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Investigations of p-chloroanilinium molybdates.

Molybdenum compounds are interesting as prospectiardidates for various
applications in catalysis, optoelectronics andcamiter therapy. Many researches are focused
on fibrillar or layered materials with organic @ats. Layered or fibrillar materials based on
polymolybdate anions offer interesting chemicalgamies and unusual architecture.

Investigations of p-chloranilinium molybdates wefiecused on three synthesized
samples. As reference there were used: aniliniumapeolybdate [1] (sample no 1) and p-
bromoanilinium pentamolybdate [2] (sample no 4)l gdchloroanilinium molybdates were
synthesized in the same way but time of synthesis aifferent for all samples (samples no:
2,3 and 5).

Method of synthesis:

Sample no 2

0.01M of molybdic acid was dissolved in 150ml ot a@ter. To the boiling solution 0.02M
of p-chloroanilinium, 0.02M of hydrochloric acid @0Oml of water was added. The solution
was heated for 2 hours. The precipitate was fittei® and dried in air.

Sample no 3

0.01M of molybdic acid was dissolved in 150ml ot a@ter. To the boiling solution 0.02M
of p-chloroanilinium, 0.02M of hydrochloric acid &0Oml of water was added. The solution
was heated for 24hours. The precipitate was fiteféand dried in air.

Sample no 5

0.01M of molybdic acid was dissolved in 150ml ot a@ter. To the boiling solution 0.02M
of p-chloroanilinium, 0.02M of hydrochloric acid @0Oml of water was added. The solution
was heated for about 7 days. The precipitate vitased off and dried in air.

At Jagiellonian University in Krakow, Poland the RB patterns have been collected using a
Philips X'Pert Pro MPD diffractometer.

Measurements performed at G3 beamline:

Parameters:

Wavelength: 8047.15eV (Cud)

26 range: from 4-125(except sample no 5 where range was from 4 t6)103
step: 0,01

time per step: 4s



Sample no 1: Anilinium pentamolybdate
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Figure 1. Diffraction pattern of anilinium pentamolybdate measured at beamline G3.
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Figure 2. Diffraction pattern of anilinium pentamolybdate measured in Krakow.



Sample no 2p-chloroanilinium trimolybdate

110000

anilinium_series?2 004 . =yn

50000

70000

Intensity (arD. units)

50000

30000

10000

L N N O B D D B B I B B
\||\l\II\III\Il\II\lll\IIDII\I

T

(=1

20 40 60 a0 100 120

—
I
[=

26(9

Figure 3. Diffraction pattern of p-chloroanilinium trimolybdate (sample no 2) measured at the beamline
G3. Peak about 73 deg occurred due to problems withe beamshutter .
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Figure 4. Diffraction pattern of p-chloroanilinium trimolybdate (sample no 2) measured in Krakow.



Sample no 3p-chloroanilinium molybdate (synthesized 24h)
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Figure 5. Diffraction pattern of p-chloroanilinium molybdate (sample no 3) measured at the beamline G3
Peak about 75 deg occurred due to the injection.
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Figure 6. Diffraction pattern of p-chloroanilinium molybdate (sample no 3) measured in Krakow.



Sample no 4: p-bromoanilinium pentamolybdate
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Figure 7. Diffraction pattern of p-bromoanilinium p entamolybdate (sample no 4) measured at beamline
G3.
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Figure 8. Diffraction pattern of p-bromoanilinium m olybdate (sample no 4) measured in Krakow.



Sample no 5p-chloroanilinium molybdate (synthesized 7 days)
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Figure 9. Diffraction pattern of p-chloroanilinium molybdate (sample no 5) measured at beamline G3.

1700

1500
4CL_7DNHI =yn

1300

1100

900

Intensity (arD. units)

700

500

300

100

TTTTTTTTTT T T I T

s
—
¥

20 28 36 44 52 60 63

=]
=

28 (%)

Figure 10. Diffraction pattern of p-chloroanilinium molybdate (sample no 5) measured in Krakow.



In the diffraction patterns obtained at the beaenléB we observe peaks with higher
intensity than patterns received from measuremant&rakow. It occurs especially for
weaker reflexes. For samples 1, 4 and 2 receivif@ction patterns have good separated and
narrow peaks. Peaks from patterns of samples Hard wide and lot of them are not good
separated.

Analysis of data from diffraction is insufficietd give information about structure of
investigated samples. Therefore XAS measurementsialybdates have been performed.
Measurements obtained at the beamline C1. All sasriphve been prepared in the same way.
Appropriate amount of sample was mixed with ceBeldo have weight about 120mg and
pressed into pastilles of 13,3mm diameter. As aregice 2Qm Mo foil was used for energy
callibration. Measurements have been done in RTimA@dK (liquid nitrogen cryostat).

Figure 11. Photo of prepared samples from EXAFS mearements

Measurements performed at beamline C:
Parameters:
Beam size: 2mm x 12mm.

Energy range: 19850 to 21248.22 eV
Measurements have been performed in transmissi@oi(ation) mode.

Three ionization chambers have been filled witHofwing gases to absorb percentage of
radiation given in brackets:

I1- 753mbar Ar (10%)

I2- 367mbar Kr (50%)

I3- 920mbar Kr (82%)



Samples:

1. Anilinium pentamolybdat¢C,H,NH,)Mo.O,,
msample = 2512mg

mcellulose = 90’8mg

2. p-chloroanilinium trimolybdatgCIC;H,NH,)Mo0.,0,,
msample = 3015mg

mcellulose = 85’5mg

3. p-chloroanilinium molybdate (synthesized 24iQIC,H,NH,)Mo, O,
msample = 25’3mg

mcellulose = 90,lmg

4. p-bromoanilinium pentamolybdat@rC,;H,NH,)Mo. O,
m =27,2mg

sample

mcellulose = 8872mg

5. p-chloroanilinium molybdate (synthesized 7 dayS)C;H,NH,)Mo,O,
msample = 25’8mg

mcellulose = 9 1'8mg

Figure 12 shows 5 spectra. All XANES curves we hgekas a result of XAS experiment
are very similar. There is no difference in areghef white line and there is no energy shift. It

means that local arrangement and valency are ugedar©On all spectrums small pre-edge
peak is observed.
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Zoom on XANES region (50eV below and 100eV abovéylmbenium absorbtion edge).
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Figure 12. XAFS spectrum for all measured at bearmie CEMO samples.
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Figure 13. XANES region for all measured samples
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Next plot shows similarities between samples 14nd

narmalized «u(E)

Also samples 3 and 5 have the same propertiessashibwn on figure 15.
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Figure 14. XAFS spectrum for samples number 1 and.4
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Conclusion:

Analysis of data from diffraction is insufficiend give an information about structure of
investigated samples because obtained diffractetteqms are not good quality due to the
samples structure.

Preliminary XANES analysis show that samples 1 4uade similar. The same situation is
observed for samples 3 and 5. Sample no. 2 isrdiffefrom others. Obtained data need
further long- term analysis which should give imi@tion about the local structure of
investigated p-chloroanilinium molybdates.

13



Investigations of pigments

Pigments are coloring agents used in paints irfdira of colored powder. Mineral pigments
have used since prehistoric times. Sincl t8ntury began to produce synthetic pigments.
Identification of the individual pigments and theomponents are used in dating, signing and
authentication of works of art.

14



1. Investigation of Ruthenian - Byzantine wall paitings from St Mary’s Chapel in the
Wawel Cathedral

Background of samples
Wawel Hill
Wawel Hill is situated on the left bank of the \ikt River in Cracow (Poland). This is a
place of great significance for the Polish peoplee Royal Castle with an armoury and the
Cathedral are situated on the hill. Polish Royaltg many distinguished Poles are interred in
the Wawel Cathedral. Royal coronations took plaesd also.

Figure 16. Wawel Hill

The Wawel Cathedral
The Wawel Cathedral is Poland's national sanctuawas the coronation site of nearly all

Polish monarchs.

Figure 17. Southern side of Wawel Cathedral

St Mary’s Chapel
St Mary’s Chapel is located in the Wawel Cathedtatas bulit in 14 century.
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Samples

During restoration of this chapel remains of Rutaen— Byzantine wall paintings were
discovered. These wall paintings were hidden uttuefloor.

Figure 18. Discovered Ruthenian — Byzantine wall patings

Investigated samples

Figure 19. Photo of investigated sample no 1. Figure 20. Phwoobf investigated sample no 2.

i

Figure 21. Photo of investigated sample no 3. Figure 22 . Photo of investigated isgle no 4.

16



Figure 23. Photo of investigated sample no 5.

At Jagiellonian University the investigations oétimaterials have reveated
cinnabar - HgS

azurite - 2CuC@-Cu(OH)

goethite — FeO(OH)

Aim of investigations

1) to determine which pigment has been used as a gregigment

In the area of Byzantine Empire artists used gesmth as a green pigment. In turn Polish
artists used malachite.

The main question sounds: “Which pigments were lygohinters from St Mary's Chapel?”
There is supposition that artists from St Mary’sa@él used pigments which are more similar
to paintings from Byzantine Empire than from Poland

2) to check if cadmium yellow was used as a yellgnigment

Goethite was used as a yellow pigment in this yalhtings but there might be in two
samples cadmium yellow too. There is no informaiioriterature about using of cadmium
yellow in this time (when Ruthenian — Byzantine Wadintings wereanade). Therefore there
is necessity to check presence of this pigmentsiirsamples.

Measurements
Measurements performed at beamline G3
MAXIM (materials x-ray imaging)
Beamline parameters
- beamsize 2.8 x 1.1 mm (FWHM)

- monochromator - fixed-exit double-crystal Ge(111),
- further crystals available Ge(311), Si(111§5%1), Si(400)

17



Beamline equipped with 2D detector setup allowsgimg using the radiation diffracted by
polycrystalline samples. Used CCD camera behinamélacollimator with position resolved

investigation gives possibility to image area ofrenthan 1 crh In contrast to conventional

p-beam techniques we can measure large area ishmheSpatial resolution is from 12um —
12 mm (proportional to the sample to detector distq

Detectors

1. CCD-detector
2. Auxiliary scintillation detector with Soller dohator for integrating measurements

Energy
E =8047.16 [eV]

1) Sample number 3

Name of sampleyellow _powder_wawel wall3
Description of sample: yellow pigment (powder) fravall painting number 3
Scan from4° to 80°

Step: 0.0
— Caco3
— yellow_powder_wawel_wall3
=
s
B
&
g
K=
— o )d A IF [
'\iﬁM% ] 'P}auﬂw"“-:'_ H‘*‘;""___“_mk':_“___#

20 [°]

Figure 24. Diffraction pattern of yellow powder from sample number 3 (black solid line) and overlappig
diffraction pattern of CaCO;(red lines).
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Name of sampldragments_byzantine_00002r2
Description of sample: colourful wall painting (sple 3)
Scan fron20° to 120°

Step: 0.01
216
— fragments_byzantine_00002r2
— CaC03
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Figure 25. Diffraction pattern of colourful fragment from sample number 3 (black solid line) and
overlapping diffraction pattern of CaCOs (red lines).
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MAXIM measurements:

Name of sampldragments_byzantine_00006r3
Description of sample: colourful wall painting (sple 3)
Scan from77° to 87°

Step: 0.05

There is an offset between scintillation counted &CD camera, which is about 20.4
Program for calculation of exact offset value waiten. Calculated value is 20.3788

Figure 26. MAXIM images of colourful sample no 3.

MAXIM images show homogenous distribution along aleasured area. All observed
reflexes belong to the same substance which is genwus distributed in the sample. It
seems to that only main compound of the wall iseoked. No distribution of different
pigments from sample is seen. It was confirmed\mr @lotting diffraction pattern of CaGO
to diffraction pattern from sample (see Figure 25).
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2) Sample number 1

Name of sampleyellow_powder_wawel_walll

Description of sample: yellow pigment (powder) frawvall painting number 1
Scan from4° to 80°

Step: 0.01

3216

— (Cac0o3
—  yellow_powder_wawel_walll

-200

1,878

2,045

20 [°]

Figure 27. Diffraction pattern of yellow powder from sample number 1 (black solid line) and overlappig

diffraction pattern of CaCO; (red lines).
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3) Sample number 5

Name of sampldragments_byzantine_00002r1
Description of sample: green wall painting (samplenber 5)

Scan from20° to 120°

Step: 0.01
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Figure 28. Diffraction pattern of green fragment from sample number 5 (black solid line) and overlappig

diffraction pattern of CaCO ;(red lines).
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MAXIM measurements:

Name of sampldragments_byzantine_00006r1
Description of sample: green wall painting (samplenber 5)
Scan from77° to 87°

Step: 0.05

Figure 29. MAXIM images of green sample no5.

MAXIM images show homogenous distribution alongratasured area. For sample 5 some
images show single grains. Observed reflexes bedooigably to the same substance which is
homogenous distributed in the sample. It seemsrtfaah compound of the wall and some
single crystals of this compound are observed.as$ wonfirmed by over plotting diffraction
pattern of CaCe@to diffraction pattern from sample (see Figure. R¢flexes from green
pigment were not observed.
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Measurements performed at beamline C

Figure 30. Photo of measured samples.

Results of EXAFS measurements shows lack of theakigom Cd. Lack of the signal of Ti,
V, Cr, Mn, Co, Ni and Zn(?) is also noticed. SigfalFe, Cu, As, Hg and Pb is observed
Table 1 shows results corresponding to investigsaeaples.

Table 1. Results of EXAFS measurements.

Sample Description Identified chemical
elements

sample 5 green pigment Fe, Cu, As, Hg, Pb

sample 4 brown-violet pigment Fe, Cu, As, Pb, Zn(?)

sample 3 multi colour Fe, Cu, As, Hg

sample 2 black pigment Fe, Cu, As, Zn(?)

sample 1 yellow-gray pigment Fe, Cu, As
plaster - Fe, Cu

24



2. Investigation of fragments of vases from Collegm Maius

Background of samples

Collegium Maius

The oldest college of the Polish oldest and besteusity, was rebuilt by the end of the 15th
century as a splendid late-Gothic edifice aroundast courtyard with surrounding arcades
and a well of 1517 in the center. Professors lieed worked upstairs, while lecturing
downstairs. In the 1490s they had Copernicus antioeig students, and the astronomer that
revolutionized entire European science remainsntbet illustrious of Krakow university’s
graduates together with Pope John Paul II.

Figure 31. Courtyard of the Collegium Maius

The Museum of the Jagiellonian University in thell@jum Maius shows upstairs its
splendid historic rooms with original furnishinggood collection of the old European art,
unique science instruments, and varied memorabilia.

Samples

Figure 32. Photo of all samples stick on the silicoplate.
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Aim of investigations

There are 5 samples from red and green vases. Eheoddentification about these vases.
They have decorations in Chinese and Japanese astgllgorobably they were produced in
19th century in Berlin. Determination of pigmergsieeded to characterization of these vases.

Measurements
Measurements performed at beamline G3

Parameters
energy = 8047.16 [eV]

Name of sampldragments_vase00001
Description of sample: vases (5 pieces) from CallmgMaius Museum
Scan fron20° to 120

Step: 0.0P
fragments_vase_ 00001

5000

4000
3
S, 3000 -
2
0
c
g
[
= 2000

1000 - wdu ‘J

0 T T T T T T T T T T T
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Figure 33. Diffraction pattern of all vases samples
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Sample no 6

Figure 34. Fragment of vase: photo (left) and MAXM image from CCD camera (right).
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Figure 35. Pattern obtained from MAXIM measurementsin function of image number. Selected peak was
used to show image from CCD camera in Figure 23.
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sample no ©
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Figure 36. Diffraction pattern for sample 6 in 2 range from 54’ to 74. Selected peak was used to show
image from CCD camera in Figure 23.

MAXIM image of sample 6 shows that some areas am shmple surface are slightly
different. Unfortunately it is insufficient for pmgents analysis.

Sample no 9

Figure 37. Fragment of vase: photo (left) and MAXM image from CCD camera (right).
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Figure 38. Pattern obtained from MAXIM measurementsin function of image number. Selected peak was
used to show image from CCD camera in Figure 26.
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Figure 39. Diffraction pattern for sample 9 in 2 range from 54’ to 74. Selected peak was used to show
image from CCD camera in Figure 26.
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MAXIM image of sample 9 does not show any differenon the sample surface which are
visible on sample’s photo.

Sample no 5

Figure 40. Fragment of vase: photo (left) and MAXM image from CCD camera (right).
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Figure 41. Pattern obtained from MAXIM measurementsin function of image number. Selected peak was
used to show image from CCD camera in Figure 29.
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Figure 42. Diffraction pattern for sample 5 in 2 range from 54 to 74. Selected peak was used to show
image from CCD camera in Figure 29.

MAXIM image of sample 5 shows some brighter areassample surface. This is due to
fluorescence of some sample compounds. There vssiie difference in diffraction reflexes
which could help in pigments identification.

Sample no 7

Figure 43. Fragment of vase: photo (left) and MAXM image from CCD camera (right).
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Figure 44. Pattern obtained from MAXIM measurementsin function of image number. Selected peak was
used to show image from CCD camera in Figure 32.
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Figure 45. Diffraction pattern for sample 7 in B range from 54 to 74. Selected peak was used to show
image from CCD camera in Figure 29.
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MAXIM image of sample 7 shows one brighter areasample surface. This is due to
fluorescence of some sample compounds. Some sigysal grains are also shown on image
from CCD camera. There is no visible differencaliffraction reflexes which could help in
pigments identification.

Measurements performed at beamline L

Micro X-ray fluorescence analysis

Smaller beam size was achieved by the use of anatihg glass capillary (polycapillary -

focus size: 5um (30 keV)). A ionisation chamber uged to monitor the incident beam
intensity and measure the signal. The signal from sample is normally measured with
fluorescence detector (Ge). Throughout the analymssample is supervised with a long
distance zoom microscope with a magnification o® % 1500x and CCD-camera with a
resolution of 3 pm.

Example of analysis for sample number 5

Table 2. Analysis of fluorescence for investigatesamples.

Measurement point | Identified chemical element
Red area
1 Cl, Ca, V, Fe, Cu, Pb, Zn, Sn, Hg
2 Cl, Ca, V, Fe, Cu, Pb, Zn, Sn, Hg
3 Cl, Ca, V, Fe, Cu, Pb, Zn, Sn, , As, Ag
Gold area
4 Cl, Ca, V, Fe, Cu, Pb, Sr, Ag, Sn, Hg
5 Cl, Ca, V, Fe, Cu, Pb, Ag, Hg
6 Cl, Ca, V, Fe, Cu, Pb, Ag, Hg, Zn
White area
7 Cl, V, Fe, Cu, Pb, Sn
8 Cl, Ca, V, Fe, Cu, Pb, Sn
9 Cl, Ca, V, Fe, Cu, Pb, Sn
Beige area
10 Cl, Ca, Fe, Cu, Pb, Sn, Sr
11 Cl, Ca, Fe, Cu, Sr, Zr, Sn, Hg
12 Cl, Ca, Fe, Cu, Sr, Zr, Sn, Pb

Identified chemical elements will use to deternpnggments of samples.
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3. Investigation of green pigment called verdigris
Background of sample

Chemical name: Copper acetates ranging color froeergto blue. Neutral verdigris is
Cu(CH3COO),- H,0O and basic verdigris contains more Cu(@&hd HO.

Verdigris is a pigment which was used often, frontiquity through the Middle Ages,
Renaissance and Baroque. Verdigris was the mosantitgreen available until the 19th
century.

Sample

Figure 46. Photo of pigment verdigris.

Measurement

Purpose of measurementto obtain diffraction pattern
Why? It is very hard to obtain very good diffraction fgeih of this green pigment.

Name of sample: verdigris_ov_00003

Description of sample: green pigment called veidigr
Scan fromB8° to 140°

Step: 0.01

Database ICSD was used to find chemical compoundnamatches the obtained diffraction
pattern.
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Figure 47. Diffraction pattern of verdigris (black solid line) and overlapping diffraction pattern of hoganite (red lines).
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Conclusions

We used three different techniques to investigatesamples.

For Ruthenian — Byzantine wall paintings most infation about chemical elements
in layers of pigments was taken from EXAFS measer@s) We got information that there is
no cadmium in yellow parts of samples. In this wag of the main aim of measurement was
achieved. Diffraction measurement didn’t allow askhow composition of pigments on the
sample surface. Obtained diffraction patterns slpowwcipal reflexes from chalk (CaGP
Further analysis of EXAFS data is needed to knotieb&vhich exactly pigments (especially
green) were used by artists in these wall paintings

In case investigation of fragments of vases framieggium Maius we used micro
X-ray fluorescence analysis. Thanks to this metvecknew chemical elements of pigments
in our samples. This is beginning of researchhasé¢ samples. Obtained diffraction patterns
are going to be analyze at Jagiellonian Univerdity using database PDF-4 (Powder
Diffraction Data) from International Centre for Bdction Data (ICDD).

Thanks to this we were here preliminary tests of samples were carried out.
Knowledge gained here will allow us to continue oesearch and create in the future full
characterization of pigments in Ruthenian — Byzantiall paintings and vases.
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