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bstract

In this study, we develop a simple method using the SMILES molecular structure format to simulate fragmentation pathways in secondary
on mass spectrometry (SIMS). These pathways are found to have good agreement with fragmentation pathways identified using G-SIMS-FPM
Fragmentation Pathway Mapping) using the two examples of folic acid and Irganox 1010. G-SIMS is an easy-to-use method that considerably
implifies complex static SIMS spectra. G-SIMS-FPM allows the molecular structure to be re-assembled by following fragmentation pathways as

he G-SIMS surface plasma temperature is varied. The simulated pathways help reduce the wide choice of possible structures faced by analysts
s the molecular structure is reassembled, leading to more reliable molecular identification. A rapid method to establish a foundation database of
imulated pathways using the community and a web-based system is proposed.
rown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
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. Introduction

Static SIMS is a powerful analytical tool for the analysis
f complex molecules at the outermost surface (approximately
nm) of a solid with femtomole sensitivity, molecular speci-
city, high spatial resolution of better than 200 nm and with
xcellent reliability of better than 1%. It is essential to analysis
n a wide range of technologies from the interactions of proteins
t surfaces [1] and polymer interfacial behaviour [2] to drug
elivery systems [3] and organic electronics [4]. A major use
f static SIMS is the identification of molecules and organics at
urfaces. However, the complexity of static SIMS spectra and
he difficulties in interpretation and identification have been sig-
ificant barriers to the wider uptake of the technique. G-SIMS
as been demonstrated to be a powerful method for simplifying
tatic SIMS spectra and leads to a direct identification for poly-

ers and molecules [5–7] for biodegradable polymers [8,9] and

or adhesives [10]. Details of the G-SIMS method are given in
eferences [5–7]. Briefly, the static SIMS spectra are composed

∗ Corresponding author. Tel.: +44 20 8943 6153; fax: +44 20 8943 6453.
E-mail address: Felicia.Green@npl.co.uk (F.M. Green).
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f parent fragment ions amongst a large number of high inten-
ity degradation products which make interpretation difficult. In
he G-SIMS analysis, the fragmentation involves the partition
unctions of the fragments emitted from the surface plasma with
ffective temperature (Tp). This theory allows one to extrapolate
o a much lower value of Tp than is possible experimentally, by
se of the ratio of two static SIMS spectra acquired under lower
ragmentation and higher fragmentation conditions.

The significant peaks in the G-SIMS spectra are those peaks
hich would be emitted from a surface with a plasma of very

ow temperature and thus have little fragmentation and post-
mission rearrangement. This allows a more direct interpretation
f the spectra and identification of the molecule. This is ade-
uate for small molecules and polymers. However, for larger
olecules (>100 u) the mass alone may be insufficient to iden-

ify the molecule unambiguously. With a careful calibration of
he mass scale [11] and instrument optimisation, an accuracy of
he mass scale of 10 ppm can be achieved [11]. Unfortunately,
his is insufficient to separate the many chemical permutations

ccommodated by this level of uncertainty. Traditionally in mass
pectrometry an MS/MS experiment would be performed, frag-
enting the molecular ion of interest. This is usually achieved

ia a low energy collision with target atoms, typically of an inert

. All rights reserved.
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as, followed by a mass analysis of the fragmentation products.
n ion trap systems, this process may be repeated many times
epending on the number of initial ions available and so is called
Sn. This is a very powerful method and is routine for molecu-

ar identification. Unfortunately, at the present time none of the
ommercial ToF-SIMS instruments, widely used by industry and
cademia, have MS/MS capability. This is because of the need
or high repetition rate (100 �s) for fast imaging and also the
mall volumes of material that are available from the surface.
or example in a monolayer, a 200 nm × 200 nm square pixel
ith only 1% ionisation, only 10 molecules are available assum-

ng a transmission of 50%. The first ToF-SIMS with MS/MS
apability is now being developed by Vickerman’s group which
akes advantage of C60 primary ions to work beyond the “static
imit” [12]. This has powerful potential, especially for biological
pplications.

Recently [7,13], we have shown that G-SIMS may be used to
lucidate the molecular structure by varying Tp, to map out the
ariation of G-SIMS intensities by changing the G-SIMS index,
-index, from 0 (high fragmentation) to 40 (low fragmentation).
his has two important advantages; firstly, it may be used on
ll commercially available instruments as demonstrated in an
nterlaboratory study [14] and, secondly, it only requires two

ass spectra rather than the one for static SIMS and so does not
equire large amounts of analyte material at the surface.

Here, we demonstrate the G-SIMS molecular structure
pproach for two different molecules at surfaces, folic acid and
rganox 1010. The examples of folic acid and Irganox illustrate
he approach but, of course, the structure of these molecules
s known a priori. For analysts trying to identify an unknown,
his is certainly not the case. In the second part of this study,
e develop a novel approach based on Simplified Molecular

nput Line Entry Specification (SMILES) [15], to identify the
eassembly process through evaluation of fragmentation path-
ays of molecular structures. The SMILES description format

llows the molecular structure of a molecule or fragment to be
xpressed in a logical computer readable way. Here, we show
ow this technique can be combined with G-SIMS-FPM (Frag-
entation Pathway Mapping) to build up fragment libraries that
ill enable structural identification of unknown molecules from
IMS spectra.

The prediction of mass spectra from structural information
nd vice versa has been a long standing challenge since the mid
960s when computers became sufficiently powerful to study
mall molecules. The DENDRAL project [16] 1965–1990 was
he first. There, molecules are represented topologically using
raph theory which, combined with a chemical knowledge base,
ed to predicted mass spectra for comparison with experiment.
hat is one of the first examples of an expert system. How-
ver, as noted in reference [17] that pioneering project did not
eet its ultimate objective of automatic structure elucidation

rom mass spectral data. Gasteiger et al. [17] have used a dif-
erent approach to predict a mass spectrum from the molecular

tructure including details of fragmentation and rearrangements
ccurring in the spectrometer. They used an automatic algo-
ithm, FRANZ, that takes as input the molecular structure and
xperimental mass spectra to produce rapidly a knowledge base

w
h
r
t
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f fragmentation and re-arrangement that also incorporated a
ule base of fundamental reaction steps. FRANZ produces a
ragmentation network of all possible reactions, which is then
educed through comparison with the peaks and intensities in
he experimental data. That knowledge base is then used with
nother algorithm, MASSIMO, to predict the mass spectrum.
xcellent agreement is shown between predicted and experi-
ental spectra for small molecules with around 10 constituents

xcluding hydrogen. However, it is clear that these systems are
ot, as yet, readily applicable to complex molecules as evidenced
y the usage in the community. We show that our simple sys-
em based on SMILES, coupled with the undegraded G-SIMS
pectra, forms a powerful combination for the identification of
omplex molecules.

. Experimental

The instrument used in this study is an ION-TOF IV (ION-
OF-GmbH, Germany) of the single stage reflection design.
he instrument is equipped with an electron impact primary

on source as well as a separate Cs+ primary ion source, which
hare a single focusing column mounted at 45◦ to the sample
urface normal. The ion beam is readily switched from Cs+ to
r+ for G-SIMS analysis. G-SIMS spectra were acquired as
escribed in detail elsewhere [5]. For each analysis, the ion beam
as digitally rastered with a 128 × 128 array over an area of
00 �m × 200 �m using a beam current of less than 1 pA. The
rder of analysis was Cs+ followed Ar+ from the same area
iving a combined total primary ion dose of <1 × 1016 ions/m2.

Folic acid powder (SIGMA F-8798) of 24.45 mg was dis-
ersed in 25 ml of tetrahydrofuran. A droplet (approximately
�l) was dispensed on to the surface of a freshly UV/ozone
leaned 1 cm × 1 cm piece of silicon wafer. Following evapora-
ion of the solvent, the folic acid was homogeneously distributed
ver the sample surface. Thin films of Irganox 1010, were pre-
ared from a 1 mg/ml chloroform solution by spin coating onto
lean silicon wafers. The molecular structures for folic acid and
rganox 1010 are given in Fig. 1 together with labels that will
e used to identify particular sub-structures later.

. G-SIMS fragmentation pathway mapping

Firstly, G-SIMS spectra are calculated separately for the two
econdary ion polarities from the ratio of spectral intensities,
x, for Cs+ and Ar+ primary ions, as defined in Ref. [5], where
is an index referencing each secondary ion peak in the mass

pectrum. We may now generate a G-SIMS spectrum, Ix, by
ultiplying an existing spectrum, Nx, (the static SIMS spectrum
ith least fragmentation) with the factor F13

x . This forms the
-SIMS spectrum with intensities given by:

x = MxNxF
g
x (1)
here g, the G-SIMS index, if as given above, would be 13. We
ave shown elsewhere [5–7] that 13 is a convenient value that
emoves most of the degraded peaks. The additional factor Mx,
he mass of the emitted fragment, is found useful to enhance the
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ig. 1. The molecular structure of (a) folic acid labelled with six subunits: α,
ide-chains denoted by the symbol R.

atural fall in emission with mass. We shall discuss the effect
f the choice of the g index value later. In addition, the proce-
ure described in Ref. [6] was used where a tangent gradient
s selected to normalise the tops of the fragmentation cascades
bserved in Fx [5] to have similar values across the mass range.
or negative ions, it was found that the molecular ion exhibited
significantly higher Fx value than other fragments and was,

herefore, not included in the tangent gradient selection [13]. If
his was not done, the G-SIMS spectra would be entirely dom-
nated by the parent molecule and the intermediate degradation
roducts, necessary for studying the breakdown of molecular
tructure, would be obscured.The positive and negative ion G-
IMS spectra for folic acid and Irganox 1010 are shown in
igs. 2 and 3, respectively. These spectra are much simpler than

he static SIMS spectra which consist of a high population of
mall mainly fragmented ions as can be seen in Fig. 2(a) of ref-
rence [7] and Fig. 4(d) of reference [18]. The peaks that are of
trong intensity in the G-SIMS spectra are those fragments that
re characteristic of the parent structure with simple fragmenta-
ion and no rearrangements. The G-SIMS spectra more closely
esemble Electron Impact (EI) or Electrospray mass spectra. It
s immediately apparent that the positive and negative spectra
re complementary and recently we have developed a methodol-
gy to incorporate both polarities in a combined G-SIMS-FPM
nalysis [13].
We may investigate the effect of varying the surface plasma
emperature on the G-SIMS intensities by changing the G-SIMS
ndex, g, of Eq. (1). This has some analogy to changing the cen-
re of mass energy in the collision of ions with inert gas target

t
m
u
i

, δ, ε, ζ and (b) Irganox 1010—a central carbon atom surrounded by 4 equal

toms in a traditional MS/MS experiment. Fig. 4 shows this
or both positive and negative ions [13] with values of g from

to 40 for folic acid and Irganox 1010. For each value of g,
he G-SIMS intensities are normalised by dividing by the total
-SIMS intensity rather than the maximum intensity used in
igs. 2 and 3. With g = 0 we begin in the SSIMS regime and as
is increased we progress to the G-SIMS regime (lower sur-

ace plasma temperature). Firstly, we see the substrate and low
olecular weight fragments decay rapidly. At the same time, the

ntensities of more intact fragments begin to grow but these are
oon overtaken by even larger intact fragments which grow more
trongly. Consequently, the intensities of the smaller degraded
ragments begin to decay. This evolves for larger and more intact
ragments until eventually the dominant parent fragment has the
ighest G-SIMS intensity. For each fragment, the G-SIMS inten-
ity goes through a maximum at a characteristic value, gmax, and
enerally, the smaller the fragment, the lower gmax.

Fig. 5 shows the re-assembly plot with values of gmax for all
he fragments in the G-SIMS spectrum. We analyse the frag-

entation process by first selecting the highest mass fragment
ith the highest value of gmax. This is a parent fragment with
mass, MP. We next choose a fragment at lower mass with the
ext lowest value of gmax. This is the daughter fragment with
ass, MD. We now postulate that the parent fragmented into

he daughter (which exhibits a higher surface plasma tempera-

ure) with up to two fragmentation products, co-daughters, with

asses MC1 and MC2, respectively. All possible combinations of
p to two fragments are computed from those fragments present
n the G-SIMS spectrum of Fig. 3. The positive fragment ions



F.M. Green et al. / International Journal of Mass Spectrometry 272 (2008) 38–47 41

F
n

i
a
h

M

w

c
a
M
a

u
H
m
f
p
ε

t

F

w
i
p
m
(
e
F
a
m
s

p
t
3
(
c

ig. 2. G-SIMS spectra (see Eq. (1)) of folic acid (a) positive ions and (b)
egative ions.

n the G-SIMS spectra are likely to be protonated and the neg-
tive ions deprotonated so the possibility of a difference 1 or 2
ydrogen atoms with mass, nH is permitted, such that

P = MD + MC1 + MC2 + nH (2)

here −2 ≤ n ≤ 2.
The possible co-daughter fragments are then validated by

alculating their composition from the peak centroid mass
nd comparison with chemically possible structures. Typically,

C � MP and therefore the chemical composition may be
ssigned with higher certainty.

In Fig. 5(a), we apply this method to folic acid and use the sub-
nit labels α, β, γ , δ, ε, ζ defined in Fig. 1 to identify fragments.
ere we highlight four key fragmentation pathways, from the
olecular ion, and these are indicated in the figure. With care-
ul mass measurement [11], it may be seen that fragmentation
athway 1 leads to three products which are identified as δ + 2H,
− H and ζ − H (with nominal masses 106, 28 and 161 u) so that

he parent ion for that pathway is δ + ε + ζ (with mass 295 u),

d
p
2
e

ig. 3. G-SIMS spectra of Irganox 1010 (a) positive ions and (b) negative ions.

here the symbol order does not necessarily define the order
n the molecule. This represents one end of the molecule and
rovides the identity of the daughter (with mass 295 u) for frag-
entation pathway 3. The co-daughter is identified as α + β + γ

with mass 145 u), which then leads to the identification of the
ntire molecular structure α + β + γ + δ + ε + ζ (with mass 440 u).
ragmentation pathways 2 and 4 support these assignments and
re summarised in Table 1. Many more fragmentation pathways
ay be identified in Fig. 5 and later we develop a method using

imulated pathways to help analysts do this.
In Fig. 5(b), three fragmentation pathways from the Irganox

arent ion (mass 1176 u) are identified each leading to daugh-
er and co-daughters. We call these fragmentation pathways 4,

and 2. Pathways 2 and 3 each have a common co-daughter
at mass 260 u). Similarly, a fragmentation pathway for that
o-daughter to its own next generation daughter and two co-

aughters may also be identified (masses 163, 41, 58 u), called
athway 1. These daughter and co-daughter ions are now below
00 u so the chemical composition and structure of these smaller
ntities may be identified from the peak positions with an accu-
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Table 1
Summary of fragmentation pathways for folic acid identified in Fig. 5(a) with identified molecular structures

Fragment pathway Parent Daughter Co-daughter 1 Co-daughter 2

1 δ + ε + ζ ζ–H δ + 2H ε − H
2 δ + ε + ζ {ε − NH}+ ζ δ + NH
3 α + β + γ + δ + ε + ζ-H δ + ε + ζ α + β + γ

4 α + β + γ + δ + ε + ζ-H α + β + γ + δ +NH {ε − NH}+ ζ

N tified
α
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ote: The symbols α, β, γ , δ, ε and ζ denote sub-structures of folic acid iden
+ β + γ +δ + ε + ζ.

ately calibrated mass scale [11]. The structures are identified
n Table 2 and are consistent with the structures in the SSIMS
ibrary [19]. These may be assembled to form a complete end
f the side chain R (see Fig. 1), leaving CH2-OH attached to
he Irganox 1010 central carbon. We have now identified the co-
aughter for fragmentation pathways 2 and 3 (mass 260 u). It
s then clear that the daughters for fragment pathways 2 and

(masses 322 and 640 u) are the molecular ion with 3 and
side chains broken off, respectively. Similarly, the fragment

athway 4 shows the loss of 1 side chain (to mass 900 u). By
ollowing the fragmentation pathways from a large molecule ion
o smaller entities, those entities may be identified. The origi-
al parent molecule structure is then reassembled in a manner

imilar to traditional MS/MS experiments. In this analysis, we
ave treated positive and negative ions equally and have not
orced charge balance. This is permitted because we are not
ollowing individual molecular events but an average ensem-

r
v
u
c

able 2
ummary of fragmentation pathways for Irganox 1010 identified in Fig. 5(b) with ide

ragment pathway Parent Daughter

ote: The side chain, R, having lost one hydrogen or a tertiary butyl group is denoted
ymbol R, as identified in Fig. 1(b).
in Fig 1(a). The molecular ion is denoted by the symbol M is equivalent to

le where the main populations are neutrals which are not
bserved.

.1. SMILES fragmentation pathways

So far, we see how the molecular structure may be reassem-
led using G-SIMS fragmentation pathway mapping for folic
cid and Irganox 1010. Of course, in this example, the molecular
tructure of the parent molecule is known a priori. Typically, in
ndustrial analysis it is the molecular structure that must be iden-
ified for an unknown and this makes the interpretation of the
ragmentation pathways significantly more challenging. What
nalysts need is an efficient system to guide them through the

eassembly process providing suggested options. This may pro-
ide a set of possible molecular structures and not ultimately a
nique molecular structure. However, this would be a signifi-
ant advance on the reliance of the mass spectrum as a chemical

ntified molecular structures

Co-daughter 1 Co-daughter 2

C2HO

3 of

2 of

by [R-H] and [R-But] respectively. The molecular side chain is denoted by the
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Fig. 4. Effect of increasing g-index from 0 to 40 on normalised G-SIMS inten-
s
a

fi
r

w
m
a
t
t
w
F
p
e
i
I
l
t
a

Fig. 5. Reassembly plot of gmax from all mass peaks in the G-SIMS spectra of
(a) folic acid and (b) Irganox 1010. Four key fragmentation pathways are shown,
in each case as a solid line for the parent to the main daughter and as dashed
lines for parent to co-daughters (see Eq. (2)) with the set of pathways for each
ion shown in a given colour. The fragmentation pathway sets are labelled with
a
G

t
f

t
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S
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s
s
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ities for positive ions (solid lines) and negative ions (dashed lines) (a) folic acid
nd (b) Irganox 1010.

ngerprint where the fingerprint databases are, and are likely to
emain, relatively small.

On the left in Fig. 6, we illustrate the fragmentation path-
ay identified using G-SIMS-FPM, starting with the parent
olecule at the top and fragmenting to smaller sub-structures

s we move down to either positive or negative ions. Fragments
hat are ionised account for around only 1% of the total emit-
ed fragments. Fragmentation to neutrals are not observed and
ould leave gaps in the fragmentation pathways. On the right in
ig. 6, we illustrate a complementary simulated fragmentation
athway constructed by again starting at the top with the par-
nt molecule and then conceptually fragmenting the molecule
nto ever smaller sub-structures until the constituent elements.
n the following, we show how these pathways may be simu-

ated in a simple way and demonstrate the complementarity of
hese pathways with the G-SIMS-FPM analysis of folic acid
nd Irganox 1010 given earlier. What Fig. 6 does not do is

i
[
d

circumscribed number for reference in the text and in Tables 1 and 2. After
ilmore and Seah [7].

o consider a rearrangement of the molecule that subsequently
ragments.

Simplified Molecular Input Line Entry Specification allows
he structure of a molecule to be unambiguously expressed in

logical computer readable way using an ASCII text string.
MILES was originally developed by Weininger [15] and more
ecently developed by Daylight Chemical Information Systems
20]. The SMILES format is a very popular format used in
nformatics and is integrated into a wide range of software
reely available on the internet to give, for example, molecular
tructure [21,22], chemical information such as pKA [23],
olubility [23], molecular volume [22] and log P values [22]
s well as physical parameters such as density [23], refractive

ndex [23], molar mass [24] and mass spectral isotope patterns
24]. The syntax and grammar of SMILES is described in
etail elsewhere [15,20]. In brief, each element is denoted by
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ts chemical symbol with the first letter given in the upper
ase. Adjacent atoms in the SMILES string (read from left to
ight) are considered to have a single bond unless otherwise
enoted by an inserted “=” or “#” character representing
ouble and triple bonds, respectively. Hydrogen is implicit.
ranches are described using parentheses and it is possible to
est parentheses for sub-branches. Cyclic structures are defined
y a number identifying which atoms open and close the ring
tructure so that cyclohexane is represented by C1CCCCC1.
romatic atoms are shown in lower case so that benzene is

epresented by c1ccccc1. Ionic bonds may also be described
s well as chirality. Canonical form ensures that the SMILES
tructure is unique for a given molecular structure. For example,
C(C( O)O)N represents the following structure (without
hirality):

A computer programme developed at NPL using MATLAB
The MathWorks, Natick, USA) simulates full fragmentation
athways for any molecule given in the SMILES format. This
tarts with the parent molecule of unlimited complexity and
leaves it at a bond into two parts. This is repeated for each
ond in the parent molecule and the fragment products are listed
n the first level of a tree structure, as illustrated in Fig. 6. For
xample, an illustrative molecule ABCD would be fragmented
y one fracture into six sub-structures A, BCD, AB, CD, ABC
nd D. Clearly, the fragmentation terminates for A and D but,
or example, BCD may be fragmented into 4 further sub-units
, CD, BC and D giving a second level of fragmentation and

imilarly CD and BC may be fragmented to a third level of frag-
entation. In this example the third level of fragmentation is

he final level so that at that stage the molecule has been frag-
ented to its constituent elements. At the bottom, in the right

and example in Fig. 6, we would usually finish with fewer pos-
ibilities in the final level and possibly, for example, just C, H
nd O. It is also easy to see in the above simple example that the
ub-unit BC will be found from both the fragmentation of BCD

nd of ABC. There is no need to fragment the same structure
wice and, to save computer time for each fragment, the com-
uter checks in a look-up table to see if a fragment has been
one before. If so, a link is stored and the fragmentation termi-

a
r
p
d

ig. 6. Illustrative example of the fragmentation pathways mapped out in G-SIMS fo
sing the SMILES fragmentation software (right).
Mass Spectrometry 272 (2008) 38–47

ated. Later, we shall see how this can be extended to include
ragments in a larger database for many parent molecules. This
ethod significantly reduces computational time. The computer

rogramme uses a structured array with each element contain-
ng details of the fragment including SMILES text string, exact

ass and links to other parts in the fragmentation pathway with
he same fragment. The exact mass is calculated by a separate
rogramme that, for a given SMILES text string, sums the main
sotope masses of all the constituent elements as well as the
umber of implicit hydrogens through determination of atom
alency and bonding. We use these values later to compare with
xperimental G-SIMS data.

As discussed earlier, branching within a molecule is described
y enclosing that part of the SMILES text within parentheses.
ragmentation of branched structures is accurately executed by

he programme. For example, in the molecule AB(EFG)CD,
leavage of the branch EFG from the atom B should result
n the two fragments ABCD and EFG and is very unlikely to
earrange into AB and (EFG)CD, which could result from incor-
ect treatment of the branching. A further complication for the
omputer programme is branching within branches. This may
ontinue to many levels of branching, yielding a SMILES text
ith many nested parentheses. The computer programme was

arefully developed to deal efficiently with such systems which
o often occur in complex molecules.

.2. Simulated SMILES fragmentation pathways for folic
cid and Irganox 1010

The SMILES text for folic acid is readily available from the
eb, as follows:

OC( O)CCC(C( O)O)NC( O)c1ccc

(NCc2nc3c(O)nc(N)nc3nc2)cc1

This structure is provided as input to the fragmentation path-
ay simulator software and the fragmentation pathways are

alculated. On a Pentium PC with a 2.66 GHz processor this
akes approximately 20 min. To fragment the molecule to the
onstituent atoms C, N and O requires 34 levels of fragmen-
ation. However it is assumed that stable ring structures, such

s benzene, are unlikely to fragment, such that folic acid only
equires 17 levels of fragmentation to break into constituent
arts. The output of the program contains a structured array
escribed earlier containing each fragment structure in SMILES

r positive and negative ions (left) and the complementary simulated pathways
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Fig. 7. Combined G-SIMS positive ion (grey peaks) and negative ion (black peaks) spectra of folic acid (from Fig. 2), lower frame is the upper spectrum expanded
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0-fold on the ordinate scale. The neutral molecular structures are shown with th
he SMILES fragments within a mass tolerance of 0.1 u (±1 Hydrogen). These
he backbone.

ext and the main isotope accurate mass position. For this system
o be useful it must be able to describe say at least 75% of the
ragments observed in the key G-SIMS spectrum. In Fig. 7, we
opulate the G-SIMS spectrum of folic acid of Fig. 2(a) with
he SMILES fragments matching within a mass tolerance of
00 ppm (±1 Hydrogen) from the simulated fragmentation path-
ay. As can be seen the simulated fragments account for 90%
f peaks with an intensity of >0.02. This excellent agreement
etween experimental G-SIMS data and our simple system for
imulating fragments is because the G-SIMS spectrum consists
f simple fragments that are undegraded and have not undergone
ost-emission rearrangements [5].

Similarly, the SMILES text for Irganox 1010 is given by:

C(COC( O)CCc1cc(C(C)(C)C)c(O)c(C(C)(C)C)c1)
(COC( O)CCc1cc(C(C)(C)C)c(O)c(C(C)(C)C)c1)

(COC( O)CCc1cc(C(C)(C)C)c(O)c(C(C)(C)C)c1)

COC( O)CCc1cc(C(C)(C)C)c(O)c(C(C)(C)C)c1

s
c
k
i

ted molecular ion peaks, for those with significant intensity. These peaks match
res may all be found in Fig. 1(a) and exhibit only one or two bond scissions in

Again, an excellent agreement between experimental G-
IMS and simulated data is found. Earlier, we discussed the
ndeavours of over 40 years of research to simulate mass spec-
ra from gas phase ionisation and the limited success that had
een achieved for complex molecules. To do this for SIMS would
ndeed be ambitious. Fortunately, G-SIMS significantly simpli-
es the problem so that our simple approach is quite successful.

The simulated fragmentation pathways stored in the struc-
ural array are essentially organised in a tree structure. However,
or analytical purposes this is not so convenient since fragments
f a similar mass are not necessarily juxtaposed. Instead, in
ig. 8(a) we show the simulated fragmentation pathways for
olic acid as a mass based tree structure with the fragmentation
evel on the ordinate and the fragment mass on the abscissa. So
n the top right we start with the parent molecule going through

uccessive fragmentations until eventually ending up with the
onstituent structures (exact aromatic ring structures which are
ept intact) and elements C, N, O in the bottom left. This plot
s then similar to the G-SIMS reassembly plot shown earlier in
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Fig. 8. Simulated fragmentation pathways displayed on a plot of fragment mass
and fragmentation level for (a) folic acid and (b) Irganox 1010. For clarity, not
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ll fragmentation levels are shown. The fragmentation pathways identified in
ig. 5 are also highlighted for comparison.

ig. 5. Each of the 4 fragmentation pathways identified earlier
ay also be found on the simulated fragmentation pathway and

hese are highlighted. At the 16 and 17th fragmentation levels
ll of the structural information has been lost and are shown here
or completeness. Practically, the 10th level of fragmentation is
ypically required for structurally significant peaks.

In Fig. 8(b), we show the mass based tree structure of frag-
entation for Irganox 1010 for comparison with the G-SIMS
PM reassembly plot of Fig. 5. The 4 pathways identified in
able 2 and Fig. 5 are highlighted.

.3. Interpretation of G-SIMS fragmentation pathways
sing simulated fragments

Earlier, we showed how the molecular structure could be
eassembled from small fragments by working in reverse up the
ragmentation pathways. For the illustrative examples of folic
cid and Irganox 1010, this was helped by knowing the molecular

tructure. What analysts require is a simple system to guide them
hrough the possible choices as the molecule is reassembled but
ts structure is unknown.

g
D

Mass Spectrometry 272 (2008) 38–47

An analyst may select any fragment in the G-SIMS frag-
entation pathway and the mass of this fragment may then

e automatically compared with a simulated library of frag-
ents containing many types of parent molecule. A suite of

ossible fragmentation routes may then be identified to build
he fragment to one of the larger mass that is contained in the
xperimental data. This guided process may then be followed
ntil reaching the largest fragment in the experimental data.
his may not identify a unique solution but may produce a

educed set of options. This accelerates and improves the reli-
bility of establishing the molecular structure and molecular
dentity.

A great advantage of a simulated fragmentation library is
hat it does not rely on the contribution of experimental data
rom the community, which is always the rate-limiting factor. It
s, of course, essential to validate the simulated pathways with
xperimental data, as started in the example here. An analysis
f this will also allow the identification of the most effective
ragmentation rules from the mass spectrometry community
hat are relevant to the processes occurring in G-SIMS. Further
evelopment of this approach will include this rule base which
ill simplify the number of possible fragmentation pathways.
ne mechanism to grow the library very rapidly is to provide

he SMILES simulation fragmentation pathway software freely
vailable on the web for the community to use on molecules
f interest to them and for the generated simulated fragmenta-
ion pathways to then be added to an open-access central web
ibrary, which is freely accessible to all users. This approach is
ow being developed and will be tested.

. Conclusion

We have developed a novel method for simulating fragmenta-
ion pathways using the SMILES format for molecular structure.

computer program rapidly generates the fragmentation path-
ays. The simulated fragments are shown to be in very good

greement with G-SIMS-FPM experimental data for folic acid
nd Irganox 1010 with 90% of the fragment ions explained. A
urther development allows the simulated fragmentation path-
ays to be shown in a similar way to the G-SIMS reassembly
lot. To help analysts reassemble unknown molecules, a library
f simulated fragment pathways is in the process of being devel-
ped and validated against experimental data for a wide selection
f molecules including amino acids and simple peptides [25].
s the G-SIMS and SMILES method develops, we hope that

t will guide analysts through appropriate choices as pathways
re selected in the reassembly. This will either provide a unique
olution to the identity of a molecule or will help significantly
o identify a short list of strong possibilities. A method has been
roposed to grow such a library rapidly, using freely available
eb access.
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