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4 
Growth of crystals 

from dye-doped colloids 

4.1 Introduction 

To meet the specific needs of experiments on fluorescence in photonic crystals, we 
have synthesized dye-doped colloidal silica spheres. Most of the fluorescence ex
periments were performed using crystals prepared from these specially synthesized 
colloids. We will discuss the particle synthesis and the preparation of photonic 
crystals from the synthesized particles, but first we will turn to the rationale un
derlying the synthesis. 

Experiments on fluorescence in photonic colloidal crystals make high demands 
upon the properties of the colloidal particles used to form the crystals. The size of 
the particles should be on the order of optical wavelengths, the typical length scale 
in photonic crystals. The particles should readily form large crystals, so one can ob
tain samples that are sufficiently large to do experiments on. This requires particles 
which all have the same size, i.e. a size polydispersity of less than 6%.1-3 To make 
the crystals fluorescent, the crystals should contain fluorescent molecules with a 
high quantum efficiency, like fluorescent dye. The fluorescent properties of the dye 
molecules should be isolated as much as possible from the material properties of the 
crystals. The molecules should preferably reside inside the colloidal particles rather 
than on the surface or outside in the suspending liquid, to prevent unwanted chemi
cal interactions of the dye with the liquid or with particle surfaces.4 To prevent the 
fluorescent molecules from disturbing the photonic band structure, absorption of 
light should be avoided. Absorption impedes multiple scattering, which is essential 
for photonic band structure to develop. To reduce absorption, the density of fluores
cent molecules should be kept low. A low dye concentration will also prevent non-
radiative transfer between dye molecules. The density of fluorescent molecules in 
commercially available polystyrene or PMMA spheres is usually high, close to the 
quenching concentration, as they have been designed to maximize the fluorescence. 
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A bright fluorescence facilitates detection of small numbers of spheres, important 
for example in biological applications.5 Due to the high dye density, commercially 
available dyed spheres are not suitable for our purposes, so we synthesized spheres 
ourselves. Silica was chosen because it is inert and methods exist to incorporate dye 
in silica spheres.6 The synthesis was performed by J. E. G. J. Wijnhoven in collab
oration with the Van 't Hoff Laboratory, University of Utrecht.6-7 

From the colloids, we prepared colloidal crystals by sedimentation. An impor
tant factor in the preparation of photonic crystals is the density of spheres, since it 
determines the position of the stop gaps in the photonic band structure. For our flu
orescence experiments it is crucial that the stop gap overlaps with the dye's emis
sion spectrum. Practical usefulness of photonic colloidal crystals depends on the 
availability of sufficiently large single crystals. Crystals with linear dimensions on 
the order of 104 unit cells (mm sizes) have been reported, albeit for dilute, weakly 
photonic samples with densities cp < 1 vol%.8'9 The largest crystals are grown close 
to the freezing curve, where the nucleation rate is so small that few crystal grains 
nucleate and grow.10 Dense crystals with q> ~ 50 vol% have been made with ster-
ically stabilized colloids, but the crystallites are smaller with linear dimensions of 
2 0 - 100 urn.12 We have grown charge stabilized single crystals with volume frac
tions up to 60 vol% and dimensions up to 0.5 mm (see Fig. 4.2, 7.1). The density 
of these crystals can be adjusted by adding salt to the suspending medium. The 
ionic strength of the liquid influences the extent of the double layer, i.e. the region 
of charge imbalance between the electrically charged surface of the spheres and 
the counter-ions in solution. In highly deionized suspensions, colloidal particles 
can carry an extended double layer of up to 500 nm thickness.11-12 Adding salt to 
the suspension screens the Coulomb interaction and compresses the double layer. 
Spheres with an extended double layer will start to interact at larger separation, re
sulting in crystals with a lower volume fraction. From a photonic point of view, 
optimal volume fractions for crystals of silica spheres are in the range of 30^-0%. 
Experiments in this intermediate density range are exceptional. Previously, interest 
in colloid physics has mainly focused on the one hand on hard sphere like colloids, 
with densities of about 50 vol%, and on the other hand on charge stabilized colloids 
with very low ionic strength and hence low densities, on the order of a few volume 
percent.12-14 We have investigated the sedimentation and crystal formation in col
loidal suspensions with intermediate volume fractions, highlighting the interplay 
between sedimentation and charge stabilization. 
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4.2 Synthesis 

The synthesis of the silica spheres is a multi step process. In order to obtain spheres 
that are sufficiently monodisperse, the synthesis was started by forming silica seeds 
in a micro emulsion.1516 To obtain larger spheres, extra layers of silica were added 
using a Stöber-like synthesis method.17 The core of the spheres is left blank; a mi
cro emulsion based synthesis route for dyed spheres is not available. The first added 
layer of silica contains the dye. Further layers of blank silica serve to shield the dye 
from the outside. 

The particles were nucleated in a micro emulsion following the method of 
Osseo-Asare and Arriagada.15'16 Silica is formed inside micelles by hydrolysis 
and condensation of tetraethoxysilane (TES). The emulsion is prepared by mix
ing 500 ml of cyclohexane, 3.0 ml 25% ammonia and 26.6 ml surfactant (Igepal, 
polyoxyethylene (5) nonylphenyl ether) and stirring for half an hour at 300 rpm. 
The mixture must remain at 20°C otherwise the micro emulsion is not stable. An 
amount of 2.1 ml TES is slowly added below the surface of the emulsion and the 
emulsion is stirred vigorously for 15 minutes. The TES dissolves in the cyclohex
ane and after entering the micelles it reacts with the water. The reaction is catalyzed 
by the ammonia. After one week, the reaction is completed. The cyclohexane is 
evaporated and the spheres are resuspended in 500 ml ethanol. 

Using a procedure described by Van Blaaderen et al.,6 the nuclei were cov
ered with a layer of silica in which the fluorescent dye, rhodamine isothiocyanate 
(RITC), is incorporated. The RITC dye was selected for its superior photostabil-
ity and quantum efficiency compared to e.g. fluorescein isothiocyanate (FITC)6; 
quantum yields of 60-75% have been reported for RITC bound to proteins.18 The 
silica is grown by adding extra TES and water. The dye is attached to the silica 
by a coupling agent, 3-aminopropyltriethoxysilane (APS). The dye is connected to 
the coupling agent by an addition reaction of the amine group of the APS with the 
isothiocyanate group of the RITC.7 The ethoxysilane groups of the APS react with 
silica in a similar way as the TES. 

An amount of 11 mg RITC dye is dissolved in 10 ml ethanol and stirred with an 
excess of APS for 12 hours. Of this solution, 0.79 ml is used in the first growth step. 
The silica particles from the micro emulsion are suspended in a mixture of 25% am
monia and distilled ethanol, in a 1000 : 80 volume ratio. A lower concentration of 
ammonia leads to undesired nucleation of new small particles; a higher concentra
tion gives rise to coagulation, i.e. the formation of 'dumbbells'. The concentration 
TES should stay below 10 ml/1, therefore TES is added step by step, with at least 
4 hours in between the steps. Per mol TES, 2 mol water should be added to com
pensate for the water consumed in the reaction. Finally, the spheres are centrifuged 
and resuspended in ethanol to remove the Igepal and the ammonia. 
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4.3 Results 

Transmission electron microscopy pictures of the spheres after each step in the syn
thesis were taken to determine the sphere size. The micro emulsion yields spheres 
with a radius of 28 nm and a size variation of 2.5%. After adding the silica layer 
which contains the dye, the particles measured 58 nm in radius. Several batches of 
spheres with different final radii were made to ensure that we could match the stop 
band wavelength of the photonic crystals to the emission spectrum of the dye. The 
spheres are designated uESiJl- followed by their radius, listed in table 4.1. Most of 
the fluorescence experiments have been performed using the spheres uESiJl-101. 
A micrograph of the spheres is shown in Fig. 4.1, along with a sketch of the shell 
structure. The various silica shells have comparable densities, so the shells are in
visible on the electron micrograph. The variation in the final size is only 1.5%. 
We also determined the outer radius of the spheres by static light scattering and 
dynamic light scattering. These radii, 121 nm and 122 nm respectively, are in ex
cellent mutual agreement. The corresponding radius from electron microscopy is 
lower, 101 nm, but we have frequently encountered relatively low radii with this 
technique. In the following we will therefore consider the radius to be 121 nm with 
an accuracy of ± 1 nm. 

An important aspect from the photonic perspective is the refractive index of 

Figure 4.1 Electron micrograph of the \i.ESU 1-101 silica spheres, together with a 
sketch of the shell structure, to scale. The micrograph also shows a small number 
of coagulated spheres ("dumbbells"), one of them is indicated by an arrow. 
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the silica spheres. The refractive index of a batch of 60 nm radius silica spheres 
uESiJ4, similar to the uESiJl spheres except that they are not dye-doped, has been 
determined to be 1.466 ±0.004 at 589 nm from transmission measurements in var
ious ethanol-benzylalcohol mixtures.20 The refractive index of various larger, dye-
doped particles has been found to be 1.450 ± 0.001, by titrating dimethylformamide 
to a dispersion in glycerol until the transmission at 589 nm was maximized.21 In 
the following we will consider the index of refraction of our uESiJ 1 silica particles 
tobe 1.45. 

Each sphere contains about 200 rhodamine isothiocyanate dye molecules. The 
concentration of dye molecules in the colored silica layer is less than 0.5 mmol/1. 
This concentration corresponds to a distance between molecules of 15 nm, greatly 
in excess of the Förster transfer distance of 4 to 6 nm so there is no non-radiative 
transfer. Considering the molar decadic absorption coefficient of the dye, ~ 4 x 
104 l/(mol cm),19 we calculate the inelastic length in a dense packing of spheres to 
be longer than 3 mm, so there is little absorption in our 0.3 mm thick samples. The 
dye molecules are covalently attached to the silica in the spheres and covered by a 
45 nm thick layer of silica. This prevents washing out of dye by the suspending liq
uid: even after one year, the fluorescence from the suspending liquid corresponded 
to a dye concentration of less than 0.1 umol/1. It is concluded that unwanted chem
ical interactions of the dye with the liquid and sphere surfaces are minimized. 

4.4 Growth of the crystals 

From the colloids, we prepared colloidal crystals by sedimentation. First, the col

loids were deionized by successively centrifuging, decantating, redispersing, and 

diluting with freshly deionized water, followed by dialysis using ion exchange resin 

(BioRad AG501-X8, Hercules CA). The particles were then suspended in the de-

Table 4.1 Size of the synthesized silica spheres, obtained from transmission elec

tron microscopy (TEM), static light scattering (SLS), or dynamic light scattering 

(DLS) 

Radius (nm) Size variation(%) 
System TEM SLS DLS TEM 

uESiJl-74 74 88 92 1.5 
uESiJl-93 93 105 110 1.5 
uESiJl-101 101 121 122 1.5 
uESiJl-113 113 134 135 
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Figure 4.2 Photograph of a photonic colloidal sample (#642bis) of sedimented 
silica spheres \yESUl-101 (radii 121 nm; sizepolydispersity 1.5%) in water, con
tained in a 3 mm wide flat glass capillar)?, with the front face illuminated. The graph 
on the right shows the increase in density from top to bottom in the crystalline part 
of the colloidal sample. The density has been inferred from reflection (+) and trans
mission (o) measurements. The curve is a guide to the eye. 

sired liquid (water, methanol, ethanol or dimethylformamide). The initial densities 
of the suspensions were estimated assuming that a centrifuged residue has a den
sity of ~ 50 vol%. We prepared aqueous suspensions with various ionic strengths 
by adding NaCl. The suspensions were sealed in glass capillaries. For this purpose 
we employed flat capillaries with a 0.3 or 0.4 mm inside path length and 0.3 mm 
thick walls (Vitro Dynamics, Rockaway NJ). For x-ray scattering experiments on 
dilute suspensions we also used 2 mm diameter round Mark glass capillaries with 
0.01 mm thin walls (Hilgenberg, Berlin).22 By sedimentation under gravity, the 
colloidal suspensions form highly ordered fee crystals, as revealed by our synchro
tron small-angle x-ray diffraction studies. 

A photograph of a flat capillary filled with a suspension of spheres is shown in 
Fig. 4.2. Next to the photo we have plotted the sample's density profile, inferred 
from reflection and transmission measurements. The density of spheres increases 
from top to bottom. In the upper part of the sediment, the spheres form a colloidal 
liquid. Light is randomly multiply scattered in this part of the sample, so the sample 
looks opaque white here. Lower in the sample the density of spheres is sufficiently 
high for the spheres to crystallize into regular arrays of various sizes which show 
colored Bragg reflections. 

The crystallization proceeds from the bottom of the capillary upwards as the 
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Figure 4.3 Evolution of the height of the sediment in two capillaries (sample 
#627, circles, and sample #628, squares, respectively) filled with a 13 vol% aque
ous suspension of \\.ESiJ 1-101 silica spheres. Open symbols correspond to the in
terface between clear liquid and the colloidal suspension, solid symbols to the top 
of the crystalline part of the sediment. The straight lines are guides to the eye. The 
ionic strength of the suspending liquid is 0.25 mM. 

initially homogeneous suspension settles and the density at the bottom increases.23 

We have carefully kept track of the interface between the clear liquid on top and the 
opaque colloidal suspension underneath, and of the interface between the suspen
sion in the middle and the colloidal crystals below. The advancement of the inter
faces during sedimentation is shown in Fig. 4.3. Initially, the heights vary linearly 
with time. The suspension settles, forming a crystalline sediment at the bottom of 
the capillary. The crystal formation starts immediately, indicating that the spheres 
crystallize at the suspension-crystal interface and not in the suspension itself. The 
sedimentation and crystal growth go on until there is about 2 mm of opaque white 
suspension left. The heights then remain constant, apart from a slight compacti-
fication of the crystalline part during the next one or two months. The shrinkage 
depends on the amount of added salt. The shrinkage varies from ~ 0% for a salt 
concentration of 1.0 mM to 20% for a salt concentration of 0.25 mM. Presumably 
the glass capillaries slowly release extra ions which screen the electrostatic repul
sion between the spheres. 

The crystal growth is governed by the ratio of the sedimentation velocity to the 
diffusion velocity, known as the Peel et number.13 If the diffusion is faster than the 
sedimentation then the spheres have time to find a lattice position before the next 
spheres arrive. The initial velocity of the suspensions is determined by gravity, bal-
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anced by friction in the liquid, i.e. by the difference in mass density Ap between 
particles and suspending liquid and by the viscosity n. of the liquid. The settling 
velocity for a single sphere of radius R in a large volume of liquid, the Stokes ve
locity,13 is 

2Ap£ 9 

9 T) 

where g = 9.8 m/s is the gravitational constant and we have taken Ap = 1.0 g/cm2. 
In more dense suspensions the sedimentation is slower because the spheres hinder 
each other. It has been found previously that the reduction in velocity can be ade
quately represented by the formula13,24 

v = v 0 ( l - ^ ) * * , (4.2) 
P 

where (p is the volume fraction of spheres in the liquid; the parameter k determines 
the lowest order correction to the velocity, v = vo ( 1 — fap + . . . ), and p corresponds 
to the density where sedimentation stops.24 According to theoretical considerations 
regarding the dilute limit, k should be set equal to 6.55. We have set p = 54% cor
responding to hard spheres.25 We have determined the velocity of the transparent-
opaque interface for colloidal suspensions of uESiJl spheres with various sizes and 
two different volume fractions. We observe that the velocity varies quadratically 
with sphere size as predicted by Eq. 4.1. The density dependence agrees well with 
Eq. 4.2. For the suspensions of spheres of 134 nm radius with ionic strength of 
1 mM, we observed a velocity in the dilute limit v0 of 2.6 ± 0.4 mm/day, reason
ably close to the estimate based on Eq. 4.1 of 3.4 mm/day considering the mod
est ionic strength. The satisfactory agreement indicates that the spheres sediment 
individually, forming crystals at the bottom, rather than nucleating in the suspen
sion which would result in a larger sedimentation velocity due to the comparatively 
large size of crystallites. From the Stokes velocity v0 and the diffusion constant 
DQ = kT'/(6m\R) we can estimate the Péclet number VQR/DQ. The Péclet num
ber is on the order of 10~3 for our colloids, which suggests that the sediment is 
close to thermodynamic equilibrium. Indeed the initial volume fraction of the ini
tial suspension is of little importance for the quality of the crystals which form. 
High densities yield equally beautiful crystals as low densities, evidenced by stop 
band widths measured in reflection (only the brightness of reflection tends to be 
slightly weaker). The main factor affecting the crystal quality is the size polydis-
persity of the spheres, and tranquillity during sedimentation. We have moved the 
samples to measure the sediment heights, and even these slight disturbances leave 
visible marks: at the corresponding heights new crystallites have started to grow. 
The pattern of the marks correlates exactly with the time intervals between height 
measurements. 
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Figure 4.4 Settling velocity for 8 (o) and 13 (•) vol% suspensions in water with 
various salt concentrations. The velocity has been scaled to the velocity v calcu
lated for spheres with no double layer, i.e. the Stokes velocity Eq. 4.1 corrected for 
the density using Eq. 4.2. The estimated error in the measured velocities is 0.03. 
The settling velocities are derived from height curves of 64 samples among #605-
#676. For comparison, the solid curve shows the inverse of the relative increase in 
volume fraction that would result if we added one Debye screening length K~ ] to 
the sphere radius, i.e. ( 1 + KR)~^, for a sphere radius R of 100 nm. 

4.5 Density tuning 

The density of spheres in the sediment is an important factor in the preparation 
of photonic crystals since it determines the position of the stop gaps in the pho
tonic band structure. The volume fraction of the crystals can be tuned via the 
ionic strength of the suspending liquid. Adding salt to the suspension screens the 
Coulomb interaction and compresses the double layer. Spheres with an extended 
double layer will start to interact at larger separation, which results in crystals with 
lower volume fractions. The ionic strength of the liquid also plays an important part 
in the velocity of settling spheres. Due to the interaction the spheres will more eas
ily hinder each other during sedimentation. As a consequence, one would expect 
that suspensions sediment slower at low ionic strength. To illustrate this influence 
of the ionic strength, we have plotted settling velocities in suspensions with various 
amounts of added salt in Fig. 4.4. The velocity in Fig. 4.4 is reduced at low ionic 
strength as we had anticipated. The decrease can amount to as much as 40%. 

As the suspensions settle, the spheres form crystals at the bottom of the capil
laries. The crystal growth velocity is determined by the influx of spheres from the 
suspension. Thus the settling and growth velocities are proportional at fixed initial 
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Figure 4.5 Crystal growth velocity versus settling velocity of the suspension 
above the sediment for 8 and 13 vol% suspensions (open and closed symbols) of 
spheres of various sizes in water with 0.25 mM added salt. Circles, triangles, and 
squares pertain to spheres with radii of 105, 121, and 134 nm respectively. 

volume fraction, as can be seen in Fig. 4.5. From the settling and growth veloci
ties and the suspension's initial density, we can readily estimate the average volume 
fraction of the crystalline part of the sediment. The resulting volume fractions are 
plotted in Fig. 4.6. The densities clearly increase with ionic strength, in a similar 
fashion as the settling velocities in Fig. 4.4. 

To show this similarity more clearly, we have transformed the settling veloci
ties to volume fractions using Eq. 4.2 and the Stokes velocity. We interpret the re
sulting 'effective' volume fraction as the volume fraction occupied by the spheres 
together with their double layers. In Fig. 4.6 we have plotted the ratio of the known 
initial density of spheres in the suspension to the effective density of spheres. Com
paring this density ratio to the density of the crystals in the same figure, we see that 
the data are in excellent mutual agreement. Apparently the influence of added salt 
on the suspension's effective volume fraction is similar to the influence on the vol
ume fraction of the crystals. 

The density of the crystals can also be obtained from optical measurements and 
knowledge of the photonic band structure. We have determined stop gap frequen
cies from optical measurements of the (111) Bragg reflections. With our range of 
sphere sizes and ionic strengths we cover the wavelength range from 475 to 810 nm, 
which includes nearly the whole visible part of the spectrum. Volume fractions 
were obtained from the stop gap wavelength and the SLS sphere radii in table 4.1. 
In Fig. 4.7 we have plotted the volume fraction of the uppermost crystals in sam-
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Figure 4.6 Average density of the crystalline part of the sediment (circles, left 
axis) and the ratio of initial and effective volume f radions of the settling suspension 
(bars, right axis), for various amounts of added salt and initial suspension densities 
of S vol% (o,-) and 13 vol% (; \). The density of the crystals is obtained from 
the slopes in Fig. 4.5 and the initial density of the suspension; the effective volume 
fraction is based on Fig. 4.4. 

pies of various ionic strengths. The density at the bottom of the sample is generally 
~ 10 vol% higher than at the top. The density in the figure is lower for low ionic 
strengths, i.e. when the charge of the spheres is screened less, in a similar fashion 
as the densities obtained from sedimentation, see Fig. 4.6.26 

To compare the density changes with the screening lengths, we have plotted in 
Fig. 4.7 three curves corresponding to the volume fraction that would result if we 
add one Debye screening length to the sphere radius, i.e. (p0( 1 + 1/K/?) - 3 , where 
(po is the volume fraction with no double layer. The inverse screening length K in
troduces the dependence on ionic strength /. For water at room temperature, K = 
3.32 nn-r 'V/if the ionic strength is expressed in mol/1.13 The curves in Fig. 4.7 
show a similar trend as the densities, both as a function of ionic strength and as a 
function of sphere size. The volume fraction at a specific ionic strength is higher for 
large spheres because the Debye screening length is smaller relative to the sphere 
size. When little salt is added, the density is higher than predicted by the curves, 
presumably due to extra ions released by the glass capillaries. 

The results in Fig. 4.7 demonstrate that the volume fraction of the crystals can 
indeed be tuned by adjusting the ionic strength of the suspending liquid. The wave
length of the stop gap can be modified using the size of the spheres. By means of the 
ionic strength and the sphere size, we can overlap the stop gap and the dye's emis-

53 



60 

O 50 
o 
CO 

O 40 
E 
O 
> 3 0 

-
• " i i | i i • i | i i i i | i . »• • | i • • i | i 

* -

' . • ''•-•••I i . . . . i  
0.0 0.2 0.4 0.6 0.8 

Ionic strength (mM) 
1.0 

Figure 4.7 Density of the topmost crystals determined from optical measurements 
of the (111) Bragg reflections on various samples (V, 0, A: \iESUl-93, 101, 113). 
The curves correspond to the volume fraction that would result if we added one De-
bye screening length K _ 1 to the sphere radius R, starting from a fixed volume frac
tion with no double layer cp0 (solid curve: R = 134, dashed curve: R=\2\ nm; dot
ted curve: R = 105 nm). Densities from sedimentation (•, see Fig. 4.6) are shown 
for comparison. These densities have been multiplied by 2 to bring them in the same 

range 26 

sion spectrum, so we are well-equipped for experiments on fluorescence in pho
tonic crystals. 
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