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Introduction

The time-of-flight mass spectrometer
(TOFMS) is one of mass spectrometry tech-
niques, which include the quadrupole mass
spectrometer, the magnetic sector mass spec-
trometer, the ion trap mass spectrometer and the
Fourier transform ion cyclotron resonance mass
spectrometer. In the case of TOFMS, ions of
various m/z values, which are generated in the
ion source, are accelerated to the detection
plane by a pulse voltage applied from a starting
time of data acqisition. Since the time-of-flight
of ions at the detection plane are proportional to
the square root of their m/z values, the ions gen-
erated in the ion source can be separated. One
of the TOFMS feature is fast measurement,
which is due to the unnecesity of scan for any
physical parameters such as electric or magnet-
ic fields. Recently, not only a single type mass
spectrometer, but also a tandem type mass
spectrometer connected with the quadrupole
mass spectrometer (Q/TOF) or tandemly con-
nected two TOFMSs (TOF/TOF) are available.

The mass resolution of TOFMS is expressed

by T/2�T , where �T is the time-of-flight dis-
tribution of the ion group with the same m/z
value(ion packet) at the detection plane (that
is, spatial distribution of the ion packet in the
flight direction at the detection plane) and, T
is centroid of the time-of-flight distribution.
Since TOFMS was invented in 1964 [1], its
mass resolution has been improved by
increasing T and decreasing �T. In 1955, a
unique acceleration technique was developed,
which focuses the initial space and energy dis-
tributions at the detector surface in the flight
direction. Applying this technique, the mass
resolution was increased by decreasing �T
[2]. Furthermore, in the early 1970s, a new
technique was developed. In this technique,
the focus position defined by the above-men-
tioned acceleration technique is chosen as the
start point, and an ion optical system that is
composed of ion mirror [3] or elerctrostatic
sectors [4] is placed at the post stage. This
innovation made it possible to increase the
time-of-flight T without increasing �T, and
led to a dramatic improvement of the mass
resolution. Recently, most of commercially

available TOFMS instruments use ion mirrors,
and their flight paths are 1 to 3 m. For further
improvement in the mass resolution of
TOFMS, another types of ion optical systems
have been proposed. They are the multi-
reflecting type [5] and the multi-turn type [6-
7] ion optical system where ions fly multiple
times on the certain trajectory. These two ion
optical systems theoretically achieve an infi-
nitely long flight path in a compact space, and
impoved the mass resolution. However, they
have the limitation of the mass range because
ions with large speed (ions with small m/z) lap
the ions with small speed (ions with large m/z)
when the ions flying on the same trajectory
multiple times. 

We have developed an original ion optical
system that utilizes a spiral ion trajectory. This
ion optical system can overcome the "lap"
problem present in multi-reflecting and multi-
turn type ion optical systems. In addition, it is
possible to achieve mass resolution and mass
accuracy higher than those of widely used
reflectron ion optical systems. In this paper,
we describe the design of the spiral trajectory

We have developed the JMS-S3000, matrix assisted laser/desorption ionization time-of-flight
mass spectrometer (MALDI-TOFMS). An innovative ion optical system, which achieved a spiral ion
trajectory, surpassed basic specification of the reflectron ion optical system presently used in most
commercially available TOFMSs. Furthermore, we have developed the TOF-TOF option for the
JMS-S3000. In the case of attaching the TOF-TOF option, a spiral ion optical system is adopted for
the first TOFMS, whereas a reflectron ion optical system with offset parabolic reflectron is adopted
for the second one. Utilizing the spiral trajectory ion optical system, the JMS-S3000 provides
unprecedentedly high mass resolution and high precursor ion selectivity. In this paper, we demon-
strate not only the high mass resolution of more than 60,000 (FWHM) at m/z 2093 but also
achievement of high mass resolution over a wide mass range. In addition, we present the high
selectivity that enables selection of monoisotopic ions of precursor ions. By selecting only
monoisotopic ions of precursor ions, one signal peak corresponding to each fragmentation channel
is observed on a product ion spectrum. Consequently, the analysis of the product ion spectrum is
made clearer.

Takaya Satoh

MS Business Unit, JEOL Ltd.

Development of JMS-S3000:
MALDI-TOF/TOF Utilizing a Spiral Ion Trajectory
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type ion optical system, and basic perform-
ance of a MALDI-TOF/TOF system applying
it. The system consistsed of the spiral trajecto-
ry type ion optical system and reflectron type
ion optical system using offset parabolic
reflectron for the first and second TOFMSs,
respectively. The instrument achieves higher
mass resolution, mass accuracy and precursor
ion selectivity due to utilizing a spiral ion
optical system for the first TOFMS, thus
enabling more precise analysis.

Design of the spiral trajec-
tory ion optical system

Multi-turn type ion optical system technique
was applied for development of the spiral tra-
jectory ion optical system. Especially, a com-
bination of the "perfect focusing" and "multi-
turn" [12] techniques developed at Osaka
University, which achieved highest mass reso-
lution in the world, was considered the most
suitable for development of the spiral trajecto-
ry ion optical system. For conversion of a
multi-turn type ion optical system for a spiral
trajectory ion optical system, it is necessary to
move ion trajectory perpendicular to the orbit
plane. In order to achieve this, we have
designed the system so that ion injection is
slightly tilted to the orbit plane. The advantage
of the design is that there is no need for the
mechanism to transfer the ions to the next
layer. There are concerns about degradation of
mass resolution due to the trajectory deviation
from a multi-turn type ion optical system.
However, the effect should be negligible by
keeping the injection angle to several degrees.

Practically, we have designed the spiral tra-
jectory ion optical system based on MUL-
TUM II [7] construction, which consists of
four toriodal electrostatic sectors (cylindrical

electrodes with two Matsuda plates). The
schematic of the ion optical system is shown
in Fig. 1. To achieve a spiral trajectory, we
have constructed a layered toriodal electric
field (TES) by placing (number of cycles +1)
Matsuda plates into the cylindrical electrostat-
ic sectors. The Matsuda plates are arranged
within certain equal distances Ly in the space
Lx between the external and internal elec-
trodes. The three types of voltages applied on
TESs 1 to 4 is that of the internal electrode,
external electrodes and Matsuda plates.
Corresponding voltages are supplied to every
Matsuda plates, internal and external elec-
trodes of TESs 1 to 4.

Also, four TESs were placed so that they
correspond to MULTUM II when looked
from the orbit plane. Y direction was set per-
pendicular to the periodic orbit plane. In
development of the MALDI-TOF/TOF, we
have made Y direction to horizontal. The
TES1 in the Fig. 1 shows the external elec-
trode is removed so that it can be seen  the
Matsuda plates are equally spaced. Ions fly
through the center of the space, formed by Lx

and Ly. Ion passes the same layer of TESs 1 to
4, and after passing the TES 4, it enters to the
next layer of TES 1. The process is repeated
for several cycles; the ion thus draws a spiral
trajectory and reaches the detector (DET1)
(Green line in the Figure 1 represents the ion
trajectory). The injection angle � into the lay-
ered toriodal electric field can be expressed as
follows, 

tan � = (Ly + Lm ) / Lc •  •  •  •  •  •  •  • (1)

where, Lm is the thickness of a Matsuda plate
and Lc is the one cycle length.

As mentioned above, owing to the usage of
four TESs of the same structure in it's construc-
tion, the ion optical system can achieve a com-

plicated trajectory within a simple structure.

Production of MALDI-TOF/TOF
utilizing spiral trajectory ion
optical system

We have developed MALDI-TOF/TOF uti-
lizing the spiral trajectory ion optical system.
It consisted of the first TOFMS using the spi-
ral trajectory ion optical system and the sec-
ond TOFMS using the reflectron ion optical
system. The mass spectrum measurement in
the first TOFMS is referred as spiral mode,
and the product ion spectrum measurement in
the second TOFMS as TOF/TOF mode.

An schematic of the system is shown in Fig. 2
(ion source and the detector DET1 of the first
TOFMS are omitted). Spiral trajectory is set to
eight cycles of 2.093 m per each. A distance
between central trajectories of the adjacent lay-
ers is 58 mm, an injection angle is 1.6 degree
according to equation (1). Y direction is set as
horizontal, so the injection angle is achieved by
tilting the extraction direction of the ion source
1.6 degrees from a horizontal plase.

In the spiral mode, ions fly a spiral trajecto-
ry and are detected with the spiral mode
detector (though not specified in Fig. 2, it is
located similarly to DET1 in Fig. 1). Ion gate
is placed in the 7th cycle. It allows eliminating
high-intensity matrix ions , which are outside
of the data acquisition m/z range.

In TOF/TOF mode, selection width of the
ion gate is made narrower and monoisotopic
ions of precursor ions are selected out of all
isotpic ions of them. It is possible to mechani-
cally move the spiral mode detector out of the
trajectory so that precursor ions can be intro-
duced into the collision cell. Ions, that entered
a collision cell, collide with rare gas inside of
the cell with a kinetic energy of approximately

Fig. 2 MALDI-TOF/TOF utilizing the spiral ion trajectory ion
optical system.

Fig. 1 Spiral ion trajectory ion optical system.
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20 keV, and generate fragment ions. Precursor
ions and fragment ions are mass-separated in a
reflectron ion optical system that combines an
offset parabolic reflectron (OPR) [13] and a
reacceleration mechanism. OPR is a reflectron
connecting a linear and parabolic electric
fields. It allows simultaneous observation of
ions, from low m/z fragment ions up to precur-
sor ions. In addition, in order to increase trans-
mission of ions, fine adjustment of the ion tra-
jectory is enabled by installing two deflectors
(DEF1 and DEF2) on both sides of the colli-
sion cell.

Evaluation of MALDI-TOF/TOF
with spiral trajectory ion
optical system utilized

Figure 3 shows mass spectrum of six types
of peptide mixtures (in order of m/z increase:
Bradykinin fragment 1-7, Angiotensin II,
Angiotensin I, P14R, ACTH fragment 1-17,
ACTH fragment 18-39). The mass spectrum
of Angiotensin II and ACTH fragment 1-17
are also displayed as an enlarged image. Mass
resolution is 58000 (FWHM) and 73000
(FWHM) respectively. The mass error of
ACTH fragment 1-17 is 0.16 ppm, when
internal calibration is performed among five
peptides except ACTH fragment 1-17. It
became clear from the above mentioned facts
that distance of flight for spiral trajectory ion
optical system is 17 m, which is 5 times
longer than that of the conventional reflectron
type ion optical systems. This allows enhance-

ment of mass resolution and mass accuracy.
Figure 4 shows the relation between m/z

value and mass resolution when mass resolu-
tion is adjusted with ACTH fragment 1-17.
Figure 4 shows that it is possible to achieve
high mass resolution simultaneously in a wide
m/z range. This overcomes the problem of
MALDI-TOFMS utilizing conventional
reflectron type ion optical system that could
achieve high mass resolution only in a narrow
m/z range.

Figure 5.a shows a product ion spectrum
diagram of Poly (oxypropylene), acquired in
TOF/TOF mode. Selected precursor ions are
monoisotopic ions from [M+Na]+ series with
m/z 1027. A numbers of fragmentation chan-
nels from sodium ions as fragment ion to pre-
cursor ion ion are observed. The enlarged
spectrum around m/z 780 is shown in Fig. 5.b.
The system is able to select only monoisotopic
ions of precursor ions, therefore each frag-
ment channels can be observed as one peak
without any isotopic peaks. Two peaks in Fig.
5.b indicate different fragmentation channels.
It indicates that 2u different fragmentation
channels can be clearly separated. Figure 5.c
displays an image of the same m/z range as in
Fig. 5.b when measured with conventional
MALDI-TOF/TOF. Pecursor ion selectivity of
traditional TOF/TOF is insufficient so that the
fragment ions from all isotopic ions of precur-
sor ions are analyzed in the second TOFMS.
Thus every fragmentation channels of product
ion spectrum include isotopic peaks. As a
result, when m/z values of monoisitopc ions of
two fragment channels are close, such as 2 u,
their isotopic peaks are overlapped and are

impossible to be clearly identified. The high
precursor ion selectivity originated from the
spiral trajectory ion optical system used in this
system makes the structual analysis of chemi-
cal compounds much easier.

Conclusion

This paper reports on the development of
the spiral trajectory ion optical system. Also,
the paper describes the development of
MALDI-TOF/TOF, which combines a spiral
trajectory ion optical system and reflectron
type ion optical system utilizing offset para-
bolic ion mirrors. Innovative ion optical sys-
tem introduced to the JMS-S3000 has over-
come preexisting problems related to conven-
tional MALDI-TOF and MALDI-TOF/TOF.
Thus, the JMS-S3000 is expected to play a
significant role in various areas.
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Introduction

Detailed structural  characterization of polymers is 
important because molecular properties of polymers strongly 
influence the material properties. Structural characterization 
of polymers have been performed by various instrumental 
analyses such as spectroscopic techniques (nuclear magnetic 
resonance spectroscopy: NMR, infrared spectroscopy: IR), 
chromatographic techniques ((pyrolysis-)gas chromatography: 
(Py-)GC , high performance liquid chromatography: HPLC, size 
exclusion chromatography: SEC), as well as mass spectrometry. 
Matrix-assisted laser desorption ionization time-of-flight mass 
spectrometry (MALDI-TOFMS) can observe molar mass of each 
polymer chain without fragmentation. Therefore, it exhibits its 
power for the determination of detailed polymer structures such 
as repeating units, end-groups, molecular weight distribution, 
and copolymer compositions. However, characterization of 
industrial complicated polymers  such as copolymers and 
polymer blends are difficult by conventional MALDI-TOFMS, 
because a mass of polymer chains within complex polymeric 
materials increases the likelihood of isobaric interference, 
in which the peaks of different chemical compositions with 
the same nominal mass overlap. Peak separation of isobaric 
components requires high-resolution mass spectrometry. This 
report first describes brief features of high-resolution MALDI-
TOFMS with a spiral ion trajectory, termed “MALDI spiral-
TOFMS”, and then some applications of MALDI spiral-
TOFMS for a detailed structural characterization of complicated 
polymers are presented.

Fundamental: Time-of flight mass 
spectrometer with a spiral ion 
trajectory

The combination of a MALDI source and a time-of-flight 
mass spectrometer is better suited for mass spectrometry of the 
ions generated by pulsed laser irradiation. MALDI-TOFMS 
system is typically composed of a UV pulse laser, a MALDI 
source, a flight tube, and a detector. Ions generated by pulsed 
laser irradiation are accelerated by electrical potential between 
a target plate and a grid electrode about 20 kV. Accelerated 

ions are pushed into an electric-field-free flight tube and finally 
detected. When ions with mass m flight along with the flight 
tube with L (m) at a velocity of v (m/s), the flight time t (s) can 
be calculated as,

 t = L /v  ............................................. (1)

The velocity v can be obtained according to the law of 
conservation of energy,

            1
            –
 

ezV
0
 = 

2 
muv2  .................................. (2)

                     or

 v = 2ezV
0 /mu  .................................. (3)

where, z is a charge of ion, V
o
 is an accelerating voltage, e is 

the elementary charge (=1.6×10-19 C), and u is unified atomic 
mass unit (=1.66 ×10-27 kg), respectively.

The velocity v is substituted into eq. (1), giving, 

                u           m              —         –
 

t = L
     2eV

0 

×
     z   

......................... (4)

Thus, the flight time t of ion is directly proportional to the 
square root of mass-to-charge ratio (m/z). To improve the 
resolving power, the flight time t should be elongated. Variable 
parameters in Eq. (4) are limited to the flight path L and the 
accelerating voltage V

o
. Here, decreasing of V

o
 causes lowering 

of the efficiency of ion extraction and expands a variation 
of the initial velocity. Extension of the flight path L results 
in increasing size of instruments and loss of transparent ions 
caused by diffusion of ions. To overcome these problems, 
a new type of high-resolution TOFMS based on a spiral ion 
trajectory in a compact space has been developed. Figure 1 
shows a schematic of the ion optical system of a SpiralTOF™ 
mass spectrometer (JEOL JMS-S3000). This system has a long 
flight path of approximately 17 m (2.1 m × 8 turns) along the 
spiral ion trajectory within a compact space [1], [2]. Because ion 
beams are focused at every turns, loss of transparent ions can be 
prevented. As a result, spiral TOFMS can achieve a high mass-
resolving power over 60,000 at full width at half maximum 
(FWHM) and provide high mass precision and accuracy at a 
milli mass unit.

Detailed Structural 
Characterization of Polymers 
by MALDI-TOFMS with a 
Spiral Ion Trajectory

〉〉　16-1 Onogawa, Tsukuba, 305-8569, Japan   |   E-mail: sato-hiroaki@aist.go.jp
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Structural characterization of 
polymers by MALDI-TOFMS

Polymer samples with a simple structure would give a series 
of peaks with regular intervals on the MALDI mass spectra. 
The m/z values observed on the MALDI mass spectra can be 
calculated according to Eq. (5), 

 m/z = M
monomer

 × n + M
end

 +M
cation

 ..... (5)

where, M
monomer

 is the mass of repeating unit, n is the numbers 
of repeating units, M

end
 is the mass of end-groups, and M

cation
 

is the mass of cation (e.g. Na+), respectively. M
monomer

 can 
be determined by the peak interval and M

cation
 can be easily 

speculated from the used cationization reagents. Therefore, the 
end-group structures can be speculated from the mass M

end
.

The chemical structures of a simple homopolymer can easily 
be determined by MALDI-TOFMS. However, most industrial 
polymers are complex materials such as copolymers, polymer 
blends, and composites. Furthermore, various additives such as 
flame-retardants, anti-oxidants, stabilizers, surfactants, pigments, 
and so on, are usually added to the industrial polymeric 
materials. A variety of chemical structures in the complicated 
polymer samples would give extremely intricate mass spectra 
observed by a conventional MALDI-TOFMS, resulting in 
increasing the likelihood of isobaric interference.

Peak separation of isobaric components within complicated 
polymer samples requires high-resolution mass spectrometry. 
One might thought that Fourier transform ion cyclotron mass 
spectrometry (FTICR-MS) would be useful to characterize such 
polymer samples. Although FTICR-MS is the most powerful tool 
for separating isobaric components at an ultrahigh resolution, 
it requires special skills for operation and careful maintenance 
of FTICR-MS, especially in the case of combination with a 

MALDI source. Limitation of the amount of trapped ions in the 
ICR cell is a disadvantage for the measurements of polymer 
samples composed of various polymer chains. Furthermore, the 
requirement of long ion life-times (second level) to record long 
free induction decay (FID) signal would also be disadvantage 
for the detection of polymer ions generated by MALDI, because 
ion life-time of polymers by MALDI would be shorter than 
the FID recording time. The advantage of spiral-TOFMS over 
FTICR-MS is that high-resolution mass spectrometry can 
be readily performed using basically the same procedure as 
with conventional TOFMS instruments. This report describes 
representative applications of MALDI spiral-TOFMS for the 
characterization of complicated polymers.

Application of MALDI spiral-TOFMS 
for the structural characterization of 
copolymers

Copolymers are types of polymers composed of two or 
more monomers. To modify the properties and functions of 
polymeric materials, copolymers have been widely used in 
industrial materials. Improvement of copolymer materials has 
been accomplished by detailed characterization of copolymers, 
including copolymer composition and comonomer sequences, 
as well as end-group structures, molecular weights, and their 
distributions. This report presents the structural characterization 
of free radical polymerized methacrylate ester copolymers [3]. 

The sample used in this study is a copolymer composed of 
methyl methacrylate (MMA) and tartly butyl methacrylate 
(tBMA). This polymer was synthesized by free radical 
polymerization using 2,2-azobis(2,4-dimethylvaleronitrile) 
(AVN) as an initiator in ethyl lactate (EL) solvent acting as a 
chain transfer agent. Under this condition, polymerization would 

 Fig.1
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Spiral ion trajectory ion optical system. (Courtesy of JEOL)
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start both from AVN initiator and solvent, resulting in two types 
of initial ends. The polymerization reaction would be terminated 
by disproportion resulting in saturated and unsaturated ends. As 
another termination, recombination of two radical chains would 
also occur. As a result, a total of seven different types of end-
group combinations would be possible as shown in Fig. 2(a).

Figure 2(b) shows the high-resolution MALDI mass spectra 
of poly(MMA-co-tBMA) with a feed ratio of MMA/tBMA = 
45/55 (mol/mol). This copolymer would be composed of various 

polymer chains having different end group combinations and 
copolymer compositions. The peak resolution of about 60,000 
by MALDI spiral-TOFMS could be achieved up to m/z 3000, 
and therefore, the isobaric peaks could be separated. From the 
obtained precious mass values, the combination of end-group 
and the copolymer composition of each component could be 
identified. For example, isobaric peaks observed around m/z 
1218 could be separated. Among these, the peak at m/z 1218.714 
could be assigned as the molecule composed of MMA/tBMA 

Fig. 2

(a) Possible structures of poly(MMA-co -
tBMA) and (b) mass spectra of poly(MMA-
co-tBMA) with a feed ratio of MMA/tBMA = 
45/55 (mol/mol). Roman numerals indicate 
the structure types in (a) and (MmBn) indicates 
the compositions of MMA and tBMA units. 
(Reprints with permission from ref. [3].) 
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= 8/2 units with type II end-group combination (AVN-initiated 
and saturated terminus), denoted as II(M

8
B

2
). Similarly, the 

peak at m/z 1218.748 could be assigned as III(M
4
B

4
) having EL 

initiated and unsaturated terminus. Here, the adjacent peak at 
m/z 1218.646 could be assigned as the isotope peak of I(M

8
B

2
). 

Figure 3 shows a comparison of expanded mass spectra of the 
poly(MMA-co-tBMA) with different copolymer compositions 
in the range of m/z 1226-1232. As for the sample with MMA/
TBMA=12/88 (mol/mol), two components of I(M

1
B

7
) and 

II(M
1
B

7
) are mainly observed at m/z 1226.832 and m/z 

1228.844. With rising MMA composition, the relative peak 
intensities of these components decrease, whereas the peaks of 
III(M

7
B

1
) increase. The mass differences between these peaks 

have only ca. 0.08 Da. Conventional reflector type TOFMS 
could not separate such peaks as shown in the bottom figure, 
where three peaks of I(M

1
B

7
), II(M

1
B

7
), and III(M

7
B

2
) were not 

discriminated. Therefore, the high resolving power of spiral-
TOFMS should be needed for the precious peak assignments. 
The results obtained by MALDI spiral-TOFMS could give an 
insight into the mechanisms of copolymer synthesis based on 
the information such as bivariate distributions in copolymer 
composition and compositional distributions of the different end 
group combinations (data not shown , see Ref [3]). These results 
are difficult to obtain by other method, so, MALDI spiral-
TOFMS is a powerful tool for the structural and compositional 
characterization of complicated copolymers.

Compositional analysis using 
Kendrick mass defect analysis

Although MALDI spiral-TOFMS is possible to characterize 
complicated polymers based on a complete peak assignment, it 
should deal with an enormous collection of peak data. Therefore, 

an effective data processing method without relying on peak 
assignments is required. Here, this report describes “Kendrick 
mass defect (KMD) analysis” applied for the characterization 
of complicated polymers. KMD analysis is, in fact, an old 
technique proposed by Kendrick [4] in 1963, and it has been 
used chiefly to characterize petroleum and lipid samples by 
means of ultra-high-resolution FT-ICRMS. The KMD analysis, 
however, have not been applied for the polymer characterization, 
probably due to the limitation of the polymer measurements 
by MALDI-FT-ICRMS as described in the former section. The 
high resolving power of spiral-TOFMS, which can determine 
precious mass with a high-mass accuracy within a few ppm 
error, opens the way to KMD analysis in the field of polymer 
characterization. Here, this report explains the details of KMD 
analysis and several applications.

This has been proposed to discriminate homologous series 
differing only by a number of base units based on the “mass 
defect”. Here, we consider the differences in nominal mass 
and accurate mass of various atoms containing in organic 
compounds. The accurate masses of hydrogen and nitrogen are 
larger than their nominal mass, whereas the masses of oxygen, 
sulfur, and phosphorus are deficient. In organic compounds, 
the mass of CH

2
, corresponding to saturated hydrocarbons, 

shows the largest mass sufficiency. KMD is defined as the exact 
Kendrick mass subtracted from the nominal Kendrick mass.

The Kendrick mass (M
K
) can be converted from the IUPAC 

mass (M
IUPAC

) according to Eq.(6),

                                                            nominal mass of base unit
 M

k
 = M

IUPAC
 × — ...... (6)

                                                            IUPAC mass of base unit

Originally, the methylene unit (-CH
2
-) giving the maximum 

mass sufficiency is set as the base unit, i.e., nominal mass of 
base unit = 14 and IUPAC mass of base unit = 14.01565. In 

Fig. 3

Comparison of the expanded mass spectra of 
poly(MMA-co-tBMA) with different copolymer 
compositions. The figures in the parentheses 
indicate the feed composition of (MMA/
tBMA) in mol%. The bottom mass spectrum 
was observed using a conventional reflector 
type TOFMS.

49 JEOL NEWS │ Vol.50 No.1  (2015)14 www.jeol.com



Fig. 4

Exp lana t ion  o f  the  da ta 
processing procedures to 
make the KMD plot of  a 
commercial detergent.

polymer characterization, we set repeating unit of the polymer 
as the base unit.

Figure 4 explains the data processing procedures to make 
the KMD plot using a simple example. The sample of this 
example is a commercial detergent, which is a mixture 
of polyoxyethylene lauryl ether (C

12
-PEO) and sodium 

dodecylbenzenesulfonate (LAS). The mass spectra of this 
detergent observed by MALDI spiral-TOFMS shows a 
distribution of the peaks of [M+Na]+ ions of (C

12
-PEO) over m/z 

900 together with the peaks of LAS having different alkyl chain 
length (C

11
-C

13
). The observed m/z values were converted to M

K
 

according to Eq. (6). In this case, ethylene oxide (EO) unit was 
set as the base unit (i.e. C

2
H

4
O = 44.0261 Da was converted 

to 44). For example, the peak observed at m/z 429.3181 was 
converted to 429.0634 in Kendrick mass scale based on EO unit. 
The M

K
 values consist of nominal and decimal parts. That is, 

429 as nominal M
K
 and 0.0634 as KMD. A set of M

K
 and KMD 

of each observed peak was plotted on the two-dimensional graph 
(the KMD plot), where the components having common repeat 
units line up in the horizontal direction, whereas the components 
having different structures shift to the vertical direction. In this 
case, C

12
-PEO chains having EO repeating units line up in the 

horizontal direction, whereas three LAS components having 
different numbers of CH

2
 units line up obliquely.

The next application represents the case of more complicated 
samples. The samples of this application are different grades of 
commercial laundry detergents produced by the same company. 
Figure 5 compares MALDI mass spectra and the KMD plots. 
Because several series of peak distributions have ca. 44 Da 
interval, it can be easily speculated that most components would 
contain the surfactants h aving EO repeating units. Setting EO 
unit as the base unit in KMD analysis, the m/z values of all 
observed peaks were converted to M

K
, and the resulting nominal 

M
K
 and KMD values were plotted. (Here, the KMD values in 

y-axis were omitted to avoid the specification of the samples). 
The general views of two plots are very similar, in which several 
lines distributing to the horizontal direction indicate that these 
detergents are the mixture of at least three different types of 
surfactants having EO units. By comparing two plots, it can be 
easily found out the differences in the chain length distribution 
of each components having EO chain. The EO chain length of 
the components in detergent B (for strong stain) seems to be 
longer than that in detergent A (for normal stain). Because a 
compound has a specific combination of KMD and nominal M

K
 

values, the visual identification of each compound would be 
performed, if the database of KMD values of various compounds 
is prepared. Based on the plot patterns, one might be able to 
have an insight into a basic design concept of these detergents. 
If one has interests in specific lines in the KMD plots, then 
detailed structural characterization can be proceeded based on 
their precious masses of the corresponding peaks in the observed 
mass spectra. Thus, the KMD analysis would be useful for the 
extraction of characteristic compounds in a complex material.

Displaying the compositional distribution 
of copolymers on the KMD plot

The next application of the KMD analysis is relating to the 
characterization of copolymers [5]. Figure 6 shows the mass 
spectra of a block copolymer composed of poly(ethylene 
oxide) and poly(propylene oxide) [P(EO-b-PO)]. A peak 
distribution can be observed with a maximum at m/z ca. 1900. 
The copolymers composed of EO and PO units theoretically 
give a peak series with ca. 2 Da interval corresponding to the 
mass differences in EO

x
PO

y
 and EO

x+4
PO

y-3
, together with their 

isotope peaks. In this case, the monoisotope peaks of EO
x+4

PO
y-3
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Fig. 5

Comparison of the KMD plots and original 
mass spectra of two different grades of 
commercial laundry detergents. The size 
of each dot indicates peak intensity. Note: 
the KMD values in y-axis were omitted to 
avoid the specification of the samples.

Fig. 6

Mass spectra of P(EO-b-PO). The broad-band mass spectrum (bottom) and 
the expanded mass spectrum in the range of m/z 1303-1313 (middle) and m/z 
1307.7-1308.2 (top). Reprints from ref. [5] (open access).
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Fig. 7

The KMD plot of P(EO-b-PO).  The lines indicate the theoretical 
distribution of the homologue having the same numbers of EO or PO 
compositions. The size of each dot indicates peak intensity. Reprints 
from ref. [5] (open access). 

should be accompanied with closely adjacent peaks of the 
second isotope (mainly due to 13C

2
) of EO

x
PO

y
 with only 0.027 

Da differences as shown in Fig. 6. Spiral-TOFMS can resolve 
these peaks. The observed m/z values of all peaks were then 
converted to the M

K
 values based on PO unit (C

3
H

6
O, 58.0419 

Da to 58), and plotted to make the KMD plot as shown in Fig. 7. 
In the plot, the distribution of PO units line up in a horizontal 

distribution at intervals of 58. On the other hand, the distribution 
of EO units line up obliquely, where nominal M

K
 increases by 

44 and KMD value increases by 0.0055. Theoretical lines of 
EO/PO compositions are also indicated in Fig. 7 as a guide. 
By reading the plot patterns, the compositional distribution 
of P(EO-b-PO) sample could be characterized, where EO 
distributes 0-35 units and PO distributes 13-23 units. The dots 
on the lines of EO = 0 indicated the existence of poly(propylene 
oxide) homopolymers. These results suggest that this polymer 
was synthesized by elongation of EO chains from the both ends 
of core poly(propylene oxide) chains.

The reports demonstrated that MALDI spiral-TOFMS made it 
possible to perform KMD analysis for polymer characterization. 
One of the key advantages of this method is that the KMD plot 
visually represents patterns in the structural distribution of a 
given polymer without the need to perform peak assignment 
or peak picking. This feature is potentially useful for high-
throughput profiling (or typing) of industrially-produced 
polymers, to inspect how the polymer was made and processed.

Conclusions

MALDI-TOFMS would have seemed to ensure the strong 
position as a powerful characterization tool. Actually, however, 
complicated polymers have been difficult to be characterized 
by conventional MALDI-TOFMS instruments mainly due 
to insufficient resolution. The new type of TOFMS with a 
spiral ion trajectory (SpiralTOF™) has a potential to make a 
breakthrough in the characterization of complicated polymers. 
This report presented the features of MALDI spiral-TOFMS 

and its applications for the characterization of complicated 
polymers. The first application was relating to the detailed 
structural characterization of copolymers. High-resolution mass 
spectrometry of spiral-TOFMS can avoid isobaric interference 
of the observed mass spectra, and it enables us to almost 
completely identify copolymer compositions and end-group 
combinations. The second application was the visualization of 
the high-resolution mass spectra composed of a huge numbers 
of peaks. By introducing KMD analysis, compositional 
distributions of complicated polymers such as blends and 
copolymers can visually be understood without any peak 
assignments. In conclusion, MALDI spiral-TOFMS has a great 
potential as a powerful tool for the structural and compositional 
characterization of complicated polymers.
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  Polystyrene (PS)1000 and 2400 were measured using 
the JMS-S3000 SpiralTOF. The [M+H]+ peaks of PS with 
the basic monomer units of 104u (Fig.1) were observed 
for each sample. The mass spectrum of PS1000 and an 
expanded view around m/z 1000 are shown in Fig. 2. The 
resolving power at m/z 1101 was approximately 50,000 
(FWHM). The mass difference between 8, 9 and 10-mers 
showed a very good match with the theoretical mass 
number (104.0626) calculated from the elemental compo-
sition of the repeating unit (C8H8). The mass spectrum of 
PS2400 and the expanded view of the isotopic pattern of 
23-mer are shown in Fig 3. The observed isotopic pattern 
of the 23-mer is in very good agreement with the simu-
lated isotopic distribution (R 60,000).

Measurement of synthetic polymers
Polystyrene

Figure 1. PS repeat unit (C8H8=104.0626).

Figure 2.  Mass spectrum of (a) PS1000 and (b) 8-10mer.

Figure 3.  Mass spectrum of (a) PS2400 and (b) the 23mer with its corresponding isotopic simulation.

C
H

C
H2

n

 

500 1000 1500 2000 2500 3000
m/z

0.0

2.0

 x10
4

In
te

ns
ity

In
te

ns
ity

 

999.4853
1103.5482

1207.6112

104.0626 104.0625

1000 1100 1200
m/z

(b) 
(8mer) (9mer) (10mer) 

997.4836 1101.5461 1205.6086 

(a) 

1000 2000 3000 4000
m/z

0.0

1.0

2.0

 x10
5 (a) 

2557 2558 2559 2560 2561 2562 2563 2564 2565 2566 2567 2568 2569
m/z

SP-C11-00-001_PS2400.tas   DataSet: 0323_MH_HL_PS   Spot: C11   Acquired: 2010-03-23 15:32

2557 2558 2559 2560 2561 2562 2563 2564 2565 2566 2567 2568 2569
m/z

2565 

2565 

Simulation of 23mer 
C180H186Ag 
R=60000 

Isotope distribution of 23mer 

(b)

2560

2560

2565

2565

m/z

m/z

In
te

ns
ity

www.jeol.com 19



SpiralTOFTM

Ap
pl

ica
tio

ns
 N

ot
e 

© JEOL USA      
Page 1 of 1

M
S

-T
ip

s 
#1

64

  Polymethyl methacrylate (PMMA) 4000 was measured 
by using the JMS-S3000 SpiralTOF. The [M+H]+ peaks 
for PMMA with the basic monomer units of 100u (Fig.1) 
were observed for this sample. The full PMMA mass 
spectrum and an expanded view around m/z 4000 are 
shown in Fig. 2(a) and (b), respectively. The resolving 
power at m/z 4,000 was approximately 45,000 (FWHM). 
Also, the mass differences between the 39, 40, and 41-
mers had a very good match with the theoretical mass 
number (100.0524) of the PMMA repeat unit (C5H8O2). A 
comparison between the 40-mer’s observed and simulated 
isotopic patterns is shown in Fig. 2(c). The observed isoto-
pic pattern is in very good agreement with the calculated 
isotopic distribution.

Measurement of synthetic polymers
Polymethyl methacrylate

Figure 1. PMMA repeat unit (C5H8O2=100.0524)

C
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CH3

O CH3

O
n

Figure 2. Mass spectrum of (a) PMMA4000, (b) the 39-41mer and (c) the 40mer with its 
corresponding isotopic simulation.
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showed very good agreement with the theoretical 
mass of the PEG monomer. The full mass spectrum 
for PEG8000 is shown in Fig. 3(a). The comparison 
between the observed and simulated isotopic pattern 
(R 35,000) for the 226mer are shown in Fig. 3(b). The 
observed isotopic pattern is in very good agreement with 
the calculated isotopic distribution.
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  Polyethylene glycol (PEG) 1000 and 8000 were 
measured by using the JMS-S3000 SpiralTOF. The 
[M+H]+ peaks for PEG with the basic monomer units 
of 44u (Fig. 1) were observed for each sample. The 
mass spectrum for PEG1000 and an expanded view 
around m/z 1,000 are shown in Fig. 2.  The resolving 
power at m/z 1009 is approximately 60,000 (FWHM). 
The mass difference between the 21, 22 and 23-mers 

Measurement of synthetic polymers
Polyethylene Glycol

O C
H2

C
H2

n

Figure 1. PEG repeat unit (C2H4O=44.0262).

Figure 2.  Mass spectrum of (a) PEG1000 and (b) the 21-23mer.

Figure 3.  Mass spectrum of (a) PEG8000 and (b) the 226mer with its corresponding 
isotopic simulation.
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Synthetic Polymer Structure Analysis
Poly Propylene Glycol (PPG)
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Figure 2.  Structural formula of PPG.

Introduction:
The JMS-S3000 “SpiralTOFTM” is a MALDI-TOFMS 
that incorporates an innovative SpiralTOF ion optics 
system (Fig.1). The JMS-S3000 is available with a 
TOF-TOF option that can acquire high-energy collision-
induced dissociation (CID) product ion spectra for 
monoisotopically selected precursor ions. This monoiso-
topic precursor selection is made possible by the fact that 
the distance to the ion gate is 15 m, which is more than 
one order of magnitude longer than that of conventional 
MALDI TOF-TOF instruments.  Additionally, the sec-
ond TOF MS incorporates a re-acceleration mechanism 

optical design developed by JEOL. This unique design 
enables seamless observation of product ions ranging 
from very low m/z up to that of the precursor ion. 

In this work, we analyzed Polypropylene Glycol (PPG) 
by using the JMS-S3000 SpiralTOF with the TOF-TOF 
option.  The resulting high-energy CID data was then 
processed using the Polymerix™ (Sierra Analytics, Inc., 
http://massspec.com/) analysis software. 

Samples:
Polymer:      PPG

(CHCA)
Cationization agent: NaI

Figure 1. JMS-S3000 “SpiralTOF” with TOF-TOF 
attachment.  

Results and Discussion:
The MALDI mass spectrum of PPG and the m/z 1027.7 
(n=17, [M+Na]+) product ion spectrum are shown in Fig. 
3. The MS-MS spectrum shows the full range of ions
from m/z 23.0 for [Na+] to m/z 1027.7 for the precur-
sor ion. Also worth noting, these product ions are all 
monoisotopic because the precursor ion was monoiso-

MS-MS spectrum.

The enlarged region (m/z 580-630) in Fig. 3 shows that 

result from the monomer repeat unit (58u, C3H6O). 
Therefore, this high-energy CID data for PPG suggests 
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Conclusions:
Structural analysis of synthetic polymers such as PPG 
can easily be done by using the JMS-S3000 TOF-TOF 
method (high-energy CID, monoisotopic precursor se-
lection) with the Polymerix™ analysis software.

Reference:
(1) Liang Li, “MALDI Mass Spectrometry for Synthetic 
Polymer Analysis”, John Wiley & Sons, Inc., United 
States of America (2010).

Figure 3. MALDI mass spectrum of PPG (upper) and product ion spectrum of m/z 1027.7 (n=17, [M+Na]+) (lower).

Figure 5. PolymerixTM analysis result of of m/z 1027.7 (n=17, [M+Na]+).
of product ions series.

Based on previously published work1, we hypothesized 
that the structural formulas for these different product 
ion series were most likely the structures shown in Fig. 

software which resulted in the product ion series as-
signments shown in Fig. 5.  These results supported 
our hypothesis for each structure and showed that the 
JMS-S3000 high-energy CID data fully represents the 
structural fragmentation expected for PPG.
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Introduction: 
A high-resolution MALDI/TOF-TOF system with 

polymers and polymer additives.  Exact mass 
measurements and isotopic abundances were used to 

collision-induced dissociation with monoisotopic 

-
lated m/z (m/z O Na+).  The high-

sodiated PMMA ions.

Experimental:  
Samples were analyzed by using a MALDI/TOF-TOF 

TM MS”) mass spectrom-

ion losses. 

ions.  

-

was used as the MALDI matrix and sodium iodide (NaI) 
was used as cationization agent.

(a)

(b)
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Internal calib. External calib.
1 52,762 -0.31 -1.23
2 48,061 -0.71 -0.72
3 49,726 -0.54 -1.20
4 51,716 -0.61 -2.10
5 50,911 -1.02 5.46

Resolution
@ m/z 1199.7733No.

Mass error (ppm)
Internal calib. External calib.

6 47,648 -0.16 5.41
7 49,394 0.13 3.19
8 51,403 0.35 3.62
9 53,594 -0.47 5.64
10 46,463 -0.28 2.13

Ave. 50,635 0.46 3.07

Resolution
@ m/z 1199.7733

Mass error (ppm)
No.

ated Irganox in the PMMA mass spectrum. All product 
ions were monoisotopic. The product-ion mass spectrum 

(2) PMMA

spectrum. All product ions were monoisotopic.  Product-
ion assignments corresponded to direct bond cleavage 

m/z 

the precursor m/z to m/z +). 

Results: 
(1) Additives 

the sodiated molecule (m/z O Na+) in 

+

using PMMA as either internal or external calibrant. 

respectively.  Mass accuracy and isotopic abundances 

O Na. 

-

+)).
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(a) PM M A⊿m  =  100.0525
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Conclusion: 
In this study we demonstrate accurate mass measure-

-

The SpiralTOF system provides ultra high resolution 

accurate mass measurements. The sodium-cationized 

MS/MS spectra were obtained by using the TOF-TOF 
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(http://www.polymerfactory.com/).  The sample was 
dissolved in tetrahydrofuran at a concentration of 10 
mg/mL. A 0.5 μL sample was deposited and dried on 
the MALDI target plate.  An additional matrix was not 
required because it is already included in the SpheriCal® 
reference standard mixture. 

Results: 
The MALDI mass spectrum is shown in Figure 1, and 

the comparison of measured and theoretical isotopic 
distribution for m/z 6000 are shown in Figure 2. The 
delay time was set to achieve the highest mass resolving 
power at m/z 6000. Therefore, the resolving power was 
approximately 85,000 for the [C320H372O110Na]+ peak, 
well in excess of that needed to separate isotope peaks.
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Introduction: 
A high-quality mass calibration is required to achieve 

highly accurate mass measurements by mass spectrom-
etry. A polymer or a mixture of peptides is commonly 
used to calibrate a MALDI-TOF MS system. However, 
peptides do not necessarily have long-term stability, 
and a monodisperse polymer does not have a wide m/z 
range. Sometimes these standards are not well suited for 
calibration over a wide m/z range.
We used a new dendritic MS calibrant (SpheriCal®) to 

resolve these issues. Here we demonstrate measurement 
and calibration using the new calibrant with the JEOL 
SpiralTOF MALDI mass spectrometer.

Experimental: 
The new SpheriCal® High Range dendritic MS refer-

ence standard was obtained from the Polymer Factory  

Figure 1.  MALDI mass spectrum of SpheriCal® High Range standard. 
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Figure 2. The comparison of measured and theoretical isotopic distribution.
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A residual plot for the calibration curve is shown in 
Figure 3. We were able to calibrate the system by using 
the monoisotopic ions for each dendrimer because the 
SpiralTOF is able to detect these species with enough 
intensity to achieve a high-quality mass calibration (see 
Figure 2). The Root Mean Square (RMS) mass error of 
actual measured m/z value against the calibration curve 
was just 0.4 ppm with this calibrant. 

Conclusion: 
In this study we demonstrated measurement and cali-

bration using a new dendritic mass reference standard 
with the JEOL SpiralTOF MALDI mass spectrometer.

  The SpiralTOF provides:

detect monoisotopic ions in the high m/z region.

Routine high mass accuracy (less than 1ppm)

A high-quality mass calibration curve over a wide m/z 
range was achieved by using the new dendritic calibrant 
and the JEOL SpiralTOF. 

Reference:
1. Yeija Li, Jessica N. Hoskins, Subramanya G.

Sreerama, Michael A. Grayson and Scott M. 
Grayson. -

-
 J. 

Mass Spectroscopy, 2010, 45, 587-611.

2. http://www.polymerfactory.com/images/articles/
Grayson-Universal_MS_calibrants_ASMS%20
2011.pdf

Figure 3. The residual plot for the calibration curve obtained by using the SpheriCal® High Range standard.
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using JMS-S3000 “SpiralTOF™

hile MALDI-TOFMS are widely used for the analysis of high molec

olymers, synthetic polymers), analysis of small molecules are also pos

DI-TOFMS employing an unique SpiralTOF™ ion optical system and 

s measurement over wide m/z range. An accurate mass measurement

ulation of a small molecule is demonstrated in this application note. 

iphenhydramine was used as an “unknown” sample and α-Cyano-4-hy

 used as the matrix. The data was processed using “msTornado An

are program for JMS-S3000, as shown in Fig. 1. 
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Introduction: 
Matrix-Assisted Laser Desorption Ionization (MALDI) 
has been applied to a wide range of analyses and is 
particularly suitable for the qualitative analysis of high 
molecular weight samples. On the other hand, MALDI 
is generally considered unsuitable for low molecular 
weight compounds because the matrix ions interfere 
with sample ion detection in the low mass region. 
However, if these low m/z ions can be separated from 

resolving power, then MALDI can be expanded to the 
analysis of low-molecular-weight compounds. We have 
demonstrated this by using the JEOL MALDI SpiralTOF 
mass spectrometer   The innovative Spiral orbital tech-
nology consisting of 4 sets of toroidal electrical sector 
and Matsuda plates provides ultra-high mass resolving 
power combined with high ion transmission. 
Here we report the use of Spiral technology to collect 
high mass-resolving power and high mass-accuracy data 
for eight triazine compounds. Additionally, we report 
TOF-TOF data obtained with monoisotopic precursor 
ion selection to provide clear product-ion mass spectra 
for each compound.

Experimental:  
Stock solutions of each of the triazine compounds listed 
in Table 1 were prepared at concentrations of 1 mg/ml in 

2:1 methanol/water.  Alpha-Cyano-4-hydroxyxinnamic 
acid (CHCA, formula = C10H7NO3) was used as the 
MALDI matrix. CHCA was dissolved in 1:1 water/ 

concentration of 10 mg/mL. A 0.5 μL mixture of sample 
and CHCA (1/1, v/v) was deposited and dried on the 
MALDI target plate.

The SpiralTOF was operated in positive-ion mode using 

internal mass reference standards for calibration with the 
native MS Tornado software.  

Results: 
(1) SpiralTOF 
Accurate mass measurements for the compounds are 

shown in Table 1.The resolving power (FWHM) for 
each triazine was approximately 38,000 for the [M +H]+ 
peak, well in excess of that needed to separate isotope 
peaks.

Accurate mass values for the protonated molecule of 
Triazines were determined by using CHCA matrix ions 
as an internal calibrant. The average mass errors were 
0.55 ppm using internal calibration.  Mass accuracy 

elemental composition of protonated molecules. 

Table 1. Accurate mass measurement results for protonated molecule of Triazines.

No. Name Formula (M+H) Meas. m/z Error (mDa) Error (ppm)
Mass 

resolving 
power

1 Ametryn C9H17N5S + H 228.12774 0.01 0.04 38,361

2 Atrazine C8H14ClN5 + H 216.10105 0.04 0.18 37,049

3 Prometon C10H19N5O + H 226.16624 -0.19 -0.84 36,062

4 Prometryn C10H19N5S + H 242.14339 0.06 0.24 36,481

5 Propazine C9H16N5Cl + H 230.11670 -0.18 -0.78 38,717

6 Simazine C7H12ClN5 + H 202.08540 0.21 1.02 37,754

7 Simetryn C8H15N5S + H 214.11209 -0.16 -0.73 38,330

8 Terbutryn C10H19N5S + H 242.14339 -0.14 -0.59 43,185

Average 0.12 0.55 38,242
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(2) TOF-TOF 
The TOF-TOF product-ion mass spectra are shown in 

Figures1-8, and are compared with the corresponding 
EI mass spectra from the 2011 NIST/EPA/NIH Mass 
Spectral database.  High-energy collision-induced dis-
sociation (CID) mass spectra obtained in the TOF/TOF 

show less rearrangement than low-energy CID spectra 
measured on other types of mass spectrometers. Almost 
all fragment ions were generated by simple cleavage of 
chemical bonds by 20 kV high-energy CID.
All of the protonated molecules for the triazines 

showed a loss of CH4 (16), m/z 15 (CH3), m/z 27 (C2H3) 
and m/z 43 (C3H7) in the TOF-TOF spectra. Loss of 
C3H6 (42) and loss of C3H8N (58) were observed in all 
of the triazines except simazine, simetryn and terbutryn 
because these compounds do not have the NHCH(CH3)2 
functional group in their structure. The simazine and 
simetryn spectra show a losses of C2H5 (29) and C2H6N 
(44) from the NHCH2CH3 functional group. In the 
atrazine, propazine and simazine mass spectra loss of 
Cl (35) was observed. Terbutryn showed a loss of C4H8 
(56) .

(TOF- TOF) Ametryn 1ppm.tas (228)   DataSet: 20110915 Pesticides   Spot: E05   Acquired: 2011- 09- 19T13:17:37
Description: Ametryn 1ppm
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Conclusion: 
In this study we have demonstrated the potential of TOF/
TOF high-energy CID for structural analysis for small 
molecules.

“SpiralTOF” mode provides 
�

analyte ions and matrix ions.
� Routine high mass accuracy (less than 1ppm)

“SpiralTOF-TOF” mode provides 
�  Monoisotopic precursor selection
�  True high-energy (20 kV) CID
�  Absence of artifacts from post-source decay (PSD)

Structural analysis of small molecules is easily performed 
by using the TOF-TOF method. The high-energy CID 
provided by the JEOL Spiral TOF-TOF produces informa-

molecules that is often directly comparable to EI mass 
spectra.

Figure 1. Mass spectra of Ametryn. Top: MALDI TOF-TOF spectrum Bottom: EI Spectrum
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(TOF- TOF) Atrazine 1ppm.tas (216)   DataSet: 20110915 Pesticides   Spot: E06   Acquired: 2011- 09- 19T13:26:17
Description: Atrazine 1ppm

27.1

43.1

53.1

62.1

68.1

96.2

104.1
138.1

174.1

181.2

200.1

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240
m/z

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0x104

In
te
ns
ity

TOF-TOF mass spectrum

EI mass spectrum

CH3 

C2H3 

C3H7 

-58 

-42 

-16 

-35 

(TOF- TOF) Prometon 1ppm.tas (226)   DataSet: 20110915 Pesticides   Spot: E07   Acquired: 2011- 09- 19T13:34:00
Description: Prometon 1ppm
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Figure 2. Mass spectra of Atrazine. Top: MALDI TOF-TOF spectrum Bottom: EI Spectrum

Figure 3. Mass spectra of Prometon. Top: MALDI TOF-TOF spectrum Bottom: EI Spectrum
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(TOF- TOF) Prometryn 1ppm.tas (242)   DataSet: 20110915 Pesticides   Spot: E08   Acquired: 2011- 09- 19T13:39:06
Description: Prometryn 1ppm
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(TOF- TOF) Propazine 1ppm.tas (230)   DataSet: 20110915 Pesticides   Spot: E09   Acquired: 2011- 09- 19T13:45:44
Description: Propazine 1ppm
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Figure 4. Mass spectra of Prometryn. Top: MALDI TOF-TOF spectrum Bottom: EI Spectrum

Figure 5. Mass spectra of Propazine. Top: MALDI TOF-TOF spectrum Bottom: EI Spectrum

Ap
pl

ica
tio

ns
 N

ot
e 

M
S

-1
11

02
0

© JEOL USA
Page 4 of 6

[M+H]+
242

[M+H]+
230

48 www.jeol.com



(TOF- TOF) Simazine 1ppm.tas (202)   DataSet: 20110915 Pesticides   Spot: E10   Acquired: 2011- 09- 19T13:50:56
Description: Simazine 1ppm
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(TOF- TOF) Simetryn 1ppm.tas (214)   DataSet: 20110915 Pesticides   Spot: E11   Acquired: 2011- 09- 19T13:56:02
Description: Simetryn 1ppm
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Figure 6. Mass spectra of Simazine. Top: MALDI TOF-TOF spectrum Bottom: EI Spectrum

Figure 7. Mass spectra of Simetryn. Top: MALDI TOF-TOF spectrum Bottom: EI Spectrum
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(TOF- TOF) Terbutryn 1ppm.tas (242)   DataSet: 20110915 Pesticides   Spot: E12   Acquired: 2011- 09- 19T14:01:03
Description: Terbutryn 1ppm
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Figure 8. Mass spectra of Terbutryn. Top: MALDI TOF-TOF spectrum Bottom: EI Spectrum
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Abstract. A new MALDI-TOF/TOF system with monoisotopic precursor
selection was applied to the analysis of triacylglycerols in an olive oil
sample. Monoisotopic precursor selection made it possible to obtain product-
ion mass spectra without interference from species that differed by a single
double bond. Complete structure determination of all triacylglycerols, includ-
ing structural isomers, was made possible by interpreting the charge-remote
fragmentation resulting from high-energy collision-induced dissociation (CID)
of the sodiated triacylglycerols.
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Introduction

Triacylglycerols (TAGs or triglycerides) are comprised of
three fatty acids esterified with glycerol. Because TAGs

are the major components in animal fats and vegetable oils,
the analysis of TAGs is biologically important and crucial
for quality control of food products.

Recent mass spectrometric approaches to the analysis of
TAGs have made use of atmospheric pressure chemical
ionization (APCI) [1–5] or electrospray ionization (ESI) [6–
10] and tandem mass spectrometry (MS/MS).

Using ESI and a triple quadrupole mass spectrometer, Hsu
and Turk [6] reported that collisional activation of lithium
adducts of TAGs can provide structural information about the
acyl groups. Low-energy collision-induced dissociation (CID)
of cationized TAGs does not provide information about the
position of the double bonds. However, the CID fragments of
unusual dilithiated species was shown to be dependent on
double bond location. Byrdwell and Neff [7] reported a method
based on dual parallel ESI and APCI combined with tandem
mass spectrometry for the analysis of TAGs and their oxidation
products. McAnoy et al. [8] used ESI with a linear ion trap to
characterize TAG components within a complex mixture of
neutral lipids from cell extracts.

High-energy CID is an especially attractive approach for
TAG analysis because charge-remote fragmentation [11–22]
provides a great deal of information about lipid structure.
The complete structural characterization of TAGs was
reported in 1998 by Cheng et al. using fast atom bombard-
ment (FAB) and tandem magnetic sector mass spectrometry
with high-energy CID fragmentation of the [M + Na]+

species [21]. All TAG structural features could be deter-
mined except stereochemistry.

However, large tandem magnetic sector mass spectrom-
eters have fallen out of favor in recent years and high-energy
CID appeared destined to become a “lost art” until the
introduction of tandem time-of-flight (TOF/TOF) mass
spectrometers by Cotter and Cornish in 1993 [22]. Recently,
Pittenauer and Allmaier showed that TOF/TOF mass
spectrometers have the potential to provide the same
complete structural information as a tandem magnetic sector
mass spectrometer [23]. The principal limitation of this
method was found to be the poor MS-I selectivity (a 4 to 6 u
window) of the TOF/TOF system, making it impractical to
select precursor ions for TAGs with compositions that differ by
two hydrogens. The authors concluded that a LC/MALDI-MS/
MS approach might be required to make use of charge-remote
fragmentations to characterize TAGs in complex mixtures.

We have developed a tandem time-of-flight mass spec-
trometer featuring high precursor ion selectivity that resolves
the problem of poor MS-I selectivity [24]. The massCorrespondence to: Robert Cody; e-mail: cody@jeol.com
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spectrometer uses multi-turn and “perfect focusing” ion
optics [25] to fit a very long (17-m) flight path into a
compact space [26]. In TOF/TOF mode, an ion gate
positioned at the 15 m point in the spiral ion flight path is
used to isolate and guide the precursor ion into a gas-filled
collision chamber. The long flight path provides ample time
separation prior to precursor ion selection, resulting in unit
precursor selectivity. The precursor ions undergo 20 kV
collisions with a target gas and are subjected to a 9 kV post-
acceleration into an offset parabolic reflectron with wide
energy acceptance.

Monoisotopic precursor selection combined with high-
energy CID is the key to using TOF/TOF for structural
analysis of triacylglycerols in complex mixtures. This
paper describes the method for structural analysis with
this system and reports the complete structural analysis
of TAGs, including isomers, in a commercial olive oil
sample.

Experimental
Materials and Chemicals

A triacylglycerol standard (1-palmitoyl-2-oleoyl-3-linoleoyl-
rac-glycerol), matrix (2,5-dihydroxybenzoic acid or DHB),
and cationizing agent (sodium trifluoroacetate), were pur-
chased from Sigma-Aldrich (St. Louis, MO). A trioleoyl-
glycerol (triolein) standard was purchased from TCI.
Tetrahydrofuran (THF) was purchased from Wako (Osaka,
Japan) and olive oil was purchased from local stores. The
triacylglycerol standard, including triolein, and the olive oil
were dissolved in THF at respective concentrations of
100 pmol/uL and 10 ug/uL. A solution of sodium trifluor-
oacetate and DHB was dissolved in THF at respective
concentrations of 1 ug/uL and 20 ug/uL, and added to the
samples at a volume ratio of 1:1:2. The resulting mixture
was loaded onto an MTP 96-hole hairline plate (JEOL Ltd.,
Akishima Japan) at a volume of 1 uL per spot.

MALDI Mass Spectrometry

A JMS-S3000 Spiral TOF (JEOL Ltd., Akishima, Japan)
equipped with the TOF/TOF option was used for all
measurements. The laser was a Nd-YLF laser operated at

a wavelength of 349 nm. The laser intensity and the
detector voltage were set to prevent triacylglycerol peaks
from saturating. The extraction delay was optimized to
400 ns to provide a resolving power (FWHM) of
approximately 50,000 for the TAG peaks in MS-I mode.
For product-ion mass spectrum acquisition, helium
collision gas was introduced to attenuate the precursor
ion abundance to approximately 50 % of the initial
value. The laser was operated at a repetition rate of
1000 Hz. Spectra were acquired at a rate of two spectra
per s and 500 spectra were accumulated for each
product-ion mass spectrum shown here.

Results and Discussion
Figure 1 shows the structure of 1-palmitoyl-2-oleoyl-3-
linoleoyl-rac-glycerol. The structure shows (18:1) oleic acid,
(16:0) palmitic acid, and (18:2) linoleic acid substituents at
position sn-2 (the site that determines the stereochemistry)
and positions sn-1 and sn-3, respectively. In this article, we
have labeled the fatty acid substituents at positions sn-1 and
sn-3 as “sn-1/sn-3.” The substituents at sn-1 and sn-3 are
indistinguishable by mass spectrometry because the steric
structure of triacylglycerol cannot be identified by mass
spectrometry. Each fragmentation path is assigned as shown
in Figure 1, and is labeled alphabetically. Each letter
represents the initial letter of the fatty acid, and the
accompanying number represents the bonding position in
each fatty acid. The labeling for TAGs such as “TAG(54:3)”
follows the convention where the numeral on the left in
parentheses represents the total number of acyl carbon
chains and the numeral on the right represents the total
number of unsaturated bonds at fatty acid moieties.

The major species observed for 1-palmitoyl-2-oleoyl-3-
linoleoyl-rac-glycerol was the sodiated molecule [M + Na]+.
Figure 2 shows the product ion spectrum acquired by selecting
the monoisotopic ion of this species. The resulting fragment
ions are solely monoisotopic ions as well because a mono-
isotopic precursor ion was selected. Thus, each fragmentation
path is observed as a single peak on the product-ion mass
spectrum. Figure 2a shows the entire mass range of the
product-ion spectrum. The Na+ peak detected at m/z 23.0
confirms that the precursor ion is indeed [M + Na]+. Peaks
characteristic of fatty acid fragmentation are predicted as A-, B-,
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Figure 1. Structure and charge-remote fragmentation of sodiated 1-palmitoyl-2-oleoyl-3-linoleoyl-rac-glycerol
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C-, E-, G-, and J-type ions using the nomenclature defined in
reference [21]. Figure 2a demonstrates that all of A-, B-, C-, E-,
G-, and J-type ions predicted in reference [21] were observed
for this example and “G+2” ions (mentioned in reference [21])
were observed. The structure of “G+2” ions and their
fragmentation pathway are not clear, but “G+2” ions were also
observed in the product ion spectrum of the of triolein standard
(shown in Figure 5b) at a relatively lower intensity than that of
the G-type ions. Figure 2b also shows that signals resulting from
charge-remote fragmentation were detected in the high mass
range above m/z 650. When the fragment ion at each bonding
position is defined as in Figure 1, the peaks can be assigned as
shown in Figure 2b. The intensities of fragment ions
corresponding to unsaturated bonding positions, such as LΔ9,
LΔ12, andOΔ9, are relatively weak or are not observed, resulting
in a peak pattern that reflects the structure of 3 fatty acids.

In the analysis of triacylglycerols in the olive oil sample,
particular attention was focused on the G- and J-type ions.
These ions have the structure where two molecules of fatty
acid are eliminated from the precursor ion [21]. These ions

help determine the numbers of carbon chains and unsaturat-
ed bonds in each fatty acid. In the G-type ion, fatty acids
remain at sn-1/sn-3, while the J-type ion, where a fatty acid
remains at sn-2, has one less CH2 at the end. This makes it
possible to estimate the bonding positions of three fatty acids
because fatty acids having an odd acyl carbon number rarely
exist in the natural world.

Figure 3 shows the mass spectrum of the olive oil. Sodiated
triacylglycerols [M + Na]+ were observed for this sample that
included TAG (52:3) (m/z 879.7), TAG (52:2) (m/z 881.7),
TAG (54:4) (m/z 905.8), and TAG (54:3) (m/z 907.8). The
monoisotopic ions of these four TAGs were selected as the
precursor ions, and their product-ion mass spectra were
acquired. Figure 4 shows the spectra of ions at m/z 905.8
acquired before and after the precursor ion selection. The figure
demonstrates that only the ions at m/z 905.8 were selected,
completely eliminating ions at other mass values.

Figure 5 shows comparison between the product-ion
mass spectra of TAG (54:3) [M + Na]+ at m/z 907.8 from
olive oil and from triolein standard. Given that olive oil is
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rich in oleic acid, the ion at m/z 907.8 is expected to contain
three oleic acids (18:1). Both of the product-ion mass spectra
show a J2-type ion at m/z 331.3, indicating that an oleic acid
is bonded at the sn-2 position, and a G-type ion at m/z 345.3,
indicating that an oleic acid is bonded at the sn-1/sn-3
positions. The spectra show only one peak that is considered

an A-, B-, and C-type ion, suggesting that TAG (54:3) is
trioleoylglycerol, which contains three oleic acid molecules.
The signals in high mass region resulting from charge-
remote fragmentation were identical between the sample and
standard, and the spectral patterns were consistent with
structure of oleic acid.
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Next, the ion at m/z 905.8 was selected as the precursor
ion. The m/z value of this ion suggests that it is a
monoisotopic [M + Na]+ ion of TAG (54:4). Figure 6 shows
the product-ion mass spectrum. It is expected that this
triacylglycerol is also composed of two (18:1) oleic acids
and one (18:2) linoleic acid, given that the major component
of olive oil is oleic acid. The product-ion mass spectrum
shows fragment ions assigned as G-type ions, at m/z 343.4
and m/z 345.3. If the ion at m/z 343.4 is a G-type ion, the
fatty acid molecule at sn-1/sn-3 is linoleic acid, and if the ion
at m/z 345.4 is a G-type ion, the fatty acid molecules at sn-1/
sn-3 are oleic acid. The ion at m/z 347.3 is assigned as a
“G+2” ion because in the product-ion mass spectrum “G+2”
ions were observed at lower intensity than G-type ions as
discussed above, and the intensity of the ion at m/z 347.3 is
relatively lower than that of the ion at m/z 345.3. This is
consistent with the assignment of G+2 ions by Cheng et al.
in reference [21]. Since the G-type ion suggests that both
oleic acid and linoleic acid are bonded, the remaining
fatty acid is (18:1) oleic acid. Next, the product-ion
spectrum shows J-type ions: a J-type ion containing oleic
acid (J2O) and a J-type ion containing linoleic acid (J2L)
at m/z 331.3 and m/z 329.3, respectively. In the high-
mass region, the signals resulting from charge-remote
fragmentation were consistent with the structures of oleic
acid and linoleic acid. This demonstrates that m/z 905.8
is triacylglycerol that contains two molecules of oleic
acid and one molecule of linoleic acid and is a mixture
of the structural isomers 1,3-dioleoyl-2-linoleoyl-glycerol
and 1,2-dioleoyl-3-linoleoyl-glycerol. Table 1 summarizes
the structures of triacylglycerols determined for the olive
oil samples from the product-ion mass spectra. The ions
associated with the peak at m/z 879.7 are a mixture of
the structural isomers 1-palmitoyl-2-oleoyl-3-linoleoyl-
glycerol and 1-palmitoyl-2-linoleoyl-3-oleoyl-glycerol.

Conclusion
Monoisotopic precursor selection was demonstrated for TOF/
TOF analysis of a standard TAG and TAGs in an olive oil
sample. This selectivity made it possible to use charge-remote
fragmentation to determine the complete structure (except
stereochemistry) for all of the TAGs, including structural
isomers, present in the sample. Multiple structural isomers in
the precursor ion were identified through the observation of G-
and J-type ions. These results demonstrate that the MALDI-
TOF-TOF system with high precursor ion selectivity can fully
analyze the structure of triacylglycerols without prior chro-
matographic separation, and that the method is effective for the
analysis of complex fat composites in food.
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  However, ions with a very short lifetime or that un-

protonated molecules of high-mass proteins, multiply-

technique, a mass analyzer that can detect such short-

application note, the analysis of the tryptic digest of 

SpiralTOFTM

Ap
pl

ica
tio

ns
 N

ot
e 

© JEOL USA      
Page 1 of 2

M
S

-T
ip

s 
#1

66

Introduction: 

achieves a 

The ions are sent through four sets of layered toroidal 

mass resolving power and high mass accuracy over a 

Introduction of the JMS-S3000 SpiralTOF™
Analysis of Bovine Serum Albumin 

www.jeol.com 63



© JEOL USA
Page 2 of 2

Ap
pl

ica
tio

ns
 N

ot
e 

M
S

-T
ip

s 
#1

66

Methods: 

Results and discussion: 
  The mass spectrum of the tryptic digest equivalent to 

-

-
m/z 

Conclusions:

References:

64 www.jeol.com



www.jeol.com 65



66 www.jeol.com



Structural Analysis of a High Molecular Weight Peptide
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Introduction: 
The JMS-S3000 SpiralTOF™ is a MALDI-TOF MS that 
uses an innovative spiral ion optics system to achieve 
the highest resolution currently available for a MALDI 
instrument. Additionally, the JMS-S3000 is available with 
a TOF-TOF option that acquires high-energy collision-
induced dissociation (CID) product-ion spectra for 
monoisotopically selected precursor ions.  In this work, 
we analyzed a high molecular weight peptide by using the 
JMS-S3000 SpiralTOF with the TOF-TOF option.

Experimental:
Sample: ACTH18-39

(Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly-
Ala-Glu-Asp-Glu-Ser-Ala-Glu-Ala-Phe-
Pro-Leu-Glu-Phe)
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Results and Discussion:
The high-energy CID product-ion spectrum for protonated 
ACTH18-39 [M+H]+ (m/z
product ion was labeled using the Biemann convention 
(Fig.2) in which the a-, b-, and d-ion series are fragments 
generated from the N terminus of the ACTH18-39 mol-
ecule. The SpiralTOF MS/MS data in Fig. 1 show that the 
sequence information is clearly represented by the a-ion 
series from a2 to a21. The immonium ions (Fig.3) and 
the d-ion series (produced by fragmentation of the a-ion 
series) were also observed in the mass spectrum.

Conclusions:
The JMS-S3000 SpiralTOF with the TOF-TOF mode 
produced high energy CID product ion spectra that clearly 

peptide ACTH18-39.  

H2N CH

R

m/z +

Figure 1. Product ion spectrum of ACTH18-39 (m/z +).

Figure 2. Fragment ion series. Figure 3. Immonium ion.

ACTH18-39: Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly-Ala-Glu-Asp-Glu-Ser-Ala-Glu-Ala-Phe-Pro-Leu-Glu-Phe
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Distinguishing Lysine and Glutamine in a Peptide 
SpiralTOF-TOF
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Introduction: 
  Lysine and glutamine are not easily distinguished by the 
most common approaches to peptide sequencing which 
involve mass spectrometers with low to moderate resolv-
ing power and low-energy collision-induced dissociation 
(CID).  Lysine (C6H14N2O2 with a mass of 146.1055 u) and 
glutamine (C5H10N2O3 with a mass of 146.0691) differ by 
only 0.036 u.  In this study, we demonstrate the mea-
surement of a mixture of Substance P and a synthesized 
peptide (3-Gln ) with glutamine substituted for lysine in 
the Susbstance P sequence.  Because the mass difference 
between Substance P and 3-Gln is 0.036 u, a resolving 
power of greater than 37,000 is required to separate each 
peptide.  Additionally, we show that the TOF-TOF mode 
can be used to distinguish lysine and glutamine in these 
peptides by comparing the peak area ratio between a ions 
and d ions in the high-energy CID mass spectra. 

Experimental:  
  Substance P standard was obtained from Sigma-Aldrich. 
The 3-Gln sample was synthesized and then provided by 
Hayashi Kasei.

1. Substance P,  Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-
Leu-Met  (Sigma-Aldrich)

2. 3-Gln, Arg-Pro-Gln-Pro-Gln-Gln-Phe-Phe-Leu-Met
(Hayashi Kasei)

The peptide standard samples were dissolved in water con-

was used as the matrix and was dissolved in 1:1 water/ace-
tonitrile containing 0.1% TFA. Next, the peptide standard 
solution and CHCA solution were mixed together 1:1 by 
volume.  Afterwards, 0.5 μL of this mixture was placed 

on the MALDI target plate (2.5 pmol/spot). Finally, the 
dried sample was measured using the SpiralTOF and 
TOF-TOF option available on the JMS-S3000 Spiral-
TOF MS system. 

Results: 
(1) SpiralTOF measurement
  The MALDI mass spectra are shown in Figure 1, and 
expanded mass spectra are shown in Figure 2 for the 
monoisotopic ion of the protonated molecules [M + H]+. 
The mass resolving power was approximately 60,000 
for each of the [M + H]+ peaks in both substance P and 
3-Gln mass spectra.  Excellent mass accuracy (less than 
10 ppm) was obtained with external calibration in all 
mass spectra. Additionally, we demonstrated that the 
high resolving power of the SpiralTOF could separate 
both components in the mixture. 

(2) TOF-TOF measurement
  The product-ion mass spectra are shown in Figure 3. 
In both product-ion spectra, the characteristic a ions 
and d ions were observed in the high-energy CID. 
We cannot distinguish lysine and glutamine by mass 
accuracy and mass resolution in the product-ion mass 
spectra measured in TOF-TOF mode.  However, we can 
identify lysine and glutamine by examining the a3/d3 
ion intensities ratio [1].  The d3 ion intensity is higher 
than a3 ion for glutamine due to the stable ejected radi-

2–CO–NH2). Conversely, the d3 ion intensity is 
lower than a3 ion for lysine due to the unstable ejected 

2–CH2–CH2–NH2) [2].  This information 

and glutamine in 3-Gln, respectively, as the third amino 
acid in each peptide sequence.
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Exact m/z: 1347.73542 
Mass error: -3.6 ppm 

(a) Substance P 
C63H99N18O13S 

(b) 3-Gln 
C62H95N18O14S 

(c) Mixture 

Exact m/z: 1347.69904 
Mass error: 4.3 ppm 

3-Gln 
Mass error: -6.9 ppm 

Substance P 
Mass error: -8.8 ppm 

Figure 2. Expanded MALDI mass spectra showing the [M + H]+ monoisotopic ions for 
 (a) Substance P, (b) 3-Gln, and the (c) mixture

Figure 1. MALDI mass spectra of peptides: (a) Substance P, (b) 3-Gln, (c) Mixture

 
(a) Substance P 
C63H99N18O13S 

(b) 3-Gln 
C62H95N18O14S 

(c) Mixture 

Figure 2 
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Figure 3. TOF-TOF product ion spectra for (a) Substance P and (b) 3-Gln

Conclusion: 
In this study we demonstrated that the JEOL SpiralTOF 
MALDI mass spectrometer can distinguish lysine and 
glutamine in a peptide.

SpiralTOF mode provides 

isobaric ions (0.036 u in this study) 

(less than 10 ppm)

TOF-TOF mode provides 

examining the a3/d3 peak area ratio differences
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Figure 1.  SpiralTOF with Linear TOF option.

Introduction:

path that offers the highest resolution MALDI-TOF 
MS system currently available.  However, ions with 
a very short lifetime or that undergo spontaneous 

address this situation, the SpiralTOF with Linear TOF 
option can be used for the high sensitivity analysis of 
intact proteins.

In this work, we demonstrate the measurement of 
intact proteins by using the Linear TOF option for the 
JEOL SpiralTOF system.

Experimental:  
Protein standards were obtained from Sigma-Aldrich.  

The protein standard samples were dissolved in water 

was used as the matrix and was dissolved in 1:1 water/

the protein standard solution and SA solution were 

this mixture was placed on the MALDI target plate 
-

sured using the Linear TOF option available on the 
JMS-S3000 SpiralTOF MS system.

Linear TOF Detector
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Figure 2. High-energy CID product ion spectrum of the monophosphopeptide.

Results & discussion: 
The MALDI mass spectra are shown in Figure 2 
for each protein sample. Peaks corresponding to 
single- and double-charge protonated molecules were 
observed at the expected m/z values for the primary 
structure of these proteins. 

The SpiralTOF with Linear TOF option provided:

High-quality mass spectra were achieved for intact 
proteins by using the JEOL JMS-S3000 system. Also 
worth noting, the Linear TOF can measure intact 
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