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Photodegradation and Laser Desorption Mass
Spectrometry for the Characterization of Dyes

Used in Red Pen Inks*

ABSTRACT Photodegradation and laser desorption mass spectrometry (LDMS) is a powerful combination of methods capable of characterizing
dyes found in pen inks. Rhodamine dyes in pens that contain red ink were analyzed directly from paper (no extraction step is necessary). Inks ex-
posed to incandescent light form photodegradation products (compounds with lower molecular weights than that of the intact dye) and in somein-
stances, photoproducts (compounds with higher molecular weights than that of the intact dye). The degradation products and photoproducts can be
detected with LDMS, and the results can be used for dye identification. Advantages include: (1) the instrumental analysis takes less than a minute;
(2) sample preparation isminimal; (3) LDMSisaminimally destructive technique; (4) incandescent light sources are inexpensive, safe to use, and

readily available; and (5) isomeric dyes can be distinguished.
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It has recently been demonstrated that laser desorption mass
spectrometry (LDMS) is a sensitive method for detecting dyes in
pen inkson paper (1-5). For example, acommonly used dyein blue
peninksisCrystal Violet (CV), structurel inFig. 1. When apul sed
ultraviolet (UV) laser is focused onto a pen stroke from a blue pen
on paper, Crystal Violet ions are desorbed intact, and can be de-
tected using a time-of-flight mass spectrometer (1-5). In addition
to sensitivity, there are two other notable advantages of the method.
First, no solvent extraction step is required. Second, whileink isa
mixture of components, LDMS analysis shows that the dye
molecules are most often the only components in the ink that are
detected. Detection requires both absorption of UV radiation and
conversion into agas phase ion. One disadvantage is the efficiency
of the desorption step. Energy is deposited into the ink molecules
in 2-3 ns, quickly raising the temperature of avery small portion of
the sample to apoint where desorption isfavored over degradation.
Thus, the ions desorb intact, giving a single mass spectrometric
peak (plus isotopic peaks), and providing molecular weight infor-
mation and possibly elemental composition. Interpretingan LDMS
spectrum of a dye may be similar to interpreting an HPLC chro-
matogram. One dye yields one peak, so structural information is
limited. How can structural information be obtained from the
LDMS experiment? We propose to use photodegradation of the
dyeson the paper substrate. LDM S analysis following photodegra-
dation will yield a set of mass spectral peaks, each representing a
degradation product. From the degradation products, and an under-
standing of possible reactions that may occur, structural insights
can be obtained. For example, if Crystal Violet is irradiated with
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UV radiation, N-demethylation reactions occur. Crystal Violet de-
grades to form Methyl Violet 2B, structure 1l in Fig. 1. Replace-
ment of amethyl group by a hydrogen atom resultsin a net |oss of
14 atomic mass units. Structure | can lose up to six methyl groups
in this way. We have taken advantage of this chemistry and pro-
posed an approach for determining the age of adocument (4). From
an anaytical standpoint, the degradation products formed naturally
or by accelerated aging are related to the structure. The fact that
Crystal Violet forms degradation products showing the loss of up
to six methyl groups provides an important structural context in
which the dye could be identified.

Another structural aspect in this work is the observation that, if
adyeiscationic, LD will only yield positiveions for MS analysis
(1-5). If the dyeis anionic, it will only yield negative ions. If the
dyeisneutral, it will form both positive and negative ions in laser
desorption (1-5). Such observations provide important clues that
lead to identification of the dye in question.

We demonstrate here that LDM S can be used to analyze red pen
inks. We used the combination of photodegradation and LDMSfor
dye identification through a challenging example, which involves
the differentiation between two isomeric rhodamine dyes, Rho-
damine B and Rhodamine 6G, both of which are used in the man-
ufacturing of red inks. In this work, we focus on the use of incan-
descent light for photodegradation, as an inexpensive aternative to
UV-based methods.

Experimental
Laser Desorption Mass Spectrometry

Instrumentation—The inks and dyes on paper were analyzed us-
ing a PE Biosystems Voyager DE (Farmingham, MA) mass spec-
trometer. The instrument utilizes a pulsed nitrogen laser (337 nm,
3 nanoseconds pulses, 3 Hz) and alinear time-of-flight mass spec-
trometer. The user-selected parameters for the LDM S experiments
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FIG. 1—Dye structures.

include an accelerating voltage of 20,000 V for detection of posi-
tive ions and —15,000 V for detection of negative ions, an inter-
mediate source grid voltage that is 94% of the accel erating voltage,
aguide wire voltage that is opposite in bias, and 0.05% in magni-
tude of the accelerating voltage, and an extraction delay time of 100
ns. Details of the experiment have been reported previously (1).
The calibrant used for positive and negative ion analysis was ce-
siumiodide (Csl) (99.9%; Aldrich, Milwaukee, WI).

Analysis of Ink on Paper—Single written lines on MSU letter-
head paper were analyzed directly. The nitrogen laser spot can be
focused onto a portion of a pen stroke approximately 0.3-0.4 mm
wide. The currently available red ballpoint pen inks used here were
BIC Round Stic® and BIC Cristal®. The sources of the naturally
aged inks are unknown. Incandescent light-induced degradation
was performed using a 75 W, 120 V light bulb. A distance of 9 cm
between the sample and the light source was maintained.

Analysis of Dyes on Paper—To paralel the analysis of the inks
on paper, aqueous dye solutions were prepared, spotted on paper,
and allowed todry for subsequent LDM Sanalysis. Thedyesusedin
thiswork are Rhodamine B (Sigma, St. Louis, MO), Rhodamine 6G
(Aldrich, Milwaukee, WI), Rhodamine 123 hydrate (Aldrich, Mil-
waukee, WI), and New Fuchsin (Aldrich, Milwaukee, WI). Incan-
descent degradation was performed usinga75W, 120V light bulb.

Thin-Layer Chromatography—TL C was carried out using silica
gel 150 A TLC plates (Whatman, Ann Arbor, MI) with dimensions
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FIG. 2—Positive ion LD mass spectrum of a red ink used to grade a
biology exam from 1967.

of 5 X 10 cm and a stationary phase thickness of 250 wm. The sol-
vent system consisted of ethyl acetate:ethanol:water (70:35:30).

Results and Discussion

Photodegradation and LDMS Analysis of a Red Pen Ink Used to
Grade a Biology Examin 1967

Frequently, teachers use pens with red ink to grade exams. Fig-
ure 2 shows the positive ion LD mass spectrum of red ink from a
1967 high school biology exam. The ink was analyzed directly



from the paper using LDMS. The positive ion spectrum contains
several peaks. Based on our experiencesto date, wewould begin an
analysis by assuming that the most intense peak, at m/z 443, isrep-
resentative of an intact dye, and the lower m/z, less intense mass
spectral peaks represent the natural degradation products of the dye
(1-5). From this mass spectrum, we were able to detect a mixture
of at least six components. Each peak represents a component de-
sorbed intact by the pulsed UV radiation. In LDMS, if adyeis neu-
tral, then the dye would be detected in both positive and negative
ion modes. Most often, aneutral dye (M) gainsapositive charge by
protonation, to form (M+H)™, allowing the dye to be detected in
positive ion LDMS, and obtains a negative charge by deprotona-
tion, forming (M—H)~ (1-5). Negative ion LDMS was also used
to analyze this red ink. The resulting spectrum did not contain any
peaks that would signify the presence of a dye that carried a nega-
tive charge. The absence of apeak at m/z 441 in negative ion mode
lead to the conclusion that the dye present in this ink, represented
by the peak at m/z 443, is a cationic dye.

According to US Patent 5,993,098 (6), two rhodamine dyes,
Rhodamine B and Rhodamine 6G, can both be used to manufacture
red pen ink. The Sgma-Aldrich Handbook of Stains, Dyes, and In-
dicators (7) reveals that the two rhodamine dyes are isomeric,
cationic dyes (structures 111 and 1V), and have a molecular mass of
443 Daltons (Da).

Rhodamine dyes have been used in a variety of systems from
lasersto pens containing red ink. The family of rhodaminedyeshas
been produced by BASF since 1887 (8). The two possible dye can-
didates, Rhodamine 6G and Rhodamine B, could be represented by
the peak at m/z 443 in the positive ion mass spectrumin Fig. 2. The
dyes contain unique functional groups that distinguish them and
will be most relevant to this work. Rhodamine B (I11) contains a
carboxylic acid group where Rhodamine 6G, (1V), contains an es-
ter group. Also, Rhodamine B contains four ethyl groups, two at-
tached to each nitrogen atom, while Rhodamine 6G contains two
ethyl groups, one attached to each nitrogen atom. We will deter-
mine which of these two rhodamine dyeswasthe dyein the penink
that was used to grade the biology exam in order to demonstrate the
use of the photodegradation/LDMS approach. Since LDMS of
each would presumably yield only asingle peak in the spectrum at
m/z 443, LDMS does not provide sufficient structural information
about the dyes to determine which dyeis present in the ink. Incan-
descent radiation can be used to induce dye degradation. The pho-
todegradation products can be analyzed using LDMS to provide
structural cluesto aid in the identification of the dye.

LDMS Analysis of Some Red Ballpoint Pen Inks Currently
Available

Several kinds of red ballpoint pens currently available were ana-
lyzed to further investigate the unknown red dye that was repre-
sented by the peak at m/z 443 in Fig. 2. Two specific patterns
emerged as aresult of analyzing and comparing the LD mass spec-
traof thesered peninks. Figure 3ashowsapositiveion LDM S spec-
trum of redink fromaBIC Round Stic® ballpoint pen and represents
themajority of thered ink samplesfrom our small set, whileFig. 4a
represents the smaller population of thered ink pens. Figure4aisa
positive LDMS spectrum of red ink from a BIC Cristal® ballpoint
pen. LDMS analysis of the smaller population of the red ink pens
generated mass spectra that contained predominantly one peak at
m/z 443. Most of the red inks, upon positive ion LDMS examina-
tion, yielded mass spectra with two distinct peaks at m/z 443 and
399. Thesetwo peakshaveamassdifferenceof 44 Daand could sig-
nify amixtureof dyes, or the peak at m/z 399 could represent acom-
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FIG. 3—Analysis of red ballpoint pen inks currently available: positive
ion LD mass spectra of BIC® Round Stic pen: (a) with no exposure to in-
candescent light and (b) exposed to incandescent light for 24 h.
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FIG. 4—Analysis of red ballpoint pen inks currently available: positive
ion LD mass spectra from BIC® Cristal pen: (a) with no exposure to in-
candescent light and (b) exposed to incandescent light for 24 h.

ponent in the pen ink that is not a colorant. Usually, only the dyes
from the pen ink are detected with LDMS. Photodegradation was
evaluated as a tool for dye structure determination and the results
are presented here. Grim et al. (1) discussed UV photodegradation
of Methyl Violet 2B as an approach for accelerated aging. This
method is effective for rhodamine dyesaswell. Alternative sources
of photons for dye degradation were evaluated. Incandescent and
fluorescent lights can al so be used to induce the degradation of dyes.
Thesetwo approacheshave several advantagesover UV irradiation.
These light sources are inexpensive, safer to use, and readily avail-
able. The results presented here focus on the use of incandescent
light as the source for inducing degradation.

Incandescent Irradiation as a Tool for Dye Characterization

Thered pen ink samples were irradiated with incandescent light
using a 75 W light bulb. Figures 3b and 4b show the positive LD
mass spectra of the two representative red ballpoint pen inks, after
24 h of exposure to incandescent irradiation. There are some no-
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table differences between the two spectra. The spectrumin Fig. 3b
contains peaks at m/z 415, 387, 359, and 331, which are all photo-
chemical degradation products from the initial dye, m/z 443. From
m/z 443 to m/z 331, pairs of mass spectral peaks are separated by
a mass difference of 28 Da, for atotal of four losses of 28 mass
units. Also, the series of peaks m/z 399 - 371 — 343 show mass
differences of 28 Da. The spectrum in Fig. 4b also shows the se-
quential loss of 28 mass unitsfrom theintact dye, but there are only
two losses of 28 mass units.

The rhodamine dyes are similar to Crystal Violet in that they are
cationic dyesthat contain alkylated amino groups. The degradation
process for the rhodamine dyes should be similar to that of CV
degradation, and should occur by oxidative N-deethylation. Oxida-
tive N-deethylation resultsin substitution of ethyl groups (—29) by
hydrogen atoms (+1). Rhodamine B has four possible ethyl groups
that al can be replaced by hydrogen atoms which would lead to
four degradation products, separated by mass differences of 28 Da.
Rhodamine 6G only possesses two ethyl groups that can be lost.
Thus, degradation products suggest that some red pen inks contain
Rhodamine B and some contain Rhodamine 6G.

Analysis of Pure Rhodamine Dyes on Paper

Anayzing puredyeswill helpto establish theidentity of unknown
dyes, can be used to establish the degradation characteristics of the
dyedirectly, and can provideinsight into the mechanism responsible
for photodegradation. Photodegradation and LDMSS analyses were
carried out to examine the degradation of two pure rhodamine dyes
directly, to confirm that the rhodamine dyes actually undergo N-
deethylation as proposed. Aqueous solutions of Rhodamine B and
Rhodamine 6G were prepared with pure rhodamine dyes, spotted on
letterhead paper, allowed to dry, and wereanalyzed by LDM Sbefore
exposure to incandescent light. The samples were then subjected to
12 h of incandescent light, and again analyzed by LDMS. The posi-
tiveionspectrain Figs. 5aand 5b arefromtheanalysisof Rhodamine
B before and after exposure to incandescent radiation, respectively.
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FIG. 5—Analysis of pure rhodamine dyes. positiveion LD mass spectra
of Rhodamine B (a) with no exposure to incandescent light and (b) exposed
to incandescent light for 12 h.
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FIG. 6—Analysis of pure rhodamine dyes: positiveion LD mass spectra
of Rhodamine 6G (@) with no exposure to incandescent light and (b) ex-
posed to incandescent light for 12 h.

These spectra contain the same peaks that were present in the spec-
traof the red ink from the BIC Round Stic® pen. Figures 6a and 6b
are LDMS spectra obtained from analyzing pure Rhodamine 6G.
The spectrain these figures contain the same peaksthat were present
in the spectra of the red ink from the BIC Cristal® pen. The appear-
ance of the characteristic peaks in the LDMS mass spectra for the
rhodamine dyes suggests that the red ink from the BIC Round Stic®
pen contains Rhodamine B, the red ink from the BIC Cristal® pen
contains Rhodamine 6G, and the pen used to grade the biology exam
in 1967 contained Rhodamine B. Further degradation induced by in-
candescent light of the 1967 red ink sample confirmed the presence
of RhodamineB (spectranct shown). Light-induced dye degradation
combined with LDMS provides structural information that can be
used to characterize and identify the suspected dyes.

The LDMS spectra of the two rhodamine dyes are different in
that the spectrum of Rhodamine B consistently includes a small
peak at m/z 399. We believe this peak represents a decarbonylated
form of Rhodamine B (RB-CO,)*. The difference between the in-
tact dye and this species is 44 Da, which corresponds to carbon
dioxide. Rhodamine B, an acid, may decarbonylate while the anal-
ogous impurity would not be expected in Rhodamine 6G, which
does not contain a free acid group. The compound corresponding
to m/z 399 does not form negativeionsin LDMS, soitisacationic
dye. It undergoes photochemical N-deethylation, just as the rho-
damine dyes do, reflecting a similar structure. In this context it is
interesting to note that while Rhodamine 6G iscommercially avail-
able (Aldrich) at a purity of 99%, Rhodamine B (Sigma) is avail-
able at a purity of 95%. Thisis consistent with an impurity being
present, and theimpurity being (RB-CO,) . Thus, the LDM S spec-
traof ared dye found in apen can immediately suggest that the dye
is Rhodamine B, if the impurity peak at m/z 399 is present. Pho-
todegradation can then be used to confirm the dye structure.

Investigating Other Photoproducts of Rhodamine 6G

In our experiences to date, dyes can be photodegraded into
smaller moleculesusing UV and visiblelight. Rhodamine 6G isthe



first dye that we have encountered that also forms higher mass
molecules photochemically. Specificaly, Fig. 6b shows a peak at
m/z 457, representing a photoproduct that is 14 amu higher than the
intact dye peak. Peaks higher in mass are not photochemically
formed from Rhodamine B, as seen in the spectrum in Fig. 5b. To
investigate this, two additional dyeswere selected, Rhodamine 123
(V) and New Fuchsin (VI). Figure 7 shows the LDMS spectra of
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FIG. 7—LDMSanalysis of Rhodamine 123: (a) with no exposure to in-
candescent light and (b) exposed to incandescent light for 133 h.
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FIG. 8—LDMSanalysis of New Fuschin: (a) with no exposureto incan-
descent light and (b) exposed to incandescent light for 211 h.
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Rhodamine 123, before and after exposure to incandescent light.
The peak at m/z 345 corresponds to the intact dye cation. Exposure
for 133 h did not lead to any photoproducts for this small rho-
damine dye. Figure 8 shows that New Fuchsin also forms both ex-
pected photodegradation products and higher mass photoproducts
(following exposure to incandescent radiation for 211 h), as did
Rhodamine 6G. In contrast to Rhodamine 6G, New Fuchsin
formed several photoproducts, including two representing in-
creases in mass of the intact dye by 14 mass units (m/z 344, 358).
The structural features that Rhodamine 6G and New Fuchsin share
are methyl groups, ortho to the amine functionalities, on the aro-
matic rings. In addition, they have less than a full complement of
alkyl groups on the nitrogen atoms. Since the formation of higher
mass photoproducts occurs for just these dyes alone on paper, one
need not consider other components of the ink as possible reac-
tants. While these insights alone do not establish a mechanism, bi-
molecular disproportionation reactions of dye molecules, such as
that showninFig. 9, may contribute to the observed photoproducts.

Ink Batch-to-Batch Dye Variation

From the data presented one might assumethat BIC Round Stic®
red pens contain Rhodamine B and BIC Cristal® red pens contain
Rhodamine 6G. This however, is not the case, sinceit appears that
ink in pens of the same type from different batches have different
composition. Six BIC Round Stic® pens were collected from dif-
ferent sources, and the dyesin the inks of each pen were examined
by LDMS. There are distinct differencesin the LDM S spectra that
differentiate among batches of pen inks of the same brand. The
spectra of the six pen inks could be generally classified into three
categories. Figures 10a, 10b, and 10c show positive LDM S spectra
of three BIC Round Stic® ballpoint pens 1, 2, and 3. The spectra
show variationsinink dyesused in their manufacture. The peaksin
the mass spectra of red ink dyes represent Rhodamine B and Rho-
damine 6G, but there appearsto be an additional dye, whichisused
in combination with Rhodamine B. The unknown additiona dye
will be referred to as Dye 533. Thin-layer chromatography (TLC)
was used to identify the color of the additional dye. Ink dye sepa-
ration by TLC yielded two bands, one band colored red and the
other band colored yellow. Thered TL C band corresponds to Rho-
damine B and the yellow band correspondsto Dye 533. Theyellow
band was extracted, spotted on |etterhead paper, and analyzed. The
relative intensity of the peak at m/z 533 compared with the Rho-
damine B peak varies between the pen inks aswell. The mass spec-
trum in Fig. 10a shows that pen 1 contains predominantly Rho-
damine B and a very small amount of Dye 533 compared with
Rhodamine B. Figure 10b shows the mass spectrum of ink from
pen 2 which consists of approximately 54% RB, 13% of the impu-
rity RB-CO,, and 33% Dye 533 (assuming an equal LDMS re-
sponse for each dye). Dye 533 appears to be ayellow, cationic dye
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FIG. 9—Suggested mechanism for the formation of photoproducts.



6 JOURNAL OF FORENSIC SCIENCES

443
(a)
)
~—
: 443
=
— (b) 533
5]
> 399
; N LI.L 1 l 1
o 443
=4
(c)
X 415

m/z

FIG. 10—LDMS analysis of variations in ink dye composition in BIC®
Round Stic red ballpoint penink: (a) pen 1, (b) pen 2, and (c) pen 3.

with a mass of 533 Da, which contains ethylated nitrogen atoms.
Photodegradation of the dye on paper was separately carried out
using incandescent and UV radiation. The radiation caused the dye
to N-deethylate a maximum of four times since four degradation
peaks appeared, each separated by 28 mass units. Induced degra-
dation of pure Rhodamine B does not produce a photoproduct with
a mass of 533 Da; however, the peak at m/z 533 cannot be com-
pletely eliminated as a photoproduct from Rhodamine B, since ink
isacomplex system. Ink contains other components that could re-
act with Rhodamine B in pen ink to from a product with a mass of
533 Da when photodegraded, if all dyes can be desorbed and ion-
ized with equal efficiency. Additional analysisisrequired; the pur-
pose of this work is not to evaluate yellow dyes, but to point out
that there are other dye componentsin red ink that can be detected
by LDMS.

Conclusion

LDMSisaversatile and sensitive tool for detecting dyesin ava
riety of inks. LDMS spectra alone may not provide sufficient in-

formation for dye identification. Dyes can be photodegraded di-
rectly on paper using incandescent light, and the photoproducts can
be analyzed by LDMS, providing structural information. While
Rhodamine 6G and Rhodamine B are isomers, the photodegrada-
tion/LDMS combination can be used to distinguish between the
two dyes. The structural differences between theisomersallow dif-
ferent photodegradation products and photoproducts to be formed
and detected.

Batch-to-batch variations are found in the dyes used in red pens
of asingle type from asingle manufacturer. From the standpoint of
addressing questions such as “ Could this writing have come from
this pen?’ this is certainly a preferable situation increasing the
probability of implicating a particular pen.

The chemistry of dye photodegradation remains to be defined,
especialy for ink on paper. The degradation of ink on paper is a
complex system that may involve reactions with paper components
or environmental gases such as water. Our work continues to de-
velop the photochemistry/LDMS approach for identifying dyes
used in inks, and to further define the relationship between photo-
products and dye structure.
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