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a b s t r a c t 

In the present work a historical collection of early synthetic dyes, stored at the “Primo Levi” Chemistry 

Museum of the Università La Sapienza di Roma, the so-called coloreria , was investigated through different 

analytical techniques: Fourier-transform Infrared (FTIR), UV-visible, Raman and surface-enhanced Raman 

(SERS) spectroscopies, CHN elemental analysis, electron-spray ionization mass spectrometry (ESI-MS) and 

X-ray diffraction (XRD). The aim was to characterise five dyes of unknown composition, produced by 

one of the main dye manufacturers of the 19th century, the Leopold Cassella & Co. The combination of 

the different methods led to the identification of the five colourants as Chrysoidine G, Amaranth, Direct 

Scarlet B, Acid Fuchsin and Nile Blue, and extensive bibliographic research confirmed the reliability of the 

hypotheses formulated on the basis of the analytical data. 

© 2022 Consiglio Nazionale delle Ricerche (CNR). Published by Elsevier Masson SAS. All rights reserved. 
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. Introduction 

Since 1856, when William Perkin discovered the first synthetic 

ye, mauveine, more than 400 new colourants have been de- 

eloped. The early synthetic dyes were industrially manufactured 

rom organic molecules, and soon replaced those obtained from 

atural sources, such as flowers, wood, berries, roots or insects and 

hellfish. The analysis of early synthetic dyestuffs is still a some- 

hat unexplored area when it comes to historical or artistic ob- 

ects [1] . Some of them have been studied by spectroscopic meth- 

ds, such as FTIR [2–4] , UV-visible [5] Raman [6–9] and fluores- 

ence [1] spectroscopies, or by thin-layer (TLC) and liquid (HPLC) 

hromatographic techniques [ 1 , 2 , 10–13 ], similarly to the analysis of

atural dyes. Likewise, SERS spectroscopy has also been widely ap- 

lied for the characterization of some of these synthetic substances 

elonging to certain chemical classes, both in the fields of con- 

ervation and forensic sciences [14–17] . In addition, a consistent 

roup of early synthetic dyes was examined by mass spectrometry 

ith matrix assisted laser desorption ionization (MALDI) [18] . 

However, the lack of reference materials is also a major chal- 

enge. Most of the early synthetic dyes invented in the 19th cen- 

ury, in fact, are no longer available on the market because the pro- 

uction process was not convenient or the properties of the dye 
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ere unsatisfactory, and therefore those dyes were progressively 

eplaced by more advanced and suitable materials. For this reason, 

he analysis of synthetic dyes dating back to the second half of the 

9th, or the beginning of the 20th, century can represent an inter- 

sting study from the point of view of future research in the field 

f diagnostics of cultural heritage, laying the basis for their identi- 

cation in historical and artistic objects. 

In this work, some of the early synthetic dyes from the collec- 

ion stored at the “Primo Levi” chemistry museum of the Univer- 

ità La Sapienza di Roma, the so-called coloreria , were investigated. 

his collection includes numerous samples of pigments and dyes, 

atural, artificial and synthetic, coming from the natural world and 

rom the main manufactures that have made the history of the 

yeing industry, in Italy and beyond, from the second half of the 

9th century to the whole of the 20th century [19] . 

However, part of the dyes belonging to the coloreria are of un- 

nown composition: the only information available about some 

ye bottles are, in fact, labels carrying a series of numbers and, 

ometimes, a partially illegible name. In this scenario, the identi- 

cation of these colourants represented a topic of interest for the 

onservation and valorisation of the collection, as well as for ori- 

nting subsequent diagnostics studies on real artefacts. Many of 

hese dyes, in fact, were soon replaced due to their poor fastness 

o light and washing, an aspect that make their identification even 

ore important in order to preserve historical artefacts dyed with 

hem over time. 
SAS. All rights reserved. 
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Fig. 1. The dyes under investigation: (a) the original containers; (b) as powders and (c) in aqueous solution. 
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. Aim of the work 

The present work focuses on the identification of five dyes 

f unknown composition belonging to the above-described col- 

reria of the “Primo Levi” chemistry museum of Università La 

apienza di Roma. To investigate the chemical nature of these 

olouring substances, different analytical techniques were applied: 

ourier-transform infrared (FT-IR), UV-visible, Raman and surface- 

nhanced Raman (SERS) spectroscopy, CHN analysis, X-ray diffrac- 

ion (XRD) and electrospray ionization mass spectrometry (ESI- 

S). Furthermore, an extensive literature search was carried out 

n order to verify whether the dyes recognised on the basis of 

he analytical results were historically consistent. In particular, the 

ain bibliographic sources were the manuals of Leopold Cassella & 

o. [ 20 , 21 ], where the different dyes produced by the company are

isted together with their physical properties (i.e. fastness to light 

nd washing), the hues they take on fabrics and the dyeing meth- 

ds. However, as a drawback, the formulas and chemical structures 

f the dyes listed are not reported in these manuals. 

. Materials and methods 

.1. Reference materials 

The samples under investigation ( Fig. 1 ) were taken from the 

riginal containers of some synthetic dyes from the collection of 

he Leopold Cassella & Co. company, dating back to 1885 (about 

hirty years after Perkin’s discovery). Leopold Cassella & Co. was 

 chemical and pharmaceutical company, founded in 1798 in Ger- 

any, in Frankfurt am Main, by Leopold Cassella together with his 

alf-brother Reiss, and operating as an independent company un- 

il 1995. The main production was represented by dyes, drugs and 

osmetics. 

The dyes were identified by a number and in three cases by 

nly partially legible labels. Some solubility tests were carried out 

nd all dyes demonstrated to be water-soluble, with the exception 

f dye 27, which dissolves only slightly in this solvent. Due to the 

mpossibility of preparing solutions of known concentration, as the 

olecular weights of the dyes were not known at the beginning, 

or subsequent analyses a small amount of each sample, ranging 

rom 1 to 2 mg, was dissolved in 4 mL of water. A brief description

f the samples is given in Table 1 . 
132 
.2. Analytical methodologies 

FT-IR analyses were performed by a Jasco FTIR-620 spectropho- 

ometer. All the samples were previously ground and dispersed in 

Br to obtain pellets. The spectra were recorded as a sum of 16 

cans with a 4 cm 

−1 resolution. 

Raman analyses were performed directly on the powder dye. A 

ruker BRAVO handheld spectrometer was used for the measure- 

ents. This instrument is based on the patented SSE TM (Sequen- 

ially Shifted Excitation) technology, which provides for the excita- 

ion of spectra by means of two diode lasers operating at different 

emperatures and emitting respectively at 785 and 850 nm. A suit- 

ble algorithm, therefore, allows to extract the final Raman spec- 

ral data. The spectra are collected in two sequential steps, from 

00 cm 

−1 to 2000 cm 

−1 and from 2000 cm 

−1 to 3200 cm 

−1 . The

verage spectral resolution is approximately 11 cm 

−1 and the ap- 

lied laser power is always less than 100 mW for both lasers. The 

cquisition time varies from 250 to 500 ms and the number of ac- 

umulations from 1 to 5 (these parameters are automatically set 

y the instrument). 

UV-visible spectra were acquired in the spectral range 400–

50 nm using a JASCO UV/VIS/NIR V-570 spectrometer. The anal- 

ses were performed on the dyes in the initially prepared aqueous 

olutions, diluting them 1:2 and using a cell having a 1-cm optical 

ath. 

SERS analyses were performed on the reference dyes in aque- 

us solution as initially prepared. 200 μL of silver nanostar colloid, 

repared according to the procedure reported in [22] , was stirred 

n a magnetic plate, then 5 μL of sodium perchlorate aqueous so- 

ution (1.8 M) and 10 μL of the dye solution was added. Although 

he activation by aggregation is not required for these nanoparti- 

les due to the large enhancement provided by their special mor- 

hology, it was found that more intense SERS spectra are obtained 

f a small amount of sodium perchlorate is added to the nanopar- 

icles prior to the analyte. A micro-drop of the final suspension 

as deposited on a glass slide and SERS analyses were performed 

sing a JASCO RMP 100 portable Raman micro-probe. The micro- 

robe is equipped with a notch filter and an Olympus 50 × micro- 

cope objective and is connected through fibre optics to a compact 

ot Oriel MS125 spectrometer with a 1800 lines/mm grating and a 

eltier-cooled CCD detector. A Nd:YAG laser delivered the exciting 

adiation at 532 nm, with an output laser power of approximately 

00 mW. The spectral resolution is 8 cm 

−1 . All SERS spectra were 
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Table 1 

Summary table of the investigated dyes: number, writings on label (if legible) and sample description. 

Inventory number Legible writings Description 

27 Aniline - m. phenylenediamine Small dark crystals, yellow-orange in aqueous solution (slightly soluble) 

212 Amaranth Dark red-brownish powder, brilliant red in aqueous solution. 

377 - Dark red powder, red in aqueous solution. 

800 ... fuchsin Dark red-brownish powder, reddish-violet in aqueous solution. 

1027 - Black powder, blue in aqueous solution. 
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Fig. 2. FT-IR spectra of the investigated dyes in KBr pellets: (a) 27, (b) 212, (c) 377, 

(d) 800 and (e) 1027. 
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ecorded between 20 0 0 and 20 0 cm 

−1 as a sum of 30 scans with

n exposure time of 2 s. 

For CHN analysis, a CHNS/O PerkinElmer 2400 Series II Elemen- 

al analyzer was used, capable of determining the concentration of 

arbon, hydrogen and nitrogen in the sample. Acetanilide was used 

s a calibration standard. 

ESI-MS analyses were performed by a Thermo Fisher LCQ Fleet 

on trap mass spectrometer on the aqueous solution of the dyes. 

he instrumental conditions were: capillary voltage 50 V, source 

oltage 4 kV, source temperature 45 °C, capillary temperature 

75 °C, tube lens voltage 85 V, shift gas flow rate 20 arbitrary 

nits, auxiliary gas flow rate 10 arbitrary units. Mass spectra were 

cquired from m/z 50 to 20 0 0 in positive and negative modes. The 

ample was introduced into the ESI source by a syringe pump at a 

ow rate of 20 μl/min. 

XRD analyses were performed by means of a Philips PW 1820 

iffractometer with vertical scan. The instrument was equipped 

ith collimator plates (Soller’s slits), a single crystal graphite 

onochromator and a Na(Tl)I scintillation counter with impulse 

eight amplification. The incident radiation corresponded to Cu K α
1.5418 Å) (settings HV: 40 KV and 40 mA) and the acquisition was 

un at room temperature in the range 5 °−65 °

. Results and discussion 

The analytical results leading to the identification of each dye 

ill be discussed and presented in detail below and are summa- 

ized in Table 2 . The reliability of the hypotheses put forward on 

he basis of such results was confirmed by comparison with his- 

orical data from the literature. 

Sample 27 – This dye was identified as Basic Orange 2, also 

nown as Chrysoidine G. Considering the results and the reference 

ata for FT-IR ( Fig. 2 a and [23] ), Raman ( Fig. 3 a and [8] ) and UV-

isible (Fig. S1a Supporting Information and [24] ) analyses, it can 

e seen that the sample corresponds to the dye Chrysoidine G, 

ith formula C 12 H 13 ClN 4 and molecular mass 248.71 u. Further- 

ore, the SERS spectrum ( Fig. 4 a) of the unknow sample showed 

 high degree of correspondence with the spectroscopic results re- 

orted in [25] for the same dye as forbidden cancerogenic addi- 

ive in food. The SERS spectral pattern resembles that observed in 

he Raman spectrum, except for some minor changes. In particular, 

ands due to in-plane vibrations such as those at 1291, 1271 and 

173 cm 

−1 decrease slightly in intensity, while some signals at- 

ributable to out-of-plane vibrations of the aromatic rings, at 960, 

95, 805, 750 and 490 cm 

−1 , become evident (Table S1 Supporting 

nformation, [ 26 , 27 ]. Furthermore, the band at 1407 cm 

−1 assigned 

o the N = N stretching vibration is more evident in the SERS spec- 

rum, possibly due to a pre-resonance effect with the π- π ∗ tran- 

ition of that bond associated with the use of the 532-nm exciting 

adiation [16] . 

In light of the information supplied by the vibrational spectra, 

he results of the CHN analysis and mass spectrometry were inter- 

reted. From CHN analysis, the percentage of hydrogen is slightly 

igher than that of the Chrysoidine G dye, and that of carbon and 

itrogen lower, but the C/N ratio is as expected for that dye (Ta- 

le S2 Supporting Information). On the other hand, considering the 
133 
olecular mass of the Chrysoidine dye ( M = 248.71), the peak at 

/z 213 in the ESI ( + ) mass spectrum ( Table 2 ) may correspond

o [M-Cl] + . Little information was found about this dye: it was in- 

roduced in 1876 after its discovery by Otto N. Witt and it was 

sed to dye wool and silk in neutral baths as well as cotton. It 

s fast to light, air and washing [28] . In reference [28] , A Dictio-

ary of Coal Tar Colours dated to 1892, this dye is named Chrysoi- 

ine R, but currently the use of the letter “R” refers to a dye with 

 similar structure but with an additional methyl group on the 

iaminobenzene ring. Finally, this colourant is mentioned in The 

rinting of Cotton Fabrics by L. Cassella [21] as “Chrysoidine”. The 

riting on the label ( Aniline - m. phenylenediamine ) clearly refers 

o the molecular structure. 

Sample 212 - This dye was identified as Acid Red 27 

C 20 H 11 N 2 Na 3 O 10 S 3 ). In agreement with the original label, this dye

s also known as Amaranth. An almost perfect match was found 

etween the FT-IR spectra of the unknown sample ( Fig. 2 b) and 

he Amaranth dye [29] , and a similar result was obtained for Ra- 

an ( Fig. 3 b) and UV-vis (Fig. S1b Supporting Information) spec- 

ra, respectively compared with the spectroscopic data reported 

n [ 9 , 30 ] and [ 31 , 32 ]. Furthermore, SERS analyses were performed,

nd a spectrum dominated by intense and well-defined signals was 
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btained ( Fig. 3 b). The spectral pattern has a rather good corre- 

pondence with the reference data reported in [9] , although some 

ariations in the relative intensity and position of the signals were 

ound, due to the experimental conditions (a different excitation 

avelength and a different colloid were used in the two experi- 

ents). The pattern of the normal Raman spectrum is similar to 

hat expected for the keto tautomer of a 1-phenylazo-2-naphthol 

ye [Table S1, 14]. The SERS spectrum seems to correspond mainly 

o the same form, although the contribution of the hydro tautomer 

annot be ruled out. Indeed, an enhancement is observed for bands 

ue to the C = O stretching mode (1646 cm 

−1 ) and the in-plane
Table 2 

Summary table of the analytical results obtained on the examined dyes. 

Molecular structure 

FTIR bands 

(cm 

−1 ) 

Ram

(cm

27 33309br, 3158br, 

1626 vs, 1558s, 

1510 m, 1445s, 

1403s, 1258s, 

1201s, 1151 w, 

1106 w, 1054 w, 

943 w, 888 m, 

828 m, 801 m, 

750 m, 735 m, 

577 w, 518 w, 

472 w. 

159

150

149

129

120

117

520

212 3435br, 1634sh, 

1611 w, 1550 w, 

1496 m, 1434 w, 

1370 w, 1341 w, 

1287 w, 1195 vs, 

1138 w, 1106 m, 

1040 vs, 1020 m, 

993 w, 939 w, 

840 w, 811 w, 

742 m, 676 m, 

638 m, 613 w, 

593 w, 582 w, 

541 w, 519 w, 

504 w, 472 w, 

406 w. 

157

155

147

145

143

139

134

123

117

113

111

106

988

741

502

377 3434br, 2980 w, 

2928 w, 1598 m, 

1581 w, 1557 w, 

1538vw, 1497 m, 

1474 w, 1418 m, 

1384 m, 1244s, 

1216s, 1141s, 

1114 w, 1038 vs, 

1002 w, 982 w, 

920 w, 900 w, 

830 m, 792 w, 

782 w, 740vw, 

690 w, 657 m, 

660 w, 612 m, 

560 w, 522 m, 

482 w. 

159

145

141

140

137

128

124

118

134 
H/NH bending modes (1555 and 1377 cm 

−1 ), while some signals 

ue to out-of-plane vibrations (938 and 771 cm 

−1 ) are not present 

n the SERS spectrum. These observations suggest that there is 

 perpendicular orientation of the molecule with respect to the 

ilver nanostars, within the limits of its planarity, in accordance 

ith what is reported in [14] for the similar molecule of Acid Red 

8, and that the oxygen and nitrogen atoms involved in the tau- 

omerism are those that interact with the metal. 

The CHN analysis shows a percentage of hydrogen higher than 

hat of Amaranth (Table S2 Supporting Information); this may be 

ue to the presence of a greater quantity of H 2 O in the sample,
an bands 

 

−1 ) 

SERS bands 

(cm 

−1 ) 

Absorption 

maximum 

(nm) 

Main m/z 

peaks 

Proposed 

identification 

4s, 1567 w, 

0 w, 

5 w, 1374s, 

1s, 1271s, 

2 w, 

0 m, 996 w, 

 m, 462 m. 

1620sh, 

1597s, 

1532 m,1501 w, 

1491 w, 

1377 vs, 

1287sh, 

1271s, 

1180mw, 

1152mw, 

1000 w, 

965 w, 

587vw, 

520sh, 

490 w. 

445 sh 213.27 ( + ) Chrysoidine 

G 

(C.I.: Basic 

Orange 2, 

11,270) 

1 vs, 

0 w, 1512s, 

9 m, 

6 w, 

5 m, 

9 w, 1364s, 

8s, 1286 w, 

2 m, 

7 m, 

7 w, 

2 w, 

0 m, 

 w, 938 m, 

 m, 701 w, 

 m, 400 w. 

1646 m, 

1590 w, 

1561 vs, 

1521sh, 

1377s, 

1277 w, 

1246 m, 

1176 w, 

1126 w, 

830 m, 

812 m, 

767 w, 

695 w, 620 s. 

512 581.54 (-) 

604.49 (-) 

Amaranth 

(C.I.: Acid 

Red 27, 

16,185) 

5s, 1491 w, 

0 w, 

4 m, 

2 m, 

7 w, 

1 m, 

7 w, 

1 m, 1140s. 

1600 vs, 

1490 m, 

1455 w, 

1377 m, 

1288 w, 

1245 m, 

1118 m, 

695vw, 

492vw, 

287vw. 

504 699.41 ( + ) 

653.86 (-) 

Direct Scarlet 

B 

(C.I.: Direct 

Red 37, 

22,240) 

( continued on next page ) 
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Table 2 ( continued ) 

Molecular structure FTIR bands 

(cm 

−1 ) 

Raman bands 

(cm 

−1 ) 

SERS bands 

(cm 

−1 ) 

Absorption 

maximum 

(nm) 

Main m/z 

peaks 

Proposed 

identification 

800 3444br, 3338br, 

3225br, 1627s, 

1583 vs, 1538 m, 

1456 w, 1430 w, 

1365 vs, 1298s, 

1176 vs, 1132s, 

1021s, 924 w, 

898 w, 826 w, 

796 w, 758 w, 

688 m, 625 m, 

571 w, 520 w, 

500 w, 435 w. 

1581s, 1538 w, 

1360s, 1302 w, 

1295 m, 

1130 w, 1020s, 

991 w, 927 w, 

759 w, 687 w, 

627 w, 622 w, 

571 w, 462 w, 

386 w. 

1617s, 1590s, 

1555s, 

1522 vs, 

1434 w, 

1372s, 

1335 w, 

1281 w, 

1184s, 

1143 w, 

1010 w, 

965 m, 

914 m, 

827 m, 

769 w, 

653 w, 

614 m, 

529 w, 

448 w,356 m, 

280 m, 

232 m, 

174vw. 

494sh + 546 590.97 (-) Acid Fuchsin 

(C.I.: Acid 

Violet 19, 

42,685) 

1027 3433br, 3072 w, 

2923 w, 2361 w, 

1637 m, 1584 vs, 

1548 m, 1484 w, 

1449 m, 1422 w, 

1402 w, 1327s, 

1306s, 1251 w, 

1181 m, 1147 m, 

116 m, 1046 w, 

1011 m, 904 m, 

772 w, 817 w, 

717 w, 703 w, 

661 w, 634 w, 

591 w, 542 w, 

504 w, 467 w. 

1637s, 1614 w, 

1528 w, 

1523 w, 

1500 m, 

1494 m, 

1430 w, 

1405 m, 

1143 m, 

902 w, 759 w, 

716 w, 687 w, 

622 w, 591 s, 

571 w, 539 m, 

508 w, 462 w. 

1645 vs, 

1537 m, 

1493 m, 

1452 w, 

1403 m, 

1384 m, 

1184 w, 

1143 w, 

908 w, 

859 w, 

807 w, 

745 w, 

722 w, 

665 w, 

593 vs, 

545 w, 

517 w, 

446 w, 315br. 

608 + 646 318.39 ( + ) Nile Blue 

(C.I.: Basic 

Blue 12, 

51,180) 

Abbreviations: s = strong; m = medium; w = weak; vs = very strong; vw = very weak. 

w

3

p

g

t

6

m  

i

r

[

c

i

a

c

m

hich may also explain the higher intensity of the signals at 3500–

300 cm 

−1 in the IR spectrum of dye 212, with respect to the com- 

arison spectrum [29] . The lower quantities of carbon and nitro- 

en is also due to the presence of inorganic additives (see below 

he results of XRD analysis). Acid Red 27 has a molecular mass of 

04.47 u and this information was used to interpret ESI-MS experi- 

ental data. The main peak in the ESI (-) mass spectrum ( Table 2 )

s at m/z 604, corresponding to the molecular mass of the Ama- 
135 
anth dye (M = 604.47). A second peak at m/z 581 corresponds to 

M-Na] −. 

Amaranth, whose name derives from amaranth grain, a plant 

haracterised by its red colour, is an anionic dye. It usually comes 

n the form of a trisodium salt and can be applied to both natural 

nd synthetic fibres. Like all azo dyes, at the middle of the 19th 

entury, Amaranth was obtained from coal tar and only later its 

ain source became petroleum by-products [33] . It was discovered 
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Fig. 3. SSE Raman spectra of the investigated dyes in solid form: (a) 27, (b) 212, (c) 

377, (d) 800 and (e) 1027. 

Fig. 4. SERS spectra ( λexc = 532 nm) of the investigated dyes in aqueous solution: 

(a) 27, (b) 212, (c) 377, (d) 800 and (e) 1027. 
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136 
n 1878 [28] and, as a further confirmation of the proposed iden- 

ification, the name of this dye is reported in The Dyeing of Wool 

y L. Cassella [20] . In addition to dyeing, as it is one of the fastest

olours known [28] , this synthetic colourant has found application 

n cosmetics and as a food additive, however since 1976 it has been 

anned in the United States as a suspected carcinogen and in the 

arly 1980s it was replaced by the dye Allura red [34] . As for Eu-

ope, Italian legislation has prohibited the use of Amaranth in most 

ood and beverages, with the exception of caviar, while its use is 

till permitted in other countries where this dye continues to be 

sed as a food colouring in sweets and drinks [35] . 

Sample 377 - Starting from the IR spectrum ( Fig. 2 c), the sample

orresponds to the Diphenyl Red BS dye [36] , also known as Direct 

carlet B or Direct Red 37, whose molecular formula and mass are 

espectively C 30 H 22 N 4 Na 2 O 8 S 2 and 676.63 u. On the other hand,

aman, SERS and absorption spectra were not found, to the best 

f our knowledge, to be taken into account for comparison and 

hey are reported here ( Figs. 3 c, 4 c and S1c Supporting Informa-

ion respectively) for the first time. A tentative assignment of Ra- 

an bands for this dye is proposed in Table S1, based on those re- 

orted in the literature for two other 1-phenylazo-2-naphthol dyes, 

cid Red 26 and the aforementioned Acid Red 18 [14] . In the SERS

pectrum an enhancement is observed for bands at 1590 and 1490 

m 

−1 , involving the C = C and C = O stretching modes of the keto

automer, and at 1373 cm 

−1 , possibly assigned to the OH bending 

f the hydro tautomer, while the band at 1140 cm 

−1 , due to the

H in-plane bending and SO 3 stretching modes, becomes less in- 

ense. In the light of the hypothesized assignments, an interaction 

etween the dye molecule and the silver particles through the oxy- 

en atom of the -OH group can be supposed, thus also explaining 

he intensity loss of the signal due to sulfonate groups that in this 

ituation should be further away from the metal surface. 

Referring to the CHN analysis, a higher percentage of hydrogen 

Table S2 Supporting Information) was found than that of the ref- 

rence dye, Diphenyl Red BS, which also affects the intensity of 

ignals at 3500- 3300 cm 

−1 in the IR spectrum. For the lower per- 

entages of carbon and nitrogen the same considerations already 

dvanced for sample 212 can be applied. In any case, the C/N ratio 

s in agreement with what expected for this dye. Furthermore, tak- 

ng into account the molecular mass of the Diphenyl Red BS dye 

 M = 676.63), in the mass spectrum ESI ( + ) the peak at m/z 699

orresponds to the [M + Na] + ion and in the mass spectrum ESI (-) 

he one at m/z 653.86 corresponds to [M - Na] – ( Table 2 ). Diphenyl

ed BS, also known as Direct Scarlet B or Diamine Scarlet B, was 

ntroduced in 1890 and is the product of diazotization of benzi- 

ine on both sides, followed by coupling with β-naphthol disul- 

onic acid and p-ethoxybenzene [13] . The use of this colourant, as 

odium salt, for dying fabrics (especially cotton) was limited as it 

as proved to be poorly lightfast and reddens in an alkaline envi- 

onment, although it is stable in acid conditions [28] . However, its 

ame is documented again among Leopold Cassella’s dyes in The 

yeing of Wool [20] . 

Sample 800 – For this sample spectroscopic analyses suggested 

hat it corresponds to Acid Fuchsin (also known as Acid Violet 

9 or Acid Magenta). The reference FT-IR [37] , Raman [38] and 

V-visible [39] spectra have, in fact, a high degree of similar- 

ty with those obtained from the unknown sample ( Figs. 2 d, 3 d

nd S1d Supporting Information respectively). Moreover, the high- 

uality SERS spectrum ( Fig. 4 d) obtained from an aqueous solution 

f this dye showed correspondence with literature data referring 

o colourants belonging to the same family of fuchsin dyes [40] . 

he main signals, attributable to the skeleton of the molecules, are 

n fact well recognisable. To the best of our knowledge, the SERS 

pectrum of Acid Fuchsin is presented here for the first time. Com- 

ared to the normal Raman spectrum, the enhancement of several 

ands associated with the conjugated double bond system, and 
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Fig. 5. XRD patterns of (a) halite in sample 212 and (b) thenardite and halite ( ∗) in 

sample 800. 
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n particular with the aromatic rings, is observed, and especially 

t the lower wavenumbers such bands can be assigned to out-of- 

lane vibrational modes (Table S1, [ 4 , 40 ]). These observations sug- 

est a parallel orientation of the dye molecule with respect to the 

ilver surface, with an interaction taking place mainly through the 

electron system. 

Again, similarly to the previous dyes, a greater amount of wa- 

er in the sample was suggested by the relative intensity of the IR 

ignals in the range 350 0–330 0 cm 

−1 and this is also confirmed 

y the higher percentage of hydrogen detected by the CHN anal- 

sis (Table S2 Supporting Information). For the lower percentages 

f carbon and nitrogen the same considerations already advanced 

or sample 212 can be applied. However, Acid Fuchsin has formula 

 20 H 17 N 3 Na 2 O 9 S 3 and atomic mass 585.54 u. Instead, the present

ample showed a higher C/N ratio (Table S2 Supporting Informa- 

ion), suggesting that three methyl groups are present in the ex- 

mined dye, one for each aromatic ring, rather than a single one. 

his hypothesis is supported by the ESI-MS (-) spectrum, which 

s dominated by the signal at m/z 591 attributable to [M–Na] −

nd also presents a weaker peak at m/z 612 corresponding to [M- 

] −. Therefore, C 22 H 21 N 3 Na 2 O 9 S 3 can be taken as the formula of

he unknown dye, giving a molecular mass of 613 u. In fact, in 

he literature it is reported that Acid Fuchsin can derive as a sul- 

onated form from basic fuchsin or from the single dyes (rosaniline, 

ararosaniline and new fuchsin) of which the latter is a mixture 

41] . Of the three individual dyes, the trimethylated form is new 

uchsin, also known as Magenta III. 

Fuchsin was discovered in 1858 when August Wilhelm von 

ofmann studied the action of CCl 4 on aniline and described 

 "carbotriphenyltriamine" formed by the condensation of three 

olecules of aniline with the carbon atom of CCl 4 and correspond- 

ng to a red dye. In the following years, several processes were de- 

eloped for large-scale production and the dye was marketed un- 

er various trade names, e.g. Fuchsin, Magenta, Anilinrot, Rosein 

42] . New fuchsin was mentioned for the first time in 1899 [43] .

he acid dye (Acid Fuchsin or Acid Magenta) was obtained from 

uchsin dyes by treating the starting molecules with fuming sul- 

huric acid [28] . This dye still has widespread use in histology as a 

iological stain today. In Cassella’s manuals Acid Magenta is men- 

ioned for dyeing wool [20] , even if it is poorly fast to light and

ashing [28] . 

Sample 1027 - Identifying this dye proved to be the most chal- 

enging. Indeed, referring to FT-IR analysis, a perfect match with 

eference dyes was not found, at least as far as we know. How- 

ver, the FT-IR spectrum of the unknown dye ( Fig. 2 e) was com-

arable to that of 5,9-bis-dimethylamino-benzo[a]phenoxazinyl-7- 

um chloride, which has the same chemical formula (C 20 H 20 ClN 3 O) 

44] and a molecular structure very similar to that of the dye Nile 

lue cation (Fig. S2 Supporting Information), with four methyl in- 

tead of two ethyl groups. Comparing the Raman bands observed 

or this sample and those reported in the literature for Nile Blue, 

nly a partial correspondence is found with the FT-Raman spec- 

rum of the historical reference sample discussed in [8] , while a 

ore complete similarity is detected with the modern sample ex- 

mined in [45] . In this scenario, interesting results were provided 

y SERS analysis: the main peaks in the spectrum ( Fig. 4 e), in fact,

orrespond to those reported for Nile Blue A (Basic Blue 12), which 

s often used as a SERS probe [46–48] . The recognised dye belongs 

o the oxazine family, the earliest member of which was Meldola’s 

lue, obtained from the reaction between nitrosodimethylaniline 

ydrochloride and β-naphtol. The dyes belonging to this small se- 

ies are generally not simple colourants, but rather a mixture of 

everal colouring molecules that have not been completely sepa- 

ated from each other [28] . This information may explain the slight 

ifference between the spectra of the historical sample examined 

n the present study and the one reported in [8] . The normal Ra-
137 
an and SERS spectra are quite similar, suggesting that the entire 

romatic system is interacting with the metal particles, as most 

ands are assigned to its ring vibrations (Table S1). 

As a further characterisation, CHN and ESI-MS analyses were 

onsidered. The elemental analysis revealed a higher proportion of 

ydrogen and carbon than Nile Blue stoichiometry (Table S2 Sup- 

orting Information). In any case, the molecular mass of the dye is 

53.85 u and in the positive-ion ESI mass spectrum of the sam- 

le a peak referable to [M - Cl] + is observed at m/z 318. In the

ase of this dye, no correspondence was found in Cassella’s manu- 

ls, but the introduction of this blue substance dates back to 1879 

nd is therefore contemporary with the industrial production of 

he Leopold Cassella company [28] . Nile Blue was used to dye both 

ool and silk, although the results in neutral or faintly acid baths 

as not so good; dealing with cotton, a mordanting with tannins 

eads to a very fast colour [28] . 

As a final characterisation, XRD analyses were performed on all 

amples. It is well known that, in the case of dyes, this technique 

an be helpful for their identification if they are in crystalline form, 

r provide indications on the presence of inorganic additive and 

llers. In particular, referring to the dye samples, it was found that 

he peaks are most likely related to the presence of sodium salts, 

ather than to a possible crystalline structure of the dyes them- 

elves [49] . In samples 212, 377 and 1027 the characteristic peaks 

 Fig. 5 a) of the mineral halite (NaCl) are detected [50] , while in

ample 800 the peaks observed are attributable to both halite and 

henardite (Na 2 SO 4 ) ( Fig. 5 b) [51] . For sample 27, only broad peaks

ere observed, which cannot be assigned. However, the presence 

f the aforesaid salts justifies the reduced percentage of carbon 

nd nitrogen detected by CHN analysis, compared to that of the 

eference compounds. 

. Conclusion 

In this work, five early synthetic dyes of unknown composition 

rom an Italian museum collection were analysed using different 

echniques (FT-IR, Raman, SERS and UV-vis spectroscopies, ESI-MS 

nd CHN) in order to understand their chemical composition. In 

ddition, the reliability of the identification was verified by an ex- 

ensive bibliographic search of the corresponding dye in books and 

anuals of the corresponding period (second half 19 th century). 

he combination of this information and the analytical results con- 

rmed the successful identification of the five dyes, namely two 

asic ones, Chrysoidine and Nile Blue, and three acid ones, Ama- 

anth, Acid Fuchsin and Direct Scarlet B. Besides summarising the 
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pectroscopic data that characterize each dye, SERS spectra for Di- 

mine Scarlet B and Acid Fuchsin were reported for the first time 

n the present work. 

Furthermore, shedding light on the nature of these unknown 

istoric dyes belonging to the museum contributed to their valori- 

ation. Moreover, as a future prospect, the investigation here de- 

cribed can disclose the possibility of identifying these colourants 

n artistic objects. This is a fundamental aspect in the field of con- 

ervation and restoration, even more so if we consider the poor 

esistance to light of some of these substances, which makes them 

usceptible to decay relatively quickly. 
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