplex behavior we can begin to propose a more general
type of ejection mechanism proposed is generally deter- approach for predicting and understanding the desorption
mined by the behavior of the relative yields, kinetic energy mechanisms of ion bombarded molecular films.
and angular distribution of the ejected species. Most of the
earlier studies have been performed on desorbed ions rather
than neutral mo!ecules. Interpretation qf ion data is Not v PERIMENTAL
straightforward since the nuclear motion is convoluted with
the ionization process. The apparatus used to measure energy and angle resolved
neutral (EARN) distributions has been described in detail
elsewheré? Briefly, the measurements were performed in
*Correspondence to: N, Winograd, Department of Chemistry, an ultra high vacuum (UHV) chamber with a base pressure
Pennsylvania State University, 184 Materials Research Institute of 3 x 107 2° Torr. A desorption event is initiated by 8 keV

Building, University Park, PA 16802, USA. . _ Ar*/H," ion pulse focused to a 3 mm diameter spot on the
tPermanent address: Department of Chemistry, University of " . .

Missouri. Columbia. MO 65211. surface. A position sensitive microchannel plate (MCP)
$Permanent address: Institute of Physics, Jagellonian University, ul. detector detects the ejected neutral species after multiphoton
Reymonta 4, PL-30059, Krako16, Poland. _ postionization with a 6 ns laser pulse. A 266 nm laser pulse
Contract/grant sponsor: National Science Foundation. obtained from a frequency quadrupled Nd-YAG laser is
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produed from the frequeng doubledoutput of a Nd-YAG
pumpeddyelaser. Thetime-of-flight (TOF) distribuions of
the neutral molecdes are recaded by varying the delay
betwea the ion pulse and the laser pulse. Energy
distribuions are obtaned after coordnate transfornation
of the measured TOF distributions using the appropria¢
massandsurfaceto laserdistane??

Theangk of inciderceof theprimaryion beamis 45° and
the neutal molecdes ejeced normal to the surfaceare
detecedwithin anangularrangeof +20°. Thedistributions
are obtainedafter averagng 100 lasershost at eachdelay
time. The measurerantsare mack under static condtions
andthe primary ion doseis keptbelow 102 iongcm? in all
expeiments.

Sample preparation

Sub-nonolayer to multilayer sample of CeHg/Ag{111}

were prepaed by condensig varying amaunts of benzae
vaporonto a cleanAg{111} crystalcooledto 120 K. The
Ag{111} crystal was cleaned with alternaé cycles of
sputering andanneding at 450°C until sharpLEED spos
wereobtaned. The gaseddissohedin CgHg were removed
by seveal freeze—pumpthaw cycles before dosing. The
benzaevaporwasintroducedinto the UHV chambetusing
a leak valve. The CgHg exposwe was contolled by
monitoring the chamberpressureand the dosing time. All

exposues are reportedin Langmuir units (1 L =1 x 10°°
Torr s) andare uncorectedfor ion gaugesensiivity factor
of 5.823

Selfassembld monolayers (SAM) of phenykthanetiol
were prepaed by immersing vapor depositedgold sub-
straesin 30mm soluions of phenylehanethol in ethanol
Thegold substréeswerekeptin thesoluion for atleastfive
days and were thenrinsedin ethanolbefore introduction
into the UHV chanber.

Thetryptophansamplewasprepaed by conpressimg the
tryptophan powcer in a KBr pres to form a pellet of
apprximately 2 mm thickness.

Pyrendutyric acid sample were prepared by spin
coating 1 drop of a 23mm solution of pyrerebutyic acid
in acetoneonto varioussubstates,i.e. vapordeposied Au
andAl. The sef-assemid®d monolayer films wereprepared
by immershg vapor deposied Al substrée into 1 mm
soluion of pyrenebuyric acid in acetone.The substrates
werekeptin solutionfor four daysandwerethenrinsedin
acetone.

RESULTS AND DISCUSSION

To unravel the various factors that may contribute to
molecdar ejection, we measured TOF distributions of
neutal molecues afterkeV ion bombardmentof different
organc materids. The varioussamplesnvestigaedare,(a)
CsHe/Ag{111}, where the measuementswere perfarmed
for various CgHg covelagesranging from a regime where
the molecuesexistin nearisolation on the metalsurfaceto
wheretheyareboundin multilayersof frozenCgHe, (b) self-
assenbledmondayersof phenylehanethol on gold, where
thethiol molecuesform achemial bondto Au, (c) pyrene-
butyric acid self-assmbled mondayer films on Al and
multilayer films on Al and Au, and (d) solid sample of

tryptophan.

© 1998JohnWiley & Sons,Ltd.
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Figure 1. Thetime-of-flight distributionsof neutralbenzenenolecules
for (a) low exposures(b) high exposuregxpressedn langmuirs(L).
The high andlow kinetic energycomponentsarelabeledA andB.

Sub-monolayer to multiyayer coverageof CgHg On
Ag{111}

The TOF distributionsof neutral CgHg moleculesobtainel
after 8keV Ar" ion bombardmentof CgHe/Ag{111} for
various C¢Hg exposues are shown in Fig. 1. The distri-
butions have strikingly different shape dependhg on the
exposue. At low exposues(Fig. 1(a) a peakat shortTOF
(pe&k A) is preent and for high exposues (Fig. 1(b))
anoher peakat long TOF (pe& B) beginsto dominat the
distribution. The CgHg distributionat 1 L is quite similar to
that observedor desobed silver atoms,suggeting that at
low exposuescollisionsbetwee the substratgarticlesand
theadsobedmolecuesleadto ejection of C¢Hg molecues.

As shown in Fig. 1(b), CsHg exposuie above6 L doesnot
influencethe postion of peak A but ratherresuts in an
increasein signalintensiy at a longe TOF (peakB). The
intensty of peakA graduallydecreaseandpeakB beginsto
dominate the TOF distribution. At intermedate coverage,
both the peaksare presentindicating that two different
medanisns contibute to the desoption processAt very
high exposues (800 L) when peakA is absemhin the TOF
distribution, the massspectrum hasno Ag or Ag, sigral
chamcterisic of the substate.

The molecues within peakB ejectwith extrenely low
kinetic energieswith the peak energy being 0.04eV. A
themal desoption mecdanism could explain this low
enegy emisson. As shownin Fig. 2 the TOF distributions
for 800L exposue do not changewith surfacetemperture
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Figure 2. Thetime-of-flight distributionof neutralbenzenemolecules
for 800 L exposureat different surfacetemperaturesThe solid line

showsa Maxwell-Boltzmanrdistributionwith afit tempeatureof 518
K.

over the investigated tempeature range (117K-134 K).
Although the TOF data could be fit to a Maxwell—
Boltzmanndistributon using a tempeature paraneter of
518K, thefit tempertureis much abovethe expeimental
surfacetemperatires.

Thesecalculationsshowthatfor multilayercoveiagethe
CsHe molecues eject with effectve thermal energiesthat
are higher than the surfacetemperatire. The ejecion of
CgHe molecuesis not observedwith mud the lighter H,™
projectileionsmeanirg thatamomentimtranser processis
crudal to this thermal emission. A molecuar collision
cas@decantrigger vibrational androtationd excitationof
the molecules and exotherm¢ readions of fragments
formedin the cascadeThis cancauselocd heatingof the
CesHg multilayers andemisson of moleculeswith effective
tempeatureshigherthanthe macrogopic surfacetempera-
ture. The low thermal condudivity of the benzenelayer
would preventdissipaton of heatandstimulae evapoation
of the weakly boundCgHg molecues.

Self-assembledmonolayers of phenyletharethiol/Au

The TOF distribuions of neutal phenyletanethiol frag-
mert at m/z 105 obtdned after 8keV Art and H,t ion
bomkardment of self-assmbled mondayers of phenyl-
ethanethiol on gold (CgHsCH,CH,S-Au) are shown in
Fig. 3(a). Distributions were recaded for m/z 105
(CeHsCH,CH,) becawseit wasthe mostabundat peakin
the mass spectrun. No molecularion was obseved in the
postonization massspectraobtaned after sputterirg or gas
phaseionization of phenylethandtiol, indicaing that the
phenykthanehiol molecdes photdragmentin the laser
plare.

The TOF distribuion obtainedwith the Ar™ projectilehas
two componerg, a low TOF peak A and a much more
dominanthigh TOF peakB. Upontransbrmaion to kinetic
enegy coordnates it is found that peaks A and B
correspondto apprximately 1eV and 0.03eV, respec-
tively. Only peakB is obsevedwhen H, " ion is usedasthe
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Figure 3. (a) The time-of-flight distributionsof neutral phenyletha-
nethiol fragment at m/z 105 obtained using 8keV Ar" and H,"
projectiles.Thehigh andlow kinetic energycomponentsrelabeledA
and B. (b) The kinetic energydistribution of the phenylethanethiol
fragmentemittedafter 8keV H," ion bombardmenat 300K surface
temperatureshownwith the correspondindglaxwell-Boltzmannfit.

projectile. The desorptionprofile of peakA is quite similar
to thatof the sputteedgold, indicatingthatboththe species
leavethe surfacewith the sane velocity. This observaibn
alongwith thefactthatthe peakA andsignal from thegold
substrateareabsem during H,* bombardmentindicatethat
amomenum transferfrom the gold substr#e to the organc
overlaye initiatesthe ejectionof the moleculeswithin peak
A. Theseobservationsaresimilar to the ballistic ejection of
benzenamolecues (Fig. 1, peakA).

The low energy compmnent (peak B) being the mog
pronourced peakin the TOF distribution, is of particular
interest. The shapeof the profiles obtainedusing Ar™ and
H," projeciles are similar. The correspading kinetic
energy distribuion for the H," projectile, as shown in
Fig. 3(b), couldbefit by aMaxwell-Boltzmam distribution
at room temperatire. Cooling the sanple resultedin a
markedshift in thedistributiontowardslower energie. The
moleculesleave the surfacewith very low kinetic enegies
with the peakenepgy being closeto 0.03eV. This is quite
striking becausehe molecue is boundto the surfaceby a
S—Aubondwith an estimaed bond enegy of 2eV. In our
previouspaperwe haveshownthatthis low energythernal
emissioncanbe explaired by chemial reactonsthatresult
in bondcleavage®® Highly reactivespeciessuchasH', H"
andH™, createdby theinteractionof the primary beamwith
theorganicfilm mayreactwith intactmolecuesto severthe
surfacebond Thesemolecues canthenevapoatefrom the

© 1998JohnWiley & Sons,Ltd.
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surface Bond cleavageby chemial reactionswill be much
genter thandirectbondscisson andthusis morelikely to
form produds which desob with thermal kinetic energies.

It isinterestingto notethatthe ejectionof molecdesfrom
chemi®rbed self-sssembledmonolayers of phenykethane-
thiol on gold andphysisobedmonolayer films of CgHg are
quitedifferent.Forphenylehanethol sef-assembleanonc
layers, along with the minor ballistic ejecion, desorpion
mainly occurs by a thermal mechanism Howeve for
mondayerfilm s of CgHg only the ballistic mechansmleads
to ejection.

It is also instructive to compare the desoption from
phenykthantliol self-essembled monolayers and CgHg
multilayer ice. The two systens are obviously quite
different yet both exhibit thermal desoption. The phenyl-
ethanehiol molecdesform athin mondayerfilm onametal
substrée, while the CgHg molecuesarein a multilayerice.
Therdore the thermal condudiviti esof the two systemsare
very different The sef-assemblednonolayersareboundto
the gold surfaceby strongchemial bords, while the CgHg
molecuesarewealy boundby vanderWaalsinterections.

Thedesorptiormecanismthoughthermalin characeris
alsoquite differentfor the two systens. First, thoudh both
dispay Maxwel-Boltzmanndistribution, the fit tempera-
turetracksthesurfacetemperatursfor thethiol while thefit
tempeaturesare higher than the surface tempeature for
benzae.Seconddesoptionis initiatedby H,™ ionsfor the
thiol but not for CgHg. Third, the TOF distribuions of the
thiol are strondy depenent uponthe surfacetempenture
whereasthat of CgHg do not changesignificantly over the
investigatedtlempeanturerange Finally, we proposethatthe
thermal desorptiorof phenlethanethdl molecdesinvolves
bondcleavageby chemicalreadionsandevential evapora-
tion while desorptionof CgHg molecues arisefrom local
heatingof the substate.

Pyrenebutyric acid films on various substrates

The TOF distribuions of pyrerebutyric acid (PBA) frag-
mert atm/z215obtanedafter8 keV Ar* ion bombardment
of self-assebled mondayer films of PBA on Al and
multilayer films of PBA on Au and Al are shownin Fig.
4(a). Thefragmentatm/z215is themog intensepeakin the
postonization massspectrum.The TOF distribution of the
fragment is neaty idertical to that of the molecdar ion
suggeting thatmod of the fragmentmolecudes areformed
by photofragnentationof the PBA molecues in the laser
plare. The TOF distribuions were recaded for the frag-
mert to achievebettersigral to noiseratio.

Unlike the earlier systens studied all the TOF distribu-
tions in this casehave one well-defined peak. The distri-
bution shifts towards longer TOF for the lighter substate.
Also, by comparingthe mondayer and multilayer sample
onAl it is evidentthatthe TOF shiftsto alowervaluefor the
mondayer sample.

The kinetic enegy distributons for the various PBA
samples are shown in Fig. 4(b). In all the casesthe
molecues eject with peak energies closeto 0.2eV. The
distribuions howeverdependon the massof the substate
and the thickness of the overlaye. The tail of the kinetic
enegy distribution shows that for the Al substates,
molecues eject with highe enepgies from the mondayer
sampleasconparedto the multilayer sample This trendis
consisentwith the ejectionof CgHg molecueswithin peak
A. In the caseof the multilayerfilms, the PBA molecules
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Figure 4. The (a) time-of-flight distributionsand (b) kinetic energy
distributions of neutral PBA fragment(m/z 215) ejectedfrom self-
assemblednonolayerof PBA on Al (PBA SAM/AI), and multilayer
films of PBA on Au andAl substrategPBA/Au and PBA/AI).

eject with higherenerges from the heaver Au substrée as
comparedto the lighter Al substrée. Theseobservatios
indicate that a ballistic mechansm is respnsible for the
ejection of PBA molecues.

Of note is the fact that the TOF distribution of sel-
assenbled monolayers of PBA on Al doesnot have any
themal componentsimilar to that observedfor SAMs of
phenykthanehiol on Au. This is not unexpeted because
thebond cleavagdor thethiol self-assembledmonolayersis
propo®d to occur due to chenical readions. Such a
mecanismshoull be specific to the functional group of
the molecue binding to the surfaceandtherebre the bond
cleavage and thernmal desorpion is unigue to the thiol
mondayer.

Also interesting to note is that the ejecion of PBA
moleculesoccurswith kinetic energie similar to the CgHg
moleculesemitted from monolayer andintermedate multi-
layer covelages. The ejection of molecues from physi-
sorbal monolayer films of CgHeg and chemiwrbed sef-
assenbled monolayers of pyrenebugric acid occuris with
similar kinetic energis. The emisson of molecues from
multilayer films presentsa striking contrasin thetwo cases.
For CgHg at intermedate coveiage,alongwith the ballistic
process descibed above, desoption also occus by a
themal mechanismThisis quitedifferentfor pyrenebugric
acid molecues where ejection from monolayer aswell as
multilayer film s occuss at the samekinetic energy A sinde
ejection mecharsm descriled by the molecular collision

Rapid CommunMassSpectrom12, 1226—-1231(1998)
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Figure 5. (a) The time-of-flight distributionsof neutral tryptophan
fragmentat m/z 130 measurecdht different surfacetemperatures(b)

The kinetic energydistribution of the tryptophanfragmentat 210 K

surfacetemperature.

cas@deleadsto ejectionof pyrerebutyric acid molecdes
for all thedifferentoverlaye/substrée combnationsinves-
tigated.

Sdid tryptophan

The TOF distributionsof neutal tryptophanfragmen atm/z
1300btaina after8 keV Ar* ion bomkardmentof a trypto-
phanpellet at 300 K and 210 K surfacetemperturesare
shown in Fig. 5(a). No molecuar ion was present in the
postonization massspectrumandthe peakat m/z130 was
foundto be the mostintense.

The TOF distributions at both the surface tempeatures
haveawell-defined peakcloseto 20 us. A uniquefeatuein
the TOF distribution at 300K is the continuousemissionof
molecues or molecdar fragments that lasts longer than
200us after ion bombardnent. This delayed emisson
indicates that the probe enegy is not directly dissipatel
into the solid but is rather stored in a manner which
facilitates ejecion over an extendedperiod of time. This
emisson is not found at 210 K, indicating that either the
storageof enegy is temperatire depenént or the delayed
emisson getsquencled at lower tempentures.A possibé
explanationmay be thatthe primary ion induceselectonic
transtions within the surfacemolecules.Tryptophanhasa
long lived triplet stae which, if populted by transtions
induced by fast ions, may cause enegy release after
radiaionlessdecayand accountfor the delayedemission.

Rapid CommunMassSpectrom12, 1226—-1231(1998)

Transitiors to the triplet stateshoutl also be inducedby
photons.We have indeed observedsimilar long emisson
times,whentryptopharis irradiatedwith 266nm photons®®

Thekinetic enegy distribuion obtaned after coordinde
transformation of the TOF distribuion at210K is shownin
Fig. 5(b). The peakin the energ distribution is closeto
0.1eV. Themolecuesejectwith kinetic enegiessimilar to
that of CgHg and pyrerebutyric acid molecues. We
postulatehatamolecuar collisioncascadén thetyptophan
solid leadsto ejection of molecues with kinetic enegies
close to 0.1eV. Coordinae transbrmation of the TOF
distribution at 300 K would not be approprate becasethe
ballistic peakis convoluted with long emisson times. It is
therefore difficult to estimae the kinetic energis with
which the molecules desob in the delayed emisson
process.

CONCLUSION

We have examined the time-of-flight and kinetic energy
distributions of neutral molecues ejected from various
organicsurfacesby enegeticion bombardmentTheresults
presenia complex medanisticpicture indicating thatmore
thanonemedanismcontributesto theejectionof molecues
from organic solids. The desoption profiles of the

moleculesarestrikingly differentdepenihg onthe physical

andchemicalnatureof the molecue/subsrateconplex. For

CeHg/Ag{111}, atlow covelagethe molecues ejectdueto

collisions with substrée particles whereasat high coverage
thedesoptionhasmoreof athemal nature At intermedate

coverages two peaks are presnt in the distributions
suggestinghat both the medansins occur simultaneously
during the desoption process. For sef-assembledmono-
layersof phenylethanghiol on gold, while a minor ejecion

occursdueto collisionsfrom the substate partides, mog

molecules desorb with very low kinetic enegies. The

velocity distributions fit to the Maxwel-Boltzmannequa-
tion with tempenturevalues closeto the surfacetempen-

ture. For pyrenebugric acid films a ballistic mechansmiis

responddle for ejecion from monolayer and multilayer
films. For solid tryptophansamplesthoughmostmolecues
ejectdueto a ballistic processgemissionof molecdes that
extendto long times after ion impactis obsewed at room

temperatire. Finally, is it possibé to form a unified picture
of molecuar desoptionfrom thiscomplex puzze?In all the
multilayer systemsinvestigaéd the molecular collision
cascadevithinthesolidresultsin ejectionof molecueswith

kinetic enegiesin the range0.1-0.3eV. We canbeginto

proposea moregenerl apprachto predictandundestand
the desoption mechamsms of ion-bonbarded molecuar

films. Deweloping a theory for the molecdar collision
cascadevill beimportantin achievingthis goal.
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