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Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOFMS) has been shown to be an effective technique for the characterization of organo-
metallic, coordination, and highly conjugated compounds. The preferred matrix is 2-[(2E)-
3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB), with radical ions
observed. However, MALDI-TOFMS is generally not favored for accurate mass measurement.
A specific method had to be developed for such compounds to assure the quality of our
accurate mass results. Therefore, in this preliminary study, two methods of data acquisition,
and both even-electron (EE�) ion and odd-electron (OE�·) radical ion mass calibration
standards, have been investigated to establish the basic measurement technique. The benefit of
this technique is demonstrated for a copper compound for which ions were observed by
MALDI, but not by electrospray (ESI) or liquid secondary ion mass spectrometry (LSIMS); a
mean mass accuracy error of �1.2 ppm was obtained. (J Am Soc Mass Spectrom 2006, 17,
672–675) © 2006 American Society for Mass Spectrometry

Accurate mass measurement is a very important
application of mass spectrometry, allowing the
elemental formulae of small molecules to be

determined� [1].� The� number� of� possible� formulae
matching such a measurement decreases with greater
precision, but increases with increasing mass and vari-
ety�of�elements,�making�identification�more�difficult�[2,
3].� The� background� of� accurate� mass� measurement� is
summarized� elsewhere� [4],� and� general� operational
guidelines�are�available�[5].�Various�mass�spectrometers
and ionization modes are used for accurate mass mea-
surement, but matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (MALDI-TOFMS)
can have severe limitations, as accuracy can be compro-
mised by poor peak shape. At Swansea, computer-
assisted peak matching on a magnetic sector instrument
with�an�electrospray�(ESI)�source�[6]�is�preferred�for�the
wide range of samples received. Alternative sources are
used where ESI is not appropriate, and while these
systems generally give excellent results, some samples
specifically require MALDI ionization.

The�application�of�delayed�extraction�[7]� to�MALDI
instrumentation, in conjunction with a reflectron ana-

lyzer, afforded significant improvements in resolution
and� mass� accuracy� [8].� Subsequently,� accurate� mass
measurements of peptides and proteins with internal
standards have achieved errors of mass accuracy of
�5� ppm� [9,� 10].� It� may� be� a� journal� requirement� for
analyte identification that the accuracy of mass mea-
surement�be��5�ppm�[11],�and�this�general�benchmark
is widely used. Thus, it has already been demonstrated
that MALDI-TOFMS is comparable with most tech-
niques. However, it has been noted in a recent inter-
comparison�study�[4]�that�mass�measurement�errors�can
be �10 ppm where radical ion (OE�·) species of an
analyte were calibrated with sodiated poly(ethylene
glycol) oligomers. Similar observations have been made
within our laboratory, and are likely to be the result of
the different ionization processes that produce each
species.

Recently, we have shown that the aprotic matrix
2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]
malononitrile (DCTB) is a very effective matrix for several
organometallic, coordination, and highly conjugated com-
pounds,�with�OE�·� ions�being�observed� [12].�Therefore,
accurate mass measurement of these compounds via
MALDI is a logical progression. Here, DCTB may have an
advantage over traditional, acidic matrices, which often
produce a mixture of OE�· and protonated ion species
with these compounds. These overlapping species are not
resolved by a TOF analyzer, and, therefore, only the
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lowest mass of the isotopic distribution should be mea-
sured, the abundance of which may be insufficient. How-
ever, DCTB is not compatible with peptide standards
normally used for calibration. Additionally, a deep-welled
sample plate is advantageous due to the use of very
volatile solvents, but this prevents a “close”-external cali-
bration from being performed. Therefore, we are explor-
ing the possibility of an accurate mass measurement
protocol using similar compounds as internal standards,
to achieve the best possible level of accuracy for mass
measurement using MALDI-TOFMS, with �5 ppm error
as our yardstick.

Experimental

Compounds�1–6�[13–16]�(see�Table�1)�were�submitted�for
analysis to the EPSRC National Mass Spectrometry Ser-
vice�Centre�(NMSSC)�[17],�as�part�of�the�normal�operation
of the Service. DCTB matrix (highest purity available) was
purchased from Fluka (Dorset, UK). MALDI-TOFMS
spectra were acquired using an Applied Biosystems Voy-
ager DE-STR spectrometer (Framingham, MA), which is
equipped with a nitrogen laser. Data were baseline cor-
rected, noise filtered, centroided at 50%, and a two-point
bracketing calibration performed, utilizing Data Explorer
V4.0 software supplied by Applied Biosystems. Further
experimental details are included in the Supplementary
Material section, which can be found in the electronic
version of this article.

The current study has three main parts:

1. Two methods of automated data acquisition were
investigated; accumulation of 25 laser shots from
two locations (Method A) and 50 shots from a single
location (Method B), within a sample spot. This was
accomplished with 1, which appears to undergo
in-source dissociation upon irradiation, where

2 ClAu�PEG-carbene� ¡ AuCl2
� � Au(PEG-carbene)2

�

to give a distribution of even-electron (EE�) ion
species covering the 700–1200 Da mass range. Re-
sults were generated for each method, using the

11-mer species as the analyte, bracketed by the 10-
and 12-mer species as calibration standards, (see
Supplementary Material, Figure S1).

2. The investigation of whether analyte and standards
need to have the same mechanism of ionization, e.g.,
whether OE�· ion analytes should be calibrated
with OE�· ion standards. Compound 2 was chosen
as the OE�· ion analyte, with 3 and 4 chosen as the
OE�· ion calibration standards. The 9- and 10-mer
species of 1 were chosen as EE� ion calibration
standards (see Supplementary Material, Figure S2).

3. Case study of Compound 5, which had failed to
ionize by any of our ionization methods other than
MALDI. Calibration standards were 2 and 6.

Results and Discussion

Method A Versus Method B

To easily create a large sized dataset, data were ac-
quired automatically, using the Sequence application
on the Voyager. Parameters such as signal intensity
were not fully optimized, hence there may be errors
associated with automatic acquisition. Errors in mass
accuracy for both of the acquisition methods are given
in�Figure�1.�Descriptive�statistics�for�both�sets�of�results
are�presented�in�Table�2.

It is encouraging to note that the mean mass accuracy
error for both methods was �1 ppm, and that no result
was �10 ppm. The results were evaluated using statis-
tical� significance� tests� [18].� The� paired� t-test� value� is
considerably less than the critical value (tc � 2.045,
evaluated for n � 1 (� 29) degrees of freedom), indi-
cating no significant difference between the mean error
values. This indicates further that sample topography,
including the relatively small separating distances be-
tween analyte and calibrant, might not be as important
as thought previously. Similarly, the two-tailed F-test
value, which compares the variances of datasets, is also
considerably less than the critical value, indicating that
neither method was more precise. A simple t-test can be
used to evaluate systematic errors. The t-test value for
Method A dataset, being noticeably less than the critical

Table 1. Details of Compounds 1–6.

Compound Description Measured isotopic species Theoretical m/z Ref. Ion parity

1 Gold-(polyethylene glycol (PEG)
carbene)-chloride

12C for each species 889.4020 (9-mer)
933.4283 (10-mer)

13� Even

977.4545 (11-mer)
1021.4807 (12-mer)

2 Zinc-complexed ferrocene
porphyrin

12C58
1H38

14N4
56Fe64Zn� 910.1732� 14� Odd

3 Ferrocene porphyrin 12C58
1H40

14N4
56Fe� 848.2598� 14� Odd

4 Neutral iridium coordination
compound

12C52
1H47

14N2
16O2

32S2
193Ir� 988.2704� 15� Odd

5 Cationic copper coordination
compound (diperchlorate salt)

12C34
1H24

14N6
16O10

63Cu2
35Cl� 836.9829� 16� Even

6 Triflated porphyrin 12C45
1H29

14N4
16O3

19F3
32S� 762.1907� 14� Odd
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value, implies strongly that the method is free from
systematic errors. However, for the Method B dataset,
the calculated t-test and tc values are very similar, so
that any conclusions concerning evidence for systematic
errors would have a high degree of uncertainty. This
shift towards systematic error is likely to arise from a
combination of minimum acceptable signal intensity
and signal-to-noise ratio specified for automatic acqui-
sition and poor peak shape. Analyte signals often
decrease to zero within a few laser shots, with noise
accumulated thereafter, which can result in poor peak
shapes and thus affect mass accuracy. When trying to
acquire data near the analyte signal threshold, it is often
necessary to move around a sample spot to maintain
observable signals. By raising the minimum acceptable
signal intensity from 1000 to 5000, acceptable signal-to-
noise ratios and peak shapes were observed for all three
signals. Method A was used for the remainder of the
study as there is a high degree of confidence that the
method is free from systematic errors.

EE� Ion Versus OE�· Ion Standards

Errors in mass accuracy for both types of calibration
standard are given in the Supplementary Material,
Figure S3. Descriptive statistics for both sets of results
are�presented�in�Table�3.�Although�an�improvement�in
precision is observed, probably due to enhanced acqui-
sition parameters, an increase in the mean error values

for mass accuracy is also observed. While these mean
values are still �5 ppm, the t-test values are consider-
ably greater than the critical value (tc � 2.045), indicat-
ing convincingly the presence of systematic errors for
both datasets, which is apparent from the positive bias
observed in each. However, the paired t-test value,
being noticeably less than the critical value, suggests
strongly that there is no significant difference between
the mean values despite the mean error for the EE� ion
standards being twice that for the OE�· ion standards;
neither species of calibrant is favored statistically. Sim-
ilarly, the two-tailed F-test value, being noticeably less
than the critical value, indicates strongly that neither
method is more precise. The systematic errors arise
from a number of factors, which include those particu-
lar sample preparations, the use of, and values given to,
automatic acquisition parameters.

In practice, accurate mass measurements using
MALDI are generally performed manually to ensure the
best possible data quality. The samples were prepared
again and measurements repeated manually (see Sup-
plementary Material, Figure S4); statistics are given in
Table� 4.� The� paired� t-test� and� two-tailed� F-test� results
were similar to before, so the conclusions drawn are
unchanged. However, there was now no evidence for
systematic errors in the mean errors of the measured
masses, from the t-test for both datasets. Consequently,
Method A, employed manually with either calibrant,
appears to fulfill all necessary criteria to be viable for
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Figure 1. Plot of the errors in mass measurement accuracy (ppm)
for EE� ion, 1, and automated Methods A and B.

Table 2. Statistics for the errors in mass measurement accuracy
(ppm) for EE� ion, 1, and automated Methods A and B

Statistic Method A Method B

Mean error (ppm) 0.1 0.8
Standard deviation (ppm) 3.2 3.8
Confidence level (ppm, 95%) 1.2 1.4
t-test 0.370 2.156
tc(29) (95%) 2.045 2.045
Paired t-test 0.475
tc(29) (95%) 2.045
Two-tailed F-test 0.346
Two-tailed Fc(29,29) (95%) 2.08

Table 3. Statistics for the errors in mass measurement accuracy
(ppm) using EE� ion, 1, and OE�· ion standards, 3 and 4, and
automated Method A

Statistic EE� ions OE�· ions

Mean error (ppm) 4.5 2.3
Standard deviation (ppm) 2.8 2.9
Confidence level (ppm, 95%) 1.1 1.01
t-test 14.769 7.294
tc(29) (95%) 2.045 2.045
Paired t-test 0.004
tc(29) (95%) 2.045
Two-tailed F-test 0.852
Two-tailed Fc(29,29) (95%) 2.08

Table 4. Statistics for the errors in mass measurement accuracy
(ppm) using EE� ion, 1, and OE�· ion standards, 3 and 4, and
manual Method A

Statistic EE� ions OE�· ions

Mean error (ppm) 1.2 0.5
Standard deviation (ppm) 1.7 2.1
Confidence level (ppm, 95%) 2.1 2.6
t-test 0.208 0.185
tc(4) (95%) 2.776 2.776
Paired t-test 0.587
tc(4) (95%) 2.776
Two-tailed F-test 0.666
Two-tailed Fc(4,4) (95%) 9.605
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MALDI accurate mass measurement of organometallic,
coordination, and highly conjugated compounds.

Case Study

Compound 5 was submitted to the NMSSC requesting
both low-resolution and accurate mass analyses. The
sample was a diperchlorate salt, but the expected
[M � ClO4]� (EE�) ion was not observed in ESI or
LSIMS. However, this ion was observed by MALDI-
TOFMS, giving the opportunity to try the above method
of accurate mass measurement on a real sample. The
Au(PEG-carbene)2

� calibration standards were used
initially, but the abundance of the lower mass standard
peak was too low to give an acceptable signal, so OE�·
ion calibration standards 2 and 6 were employed. Errors
in mass accuracy are given in the Supplementary Ma-
terial, Figure S5. The mean mass accuracy error was
�1.2 ppm, the standard deviation was 2.8 ppm, and the
95% confidence level was 3.5 ppm. The method thus
proved itself to be potentially useful for real samples.

Conclusions

This preliminary study has shown that, under appro-
priate conditions, accurate mass measurement with the
benchmark accuracy of �5 ppm is achievable by
MALDI-TOFMS. Acquisition of data using Method A
appears to benefit mass accuracy. Manual data acquisi-
tion methodology seems to be good practice for avoid-
ing certain systematic errors. Although this was not an
aim of the study, for the compounds investigated, we
observed that the presence or absence of metals ap-
peared to have no effect on mass accuracy. Similarly,
mass accuracy does not appear to be affected by
whether or not the analyte and calibrant are the same
type of ion species (EE� or OE�·) for the compounds
studied, which is in disagreement with results obtained
using sodiated oligomers as calibrants for radical ions.
This observation could be directly related to the disso-
ciation process of 1. These species were a useful cali-
bration standard over the mass range 890–1020 Da.
Outside of this range, e.g., in the case of Compound 5,
ion signals were not intense enough to be a good
calibrant.

To continue this work, other calibration materials

applicable to the majority of organometallic, coordina-
tion, and highly conjugated compounds, and preferably
commercially available, need to be identified. Ideally,
two oligomeric standards are desirable to cover the
whole mass range over which MALDI accurate mass
measurement is required for publication purposes, ca.
500–1500 Da. The standards should have different
end-groups to avoid any mass overlap with the analyte.
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