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Abstract

Alizarin (Az) lake is a typical example of lake pigments that is widely used in
cultural heritages. Previous work focused on the complex formation in solution,
theoretical models and crystallized stoichiometric complexes. The real nature of lake
pigments, as well as the reason for its degradation, are still controversial. In this work,
we prepared the Az lakes from the ancient recipe with non-stoichiometric complexes,
i.e., R = 5-200 (R refers to molar ratio of AI**/Az). The influences of the dye
concentration, pH and basic reagents on the structures and chromatic properties of
bulk Az lakes were studied by attenuated total reflection Fourier transform infrared
spectrum (ATR-FTIR), nuclear magnetic resonance (NMR) and CIE 1976 color space.
In order to investigate the surface interaction between Az and the alumina inorganic
substrate, likely determining in the aging of pigments, Az was deposited on a thin
Al,Oy film prepared by physical vapor deposition method. Polarization modulation
infrared reflection absorption spectroscopy (PM-IRRAS) was employed to
characterize the chemical reactivity and degradation of Az-Al,O4 film complex. Az

I** were coordinated with

derivatives interacted with Al,O film like bulk lakes. A
1,2-dihydroxyl (catechol) group, instead of 1-hydroxy-9-keto group. Exposure under
UV light resulted in degradation of Az-Al,O4 film complex by oxidizing catechol

groups to carbonyl. This study presented a new insight into the structure and

degradation of Az lake.

Keywords: Lake pigments, Alizarin, Photostability, Al,O film, UV light.



1 Introduction

The growing attention in the study of art objects for the purposes of conservation
and restoration has raised much interest in investigating the structure and
physical-chemical properties of the materials used in art works[1]. Particularly,
organic dyes and pigments are key components in cultural heritage artifacts, such as
easel paintings, polychrome arts, manuscript illuminations, textiles, etc. Since color is
an important component in the perception of beauty and in an artist’s original intent
when creating a work, better conservation of the cultural heritage requires detailed
knowledge of dyes and pigments, including the complex evolution they have endured
over time[2].

Both dyes and pigments have distinct features: dyes are soluble in the medium in
which they are present, while pigments are solid state[3]. But organic dyes can be
fixed on inorganic substrates to build organic-inorganic hybrid pigments, which
sometimes exhibit remarkable stability. Lake pigments[2, 4-6] and Maya blue[7-9] are
the typical hybrid pigments prepared from natural dyes and inorganic substrates.
Particularly, a famous red lake, known as madder lake, was used for painting by
precipitating the madder dyestuffs (extracted from the roots of Rubia tinctorum L)
with a metal salt to form insoluble metal complexes since antiquity[10, 11].
According to historical recipes, the most frequently used metal cation was AI**, added

to the dyestuff as a potassium double sulphate (KAI(SO,),+12H,0, called alum)[12].



Alizarin (Az, see Fig. 1), the main component of madder dyestuffs, has been
classified among the organic dyes most resistant to light-induced fading, although
degradation still happens[13]. Az lake is often considered as a typical example of lake
pigments to investigate the formation [14], spectral properties[1, 2, 5, 11, 12, 15-20]
and lightfastness[21-24] by using modern and complementary technologies, such as
gas chromatography, mass spectrometry, UV-visible spectrophotometry, thin layer

chromatography, high performance liquid chromatography.
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Fig. 1 The structure and ionization process of Az in aqueous solution

In 1920s, Weiser and Porter [25-27] pointed out that the lake formation is due to
the adsorption of the Az anion by the hydrous oxides in varying amounts depending
on the composition of the dye bath. Later, Kiel and Heertjes stated that the formula of
the calcium-aluminum lake of Az (Turkey Red), i.e., Ca,Al3Az4 (where Az represents

an alizarin molecule minus two hydroxylic hydrogen atoms), was wrong. Therefore,



they carried out a further study of this complex, and they illustrated the formula of the
water-containing calcium-aluminum lake of Az is CaAl(OH)(Az), - xH,0 [4]. The
extremely slow reaction of alizarin with the chelate-forming metal aluminum alone
due to the strong hydrogen bond between the 1-OH group and the 9-C=0 group. This
hydrogen bond has to be broken or at least weakened when a complex was formed.
This phenomenon occurred when salt formation (2-OH—2-0O") takes place before
chelate formation [28]. The other similar Az lakes were also investigated by Kiel and
Heertjes [29, 30].

In the beginning of the 21% century, the electronic structure of Az with eleven
different transition metal complexes and five rare-earth complexes were studied using
density functional theory (DFT) by Komih et al. [31]. The M—O (M refers to the metal
cation) bonds involve p or d metal orbitals depending on whether the d shell is full or
empty. The complexation effect leads to a red shift and hence to a color change of the
solutions of the complexes. Theoretical calculation also demonstrated that
complexation always occurs at the peri- or ortho-hydroxycarbonyl group and involves
the tautomeric anthraquinoid forms [32].

Fain et al. (1996) [33] illustrated Az lake as two types of structure based on the
"Al NMR spectra, named “closed structure” (with strongly chelated H,O molecules
and dibenzene sandwich Na®) and “open structure”. Doskocz et al. (2009) [34]
pointed out that Az acted as a bidentate ligand on forming complexes with metal ions
based on the *H and **C NMR spectra results. The complex structure with the metal

attached to two hydroxyl oxygen atoms was of lower energy. Wunderlich and



I3* cations coordinated

Bergerhoff [35] proposed a different structure in which the A
with two Az molecules through the ortho-hydroxyl groups (a-diol position), forming a
five-membered chelate cycle, and calcium ions complete the structure, coordinating
two dye molecules in the pB-ketol position. The recent investigation on the
complexation reaction of Az, which had been carried out by Sanyova in 2001 [36] and
2008 [37], provided experimental evidence in favor of the B-ketol position of the dye
as complexation site. In addition, his research also put forward the hypothesis of
possible further aggregation of the complexes through AI-O-Al bonds and
cross-linking.

Although much progress about the complex structure had been made in the past
decades, the structure of Az lake and the nature of established chemical interactions
are still a matter of controversy. Previous works only focused on the complex
formation in solution, theoretical models and crystallized stoichiometric complexes.
For example, the commercial lake pigments contained very low Az while the
stoichiometric investigation always considered the complex structure with the Az/AlI**
ratio of 1:1 and 2:1[28, 32]. The structure and properties of a real Az lake pigment,
with a very low content of Az dye, have never been studied.

What is more important, understanding the degradation pathway of Az lake is a
crucial issue for the conservation and restoration of artworks which contain lake
pigments. But it is difficult to evaluate the photostability and chemical changes of Az
lake powders during light exposure. Dworak et al. (2009)[38] tried to investigate the

photoinduced dynamics of Az in Al,O3; and TiO, mesoporous films that strongly



coupled with Az. Although the thickness of these films exceeded 1 um, their research
suggested that the interaction between Az and aluminum oxides might be an efficient
way to study the structure and interaction of Az lake under light exposure. Aluminum
oxides (Al,Oy) exhibit the similar coordination with AI** complex in basic solutions.
The use of Al,O, thin film to study the interaction between Az and AI** presents two
essential advantages. First, Al,Ox may be under the form of ultrathin layers and permit
to investigate the interaction at the molecular scale. Previous quartz crystal
microbalance measurements have demonstrated highly uniform layer-by-layer growth
of the alumina on Ag nanoparticles with a growth rate of ~0.1 nm per deposition per
second [39]. The sub-1-nm thickness is extremely advantageous in preserving
integrity of the solid and increasing contact area and reactivity. In addition, the
ultrathin film of alumina deposited on a reflective surface should enhance the
sensitivity and accuracy of spectrometry [40], because only the surface atoms can
react with Az molecules while the internal (bulk) atoms do not. In addition,
polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS) can
be employed, with a very high sensitivity, to investigate the interfacial interaction
between Az dye and Al,Oy thin film.

Aiming to investigate the structures and interactions of Az lake pigments, a
series of bulk Az lakes were prepared. The influence of dye concentration, pH and
basic reagents on the structures and chromatic properties has been investigated. In
addition, Az molecules were deposited onto Al,O thin film prepared by physical

vapor deposition (PVD) method. The interaction between Az and Al,Ox thin film and



the influence of ultraviolet light on the degradation of Az-Al,O film complex have

also been highlighted.

2 Materials and methods
2.1 Materials

Az (97%), KAI(SO4),+12H,0 (98%), K,COs; (98%) and KOH (99%) were
purchased from Sigma-Aldrich, Inc, France. These materials were used without
further purification.
2.2 Preparation of bulk lake pigments

The lake pigments were prepared as the following procedure: KAI(SOy), (alum)
was dissolved into water with the concentration of 0.5 mol/L; Az was dissolved into
water with the concentration of 0.005 mol/L (pH=10); Az solution was added into
alum solution with the molar ratio of Al/Az (R value) from 5 to 200; a basic reagent
(KOH or K,COg, 0.5 mol/L) was added into the previous solution dropwise after 10
min stirring; The addition was stopped when pH value reached at 5.5, 6.5, 7.5 and 8.5
corresponding to different speciation states of Az; The solution was stirred for 30 min
and then stood for 12 h; finally, the precipitate was filtered out, washed 3 times and
dried at 50°C for 24 h.
2.3 Preparation of aluminum oxide films

Preparation of aluminum oxide thin films was performed by physical vapor

deposition (PVD) and a scheme of the apparatus is shown in Fig. 2(A) (details can be

seen in reference [41]). An Al foil, source of Al atoms, was placed on a tungsten



filament connected to a DC power supply. Au thin film of 1x1 cm? and few hundreds
of nm thickness on a glass substrate were exposed to flame for three times before use.
The Au substrate was placed in the vacuum chamber equipped with a quartz crystal
microbalance placed laterally. Once the sample was inserted into the chamber, the
vacuum was maintained for 2 h to reach a pressure of 10 Pa. Then the current was
slowly increased to a few tens of A to allow Al evaporation and condensation on the

Au film. The Al thin film was oxidized in air and a Al,Oy thin film was formed.
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Fig. 2 (A) PVD apparatus for preparation of Al thin film on gold (Au) surface and (B)

preparation process of alumina-Az complex samples.

2.4 Deposition of dyes onto the thin film

In order to study the properties of the dye on an aluminum oxide film surface, 20
uL of Az aqueous solution (0.5 mol/L) was dropped on the surface of the thin film
prepared by PVD (see Fig. 2(B)). After 15 min, the excess of solvent was evaporated
under Ar flux. To study the properties of the Dye-AI** complex on gold surface, a
complex of Az-AI** was prepared in water by mixing Az and KAI(SO4), with Az/AI**

ratios of 1:1 and 2:1. The pH was adjusted to 7.5 by addition of KOH solution. 20 uL



of Az-AI** complex solution (0.5 mol/L) was dropped on the surface of the thin film
previously exposed to flame for three times. The excess of solvent was evaporated

under Ar flux after 15-min deposition.

2.5 Photostability
The thin film was exposed to UV light. The distance from the light source and the
film was 10 cm. The UV light was the Lightningcure LC-L1V3 LED source from
Hamamatsu Photonics with irradiance of 14000 mW/cm2 at 365 £ 5 nm. The sample
was characterized by PM-IRRAS after 0.5h, 1 h,2h,4h,7h, 24 h,33 h, 48 h, 76 h,
168 h and 264 h.
2.4 Characterization
Attenuated total reflection Fourier transform infrared spectrum (ATR-FTIR)
spectra were collected from a Cary 630 FTIR spectrometer in the range of 4000-650
cm™,
CIE (Commission Internationale de L'Eclairage) parameters were obtained from
an Ocean Optics spectrophotometer USB4000. The light source of Ocean Optics
HL2000 was employed for CIE results. CIE 1976 color space system was applied to
evaluate the color of the pigments. Lightness (L*) represents the brightness (+) or
darkness (—) of the color, i.e., more positive L* values refer to whiter while more
negative L* values represent darker. The values of a* and b* indicate the color details:

+a* is the red direction, -a* the green direction, +b* the yellow direction, and -b* the

blue direction. Before the reflectance and CIE tests, the samples were hand-pressed



into pellets using 3 mm die set and a metal collar for Quick Press from Perkin Elmer
(ref. 01862295) with the pressure about 10 MPa.

3¢ and #’Al magic angle spinning (MAS) nuclear magnetic resonance (NMR)
spectra were obtained on a Bruker Advance I1l spectrometer equipped with a 2.5 mm
and 4 mm H-X MAS probe, operating at frequency of 125.76 MHz (**C) and 130.30
MHZ (*’Al). Chemical shifts were calibrated using the carboxyl signal of adamantane
(38.52 ppm) for 3C and AI(NO3); (0 ppm) for 2’Al as external standard. The *C
cross-polarization (CP) spectra were acquired with a MAS rate of 14 kHz, a ramp-CP
contact time of 2 ms and a 2 s of recycle delay and with a *H decoupling spinal. Over
an acquisition time of 40 ms, the number of scans to obtain the spectra depends on the
signal to noise ratio obtained for each sample. Spectra were processed with a
zero-filling factor of 2 and with an exponential decay corresponding to a 10 Hz line
broadening in the transformed spectra. Only spectra with the same line broadening are
directly compared. The 2’Al experiment using 30° pulse was recorded in the same
condition of spinning rate (14 kHz), with a number of scans of 2048, 263 kHz spectral
width and with 500 ms of recycle delay.

PM-IRRAS spectra were recorded using a Nicolet 5700 spectrometer equipped
with a nitrogen-cooled MCT wide-band detector. The incident beam was modulated
between p and s polarization using a ZnSe grid polarizer and ZnSe photoelastic
modulator placed before the sample. The spectrometer was interfaced to the UHV
chamber via ZnSe windows. The reflected light was focused onto the detector at an

optimal incident angle of 85°. All spectra were obtained after 512 scans with a



resolution of 8 cm™.

3 Results and discussion
3.1 Influence of the Az concentration in lake pigments
3.1.1 Chromatic analysis

The CIE parameters (Table 1) of lakes pigments witness their colors. In the case
of R=*, the precipitation shows L*, a* and b* values of 99.7, 0.2 and -1.6,
respectively, indicating a white color for the substrate AI**-X complex (Fig. 3). With
the addition of Az, the CIE parameters of lake pigments changed. The lightness (L*)
of lake pigments decreased while the red (+a*) and blue (+b*) color components
increased. Interestingly, the a* values of lake pigments are much larger than b* values,
indicating that the lake pigments display red color (Fig. 3). The color of Az aqueous
solution is readily affected by the pH value. In solid state, Az is yellow powder.
However, the color of Az aqueous solution changes from yellow to red, and further to
violet and blue with the increase of pH value. While, in the solid state, Az is a yellow
powder, the color of Az aqueous solutions changes from yellow to red, and further to
violet and blue, when increasing the pH value. In a basic solution, the chemical
equilibrium of Az ionization was shifted to the right, generating more Az™ and Az*
anions, resulting in a red color. Hence, the AI**-Az complex also displayed a red color.
However, the real lake pigments were prepared with a very low concentration of Az,
suggesting that only a part of AI** cations were coordinated with Az and others were

still under the AIO(OH) complex form. With the increase of Az concentration, the L*



value of lake pigments increased while the a* and b* values were almost stable.
Hence, the concentration of Az influenced the color nature of these lake pigments by
changing their lightness. Less Az resulted in a brighter color.

Table 1 CIE parameters of lake pigments prepared with Az.

R L* a* b*
* 99.7 0.2 -1.6
5 33.9 43.6 8.5
25 395 43.5 10.9
50 45.6 45.6 10.5
100 53.9 41.5 8.7
200 61.6 40.6 7.8

R=200 °

R=100 {

‘ I =i “E ; R=50

(«' AIO(OH) ‘ AI*-Az complex

Fig. 3 Digital pictures of lake pigments and corresponding interpretive diagrams.



3.1.2 ATR-FTIR

The FTIR spectrum of Az is presented in Fig. 4. In agreement with previous
reports [4, 42, 43], the assignments are summarized in Table 2. The absorption band at
3359 cm™ belongs to the vibration of phenolic hydroxyl groups. The characteristic
bands are v(C=0) at 1661 cm™ (C10) and v(C=0) at 1631 cm™ (C9); v(C=C) of
benzene ring at 1584 and 1449 cm™, in addition to out of plan deformation bands at
1194, 1179 and 1158 cm™, and group bands at 1047, 1031, 1012 cm™); 8(O—H) at
1349 cm™ (C2) and 1329 cm™ (C1); v(C—O) at 1280 cm™ (C2) and 1263 cm™ (C1).

In the case of R =* (without the addition of Az), four bands are observed in the
FTIR spectrum. A wide band (3000-3750 cm™) centered at 3414 cm™ is attributed to
the stretching vibration of O-H from coordinated hydroxyl group (Al—OH) and
water, corresponding to the bending vibration at 1104 cm™ (§(Al—OH)) and 1638
cm™ (8(H,0)), respectively[44-46]. This result demonstrated that both —OH and H,0
coordinated with AI**. Furthermore, the signals of v(Al-O-Al) at 978 cm™ and
v(Al-0O) at 852 cm™ are observed, indicating the formation of a polymetric AI**
complex. The lake pigment substrate is loosely described as hydrated alumina, but in
practice is difficult to characterize, partly because it is amorphous and highly variable
state [47]. It does not correspond to any of the various crystalline aluminum
(oxy)hydroxides or anhydrous oxides, many of which are known mineral species such
as gibbsite AI(OH); or boehmite (y-AIOOH)[48-52]. The bands at 1508 and 1417

cm™ are assigned to the stretching vibration of CO5> group, implying that carbonates

were included in the substrate.



When Az was added (R in the range 5 to 200), the FTIR spectra of samples
present some shifts in comparison with that of Az. Firstly, the absorption bands
referring to Az show lower intensity with the increase of R values. This phenomenon
not only demonstrates the immobilization of Az molecules in the precipitation, but
also testifies that smaller R value results in more Az included in the lakes. Secondly,
compared with the FTIR spectrum of Az, the bands referring to C=C, C=0, and C-O
and O-H groups shifted to higher or lower wavenumbers in the lake spectra. The two
bands referring to the two C=0 groups merged at 1638 cm™. The v(C=C) band from
benzene ring splits into four bands at 1590, 1519, 1469 and 1435 cm™. The bands
referring to 8(O—H) shifted to 1355 and 1321 cm™ from 1349 and 1329 cm™. The C2
v(C—O) signal shifted to 1287 from 1280 cm™. This fact indicates the interaction
between Az and AI**. The bands representing the vibrations of S(Al—OH) at 1104
cm?, v(Al—O—Al) at 978 cm™ and v(Al—0) 852 cm™ remained in the ATR-FTIR
spectra of Az lakes, demonstrating no changes happened to the substrate. But these
bands exhibited lower intensity with the increase of R value, because of the low

I3

concentration of Al°" (high concentration of Az). Particularly, the lake pigments with

R=50 and 200 showed the remarkable signal of AI—OH group. This fact
demonstrates that less Az molecules results in more Al—OH groups. The Az

competed with —OH for coordinating with AI*".
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Fig. 4 ATR-FTIR spectra of Az and lakes with different R values.

Table 2 The assignments of FTIR bands of Az and the corresponding shifts in lakes.

Absorption band (cm™)

Assignment

Lake pigment

Az

v(O-H)

3359

0) C10

v(C=

1661

=0) C9/5(O-H) water

v(C

1638

0) C9

v(C=

1631

v(C=C)

1590

1584

v(C=C)

1519




1469 v(C=C)

1449 1435 v(C=C)
1349 1355 5(0-H) phenol C2
1329 1321 5(0-H) phenol C1
1280 1287 v(C-0) C2
1263 1263 v(C-0) C1
1194/1179/1158  1185/1148 v(C=C)/3(CCC)/5(C—H)
1104 5(Al—OH)
1047/1031/1012 1019 v(C=C)/3(CCC)/5(C—H)
894/848/827 ¥(C-H)/8(C=0)/y(C=C)/3(CCC)/y(C—H)
978 v(AI-O-Al)
852 v(Al-0)
748 766 3(CCC)
712 715 ¥(C-0)/ y(C=0)

Note: v—stretching vibration, 3—bending in-plane, y—bending out-of-plane.

3.1.3NMR

The Al MAS NMR spectra of Az lake pigments (Fig. 5 (A)) reveal the
coordination nature of AI** in Az lakes. Three signals are observed in the spectrum of
precipitation without Az (R = *), i.e., Al(VI) (hexa-coordinated AI**) at 7.1 ppm, Al(V)
(penta-coordinated AI**) at 36.1 ppm and Al(IV) (tetra-coordinated AI**) at 66.7 ppm

[53]. Comparing the area of NMR signals by integration, 89% of Al(VI), 7% of Al(V)



and 4% of AI(IV) were included in the substrate. Previous work also proved the
presence of Al(VI) in the lakes. However, the authors ignored the minor presence of
Al(V) and AI(1V) in spite of the ’ Al NMR spectra indicating weak signals. The most
Al(V1) demonstrated major octahedral [AlOg] structure in the framework of inorganic
substrate, indicating a polymetric complex. On the other hand, the presence of Al(V)
and AIl(IV) suggested some defects in the complex structure. The lake pigments
(R=25 and 50) displayed similar 2’Al MAS NMR spectra with the precipitation
without Az, demonstrating the similar coordination environment of AI** in the lake
pigments. Most of AI** cations are coordinated with 6 O atoms, but some are
coordinated with 5 or 4 O atoms. Thus, the introduction of Az did not influence the
coordination structure of AI** complex.
AV

(A) Al(V}) 71
36.1 :

66.7

r T T 1 r T T T T 1
100 50 0 -50 200 180 160 140 120 100
Chemical shift (ppm) Chemical shift {(ppm)

Fig. 5 (A) ¥Aland (B) *C MAS NMR spectra of Az lake pigments.

The *C MAS NMR spectra of Az and lake pigments are presented in Fig. 5 (B).
The chemical shifts of C1 is smaller than that of C2, due to the hydrogen bond (Fig.
1). Accordingly, C9 shows higher chemical shift than C10, because the intramolecular

hydrogen bonds decrease the electron density of C9 by delocalization. Compared with



Az, the NMR spectra of lake pigments exhibit some shifts. The chemical shifts of Az
remained in the lake pigments, except for the signals of C1, C2, C9 and C10. Both
chemical shifts of C1 and C2 increased to 163.6 ppm from 150.0 and 152.0 ppm,
implying that the electron density of C1 and C2 decreased when Az interacted with
AI**. C9 and C10 signals shifted to 183.9 ppm in lake pigments. This suggested the
conjugative effect, which averaged the electron distribution in Az molecules
coordinated with AI**.

Az has two phenolic hydroxyl groups, which can release protons (Fig. 1). Two
acid-basic equilibria happen when Az is in aqueous solution. Kuban and Havel (1973)
[39] reported the pKy = 5.25 and pKy, = 11.50 of Az. Later, Miliani et al. (2000) [9]
reported the pKa and pKj,, values as 6.57 and 12.36, respectively. Hence, pH value
directly influences the proportion of Az, Az", Az* and H*. Besides, two C=0 groups
are also included in an Az molecule. Thus, Az can be considered as a bidentate
ligand[4, 32-35, 54, 55]. For metal ion fixation, Az presents two potential sites in
competition: the 1,2-dihydroxyl (catechol) and the 1-hydroxy-9-keto groups[34]. If a
monodentate fixation mode could be considered, bidentate complexes are usually the
most stable ones, for such ligands. Two contradictory hypothesis are proposed in the

literature, an AI¥*

fixation with the catechol group [55, 56] and a metal chelation with
the 1-hydroxy-9-keto group [4, 28, 31]. Both chemical shifts of C1 and C2 increased
from 150.0 and 152.0 ppm to 163.6 ppm while the chemical shifts of C9 (188.8 ppm)
and C10 (180.2 ppm) equalized to 183.9 ppm. This fact demonstrates that AI** cations

are fixed with the catechol groups in Az molecules, instead of 1-hydroxy-9-keto



groups. This result is in accordance with a recent report[34]

There are 6 possible coordinated structures of AlI**-Az* complexes (Fig. 6). Al**
cations coordinated with O atoms from H,O or OH’, i.e., [AlXg], [AlXs] and [AIX4]
(X refers to H,O or OH"). The structures of lake pigments can be described as the
replacement of Al-X complexes by some Az* anions. C—O" (C1 and C2) groups
donated the electrons to the unoccupied orbitals of AI**, resulting in the chemical shift
of C1 and C2 to higher values. In AI**-Az* complexes, the distribution of electrons
became delocalized due to the coordination with AI**, resulting in the identical

chemical shift of C1 and C2, as well as C9 and C10.

(A) ®) ©

D) (E) (F)

Symbol  Al: ATV) AL AI(V) Al AI(VT)  X: H,0 or OH coordinated o AF

Fig. 6 The possible coordinated structures of Az-AI** complexes: (A) Al[AzX,], (B)

Al[AzXs], (C) Al[AzX4], (D) Al[(Az),], (E) Al[(Az),X] and (F) Al [(Az)2X2].

3. 2 Influence of basic reagents



3.2.1 Chromatic analysis

The CIE parameters of lake pigments prepared with K,CO3 and KOH are listed in
Table 3. At the same pH value, the lake pigments prepared with K,CO3 showed lower
L* and b* values, but larger a* value than those of lake pigments prepared with KOH.
Hence, K,COj3 resulted in redder but less bright color than KOH. The pH value also
affected the color of lake pigments. With the increase of pH value, the L* decreased
while the a* and b* value increased, suggesting that the increase of pH value leads to
a lower brightness and blue color. The bases and pH value influenced the color of lake

pigments, with minor differences between K,COs-lakes and KOH-lakes (Fig. 7).

Table 3 Influence of basic reagents on the CIE parameters of Az pigments prepared at

different pH values.

L* a* b*
pH

K,CO, KOH K,CO; KOH K,CO; KOH
55 51.2 55.7 41.8 41.8 7.0 10.9
6.5 447 53.1 475 45.1 9.4 15.8
7.5 44.9 56.4 47.0 39.7 8.5 10.7

8.5 45.4 47.5 48.4 43.3 9.3 12.9




Fig. 7 Digital pictures of lake pigments.

3.2.2 ATR-FTIR

The precipitation of AI** is not only resulting from carbonate (K,COs) but also
from alkali (e.g. KOH). The ATR-FTIR spectra of lake pigments prepared with
K,CO; and KOH are given in Fig. 8. In Fig. 8(A), the band at 3396 cm™ refers to the
stretching vibration of coordinated H,O, whose bending vibration appeared at 1639
cm™. In addition, the v(Al—OH) signal was overlapped by the wide band at 3396
cm’™, corresponding to the 5(Al—OH) at 1103 cm™. The band at 1103 cm™ is assigned
to the bending vibration (in-plane) of Al—OH group, the band at 974 cm™ is
attributed to A—O—AI group, and the band at 854 cm™ belongs to Al—O groups. In
addition, the bands at 1499 and 1430 cm™ are assigned to COs* groups coordinated to
AI®*. Carbonates are absent in the precipitation prepared at pH=5.5 while they present
at pH value above 6.5. This demonstrated that carbonates were included in the
precipitations when using K,CO3 as the base reagent. However, carbonates can only
be present at pH > 6.5, because they are instable in acidic condition. The precipitation

at pH = 5.5 showed a great signal at 1103 cm™ (Al—OH) and 974 cm™ (AI—O—Al),



while the band at 850 cm™ (Al—O) was very weak. With the increase of pH value, the
intensities of AI—OH and AI-—O—AI groups decreased dramatically while the signal
of Al—O group increased. This phenomenon implied that polymeric AI**-X
complexes formed at a low pH value, e.g., pH = 5.5, while individual chelates tended
to be synthesized at pH above 6.5.

Compared with the FTIR spectra of precipitates prepared with K,COj3, those of
precipitates prepared with KOH (Fig. 8(B)) did not display the signals of carbonates.
The bands of coordinated water and —OH group emerged at 3370 and 1640 cm™. The
bands at 1093 and 1054 cm™ are assigned to the symmetric and asymmetric bending
vibration of Al—OH group. The signal at 976 cm™ belongs to the stretching vibration
of Al—O—A\ group. The stretching vibration of Al—O group occurred at 880 cm™.
With the increase of pH value, the intensity of absorption at 3370 and 1640 cm™
decreased, as well as the signal of AI—OH group, suggesting the loss of ~OH groups
coordinated with AI** and/or coordinated water. In addition, the precipitations
prepared with KOH showed stronger signal of v(Al—O—Al) than those
precipitations prepared with K,COs3, suggesting more —OH groups coordinated with
AI** in the presence of KOH.

The lake pigments prepared with K,CO3 showed complex FTIR spectra of Az and
precipitates (Fig. 8(C)). Except for the bands of substrate, the signals of Az were
observed. The stretching vibration of C=O was overlapped at 1633 cm™. The
stretching vibrations of benzene ring appeared at 1590, 1518 and 1469 cm™. The

bending vibration of phenol —OH group appeared at 1354 cm™. The wide band



between 1261 and 1285 cm™ are assigned to the stretching vibrations of C1 and C2
C=0 groups. The broad band between 1400 and 1500 cm™ is assigned to the
stretching vibration of COs> groups. Compared with the FTIR spectrum of Az, the
lake pigments prepared with K,CO3 exhibited some shifts: (i) The bands referring to
two v(C=0) vibrations at 1661 cm™ (10-C=0) and 1638 cm™ (9-C=0) merged and
shifted to 1633 cm™; (ii) The benzene ring v(C=C) at 1584 and 1449 cm™ split and
shifted to 1590, 1518 and 1469 cm™; (iii) The §(O—H) at 1349/1329 cm™ shifted to
1354 cm™ | and the v(C=0) at 1281 and 1263 cm™ merged into a broad band. These
changes demonstrated the conjugative effect which averaged the electron distribution
of AI**-Az complex. Particularly, we also noticed the wide band between 1400 and
1500 cm™ assigned to COs> groups. The FTIR spectra of lake pigments prepared with
KOH (Fig. 8(D)) are similar to those of lakes prepared with K,COs, except for the
absence of the wide bands of CO5s*. The key difference between the lake pigments
prepared with K,CO5 and KOH lies in the coordinated —OH groups (1000-1200 cm™).
With the increase of pH value, Az lakes prepared with KOH showed higher
absorption than those prepared with K,COgz; demonstrating more —OH groups

included in the complexes.
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Fig. 8 ATR-FTIR spectra of lake pigments prepared with different bases.

3.3 Interaction between Al,Ox film and dyes

The PM-IRRAS spectra of AI**-Az complexes on Au film (Fig. 9 (A)) indicate the
interaction between AI**-Az complex and Au film. The AI**-Az complexes (AI**/Az =
1:1 and 1:2) on Au films, i.e., Au-Al**/Az; and Au-AI**1/Az,, show characteristic
bands of AI**-Az complex. The band at 1643 cm™ can be attributed to the v(C=0) of
Az and to the 3(—OH) of coordinated water. The v(C=C) vibration of benzene ring
emerged at 1593, 1531 and 1471 cm™. The band at 1361 cm™ belongs to §(—OH) from
phenol group. The absorptions at 1291 and 1268 cm™ are assigned to the v(C—O0). Az
deposited on Au-Al,O film (Fig. 9(B)) also exhibit similar PM-IRRAS spectrum with

AIP*-Az complexes on Au film. This phenomenon demonstrates that Az molecules



interacted with Al,Ox film surface very similarly to AI**-Az complexes. The band at
945 cm™ is assigned to the stretching vibration of Al—O—AI groups, which belong to
the Al,Oy substrate. This band in Fig. 9 (A) is absent due to Au substrate, instead of
Al,Oy. But this phenomenon suggests that the deposition of AI**-Az complex did not

form a polymetric structure like the bulk lakes, maybe because of the small amount

(only on the surface and remove excess complex after 15 min).

(A)

Au-AlT Az

Absorbance
Absorbance

Au-AlTIAZ,
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2000 1800 1600 1400 1200 1000 800 2000 1800 1600 1400 1200 1000 800
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Fig. 9 PM-IRRAS spectra of (A) AI**-Az complex on Au film and (B) Az on

Au-Al,O, film.

Al—O groups exposed on the surface of Al,Oy film and most AI** cations were
coordinated by 6 O atoms. Compared with the FTIR spectrum of raw Az, both two
phenolic C—O groups (1280 and 1263 cm™) of Az occurred at larger wavenumbers
(1289 and 1267 cm™) in the hybrid of Az and Au-Al,O film. This demonstrates the
interaction between the 1,2-dihydroxyl (catechol) and Al—O groups (Fig. 10). Az
molecules substituted the coordinated O on the surface, resulting in a conjugative

system.
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Fig. 10 Schematically interpretive diagram of Az dye on the Al,Oy film.

3.4 Photostability

The above results demonstrated that Az deposited on the Au-Al,Oy film surface
showed similar interaction between AI** and Az in bulk lakes. Hence, the “film lake”
can be employed to evaluate the photostability and degradation pathway. The
Au-Al,O4-Az complex was exposed under UV light to evaluate the light resistance
(Fig. 11). There are three changes after UV-light exposure: (i) Some new bands
appeared at 1705, 1430, 1416, 1378 and 1102 cm™ under UV light and their intensity
increased with the exposure time; (i) The bands at 1359 and 1327 cm™,
corresponding to 8(—OH) from phenol group decreased with the exposure time and

finally disappeared; (iii) Some bands shifted to lower wavenumbers or decreased the



intensity with the UV light exposure time increasing, i.e., a) the band at 1644 cm™,
referring to v(C=0) from Az, shifted to 1628 cm™, b) the band of v(C=C) from
benzene ring at 1594 cm™ shifted to 1573 cm™ and the absorption t 1534 and 1469
cm™ decreased, c) the bands of v(C—O) at C2 (1292 cm™) and C1 (1264 cm™)
positions decreased their intensity with the UV light exposure, and finally the signal
of C2 v(C—O) disappeared, d) the absorption bands corresponding to phenol 5(—OH)
(1359 and 1327 cm™) decreased the intensity and finally disappeared after 264-h UV
light aging. We noticed that the absorption belonging to Al—O—AI group (945 cm™)
remained.

The new band at 1705 cm™ indicated the presence of C=0O group under UV light
aging. Considering the decrease and even disappearance of absorption bands referring
to v(C—O), it can be concluded that C—O groups from Az molecules were oxidized
to C=0 groups (ketone or carboxylic acid). The decreasing intensity or even
disappearance of absorption bands referring to C1 and C2 —OH (phenol) groups
suggested the oxidation reaction happened to the phenol groups under UV light.

Previous investigation[57] proved that Az was bleached by H,0,, which oxidized
Az molecules from the phenol groups into ketones and finally the opening-ring
reaction occurred, resulting in the generation of C=0 and COOH groups. The emerge
of absorption at 1102 cm™ indicated the formation of Al—OH group. NMR results
have demonstrated that Az anions, including Az” and Az*, coordinated with AI** via

catechol group. Hence, after long-time UV light exposure, the coordinated Az

derivatives dissociated from the film surface due to the oxidation of Az derivatives



(see Fig. 12). Finally, the coordination of Az derivatives was substituted by —OH
group from humidity, or left the defect. The oxidation of phenol groups resulted in the
change of conjugative status of Az derivatives, leading to the shifts of v(C=C) from

benzene ring to lower wavenumbers.
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Fig. 11 PM-IRRAS spectra of UV light-aged Au-Al,0-Az complex.
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Fig. 12 The degradation pathway of Az in the lake pigments under UV light exposure.
Az ionizes in water and donates protons, generating two derivatives, i.e., Az” and Az>.
The derivatives connect with AI**, forming complexes. The Az derivatives degraded
exposed under UV light by oxidizing the C—O(H) into COOH or C=0 group,

breaking the conjugative connection between Az derivatives and AI**.

4 Conclusion

In this work, we investigated the structure and chromatic properties of
non-stoichiometric AI**-Az complexes in bulk and the interaction between Az and
Al,Oy film, including the degradation under UV light exposure; this was made
possible by combining complementary charcaterization techniques, and adapting
samples for high sensitive measurements of reactivity. Several conclusions can be
drawn. (i) Az lake pigment can be synthesized at a very low concentration of Az (even

with the R = 200). The decrease of R value only effected the lightness of lakes,



without obvious influence on the a* and b* values, i.e. of the color. (ii) AI** formed
complexes with Az derivatives by reacting with the 1,2-dihydroxyl (catechol) groups,
and not with the 1-hydroxy-9-keto groups. AI** showed major hexa-coordination with
minor penta-coordination and tetra-coordination structures. More important, the
coordination between Az derivatives and AI** resulted in a conjugative system. (iii)
The basic reagents, K,CO3; and KOH, did not affect the color of lake pigments. But
the addition of KOH gave rise to more coordinated —OH groups. (iv) Az derivatives
formed conjugative complexes on the Al,Oy film surface, similar with the bulk lakes.
(v) The degradation pathway of Az derivatives on Al,O4 film demonstrated the
oxidation of catechol groups to carbonyl, resulting in dissociation of the conjugative
system. This work presented a new insight into the structure and degradation of Az
lake pigments. The fading of lake pigments is due to the oxidation of C—O(H) groups
from Az derivatives. Hence, adding some reductants or something are more sensitive
to be photoexcited may be beneficial for the conservation and restoration of

artworks.
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