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The role of metals in the siccativation process

Linseed oil + metal + O,
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= Siccativation of oil-based paint
- Formation of a metal
dependent cross-linked
polymer network

= Louis Pasteur - 19" century

First scientific study of driers

Pallot-Frossard, Isabelle. L’Actualité chimique, 2007 312-13: 6-9, Sciences and conservation of cultural

heritage, or the lessons of Pasteur MSAP @
Louis Pasteur. Papiers. | — Registres de laboratoire et cahiers divers. CX-CXXIl Cours professés par Pasteur u e
a 'Ecole des Beaux-Arts https://gallica.bnf.fr/ark:/12148/btv1b9080166m?rk=21459;2
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The origin of pigments

Earth pigments

Traditional
pigments

Modern
pigments

Hand stencil from the cave at Avignon, France.
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Ochres, siennas,

umbers

Metal based
pigments

Organic
pigments

Paintings of bison in

the Altamira Caves, _ _
Spain. = Ultra-high resolution

FT-ICR mass spectrometry
MSAP Laboratory

Barnett, J. R., Miller, S., & Pearce, E.
2006. Colour and art: A brief history
of pigments. Optics & Laser
Technology 38(4 6), 445-453.
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Analytical protocol

(" )

9 analytical grade metal solutions:
Co(ll), Cu(ln), Fe(l), Fe(lll), Mn(ll), Pb(ll), Ti(IV), Zn(ll), Zr(1V)

+ N,N'-bis(salicylidene)-1,2- phenylenediamine

. J

Solution:

Chelating agent in AcN
+metal in H,O

for 30 minutes -

L )

_— — s — |7 s
e /
\'J’
Column: Activation: Elution: Matrix:
3 mL Superclean™ 2 mL of AcN 6 mL of MeOH Rotavapor: Recovery: 10 mg of HCCA
LC C18 SPE 500 mg 2 ML of H0 Solvent evaporation S0 uL of AcN  700:300:1 AcN:Water:TFA Spotting:
N 0.5 pL of sample
Washing: 0.5 pLof matrix
4 mL of H,O

E

/:

Optimized SPE extraction M SAP I;. i Lu. Univg I'Sité
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Detection and speciation of model metal salts

=N /N — N%N_ — N%N_ — NQN_ — N%N_
] LD e Dl O
or Fe(ll) v
1 2 3 4

N,N"-Bis(salicylidene)- Oxidized specie  Radical specie Protonated specie Radical Fe(lll)
1,2-phenylenediamine C,oH,M3*N,O, CaoH1sM3* N0, ChgH,MZN,0, pronated specie
(Salen A) C,oH16M?"N,O, Co(ll)

\ / Mn(il)

NIEUENENEN

Intens. |"18‘"057 { 22032022-Cu ll SalenA_0_G16_000001.d: +MS.
w107 Cu Il Salen-A : \ Zr(IV) (a)
3
6 { Sample
2 A I
4 f
: * | | cu(ll)
0 37705458 -]- - - ,208 - o - - 22032022 CullSalenfo. GaD0001 3 soHuCuN;O;, M, 37703458 u
2000 B CaaH1aCulNz0; 10001 1
379.03277 .
1500 1 o TI ( I V) X
379.03277 600
1000 378.03793 40
500 380.03613 200] 1e
. | | X sois P b (l |) \/
22032022-CullSaleno_GruoD0001.d-CroHrCuN:0y, M, 37804240
_— 378.04240 CaoH1sCUN; O, 500 v I
379.04576
1500 2 _ 3 400:
1000 380.04059 %0 ZNn (l |) X
379.04576 2004
500 381.04395 il "
o L o 379.03944
_— 379.05023 CaoHrsCUN2O; . 22032022-CullSalenAo_Greo00001.d:CrothaCuN;0;, M, 379.05023 (a) Dou bly Chelated Com plex
1500 20001 s79.05023
381.04842 4
1000 1500
3IB0.05358 1000:
500 3B2.05178
500:
o] 0
377 378 379 380 381 382 miz 379025 379030 379035 379,040 379.045 3791050 379055 miz
Page = 6

Zoom on Cu(l)



Synthesis of Salen M

H1C CH,
¢
%o
H;CO OH
H,N NH,
2-hydroxy-4-methoxybenzaldehyde 4.5-dimethyl-1,2-phenylenediamine
HsC CH,
Reflux, 60 °C, 2 h
—_—
Methanol —
XN N
OH HO
OCH;,4
H;CO

N,N’-bis(methoxy-salicylidene)-4,5-methyl-1,2-phenylediamine

Page =7

0,39

0,30 o e ceem e
|

1
0,36f-==--==--1--+-
h

0.344

0,32

0.304

0.28

0,261

0,241

0,224

0,20

0.184

€390= 58,252 L.molt.cm
€340= 61,488 L.molt.cm?
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Detection of copper salt with synthesized Salen (Salen M)

x‘07.q 1 Ims?7§ 20102022_CuSO4+SalenM_0_A1_000002.d: +MS
465.08701 A L 708523 CuSQ4 + Salen M
6 466.0) 2 Oi :‘ ',l
J 15 467.09820
44 1 0- [\ N 467.“}3263
{ i ) st R R AN w0y \ _
2- 12004 20102022_CuSO4+SalenMy_Aw00002.d:C2aH22N;0.Cu, M
a 1+
o] | 465.78542 it o SalenM-Cu®* |
3 600
25003 1+ 400]
] 465.0870 ] . .
20003 : Zog 467;‘9115 ‘“’7;’9372 ratlo —
: 20102022_CuSO.+SalenMs_Aw000002.d:CaeH2sN:04Cu, M, 466.09483
15004 600 1+
4 467.09819 . . . ] "
10003 J | SalenM-Cu?*-H*| SalenM-Cu®*-H" ‘ Total intensities per speciation
3 466 1
5003 . T
3 20 Sum (0] tOtCll Iintensities
0] 467.00187
25([); 1 2502 : 2010202Z_CuSOnlSjlcho_A-oOOOOZ.d:C,.N,.N;O.Cu. M, 467.10266 i 0 f al l Sp ec i at i ons
E 466_0 ms 2 . 467.10266
20007 16003 SalenM-Cu<*-H -H*
1500-‘ 10003
3 500
10007 0 ’ ; y - S
3 467.080 467.085 467.090 467.095 467.100 467.105 mz
5007
03 N\ Zz | |
3 20102022_CuSO4+SalenMo_A000002.d:C24H24N:04Cu, M, 467.10266
46NA266 Lo .
: : _ m/z deviation :
Predicted m/z Predicted Abd. [%] Actual abd. [%)] Abd. Deviation (ppm) Ratio [%]
467.10266 100 100.000 0.00% -0.056
SalenM-Cu?+*H* H*

468.10601 25.958 24.820 -4.38% 0.276

469.10085 44.613 47.735 7.00% -0.017




Dissolution of pigments

Pigment

PBk11
PV16
PB35
PB28

PB36

PB36

PW7
PR102

PBr7

PR108
PG17
PY53

PR106

PR233
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(@)

Pigment name

Black iron oxide
Manganese violet
Cobalt light blue

Cobalt medium blue

Cobalt turquoise dark blue

Cobalt greenish blue

Lithopone

Venetian italian
Raw sienna

Cadmium red
Chromium oxide
Nickel titane yellow
Natural cinnabar
Old pink

Composition

Fe;O,
NH,MnP,0,
Co0.5Sn0,
CoAlLO,

Co(Cr.Al),O,

Co-Cr-Al-Oxide-Spinel

ZnS
FeO(OH), Fe,O4

Fe,Os, Al,O5, MnO,

CdSe
Cr,04
(Ti,Ni,Sb)O,
HgS
Ca(Sn,Cr)SiOg

Dissolution in
HF
Yes
Yes
Yes

Yes

No

No

No

Yes

Yes

No
No
No
No

Yes

Complexation with
Salen M

Yes
Yes
Yes

Yes

No

No

No

Yes

Yes

No
No
No
No
No

g
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Dissolution of pigments

Intens. |
x108: "
3.0 457.09540
] Manganese violet pigment
25 . + Salen M
25 458.09879
'\l PIGMENTE
20] Al ' Manganviolett
] [ . instich hergestelltes Minera
d Jan
157 AR
: . / \\k B as&l__cg?
1.0
4 "
] 458.09879
0.5
: | 1+
0.0] A | 459.10219
- 1.
2000- 457.09545 . . -
3 Simulation: [SalenM-Mn*~"]
1500-
1000-
| - After complexation
fm~
| s .
_ - 10 mg/mL of pigment
0 .
4865 &~ 4570 4575 4580 4585 4590 e In1 M HF



Identification in earth pigments

|I'Itl.".-I'I5_:I.r ] 1+ 071222 _Terre de Sienne+HF 1 M_Leo O0_H21_000001.d: +MS
x107 4 457.09550 Page = 11
B 1+ 1+
] 458092569 e
257 Sample:
2.0—: SalenM-M 458}12915
154
1.0 7 1+
] 459.09605
0.5+
] 1+
00 455-*3"3?33 457.27179 460.03942
. L ']
- 1 071222_TarredeSisnne+HFM_Leog_Hzo00001.d:CagHaz N Oshin, M, 457.09545
: 457.09545
2000+
ve00.] Simulation:
] - 1
_ SalenM-Mn .
1000 -
] 14
. 45809881
500
] 1+
0] 45310217
l
E i 071222 _TerredeSiznne+HFM_Leos_Hzig00001.d:CasHazMa0sFe, M, 45809234
: 458.09234
2000+ 1+ T
- 458.09234
12001 Simulation: e Fe203 - nH20
] SalenM-Fe « AI203 - MnO2
10004 .
: « SiO2-H20
4 1+
. 453.09570
500
4 1+
] 456.09702 450 ?1:390?
o T I T * T T T

T T T T
455.5 455.0 436.5 457.0 457.5 458.0 458.5 439.0 439.5 450.0 m'z



Results on driers and mock-up linseed oil paints

Intens. - 22092022_Co Salt+A+M_0_B2
x1023
20 1+ 462.09856
453 461.09073 Analytical grade Co salt
1.0
3 1+
0.59 463.10197 14
0.03 | 464.10
x108 | - 22092022_Co Drier+A+M_0_D2
1 462.09857 = SICCATIF
4 | Sennelier drier A oo
< 1+ v:.-.d.:-hh
2- 461.09078 1+
4 463.10196 1+
1 464,10
x108':‘ ~ 22092022_Co_WandN_FDM_+A+M_0_E2
1.003 g
3 462.09862
0.757
] 56 WInSO( & Newrpn fast e
0.501 461.09081 5 drying medium fAs1 oarime e
b +
0.253 463.10198 1+
0,00 | . —
x1$. Es 22092022_Co pig_dark_+A+M_0_(¢
6- 1+ i
- e 462.09858 .
4 Co dark blue Kremer pigment
E 1¢
24 463.10194
1 | 464,11y
X10§ - 22092022_Co_extract_+A+M_O BB
1 1+ 462.09856 i
& ki Lot Co dark blge plgme-nt frpm
y mock-up linseed oil paint
24 1+
J 463.10196
n L T Y v T v 1 T L 0.
4605 4610 4615 4620 4625 4630 4635 4640 miz

raye = 1<

=N.. N7
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Oxidized speciation
[Salen-M3]

X X

SN, 4. NT
e
@/.&\o
Y
Radical speciation

[Salen-M="H]

X X

=N._ "N%D\
"
@/#\o
v Y
Protonated speciation
[Salen-M?"H*]



Comparison between different Cobalt pigments

071222_Co Hell+HF 1 M_0_F20_0D0001 d: +M5

®10%7]
] 1+ 1+ Sample:
= SalenM-Co light blue
J 1+
19 45310207
: 1=+
D: 45410549
#1091 071222_Co Mittel+HF 1 M_D_G20_DD0D0Z.d: +M5
0.2 "
0sl 451.09088 . Sample:
! . )
0] ACS DG SalenM-Co medium blue
i 1+
CI.E_ 45310208
0.0 ]
#1083 21092022 Cobalt pig_dark_100_Salen M_0_D24_DOD001.d: +M5
207 "
15 461.09070 14+ Sample:
10 Aea s SalenM-Co dark blue
E 1+
0.5 453.10193
0.0 i
] 21092027 _Cobalupig dark,DD Salenhy_DieD0001.d:C 54 HMa0sCo, B, 46109060
3000
3 1+ . .
— 161 09060 Simulation:
; SalenM-Co3*
1000 1+
] 46209395 1+
o | 46309731
] 21092022_Cobalipig_darkD0_Salenhy_Diee00001.d:Co M0 Co, M, 46209843
] . Simulation:
220, SalenM-Co?*H*
1000- 1¢
] 453101738 1+
] 46410514
D T T T T T T T T T T T T T T T T T T T T T T T T
4805 461.0 461.5 4620 462 5 453.0 4635 484.0 miz

Cobalt light blue

Cobalt medium
blue

Cobalt dark blue

26,16%

58,90%

14,94%




Competition between Salen A and Salen M

Inle;olsa.: 22092022_Co Salt+A+M_0_B23_000001.d: +MS ’"‘:0‘53- 22092022_Co Salt+A+M_0_B23_000001.d: +M$S
x1083 14 20§ " A
] 37404615 Cobalt salt + Salen A o 461.0%073 46209856 Cobalt salt + Salen M
1.0 z
E 37!%;3833 1.0 .
05 . 375,102951 0.53 46310197
o] 00
x10 og 72092022_Co pig_dark_+A*M_0_C23_000001.d: +ms |  x10° 22092022_Co pig_dark_+A+M_0_C23_000001.d: +MS
] s 5 z 1 Cobalt dark blue
4‘ 374.04614 Cobalt dark blue 46100074 462.09858 sament+ Saleti M
] i pigment + Salen A 4 P19 A
2 373.03833 1+ 2 46310194
375.04952
0 ] 0 1
x1083 22092022_Co_extract_+A+M_0_G22_000001.d: +MS X10§_ 22092022_Co_extract_+A+M_0_G22_000001.d: +MS
3 s Cobalt dark blue catalyzed ) e 46209856 Cobalt dark blue catalyzed
2 1 linseed oil polymer + Salen A : linseed oil polymer + Salen M
b 373.03833 1 24 is
375.04951 463.10196
] 0
x108_ 22092022_Co Drier+A+M_0_D23_000001.d: +MS X108_ 22092022_Co Drier+A+M_0_D23_000001.d: +MS
1 + - 1+ r
0.8 37400612 Sennelier Cobalt 1\ 46209857 Sennelier Cobalt
951 drier + Salen A " drier + Salen M
0.4 1+ 24 461.09078 1
J 1+
02] 373.03832 ki ) 1 463.10196
x;)og 22092022_Co_WaMN_FDMicAoM_O_Ez3_00000]..d: s | X10°3 22092022_Co_WandN_FDM_+A+M_0_E23_000001.d: +MS
] 3 3 1+ .
2 P LA Winsor&Newton Cobalt fast | '™ 462.09862 Winsor&Newton Cobalt fast
] drying medium + Salen A 2:2 e drying medium + Salen M
1: 1s U A i
] 373.03833 375};‘%1 0.253 1 463.10198
0: | 37517045 0.00
3725 3730 3735 3740 3745 3750 mz 4605 461.0 4615 4620 4625 4630 miz

Relative abd. Relative abd.
[SalenA-M3+] 373.0383 2.17E+08 [SalenM-M3+] 461.0907 1.92E+08
SalenA-M3*H* / SalenA-M2tH* 374.0461 7.01E+08 SalenM-M3*H* / SalenM-M2+H+* 462.0985 4.27E+08
Cobalt drier SalenA-M2*H* H* 375.0495 1.22E+08 SalenM-M2*H* H* 463.1019 8.42E+07
1.04E+09 7.03E+08

SalenM/SalenA= 0.68
[SalenA-M3+] 373.0383 5.25E+07 [SalenM-M3+] 461.0907 1.50E+08
SalenA-M3*H* / SalenA-M2+H* 374.0461 1.18E+08 SalenM-M3*H* / SalenM-M2*H+* 462.0985 1.66E+08
Cobalt salt SalenA-M2*H* H* 375.0495 2.38E+07 SalenM-M2tH* H* 463.1019 3.79E+07
1.95E+08 3.53E+08
SalenM/SalenA= Ny




Conclusions and Perspectives

®FT-ICR mass spectrometry proved to be a powerful tool thanks to its high
resolution that allows to distinguish between different species.

®* MALDI MS analysis consumes only 0.1 ug of metal therefore it is applicable to

museum size samples allowing a simultaneous analysis of the pigments and
organic binder.

® The present study paves the way for future research on determining the origin of
pigments by measuring metal isotope ratios and other trace metal contaminants.
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