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Time of flight mass spectrometry (TOF-MS) has been an attractive choice of instrument
for many years due to its potentially unlimited m/z range, high-speed acquisition,
accurate mass measurement capability and sensitivity. Originally commercialised in the
late 1950's by the Bendix Corporation', several physical and technical issues of the early
TOF instruments limited both mass resolving power and mass accuracy’. From the
early 1970’s to the early 1990’s, these limitations were overcome. Initially the advent
of reflectron TOF-MS overcame the ion energy spread, hence increasing mass
resolution’. The later combination with orthogonal acceleration (0a) can be seen as the
catalyst for the vast range of TOF instrumentation that is available today, with greatly
improved mass resolving power and mass accuracy™.

Commercial development of 0oa-TOF-MS and
QTOF-MS was led by Micromass (later Waters)
and Applied Biosystems (AB, now AB SCIEX) with
instruments such as the QTOF-1, the LCT, the
Mariner and the QSTAR. With instrumentation of
this type, mass resolving power as high as 5000
(FWHM) and typical mass accuracy of < 10 ppm
was possible’. These instruments were initially
designed for

hyphenation with liquid

chromatography, however the natural
development of an accurate mass gas
chromatography-oa-TOF-MS instrument soon

followed with the launch of the GCT by

Micromass and later the Jeol Accutof. Though
outside the main scope of this article, the author
also refers readers to the development of the
delayed extraction (DE) technique for increased
resolution and improved mass accuracy with
matrix-assisted laser desorption/ionisation
(MALDI) TOF-MS’.

For a number of years following the
original commercial launch in 1996/1997, both
0a-TOF-MS and QTOF-MS technology were only
available from Micromass and AB. However, in
the last decade we have witnessed the
emergence of other vendors in both the oa-TOF

and QTOF-MS markets. This has not only
increased commercial competition, but has also
driven innovation in the technology and has
resulted in a great leap forward in capability, in
fact a revolution in TOF-MS. Instruments are now
also available from Agilent Technologies, Jeol,
Bruker Daltonics, Shimadzu, Perkin Elmer and
LECO. The timeline of this evolution can be
described and illustrated in terms of increasing
in mass resolving power coupled with the
improved mass accuracy. Figure 1A (page 14)
shows the increasing mass resolving power of
the commercially available instruments from
1996 to the present. The plot is also extrapolated
(from 2011 to the arbitrary year of 2015) to the
mass resolving power of the prototype
instruments developed in academia®. Figure 1B
(page 14) shows the improvement in mass
accuracy over the same time period. It is of
interest to compare this data to that from an
independent inter-laboratory study on accurate
mass measurement published in 2003°. This
study showed typical mass accuracy of the
0a-TOF-MS and QTOF-MS instruments of 5 ppm
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and below. Within the timeline described
in Figure 1, a number of key innovations are

of note.

Bruker maXis

Figure 1 shows afairly linear increase in the mass
resolving power of commercially available
0a-TOF and QTOF-MS instrumentation up to
2006 as more vendors came to the market.
The launch of the Bruker maXis in 2008 provided
a step change in performance with a mass
resolving power in excess of 40000 (FWHM).
In 2011, Bruker’s next generation instrument,
the maXis 4G, was launched with an even

greater resolving power of 60000 (FWHM).

Waters Synapt

The Synapt was a revolutionary combination
of QTOF-MS technology and ion mobility
based separation. This combination affords gas-
phase analyte characterisation based on
both m/z ratio and gas-phase ion mobility
separation (drift time). Launched originally in
2006 (mass resolving power of 17500 (FWHM)
and mass accuracy of 3 ppm), the specifications
were enhanced in 2009 with the next generation
Synapt G2 with mass resolving power as high as

40000 (FWHM) and mass accuracy of 1 ppm.

Jeol JMS-S3000 Spiral TOF

Multiturn TOF-MS technology has been shown
to have mass resolving power in excess of
350000°. This is a result of mass resolution being
directly proportional to total flight path length.
In 2010, this academic promise became
commercial reality with the launch of the
JMS-S3000 SpiralTOF, with a mass resolving

power specification in excess of 60000.

Shimadzu LCMS-IT-TOF

Shimadzu produced a unique hybrid mass
spectrometer with the combination of an ion
trap and TOF-MS and this came to the market in
2004. The instrument is capable of multiple
stages of tandem mass spectrometry
experiments (MS") in combination with accurate

mass measurement.

AB SCIEX TripleTOF 5600

In 2010, AB SCIEX re-entered the QTOF-MS
market with the TripleTOF 5600. Like all QTOFs it
is an instrument capable of structural
characterisation and the 5600 has much
improved mass resolving power over earlier AB

SCIEX instruments (mass resolving power of
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35000, mass accuracy of 1 ppm). Uniquely from
launch, AB SCIEX have also emphasised the
quantitative capability of this new instrument,
which is an area where both oa-TOF-MS and
QTOF-MS technology have not been broadly
applied to date.

Both oa-TOF-MS and QTOF-MS technology
were adopted within the pharmaceutical
industry from its initial launch as a tool for
structural characterisation in all areas of drug
discovery and development and continues to be
applied extremely widely. A thorough literature
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Figure 1 (A) the increase in mass resolving power of commercially available instruments from 1996 to the
present and (B) the improvement in mass accuracy over the same time period

LECO Citius LC-HRT and the

Pegasus GC-HRT

In 2011, the capability of oa-TOF-MS was
enhanced even further with the launch of two
instruments by LECO. By employing a multiple
pass technology (Folded Flight Path™), mass
resolving powers of 100,000 FWHM have been
demonstrated for the Citius LC-HRT and 50,000
FWHM for the Pegasus GC-HRT. Again, it is a
multiple pass approach that provides a greatly
enhanced total flight path length and hence this
much increased mass resolving power. Both
instruments have been shown to have mass

accuracy of <1 ppm.

review is beyond the scope of this article,
therefore a number of publications have been
selected to illustrate the adoption and impact of
the developments in TOF technology.

One of the first publications demonstrating
the potential for the application of LC-QTOF
came from Eckers et alin 1997". The researchers
described the application of accurate mass
LC-MS/MS for the structural characterisation of
trace impurities in cimetidine, with typical mass
accuracy of < 10 ppm. In 2001, Wolff et al
presented data resulting from an improved
experimental set-up on a QTOF which employed

a dual spray ion source'. The development
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enabled the authors to demonstrate improved
mass accuracy in the range 1.5-2.5 mDa in both
MS and MS/MS experiments. In 2001,
Neville Haskins outlined the state-of-the-art in
0a-TOF-MS at that time™. In the article, the
impact of oa-TOF-MS technology on acquisition
speed, sensitivity, mass resolving power and
mass accuracy were emphasised along with the
benefits to pharmaceutical research.

As described earlier, one of the key technical
developments in QTOF technology over the past
15 years was its combination with ion mobility,
resulting in the commercial launch of the Synapt
series of instruments. The potential impact of
this technology on the pharmaceutical industry
was demonstrated by Eckers and co-workers®.
Their 2007 publication described the detection
of trace impurities in formulated drug products.
In the study, the separation from polyethylene
glycol (PEG) based excipients from drug
related impurities by IMS and detection by
TOF-MS was exemplified.

Oa-TOF-MS and QTOF-MS technology has
also been widely applied in the area of drug
metabolism and pharmokinetics. Eva Lens and
colleagues at AstraZeneca demonstrated the
UPLC/0a-TOF-MS  (and
independently 'H NMR) in a metabonomic

application  of

study". Examination of the data aided by
statistical interpretation made it possible to
identify potential markers for toxicity of
pravastatin. Temesi and colleagues have also
demonstrated the application of oa-TOF-MS in
metabolic studies'. The main focus of their work
was to understand the potential of the
technology in a quantitative application

traditionally dominated by triple quadrupole
mass spectrometry. For specificity narrow m/z
window, extracted ion chromatograms were
employed and the identities of target
metabolites were confirmed.

Oa-TOF and QTOF-MS continue to find new
pharmaceutical applications. An interesting
example is the work of Harry et al, which
demonstrated the potential of ion mobility
in combination with MS for real-time reaction
monitoring'®. The use of IMS-MS analysis was
demonstrated for the monitoring of the reaction
products formed when 7-fluoro-6-hydroxy-2-
methylindole is deprotonated by aqueous
sodium hydroxide, with the reaction mixture
sampled and analysed at intervals of
IMS-MS
approach showed potential as a rapid and

several minutes. The combined
selective technique to aid pharmaceutical

process understanding.

Future perspectives

Theoretically, TOF instrumentation has even
more potential, with mass resolving power of
350000 already demonstrated on prototype
instruments based on multi-turn ion optical
geometries®. This increase in resolving power
coupled with improved mass accuracy will allow
0a-TOF-MS and QTOF to provide data of ever
increasing quality for structural characterisation.
This leads to even greater confidence and
certainty in the conclusions made from such
data. The quantitative application of both
0a-TOF-MS and QTOF instrumentation will
continue to be developed. Finally, the capability
of both 0a-TOF-MS and QTOF for high speed

data acquisition makes both techniques ideal

partners for UHPLC, with ever shorter run times

and narrower peak widths.
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