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Charge reduction and desorption kinetics of ions and neutral molecules produced by
soft-landing of mass-selected singly and doubly protonated Gramicidin S (GS) on different
surfaces was studied using time dependant in situ secondary ion mass spectrometry (SIMS)
integrated in a specially designed Fourier transform ion cyclotron resonance mass spectrom-
eter (FT-ICR MS) research instrument. Soft-landing targets utilized in this study included inert
self-assembled monolayers (SAMs) of 1-dodecane thiol (HSAM) and its fluorinated analog
(FSAM) on gold and hydrophilic carboxyl-terminated (COOH-SAM) and amine-terminated
(NH2-SAM) surfaces. We observed efficient neutralization of soft-landed ions on the COOH-
SAM surface, partial retention of only one proton on the HSAM surface, and efficient retention
of two protons on the FSAM surface. Slow desorption rates measured experimentally indicate
fairly strong binding between peptide molecules and SAM surfaces with the binding energy of
20–25 kcal/mol. (J Am Soc Mass Spectrom 2009, 20, 901–906) Published by Elsevier Inc. on
behalf of American Society for Mass Spectrometry

Interaction of neutral and charged biomolecules withsurfaces is an ubiquitous fundamental phenomenon
in biology and one of the most important processes

in the development of biomaterials and other biotech-
nological applications [1, 2]. Because of their complexity
our understanding of such interactions is very limited.
For example, protein adsorption on substrates is a
highly dynamic process that is strongly influenced by
Coulomb interactions, hydrogen bonding, and rela-
tively weak noncovalent interactions. These processes
are highly dependant on the primary and the high-
order structure of the protein and on the properties of
the surface and the solvent.
It has recently been demonstrated that soft-landing

(SL) of mass-selected ions on surfaces is a useful mass
spectrometric approach for probing details of this in-
trinsic behavior of immobilized biological molecules
that removes the strong effects of solvents [3–5]. SL is
defined as intact capture of mass-selected polyatomic
ions on substrates [6, 7] and has already been success-
fully used to study charge retention by small closed-
shell ions [6–9] and peptide and protein ions deposited
onto self-assembled monolayer surfaces (SAMs) [10–
13]. Retention of biological activity (but not charge) by

proteins deposited on liquid [10, 14] and on plasma
treated metal surfaces [15] has also been demonstrated.
Recently we reported the first detailed study of the

kinetics of desorption and charge reduction following
SL of doubly protonated Gramicidin S (GS) onto the
FSAM surface [16]. We utilized an in-line 8 keV Cs� ion
gun that allowed us to interrogate the surface in situ
and in real time using secondary ion mass spectrometry
(SIMS). We followed the evolution of the SIMS spec-
trum as a function of time during and after the deposi-
tion of [GS � 2H]2� and obtained unique kinetics
signatures for doubly protonated, singly protonated,
and neutral peptides retained on the surface. Using the
characteristic ion signatures and a kinetic model we
measured rate coefficients for charge reduction and
thermal desorption of ions and neutral GS molecules
from the surface. An important process established in
that work was the instantaneous loss of one or two
protons by a fraction of ions colliding with the FSAM
surface. Collision induced fast charge reduction is fol-
lowed by very slow proton loss by ions trapped on the
surface. Thermal desorption of ionic and neutral species
efficiently competes with the charge reduction process.
In this research, we applied the same in situ SIMS

technique for studying charge-transfer from soft-landed
ions to surfaces to establish a molecular level under-
standing of interactions of different charge states of the
model GS peptide with hydrophobic and hydrophilic
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SAMs chosen as appropriate surrogates for different
types of biological substrates.

Experimental

Experiments were performed using a specially de-
signed 6T FT-ICR instrument configured for studying
ion–surface interactions [17]. The experimental ap-
proach for SL experiments has been described else-
where [11, 16]. Briefly, mass-selected peptide ions pro-
duced in a high-transmission electrospray source
undergo normal-incidence collision with a SAM surface
positioned at the rear trapping plate of the ICR cell. Ion
kinetic energy is controlled by varying the voltage
difference between the collisional quadrupole of the ion
source and the surface and was maintained at 20
eV/charge in these experiments. During ion SL the
surface is exposed to a continuous beam of mass-
selected ions and the deposition time is varied between
20 and 150 min. Typical ion currents of 4 and 15 pA of
mass-selected singly and doubly protonated ions of
gramicidin S, respectively, are delivered onto a ca. 3.5
mm diameter spot on the target. The maximum cover-
age of soft-landed ions obtained in these experiments
does not exceed 12% of a monolayer.
In situ analysis of surfaces following SL is performed

by combining 8 keV Cs� secondary ion mass spectrom-
etry with FT-ICR detection of the sputtered ions (FT-
ICR-SIMS) [16]. Primary Cs� ions are generated using a
model 101502 HWIG-250F cesium ion gun (HeatWave
Labs Inc., Watsonville, CA) that is installed on-axis with
the SL target. Static SIMS conditions with a total ion flux
of about 1010 ions/cm2 (current 4 nA, duration 80 �s,
spot diameter 4.6 mm, 10 shots per spectrum,�100 data
points) were used in these experiments that typically
lasted for 10 to 12 h. The following potentials were
applied to various focusing elements: Cs� gun floating
voltage, �8 kV; extraction, �7 kV; lens, �5 kV; Einzel
lens, (L1 � L2 � �250 V; L3 � �3kV). The Cs� ion beam
was pulsed by alternating the potential applied to one
of the deflection plates between 0 and �400 V the high
value being used to block the Cs� beam from reaching
the surface. Data acquisition was accomplished utiliz-
ing a MIDAS data station [18]. Each SIMS spectrum was
averaged over 10 shots corresponding to an acquisition
time of 10 s. The kinetics data were obtained by
sampling the SAM surface every 1.2 min for the first 70
min after the SL and every 10 min for the remainder of
the experiment.
SAMs of 1-dodecanethiol (HSAM), 1H, 1H, 2H, 2H-

perfluorodecane1-thiol (FSAM), 11-mercaptoundecanoic
acid (COOH-SAM), and 11-amino-1-undecanethiol (NH2-
SAM) were used as targets for these SL experiments.
The surfaces were prepared following literature proce-
dures [19, 20]. Gold coated silicon wafer (5 nm chro-
mium adhesion layer and 100 nm of polycrystalline
vapor-deposited gold) was purchased from SPI Sup-
plies (Westchester, PA) and custom laser cut into 4.8
mm diameter substrates by Delaware Diamond Knives

(Wilmington, DE). After thorough cleaning, the sub-
strates were immersed for 12 h in the container with 1
mM solution of the corresponding thiol in ethanol. The
SAM surfaces were then removed from the thiol solu-
tions, ultrasonically washed in ethanol (acetic acid/
ethanol in the case of COOH-SAM and NH2-SAM) for 5
min, quickly dried with dry nitrogen gas, and placed in
the UHV chamber.
1H,1H,2H,2H-perfluorodecane-1-thiol was purchased

from Fluorous Technologies Inc. (Pittsburgh, PA); 11-
amino-1-undecanethiol was purchased fromDojindoMolec-
ular Technologies, (Gaithersburg, MD); 1-dodecanethiol, 11-
mercaptoundecanoic acid, and GS were purchased from
Sigma-Aldrich (St. Louis, MO). GS was dissolved in a
50:50 (vol/vol) methanol:water solution with 1% acetic
acid to a final concentration of 0.1 mg/mL. A syringe
pump (Cole Parmer, Vernon Hills, IL) was used for
direct infusion of the electrospray samples at a flow rate
of 20 �L/h.

Results and Discussion

We previously reported that charge retention and par-
tial neutralization of the doubly protonated GS follow-
ing soft-landing (SL) onto the FSAM surface results in
formation of a mixture of [GS � 2H]2�, [GS � H]�, and
neutral GS molecules on the surface. Each of these
species exhibits distinctive charge reduction and de-
sorption kinetics [16]. Energetic bombardment of the
surface with the primary Cs� beam generates second-
ary ions characteristic of all three charge states of the
peptide. The SIMS spectrum of the FSAM surface
obtained following SL of GS contains a small [GS �
2H]2� and an abundant [GS � H]� peak. In addition,
the SIMS spectrum exhibits a number of abundant
fragments including LFPV (m/z 457.3), PVO (m/z 311.2),
and PV-28 (m/z 169.1) ions readily identified as frag-
ments of neutral GS generated in the desorption/
ionization step. Minor SIMS fragment ions, LF and O,
follow the kinetics of the doubly protonated species,
while no product ions follow the kinetic behavior of the
[GS � H]� ion. Several fragment ions exhibit mixed
behavior suggesting that they originate from different
charge states of the peptide formed on the surface as a
result of partial retention of the initial charge by a
fraction of soft-landed ion along with partial charge
reduction and complete neutralization of other depos-
ited doubly protonated precursors.
The present research compared the evolution of the

soft-landed peptide ions on inert FSAM and HSAM sur-
faces and hydrophilic COOH-SAM and NH2-SAM sur-
faces. It should be noted that because SL of mass-selected
ions produces highly pure uniform films on substrates it is
difficult to compare our results with results obtained
using conventional surface preparation methods. We
have conducted extensive characterization of peptide
films prepared using dried droplet and electrospray
deposition approaches [11, 12, 21] and concluded that
SIMS spectra obtained for such films are strongly affected
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by the presence of impurities and the morphology of the
samples generated during the drying process. SIMS spec-
tra obtained from peptide films prepared using these
approaches are more complex than the corresponding
spectra obtained from films prepared by SL. Similar
peptide-related features are observed in spectra obtained
for peptide films prepared on hydrophilic surfaces using
both SL and conventional approaches. However, highly
non-uniform films are formed on hydrophobic surfaces
because the analyte molecules clump together in the
drying stage resulting in poor reproducibility of SIMS
data.
Figure 1 presents typical 8 keV Cs� FT-ICR SIMS

spectra obtained after deposition of 20 to 25 pA of
mass-selected doubly protonated gramicidin S [GS �
2H]2� onto a 3 mm spot on the FSAM, HSAM, and
COOH-SAM surfaces. The deposition time was ad-
justed between 24 and 28 min to ensure similar surface
coverage of ca. 4% of a monolayer in these experiments.
Surface coverage was estimated from the known ion
exposure using the spot size of 3.5 mm in diameter and
263Å [2] cross section of [GS � 2H]2� [12, 16]. All three
spectra are dominated by the peak at m/z 571.4. Our
previous study demonstrated that this peak is com-
posed of the symmetric LFPVO fragment of GS and the
doubly protonated [GS � 2H]2� ion [16]. The latter is
accompanied by the 13C isotopic peak at m/z 571.9. The
inserts in Figure 1 demonstrate that the 13C isotopic

peak of the [GS � 2H]2� ion is observed only on the
FSAM surface suggesting that the 571.4 peak observed
in SIMS spectra of the HSAM and COOH-SAM surfaces
corresponds to the LFPVO fragment ion with no con-
tribution of the doubly protonated GS species. It
follows that HSAM and COOH-SAM surfaces do not
retain any doubly protonated peptides deposited in
our experiments.
It is noteworthy that no peptide-related peaks were

observed in the SIMS spectrum when the NH2-SAM
surface was used as a target. It is also noted that only a
very weak SIMS signal was obtained for this surface
before ion deposition. One possible explanation for
these observations is that poor organization of the SAM
and more efficient charge-transfer in the SIMS plume
because of the presence of basic nitrogen-containing
species could significantly suppress the peptide signal
on this surface. Alternatively, the low peptide signal
may be attributed to the decrease in the SL efficiency;
this decreased efficiency may result from partial proto-
nation of terminal amino groups and accumulation of
the net positive charge on the NH2-SAM surface. Future
studies will address this intriguing result in more detail.
Another notable difference between SIMS spectra

obtained for the three different surfaces is the relative
abundance of the [GS � H]� ion. It decreases in the
order FSAM�HSAM�COOH-SAM. This observation is
consistent with the results reported for SL of the singly
protonated angiotensin III on the FSAM, HSAM, and
COOH-SAM surfaces [12]. In that study the low sput-
tered signal obtained following SL on COOH-SAM was
attributed to more efficient neutralization of ions on the
surface relative to FSAM and HSAM surfaces. The
decrease in the [GS � H]� signal is accompanied by an
increase in the signal of the PVO internal fragment at
m/z 311.2. Since this fragment is generated from neutral
GS desorbed in SIMS experiments while most of the
[GS � H]� signal comes from singly protonated species
retained on the surface the [GS � H]�/PVO ratio is a
measure of the relative abundance of protonated and
neutral GS trapped on the surface. This ratio decreases
in the order FSAM�HSAM�COOH-SAM, indicating
much higher neutralization efficiency following SL on
the hydrophilic COOH-SAM surface relative to inert
HSAM and FSAM surfaces.
Figure 2 shows the time dependence of the abun-

dance of [GS � H]� and PVO ions representing the
singly protonated and neutral species on the surface
normalized to the abundance of the surface peak
Au2SH

� atm/z 426.9. These kinetics plots were recorded
immediately following the ion deposition step. Clearly
these two ions exhibit different kinetic signatures on
different surfaces. The results obtained for the FSAM
surface are consistent with our previous study [16].
Specifically, the [GS � 2H]2� ion exhibits relatively
rapid decay (data not shown, see Figure 3b of reference
[16]), while the [GS � H]� ion continues to increase for
2 to 3 h after ion deposition is concluded. Kinetic
modeling demonstrated that this behavior reflects rela-

Figure 1. FT-ICR SIMS spectra obtained after SL of [GS � 2H]2�

on the (a) FSAM, (b) HSAM, COOH-SAM surfaces.
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tively slow proton loss from the soft-landed doubly
protonated GS to generate [GS � H]� ions on the
surface. It is interesting to note that the [GS � Au]�

peak observed in the SIMS spectrum for the FSAM
surface (not shown) follows similar kinetics as the [GS �
H]� peak. Evidently, this ion is formed by gas-phase
cation exchange from the singly protonated GS de-
sorbed during SIMS analysis. In contrast, the neutral
species on all three surfaces for which the PVO frag-
ment ion is diagnostic follows an almost linear decrease
after ion deposition. Similar, almost linear, decay is
observed for the [GS � H]� ion on the HSAM and
COOH-SAM surfaces. This is further confirmation that
the [GS � 2H]2� ion is not retained on these surfaces.
However, the [GS � H]� ion follows somewhat faster
decay on HSAM than on the COOH-SAM surface.
The average [GS � H]�/PVO ratio shown in Figures

2 and 3 decreases in the order FSAM�HSAM�COOH-
SAM for both charge states of soft-landed GS. While the
PVO fragment uniquely characterizes neutral peptide
molecules on the surface, the [GS � H]� ion is formed
by both ionization of neutral molecules during SIMS
analysis and by desorption of singly protonated species
retained on the surface. Identical kinetic behavior ob-
tained for the PVO and the [GS � H]� ion on the

COOH-SAM surface implies that soft-landed GS ions
are completely neutralized on this target. Re-ionization
of deposited neutral molecules results in extensive
fragmentation and a relatively low [GS � H]�/PVO
ratio of 0.1–0.3. For the HSAM surface the substantially
higher [GS � H]�/PVO ratio of 1.1–2 indicates that this
surface retains some singly protonated GS molecules.
The highest [GS � H]�/PVO ratio of 7–11 obtained for
FSAM indicates that this surface has the highest effi-
ciency for charge retention.
Decay rates for the neutral and singly protonated

species on the HSAM and COOH-SAM surfaces ob-
tained from the first-order kinetic fitting of the experi-
mental data are summarized in Table 1. Rate constants
for the decay of [GS � H]� and PVO ions on the FSAM
surface were obtained from the detailed kinetic model-
ing described in our previous paper [16]. Briefly, our
model for charge reduction by soft-landed species on
the surface includes as contributing processes the loss of
a proton, thermal desorption of ions and neutral GS
molecules from the surface, re-ionization of both neu-
tral and singly-protonated molecules in SIMS and fast
proton loss by soft-landed ions during ion-surface
collision.
Figure 4 compares the experimental data and mod-

eling results for [GS � H]� ion intensity observed
during and after the deposition of singly and doubly
protonated GS onto the FSAM surface. Our results for
[GS � H]� projectile deposited onto the FSAM surface
show that the singly protonated GS retained on the

Figure 2. Kinetic plots for [GS � H]� (m/z 1142, filled squares)
and PVO (m/z 311, open circles) ions obtained after SL of [GS �
2H]2� on the (a) FSAM, (b) HSAM, COOH-SAM surfaces. Note
that the normalized abundances of [GS�H]� and PVO are shown
on the left and right axes, respectively. Signal intensities were
normalized to the abundance of the Au2S

� ion (m/z 427) for the
FSAM surface, and the C3H5S

� peak (m/z 73) for the HSAM and
the COOH-SAM surface. The average [GS � H]�/PVO ratio is
labeled on each plot.

Figure 3. Same as Figure 2 for the [GS � H]� projectile ion.
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surface decays mainly by thermal desorption. The rate
of proton loss is at least two orders of magnitude slower
than the rate of desorption. This result is in excellent
agreement with our previous study that examined the
evolution of surface-retained [GS � H]� ion following
deposition of the corresponding doubly protonated
precursor, [GS � 2H]2� [16]. Because proton loss by the
[GS � H]� ion is an extremely slow process, the
evolution of soft-landed species on all three surfaces is
dominated by slow desorption of both neutral and
singly protonated GS following remarkably similar
kinetics. The notable exception is the kinetics for the
[GS � H]� ion following SL of [GS � 2H]2� on the
FSAM surface; here the dominant mechanism is proton
loss from the retained [GS � 2H]2� ion.
The results obtained in this study are qualitatively

consistent with the results of ex situ analysis of the
FSAM, HSAM, and COOH-SAM surfaces following SL
of peptide ions reported previously [13]. In our ex situ
study surfaces were exposed to laboratory air before
off-line analysis using standard time-of-flight second-
ary ion mass spectrometry (TOF-SIMS). We concluded
that doubly protonated peptides are readily neutralized
by exposure to laboratory air but some singly proton-

ated species are retained on both FSAM and HSAM
surfaces. Substantially higher abundance of fragment
ions observed for the COOH-SAM surface was attrib-
uted to essentially complete neutralization of soft-
landed species. However, in this ex situ experiment we
could not establish whether ions were neutralized dur-
ing deposition or after exposure to the ambient envi-
ronment. The present ultrahigh vacuum in situ investi-
gation clearly demonstrates the occurrence of very fast
neutralization of doubly protonated GS on the HSAM
surface and fast complete neutralization on the COOH-
SAM surface.

Conclusions

In this work we utilized time-resolved in situ FT-ICR
SIMS for quantitative characterization of the effect of
the surface on charge retention and desorption follow-
ing SL of singly and doubly protonated GS on SAM
surfaces. Our results demonstrate that the desorption
kinetics of ions and neutral peptide molecules retained
on different surfaces is characterized by similar rates. In
contrast, charge retention by soft-landed ions strongly
depends on the properties of the surface. Specifically,
while the FSAM surface efficiently retains both doubly
and singly protonated peptide molecules, only a small
amount of singly charged ions is retained on the HSAM
surface and complete neutralization is observed on the
COOH-SAM. Very efficient charge retention on the
FSAM surface determines characteristically different
kinetic behavior for [GS�H]� ion following deposition
of the singly and doubly protonated GS on these
substrates. In contrast, kinetic plots obtained for both
HSAM and COOH-SAM surfaces are relatively inde-
pendent of the initial charge state of the precursor ion.
Assuming pre-exponential factors in the range of

1010–1013 s�1 the measured desorption rates lead to an
estimated binding energy of 20–25 kcal/mol between
the deposited peptides and the different surfaces inves-
tigated here. This binding energy is consistent with the
previously reported value derived from desorption
kinetics of Substance P from the FSAM surface [12].
Finally, instantaneous proton loss is the major neutral-
ization pathway for soft-landed protonated peptides. In
future work we shall explore the unexpectedly low SL
efficiency noted for amine-terminated SAMs.

Table 1. Decay rates in min�1 obtained from the first-order kinetic fitting of the experimental data

Projectile ion [GS � 2H]2� [GS � H]�

Surface [M � H]� PVO [M � H]� PVO

FSAM 6 � 10�4* 1 � 10�3* 2.1 � 10�3† 1.2 � 10�3†
HSAM 1.6 � 10�3 9 � 10�4 1.7 � 10�3 9 � 10�4

COOH-SAM 2.3 � 10�3 1.9 � 10�3 1.2 � 10�3 8 � 10�4

*Adopted from reference [16].
†Obtained from the detailed kinetic modeling of the data shown in Figure 4.
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Figure 4. Kinetic plots obtained for the [GS � H]� ion following
deposition of [GS � 2H]2� (blue) and [GS � H]� (red). The curves
are aligned along the x-axis at the time marked with the dashed
line that corresponds to the end of SL. The results of the kinetic
modeling are shown as solid lines.
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