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Ideal characteristics of luminescent pigments for
security inks (multiplexed encoding)

- Strong, single emission wavelength or single narrow emission band for each
individual luminescent substance;

- Emission spectrum independent of the exciting light (in certain range of the
exciting wavelength);

- Single light source for all luminescent substances used in the mixture,

» No interaction (energy transfer) among different fluorescent molecules, i.e., each
luminescent substance should respond to the exciting light independently;

* No influence of matrix material on the emission features;

» Good miscibility of all luminescent substances in the selected matrix
material/solvent systems;

« Easy tuneable intensity and wavelength of fluorescent spectrum.

S. Chang et al., Optics Express 2004, 12, 143-147.
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Multiplexed encoding with quantum dots for
security inks
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Advantages/disadvantages of quantum dots for
multiplexed encoding of security inks

© ®

* Nanometer sized. * Difficult to handle due to their size.
* Easy to incorporate in inks. = Toxicity (material, size).

* Photostability. e Tendency to slow aggregation

« Excellent tuneability. (drift).

* Sensitivity to fluorescent
interferents (oils, polymers,
) additives...) due to spectrum shape
%Eﬁ;‘ﬁg I\ changes.
;E £5. :‘{ : * Price (300-600 $,
E ' ; g 60 mg)

* Very narrow emission bands.
* Wide excitation wavelength range.

S. Chang et al., /. Nanomater. 2008, 589532.

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010




G. Oreflana Materiales fotoluminiscentes

Other potential applications of quantum dots for
multiplexed encoding

Avoidance of “friendly fire’

S. Chang et al., J. Nanomater. 2008, 589532.
FNMT, Madrid 21-26/06/2010
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Photoluminescent optical fiber with
anisotropic cross-section

bank note

Two possible cross-sections
of plastic optical fiber (POF)
(3-4 mm long) with linearly
polarized photoluminescence

uv excitation naked eye or

e.g. oriented PP doped with photon detector
organic dye (stilbene optical

brightners) SN _ _ N
(Lol O~
Grob & Franken (Landguart), WO2004/104277
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Photoluminescent security inks with blends of
up-conversion pigments
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(14) Photoluminescent ink containing a mixture of 2-3 pigments (16)
NIR absorber: Yb(Ill) compound; emitter: Tm(1ll), Er(lll), Yb(IlI)

(24) Detector of the chosen photoluminescence property (intensity at
a WL or regian, ratio of PL intensities, peak WL, emission lifetime,
emission rise time, emission spectrum shape, etc.)

(28) Excitation wavelength (380-780 nm)
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Li & Yang (Intematix Corp.), US2010/0102250
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Security inks with invisible photoluminescence

3nm

Ao = 671; Ao = 1125-1700 nm
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| Absorption T=29%K ]
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] CNT protected by surfactant
0.6/ ] shell to prevent aggregation that
[ ] kills photoluminescence

0-4r /\ 1 (O'Connell et al., Science 2002, 27, $93-596)

Absorbance (scaled)

0.3L Emission ]

Normalized absorbance or emission
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Frequency (cnr') Weisman et al. (Rice Univ.), US7,682,523
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Absorption spectrum of CNT Bandgap luminescence of CNT; each size has
(A) individual; (D) aggregated. its own characteristic absorption and emission wavelengths.
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Photoluminescent pressure-sensitive paints

Oxygen Mol.:ults

Excitation Light ¢ Luminescence
. ponneaﬂan

Polymer Binder © q
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Filter

Computer

www.aerospaceweb.org

Air Flow PSP on an Airbus wing
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Luminescence lifetime imaging of oxygen levels in
(living) cancer cells

Normal cells
225 ns

Lifelime(ns)
Oxygen(uM)

__,-}" \ 220
280 - ;

270 l— r — T 200
0 10 20 30 40 S0 &0
Time(mins)
Cancer cells
170 ns

Sud, Zhong, Beer & Mycek, Optics Express 2006, 14,4412,
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Luminescence lifetime imaging of pH in skin tissue

Protonated DeProtonated
Fluorophore Fluorophors
— i
: -
Equisibrium,
pH-dependent
Fluorescence
Decay
Mean Lifetime
. depends on pH o=

www . becker-hickl.com

Lifetime image of skin tissue stained with BCECF (a carboxyfluorescein derivative):

pH gradients in the extracellular matrix of the epidermis.
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Luminescence imaging of metal ions and anion sensor
arrays

1 2 3 45 6 7 8 910 11 12
Fluo-Zin1
BTC-5N
Calcein
[ ¥ Lucifer Yellow
Phen Green
Newport Green
OG BAPTA-5N
Fluo-S5N
Column Ca i (the same mixture of ions in each well of the row)
No. pM]  [uM M
1 0 0 0
2 1 1 1 DLR
3 10 10 10 10 10
4 100 100 100 100 100 method
5 1
6 0 (I, T not affected
7 0 by the analyte)
8 0 (I affected by
9 0 the analyte; 1
10 very short)
11
§

0. S. Wolfbeis and co-workers, Anal. Chem. 2003, 75, 4389.
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Caracteristicas de los materiales "inteligentes”

« Estimulo al que el material inteligente responde (luz,
electricidad, campo magnético, presencia de un estimulo

quimico,...).
» Tipo de propiedad (absorcion, luminiscencia, corriente

eléctrica, indice de refraccion,...) que cambia en el material
bajo el efecto inductor del estimulo (respuesta).

* Magnitud o grado de la respuesta

« Aplicaciones, generalidad, etc.

Curso “MATERIALES INTELIGENTES" FNMT, Madrid 21-26/06/2010



Fenomenos luminiscentes naturales

Historia Medicinal
(Sevilla, 1565)
Lignum nephriticum
iPrimer método [/
para deteccion de |
falsificaciones!
(madera)

“lumen” + “essentia” = hecho de luz
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Indice de la presentacion

B Qué es luminiscencia (fluorescencia/fosforescencia)
B Tecnologia para la medida e interrogacion
B Tipos de compuestos y materiales luminiscentes

B Naturaleza multi-paramétrica de la emision luminiscente

« Intensidad

« Dependencia con la longitud de onda

» Tiempo de vida (cinética) de la emision
« Polarizacion (anisotropia).

u Ejemplos de aplicacién (hasta donde permita el tiempo disponible)

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010



Estados electronicos excitados

E=hv

Sz 1

S1 o —— s = =]

1

So |

“Jablonski diagram”

“Molecular orbitals diagram”
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c¢Qué es luminiscencia?

Vibrational relaxation
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Luminescence spectrum
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Luminescence- vs. absorption-based monitoring

A= log(

P = xeqyPlc

(for weakly absorbing solutions)

» Sensitivity
* \“*Ef. ’Ji

L

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010




G. Orellana Materiales fotoluminiscentes

Remember: luminescence always arises from
deactivation of electronic excited states

« (Photo)luminescence

« Thermoluminescence

» Triboluminescence (piezolum.)
« Cathodoluminescence

» Electroluminescence

« Chemiluminescence (biolum.)

Curso "MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010
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Instrumentation for luminescence
measurements: light sources
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Instrumentation for luminescence

wavelength selectors

measurements

Optical

filters
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Instrumentation for luminescence
measurements: detectors
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Instrumentation for luminescence
measurements: light pipes & waveguides

Optical fibers

Planar waveguides
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Luminescent chemosensory
(indicator-, fiberoptic-based depicted)

i)

2y
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Typical (organic) fluorophores

Common can fluorescence be
features or... predicted?
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Typical (organic) fluorophores
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Families of organic fluorophores

. Table of fluorophoric substructures for classification

Materiales fotoluminiscentes
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Intramolecular charge-transfer luminophores

= 0\40

Q;Q 90
351 /430
464/625/\ CHg

\ N,\

335/518 - J
O« _N._0 Nﬁ/t\s —

340, 420/ 515 \/N 387 /590

HaC ™ CH,

Large Stokes
shift!
Sensitivity to
solvent

FNMT, Madrid 21—261-’06{2010 |

_Curso “MATERIALES INTELIGENTES”



G. Orellana Materiales fotoluminiscentes

Amplifying Fluorescent Conjugated Polymers

Excitons in AFPs are highly mobile and can diffuse throughout an isolated
polymer chain or within an AFP solid by mechanisms that involve both
through space dipolar couplings and strong mixing of electronic states.

: Sensitivity determined by the oquilibrium constant (\o/\

Tﬂ_".'-'- fo s
o S

Recoplor Wired in Series: Amplification doe to a colleclive yysiem resposse \ / \l\ // — fn
DG e CutziO M
W L ln' =
— . -
l c
K..= K, * (Number of Reccpior Sites Visited by the Exciton) 0 0
Exciton Diffusion Length = 134 (Ph-CC-) Units = 1.8 nm ¢ 9:\73 6\9:\\3
O (K )0Q O (k) Oy
Demonstration of amplified guenching in a CP. The quencher }t.o 0:) 0= o-
can be bound to any of the repeating units visited by the exciton. O —P ~O)—P
/ P J Y o “/ Me 0~/ Me
—0 O
|
A
K*-induced aggregation of crown ether-functionalized e

AF polymer {(emission red shift, 434 to 459, and

fluorescence gquenching).
q g) Thomas, Joly & Swager, Chem. Rey. 2007, /107, 1339.
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Metal-organic luminophores: Ru(II) polypyridyls
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Features of the luminescent Ru(II1) polypyridyls

G. Orellana & D. Garcia-Fresnadillo, in Optical
Sensors. Industrial, Environmental and
Diagnostic Applications.
Naranayaswamy and Woltbeis, Eds.,

Springer (2004)

© Advantages
— Visible absorption, strong emission
— Stokes’ shift (150-200 nm)
— Long emission lifetimes (0.1 - 9 )
— (Photo)stability
— “Tunable” properties

B towards the analyte (photochemistry/photophysics)
m fowards the immobilization procedure

® Limitations
— Ionic compounds
— Oxygen, temperature cross-talk

Curso "MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010
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Engineering of the coordinating ligands

Sensitive to

Enhanced T BASES

(O, sensitivity)

3MLCT excited state

Sensitive to : ‘ \  Sensitive to
ACIDS 188 polarity
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Fabrication of photoluminescent materials
containing Ru(II) polypyridyls

acap (R = CHy)
tdap (R = CHy)

N R R AT TR A0

G. Orellana et al , in Fronuers in Chemical Sensors: Novel Principles and Techniques, G. Orellana and M.C. Moreno-Bondi (Eds.), Springer, 2005; pp. 189-225.
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Inorganic fluorophores: Quantum dots

Dihydrolipoic acid
CdSe/ZnS coating
core/shell QD
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I. L. Menditz et al., Nature Materials 2005, 4, 435—446.
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Quantum dots features (vs. organic fluorophores)

= QDs have 10-100x absorption coeficient.

»= QDs emission very narrow (FWMH 30 nm, if monodisperse!).
= Tuneable emission maximum, large Stokes shift.

= QDs are highly photostable.

» Ease of protein coating to confer binding specificity.

» Intermittent emission (blinking) under continuous excitation (Auger
ionization?).

» Metal toxicity and security issues due to particle size.

Quantum Dot Anatomy

Cadmlum
Selenide
Core

Curso “MATERIALES INTELIGENTES" FNMT, Madrid 21-26/06/2010



G. Orellana : Materiales fotoluminiscentes

Functionalization of the quantum dots

Soluble in: Soluble in:

tolugne i kls\im 0 basic buffer
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1. L. Menditz et al., Nature Marerials 2003, 4, 435-446.
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Luminescence:
a multi-parametric technique

M Emission intensity

M Emission spectrum

M Emission kinetics (lifetime)

M Emission anisotropy (polarization)
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Materials based on indicator dye
luminescence intensity measurements

A proper design must address:

* Instrumental () factors

* Indicator eand ¢
(concentration, thickness)

« Response time (polymer
support, thickness)

- Excitation source P, (signal,
photobleaching)

Py = e yPylc

(ONLY for weakly
absorbing solutions!)

» Polymer support (light
abs/scattering, analyte
selectivity)

G. Orellana et al., In Frontiers in Chemical Sensors: Novel
Principles and Techniques, Orellana and Moreno-Bondi, Eds.,
Springer (2005); chapter §.
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Remember: Luminescence is
a multi-parametric technique

VI Emission intensity

M Emission spectrum

[ Emission kinetics (lifetime)

M Emission anisotropy (polarization)
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Excitation-emission matrix as a source
of specificity

Bioview(R) system

s process control
» environmental analysis

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010
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Ratiometric photoluminescent indicator dyes

HO O SOs” HPTS* ——> H +pPTS™
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0.10 A

0.05 -

0.00 —_— 7 S BT 0

300 400 500 600

Anm
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Photoluminescent up-conversion pigments

“Materials that are capable of absorbing photons of a certain energy E, '

and emitting photons with another energy E,, such that E,> E,”. ®

The majonty of compounds that are able to perform UC involve trivalent lanthanides (Ln3*) (have
metastable levels of the 4f electrons)

'y i i A [~ TR

\
S,

a) Anti-stokes Raman

t n b) Two-photon excitation
c) Second harmonic gen.
— v . .
% Can:Eu;-+ —Km:— YbPO,Yb3" d) Cooperative luminesc.
() (b) () () e) Cooperative sensitization
f) Excited state absorption
‘ * * + h) Sensitized energy-transfer
f up-conversion
- f
y B A A 4 y y
(@) ) (2) (b
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Photoluminescent up-conversion pigments

Most of the well-known upconverting phosphors contain trivalent rare earth ions as the
active components, typically Pr3*, Nd3*, Er3*, Tm3*, or Yb3* (typically, NIR absorption,VIS

emission) _
Energy (16'cm™) . -
A . * >
. ’ "' 4 P,
_ 1 —— - o5 ,,GJ: ; Y 4.\_.“. [,
£ 120F, Wl [ £ ¢
u 132 3+ - .
g i 2Yb | 20} T C * -
Q 80f Fee “Fop - -y
~— 4 L
x Sar 1 [ \
3 5 15 7 7 2
= 40 Hir - - i
c -y *H,
-ig 2H - L =
0 j t \\JL a2 e
_C 0 1 L B . 10 .
e 10 15 20 25 I H,
Emission energy (103 cm™) [ e Yo
5 -
Upconversion and downconversion emission [ ¢
Y i B 3+
spectrum of a NaYF,.Er¥*,Yb3* sample under oL L A 4 ¥ \ 4 ",

10 238 cm™! excitation
Er* Yb* Tm*
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Tiempo de vida de la luminiscencia:
“la tercera dimension”

M Intensidad de emision

M Espectro de emision

M Cinética (tiempo de vida) de la emisidn
I Anisotropia (polarizacion) de la emision

I
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Tiempo de vida de emision

A* L A (+ hv)

=1, exp(-t/1)

Curso “MATERIALES INTELIGENTES"” FNMT, Madrid 21-26/06/2010
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Materiales fotoluminiscentes

Medida de tiempo de vida de emision

A. Técnicas con resolucion temporal (time-resolved detection techniques)

« Excitacion con lampara (excitation with a lamp)
s lenta ("fosforoscopios”)/slow ("phosphoroscopes”)
e rapida (flash photolysis convencional)/fast (original flash photolysis)

« Excitacion con laser pulsado (laser flash “photolysis’, laser kinetic spectrometry)

o Conteo de fotones individuales correlacionados con el tiempo
(TC-SPC = SPT, time-correlated single photon counting = single photon timing)

B. Técnicas con resolucion de fase (phase-sensitive detection techniques)

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010
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Fosforoscopio de Becquerel

Say "Becquerel” and the average physicist immediately thinks of Henri Becquerel (1852-1909) who discovered the
phenomenon of radioactivity in 1896 while investigating the phosphorescence of uranium compounds. His father,
Alexandre-Edmond Becquerel (1820-1891) is best known for his work on luminescence and phosphorescence;
the scientific dynasty was established by his grandfather A.C. Becquerei (1788-1878), who developed the differential

galvanometer.

muestra
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Flash photolysis

1t !
flashlight lamp monochromator
— > detect
— l/‘\, ’f\.,[ photodetector
% Ve \/FL | i 1|——J jl r.
- H A/ reaction vessel (o
continuous
light source
tigger
oscillosoope-

' Photograph of the first flash photolysis system at Norrish &

Porter laboratory (Cambridge)

R. G. W._Norrish and G. Porler, Chemical Reactions produced dy very high light
intensities, Nature, 1949, 164, 658.

G. Porier, Flash photolysis and spectroscopy — A new method for the study of
free radical reactions, Proc. K. Soc London, Ser A,

1950, 200, 284-300.
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COMPUTER

.....

laser

FAST
TRANSIENT
(Laser power meter) DIGITIZER

" NIRPMT

FOTOLISISde |
DESTELLO LASER |

detector with
shutter imerlock

sample chambsr edjustable fens

N

beam dump

triple grating analysis spectrograph
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Time-resolved emission spectroscopy (TRES)

pyim

oo o't 0Bt amn

[Ru(pbbs),(pyim)]*-
1.0 ;
1.0 " .
0.8 4 0.8 -
2 0.6 - i 0.6
~
E 0.4 - <~ 0.4
0.2 i 0.2 T
0.0 0.0 - . : . :
550 600 650 700 750 800
P A/nm
10000 ; i
1600 P-buffer 10 mM pH 7
'1 2 \ 7."-.'
N 5 100 i
I
/, \
NN 0188

|
|
WL

——C—— e (N

(-]

G. Ocellana and co-workers, Anal. Chem. 2010, 82, 5195-5204 1000 2000 3000 4000
t/ns

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010




G. Orellana Materiales fotoluminiscentes

Single-photon timing (SPT, TC-SPC)
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El experimento SPT

R - ‘ o |
Excitation Single photon| = -
pulse fucrescence | @ Hls_togre_lm of_photon
Pulsed o || arrival times in
o
e 2 memory
laser ®
. ¢) Optical Wayeform
t —
- ,.L.
It. AT i I 1
] Dakctor sgnat e T
- Sync ¢ =
| Fomad 4 L
‘, TAC =

- memory locaton —
counting — voltage
card '

Photodetector i &ﬂﬁym
Photon | ‘Time-dependent

www, becker-hickl.com
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Exponencial vs.

multiexponencial

T1=55.73ch T1=1.78e-07s T2=8.97e-07s T3=2.66s-06s
i | RUPHISS  RUPHISIFN o . cresw3s _ CreszEsA
103, ) — 1" T s ™ 105}
— - = ! -4t -1/12 -1113
\ I(t)—A+Be 74 Ity=A +B e+ B,e"*+ B,e
\\, . 104F
10° hct 1
: \_\;“2 !
“::‘\\'
& 10%
8
5103 g
8 3 ?‘ (%]
107
10't B
10Y
10 ——— s 10° : — . - Wl
0 100 150 [+] B 10 T 13
'ﬁmel1065
1B 3Exp Chi Sq = 1.089
+32 T +a8 . ’ T Tm
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Analisis de distribucion

MAA
- .—-\ CPGS2D3.S CPGS2D3.DNH
Ex=379nm ExPol=No Em=625nm EmPol=No Temp=25.8C
— CPG-Ru(s2d)3
105 [ y 7 1.0
08|
100 | s 08|
3
=
[~ %
£ o4
108 | 0.2
g 0.0 |
E 2 0.03 0.08 023 0.65 1.80 475
titetime/10°%
DISTRIBUTION ANALYSIS
1
LA . AnalysisMade :  High Res
Peak Statistics :
Mean Lifetime Std Dev Rel %
100 | ] T1 5.8560-08s 1.2976-08s 1.04
: T™? 2.2250-07s 4.8956-08s 7.74
0.0 5.0 10.0 T3 7.7418-078 1.7986-07s 28.55
e T4 1.8316-065 4.0726-07s 47.57
Time/105s _ ChiSq=1.057 TS 4.620006s 2.6226-073 14.80

Std Dev
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Analisis global

I(ty=A+B,et+ Bze-r/ﬂ

100 & e o
80 %
/@
°\\° %0 ® 263 ns A-
=) ® 372 ns HA
40
20 -
0 t o - o
2 3 5 6 7 8 3 10
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Medida de tiempos de vida cortos: deconvolucion de la senal

I =1, exp(¢/T)

®

_@rVale @ =

a A

I =1, exp(t/7)

030em0¢

- T 0.027— : i
Measured and Residuals
1 estimated decays ]
/ 0
time 0.8 ]
E‘ .
™)
06
&a
£
04
0.2
0O 6 26 30

1c'T1m t‘as(ns)20
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Deteccion sensible a la fase

INTENS!ITY
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Luminescence lifetime (emission kinetics)

=1, exp(t/t)
t=1/k

= No interference from the ambient light.
®  No effect of the indicator leaching or bleaching.
= No effect of the excitation source intensity or photodetector aging.

« More simple acquisition and data processing electronics due to the limited
bandwidth of the sinusoidal tone(s) used for excitation of the luminescence.

« Possibility of using cheaper electro-optic components.

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010
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Fluorescence lifetime imaging (FLIM)

ps Diode
Laser
Pinhole
Dichroic
Detector '- Mirror

Confocal Scanner

Steady state intensity image Time resoived intensity image

g

Lifetime / ps

3200

-
2,
fid

v

2800

Amplitutis / counis
)
JP

50 100 150 200 Time / channels
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- Materiales fotoluminiscentes

Fluorescence lifetime imaging (FLIM)

© SPECTRAL SEPARATION: An example of separating {unmixing) three
red fluorescent dyes (Rhodamine-phalloidin, Rhodamire-Red-X,

ToPro3). The red image represents a conventional bandpass filter
image without separation.
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Luminescence:
a multi-parametric technique

M Emission intensity

M Emission spectrum

M Emission kinetics (lifetime)

M Emission anisotropy (polarization)

J&f t ’
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Luminescence polarization (anisotropy)

‘ When a population of luminophores is illuminated by a linearly polarized incident
light, those whose fransition moments are oriented in a direction close to that of
the electric vector of the incident beam are preferentially excited (photoselection).

@ Because the distribution of excited luminophores is anisotropic, the emitted
luminescence is also anisotropic.

@ ~ny change in direction of the transition moment during the lifetime of the excited
state will cause this anisotropy to decrease, i.e. will induce a partial (or total)
depolarization of luminescence.

Fluorescence Depolarization

Curso "MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010
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Luminescence polarization (anisotropy)

Causes of fluorescence depolarization

» non-parallel/ absorption and emission
transition moments -
. . . excitation
» torsional vibrations :>
= Brownian motion .
= to another molecule with different '
orientation. transfer of the excitation energy

<y

Fluorescence polarization observation

measurements can thus provide

usefy! information on molecqla_r_ plarzationrat emission anisotropy
mobility, size, shape and flexibility pahi-ly _ kol

of molecules, fluidity of a medium el ’“+2’l

3y 3
and order parameters. \/ hot= i+ 20y
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Principles of reversible luminescence sensing
by photochemical guenching processes

“Quenching”: a decrease or total extinction of the fluorophore
emission due to an external agent

Electron transfer

Dye*~+ Q"

Q = analyte or third party

Curso “MATERIALES INTELIGENTES” H, ~ FNMT, Madrid 21-26/06/2010
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Luminescence lifetime-based sensing by
photochemical quenching processes

I*+ A—>It+ A- I*+ A—->I + At

D* + A->D + A%

(4

P=1+ K.w-' [Q]
.

I¥* + HB & B + HI*
T J,kr kHIl é pK,* = pK; + log(5n/ 3)

(ONLY if equilibrium in the
I+ HB & B + HI excited state is established!)
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Radioluminiscencia
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HOTOCH OMIC
MATERIALS !
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Materiales fotocromicos

« Concepto de fotocromismo

« Tipos de compuestos y materiales fotocromicos
— Inorganicos |
— Organicos

« Aplicaciones de materiales fotocromicos a
diferentes productos / tecnologias

hv

orange <_h_*_-: colorless (1 J. Fritzsche, Compl Rend. Acad. Sci. (Paris) 1867, 69, 1035.
eal

X ~ . N N H
O ) ewacene cambio de color inducido por la luz y que es reversible

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010



SEANCE DU 30 OCrO®RK 1950. go3

les éprouvetles sont passives rés rapidement et lo restent, quel que soit lenr
état de surface tailial. 11 ¢n est ansi pour 'acide sulfurique & =1, 4 additianng
d¢ 2000 ppm d'aside nitrique & 30°C ou de 20000 4 go~C.

CHINIE PHYSIQUE.
Note (7) de M. Yeuona

Plotechrorue dans la sdrie de la biantrone.
nyusees, présvalée pac M. Antoine

JCREsOgNa.

Dans un rravait récent (*) nous avoos décrit ea détails [a thermochromie des
dérives de la bianthrove (I) et de quelques subsiances appurentées. Dvans
"dtude de cas phdnomeues, un effet addilionne] a dLé observe que vous
voudrions decrire iei, sans drscuter sa hase théorque.

Si une scotution de binnthrone eat irradiée por la vaie 3630 A 4 - 6u* C, aa
couleor verie se change ev rouge brunaire. L'affer ast Lres net déja nprés unc
wmiaute d'irradiation. 1 ext d'un caractere transitaire et réversible, car en
récbaufant la solulion 4 la température ardinaire on récupére Ja biaothrone
inaltérée. Lvidemment, ce phénoenéne est différent de la réaction photo-
chimique qui se produit & température ocdiugire et qut doune I’hélian-
throne (I1) et la naphthodianthrone ({IL) (). Cetie derniére reaclion est
irpdvarsible ¢t s'exprime dank In précipilslion du produil final,

Q
A 8y

("1 Sdance du g oetobre rydo-
(') Brasowmuo, LaswentuiL, Beacuwnn et Pawwis, Rull. Sov CAim. (sous proase).
(*) Baormmamy ot Murmraanx, Ber., 83, 1950, p. 348.

Concepto de fotocromisSmo phos-chroma = luz y color

904 ' ACADEM(E DES SCIEXCES.

La xanthylidéoe-anthrone (1V) montre 1o méme camportemant. A—50tat
o une minols, la couleur verLe asser faibla de la solution devient trés intense;
la couleur disparsit ea récheoffane, et la nabstance peut dtre r‘écupétée qg..\m}(i-
tativement & partir de le solution. A température ordinaire, Virradiation
produil v préeipite insoluble.

Eo raison du fait que les binnthrones substitudes en {.4’' ne prdscnlenl pas
de thermocbromie A tempéralure élevée (*), il ext intéressant de remarguer
qu'elles se comportent comme la biznthroae (1) quand on irradie leurs volu-
tiong & — 8o° :

Diméthoxy-4 .4’ bianthrone : verdAire — vert faancé

Diréihyl-4. 4 biaathrone : vardatre — bleu foneé;

Dibroms-4. 4’ bianthrone : vert janandlre ~ vert foacé-

A la lempéralure ordivaire, ces Lrois snbalinces me s0D( pes affecides par
une irradiaton de durée moyenue.

Lrefiet est Jimita 3ux bianthrones et b la xanlhylidéneanthrone; les beoz-
bydrylidéne-saihrones (V) nele présenient pas.

Estudiado desde mediados def sXIX
- luminacion con luz UV-Visible

- cambio de color 0 aparicion del mismo

- fransformacion rapida

- reversible (con temperatura o luz)

- reproducible con otros colorantes...
... pero no con todos... ¢,con cuales?

sustancia coloreada j

(1 Compt ond. Acad. Sci. (Pars) 1950, 221, 903-904. 71 Chem. Eur J 20086, 12. 3345-3364,
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Tipos de fotocromismo

FOTOCROMISMO POSITIVO

A "
B 2
—_— ? E
0 +— | sustancia coloreada s
7
Forma estable Forma inestable

3 - t >
300 400 500 600 A/nm

FOTOCROMISMO NEGATIVO O INVERSO ;
A Luz B g
sustancia coloreada | «—— 0 §
<
Forma estable Forma inestable . . : ; N

300 400 500 600  A/nm

L1 Pure Aupl. Chem 2001, 72, 635685,
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El espectro de luz visible y su color...

& 700 nm 600 nm 500 nm 400 nm

La luz absorbida y el color observado...

/A Wavelengths absorbed (nm) Observed color
380460 yellow
380-500 orange
440-560 red
480610 purple
540-650 blue
380420 and 610-700 green

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010




Tipos de fotocromismo

< &Luz’ (Vis)
0 - ~ sustancia coloreada
T/Luz
* Tipo T: revierte « Tipo P: revierte
termicamente fotoquimicamente
— Mas usados en — Mas usados en
aplicaciones aplicaciones
convencionales: tecnologicas:
Lentes oftalmicas Superficies / Movimiento mecanico
Decoracion Colorantes funcionales en:
Textiles - Electrénica
Tintas y barnices - Quimica

- Comunicacion / Transduccion
- Computacion ...

interruptores o aparatos moleculares
optoelectronicos

(molecular switches / devices)

Impresién de seguridad

i Color, Technol 2008125, 245-261.
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Comercializacion de los primeros

Stanley Donald Stookey He was a
research director at Corning Glass Works for
47 years doing R & D in glass and ceramic
development. His inventions include
Fotoform, CorningWare, Cercor, Pyroceram
and Photochromic Ophthalmic glass eyewear

Curso “MATERIALES INTELIGENTES”

materiales fotocromicos,

1960s

Heliocromismo

Transrmssion characleristics for glass Photochromic

1 uh -
oo Y-8 (-4
_1

BO A

60 -

TSIBE

Faded
utside on a sunny day, the brightness of the light

ranges from about 1,000 lumens in the shade to

more than 6,000 lumens. When the brightness of

the direct or reflected light gets to about 4,000
lumens, our eyes begin to have difficulty
absarbing the light. What we see when we try to
fook at these brighter areas are flashes of white:
this 1s glare

Darkeoxd
4D

20

rv1rrr1r 1t 1ty 51 1 1r vy 117 1T 71 1T 177113}
340 400 44D 520 58D 440 700 760

Wavelength (nm|

280



|+D+] en materiales fotocromicos 1960/2010

T:&-Eou!—\g Coiat coating
» Al principio se utilizaron Waterpraot coating Aniireéiection cossirg

materiales inorganicos: Vioieproo costing

vidrio y haluros de plata

» Modernamente se usan
plasticos y colorantes
organicos

— Mas robustos
— Mas ligeros

« Actualmente se estan
desarrollando multiples
aplicaciones

Colored ) coionaes
gless lensd [0.08 men|

Colriges- glass
Igne ! UV 40T nms 10,08 1w

Now you see it — now you don’t...
Aftention-grabbing effects involving the
sudden generation or dissapearance of
colour in response to light

11 1N
|

(3 Color. Technol 2009, 125, 249-261.

] : LA N
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Materiales fotocromicos inorganicos: WO3

0
0”“"v|v““0 Material semiconductor
Ny y = R
0’C|) O basado en éxido metalico

8 Exié ,caa a de tefectos estructurales superficiales 10

; ]
(vacantes de O y cationes W™ no equivalentes) |
“que cenducen ala separacion de cargas +y e- 3 R
~1os e~ estabilizados son los responsables de la 8 os
‘absorcion del fotén %
; _ W A . 2 |
- WO, amorfopresenta mejor fotocromismo que el b
cristalino debido a su mayor cantidad de defectos ol — azul o
- El ealor o la presencia de O, disminuyen el 200 200 600 300 1000
I-_ffgt@cromlsmo = Wavelength/nm
"-"' La p[’esencla de medlos prOt|COS (agua BICOhOI) Fig. 1 UV-vis absorption spectra of tungsten oxide filov (a! befoce
'f_aumenta al fotacremismo and (b) atter UV-light irradiadon. The film was prepared from the

oxide cotloid with g 0.2 M cencentration of oxalic acid and pH ~ 1.9

[ 1), Mater. Chem 2007. 17, 4547-4557
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Materiales fotocromicos inorganicos: WO,

o IO ¢ T < s  -Amenor @ de particula se desplaza el
maximo de absorcion hacia menores A

. - Amenor @ de particula son mas amorfas,
aumentando el fotocromismo

- La mayor concentracién de oxalato atrapa
. los huecos (vacantes de O) suprimiendo la
recombinacion electron-hueco

2.5
10k
8
S 15t
£
2 10
L i - - i = ; X 2 B
T Ty : r
,‘-~ 4 + Sl & _‘" ‘_‘ # 0.5 _
. ¥, A T
\ d0nm X 5 4 '90nm 5o . d 8.0 , : , . . o .
o 0 m . ¥ A : T7T300 400 500 600 760 800 900 1000
Q
Wavelength / nm
Fig. 3 TEM nmicrographs and electron diflraction patterns of
nanocrystalline oxide films prepared from colloid solutions with Flg.2 UV-vis absorplion spectry of lungslen oxude film widh
different oxalic acid concentrations: (a) 0.1. (b) 0.3, (c) 0.4, and (d) different oxalic acld concentrations after UV-light wurradiation, where
0.8 MY the pH wos fixed nt 1.7
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El efecto fotocromico se puede mejorar mediante dopaje con nanoparticulas

de Au o de otros oxidos (MoO,, ZnO) 0-08 b\ >
0.06
0.8
WO, a
08}~ as-prepared 1.5k 10 2
g | UV-light irradiated i o b
£ 04} 1.2} Qos |l =S o
S . B N N ‘*—'l
é 02} ‘ 0.0 e
o O o9}
007400 500 600 700 800 500 1000 1100 % ]
Wavelength/nm 0.6
i 2 3
0.8 3
WO /Au
o8t ag-prepared 031+
o | UV-light irradiated _.--~"""""""
Q P
a "
= 0.0
Z MoO,
<

0.0

Fig. 7 Photochromic response at 800 nm of 92% WO;-8% MoO,,
WO,, and MoO; thin films after S min UV-light trradiation in N5 in
different vol’s of C,;HsOH vapor: (1) 0.25%, (2) 0.5%, and (3) 1%
Fig. S Absorption spectra for thin films of WO, and WOx-Aubefore  [nset: photochromic response of a 92% WO4;-8% MoO; thin film in
and after UV-hght irradiation for 3 min in air. 0.5 vol” vapors of (a) ethanol, (b) methanol, (c) n-propanol, and (d)
isopropanol.®

after 1 mn UV.bght sradiaton. Inset shows the dependence ot
Curso “MATERIALES INTELIGENTES” AODwo1 2n/A0Dwo3 at M0 am on the concentration of ZnO.>

400 500 6800 700 800 900 1000 1100
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Materiales fotocromicos inorganicos: WO,

Reversibilidad del efecto fotocromico

- En general del WO, presenta alta fatigabilidad tras la primera decoloracion térmica = 1 ciclo

- La combinacion de WO, con moléculas organicas (sales de amonio R-NH,*) mediante
autoensamblaje de capas permite obtener materiales hibridos con las ventajas de ambos tipos
de compuestos:

Inorganicos: fortaleza, estabilidad térmica, resistencia quimica
Organicos: ligereza, flexibilidad, versatitidad

- La presencia de los grupos amonio forma puentes de H que facilitan la separacion hueco/e-
aumentando el fotocromismo y permitien aumentar el n° de ciclos

- Al poner las muestras coloreadas en aire a |la oscuridad revierten al color inicial
(la presencia de O, destruye las vacantes de O, mas rapidamente al calentar)

0.12
010}
@
H:N 0.08 b
o b
O O-M‘ e
3 4
O 004 A [l e 5
NH, e Reees| ReEs
002 %"%_§ o o é: "
0.00 Lz D

Fg. 13 Photochromic response at 900 am of (a. a’) 3 28-layer WO~

1,10-DAD SAM (ilm and (b, b’) s 40-luyer WO 34,4 -BAMBp SAM

fo. (a,by: As-prepared ar bleached films; (a’,b*): the hlms afier 3 gun
Curso “MATERIALES INTELIGENTES” UV-light irradiation w air,®? |




David Garcia Fresnadillo

Materiales fotocromicos

Materiales fotocromicos hibridos
inorganico/organico: iodoplumbatos

] . a)
Material semiconductor

hibrido basado en
haluro metalico

A =650 nm
G 10, 30 \
120, 240mn
300 EOO .,00 40‘0 S0D 600

360 min
240 min
160 min
80 min
30 min
40 min
0 min

&Pb '
.I

500 00¢

800

200

A/ am
Figure 4. Spectral and color changes of the title compound upon

repeated i rmadiation at 300 nm at 25°C. Left inset: Spectral changes of

the compound upon repeated irradiation at 550 nm at 25°C. Right
inset: Plot of absorbance at 438 nm after irradiatian at various wave-
lengths for 10 min. The powder samples of 1, 2, and 3 are shown on

the rght.

[ 1 Angew. Chem, Int, Ed. 2008, 47 41494152,

«11 7

.,.-i—ﬁ #m 12'Pb2 Pbs'
%

|
Sf

o

() Vo (2)

300 om uv 550 om
irradiation irradiation
(DAMP),, (Pb,1,q), S#H,0

Curso “MATERIALES INTELIGENTES”
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Materiales fotocromicos

David Garcia Fresnadillo

Materiales fotocromicos hibridos:
complejos organometalicos

Complejo dinuclear de
Rh

Fotocromismo

[
S o0s
£ .
g o inverso
< Q.2
0.0 T T T = 04 ..
o 300 s00 700 8¢ f En la transformacion
Waveiength /nm ) o5 Z08  reversible la red

cristalina se reorganiza y
varia su volumen un 1%

Irradiatiou fime-resolved UV-vis spectra of 1 (blue) 1o 2 (red) in micro-crystalline powder

("} Angew. Chem. Int. Ed. 200645 _6473-6476.
Curso “MATERIALES INTELIGENTES”

FNMT, Madrid 21-26/06/2010
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Materiales fotocromicos organicos:
unos fundamentos de Q. Org. ...

cydoortatetraene

Curso “MATERIALES INTELIGENTES" FNMT, Madrid 21-26/06/2010



Materiales fotocromicos

David Garcia Fresnadillo

Materiales fotocromicos organicos:
unos fundamentos de Q. Org. ...

* . .
o™ antibondin
A J La luz UV y/o VIS pueden
causar distintos tipos de
T 7 * antibonding transiciones electréonicas
- .is
T —> n* transition
> AE o
o AE Los compuestos organicos con
o as A * o )
2 nonbonding n —> n transition | e~ (dobles enlaces)_gresentan
- espectros de absorcion de luz
: UV-ViIS
dmax = 195
™ bondmg T —> T* transition
[ I
o bonding g CH,—C—CH,
] acetone
Se observan bandas de absorcién VIS en el espectro si el 2 _ _
compuesto absorbe luz visible (tiene color) < A =log(lg/l)=ex /x C
lmax=%74 .
Se observan bandas de absorcion UV en el espectro si el n—> T transition
compuesto absorbe luz UV (no tiene color) R S S Ry S — —
190 210 230 250 270 290

A (hm)

FNMT, Madrid 21-26/06/2010

Curso “MATERIALES INTELIGENTES”




Materiales fotocromicos organicos:

unos fundamentos de Q. Org. ...

o)
Effecto de la conjugacion en 4., CH—&—cH, CHy &— CH—=CH,
acetone methyl vinyl ketone
N —>7* Anax = 270 nm Amax = 324 nm
Table 8.3 Values of % ., and ¢ for Ethylene and Conjugated Dienes T —— 7" Apax = 187 nm Amax = 219 nm
Componnd Aoy (DM) 3
H,C=CH, 165 15,000 LUMO —— 7~
AN 217 21,000 —;— 7™ LUMO
NN 256 50,000
NP AP N
N 250 85,000 1~ HOMO
7 334 125,000 HOMO —— =
NN NN 364 138,000
amax y ese incrementan al aumentar nonconjugated 77 electrons conjugated 7 electrons
el n° de dobles enlaces conjugados >c=o >c=c\
/C=O
NH, NH, Amay Y € también varian en

:OH :07 )
funcion de los grupos de atomos
© (grupos funcionales) unidos a los
dobles enlaces conjugados

benzene phenol phenoclate ion aniline antlinium ion
l 255 nm 270 nm 287 nm 280 nm 254 nm FNMT, Madrid 21-26/06/2010




David Garcia Fresnadillo Materiales fotocromicos

Materiales fotocromicos organicos

» Reacciones periciclicas (6 e~ nt) entre moléculas isomeras

Spiropyrans Fulgides and fulgimides
7 R
— hV1 __:' \H x hv, I/ X = O (fulpites)
Ko & Sro, = I D S 4 ‘o U X =NR (fuigimid
\ = : Aorhy, # '1\ NO, N\ /< hv, o7 4 = (furgimides)
Closed Form Open Foum (Mcrocyanuie Open Form Clased Form

(Quunonic farm)

Spirooxazines Diarylethenes and related compounds
£ Q
OO (= <
S~ L Cope S
\ Aorhv O = i
? \ M7
Closed Form Open Form (Merocyanine) sME s e
{Quinonic form)
Open Form Closed Furm
Chromenes Spirodihydroindalizines
= hv, O R,.CO,
x I —_ hv, . oY/ x@—ce,cu,
('\\\ acrny, Aorhv, O CO,CH,
<

Closed Form Closed Form Open Form

(2 Pure Appl. Chem., 2001, 73, 635665,
Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010




David Garcia Fresnadillo Materiales fotocromicos

Materiales fotocromicos organicos

« Reacciones periciclicas (6 e~ ) entre moléculas isdmeras

Splropyrans Fulgides and fulghmides
) X
Cb? hv, « VAR \ x v, ; X = O (fuigiges)
i{\_>/’\o N . ! - — / } -:i" e = i
sor hv, Z N\ NO, o—~\w—r>’(% o rv, o7 S X =NR (fulgimides)
Closed Form Open Foun (Mucecyaitine) Opzn Form Closed Form

(Qumonts farm)

Spirooxazinas Dlarylethenes and related compounds
Q
F
hv, F
—= M= F
v,
Aorhv N O — - —
Closed Form Open Form (Merocyanine) v, sV
{Quinonic form)
Open Furin Closed Form
Chromenes Spiredihydroindolizines
’ W
*-\
Aorav, Aorhv,
Closed Form Open Form Open Form

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010
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Materiales fotocromicos

e Isomerizacion cis-trans

Materiales fotocromicos organicos

Azo compounds

/;_
N= hv 1

——

-

rany (unei)

~—\

/></\\/\/’\‘2
| o

thodopsin

from 11-cisvetinal W

Aor hv,

3
PN

SO

iy (syn)

ﬁ*‘l /\v/\_/CIIH

co

\ 7 LA
RN R R
— P _]I/ e 0

[ | R

 Transferencia proténica (H*)

Anils and related compounds (hydrogen transfer)

Y g
~F \/KO v et - '\/O "
T Arvarrn _ '/’\"JD/CH’ E):\ v @ ;1/© Iy
g | e—
3 T o ) ]
3
8 (&,

a

» Transferencia de grupo funcional

Polycyclic quinones (periaryloxyquinones)

hv

|
A N + opsin

[}
all-trans-retinal
hvy S 7
-~ | |
- Z
) o\fo Aorhv, N I3

« Reacciones periciclicas (6 e~ «)

Polycyclic aromatic compounds

» Transferencia electronica (e)

Viologans
@ =" /—\.'5) M. hv G T\
R-N. ) R = -N >
N N S W Wy

- Disociacion

Triaryimethanes

X
|
2  ~ i 72\
“”@_I‘O"“« ~ '“*"‘Q @*’*"*
CN o
CN

Curso “MATERIALES INTELIGENTES"” FNMT, Madrid 21~26/06/2010
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Materiales fotocromicos organicos

» lIsomerizacion cis-trans « Transferencia protonica (H*)

Azo compounds Anils and related compounds (hydrogen transfer)
N, hV. I _rw.'x el i y
6 = A O * rarrem g \ w ff© v o
Aor hvy \x_)-._é/\) \\\/'\‘,_,l\;,l UH e ao\ o

a s

runs (unti) cis (syn) T b (ars)
%M Ry s « Transferencia de grupo funcional
~N -~ N;H - Cx: ’/\\/\/\‘B/‘W Polyeyclic quinones (periaryloxyquinones)
ff‘:\odo‘lpsinA o ﬁ;/\/\/colg A N . . + opsin " N )
om 11-cis-fetinal all-transretina .’\ o,
» Reacciones periciclicas (6 e~ ) Nope e b

Polycyclic aromatic compounds . L.
» Transferencia electronica (e)
Viologens

M, v

P L4
~ ol

DN »
R k\. /> \'\.‘-_.'/,h =R

& 7\
* Disociacidén
Triarylmethanes

(\

N4

x
I ?
— hy Y/
. o
Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010




Parametros fotocromicos importantes

« Colorabilidad, Ay(A)

Capacidad para desarrollar color tras un pulso de luz, Ag(A) = Ky X Qo X &8 X Ca

 Fatiga
Disminucion de la capacidad de fotoactivacion con el tiempo por la degradacion
del colorante (tipicamente por oxidacién) = disminuye n° ciclos de activacion

Table 1. Pholachromic parameters jn diluted toluene solutions.

o Vida medla Compound
En irradiacion continua, (2510°M) | N
‘ / -
Tiempo que tarda en @m“ 615 46 00 | 75min
alcanzar la mitad de la ! wed
absorbancia inicial baitn Berethory BPS
tp = ARG 2 | _
594 1.08 0.54 85h
= y g m N O Q
» Constante cinética |
1,3,3-rimothylspiro[indolinc-

de decoloracion ! naphuhosarine

térmica % O 432 0.84 0.09 751
N } O
Cinética de 1" orden, k, ! >
ST I R N



Materiales fotocromicos

David Garcia Fresnaditlo

Caracteristicas de colorantes fotocromicos
industrialmente importantes

- Alta eficiencia de fotocoloracién por luz UV / Vis - Fotodegradacion poco eficiente = Estable
- Decoloracion moderadamente eficiente por calor / luz - Facilidad de sintesis en cantidad suficiente

g F\‘\ /Fl“ o] R A"
T X = % - —
(X = wJI\_:l_x S @\ \
\ O "N PN ; = ,\{P‘ o /_\}x

\
Y R
B Fischer's base Salicylaldehyde R. X, Y = H; R', R" = methy!
! = - Q derivative dsrivative gives purple when activated
Z N 0 X - ]
\ commure:nl synibetic routs 1o indolirospirebenzopvrans
§ 7 N
e O X ON_ i
x—f— I - B A= - ]l A
L*-. N 7~~~ TN T ~
- ¥ \ N - ~
7 R A
s
,/ A = alkyl \\
B, B = alkyl (usually
= - o bo'kh mhethylj T R
\ = H. aming. hetaryl, afc. ; —
X =N <XV _H, halogan, ete. 'l' A\T/\g( _N\
| < A=aml v Vs OH
~, /./\N 0_{/ /"_ Yyy \N\ o oy > Rr\
| — R U ~ _—
2 3 & ,> L R +
vl I = =
Useful for violeis and blues Usatul tor greenish—-plues
aaftof2, 1-bj[1,4joxazinas nafto(1,2-b][1,4)oxazinas ] l
synihotic routis 1o warketed spirovxazine 1-Naphthol .
derivative Diarylatkynol compound
Colouress [1,2-blnaphthopyran
) X, Y = H, alkoxy, amino, ste. ’ .
(0 Color. Technol, 2009, 125, 249-264. (1 Chem. Brit. 2003, 39, 26-29. R, R < H, alkyl, aryl, ester, amino, etc. (typically gives red, purple or blus)

Curso “MATERIALES INTELIGENTES” commercial synlhatic roule Lo nsphthopyrans (using [1,2-b] derivalves as an example)




Factores en materiales fotocromicos tipo T
+ Colorante:

— activacién rapida desde la forma incolora a la coloreada

— decoloracion a velocidad adecuada para la aplicacion = Vida media f;,

— intensa absorcion de luz por la forma coloreada (cambio apreciable aun a baja concentracién)
— leve “color residual” para la forma incolora

— fotocromismo poco dependiente de la temperatura

-~ fotoestabilidad para la forma incolora y la coloreada

— resistencia a la fatiga que conduce al debilitamiento del color. P.gj. lentes = 2 anos de vida

— buena solubilidad en la matriz polimérica (no disperso)

« Polimero:

— poco rigido (mas volumen disponible para los cambios de forma moleculares) influye en las
cinéticas del fotocromismo (activacion y decoloracion)

- polimeros de baja 7, (polietilenos, siliconas,...con cadenas flexibles)

» Polaridad de la matriz:

- influye en las cinéticas del fotocromismo
— influye en el tono de color, ya que los colorantes suelen ser solvatocromicos

« Capacidad de combinacion de distintos colorantes:

— para aplicaciones que requieren mezclas de colorantes las propiedades fotocrémicas deben
estar emparejadas (cinéticas, tonos de color,...)

— uso de colorantes de la misma familia (p.ej. naftopiranos)

— uso de colorantes con diferente patrén de sustituyentes

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010
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Colorantes comerciales de tipo T

Espiropiranos
+ Sintesis facil
+ Colores intensos (violetas, azules,...)
+ Se decoloran a velocidad adecuada
— Fuerte dependencia de T que debilita el color
— Poca fotoestabilidad
— Débil resistencia a |a fatiga
~ Sustitucion de O por S permite absorcion NIR (pero disminuye la fotoestabilidad)

uv
—
Y A
Indolinoesplrobenzoplrano
Colouress spiropyran 1 Colourad photomerocyanine dye
alkyl: R', R" = alkyl (usually both methyl) (mixture of isomers — olhers rnol shown)

R =
X, Y = H, halogen, nitro, etc.

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21~26/06/2010
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Materiales fotocromicos

Colorantes comerciales de tipo T

Espirooxazinas
+ Sintesis facil

+ Colores intensos (azules, rojos, purpuras,...)

+ Muy buena resistencia a la fatiga

+ Alta fotoestabilidad (desarrollo de lentes fotocrémicas en 1980-1990)
+ Color y cinética de decoloracién optimizables con sustitucion adecuada

hv,

A

Y

Closed Form

HsC  CH,

R e
: Y1 | >
| AFT \o%j\j:{/
R v | e
X
5

4 X= N-plperldino
indolinoespiropiridobenzoxazinas

i strially nceful i 3 . Lo
Industrially ueeful spirooxazine type derivadas de §-nitroso-6-hidroxiquinolina

Curso “MATERIALES INTELIGENTES”

Open Form (Merocyanine)
(Quinonic form)

Fig. 5. Evoluuon of Lhe electronic absorplion spectrum of photo-
chrormic 8-cyanowndolina-spironaphihoxazine (rofugne, 23 <C).




Colorantes comerciales de tipo T

Naftopiranos (cromenos)
+ Alta fotoestabilidad
+ Fotocromismo poco dependiente de T
+ Sintesis econdmica, aun con diferentes tipos de sustituyente
+ Toda la gama de colores (amarillo, naranja, rojo, purpura, azul)
+ Los mas usados comercialmente para lentes fotocrémicas

Colourless [2,1-b)nap hthopyran
Coloured dye; typically yellow, orange or red

X, Y = H, alkoxy, amino, etc. (mixture of isomers — othars not shown)
R =H, amino, slc.

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010
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Colorantes comerciales de tipo T

Naftopiranos (cromenos)

Maior kinstic and colour

e
SY3
OO - o

varied to adjust
colour and kKinetics ?
Y

N

CH;
CH;
\ (: Major kinetic and confers extra
minor colour effects psak and
neutral colour salacted 1o
tune knetics

Substituent effects ir soma cemmercial naphthopyrans

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010



Incorporacion de colorantes fotocromicos

en polimeros

* En masa, disueltos en mondmero o resina que se cura con calor o UV

« Por recubrimiento superficial mediante inmersion o centrifugacioén
(spin-/dip- coating)
« Por imbibicién (adsorcion + difusion facia el interior del polimero ~ 0.2 um)

« Laminacion (incorporacion de un film de material fotocromico a modo de
sandwich entre dos laminas de polimero)

En principio, no fodos los polimeros sirven para la incorporacién de
moléculas fotocromicas (han de permitirlas adoptar la conformacion plana).
Son mejores los de estructura menos rigida:

+ polietileno

+ polipropileno

+ poliuretano

+ cloruro de polivinilo

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010
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Unos fundamentos sobre polimeros ...

Monomer
CH,=CH,
CH,=CH

&
CH,==CH—CH,

CH,=CH
. S
N
CF‘2=CF2
CH,=CH
C=N
CH2=(|:—CH3
(ﬁOCHR
o)
CH2=([:H
OCCH,
I
&)

Repeating unit
—CH,—CH,;—
—CH,—CH—

&
—CH,—CH—
&,

—CH,—CH—

.

Polymer name

polyethylene
poly(viny! chleride)

polypropylene

polystyrene

poly(tetrafluoroethylene)
Teflon®

poly(acrylonitrile)
Orlon®, Acrilan®

poly(methyl methacrylate)
Plexiglas®, Lucite

poly(vinyl acetate)

Uses

film, toys, bottles, plastic bags

“squeeze” bottles, pipe, siding,
flooring

molded caps, margarine tubs,
indoor/outdoor carpeting, upholstery

packaging, toys, clear cups,
egg cartons, hot drink cups

nonsticking surfaces, liners,
cable insulation

rugs, blankets, yarn, apparel,
simulated fur

lighting fixtures, signs,
solar panels, skylights

latex paints, adhesives

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010




Unos fundamentos sobre polimeros ...

Monomer Copolymer name Uses
CH,=CH + CH,=CCl Saran film for wrapping food

| |

Cl Cl
vinyl chloride  vinylidene chloride
CH,=CH + CH,—=CH SAN dishwasher-safe objects,

2 2 vaccem cleaner parts
C=N
acrylonitrile
styrene
— L _ —_ ABS bumpers, crash helmets,

CHz‘(fH * CH ?H * CH=CH telephones, luggage

C=N CH=CH,
acrylonitrile 1,3-butadiene

styrene
- butyl ubber inner tubes, balls,
= + = =

CH, (leHg CH, CHCI CH, inflatable sporting 200ds

CH; CH;
isobutylene isoprene

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010
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Unos fundamentos sobre polimeros ...

Segmento de un polimero lineal que se pliega varias
veces sobre si mismo en dos regiones cristalinas
(circulos)

Los polimeros cristalinos
(polimeros con muchas
regiones cristalinas) son:

- duros
- rigidos
- quebradizos

Los polimeros con cadenas
orientadas al azar son:

- blandos
- flexibles

Crystallinity (%) 62 70 77

Density (g/cm®) 0.93 0.94 0.95
Melting point (°C) 116 125 130

Curso “MATERIALES INTELIGENTES”
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Unos fundamentos sobre polimeros ...
HHHHHHH

(a) Simple polymer

cadenas Low-density
al azar

{b} Akternating copolymer

Loosely packed

(c) Block copolymer

conventional polymer

High-density
== polyethylene
mas duros Tightly packed
pueden polymer chains (d) Graft copolymer

oriented polymer conducir e-

Los polimeros ramificados
son mas flexibles

chain with short branches chain with long branches
Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010




Unos fundamentos sobre polimeros ...

Termoplasticos

Son polimeros que tienen regiones amorfas no cristalinas y regiones cristalinas
bien ordenadas

Elastomeros

Polimeros gue son elasticos, se pueden estirar y luego retornan a su forma
original

Plastificante
Es un compuesto organico que se afiade al polimero para hacerlo mas flexible

Curso “MATERIALES INTELIGENTES"” FNMT, Madrid 21-26/06/2010



