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Abstract

This paper presents the results of analysis of 17 blue gel inks (of different brands) deposited on a paper surface. The studies were
carried out using a RENISHAW Raman Spectroscope equipped with three sources of excitation — lasers of wavelengths 514,
633 and 785 nm. Measurements of Raman spectra were performed in the spectral range 400-2000 cm ™. The studied samples
were arranged in 136 pairs, in order to check separately for each of them whether it is possible to differentiate them on the basis
of comparing Raman spectra. The obtained results allowed us to calculate the discriminating power of Raman spectroscopy for
each of the applied sources of excitation and overall for this technique. Identification of the pigments making up the studied inks
was also carried out, at the same time analysing the changes in intensity of the main bands of Raman spectra of these pigments
depending on the wavelength of the excitation light. It was established that Raman spectroscopy is a highly effective method in
the analysis of blue gels, because thanks to good repeatability of the obtained spectra and a low level of noise, it is possible to
distinguish them even on the basis of single bands of relatively low intensity and also to identify bands which do not originate
from the main chromatic components. In the case of samples that were not differentiated by this technique, additional optical
analyses were applied, using a Leica stereoscopic microscope and a VSC 2000 HR spectral comparator. It was ascertained that
several of them could already be differentiated by microscopic observation at 10-20x magnification. However, analysis of ab-
sorption and luminescence in infrared did not provide further solutions.
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1. Introduction

Document examination for forensic purposes en-
compasses amongst other things, analysis of ballpoint
pen inks, gel pen inks and other kinds of inks or toners,
aimed above all at their differentiation with the help
of various analytical methods [1, 6, 8, 11]. Since the
analysed inks and toners are most frequently located
on documents which constitute evidence in trials (ju-
dicial proceedings) and are thus objects that are sub-
ject to special protection, non-destructive techniques
which do not require collection of samples from the

given document are preferred during performance of
expert examinations. Amongst the most frequently ap-
plied methods in this group (and ones which are, fur-
thermore, characterised by high discriminating power)
are: Raman spectroscopy, basic optical methods linked
with visual analysis of absorption of light by inks in
the near infrared range (700—-1000 nm), and observa-
tion of the intensity of luminescence in the same range
using excitation by light in the visible range [4, 5]. The
aim of this work was to study gel inks with the help
of Raman spectroscopy, to determine the discrimina-
tion power of this technique, to define possibilities of
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identification of dyes and pigments entering into the
composition of gels, and also to check whether with
the help of optical methods one could differentiate
those pairs of gels which could not be differentiated
by Raman spectroscopy.

Gel pen inks occupy an important place amongst
various types of inks that are of interest to experts.
Gel pens were first produced in Japan in 1984, and
they were introduced into general use at the beginning
of the 1990’s, becoming a very popular writing tool
thanks to ease of writing, intensive colour and high
resistance to fading due to sunlight [2, 3, 5].

The specialist literature does not discuss the chemi-
cal composition of gels as extensively as ballpoint pen
inks. However, it is known that the overwhelming ma-
jority of substances that impart colour to this group of
inks are pigments. For example, amongst 55 blue gels
analysed by W. Mazzella and P. Buzzini [4], 36 con-
tained pigments (approx. 65%). Amongst pigments
most frequently constituting ingredients of blue gels
are copper phthalocyanine and dioxazine violet, whilst
in the case of black gels, the basic ingredient is carbon
black. Ethylene or propylene glycol, in turn, are the
main solvents for blue gels [4, 5].

Almost all analytical methods available in mod-
ern laboratories have been applied in the examina-
tion of gel writing materials, beginning from the
simplest — optical microscopy — through observation
of near infrared absorption and near infrared lumi-
nescence and thin layer chromatography (TLC) to
the latest, highly complex technology: Raman spec-
troscopy (RS), infrared spectroscopy (FTIR), vari-
ous types of liquid or gas chromatography (HPLC,
HPLC-ESI-MS, GC-MS) and mass spectrometry
(LA-ICP-TOF-MS), X-ray fluorescence spectrometry
(XRF) and scanning electron microscopy (SEM) [1, 4,
5,7,8,9, 10, 11].

2. Materials and methods

This work presents the results of examination of
17 blue gels of various brands, deposited on a paper
surface. The studies were carried out with the help
of: a RENISHAW Raman spectroscope (Renishaw’s
inVia microRaman), equipped with three sources of
excitation — lasers of wavelength 514 (argon ion laser,
maximal output 150 mW), 633 (helium-neon ion la-
ser, maximal output 30 mW) and 785 nm (diode laser,
maximal output 300 mW), a Leica stereoscopic micro-
scope and a VSC 2000 HR (Foster+Freeman).

Measurements of Raman spectra were carried out
in the spectral range 400-2000 cm™'. (accuracy of

measurement 3—5 cm™!). The studied samples were ar-
ranged in 136 pairs, in order to check separately for
each of them whether comparing Raman spectra would
enable us to distinguish between gels within each pair.
On the basis of the obtained results, the discrimina-
tion power for each of the applied methods was cal-
culated. The possibility of identification of pigments
and dyes entering into the composition of blue gels
on the basis of comparing their Raman spectra with
spectra of appropriate standards was also investigat-
ed. During comparison of Raman spectra, they were
not subjected to baseline subtraction or automatic re-
duction of noise level. Next, pairs of undifferentiated
samples were optically analysed, starting from micro-
scopic observation, and then samples which could still
not be differentiated were also analysed in the range
400-1000 nm, observing their absorption and lumi-
nescence in infrared.
The following blue gel pens were analysed:
Pentel Hybrid K155;
Pentel Hybrid Gel Grip K116-C;
Pilot G-1 Grip BLG-G1-5-L Japan;
Pilot G-1 BL-G1 5T-L France;
Uni-ball Signo RT UMN-105;
Uni-ball Signo UM-133;
Uni-ball Signo DX UM-151;
Uni-ball Signo UM 100.64;
9. Pilot G-2 BL-G2-5-L;
10. MonAmi SUPERGEL;
11. DONAU Gel;
12. PAPER MATE Gel 2020;
13. Pentel Hybrid K106;
14. Uni-ball Signo UM-120 (05);
15. Uni-ball Signo UM-170 Gelstick;
16. Pentel EnerGel Liquid Gel 0,5;
17. STAEDTLER Cool Roller.
The following pigments and dyes were also ana-
lysed:
— dioxazine violet (pigment violet 23, C.I. 51319);
— copper phthalocyanine (pigment blue 15, C.L
74160);
— victoria blue R (basic blue 11, C.1. 44040);
— victoria blue B (basic blue 26, C.1. 44045);
— methyl violet (basic violet 1, C.I. 42535);
— luxol fast blue (solvent blue 38, C.1. 74180);
— crystal violet (basic violet 3, C.I. 42555);
— fat blue B (solvent blue 35, C.I. 61554).
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3. Results and discussion
3.1. Discriminatory analyses

Analysis of the obtained Raman spectra of blue
gels showed that independently of the source of excita-
tion they are characterised by very good repeatability,
a negligible level of noise and numerous bands. What
is also significant is that the number of spectra of a lu-
minescent nature is small. Amongst spectra obtained
using the 514 nm laser, only spectra of two samples
exhibited luminescence masking the Raman signal,
whilst in the case of the 633 nm laser and the 785 nm
laser, spectra of five samples. In all cases, spectra of
samples 16 and 17 were amongst the luminescent spec-
tra. It should be emphasized that in spite of this, we
managed to distinguish the indicated samples, since
the shape of baselines of spectra of these gels obtained
by 633 nm laser excitation differed significantly. In the
remaining cases, when comparing spectra, the pres-
ence or absence of bands in strictly defined regions
was primarily taken into account above all.

And so, on the basis of juxtaposition of 136 pairs
of spectra of blue gels obtained from measurements
of 17 samples using three wavelengths of laser excita-
tion, the total discriminating power was 0.89. It should
be emphasized that for the 514 nm and 785 nm lasers,
the discriminating power was the same (0.89), but was
lower for the 633 nm laser (0.72). What is more, when
using the 514 nm and 785 nm lasers, the same pairs of
spectra turned out to be indistinguishable. They con-

Laser: 822 nm edge
Laser powsr: 10 %
Tims: 10000 ms
Accumulations: S
Objective: 50 x
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sisted of gels which were divided into the following

groups:

a) samples 1, 2 and 13 (Pentel gels);

b) samples 3, 4 and 9 (Pilot gels);

c¢) samples 7, 8 and 10 (Uni-ball Signo and MonAmi
gels);

d) samples 5, 12, 14 and 15 (Uni-ball Signo and Paper

Mate gels).

For the 633 nm laser, not only spectra of the same
pairs of samples, but also spectra of blue gels from the
last two groups, ¢) and d), matched, which contributed
to lowering the discriminating power.

This example is especially interesting and requires
broader discussion. The spectra of the blue gels la-
belled 5, 7, 8, 10, 12, 14 and 15, obtained using excita-
tion by the 633 nm laser and performing measurements
in various conditions, exhibited complete correlation
of all bands and of the fundamental shape of the bands.
Thus it was not possible to differentiate them, in spite
of small differences in the course of the baseline and
the intensity of some bands (Figure 1).

Analysing the spectra of the same samples, but
this time obtained using the 514 nm laser, it was as-
certained that samples 5, 12, 14 and 15 differ slightly
from samples 7, 8 and 10, which may be significant if
you take into account the high repeatability in succes-
sive measurements of particular samples. The ascer-
tained differences related to the region of the spectra
lying between approx. 1170 cm™" and 1320 cm™! (Fig-
ure 2 and 3).
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Fig. 1. Spectra of samples 5, 7, 8, 10, 12, 14 and 15, obtained by 633 nm laser excitation.
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Laser: 514 nm edge
Laser power 5 %
Time: 10000 ms
Accumulations: S
Objective: 50 x
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Fig. 2. Spectra of samples 5, 12, 14 and 15 and also 7, 8 and 10, obtained by excitation using the 514 nm laser.
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Fig. 3. Fragment of spectra of samples 5, 12, 14 and 15 and also 7, 8 and 10, obtained by excitation using the 514 nm laser.

Confirmation that samples 5, 12, 14 and 15
matched, and at the same time that they were differ-
ent from samples 7, 8 and 10, came from analysis of
spectra carried out using the 785 nm laser (Figure 4).
Spectra of the first four samples were characterised by
a large number of bands in various regions and a low
level of noise. However, in spectra of gels 7, 8 and 10,

apart from a lower intensity of the main bands, which
were identical with the main bands of samples 5, 12,
14 and 15, and (apart from) the occurrence of distinct
noise, not many bands were ascertained that were
characteristic for the mentioned four gels.

It is worth drawing attention to another interest-
ing case, which concerns group a), i.e. gels 1, 2 and

Problems of Forensic Sciences 2013, vol. 95, 627-641
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Laser: 785 nm edge
Laser power: 0 %
Time: 10000 ms
Accumulations: 5
Objective: 50 x
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Fig. 4. Spectra of samples 5, 12, 14 and 15 and also 7, 8 and 10, obtained using 785 nm laser excitation.
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Fig. 5. Spectra of samples 1, 2, 13 and 6, obtained using 514 nm laser excitation.

13, with matching spectra for each of the three wave-
lengths of excitation and also the gel labelled sample
6. Whereas Raman spectra of these writing materials
obtained using the 514 nm laser differ in a fundamen-
tal way (Figure 5), when comparing their spectra ob-
tained by 633 nm laser excitation, it was ascertained
that most of the main bands of the spectrum of gel

no. 6 (482, 594, 679, 746, 951, 1339, 1448 and also
1524 cm™!) appear (alongside other bands) in the spec-
tra of gel samples 1, 2 and 13, where they exhibit rela-
tively low intensity (Figure 6). However, a compari-
son of the spectra — obtained by 785 nm laser excita-
tion — of blue gels which undoubtedly differ in terms
of chemical composition showed an almost complete

Problems of Forensic Sciences 2013, vol. 95, 627—641
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match in terms of occurrence of particular bands and
their intensity. The only ascertained differences re-
lated to visible bands at 1258 cm™! and 1392 cm™!,
which were absent in the spectrum of gel 6, and also

results show that gels 1, 2, and 13 contain a mixture of
chromatic components that are partly consistent with
the composition of gel 6, which is confirmed by re-
search presented later in the paper.

to a band located at 1429 cm™', which in the spectrum
of gel 6 showed significantly less intensity than in the
spectra of gels labelled 1, 2 and 13 (Figure 7). These

Laser: 833 nm edge l
1 Laser powsar: 5 % 2
a Time: 10000 ms
Accumulations: 5 13
-1 Objective: 50 x
] /6
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a00 500 600 700 200 500 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
Raman shift £ cm-1
Fig. 6. Spectra of samples 1, 2, 13 and 6, obtained using 633 nm laser excitation.
_ Laser 785 nm edge
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Fig. 7. Spectra of samples 1, 2, 13 and 6, obtained using 785 nm laser excitation.
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3.2. Identification of pigments and dyes The presence of the pigment copper phthalocya-
nine was ascertained in 12 out of 17 samples (1, 2, 5-8,

Comparing spectra of analysed gels and dyes and 10-15, Figure 8). In samples 1, 2, 11 and 13, the pres-
pigments which were obtained by excitation using all ence of dioxazine violet was also ascertained. What is
three lasers showed that the fundamental substances interesting is that when using 514 nm laser excitation
giving colour in this type of writing material are copper in samples 1, 2 and 13, only dioxazine violet was re-
phthalocyanine (PB15) and dioxazine violet (PV 23). vealed (Figure 9), whilst copper phthalocyanine was

Laser: 514 nm edge
Laser power: 100 %
Time: 15000 ms
Accumulations: S
Objective: 50 x

TN 0 T A N T A U

T T T
500 600 700 200 oS00 1000 1100 1200 1300 1400 1500 1600 1700 1200 1900
Raman shift f cm-1

Fig. 8. Spectra of samples 5 and 15 and copper phthalocyanine, obtained using 514 nm laser excitation.

Laser 514 nm edge
- Laser power: 5 %
Time: 10000 ms
Accumulations: 5
Objective: S0 x

— V23

Raman shift / em-1

Fig. 9. Spectra of sample 1 and dioxazine violet, obtained using 514 nm laser excitation.

Problems of Forensic Sciences 2013, vol. 95, 627—641
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identified in spectra obtained using the 785 nm laser
(Figure 10). In turn, in the case of spectra of gel 11 ob-
tained with the help of the 514 nm laser, bands origi-
nating from both these pigments were equally intense
(Figure 11), whilst in the spectrum obtained using the
785 nm laser, only copper phthalocyanine was visible
(Figure 12). It is highly probable that other dyes or

Laser 785 nm edoe
Laser power: 0 9%
Time: 10000 ms
Accumulations: 5
Objective: 50 x

pigments were also present in the gels in which only
copper phthalocyanine was identified, which is attest-
ed to by the presence of additional bands (in spectra
obtained with the help of one of the applied sources
of excitation of the Raman signal), different from ones
originating from copper phthalocyanine.
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Fig. 10. Spectra of sample 1 and copper phthalocyanine, obtained using 785 nm laser excitation.
Laser: 514 nm edge
Laser power: S %
Time: 10000 ms
Accumulations: 5§
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11
—PB 15
¥ 23

Y
1500

Raman shift / em-1

Fig. 11. Spectra of sample 11 and copper phthalocyanine and dioxazine violet, obtained using 514 nm laser excitation.
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Fig. 12. Spectra of sample 11 and copper phthalocyanine and dioxazine violet, obtained using 785 nm laser excitation.

In the five remaining samples, i.e. 3,4, 9, 16 and
17, the substances giving them colour were not identi-
fied. For samples 16 and 17, this identification could
not in any case be carried out with the help of Ra-
man spectroscopy (irrespective of the wavelength of
the excitation light), due to the luminescent nature of
these spectra.

3.3. Optical analysis

Optical analysis only to a small extent increased
the number of distinguished pairs of samples. During
microscope observation, with illumination by white
light, it was ascertained that out of the three samples
which could not be distinguished with the help of Ra-
man spectroscopy, gel 8 (Figure 13) exhibits a com-
pletely different colour (dark navy blue) than samples
7 and 10, which are blue (Figure 14 and 15) — which is
sufficient to distinguish the studied samples.

At this point, it is also worth drawing attention to
the blue gel labelled sample 6, which contains the blue
pigment copper phthalocyanine. Microscopic analysis
of'its graphic line revealed its specific structure (Figure
16), which is completely different from the structure
of typical gel inks. Namely, the main carrier of the pig-
ment here is small pellets, which arrange themselves
on the surface of the paper without penetrating into its
structure, and which can thus easily be removed from
it in a mechanical way. However, for typical gels, all
the components penetrate into the fibres of the paper

Fig. 13. Lines of sample 8.

il

X
4

Fig. 14. Lines of sample 7.
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and it is not possible to remove them without apply-
ing chemical reagents or violating the structure of the
paper (Figure 17). It is obvious that samples with such
a specific microscopic image can be differentiated
from others without the necessity of carrying out fur-
ther examinations.

Optical analysis of absorption and emission of light
in infrared by gel inks did not increase the number of
differentiated pairs of samples, because those pairs
whose Raman spectra did not exhibit differences were
also characterised by matching absorption and lumi-
nescence in infrared.

4. Conclusions

Comparison of seventeen samples of gels with the
help of Raman spectroscopy where the source of sig-
nal excitation was three lasers (514, 633 and 785 nm)
showed good discriminating power of the applied
method (0.89) for this type of sample. The very high
repeatability of the obtained spectra for each of the
studied samples is also significant (significantly better
than in the case of ballpoint pen inks), as is the small
number of spectra of luminescent character. Amongst
all the analysed samples of gels, only the spectra of
two (16 and 17) exhibited this feature for each of the
three applied lasers; however, even in these cases, it
was possible to show differences between them.

Two pigments were also identified (copper phthalo-
cyanine and dioxazine violet) that impart colour to the
studied gels. There is no doubt that a broader collec-
tion of standard (reference) dyes and pigments would
enable further identification of successive chromatic
components contained in blue gels.

The performed studies also show that in some
cases there is no need to apply advanced analytical
techniques in order to differentiate inks, e.g. blue gels.
Fundamental, uncomplicated and non-destructive ex-
amination methods, such as optical techniques, enable
quick differentiation of inks. One should therefore be
mindful of the obligation to use tools such as a mi-
croscope or even a magnifying glass in basic forensic
examinations, since in some cases they enable quick
differentiation of inks.
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Fig. 15. Lines of sample 10.

Fig. 16. Microscopic image of sample 6 (structure of “pel-
lets” which do not penetrate into the substrate).
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Fig. 17. Microscopic image of sample 1 (gel penetrating into
substrate).
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SPEKTROSKOPIA RAMANA WSPOMAGANA BADANIAMI OPTYCZNYMI
W CELU ROZNICOWANIA NIEBIESKICH ZELI

1. Wstep

Badania dokumentéw do celow sadowych obejmu-
ja m.in. analize materiatow kryjacych (past dtugopiso-
wych, zeli, atramentéw oraz toneréw), zmierzajac prze-
de wszystkim do ich rozrdzniania za pomocg rozmaitych
metod analitycznych [1, 6, 8, 11]. Ze wzgledu na to,
ze analizowane materiaty kryjace znajduja si¢ najczes-
ciej na dokumentach, ktére w procesie sgdowym stano-
wig material dowodowy, a wigc przedmiot podlegajacy
szczego6lniej ochronie, podczas wykonywania ekspertyzy
preferowane sg przede wszystkim techniki nieniszczace,
ktore nie wymagaja pobrania probek z dokumentu. W tej
grupie do najczesciej stosowanych, a jednoczesnie cha-
rakteryzujacych si¢ wysoka sitag dyskryminacji, naleza:
spektroskopia ramanowska oraz metody podstawowe,
optyczne, zwigzane z wizualng analizg absorpcji Swiatla
przez materialy kryjace w zakresie bliskiej podczerwieni
(700-1000 nm) i obserwacja intensywnosci luminescen-
cji w tym samym zakresie, przy wzbudzeniu $wiattem
w zakresie widzialnym [4, 5]. Celem niniejszej pracy
byty badania atramentow zelowych za pomocg spektro-
skopii Ramana z uwzglednieniem wyznaczenia sity dys-
kryminacji tej techniki oraz okreslenia mozliwos$ci iden-
tyfikacji barwnikoéw i1 pigmentéw wchodzacych w sktad
zeli, a takze sprawdzenie, czy za pomoca metod optycz-
nych mozna rozrézni¢ te pary zeli, ktore nie réznicujg si¢
przy wykorzystaniu spektroskopii ramanowskiej.

Dhugopisy zelowe zajmuja wazne miejsce wsrod
réznego rodzaju materiatdw pisarskich znajdujacych
si¢ w obszarze zainteresowania ekspertow. Pierwszy raz
zostaty wyprodukowane w 1984 roku w Japonii; wpro-
wadzone do powszechnego uzytku na poczatku lat 90.
XX wieku staty si¢ bardzo popularnym narzedziem pi-
sarskim ze wzgledu na tatwos¢ pisania, intensywna bar-
we oraz duza odpornos¢ zelu na blaknigcie pod wpltywem
swiatla stonecznego [2, 3, 5].

Literatura fachowa nie omawia tak szeroko sktadu
chemicznego atramentow zelowych, jak past dtugopi-
sowych, wiadomo jednak, ze substancjami nadajacymi
barwg tej grupie materiatéw kryjacych sag w zdecydowa-
nej wigkszosci pigmenty. Przyktadowo, wsrod 55 nie-
bieskich zeli przeanalizowanych przez W. Mazzella
i P. Buzzini [4], 36 zawierato pigmenty (ok. 65%). Spo-
sroéd pigmentdw najezesciej wchodzacych w sktad zeli
barwy niebieskiej nalezy wymienié copper phthalocy-
anine 1 dioxazine violet, za§ w przypadku czarnych zeli
pigment, ktorego podstawowym sktadnikiem jest sadza
(carbon black). Glikol etylenowy lub propylenowy sa

najczesciej spotykanymi rozpuszczalnikami dla niebie-
skich zeli [4, 5].

W badaniach zelowych materiatow pisarskich sto-
sowano niemal wszystkie metody analityczne dostepne
w nowoczesnych laboratoriach, poczawszy od najprost-
szych, a wigc mikroskopii optycznej, obserwacji absorp-
¢ji 1 luminescencji w podczerwieni oraz chromatografii
cienkowarstwowej (TLC), a skonczywszy na najnowo-
czesniejszych o wysokim stopniu skomplikowania: spek-
troskopii Ramana (RS), spektroskopii w podczerwieni
(FTIR), réznych rodzajach chromatografii cieczowej lub
gazowej (HPLC, HPLC-ESI-MS, GC-MS), spektrome-
trii masowej (LA-ICP-TOF-MS), spektrometrii rentge-
nowskiej i mikroskopii skaningowej (SEM) [1, 4, 5, 7,
8,9,10,11].

2. Materialy i metody

Niniejsza praca prezentuje wyniki badan 17 niebie-
skich zeli o r6znych nazwach handlowych naniesionych
na podtoze papierowe. Badania prowadzono za pomoca
spektroskopu ramanowskiego RENISHAW (Renishaw’s
inVia microRaman) wyposazonego w trzy zrodla wzbu-
dzenia — lasery o dlugosci fali 514 (laser argonowy
omocy 150 mW), 633 (laser helowo-neonowy o mocy
30 mW) i 785 nm (laser diodowy o mocy 300 mW),
mikroskopu stereoskopowego Lecia oraz komparatora
spektralnego VSC 2000 HR (Foster & Freeman).

Pomiary widm Ramana wykonywano w zakresie
spektralnym 400-2000 cm™' (doktadno$¢ pomiaru 3—
5 em™"). Badane probki zestawiono w 136 par, aby odreb-
nie dla kazdej z nich sprawdzi¢, czy poréwnanie widm
ramanowskich pozwoli na ich rozréznienie. Na podsta-
wie uzyskanych wynikéw obliczono sitg dyskryminacji
zastosowanej techniki. Zbadano takze mozliwo$¢ iden-
tyfikacji pigmentow i1 barwnikéw wchodzacych w sktad
niebieskich zeli na podstawie poréwnania ich widm ra-
manowskich z widmami odpowiednich wzorcow. Pod-
czas zestawiania widm Ramana nie przeksztalcano ich
przez odjecie linii podstawowej lub automatyczng re-
dukcje poziomu szuméw. Nastgpnie pary nierozroznio-
nych prébek poddano analizie optycznej, rozpoczynajac
od obserwacji mikroskopowych, a kolejne probki, kto-
rych nie dato si¢ zréznicowaé, badano takze w zakresie
400-1000 nm, obserwujac ich absorpcj¢ i luminescencjg
w podczerwieni.

Przeanalizowano nast¢pujace niebieskie zele:

1. Pentel Hybrid K155;

2. Pentel Hybrid Gel Grip K116-C;
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Pilot G-1 Grip BLG-G1-5-L Japan;
Pilot G-1 BL-G1 5T-L France;
Uni-ball Signo RT UMN-105;
Uni-ball Signo UM-133;

Uni-ball Signo DX UM-151;
Uni-ball Signo UM 100.64;

9. Pilot G-2 BL-G2-5-L;

10. MonAmi SUPERGEL;

11. DONAU Gel;

12. PAPER MATE Gel 2020;

13. Pentel Hybrid K106;

14. Uni-ball Signo UM-120 (05);

15. Uni-ball Signo UM-170 Gelstick;

16. Pentel EnerGel Liquid Gel 0.5;

17. STAEDTLER Cool Roller.
Przeanalizowano réwniez nastgpujace pigmenty i bar-
whiki:

— dioxazine violet (pigment violet 23, C.1. 51319);

— copper phthalocyanine (pigment blue 15, C.1. 74160);
— victoria blue R (basic blue 11, C.1. 44040);

— victoria blue B (basic blue 26, C.1. 44045);

— methyl violet (basic violet 1, C.1. 42535);

— luxol fast blue (solvent blue 38, C.1. 74180);

— crystal violet (basic violet 3, C.1. 42555);

— fat blue B (solvent blue 35, C.1. 61554).

XN kW

3. Rezultaty i dyskusja
3.1. Badania dyskryminacyjne

Analiza otrzymanych widm Ramana niebieskich zeli
wykazata, Ze niezaleznie od zrodta wzbudzenia charakte-
ryzuja si¢ one bardzo dobra powtarzalnoscia, znikomym
poziomem szuméw oraz licznymi pasmami. Istotne jest
réwniez to, ze liczba widm o charakterze luminescencyj-
nym jest niewielka. Wsréd widm uzyskanych po wzbu-
dzeniu laserem 514 nm luminescencja maskowata sygnat
ramanowski jedynie dwoch probek, natomiast po wzbu-
dzeniu laserami 633 nm i 785 nm pi¢ciu. We wszystkich
przypadkach wérod widm luminescencyjnych znajdo-
waly si¢ widma probek 16 i 17. Nalezy podkresli¢, iz
mimo to wskazane probki udato si¢ rozréznié, poniewaz
przebieg linii podstawowych widm tych zeli uzyskanych
przy wzbudzeniu laserem 633 nm byt zdecydowanie roz-
ny. W pozostalych przypadkach brano pod uwage przede
wszystkim obecno$¢ badz brak pasm w $cisle okreslo-
nych rejonach poréwnywanych widm.

I tak, na podstawie zestawienia 136 par widm nie-
bieskich zeli otrzymanych z pomiaré6w 17 probek przy
wzbudzeniu trzema liniami lasera, sumaryczna sita dys-
kryminacji wynosita 0,89. Nalezy podkresli¢, ze przy
wzbudzeniu laserami 514 nm i 785 nm sita dyskryminacji
osiggneta jednakowa wartos¢ (0,89), a przy wzbudzeniu

laserem 633 nm nieco nizszg (0,72). Co wiecej, W przy-
padku zastosowania laserow 514 nm i 785 nm, te same
pary widm okazaty si¢ nierozroznialne. Sktadaly si¢ na
nie zele, wsrod ktorych wydzielono nastepujace grupy:
a) probki 1,21 13 (zele firmy Pentel);

b) probki 3, 419 (zele firmy Pilot);

c) probki 7, 8 i 10 (zele firm Uni-ball Signo i Mon-

Ami);

d) probki5, 12, 141 15 (zele firm Uni-ball Signo i Paper

Mate).

Przy wzbudzeniu laserem 633 nm zgodne pozostawa-
Iy nie tylko widma tych samych par probek, lecz takze
widma niebieskich Zeli z dwoch ostatnich grup ¢) i d),
co wptyneto na obnizenie sity dyskryminacji tego zrodia
wzbudzenia.

Ten ostatni przypadek jest szczegdlnie interesujacy
i wymaga szerszego omowienia. Widma niebieskich zeli
oznaczonych jako 5, 7, 8, 10, 12, 14 oraz 15, uzyskane
przy wzbudzeniu laserem 633 nm i prowadzeniu pomia-
réw w réznych warunkach, wykazywaty petna korelacje
wszystkich pasm 1 ich zasadniczego ksztattu. Nie mozna
byto zatem ich rozrézni¢ mimo niewielkich odmienno-
$ci w przebiegu linii podstawowej oraz w intensywnosci
niektorych pasm (rycina 1).

Analizujac z kolei widma tych samych préobek otrzy-
mane za pomoca lasera 514 nm, stwierdzono, iz miedzy
probkami oznaczonymi numerami 5, 12, 141 15 oraz 7, 8
i 10 wystepuja niewielkie roznice, ktore moga by¢ istot-
ne, jesli wzigé pod uwage wysoka powtarzalno$¢ w ko-
lejnych pomiarach poszczegolnych probek. Stwierdzone
réznice odnosity si¢ do rejonu widm zawartego migedzy
ok. 1170 cm™ a 1320 cm™ (ryciny 2, 3).

Potwierdzenie zgodnos$ci probek 5, 12, 14 i 15 iich
odmiennosci od probek 7, 8 1 10 przyniosta analiza widm
wykonanych przy uzyciu lasera 785 nm (rycina 4). Wid-
ma tych pierwszych czterech charakteryzowaly si¢ duza
liczbg pasm w réznych rejonach oraz niewielkim po-
ziomem szumow. Natomiast w widmach zeli 7, 8 i 10,
oprécz mniejszej intensywnos$ci pasm glownych, ktore
pozostawaly tozsame z pasmami glownymi probek 5,
12, 14 i 15 oraz pojawienia si¢ wyraznego szumu, nie
stwierdzono wielu pasm charakterystycznych dla wspo-
mnianych czterech zeli.

Warto zwroci¢ uwage na jeszcze jeden interesujacy
przypadek, ktory dotyczy grupy a), a wige zeli 1, 21 13
o zgodnych widmach w kazdej z trzech dlugosci fali
wzbudzenia oraz zelu oznaczonego jako probka 6. O ile
widma Ramana tych materiatow pisarskich otrzymane
przy zastosowaniu lasera 514 nm réznia si¢ W sposob
zasadniczy (rycina 5), to pordéwnujac ich widma uzyska-
ne przy wzbudzeniu 633 nm stwierdzono, iz wigkszos¢
gtéwnych pasm widma zelu nr 6 (482, 594, 679, 746,
951, 1339, 1448 oraz 1524 ¢cm™') pojawia si¢ (obok in-
nych pasm) w widmach grupy zeli 1, 2 1 13, gdzie wyka-
zujg one stosunkowo niewielkg intensywnos¢ (rycina 6).
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Natomiast porownanie widm otrzymanych przy wzbu-
dzeniu laserem 785 nm, niewatpliwie roznych odnosnie
do sktadu chemicznego niebieskich zeli, wykazalo ich
niemal pelna zgodno$¢ pod wzgledem wystepowania
poszczegodlnych pasm oraz ich intensywnosci. Jedyne
stwierdzone réznice odnosity si¢ do pasm widocznych
przy 1258 cm™ i 1392 em™', ktorych brak w widmie zelu
6, oraz do pasma znajdujgcego si¢ przy 1429 cm™, ktore
w widmie zelu 6 wykazuje znacznie mniejsza intensyw-
nos¢ niz w widmach zeli oznaczonych jako 1, 2 1 13 (ry-
cina 7). Wyniki te wskazuja, ze zele 1, 2, 13 zawieraja
mieszaning sktadnikéw barwnych, czesciowo zgodnych
ze sktadem zelu 6, co potwierdzily badania przedstawio-
ne w dalszej czgsci pracy.

3.2. Identyfikacja pigmentow i barwnikoéw

Poréwnanie widm analizowanych zeli oraz widm
barwnikéw 1 pigmentow, ktdre otrzymano przy wzbu-
dzeniu wszystkimi trzema laserami wykazato, iz podsta-
wowymi substancjami nadajagcymi barwe w tego rodzaju
materiatach pisarskich sa copper phthalocyanine (PB 15)
1 dioxazine violet (PV 23).

Obecnos¢ pigmentu copper phthalocyanine stwier-
dzono w dwunastu z siedemnastu probek (1, 2, 5-8, 10—
15; rycina 8), przy czym w probkach oznaczonych nume-
rami 1, 2, 11 1 13 wykazano réwniez obecno$¢ dioxazine
violet. Co ciekawe, przy wzbudzeniu laserem 514 nm
w probkach 1, 2 1 13 ujawniono dioxazine violet (rycina
9), za$ copper phthalocyanine dalo si¢ zidentyfikowaé
w widmach otrzymanych za pomoca lasera 785 nm (ry-
cina 10). Z kolei w przypadku widm zelu 11, uzyskanych
za pomocg lasera 514 nm, pasma pochodzace od obu
tych pigmentéow byly réwnie intensywne (rycina 11),
za$ w widmie otrzymanym za pomocg lasera 785 nm
byt widoczny wyltacznie copper phthalocyanine (rycina
12). Jest wysoce prawdopodobne, iz w sktad zeli, w kto-
rych zidentyfikowano jedynie copper phthalocyanine,
wchodzity rowniez inne barwniki lub pigmenty, o czym
$wiadczy obecnos¢ (w widmach uzyskanych za pomo-
cg jednego z zastosowanych zrodet wzbudzenia sygnatu
ramanowskiego) dodatkowych pasm réznigcych si¢ od
pochodzacych od tego pigmentu.

W pieciu pozostatych probkach, a wige 3, 4, 9, 16
i 17, nie zidentyfikowano substancji nadajacych im bar-
we, przy czym dla probek 16 i 17 identyfikacja ta i tak
nie mogta by¢ przeprowadzona za pomoca spektroskopii
Ramana (niezaleznie od dlugosci $wiatta wzbudzajace-
g0) ze wzgledu na luminescencyjny charakter ich widm.

3.3. Badania optyczne
Badania optyczne w niewielkim stopniu zmienity

liczbe rozroznionych par probek. Podczas obserwacji
mikroskopowych, przy oswietleniu ich $wiatlem bia-

lym stwierdzono, ze z trzech probek, ktorych nie dato
si¢ zr6znicowaé za pomocg spektroskopii Ramana, zel
oznaczony jako 8 (rycina 13) wykazuje catkowicie inna
barwe (ciemnogranatowa) niz probki 7 i 10, ktore sg nie-
bieskie (rycina 141 15), co jest wystarczajace, aby uznac
ich odmiennos¢.

Warto réwniez zwroci¢ uwage na przypadek niebie-
skiego zelu oznaczonego jako probka 6, w ktorego sktad
wchodzi pigment copper phthalocyanine. Analiza mi-
kroskopowa jego linii graficznej ujawnita jej specyficzna
strukture (rycina 16), catkowicie odmienng od struktury
typowych zelowych materiatow kryjacych. Mianowicie
gldéwnym nosnikiem pigmentu sg tu drobne kuleczki,
ktore uktadaja si¢ na powierzchni papieru, nie wnika-
jac w jego strukture, w zwiazku z czym tatwo je z niego
usna¢ w sposob mechaniczny. Natomiast przy typowych
zelach ich sktadniki wnikaja we wldkna papieru i nie jest
mozliwe usunigcie linii graficznej bez zastosowania od-
czynnikéw chemicznych badz naruszenia struktury pa-
pieru (rycina 17). Oczywiste jest, ze probki o tak szcze-
gblnym obrazie mikroskopowym, mozna odrézni¢ od
innych bez koniecznosci wykonywania dalszych badan.

Badania optyczne pochlaniania i emisji S$wiatla
w bliskiej podczerwieni przez atramenty zelowe nie
zwigkszyly liczby rozréznionych par probek, bowiem te
pary, ktorych widma ramanowskie nie wykazywaty r6z-
nic, cechowata takze zgodna absorpcja i luminescencja
w podczerwieni.

4. Whnioski

Poréwnanie siedemnastu probek zeli za pomoca
spektroskopii Ramana, w ktorej Zrodlem wzbudzenia
sygnalu byly trzy lasery (514, 633 i 785 nm), wykaza-
o dobra site¢ dyskryminacji zastosowanej metody (0,89)
dla tego rodzaju materialow. Istotna jest rowniez bardzo
wysoka powtarzalno$¢ otrzymywanych widm dla kazde;j
z badanych probek (znacznie lepsza niz ma to miejsce
w przypadku past dlugopisowych), a takze niewielka
liczba widm o charakterze luminescencyjnym. Wsrod
wszystkich analizowanych atramentéw zelowych jedynie
widma dwoch (16 1 17) wykazywaly te ceche dla kazde-
go z trzech zastosowanych laseréw; jednak i w tych przy-
padkach mozliwe bylo wykazanie réznic mi¢dzy nimi.

Zidentyfikowano takze dwa pigmenty (copper phtha-
locyanine 1 dioxazine violet) nadajace barwe¢ badanym
zelom. Nie ulega watpliwosci, iz szerszy zbiér wzorco-
wych barwnikow i pigmentoéw umozliwilby dalszg iden-
tyfikacje kolejnych sktadnikow barwnych wchodzacych
w sktad niebieskich zeli.

Przeprowadzone badania dowodzg takze, iz w niekto-
rych przypadkach nie ma potrzeby stosowania zaawan-
sowanych technik analitycznych, aby zr6znicowa¢ mate-
rialy kryjace, np. niebieskie zele. Podstawowe, nieskom-
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plikowane i nieniszczace metody badawcze, takie jak
techniki optyczne, umozliwiajg rozréznienie materiatow
kryjacych w szybki sposéb. Nalezy zatem pamigtac o ob-
ligatoryjnym wykorzystaniu w podstawowych badaniach
kryminalistycznych takich narzedzi, jak mikroskop badz
nawet szklo powigkszajace, gdyz w niektorych przypad-
kach pozwalaja one na szybkie zréznicowanie materia-
tow kryjacych.
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