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ABSTRACT: A desorption electrospray ionization (DESI) source
was built and attached to a Bruker 7T SolariX FT-ICR-MS for the in
situ analysis of 14 early synthetic dyestuffs. Optimization using silk and
wool cloths dyed with rhodamine B concluded that when using a
commercial electrospray emitter (part number: 060181S, Bruker
Daltonik), a nebulizing gas (N,) pressure of 3.9 bar and a sprayer |
voltage of 4.5 kV (positive ionization mode) or 4.2 kV (negative 4
ionization mode), a solvent system of 3:1 v/v ACN:H,O, and a 7
sprayer incident angle, @, of 35° gave the highest signal-to-noise ratios o 20 30 400 500 600
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on both silk and wool for the samples investigated. The system was

applied to modern early synthetic dye references on silk and wool as well as historical samples from the 1893 edition of Adolf
Lehne’s Tabellarische Ubersicht iiber die kiinstliche organischen Farbstoffe und ihre Anwendung in Farberei und Zeugdruck [Tabular
overview of the synthetic organic dyestuffs and their use in dyeing and printing]. The successful analysis of six chemically different dye
families in both negative and positive modes showed the presence of known degradation products and byproducts arising from the
original synthetic processes in the historical samples. This study demonstrates the applicability and potential of DESI-MS to the field

of historical dye analysis.

In 1856, young William H. Perkin accidentally discovered
the first synthetic dye mauveine and revolutionized both the
chemical industry and textile manufacturing field. Other coal-
tar-derived synthetic dyes quickly followed, and the superior
range of colors, increased lightfastness, and low cost of the
early synthetic dyes meant that they rapidly gained popularity
over natural dyes. Although natural dyes are still used today,
most industrial dyes have a synthetic origin." The study of
early synthetic dyes in historical textiles is therefore not only
important from a conservation and display perspective but it
also aids the understanding of a very transitional and dynamic
period in history. However, the low concentrations of dyestuffs
and complex mixtures often present in historical textiles as well
as dye and cloth degradation make dye analysis a challenging
part of heritage science. Hence, a variety of invasive and
noninvasive techniques are in use in the field. Here, an invasive
technique is defined as a method requiring a sample being
physically removed from the object and a noninvasive
technique one that is used on samples in situ. A destructive
technique consumes matter, while a nondestructive technique
has no physical impact on the sample. A technique can
therefore be noninvasive but destructive. The main analytical
techniques in dye analysis are (ultra)high-performance liquid
chromatography ((U)HPLC) and mass spectrometry (MS)
due to their high sensitivity and selectivity;”™° both these
techniques are invasive and destructive. Although several
protocols have been developed that only require small
samples,” the necessity to sample historical objects is a
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limitation often neither desirable nor possible. Noninvasive
and nondestructive methods have been developed to circum-
vent this issue, such as fiber-optic reflectance spectroscopy™’
and hyperspectral imaging,'® but these methods require
significant modeling for data interpretation due to the
complexity of dyestuff mixtures often found in historical
objects.

The development of noninvasive ambient ionization
techniques, such as desorption electrospray ionization
(DESI),"" matrix-assisted laser desorption electrospray ioniza-
tion (MALDESI),"” and direct analysis in real time (DART),"’
at the start of the millennium offers an exciting opportunity to
gain a similar level of information as invasive analyses using a
noninvasive and micro-destructive technique, albeit lacking the
separation of components achieved by chromatographic
workflows. Textile fibers have been studied using ambient
MS but mostly in a forensic or environmental context.'*"®
Although DESI-MS has been attempted without success for
dye analysis'® and a DESI source was recently developed for
the study of ink in manuscripts,’” only DART-MS has been
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used for the study of dyes in historical textiles with
success.'* ™' In this study, a DESI source has been built,
optimized, and applied to the identification of historical early
synthetic dyestuffs. This is, as far as the authors know, the first
study that has successfully applied DESI-MS to historical dye
analysis.

DESI is an ambient ionization technique based on
electrospray ionization (ESI). A charged spray of solvent is
focused onto the sample surface, wetting it so the analyte is
desorbed into secondary charged droplets. These charged
droplets containing the analyte are directed into the mass
spectrometer for analysis using voltage differences (Figure
1).»** The analysis is rapid, noninvasive, so requires no
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Figure 1. Scheme of the ionization step in DESI-MS analysis.

sample preparation, and minimally destructive, providing
significant advantages for applications in dye analysis.
However, since it is an ambient technique, it results in more
background peaks than non-ambient techniques, which may be
a disadvantage if the concentration of the analyte 1s low. It is
also highly dependent on geometrical parameters.”* Addition-
ally, it must be noted that DESI-MS is a surface technique,
which might be a disadvantage when studying historical objects
if much surface contamination is present on the object.

This study focused on developing DESI-MS for the analysis
of early synthetic dyes using both modern and historical
references. The historical references were taken from the 1893
edition of Adolf Lehne’s Tabellarische Ubersicht iiber die
kiinstliche organischen Farbstoffe und ihre Anwendung in Farberei
und Zeugdruck [Tabular overview of the synthetic organic
dyestuffs and their use in dyeing and printing] (Lehne’s
handbook) (Figure 2). Adolf Lehne (1856—1930) was one
of the most influential German dye chemists of his time.*®
Much of his work was focused on the standardization of the
emerging and rapidly expanding dyeing industry, both in his
own dye laboratories and in an official capacity. He was
appointed expert advisor of the textile industry by the Berlin
council in 1888 and was part of the Royal Patent Office for
textile chemical applications from 1891. During his long
chairmanship of “Fachgruppe fiir Chemie der Farben- und
Textilindustrie” [the focus group of dyeing and textile industry
chemistry], he developed a German national standardization of
dyeing and printing under the “Deutsche Echtheitkommission”
[German authenticity commission]. This commission was used
as a model for the European international equivalent founded
under ISO in 1951. Included in the many important works by
Lehne was his handbook, which he printed several editions of
and in which he attempted to summarize the most important
dyestuffs on the market. The book includes commercial names,
dyeing details, and one or more dyed sample(s) of each
dyestuff presented (Figure 2). It therefore provides naturally
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Figure 2. Tabellarische Ubersicht iiber die kiinstlichen organischen
Farbstoffe und ihre Anwendung in Farberei und Zeugdruck [Tabular
overview of the synthetic organic dyestuffs and their use in dyeing and
printing], Adolf Lehne, 1893. Page including rhodamine B shown to
the right. L. Troalen, private collection.

degraded reference samples of early synthetic dyes, making it
an important source for understanding original dye recipes and
degradation pathways.

B MATERIALS AND METHODS

Materials. Rhodamine B (CI 45170) (1), aniline yellow
(CI 11000) (2), Congo red (CI 22120) (3), orange II sodium
salt (CI 15510) (4), ponceau S (CI 27195) (§), xylidine
ponceau (CI 16150) (6), auramine O (CI 41000) (7), brilliant
green (CI 42040) (8), malachite green (CI 42000) (9), and
naphthol yellow S (CI 10316) (10) were obtained from Sigma-
Aldrich Inc., St. Louis, MO, USA. Methylene blue (CI 52015)
(11), basic fuchsin (CI 42510) (12), methyl violet 2B (CI
42535) (13), and Martius yellow (CI 10315) (14) were
purchased from Fluorochem Ltd., Hadfield, UK. Undyed,
degummed, unmordanted silk (2-ply, 66 Tex, thread count 43
cm™?) and undyed, washed, unmordanted wool cloth (3-ply,
158 Tex, thread count 36 cm ) from the Monitoring of
Damage to Historic Tapestries project (MODHT) (FPS, EC
contract number EVK4-CT-2001-00048)***” and undyed
cotton cloth locally purchased (thread count 32 cm™2) were
used as the reference cloths (microscope images of reference
cloths in Figure S1, ESI). The H,0, MeOH, and CH;CN
(ACN) (LC—MS grade) were purchased from Fisher
Scientific, Waltham, MA, USA. Dye samples from Lehne’s
handbook, 1893 (Figure 2), were also analyzed. Fabric clips
(Prym Love clips, 1.0 X 2.6 cm) were bought locally, while
water-sensitive paper (Pentair Hypro) was purchased from
Agratech NW Ltd., Rossendale, UK.

Dyeing Procedure. Each reference dyestuff (100 + 0.00S
mg) was dissolved in 7.5 mL of H,0, and the dyebaths were
heated to 75 °C before 100 + 0.005 mg (ca. 1 cm?) silk cloth
was added. The dyebaths were kept at 75 °C for 15 min before
the silk samples were removed and rinsed at least twice with
cold, deionized water and left to dry completely. The same
dyebaths were used to dye the wool samples (150 + 0.005 mg,
ca. 1 cm®) following the same procedure, except that the wool
samples were pre-wetted in deionized H,O for 10 min before
dyeing.

Instrumentation. A DESI source built in-house (Figure 3)
attached to a Bruker 7T SolariX FT-ICR-MS using Compass
HyStar 5.1 (Bruker Daltonik GmbH, Billerica, MA, USA) was
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Figure 3. Top left: graphic model of the developed DESI source
(Fusion 360, Autodesk, San Francisco, CA, USA). Top right:
photograph of the developed DESI source attached to the Bruker
7T SolariX FT-ICR-MS used. Below: geometrical parameters
impacting DESI-MS analysis.

used for all experiments. The commercial electrospray emitter
(part number: 0601815, Bruker Daltonik) used for ESI-MS by
the specified mass spectrometer was also utilized by the DESI
source. The DESI source was constructed with an acrylic stage
mounted on an XY stage controlled via an Arduino-compatible
board (EleksMaker EleksMana v5.2) and LaserGRBL (v4.6.0).
The sprayer holder was 3-D printed in polylactic acid
(Ultimaker 2) and fitted onto a rotation mount (THORLABS
RPO1 Manual Rotation Stage) attached to three-direction
positioners (WPI Inc. Kite Manual Micromanipulator). For
spot monitoring, space for a camera (ESP32-CAM) was added
above the sprayer tip. The sprayer setup was mounted on
stainless-steel rods attached to the stage, and the whole
assembly was affixed upon a lab jack for control of the sample—
MS inlet distance (k; Figure 3). The MS inlet was fitted with a
90 X 0.4 mm (length X id.) stainless-steel/brass extension,
which was held in place around the MS capillary with a gold
spring.

DESI Analysis. Textile samples (ca. 1 cm*) were placed on
a glass slide and held in place with fabric clips (Prym Love
clips, 1.0 X 2.6 cm). Larger textiles (ca. 10 X 10 cm) were
clipped directly onto the plastic stage or, if large enough to not
be affected by the nebulizing gas stream (ca. 25 X 25 cm),
placed directly on the stage without clipping. The DESI-MS
spectra were acquired in the mass range of m/z 150—1000,
except for the analyses of naphthol yellow S (10), which used a
mass range of m/z 125—1000 for better visualization of its [M-
2Na]®>~ peak at m/z 155.98. The following parameters were
used for positive mode: capillary voltage, 4.5 kV; end plate
offset, —S00 V; flow rate, 12.5 uL min~'; nebulizing gas,
nitrogen; nebulizing gas pressure, 3.9 bar; source temperature,
200 °C. The following parameters were used for negative
mode: capillary voltage, 4.2 kV; end plate offset, —800 V; flow
rate, 12.5 uL min™%; nebulizing gas, nitrogen; nebulizing gas
pressure, 3.9 bar; source temperature, 200 °C. The sprayer
angle was set at 35°. Two or 10 mass spectra were summed,
and the ion accumulation per mass spectrum was 1.5 s. The
solvent system used was 3:1 v/v ACN:H,O, and the MS inlet
was cleaned with LC—MS grade ACN and 3:1 v/v ACN:H,0

between every analysis. All spectra were processed using
Compass DataAnalysis (Bruker Daltonik GmbH, Billerica, MA,
USA) and Origin 9.5 (OriginLab, Northampton, MA, USA).
Statistical analysis was performed using GraphPad Prism 9.3.1
(GraphPad Software, LLC, San Diego, CA, USA).

B RESULTS AND DISCUSSION

DESI Source Development and Optimization. DESI is
highly dependent on multiple parameters, instrumental,
geometrical, and chemical in nature, and a small change in
one often leads to a necessary change in all others. It is
especially dependent on the %eometrical parameters of the
sprayer setup (Figure 3).”*7>****’ This makes it important to
include geometrical control when building the source and the
reason manual positioners were incorporated. The sprayer
setup block with the positioners and angle mount ended up
heavier than expected, so an angle lock and a z-direction lock
in forms of screws were included in the design (Figure 3).

Rhodamine B (1) is commonly used as a standard to
optimize DESI setups, due to it being easily ionized, having a
characteristic m/z peak, and being readily available.”**” It is
also representative of the early coal-tar dyes that are the focus
of this study, by being a basic dye showing high water
solubility, strong color, and poor lightfastness.”’ Additionally,
as many historical textiles often contain a mixture of dyes, the
development of a general approach applicable to most early
synthetic dyes would both take advantage of the rapidness of
DESI-MS and facilitate practical use. Therefore, the parameters
were optimized using (1) but evaluated on a variety of early
synthetic dye families. Further studies expanding the use of
DESI-MS to other dye classes including natural product,
reactive, and metal complex dyes will necessarily need to use
other dyes for optimization. Optimization of the DESI source
for textile analysis was performed in positive mode, using the
[M — CIJ* peak of (1) at m/z 443.23. Initial experiments
exploring different nebulizing gas pressures, capillary voltages,
geometrical parameters, and solvent systems (Table S1, ESI)
suggested that the parameters with the greatest impact on the
signal obtained were the solvent system used and the
geometrical parameters, particularly the sprayer incident
angle (a; Figure 3) and alignment between the sprayer and
the MS inlet (dy; Figure 3). The optimum signal-to-noise ratio
was achieved when the MS inlet was as close as possible to the
sample, nearly touching it (k; Figure 3). The sprayer-to-sample
distance (h; Figure 3) and sprayer-to-MS inlet in the x-
direction (d,; Figure 3) tolerated the most movement of the
geometries tested, while even a small misalignment between
the sprayer and the MS inlet in the y-direction (d,; Figure 3)
meant a complete disappearance of the signal for (1). It is
uncertain what causes this reliance on d, alignment, one
possibility is the design of the MS inlet extension since its
shape was achieved manually, or it could be inherent to the
design of the commercial sprayer. The choice of solvents was
limited by the conservation context of cultural objects in which
only a few solvents are both viewed as acceptable in a museum
setting’ and MS compatible. Furthermore, additives to the
solvent system, such as formic acid and ammonium acetate,
have been shown to help with ionization of natural dyestuffs
and therefore signal intensity.”> However, early synthetic dyes
can be sensitive to pH changes and chemical alterations can
occur with the addition of acid and base.*® Indeed,
discoloration of some synthetic dye references was observed
(Figure S2, ESI), so additives to the solvent system were not
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Figure 4. Absolute ion abundance of the [M — Cl]* peak (m/z 443.23) of rhodamine B (1): (a) on silk using four ACN:H,O solvent systems (1 =
6, mean + S.D.); (b) on silk using four MeOH:H, O solvent systems (n = 6, mean + S.D.); (c) on silk using different sprayer incident angles, a (n
=7, mean + S.D.). Inset: A schematic defining the incident sprayer angle, @; (d) on wool using four ACN:H,O solvent systems (n = 6, mean +
S.D.); (e) on wool using four MeOH:H,O solvent systems (n = 6, mean + S.D.); (f) on wool using different sprayer incident angles, a (n = 7,
mean + S.D.). * represents p values <0.05 and *** p values <0.001 calculated using the Brown—Forsythe and Welch ANOVA test. Fitted curves in
panels (c) and (f) for data visualization only, constructed as smoothing spline curves using S knots (GraphPad Prism 9.3.1).

included. Instead, various ratios of LC—MS grade ACN and
MeOH with H,O were investigated on both silk and wool
substrates (Figure 4). Repeat measurements (n = 6) were
performed at different locations on the same reference sample
of silk or wool cloth dyed with (1). Each spot location was
wetted with the solvent mixture for 1 min before recording
since desorption of the analyte into secondary droplets
requires the sample surface to be wet.””*”** The absolute
ion abundances used in Figure 4 are the sum of 10 mass
spectra each collected after an ion accumulation time of 1.5 s.
The sprayer angle (a; Figure 3) was optimized at 35° h at 2
mm, d, at 4 mm, and k at <1 mm for all measurements. The
only geometrical parameter changed if necessary was d, due to
the complete disappearance of the signal with any misalign-
ment (vide supra). Initial testing of flow rates showed that a
higher flow rate was required for textile samples than for
biological and forensic samples,”"”® as suggested by the
literature."> A flow rate of 12.5 yL min™' gave the highest
signal-to-noise ratios for the [M — Cl]* peak of (1), for the
thickness and type of cloth used in this study. The increased
flow rate needed in comparison to biological and forensic
studies is likely due to the wicking properties of the tightly
woven cloths, reducing the formation of the thin liquid layer
on the sample surface required for the proposed “droplet
pickup” mechanism for analyte transport.”> Too low a flow rate
resulted in the need for longer analytical times and gave lower
ion intensities, while higher flow rates (20—30 uL min™")

resulted in the formation of water droplets on the cloth surface,
particularly on wool. Figure 4a,b,d,e shows the resulting graphs
from the solvent system measurements with Brown—Forsythe
and Welch ANOVA test results included to highlight statistical
differences between the solvent systems tested. Most notable is
the 10-fold higher absolute ion abundance using ACN solvent
ratios compared to MeOH ratios for both silk and wool. The
overall trend seen in Figure 4a,b,d is an increase in absolute ion
abundance with the addition of H,O to the organic solvent,
culminating at a 3:1 v/v ratio. Only MeOH on wool (Figure
4e) does not follow this trend, suggesting instead that all
MeOH:H,O0 ratios tested on wool have a similar impact on the
ion abundance obtained. The increase in ion abundance with
the addition of H,O suggests that some aqueous component is
required on both silk and wool; a likely explanation for this

%y (N Ir:
© ) kY ‘Q\- . &
80 75

70 65 60 55 50 45 40 35 30 25 20

Figure 5. Water-sensitive paper (Pentair Hypro, Agratech NW Ltd.,
Rossendale, UK) showing the effect of different sprayer incident
angles on the solvent (3:1 v/v ACN:H,0) spot shape and size. The
solvent spot margins are marked by dotted lines.
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Figure 6. Top: DESI-MS spectra of xanthene rhodamine B (1) ([M — CI]* (m/z 443.23)), thiazine methylene blue (11) ([M — Cl]* (m/z
284.12)), and nitro dye Martius yellow (14) ([M — H]~ (m/z 233.02)) dyed on silk. Centre: DESI-MS spectra of xanthene rhodamine B (1) ([M
— Cl]* (m/z 443.23)), thiazine methylene blue (11) ([M — CI]* (m/z 284.12)), and nitro dye Martius yellow (14) ([M — H]~ (m/z 233.02))
dyed on wool. Bottom: DESI-MS spectra of xanthene rhodamine B (1) ([M — Cl]* (m/z 443.23)), thiazine methylene blue (11) ([M — Cl]* (m/z
284.12)), and nitro dye Martius yellow (14) ([M — H]~ (m/z 233.02)) from historical samples in Lehne’s handbook (1893). Marked with a blue
triangle is m/z 368.43 (BTAC-228), and green circle is m/z 309.21 (PPG) and m/z 327.18 (PEG). An orange square marks phthalates at m/z
301.07, 413.26, 429.24, and 457.27. The [M — Cl]* (m/z 284.12) of (11) in the Lehne sample is indicated with an arrow, and the spectrum
includes a zoomed-in inset to show the degradation products and synthetic byproducts of (11). Sum of two mass spectra shown.

phenomenon could be that the rapid evaporation of pure
organic solvents does not allow the natural fiber surface to
become properly wetted. However, the decrease in ion
abundance seen for 1:1 v/v ACN:H,O on both silk and
wool (Figure 4a,d) in comparison to 3:1 v/v ACN:H,O is
statistically significant and shows that there is a limit to how
much aqueous solvent should be added. MeOH seems to be
more tolerant to the addition of H,O for both silk and wool
(Figure 4b,e). Wool also showed a lower absolute ion
abundance in comparison to silk across both ACN and
MeOH solvent systems. Both the silk and wool reference
cloths were tightly woven with a high thread count with a
similar yarn diameter (Figure S1, ESI), so it is likely that the
difference in ion intensity is a result of differences in the
inherent properties of wool and silk fibers®® rather than textile
production. Based on these results, 3:1 v/v ACN:H,O was
determined to be the best solvent system for the substrates and
analytes used in this study and was the solvent system used for
the following investigations.

The next parameter to be optimized was the sprayer angle
(a; Figure 3) using 3:1 v/v ACN:H,O as the solvent system
and the same parameters as the solvent experiments. Shallower
angles were shown to give a larger absolute ion intensity
(Figure 4c,f) in comparison to steeper angles. The asterisks

included show the angles that are statistically different from o
= 35° for silk (Figure 4c) and wool (Figure 4f). It must be
noted that silk shows a higher ion abundance than wool
overall. This is in accordance with the results from the solvent
system trials, indicating that silk is better suited for ambient
MS analysis than wool. For silk (Figure 4c), there is a clear
divide between the lower and higher angles, with the lower
angles showing higher ion abundance but also greater standard
deviations. This divide is present but not as clear for wool
(Figure 4f). That the steeper angles (@ = 60° — 80°) are
statistically different to a = 35° for both silk and wool suggests
that although lower angles for both cloth types give better ion
abundances, @ = 35° is to be preferred. The large standard
deviations seen for both the solvent and angle measurements
could perhaps partly be explained by the necessary manual
alignment of the d, parameter as well as the heterogeneity of
the dyed rhodamine B references. Despite effort to dye as
evenly as possible, it is probable that the dye content varied on
a molecular level across the samples analyzed. The increased
ion abundance at lower angles, @, is likely due to the increased
spot area (Figure 5) and the reported narrower lateral
dispersion of secondary droplets using shallower angles.”” A
larger, more elongated spot is a major disadvantage in imaging
and any type of precision work as it increases the risk for cross-
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Figure 7. Top: DESI-MS spectra of diphenylmethane auramine O (7) ([M — CI]* (m/z 268.18)), triphenylmethane malachite green (9) ([M —
Cl]* (m/z 329.20)), and azo dye orange II sodium salt (4) ([M — Na]~ (m/z 327.04)) dyed on silk. Centre: DESI-MS spectra of diphenylmethane
auramine O (7) ([M — CI]* (m/z 268.18)), triphenylmethane malachite green (9) ([M — CI]* (m/z 329.20)), and azo dye orange II sodium salt
(4) (IM — Na]~ (m/z 327.04)) dyed on wool. Bottom: DESI-MS spectra of diphenylmethane auramine O (7) ([M — CI]* (m/z 268.18)),
triphenylmethane malachite green (9) ([M — CI]* (m/z 329.20)), and azo dye orange II sodium salt (4) ([M — Na]~™ (m/z 327.04)) from
historical samples in Lehne’s handbook (1893). Marked with a blue triangle is m/z 368.43 (BTAC-228), and green circle is m/z 309.21 (PPG) and
m/z 327.18 (PEG). An orange square marks phthalates at m/z 301.07, 413.26, 429.24, and 457.27. The Lehne sample spectra for (7) and (9)
include a zoomed-in inset to show the degradation products and synthetic byproducts of the dyestuffs. Sum of two mass spectra shown.

contamination. However, the aim for this study was not MS
imaging but rather the exploration of DESI identification of
historical dyes. The larger spots associated with lower angles
could instead be seen as an advantage when analyzing
historical objects, as the same volume of solvent spread over
a larger area results in a softer impact on the sample, reducing
the damage to the object. A larger spot also results in less
dependence on the geometrical parameters since d, becomes
marginally more tolerant to misalignment. Such larger, less
precise spots can therefore be desired when analyzing historical
objects where reducing the impact of the analysis is vital and
quantification is not necessarily the objective. Nevertheless, the
DESI source constructed includes a movable stage to make
future application to imaging possible after optimization of the
spot size. However, more damage assessment also needs to be
done before covering a larger object surface area.

Historical Dye Analysis. After optimization, modern
references as well as historical samples from Lehne’s handbook
(1893) were analyzed using 35° sprayer angle, @, and 3:1 v/v
ACN:H,O as the solvent system. The references used covered
six important early synthetic dye families, xanthene, thiazine,
nitro, diphenylmethane, triphenylmethane, and azo, which are
all derivatives of coal-tar compounds and among the first dye
compounds invented following Perkin’s serendipitous discov-
ery of mauveine in 1856." Before dyeing unmordanted silk and

wool, conventional ESI-MS using the same FT-ICR-MS
instrument was performed on the dyebaths as a comparison
to the DESI-MS result and to give a guide for which m/z peaks
to expect for each sample. Of the 14 compounds, 8 were
analyzed in positive mode, including the xanthene, thiazine,
diphenylmethane, triphenylmethanes, and one azo dye ((1),
(2), (7), (8), (9), (11), (12), and (13)), and the remaining 6
were analyzed in negative mode, including the nitro dyes and
all other azo dyes ((3), (4), (5), (6), (10), and (14)). The
spectra for all dyestuffs are shown in the Supporting
Information together with the MS spectra of undyed silk,
wool, and cotton cloths. Figures 6 and 7 show the DESI-MS
spectra of an example from each dye family dyed on silk and
wool and from Lehne’s handbook (1893). Due to the rapid
and direct nature of DESI-MS analysis, the book could be
manually held open during the analysis (Figure 8). The dye
samples included in Lehne’s handbook were dyed in Lehne’s
own laboratory following dyeing procedures detailed adjacent
to the cloth (Figures 1 and 8). Their inclusion makes the book
an invaluable resource for the study of early synthetic dyes as
they give the chemical composition of late 19th century dye
recipes and an insight to naturally occurring degradation
pathways. All compounds in Figures 6 and 7 except Martius
yellow (14) are commercially sold as salts, meaning that the
characteristic peak seen was [M — Cl]* for the cationic dyes
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Figure 8. In situ analysis of historical samples from Lehne’s handbook
(1893). Malachite green (9) is being analyzed in the photograph.

and [M — Na]~ for the anionic dyes. The presence of charged
species makes the ionization step more efficient, accounting for
the clean spectra seen despite DESI-MS being an ambient
technique. However, the applicability of DESI-MS to dyestufts
readily ionized at neutral pH is shown by the equally clean
spectra of (14) in both reference and historical samples, with
m/z 233.02 corresponding to [M — H]~ (Figure 6), and the
historical sample of picric acid, with m/z 227.99 corresponding
to [M — H]~ (Table S3, ESI). Consistently, DESI-MS analysis
in positive ion mode gave higher ion abundances than analysis
in negative ion mode, and the analyses of the modern dyed
reference samples on both silk and wool show little
background interference despite being performed under
ambient conditions.

For the Lehne samples, the lower concentrations of the
dyestuffs resulted in more intense background peaks.
Particularly in positive mode, the m/z peak at 368.43 (blue
triangle, Figures 6 and 7), identified as BTAC-228, a known
additive in hygiene products, PPG at m/z 309.21 and PEG at
m/z 327.18 (green circles, Figures 6 and 7), as well as
phthalates at m/z 301.07, 413.26, 429.24, and 457.27 (orange
squares, Figures 6 and 7)°**” were difficult to remove. The
presence of consistent contaminants highlights the effect of the
laboratory environment, which needs to be taken into
consideration when working with low concentrations. It is
therefore necessary to confidently identify common back-
ground peaks since it is difficult to control an open laboratory
environment. Regardless of the increased background, the m/z
of the dyestuffs can still be clearly identified in the historical
Lehne samples, which demonstrates the applicability of DESI-
MS for dye analysis despite it being an ambient technique. The
DESI-MS analyses were sensitive enough that degradation
products of the dyestuffs studied could be seen when
comparing the Lehne samples with the modern reference
samples; in particular, the N-demethylation of di- and
triphenylmethane dyes, which result from known degradation

pathways for these dyes.*"~** This pattern can be seen for both
auramine O (7) and malachite green (9) (Figure 6ab). A
similar pattern of —CH, and —CH,CH, groups can also be
seen for xanthene rhodamine B (1) and thiazine methylene
blue (11) (Figure Sa,b) as well as for brilliant green (Table S3,
ESI), demonstrating that DESI-MS is sufficiently sensitive for
historical dye analysis. A more detailed analysis of the DESI-
MS spectra collected for auramine O (7) as enabled by the use
of the FT-ICR analyzer (Figure S3, ESI) reveals the presence
of both isotopic and contaminant m/z values for the parent ion
and each of the corresponding demethylation products. These
arise from the parallel decomposition pathways for auramine O
and its synthetic intermediate and hydrolysis product,
Michler’s ketone.”> The observation of these species with
close m/z values highlights the value of high-resolution MS in
the absence of chromatographic separation and suggests that in
future, synthetic route investigations could be conducted using
the developed workflow. It showcases again the potential
applications of DESI-MS to the field of dye analysis.

B CONCLUSIONS

A DESI-MS source has been built in-house to allow the
noninvasive analysis of historical dyes. The setup used the ESI
sprayer attached to a Bruker 7T SolariX FT-ICR-MS
instrument and included x-, y-, and z-positioners and an
angle mount for manual control of the geometrical parameters.
Optimization of the geometrical and chemical parameters was
carried out in positive mode on silk and wool samples dyed
with rhodamine B to show that a sprayer incident angle, a, of
35° and a solvent system of 3:1 v/v ACN:H,O gave the
highest absolute ion abundance for analysis on both silk and
wool. This setup was used with success on 14 early synthetic
dyes covering six important chemical families, showing the
applicability of DESI-MS for dye analysis. Dye references from
1893 were also investigated with success using DESI-MS, in
which natural degradation could be clearly seen. Further
damage assessment and studies on more complex systems are
currently underway, but the advantage of rapid, in situ MS
analysis in the field of dye analysis cannot be stressed enough.
This development of DESI-MS for historical dye analysis will
hopefully give access to valuable information on hitherto
inaccessible objects.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03281.

Table of parameter ranges tested during optimization;
DESI-MS spectra of background (glass slide), silk, wool,
and cotton cloths; DESI-MS spectra of compounds 1—
14 on silk and wool as well as DESI-MS spectra of 1, 4,
7—9, 11—14 and picric acid from Lehne’s handbook
(1893); images of damage in the presence and absence
of solvent additives; and DESI-MS spectra for auramine
O showing isotopic and synthetic contaminant peaks
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Alison N. Hulme — EaStCHEM School of Chemistry,
University of Edinburgh, Edinburgh EH9 3F], UK;

https://doi.org/10.1021/acs.analchem.2c03281
Anal. Chem. XXXX, XXX, XXX-XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03281/suppl_file/ac2c03281_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03281/suppl_file/ac2c03281_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03281/suppl_file/ac2c03281_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03281?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03281/suppl_file/ac2c03281_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alison+N.+Hulme"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4619-1506
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03281?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03281?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03281?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03281?fig=fig8&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c03281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

orcid.org/0000-0002-4619-1506;
Email: Alison.Hulme@ed.ac.uk

Authors

Edith Sandstrém — EaStCHEM School of Chemistry,
University of Edinburgh, Edinburgh EH9 3F], UK; National
Museums Scotland, Collections Services Department,
National Museums Collection Centre, Edinburgh EHS 1]JA,
UK

Chiara Vettorazzo — EaStCHEM School of Chemistry,
University of Edinburgh, Edinburgh EH9 3F], UK;

orcid.org/0000-0002-3870-0913

C. Logan Mackay — EaStCHEM School of Chemistry,
University of Edinburgh, Edinburgh EH9 3FJ, UK;

orcid.org/0000-0003-1018-8353

Lore G. Troalen — National Museums Scotland, Collections
Services Department, National Museums Collection Centre,
Edinburgh EHS 1JA, UK

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.2c03281

Author Contributions

CLM., ANH, L.GT, and E.S. conceptualized the study.
C.LM, ANH, ES,, and C.V. designed the experiments. E.S.
and C.V. carried out the experiments. E.S., C.V., C.L.M.,, and
AN.H. analyzed the data. E.S. wrote the manuscript. AN.H.,
L.G.T.,, CL.M, and C.V. read and edited the manuscript.

Notes

The authors declare no competing financial interest.
Primary data files can be found at https://doi.org/10.7488/ds/
3816.

B ACKNOWLEDGMENTS

We thank Dr. Lauren Ford (Imperial College London, UK) for
helpful discussions. We also thank the Scottish Cultural
Heritage Consortium AHRC CDP (AH/S00176X/1 Student-
ship to E.S.) for funding, the Monitoring of Damage to
Historic Tapestries (MODHT) project for silk and wool cloth
samples (EC contact: EVK4-CT-2001-00048), and Dr. Lore
Troalen for access to a personal copy of Lehne’s handbook.

B REFERENCES

(1) Dronsfield, A.; Edmonds, J. The Transition from Natural to
Synthetic Dyes; John Edmonds: Little Chalfont, 2001.

(2) Pauk, V.; Barték, P.; Lemr, K. J. Sep. Sci. 2014, 37, 3393—3410.

(3) Degano, L; La Nasa, J. Top. Curr. Chem. 2016, 374, 263—290.

(4) Analytical Methods Committee, AMCTB No. 101. Anal.
Methods 2021, 13, 558—562.

(5) Troalen, L. G.; Phillips, A. S.; Peggie, D. A.; Barran, P. E;
Hulme, A. N. Anal. Methods 2014, 6, 8915—8923.

(6) Serrano, A.; Van Bommel, M.; Hallett, J. J. Chromatogr. A 2013,
1318, 102—111.

(7) Sandstrém, E.; Wyld, H.; Mackay, C. L.; Troalen, L. G.; Hulme,
A. N. Anal. Methods 2021, 13, 4220—4227.

(8) Tamburini, D.; Dyer, J. Dyes Pigm. 2019, 162, 494—S11.

(9) Chavanne, C; Troalen, L. G.; Fronty, L. B.; Buléon, P.; Walter, P.
Anal. Chem. 2022, 94, 7674—7682.

(10) Kubik, M. Chapter S Hyperspectral Imaging: A New Technique
for the Non-Invasive Study of Artworks. In Physical Techniques in the
Study of Art, Archaeology and Cultural Heritage, Volume 2, Creagh, D,
Bradley, D., Eds.; Elsevier B.V. 2007; pp. 199—255.

(11) Takats, Z.; Wiseman, J. M.; Gologan, B.; Cooks, R. G. Science
2004, 306, 471—473.

(12) Sampson, J. S.; Hawkridge, A. M.; Muddiman, D. C. J. Am. Soc.
Mass Spectrom. 2006, 17, 1712—1716.

(13) Cody, R. B.; Laramée, J. A.; Durst, H. D. Anal. Chem. 2005, 77,
2297-2302.

(14) Cochran, K. H,; Barry, J. A;; Robichaud, G.; Muddiman, D. C.
Anal. Bioanal. Chem. 2015, 407, 813—820.

(15) Yang, S.; Han, J.; Huan, Y.; Cui, Y.; Zhang, X.; Chen, H,; Gu,
H. Anal. Chem. 2009, 81, 6070—6079.

(16) Kramell, A. E.; Brachmann, A. O.; Kluge, R;; Piel, J.; Csuk, R.
RSC Adv. 2017, 7, 12990—12997.

(17) Newton, J. Surface Analysis of Historic Manuscripts in Ambient
Conditions by Desorption Electrospray Ionisation (DESI) Imaging
Mass Spectrometry and Direct Infusion Mass Spectrometry (DIMS),
PhD dissertation, University of Glasgow, Glasgow, UK, 2019. https://
theses.gla.ac.uk/72982/ (accessed 2022-07-25).

(18) Selvius Deroo, C.; Armitage, R. A. Anal. Chem. 2011, 83,
6924—6928.

(19) Armitage, R. A.; Fraser, D.; Degano, L; Colombini, M. P. Herit.
Sci. 2019, 7, 81.

(20) Newsome, G. A.; Kayama, I; Brogdon-Grantham, S. A. Anal.
Methods 2018, 10, 1038—1045.

(21) Alvarez-Martin, A.; Cleland, T. P.; Kavich, G. M.; Janssens, K.;
Newsome, G. A. Anal. Chem. 2019, 91, 10856—10863.

(22) Takéts, Z.; Wiseman, J. M; Cooks, R. G. J. Mass Spectrom.
2005, 40, 1261—-1275.

(23) Chen, H; Talaty, N. N.; Takéts, Z.; Cooks, R. G. Anal. Chem.
2008, 77, 6915—6927.

(24) Abbassi-Ghadi, N.; Jones, E. A,; Veselkov, K. A; Huang, J.;
Kumar, S.; Strittmatter, N.; Golf, O.; Kudo, H.; Goldin, R. D.; Hanna,
G. B.; Takats, Z. Anal. Methods 2015, 7, 71—80.

(25) Stolberg-Wernigerode, O. Neue Deutsche Biographie [New
German Biography]; Duncker & Humblot, 198S.

(26) Quye, A.; Hallett, K.; Herrero Carretero, C. ‘Wrought in Gold
and Silk’: Preserving the Art of Historic Tapestries; NMS Enterprises
Ltd., 2009.

(27) Hacke, A.-M. Investigation into the Nature and Ageing of
Tapestry Materials, PhD dissertation, University of Manchester,
Manchester, UK, 2006.

(28) Tillner, J.; Wu, V.; Jones, E. A; Pringle, S. D.; Karancsi, T.;
Dannhorn, A,; Veselkov, K;; McKenzie, J. S.; Takats, Z. J. Am. Soc.
Mass Spectrom. 2017, 28, 2090—2098.

(29) Douglass, K. A.; Jain, S.; Brandt, W. R.; Venter, A. R. ]. Am. Soc.
Mass Spectrom. 2012, 23, 1896—1902.

(30) Cooksey, C. J. Biotech. Histochem. 2016, 91, 71-76.

(31) Timar-Baldzsy, A; Eastop, D. Chemical principles of textile
conservation; Butterworth-Heinemann, 1998.

(32) Rafaélly, L; Héron, S.; Nowik, W.; Tchapla, A. Dyes Pigm.
2008, 77, 191-203.

(33) van Bommel, M. R;; Berghe, I. V.; Wallert, A. M.; Boitelle, R.;
Wouters, J. J. Chromatogr. A 2007, 1157, 260—272.

(34) Maser, T. L.; Honarvar, E.; Venter, A. R. J. Am. Soc. Mass
Spectrom. 2020, 31, 803—811.

(35) Costa, A. B.; Cooks, R. G. Chem. Commun. 2007, 38, 3915—
3917.

(36) Babu, K. M. Natural textile fibres: animal and silk fibres. In
Textiles and Fashion; Sinclair, R., Ed.; Woodhead Publishing, 2015;
pp- 57-78.

(37) Muramoto, S. Analyst 2014, 139, 5868—5878.

(38) Background Ion List. https://www.waters.com/webassets/cms/
support/docs/bkgrnd_ion_mstr_list.pdf. (accessed 2022-07-25).

(39) Common Background Contamination Ions in Mass Spectrometry.
https://beta-static.fishersci.ca/content/dam/fishersci/en_US/
documents/programs/scientific/brochures-and-catalogs/posters/
fisher-chemical-poster.pdf. (accessed 2022-07-25).

(40) Confortin, D.; Neevel, H.; Brustolon, M.; Franco, L.; Kettelarij,
A. J; Williams, R. M.; Van Bommel, M. R. J. Phys.: Conf. Ser. 2010,
231, No. 012011.

(41) Favaro, G.; Confortin, D.; Pastore, P.; Brustolon, M. J. Mass
Spectrom. 2012, 47, 1660—1670.

https://doi.org/10.1021/acs.analchem.2c03281
Anal. Chem. XXXX, XXX, XXX-XXX


https://orcid.org/0000-0002-4619-1506
mailto:Alison.Hulme@ed.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edith+Sandstro%CC%88m"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chiara+Vettorazzo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3870-0913
https://orcid.org/0000-0002-3870-0913
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+Logan+Mackay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1018-8353
https://orcid.org/0000-0003-1018-8353
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lore+G.+Troalen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03281?ref=pdf
https://doi.org/10.7488/ds/3816
https://doi.org/10.7488/ds/3816
https://doi.org/10.1002/jssc.201400650
https://doi.org/10.1007/s41061-016-0020-8
https://doi.org/10.1039/D0AY90167A
https://doi.org/10.1039/D0AY90167A
https://doi.org/10.1039/c4ay01509f
https://doi.org/10.1016/j.chroma.2013.09.062
https://doi.org/10.1016/j.chroma.2013.09.062
https://doi.org/10.1039/d1ay01151k
https://doi.org/10.1016/j.dyepig.2018.10.054
https://doi.org/10.1021/acs.analchem.2c01073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1104404
https://doi.org/10.1126/science.1104404
https://doi.org/10.1016/j.jasms.2006.08.003
https://doi.org/10.1016/j.jasms.2006.08.003
https://doi.org/10.1021/ac050162j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac050162j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00216-014-8042-y
https://doi.org/10.1021/ac900411r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c6ra27842f
https://theses.gla.ac.uk/72982/
https://theses.gla.ac.uk/72982/
https://doi.org/10.1021/ac201747s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac201747s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s40494-019-0319-1
https://doi.org/10.1186/s40494-019-0319-1
https://doi.org/10.1039/c7ay02987j
https://doi.org/10.1039/c7ay02987j
https://doi.org/10.1021/acs.analchem.9b02568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jms.922
https://doi.org/10.1002/jms.922
https://doi.org/10.1021/ac050989d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac050989d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c4ay01770f
https://doi.org/10.1007/s13361-017-1714-z
https://doi.org/10.1007/s13361-017-1714-z
https://doi.org/10.1007/s13361-012-0468-x
https://doi.org/10.1007/s13361-012-0468-x
https://doi.org/10.3109/10520295.2015.1074287
https://doi.org/10.1016/j.dyepig.2007.05.007
https://doi.org/10.1016/j.dyepig.2007.05.007
https://doi.org/10.1016/j.chroma.2007.05.017
https://doi.org/10.1021/jasms.9b00047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.9b00047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B710511H
https://doi.org/10.1039/B710511H
https://doi.org/10.1039/c4an01481b
https://www.waters.com/webassets/cms/support/docs/bkgrnd_ion_mstr_list.pdf
https://www.waters.com/webassets/cms/support/docs/bkgrnd_ion_mstr_list.pdf
https://beta-static.fishersci.ca/content/dam/fishersci/en_US/documents/programs/scientific/brochures-and-catalogs/posters/fisher-chemical-poster.pdf
https://beta-static.fishersci.ca/content/dam/fishersci/en_US/documents/programs/scientific/brochures-and-catalogs/posters/fisher-chemical-poster.pdf
https://beta-static.fishersci.ca/content/dam/fishersci/en_US/documents/programs/scientific/brochures-and-catalogs/posters/fisher-chemical-poster.pdf
https://doi.org/10.1088/1742-6596/231/1/012011
https://doi.org/10.1088/1742-6596/231/1/012011
https://doi.org/10.1002/jms.3110
https://doi.org/10.1002/jms.3110
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c03281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

(42) Weyermann, C.; Kirsch, D.,; Costa Vera, C.; Spengler, B. ].
Forensic Sci. 2009, 54, 339—345.

(43) World Health Organisation International Agency for Research
on Cancer (IARC). Auramine and auramine production In IARC
monographs on the evaluation of carcinogenic risks to humans Volume 99:
Some Aromatic Amines, Organic Dyes, and Related Exposures,

International Agency for Research on Cancer, Lyon, 2010, pp.
111-140.

https://doi.org/10.1021/acs.analchem.2c03281
Anal. Chem. XXXX, XXX, XXX-XXX


https://doi.org/10.1111/j.1556-4029.2008.00975.x
https://doi.org/10.1111/j.1556-4029.2008.00975.x
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c03281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

