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Introduction
Surfaces play a crucial role in a wide 
range of applications, hence have been 
the subject of intense study since the 
very early days of chemical analysis. 
With increasing knowledge and manu-
facturing capabilities, the need for ever 
more detailed surface analytical infor-
mation has grown rapidly over the years. 
Whilst vibrational spectroscopies, in 
particular, have yielded crucial informa-
tion in a wide range of settings, the very 
nature of these techniques does limit the 
information available. Mass spectrometry 
on the other hand has the capability to 
yield exquisitely detailed datasets, but 
has traditionally been significantly less 
convenient in actual applications.

After initial use, predominantly for 
inorganic and materials science appli-
cations and with Alfred Benninghoven 
(Germany) and David Briggs (UK) 
among the main protagonists, advances 
in liquid metal ion guns and time-of-
flight analysers enabled secondary ion 
mass spectrometry (SIMS) to become 
a powerful technique for the analy-
sis of organic materials. A step-change 
in sensitivity revolutionised the use of 
SIMS in the latter part of the last century 
and allowed researchers to acquire 
detailed mass spectra from damage-
prone organic materials without signifi-
cantly altering the surface chemistry 
under investigation. Moreover, surface 
mass spectra containing information on 
large molecules can be generated from 

very small surface areas, especially since 
the introduction of cluster primary ion 
sources, allowing micron-scale image 
generation with an enormous wealth 
of information, in the form of a high 
mass-range and -resolution spectrum for 
each image pixel. These developments 
opened up entire new fields of analysis 
and time-of-flight SIMS (ToF-SIMS) has 
since been applied highly successfully 
in a seemingly endless range of appli-
cations from medical implants and cell 

biology to astrochemistry, art history and 
archaeology.1

Whilst much exquisite research has 
been and continues to be published 
using SIMS, a crucial restriction is the 
requirement for samples to be in a 
vacuum environment. This necessitates 
samples sensitive to vacuum to be espe-
cially prepared to negate any adverse 
effects. Moreover, sample throughput 
is restricted by pump-down times and 
sample size and geometry are limited to 

 

 

Figure 1: PADI setup. The low temperature helium RF plasma flame in front of a Waters ZQ mass 
spectrometer inlet. In this most basic arrangement samples can be held in front of the flame with 
tweezers as schematically indicated. 

 

 

Figure 1. PADI setup. The  low temperature helium RF plasma flame in front of Waters ZQ mass 
spectrometer inlet. In this most basic arrangement samples can be held in front of the flame with 
tweezers as schematically indicated.

www.spectroscopyeurope.com


SPECTROSCOPYEUROPE 11

ARTICLE

www.spectroscopyeurope.com

 VOL. 27 NO. 6 (2015)

fit within vacuum chambers. Hence there 
is an important niche for an alternative 
MS-based surface analytical approach 
which can interrogate samples in an 
ambient environment.

Plasma-assisted 
desorption/ionisation 
mass spectrometry, 
applications examples
With the introduction of desorption elec-
trospray ionisation mass spectrome-
try (DESI) for ambient surface analysis 
in a seminal paper by Cooks and group 
(Purdue University, USA) in Science 
in 2004,2 a way forward to achieve 
this long-held goal became apparent. 
This paper rightly created much excite-
ment, and with colleagues, then at the 
University of Nottingham in the UK, 
we were keen to exploit this. In the 
process we developed a means to use 
a low-energy plasma pencil previously 
designed for biomedical applications, to 
generate mass spectra from a range of 
materials. Plasma-assisted desorption/
ionisation mass spectrometry, PADI, see 
Figure 1 for the most basic setup, has 
since been used to investigate a range 
of analytes from small pharmaceutical 
molecules3 (Figure 2 displays analysis 
of tablets) to polymers.4 Amongst the 
plasma-based ambient MS techniques 
since developed (see, for example, 
Reference 5), PADI, which uses a very 
low power plasma, is characterised by a 
very simple and robust design, is rela-
tively insensitive to sample geometry and 
can rapidly yield diagnostic mass spectra 
from a wide range of materials, of which 
a few examples are highlighted below.

In our initial work3 we investigated a 
range of over-the-counter pharmaceutical 
products and found that diagnostic spec-
tra could readily be generated in posi-

tive- and negative-ion mode, including 
from semi-solids. Several natural prod-
ucts were also investigated (see Figure 
3) and we were able to clearly identify 
nicotine in dried tobacco leaves, allicin, 
the predominant thiosulfate in freshly cut 
garlic and, more challenging, the readily 
decomposing lachrimator propanethial-S-
oxide from freshly cut onion, which is not 
trivial by conventional MS.

In a subsequent detailed study at the 
National Physical Laboratory in the UK, 
Tara Salter and colleagues compared 
DESI with PADI using personal care prod-
ucts on skin mimics. It was found that 
a very quick five-second PADI spectrum 
was sufficient for identification of a wider 
range of molecules than could be anal-
ysed by DESI. Whereas they found that 
the PADI plasma could cause damage to 

the rather fragile layer of human dermal 
fibroblasts, this was at doses well above 
what was required for high quality diag-
nostic spectra.6

When a higher power is supplied to 
the radiofrequency (RF) plasma needle, 
the same ionisation source, instead of 
“merely” desorbing and ionising small 
molecules, can be used to investi-
gate polymers through the genera-
tion of diagnostic ionised fragments. 
McKay and co-workers, in a compara-
tive study of low temperature atmo-
spheric plasma sources, found that PADI 
could be used to clearly identify PTFE 
[poly(tetrafluoroethylene)] (see Figure 
4) and PMMA [poly(methyl methacry-
late)] and that its characteristics, whilst 
releasing fragments indicative of the 
polymer repeat unit, yielded less frag-
mentation and hence cleaner and more 
readily interpreted spectra compared to 
the other plasma sources investigated.7

Our current work has a dual focus. As 
the potential of this, in a practical sense, 
deceptively simple ionisation technique 
is far from being fully developed, further 
exploration of the wider applicability of 
PADI and its strengths and limitations 
is ongoing. Various plasma parameters 
are systematically adapted to establish 
how this affects the analysis of a range 
of materials, including larger organic 
molecules and biomaterials. The mecha-
nisms involved in generating PADI spec-
tra form the second focus of our work. It 
has become apparent that temperature 
effects can have an important influence 
on the desorption of analyte molecules. 
How the different active species in the 
plasma affect the desorption in a more 
direct sense and how ions are formed is 
less well understood. Further investiga-
tion of this is essential to enable better 
analysis and interpretation of the, at 

  

Figure 2: PADI set‐up. The plasma flame interacts with a paracetamol tablet and resultant analyte 
ions are transported into the Waters ZQ single quadrupole mass spectrometer through a 1/8” 
stainless steel sniffer tube. 

 

 

Figure 3: PADI spectra of natural products. From [3] with permission of the publisher. 

 

 

 

Figure 4: Negative ion PADI spectrum of PTFE recorded on a Thermo Orbitrap mass spectrometer 
(unpublished data). Plasma power: 10 W. Main image displays 100‐1000 m/z, insert displays full 
measurement range of 100–2000 m/z. Full intensity scale corresponds to 3.55 x 103 counts. Some 
diagnostic repeat patterns denoted by symbols:  
* C2O3(CF2)nF; † HN C2O6 (CF2)nF; ‡ C2O4(CF2)nH.  

Figure 2. PADI set-up. The plasma flame 
interacts with a paracetamol tablet and 
resultant analyte ions are transported into 
the Waters ZQ single quadrupole mass spec-
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Figure 3. PADI spectra of natural products. Key: a) dried tobacco leaf; b) freshly cut garlic clove; c) freshly cut onion. Reprinted with permission from 
Reference 3. Copyright 2007 American Chemical Society.
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times, complex spectra and to maximise 
the potential of PADI.

Conclusions
Surface analysis by mass spectrometry 
has experienced a step-change since the 
inception of ambient mass spectrome-
try removed the requirement for samples 
to be investigated under vacuum condi-
tions. Approaches based on surface–
plasma interactions are especially 
promising, including PADI. Whilst the 

mechanisms involved in generating PADI 
spectra still need to be unravelled, PADI 
shows significant promise to become a 
valuable and versatile tool in the instru-
mental arsenal available to the surface 
analyst.
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Figure 4. Negative-ion PADI spectrum of PTFE recorded on a Thermo Orbitrap mass spec-
trometer (unpublished data). Plasma power: 10 W. Main image displays 100–1000 m/z, insert 
displays full measurement range of 100–2000 m/z. Full intensity scale corresponds to 3.55 × 103 
counts. Some diagnostic repeat patterns denoted by symbols: * C2O3(CF2)nF; † HNC2O6(CF2)nF; 
‡ C2O4(CF2)nH.

PADI is one of the ambient mass spec-
trometry techniques, including DESI, 
DART and a range of other ambient or 
direct ionisation techniques, involved in 
an ongoing round-robin evaluation of 
the Ambient Ionisation special interest 
group of the British Mass Spectrometry 
Society. Please contact the author 
(FJMR) if you are interested in partici-
pating.
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