Propriedades opticas

 Fendmenos basicos  Propriedades de

— Reflex3o materia

— Refracao — Transparéncia

— Interferéncia — Opacidade

— Difracao — Cor

— Espalhamento — Brilho

— Absorcéao — Iridescéncia,

— Fluorescéncia e opalescencia
fosforescéncia — Luminosidade

— Emissao



Importancia

» Controle de propriedades de sdélidos e
liquidos
— Tintas, vernizes e revestimentos
o Métodos experimentais
— Tamanhos de particulas
— Micro e nanoestruturas



Técnicas nao-microscopicas de
determinacao de tamanho e
forma

 Uteis quando se trabalha em meios
Inacessivels as técnicas microscopicas
usuais.

« Uteis quando se trata de objetos
peguenos, muito moles e/ou com pouco
contraste.



Tamanho de particulas

Espalhamento de luz

— estatico (LA)LLS ou dinamico (PCS)
Espalhamento de raios-X (SAXS)
Espalhamento de néutrons (SANS)

Sedimentacao
— Gradientes de densidade

Membranas
Cromatografia em géis
Espectrometria de massa



Forma de particulas

o Esfera, elipsoide, bastao?
e Orientacao de particulas

— Em campo elétrico
— Em campo hidrodinamico

e Contacto entre particulas
— Entrelacamento



Associacao entre particulas

 Formacao de redes
— Reologia
 Viscosidade
— Propriedades elétricas
* Percolacao

— Propriedades oticas
« Espalhamento



Dimenso0es e organizacao

DispersOoes coloidais sao freglientemente
turvas, solucOes sao transparentes.

Coloides sao usados como pigmentos .
— Absorcao e espalhamento daluz .

Propriedades Oticas associadas as
dimensoes das particulas (como o
confinamento quantico )

Efeitos da organizacao, como a difracao,
opalescéncia, iridescéncia e as cores de
Interferéncia.



O espalhamento da luz

« Em um meio material continuo, a luz interage com as
cargas e o0s dipolos induzidos e permanentes de
ions, moleculas e seus agregados, sofrendo desvios
e reducéao da sua velocidade de propagacao, mesmo
sem absorcéao , isto €, ndo ha aumento da energia do
meio.

« Uma medida da intensidade da interacdo entre o
campo elétrico da onda luminosa e as cargas e
dipolos da matéria é o indice de refracdo da
substancia. O indice de refracao tem uma relacéo

simples com a constante dielétrica,n 2=¢.



Dispersoes de
silica em etanol

= incidéncia indireta
de luz branca Agua A B C D E

| A

= Incidéncia de um feixe
de laser (5 mWe 532nm)




Opacidade de emulsoes

« Emulsoes O/A « Termodinamicamente
— Opacas, leitosas estaveis
— Termodinamicamente — Transparentes ou
estaveis trang!ﬂcidas »
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Indice de refracio e polarizacdo
elétrica

O indice de refracdo e a constante dielétrica de um
meio variam com a frequéncia da luz, ou do campo
elétrico alternado aplicado ao meio.

 Informam a respeito das propriedades do sistema
molecular. Em frequéncias baixas do campo elétrico,
cargas elétricas sao deslocadas, moléculas podem
girar, dipolos séo induzidos e podem orientar-se.

« Moléculas e particulas se polarizam ; a sua
polarizacao € tanto maior quanto maiores forem a
sua constante dielétrica (e o seu indice de refracad  0).



Efeito da frequéncia sobre a
polarizacao

e Se a frequéncia do campo (ou da radiacao) aumenta.:
as moléculas podem passar a serem incapazes de
acompanharem as rapidas mudancas de modulo e
sentido do campo.

e A polarizacao diminui , dependendo da relacao entre
a frequéncia da luz e o tempo caracteristico de cada
tipo de polarizacao.

« Os dipolos permanentes deixam de contribuir em
frequéncias de ordem de MHz , porgue nessa regiao
as variacOes de frequéncia ja sdo muito rapidas para
serem acompanhadas pelas moléculas



Numero de Deborah

 Relacao entre o tempo de perturbacao e o
tempo de resposta de um sistema

« De =t /t,

 Quando De =1, a taxa de dissipacao de
energia € maxima

 Quando De difere muito de 1, a taxa de
dissipacao de energia tende a zero.



Espalhamento de Rayleigh

* Rg=lgr?/ly, = (KINa3p(1+cosb)

(vale quando a<1/20 A) onde
| € a intensidade da luz incidente ou espalhada (angulo 6) ,
r € a distancia entre detector e observador,

K @ uma constante otica que depende da diferenca entre
os indices de refracédo das particulas e do meio (=0,
guando os indices s&o iguais),

a € o raio das particulas

¢ € o volume de particulas por unidade de volume (fracao
de volume)
Porque o céu (sem nuvens) é azul?)



Teoria de Mie

Teoria muito geral, que permite calcular
espalhamento da luz mesmo em sistemas muito
complexos, solucbes concentradas, solidos
polifasicos e contendo particulas de qualquer
tamanho, que sejam tambéem absorvedoras da luz.

Tem sido aplicada a varios tipos de problemas que
envolvam a cobertura Otica de superficies, ou a
penetracao da luz em um meio complexo.

Nao é resumida em poucas equaches, resolvidas
analiticamente.



http://www.absoluteastronomy.com/encyclopedia/
m/mi/mie_theory.htm

In contrast to Rayleigh scattering or dipole scattering, the
Mie theory embraces all possible ratios of diameter to
wavelength. It assumes an homogeneous, isotropic and
optically linear material irradiated by an infinitely
extending plane wave.

A profound description and a basic FORTRAN program of
the Mie theory can be found in the book by Bohren and
Huffman.

More recent implementations of Mie theory Iin
FORTRAN, C++, PASCAL, Maple, Mathematica
and Mathcad can be found at the web site www.T-
Matrix.de.




LIGHT SCATTERING EFFICIENCY (Q__ ) AS FUNCTION OF SCATTERING PARTICLE DIAMETER

SCa
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Two Mie theory - based sofwares* were used to calculate light c_ = P& (2 +1)ﬂ 2 +Ib 2}
scattering efficiency of individual particles. sa 5.[ 4 n aﬂ| | n|
The parameters used in the calculations are: n=t
L _ _ _ _ 2\
v refractive indexes (n, ., = 1.50, ngp,0x = 1.49, n ;. =1.00, Nrio, = Q.. = = Z(Zn +1 an|2 +|bn|2
2.70); =
v wavelenght: 546 nm. Where:
Qsca = Scattering efficiency;
Available in C.ca = Scattering cross-section
http:// www.scatlab.com n = relative refractive index;
and http://www.lightscattering.de/MieCalc/eindex.html a = 2nb/A with b the size particle;

A = wavelenght;
a, and b,= scattering coefficients.

According to the light scattering efficiency theore tical model to
BiPHOR system: M. Kerker, The scattering of light and other electr _omagnetic
’ radiation , New York:Academic Press, 1969.

v" Air void sizes ranging from to 490-930 nm and to 16  00-2200 nm
scatter more efficiently.



Alguns resultados

e 0 calculo do poder de cobertura conferido a filmes
de tintas, pela presenca de pequenas bolhas;

— Biphor

 a verificacdo de que a densidade oOtica de uma
dispersao coloidal de nanoparticulas metalicas
depende quase exclusivamente da absorcao da luz
pelas particulas, e nao do espalhamento da luz;

— Tese de doutorado de |. Joekes

e 0 calculo da dependéncia angular da intensidade da
luz espalhada, que permite prever e realizar
"Janelas" que sao transparentes em alguns angulos
de visada, mas opacas em outros.

— Telas a prova de curiosos para laptops
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Podemos fazer um pigmento
branco de fosfato de aluminio?

e Sim, pigmento branco baseado na formacao de
particulas com vazios (ocas).

e Os vazios podem ser:
— preformados
— formados durante a secagem da tinta
— uma propriedade emergente
— 0 resultado de um raro processo de formacao de
nano-estruturas auto-organizadas.



Pigmento branco de fosfato
de aluminio

e Particulas brancas, com poros fechados
— Biphor, um novo pigmento branco

— Criado, patenteado e publicado na Unicamp,
nos anos 90
e poster premiado na ICSCS em Compiegne, 1991
« contrato com a Serrana de Mineragao, em 1995

— Lancado pela Bunge Fertilizantes no
Congresso da Abrafati em 9/2005,
www.biphorpigments.com

— Apresentacao na International Coatings Expo
(New Orleans) em 11/2006

— Apresentacao em Nuremberg, 2007



Nanoestrutura de
caroco-casca

Particulas sob o feixe
de elétrons perdem
material do seu
Interior sem sofrer
mudancas
significativas no
volume.

Interior plastico,
paredes rigidas.




Método de Zimm

A intensidade da luz espalhada por particulas com
dimensdes comparaveis a de A (o0 comprimento de
onda da luz) é dada pela equacéao:

Kc/Ry = 1/(M.P(0)) + 2 A,C
onde K = 21% n? (dn/dc)? / (A*N,); Rg = (Iré/l,)s;
1/P(6) = 1 — (161%/3A?) .S? sen? 6/2

e o significado dos simbolos é: n: indice de refracao; c:
concentragcao; A: comprimento de onda da luz; N,:
nimero de Avogadro; I|: intensidade detectada a
distancia r; I : intensidade incidente;0: angulo entre

feixe incidente e feixe espalhado; S: raio de giracao.



Optics & Laser Technologyd1 (1999) 447-453

Static laser light scattering (SLLS) investigatiafitshe scattering parameters of a
synthetic polymer

R. Ghazy, B. El-Baradie, A. EI-Shaer and F. EI-Mekawey

&l Rinatinyg Tahle

FBecianpular

ol

|

| Readout |

Fiz. 1. Schematic diagram of expernnental set-up of static lazer hight
scattering (SLLS) measurements.
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Raios-X, LALS, SAXS

» Kc/Ry = f(sen? 6/2 + kc) fornece o raio de giracdo S, a
massa molar das particulas e o coeficiente virial de
Interacao entre as particulas. Usando-se a massa molar
e 0 raio de giracao € possivel saber se as particulas
estao mais ou menos intumescidas com solvente.

« NoO caso do espalhamento de luz em pequeno angulo
(LALS) ocorre uma importante simplificacao no
tratamento dos resultados, devido a possibilidade de se
fazer P(0)=1.

 Quando se quer obter o raio de giracdo de particulas
pequenas, e preferivel usar raios-X (SAXS) do que usar
luz visivel, para que o termo S/A seja significativo.



Espalhamento de néutrons

« A secao de choque de néutrons com compostos
deuterados € muito maior do que com compostos
com hidrogénio.

« Fornece contraste quando se quer examinar as
particulas formadas pela agregacao de moléeculas
organicas de natureza diferente, como por exemplo
um complexo entre polimero (H ou D) e detergente
(D ou H), em solucéo.

P S P S



Turbidez (r=167Ry,/3)

Definida de maneira idéntica a absorbancia, pode
ser determinada em qualquer espectrofotometro
ou colorimetro.

Na turbidez a transmitancia €& reduzida pelo
espalhamento da luz.

Na absorbancia, é reduzida pela absorcao da luz.

Quando ocorrem absorcao e espalhamento
simultaneamente, nao medimos absorbancia nem
turbidez, e sim a densidade otica .

E uma grandeza facil de medir e extremamente
poderosa no estudo de dispersdes coloidais
complexas.
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Espalhamento de luz dinamico.

Movimento lento

P A U S

tempo

G¢ (T) — <e—iqr (t)eiqr (t+r)>

= exp (-Dgt)



Espalhamento de luz dinamico.

Movimento lento

't A A S AN

tempo=
2,y LI+ 7))
A O)E o
g*(a;m) =1+ B |g'(s *r)]E q= A‘]s'm (5)
HI(EL T) = eXp (—f"i") (1 — %TE — %7—3 + .- )

NS



Funcao de autocorrelacao

e Colocar alguns

graficos da funcao.
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Polifosfato de Aluminio




Determinacao dos tamanhos das particulas
da amostra D por PCS: diametros uniformes

100 - C(d)
_ _ E TS
Effective Diameter: 102.7 nm s G(d)
Polydispersity: 0.004 £
Avg. Count Rate: 399.7 kcps , |
Sample Quality: 9.9 50.0 00,0
Diameker [nm]
difmn) Gle) COd) | dine) God) Cod) | dinem) God) Cod)
997 0 O 1038 0 100
999 0 O 1042 0 100
1001 0 0 1044 0 100
1002 0 0 1046 0 100
1004 0 0 1048 0 100
1006 0 0 1050 0 100
1008 0 O 1052 0 100
110 0 0 1054 0 100




diametros médios em diferentes meios

Efeitos do meio

Amostra A B C D E
agua, 25°C PCS (nm) 54+5 | 666 | 7712 | 103+1 | 136%1
etanol, 25°C PCS (nm) 72+2 | 7442 | 67+6 | 99+1 131+1
ar, 55% UR, 25°C AFM (nm) 33+2 | 4544 | 57+5 | 81+8 | 125+11
106 mbar FESEM(nm) 22+2 | 39+3 | 51+4 | 79+7 | 118%10
106 mbar TEM (nm) 1542 | 33+3 | 47+4 | 767 | 115410
Coeﬁmepte de intumescimento em 4500 200 340 149 65
agua (% em volume)
Coeficiente de intumescimento em 10900 | 1028 190 121 48
etanol (% em volume)
Conteudo de sélidos (% em massa) 2.7 2.7 2.6 2.5 2.5
Potencial Zeta (em KCI 10 -3M) (mV) -27 -38 -36 -46 -49

As particulas apresentam grandes variacdes de volummduncao do meio,
especialmente as particulas menores




Difracao da luz

* Evidencia a existéncia de estruturas com
dimensoes de ordem de grandeza do
comprimento de onda da luz.



Se a diferenca nos caminhos
oticos for de meia-onda, ha
extincao

Se for de onda inteira, ha reforco

nA = 2 d sen® (BragQ)
N N



Geracao de defeitos na formacao
do macrocristal: separacao de
fases e sementac;ao de domlnlos




Pharmacentical Research, Val. 21, No. 7, July 2004 (0 2004

Opalescent Appearance of an IgGl
Antibody at High Concentrations
and Its Relationship to
Noncovalent Association

Muppalla Sukumar.'s Brandon L. Dhesde,!
Jessica L. Combs.' and Allen H. Pelkar!

Recedved December 18 2003, accepied March 15, 2004

Puwrpese. Therapeuto antlbodles are often formul ated at a high oon-
centfation whete they may have an opalescent appearanoe. The alm
of this study Is to undetstand the oflgln of this opalescence, especially
Its relationship to noboovalent assoclation and phyvscal stabiliey.
Methods. The turbldity and the assoclatlon state of an IgG] antlbody
wele Investigated as a function of concentration and temperature
us ng statle and dynamie light scattering. nephelomettlc turbidity . and
analvtical ultracentrifugaton.

Heswlis. The antdbody had Increasingly opalescent appearance In the
concenifation range 550 mg'ml. The opalescence was greater at re-
ftlgetated temperatute but was readily reversible upon warming to
room bemperature. Turbldity messured at 25°C was linear with oon-
centration, o= expected for Favlelgh scatter in the absence of asso-
clation. In the concentration range 1-50 mg'ml, the welght average
molecular welghts were close to that expected for a monomer. Zlmm
plot analysls of the data vlelded a negative second wirlal coefflolent,
Indlcative of atitactive solute-solute Interactions. The hydrodynamic
diameter was Independent of concentration and remalned unchanged
as a function of aging at room temperatune.

Conclusions. The reaalis indloate that opalescent appearance ls not
due to self-msoclation but s a dmple conssquence of Raylelgh scat-
ter. C'palescent appear anoe did not result In physical lrstabilicy.

KEY WORIN: light scattering: protein aggregation; protein formmua-
laticn; reversbe assoclation; harbidity.

Biopharmaceutical Research and Development, Eli Lilly and Com-
pany. Indianapolis, Indiana 46285, USA.



FMATERLALS AMNIF METHOHIYS

Plmicrials

g5l anbbody, TgG4 antibody, tnacdiom cirate dily-
drate, and scdioam chlonde were obitainesd from Eli Lilly and
E ny (Indunapale, TH, TEALD Dulbsooo's b -
bumﬁlﬂline r-.-.Fm-:,u: calouem chlormide and nlj'lha:::Pﬁium
chlomde s was oblamed from Giboo (Codsbad, 9 USA.
Dieionzed water was vzed in making all solutions. Sclubons
weres made by serial dilution of the 18561 ancibody 8t & con-
centration of 30ar Semgml ints e coarnreaponding Burf=r i 10
mPd citric acid, 100 mbd Hacl, pH 55

Terhbldicy Mocasarensue

Turbidity of antibody aclutiors 42 a uncbion of oonse-
traticn wos meamared in Limm glass adture fobss ot room
temperatures UEing a HaCH 2100 rurbidimester {Hach Sonms-
pany. Loveland, OO, 11545, The temperaiune dependsnos of
turbichty was measured by following Faylk=igh satter on a
Fluorolog-3 Fluorameter ( 7Y Hoviba, Bdison, MI S ) that
allowed temperaturs control. Ravleigh scarter =as e amaned.
at %10 nm, and the apparent barbidicy = coloulated by rer-
erenoe bo o standard ourvs generalsd Using misperEons ol
knowm torbadity.

Sraclke Light Scacieing

The weight aversge molscular w=ights of mtibody soluo-
thions a5 a funobion of conoeniration wers measured of 25°C
uzing static light scattering of mulople angke= (30-130"% on a
Brockhaven Instruments Conpsoration (Haltseille, MY, USaA)
lazer light scaltering instrument. Samples were fltersd
through 0.22-pm. 13-mam Miller GW darmapores membrace di-
v {Blillipone, Billerica, Mo, USA). The scatter daks ar &5
were used to denve WARY, The complets data 2ot at ol -
tipls angles was alao vzed o aeate Zimm plois to derive
moeoular weight apd second virtal cosffcent (5). For an
ides sclution,

BV R, = LR il

whiere, biE mobscular weight, K is o oot o, B is Rayk=igh
ratia that combines a mambsr of espenmental paramet s,
and s conceniralion.

The efecia of solution nomdealily can b inoorparabed in
o an equation of the fomm.,

E R, = L+ ZTBEC 4+ - - - [P

where B 5 the seoond viril oceffident To obiain B, it is
nEcesmary o enlrapolits EOf R, te sero angle and @zero oonm-
ceniration. & Fimmm plot has KO, on tbe ordinate and =0
iR + kT on the absciesm, whers k iz an arbitrary constant
and alloess both estrapolations to be mades on the same graph.
B ared B can be obiained from the intemcept and slope, re-
speclively, of the zero agle line. The @gn and magnivedes of
second vinal cosfiaent are related o encluded volume =1-
T S TN e U=t SN N JROF Ty T

Dyanmis Light Scacierning

The= hydrochmanc dismeter of artibody aolutions &= a
functon of conssriration was deteminsd at 25°C o 53°C by
e aRanng the auicoorreation fmclion ab 20" soaltering angls
on a Ercckhayen Instruments Corporanon laser light scatter-
ing insirument. Samples were filtersd chrough 022 pm, L3
mar Millex G durapors membrans filters. The sffsective di-
ameter and polydisperEty was computed from Che autooorm -
lation funciion vsung a quadratic fit The nbensiy-based o
walume-biased distnboton of $ametsr was determinsd uErg
CONTIN analysis Four separabs measuremenis were madks
to v averngs ared sandard deviation. The doba weres cor-
rected for changss in visoosity of the antibody acluticns a= a
function of conveniration. The viscomty was messursd ot 570
of 25°C nEing Visoolabd1on Laboratory Vissometer {Cam-
brndg= & pphed Sysemes, Blediond, kA, TR

E quillfam Scdlmesnrsdan

Sedimeniation equilibrium expsrimenis were pefomed
ori 4 Beckman Model XTI ultracentriiages (Fullemon, A
UEa). A 05 mg'ml solution of the antibody was loaded oo
a 2-mecbor, O.20T-om pach-lengrh centerpisos cel with quanz
windows and placed inbo an An-SD Ti 4hole rotor. The o=l
was centrimgesd ot 2000 rpm, and radial scars ot 550 nm e ens
oollkemted at 4, L4, 15 and Le-h tme points The 15 and 18-h
soans wens perimpeoesable, maggeanng cquilibriom had heen
achi=ved. The final dataset is an averags of Gve soans, ooed the
Errar associnsd with abkearbancs msoursmenls a2 in e
ranges 00010 00S A1 The 15h radial scon wos then it oo
mnghs id=al species using the “seli-maocation™ mode] of the
manuaciursr-supplisd vemrmon of Ongin (NLINLA Dala
Aralyas Softwars v, 400, Values of p = 1 zml and wbar =
073 mlig were ussd in the calodabon of molscular weighi
{140 I a sedimentation equilibrium experiment a =olution of
the =amples & cemtrifuged ol a corstant robor veloaty ol
equilibrium is reachsd At equilibriom. 4 conceniration gra-
cdhent is s ablished relative vo the dstancoe from the center of
rotarion that reflects the halanoe of sedimentation and difo-
son. For a singls saolute comyponent, the concertraton gradi-
ent at equilibium s rdated to molecular =eaght by

Alm Sl r s = w?B L — op VIRT (1]

where O iz ibe conceniration at radius r (digtones trom e
ceniter af rombon, o s the angulsr weloary, B s molscu-
lar weight, » is the partial sp-rcilﬂl volurme . and g is the solu-
tion denzity. Feeversible macramolsnidar asssciitions can b
charactenzed quantitatively by nang analogous sxpressons
DS RN

EESULTSE AMNIF IMSCLISSHEN

Amalydom]l Ulrmcenidfgandon: Equillbrdem Ssdlmorindon

Equilibrium sefimenmbon aalyss wos carned out ot a

frmmdine st =of O € mairsl o stbeste barfPar C1L0 mkd
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Fig. 1. Analyvtical ultracentrifugation equilibrium sedimentation
analysis of IgGl antibody at a loading concentration of 0.5 mg/ml.
Radius plotted on abscissa is the distance from the center of rotation.
Solid line indicates fit to a monomer. The residuals are plotted in the
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Fig. 2. Turbidity of antibody solutions measured as a function of
concentration at ambient temperature using HACH turbidimeter.
Filled circles correspond to serial dilution of a 50 mg/ml stock.
Squares correspond to serial dilutions of a 20 mg/ml stock. Where
error bars are not visible, they are smaller than the size of the symbaol.
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Fig. 3. Weight average molecular weight of antibody as a function of
concentration, determined by static light scattering. Filled circles cor-
respond to serial dilution of a 50 mg/ml stock. Squares correspond to
serial dilutions of a 20 mg/ml stock. Where error bars are not visible,
they are smaller than the size of the symbol



Second virial coefficient measurements of dilute gol d
nanocrystal dispersions using small-angle X-ray scat tering ,

Saunders AE, Korgel BA

JOURNAL OF PHYSICAL CHEMISTRY B 108 (43): 16732-16738 OCT 28 2004

Abstract: Small-angle X-ray scattering (SAXS)  was used to study the size-
dependent two-body solvent-mediated interparticle interactions  between
dodecanethiol-coated gold nanocrystals (2-6 nm in diameter) in dilute toluene
dispersions. Using a modified Zimm analysis of concentration-dependent X-ray
scattering data, the second virial coefficient B, was measured as a function of
nanocrystal diameter and compared to theoretical predictions. The measured values of
B, are more negative than those expected for hard spheres, indicating that
interparticle attractions are significant in this system, even though the particles are
dispersed in good solvents for the ligands. The data can be fit using a square well
potential to model the pair interactions with nanocrystal size-dependent well depths
ranging between 0.1 and 0.4 kT and a range of interaction of 30 A . The interaction
potentials between particles in the larger size range (i.e., >5 nm diameter) are close to
those expected from a simple steric stabilization model accounting for the core-core
van der Waals attraction modified by an osmotic repulsion between adsorbed chains.
Smaller particles, however, exhibited significantly stronger attraction than expected
from this simple model, which could possibly be due to decreased ligand surface
coverage at the smaller nanocrystal sizes.



