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Abstract: The phenomenon of luminescence and quenching is widely applied in the forensic exam-
ination of various ink materials. Here, we introduce a hybrid spectroscopic and chromatography
approach to gain insights into the underlying cause of infrared luminescence (IRL) in blue ballpoint
(BP) pen inks. A total of thirty BP pen ink samples from the Egyptian market were employed in this
study. Insights into the origin of luminescence and quenching in the studied samples were gained
based on video spectral comparator (VSC), thin layer chromatography (TLC), ultraviolet-visible (UV-
Vis) spectrophotometry, and photoluminescence (PL) spectroscopy. Results showed that some of the
studied inks possessed IRL due to the presence of crystal violet and some other triaryl methane dyes.
Nevertheless, some ink samples did not possess IRL, despite the presence of the dyes responsible for
IRL in their matrix. Interestingly, the inclusion of phthalocyanine dye in those non-luminescent ink
matrices resulted in luminescence quenching, mainly due to the overlap between the absorption of
phthalocyanine dye and the luminescence of the triarylmethane dyes. The IRL behavior of the ink
sample under the first illumination wave band (400-485 nm) exerted control over the IRL activity
across subsequent illumination wavebands, and the most effective differentiation was achieved by
utilizing the first and second preset filters in VSC. The results revealed the luminescent components
present in studied inks and unraveled their distinct luminescence behavior present within the ink
matrix. The combination of optical spectroscopy and chromatography techniques could provide a
distinctive tool to reveal the luminescence and quenching behaviors of ink dyes for the successful
forensic discrimination of several BP writing pens.

Keywords: luminescence; quenching; inks; chromatography; spectroscopy; forensic

1. Introduction

Among the important forensic procedures for the examination of questioned docu-
ments are handwriting analysis, authentication of documents, forgery detection, and ink
discrimination [1,2]. The chemical analysis of inks can reveal information about questioned
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documents based on the inorganic and organic characteristics of the writing pen ink ma-
trices [3]. The role of pen ink analysis and the area of questioned document analysis has
been significantly growing and is being addressed more in forensic chemistry [4]. Several
chemical and physical techniques are used in the chemical analysis of hand-written doc-
uments quite apart from the classical mainstay of handwriting comparison. Today, the
advent of modern instrumental methods of inorganic and organic analysis permits the
comparison of pen inks for the sake of identification and discrimination [3-5]. A spot of
typical writing pen ink is composed mainly of a colorant agent such as a dye or pigment,
a vehicle including solvent and resin, and some additives such as emulsifying agents,
surfactants, and anti-corrosion compounds. Ink analysis can reveal information about
its chemical components and manufacture, which are valuable for ink discrimination,
identification, and dating [6,7]. The colorant agents such as dyes and pigments are the
most important components of certain ink samples. BP and gel pens are amongst the
most commonly used pen types, and each type has its specific chemical and physical
characteristics. BP pen ink typically contains either a single dye or a mixture of two or three
dyes to retain an appropriate color. Gel pen ink might contain only dyes or a mixture of
dyes and pigments [8,9]. Identifying inorganic pigments of writing pen inks and studying
their optical properties such as luminescence and quenching plays a crucial role in forensic
ink examination. Analytical techniques such as X-ray spectrometry, laser-ablation mass
spectrometry, laser-induced breakdown spectrometry, and inductively coupled plasma
mass spectrometry are employed to determine the elemental composition of inks, enabling
the identification and quantification of various metallic components present in ink formu-
lations. Optical absorption, emission, and reflectance spectrometry techniques are also
vital for revealing the luminescence and quenching properties of inorganic or organic
luminescent species within the ink formula [2,10,11]. Forensic examination of pen inks on
documents relies in the first stage on non-destructive and simple tools such as visual and
optical examination using microscopy and video spectral comparator (VSC) techniques [12].
Forensic examination of inks using microscopy techniques can be useful only for differ-
entiating different types of ink and discriminating between pens of the same type that
vary in mechanical features or color tones [13]. The VSC is considered the first analytical
tool that is typically employed by forensic examiners for the primary examination of ink
on documents. The VSC is a non-destructive technique that is fast, user-friendly, and
can carry out sample-free analysis of questioned documents, and thus is one of the most
common toolkits used in forensic document examination [8,14,15]. Infrared luminescence
(IRL) and infrared reflectance (IRR) comprise highly effective approaches for ink differ-
entiation using the VSC. They are based on discerning variances in the IRL and IRR of
the questioned ink samples, whereby the inks are accordingly deemed distinguishable or
indistinguishable [12]. The VSC instruments may also comprise a micro-spectrometer, en-
abling the measurement of reflected, transmitted, and luminescent light, which is a simple
and valuable addition for the examination of a variety of pen types and documents [15].
Further forensic examination of inks using more complex and destructive analytical tools
such as chromatography and spectroscopic techniques is typically required for deeper
chemical analysis in forensic investigations [15,16]. Thin layer chromatography (TLC) is
an efficient, rapid, and cost-effective analytical tool that can provide side-to-side sample
comparisons. The TLC can thus be employed for the separation of different dye compo-
nents within ink matrices, providing a base for user-friendly screening and discrimination
of various ink formulations [17,18]. The combination of two or more analytical tools can
further enable the high-resolution discrimination of questioned inks and lead to reliable
forensic results [1,9,19,20]. Of particular interest, ultraviolet-visible (UV-Vis) spectroscopy
is a reliable analytical toolkit that can be adopted to complement and confirm analytical
findings obtained from TLC investigations [19,21]. In this work, the in situ luminescence
behavior of blue BP pen ink specimens when subjected to long-pass filters of the VSC 6000
apparatus was investigated. The scrutinized ink samples were systematically categorized
into four distinctive cohorts based on their photoluminescence when subjected to the initial
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400485 nm band-pass filter. To comprehend the differential behavior of each classification,
TLC and UV-Vis spectroscopy measurements were conducted on selected ink samples,
aiming to ascertain the number of dyes present in the ink specimens, as well as their
photo-responsive characteristics. The results revealed the luminescent components present
in studied inks and unraveled the distinct luminescence behaviors of a certain dye when
present within the ink matrix compared to the pristine dye. The combination of optical
spectroscopy and chromatography techniques could provide a distinctive tool to reveal
luminescence and quenching behaviors of ink dyes for successful forensic discrimination
of several BP writing pens.

2. Materials and Methods
2.1. Ink Samples and Samples Preparation

A total of thirty blue BP pen samples sourced from various brands and models were
obtained from the local market in Egypt. Table S1 lists the codes given to 30 pen samples
along with the brand, model, and manufacturer of each pen sample. For sample preparation,
defined square areas were designed on a sheet of A4 white copy paper (Multi-office,
80 g/m?). Each of the 30 BP pens was used to write the two words “Forensic science”
within the square areas on the A4 paper sheet. For chemical analysis of some selected
ink samples, 1 cm of the BP pen barrel of the selected pen sample was cut and soaked
into 20 mL ethanol. Ethanol was chosen as a solvent for ink extraction and solvation
due to its efficacy in dissolving most ballpoint pen inks and following previous literature
reports [14,22,23]. Upon soaking, the final concertation of the soaking mixture was adjusted
to 20 ppm and the mixture was stored in the dark for chemical analysis. The TLC analysis
was employed to study the impact of the dissolution on the luminescence behavior of the
BP pen samples using a concentrated solution of each dissolved sample. Additionally, the
solution of each dissolved sample was employed in writing the letter “A” on A4 copy paper,
and these written samples were examined using the VSC to investigate any differences in
the luminescence properties of the ink samples.

2.2. Video Spectral Comparator (VSC) Studies

The VSC studies were conducted using a VSC 6000 workstation (Foster & Freeman Ltd.,
Evesham, UK) featuring an advanced digital system suitable for comprehensive forensic
examination of a variety of questioned documents. The sophisticated VSC 6000 workstation
incorporates a digital imaging system, variable light sources, and multi-spectral illumina-
tion spanning different regions of ultraviolet, visible, and infrared light. Notably, the VSC
6000 includes a high-resolution micro-spectrometer, which facilitates the non-destructive
spectral analysis helpful for studying distinct features of ink and paper compositions.
The VSC 6000 system allows the acquisition of absorption, reflectance, fluorescence, and
transmitted spectra from the documents under scrutiny. Such advanced optical and spectro-
scopic capabilities enable using the VSC 6000 for a wide range of document examinations,
encompassing both ink and paper analysis. The VSC 6000 features spot luminescence
examination capability, allowing images to be illuminated with visible light of different
wavelengths, and then the luminescence is recorded in the infrared region. VSC 6000
features ten preset optical excitation filters for sample illumination, allowing varying the
excitation waveband over different bandwidth ranges from 400-485 nm to 645-800 nm
band-pass regions in addition to the wide band-pass filter in the 300-800 nm region. The
VSC then can adjust the emission filters of the camera according to the excitation waveband,
and this determines the range of the infrared emitted wavelengths that will be recorded. In
our experiments, the ten preset filters of VSC 600 were used to vary the excitation waveband
used for sample illumination. The different ink samples were examined using the same
magnification with slight adjustments to the iris, integration, and exposure time to obtain
optimal image clarity using different transmission filters.

The handwritten ink samples were classified according to their luminescence behavior
under the first spot luminescence 400-485 nm band-pass filter. Upon examination of a
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large set of selected samples, the examined samples were grouped into 4 distinct groups
(groups I-1V). To gain a thorough understanding of the luminescent properties of the exam-
ined samples, the luminescence spectra of the handwritten ink samples were acquired along
with those for the crystal violet dye standard and bands of other constituents separated
using the TLC plates.

2.3. Thin Layer Chromatography (TLC)

The TLC analysis was conducted using 5 cm X 7.5 cm aluminum sheets coated with
silica gel (60F-254, Merck, Darmstadt, Germany). From the above-mentioned samples of
Groups I-1V, 12 samples were sub-selected for ink dissolution and analysis. The prepared
solvated ink solutions along with a solution of the standard relevant dye were analyzed
using TLC to determine the dyes present in each sample. The mobile phase employed for
this analysis consisted of a mixture of n-butanol, ethanol, and water in a ratio of 5:1:1.5, as
described in the literature [17,24,25]. The TLC bands were labeled as D1-D5 based on their
respective Rf values. The standard crystal violet dye was also added to those bands.

2.4. Ultraviolet—Visible (UV-Vis) and Photoluminescence (PL) Measurements

The UV-Vis measurements were carried out using a JENWAY UV-Vis spectropho-
tometer (Modal ST150SA, United Kingdom). The concentration of the measured samples
was adjusted to 20 ppm and UV-Vis spectra were used to study the presence of crystal
violet dye or other dyes and their concentration. The PL spectra of ink samples on TLC
plates were recorded using the VSC 6000. The PL spectra were acquired using a fixed
exposure time of 5 s from 3 different sample spots to assure repeatability, and then one
spectrum was considered for spectral comparison.

3. Results and Discussion
3.1. Video Spectral Comparator (VSC) Studies

The IRL toolkit of the VSC constitutes a potent tool for examining and distinguishing
different types of ink in the field of forensics. By utilizing the IRL, different BP pen inks
can be differentiated based on the color obtained during the investigation. A luminescent
ink displays a white color when subjected to IRL, whereas a non-luminescent ink appears
black [12,16]. Based on their luminescence response under the initial 400-485 nm band-pass
filter, the examined samples were categorized into four main groups (Groups I-1V).

Group I comprises 12 luminescent ink samples exhibiting a vivid white coloration,
namely RO4, RO7, ROS8, TO1, TO2, PG1, RX1, RX2, CL2, EU1, PE1, and ST1a. Notably, all of
these 12 samples maintain their luminescent activity when subjected to examination with
the remaining optical filters, as well as the complete spectrum, as depicted in Figure 1. Even
though little variations in luminescence strength exist due to some variations in the tone of
the color between samples, ranging between a blurring white to off-white and gray color,
all such samples were considered as having luminescence activity in our classification [16].

Group II ink samples showed a neutral appearance and seemed transparent under
the first 400-485 nm band-pass filter. Group II contained nine samples, namely PR2,
PR5, PR6, PR7, PRY, CE1, VN1, RE1a, and RE1b. All Group II samples showed a bright
white color using the different excitation filters as shown in Figure 2. Starting from the
eighth 585-720 nm band-pass filter, the IRL of the samples PR5, PR7, PR9, CE1, and VN1
begin to decrease while the remaining other samples still possess a strong IRL, suggesting
differences in the dye constituents. This shows the capability of using longer-wavelength
excitation filters to discriminate ink samples [26].
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Figure 1. IRL images of ink samples in Group I including RO4, RO7, RO8, TO1, TO2, PG1, RX1, RX2,
CL2, EU1, PE1, and ST1a writing pens under white light and different preset optical excitation filters.
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Figure 2. IRL images of ink samples of Group II including PR2, PR5, PR6, PR7, PR9, CE1, VN1, RE1a,

and RE1b writing pens under white light and different preset optical excitation filters.
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Group III contained three BP pen samples namely BV1, BV2, and PK1, which showed
slight absorbance and appeared faint black. Similar to Group II, samples of Group III also
showed white color luminescence with all other remaining filters, as shown in Figure 3.
Group IV contained six samples, namely SAla, SAlb, ZR1a, ZR1b, UBla, and TO3, which
showed noticeable absorbance and appeared black. As can be seen in Figure 4, the behavior
of Group 1V is distinct from other groups of samples where samples of groups IV remained
apparently black when examined with all filters over the entire excitation band-pass regions.
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writing pens under white light and different preset optical excitation filters.

Ink dissolution, IRL, and TLC were employed to further investigate the organic dye
content of the ink samples which could be responsible for the different optical IRL behavior
of the different groups. Specific samples from each of the four main groups were sub-
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selected to reduce data redundancy and at the same time assure sample diversity via the
representation of the various brands in each subgroup of the solvated ink samples. The
first subgroup, denoted subgroup I, comprised four samples, namely PE1, TO1, RX1, and
RO4, which represent diverse brands of the 12 pens included in the main Group L. The
subsequent subgroup (subgroup II) encompassed three selected samples, namely PR2,
REla, and VN1. The third sub-group (subgroup IlI) was represented by two samples,
namely BV1 and PK1, while the last subgroup (subgroup IV) included three samples of
distinct brands, namely SAla, ZR1a, and TO3. The above-mentioned sub-selected ink
samples were solvated and used for sample writing upon their dissolution.

The IRL images of the letter “A” written by the solvated selected ink samples of
subgroups I-IV under white light and different preset optical excitation filters are shown
in Figures 5 and 6. The ink samples of subgroup I and subgroup 1I displayed similar IRL
characteristics. As can be seen in Figure 5, samples of subgroup I and subgroup II possessed
no IRL under the first filter with a bandwidth of 400-485 nm, while possessing a strong
IRL across the five following filters and an IRL decay beginning from the seventh filter
to the tenth. Figure 6 shows the IRL images of the solvated ink samples of subgroups
III and IV under white light and different preset optical excitation filters. The solvated
ink samples of subgroup III exhibited similar behavior to that observed in the case of
subgroups I and II. On the other hand, solvated ink samples of subgroup IV exhibited
unique IRL characteristics. The sample SAla possessed enhanced solubility, while ZR1a
and TO3 samples exhibited poor solubility in ethanol. Consequently, those solvated ink
samples displayed variable appearance. The sample SAla appeared black with white edges
along the stroke, while the samples ZR1a and TO3 appeared essentially neutral under the
first filter. Nevertheless, they began to exhibit IRL starting from the second excitation filter
to the sixth filter. Afterward, they seemed to absorb light and appeared black from the
seventh to the tenth filter.

Figure 5. IRL images of the letter “A” written with dissolution and solvated selected ink samples of
subgroups I and II under white light and different preset optical excitation filters.
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400-485 nm 400-535 nm

Figure 6. IRL images of solvated ink samples of subgroups III and IV under white light and different
preset optical excitation filters.

3.2. Tin Layer Chromatography (TLC)

The TLC analysis provides a robust and powerful method for screening dye compo-
nents within a chemical matrix. The results of the TLC analysis (Figure 7) revealed that the
examined samples show a prominent presence of crystal violet dye as the primary organic
dye ingredient [9,24,27]. The typical chemical structure of the crystal violet dye is shown in
Figure S1. The TLC of crystal violet displays four chromatographic zones, even though it is
a single substance, as can be seen in Figure 7a. It is worth mentioning that pristine crystal
violet dye is photosensitive and it can degrade upon exposure to light. The light-exposed
crystal violet can lose a methyl group and form methyl violet dye, which upon further light
exposure loses another methyl group forming tetramethylpararosaniline [28-31]. Conse-
quently, the TLC of the crystal violet reflects the TLC zones correlated with the mother
dye and its associated light degradation products. Additionally, many of the studied BP
pens contained additional dyes to attain the desired coloration [32]. In addition to findings
on the crystal violet, each group exhibited distinct TLC bands. Samples of subgroup I,
including the RX1 and RO4, showed a prominent turquoise band with a retention factor
(R¢) of 0.55, while the PE1 sample slightly displayed that band. On the other hand, the TO1
sample did not show a turquoise-relevant band. The turquoise-relevant band is designated
as D1. For subgroup II, the PR2 and RE1a samples demonstrated bands relevant to strong
green dye with an R¢ value of 0.66. This band is designated as D2. The VN1 sample of
subgroup II showed deviated behavior from the norm and displayed an outlier band. This
outlier band was designated as D5. For the two samples, PK1 and BV1 of subgroup 1II,
a green band with an R value of 0.76 could be observed for the PK1 sample; this was
designated as D3. The BV1 exhibited bands relevant to the D2 dye band similar to samples
of subgroup II. The SAla sample of subgroup IV exhibited a turquoise-relevant band with
an R¢ value of 0.53, designated as D4. This band was observed in both the TO3 and ZR1a
samples, but as a faint band only.
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Figure 7. TLC plates of solvated ink samples of (a) subgroup I, (b) subgroup II, (c) subgroup III, and
(d) subgroup IV writing pen samples.

A summary of the distribution of dye components among the different solvated ink
samples of subgroups I-1V is presented in Table 1. The TLC results revealed the prominent
presence of crystal violet dye in all solvated ink samples. The samples of subgroup I, except
for the TO1 sample, contain the D1 dye. The samples of subgroup II comprised D2 dye,
except for the VN1 sample which featured a D5 dye instead of D2. For samples of subgroup
III, the PK1 sample contained D3, while BV1 contained D2. Samples of subgroup IV
comprised the D4 dye, in addition to the D2 dye in the case of both SAla and TO3 samples.

Table 1.
subgroups I-IV.

Summary of the TLC bands and dye distribution of the solvated ink samples of

R Subgroup I Subgroup II Subgroup III Subgroup IV
f PE1 TO1 RO4 RX1 PR2 REla VN1 PK1 BV1 SAla ZRla TO3

Crystal violet  0.77 X X X X X X X X X X X X

D1 0.55 X X X X

D2 0.66 X X X X X

D3 0.76 X X

D4 0.53 X X X

D5 0.48 X

The TLC plates were then examined by using the VSC to further study the optical
behavior of the separated bands on TLC plates and gain insights into the origin of the
IRL of the solvated ink samples. The IRL images of the TLC plates of samples of sub-
groups I-IV under white light and different preset optical excitation filters are displayed
in Figures 8 and 9. The two TLC sheets for subgroups I and II were examined together
under the ten preset excitation filters. The IRL images shown in Figure 8 indicate that the
TLC bands of the reference crystal violet, as well as the correlated bands in the solvated
ink samples, show very weak IRL under the first (400485 nm) band-pass filter. They
then began to luminesce from the second (400-535 nm) band-pass filter and luminescence
increases over the excitation bandwidths range of the third (445-570 nm) filter to the fourth
(485-590) nm filter. The highest luminescence could be observed using the fifth 485-610 nm
band-pass filter. The IRL then started to decay from the sixth (515-640) nm band-pass
filter to the seventh (545-675) nm band-pass filter, and from the eighth to tenth band-pass
filters (585-720 nm, 605-730 nm, and 645-800 nm), no luminescence could be observed.
On the other hand, the D1 dye had strong IRL under excitation using the first filter to the
tenth, with a peak luminescence under excitation using the middle-range filters. Similar
to crystal violet, the D2 dye showed a very weak luminescence under the first excitation
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filter. It then started to exhibit luminescence under excitation beginning from the second
filter, with higher luminescence than that in the case of crystal violet. At the same time, the
luminescence could still be observed at excitation using the eighth and ninth filters, unlike
the crystal violet.
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Figure 8. IRL of TLC plates of samples of (a) subgroup I and (b) subgroup II under white light and
different preset optical excitation filters.
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Figure 9. IRL images of TLC plates of samples of (a) subgroup III and (b) subgroup IV under white
light and different preset optical excitation filters.

Figure 9 displays the IRL images of TLC plates of solvated ink samples of subgroups III
and IV under white light and different preset optical excitation filters. The IRL properties
of the dyes indicated on the TLC plates of subgroup III samples are similar to those
observed in the case of subgroup II. Moreover, the D3 dye that distinguishes the PK1
sample exhibited strong luminescence under excitation using the first (400485 nm) band-
pass filter and across the remaining excitation filters, similar to D1 and D2. For solvated
ink samples of subgroup IV, which have been shown to contain crystal violet, D2, and
D4 dyes, luminescence could be observed for crystal violet and D2, similar to samples of
subgroups I-1IIL In addition, the D4 did not express any luminescence and seemed black
under different preset optical excitation filters.
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3.3. UV-Visible (UV-Vis) Spectroscopy

UV-Vis spectroscopy was used as a complementary tool for further study of dyes
present in the solvated ink samples, particularly crystal violet dye. The presence of some
other dyes was identified whenever possible based on similar studies in the literature.
The concentration of crystal violet in the studied samples was also investigated using
absorbance measurements. A 107> M solution of crystal violet dye dissolved in ethanol was
used as a standard. Figure S2 displays the absorption spectrum of the ethanolic solution
of crystal violet, which features two bands, a “B” band in the UV region at 303 nm, and
a “Q” band in the visible region at 582 nm. Figure 10 displays the UV-Vis spectra of the
20 ppm solutions of the 12 selected solvated ink samples of subgroups I-IV. The UV-Vis
absorption spectra of the solvated ink samples of subgroup I (Figure 10a) are characterized
by absorption peaks typical of crystal violet. Similarly, the remaining solvated ink samples
of subgroups II-1V also expressed the two featured absorption peaks of crystal violet as
can be seen in Figure 10b,d. The concentration and ratio of the crystal violet in the different
ink matrices of the samples of subgroups I-IV were calculated using the Beer—Lambert
law (A = ef), where A is absorbance (582 nm), € is molar absorption coefficient, and
¢ is optical path length (1 cm). The calculated concentrations and ratios of the crystal
violet in the different samples are listed in Table S2. The ratio of crystal violet percent
in the different solvated ink matrices varied from the minimum 6.36% in PE1 to 35.9%
in PK1. Interestingly, the absorption spectrum of the solvated ink sample of VN1 from
subgroup II (Figure 10b) featured a shoulder absorption at 617 nm which could be related
to the D5 dye. Moreover, the UV-Vis spectra of the solvated ink samples of subgroup
IV (Figure 10d) demonstrated distinctive characteristics, as indicated by the presence of
additional B and Q bands in the UV and visible regions centered around 343 nm around
667 nm, respectively, as can be seen in Figure 10d. These distinct absorption features could
suggest the presence of a phthalocyanine dye, which is a common colorant in the matrices
of the BP ink formula [22,23]. The chemical structure of a typical phthalocyanine dye is
shown in Figure S3. The low relative absorption observed in the case of ZR1a and TO3
samples could be attributed to their limited solubility in ethanol, which further suggests
the existence of phthalocyanine dyes (Figure S3) with low solubility [25,33].
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Figure 10. UV-Vis spectra of solutions of the solvated ink samples of (a) subgroup I, (b) subgroup II,
(c) subgroup III, and (d) subgroup IV.
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To further investigate the contribution of the different dyes besides the crystal violet
to the absorption spectral characteristics of solvated inks, curves of selected UV-Vis spectra
were fitted, and absorption maxima other than those of crystal violet were determined.
Figure 54 displays the deconvoluted UV-Vis absorption spectra of the RX1 and REla
samples of subgroups I and II, respectively. The deconvoluted absorption spectrum of the
RX1 sample suggests the presence of a convoluted peak at 536 nm, which could be related
to the D1 dye. Additionally, the deconvoluted absorption spectrum of the REla sample
shows a secondary absorption peak centered around 530 nm, which could be related to the
D2 dye.

The above TLC and UV-Vis results (Figure 7, Figure 10 and Figure S4) indicate the
presence of dye components other than crystal violet as indicated by the broad absorption
spectral profiles and the additional peaks obtained upon spectral deconvolution. The
absorption maxima of the other dyes indicated by the UV-Vis spectra and deconvoluted
data (Figure 10 and Figure S4) suggest that the (D1-D3) dyes (Figure 7) could belong
to the triarylmethane family, which typically expresses absorption features overlapping
with crystal violet. Figure S5 represents the molecular chemical structures of some of the
triarylmethane dyes including methyl violet, basic blue 7, Victoria blue R, and Victoria blue
B commonly present in blue BP inks [32,34-36].

3.4. Photoluminescence (PL)

The VSC is capable of measuring the PL intensities using different preset excitation
optical filters [26,37]. We further studied the PL of writing ink strokes, reference crystal
violet, and dyes on TLC plates (crystal violet, D1, D2, and D3) using the ten preset optical
filters of the VSC for excitation. Figure 11 presents the PL spectra of the ink strokes of the
writing BP pens of subgroup I, namely PE1, TO1, RX1, and RO4 pens under excitation of the
ten different preset optical filters of the VSC. The PL spectra of the subgroup I samples are
characterized by a broad emission in the range of 705-740 nm upon excitation using the first
400-485 nm band-pass filter. When the ink stroke samples were excited using the second
to fourth excitation band-pass filters, a narrower emission band was observed at around
730 nm. Upon excitation with the fifth to seventh band-pass filters of longer wavelengths
(<585 nm), a slight gradual red shift of the PL maxima up to 750 nm was observed. In the
case of excitation using the eighth 585-720 nm band-pass filter, the emission red shift was
greatly increased to around 850 nm, with relatively low PL intensities. The PL characteristics
of the ink strokes of the subgroup are in good agreement with their IRL images shown in
Figure 1, as discussed earlier. Interestingly, the intercomparison of the four PL spectra of
the four samples of subgroup I reveal that the emission maxima of the PE1 and TO1 pair
are very similar. Similarly, the RX1 and RO4 pair express comparable emission maxima.
The similar PL characteristics of the two pairs, namely (PE1 and TO1) and (RX1 and RO4),
further confirm the similar dye composition present in their corresponding ink formulas in
agreement with the TLC results shown above in Figure 7a. These results indicate that PL
measurements using the VSC can be used to differentiate different ink samples.

Figure 12 displays the PL spectra of the ink strokes of the writing BP pens of subgroup
II, namely RE1la, PR2, and VN1 pens under excitation of the ten different preset optical
filters of the VSC. The PL spectra of the subgroup II samples were characterized by a
weak emission in the range of 705 nm-740 nm upon excitation using the first 400-485 nm
band-pass filter. This observation is in good agreement with the IRL images of the same
samples shown above in Figure 2. When the ink stroke samples were excited using the
second excitation band-pass filters, both the RE1 and PR2 samples (Figure 12a,b) showed
a relatively high emission intensity with maxima centered around 736 nm. The emission
maxima were then slightly red shifted to 764 nm up to the seventh excitation filter. In
addition, the REla and PR2 samples continued to express enhanced emission around
745 nm up to the eighth excitation filter. The VN1 sample behaved differently and its PL
spectrum (Figure 12c) indicates different emission maxima relative to the RE1 and PR2.
Moreover, the VN1 sample did not show appreciable emission upon excitation using the
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eighth (585-720 nm) to the tenth (645-800 nm) band-pass filters. These results confirm the
findings obtained from the TLC studies of those samples (Figure 7b).

Figure 13 displays the PL spectra of the ink strokes of the writing BP pens of subgroup
III, namely PK1 and BV1 pens under excitation of the ten different preset optical filters of
the VSC. The spectra indicate that both the PK1 and BV1 samples express weak PL under
the excitation of the first (400-485 nm) band-pass filter in an alignment with their faint
dark appearance as discussed in the IRL images shown above in Figure 3. When the ink
stroke samples were excited using the second excitation band-pass filters, the PK1 featured
emission peaks centered around 666 nm and 732 nm, while BV1 showed emission bands
with maxima at 670 nm and 742 nm, as can be seen in Figure 13a,b. Upon excitation with
band-pass filters of longer wavelength, the PK1 sample expressed relatively higher PL
intensity at around 666 nm, compared to 742 nm in the case of the BV1. The different
PL characteristics of these two samples match well with different dye compositions as
indicated by the TLC results shown in Figure 7c. When both samples were excited using
the seventh excitation band-pass filter, a red shift of the emission maxima to 745 nm and
765 nm was observed for the PK1 and BV1, respectively. Under the excitation, using the
eighth-to-tenth filters, both Pkl and BV1 samples possess a weak PL with an emission
maximum centered around 845 nm. The weak PL under these excitation filters agrees with
the weak IRL observed using the same filters as discussed earlier in Figure 3.
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Figure 11. PL spectra of the ink strokes of the writing BP pens of subgroup I, namely (a) PE1, (b) TO1,
(c) RX1, and (d) RO4 pens under excitation of the ten different preset optical filters of the VSC.
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Figure 12. PL spectra of the ink strokes of the BP pens of subgroup II, namely (a) RE1a, (b) PR2, and
(c) VN1, under excitation of the ten different preset optical filters of the VSC.
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(b) BV1 pens under excitation of the ten different preset optical filters of the VSC.
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For the ink samples of subgroup IV, the TLC results (Figure 9d) indicated the presence
of some dye components in the three samples. This is despite the fact that these samples
did not express IRL and their corresponding ink strokes appeared dark (black) under the
illumination of the ten preset optical excitation filters of the VSC. Additionally, the same
samples showed no appreciable PL properties and no emission peaks could be recorded for
them. To investigate this optical behavior, the PL spectra of the dye bands on the TLC plates
of the corresponding samples were studied along with reference crystal violet. Figure 14
compares the PL spectra of TLC bands of reference crystal violet and crystal violet band
for the RO4 sample (subgroup I) using the ten different preset optical excitation filters of
the VSC. The PL spectra of the TLC of reference and sample crystal violet dyes are similar,
showing low emission intensity under the first (400485 nm) band-pass excitation filter.
Upon excitation using the second-to-fifth filter, an increased emission could be observed
with a maximum emission centered around 660 nm. When the bands were excited using
the sixth 515-640 nm band-pass excitation filter, a red shift of the emission maximum to
~705 nm was observed. The PL then started to decay from the seventh 545-675 nm band-
pass filter until the emission was completely damped using the remaining excitation filters.
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Figure 14. PL spectra of TLC bands of (a) reference crystal violet and (b) crystal violet band for the
RO4 sample (subgroup I) using the ten different preset optical excitation filters of the VSC.

Figure 15 PL spectra of the TLC bands of (a) D1, (b) D2, and (c) D3 dyes separated
from the solvated ink samples of the RO4, PR2, and PK1 pens, respectively. The PL spectra
indicate the high PL of the D2, D2, and D3 bands with emission maxima centered around
672 nm, 670 nm, and 690 nm, respectively, using the first (400485 nm) band-pass excitation
filter up to the fifth (485-610 nm) band-pass excitation filter. The optical excitation using
the sixth (515-640 nm) band-pass filter resulted in a red shift of emission maxima to 705 nm,
707 nm, and 710 nm, respectively. Using the seventh excitation filter, a further red shift of
the emission maxima to 734 nm for both D1 and D2 and to 740 in the case of D3. Upon
excitation using band-pass filters with transmission greater than 585 nm, only the D1 sample
continued to express significant PL under excitation using the 585-720 nm, 605-730 nm,
and 645-800 nm band-pass filters. The D1 dye exhibited higher PL compared to crystal
violet, and the high PL remained under the excitation of almost all band-pass bands. These
results explain the high-intensity IRL for the samples of the mother Group I (Figure 1) since
they contain the D1 dye as indicated by the TLC study (Figure 7a). For the D2 and D3, PL
behaviors similar to that of the crystal violet were observed when excited using band-pass
filters of wavelengths greater than 400-485 nm. In addition, these dyes did not exhibit
any PL when excited with band-pass filters with wavelengths greater than 585 nm. This
confirms the conclusion that the D1, D2, and D3 dyes belong to the triarylmethane family



Appl. Sci. 2023, 13,9300

16 of 19

of dyes. On the other hand, the D4 dye which is suggested to be phthalocyanine did not
express PL response under excitation of the different band-pass filters.
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Figure 15. PL spectra of the TLC bands of (a) D1, (b) D2, and (c) D3 dyes separated from the solvated
ink samples of the RO4, PR2, and PK1 pens, respectively.

In summary, the VSC studies resulted in the successful categorization of the 30 studied
BP pen samples into four main groups based on the IRL characteristics. The TLC results
revealed the presence of crystal violet as an essential dye component in all examined
samples, along with some other dyes from the triarylmethane family of dyes. The crystal
violet demonstrated weak PL using the first excitation filter (400-485 nm) and under filters
beginning from the seventh to the tenth filter in the band-pass range of 585 nm-800 nm.
The ink samples of Group I were distinguished by the presence of D1 in their corresponding
TLC plates, which was prominently visible, particularly in RX1 and RO4 samples relative
to the PE1 sample. The TLC analysis of the TO1 sample revealed the presence of crystal
violet only, without any indication of the presence of D1 or other dyes. Nevertheless,
the PL spectrum of the ink stroke of the TO1 sample, as well as the corresponding IRL
images, indicated the presence of other dye components that match D1. This suggests
that D1 dye exists in the TO1 sample in very low concentrations that are undetectable
using TLC. The strong PL observed in Group I can be attributed to the presence of D1,
as this dye exhibited a high PL signal throughout the entire excitation range, as shown
in Figure 15a. Furthermore, D2 and D3 exhibited a higher IRL than crystal violet upon
optical excitation using the first (400—485 nm) band-pass filter, and comparable IRL to that
of crystal violet under excitation wavelengths greater than 585 nm. These results agree
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with the optical characteristics of the ink stroke samples containing these dyes (subgroup II
and subgroup III). This strongly suggests that crystal violet and triarylmethane dyes (D2
and D3) are responsible for the IRL characteristics observed in both Group II and Group
III samples [26,38]. For samples of the subgroup IV which expressed no luminescence,
IRL could be observed in the separated dyes, including crystal violet and D2. This could
be explained by the presence of phthalocyanine dye (D4) within the ink matrix of those
samples with absorption maxima centered around 670 nm, as shown in Figure 10. The
absorption peak at 670 nm overlaps with the IRL wavelength of the triarylmethane dyes
(660-690 nm) under excitation using the first five optical filters with band-pass in the range
400-585 nm, as shown in Figure 15. The overlap between the absorption of phthalocyanine
and emission of triarylmethane dyes could result in photoluminescence quenching.

The samples including the hand-written “A” letter using the solvated inks showed IRL
characteristics similar to crystal violet. The solvation of different inks could result in diluted
writing ink solutions, which in turn causes a decrease in the overall dye concentration.
Among all dyes present, crystal violet expressed a higher relative concentration compared
to other dyes. This marginalized the concentrations of the other dyes compared to crystal
violet, which caused the IRL of crystal violet to appear as the most prominent dye in
subgroups I, II, and III.

For subgroup IV samples, the different solubility extents were reflected in the IRL
properties of the corresponding written samples using the solvated samples. For instance,
the SAla sample, which was very soluble, displayed IRL at the edges of the writing line, and
no IRL in the middle of the written “A” letter with a black appearance. The luminescence
observed at the edges of the stroke can be attributed to the diffusion of the solvent carrying
the highly concentrated crystal violet dye, where the mixture of phthalocyanine dye and
crystal violet in the middle of the line resulted in luminescence quenching and caused the
black color. Furthermore, when writing with a dilute solution of TO3 and ZR1a samples,
their obtained IRL resembled that of crystal violet. These two samples had poor solubility,
which further suggests the presence of D4 as a phthalocyanine dye with limited solubility.
The limited solubility of the phthalocyanine dye resulted in low concentrations, thus
limiting the quenching effect.

Concerning the PL spectra, the combination of the two dyes causes a red shift in the
emitted light wavelength. For instance, the RO4 and RX1 samples, containing crystal violet
and D1 dyes, exhibited PL at 660 nm and 672 nm under the excitation range (400-585 nm).
The emission maxima of the ink strokes of these samples were positioned around 705 nm
under excitation using the first filter, around 735 nm using the second to sixth filters, and
around 750 nm under the seventh excitation filter. This red shift of the PL may result
from the conjugation of the present dyes, in addition to the Stokes shift. The extent of the
observed red shift varied between different ink samples with different dye compositions,
leading to the sub-differentiation of samples of both subgroups I and II. These results show
that PL spectra measured using the VSC can provide an important tool for ink examination,
while higher discriminatory power can be achieved. The IRL properties of the blue BP pen
inks have been assigned mainly to the presence of the crystal violet dye [38]. Our results
confirm that crystal violet constitutes the main dye component causing IRL, along with
contributions from some other dyes such as the triarylmethane dyes. Interestingly, results
show that some triarylmethane dyes exhibited even stronger PL compared to crystal violet.
Moreover, their IRL behavior has a significant influence on the overall IRL characteristics
obtained from the studied ink stroke samples.

4. Conclusions

This study of luminescence and quenching plays a significant role in the analysis of
inks. In this article, we employed a combined approach using spectroscopy and chromatog-
raphy to unravel the luminescence of BP pen inks. The findings revealed that some tested
inks exhibited IRL, attributed to the presence of crystal violet and certain triarylmethane
dyes. However, some ink specimens did not display IRL, despite having dyes that normally



Appl. Sci. 2023, 13,9300 18 of 19

cause IRL in their composition. Notably, the inclusion of phthalocyanine dye into these
non-luminescent ink compounds resulted in quenching of the luminescent components.
With the effective use of VSC spot luminescence filters, we achieved a successful classifica-
tion of the studied ink samples following their respective dyes. PL spectra measured using
VSC significantly aid in the differentiation and detailed examination of various ink types.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app13169300/s1, Figure S1: The typical chemical structure of the
crystal violet dye; Figure S2: UV-Vis spectrum of the reference crystal violet dye in solution; Figure S3:
The typical chemical structure of the phthalocyanine dye; Figure S4: Deconvoluted UV-Vis absorption
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