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SHORT COMMUNICATION

Improvement of Signal Intensities in Static
Secondary-Ion Mass Spectrometry Using Halide
Additives and Substrate Modification

Arkady 1. Gusev, Bernard K. Choi, and David M. Hercules*
Department of Chemistry, Vanderbilt University, Nashville, TN 37235

A new approach is reported for secondary-ion time-of-flight mass spectrometry (TOF-SIMS) sample preparation.
The method involves the use of halide additives or halide modification of silver substrate surfaces to promote
analyte cationization and protonation. The enhancement of signal intensity has been demonstrated for neutral
organic lipophilic and hydrophilic compounds including various small peptides and nucleosides. Improvement
factors range from 2-30 for cationized species to 20—-2000 for protonated species. However, the new sample prep-
aration does not affect the signal intensities of preformed ionic species. The sample preparation approach is applic-
able to a wide variety of neutral compounds and should find broad use for organic analysis by TOF-SIMS. © 1998

John Wiley & Sons, Ltd.
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INTRODUCTION

Secondary-ion time-of-flight mass spectrometry (TOF-
SIMYS) is a well established analytical technique for the
analysis of semiconductors, inorganic compounds, bio-
molecules, and synthetic polymers.!~* The analysis of
organic materials typically involves analyte deposition
on chemically etched silver substrates. As a result, most
lipophilic organic compounds tend to cationize with
silver (M + Ag)*. Polar compounds exhibit mostly
protonated (M + H)™ or deprotonated (M-H)~ signals,
while preformed (precharged) compounds appear in the
TOF-SIMS spectra as (M + H)*, (M-H)~, or from ion
loss, (M-C)* or (M-Na)~ species. Low penetration
depth and the static nature of TOF-SIMS have a strong
influence on secondary ion (SI) yield which determines
the method sensitivity and detection limits. Signal inten-
sity and SI yield are affected by several factors including
the nature of the analyte, substrate material, substrate
surface coverage, presence of contamination, fragmenta-
tion, and, most importantly, desorption and ionization
efficiencies.’*® Various sample preparation approaches
have been examined for the purpose of SI yield
enhancement and improvement of method sensi-
tivity.” 14 The use of an ammonium chloride matrix
produced considerable signal enhancement for simple
sugars, vitamins, small peptides and nucleotides.”® An
improvement factor of ca. 5 was obtained with excess
ammonium chloride.® Acidification of the analyte solu-
tion resulted in enhancement of (M + H)* signal inten-
sity for several amino acids whereas the (M-H)™ signal
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was maximized when the solution was made basic.'®
Matrix-enhanced SIMS was reported for bimolecular
analysis.'> The method employs a sample preparation
procedure similar to that used in matrix-assisted laser
desorption ionization (MALDI). The use of the MALDI
matrices resulted in substantial signal increase for bio-
molecules with molecular weights up to 10,000 u. Our
group has recently reported the use of a submonolayer
of cocaine hydrochloride on a silver substrate deposited
prior to analyte deposition to promote analyte cationi-
zation.!® Signal intensity improvement was demon-
strated for several lipophilic compounds. The most
significant effect was found for samples with large
amounts of organic and inorganic contamination e.g.
crude extracts from blood. It should be noted that a
decrease in fragmentation rate was found for the
ammonium chloride matrix® whereas no significant
fragmentation was observed with cocaine modified sub-
strates for the compounds tested.!'®> The present com-
munication reports a new approach to TOF-SIMS
sample preparation which results in significant enhance-
ment of signal intensities. The sample preparation
involves use of halide additives or halide surface modifi-
cation to promote analyte cationization and/or proto-
nation. The signal intensity improvement has been
demonstrated for organic lipophilic and hydrophilic
compounds, including various small peptides, nucleo-
sides, and synthetic polymers.

Experimental

The experiments were performed using a TOF-SIMS 111
mass spectrometer manufactured by Ion-Tof GmbH
(Miinster, Germany). The instrument has been
described in detail elsewhere.117 Briefly, a pulsed sub-
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Figure 1. Static SIMS mass spectra of cyclosporin A (10 pg/mL) obtained from (A) an etched silver surface without additives, and (B)

with NaBr (1 mg/mL) addition.

nanosecond 10 keV Ar* primary ion beam with a
diameter of ca.50 pm and a pulsed current of 0.1-0.5 pA
was used. The secondary ions were accelerated to 3 keV
into a reflectron TOF MS and detected by a
scintillator-microchannel plate-photomultiplier hybrid
detector operating in the single-ion counting mode.

Materials

Nucleotides, angiotensin II, and bradykinin from Sigma
(St. Louis, MO). NaBr, Nal, and NaCl were purchased
from Fisher Scientific (Pittsburgh, PA). ACS grade HBr,
HI, and HCI were purchased from Aldrich Chemical
(Milwaukee, WI) and used without further purification.

© 1998 John Wiley & Sons, Ltd.

Cyclosporin A (CsA) was obtained from Sandoz Corpo-
ration (Basel, Switzerland). All solvents were HPLC
grade. Silver foil (0.25 mm thick, 99.9985% purity) was
obtained from Alfa Aesar (Ward Hill, MA).

Sample preparation

Three sample preparation methods were studied and
compared: (i) the conventional TOF-SIMS sample
preparation method on etched silver without additives,
(i) halide additives on etched silver, and (iii) silver sub-
strate modification using halide acids. Standard TOF-
SIMS sample preparation for organic analysis involves
analyte deposition (1-2 pL) onto a silver substrate (15
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Figure 2. Static SIMS mass spectra of crosslinked adenosine (1 pg/mL) obtained from (A) an etched silver surface without additives, and

(B) with NaBr (1 mg/mL) addition.

mm?) etched in trace metal grade HNO; (20% v/v in
water). The halide additives (1-2 pL), dissolved in
appropriate solvents, were mixed in equal amounts with
the analyte directly on the silver substrates. The alterna-
tive silver substrate sample preparation involved
soaking of previously etched silver substrates in a
boiling solution of concentrated HBr, HI or HCI for
5-10 min. The analyte (1-2 pL) was deposited on the
halide modified substrate and dried before analysis.

RESULTS AND DISCUSSION

Enhancement of molecular signal intensity and
improvement of sensitivity and detection limits can be
achieved under the same instrumental conditions by

© 1998 John Wiley & Sons, Ltd.

decreasing analyte fragmentation, improving the SI
yield, or both. The major focus of this paper will be on
the improvement of desorption, cationization and
protonation efficiencies of neutral lipophilic and hydro-
philic compounds, although analyte molecular fragmen-
tation will be evaluated as well.

Enhancement of cationization efficiency. Most lipophilic
compounds tend to cationize well with substrate ions.
Etched silver provides an efficient source of cations and
has been used for a variety of compounds.3#18-22
Figure 1A shows the mass spectrum of cyclosporin A
obtained directly from an etched silver substrate. The
major peaks in the spectrum are due to Ag cationiza-
tion, although Na-and K-cationized species are also
observed. The same tendency was reported previously
for quantitative analysis of CsA and its major metabo-
lites in blood.?!?? Although the crude blood extracts
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contained a high concentration of alkali metal salts, the
Ag cationized peaks were at least an order of magnitude
higher than the Na-and K-cationized species. A differ-

Table 1. Signal improvement factors

lon intensity (counts s=") Signal
[M+H]* [M+Na]*  [M+Ag]* increase ent effect is observed when alkali bromide (NaBr and
Cyclosporin A: KBr), and alkali iodide (Nal and KI) salts are added to
Standard method 5k 12k 35k Agvs Na the sample, compared to alkali chloride (NaCl and KCl)
NaBr addition 1k 103k 6k ~2-5 salts. Figure 1B shows a CsA mass spectrum of an
dA-dA: etched silver substrate with NaBr. Equal volumes of
Standard method 8k 15k 29k AgvsNa NaBr (1 mg/mL in methanol/water 1:1 v/v) and CsA (10
5 Nac?'ka_‘d_d'fmn 15k 300k 25k ~7-9 pg/mL in methanol) solutions were mixed directly on
rg':a: d;l:cljnﬁetho 4 8Kk  No sianal 2k Hvs H the etched silver substrate. In comparison to the stan-
HBr substrate 70 k 1(? K 7k ~10 dard preparation method, the use of NaBr increased the
Angiotensin Il: (M + Na)* signal by a factor of 12. Thus, the
Standard method <1k Nosignal Nosignal HvsH M + Na): 'Slgnal mt_enSlty .Wlth NaBr exceeds the
HBr substrate 60k Nosignal Nosignal ~100-500 (M + Ag)™ signal obtained using standard sample prep-
oy _ 3 aration by a factor of ca. 2. (see Table 1.) Figure 2
k=1 x10° counts. . . .
shows mass spectra obtained for crosslinked adenosine
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Figure 3. Static SIMS mass spectra of bradykinin (10 pg/mL) obtained from (A) an etched silver surface without additives, and (B) an HBr
treated silver substrate.
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Figure 4. Mass spectra of angiotensin Il (10 pg/mL). (A) Static SIMS spectra from an etched silver surface without additives, (B) Static
SIMS spectra from an HBr treated silver substrate, and (C) MALDI spectra using the a-cyano-4-hydroxycinnamic acid matrix.

(dA-dA), a new class of potential DNA-carcinogen
adduct.?®> Under normal conditions, the dominant
analyte signal is (M + Ag)™ while the (M + Na)™ signal
is relatively weak. Use of NaBr salt additives improved
the signal intensity of the (M + Na)™ peak by a factor
of ca. 8 over the (M + Ag)™ signal obtained from a
standard preparation method (see Table 1). It should be
noted that halogen salt additions did not have a signifi-
cant effect on preformed ions or species which tend to
appear most dominatly as protonated molecules.

Enhancement of protonation efficiency. There are two pos-
sible mechanisms for forming protonated and deproton-
ated species in TOF-SIMS spectra. Molecules can be
protonated or deprotonated in solution (preformed

© 1998 John Wiley & Sons, Ltd.

ions) or ionized in the desorption/ionization process.
Preformed ions produce very intense peaks and show
high tolerance for substrate surface contamination. For
example, analysis of cocaine hydrochloride (preformed
ion) has been demonstrated directly from urine with
only minimal sample treatment.”* The detection limits
from urine were decreased by a factor of 10 compared
to analysis of cocaine from methanol. Neutral com-
pounds can also be protonated in the SIMS ionization
process. However, the efficiency of this process in SIMS
is generally quite low. For example, angiotensin II,
which can easily be ionized in matrix-assisted laser
desorption/ionization (MALDI),?>*> does not exhibit a
measurable signal in SIMS over a broad pH range (pH
1-7) of analyte solution.?® To improve the efficiency of
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proton transfer, the etched silver substrate surfaces were
treated with strong halide acids (e.g. HCI, HBr and HI)
to modify the surface and presumably to change the
surface acidity. HCl-treated surfaces exhibited no effect
on either protonated or cationized species. However,
the use of HBr and HI showed a significant effect on the
signal intensities of protonated ions. Figure 3 shows
mass spectra of bradykinin obtained from a standard
etched silver surface, and an etched silver substrate
treated with HBr. Use of the HBr treated substrate
resulted in signal intensity enhancement by a factor of
ca.10, see Table 1. An even more dramatic effect was
found for angiotensin II which as stated above does not
produce any signal using the standard sample prep-
aration, but which exhibited a strong protonated signal
from HBr treated silver. Figure 4 shows TOF-SIMS
mass spectra of angiotensin II obtained from (A) an
etched silver substrate, and (B) a silver substrate treated
with HBr. Figure 4C shows mass spectrum of angi-
otensin II obtained by MALDI MS using the a-cyano-
4-hydroxycinnamic acid matrix. Clearly, use of HBr
modified silver enhanced signal intensity by more than
2 orders of magnitude, so that the S/N ratio and signal
quality became comparable to that produced by
MALDI MS. An increase of signal intensity could be
explained by a decrease in fragmentation. However, no
significant change in fragmentation was observed for
the compounds studied. Thus, the surface must provide
favorable conditions (high acidity) for efficient proton
transfer. Interestingly, silver surfaces treated with HBr
or HI provide efficient means for incorporation of
protons and cations, but silver surfaces treated with
HCI do not. However, it is clear that the halide-treated
surfaces do not just provide protons from adsorbed acid
on the surface. In addition, the enhancement of proto-
nated signals is observed only for neutral compounds,
no signal improvement was observed for preformed

ions. The exact process involved in proton/cation
enhancement of SIMS signals by halide modified sur-
faces is still not clear. Detailed examination of the
surface conditions and surface complexes will aid in elu-
cidation of the mechanisms and such studies are now
being conducted in our laboratory.

CONCLUSIONS

A new sample preparation method was developed for
TOF-SIMS analysis of organics, involving the use of
halide additives or halide surface modification to
promote analyte cationization and protonation. Signifi-
cant signal enhancement was achieved for various
neutral lipophilic and hydrophilic compounds. Applica-
tion of NaBr and Nal additives resulted in signal inten-
sity enhancement of cationized peaks by factors 2-30
for lipophilic compounds. Use of silver surface modifi-
cation by HBr and HI for analysis of neutral hydro-
philic compounds led to enhancement of protonated
signal intensity by a factor of 20-2000. No signal
improvement was observed with NaCl additives or
surface modification using HCIl. Although the exact
mechanism of the effect is still unclear, Br and I atoms
on the surface must provide an effective means for
incorporation of Na-cations and protons on the silver
substrate.
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