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2.1  Synthesis and Characterization of Silica Nanoparticles

2.1.1  Synthesis

Silica nanoparticles of diameter 12, 21 and 42 nm were prepared by the hydrolysis 
of tetraethyl orthosilicate Si(OC2H5)4 (TEOS) with water. The reaction taking place 
is a sol-gel process and is shown below:

The reaction proceeds by hydrolysis of TEOS to Si(OH)4 and a series of condensa-
tion reactions that convert the orthosilicic acid into a mineral-like solid via the for-
mation of Si-O-Si linkages [1]. Reaction was carried out in the presence of the basic 
amino acid lysine as reported by Davis et al. [2] and Thomassen et al. [3] In a typical 
synthesis 0.51 g of lysine monohydrate was dissolved in 102 mL milli-Q water in 
a 250 mL round bottom flask (RB). After equilibration at 60 °C for 1 h, 16 mL of 
TEOS was added dropwise and the reaction mixture was kept in the reaction ves-
sel at an optimized temperature and stirring rate. The resulting silica dispersion was 
dialyzed to remove unreacted TEOS and reaction by-products, using dialysis mem-
branes with a molecular-weight cut-off at 14 kDa. Dialysis was carried for 1 week 
with changing of milli-Q water twice per day. Bigger aggregates of silica formed 
during the reaction were removed from the dialyzed dispersion by a series of filtra-
tion steps. Filtration was done with 5 µm followed by 0.8 µm and eventually using 
0.22 µm filters. In order to avoid aggregation of silica, pH was adjusted to ≃9 and 
the dispersion was stored at 8 °C. The particle size was tuned solely by optimiz-
ing the stirring speed and the adjustment of the temperature of the reaction mix-
ture. Since the different sizes of silica nanoparticles were prepared by altering only 
the physical conditions, the surface chemistry (surface charge density) presumably 
remains unaltered. The resulting silica nanoparticles were characterized for their size 
and polydispersity by Small Angle X-ray Scattering (SAXS), for their surface charge 
by zeta potential and for their specific surface area by nitrogen adsorption.

Si(OC2H5)4 + 2H2O → SiO2 + 4C2H5OH
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2.1.2  Zeta Potential

The surface charge of a colloidal particle in aqueous media is balanced by an 
equal number of oppositely charged counter ions. Some of the counter ions are 
bound to the surface within, the so called Stern or Helmholtz layer, while others 
form an atmosphere of loosely bound ions further away from the surface known as 
the diffuse double layer [4]. Within the diffuse layer there is a notional boundary, 
inside which the ions move together with the particle, whereas the ions outside 
this boundary do not travel with the particle. This boundary is called the surface of 
hydrodynamic shear or slipping plan [5] (Fig. 2.1). The potential that exists at this 
boundary is known as the zeta potential. It is an electric potential in the interfacial 
double layer at the location of the slipping plane versus a point in the bulk fluid 
away from the interface [6]. In other words, zeta potential is the potential differ-
ence between the bulk dispersion medium and the stationary layer of fluid attached 
to the particle’s surface. Zeta potential is not measurable directly but it can be cal-
culated from electrophoretic mobility (μe) using the Henry equation

where ζ is the zeta potential of the particle with radius R, η and ε are the viscosity 
and dielectric constant of the medium respectively and f(κR) is called the Henry’s 
function. The Henry’s function depends on particle size and the ionic strength of 
the dispersion via the Debye length (1/κ)

(2.1)ζ =
3ηµe

2εf (κR)
,

(2.2)
1
/

κ =

√

ε0εkBT

2NAe2I

Fig. 2.1  Diagram showing the distribution of the ions around the negatively charged particle, 
indicating the presence of a shell of strongly bound counter ions (stern layer) and weakly bound 
layer called the diffuse layer
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where ε0 is the permittivity of free space, ε is the Dielectric constant, kB is 
Boltzmann constant; T is the temperature in K, NA being the Avogadro number, e 
is the elementary electronic charge and I is the ionic strength of the dispersion.

The electrophoretic mobility of a particle can be determined by the application 
of an electric field across the dispersion. The charged particles suspended in the 
electrolyte are attracted towards the electrode of opposite charge. Viscous forces 
acting on the particles tend to oppose this movement. When a steady velocity 
v, is reached, the electrophoretic mobility is given by μe = v/E, where E is the 
electric field strength. The Henry’s function f(κR) acquires the value of 1.5 in the 
limit κR ≫ 1, i.e. large particles and high ionic strength (Smoluchowski approxi-
mation), whereas f(κR) = 1 in the limit κR ≪ 1, i.e. small particles in low ionic 
strength media (Hückel approximation). Measurements of the electrophoretic 
mobility were carried out with a Zetasizer Nano ZS (Malvern Instruments, UK) 
operating with a 4 mW HeNe laser (633 nm) and a light scattering detector posi-
tioned at 90° and a temperature control jacket for the cuvette. The sample was 
equilibrated for 2 min at 25 °C before starting the measurements. Three measure-
ments, each consisting of 30 runs were performed for each sample, and an average 
of the measurements was used for further reference.

2.1.3  Nitrogen Adsorption

The surface area of the nanoparticles was determined by nitrogen adsorption at 
77 K. The adsorption isotherm was then interpreted on the basis of BET model 
of multilayer gas adsorption [7]. The surface of a solid is regarded as an array of 
equivalent adsorption sites. As in Langmuir model of monolayer adsorption, each 
of these sites can accommodate one adsorbed molecule in direct contact with the 
surface. However, in BET model each occupied site can act, in turn as a site for 
molecules adsorbed in the second layer, and so on for infinite number of higher 
layers. The resulting BET model can be written in the form

here V is the amount of adsorbed gas expressed as ideal gas volume at standard 
temperature and pressure (VSTP), Vm is respective volume of a complete mon-
olayer adsorbed gas quantity, p is the equilibrium pressure, p0 is saturation vapor 
pressure, the term p/p0 is called the relative vapor pressure and c is the BET con-
stant, c = e�E/ RT, where ΔE is the difference between the heat of adsorption of 
first layer and the higher layers. The derivation of the BET equation can be found 
elsewhere [7]. The relation presented in Eq. 2.3 can be plotted with p/p0

V(1−p/p0)
 as 

ordinate and p/p0 as abscissa resulting into a straight line. This representation is 
called BET plot. In many cases, the linear behavior of the equation is maintained 
for 0.05 < p/p0 < 0.3. The slope of the straight line is equal to 1/Vm and is related 
to the specific surface area (as) by the following relation

(2.3)
p/p0

V(1 − p/p0)
=

1

Vmc
+

c − 1

Vmc
(p/p0)

2.1 Synthesis and Characterization of Silica Nanoparticles



18 2 Methods

where am is the average area occupied by a molecule of adsorbate (am = 0.162 nm2 
for N2), NA is the Avogadro constant and VSTP is the volume occupied by 1 mol of 
the gas at STP (VSTP = 22.414 L/mol). In our work, we have measured the adsorp-
tion isotherms of nitrogen at 77 K for the synthesized silica materials by gas volu-
metry using a Micromeritics Gemini III 2,375 Volumetric Surface Analyzer. Before 
the gas adsorption measurements, the silica material was dried and outgassed at 
393 K for 1 h under vacuum. For nitrogen adsorption isotherm measurements, 
Micromeritics sample holder with thermal isolation by Dewar vessel containing 
liquid nitrogen was used.

2.2  Adsorption at Solid/Liquid Interface

Adsorption phenomena take place whenever two immiscible phases are brought 
into direct contact with each other, resulting in the excess accumulation of either 
component in the interfacial region. The process of transfer of the component from 
bulk to the surface continues until a state of adsorption equilibrium is reached 
[8]. Adsorption from solution onto a solid surface depends on the composition of 
the solution and is expressed in terms of an adsorption isotherm, where amount 
adsorbed (nads) is expressed as the function of equilibrium concentration (i.e. free 
adsorbate concentration) in the bulk (ceq). In our studies, we determined adsorp-
tion isotherms by solvent depletion method. In a typical experimental scheme, a 
certain concentration of adsorbate (c0) (protein or surfactant) was added to the dis-
persion containing a fixed amount of silica nanoparticles and the mixture obtained 
was equilibrated for 24 h on a multiple axel rotor. After complete equilibrium was 
reached, nanoparticles with the adsorbed protein (or surfactant) were removed 
from the dispersion by centrifugating the samples for 2 h at ≃21,000 g (15,000 
RPM) in a Hettich Universal 320R centrifugation equipment fitted with 1420-A 
sample holder. The supernatant was carefully isolated from the centrifugated mix-
ture and the amount of unadsorbed protein (or surfactant) in the supernatant was 
determined by the methods described in the following sections. After the precise 
determination of the residual equilibrium concentration ceq the amount adsorbed 
was calculated as nads = V(c0−ceq), where V is the volume of dispersion and c0 is 
the total amount of adsorbent added to silica dispersion. The surface concentration 
(excess) of the adsorbed material is then given by Eq. 2.5 [9, 10] 

here Γ is the surface excess concentration (expressed in mol/m2), c0, ceq are the 
concentration before and after equilibration with the solid (in mol/L), V is the total 

(2.4)as =
amVmNA

VSTP

(2.5)Γ =

(

c0 − ceq

)

V

asm
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volume of solution (in L), m is the total mass (in g) and as is the specific surface 
area of the particles (in m2/g) (Sect. 2.1.3). Different initial amounts of adsorbate 
(c0) were added to the nanoparticle dispersion in order to access different surface 
concentration regimes, and thus to obtain complete adsorption isotherm.

2.2.1  Surfactant Adsorption

The adsorption isotherm of C12E5 on silica nanoparticles was determined by the 
procedure explained in the previous section. Surface tension was used to deter-
mine the equilibrium surfactant concentration (ceq). Surface tension measurements 
were made by the Du Noüy ring method using a Krüss K11 Tensiometer. The 
Platinum-Iridium ring of 20 mm diameter was used to examine the pulling force 
(and hence surface tension) from the liquid-air interface for the determination of 
surface tension of solution. The ring was completely dried before each measure-
ment and all the samples were equilibrated at 25 °C for 5 min before the measure-
ment. Three consecutive readings were taken and their mean value was used as the 
final surface tension of the solution. A surface tension curve for known concentra-
tion of C12E5 surfactant is shown in Fig. 2.2, the dashed line indicates the value 
of critical micelle concentration (cmc). The region of linear decay in the surface 
tension with surfactant concentration < cmc, was used as the reference, and the 
linear fit to the points was used as the calibration values for determining unknown 
concentrations of surfactant. A typical adsorption isotherms curve for nonionic 
surfactant (C12E5) on silica surface is shown in Fig. 2.3a. The adsorption isotherm 
of nonionic surfactants on silica surface shows an S-shaped curve [11, 12] which 
is contradistinct from the Langmuir model of adsorption (Fig. 2.3b).

Fig. 2.2  Surface tension 
variation of aqueous solution 
of C12E5 surfactant at 
different bulk concentrations, 
the intersection point of the 
linear fit for the two regions 
of surface tension curve gives 
the value of cmc

2.2 Adsorption at Solid/Liquid Interface

http://dx.doi.org/10.1007/978-3-319-07737-6_2
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For nonionic ethoxylate surfactants, because of the presence of weak non-
electrostatic interactions between the ethoxylate surfactant head groups and silica 
surface silanol groups, the adsorption isotherms do not show the second plateau 
region as is the case with ionic surfactants [13] (not shown here). The adsorp-
tion behavior of nonionic surfactant has been well explained by Zhu et al. [14]. 
According to the proposed model, the aggregation of n monomers of nonionic sur-
factant on a surface site (s) forms a surface-micelle, where n is the nominal aggre-
gation number of the surface-micelle.

At equilibrium,

By applying the mass action model to the above assumption, the surface excess 
concentration (Γ) of nonionic surfactant is given by the following Eq. 2.6.

where Γm is the maximum surface concentration, ceq is the equilibrium concentra-
tion of surfactant, K is the adsorption constant and n is the mean aggregation num-
ber. This equation was used for fitting the experimental data points in (Chap. 4)  
and hence determining the Γm and n values.

2.2.2  Protein Adsorption

Adsorption isotherms of proteins (lysozyme or cytochrome C) on silica nanoparti-
cles were measured at different pH and ionic strength in 50 mM 2-(N-morpholino)

s + n-monomers ↔ surface-micelle

(2.6)Γ =
ΓmKcn

eq

1 + Kcn
eq

Fig. 2.3  Generalized example of two different types of adsorption isotherms on silica nanoparti-
cles. a Adsorption isotherm of C12E5 on silica, it presents an S-type curve and can be represented 
by Gu-Zhu model [14]. b Lysozyme adsorption isotherm at silica surface, it shows a very strong 
affinity of adsorption on silica surface and can be represented by Langmuir adsorption model

http://dx.doi.org/10.1007/978-3-319-07737-6_4
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ethanesulfonic acid (MES) or 2-(Bis(2-hydroxyethyl)amino)acetic acid (BICINE) 
buffer. Organic buffers were used with the purpose of keeping the ionic concen-
tration caused by buffers to a minimum. The free protein concentration in the 
supernatant obtained after centrifugating out silica with adsorbed protein was 
determined by measuring its absorbance at λ = 280 nm using a Varian Cary 
UV-vis spectrophotometer. For precise determination of protein concentration at 
pH > 7, the BCA protein assay kit was used. 0.15 ml of the protein sample was 
incubated with 3 mL of working reagent for 2 h at 60 ± 1 °C, and the absorbance 
at λ = 560 nm was measured. BCA uses reduction of Cu+2 to Cu+ by protein in 
an alkaline medium (biuret reaction) with the highly sensitive and selective col-
orimetric detection of Cu+ using a unique reagent containing bicinchoninic acid 
[15]. At first, a calibration curve with known protein amounts was obtained. Based 
on this calibration curve, the unknown protein concentration was determined. 
Figure 2.4a shows the typical UV-vis curves measured for different known con-
centrations of the protein, The calibration curve resulting from the measurements 
is shown in Fig. 2.4b. The linear fit to the experimental points gives a slope m with 
an intercept of b. Hence equilibrium concentration of protein is given by Eq. 2.7.

where A560 is the absorbance of the assay-protein complex, b = 0.26 and 
m = 6.18.

The adsorption isotherms obtained were of the type shown in Fig. 2.4b. This 
type of isotherm is typical for strong monolayer adsorption and can be represented 
by the Langmuir adsorption model. According to this model there exists equilib-
rium between empty surface sites (s), free particles (p) and sites occupied by a sin-
gle particle (sp), i.e. s + p ↔ sp. Surface of protein at any point can be estimated 
by the above model using the Langmuir equation [16] 

(2.7)ceq =
(A560 − b)

m

Fig. 2.4  a Absorbance variation for samples treated with BCA protein assay at 60 °C for 2 h and 
having different protein content indicated by the numbers. b The change in the absolute absorb-
ance values at 560 nm; the scattered points are the measured data points (shown in a) and solid 
line is the linear fit to the data points

2.2 Adsorption at Solid/Liquid Interface
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where Γ is the surface (excess) concentration at any point on adsorption isotherm, 
Γm is the maximum surface concentration, ceq is the equilibrium concentration in 
the solution and K is the Langmuir equilibrium constant. Its value depends on the 
strength of adsorption, i.e., the binding affinity (or energy) of the sorbent to the 
substrate. Comparing Eqs. 2.6 and 2.8 the only difference between the two model 
isotherms is the presence of the aggregation number ‘n’ in Eq. 2.6, which accounts 
for rapid increase in adsorption beyond a specific onset concentration.

2.3  Turbidity and Analytic Centrifugation

As will be discussed in Chaps. 6 and 7, the samples of silica dispersion contain-
ing lysozyme in a pH range 4–9 causes a lysozyme-mediated silica aggregation. 
In order to study the evolution and nature of these aggregates as a function of pH, 
turbidity measurements were made. The turbidity τc of the dispersions was deter-
mined from their optical transmittance (T) at wavelength 800 nm with the relation 
τc = (log10(1/T))/lc, where c is the mass concentration of the silica in the disper-
sion, and l is the optical path length. The transmittance of the samples was deter-
mined in 1 mm quartz cuvettes using a UV-vis spectrophotometer.

Another newly developed technique used for the characterization of aggregate 
morphology is the analytical photo-centrifuge. It allows speeding up the sedimen-
tation of dispersions by the application of centrifugal force. The rate of sedimen-
tation of nanoparticles or aggregates in the centrifugal field is dependent on their 
size and morphology. Hence monitoring sedimentation by measuring the inten-
sity of the light transmitted through the sample can provide detailed information 
about the aggregate structure. As described elsewhere [17, 18], in Space and Time 
Extinction Profiles (STEP)-technology, the sample is measured simultaneously 
over its full sample length as a function of time as shown in Fig. 2.5. For a given 
type of sample cells the position corresponds to a defined sample volume, the rela-
tionship between position and sample volume can be established by calibration. 
This allows to directly determine separate phase volumes and to calculate packing 
densities.

In the present work, the analytical centrifugation measurements were carried 
out in cooperation with Prof. D. Lerche and Dr. T. Sobisch at LUM Berlin. The 
sedimentation kinetics and phase volume of the silica-protein hetero-flocculate, 
and the size distribution of the flocculated particles was derived from the pro-
gression of transmission profiles. The sedimentation kinetics was measured at a 
centrifugal acceleration of 36 g (bottom position). Subsequently, the compression 
kinetics of the sediments formed was obtained at 2,300 g. The size distributions 
were determined in a separate measurement in which the centrifugal acceleration 
was gradually increased from 13 to 2,300 g [19].

(2.8)Γ =
ΓmKceq

1 + Kceq

http://dx.doi.org/10.1007/978-3-319-07737-6_6
http://dx.doi.org/10.1007/978-3-319-07737-6_7
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2.4  Small Angle Scattering

Scattering is the phenomenon where an incident radiation (light, X-rays or neu-
trons) is forced to deviate from a straight linear path when passing through a 
medium (solid, liquid or gas). In general, when an electromagnetic wave is inci-
dent on a system then the constituents of the system emit secondary wavelets in all 
the directions. The overall scattering pattern is then resulting from the superposi-
tion and interference of all the secondary wavelets. A typical set up for small angle 
instrument is shown in the Fig. 2.6a. Here, a collimated X-ray or neutron beam is 
incident on the sample and the pattern arising from the scattering was observed by 
the detector placed in line with the incident beam. Beam-stop is placed in order 
to avoid the high intensity direct beam, which could lead to damage of detector.  

Fig. 2.5  Experimental setup of the multisample analytical photocentrifuge. Parallel NIR-light 
is passed through the sample cells and the distribution of local transmission is recorded at preset 
time intervals over the entire sample length. (Figure reproduced with the permission of LUM, 
Berlin, GmbH)

Fig. 2.6  a Experimental setup for the small angle scattering experiment, where the incident 
beam from the source (neutron or X-ray) is projected on the sample and the scattered beam is 
monitored by the detector in line with the incident beam. b Schematic illustration of a neutron 
scattering geometry and vector relations

2.4 Small Angle Scattering
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In my PhD work, Small Angle Neutron Scattering (SANS) and Small Angle X-ray 
Scattering (SAXS) were used to study the structural features of hard and soft mat-
ter in the nanoparticle dispersions. The principle of the two techniques is exactly 
the same but important differences between SANS and SAXS result from the dif-
ferent nature of the scattered radiation. Neutrons are neutral elementary subatomic 
particles which interact with the atomic nuclei of the sample. On the other hand, 
X-rays interact with the electron shell of the atoms and thus gives information about 
the electron density in different parts of the sample. In both cases, it is the elas-
tic, coherent scattering of X-rays/neutrons that gives rise to small-angle scattering. 
Coherent scattering is “in phase” and thus can contribute to small-angle scattering. 
Incoherent scattering is isotropic in a small-angle scattering experiment and thus 
contributes to the background signal and degrades signal to noise [20]. Figure. 2.6b 
shows the scattering process in terms of incident (ki) beam vector that scatters from 
a sample S at an angle θ, resulting into secondary beam vector (kf). For elastic, 

coherent scattering 
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∣

∣
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, the scattering vector q can be obtained as

where λ is the wavelength of the incident beam and θ is the scattering angle.
Regardless of the fact that the sample is crystalline or amorphous, we can still 

write the condition for constructive interference in terms of Bragg’s law:

where n is the order of peak (say n = 1), and d is the real space distance corre-
sponding to wave vector q and is given by d = 2π/q. The formula between q and d 
gives the relation between the size of the object and the corresponding momentum 
transfer in a diffraction experiment. The measured counts (neutron or electron) 
of a scattered beam, I(q), recorded by the detector in time t, is dependent on the 

absolute scattering cross section d
∑

(q)

dΩ
, by the expression given by Eq. 2.11

where t is the counting time, d is the sample thickness, T is the transmission of the 
sample and Kinst is a constant dependent on instrumental factors and reads as

where ϕflux is the incident radiation flux on the sample (neutron/cm2 s), A is the 
cross-sectional area of the incident beam, �Ω is the solid angle subtended by the 
single pixel of the detector and ε is the detector efficiency. The 2D data obtained 
for a sample is radial averaged to obtain the 1D data which is then treated for fur-
ther instrumental correction to obtain the final reduced scattering profile I(q) ver-
sus q, where I(q) is expressed in the units of cm−1 and q in nm−1 (or Å−1).
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(2.11)I(q) = Kinst × d × t × T ×
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(2.12)Kinst = ϕflux × A × �Ω × ε
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The total scattering intensity from a dispersion of nanoparticles can be factor-
ized as follows

where ϕ is the volume fraction of the scattering particles in the dispersion, V is the 
volume of the single scattering particle, �ρ is the scattering contrast of the parti-
cle against the surrounding matrix, P(q) is the form factor of a particle and S(q) is 
the structure factor of the assembly of the particles. The scattering contrast Δρ in 
Eq. 2.13 is the difference between the Scattering Length Density (SLD) of scat-
tering particles and the matrix. The value of ρ for a sample composed of different 
atom i can be calculated as [21] 

where δ is the bulk density of the molecule, m is its relative molar mass, N is the 
number density of scattering centers and bi is the coherent scattering length of the 
nucleus i (for SANS). In X-ray scattering, the scattering length bi of an atom is pro-
portional to the atomic number Zi and is given by bi = Zire [22], where re is the 
classical electron radius = 2.82 × 10−15 m. Clearly, if in Eq. 2.13 Δρ is zero, the 
total scattering intensity I(q) becomes zero. When this condition is met the scattering 
centers are said to be contrast matched. Since the scattering from a multi-compo-
nent system is the weighted summation of the scattering contrast of each compo-
nent, the contrast matching can simplify the scattering pattern. Figure 2.7 gives the 
neutron and Cu-Kα SLD [23] for H2O, D2O, silica, the protein lysozyme [24, 25] 
and the surfactant C12E5 (Chaps. 4 and 5). As can be seen, the SLD of H2O is <0 
but for D2O it is >0. Hence in SANS, the key to the contrast is adjusting the volume 
ratio of H2O and D2O to arrive at the contrast match point for one of the dispersed 
components of a complex system (in our case silica). In SAXS, this zero scattering 

(2.13)I(q) = ϕ�ρ2VP(q)S(q)

(2.14)ρ =

∑

i

bi

δNA

m
= N

∑

i

bi

Fig. 2.7  Scattering length density for different components used in the SAXS and SANS experi-
ments. Neutron SLD for H2O is slightly negative while D2O has high positive value. This differ-
ence enables the use of H2O/D2O mixture to contrast match other components in the dispersion, 
which is not possible with X-rays

2.4 Small Angle Scattering

http://dx.doi.org/10.1007/978-3-319-07737-6_4
http://dx.doi.org/10.1007/978-3-319-07737-6_5
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condition cannot be achieved merely by H2O/D2O mixture and the scattering pat-
tern originates from all of its components. For investigating the effect of additives on 
the adsorbed surfactant on silica nano-spheres SANS measurements were performed 
on SANS-II instrument at the Paul Scherer Institut, Villigen, Switzerland. For avoid-
ing complications, the silica dispersion was contrast matched by using H2O/D2O 
(≃38:62) that corresponds to the SLD of pure silica (=3.54 × 10−4 nm−2), hence 
the scattering originates solely from the surfactant in the dispersion. The SANS data 
reduction was done by using BerSANS software package [26]. Further modeling of 
the form factors and structure factor is explained in Chap. 3.

2.5  Small Angle Diffraction

In Chap. 5, we have studied the assembly of nonionic surfactant C12E5 in cylin-
drical mesopores of SBA-15 silica material. A given mesoporous material is 
identified by its pore diameter (or width) and pore lattice. A cylindrical pore is 
regarded as the unit cell i.e. the basic building block of the pseudo crystalline 
structure of SBA-15. Since the ordered structure of SBA-15 has hexagonal sym-
metry (Fig. 2.8a, b), the unit cell can be reduced to parallelepiped (Fig. 2.8b) that 
has two characteristic sides whose length is equal to ‘dhk’ lattice parameter. In our 
study of the self-assembly of surfactant in such ordered mesoporous silica mate-
rials, Small Angle Neutron Diffraction (SAND) was applied. The experimental 
setup of a SAD is similar to SAS. In both the cases, a beam of X-rays or neu-
trons is incident on the sample and the scattered or diffracted beam is measured 
by the detector. Diffracted waves from different centers in a material can interfere 
with each other and the resultant intensity distribution is strongly modulated by 
this interaction (Fig. 2.8c). If the scattering centers are arranged in a periodic fash-
ion, as in crystals, the diffracted waves will consist of sharp interference maxima 
(peaks) with the same symmetry as the distribution of the scattering centers. The 
peaks in a diffraction pattern are directly related to the periodic distance between 

Fig. 2.8  a Cartoon showing the ordered pores in the SBA-15 material; b 2D hexagonal lattice of 
the pores indicating the ordered lattice parameters. c Bragg’s diffraction: Two beams with identi-
cal wavelength and phase (X-rays or neutrons) incident on an ordered solid, which are scattered 
off from two different pores within the lattice

http://dx.doi.org/10.1007/978-3-319-07737-6_3
http://dx.doi.org/10.1007/978-3-319-07737-6_5
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lattice planes dhk by Eq. 2.10. Whereas, the lattice parameter is related to the scat-
tering vector (Eq. 2.9) by the following equation

where h and k are the Miller indices of the diffraction peak maxima at the wave 
vector qhk. Hence by determining the peak position in the SAD profile, the lattice 
parameter can be easily extracted.

SAND measurements were made on D16 instrument at Institut Laue-Langevin, 
Grenoble, France. 2-D Scattering data was acquired for two different detector 
angles 0 and 12°. The wavelength broadening for the instrument was Δλ/λ = 0.1. 
LAMP software was used for reducing 2D data into 1D diffraction curves, and 
SciLab was used for further modeling of the data. We have studied the adsorp-
tion of surfactants in SBA-15 by SAD of neutrons. The samples were prepared 
in the contrast match H2O/D2O water at the contrast match point of SBA-15 
(3.70 × 10−4 nm−2), hence the scattering originates solely from the surfactant 
with no contribution from the silica material. In a typical experiment a fixed 
amount of SBA-15 material was taken in a vial with a fixed amount of contrast 
match water. A requisite amount of C12E5 surfactant was added to vial and was 
equilibrated for 12 h. After complete equilibration, SBA-15 with the adsorbed sur-
factant in the pores settles down and supernatant was drained away, leaving behind 
the thick slurry. This viscous slurry was transferred to the specially designed hold-
ers for the samples (as in Fig. 2.9) and was measured for SAND.
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