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SLS and DLS

1 Safety Issue

Before using a laser it is important to be informed about the potential dangers. Students
will be informed for the laser protection. One can also find a document called "Was man
im Umgang mit Lasern beachten muf$"’on the 'F-Praktikums-"Website.

For the experimental procedure a laser with a hazard class 1 is used with a continuous
output of 22mW. In practice, the apparatus has a safety cover which blocks all possible
exposure of laser. Laser pointers (red and green) are assigned to laser class 2 which send

out visible radiation within a wavelength range from 400nm to 700 nm. It is dangerous

for the eye at a dwell time above 0.25 sec (eye lid reflex).

2 Introduction

Scattering techniques including light, X-ray and neutron scattering have been widely
used in Biology, Chemistry, Physics, material science as well as many other research
fields. They are powerful analytical tools providing structural information in a length-
scale range from Angstrom to micrometer and collective dynamics from the picosecond
up to millisecond range. This practical is designed as an introduction for students with
basic principles of scattering technique in general. The light scattering setup provides
the basic components needed for almost any scattering technique. The selected experi-
ments are used to demonstrate (what) structural and dynamic information one can get
from a static and dynamic light scattering measurement.

In 1868, the Irish physicist John Tyndall was the first to examine light scattering of
colloidal solutions. He noticed that a white light beam which passes through a gold
colloidal dispersion (sol) is visible from the side. He could observe blue scattered light
perpendicular to the incident light beam. This phenomenon depends on the type, size
and shape of the particles and on the wavelength of the scattered light. The relationship
between the sizes of the particles compared to the wavelength of the incident light beam
shows a differentiation between scattering at large particles with d>X\/20 and scattering
at small particles with d<<A/20. In 1871 Lord Rayleigh was able to describe the light

scattering in theory which explains also the blue color of a cloudless sky.

Nowadays light scattering is a very powerful method to characterize the structure, dy-
namics and mass of polymers and nanoparticles in solutions. For this purpose, a laser
beam with a defined wavelength X is guide to a (dissolved) sample, usually in solution.

The scattered intensity is then measured at various scattering angles by a detector.
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Figure 1: Schematic representation of the Tyndall effect.

As the name implies static light scattering (SLS) focuses on the static behavior. Only
the averaged intensity is recorded as a function of scattering angle, which is used to
determine the average molecular weight, the second virial coefficient and the radius of
gyration of the particles. In dynamic light scattering (DLS), one examines the diffusion
of the particles by recording the intensity as a function of time which is used to deter-

mine the diffusion coefficient and the hydrodynamic radius.

Note for practical in NanoScience, we focus on the application of dynamic
light scattering in bio- and nano-systems. However, the theoretical part on
static light scattering is important for understanding the angular dependent

scattering.

3 Basic Principles of Light Scattering

3.1 Static Light Scattering (SLS)
3.1.1 Interactions of light with matter

Light scattering means that an incident electromagnetic wave is deflected by the inter-
action with a molecule from its original direction of propagation to another. The theory

is that the incident electromagnetic wave induces in the atomic shell electric dipoles.
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These oscillating dipoles act as emitters of electromagnetic waves of the same wave-
length as the incident one but with different propagation directions. The angle between

the incoming and scattering wave is called scattering angle ©.
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Figure 2: Induction of an oscillating dipole caused by an incoming electromagnetic wave

With the scattering angle ©, the wavelength of the incident beam A and the refractive
index of the solvent nyy; we can define the scattering vector ¢, which is the difference
between the incoming ko and outcoming beam k (7 = ko — k) with the unit [m~!] and
)E‘ = ‘]ZO‘ =27/ as

Figure 3: Sketch of the definition of the scattering vector §.

_dmngy . (©
¢=——sin (5) (1)

For particles with a diameter smaller than /20 only a negligible phase difference exists
between light emitted from the various scattering centers within the given particle. In
this case the detected scattered intensity will be independent of the scattering angle (see
Fig. 4). The elastic scattering process (incoming and scattered electromagnetic waves
have the same wavelength) is called Rayleigh-Scattering. But for molecules or particles
with a diameter larger than A\/20, some of these simultaneously created dipoles emit
light waves with a significant phase difference. This leads to a nonisotropic angular

dependence on the scattered light intensity. These intermolecular interferences result in
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the so called angle depending particle form factor P(q), informing about shape and size

of the scattered particles.

Figure 4: Interference pattern of light scattered from small particles (left) and from larger
particles (right) illustrated with two scattering centers.

As mentioned above, matter scatters electromagnetic waves due to the induction of an
oscillating electric dipole as shown in Fig. 2. This dipole serves as a source for the
scattered light wave. The electric dipole momentum m depends on the polarizability
a of the excited medium and the electric field vector E of the incident electromagnetic

wave as:

M= ak (2)

v = { describes the frequency of the lightbeam with a wavelength A\ and k = 27” the
length of the wave vector. The electric field vectorof the scattered beam Fjg the following

equation is given by

ot? ) rp cg rpc2

7p describes the distance vector from the scattering sample to the detector, ¢y the speed
of light and Ej the electric field of the incident beam. In a typical light scattering
experiment only the scattered intensity Iy = Eg - Ef = |ES]2 is detected, but not the




SLS and DLS

amplitude of the corresponding electric field. The basic setup for a light scattering

experiment is illustrated in Fig. 5.

Sample with N particles

2 =

vy

Scattering volume V

R
EY Detector

I

Figure 5: Schematic construction of a light scattering apparatus.

Iy is the intensity of the incident light beam, I the intensity of the scattered light.
Assuming that the scattered particles move randomly in space and that they are very
small and therefore can be considered as a point scatterer, Rayleigh discovered a rela-
tionship between the intensity of the primary light Iy and the scattered light [ according
to Maxwell theory of electrodynamics:

— a0 (4)

It the case the relationship applies only by using vertically polarized light. Abbrevia-

tions:

D Distance between scattering center and detector
Vv detected scattering volume (see Fig. 5)

a? Square of the polarizability

A Wavelength of light in vacuum

0= % Number of scattering particles per volume

As shown in Eq. 4 the scattered intensity scales inversely with the forth power of
the wavelength of the incident light. (This is the reason why the sky is blue because

the shorter wavelength blue light scatters more intensively than the other wavelengths
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of visible light.) Tt turns out that in particular the polarizability « plays a crucial role in
scattering theory. In order to separate the setup dependent from the setup independent

variables in Eq.4 we can rewrite the equation as follows:

1 r? 1674
]o'VD Y o’ - (5)

apparatus factor

Here the incident wavelength was counted to the setup independent variable because this
can easily reproduce in other setups by using a light source with the correct wavelength.
The setup dependent part is defined by the Rayleigh ratio R. In practice, the Rayleigh
ratio R can be determined by measuring a standard sample like toluene. From this
standard sample the absolute scattering intensity Isq apsotute 15 known in literature, e. g.
for toluene this absolute scattering intensity is Lssg aps = 1.39- 107% cm ™! for a wavelength
of 632.8nm and a temperature of 20°C. By dividing the Is 4 4psoiute by the measured
scattering intensity from the used standard I, the scattering intensity from real samples
can be scaled to absolute intensities. This procedure can be described by the following

equation for the Rayleigh ratio.

Background scattering
of the solvent Literature value

. std , absolut
Solution Solvent [
std

R=(I

Standardization Scattering intensity of
(apparatus depends) toluene measured

with the measuring
apparatus

Figure 6: Measured Rayleigh ratio.

3.1.2 Rayleigh-Scattering (d < \/20)

In the following section we will consider the scattering of dilute solutions of small par-
ticles. In this case the detected scattered intensity is independent from the scattering

angle ©. The number density of such system can be described by the following equations
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CVNA N CNA

MO TV T ©)

N =

where c is concentration , V' the scattering volume, M the molar mass of a particle and
Ny the Avogadro constant. According to the Clausius-Mossotti equation the polariz-
ability a can be replaced by the refraction index of the solution ng;, and of the solvent

nsy as follows (SL is standing for 'solution’ and SV for ’solvent’):

”%L - ngv (6) M(”%L - ”%V) (7)

4o 4meNy

«

2 2
With the following approximation ZSL"5V ~ 2nqy (M) Eq. 4 can be transformed with

c Oc
Eq. 7 and Eq. 6 as:

2
1% Ar? ongg,
L= Iy-— iy (o) eM x K-eM (8)
H ANy dc
~ Vv
apparatus constant contrast factor K := b2

The middle term is called contrast factor K or rather square of the scattering power b
with unit of [%]
The refractive index increment 6’5% of Eq. 8 describes the change of the refractive

index with changing concentration. The refractive index increment is measurable with a

Onst
dc

or handbooks. Note that this value depends on the temperature T of the solution, the

differential refractometer. For standard samples, the ratio can be found in literature
wavelength A of the incident light beam and the solvent in which the particles are
dissolved.

Combining Eq. 5 and Eq. 8, one has

A7 ongr, 2 eM
2 2
R=b"eM = ~Fngy <a_> A 9)
2
T T
© (g — Isy) VD (10)
~—~

*

Step (x) profits from the fact that the absolute scattering intensity IsampLg is composed

by the difference of I, and Isy.
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Eq. 8 describes the scattering intensity from an ideal solution, in which any intermolecu-
lar interference can be neglected. In real systems, the scattering intensity I is dependent
on the scattering power b (with b = K) and the osmotic pressure. Both the scattering

vector as well as the osmotic pressure are dependent on changes of the concentration.

c

(&)

I, o ’RT (11)
k corresponds to the gas constant k& = Npkg.
According to van’t Hoff the partial derivative of the osmotic pressure with respect to

the concentration is:

on kT . .
= = 7 (ideal solution) (12)
0T WT(L 42450+ ..) (real solution) (13)
5 = i s¢+...) (real solution

where M is the molecular weight andAs the second viral coefficient which provides a
quantitative measure for the interactions between solute molecules. A, = 0 indicates
the effective interactions between solute molecules is zero. A, < 0 indicates that the
overall interactions between particles are attractive; A > 0 indicates that the overall

interactions are repulsive.

Altogether Eq. 11 can be transformed to:

Kc 1
— = —12A 14
R M"— 2C + ( )

With the Rayleigh-Ratio R of Fig. 6. In Experiment % is specified directly. This
corresponds to an inverse already normalized intensity which matches the experimental

apparatus and the solvent.

3.1.3 SLS of larger particles (d > \/20)

For particles with a diameter of d > A\/20, the interference of the scattered light from
different scattering centers cannot be neglected, as pictured in Figure 7. Therefore, the

scattered light intensity shows an angle dependent pattern.

10
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Sample with 2 scattering centers
coherent and polarized

laser beam

Detector

scattered laser light
detected at different angles

Detector

Figure 7: Schematic representation of light scattering from two scattering centers in a large
particle. Depending on the scattering angle at which the intensity is detected, different
interferences of the scattered radiation occur.

This angle dependent scattering pattern of an individual particle is called form factor
P(q).

The following section explains how the particle form factor P(q) is derived. For two
scattering centers in a particle with the distance vector 7j; can be shown that the phase
shift o of the outgoing light waves can be described as o = —¢7, which varies as a function
of the scattering angle © or rather ¢. For a sample of N identical particles within the
scattering volume, each particle containing Z scattering centers, the scattered intensity

I(q) is obtained by pairwise summation over all scattering centers:

I(q) = N*b*

<ZZ>‘ (15)

i=1 j=1

where 7j; = 75 — 7j. For very dilute solutions so that the interferences between different
scattering particles can be neglected. The detected intensity I(q) is only caused by
intraparticular interferences. By normalizing the scattered intensity using the number

of particles, we obtain the following particle form factor P(q):

11
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1 1

Nz @) = o

_ % Z <EZ: (1— éq2r§+...)> (17)

i=1 \j=1

P(g) =

Radius of gyration Using the center of mass coordinate system, as shown in Fig. 8.
Instead of using cartesian coordinates 75, the center of mass-based position vectors 5j
can be used to simplify Eq. 17.

Figure 8: Transformation to center of mass coordinates.

Assuming a homogeneous particle with constant particle density, it is imperative:

Z 1 Z
D 5=0 and Rgzzzs??;éo (18)
i=1 1 Zl:l

==Y Y =2k (19)

R, describes the radius of gyration. Eq. 19 shows that the radius of gyration R, is
defined by the average distance from the scattering centers to the center of mass. For
gR < 1 (particles with a radius between 10nm< r <50nm) the form factor of Eq. 17
can be approximated with the radius of gyration (Eq. 19) to:

12
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Pl@)=1- 3 (R ¢ (20)

This relation is called the Guinier-Approxzimation. The inverse form of P(q) can be

written as ﬁ = 1+ $R2¢* (recall Eq. 14). Now we have the so-called Zimm equation:

Kc 1 1 1
— = 2A o= —(14+ AR ¢*) +24 21
R MP(q)+ 2C + M( +3<Rg>Q)+ 2C ( )

A
16,00 —T | .
) , | .
o BT = B : |
w |
: - [
UL =] 7]
11,50 |
10,00
: 7 -
N—
: L .
UMG _{ (\Rw
| | .
500 250

(q+ke) ]

Figure 9: The Zimm plot is obtained by plotting of Kc¢/R over ¢ + kc (small squares rep-
resent the measured values). By extrapolation of ¢? to zero and ¢ to zero (points are the
extrapolated values) Ry and Ay can be determined from the corresponding slope and by the
y-intercept we get the molar mass M.

In practice we use Eq. 21 as the following: plotting the measured values %C vs. ¢ + ke

(k represents a constant) a typical Zimm plot such as shown in Fig. 9 is obtained. In
this example, a solution of four different concentrations (cq, ..., ¢4) was measured at five
different scattering angles 6 or ¢q. As already mentioned, the detected intensity 1(q) is
independent of the particle interaction only for very dilute solutions. That is why the

lower the concentration that is chosen, the more accurate is the result. In practice, a

13
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series of samples with different concentrations is measured and then these values are
extrapolated to ¢ — 0 (see points in the graph). In order to neglect any angular or g-
dependence we also fit ¢ — 0. The two following equations belong to the corresponding

lines of the extrapolated values.

21 Kec 1 1
ey Ke, B i
~ 3 (g=0) = T 2A,c (23)

From the respective slopes we obtain the second virial coefficient A, and the radius of
gyration R,.

So far, only the case of a monodisperse sample has been considered; particles with the
same size and shape. However, if, instead of a monodisperse solution, a polydisperse

solution is used, the Zimm analysis yields the average of the molar mass:

Sy NiMiM;
M ===0 (24)
Zi:l NiM;
and the z-average of the squared radius of gyration:
2 leil NiM?s?
(Rp). = SNATE (25)
i=1 VitV

In this case, the sample consists of N particle species of different molar mass and differ-

ent size. N; is the number of scattering particles of species .

Form factor P(q) of a sphere:

The form factor describes the angluar change in the detected intensity due to the in-
tramolecular interference. The scattered intensity changes at different scattering angles ¢
depending on the shape and size of the solute particles. For example, for a homogeneous

spherical particle with a radius R the form factor reads:

14
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10—11 ' T T o T T T — T
P(q) = 5 (sin(¢R) — qRcos(qR))* ——
< qR< (q‘ﬁ‘)’
50nm
10*2 L
1073t
G
g
1074}
1075 ] 1. Minimum:
qR = 4.49
10’6 1 1 1 1 1
0 2 4 6 8 10 12

qR

Figure 10: Form factor for a large spherical particle.

The first minimum of P(¢qR) corresponds to a constant of ¢R = 4.49 which can be used
to determine the size of the particles. From Eq. 26, one can see that if a particle with
a radius of R = 15nm is examined, the form factor becomes angle independent, ¢R is
always smaller than 0.4, even at © = 150°C. As depicted in Figure 10, the form factor
is approximately a constant. If the particles have a radius R = 300 nm, the form factor
P(q) shows strong angle dependence. In this case, the values for ¢R are between 2 and
7.6 considering angles between 30 ° and 150 °. In practice, measuring such large spherical
particles, an oscillating intensity distribution like the one in Figure 10 will be visible.

The form factors of spheres with different sizes are shown in Fig. 11:

15
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100 ' T .
Plg) = 300- 109 (sin(300 - 10=%g) — 300 - 107" cos(300 - 1077¢))” ———
300 - 10-7g)¢
Plg) = [111‘73]'”0‘“ (sin(15- 107"} — 15 - 10~"g cos(15 - 107%))° ———
1 g
10 \
Spheres with
5 R=16nm
10~
=
E Speres with
as 3 R =300nm
10 ° ¢
-4
10
10 - I 7 I 7 I 7 I 7 I 7
0.8-10 1.2-10 1.6-10 2.0-10 2410

qin[1/m]

Figure 11: Form factors of spheres with different sizes, P(q) as functions of q.

3.2 Dynamic Light Scattering (DLS)

In the description of the scattering behavior of dissolved particles, the fact that the
scattered particles move has been ignored so far. This thermal, continuous and random
diffusion is called Brownian motion. This movement is caused by the thermal density
fluctuations of the solvent. While for static light scattering the average of the detected
intensity is considered, for dynamic light scattering the movement of molecules is impor-
tant. The basis for this is that intensity fluctuations of the scattered radiation can be
observed over time, since the distances between the scattering centers change constantly.

This results in a time-variable interference of the scattered light, see Fig. 12.

3.2.1 Time-Intensity-Autocorrelation function

To quantitatively analyze the particle mobility by light scattering, it is helpful to express
the scattering intensity fluctuations in terms of a correlation function, as will be discussed
in detail in this section. In practice, the scattering intensity 7(¢) is measured in very small
time intervals At. Therefore, the time interval At should be shorter than the dynamic
processes in the solution. The detected intensity is then used by a correlator to calculate
the normalized time-intensity-autocorrelation function go(7). In a measurement of time

T\, this total time can be divided into N discrete measurement intervals At, for which:

16
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t ) Constructive Interference

Detector

t+At B
Destructive Interference

Detector >
t

Figure 12: Illustration of how the time-dependent interference can occur. The resulting scat-
tering intensity fluctuates around the average (I), which is used for SLS.

T=nAt with 0<n <N and N -At="Ty (27)

Thus 7 assumes only integer multiples of At. The time-intensity-autocorrelation function

can then be expressed as follows:

Tm
(1) - I(t + 7)) = % > 10 16+ 1) (28)
In words this means that the time-dependent scattered intensity is multiplied with it-
self after it has been shifted by a distance 7 in time. Therefore, the values have to be
summed up. In order to average the sum, it has to be divided by the measurement time
Ty The autocorrelation function is then set up for many different delay times 7. The

autocorrelation function is not depending on t but only on the delay time 7.

Limits: As pictured in Figure 13, a strong correlation of the molecule movement for
small time intervals Tgman can be found. I(t) and I(t + 7) often have the same sign and
the product (I(t) - I(t + 7)) is positive, regarding (I(t)) as zero level. For 7 — 0 the
difference between I(t) and I(¢ + 7) diminishes:

17
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lim (I(t)- I(t+ 7)) = (I(t)*) (29)

T—0

For large time intervals 7j,6e the movement of the molecules is no longer correlated. Both,
positive products as well as negative products occur with the same probability. That is
why (I(t) - I(t + 7)) falls off exponentially with increasing 7. The faster the scatterers
are moving in the solution, the steeper is the exponential decay of the autocorrelation

function. For the limit 7 — oo applies:

lim (I(t) - I(t+ 7)) = (I(t))” (30)

T—00

A AT (2)I(t+T))r

Tsmall (I(f)>2 '''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

-
'

t T

Y

Figure 13: Autocorrelation.

If you choose the time intervals sufficiently small, the sum of Eq. 28 becomes an integral:

M

(I(8)- I(t+ 7)) = %/ () - I(t+ 7)At (31)

t=0

To obtain the normalized intensity-time autocorrelation function ¢»(7), Equation 31 is
normalized by (I(t))*:

{(I(t)-I(t+7))

SO

18
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3.2.2 Siegert relation

Since, in practice, the measured intensity /(t) is proportional to the square of the electric
field amplitude E(t) of the scattered light which is directly related to the dynamic be-
havior of the particles (Brownian motion), for the evaluation of dynamic light scattering,

the normalized field temporal autocorrelation function g;(7) is needed:

_(EQ) - ET(t+7))
N OT0) &
g1(7) and g¢o(7) are linked by the Siegert relation:
92(7) = 1+ Bgi (1)° (34)

The factor 8 describes an apparatus-dependent constant.
For a monodisperse particle system the field-time-autocorrelation function g;(7) is given

by a single exponential with decay rate I'.

g(r)=e"" (35)

The decay rate I' is connected to the diffusion coefficient Dy:

I'=D-q° (36)

The diffusion coefficient Dy is related to the hydrodynamic radius R}, of the scattering

particles via the Stokes-Einstein-equation:

kT
® 6mnRy |

(37)

In practice, the above-described theory is used as the following: For each measurement
a correlator determines the autocorrelation function 3g;(7)* = g2(7) — 1 by using a large

range of 7 from a few ps to several seconds. For each measurement an exponentially

19
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decreasing autocorrelation function is obtained. From the exponential decay rate I' of
these autocorrelation functions the diffusion coefficients Dg; are obtained, from which

the hydrodynamic radius Ry can be determined by using the Stokes-Einstein relation.

For poly-disperse samples with n different particles the field-time autocorrelation func-

tion is described by a superposition of several exponential functions:

q(r) = Zw“ (38)

v; is the weight of the individual terms. By Eq. 36 I'; and the respective diffusion coef-
ficient Dg; are linked.

20
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4 Experimental Setup

The general structure of a light-scattering apparatus is shown in Fig. 14.

Laser

Toluene-bhath

(controlled temperature by a
water bath)

Attenuator

'ﬁ"‘ Detector

Sample

Korrelator Computer

Figure 14: Schematic structure of a light scattering apparatus.

The static and dynamic light scattering experiments will be performed using the ALV /CGS-
3 compact goniometer system’ (shown in Fig. 15). By using this apparatus both SLS
as well as DLS can be performed simultaneously. The instrument is operated using the
corresponding computer program ALV Correlator Software V.3.0°. Tt stores the corre-
lation data as well as the normalized intensity data (compare Chapter 6.1).

The light source is an already vertically polarized helium-neon laser with a known wave-
length of A = 632.8 nm. The laser produces a coherent and strong intensity light that
is directed onto a sample in a toluene bath. The toluene bath is used for temperature
regulation of the sample and also to avoid reflections. Toluene is used because the quartz
cuvette of the toluene bath and toluene have approximately the same refractive index.
In this way disturbing reflections can be minimized.

Dissolved particles scatter light in all directions. In order to detect all of these scattered
light waves, the detector is mounted on a goniometer. In this way, scattering angles
between 12° and 152° can be measured. In this experiment angles between 30° and
150° are used. The correlator processes the registered angle dependent intensity into a
normalized field-time-autocorrelation function gy(7). It uses delay times 7 from 25ns

up to 3435.9s. To accommodate the optimal intensity at the detector, the attenuator

21
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determines how much intensity should pass to the detector (pinhole). This helps to

prevent damages of the detector due to an excessive input signal.

detection area

sample holder

toluene bath

moving
Goniometer

detection range

Attenuator and
beamsplitter

For safety reasons, the detection
range is covered by a visor.

Figure 15: Setup of the ALV /CGS-3 Compact Goniometer System’.

5 Experimental Procedure

In this experiment, we will perform standard DLS measurements on two colloidal systems

and a protein solution with different sizes:
e Latex beads with a diameter d = 600 nm (LB600)
e Gold colloid with a diameter d = 30nm (GC30)

e A protein sample with a diameter d ~ 5 — 8nm (Protein)

The results will be used to determine the angle dependent relaxation time, the diffusion

coefficient Dy, and the hydrodynamic radius R} by using the Stokes-Einstein relation.

22
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Figure 16: Some important equipment for preparation.

5.1 Sample Preparation

Figure 16 shows most of the equipment you need to prepare the samples.

Preparing the sample you have to pay close attention to avoid dust in the cuvette! Due
to their big size of a few pum they scatter light much stronger than the dissolved sample
particles whose sizes are in the range of some nm. This leads to large measurement
erTors.

Start by rinsing the cuvette with acetone to make sure that the cuvette is free of dust.
The sample is filtered into the cuvette through a syringe filter (depending on the sample
between 0.1 um and 1.6 pm pore size). Then, the plug has to be set on the cuvette as
soon as possible. (A more detailed instruction on sample preparation, such as the use

of pipettes, are given on the day of the experiment by the assistant.)

5.2 Measurement 1: Latex beads with a diameter of 600 nm
(LB600)

Prepare the LB600 solution from a stock solution whihc has been 100.000-fold diluted.
Fill about 1.5ml stock solution into a syringe and filter it with a 1.6 um filter into a

already cleaned cuvette. After filling the cuvette with the sample, it has to be rinsed

23
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with acetone on the outside to keep the toluene bath of the apparatus clean. Afterwards,

the cuvette has to be put into the sample holder of the instrument.

Meanwhile, choose ’General DLS and SLS’ from the menu bar to set that you want to

do a ’standard’ measurement:

Run Setup Fit Display

General Correlation Application

Particle Sizing, Single Angle

Particle Sizing, Multi Angle

General DLS and SLS

DLS, Non-Ergodic Samples
Time Resolved DLS / SLS

Temperature Dependent DLS / 5LS

ALV-q’[4] DLS/SLS

The main window will be opened which allows you to control the apparatus (see Fig.
17). Basically all of the settings for the measurement have to be done here further

information can be found on the right side of the graphic.

[ Start Hnnﬂummrnll X Cancel‘ ? Help I

Figure 17: Control of light scattering apparatus.

Angular Dependent Dynamic and Static Light Scat‘ber_ing @
Angular Dependent Dynamic and Static Light Scattering
STEP1 Measurement Control Select measuring
angle and
Min. Angle Max. Angle Angular Step Lower Upper Step Runs measuring time. For
|30.00 [150.00 {1000 Range 1 good statistics you
should measure =3
Burs Duration(s] = Range 2 runs and for a
,—3 A ,_10 Accept this Set =p | Range 3 ﬂ:wl ation g;g%r
ane.g. e
[ Remeasure if dRate exceeds Ib % Range 4 prograngl measures
*_& Sample | $Setm |El:umulan|| o Atten | Range 5 again.
Standard: Toluene
STEP 2 static & Dynamic LS Options STEP 3 Measurement Type
[ Measure and correct for detector dark counts & Standard ¢ Solvent (" Solution Solvent: Water (LB)
IV Use Toluene Rayleigh Ratios as standard ) Toluene (F)
! _ StandadFile:  [STANDARD.TOL =)
.. presuming a Refractive Index of 1.4954 ] Solution” dissolved
[ Compute Rayleigh Ratio for VW/-Scattering Solvertlies |SDWENT ToL @ sample
Instead use this AR | 1.0e5 [1/cm] Solution File : &
| _I Select folderin
¥ Corect for index matching fluids refrative index [T Measure without solvent information/fi which the data
Refialive Index = |.I 40954 [T Append solution data to soluti should be stored
¥ C C s [T Create Angular Dependent Report
v Compute and store Cumulants Analysis e To determine Kc/R
Datacutolfat:  [10 % of masimum S LU ] /ml | o have to specify
[V Generate measurement protocel Sample dn/dc : 01 [ml/g) the concentration ¢

and the refractive
index increment
dnide.
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Caution: Before starting the measurement of the sample, make sure that the button
"Solution’ is marked in STEP 3! Otherwise, the standard or the solvent file will be
overwritten and the measurement will have to be started once again!

To choose where to store your data, click 'File’ — 'Set AutoSave’. The window shown
in Fig. 18 opens. Accept to automatically save the data. Select the storage ’e:data’
and the folder of your group, which has been created previously. Finally, rename the
measurement (here, for example: LB600). This setting has to be done before each

measurement to ensure that the location and the stored name can be changed.

AutoSave Selection 3]

v Use dutaSave for automatically saving data files

=2 BN
(= DATA ALY File name:  |Pol100kDalgl
Kathari
% F?d;[t:;ne Auto-number stark value 0aoa
G Poly19.6_2012 Does File exist 7 Ho
|IE| e: [data] j
x Cancel ? Help

Figure 18: Autosave

Afterwards, Open the window shown in Fig.17 and choose in STEP3 ’Solution’. The
folder has to be selected as well, in which you want to store the data. Enter the same

file name that you have previously registered in the ’Auto Save’ settings.

Start the measurement with the following suggested setting parameters:

e Measurement: 3 times 30s

e Angle: from 30° to 150° with a step of 2.5°

e No darkcount, error 10 percent

5.3 Measurement 2: Gold Colloids with a diameter of 30 nm
(GC30)

Take about 1ml gold colloid solution and filter it with a 0.1 um filter into the clean

cuvette. Start the measurement with the following suggested setting parameters:
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e Measurement: 3 times 30s

e Angle: from 30° to 150° with a step of 10°

e No darkcount, error 5 percent

Note: for this step, the supervisor can choose a gold colloid solution with unknown size

for the measurement.

5.4 Measurement 3: Proteins in solution

A protein solution will be prepared and filtered with a 0.1 wm filter into the clean cuvette.
The protein solution should contain 10 mg/ml bovine serum albumin (BSA) with 0.1 mM
NaCl prepared from stock solutions. Start the measurement with the following suggested

setting parameters:
e Measurement: 3 time 30s

e Angle: from 30° to 150° with step of 10°

e No darkcount, error 5 percent

6 Data Analysis

6.1 Stored data

DLS-Data:

By the autosave-setting (see Fig. 18), all the measurements from the correlator are
automatically stored in text files. For each angle three runs are measured. At the end,
there are four auto-correlation-functions, three for each measurement and one averaged
one. For the evaluation we use the averaged text files. In figure 19 it is shown how the
correlation files are stored. All important information is contained in these text files.
The following values can be found in the files: temperature 7', viscosity n, refractive
index n, measuring angle # and more. The values for the determination of the diffusion
coefficient can be found in the columns and rows labeled ’Correlation’ (see Fig. 19).
The first column corresponds to the delay time 7 and the second one to the normalized
intensity-time autocorrelation function g»(7) — 1. Plotting ¢»(7) — 1 over ¢*, we obtain
the exponential function, which can be seen during the measurements in the upper left.

Beyond these values there are much more table columns with e.g. the count rate and
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other data which are not relevant for our evaluation.

@-\/.‘vl |« Lotexbeats » LotexBeats 200nm 2012_5_21 200k 4

| Dropbox

IE silder

B Musik

& Zuletzt gedindert

B suchv

. Offentlich

Il Doku
I Doku

Ordner

|

Markig]

Narme Aufnahmedatum
Dats_LB_21 52012

LB_300nm_200.000.sta

LB_300nm_200.0000000_0001
LB_300nm_200.0000000_0002
LB_300nm_200.0000000_0003

LB_300nm_200.0000000_averaged

LB_300nm_200.0000001_0001

LB_300nm_200.0000001_0002

LB_300nm_200.0000001_0003

LB_300nm_200.0000001_averaged

LB_300nm_200.0000002_0001

LB_300nm_200.0000002_0002

LB_300nm_200.0000002_0003
B_300nm_200.0000002_averaged

LB_300nm_200.0000003_0001

LB_300nm_200.0000003_0002

LB_300nm_200.0000003_0003

LB_300nm_200.0000003_averaged

LB_300nm_200.0000004_0001

LB_300nm_200.0000004_0002

LB_300nm_200.0000004_0003

LB_300nm_200.0000004_averaged
LB_300nm_200.0000005_0001
LB_300nm_200.0000005_0002

I

organge

mente

mente

“EEEEEEEEEEEEEEEEEEEEEELL]

~

1
LB_300nm_200.0000001_averaged ASC-Datei Anderung

"] LB_300nm_200.0000001 averaged - Editor (=] [

Datei Bearbeiten Format  Ansicht ?

ALV-7004 or ALV-7004/FAST -

pate : "21.05.2012" =

Time_: "09:49:28" L

Samplename : "samplename needed.”

z 0

Sam;Memu(l) H

sampMemo(2) :

sampMemo(3) :

sampMmemo(4) :

sampMmemo(5) :

sampmemo(6) :

sampMemo(7) :

SampMemo(8) :

sampMemo(9) : "

Temperature [K] : 297.98894

viscosity [cp]l 0. 89000

Refractive Index: 1.33200

wavelength [nm] : 632. 80000

Angle [F : 40. 00000

puration [s] 30

Floatbur [ms] 30003

stop TP [ms] 2521382656

RUNS

Mode "C-CHO/1+1,/0"

Meancr0 [kHz] 120.91660

MeancRl [kHz] 127.34016

Meancr2 [kHz] 0. 00000

MeancR3 [kHz] 0. 00000

"correlation”
2. 50000e-005 2.87436E+000 2.87045e+000 0. 000(
5.00000E-005 2.B83598E+000 2.85129e+000 0. 000¢
7. 50000e-003 2.843B81E+000 2.82366E+000 0. 000¢
1. 00000E-004 2. B86922E+000 2.8B8273E+000 0. 000¢
1.25000E-004 2. B4452E+000 2.85520E+000 0. 000C
1. 50000E-004 2.B87939E+000 2.86782E+000 0. 000¢
1.75000E-004 2.B6782E+000 2.85232E+000 0. 000(
2. 00000E-004 2.88101E+000 2.89250E+000 0. 000(
2.25000e-004 2.88683E+000 2.91167€e+000 0. 000(
2. 50000e-004 2. 2.90889e+000 0.000( ~

89004E+000

Figure 19: Files stored (left) and open text file with all the information (right) - DLS analysis.

SLS-Data:

Ke
The value K

can be taken directly from the measurement. After each measurement, or

after each measured angle % is displayed directly on the screen in a table (see Fig. 20).

When the measurement is finished, the data has to be copied and stored separately in

a text file! Tt is important to remember this after each measurement, because otherwise
it is very difficult to re-check the data!

6.2 Analysis methods of the DLS data

1. CONTIN-Algorithm:

The correlation function g;(7) can be evaluated in different ways. Directly during the

experimental procedure, it is possible to calculate the radius of the dissolved particles

by using the CONTIN algorithm. This analysis of the correlation function is based on

an inverse Laplace transform. This gives the plot as shown in Fig. 20 on the lower right

side. For monodisperse samples only one peak (Fig. 21) can be seen. On the x-axis you

find the radius of the dissolved particles. For polydisperse samples, depending on the

number of different particles, several peaks can be seen:

2. Second analysis method:
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Scattering Ratios

éR
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Ratio x 1077
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Diode : 33371
PRINT 17.08
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Scattering Angle [°]

T ————| T (| Current Angle : 110.000°  Angle Range : —

Figure 20: Screenshot during the measurement. Intensity fluctuations (top right), particle size
(bottom right) determined by the CONTIN-algorithm that uses the values of the correlation

(top left). The measured %—values at each angle are shown in the table and are used for

the SLS evaluation.

T
CONTIN-Algorithmus

0.8 - .

0.6 1

0.4 .

0.2 —

0 L L 1 | 1
0.01 0.1 1 10 100 1000 10000

Radius [nm]

Figure 21: In the editor stored CONTIN-data plotted with Gnuplot. In this example you find
particles with a radius of R ~ 15 nm.
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The ’common’ method to evaluate the autocorrelation function works as follows:

Monodisperse sample: The (correlation-)data from Figure 19 correspond to the intensity-

time autocorrelationfunction go(7) — 1. Therefore Eq. 35 fits to the experimentally

determined data.

@) —1=8-g(r)*=p -7 (39)

B describes an apparatus-dependent constant. Taking the square of Equation 35 and
considering Equation 36 leads to: —2I' = 2Dyq?. In this way, for each angle one I is
obtained. To determine the averaged diffusion coefficient D; , I vs. ¢? has to be plotted.
If the dissolved particles are small, a linear dependence between I' and ¢? prevails. The
slope of this fit gives the diffusion coefficient 2D;. Note the factor 2 for further
analysis! This diffusion coefficient is used to determine the hydrodynamic radius Ry

using the Stokes-Einstein equation (37).

6.3 Analysis measurement 1: Latex beads (LB600)

For this measurement, we mainly focus on the static light scattering by describing the
form factor P(q) of LB600.

From Equation 21 the following proportionality is obtained:

R
P(q) o« — 40
(4) ox = (40)
Plot the measured ratio Kﬂc over ¢ and compare it to the theoretical curve from Eq.

26. There is no need to fit P(q)wmeo to the measured data, only adjust the theoretical
curve to the measured one by iteratively varying the radius R and by multiplying by a
prefactor « - P(q)tneo- The theoretical curve is not obliged though. Plot Kic for all three
different samples in one figure to identify their angular dependent scattering. The final

image should look similar to Figure 11.
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theorefical curve for P(q) with R=300nm
measured values for LB600 =
n
164007 | o=
| |
| |
|
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| |
1e+006 | R
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= .
100000 | maes 1
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10000
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Figure 22: Example plot of the form factor of LB600 with experimentally determined intensity
(solid circles) and the theoretical model for monodisperese spheres (solid line). In this
example the particles have a radius of R ~ 300 nm.

6.4 Analysis measurement 2: Gold colloids (GC30) and proteins

Same method applies to the analysis of LB600 and protein sample

For this measurement, we focus on the diffusion coefficient Dy and the hydrodynamic
radius Ry, from the dynamic light scattering results. However, the similar analysis (SLS
data) as has been done for LB600, could be performed as well.

The DLS measurement has been performed from 30° to 150° in 10°-steps. For this
measurement, we will analyze the dynamic data to get the diffusion coefficient of the
gold colloid. First, determine the values of I' for each angle by fitting the data using Eq.
39. An example is shown in Fig. 23.

Second, plot I' vs. ¢2. For small scattering vectors ¢? the values increase linearly. For
the linear part it is necessary to make a linear regression.

In the protocol, the graph of I" vs. ¢? has to be attached. The chart should also include
the linear fit. Write down the equation of the regression. From the diffusion coefficient
Dg one can calculate the hydrodynamic radius Ry, by using the Stokes-Einstein relation.

An example is shown in Fig. 24.
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Figure 23: Example plots of the intensity-time autocorrelation function go(7) — 1 with data
fitting using Eq. 39.
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Figure 24: Example plot of I' vs. ¢ and a linear fitting. From the slope one obtains the
diffusion coefficient Ds.
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Table with a few important constants

solvent 7(20°C) n(20°C)
Toluene 0.59 1.496
Water 1.00 1.332

Table 1: Properties of the solvents (viscosity n and refractive index n (data from Sigma
Aldrich).

7 Instruction for Report Preparation

Please bring with you a USB stick at the day of the experiment!

The goal of this experiment is to understand the basic principles of the scattering tech-
nique and its application to nano-, bio- and other soft matter systems. After performing
the experiment, a short report is needed to summarize this lab course. In general, the
following items should be included:

Basic Principles of Light Scattering

Try to summarize the basic principles we introduced for dynamic light scattering by

answering and explaining the following questions:
e How is the scattering vector ¢ defined?

e For dynamic light scattering, could you summarize the basics on how to determine
the diffusion coefficient from the time correlation function of scattering intensity

via the Siegert relation?

e Which equation allows to obtain the hydrodynamic radius Ry from the diffusion

coefficient?

Experimental setup and experimental procedure

Briefly describe what the experimental setup looks like; what are the basic components?
Describe which samples have been measured on the day of the experiment. Describe the
exact details of the experiment, such as angle range and increment, duration, error, etc.
Please describe the procedure of checking the scattering speckles using laser pointers.
Attach one or two pictures you took during the experiments. Please describe what you

see and give a possible reason.
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Data Analysis

This is the major part of the report. You may wonder what to do with the huge amount

of data collected during the experiment. The section of Data Analysis has provided

detailed description on how to do all the data analysis. However, in the report, it is not

necessary to do all data analysis. Basic requirement is described below:

R

e For static data of three samples, please plot the measured ratio == over ¢ in

Kc

logarithmic scale and compare their angle dependent scattering.

e For GC30, please show a few angles (e.g 90 °) of the time correlation function. Plot

the intensity go(7) —1 vs. 7, then fit the data using Eq. 38. If you repeat the above

analysis for all angles and plot I' vs. ¢2, one should obtain a linear relationship.

A simple linear fit will give you the value of the diffusion coefficient Ds. You can

further calculate the hydrodynamic radius R, using the Stokes-Einstein relation.

e Apply the above analysis for LB600 (use only the first 10 data for better statistics)

and protein samples. Summarize and compare the results for samples with different

sizes.

e Summarize your results for the hydrodynamic radii and the diffusion coefficients

for your different samples in a table like the following.

sample

LB600

GC

Protein

Dg |em?/s]

Ry, [nm)]

e For those who are interested in further data analysis, please check the whole pro-

cedure in the section of Data Analysis.

Suggestion for further improvement

Any comment for further improvement of the practical is welcome!
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