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Benzyl-substituted benzylpyridinium (BP) chloride salts were used as a source of thermometer ions to probe
the internal energy (IE) transfer in desorption/ionization on porous silicon (DIOS). To modify their wetting
properties and the interaction energies with the thermometer ions, the DIOS surfaces were silylated to produce
trimethylsilyl- (TMS), amine- (NH2), perfluoroalkyl- (PFA), and perfluorophenyl-derivatized (PFP) surfaces.
Two laser sourcesa nitrogen laser with pulse length of 4 ns and a mode locked«BNd:YAG laser with

a pulse length of 22 pswere utilized to induce desorption/ionization and fragmentation at various laser
fluence levels. The corresponding survival yields were determined as indicators of the IE transfer and the IE
distributions were extracted. In most cases, with increasing the laser fluence in a broadv2dgeJ(cn),

no change in IE transfer was observed. For ns excitation, this was in remarkable contrast with MALDI,
where increasing the laser fluence resulted in sharply (withBh mJ/cnf) declining survival yields.
Derivatization of the porous silicon surface did not affect the survival yields significantly but had a discernible
effect on the threshold fluence for ion production. The IE distributions determined for DIOS and MALDI
from a-cyano-4-hydroxycinnamic acid reveal that the mean IE value is always lower for the latter. Using the
ps laser, the IE distribution is always narrower for DIOS, whereas for ns laser excitation the width depends
on surface madification. Most of the differences between MALDI and DIOS described here are compatible
with the different dimensionality of the plume expansion and the differences in the activation energy of
desorption due to surface modifications.

Introduction (pSi), due to the moderate 3@0% porosity of the surface layer
) ) L o the absorption edge of bulk crystalline Si-at.1 eV is blue-

Matrix-assisted laser desorption/ionization (MALDI) is widely  ghifted by a few hundred meV. Thus, a wide array of laser
established as a soft ionization method for mass spectrometrysq rces are available for excitation in DIGS.
(MS) of biological and synthetic macromolecules. Increasingly,  the properties of pSi depend on the etching conditions, such
MALDI is becoming an enabling technique for proteomics, ,q the concentration of the HF solution, the etching time, the
nuclelc'aud analysis, and synthetic polymer characterizaton. _applied current density, and the properties of the silicon wafer.
Due to interferences between low mass analytes and the matrixz . he typical n-type DIOS surfaces, the pore diameter
ions produced in the<700 Da mass range, the efficacy of jistribution spans from nano=<@ nm) to meso-scale (%0
MALDI is limited. Furthermore, sample preparation in MALDI nm) and the porosity is 3640%. The pore morphology depends
imposes other limitations due to solubility and cocrystallization preparation conditions but high aspect ratio structures are
requirements. Several alternatives were p_rop_osed to 9°mplemenfypical. Structures with~10 nm pore diameter can exhibit pore
MALDI in the low mass range. The application of micro- and  engths in excess of am.23 The structure of electrochemically
nanoparticles as a matrix showed promising resifits. Re- . etched pSi was described as an assembly of quantumvires
cently, the possibility of quantum confinement effects on peptide - ¢ystaliine silicon nanoparticl&sembedded in amorphous
on yields has been demonstrated for 2 nm gold particles. gjjicon and/or oxide. During the etching process, some other
Nanotube$as well as nanoscopic surface structtirgsre also g itce species, such as hydrides, oxyhydrides, and oxides are
mvestlgated as desorptlon/lonlzgtlon sgbstrates. To da?t.a, the 150 formed® The low end of the nanowire and nanoparticle
emerging method of desorption/ionization on porous silicon gj,¢ gisribution €5 nm) exhibits quantum confinement effects
(DIOS) has exhibited the most benefitsThe merits of DIOS  oqjting in enhanced optical absorption. At the laser wavelength,
include the lack of 1matr|x interferences, simple spectra, and htica| absorption also occurs at the surfacefinterface defect
excellent sensitivity: states, e.g., nonbridging oxygen hole centers, in the porous layer

The DIOS method utilizes photoelectrochemically etched and near the surface of the bulk silicon substrate. Close to the
silicon wafer to facilitate desorptiof.The porous structure on  syrface the absorption includes excitation of the electrons from
the silicon surface efficiently absorbs energy from the incident the valence band to surface states and |mpur|ty holes with an
laser pulse and induces desorption/ionization. In porous silicon ghsorption center near 3.0 ¥The porous nature of the surface
layer results in a high absorption cross section. At the nitrogen
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The distribution of the analyte inside the pores is determined frequency of attempts to cross the barrier. The activation energy
by the wettability of the surface. The native pSi surface is of desorption depends on the interactions between the surface
terminated by SiH bonds that are hydrophobic. This surface, and the adsorbate molecules as well as the surface coverage
however, is not stable and if left untreated in air it gradually because of possible interactions between the adsorbates.
oxidizes. Both the stability and the wettability of the pSi surface Modifications of the pSi surface by derivatization change
can be ChanQEd by oxidation and/or derivatization. Furthermore, both the po]arity and the density of the surface molecules. Bu]ky
the derivatization alters the interaction energy between the organic molecules at the interface can change the distance
surface and the adsorbed analyte. between the adsorbate and the surface. In this study, we modify

lon formation in DIOS is thought to include two stages: the properties of the pSi surface by derivatization with different
desorption and ionization. Initially, the pSi substrate absorbs organic molecules to change both the activation energy of
the laser energy and its temperature rises. As a consequencejesorption and the wettability. The presence of surface modi-
the adsorbate desorbs from the surface and the solvent trappegications can also influence the local phonon density and, thus,
in the pores (accentuated by capillary condensation) evaporatesghange the rate of energy transfer from the pSi to the adsorbate.
This latter process can take the form of surface evaporation asThe resulting differences in energy transfer are monitored
well as spinodal decomposition. Due to the confinement imposed through the yield of ion fragmentation reactions.
by the porous structure, the resulting plume cannot expand e |E transfer in “soft” ionization techniques, e.g., electro-
freely. Instead a quasi-one-dimensional expansion ensues thatSpray ionization (ESI) and MALDI, can be determined by using
compared to free expansion, retains plume density elevated fory series of so-called thermometer i3A83 After determining
a longer period. Within a few ns the estimated surface {he syrvival yield of their molecular ions, the mean IE of the
temperature could be as high as 600 K, which could lead t0 generated ions and in some cases the IE distribution can be
rapid evaporation or, in the case of trapped solvents, spinodalgyiracted by using the RieeRamspergerKasserMarcus
decompositiori® The solvent residues trapped in the nanopores (RRKM) theory of unimolecular decomposition. In previous
also experience a confinement effect. This leads to very Iargestudies, benzyl-substituted benzylpyridinium salts and a ben-
long-range density fluctuations and may induce a transition from zyltriphenylphosphonium salt were used as thermometer ions
bulk liquid to a two-dimensional adsorbate phége. to follow the IE of the ions produced in MALD®-24We found

The ionization mechanism in DIOS is largely unclear as that the IE depended on the organic matrix, the laser fluence,
several possible pathways can lead to ionization. Competing ang the laser pulse length. In MALDI, the complex collision
chemical reactions between the silicon substrate and the analytegynamics in the matrix plume during expansion and the-ion
such as electron transfer to and from the surface and/or protonylecule reactions between the matrix and analyte species
transfer from the excited SiH groups to the analyte, canresult  getermine the IE content of the emerging ions.
in ion productiont®2® The presence of hydrides (SH) and
oxyhydrides (S+O—H) in the structure creates surface states
with sub-gap energy levels that open additional channels and
also serve as a source of protons for ionizaffim some cases,
preexisting ions or ion pairs can be present in the nanopores
Due to the electric fields from the accelerating voltage and the
local fields from the laser beam, these ions can be separate
and released from the surfateYet another possibility is that
the trapped solvent and residual gas accumulated in the pore

In DIOS, however, the dynamics can be very different
because the desorption event is related to the interaction between
the nanoporous Si surface and the analyte. Thus, the adserbate
surface interaction energy is expected to influence the energy
‘transfer during the desorption event. Changing the nature of

his interaction through surface derivatization and measuring
he IE of the desorbed species in this study is expected to give
insight into the mechanism of the desorption event. Investigating

S . OT€She effect of laser fluence and pulse length on the IE transfer
serve as photochemical ionization agents. At the introduction provides further information on the fundamental processes
of residual acetic acid or water vapor, an ion yield enhancement involved?2s

of 10 to 40 times demonstrated that the gas-phase processes . ) L
Parametric studies of DIOS are underway. Investigations of

played a significant role in ionizatiofs. he eff - | h I hi _ '
The morphology of the porous layer influences several factors (e effect of laser wavelength, crystallographic orientation,
preparation conditions, and other physical properties of the pSi

in DIOS. Quantum confinement in the silicon structures between hol d th | and optical " .

the fine pores supports exciton formation and enhances ioniza-(pore morp ﬁ?gy! anh ermal and op |(f:adproper_ les) on (|j(_)n

tion. Depending on the wettability, these small pores may not geneigtzlé); elp in the optimization of desorption condi-
tions142627|n these experiments, the laser wavelength (266,

be accessible for the analyt®At the same time, the increased . .
surface area due to the nanopores leads to additional adsorptior?’55’ and 532 nm), the mode of ion detection, and the pH of the

of residual gases and contaminants and also promotes ionization.salmple solution were identified as significant factors. Further

Other properties of pSi such as its wettability and the studies proved that the porosity and wetting properties of the

interaction energy between the surface and the analyte also playgs,: substrat;e tpr)llayed_ a ma]o:.rOIF n de‘etfm'”'r]!‘ﬂtr?'os :(on ylglds
a significant role in both desorption and ionization. Higher ut some of the unique optical properties of the surface, 1.e.,

wettability results in more complete penetration of the analyte luminescence, had no effeet. )

solution into the pore structure. The energy barrier for the ~ TO better understand the fundamental processes in DIOS,
analyte release from the surface controls the rate of desorption.information on the coupling of energy from the laser to the
This can be characterized by the activation energy of desorption,Substrate and to the adsorbate is needed. In addition to energy

Eges, and by an Arrhenius-type rate coefficient for the desorp- deposition, the dynamics of the plume, ionization mechanisms,
and energy transfer between the surface and the adsorbate have

tiOn, kdes; . . .
to be explored. In this contribution, we present our efforts to
pde follow the IE content of the desorbed ions as a function of the
Kyos= Aex;{— Lj 1) fluence and pulse length of the laser, and the chemical
es RT modifications of the silicon surface. To separate the energy

transfer during desorption from the energy exchange associated
where theA preexponential factor is considered to be the with the ionization processes, the preformed thermometer ions
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were used in this study. The radical cations of the benzyl-
substituted benzylpyridinium chloride salts were already present
in the solid phase. A comparison with similar data in MALDI
reveals important differences between the two methods.

Experimental Section

Materials. Acetonitrile and methanol were purchased from
Fisher Scientific (Springfield, NJ) in HPLC grade quality.
Deionized water (18.2 2 cm) was produced in-house using
an E-pure system (Barnstead, Dubuque, IA). For surface
derivatization N,O-bis(trimethylsilyl)trifluoroacetamide (BST-
FA) with 1% trimethylchlorosilane as catalyst and (3,3,4,4,5,5,6,
6,6-nonafluorohexyl)chlorosilane (FHCS) and for MALDI
a-cyano-4-hydroxycinnamic acid (CHCA) were obtained from
Sigma Chemical Co. (St. Louis, MO). (3-Aminopropyl)-
dimethylethoxysilane (APDMES) and (pentafluorophenyl)-
propyldimethylchlorosilane (PFPPDCS) were purchased from
Gelest, Inc. (Morrisville, PA). The benzyl-substituted benzyl-
pyridinium (BP) chloride salts, 4-chloro- (4C), 4-fluoro- (4F),
4-methoxy- (4MO), 3-methoxy- (3MO), 4-methyl- (4M), 3-
methyl- (3M), and 2-methyl- (2M), were synthesized and
certified as reagent grade by Celestial Specialty Chemicals
(Nepean, Ontario, Canada).

Porous Silicon Preparation and Surface Modifications.
The details of surface preparation and modifications were
presented elsewhetéBriefly, low-resistivity (0.005-0.02 Q
cm) n-type Si(100) wafers were etched photoelectrochemically
and oxidized by exposure to ozone. Subsequently, four different
surfaces were prepared by derivatization, using BSTFA with
1% TMCS as a catalyst and APDMES, FHCS, and PFPPDCS
as silylating reagents. These modifications produced trimeth-
ylsilyl- (TMS), amine- (NH2), perfluoroalkyl- (PFA), and
perfluorophenyl-derivatized (PFP) surfaces, respectively. Sec-
tions of these plates were attached to the MALDI sample probe
by double sided conductive carbon tape.

DIOS-MS Experiments. Detailed descriptions of the ex-
perimental setup and the protocol for IE determination were
provided in our previous papet$?*In these experiments, the
BP chloride salts were dissolved in 50% methanol at a
concentration of~70 uM. From this solution, 0.6L was
deposited on the DIOS plate and air-dried at ambient temper-
ature. A nitrogen laser (VSL-337ND, Laser Science Inc.,
Newton, MA) with 337 nm wavelength and 4 ns pulse length
and a mode locked & o Nd:YAG laser (PL2143, EKSPLA,
Vilnius, Lithuania) with 355 nm wavelength and 22 ps pulse
length were used for “ns” and “ps” excitation, respectively.
Microscope inspection of the burn marks on photographic paper
in the focal spot indicated that the fluence distribution was
Gaussian for both lasers. The dimensions of the slightly elliptical
focal area were 9am x 97 um and 53um x 57 um for the

ns and the ps laser, respectively. For each sample, the laser was

running at 2 Hz repetition rate with fluence levels selected in
the range slightly above the ionization threshold. A low-pass
optical filter was inserted into the beam-path of the “ps” laser
to reject the residual output of the second harmonic at 532 nm.
The ion current corresponding to the molecular and fragment
ions was integrated in time and the survival yield, SY, was
calculated:

B S Ia®) dt
Jo n@® dt+ [1(0) dt

wherely(t) andlg(t) are the molecular ion (including both'™M
and [M + HJ]™) and the fragment ion currents, respectively.

SY

)

Luo et al.

Surface Imaging. Atomic force microscopy (AFM) measure-
ments were conducted to examine the morphology of the
derivatized DIOS surfaces. Contact mode AFM imaging was
performed (Multimode Scanning Probe Microscope, Veeco
Instruments Inc., Santa Barbara, CA) with a Nanoscope llla
controller (Digital Instruments) and a silicon nitride tip (Nano-
probe SPM NP-20, Veeco Instruments Inc., Santa Barbara, CA).
The nominal tip radius was 20 nm and the front, back, and side
angles were all 35 Due to the geometry of the tip, it was not
possible to image inside the narrow vertical channels in pSi.
Only the entrance of some larger pores at the surface was visible.

Internal Energy Distributions. For each surface, the survival
yields for the molecular thermometer ions obtained at compa-
rable fluence levels were plotted as a function of the corre-
sponding critical energyg (plot not shown). The critical energy
is defined as the minimum energy that yields a nonzero rate
coefficient for a unimolecular decomposition reaction. The SY
vs Ep data were fitted with a Boltzmann-type sigmoidal curve,
SY =1 —[1 + expEo — E*)/ AE]~1, whereE* is the center
andAE is the width of the distribution. Typically excellent fit
was found with a correlation coefficient & > 0.97 and all
fits producedR > 0.95. The first derivative of this curve is
reported as the internal energy distribuidfor a specific laser
and surface combination. It should be noted that this IE
distribution does not include the correction due to the kinetic
shift. Thus, the mean IEs are shifted compared to the values
determined by inverting the RiedcRamspergerKasset-Marcus
(RRKM) unimolecular decomposition rate coefficiets.

Results and Discussions

Mass Spectral FeaturesMass spectra of all the substituted
BP salts were taken on the four DIOS surfaces with both the ns
and the ps laser. A representative spectrum of 4-methylbenzyl-
pyridinium chloride shown in Figure 1a confirms that there are
no matrix interferences. The absence of matrix peaks imthe
100-500 range allowed for an accurate determination of the
yields for thermometer ions and their fragments, Fn the
fluence range of interest, all thermometer ions showed efficient
fragmentation indicating that the critical energy of unimolecular
decomposition for these ions was comparable to the energy
transfer in the desorption process. The threshold fluence for
molecular ion formation coincided with the threshold for the
appearance of fragment ions. In many spectra sodium and
potassium ions appeared probably originating from the processed
silicon or solvent impurities. No alkaline adducts of the
thermometer ions or silicon related ions were observed. Due to
the low fluence required for DIOS, laser ablation of silicon did
not occur, but at very high fluences {00 mJ/cr for the ns
laser), background peaks in the/z 70 to 80 range were
observed.

The inset in Figure 1a shows that in the molecular ion region
both the radical cations and their hydrogen adducts were present.
As the BP compounds are chloride salts, the radical cations are
present already in the adsorbate phase. The formation of the
hydrogen adducts can proceed either through neutralization via
electron capture followed by protonation or by direct attachment
of hydrogen atoms to the cations. Both the radical catioh, M
and the hydrogen adduct, [M- H]*, originate from the
preformed M ions in the solid phase. Thus, the preformed M
can be viewed as the precursor of all theffagment ions. An
important feature of the porous substrate is that the laser plume
produced inside the pores is initially spatially confined (see
Figure 1c). This confinement enhances even the relatively low
cross section reactions in the plume.
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Figure 2. Comparison of survival yields for 3-methoxybenzylpyri-
dinium ions desorbed from four different DIOS surfaceshvat4 ns
pulse width nitrogen laser. Results for MALDI experiments with CHCA
matrix are also included. Nonpolar surfaces derivatized with PFPPDCS
require the lowest fluence, whereas the polar APMES surface produces
ions at higher laser fluence. Survival yields are uniformly lower than
in MALDI with CHCA matrix and show less pronounced fluence
dependence.

that the majority of the pores are in the size range below the
tip curvature.

Survival Yield Measurements with the ns Laser.The
variation of the survival yield with laser fluence for 3SMO-BP
on the four derivatized DIOS surfaces is illustrated in Figure 2.
For comparison, the corresponding MALDI results are also
plotted. For the TMS surface, increasing the laser fluence
resulted in slightly declining survival yields, but for the other
surfaces there was no change in the studied fluence range. Linear
regression provides0.012,—0.007,—0.001, and 0.000 c#J
for the slopes of TMS, NH2, PFP, and PFA surfaces, respec-

Figure 1. (a) Mass spectrum of 4-methylbenzylpyridinium chloride t'VeIY' In contrast, surV|va_I ylel_ds in MALDI from the CHCA
desorbed from a PFA-derivatized surface with use of a nitrogen laser Matrix show a sharp decline with increasing laser fluence. The
shows a single fragment ion;tFMolecular ions are present as both ~ slope obtained for this case-9.065 cnd/J. Although survival
radical cations, M, and hydrogen adducts, [M- H]" (see inset). vyields in DIOS are significantly lower, the values are practically
Although compared to MALDI the source of H/Hs much reduced  ynchanged in a broad fluence range. While meaningful MALDI

(no matrix), approximately the same level of H adduct formation is ; ;
observed. (b) Topography of a 2010 um part of the DIOS surface data We;iggly (\)]t/)t?%ne.d Ildn 35 m‘]llfnq_ltﬁnge’bfor Dlt(_)S a_
from AFM measurements. Considering that the tip curvature is 20 nm, range o mJicm yielded resufts. IS observation, in

the image indicates that a significant number of the pore entrances arecombination with the different slopes of the survival yield vs
smaller in diameter. (c) Adsorption of thermometer molecular ions fluence relationship, indicates some fundamental differences in
(TM* and CI) and solvent molecules (S) in derivatized silicon the corresponding mechanisms. While in MALDI increasing
nanopores. Derivatization is depicted as a dashed line that follows the|gser fluence leads to an increase in energy transfer, it appears
surface. Pore walls are sufficiently thin to induce quantum confinement .+t in DIOS the energy transfer is independent of the fluence.

of electrons leading to enhanced absorption of laser light. The left pore . ; . .
only contains adsorbates and it is used to demonstrate the “dry” A possible explanation of such an effect can be given in terms

desorption mechanism. The right pore shows trapped solvent as a resul@f the energy transfer bottleneck models for heterogertéous
of capillary condensation or inefficient pumping through nanopore (gray and homogeneous systefisn MALDI the analyte molecules
area) and exhibits a “wet” desorption mechanism. are embedded into the strongly absorbing molecular matrix.

Upon laser excitation, a plume of matrix and analyte molecules

Surf | ina.Fi 1b s the t hv of is formed. For the duration of the laser pulse, the matrix
urtace Imaging. Figure 10 represents the topograpny of a including the plume continues to absorb energy. As the hot

10 X_lo_“m part of the DIOS surface from AFM measurem(_ants. matrix molecules travel with the analyte the energy exchange
In this figure the entrances to some of the larger pores in the ¢ontinyes until the iormolecule collisions cease due to the
size distribution can be seen. Considering that the tip curvature gypansion. In the “dry” desorption mechanism of DIOS,
is 20 nm, the image indicates that a significant number of the nowever, the energy is deposited into the silicon pore walls.
pores are smaller in diameter. The images of the pores with Due to the rapid heating of the surface, the analyte and solvent
lateral features comparable to the tip curvature appear as amolecules are desorbed from the energy absorbing silicon and
convolution of the tip and pore entrance shapes. Overall, the leave the hot surface behind (see thf porein Figure 1c).
number of larger pores is fairly limited, thus one can assume This gives rise to a low-density plume that propagates against
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Fi_g_ure 3. Comparison _of s_hock front kinetics for 1D and 3D _expansion. Figure 4. Survival yield data for 3MO-BP ions desorbed with a 22 ps
Initially the 3D expansion is faster but after the crossover tiggthe pulse length mode locked 8 @ Nd:YAG laser. Four different DIOS
1D expansion takes over. surfaces are compared with MALDI experiments with CHCA matrix.

. With ps laser excitation survival yields are significantly lower in DIOS
the background gas pressure in the pores and a weak shock .. in MALDI.

wave is generated. Although both in MALDI and in DIOS there
is an energy transfer bottleneck (due to the frequqncy mismatChexpansion proceed at a higher rate in the 1D case due to the
b_etwe_en th_e surface phonon modes a_nd the |n'_fra_molecularhigher densities in the confined environment. From the expres-
vibrations), in DIOS the energy transfer is further limited due qjop fort it is also clear that decreasing the background gas
to the reduced interaction time bgtween the_analyte Species an ensity (or increasing the energy) leads to earlier crossover.
the hot surface. This limitation might result in a more uniform Conversely, increasing the residual gas prespuféke in the
survival ﬂ.eld in Dlr(])S. ‘ bil h . diff experiments described in ref 18) prolongs the duration of
Dep_er|1 Ing on the surface wettability, there r|1$ a d erhe_n;[] relatively higher density plume in the 1D case. Higher collision
potential scenario termed *wet” desorption mechanism wWhich oeq iy this 1D plume also explain more efficient energy transfer

is ?epictted_ in tf(;arigr;)t ?ore iptfl]:igtlqure lc. W?ile_ the Ieftdporle tWithin the plume and, as a consequence, lower survival yields.
only contains adsorbates ot the thermometer ions and solvent, Derivatization Effects. Although the surface modifications

the right pore also shows ”?‘F’Ped. residues'of liquid solvent (e'g"did not have a major impact on the survival yields, they had a
water). The presence of this liquid phase in a vacuum environ- discernible effect on the threshold and the range of fluence

ment can be explained either by the dramatically enhancedvalues that resulted in ion production. The PFP modified DIOS

f:g:l:aerg Zomndiennsgtlgg dl'?hrtc:? r':?ﬁgEﬁﬁzcggntgfeth\gsélyoressurface required the lowest fluence threshold to initiate ioniza-
pumping sp 9 . : P tion and, practically simultaneously, fragmentation. Figure 2
In the presence of such a phase, rapid heating by the pore walls

results in superheating and spinodal decomposition (phasedemonstrates this for the 3MO-BP ions but similar results were
) Co obtained for the other six thermometer ions.

explosion) of the liquid. The development of a dense solvent The | f ¢ derivatizati he threshold fi

plume leads to a strong shock wave propagating against the e large effect of derivatization on the threshold fluence,

background gas pressure in the pores. This higher plume densitf'g" changing from 21 mJ/érfor the hydrophobic PFP surface

I . : g : to 42 mJ/cr for the hydrophilic NH2 surface in the case of
distinguishes the desorption in the right pore (“wet” desorption) T )
from that in the left pore (“dry” desorption). 3MO-BP, shows that the activation energy of desorption for

In either of these scenarios, due to the high aspect ratio othe ionic thermometer species indeed increases with the increase

the pores in DIOS (km/10 nm~ 100) the expansion of the |nf Lhe poI?rity ﬁf the surf(;;\ce. Chtanginﬁ Fhe activgticl;r er;1ergy
desorbed plume is confined to a quasi-one-dimensional (1D) of desorption, Nowever, does not result In appreciable change

regime. This is in sharp contrast to the three-dimensional (3D) " S.lgv';fal yields. Thet mserf\smwty ?;.fpl?.s su_rvc|j\_/al tylelzihs Itnth
expansion in MALDI. Due to the different dimensionality, the awide fluence range to surtace modifications indicates that the

displacement of the shock frorg(t), exhibits different kinetics: IE transfer is likely governed by plume processes.

31 Laser Pulse Length EffectsFigure 4 illustrates the survival
yields of 3MO-BP for ps laser excitation on the four DIOS
0 =1 E 1/(2+d)t2,(2+d) 3 surfaces and in MALDI. While the general trends are similar
S0 =44 04q @) to ns excitation (see Figure 2), there are some noticeable
differences.
whered is the dimension of the expansidg,is the deposited Both ns and ps excitation yield much lower survival yields

energy,oq is the density of thel-dimensional environment, and in DIOS than in MALDI. The available fluence ranges are
Ag is a dimension-dependent constant. Comparing the 1D andsignificantly broader for DIOS in both cases, although generally
3D expansion reveals a crossover at titgge= (13/A1) 401>/ ps excitation requires somewhat higher fluences to obtain the
p3®)E~Y2 (see Figure 3) in the temporal behavior. Initially, the same ion yields. For both lasers, the hydrophobic PFP surface
radius of the 3D expansion exceeds the displacement of the 1Dproduces ions at the lowest fluence, whereas the hydrophilic
case, which, in turn, means lower density in the 3D expansion. NH2 surface requires the highest fluence. The similar desorption
This also means that the reactions in the early phase of the plumecharacteristics in DIOS point to the similarities in energy
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1.8 - DIOS-TMS TABLE 1: Center (without the Kinetic Shift) and Width of

|IE Distributions for Desorbed lons in DIOS and MALDI

with the “ns” Laser

“ns” laser F (mJ/cn?) E* (eV) AE (eV) R?

DIOS-TMS 524 1.73:0.04 0.14+£0.05 0.95
DIOS-NH2 42.4 1.7#0.09 0.36t:0.16 0.95
DIOS-PFA 52.7 1.76: 0.05 0.28+:0.07 0.98
DIOS-PFP 40.7 1.66:0.13 0.37£0.20 0.91

MALDI-CHCA 25.6 1.18+0.13 0.33+£0.10 0.98

P(E,)

TABLE 2: Center (without the Kinetic Shift) and Width of
IE Distributions for Desorbed lons in DIOS and MALDI
with the “ps” Laser

“ps” laser F (mJ/cn?) E* (eV) AE (eV) R?
DIOS-TMS 55.8 1.75-0.03 0.16+-0.04 0.97
DIOS-NH2 76.0 1.72-0.11 0.21+0.24 0.92

. DIOS-PFA 72.9 1.86£ 0.04 0.22+£0.05 0.99
4 DIOS-PFP 60.4 1.830.11 0.23:0.14 094

MALDI-CHCA 45.2 0.70+£0.41 0.41£0.16 0.99

Critical Energy (eV)

Figure 5. Comparison of internal energy distribution of thermometer distribution are shown together with the fluence usedand

ions desorbed from TMS derivatized DIOS surfaces and from CHCA . - . .
matrix in MALDI, using “ns” (solid lines) and “ps” (dashed lines) laser the squared correlation coefficiel®?, of the fit for the studied

excitation. MALDI data were obtained at 25.6 and 45.2 m3/uith systems. Th&* andAE parameters are compared at the closest
the “ns” and “ps” laser, respectively. Corresponding fluences for DIOS available fluence levels for the four DIOS surfaces and for
were 52.4 mJ/cA(“ns” laser) and 55.8 mJ/ch(“ps” laser). Kinetic MALDI from CHCA.
shifts are not reflected. In MALDI from CHCA, a lower E* is found for all the
" o . studied distributions. Although in the case of the ns laser this

deposition. As the excitation of porous silicon occurs on the ¢oyid be the result of the lower fluence used in these experi-
subpicosecond time scaiéthe two pulse lengths used in this  ments, looking at Figures 2 and 4 confirms that this is not the
study (4 ns and 22 ps) are expected to result in comparablecase, A possible explanation of this observation can be based
fluence thresholds for desorption. These observations aregn the differences in plume expansion dynamics due to the
coherent with the simple qualitative model we put forward gjfferent dimensionality in DIOS and MALDI (see eq 3). If this
above. _ explanation holds it can be concluded that in determining the

Perhaps the most remarkable difference between the two|E of the desorption products the dimensionality of expansion
excitation modes is in the sensitivity of MALDI survival yields  matters more than the activation energy of desorption.
to changes in laser fluence. While the decline in 3MO-BP  The difference between MALDI and DIOS itE shown in
survival yields in CHCA matrix is very pronounced for nslaser  rigyre 5 holds true for all systems in the case of the ps laser.
(the slope is-0.065 cni/J), in the case of ps excitation there is ko the ns laser, however, only the TMS surface exhibits a
no such effect (the slope is 0.002 #t). This d|§ference can  significantly narrower IE distribution than MALDI. The other
be explained in terms of laseplume interactions? In MALDI three DIOS surfaces, PFA, PFP, and NH2, produce IE distribu-
the expanding matrix plume continues to absorb energy from tjons comparable in width to MALDI. From these observations
the 4 ns laser pulse and the energy transfer to the thermometegne can conclude that both laser pulse length and surface

ions persists as long as collisions are present. Thus, increasingngiications influence the width of the IE distributions.
fluence leads to declining survival yields. However, the 22 ps

laser pulse ceases before significant matrix plume expansionC :
. . onclusions
takes place. Thus, during the expansion phase, no energy
deposition takes place and as a consequence the survival yields Controlled fragmentation of the analyte in the MS of
remain unchanged with increasing fluence. biomolecules is a prerequisite for their structural identification.
Internal Energy Distributions. By design, the different  Soft desorption ionization methods, such as soft laser desorption,
thermometer ions exhibit a range of critical energies. The produce molecular ions with varying amounts of IE, which leads
purpose of this spread is to be able to probe the distribution of to variations in the degree of fragmentation. The two funda-
IEs in the desorption process. By using the method describedmental steps in this process, desorption and ionization, contribute
in the Experimental Section, the IE distributions for the four to the IE content in different ways. While IE transfer due to
DIOS surfaces and MALDI from CHCA were extracted for desorption is usually kinetically controlled, the contribution from
desorption experiments conducted by the two laser sources. Aionization processes is determined by the thermodynamics of
representative comparison is given in Figure 5. The data in this the ionization step. In this paper, we eliminated the ionization
figure accentuate our earlier observations. It is further demon- step by using preformed ions as analytes and uncovered the IE
strated that MALDI produces ions with lower IEs than DIOS. transfer due to only the desorption step.
It can also be noticed that compared to ns excitation the ps laser Comparing the energy deposition in the desorption process
in MALDI generates less energy transfer, whereas in DIOS such during MALDI and DIOS revealed that the latter produced ions
a difference is not observed. A new feature apparent from Figure with higher energy content. Surprisingly, the |E depended much
5 is the difference in the width of IE distributions; however, |ess on laser fluence in DIOS than in MALDI. Indeed, the degree
this is specific to the TMS surface (see below). of fragmentation, measured by the survival yield, was remark-
Further details of the IE distributions are revealed by Tables ably insensitive to laser fluence variations and to surface
1 and 2 in the case of ns and ps excitation, respectively. In derivatization. This feature is important in the analytical
these tables, the meak*, and the width,AE, of the IE applications of DIOS. Producing ions with reproducible IE
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content means that the fragment ion yields are stable. This, in_ (4) Scliuenberg, M.; Dreisewerd, K.; Hillenkamp, Anal. Chem1999
turn, enables reliable structural identification. 71, 221-229.
The substantial differences in IE transfer between MALDI 649_(5) Han, M.; Sunner, 1. Am. Soc. Mass Spectro000 11, 644-
and DIOS can be interpreted through several mechanistic  (6) Kinumi, T.; Saisu, T.; Takayama, M.; Niwa, H. Mass Spectrom.
distinctions. While the energy transfer in the MALDI plume is  200Q 35, 417-422.
a homogeneous process (the matrix and analyte plumes expangoo(;)lz"gc'gggz;gég‘g Stumpo, K. A.; Russell, D. H. Am. Chem. Soc.
together), in DIOS it is heterogeneous, i.e., the hot silicon (8) Xu, S.; Li, Y.; Zou, H.; Qiu, J.; Guo, Z.; Guo, BAnal. Chem.
surface is left behind by the desorbed analyte. Another major 2003 75, 6191-6195.
difference stems from the dimensionality of the expansion. 5 A(9)|Cg:1fﬁ, J-ng:l'%yiségg-_igg?nash S. J.; Brown, K. N.; Jones, A.
H H H . Anal. em 2 .
Whereas the MALDI plume expands in three dimensions, the = 5" vei"; "B iak, 3. M.; Siuzdak, Qature 1999 399, 243-246.
DIOS.pIume' is confined in a narrow pore, thrjs its expansionis  (11) Trauger, S. A.; Go, E. P.; Shen, Z. X.; Apon, J. V.; Compton, B.
one-dimensional. In DIOS, both the lower dimensionality and J.; Bouvier, E. S. P.; Finn, M. G.; Siuzdak, Gnal. Chem2004 76, 4484—
the increased background pressure in the capillary pores resull448i’é < B AL X, L Bofhn P W Sweedler. 3. %al. Ch
in slower expansion and elevated plume densities sustained forzoél )73 608 sean, T Eonm L A Sweedier, & Fndl Lhem.
a Iorrger time. Furthermore, the retentiorr of liquid residues or (13) Shen, Z. X.: Thomas, J. J.: Averbuj, C.; Broo, K. M.; Engelhard,
capillary condensation in the pores contributes to higher plume M.; Crowell, J. E.; Finn, M. G.; Siuzdak, G\nal. Chem2001, 73, 612~
densities. All these factors can account for the enhanced rate$19:
f protonation in DIOS demonstrated by th . n f (14) Canham, L. TAppl. Phys. Lett199Q 57, 1406.
O protonatio € 0 strate . y the presence o (15) Cullis, A. G.; Canham, L. T.; Calcott, P. D.J.Appl. Phys1997,
protonated thermometer species even in the absence of ars2 909-965.
obvious source of protons. It is interesting to note that the above (16)I dBrandt. M. S.; Fuchs, H. D.; Stutzmann, M.; Webber, J.; Cardona,
; ; i : i~al M. Solid State Commuri992 81, 307—312.
outlrr;1ed .mec?amsrlr_r ﬁag q||§o eXplaf'n why Is('mp.lte mracbrlran:;:atl (17) Kovalev, D.: Polisski, G.; Ben-Chorin, M.; Diener, J.; Koch,JE.
roughening of a polished silicon surface makes it a via e (bu Appl. Phys1996 80, 59785983,
not efficient) soft laser desorption ionization substrate. The  (18) Alimpiev, S.; Nikiforov, S.; Karavanskii, V.; Minton, T.; Sunner,
grooves and crevices created by abrasion can act similar to theJ. J. Chem. Phys2001, 115 1891-1901. _
pores observed in DIOS. Although these mechanistic consid- (19 Heuberger, M.; Zach, M.; Spencer, N. Srience2001, 292, 905~
erations are compatible with our findings on IE transfer, they ™" 50) ogata, Y. H.; Kato, F.; Tsuboi, T.; Sakka, I Electrochem. Soc.
are by no means the only explanation. Further experiments are1998 145, 2439-2444.

needed to establish the relative role of the contributing factors. _ (21) Prokes, S. M.; Glembocki, O. J.; Bermudez, V. M.; Kaplan, R.;
Friedersdorf, L. E.; Searson, P. Bhys. Re. B 1992 45, 13788.
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