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Differentiating diterpene resin acids using ToF-
SIMS and principal component analysis: new
tools for assessing the geochemistry of amber
Rana N. S. Sodhi,a* Charles A. Mims,a Robyn E. Goacher,b,c

Bruce McKagueb and Alexander P. Wolfed
Amber is a polymerized plant resin having remarkable preservation potential in the geological record. Numerous analytical
techniques have been applied to the study of amber organic chemistry in order to extract paleobotanical information. How-
ever, only exploratory work has been conducted using time-of-flight secondary ion mass spectrometry (ToF-SIMS), despite its
immense potential due to the high mass resolution and range that can be analyzed concurrently. Detailed assessments of ion
fragmentation patterns are prerequisite, given that amber is comprised of a challenging range of terpenoids, carboxylic acids,
alcohols, and associated esters. In recent work, we demonstrated the applicability and efficiency of ToF-SIMS as a tool to in-
vestigate amber chemical composition. However, only two diterpene resin acid standards were considered in this preliminary
study, namely abietic acid and communic acid. We now extend this work by documenting the ToF-SIMS spectra of ten addi-
tional diterpene resin acids and ask whether ToF-SIMS analysis can distinguish subtle differences within a larger set of
diterpenoids. Both positive and negative ToF-SIMS spectra were produced, although negative polarity appears particularly
promising for differentiating diterpene resin acids. Principal component analysis (PCA) was used to distill the data and verified
that purified diterpenes have distinct ToF-SIMS spectra that can be applied to amber chemotaxonomy as well as to the anal-
ysis of modern resins of known botanical origin. While this work is pertinent to the study of the composition and histories of
ambers, the mass spectra of the 12 diterpene standards could prove valuable to any system where diterpenoid chemistry
plays a role. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Because of its remarkable capacity for preservation in the geolog-
ical record, the organic chemistry of amber has been studied ex-
tensively,[1] often focusing on identifying potential source trees
responsible for various deposits (chemotaxonomy), as well as
for understanding the nature of transformations that resins un-
dergo as they become amber (diagenesis). Ambers are comprised
of a wide range of terpenoids, carboxylic acids, alcohols, and
associated esters, all of which are prone to diagenetic chemical
modification. Numerous analytical techniques have been applied
to the study of amber organic chemistry, each having its own
distinct set of advantages and weaknesses.[2–4] These techniques
include Fourier transform infrared spectroscopy, nuclear mag-
netic resonance spectroscopy, and pyrolysis–gas chromatogra-
phy–mass spectrometry (Py–GC–MS).

Exploratory work has begun using time-of-flight secondary ion
mass spectrometry (ToF-SIMS) as a technique for amber analy-
sis.[5] ToF-SIMS is potentially an ideal technique to investigate
the comparative chemical composition of ambers, offering high
mass resolution and a large mass range along with the ability
to analyze solid samples directly with minimal sample prepara-
tion and manipulation. In ToF-SIMS, hydrocarbon molecular frag-
ments of similar mass can be resolved and positively identified,
thereby allowing them to be used as markers for the various
complex constitutive structures of amber. However, some of
these differences can be very subtle, and therefore, given the
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myriad of information present in a typical ToF-SIMS spectrum, dif-
ficult to disentangle. This is especially the case in heterogeneous
environmental samples where all constituent ions appear in the
same spectrum as the technique lacks upstream chromato-
graphic separation which is utilized in other mass spectroscopic
techniques such as GC–MS.

In recent preliminary work,[5] we successfully demonstrated
the applicability and efficiency of ToF-SIMS as a robust tool to in-
vestigate amber composition, as briefly reviewed below. In this
work, principal component analysis (PCA) of ToF-SIMS spectra
was utilized to compare three related yet lithologically distinct
forms of amber from northern Europe (Baltic, Glessite, and
Copyright © 2014 John Wiley & Sons, Ltd.



Table 1. List of investigated diterpene resin acids with their chemi-
cal formula, molecular masses (for dominant isotopic configuration),
and designations used in this study

Resin acid name Formula Mass (u) Designation(a)

Dehydroabeitic acid C20H28O2 300.21 RA01

Abietic acid C20H30O2 302.22 RA02

Neoabietic acid C20H30O2 302.22 RA03

Isopimaric acid C20H30O2 302.22 RA04

Levopimaric acid C20H30O2 302.22 RA05

Sandaracopimaric acid C20H30O2 302.22 RA06

Pimaric acid C20H30O2 302.22 RA07

Communic acid C20H30O2 302.22 RA08

Dihydroisopimaric acid C20H32O2 304.24 RA09

8(14)-Abietenic acid C20H32O2 304.24 RA10

8-Abietenic acid C20H32O2 304.24 RA11

7-Oxodehydroabietic acid C20H26O3 314.19 RA12

aThe corresponding structures are shown in Fig. 1.

Figure 1. Structures of the resin acids considered in this study.
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Bitterfeld) along with standards of monomethyl succinate and
two diterpenes recognized as common in Class IA ambers[3,6]—
abietic acid and communic acid. The results indicated that differ-
ent types of amber can be distinguished by the relative intensi-
ties of their respective succinate-related peaks. While
differences were also observed in the characteristic diterpenoid
regions between the ambers, definitive conclusions on the com-
position could not be drawn due to the small number of repre-
sentative diterpene standards. We now extend this work to
consider whether the combination of ToF-SIMS and PCA can dis-
tinguish between a much larger set of diterpene resin acids—
specifically 12 abietane, pimarane, and labdane compounds. Ap-
plication of these results to amber chemotaxonomy, as well as to
modern resins of known botanical origin, will allow the elucida-
tion of the composition and origins of the various amber de-
posits. Furthermore, the mass spectra of the 12 diterpene
standards may potentially benefit other fields where diterpene
resin acids are of direct relevance, such as art conservation and
archaeology.
Materials and methods

Twelve C20 diterpene resin acids were isolated by crystallization
(>95% purity) from natural resins and are commercially available
from CanSyn Chem. Corporation.[7] Table 1 summarizes the
diterpene resin acids analyzed, and Fig. 1 illustrates their chemi-
cal structure. Each of these standard samples was first dissolved
in a small volume of chloroform and then spin-coated onto small
pieces of Si wafers. The wafers had been solvent cleaned and
dried under UV/ozone for several minutes immediately prior to
the spin-coating.
ToF-SIMS spectra were obtained on an ION-TOF GmbH

(Münster, Germany) ToF-SIMS IV instrument at the University of
Toronto equipped with a Bi liquid metal ion gun. A low current
Bi3

++ cluster (25 keV, ~0.5 pA) was used as the primary ion beam
and operated in the high-mass-resolution bunched mode
(>8000 @ 29 u).[8] The ion beam was rastered over an area of
500μm×500μm for 90–120 s yielding a primary ion dose on
the order of 5.5–7.5 × 1010 cm�2, well below the static limit
(<1013 cm�2), thereby ensuring that less than 0.1% of the top
monolayer is consumed and hence that chemical and molecular
wileyonlinelibrary.com/journal/sia Copyright © 201
information of the original, unperturbed surface is obtained.
Charge neutralization was achieved using the instrument’s
pulsed electron flood gun. Both positive and negative polarity
secondary ion spectra were obtained. Duplicate scans were
obtained from each sample, yielding excellent reproducibility.

In order to reduce the dimensionality of raw ToF-SIMS results,
PCA[9] was performed using MATLAB v.7.8.0.347 (MathWorks
Inc.) with the PLS Toolbox v.5.2.1 (Eigenvector Research Inc.).
Corrected peak areas from high-mass-resolution spectra were
exported from SurfaceLab 6.1 (ION-TOF GmbH, Münster, Ger-
many). Individual spectra were first preprocessed by (i) applying
square-root mean scaling to adjust for the decay of peak intensity
with increasing mass, (ii) normalizing the spectra to unit total ion
intensity of the selected peak list, and (iii) mean centering data at
each mass. Positive and negative spectra were analyzed indepen-
dently. The negative spectra were analyzed over the mass range
of 40–700 u, which covers the main fingerprint region (225–
375 u) as well as the higher molecular weight dimers which can
form. All peaks in this range were included. Peaks below 40 u
were excluded from the PCA because noise in their intensity
due to detector saturation frequently dominated the PCA even
when Poisson correction was applied. All peaks except Na+ and
Si+ were included in PCA of positive ion spectra.
Results and discussion

The positive ToF-SIMS spectra are shown in Fig. 2 (1–400 u) with
an expanded view (225–375 u) shown in Fig. 3 to highlight the
4 John Wiley & Sons, Ltd. Surf. Interface Anal. (2014)



Figure 2. Positive ToF-SIMS spectra (1–400 u) of the diterpene resin acids. Fingerprint region (225–375 u) is shown in Fig. 3.

Figure 3. Positive ToF-SIMS spectra as shown in Fig. 2 expanded for the diterpene resin acid fingerprint region (225–375 u).

Differentiating diterpene resin acids using ToF-SIMS and PCA

Surf. Interface Anal. (2014) Copyright © 2014 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia



R. N. S. Sodhi et al.
diterpene resin acid fingerprint region. The spectra are domi-
nated by the lower mass weight molecular fragments, although
differences emerge in the fingerprint region. While the main
[M + H]+ peak is always visible, perhaps the most striking differ-
ence is the intensity of the fragment at 257.22 u (Fig. 3) which
is dominant in the structures which possess only a single double
bond (RA04, 06, 07, 09, 10, and 11), as opposed to the conjugated
double-bond systems or sample RA08 (communic acid) which is
not a tricyclic system and further has a more complex fragmenta-
tion pattern below the parent ion peak.
Likewise, the negative ToF-SIMS spectra are shown in Fig. 4

(1–400u) with an expanded view (225–375u) shown in Fig. 5 to
highlight the diterpene resin acid fingerprint region. Comparison
of the negative spectra with the corresponding positive ion spectra
shows that there is much more distinguishing information in the
higher mass range for the negative mode than there is for the
positive counterparts. Peak intensity in the negative ion spectra is
higher within the diterpenoid range than the lowermass fragments,
with the parent [M�H]� ion being the most prominent peak. The
most striking difference within the negative spectra occurs for the
conjugated double-bond systems (RA02, 03, and 05) where clear
patterns are seen above the parent ion, thus providing a means of
confidently identifying possible contributions from these com-
pounds in ambers. This complements the positive spectra where
the fragment at 257.22u provides a marker for the single double-
bond molecular structures. Thus, for chemotaxonomic applications,
it is important to consider both polarities to guide identification.
Figure 4. Negative ToF-SIMS spectra (1–400u) of the diterpene resin acids.

wileyonlinelibrary.com/journal/sia Copyright © 201
Principal component analysis

While the characteristic peaks of diterpene resin acids can aid in the
identification of these constituents, further information can be
derived from multivariate analysis of the spectra using PCA. In our
preliminary consideration of Baltic and Bitterfeld ambers,[5] PCA
proved to be more interpretable for the negative ion spectra than
for the positive ion spectra. This is possibly because of similarities
in the spectral distribution and the greater dominance of low-mass,
fragment peaks in the positive ion spectra. As noted in the previous
section, the positive spectra do showprominent features which can
assist in the differentiation of the compounds. This implies that the
use of PCA for the positive polarity would require a more judicious
model, featuring a subset of the positive ions as well as ignoring the
more dominant lowermass fragments. However, since PCA analysis
on the negative spectra appears to be sufficient, the effort required
to simplify positive ion PCA may not be necessary. The use of one
polarity over the other in mass spectroscopic techniques is not
unprecedented. For example, ESI tandem MS has also favored the
negative polarity mode in the study of ambers.[10] Consequently,
all subsequent discussion based upon PCA analysis addresses
results obtained in the negative polarity mode only.

The sample scores with the corresponding loadings for nega-
tive ion PCA of the terpenoids are shown in Figs. 6 and 7 respec-
tively. Also included in the data set are the spectra obtained from
the Si wafer which constitutes the background and spectra of
mono methyl succinate. The latter is included because of our
Fingerprint region (225–375u) is shown in Fig. 5.

4 John Wiley & Sons, Ltd. Surf. Interface Anal. (2014)



Figure 5. Negative ToF-SIMS spectra as shown in Fig. 4 expanded for the diterpene resin acid fingerprint region (225–375 u).

Differentiating diterpene resin acids using ToF-SIMS and PCA
primary interest in the application of ToF-SIMS as a potential for
the chemotaxonomic analysis of ambers, for which succinate
can be a key biomarker.[5]

The first five PCs cumulatively describe 82% of variance in the
mass spectra. PC5 accounts for the difference between Si wafer
contamination (positive score) and the succinate (negative score)
from the series of diterpene resin acids, which scored neutrally.
The first four PCs separate the diterpene resin acid groups based
upon their quasi-molecular [M�H]� ions. PC1 clearly separated
out those resin acids which had a molecular weight of 304 u
(RA09, 10, and 11) by their [M�H]� ion at 303 u. It is interesting
to note that the positive ion mass spectra of these samples were
also distinguished by the prominent fragment at 257.22 u;
however, this fragment was also expressed in compounds RA04,
06, and 07, all of which have a molecular mass of 302 u. The
commonality between these six resin acids is that they all possess a
single double bond within the tricyclic system. PCA of the negative
ion spectra, however, distinguished the 304u and 302u resin acids.

PC2 of the negative spectra grouped together five of the seven
resin acids which had a molecular weight of 302 u (RA03, 04, 05,
06, and 07) as described by the negative loading for their [M�H]�

ion at 301u. It is noteworthy that resin acids RA02 and 08, which
also have a mass of 302 u, scored neutrally on PC2 and were there-
fore not described by this component. While this is not fully under-
stood, it should be noted that RA08 differs from the rest in that it
Surf. Interface Anal. (2014) Copyright © 2014 John Wiley
has an open ring structure, and, while RA02 is tricyclic, its
conjugated trans di-ene system crosses two rings as opposed to
the cis di-ene systems in the other multiple bond configurations.
Thus, fragmentation followed by double-bond re-arrangement could
result in a similar structure to RA08. In contrast to the negative scores
on PC2, positive loadings were obtained for the succinate ion (117u)
and dimer (235u), the lone sample of MW 314 (RA12), and Si. The
latter may arise from contamination—it should be noted that there
are positive loadings around 50–100u, the most intense being 73u.

The succinate ion (117 u) is highlighted by negative loadings
on PC3, as well as the peak at 235 u. This contrasts with positive
scores on PC3 for RA01, which reveals, from the corresponding
loadings, its [M�H]� ion at 299 u and RA12 with its [M�H]�

ion at 313 u. The grouping of RA01 and RA12 together on PC3 in-
dicates that despite their different molecular weights, some of
the same secondary ions are produced by both structures. This
is likely due to the fact that, while samples RA01 and RA12 have
different molecular masses, both have three double bonds. We
therefore interpret their grouping together on PC3 to reflect this
structural similarity as both samples produce ions at 299 and 314
u, either through adducting or losing CH2, respectively. The dif-
ferences in molecular mass between samples RA01 and RA12
are subsequently illustrated by PC4, which clarifies that sample
RA01 (300 u) produced more 299 u ions, whereas sample RA12
(314 u) produced a greater proportion of 313 u ions.
& Sons, Ltd. wileyonlinelibrary.com/journal/sia



Figure 6. Sample scores for PCA of the 12 diterpene resin acids as well as the Si wafer (Si) and mono methyl succinate (Suc). Resin acid (RA) designa-
tions are given in Table 1.
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Differences between the various subgroups were further
highlighted by the lower order PCs. Delving deeper into the spec-
tra of the three resin acids with a molecular weight of 304 u, first
grouped together in PC1 (i.e. RA09, 10, and 11), RA10 is separated
from RA09 and 11 by PC6. This was based on a peak at 59 u in the
RA10 spectrum, which can be assigned to C2H3O2

�.
The group of resin acids with a molecular weight of 302 u

(RA02–08) was furthermore divided into two sub-sets based on
pendant groups by PC7. Those resin acids having pendant vinyl
and methyl groups (RA04, 06, and 07) score positively on PC7, de-
scribed by ions at 301 and 313 u. In contrast, those resin acids
with a pendant isopropyl group (RA02, 03, and 05) score nega-
tively, distinguished by peaks at 205 and 333 u, as did the
open-structured acid RA08, which is the only diterpene having
a labdane skeletal structure. Notably, this is the first PC in which
samples RA02 and RA08 grouped with the other acids with a mo-
lecular mass of 302 u. These results indicate that although all
seven of these diterpene resin acids share the same molecular
mass, the quasi-molecular ion at 301 u is more likely to form in
the presence of pendant vinyl and methyl groups (positive load-
ing on PC7). Additionally, the vinyl and methyl groups seemed to
increase the probability of adducting a C atom, leading to an
wileyonlinelibrary.com/journal/sia Copyright © 201
additional peak at 313 u. Diterpenes having pendant isopropyl
or open structures were, in contrast, less likely to form ions at
301 and 313 u and more likely to form ions at 205 and 333 u.
The detailed mechanisms of this fragmentation pattern require
further study; however, it appears to represent a robust signature
with which to differentiate these diterpene resin acids.

The difference in pendant groups among those samples with
MW 302 which scored negative on PC7 led to further sample sep-
aration on PC8. Here, sample RA08 with its open ring structure
scored alone on the negative side, while the others (RA 02, 03,
and 05) with their isopropyl pendant group scored positive. Addi-
tionally, RA10 scored positive. This PC therefore seems to contrast
the open ring structure of RA08 against the presence of isopropyl
pendant groups in RA02, 03, and 05. The presence of RA10 on
this PC may indicate structural similarities, but it may also indi-
cate that we have reached the edge of reliable interpretation of
lower order PCs.

The last PC reported, PC9, distinguished samples RA03 and
RA05 by the presence of positive and negative loadings of peaks
at 275 and 333 u, respectively. This difference may arise from the
cis/trans nature of the di-ene systems, as suggested for the
grouping of RA02 with RA08 in PC2. However, as for PC8, we note
4 John Wiley & Sons, Ltd. Surf. Interface Anal. (2014)



Figure 7. PCA loadings corresponding to the scores shown in Fig. 6 describing negative ion spectra (>40 u).

Differentiating diterpene resin acids using ToF-SIMS and PCA
that the model is approaching the limit of significance. The reli-
ability of the differences indicated by PC8 and PC9 will need to
be borne out in the interpretation of future studies.
Conclusions

Not only can ToF-SIMS differentiate diterpene resin acids with
different molecular masses via their quasi-molecular parent ions
in positive [M+H]+ and negative [M�H]� polarities, but PCA also
reveals the remarkable sensitivity of ToF-SIMS fragmentation to
the different structures comprising the investigated compounds.
For example, a conspicuous ionic fragment of 257.22 u in the pos-
itive spectra characterizes diterpenes with a single double bond,
as opposed to those having conjugated double-bonded systems.
The higher molecular mass ions observed in negative polarity
provide a number of additional insights based on structural pat-
terns, which are best illustrated when PCA is used to reduce the
complexity of the spectra. Indeed, PCA identifies relationships
between structures that are not evident by visual inspection of
the mass spectra. The sensitivity of ToF-SIMS in conjunction with
PCA is particularly well illustrated by the distinction of the differ-
ent structures of the group of MW ~302 diterpene resin acids,
which are clearly distinguished on the basis of their pendant
groups in the negative ion spectra.

We intend to apply this information on resin acid distinction to
the understanding of spectra from a series of modern conifer
resins as well as their geological amber counterparts. Since
the botanical origins of the modern resins are known, this
Surf. Interface Anal. (2014) Copyright © 2014 John Wiley
information has the potential to improve the understanding of
the origin of ambers in the geological record. While our ultimate
interest is in amber, the results presented here are of value to
other systems for which the characterization of diterpene resin
acids plays a role, such as art conservation and archaeology.

Acknowledgements

This research was supported by the Canadian Foundation for
Innovation (Surface Interface Ontario), the Ontario Research
Fund, and the Natural Sciences and Engineering Research Council
of Canada Discovery Awards to CAM and APW.

References
[1] Amber, Resinite, and Fossil Resins, ACS Symposium Series 617 (Eds: K.

B. Anderson, J. C. Crelling), American Chemical Society, Washington,
DC, 1995.

[2] A. P. Wolfe, R. Tappert, K. Muehlenbachs, M. Boudreau, R. C. McKellar,
J. F. Basinger, A. Garrett, Proc. R. Soc. B: Biol. Sci. 2009, 21, 3403.

[3] S. Yamamoto, A. Otto, G. Krumbiegel, B. R. T. Simoneit, Rev.
Palaeobot. Palynol. 2006, 140, 27.

[4] J. B. Lambert, Y. Wu, J. A. Santiago-Blay, J. Nat. Prod. 2005, 68, 635.
[5] R. N. S. Sodhi, C. A. Mims, R. E. Goacher, B. McKague, A. P. Wolfe, Surf.

Interface Anal. 2012, 45, 557.
[6] J. S. Mills, R. White, L. J. Gough, Chem. Geol. 1984, 47, 15.
[7] CanSyn Chem. Corp. (Toronto, ON): http://www.cansyn.com/index.html
[8] R. N. S. Sodhi, Analyst 2004, 129, 483–487.
[9] J. L. S. Lee, I. S. Gilmore, in Surface Analysis - The Principal Tech-

niques (2nd edn). (Eds: J. C. Vickerman, I. S. Gilmore), John Wiley &
Sons, Chichester, UK, 2009, pp. 563–612.

[10] L. Tonidandel, E. Ragazzi, P. Traldi, Rapid Commun. Mass Spectrom.
2009, 23, 403.
& Sons, Ltd. wileyonlinelibrary.com/journal/sia

http://www.cansyn.com/index.html

