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We have investigated secondary ion yield enhancement using Bin
2� (n � 1, 3, 5) primary ions

impacting phenylalanine, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine (DPPE), cholesterol, Irganox 1010, and polymer films adsorbed
on silicon and aluminum. Secondary ion yields are increased using Bi2�and Bi3

2� primary ions for
the molecular layers and polymers that can undergo allyl cation rearrangements. For Irganox 1010,
the deprotonated molecular ion yields (m/z 1175; [M � H]�) are one to two times larger for Bi2�

and Bi3
2� primary ions than for Bi� and Bi3

� at the same primary ion velocities. In the positive ion
mode, the largest fragment ion yield (m/z 899) is �1.5 times larger for Bi2� ions than for Bi�. For
Bi3

2� the largest fragment ion yield is only�70% of the ion yield using Bi3
�, but the secondary ion

yields of the fragment ions at m/z 57 and 219 are enhanced. For polymers that can undergo allyl
cation rearrangement reactions the secondary ion yield enhancements of the monomer ions range
from 1.3 to 4.3. For Bi5

2� primary ions, secondary ion yields were the same or slightly larger than
for Bi5

� in the negative ion mass spectra for Irganox 1010, but lower in the positive ion mode. No
secondary ion yield enhancements were measured on polymer samples for Bi5

2�. For all polymer
films studied, secondary ion intensities from the oligomer regions are substantially decreased
using Bin

2� (n � 1, 3, 5). We discuss differences in the ionization mechanisms for doubly and
singly-charged Bi primary ion bombardment. (J Am Soc Mass Spectrom 2008, 19, 33–45) © 2008
American Society for Mass Spectrometry

Secondary ion mass spectrometry (SIMS) has many
applications in areas such as microelectronics,
geology, biotechnology, and materials science [1,

2]. SIMS is used to obtain both atomic- and molecular-
specific images of samples with submicron resolution
and depth profiles. The utility of SIMS has been greatly
increased recently by the introduction of polyatomic
primary ion beams [2, 3]. Polyatomic projectiles, such as
Bin

� [4–6] and Aun
� [7–13], have been demonstrated to

greatly enhance molecular ion yields compared to
monoatomic primary ions such as Ga� or Ar�. The use
of polyatomic primary ions has also led to improve-
ments in the useful lateral resolution of SIMS mass
spectrometric (chemical) images [5].
In a typical SIMS experiment, the primary ions are

singly charged and have kinetic energy in the 2 to 50
kiloelectronvolt (keV) range. They transfer energy and
momentum to atoms in the sample, which are displaced
from their original position and ejected into the vacuum
[1, 2]. For multiply charged primary ions there is a
second possible interaction known as potential sputter-
ing [14]. In addition to kinetic energy, primary ions also
carry potential energy that can be large if the ion is

highly charged. This potential arises when q electrons
are removed from species A to create an Aq� ion. For
highly charged ions, such as Ar9�, this potential can be
in the keV range [14]. When such an ion strikes the
surface, it induces a variety of nonelastic processes
within the sample. These processes lead to the removal
of atoms and ions from the sample surface. The use of
highly-charged primary ions has been demonstrated to
greatly enhance the ion yields from surfaces. For exam-
ple, below q � 25 the secondary ion yield from silicon
surfaces increases linearly with incident (primary) ion
charge. However, above this threshold, the secondary
ion yields from silicon surfaces increases nonlinearly
with the primary ion charge above q �25 [14].
There have been a few reports of nonlinear yield

enhancement using multiply charged primary ions
with q � 25. Schweikert et al. observed that in 18 keV
Arq� (1 � q � 11) bombardment of SiO2, CsI, and
phenylalanine films the secondary ion yields of H�

ions were greatly enhanced by the use of multiply-
charged (q � 1) Ar primary ions [15]. However, no
other secondary ions were enhanced. Kakutani and
coworkers demonstrated that Arq� and Nq� primary
ion bombardments greatly enhanced the H�, H2

� and
H3

� ion yields from a C60 sample [16]. Further, these
authors showed that the increase in the H� ion yield
was due to potential sputtering and not nuclear
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recoil. Benguerba et al. [7] observed that there was no
increase in secondary ion yields from a DL-phenylal-
anine target using Aun

2� (n � 1, 3) compared with
Aun

� (n � 1, 3) primary ions. However, more recently
Walker and Winograd noted that the secondary ion
yields of polystyrene oligomers were two to four
times larger using Au2� primary ions than using Au�

with the same primary ion velocity [8].
In this paper, we compare the secondary ion yields

from thin organic films using Bin
� and Bin

2� (n � 1,
3, 5) primary ions at the same impact velocities. The
films studied are used in a variety of important
medical and technological applications. They include
DL-phenylalanine, an amino acid, 2 phospholipids,
1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), and 1,2-dipalmitoyl-sn-glycero-3-phospho-
ethanolamine (DPPE), cholesterol, and Irganox 1010,
a common polymer additive. Polymers employed in
this study are polystyrene (PS), polyethylene (PE),
poly(2,6-dimethyl-p-phenylene oxide) (PDMPO),
poly(propylene glycol) (PPG), polyisoprene (PI),
poly(methyl methacrylate) (PMMA), polyethylene
oxide (PEO), and polyethylene glycol (PEG). These
compounds are shown in Structure 1.

These materials have all been previously character-
ized by SIMS, and DL-phenylalanine, Irganox 1010,
and PS were used in previous studies of secondary
yield enhancements using Bin

� [6] and Aun
� primary

ions [7, 8, 11, 13].
Using Bin

2� (n � 1, 3) primary ions the secondary

ion yields increase for phenylalanine, DPPC, DPPE,
cholesterol Irganox 1010, and for polymers that can
undergo allyl cation rearrangements, PEO, PS, PPG,
and PEG. In contrast, for PMMA, PTFE, and PDMPO
no secondary ion yield enhancements were observed.
For Bi5

2� primary ions, secondary ion yields were the
same or slightly larger in the negative ion mass
spectra for Irganox 1010, but lower in the positive ion
mode. No secondary ion yield enhancements were
measured on polymer samples for Bi5

2�. For all
polymers studied, few or no oligomer ions were
observed upon Bin

2� (n � 1, 3, 5) primary ion
bombardment. Secondary ion yield enhancements
were also found to vary with the preparation of the
sample.

Experimental

Time-of-Flight Secondary Ion Mass Spectrometry

Time-of-flight secondary ion mass spectra were ob-
tained using a TOF SIMS IV instrument (ION TOF
Inc., Chestnut Ridge, NY). The instrument consists of
a loadlock, a preparation chamber, and an analysis
chamber, each separated by a gate valve. The prepa-
ration and analysis chambers were kept between 1 �
10�9 mbar and 5 � 10�9 mbar during experiments.
The primary ion beam was generated using a liquid
ion gun fitted with a pure Bi source capable of
producing Bin

x� (n � 1, 3, 5; x � 1, 2) ions. The
primary ions were mass selected by their flight time
via a double blanking plate system. The kinetic
energy of Bin

� and Bin
2� (n � 1, 3, 5) was 25 keV, so

all the primary ions had the same velocity. The
pulsed primary ion beam current was measured
before and after obtaining a TOF SIMS spectrum
using a Faraday cup (diameter � 2 mm), which is
located on a grounded sample holder and using an
extraction voltage of 2000 V to prevent emission of
secondary electrons. The error in the primary ion
beam measurement is very small and due to the loss
of positive secondary ions (typically less than 1% of
sputtered material is ionized [1]). The difference
between the measured ion currents was 	5%, so any
error in the primary ion beam measurement is
smaller than the experimental error. Typical primary
ion currents for a 25 kV singly-charged Bi primary ion
beam are 1.0 pA (Bi�), 0.35 pA (Bi3

�), and 0.02 pA
(Bi5

�). Typical primary ion currents for a 12.5 kV
doubly-charged Bi primary ion beam are 0.21 pA
(Bi2�), 0.035 pA (Bi3

2�), and 0.02 pA (Bi5
2�). The

primary ion beam was bunched (compressed in time
by a pulsed electric field) and had an initial pulse
width of 30 ns. These ion beam conditions ensured
sufficiently short pulses for TOF SIMS analysis with a
mass resolution, m/
m � 5000 at m/z 29.
The secondary ions generated were extracted into a

time-of-flight mass spectrometer using a potential of

Structure 1. Structures of Irganox 1010, DL-phenylalanine, and
polymers used in these studies.
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2000 V. Before reaching the detector the secondary ions
were reaccelerated to 10 kV.
Before analysis, preliminary measurements were

taken to determine if there was any sample charging.
The rate of detected ions was noted at the beginning
and end of each experiment to ensure that there was
no significant loss in data acquisition rate, which is
indicative of sample charging. No evidence of sample
charging was observed.
Analyzed areas were (152 � 152) �m2 for all

samples studied. The primary ion dose during data
acquisition was less than 1010 ions·cm�2, which is
below the static SIMS limit [1]. Secondary ion peak
intensities were reproducible to within 	5% from
scan to scan. For samples prepared using spin-coat-
ing, secondary ion peak intensities were reproducible
within 	15% from sample to sample. The secondary
ion yield, Y, is defined as the number of secondary
ions detected per incident primary ion. The number
of secondary ions detected is corrected using Poisson
statistics [17]. The secondary ion yields reported are
averages from two different samples with at least
three spots per sample analyzed (six measurements)
except where noted. The error in the averaged sec-
ondary ion yields is 	20%.

Sample Preparation

Irganox 1010 was obtained from Ciba Specialty
Chemicals (Tarrytown, NY), and cholesterol and DL-
phenylalanine was from Sigma-Aldrich (St. Louis,
MO). DPPC and DPPE were obtained from Avanti
Polar Lipids, Inc. (Alabaster, AL). Narrow distribu-
tion polystyrene 771 (PS) (Mw � 1110), polyethylene
(PE) (Mw � 1200), poly(2,6-dimethyl-p-phenylene
oxide) (PDMPO) (Mw � 29,500), poly(propylene gly-
col) (PPG) (Mw � 2000), polyisoprene (PI) (Mw �

1000), poly(methyl methacrylate) (PMMA) (Mw �
20000), polyethylene oxide (PEO) (Mw � 25,000), and
polyethylene glycol (PEG) (Mw � 1500) were ob-
tained from Scientific Polymer Products, Inc. (On-
tario, NY).
Irganox 1010, cholesterol, DPPC, DPPE, PDMPO,

PEG, PMMA, PEO, PPG, PI, and PS were dissolved in
chloroform as 1.00 mg/mL solutions. Polyethylene
was dissolved in toluene as nominally 1.00 mg/mL
solutions. A 10�2 M solution of DL-phenylalanine
was prepared using a 1:1 2-propanol:water mixture as
the solvent. Chloroform (high purity) and hexane
were obtained from EMD Chemical, Gibbstown, NJ
and from Burrick and Jackson, Muskegon, MI, respec-
tively. Toluene (Sigma-Aldrich) and 2-propanol
(Fisher Scientific, Pittsburgh, PA) were HPLC grade.
The substrates used were aluminum foil (99.99%

purity, 0.1 mm thick, Alfa Aesar) and single crystal
silicon wafer (� orientation, Addison Engineering,
San Jose, CA). Al foils were prepared by etching in 1:1
HNO3:H2O, rinsing several times in water, followed
by rinsing in 2-propanol and drying with N2 gas. The
Si wafers were prepared using Piranha Etch (1:3
H2O2:H2SO4), followed by rinsing with copious
amounts of water and 2-propanol, and drying with
N2 gas.
Thin film samples of Irganox 1010 were prepared

by spin coating as follows: 0.1 mL of solution was
dropped onto a 1 cm2 (1 cm � 1 cm) substrate
(aluminum foil or silicon wafer) and the sample spun
at 500 rpm for 10 s and then 2900 rpm for 12 s using
a KW-4A spin-coater (Chemat Technology, Inc.,
Northridge, CA). This was repeated as many as five
times. To investigate the effect of sample preparation
on secondary ion yields, a second series of Irganox
1010 samples was prepared by allowing drops of
solution to dry on the Al and Si substrates as follows:

Table 1. Positive ion secondary ion yields and yield enhancements for thin films of DL-phenylalanine adsorbed on silicon and
aluminum using 25 keV Bin

2� and Bin
� primary ions

Primary ion

Y(C8H10N�; m/z � 120) Y([M � H]�; m/z � 166)

Al Si Al Si

Bi3
� 4.4 � 10�3 3.1 � 10�3 8.3 � 10�4 1.0 � 10�3

Bi3
2� 4.5 � 10�3 3.9 � 10�3 1.2 � 10�3 7.5 � 10�4

Y(Bi3
2�)/Y(Bi3

�) 1.0 1.3 1.4 0.8
Bi� 4.2 � 10�4 2.7 � 10�4 4.2 � 10�5 1.6 � 10�4

Bi2� 5.1 � 10�4 5.6 � 10�4 4.8 � 10�5 4.6 � 10�4

Y(Bi2�)/Y(Bi�) 1.2 2.1 1.1 2.9

Table 2. Negative ion secondary ion yields and yield enhancements for thin films of DL-phenylalanine adsorbed on silicon using 25
keV Bin

2� and Bin
� primary ions

Primary ion

Bi3
2� Bi3

� Bi2� Bi�

Y([M – H]–; m/z � 164) 5.5 � 10�4 3.3 � 10�4 1.6 � 10�4 4.5 � 10�5

Y(Bin
2�)/Y(Bin

�) 1.7 3.6
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0.1 mL was dropped onto a 1 cm2 (1 cm � 1 cm)
substrate (aluminum foil or silicon wafer) and al-
lowed to dry. This was repeated as many as five
times.
Samples of DL-phenylalanine were prepared by

allowing one drop of solution (�0.1 mL) to evaporate
on the substrate surface. Thick DL-phenylalanine
samples were obtained from E. A. Schweikert, Texas
A and M University, College Station, TX. The samples
were prepared by vapor-deposition of DL-phenylal-
anine on silicon and the thickness is estimated to be
2500 Å using ellipsometry. Thin films of cholesterol,
DPPC and DPPE were prepared by allowing one drop
of solution (�0.1 mL) to evaporate on a Si substrate.
For the polymer films, 200 �L of solution was

dropped onto a 1 cm2 (1 cm � 1 cm) substrate
(aluminum foil or silicon wafer) and the sample spun
at 500 rpm for 10 s and then 2900 rpm for 12 s using
a KW-4A spin-coater. This procedure was repeated
five times.
Recent experiments using layered films demon-

strate that although the vast majority of secondary
ions are emitted from the top �2 to 3 nm of a sample,
some secondary ions from deep within samples are
emitted (from depths � 100 Å) [18]. Since we observe
a few ions from the substrate in all SIMS spectra,
except for the thick DL-phenylalanine samples, indi-
cating that Bin

x� (n � 1, 3, 5; x � 1, 2) ions penetrate

through the organic layer to the substrate, we esti-
mate that the sample films are 50 to 300 Å thick.

Quantum Mechanical Calculations

Density functional theory (DFT) geometry optimiza-
tion calculations were performed to determine the

energy required to form the cation, CH2 � CHC
�

H2,
from the neutral species, CH2CH2CH2. The calcula-
tions were carried out using the NWChem 4.5 pro-
gram package [19, 20] at the PW91PW91/cc-pVDZ
level of theory [21–25]. No thermal effects or zero-
point energies are included.
DFT geometry optimization calculations were also

performed to determine the lowest energy structures
and ionization potentials for clusters with the for-
mula Bin

� and Bin (n � 1–5) at the PW91PW91/
CRENBL level of theory [21, 26–31]. The accuracy of
the computational method was checked by perform-
ing calculations on the Bi atom and Bi2 cluster. Our
calculated ionization potential (IP) for Bi2 is 7.44 eV,
which is in good agreement with experimental data
[32]. However the calculated ionization potential and
electron affinity of Bi are 8.03 eV and 0.69 eV, which
are not in good agreement with experimental data
(7.29 eV and 0.95 eV, respectively [33]. Further, the
ionization potential of Bi3 is 6.38 eV, which is much
smaller than experimentally determined (IP � 8.8 	
0.5 eV [34]. Furthermore, the binding energies of Bi2
and Bi2

� are much larger, 5.1 eV and 5.7 eV, respec-
tively, than the experimentally observed values of
2.06 eV [35] and 1.77 eV [36], respectively. These
calculations were repeated PW91PW91/LANL2DZdp
level of theory [21, 37–39], and nearly-identical low-
est-energy structures and ionization and binding
energies were found. Now it is not clear why the
calculated energies differ from the experimental val-
ues.

Results and Discussion

Secondary Ion Yields: Phenylalanine, DPPC,
DPPE, Cholesterol, and Irganox 1010

Table 1 displays secondary ion yields, Y, of the protonated
molecular ion, [M � H]� (m/z 166) and a representative
fragment ion, C8H10N

� (m/z 120), for DL-phenylalanine

Figure 1. The variation of the secondary ion yields of the
protonated molecular ion, [M � H]� (m/z 166) for DL-phenylala-
nine adsorbed on Si with primary ion incident kinetic energy for
Bi3

� and Bi3
2�.

Table 3. Positive and negative ion secondary ion yields and yield enhancements for thick films of L-phenylalanine adsorbed on
silicon using 25 keV Bin

2� and Bin
� primary ions

Primary ion Y(C8H10N�; m/z 120) Y([M � H]�; m/z 166) Y([M – H]–; m/z 164)

Bi3
� 1.1 � 10�3 2.5 � 10�3 2.4 � 10�3

Bi3
2� 5.0 � 10�3 3.5 � 10�3 8.9 � 10�3

Y(Bi3
2�)/Y(Bi3

�) 4.5 2.3 3.7
Bi� 8.4 � 10�4 1.0 � 10�3 1.5 � 10�3

Bi2� 8.4 � 10�4 9.3 � 10�3 2.2 � 10�3

Y(Bi2�)/Y(Bi�) 1.0 9.0 1.5
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adsorbed on Al and Si upon Bin
� and Bin

2� (n � 1, 3)
primary ion bombardment at the same primary ion veloc-
ity. In contrast to previous experiments using Au [7] and
Ar [15] primary ions, we observe that Bi2� primary ion
bombardment increases the secondary ion yield of the
molecular ion by approximately three times compared
with Bi� primary ion bombardment forDL-phenylalanine
films adsorbed on Si. Further, the secondary ion yields of
the fragment ions are approximately twice as large for
Bi2� primary ions as for Bi�. In the negative ion mass
spectra, the secondary ion yields of the deprotonated
molecular ion [M�H]� (m/z 164) are also larger using the
doubly-charged primary ions (Table 2). Most of the mo-
lecular and fragment positive ion yields of DL-phenylala-
nine using Bin

x� (n � 1, 3; x � 1, 2) primary ions for
DL-phenylalanine adsorbed on Al are the same within
experimental error (	20%), in agreement with previous
work [7, 15]. Now, it is not clear why the use of a silicon
substrate causes an increase in the secondary ion yield
when using Bi2� and Bi3

2� primary ions.
Figure 1 displays the variation of the secondary ion

yields of the protonated molecular ion, [M � H]� (m/z
166) ofDL-phenylalanine adsorbed on Si with primary ion
incident kinetic energy. In contrast to previous studies [7],
it can be seen that the trends in the secondary ion yields
with incident primary kinetic energy are different for Bi2�

and Bi�. For Bi2�, the secondary ion yield increases with
increasing kinetic energy and then appears to decrease at
the highest incident kinetic energy, 50 keV. For Bi� the
secondary ion yield remains approximately constant until
a kinetic energy of�20 keV is reached and then increases.
Similar data is obtained using Bi3

2� and Bi3
� primary ions

(data not shown). There are two possible reasons for the
observed difference in behavior for Bi and Au primary ion
bombardment [7]. First, the thickness of the DL-phenylal-
anine target was different in the two experiments. To test
whether the sample thickness plays a role in the observed
secondary ion yield differences, the secondary ion yield of
DL-phenylalanine wasmeasured on a thick sample (thick-
ness � 2500 Å). For Bi2� and Bi3

2� the secondary ion
yields are larger for both the protonatedmolecular ion, [M
� H]� (m/z 166), and the deprotonated molecular ion, [M
� H]� (m/z 164) (Table 3). We also observe that for Bi3

2�

primary ion bombardment, the secondary ion yield of the

fragment ion m/z 120 is 4.5 times larger than for Bi3
�. A

second reason may be that Bi is a more reactive species [40]
and so different ion-molecule interactions may occur. Fur-
ther experiments are required to confirm this hypothesis.
Differences in the secondary ion yields are also ob-

served for thin films of DPPC, DPPE, and cholesterol
(Table 4). Secondary ion yield enhancements between 1.3
and 3.4 are observed for doubly charged primary ion
bombardment. We note that for the protonated molecular
ion of DPPC ([M � H]� m/z 735) no secondary ion yield
enhancement is observed for Bi3

2� primary ions. The data
also show that, in general, the secondary ion yield en-
hancements are larger for Bi2� primary ions than for Bi3

2�,
suggesting that the number of constituent atoms in the
primary ion affects the observed secondary ion yield
enhancement. The data also indicate that the yield en-
hancements of the highest intensity fragment ions are
different from those observed for the molecular ions. For
example, for cholesterol using Bi3

2� primary ions, the
secondary ion yield enhancement is 3.4 for the protonated
molecular ion ([M � H]� m/z 385) but the dehydrated
molecular ion ([M�H�H2O]

� m/z 369) is not observed.
For Irganox 1010 films, differences in the molecular and

fragment ion yields for both Bin
2� (n � 1, 3, 5) primary ions

were also observed compared to Bin
� (Tables 5, 6, and 7). For

Bi2� ions, the secondary ion yields increase slightly both in
the positive ion spectra (m/z 899) and in the negative ion
spectra (m/z 1175; [M�H]�) for Irganox 1010 adsorbed on Si
(Table 5). Furthermore, in the positive ion spectra, the frag-
ment ion at m/z 219 has a higher secondary ion yield
enhancement (1.8) than the largest positive fragment ion, [M
� H � HOOC(CH2)2(C(CH)2(C(CH3)3)2(C(OH))]

�·, (m/z
899). This ion is drawn in Structure 2

Table 4. Positive ion secondary ion yields and yield enhancements for thin films of DPPC, DPPE, and cholesterol adsorbed on
silicon using 25 keV Bin

2� and Bin
� primary ions

Fragment ions m/z Y(Bi2�) Y(Bi�) Y(Bi2�)/Y(Bi�) Y(Bi3
2�) Y(Bi3

�) Y(Bi3
2�)/Y(Bi3

�)

DPPC
[C5H15 N PO4]� 184 4.8 � 10�4 2.3 � 10�4 2.0 6.9 � 10�3 4.6 � 10�3 1.5
[C16H32]� 224 5.0 � 10�5 2.2 � 10�5 2.3 6.5 � 10�4 5.2 � 10�4 1.3
[M � H]� 735 6.9 � 10�7 1.9 � 10�7 3.6 1.8 � 10�5 1.5 � 10�5 1.2
DPPE
[C2H7PO3N]� 124 1.2 � 10�5 7.4 � 10�6 1.6 1.7 � 10�4 6.4 � 10�5 2.7
[C2H9PO4N]� 142 8.0 � 10�6 4.4 � 10�6 1.8 Not obs. 7.7 � 10�5 -
[C35H57O4]� 552 5.4 � 10�6 2.0 � 10�6 2.7 1.4 � 10�4 3.8 � 10�4 2.7
Cholesterol
[M – OH]� 369 3.0 � 10�6 1.5 � 10�6 2.0 Not obs. 1.7 � 10�5 -
[M � H]� 385 7.2 � 10�6 4.3 � 10�6 1.7 9.1 � 10�5 2.7 � 10�5 3.4

Structure 2. Structure of the largest positive fragment ion for
Irganox 1010.
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and will be hereafter denoted as A�. In the negative ion
spectra the fragment ions have secondary ion yield enhance-
ments similar to those observed for the molecular ion. For
Irganox 1010 adsorbed onAl, for Bi2� primary ion bombard-
ment we observe that most of the molecular and fragment
ion yields are the same within experimental error (	20%).
However, there are some exceptions: in the positive ionmass
spectrum, the secondary ion yield of the fragment ion atm/z
219 is enhanced by�60%. In the negative ion mass spectra,
the secondary ion yields of the fragment ionswithm/z below
300 are slightly larger. All these ions derive from the Irganox
1010 monomer and suggest that using Bi2� primary ions
increase the fragmentation of Irganox 1010.
For Bi3

2� primary ions, in the negative ion mode

the deprotonated molecular ion yield (m/z 1175; [�
H]�) is larger than for Bi3

� primary ions for Irganox
1010 adsorbed on both Al and Si substrates (Table 6).
However, the observed fragment ion behavior is
different for Irganox 1010 adsorbed on Si and Al
substrates. For Irganox 1010 adsorbed on Al, the
secondary ion yields for the fragment ions are the
same for Bi3

2� and Bi3
� primary ions within experi-

mental error (	20%). For Irganox 1010 adsorbed on
Si, the secondary ion yields of the fragment ions at
m/z 41, 231, 277, and 915 are enhanced for Bi3

2�

primary ions. Further, the secondary ion yield en-
hancements of the fragment ions at m/z 41 and m/z
231 are larger than for the deprotonated molecular

Table 5. Fragment and molecular ion yields and yield enhancements of Irganox 1010 adsorbed on silicon and aluminum substrates,
using 25 keV Bi2� and Bi� primary ions

Fragment ions m/z

Si Al

Y(Bi2�) Y(Bi�) Y(Bi2�)/Y(Bi�) Y(Bi2�) Y(Bi�) Y(Bi2�)/Y(Bi�)

Negative ions
C2HO� 41 2.1 � 10�4 1.0 � 10�4 2.2 2.3 � 10�4 1.7 � 10�4 1.4
C14H21O� 205 2.9 � 10�5 1.5 � 10�5 2.0 2.5 � 10�5 1.8 � 10�5 1.4
C16H23O� 231 3.6 � 10�4 1.7 � 10�4 2.2 3.3 � 10�4 2.3 � 10�5 1.4
C17H25O3

� 277 1.2 � 10�4 5.4 � 10�5 2.2 1.3 � 10�4 9.0 � 10�5 1.4
C38H55O6

� 607 1.4 � 10�6 7.2 � 10�7 1.9 1.4 � 10�6 1.5 � 10�6 0.9
C56H83O10

� 915 1.2 � 10�6 1.1 � 10�6 1.1 2.6 � 10�6 2.9 � 10�6 0.9
C73H17O12

� 1175 2.8 � 10�5 1.4 � 10�5 2.0 3.6 � 10�5 3.0 � 10�5 1.2
Positive Ions
C4H9

� 57 4.2 � 10�3 3.3 � 10�3 1.3 4.3 � 10�3 3.5 � 10�3 1.2
C7H7

� 91 3.0 � 10�4 2.3 � 10�4 1.3 3.1 � 10�4 3.0 � 10�4 1.0
C15H23O� 219 8.4 � 10�3 4.6 � 10�3 1.8 7.7 � 10�3 4.8 � 10�3 1.6
C17H23O2

� 259 1.0 � 10�3 8.8 � 10�4 1.1 9.7 � 10�4 1.1 � 10�3 0.9
C31H43O7

� 527 2.8 � 10�5 2.0 � 10�5 1.4 2.5 � 10�5 2.3 � 10�5 1.1
C35H51O7

� 583 1.2 � 10�5 1.0 � 10�5 1.2 1.3 � 10�5 1.3 � 10�5 1.0
C44H59O9

� 731 4.3 � 10�5 3.2 � 10�5 1.3 3.5 � 10�5 3.5 � 10�5 1.0
C56H83O9

� 899 4.9 � 10�5 3.3 � 10�5 1.5 4.4 � 10�5 4.5 � 10�5 1.0

Table 6. Fragment and molecular ion yields and yield enhancements of Irganox 1010 adsorbed on silicon and aluminum substrates,
using 25 keV Bi3

2� and Bi3
� primary ions

Fragment ions m/z

Si Al

Y(Bi3
2�) Y(Bi3

�) Y(Bi3
2�)/ Y(Bi3

�) Y(Bi3
2�) Y(Bi3

�) Y(Bi3
2�)/ Y(Bi3

�)

Negative ions
C2HO� 41 3.8 � 10�3 2.1 � 10�3 1.8 2.8 � 10�3 3.4 � 10�3 0.8
C14H21O� 205 3.3 � 10�4 2.8 � 10�4 1.2 2.1 � 10�4 2.5 � 10�4 0.8
C16H23O� 231 3.3 � 10�3 1.9 � 10-3 1.8 2.0 � 10�4 2.3 � 10�4 0.9
C17H25O3

� 277 8.9 � 10�4 6.9 � 10�4 1.3 5.8 � 10�4 7.5 � 10�4 0.8
C38H55O6

� 607 9.3 � 10�6 7.8 � 10�6 1.2 1.1 � 10�5 9.3 � 10�6 1.2
C56H83O10

� 915 3.6 � 10�5 2.6 � 10�5 1.4 3.0 � 10�5 2.8 � 10�5 1.1
C73H17O12

� 1175 5.4 � 10�4 3.6 � 10�4 1.5 5.3 � 10�4 3.8 � 10�4 1.4
Positive ions
C4H9

� 57 3.7 � 10�2 1.4 � 10�2 2.6 2.1 � 10�2 2.0 � 10�2 1.1
C7H7

� 91 3.5 � 10�3 3.3 � 10�3 1.1 2.3 � 10�3 2.5 � 10�3 0.9
C15H23O� 219 5.8 � 10�2 7.7 � 10�3 7.5 3.0 � 10�2 1.7 � 10�2 1.8
C17H23O2

� 259 6.9 � 10�3 9.0 � 10�3 0.8 3.8 � 10�3 7.6 � 10�3 0.5
C31H43O7

� 527 2.4 � 10�4 2.8 � 10�4 0.9 8.3 � 10�5 1.8 � 10�4 0.5
C35H51O7

� 583 1.2 � 10�4 1.4 � 10�4 0.9 4.5 � 10�5 9.5 � 10�5 0.5
C44H59O9

� 731 3.6 � 10�4 4.9 � 10�4 0.7 1.7 � 10�4 3.5 � 10�4 0.5
C56H83O9

� 899 5.1 � 10�4 6.3 � 10�4 0.8 2.7 � 10�4 4.8 � 10�4 0.6
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ion, [M � H]� (m/z 1175). In general, for Bi3
2� in the

positive ion mass spectra the secondary ion yields of
the fragment ions are the same (Irganox 1010 ad-
sorbed on Si) or lower (Irganox 1010 adsorbed on Al)
than for Bi3

�. However for both Irganox 1010 ad-
sorbed on Si and Al the secondary ion yield for the
fragment ion at m/z 219 is larger for Bi3

2� primary ion
bombardment.
Liquid metal bismuth ion sources are also able to

produce Bi5
� and Bi5

2� ions with low ion currents. In
the negative ion mass spectra the secondary ion yields
are approximately the same for Bi5

2� and Bi5
� for

Irganox 1010 adsorbed on Si (Table 7). For Irganox 1010
adsorbed on Al in the negative ion mode the secondary
ion yields are the same or slightly larger for the doubly-
charged ions. However, in the positive ion mass spec-
trum the secondary ion yields for Bi5

2� are only �20%
of those observed for Bi5

�.
The secondary ion yields for Bi3

x� and Bi5
x� are

larger than for Bix� (x � 1, 2) in agreement with
previous studies which show that the secondary ion
yields increase with increasing number of primary ion
constituent atoms [6, 7, 9, 11, 13]. However, the second-
ary ion yields for Bi3

x� primary ion bombardment are in
general larger than for Bi5

x�. This is most likely due to
the decrease in projectile velocity balancing the ex-
pected increase in the secondary ion yield attributable
to the increase in the number of projectile constituent
atoms (see [6, 13] and references therein). We note that
the secondary yield enhancements due to the doubly
charged ions decrease with increasing primary ion
constituent number; the yield enhancements are larger
for Bi2� than Bi3

2�, which in turn are larger than for
Bi5

2� primary ions. This suggests that the number of
constituent atoms in the primary ion has a larger effect
on the secondary ion yield than changing the primary
ion charge from �1 to �2.

We also note that the magnitude of the secondary ion
yield enhancement, or lack of it, depends on the sample
preparation. For example, for samples prepared by
allowing one drop of a 1 mg/mL Irganox 1010 solution
to dry on a Si or Al substrate, secondary ion yield
enhancements for the deprotonated molecular ion, [M
� H]� (m/z 1175), vary from 0.9 to 4.7, as shown in
Figure 2. However, if the samples are spun-coat, the
observed secondary ion yield enhancements are very
similar from sample to sample with slightly larger
secondary ion yield enhancements observed for multi-
ple coating steps (Figure 2). In general, the relative ion

Figure 2. Secondary ion yield enhancements of the deprotonated
molecular ion, [M � H]� (m/z 1175), using Bi3

2� primary ions for
Irganox 1010 adsorbed on Al and Si substrates under different
sample preparation conditions: a single drop of solution dried on
the substrate (“1 drop”), repeating this procedure a five times (“5
drops”), spin-coating the sample after placing 1 drop of solution
on the sample (“1 spin”) and repeating the spin-coating procedure
5 times (“5 spins”). Each bar represents a single sample. The
secondary ion yields and yield enhancements were determined for
three points on the sample and then averaged.

Table 7. Fragment and molecular ion yields and yield enhancements of Irganox 1010 adsorbed on silicon and aluminum substrates,
using 25 keV Bi5

2� and Bi5
� primary ions

Fragment ions m/z

Si Al

Y(Bi5
2�) Y(Bi5

�) Y(Bi5
2�)/ Y(Bi5

�) Y(Bi5
2�) Y(Bi5

�) Y(Bi5
2�)/ Y(Bi5

�)

Negative ions
C2HO� 41 2.6 � 10�3 2.9 � 10�3 0.9 1.6 � 10�3 1.6 � 10�3 1.0
C14H21O� 205 1.9 � 10�4 2.0 � 10�4 1.0 1.5 � 10�4 9.6 � 10�5 1.6
C16H23O� 231 1.9 � 10�3 1.8 � 10�3 1.0 8.9 � 10�4 9.0 � 10�4 1.0
C17H25O3

� 277 4.6 � 10�4 5.5 � 10�4 0.8 2.5 � 10�4 1.8 � 10�4 1.4
C38H55O6

� 607 4.5 � 10�6 4.9 � 10�6 0.9 2.5 � 10�6 2.0 � 10�6 1.3
C56H83O10

� 915 1.6 � 10�5 2.0 � 10�5 0.8 1.1 � 10�5 1.1 � 10�5 1.0
C73H17O12

� 1175 2.9 � 10�4 3.0 � 10�4 1.0 2.8 � 10�4 2.0 � 10�4 1.5
Positive ions
C4H9

� 57 1.3 � 10�2 6.7 � 10�2 0.19 7.5 � 10�3 4.0 � 10�2 0.19
C7H7

� 91 3.2 � 10�3 1.2 � 10�2 0.26 2.0 � 10�3 7.3 � 10�2 0.27
C15H23O� 219 1.8 � 10�2 8.2 � 10�2 0.21 7.6 � 10�3 4.1 � 10�2 0.19
C17H23O2

� 259 1.9 � 10�3 1.1 � 10�2 0.17 6.8 � 10�4 4.2 � 10�3 0.16
C31H43O7

� 527 5.0 � 10�5 2.5 � 10�4 0.20 2.7 � 10�5 1.6 � 10�4 0.16
C35H51O7

� 583 2.0 � 10�5 1.2 � 10�4 0.17 1.4 � 10�5 8.2 � 10�4 0.17
C44H59O9

� 731 7.8 � 10�5 5.2 � 10�4 0.15 5.3 � 10�5 3.2 � 10�4 0.17
C56H83O9

� 899 1.1 � 10�4 5.1 � 10�4 0.21 6.4 � 10�5 3.6 � 10�4 0.17
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yields of the fragment ions do not appear to be affected
by the sample preparation method (Figure 3). The yield
enhancements observed for the fragment ions follow
the same trends: the secondary ion yield and yield
enhancements decrease to a minimum at m/z � 500 and
then increase to the deprotonated molecular ion, [M �
H]� (m/z 1175). We note that this behavior is similar to
that observed for Irganox 1010 films bombarded with
Aun

� [13] and Bin
� (n � 1–7) [6] primary ions. Spin-

coating is known to produce samples of more uniform,
reproducible thickness, and so the most likely reason
for the observed differences in the yield enhancements
for the drop-coat samples (Figure 2) is that the Irganox
1010 film has a different thickness on each substrate.
A second possible factor that could affect the second-

ary ion yield enhancements is the substrate. For Aun
�

[13] and Bin
� [6] (n � 1–7) secondary ion yield enhance-

ments are generally larger on Si (atomic weight 28.086;
diamond structure; density 2.33 g cm�3 [33] than on Al
(atomic weight: 26.982; face-centered cubic structure;
density 2.70 g cm�3 [33]. For DL-phenylalanine and
Irganox 1010, the yield enhancements observed for
doubly charged primary ions are in general slightly
larger on Si than on Al, suggesting that there is more
efficient energy transfer on the more open Si substrate.
However, further investigation is required to determine
the magnitude of this effect.
The fragment and molecular secondary ion yields

from DL-phenylalanine and Irganox 1010 exhibit differ-
ent behavior for Bin

2� primary ions compared with Bin
�

ion bombardment. It seems unlikely that the differences
observed are due to changes in the sputtering rate of the
doubly charged Bi primary ions, since the primary ions

strike the surface at the same impact velocity. Further,
the observed secondary ion yield enhancements (or lack
thereof) differ in the negative and positive ion mass
spectra, and they are dependent on the sample prepa-
ration employed. Taken together, these data suggest
that the ionization mechanism is different for doubly
charged and singly charged primary ions.

Secondary Ion Yields: Polymer Films

To further investigate yield enhancements in Bi2�,
Bi3

2�, and Bi5
2� SIMS, polymer films were spun-coat

onto clean silicon substrates to have a series of sample
films with similar thicknesses but different chemistries.
The polymers chosen were PE, PI, PS, PEO, PPG, PEG,
PDMPO, and PMMA, and their structures are shown in
Structure 1.
For all the polymer films investigated upon Bin

2� (n
� 1, 3, 5) primary ion bombardment the intensities of
the secondary ions from the oligomer regions were
greatly reduced or eliminated using Bin

2� primary ions.
For example, in Figures 4a and 5a we show for PS and
PE, respectively, that no ions are observed above m/z �
400. For PDMPO films, a few ions above m/z � 400 are
observed (Figure 6a). In contrast, secondary ions from
the oligomer regions are observed in the mass spectra
for Bin

� (n � 1, 3, 5) primary ion bombardment (see for
example Figures 4b, 5b, and 6b).
For PS, PEO, PEG, and PPG the intensities of frag-

ment ions indicative of the monomer are enhanced
when using Bi2� and Bi3

2� ions (Figure 4c, d and Figure
5c, d; Table 8). Secondary ion yield enhancements
observed range from 1.3 to 4.3. For PS there are three
monomer ions observed, with only the tropylium ion,
C7H7

� (m/z 91) exhibiting a secondary ion yield en-
hancement. For Bi3

2� primary ion bombardment of PI,
the secondary ion yields at m/z 69 and 81 were approx-
imately the same as for Bi3

� primary ions at the same
velocity. For PDMPO and PMMA, no secondary ion
yield enhancement was observed for doubly charged
ion bombardment. For Bi2� and Bi3

2� primary ion
bombardment the secondary ion yields of monomer
ions were observed to decrease to �60% and �20% of
their values when using singly charged primary ions for
PMMA and PDMPO, respectively (Table 8). In contrast
to Bi2� and Bi3

2�, no secondary ion yield enhancements
are observed using Bi5

2� primary ions; for all polymers
studied the monomer ion yields are �25% of their
values when using Bi5

�. In agreement with our studies
on Irganox 1010, these observations suggest that the
atomicity of the primary ion has a larger effect on the
secondary ion yields than changing the primary ion
charge from �1 to �2. These measurements also sug-
gest that use of multiply charged primary ions can lead
to the suppression of secondary ion formation. To our
knowledge, this is the first time in SIMS that secondary
ion suppression has been induced by changing the
charge state of the primary ion. Secondary ion suppres-
sion is well known in fast atom bombardment (FAB)

Figure 3. Yield ratios (Y[Bi3
2�]/Y[Bi3

�]) at a constant primary
ion incident kinetic energy (25 keV) versus m/z for Irganox 1010
adsorbed on Si under different sample conditions: a single drop of
solution dried on the substrate (“1 drop”), repeating this proce-
dure a five times (“5 drops”), spin-coating the sample after placing
1 drop of solution on the sample (“1 spin”), and repeating the
spin-coating procedure five times (“5 spins”). Each data symbol
represents a single sample. The secondary ion yields and yield
enhancements were determined for three points on the sample
and then averaged.
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and is due matrix effects [41]. However, it is not clear
why suppression of certain secondary ions is occurring
in these experiments. Further work is required to deter-
mine the origin of this effect.
The common feature of the polymers that display

increased secondary ion yields is that the polymer
backbone contains -CH2-CH2- structures. These poly-
mers can undergo allyl radical cation rearrangement
(Scheme 1).In contrast, PDMPO and PMMA cannot
undergo allyl radical cation rearrangements. Thus one
possible reason for the observed larger secondary ion
yields for PE, PEO, PEG and PPG is that the monomer
ions undergo allyl cation radical rearrangements. Since
the doubly and singly charged primary ions have the
same impact energy, these observations suggest the
extra energy available from the second ionization po-
tential (IP) of the Bin (n � 1, 3) primary ions activates
this process. To investigate this possibility, we per-
formed DFT calculations at the PW91PW91/cc-pVDZ
level of theory to determine the energy required to form
the cation:

CH2CH2CH2¡CH2�CHC
�

H2�H

� e� 	E(calculated)� 17.2 eV

Calculations were performed using the NWChem 4.5
package [20], and both product and reactant molecules
were geometry-optimized. No thermal effects or zero-
point energies were included.
The reaction energy is larger than the ionization

potential of Bi (IP � 7.29 eV [33] and Bi3 (IP � 8.8 	
0.5 eV [33]. However, the calculated 
E is similar to
the experimentally determined second ionization po-
tential of Bi (IP � 16.69 eV [33], so the allyl radical
cation rearrangement can be “powered” by reduction
of Bi2�. In the case of PS, the rearrangement causes
the formation of the tropylium ion, C7H7

� (m/z 91).
The enthalpy of formation of the tropylium ion is 9
eV, which is similar to the first ionization potential of
Bin [42]. Thus, the tropylium ion can also form upon
Bin

� primary ion bombardment. However, the extra

Figure 4. TOF SIMS positive ion mass spectra of PS adsorbed on Si under (a) Bi3
2� and (b) Bi3

�

primary ion bombardment for m/z 0—1500. The insets are the mass spectra in the range m/z �
300–1500. Mass spectra of the monomer region (m/z 0–150) are shown under (c) Bi3

2� and (d) Bi3
�

primary ion bombardment.
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energy from the second ionization potential will still
favor the formation of these ions. Similar effects have
been observed in the mass spectrometry of aromatic
hydrocarbons; at 15 eV ionization energy the ratio of
the benzyl ion to the tropylium ion is �1:1 but if the
ionization energy is increased to 70 eV the ratio of the
tropylium ion to benzyl ion increases to 2:1 [42]. To
our knowledge there is no experimentally reported
value for the ionization potential of Bi3

� (that is, the
second ionization potential of Bi3). Attempts to cal-
culate the Bi3

� ionization potential using standard
methods did not give reliable results. However, it
seems likely that the ionization potential of Bi3

� will
also be high enough to promote the allyl radical
cation rearrangement of PS, PEO, PEG, PPG, and PE.
Finally we note that the PI backbone already contains
a structure that could arise from this rearrangement,
-CH2-C(CH3) � CH-. Thus, it is unlikely that the extra
energy provided by the Bin

2� (n � 1, 3) primary ions
will greatly increase the number of allyl radical
cations formed, in agreement with our experimental

observations of no secondary ion yield enhancement
in the material.

Conclusions

We have investigated secondary ion yield enhance-
ments using Bi2�, Bi3

2� and Bi5
2� primary ions and

phenylalanine, DPPC, DPPE, cholesterol, Irganox
1010 and polymer thin films adsorbed on silicon and
aluminum. Secondary ion yield enhancements (or
lack thereof) are dependent on the chemical nature of
the sample and its preparation. The yield enhance-
ments are different in the positive and negative mass
spectra and vary between the fragment and molecu-
lar ions. The yield enhancements also decrease with
increasing projectile atomicity, indicating that the
number of projectile constituent atoms has a larger
effect on the secondary ion yields. These observations
indicate that the ionization mechanism is different for
Bin

2� and Bin
� (n � 1,3,5) primary ion bombard-

ments. For Bin
2� (n � 1,3) the intensities of the

Figure 5. TOF SIMS positive ion mass spectra of PE adsorbed on Si under (a) Bi3
2� and (b) Bi3

�

primary ion bombardment for m/z 0–1500. The insets are the mass spectra in the range m/z �
300–1500. Mass spectra of the monomer region (m/z � 0–150) are shown under (c) Bi3

2� and (d) Bi3
�

primary ion bombardment.
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monomer ions are increased for polymers that are
able to undergo allyl radical cation rearrangements.
Observed secondary ion yield enhancements range

from 1.2 to 4. Doubly-charged primary ions can also
suppress secondary ion formation. For polymers that
cannot undergo allyl cation rearrangements, the sec-

Figure 6. TOF SIMS positive ion mass spectra of PDMPO adsorbed on Si under (a) Bi3
2� and (b) Bi3

�

primary ion bombardment for m/z 0–1500. The insets are the mass spectra in the range m/z 300–1500.
Mass spectra of the monomer region (m/z 0–150) are shown under (c) Bi3

2� and (d) Bi3
� primary ion

bombardment.

Table 8. Monomer ion yield enhancements observed from polymers adsorbed on silicon substrates, using 25 keV Bin
2� and Bin

� (n
� 1, 3) primary ions

Polymer Fragment m/zy Y(Bi3
2�) Y(Bi3

�) Y(Bi3
2�)/Y(Bi3

�)

PS C7H7
� 91 5.0 � 10�3 2.3 � 10�3 2.2

C8H8
� 104 7.9 � 10�4 1.0 � 10�3 0.8

C9H10
� 118 3.6 � 10�4 1.1 � 10�3 0.3

PE C2H5
� 29 1.0 � 10�3 1.9 � 10�3 0.5

C3H5
� 41 3.7 � 10�3 1.9 � 10�3 1.9

PI C5H9
� 69 1.8 � 10�3 1.7 � 10�3 1.0

C6H9
� 81 2.0 � 10�3 1.9 � 10�3 1.1

PEO C2H4O� 45 2.0 � 10�3 1.5 � 10�3 1.3
PPG C3H5O� 59 1.1 � 10�2 2.6 � 10�2 4.3
PEG C2H4O� 45 8.6 � 10�3 3.2 � 10�3 2.7
PMMA C5O2H9

� 101 2.3 � 10�4 1.1 � 10�3 0.6
PDMPO C6H5

� 77 2.3 � 10�4 1.1 � 10�3 0.2
C7H7

� 91 2.5 � 10�4 1.3 � 10�3 0.2
C8H9O� 121 4.9 � 10�5 3.5 � 10�5 0.2
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ondary ion yields of the monomer ions using Bin
2� (n

� 1,3) primary ions are lower than for Bin
� primary

ion bombardment. No secondary ion yield enhance-
ments are observed using Bi5

2� primary ions: for all
polymers studied the monomer ion yields are �25%
of their values when using Bi5

�. This behavior is not
yet understood and further experiments are needed
to investigate this effect. Finally, for all polymers
studied, few or no secondary ions are observed in the
oligomer region using Bin

2� (n � 1,3,5) primary ions.
Taken together, these data indicate that primary ions
of varying charge can be employed to enhance and
also suppress ion intensities. This suggests that im-
provements in the analysis of complex chemical sys-
tems in SIMS may be made by judicious choice of
primary ion beam.
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