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We have used MALDI-TOF mass spectrometry to characterize a selection of dyes from the
Schweppe dye collection and pigments from the Tate Gallery collection. MALDI-TOF mass
spectra of such samples are easily obtained and, through observation of both positive and
negative ion spectra, provide a convenient, versatile method for dye characterization and
identification. Such pairs of positive and negative ion spectra immediately distinguish between
acidic and basic dyes and provide the characteristic mass of either the molecular ion or a
simply related fragment ion. This approach is especially useful in situations where very small
amounts of analyte are available, as in museum research and forensic analysis. In the case of
textile dyes, we have carried out identification on material from single fibers and, with
insoluble pigments, have begun to identify components of historically important pastel sticks

from submicrogram samples.
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desorption ionization time of flight (MALDI-

TOF) mass spectrometry have been applied prin-
cipally to large molecules, such as synthetic polymers,
proteins, and nucleic acids. However, there have been
some notable applications of this mass spectrometric
method to small molecule analytes [1, 2]. Simplicity of
sample preparation, rapid spectrum acquisition, high
sensitivity, and relative tolerance to impurities make
MALDI-TOF attractive here. Direct laser desorption
ionization (LDI) mass spectrometry, with no matrix, has
also been explored for the investigation of inks and
dyes [3, 4].

We assess here the utility of MALDI-TOF mass
spectrometry for the identification of dyes and pig-
ments from standard collections; the molecular masses
of these substances are in the 200 to 1100 Da range.
Application of the new solvent-free vortex grinding
method for sample preparation [5, 6] is well suited for
the small sample sizes available in this work and is also
assessed.

r I-1he special advantages of matrix assisted laser

Experimental
Sample Preparation

We have utilized both a traditional overlay method and
the new solvent-free vortex grinding method. In the
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overlay method, 4 uL of a saturated methanol solution
of 9-aminoacridine (9AA) matrix (Aldrich S517216) was
deposited on the stainless steel target and allowed to air
dry. One pL of methanolic dye solution from the
Schweppe collection [7] was then applied near the edge
of the matrix spot.

For the solvent-free method of Hanton and Parees
[5], the sample and matrix were intimately ground in
a 4 mL glass vial containing two 4.5 mm diameter
zinc-plated steel balls using a vortex mixer. For dyes,
we applied 1 uL of the dye solution to about 15 mg of
dry 9AA matrix in the vial, evaporated the methanol
under vacuum, scraped the vial walls with a spatula
to free the solid deposit, and proceeded with the
vortex grinding. For insoluble pigments, about 15 mg
of 9AA matrix was added to a microcentrifuge tube
containing a barely visible amount of pigment dust
(~0.5 ug) and mixed with a spatula; this mixture was
then transferred to the 4 mL glass vial with the metal
balls for vortex grinding.

For textile samples, a few fibers were hydrolyzed for
15 min at 90 °C in a solution composed of 37% HCI:
methanol:water, 1:1:2 (vol/vol/vol), followed by dry-
ing under vacuum. The hydrolyzed material was then
dissolved in about 150 uL of methanol/water (1:1
vol:vol). One uL of this solution was applied to the
MALDI target as described above.

The 9AA matrix (nominal mass 194 Da) produces
negative ion peaks at m/z 193.5 [9AA — H] and 387.2
[9AA, — H] and (for chloride containing dyes) m/z
229.4 [9AA + CIJ; and positive ion peaks at m/z 194.7
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[9AA+ H]' and 389.1 [9AA,+ H]" and (for sodium
containing dyes) m/z 216.8 [9AA + Na]" and 411.1
[9AA,+ Nal"; therefore, care must be taken not to
mistake these peaks for analyte signals.

Negative ion spectra were calibrated using the [M —
H]™ peaks from picric acid (Aldrich 239801, St. Louis,
MO) and erythrosin B (Sigma E9259, St. Louis, MO) as
external standards. Positive ion spectra were calibrated
with positive cesium iodide clusters Cs,I™ and Cs;I,*.

Spectra for assessing precision and accuracy were
run with mordant yellow 1 (sold as Alizarin Yellow GG;
Aldrich 206709).

Instrumentation

We used a Bruker Omniflex benchtop MALDI-TOF
mass spectrometer equipped with a 337 nm nitrogen
laser. Laser power was set at around 150 uJ, about 5 uJ
above the threshold for appearance of ions. Pulsed ion
extraction was employed, with an extraction delay of
300 ns. Both positive and negative ion spectra for each
dye were run in reflectron mode at the same laser
power. The accelerating potential was 14.8 kV for
positive ion spectra and 15.8 kV for negative ion spec-
tra. Each spectrum was the average of 50 laser shots.
Spectra were analyzed using Bruker XMass version
6.0.0 software (Billerica, MA).

Results and Discussion

Tables 1 and 2 summarize negative- and positive-ion
spectra (respectively) for 57 of the 66 dyes in the
Schweppe collection [7]. We have omitted nine samples
from the tables either because of obvious decomposi-
tion or because the library samples appear to be misla-
beled, based on mass spectral comparison with newly
purchased dyes of positive identity. The base peak data
for each dye are listed with negative- or positive-ion
spectra, depending on which instrument polarity shows
the strongest signal, as described above. Having this
information about an unknown dye sample would be
an important aid in identification. For certain dyes in
these tables, multiple peaks are listed with their relative
intensities shown in parentheses.

Anionic Versus Cationic Dyes

For acid orange 20 (Table 1), a representative anionic dye,
the negative ion base peak at m/z 327.4 [M — Na] has an
intensity approximately five times greater than the largest
peak in the positive ion spectrum, which is a matrix peak.
Acid dyes are usually encountered as sodium salts of
sulfonic acids, so the abundance of anions is expected.
Certain other dyes, such as mordant red 11 (commonly
called “alizarin”), are not salts but form resonance-
stabilized anions and, thus, are apparently deprotonated
in the MALDI plume (Table 1). For basic yellow 2 (Table
2), a typical cationic dye, the situation is reversed. Here,
the positive ion base peak at m/z 268.0 [M — CI]* is about
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ten times as intense as the negative ion base peak, which
is a matrix peak. Basic dyes are typically hydrochloride
salts, so formation of cations by loss of Cl” is reasonable.
Although the 9AA matrix was originally promoted for
generating negative ion MALDI spectra (in contrast with
the much more common protonating matrices) [8], we
have found that 9AA produces abundant analyte ions for
both anionic acid dyes and cationic basic dyes, with the
mass spectrometer operating in negative ion and positive
ion mode, respectively.

Thus, the comparison of the intensity of negative and
positive ion spectra for a particular dye allows the quick
classification of the dye as acid or basic. Such a com-
parison has also been exploited for analysis of inks by
electrospray ionization-TOF mass spectrometry [9].

Pigments Versus Dyes

Solvent-free methods [5, 6] eliminate solvent require-
ments for sample preparation through intimate grind-
ing of the solid analyte with the solid matrix, followed
by application of a thin powder film on the target. For
insoluble analytes, such as pigments, the solvent-free
method is mandatory. Figure 1 illustrates the quality of
a pigment red 166 spectrum (M + Na]® for M =
CyoH24CLNO,) obtained by the solvent-free vortex
grinding method. The spectra from the solvent-free
sample preparation are excellent and, when both meth-
ods are feasible, are less prone to the MALDI “sweet
spot” phenomenon than samples deposited from solu-
tion, making it easier to obtain high quality spectra.

Preliminary work applying the solvent-free prepara-
tion to “real” solid samples is encouraging. Figure 2a
shows the positive ion spectrum of a sample prepared
from dust harvested from a red pastel stick belonging to
late 19th/early 20th century artist Mary Cassatt [10].
The strong peak at m/z 443.2 is consistent with the
presence of rhodamine B. The peaks at m/z 389.1 and
411.1 are matrix peaks. A detailed study of these
materials is underway in our laboratories.
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Figure 1. Positive ion spectrum of Pigment Red 166 from sol-
vent-free vortex grinding method.



J Am Soc Mass Spectrom 2007, 18, 2001-2006 MALDI-TOF IDENTIFICATION OF DYES AND PIGMENTS 2003

Table 1. Dyes from the Schweppe collection [7] showing stronger negative ion mass spectra

Dye Cl number Formula Species observed Observed mass

Picric acid 10305 CsH3N30, [M-HI~ 228.4

Acid yellow 24 10315 C,oHsN,OgNa [M-Nal~ 233.1

Acid yellow 1 10316 C,qH4N,SOgNa, [M-2Na+H]~ 313.1

Acid yellow 36 13065 C,gH.4N3SO;Na [M-Na]~ 352.5

Acid orange 5 13080 C,gH,4N3SO5Na [M-Nal~ 352.2

Acid red 74 13355 C,6H11N,SO5Na [M-Nal~ 3711

Mordant yellow 1 14025 C,3HgN;05Na [M-Na]~ 286.1

Acid orange 6 14270 C,,HgN,SOzNa [M-Na]~ 293.4

Acid orange 20 14600 C,6H.:N,SO,Na [M-Na]~ 327.4 (100)
Minor peak 407.1 (18)

Acid brown 6 14625 C,oH,5N,SO,Na [M-Nal~ 377.2

Acid orange 7 15510 C,6H,:N,SO,Na [M-Nal~ 327.1 (100)
Minor peak 341.0 (22)
Minor peak 406.8 (10)
Minor peak 675.9 (22)
Minor peak 689.8 (7)

Acid red 88 15620 C,oH,5N,SO,Na [M-Na]~ 376.9

Acid red 9 15635 C,0H,3N,SO,Na [M-Nal~ 377.2

Acid orange 12 15970 C,6H11N,SO,Na [M-Na]~ 327.3 (100)
Minor peak 585.5 (13)
Minor peak 676.1 (45)

Acid red 13 16045 C,oH1,N,S,0,Na, [M-Na]~ 479.0 (14)
[M-2Na+H]~ 457.1 (100)

Acid red 25 16050 C,0H1,N,S,0,Na, [M-Nal~ 479.0 (100)
[M-2Na+H]~ 457.1 (44)

Acid orange 14 16100 C,6H10N,»S,0,Na, [M-2Na-SO;+HI~ 327.1

Acid red 26 16150 C,gH14N,S,0,Na, [M-2Na+H]~ 434.8

Acid red 17 16180 C,oH1,N,S,0,Na, [M-2Na+H]" 456.7

Acid red 27 16185 C,oH,,N,S;0,0Na; [M-3Na-2S0;+2H]~ 377.3

Acid orange 10 16230 C,6H10N>S,0,Na, [M-Nal~ 429.0 (29)
[M-2Na+H]~ 407.1 (100)

Acid red 44 16250 C,oH,,N,S,0,Na, [M-2Na+H]" 457.1

Acid red 18 16255 Cy0H11N,S;0,0Nay [M-3Na+2H]~ 536.7

Acid red 41 16290 C,oH10N,S,0,5Na, [M-4Na+3H]~ 617.4

Acid red 33 17200 C.6H11N3S,0,Na, [M-2Na+H]~ 422.2

Acid red 1 18050 C,gH13N3S,04Na, [M-2Na+H]" 464.0

Acid violet 7 18055 C,oH16N4S,05Na, [M-2Na+H]" 520.9

Acid yellow 23 19140 C,6HgN,S,04Nay [M-3Na+2H]~ 467.0

Acid black 1 20470 C,,H,4NgS,06Na, [M-2Na+H]~ 571.0

Direct red 28 22120 C3,H,,NgS,06Na, [M-2Na+H]" 650.3

Direct yellow 4 24890 C,6H15N4S,05Na, [M-2Na+H]~ 578.9

Acid red 151 26900 C,,H,5N,SO,Na [M-Nal~ 430.9

Acid red 115 27200 C,4H,5N,S,0,Na, [M-2Na+H]" 538.5

Acid red 73 27290 C,,H,,N,S,0,Na, [M-2Na+H]" 511.0

Acid blue 3 42051 C,,H3;N,S,0,Na [M-Nal~ 559.4

Acid green 5 42095 Cs,H34N,S;06Na, [M-2S0O;Na-CH;]~ 570.7

Acid yellow 73 45350 C,oH1,05 [M-HI~ 3314

Acid red 87 45380 C,oHgOsBr,Na, [M-2Na+H]~ 642.5

Acid red 51 45430 C,oHsOsl4Na, [M-2Na+H" 834.5

Acid yellow 3 47005 C,sHgNS;0,,Nag [M-3Na-2S0;+2H]~ 352.2

Murexide 56085 CgHgNgOg [M-NH,]~ 266.0

Mordant red 11 58000 C,4Hg0, [M-H]~ 239.2

Alizarin red PS 58219 C,4HgSOg [M-SO5-HI~ 255.1

Mordant red 2 58260 C,,H,SOgNa [M-Na]~ 335.3

Acid blue 83? 42660 CusH44N3S,0,Na [M-Na]~ 802.3

( )Specifies relative abundance when multiple peaks are present.
?Not a Schweppe dye.

Special Cases: Mixtures, Isomers, and Clusters points of interest regarding small molecule MALDI-
TOF mass spectrometry.

In addition to their potential value as an identification . . .
Some dyes, even in their commercial form, are

aid for dyes and pigments, these data illustrate some
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Table 2. Dyes from the Schweppe collection [7] showing stronger positive ion mass spectra

Dye Cl number Formula Species observed Observed mass
Basic orange 2 11270 C,,H,5N,Cl [M-CI]™* 212.7
Basic brown 4 21010 C,,H,sNgCl, [M-2CI-H]* 389.2
Basic yellow 2 41000 C,7H,,N5Cl [M-CI]™* 268.0
Basic green 4 42000 C,3H,;N,OCI [M-CI]™* 345.1
Basic green 1 42040 C,,H3sN, [M]e™" 385.1
Basic violet 14 42510 C,oH,oN5Cl [M-CIT* 302.0
Basic violet 3 42555 C,gH40N5Cl [M-CI]™* 372.1
Basic blue 11 44040 C,eH3,N5CI [M-CI]™* 421.7
Basic blue 26 44045 C33H3,N5Cl [M-CI]* 470.2
Basic red 1 45160 C,sH3,N,0,Cl [M-CI]™* 443.2
Solvent red 49 45170 C,sH3,N,04Cl [M-CIl™* 443.2
Basic red 2 50240 C,oHq9N,Cl [M-CI]™* 315.0
Basic blue 9 52015 C,6H15N3SCI [M-CI]™* 284.8

mixtures of related compounds. Methyl violet (basic
violet 1) and crystal violet (basic violet 3), used in
ballpoint pen inks [3], are triphenylmethane dyes
differing in the number of methyl groups; the Aldrich
catalog lists methyl violet as a “mixture of polym-
ethylated pararosaniline hydrochlorides” [11] and
crystal violet as a “mixture of crystal violet and
methyl violet” [12]. The MALDI-TOF mass spectrum
of freshly prepared methyl violet shows peaks at m/z
372.1, 358.1, 344.0, and 330.0 corresponding to the
hexamethyl, pentamethyl, tetramethyl, and trimethyl
variants respectively. Also, aging of the ink results in
demethylation of these molecules, which can be ob-
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Figure 2. Spectra obtained from minute museum samples. (a)
Positive ion spectrum of dust from red pastel stick belonging to
Mary Cassatt. (b) Negative ion spectrum of extract from a few
textile fibers from the Schweppe textile library.

served in the MALDI-TOF mass spectra since each
degradation product produces a molecular ion differ-
ing from its precursor by one methyl group. Grim et
al. [3] have investigated the possibility that such
spectra could be used to establish the age of a
questioned document.

The fact that the MALDI ionization process produces
relatively little fragmentation compared with other
mass spectrometric ionization methods means that
there is usually a strong molecular ion or a base peak
ion closely related to the intact analyte molecule. This
same characteristicc however, limits the utility of
MALDI mass spectra for distinguishing between iso-
mers. Nonetheless, there seem to be differences in the
MALDI spectra of isomeric dyes that may be useful
analytically. For example, as Table 1 shows, MALDI
spectra of the Schweppe library samples of isomeric
acid red 13 (Structure 1) and acid red 25 (Structure 2)
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differ in that acid red 25 gives a strong [M — Na]™ peak
at m/z 479.0 in addition to the [M — 2Na + HJ peak at
m/z 457.1; while acid red 13 shows almost exclusively
the [M — 2Na + HJ] peak. These isomers differ in the
position of one sulfonate group, which may affect the
ease of loss of the sodium ions. However, since the
Schweppe collection was assembled years ago from
commercial dye sources, possibly some other factor is
responsible for this difference.

It should be noted that these mass spectral peaks (for
example, in Table 1) correspond to species like [M —
Na]’, [M — 2Na + H]7, [M — 3Na + 2H], etc., because
the observed species in MALDI-TOF mass spectrometry
are virtually always singly charged; the species formed
in the MALDI plume gain or lose protons, and the
surviving +1 or -1 ions are observed in the spectra [13].

Table 1 suggests that the usual ionization mechanism
for acid dyes is loss of all sodium ions and, occasionally,
loss of -SO;. For basic dyes (Table 2), ionization usually
occurs by loss of chloride. However, careful scrutiny of
such mass spectra possibly may reveal subtle differ-
ences that could be used as compound-specific finger-
prints that would supplement the identification capa-
bility based on the strongest peaks. For example, Acid
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orange 20 (Structure 3), acid orange 7 (Structure 4), and
acid orange 12 (Structure 5) are isomeric and, while
sharing the same base peak, differ in their minor peaks
(Table 1). We are investigating the possibility that
post-source decay spectra may also reveal differences in
the fragmentation patterns of isomeric dyes that will be
useful for identification.

The MALDI-TOF spectra of certain dyes show evi-
dence of clusters of two or more analyte molecules. We
have observed this tendency in picric acid, acid yellow
24, and acid yellow 36 (Table 3). Mordant yellow 1
remarkably shows detectable sodiated clusters of as
many as nine dye molecules. Since the dye concentra-
tions in the Schweppe collection are not known, the
extent to which concentration affects this clustering
cannot be ascertained from our data.

Sensitivity

To assess the sensitivity of this method, we prepared
successive dilutions of acid blue 83 (FisherBiotech bril-
liant blue R-250 electrophoresis grade, also known as
Coomassie blue, MW 825.97 g/mol, Fair Lawn, NJ) in
HPLC grade methanol; although acid blue 83 is not
represented in the Schweppe library, it is included at
the end of Table 1. At a concentration of 10 “g /mL
with 1 uL of solution applied to the matrix layer on the
target (1.2 X 107" mol of dye on the target), the
negative ion spectrum showed a [M — Na]  peak at m/z
802.1 with signal-to-noise ratio of 660. This level of
sensitivity is more than sufficient to detect the dye
extracted from single textile fibers. Figure 2b shows the
results of such an analysis from a Schweppe wool textile
sample dyed with acid red 17. A few textile fibers, less
material than would typically be available from a
museum artifact, were extracted by hydrolysis as de-
scribed in the Sample Preparation section. The mass
spectral peak at m/z 456.9 (M — 2Na + H] for acid red
17), obtained from 1 uL of this extract, has a signal-to-
noise ratio of 3196.

Precision and Accuracy

We compared the precision and accuracy of the overlay
versus the solvent-free sample preparation method by
running 10 replicate spectra for each preparation
method, each spectrum an average of 50 laser shots. We
used a freshly purchased powder sample of the
Schweppe dye mordant yellow 1 (Aldrich Alizarin
yellow GG, MW 309.21 g/mol) for the solvent-free
method and, for the overlay method, prepared a 5 X
10"° g/mL solution of this dye in methanol. For the
base peak (M — Na] , exact mass 286.0464 Da), the
solvent-free sample gave an average m/z 286.20 with a
standard error for the 10 spectra of 0.15, and the overlay
sample gave an average m/z 286.21 with a standard
error of 0.16. Our spectra for this dye from the
Schweppe library sample itself (Table 1) gave m/z 286.1.
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Table 3. Negative ion dye spectra showing [M,] species

J Am Soc Mass Spectrom 2007, 18, 2001-2006

DYE Nominal MW, Da m/z (%) m/z (%)
Picric acid 229 228.4 (100) 478.9 (85)
[M-H]~ [M,+Na-
2H]~
Acid yellow 24 256 233.1 (100) 489.1 (100)
[M-Na]~ [M,~Nal~
Acid yellow 36 375 352.5 (100) 726.7 (66)
[M-Na]~ [M,—Na]~
Mordant yellow 1 309 286.1 (100) 595.4 (12)
[M-Na]~ [M,-Na]~

These results suggest an uncertainty of + 0.2 in our m/z
values.

The standard error in base peak intensity for 10
spectra was 15% from the solvent-free sample and 7%
for the overlay sample. As a measure of reliability for
relative intensities, we also compared the 1BC/12C iso-
tope ratios from these mordant yellow 1 spectra. Com-
pared with the computed °C relative abundance of
14.1% for the formula C,;;HgN;O5 [M — Na] , the
solvent-free sample gave an average "°C relative abun-
dance of 14.3% with a standard error of 0.75%, and the
overlay sample gave an average relative abundance of
15.9% with a standard error of 0.68%.

Conclusions

MALDI-TOF mass spectrometry affords a rapid, versa-
tile, and reliable method for identifying dyes from
femtomole samples. Sample preparation involves min-
imal handling and, therefore, minimal sample loss.
Solvent-free vortex grinding is especially advantageous
for analysis of insoluble pigments. The precision and
accuracy of spectra from the solvent-free grinding
method are comparable with those obtained with tra-
ditional overlay sample preparation, although the vari-
ability in absolute peak intensity appears to be greater
with the solvent-free method. The comparison of posi-
tive and negative ion spectra provides structural infor-
mation about the dye or pigment class and, in most
cases, the identity of the substance. In favorable cases,
the spectra can distinguish between isomers. This
method has more than sufficient sensitivity for use with
samples available for investigation of museum artifacts.
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