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Abstract
Meso(nano)porous silica particles are of broad interest for many photonic applications, filtration, drug
delivery, catalysis. Through a self-assembly process, one can achieve silica particles spanning in size from
microns to tens of nanometer. In the early stage of self-assembly it is observed that 20–50 nm seed
particles are formed with hexagonally packed open cylindrical nanochannels. However, what is unknown
is how these seed-like particles aggregate and self-align their pores to form final multi-micron particles
with self-sealed channels extended over the entire particle.. In the course of this research, we examined
the assembly mechanism of mesoporous multi-micron size silica particles with long cylindrical pores of
4-5 nm in diameter.We further showed that the observed alignment of channels was thermodynamically
favored by a decrease in the Gibbs free energy of the particles. Besides a fundamental understanding of
the mechanism of morphogenesis and pore formation, we demonstrated that the results of this finding
could be further extended to make multi-hierarchical, sponge-like structured particles. Such particles can
be used for controlledrelease of various substances from semi-sealed cylindrical pores of the particles.
Next, we focused on fluorescent silica particles formed by loading fluorescent dye inside the sealed
nanochannels. Such photonic materials find applications in tagging/labeling of biological cells and as
tracers. Previous works have shown that physical encapsulation of dye leads to ultrabright properties.
However, the nature of ultrabrightness was unclear. Here we investigated the ultrabrightness phenomenon
observed for dye hosting nanoparticles and micron size discoid-shaped particles. This investigation
revealed that the ultrabrightness was caused by a specific hydrophobic nanoscale environment around the
encapsulated dye molecules offered by surfactant molecules inside the nanochannels. This environment
allows dye molecules to be packed in concentrations which are not attainable for free dye without
quenching of fluorescent properties. The close proximity of the encapsulated dye molecules to each other
allows them to utilize the quantum energy transfer between dyes with complementary emission and
absorbance (donor-acceptor pairs), which is called Forster resonance energy transfer (FRET). Using
FRET, we demonstrated ultrabright temperature nanosensor (nanothermometers). Nanothermometers
were assembled by encapsulating two different dyes, in which one of them was temperature-sensitive
while the other acted as reference. The FRET based sensor comes with an advantage where a single
excitation source can be used to excite the particle fluorescence. To demonstrate the working principle of
nanothermometers, a 3D temperature distribution around a hot wire immersed in hydrogel-particles
system was measured. The observed experimental results were validated by computation.
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Chapter 1
1 Introduction
Over the past few decades, ordered mesoporous materials based on MCM-41 have received widespread
interest because of their potential applications in selective adsorption, separation, as novel functional
materials and as a host matrix to confine guest molecules. In particular, self-assembled mesoporous (also
called nanoporous) silica particles emerged as an important class of materials owing to their tunable size
ranging from microns 1,2 to tens of nanometer3, high surface area4, large porosity volume 4, well-defined
tunable pore size (1.5-10 nm)5, long-range aligned pore structures, good optical transparency and robust
structural stability6. Mesoporous silica particles also exhibit good biocompatibility 7, low toxicity8, and
ease of surface functionalization

6,9,10

with sensing molecules. These benefits implicate the use of these

particles as a potential host to carry therapeutic molecules for drug delivery applications6 or can
encapsulate fluorescent dye through self-assembly11 to form fluorescent probes for applications in
imaging, sensing, tagging, tracing and labeling. A potential clinical relevance of such particles is in
prescreening of cancer or cancer diagnosis

12,13

, where nanoparticles, in particular, are employed as

extrinsic fluorescent contrast agents to distinguish between normal and cancer cells.
In this study we concentrate on the following goals: (i) understanding the mechanism of formation of
extended geometry of nanochannels in large colloidal particles, (ii) self-assembly of hierarchically
structured mesoporous silica particles, (iii) investigation of the nature of ultrabrightness of dye
encapsulated fluorescent particles, (iv) the assembly of FRET-based ultrabright nanothermometers.

1

1.1

EXTENDED GEOMETRY OF NANOCHANNELS IN LARGE COLLOIDAL
PARTICLES

Mechanisms of self-assembly of mesoporous silica microparticles have been extensively studied in the
literature 14-16. In general, this type of self-assembly occurs when a liquid crystal template is formed in a
solution of amphiphilic molecules when their concentration exceeds the critical micellar concentration.
Mineralizable inorganic moieties (for example, silicic acid) condense on the interface of the liquid crystal
micelles, which in turn facilitates the growth of the mesoporous phase.17. The initial stage of micellar and
liquid crystal formation and transition to mesophase material are also well studied16. The initial micelle–
silica structures evolve into a nematic-like phase and the hexagonal structure of the mesoporous silica
develops almost immediately18. Scattering methods show the presence of both small and large objects in
the intermediate stage of the synthesis19,20 which eventually evolve into fully developed mesoporous silica
particles. Study of SBA-1516,19-22 and MCM materials23 show the presence of small ‘‘flocks’’ or seeds.
These 20–50 nm diameter seed particles typically have only a few nanochannels. It was hypothesized that
the direct aggregation of the nanoparticles/seeds led to the formation of the final colloidal mesoporous
shapes. Condensed silica continues ‘‘polymerizing’’ by decreasing the number of hydroxyl groups
embedded in the silica matrix. This leads to two effects: stoichiometric shrinking of the silica and an
increase in its elastic modulus24-26. Although the particle shape formation mechanisms and pore formation
at the nanoscale have been extensively investigated, the pore geometry and its formation mechanism at a
larger (extended) scale is virtually unstudied.
Chapter 2 aims at studying the formation of extended pore geometry, alignment of cylindrical
pores, and occurrence of disrupted open channels in self-assembled colloidal multi-micron size silica
particles between the stage of formation of mesophase and fully developed mesoporous silica particles.
Specifically, we investigate a well-known MCM-type syntheses 24,25, which results in a variety of multimicron mesoporous particles rich in complex morphology. We observe that nanochannels are not aligned
2

and not self-sealed in these initial aggregates, that the channels do not run through the entire particle, and
that these intermediate particles contain many disrupted open channels that are not typically found in the
end product of these syntheses. We further show that the observed alignment of channels is in agreement
with theory; aligning the channels together is thermodynamically favorable. It decreases the Gibbs free
energy of these precursor particles, which drives self-assembly of these particles. Indeed, we observe that
such alignment and resulting self-sealing of the channels occur later in the synthetic process and are
exhibited in the fully developed particle morphologies.

1.2

HIERARCHIAL STRUCTURES

Multi-micron size nanoporous particles are important for various applications related to filtration,
functionalization particles with various bioactive molecules, slow drug release, etc. Because of their
numerous applications, there is a great demand for modified porous materials. Although new strategies
and techniques are continuously developed for structure-tailoring of mesoporous materials4,

it is

challenging to self-assemble porous structures than formation of dense materials. In chapter 3, we focus
on the mechanism of self-assembly of multi-hierarchical, sponge-like structured particles (particles. Two
mechanisms are considered: rupturing and irregular growth. A relative contribution of each mechanism is
presented. The growth of these particles was studied with the help of scanning electron microscopy (SEM)
images, laser scanning confocal microscopy, and high resolution transmission electron microscopy (TEM)
images.

1.3

ULTRABRIGHTNESS

A high fluorescent brightness is desired for the ease of imaging and to attain high sensitivity and fast
targeting,
reported

27

. The development of a self-assembly of ultrabright fluorescent particles have been previously

1,3,28-30

. It was found that physical encapsulation (in contrast to covalently linking to the host

matrix) of fluorescent dye molecules inside mesoporous silica matrix resulted in the formation of

3

fluorescent silica particles with brightness of orders of magnitude higher than that of quantum dots31of the
same size, and even brighter than the brightest particles so far, the polymer dots32.
In chapter 4, we explore the underlying factors leading to ultrabrightness in self-assembled
fluorescent particles. A detailed understanding in this direction is important to understand methods of
further improvement of ultrabrightness and the ways of utilization of this phenomenon for other
applications.

1.4

NANOTHERMOMETERS

Optical measurements offer an attractive way of remote measurements of temperature. Some of early
adopted methods were thermochromics dyes, pigments, and thermochromic liquid crystals (TLC). All of
them have serious limitations: although thermochromic dyes have a large working range of temperature
but poor accuracy, whereas TLC have a narrow working temperature range with very high accuracy in the
temperature measurements. In the recent years there has been enormous interest in luminescence based
nanothermometry. The tool box of fluorescence based nanothermometry is progressively expanding
because of a wide range of temperature responsive materials and small molecules developed.
Among the various working principles mentioned above, the intensity based measurements are
popular because it is easy to implement and requires less instrumentation. However, purely intensity based
measurements would be impractical in certain situations where 1) concentration of the fluorophores
change 2) fluctuations in the intensity due to light sources and due to the interactions of sensors with its
surroundings and 3) change in the position of focus in microscopy imaging 33. An alternative intensity
ratiometric measurements using two different dyes was proposed. In this scenario, the first dye is chosen
to be temperature sensitive, while the other dye acts a reference34.

4

Learning from these developments, we developed ultrabright fluorescent nanoparticles that work as
ratiometeric temperature sensors or “nanothermometers”. Because these particles can be synthsized down
to few tens of nanometers, they can serve as potential nanosnsors. Using a self-assembly process, we
prepared nanoparticles with two different dyes (RhB responds to temperature change and the R6G does
not, serving as reference). Because of the dense packaging, these two dyes form FRET pairs, thereby
enabling to use a single light source to excite both the dyes. The stability of particles and optimization in
temperature accuracy was presented. As a proof on the concept, we demonstrated a 3D temperature
distribution of a hot wire immersed in hydrogel-nanothermometers mix, and compare the experimental
results with theoretical simulations performed using COMSOL Multiphysics software.

5

Chapter 2
2 Control and Formation Mechanism of Extended Nanochannel
Geometry in Colloidal Mesoporous Silica Particles
(I.Sokolov, V. Kalaparthi, D. O. Volkov, S. Palantavida, N. E. Mordvinova, O. I. Lebedev and J.
Owens. Physical Chemistry Chemical Physics, 2017. 19(2): p. 1115-1121.)
A large class of colloidal multi-micron mesoporous silica particles have well-defined cylindrical
nanopores, nanochannels which self-assembled in the templated sol–gel process. These particles are of
broad interest in photonics, for timed drug release, enzyme stabilization, separation and filtration
technologies, catalysis, etc. Although the pore geometry and mechanism of pore formation of such
particles has been widely investigated at the nanoscale, their pore geometry and its formation mechanism
at a larger (extended) scale is still under debate. The extended geometry of nanochannels is paramount
for all aforementioned applications because it defines accessibility of nanochannels, and subsequently,
kinetics of interaction of the nanochannel content with the particle surrounding. Here we present both
experimental and theoretical investigation of the extended geometry and its formation mechanism in
colloidal multi-micron mesoporous silica particles. We demonstrate that disordered (and consequently,
well accessible) nanochannels in the initially formed colloidal particles gradually align and form extended
self-sealed channels. This knowledge allows to control the percentage of disordered versus self-sealed
nanochannels, which defines accessibility of nanochannels in such particles. We further show that the
observed aligning the channels is in agreement with theory; it is thermodynamically favored as it
decreases the Gibbs free energy of the particles. Besides the practical use of the obtained results,
developing a fundamental understanding of the mechanisms of morphogenesis of complex geometry of
nanopores will open doors to efficient and controllable synthesis that will, in turn, further fuel the
practical utilization of these particles.

2.1

INTRODUCTION

One of the primary and most elusive goals of modern nanotechnology is to develop synthetic
methodologies for the efficient and precise self-assembly of complex functional objects. Self-assembly is
a preferential method of nano-manufacturing because of its intrinsic robustness and relatively low cost.

6

Layer-by-layer assembly of large layered structures35 is a prominent example of such approach. Selfassembly of colloidal three-dimensional silica shapes of almost biological morphological complexity
which feature well-defined nanoporosity were previously reported.19-23,36,37 It was shown that co-assembly
of organic liquid crystals with an inorganic precursor of some inorganic oxides, in particular, silica
resulted in the formation of multi-micron-size particles of high morphological complexity24,38. The
addition of cationic surfactants to these reactions resulted in the formation and mineralization of wellordered arrays of silica with highly ordered cylindrical nanopores39-42 that can extend to many microns.
Complex micron-sized pore geometry of these mesoporous particles is of interest in the areas of medical
and sensor applications43,44, catalysis45-47, molecular storage48-50, separation and filtration technologies5153

, photonics1,30,31 ,etc.

The non-trivial properties of these colloidal particles/materials are defined by a combination of the
complex micron-scale morphologies and the highly ordered, cylindrical, nano-scale pores. The extended
open-pore geometry enables a special availability of the pore walls to the particles’ external environment.
Specifically, extended pore channels may result in longer diffusion of encapsulated molecules out the
particles. Furthermore, open pores allow free diffusion of external molecules into the pore, whereas closed
pores do not. Therefore, it is important to understand the formation of the extended geometry of pores and
their alignment in these complex micron-sized mesoporous colloidal silica particles.
Mechanisms of self-assembly of mesoporous silica microparticles have been studied in the literature quite
extensively14-16. In general, this self-assembly occurs when liquid crystal templates are formed in a
solution of amphiphilic molecules when their concentration exceeds the critical micellar concentration.
Mineralizable inorganic moieties (for example, silicic acid) condense on the interface of the liquid crystal
micelles, which in turn facilitates the growth of the mesoporous phase.17. The initial stage of micellar and
liquid crystal formation and transition to mesophase material are also well studied16. The initial micelle–
7

silica structures evolve into a nematic-like phase and the hexagonal structure of the mesoporous silica
develops almost immediately18. Scattering methods show the presence of both small and large objects in
the intermediate stage of the synthesis19,20 which eventually evolve into fully developed mesoporous silica
particles. Study of SBA-1516,19-22 and MCM materials23 show the presence of small ‘‘flocs’’ or seeds.
These 20–50 nm diameter seed particles typically have only a few nanochannels. It was hypothesized that
the direct aggregation of the nanoparticles/seeds led to the formation of the final colloidal mesoporous
shapes. Condensed silica continues ‘‘polymerizing’’ by decreasing the number of hydroxyl groups
embedded in the silica matrix. This leads to two effects: stoichiometric shrinking of the silica and an
increase in its elastic modulus24-26. Balancing of the thermal and mechanical free energy drives the
formation of the observed shapes. Specific shapes are the integrals of motion of the Euler–Lagrange
equation. The shape distribution around these thermodynamic minima conform to the Boltzmann
distribution2.Although the particle shape formation mechanisms and pore formation at the nanoscale have
been extensively investigated, the pore geometry and its formation mechanism at a larger (extended) scale
is virtually unstudied.
Here we report on the study of formation of extended pore geometry, alignment of cylindrical pores, and
presence of disrupted open channels in the self-assembled colloidal multi-micron-sized silica particles
between the stage of formation of mesophase and fully developed mesoporous silica particles.
Specifically, we investigate well-known MCM-type syntheses

24,25

which results in a variety of multi-

micron mesoporous particles rich in complex morphology (see, Fig. 2. 1). It should be noted that the
synthesis is rather standard. The only difference is in adding formamide, which is a pH stabilizer. It was
added to slow down the synthetic process. Despite their complex microscale morphologies, the
synthesized particles contain highly ordered, hexagonally packed cylindrical nanochannels that run
through the particles. We see that the initial seed particles aggregate in large shapeless multi-micron
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particles, the process typical for colloidal growth. In contrast to previous works (see, e.g., ref. 20 and 19),
we demonstrate that the pores of the aggregated seed nanoparticles are not aligned right after aggregation.
This is in agreement with previous indirect observations of SBA-15 mesoporous silica (synthesized using
a Pluronic acid template)18,22.
We observe that nanochannels are not aligned and not self-sealed in these initial aggregates, that the
channels do not run through the entire particle, and that these intermediate particles contain many
disrupted open channels that are not typically found in the end product of these syntheses. Because the
self-sealed channels prevent interaction of the moieties encapsulated in the channels, the presented
knowledge allows one to control accessibility of the pore content of the described colloidal particles by
changing the percentage of disordered versus self-sealed nanochannels. We further show that the observed
alignment of channels is in agreement with theory; aligning the channels together is thermodynamically
favorable. It decreases the Gibbs free energy of these precursor particles, which drives self-assembly of
these particles. Indeed, we observe that such alignment and resulting self-sealing of the channels occur
later in the synthetic process and are exhibited in the fully developed particle morphologies exampled in
Error! Reference source not found.. In addition to the ability to control the pore accessibility of the
particles, developing a fundamental understanding of the mechanisms of morphogenesis of complex
geometry of nanopores will open doors to efficient and controllable synthesis that will, in turn, fuel the
practical utilization of these particles. Possible applications of the obtained results are discussed.

2.2

EXPERIMENTAL SECTION

2.2.1
1

Materials

Tetraethyl orthosilicate (TEOS, 98%, Aldrich), cetyltrimethylammonium chloride (CTAC, 25%
aqueous, Aldrich), hydrochloric acid (HCl, 36% aqueous, J. T. Baker), formamide (HCONH2, 98%,
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Aldrich) and rhodamine 6G (R6G, Exciton Inc.), ultrapure water (18 MΩ cm, MilliQ Ultrapure) were
used without further purification.

2.2.2

Synthesis

The initial synthesis procedure was adapted from the previously reported works24,25. The following molar
ratio of the reactants 100H2O: 8HCl : 0.11CTACl : 0.13TEOS : 9.5HCONH2 was used. Fluorescent dye
(R6G) can be added as a contrast agent for fluorescent microscopy (~1×104 relative molar concentration
was used). At first, water, formamide and dye were mixed in a plastic bottle, and stirred using a magnetic
stirrer (Hotplate stirrer, Lab Depot, Inc.) at 550 rpm for 5 min at room temperature. In the next step,
hydrochloric acid was added to the reaction mixture. As a result, the temperature of the reaction mixture
rose to 40 oC. The reaction mixture was then put in an ice bath and stirred until it reached room
temperature. Further, CTAC was added to the reaction mixture and stirred for 45 min. As a last step, TEOS
was added and stirred for 2 hours. The reaction mixture was then kept in quiescent condition (without
stirring) up to 24 hours. The time of reference for sample extraction is the time when TEOS was mixed
with rest of the reaction mixture. Particles were then extracted after 0.5 h, 10 h, 12 h, 16 h, and 24 h.

2.2.3

Characterization

The synthesized particles were characterized with confocal scanning laser microscopy (CSLM) (Eclipse
C1, Nikon Inc.). The particles were extracted from the synthesizing bath and imaged after adding aqueous
solution of rhodamine 6G fluorescent dye. For characterization with other types of microscopy, such as
scanning electron microscopy imaging (SEM, by Phenom, FEI), transmission electron microscopy (TEM,
Tecnai G2 30 UT), and atomic force microscopy (Bruker Icon), the particles were prepared as follows.
For the study of the initial seed particles, a droplet of the synthesizing bath solution was deposited on a
layer of graphite for AFM measurements, and gently washed with water after 2 minutes of waiting. Then
the sample was dried and imaged with AFM. The procedure of collection of solid phase was repeated at
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12, 16, and 24 hours after completing the mixing of all chemicals. For SEM imaging, samples extracted
at those particular times were first dried in an oven (Isotemp 500 series, 60 oC) for 24 hours and then
placed on a double-sided carbon tape attached to the SEM stub, followed by a light gold coating (Hummer
6.2 spattering system) for 1 minute. TEM study was done on crushed calcined samples prepared by using
ultrasonic bath, dissolving in ethanol and depositing on holey carbon grid. TEM was operated at 300 kV
with 0.17 nm-point resolution and equipped with an EDAX EDX detector. A low-intensity electron beam
and medium magnification were used in order to avoid electron beam damage of the structure inside the
microscope.

2.3
2.3.1

RESULTS AND DISCUSSION
Microscopy Study

Templated sol–gel self-assembly of particles24,25,54 brings a large variety of nanoporous silica
morphologies. These shapes can range from single microns in size to hundreds of microns and with various
aspect ratios, Fig. 2. 1. As was shown, these particles have cylindrical pores of~4 nm in diameter packed
in the nematic hexagonal order.

Fig. 2. 1 Variety of nanoporous silica morphologies synthesized using a templated sol–gel self-assembly
approach. 90 x 90 µm2 SEM image is shown. Colors are artificial to highlight different micromorphologies of particles.
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To probe the dynamics of the self-assembly of these shapes at different times of the synthetic process, we
periodically extracted and analyzed aliquots of the synthesizing bath, which contains both synthesizing
chemicals and solid fractions of the mesophase intermediate product. The collected solid fractions were
imaged using transmission electron microscopy (TEM), atomic force microscopy (AFM) and scanning
electron microscopy (SEM). The first sample collection was done at 0.5 hours after completing the mixing
of all chemicals. At this stage, the amount of initially assembled seeds starts to exceed the concentration
needed for formation of larger particles. This stage is usually clearly seen by its milky appearance of
usually transparent solution. These seed particles were imaged with AFM (the sample preparation is
described in the Method section).

Fig. 2. 2 Evolution of the morphology of mesophase during self-assembly of silica particles versus
synthesis time (the time after completing the mixing of the chemicals used in the synthesis). (a) AFM
image at 0.5 h since the synthesis start; SEM images for 12 (b), 16 (c), and 24 h (d) since the synthesis
start.
The particles formed at 12, 16, and 24 hours were too large to be imaged with AFM. Thus, SEM imaging
was used.
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Fig. 2. 2 shows representative images of the particles’ morphology obtained with the help of AFM
and SEM. (Note that the absence of large particles at 0.5 h was verified with the DLS technique.) One can
see the evolution of size, morphology and microstructure of silica particles depending on the synthesis
time. The synthesis starts from a fast formation (B0.5 h) of the initial ‘‘seed’’ particles of the size of
approximately 30 nm (see the DLS measurements, Fig. A. 1) and are typically spherical in shape (Fig. 2.
2 a and b). Over about 12 hours of the synthesis the seed particles fuse into large aggregates of irregular
multi-micron shapes. Samples collected after 12 hours demonstrate the presence of large silica particles
with particle sizes close to those observed at the synthesis completion (after 24 hours).
Fig. 2. 3 shows the results of high-resolution TEM (HRTEM) study. As reported in previous work, and as
shown in the TEM images in Fig. 2. 3, the mesophase is present at all time intervals23,55 TEM imaging of
the edges of the particles assembled by hour 12 show multiple directions of the nanoporous channels
within the same particles (highlighted with white lines in Fig. 2. 3c and d). The samples collected at 16
hour demonstrate almost fully developed unidirectional mesoporous channels for the majority of the
particle surface. For example, the TEM image of Fig. 2. 3e clearly shows the hexagonal packing
arrangement (FT pattern insert also shows strong and sharp spots corresponding to the hexagonal
symmetry). However, Fig. 2. 3f shows that a good portion of the particle surface is not aligned with the
unidirectional bulk. This is seen in both SEM and TEM images. Finally, the images of the particles taken
after 24 hours (Fig. 2. 2 d and Fig. 2. 3g, h) show a rather smooth surface having predominantly uniform
parallel pores.
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Fig. 2. 3 HRTEM images of the edges of nanoparticles of the particles collected at different synthesis
time: (a and b) – 0.5 h, (c and d) – 12 h, (e and f) – 16 h and (g and h) – 24 h showing evolution of pore
geometry. Corresponding FT pattern and enlargements are given as insets. White lines indicate the
direction of nanochannels/mesopores.

2.3.2

Study of Presence of Disrupted Open Channels

To further support our self-assembly hypothesis – that seed particles first aggregate, then re-arrange so
that the pores align in order to minimize their free energy – we employed confocal microscopy with a
fluorophore to probe the degree of openness of the pores at the different stages of synthesis. Perfect
extended alignment of cylindrical nanopores should result in self-sealing of such nanopores in the round
geometry56. Misalignment of cylindrical pores in the initial aggregates of seed particles can leave disrupted
open channels in the silica structures. This can be verified using small fluorescent molecules by observing
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diffusion of these molecules inside the synthesized particles. The dye cannot diffuse inside perfectly
aligned self-sealed channels (or it takes long time to diffuse along an extended nanochannel ref. 57). This
would leave fluorescently dark regions inside the particles. And oppositely, the dye can diffuse inside
disrupted channels open to the dye molecules. This would create bright fluorescent regions inside the
particles. Thus, the presence of perfectly aligned or extended and disrupted channels can be visualized by
using fluorescent microscopy of these particles. Here we use rhodamine 6G (~1.1 × 1.6 nm) molecules to
verify this hypothesis. The particle samples for this study were extracted as previously at 10, 12, 16, and
24 hours after completing the mixing of all chemicals. The samples were now not washed as in the
previous preparation but used as is. A droplet of aliquots was deposited on a glass slide, and a small
amount of aqueous solution of rhodamine 6G was added. The imaging started about five minutes after
adding the dye. To demonstrate penetration of the fluorescent dye molecules inside silica particles,
confocal scanning laser microscopy was utilized.

Fig. 2. 4 Diffusion of R6G fluorescent dye inside nanoporous silica particles extracted at different times
of self-assembly. Confocal optical images are shown at (a) 10 h, (b) 12 h, (c) 15–17 h, (d) 24 h after the
synthesis begun.
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Fig. 2. 4 demonstrates diffusion of rhodamine 6G fluorescent dye inside silica particles assembled at
different times. The confocal images shown in Fig. 2. 4 were collected within 20 minutes after adding the
dye. It should be noted that the fluorescent images become rather stable after that time. One can see that
the dye penetrates quickly inside all particles assembled by 10 hours of the synthesis, Fig. 2. 4a. It is
interesting to note some dark regions inside particular large aggregates. These are presumably already
developed regions of aligned self-sealed nanochannels. The particles assembled by 12 hours demonstrate
still a substantial amount of disrupted open channels, which allow fluorescent dye to diffuse, Fig. 2. 4b.
The particles assembled by 16 hours show already noticeable resistance for the dye to penetrate quickly,
Fig. 2. 4c. One can see that the dye penetrates inside the particles but not deep enough. This indicates the
presence of perfectly aligned self-sealed cylindrical nanochannels inside the particles Fig. 2. 4d show
rather low dye penetration in the fully developed silica particles. The dye was able to penetrate only a thin
surface layer of these particles.
It is worth noting that, in principle, the decrease of fluorescence can come from creation of H-dimers of
the dye molecules inside the silica pores. However, as we recently demonstrated,58 such dimers are not
formed in noticiable quantities inside mesoporous silica particles. Therefore, the possibility of the
appearance of the dark spots due to dimerization of the fluorescent dye should be excluded.
Another concern to address is related to the imaging of transparent silica particles with optical microscopy.
Multimicron size particles can work as good optical lenses showing a dark sport artifact in the middle. To
confirm that we are not dealing with this type of artifacts, images of the particles presented in Fig. 4 were
collected at various focal depths. Examples of such imaging are presented in Fig. A. 2, Fig. A. 3 & Fig.
A. 4.
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One can see that the results of the dye diffusion shown in Fig. 2. 4 are in agreement with the TEM images
(Fig. 2. 3). Based on these observations, we can suggest a schematic of the nanoporous channels inside
these particles. It is presented in Fig. 2. 5. The initial formation of mesophase, hexagonally packed
cylindrical pores is already seen in the seed particles (0.5 h). The irregular shaped multi-micron
aggregates/intermediate particles, which were observed at 12 hours of the assembly, have cylindrical pores
oriented in multiple directions (though some of the cylinders already have fully aligned and fused together
to form spherical regions of self-sealed pores). The amount of disrupted open pores is very high. By 16
hours of the synthesis, the core of the particles has mostly an aligned self-sealed pore structure. The
amount of disrupted open channels is substantially decreased. The latter are mostly localized near the
particle surface. By 24 hours of the assembly, the particles reach their fully developed morphology with
virtually all cylindrical pores aligned/self-sealed. The number of disrupted open channels has reached its
minimum and localized and the particle’s surface.

Fig. 2. 5 Schematics of the internal orientation of cylindrical pores inside the initial seed nanoparticles
(formed at 0.5 hours) and self-assembled mesoporous silica micron size particles (formed by 12, 16, and
24 hours). Cylindrical channels are schematically indicated by lines. One can see the development of fully
aligned self-sealed cylindrical pores with the increase of the assembly time. The number of disrupted open
channels decreases with increase of assembly time as well.
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2.3.3

Theoretical Reasoning for the Nanochannel Alignment

The observed behavior of cylindrical nanochannels makes sense within the model suggested in previous
work24-26,59. This behavior becomes more apparent once the free energy of the particle at its various stages
of self-assembly are calculated. The Gibbs free energy 𝐹" of silica particles having hexagonal nematic
symmetry of the channels and overall cylindrical symmetry can be described as follows26
𝐹" = 𝐶
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where 𝐾H (𝐾I ) are the bend (splay) elastic modulus, 𝑅 is the particle radius, 𝑅7 is the smallest radius of
the discoid, i.e., the diameter of the pore, 𝐶 is a geometrical constant independent of the internal pore
geometry, 𝜎 is the surface tension of a silica particle during its formation (∆ is a dimensionless parameter
given the relative contribution of the surface tension; as was estimated, ∆ ~ 100 during the assembly of
the silica shapes26).

Fig. 2. 6 (a) Geometrical notations used to define free energy of mesoporous silica particles which have
hexagonal nematic symmetry of nanochannels. Here n - is a unit vector of the director-field of the nematic
phase, r and j is the polar coordinates, the angle c between n - and the radius vector r - .(b) The schematics
of particles having misaligned channels facing each other at some angle.
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Although the free energy described by eqn (1) is given for particles having overall cylindrical symmetry,
it is also valid if even a small part of the particle has such symmetry; in this case the integral with respect
to 𝜑 in eqn (1) should be taken between angles 𝜑 describing the beginning and the end of this particular
particle. The particles which have cylindrical pores misaligned (running towards each other at some angle)
and aligned (the angle between these two cylindrical domains is equal to zero) are shown in Fig. 2. 6b.
The case of 𝜓K = 𝜋/2 corresponds to the aligned (fused channels). The energy penalty for having
misaligned channels can now be found.
While it may appear obvious that bending or kinks in the channels results in an increase of free energy,
this is not necessarily correct, because excessive bending energy can be shared with splay, and can be
redistributed through various geometric relaxations. One of the best-known geometric relaxations of
excessive mechanical energy is buckling.60 Finally, the actual geometry of the particle is also defined by
the presence of nonzero thermal energy. As a result, the distribution of free energies of particles is
described by the Boltzmann distribution in the equilibrium thermodynamics limit2. Finally, the actual
geometry of the particle is defined by the presence of nonzero thermal energy, which results in the
Boltzmann distribution of free energies amongst the particles whose channels are facing each other at
some angle 𝜓K as shown in Fig. 2. 6b.
The minima of energy are given by the Euler–Lagrange equation,61 which is written as follows for the
functional of eqn (1):
1 − 𝛼 cos 2𝜓 𝜓 00 = 𝛼 sin 2𝜓 1 − 𝜓 01 − ∆
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The solutions of this equation (the integrals of motion which give the local energy minima) are presented
by the following equation:
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Note that 𝜓(𝑟, 𝜓) = 𝜓K = 𝜋/2 is also a solution of eqn (3) (in this case 𝑄 = −(1 + 𝛼)). The solutions
of this equation define the geometry of the particles and the alignment of their channels, which correspond
to the local minima of free energy. Finding numerically these solutions of eqn (4) with the definition given
by eqn (5), one can calculate the integral of free energy given by substituting the solutions into eqn (1).
To find the relative change of the free energy of misaligned versus aligned channels, we need only to
know the surface tension parameter ∆ and relative modulus a. Both parameters were estimated
previously2,26. Self-assembling mesoporous silica micron particles have ∆~100 and 𝐾I < 𝐾H . Because
of the uncertainty in 𝐾I and 𝐾H , we considered several
Table 2. 1 Ratio of the free energies of misaligned to aligned channels
𝛼 = 0.1

𝛼 = 0.5

𝛼=1

𝜓K = 𝜋/4

4.1

3.4

2.9

𝜓K = 𝜋/40
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14

7.2

possible values of 𝛼. Table 2. 1 shows the results of numerical calculations of the ratios of free energies
of misaligned and aligned channels for two examples of the values of the angle of misalignment 𝜓K =
𝜋/4, and 𝜓K = 𝜋/40. One can see that the values are noticeably larger than 1, which means that the free
energy of misaligned channels is higher than the energy of the aligned channels.
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2.4

CONCLUSION

We studied formation of extended (from submicron to micronscale) geometry of nanoscale channels inside
colloidal multimicron mesoporous silica particles. We demonstrated that these large particles are forming
from the initial seed nanoparticles that have developed nanochannels, which is in agreement with the
existing literature. However, we found that in the early stages of self-assembly, multi-micron mesoporous
particles form particles of irregular shapes, which had virtually no extended aligned nanochannels. Our
work indicates that these extended channels start aligning after the seed particles form large aggregates.
These large aggregates initially have a lot of open disrupted channels, which re-arrange and align over
time. Further, we demonstrated that the extended alignment of these channels occurs because it is
energetically favorable and results in a minimization of free energy within the particles. In agreement with
the theoretical prediction, we observed that the number of open and misaligned channels decreases with
the increase of the synthesis times. By reaction completion, the extended full alignment of cylindrical selfsealed nanochannels running across the entire particles is created. These results shed light on the
mechanisms of self-assembly of complex geometries of nanopores. Additionally, these results will aid in
development of new materials for various applications e.g. timed drug release, filtration, separation,
enzyme stabilization, etc.
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3 Self-assembly of Multi-hierarchically Structured Spongy
Mesoporous Silica Particles and Mechanism of their
Formation
(V. Kalaparthi, S. Palantavida, N.E. Mordvinova, O.I. Lebedev, I. Sokolov.
Colloid and Interface Science, 2017. 491: p. 133-140.)
Here we report on self-assembly of novel multi-hierarchically structured meso(nano)porous colloidal
silica particles which have cylindrical pores of 4–6 nm, overall size of ~10 µm and ‘‘cracks” of 50–200
nm. These cracks make particles look like micro-sponges. The particles were prepared through a modified
templated sol-gel self-assembly process. The mechanism of assembly of these particles is investigated.
Using encapsulated fluorescent dye, we demonstrate that the spongy particles are advantageous to
facilitate dye diffusion out of particles. This multi-hierarchically geometry of particles can be used to
improve the particle design for multiple applications to control drug release, rate of catalysis, filtration,
utilization of particles as hosts for functional molecules (e.g., enzymes), etc.

3.1

INTRODUCTION

Mesoporous (also called nanoporous) silica materials obtained using templated so-gel chemistry is an
interesting material with many unique properties, such as very high surface area and uniform pore-size
distribution62,63. The majority of these materials has cylindrical pores running in parallel packed in
hexagonal order (nematic phase). By placing different functional moieties inside the pores, one can attain
rather unusual properties of interaction between those moieties and the surrounding environment. As
examples, fluorescent ultrabrightness30,56,58, extended lifetime of biological active molecules48, controlled
drug release and genetransfection64,65, specific filtration66,67 can be attained in this way.
1.

In many applications, it is advantageous to have nanoporous silica material hierarchically

structured. For example, making nanoporous silica particles of microns in size is obviously useful in
filtration. Such particles can be used in sensor applications44,in catalysis45,47 and bio-catalysis68, molecular
storage48,57, chromatography51, photonic applications30,31, etc. A nontrivial micron shapes can also define
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specific photonic properties69,70. It was previously found that cationic surfactants form and mineralize in
the presence of metastable semi/metal oxides to a well-ordered nanostructure that can extend up to a few
hundred microns24,62. These shapes can extend up to a few hundred microns and form mesoporous thin
films71-75, spheres76-78, curved shaped solids79,80 , tubes25,54, rods and fibers39,40,81, membranes

82

, and

monoliths83 has been reported. Multiple hierarchical structures of nanoporous are of particular interest
because it can provide controllable kinetics of access to the encapsulated cargo/catalyst/functional
moieties inside pores57.Well-known SBA-15 silica particles (typical pore size is 6–9 nm),which were
folded in ribbons with irregular holes of 50–100 nm can example such structures84. A similar size
nanoporous silica foam was synthesized in 85. Hollow micron nanoporous spheres were assembled using
a sacrificial skeleton86 or (polystyrene) cores87. Biological hierarchical structures like viruses can also be
incorporated to manufacture hierarchical nanoporous materials88. Hierarchical structures were also
synthesized using CO2water emulsion89 and supercritical carbon dioxide90. It is also possible to synthesize
hierarchical structure submicron particles by combining different templating molecules and swallowing
agents91,92. It is worth noting that the majority of hierarchical structures of nanoporous were obtained in
the core-shell structures.
Here we describe a novel type of multi-hierarchical silica particles. We report the synthesis of
multi-micron silica particles, which have nanoporous hexagonal structure of 4–6 nm. Furthermore, the
surface of these silica particles features a spongy shape, cracks of 50–100 nm. It is a one-bath synthesis
which requires just a simple intervention by adding pure water. Further, we investigate the mechanism of
self-assembly of these spongy shapes. Finally, using encapsulated fluorescent dye molecules, we
demonstrate advantage of the reported spongy particles for controlled release of encapsulated cargo. In
general, these particles can be used for the enhanced availability of cargo which may be encapsulated in
nanopores, in controlled drug delivery, chromatography, filtration, etc.

23

3.2

EXPERIMENTAL SECTION

3.2.1

Materials

Tetraethyl orthosilicate (TEOS, 98%, Aldrich), cetyltrimethylammonium chloride (CTAC, 25% aqueous,
Aldrich), hydrochloric acid (HCl, 36% aqueous, J T Baker), Formamide (HCONH2, 98%, Aldrich)and
Rhodamine 6G (R6G, Exciton Inc.), ultrapure water (18 MΩcm, MilliQ Ultrapure) were used without
further purification.

3.2.2

Synthesis

The synthesis procedure is a modified self-assembly previously reported in24,25. The following molar ratio
of the reactants 100H2O:8HCl:0.11CTACl:0.13TEOS: 9.5HCONH2 was used. At first, water, formamide
and dye were mixed in a plastic bottle, and stirred using a magnetic stirrer (Hotplate stirrer, Lab Depot,
Inc.) at 550 RPM for 5 min at room temperature. In the next step, hydrochloric acid was added to the
reaction mixture. As a result the temperature of the reaction mixture raised to 40 oC. The reaction mixture
was then put in an ice bath and stirred until it reaches room temperature. Next, CTAC was added to the
reaction mixture and stirred for 45 min. As a last step, TEOS was added and stirred for 2 h. If needed,
fluorescent dye was added together with TEOS. The reaction mixture was then kept in quiescent condition
(without stirring) for up to 72 h. Specific samples were prepared as follows:
Sample 1 (control): The synthesizing bath solution (with particles).The particles were extracted at a
predefined time by centrifugation(Safeguard Centrifuge, 3000 rpm, 1 min) without washing the particles
in water.
Sample 2. Water was added to the synthesizing bath solution (with particles) at a 1:3 volume ratio at a
predefined time. The obtained mixture was then kept in quiescent condition for 6 h before being analyzed
(with no centrifugation extraction).
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Sample 3. It was obtained as sample 2 in which the particles were extracted and immediately washed with
water and centrifuged, repeating the process 5 times, and discarding the supernatant.
The predefined time for sample extraction starts from the time of TEOS mixing with rest of the reaction
mixture. This time is taken to be 10 h, 13 h, 16 h, 18 h and 72 h.

3.2.3

Characterization

Samples were characterized with confocal scanning laser microscopy (CSLM) (Eclipse C1, Nikon Inc.),
with electron microscopy techniques, SEM (Phenom, FEI), FESEM (Zeiss Supra55VPField Emission
Scanning Electron Microscope), TEM (Tecnai G2 30UT), and porosity measurements using accelerated
surface area and porosimetry system (Micromeritics ASAP 2020).
To run CSLM imaging, a 25 µL droplet of particles was sandwiched between a microscopy glass slide
and cover slip. The change of the particle size after introducing water was calculated using ImageJ 1.41
software.
For porosity measurements, samples were first dried (as described above for SEM imaging), further dried
at 150 oC for 2 h in a vacuum chamber (Precision Scientific Model 19), followed by calcination at 400 oC
for 4 h in a furnace (Hot Spot 110, Zircar),ensuring no organic content leftover in the sample. This ensures
degradation and elimination of all organic content such as dye molecules and surfactant inside the
mesoporous structure. The same particles at 16th hours were also used for FESEM imaging.
For scanning electron imaging, samples were first dried in an oven (Iso temp 500 series, 60 oC) for 24 h
and then placed on a double sided carbon tape attached to the SEM stub, followed by a light gold coating
(Hummer 6.2 spattering system) for 1 min.
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TEM study was done on crushed samples which were prepared by using an ultrasonic bath, dissolving in
ethanol, and depositing on holey carbon grid. TEM was operated at 300 kV with 0.17 nm point resolution
and equipped with an EDAX EDX detector. A low intensity electron beam and medium magnification
were used in order to avoid the electron beam damage of the structure inside the microscope.
The slow-release of the fluorescent dye from pores of particles was qualitatively tested on sample 3
extracted at 16 h using CSLM as follows. The sample of particles in water was placed between a glass
slide and cover slip. A 15 µL of glycerol was drop-casted at the edge of the cover slips. The diffusion of
glycerin creates a gradient that forcefully pushes the dye out of the particles31.

3.3
3.3.1

RESULTS AND DISCUSSION
Microscopy Stuy

Fig. 3. 1 demonstrates a comparative formation of spongy particles of samples 2 and 3. CSLM images are
shown for the particles9, 13, 16 and 18 h of synthesis. Beyond 20th hour, however, the ‘‘spongy” shapes
become less significant, and the particles gradually attain a smooth shape of control sample 1 (see, Figs.
3. 2d and 3. 6a). This spongy geometry is particularly pronounceable when water was introduced to the
synthesis bath between13 and 18 h after the synthesis start.
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Fig. 3. 1 Confocal images of the particle morphology of Sample 1: (a),(b),(c) and (d), Sample(2): (e),(f),(g)
and (h) and Sample 3: (i),(j),(k) and (l). Triplets (a,e,i), (b,f,j), (c,g,k) and (d,h,l) correspond to samples at
9, 13, 16 and 18 h, respectively. Scale bar is 20 µm.
One can see from Fig. 3. 1 that either gentle addition of water (sample 2) or vigorous washing with water
(sample 3) give about the same result, the appearance of cracked ‘‘ spongy” shapes. Thus, we assume
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that sample 3 can be a correct representation of sample2 as well. Because sample 3 was thoroughly washed
with water, it can be dried and used for the electron microscopy study of both samples.

Fig. 3. 2 SEM images of Sample 3 at (a) 10 h, (b) 13 h, (c) 16 h and (d) 20 h samples with scale bars 20
µm, 10 µm, 10 µm and 25 µm, respectively.

Fig. 3. 2 shows SEM images of sample 3. One can clearly see that a well-defined spongy morphology is
developed around 16 h since the synthesis start, Fig. 3. 2c. Before that time, the solid fraction of the
synthesizing bath demonstrates rather irregular geometry, Fig. 3. 2a and b. Beyond 20 h these particles
are indistinguishable from the control, sample 1.
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Fig. 3. 3 Sample 3 synthesized for 16 h. (a and b) High resolution FESEM images of spongy particles. (c)
TEM images of the spongy edge at different magnifications.
Fig. 3. 3 shows a high resolution electron microscopy study of 16- h particles of sample 3. Fig. 3. 3a and
b shows high resolution FESEM images of typical spongy morphology. One can clearly see the cracks
and openings in the range of 40–100 nm. Fig. 3. 3c demonstrates TEM images of the particle edges. One
can see the cracked structure. However, it is hard to observe any ordered mesoporous structure, though
mesopores are clearly seen.

3.3.2

Porosity Measurements

Although it is unexpected to see any changes in nanoporous size (because it is mostly defined by the
templating molecule), it is still worth of testing if the pore size remain the same after developing the
spongy morphology. To test a possible change of the pore size of spongy samples (samples 2 and 3)
compared to the regular synthesis (sample 1), we measure the nitrogen adsorption/desorption isotherms
of calcined particles.
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Fig. 3. 4 Porosity measurements of (a) spongy particles (16h sample 1) and (b) regular smooth particles.
N2 adsorption/desorption isotherms at 77.3K are shown. Insets are the size distributions.
Fig. 3. 4 shows the nitrogen adsorption/desorption isotherms of the spongy shapes (sample 3 at 16 h of
the synthesis) and the regular smooth shapes (sample 1). In both cases one can see type IV isotherms with
H1 shape hysteresis93 which is typical for mesoporous structures. The isotherms for both samples show a
step rise at ~0.2 P/Po with a well noticeable hysteresis, indicating quite abroad distribution in
mesoporosity28. The BJH pore adsorption are as for 16 h and 72 h samples are found to be 690 g/m2
and550 g/m2, respectively, with the average BJH pore radius of 3.9 nm (the most probable pore size is
around 6.2 nm) for both samples. It implies that both samples demonstrate virtually the same pore size,
while the spongy shapes have 26% higher BJH pore adsorption areas compared to the non-spongy (fully
developed smooth) shapes. The latter is presumably because a part of then anoporous channels can be
self-sealed inside the particles56.

3.3.3

Mechanism of Formation of Spongy Shapes

Let us analyze the mechanism of formation of the spongy shapes. The relative amount of water in the
synthesizing bath defines the rate of hydrolysis of TEOS, and consequently, the rate of condensation of
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silicic acid94, the building material of silica shapes. Dilution of the synthesizing bath with water also
accelerates condensation of silicic acid by decreasing the relative concentration of ethanol. We see two
possible mechanisms of appearance of spongy cracks. The first mechanism is as follows. As we noted,the
addition of water changes the rate of silica condensation. During the condensation, Si – OH – HO – Si–
and Si – O – HO – Si– bonds turn into shorter silica – Si = O= Si – bonds. This leads to the development
of differential mechanical stresses near the particle surface due to the different rates of condensation of
silicic acid inside and near the particle surface25,26. When this process is slow, the mechanical stresses may
relax resulting in the overall complex morphologies of silica particles as was described in2,24. However, if
the process of condensation is fast, the developed internal stresses may result in fracture of silica material
near the surface, i.e., lead to cracks seen on spongy shapes and chipping out the particle’s material. As
was shown2,24, the strain due to silica condensation can reach 70%. This alone can explain the observed
spongy cracks. This mechanism is illustrated in Fig. 3. 5a.

Fig. 3. 5 Two suggested mechanisms explaining the development of the spongy structures. (a) Cracks
developed due to excessive surface shrinkage, which occurs during condensation of silica and (b) growth
due to adsorption of seed-nanoparticles on the particle surface.
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The second mechanism can work in the opposite way, and ‘‘build” the spongy surface rather than crack
it. This is because the addition of water also results in the growth of a large number of nanoparticles (the
seed particles) in the synthesizing solution due to the increase of the speed of silica condensation. It can
easily be detected visually; the solution becomes opaque, similar to the initial stages of the regular
synthesis55. When these new seed nanoparticles condense on the surface of already created micron size
particles, it is plausible to expect that they may create irregular spongy structures. This mechanism is
illustrated in Fig. 3. 5b.
Thus, we will consider two mechanisms contributing to the creation of the spongy morphology: (1)
Disrupting the surface of growing micron size particles due to excessive mechanical stresses developed
near the particle surface due to the different degree of silica condensation, and (2) the growth of a spongelooking layer due to the secondary precipitation of seed nanoparticles onto the micron size particles.
Presumably both mechanisms are present. To check which of the above mechanisms might be

Fig. 3. 6 Representative confocal images of the particle morphology before and after adding of water to
the reaction mixture. (a) Control sample 1. The particles were imaged after (16 h) hours since the
beginning of the synthesis. (b) Sample 2. It was obtained by adding water to sample 1 shown in panel (a),
and imaged immediately.
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dominant, we measure the particle’s diameters right before adding water (the initial particles; when the
particles are smooth) and after adding water (when the particles develop the spongy morphology). If we
observe that the particles grow in size after adding water, the secondary precipitation of nanoparticles on
the primary micron-size particles is the dominant mechanism. Otherwise, the rapture of the particle surface
due to differential stresses in the silica matrix is the dominant. Fig. 3. 6 demonstrates how exactly the
change of the particle size was measured. The particles images with CSLM before (Fig. 6a) and after
adding water (Fig. 3. 6b) are shown. One can see that the majority of the particles seen in Fig. 3. 5a
immediately develop the spongy shape. Comparing the sizes of particles before and after developing the
spongy shapes, one can conclude about the possible mechanism of their information.
Fig. 3. 7 shows a statistical distribution of the relative change of the particle size after adding water.
Negative numbers indicate the decrease in size. One can see from Fig. 3. 7 that there is a slight overall
decrease of the particle size; the average decrease is_3.3%. This indicates the presence of both
mechanisms with a minor domination of the disruption mechanism.

Fig. 3. 7 A relative change of the particle size one developing the spongy morphology (sample 2 with
respect to sample 1). Water was added 16 h since the beginning of the synthesis. The average percentage
of difference is around −3.3%, indicating a slight decrease of the particle size, and consequently, a slight
domination of the rapture mechanism in the formation of spongy morphology.
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As we mentioned in the introduction, the spongy particles described above can find its use in a variety of
applications. Because of their structure, the synthesized particles (samples 2and 3) should have higher
accessibility of nanopores to the surrounding media compared to smooth particles (sample 1). This was
already demonstrated by the observed 26% increase in the surface area of particles when they develop
spongy geometry. Therefore, spongy particles may find its use in the control drug release. Next,
mesoporous silica particles is advantageous for storage and use of biologically active molecules, in
particular, enzymes48. Application to filtration is rather obvious. Larger open surface of microparticles
will enhance the sorption of the moieties being filtered.
Let us now demonstrate a potential application of spongy particles for the enhanced release of
encapsulated cargo. We can demonstrate it by using the release of encapsulated rhodamine6G fluorescent
dye (the gradient flow was created by glycerol as described in the Methods section). Fig. 3. 8 shows an
optical fluorescent image of the dye leakage from the particles of spongy simple 3(16 h
synthesis) and sample 1 with no spongy structure. One can clearly see that the spongy particles release
more dye molecules.

Fig. 3. 8 Dye leakage comparison shown for (a) particles of Sample 3 (16th hour synthesis) and (b) sample
1 (>20 h synthesis). Both images have the same scale (200 µm scale bar is shown).
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3.4

CONCLUSIONS

We presented the synthesis of novel sponge-like mesoporous silica particles which feature multihierarchical geometry: being multi-micron size particles, they have irregular cracks of 50–200 nm
(sponge-like structure), and 4–6 nm cylindrical pore. The formation of such structures was induced by the
interruption of a templated sol-gel self-assembly by adding water to the reaction solution before particles
were fully grown. While nanopores remain of the same size, the surface area of the spongy particles
increases by 26% compared to the non-spongy ‘‘regular” synthesis. The analysis of the shape forming
mechanisms showed that they are presumably formed as a balance between the rapture and regular
precipitation mechanisms with a slight domination of the rapture mechanism.

3.4.1

FUTURE WORK

The reported multi-hierarchical porous particles can be effective in the controlled release, for storage of
biologically active molecules, and in filtration applications. The enhanced release of encapsulated
fluorescent dye from the spongy particles was demonstrated. Further benefits of the use of the developed
particles will be studied in future works.
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Chapter 4
4 The Nature of Ultrabrightness of Nanoporous Fluorescent
Particles with Physically Encapsulation of Fluorescent Dyes
(Kalaparthi, V., S. Palantavida, and I. Sokolov, Journal of Materials Chemistry C, 2016. 4(11): p. 21972210.)
Here we investigate the phenomenon of ultrabrightness of rhodamine 6G dye physically encapsulated in
nanopores of silica particles, both of nano- and micro-size. We demonstrate that the dye can be packed
inside nanoporous silica up to rather high concentrations (~50 mM) without noticeable dimerization,
which is several orders of magnitude higher than for free dye in water. Fluorescence and absorbance
spectra of the dye, its fluorescence lifetime, quantum yield, brightness, and anisotropy before and after
encapsulation are studied for different dye concentrations. The temperature dependence of fluorescence
reveals the mechanism of dye homo-quenching. Interestingly, the mechanisms of self-quenching of the dye
inside discoids and nanoparticles turned out to be different for large concentrations. The mechanism is
defined mostly by the dynamic quenching inside the nanoparticles up to the maximum concentration
observed of 50 mM, whereas the quenching of the dye inside the discoids is driven by the static quenching
above several mM. Both types of particles demonstrate collisional quenching for small concentrations of
encapsulated dyes. All measurements are consistent with low dimerization of the encapsulated dye, and
the consequent high fluorescence brightness. Physical reasons of such behavior are discussed.

4.1

INTRODUCTION

Fluorescence allows for the detection of even very low amounts of fluorescent molecules due to high
signal-to-noise ratios with respect to a non-fluorescent background. Fluorescent nanoparticles are used in
a broad range of applications involving imaging, sensing, tagging, tracing, labeling95-101 and particularly
in biological applications.102 Using various reactive moieties such as carboxylic acids, biotin, streptavidin,
amine, thiol, etc., one can attach specific sensing molecules to a labeling fluorescent particle, such as
antibodies, various proteins, peptides, nucleic acids, aptamers, small molecules and even liposomes. The
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nanoparticles could be bioconjugated with multiple biomolecules for multimodal, multiplexed imaging of
large molecules, cells, tissues, etc103-117.
Silica has been the material of choice due to its good biocompatibility, low toxicity, and ease of
functionalization with sensing molecules118-125. Numerous attempts to embed organic dyes into silica
xerogels and zeolites have previously been reported.121,123,126-132 To prevent dye leakage out of the porous
xerogels, dyes were typically covalently bound to the silica matrix. Encapsulation of fluorescent dyes in
solid silica is well known. The major advantage was that the dye was demonstrated to be much more
photostable after encapsulation.133
Increased brightness of labeling nanoparticles is desirable to attain a higher signal-to-noise ratio,
and consequently, to increase the sensitivity and/or speed of sensing, contrast of imaging, etc. Increased
brightness allows for longer tracing of the particle even in the case of bleaching of fluorescence. Finally,
it enables use of simpler/cheaper and more robust instruments to detect the fluorescent tags. As an
example, increased brightness of the nanoparticles allows detection of cervical cancer cells within 15
minutes of incubation, which opens a way to use them to improve much-needed accuracy of existing
clinical Pap(liquid cytology) tests for early detection of cervical cancer.13
There have been many attempts to make fluorescent silica nanoparticles with increased brightness.
115,119,134-138

Most of these approaches utilized the covalent binding between fluorescent dye and silica.

Recently, the use of tris(2,2'-bipyridyl)dichlororuthenium(| |) hexahydrate (Rubpy) dye was reported to
non-covalently doped silica nanoparticles.139 However, the brightness of these particles was not
particularly high.
Another approach, a one-step synthesis of nanoporous (mesoporous according to IUPAC
convention) silica micron size particles with physically encapsulated organic dyes was proposed.28,56 It is
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a templated sol–gel self-assembly of nanoporous particles with a fluorescent dye added in a relatively
large concentration (up to0.01 M) to the synthesizing bath. After completing the synthesis, the dye stays
inside the self-sealed cylindrical nanochannels. The particles were up to two orders of magnitude brighter
than polymeric particles of the same size assembled with quantum dots (ZnS-capped CdSe quantum
dots)139 (we called these particles ‘‘ultrabright’’ for the lack of a better term). The mechanism of
ultrabrightness is still not completely understood.
Here we are trying to understand the nature of unusually high fluorescence coming from
fluorescent dyes physically encapsulated inside nanoporous silica particles. Here we use self-assembly of
nanoporous silica particles of both nano- and micron-size (though created in different chemical paths but
using the same templating molecules and similar pore geometry of parallel hexagonal packaging of
cylindrical pores of 3–3.5 nm in diameter
fluorescence

nature

of

the

particles

29,30,40

) and using rhodamine 6G dye. The ultrabright

when

using

various

dyes

have

previously

beendemonstrated.1,3,28,55Hereafter we will consider dye rhodamine 6Gas our test molecule for
encapsulation inside nanoporous silica particles. Encapsulation of this xanthene dye in a silica matrix has
been studied extensively (see, for example, ref. 133 and the references therein). Better (compared to free
dye) photostability was found. A lack of aggregation of the dye molecules above concentrations of ~0.1
mM was reported as well as the increase in Stokes shift. When rhodamine 6G dye was encapsulated inside
the nanoporous particles obtained with the templated sol gel, the particles demonstrate increased
photostability as well.3,29,30 However, the Stokes shift slightly decreases. In the present paper we
demonstrate that the quenching of the dye inside the nanoporous particles is deferred up to the maximum
possible concentration of 50 mM reached inside the particles. The mechanism of small quenching
observed was found to be similar for both nano- and micron-sized (the latter we call ‘‘discoids’’) particles
for low concentrations of the encapsulated dye. However, it was found to be unexpectedly different for
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nano and micron particles for high dye considerations. While the quenching remains collisional for
nanoparticles up to the maximum concentration observed of 50 mM, the quenching becomes staticdominated (dimer formations) for micron discoid particles. The physical reasons for the observed
phenomena are discussed.

4.2

EXPERIMENTAL SECTION

4.2.1

Materials

Tetraethyl orthosilicate (TEOS, Aldrich), cetyltrimethylammonium chloride (CTAC, 25% aqueous
solution,

Aldrich),

triethanolamine

(TEA,

Aldrich),

rhodamine

6G

(R6G)

(Aldrich)

and

ethyltriethoxysilane (ETES) were used. All chemicals were used as received. Ultrapure deionized water
from a Milli-Q ultrapure system was used for all synthesis, dialysis and storage steps. Dialysis membranes
of molecular weight cutoff 2.5 kDa (Spectra/Por regenerated cellulose) were used in all dialysis steps.

4.2.2

Synthesis

The discoid particles were synthesized using sodium silicate nonahydrate (Fischer Scientific), deionized
water, cetyltrimethylammonium bromide (CTAB), hydrochloric acid and ethyltriethoxysilane(ETES,
Aldrich) in the molar ratio 0.13 : 100 : 0.21 : 3.9 : 0.0063.Rhodamine 6G (Aldrich) was dissolved in water
to obtain solutions of specific concentrations ranging from 1 ×10-6 to 5 × 10-3 M. The synthesis of discoid
particles was performed as follows. 20 mL R6G dye solution of a specific concentration was added using
a disposable pipette into a polypropylene bottle. The solution was warmed to 70 oC. 0.98 g
cetyltrimethylammonium bromide was weighed and added to the solution and dissolved under stirring,
4.07 mL HCl was pipetted into the bottle and stirred for a further 10 minutes. Sodium silicate, 0.47 g, was
dissolved in 3 mL water and added to the stirring mixture. The sample was stirred further for about 5
minutes and kept in quiescence for 1 h at 80 oC. After an hour 17.3 mL of ETES was added and the
solution stirred for 30 minutes. The sample was returned to quiescence at 80 oC for further four hours. The
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samples were collected by centrifugation; washed with DI water ten times by sequential resuspension and
centrifugation in 15 mL centrifuge tubes to remove free dye (supernatant was discarded each time). The
samples were stored in DI water at room temperature.
The synthesis of nanoparticles was performed as follows. A relative molar composition of 1 : 0.25 : 13 :
174 TEOS/CTAC/TEA/H2O was followed with R6G dye concentrations in the range of 0.25 mM to 8
mM. TEA and TEOS were placed in glass bottle and kept at 90 oC for 1 hour. CTAC, R6G and H2O were
mixed and stirred at 450 rpm for 1 hour. The two mixtures were then added together and stirred at 450
rpm for 30 minutes, after which ETES (10% to TEOS concentration) was added and stirred for an
additional 3 hours. Then, the synthesis solution was dialyzed against pure water until no free dye remained.
All samples were pre-heated at 50 oC for 30 minutes twice before conducting the temperaturemeasurement experiments.

4.2.3

Characterization

A fluorescence spectrophotometer Cary Eclipse (Agilent, USA), Fluorolog 3 (Horiba, Japan) and a Cary
60 UV-VIS (Agilent, USA) spectrophotometer were used to measure the fluorescence and absorbance
spectra of the particles. Lifetime measurements were carried out using a FLIM attachment to a WITec
confocal Raman microscope (WITec, Germany). To remove the effect of self-filtering and scattering,
spectra from high concentration solutions and dispersions were recorded using Fluorolog 3 and Nikon
2000U microscopes combined by means of a fiber-optic attachment.
The size distribution of the nanoparticles was obtained using dynamic light scattering (DLS)
measured with a Zetasizer-nano-ZS (Malvern, MA) equipped with a standard 35 mW diode laser and an
avalanche photodiode detector. 0.25 mL of stock solution (as synthesized) was diluted to 3 mL with
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deionized water and ultrasonicated for 5 min prior to the DLS measurements. The measurements were
averages for three runs. Sizes of the discoid particles were estimated from SEM images.
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4.3

RESULTS AND DISCUSSION

Fig. 4. 1 shows examples of ultrabright fluorescent silica particles synthesized, from nanoparticles to
micron-sized particles, which contain R6G dye. Fig. 4. 1a shows an example of 35 ±7 nm particles with
the inset demonstrating the nanoporous structure. Fig. 1b shows micron-sized particles, which we call
discoids due to their peculiar shapes. These particles have an average size of 3.5 ± 0.7 micron. A discoid
particle with rhodamine 6G dye encapsulated is shown sitting in a cage of polyurethane polishing pad.
The fluorescence of this particle is so bright that it eliminates the landscape of the pad around it. The same
figure shows SEM images of the discoids .

Fig. 4. 1 Examples of electron and optical images of ultrabright silica nanoporous particles: (a) TEM of
nanoparticles of average size of 35 nm (scale bar is 50 nm) with the inset demonstrating the nanoporous
structure; (b) SEM of “discoid” particles of the average size of 3.5 microns; (c) a schematic of the location
of nanochannels and dyes inside nanoporous silica particles. Magnified area of the nanochannels with the
dye encapsulated inside ∼3 nm channels is shown. Alkane chains of the surfactant molecules are presented
as zigzag vertical lines with the head groups adjacent to silica walls; (d) structure and physical sizes of a
molecule of rhodamine 6G dye.
Fig. 4. 1c shows a schematic of the encapsulation of the dye inside a nanoporous particle. The dye
molecules are dispersed inside the nanoscopic cylindrical channels with the help of alkane chains of
surfactant molecules. In the direction perpendicular to the cylindrical channels, silica walls are preventing
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the dyes from aggregation and colliding with each other. Fig. 4. 1d demonstrates the structure and physical
sizes of molecules of rhodamine 6G dye.

4.3.1

Measurement of Fluorescence Brightness of Fluorescent Silica Particles.
Methodology

Because unusually high fluorescence brightness is an important property of the synthesized fluorescent
silica particles, it is worth describing the measurement protocol in more detail. While intuitively brightness
is a simple concept, technically there are several definitions. According to the classical definition,140
brightness B of a fluorophore is the number of fluorescent photons emitted by the fluorophore per second
for a given set of optical conditions. 𝐵 = 𝑞𝜎𝑄, where 𝑞 is the efficiency of detector, 𝜎 is the cross-section
of the fluorophore (or absorptivity or extinction coefficient), and 𝑄 is the quantum yield of the fluorophore.
To exclude the instrumental dependence, the brightness is frequently understood as 𝐵 = 𝜎𝑄. This
definition is good for a molecular fluorophore. However, for nanoparticles it becomes ambiguous, see the
discussion in ref. 3. To make this definition instrument-independent, we will use relative brightness with
respect to some standard fluorophores. This logic is used in a majority of works in which the brightness
of particles has to beevaluated,3,139,141-144 including the basic definition of brightness of fluorophores used
in flow cytometry. Thus, we use the units utilized in flow cytometry, MESF units (molecules of equivalent
soluble fluorochrome). This measure is robust and virtually instrument independent. Specifically, we will
calculate the relative brightness of the fluorescent silica particles with respect to the brightness of a single
molecule of free rhodamine6G (the same molecule used for encapsulation).
Using rhodamine 6G as the reference dye, and measuring fluorescence coming from the solution
with known concentrations of fluorescent silica particles (𝐶m ) and the reference dye(𝐶Bno ), one can find
the sought relative brightness of the material of fluorescent particle as follows:
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where 𝐹𝐿m (or 𝐹𝐿Bno ) is the amount of fluorescent light coming from a suspension of the particles in
water (or a solution of reference R6G dye). The normalization per volume (factor 1/𝑉m ) was introduced
to eliminate the dependence of relative brightness on the size of the fluorescent particle (the larger the
particles, the brighter they are). To make the brightness value more informative, we calculate the
brightness coming from a volume of 10 × 10 × 10 nm3, which is a characteristic size of nanoparticles. To
do that, the brightness in eqn (1) has a multiplicative factor of 1000 nm3. Thus, the brightness calculated
using eqn (1) is equal to the number of (freely fluorescent) R6G dye molecules encapsulated in a volume
of 1000 nm3.
Because the spectra of both the nanoparticles and R6G dye are virtually the same, FL can either
be the value of measuring fluorescence at a particular wavelength, or the integral over the emission
wavelength interval. When comparing this brightness to the brightness of a quantum dot, the integral
emission isused.141,142 It is worth mentioning one technical aspect when measuring fluorescence with
discoids. Because the discoid particles are sufficiently large (average size of 4.4 µm),particles tend to
precipitate if the measurement time is too long. Fluorescence anisotropy measurements required more
time for individual measurements. So in order to avoid the effect of particle settling in these measurements,
the particles were suspended in a hydrogel which matches the refractive index of water. The absence of
any change of optical spectra of discoids suspended in hydrogel versus water was verified.
In the following measurements, there are two important technical problems that have to be
mentioned, scattering and self-absorbance (self-filtering). Ignoring these problems may result in
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substantial errors. The problem of scattering is quite simple though might be confusing. We describe this
in APPENDIX . The problem of self-absorbance is described in the next section.

4.3.2

Problem of Self-filtering

This problem becomes serious when measuring highly concentrated dye or particle solutions by using
regular spectroscopic cuvettes. The issue of high dye concentration is interesting because the
concentration is rather high inside the silica particles considered here (can reach tens of milli moles per
dm3). When measuring the brightness of fluorescence coming from such a concentrated solution of dye, a
good portion of fluorescence can be absorbed by the dye itself. To avoid this, the fluorescence intensity
and spectral properties of the dye solution at high concentration were studied with a specially designed
cuvette located on an inverted optical microscope which was connected to a Horiba fluorimeter. The
bottom plate of the cuvette was 0.17 mm in thickness. This allowed the excitation light to be focused
within a volume of several microns near the surface. The amount of self-filtering can be estimated in this
setup as follows. Using the Beer–Lambert law, the change in intensity of the exciting light passing distance
l due to absorbance is given by 10„ , where A is the absorbance; 𝐴 = 𝜀𝑙𝐶, where 𝜀 is the dye absorptivity,
𝐶 is the dye concentration. Taking the maximum concentration of rhodamine 6G inside the dye solution
to be10 mM (the limit of solubility), 𝜀 = 105 (M cm)-1, and the size of the fluorescence volume 10 micron
in diameter (say with an objective of NA ~1), one can find that the intensity of light due to absorbance
decreases only ~1% when passing through the volume, which is insignificant. The same estimation is valid
for self-absorbance of fluorescence inside of discoid particles in which the dye concentration is rather
high. Because of the small size of these particles, the inner self-filtering can be ignored. In the case of
nanoparticles, this effect is obviously negligible.
A similar problem can be observed for measurements of the absorbance spectra of highly
concentrated dye solutions. The absorption values with standard cuvettes provide erroneous results for
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high concentrations of dye solution. We surmount these limitations by means of using our customized
cuvettes of the optical lengths 1 mm and 200 µm.

4.3.3

Results for Brightness

The results for the relative brightness of rhodamine 6G dye at several different concentrations, when the
dye is free in water and when encapsulated inside nanoparticles and discoids, are shown in Fig. 2. To
remind, this brightness is calculated using eqn (1). It is approximately equal to the effective number of
R6Gmolecules encapsulated inside the (10 nm)3 volume (it would be equal to the actual number of
molecules if the quantum yield of the encapsulated dye was unchanged compared to the free dye).
Similarly, brightness of the dye solution is calculated for the same volume.

Fig. 4. 2 Comparative brightness as a function of rhodamine 6G dye concentration per 1000 nm3 volume
of ultrabright nanoporous silica nanoparticles; ultrabright nanoporous silica microparticles (discoids);
water solution of the dye; surfactant–dye solution. The dashed line shows an ideal additive fluorescence
which would come from R6G dye molecules that do not change the quantum yield compared to free dye
in low concentrations in water.
For convenience, the dashed line shows an ideal additive (linear) fluorescence, which would come from
R6G dye molecules that do not change the quantum yield compared to free dye in low concentrations in
water. One can see that free dye in water demonstrates almost ideal linear behavior for small
concentrations up to 10-2 mM. Starting from concentrations above 1 mM, the fluorescence brightness of
free dye decreases despite the increasing number of molecules per unit volume. The same behavior is seen
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for the dye dissolved in the presence of CTAB surfactant taken at slightly above CMC concentration (~2
mM). The latter was estimated to exclude surfactant (aka dispersant) as a possible cause of ultrabrightness.
At the same time, the dye encapsulated inside the discoids and nanoparticles does not show a noticeable
deviation from the linear behavior up to rather high concentrations (~50 mM).As a result, the fluorescence
brightness of both micron and nanoparticles keeps increasing. It should be noted that here we study
nanoparticles with sufficiently large concentrations of the dye encapsulated. The reason for this is purely
technical. To avoid various nonlinear effects connected to scattering from nanoparticles, the concentration
of nanoparticles has to be sufficiently small. This, however, creates a problem of too low a signal when
measuring nanoparticles with low dye concentrations. Because the nanoparticles with a low dye load are
not of high interest, we will not consider them in this work.
In Fig. 4. 2, the maximum brightness attained when using quantum dots of comparable spectrum
encapsulated in polymerbeads145 is also shown. Considering this threshold as the maximum brightness
obtained per unit volume of fluorescent particles, we call the region of increased brightness
‘‘ultrabrightness’’region. It is shown in Fig. 4. 2 as a dashed area. Table 4. 1 summarizes the calculation
of particle brightness as well as some intermediate data which can help to understand details of the
particles of the study. Specifically, Table 1 shows dye concentration inside the particles, the maxima of
absorbance and fluorescence of various particles studied in this work, the number of encapsulated dye
molecules per unit volume (per 10 ×10 ×0 nm3) and the averaged distance between encapsulated
molecules. The same values for free dye dissolved in water are also shown. Note that the values of the
wavelengths of the maximum absorbance for discoids cannot be directly defined due to large scattering.
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Sample type

Concentration

Maxima

(mM)

λabs/λflu

#

of

dye Distance

molecules
per (10nm)3

molecules
(nm)

Discoid

18.0

534/546

11

4.6

Discoid

1.7

532/544

1

10.0

Discoid

0.2

-/544

1×10-1

20.2

Discoid

9.0×10-3

-/544

6×10-3

55.9

NP

47.8

522/545

29

3.3

NP

38.4

522/545

23

3.5

NP

11.7

523/545

7

5.2

NP

3.8

522/545

2

7.6

NP

1.8

522/545

1

9.7

R6G dye in water

0.1

500/551

6×10-2

26.0

R6G dye in water

1.0×10-3

526/550

1×10-3

118.4

Table 4. 1 Summary of the particle and dye properties.
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between

4.3.4

Discussion of Abnormal Brightness and Additional Measurements to

Fig. 4. 2 demonstrated a substantially different behavior of free versus encapsulated dyes. Because we
excluded self-filtering, see the above, it is clear that the dye encapsulated inside the nanochannels of silica
particles does not show any fluorescence homo-quenching. We will additionally confirm it by studying
the spectra of the encapsulated versus free dye, its lifetime and quantum yield. These measurements will
also help to understand the nature of the observed lack of fluorescence quenching.
Fig. 4. 3 shows the excitation–emission matrix of the fluorescent dye dissolved in water and
encapsulated inside nanoparticles and discoids. Every spectrum is normalized to 1 at the maximum
fluorescence emission. The straight line in each spectra is due to the light scattering. The dye in water is
shown in three typical concentrations: 50 nM (weakly self-interacting dye; linear response of fluorimeter),
1 mM (the concentration corresponding to the maximum fluorescence brightness, see, Fig. 4. 2), and 8
mM (close to the limit of solubility of R6G dye in water). One can see the broadening of the excitation
spectrum with the increase of dye concentration in water, which is an indication of dye dimerization
(forming of so-called J-dimers).At the same time, there is no noticeable broadening of the spectra when
the dye is encapsulated inside the nanoparticles or discoids up to the maximum of concentrations (48 mM
in nanoparticles and 18 mM in discoids). All the spectra are almost identical to the spectra of free dye in
water at low concentrations (though there is a blue shift of 5 nm in the fluorescence spectra compared to
the dye in water). This votes in favor of the dye being encapsulated inside nanochannels demonstrating
no aggregation, and consequently, quenching. The dye behaves as free non-interacting dye monomers up
to very high concentrations. Dye encapsulated inside discoid (the bottom row of spectra) does demonstrate
some broadening of the excitation spectra at the maximum concentration of18 mM. This indicates the
appearance of J-dimers inside the discoids at that dye concentration.
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Fig. 4. 3 Excitation–emission matrix of R6G dye in water (top) and encapsulated inside nanoparticles
(middle), and discoids (bottom) at different concentrations. All spectra are normalized to 1 at the
maximum fluorescent emission.
While the appearance of dimerization is clear for dye solutions, it is not that clear for the encapsulated dye
as shown in Fig. 4. 3. To demonstrate it for the encapsulated dye, we present the fluorescence excitation
and absorbance spectra of nanoparticles and discoids at various concentrations, Fig. 4. 4. The spectra
ofR6G in water are identical to the spectra of nanoparticles (after subtracting the scattering); the only
difference is a ~5 nm red-shift of fluorescence of the dye solution. The absorbance spectra are much more
sensitive to the presence of dimers. One can see that nanoparticles do not show any dependence on
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concentration. At the same time, both fluorescence J- and non-fluorescence H-bands of dimers are clearly
seen for discoids at the maximum concentration of 18 mM. This can be seen from broadening of the
fluorescence spectra and from the specific increase of shoulders in the absorbance spectra (the absorbance
maximum at 496–500 nm is indicative of H-band of the dimer and the maximum at 552–555 nm
correspondence tothe presence of J-band 146,147). The absorbance spectra for 0.2 mM discoids are too noisy
due to scattering (not shown).

Fig. 4. 4 (a and b) Fluorescence excitation (measured at a fluorescence maximum of 545 nm) and (c and
d) absorbance spectra of nanoparticles and discoids, respectively.
It is interesting to estimate the amount of dimers in discoids at the highest concentration (18 mM).
Dimerization of rhodamine 6G in various media is well reported. Dimerization of rhodamine 6G in
ethylene glycol was studied in ref. 146. It was found there that the absorption spectra of the dimer showed
both J- and H-bands and unlike in other systems, they did not overlap. In particular, the dimer did not
absorb at the maximum monomer absorption. The dye encapsulated inside discoid is entrapped in a
medium composed of surfactant alkane chains, which is physically rather similar to ethylene glycol, a
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weakly polar medium. Here we assume that the spectral characteristics of dimers and monomers of the
dye encapsulated inside discoids are similar to that reported in ref.

146

. Considering the facts that dimer

does not absorb at the monomer peak absorption and the shape of the monomer spectrum does not change
in a mixture of dimers and monomers, we separated the dimer contribution in the absorbance spectrum as
follows. A monomer spectrum (equivalent to the spectrum at the lower concentration of the encapsulated
dye) was scaled to match the absorption of the 18 mM discoid at 𝜆€ˆ‰ of the monomer and subtracted
from the 18 mM discoid spectra. This removed the contribution of monomers leaving the contribution of
dimers. The absorbance of the dimer at 552 nm (J-band) and at 496 nm(H-band) was 0.229 and 0.242
respectively relative to the monomer absorbance of 1. Taking the relative extinction coefficients for Hdimers, monomers and J-dimers from ref.

146

equal to 1.5 : 1 : 0.5,one can find 10%, 61% and 28%

proportions for H-dimers, monomers and J-dimers, respectively. Since the quantum yields of H-dimers
are very small and can be neglected, this should result in the decrease of the quantum yield of the discoids.
It will be verified later in this work.

Fig. 4. 5 Fluorescence lifetime of free dye in water and the dye encapsulated inside silica nanochannels as
a function of dye concentration. The error bars are shown for one standard deviation. The absence of
visible error bars means that they are hidden inside symbols.
To further confirm the absence of fluorescence quenching in nanoparticles and in the majority of
discoids, we performed the fluorescence lifetime measurements. Fig. 4. 5 shows the results of lifetime
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measurements for discoids, nanoparticles and free dye as a function of the dye concentration. One can
indeed see substantial drop of the lifetime of free dye at concentrations above 0.1 mM. This is very close
to the previous study of fluorescence lifetime of rhodamine 6G in water.148 It was suggested that the
decrease in the lifetime (and consequently, the quantum efficiency, see below) was due to formation of
dimers for concentrations below 0.2 mM, and even trimers at high concentrations. It is interesting to note
that a similar study done with R6G dye in methanol

149

showed a similar behavior (lifetime versus

concentration), but the authors arrived at a slightly different conclusion about the mechanism of
quenching. A small initial quenching in methanol for small concentrations was explained by interaction
between the R6G molecules and its excited monomer. A rapid decrease in the lifetime of concentrations
above several millimoles in methanol was explained by the formation of R6G aggregates (dimers and
trimers) similar to the explanation of R6G in water. It should be noted that these two mechanisms are
rather different. One is dynamic (interaction with excited monomer) and the other is static (formation of
molecular aggregates). It can be distinguished, for example, by studying the dependence of fluorescence
on temperature, seethe next section for more details.
It was reported that the increase of fluorescence lifetime is correlated to the formation of
fluorescent J-dimers.129 Oppositely the decrease in lifetime values was explained by interaction with Jdimers and nonfluorescent H-dimers, pairs of dye molecules which cause quenching of the excited states
through homo-FRET(Fo¨rster resonance energy transfer).150 Here we observed only slight decrease of the
lifetime for dyes encapsulated in discoids and only at the maximum concentration of 18 mM. The lifetime
of the dye encapsulated inside nanoparticles did not show a noticeable change compared to free dye up to
the maximum concentration of 48mM. This is one more vote in favor of absence of noticeable
concentration of dimers in our nanoparticles.
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Using the lifetime 𝜏 one can calculate the relative change in the quantum yield of fluorescent dye using
𝑄𝑌ŒW = 𝑄𝑌Œ• ×

ŒW
Œ•

, when lifetime 𝜏 changes from 𝜏A to 𝜏1 . It was noted that this simple formula is correct

provided there is no nonfluorescent aggregates of dye molecules. The quantum yield can also be calculated
by using fluorescence intensities via a standard formula:
𝑄𝑌 = 95%

xy‘’“”•–—˜

„|}~

(2)
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where 𝐴Bno K› œˆ•žŸ

¡¢

(𝐴Bno ) is the absorbance of the R6G dye extracted from nanoporous silica particles

(concentration of R6Greference dye, which should be quite low to avoid non-linear effects mentioned
above; here we used the concentrations of ~10-7 M). 95% is the quantum yield of the R6G reference dye.
The method and examples of measurement of 𝐴Bno K› œˆ•žŸ

¡¢

(𝐴Bno ) are shown in the

Fig. 4. 6 Quantum yield of the dye encapsulated inside the particles as a function of rhodamine 6G dye
concentration. The error bars are shown for one standard deviation. The absence of visible error bars
means that they are hidden inside symbols.
The values of the quantum yield calculated using eqn (2) as well as the fluorescence lifetime are
shown in Fig. 4. 6. Because of the difficulties in measuring the absorbance of scattering discoids, it was
possible to measure the quantum yield reliably using eqn (2) only for two highest dye concentration
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discoids. One can see that the decrease of quantum yield with the increase of encapsulated dye
concentration is rather small. Within the error of measurements, the only noticeable drop compared to the
quantum yield of free dye (95%) which is seen in both lifetime and fluorescence measurements is the case
of discoids with the maximum dye concentration (of 18 mM). The slightly higher quantum yield for
discoids with 1.7 mM encapsulated dye concentration could be explained by the difficulty of measuring
absorbance and scattering of these optically active objects(possible lensing and capturing light inside).
This rather small change in quantum yield up to very high concentrations of encapsulated dye provides
further evidence in favor of the lack homo-quenching of fluorescence of the dyes encapsulated inside
silica nanochannels. In particular, virtually the same values of quantum yields calculated from the lifetime
and fluorescence measurements for nanoparticles indicates the absence of nonfluorescence entities inside
nanoparticles (such as H-dimers).
It is interesting to compare the results obtained for the quantum yield of discoids at the highest
concentration with the concentrations of dimers derived from the absorption spectra above. If we consider
the quantum yield derived from the lifetime, the decrease for the highest concentration of discoids is
~8%.Since H-dimers do not fluoresce the quantum yield obtainedusing the lifetime measurement is solely
based on the emissions from J-dimers and monomers. As we demonstrated before, the relative
concentrations of J-dimers and monomers as obtained from absorbance spectra (Fig. 5d) were 28% and
61%, respectively. The extinction coefficient of J-dimers is twice smaller than monomers. So, their
contribution to fluorescence is19 and 81%, respectively. The ratio of quantum yields of monomer to Jdimer can be estimated as 5 times greater than from ref.146. Fortunately, the error due to this uncertainty
is quite small. The quantum yield of the dye encapsulated at this concentration should decrease to ~ (81–
85) %. This is in quite good agreement with the observed 87% (the difference is within the error bar of
the measurement).
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Similarly, if we consider the results shown in Fig. 4. 6 for the quantum yield derived from
fluorescence, it decreases ~24%for the highest concentration of discoids. Here we have to take into
account H-dimers as well because their presence decreases fluorescence. Taking that into account, one
should expect a decrease of ~23%, which is in excellent agreement with the observed 24%. Thus we can
conclude that the measured decrease of the quantum yield for discoids with maximum concentration of
encapsulated dye is in good agreement with the estimation of the concentration of J- and H-dimers derived
from the absorbance measurements.
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4.3.5

Rotational Diffusion of the Encapsulation Dye

To understand the interaction between the encapsulated dye and its environment, it is instructive to
measure the rotational diffusion coefficient of the encapsulated dye molecules. This coefficient can be
measured through the study of the fluorescence anisotropy. However, there is another phenomenon which
interferes with such measurements, home-FRET.140,151 This is because FRET depends on the dihedral
angle between donor and acceptor excited dipole states. Therefore, if the donor is excited with polarized
light, FRET will transfer energy to a quite broad angle distribution of acceptors. This will lead to the
decrease of the initial polarization and the fluorescence anisotropy. The rhodamine 6G dye considered in
this work has a slight overlap between absorbance and emission.30,148 According to our calculations of the
concentration of dye encapsulated inside nanoporous particles, the distance between individual dye
molecules (see, Table 1) should be sufficient to participate in the homo-FRET regime.140 Specifically, the
average distance between dye molecules ranges within 3–20 nm for the particles considered in this work.
The FRET-distance for R6G dye is 5.5 nm.148 Because the spectra of encapsulated dye do not change
noticeably compared to the free dye, the FRET distance remains essentially the same forth dye after
encapsulation. Therefore, one should take homo-FRET into account when calculating the rotational
diffusion coefficient of the encapsulated dye molecules.
The anisotropy of fluorescence 𝑟 is defined as
𝑟=

£∥ :£¥

(3)

£∥ <1£¥

where 𝛪∥ and 𝛪§ are the fluorescence intensities of the vertically (∥) and horizontally (⊥) polarized
emission, when the sample is excited with vertically polarized light.
Fluorescence anisotropy is related to the rotational diffusion coefficient of R6G molecules 𝐷 as follows140
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𝐷=
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where 𝑟K is the fundamental anisotropy of the fluorophore, 𝜏 is fluorophore lifetime.
It is conceivable to expect that the dye encapsulated inside nanoporous silica is more restricted
with respect to rotational motion than free dye in water. Therefore, the values of this coefficient should be
higher than in water. However, as mentioned above, one should take into account homo-FRET which
leads to the decrease of anisotropy, and consequently, artificially decreases the values of the rotational
diffusion coefficient calculated according to eqn (4). Fig. 4. 7a shows the results of the calculation of the
rotational diffusion coefficient of R6G dye based on the measured anisotropy (eqn (3)) and the
fluorescence lifetime (Fig. 4. 6). It is calculated for both free dye and the dye encapsulated inside discoids
and nanoparticles. One can see a decrease of about two orders of magnitude in the rotational diffusion
coefficient of the dye encapsulated inside discoids when concentration of the encapsulated dye is less than
1 mM. This is expected as homo-FRET can be ignored here because the two lowest concentrations of the
dye inside the discoids correspond to distances noticeably larger than the FRET distance of 5.5 nm

Fig. 4. 7 (a) The rotational diffusion coefficient of R6G dye as the function of dye concentration. The
results are shown for free dye in water and for dye encapsulated inside discoids and nanoparticles. The
error bars correspond to one standard deviation. Note an artificial increase of this coefficient for high
concentrations due to homo-FRET. (b) Ratio of FRET efficiency calculated from measured fluorescence
anisotropy to its theoretical prediction calculated from the distance between encapsulated dye molecules.
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nm(20 and 56 nm).However, higher concentrations of the encapsulated dye demonstrate an artificial
increase of the rotational diffusion coefficient, or the decrease of anisotropy due to homo-FRET. The
increase of the rotational diffusion coefficient starts from the R6G intermolecular distance around 10 nm
(1.7 mM dye concentration), and reaches a maximum when the distance between molecules is 3.2 nm (48
mM dye concentration). Thus, we do observe self-consistent behavior of R6G dye encapsulated inside
nanoporous silica.
Fig. 4. 7b provides more accurate proof that the change of values of the rotational diffusion
coefficient (or fluorescence anisotropy) for the higher concentrations of the encapsulated dye is almost
entirely due to homo-FRET. This is done by comparison of the efficiency of homo-FRET derived from
the observed change of anisotropy (Eanisotropy) and its theoretical prediction (Etheory).These values can
be found as follows. Using knowledge of the number of dye molecules encapsulated in a particle, the
distance between dye molecules (assuming a uniform distribution) can be calculated using the following
relation:

𝑅=

T

1

(5)

𝑁

where 𝑁 is the number of molecules encapsulated in a unit volume of particle. The efficiency of energy
transfer can be calculated using R in the equation

𝐸ž¬¢K•- =

B™}
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where 𝑅Kn is the Forster distance.140
If the decrease in anisotropy arises only from FRET between individual R6G molecules (monomers), then
the FRET efficiency is related to measured anisotropy through the following relation
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𝐸ˆ•ŸIKž•Kœ- = 1 −
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Here 𝑟 x is the anisotropy observed in the presence of FRET and 𝑟 K is the anisotropy observed in the
absence of FRET.
The distance between dye molecules encapsulated in the lowest dye concentration discoid (9.5 × 10-6 M)
is estimated as56 nm. The FRET efficiency for a rhodamine 6G acceptor–donor pair for this distance is
1.4 × 10-6. Thus, the anisotropy for this discoid is not influenced by energy transfer and was used as 𝑟 K
for the calculation of efficiency in discoids and nanoparticles. The ratio of Eanisotropy/Etheory is plotted
in Fig. 7b for both discoids and nanoparticles. One can see that the ratio is getting quite close to one when
dye concentration >10 mM. It means that the observed anisotropy almost entirely comes from homoFRET for those concentrations.
Using the results of the steady-state fluorescence measurements described above, one can conclude that
we indeed observe a decrease of the rotation diffusion coefficient of the dye after encapsulation compared
to free dye in water of approximately10 times. This can be clearly seen in the fluorescence anisotropy
measurements at concentrations at which homo-FRET is negligible. For higher concentrations (>10 mM),
homo-FRET is the major source of the observed fluorescence anisotropy change. This implies that the
actual rotational diffusion coefficient stays almost unchanged within the observed range of concentrations,
and is approximately 100× smaller compared to free dye in water.

60

4.3.6

Possible Mechanism for Self-quenching of the Encapsulated Dye

Relatively small self-quenching of encapsulated dye inside silica nanochannels was presented above.
Despite being small, it can give us a hint about the mechanism of quenching to be observed for dye
encapsulated in a nanoscale environment of cylindrical pores. Specifically, it helps to suggest a plausible
mechanism explaining the nature of the observed ultrabrightness.
Although the lack of quenching-led aggregation was noticed in works dealing with encapsulation of
fluorescent dyes in solid silica (see, e.g., 133), it was found for dye concentrations which were substantially
lower (<0.1 mM) than considered in the present work (up to 50 mM). In addition, the opposite Stokes shift
in solid silica (red relative to water) compared to nanoporous silica (blue relative to water) was observed
30,133

which also indicates that the interaction between dye molecules themselves and with the surrounding

matrix should be different in our case.
In general, one can consider two types of mechanisms of quenching: dynamic and static.140 Dynamic
quenching can happen when the fluorophore is in an excited state. It can be collisional quenching, energy
transfer, charge exchange, etc. Collisional quenching, for example, occurs when the excited fluorophore
collides with an atom or molecule which offers a non-radiative transition to the ground state to the
fluorophore. Static quenching can occur when the fluorophore is in its ground state, due to formation of
complexes between molecules.
It is typical to study quenching with the help of a Stern–Volmer equation. However, it would be difficult
to do so in our case because we barely observe any quenching for the encapsulated dye at all. Therefore,
we study the temperature dependence of fluorescence and its lifetime. The increase in temperature may
affect quenching by increasing the number of collisional events in the case of dynamic quenching, and to
decrease the number of complexes between molecules in the case of static quenching. It should be noted
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that this statement is slightly simplified. The increase in the number of collisional events may be enhanced
not only by just faster diffusing molecules at higher temperature but due to the change of viscosity of the
solvent, by providing more energy to the molecules during collision (which may also enhance quenching),
and by decreasing the hydrodynamic size of fluorophore molecules. Nevertheless, those additional effects
are relatively small.152
Fig. B. 4 (APPENDIX ) demonstrates a relative temperature dependence of fluorescence (relative
to 20 °C) for the dye encapsulated in nanoparticles, discoids, and for free dye. The change in fluorescence
is mainly proportional to the change in quantum yield (exactly in the case of collisional quenching, and
mostly in the case of static quenching). Consequently, it is proportional to the lifetime of fluorescence.
Fig. B. 4 (APPENDIX ) presents the temperature dependence of fluorescence and the fluorescence
lifetime. One can see that the dependence of both relative fluorescence and lifetime as the function of
temperature is approximately a rather linear function. Therefore, the results of Fig. B. 4 (APPENDIX )
can be more effectively presented in single graphs as slopes (gradients) of these linear functions, as shown
in
Fig. 4. 8. For example, the temperature gradient changes its sign with increasing concentration.
Fluorescence intensity (and lifetime) decreases with an increase in temperature (negative slope) for low
concentration of dye; and the intensity (and lifetime) increases with an increase in temperature (positive
slope) for high dye concentration.
Let us first discuss the behavior of free R6G dye. It is interesting to note that our results vote in favor of
the mechanism proposed in

149

, in which the decrease of the quantum yield of free R6G dye at small

concentrations was attributed to the interaction of the dye molecules with excited monomers, i.e., dynamic
quenching. We can make such a conclusion because the value of fluorescence (and lifetime) decreases
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with an increase in temperature. For large concentrations (>0.2 mM) our results are in agreement with
both148,149 in which the quenching was attributed to the formation of complexes (dimers and trimers), i.e.,
static quenching. This is because the value of fluorescence (and lifetime) increases with an increase in
temperature.

Fig. 4. 8 Concentration dependence of temperature gradients of fluorescence and lifetime for R6G dye
encapsulated in nanoparticles, discoids and free dye (shown in detail in Fig. B. 4). A positive (negative)
gradient means the increase (decrease) of fluorescence/lifetime with temperature increase.

When looking at the temperature behavior of fluorescence and lifetime of the dye at high
concentrations encapsulated in discoids and nanoparticles, one can see surprisingly different phenomena.
The increase of fluorescence and lifetime with an increase in temperature at high concentration of dye
inside the discoids (18 mM) indicates the presence of static quenching. Lower concentrations of dye inside
the discoids (1.7 mM and 0.2 mM) demonstrate the behavior of dynamic quenching. At the same time,
the dye inside the nanoparticles does not demonstrate static quenching at all, even up to the maximum
concentrations reached inside the nanoparticles (48 mM). Moreover, the effect of dynamic quenching is
enhanced with concentration based on the lifetime behavior,
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Fig. 4. 8b (this effect is less pronounced in the behavior of fluorescence,
Fig. 4. 8a).
To conclude, both fluorescence and lifetime temperature dependence indicate that collisional
quenching is the dominant mechanism for quenching in nanoparticles, whereas static quenching is
prevailing in discoids. A specific mechanism of the collisional quenching, which explains a specific
discharge pathway of the excited monomers and dimers in the case of dynamic quenching, will be studied
in the future. Because the amount of collisional quenching is extremely low in the particles considered in
the present work, such a study would require the synthesis of new nanoporous particles which demonstrate
substantially high collisional quenching.

4.3.7

The Ultrabrightness Mechanism

Unusually high fluorescence (ultrabright) is observed when a xanthene dye, rhodamine 6G is encapsulated
inside cylindrical nanochannels of a silica matrix, which formed in the nanoparticles or discoids shown in
Fig. 4. 1. The study of spectra (Fig. 4. 3 and Fig. 4. 3) indicates that fluorescence of the nanoparticles
comes mostly from monomers up to the maximum concentration reached (48 mM). The same spectra
recorded from discoid particles shows the presence of J- and H-dimers at the maximum concentration
reached for discoids (18 mM). This was found to be quantitatively consistent with the measurements of
the quantum yield derived from both lifetime and fluorescence (Fig. 4. 6). The behavior of the lifetime of
the dye encapsulated inside discoids also votes in favor of the presence of dimers at 18 mM discoids
(decreasing the lifetime), whereas almost no decrease in the lifetime of the dye encapsulated in
nanoparticles was seen with the absence of noticeable amount of dye aggregates. This is in agreement
with the brightness results (Fig. 4. 2). One can see in Fig. 4. 2 that the brightness of discoids at the
maximum concentration drops slightly below its maximum possible value (dashed line calculated in the
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assumption of non-quenching of the encapsulated dye (linear approximation)). At the same time, the
brightness of the nanoparticles is rather close to the result assuming non-quenching. The calculation of
the lifetime confirms the brightness measurements.
Furthermore, the high concentration measured for the encapsulated dyes dictates that the average
distance between dye molecules should be quite small, ranging within 3–20 nm. This overlaps with the
FRET distance of 5.5 nm, and therefore should be visible as homo-FRET. The presence of homo-FRET
was quantitatively confirmed with measurements of steady-state fluorescence anisotropy (Fig. 4. 7b).
Finally, the temperature dependence of fluorescence and its lifetime confirm the absence of dye
dimerization in nanoparticles (the mechanism of quenching is dominated by collisional quenching), and
the presence of dimers in the discoids with the highest dye concentration. Both are consistent with the
observations listed previously.
The above data quantitatively and self-consistently demonstrate that we are dealing with high
concentrations of dyes which preserve their fluorescence properties after encapsulating in nanoporous
silica matrix up to the concentrations unattainable in free dye or porous silica monoliths studied
previously.133 This gives rise to the phenomenon of ultrabrightness.
The question why the dye behaves like that still remains unanswered. Essentially, the hydrophobic
environment of the alkane chains of the surfactant molecules, which are forming the nanochannels,
decreases the chances of aggregation of the dye molecules. This is in agreement with 153 in which it was
demonstrated that the higher polar nature of water enhances aggregation of R6G molecules. However, this
is only a part of the story. For a small dye concentration (when homo-FRET is negligible), the observation
of the encapsulated dye diffusion inside the cylindrical nanochannels of silica, Fig. 4. 7a, shows ∼75×
decrease of the rotational diffusion coefficient of the dye encapsulated inside nanoporous silica compared
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to free dye in water. This shed some light on the understanding of physical properties of the environment
of the dye inside the nanochannels. Because the rotational diffusion coefficient is inversely proportional
to viscosity of the environment (via) the Stokes–Einstein–Debye equation, it would be plausible to explain
this decrease by the change of viscosity of the environment inside the nanochannels compared to water.
This increase, however, is quite substantial. For example, the alkane chains of the surfactant molecules
forming the template inside the nanoporous channels are chemically identical to hexadecane. The viscosity
of hexadecane is only 3.5× higher than water. This discrepancy has an obvious explanation. Each alkane
chain is attached to its cationic head group, which is attracted to negatively charged silica. This
electrostatic grafting should decrease the mobility of the alkane chains, and consequently, increase its
viscosity.
Another interesting note which sheds light on the behavior of the encapsulated dye, which leads
to a substantial deferring of dimerization (and consequently, appearance of ultrabrightness), is a high
anisotropy of dye diffusion. It was previously reported57 that the translational diffusion coefficient of
rhodamine 6G dye molecules diffusing through silica nanochannels (of the same size (∼3 nm) that is
considered in this work) is dramatically smaller compared to the diffusion of free dye in water. In terms
of the effective viscosity, it corresponded to an increase of almost 8 orders of magnitude in the viscosity
of the nanochannels environment (note that simple electrostatic sorption of the molecules to the silica
surface was excluded by inverting the charge on the silica surface57). Thus, the dye molecules experience
very high viscosity along the channels, and just a moderate decrease in the perpendicular directions
(derived from dye molecular rotation). This creates an effective “caging” of the dye molecules in the
fluidic environment of nanochannels created by the alkane chains of the templating surfactant molecules.
This is schematically shown in Fig. 4. 9. One can see that dye molecules have to displace alkane chains
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to move along the channel, whereas a minimal disturbance is needed for the dye molecules to rotate. This
can explain the large anisotropy observed between the rotational and translational diffusion coefficients.

Fig. 4. 9 A detailed schematic of caging of the dye molecules in the fluidic environment of nanochannels
created by the alkane chains of the templating surfactant molecules.

It should be noted that the dye molecules do not interact with the silica wall. This can be seen from
the 5 nm blue shift of fluorescence of R6G dye after encapsulating (which is an agreement with the blue
shift expected when the dye is transferred from a high to lower polar environment). If R6G dye were
physisorbed on the silica walls, one would observe the opposite, ∼5 nm red shift, see ref. 30. Furthermore,
residual water molecules surrounding the dye molecules are presumably playing an important role. Due
to the hydrophilic nature of the R6G dye, it presumably retains some water molecules around it once
encapsulated in the hydrophobic environment of the alkane chains. The residual water molecules create a
layer which is repulsive from the hydrophobic alkane chains. This repulsion presumably helps to decrease
resistance to the dye rotation. Lastly, the electrical double layer which was partially removed from cationic
R6G molecules may create an uncompensated electrical charge around the molecules, which may also
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help to repel molecules from each other, as well as dye molecules from the cationic head groups of the
surfactant molecules.
The explanations suggested above are definitely qualitative in nature. Explanation of the
quantitative difference observed in the levels of dimerization of the dye encapsulated in nanoparticles and
discoids would definitely require further investigation. Because nanoporous silica material of both
nanoparticles and discoids is virtually identical, the observed difference in the level of dimerization can
presumably come from (sub) nanoscopic differences in the structure of the nanochannels. Pores inside the
discoids have rather well defined cylindrical geometry. Pores inside nanoparticles are less studied.
Because nanoparticles are created in the alkaline path of the templated sol gel chemistry, the building
blocks are typically small seeds 1–2 nm in size.154 With the templated pores of about 3 nm in diameter, it
means that the wall built of these seeds is quite rough. It might create a bottleneck-cylindrical structure
which prevents the dye from aggregating even at rather high concentrations. The other reasons may come
from different kinetics of assembly of the nanoparticles versus discoids, which may lead to, for example,
variations in hydration of R6G molecules, and/or different protonation of the dye molecules (and
consequently, the different residual charge/repulsion of the dye molecules).
Most of the above mechanisms are obviously rather speculative, and are to be verified in future
works. At this moment, these observations may qualitatively explain the observed anisotropy in the
effective viscosity of the medium inside silica nanochannels, and consequently, the substantial decrease
in dye dimerization and attaining ultrabrightness after encapsulation of a fluorescent dye.

4.4

CONCLUSIONS

Here we investigated the phenomenon of ultrabrightness of rhodamine 6G dye encapsulated in nanoporous
silica particles, both of nano- and micro-size. We demonstrated that the dye can be packed inside silica up
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to high concentration of ∼50 mM without noticeable dimerization, several orders of magnitude higher
than for free dye in water. Such packaging changes the quantum yield of the encapsulated dye rather
insignificantly. Optical spectra of the encapsulated dyes stay almost the same as the ones of free dye (blue
shifted by 5 nm). The close proximity of the dye molecules, and consequently, the expected homo-FRET
was demonstrated.
Interestingly, the mechanisms for self-quenching of the dye inside discoids and nanoparticles
turned out to be different for large concentrations. The mechanism is defined mostly by dynamic
quenching inside nanoparticles up to the maximum concentration observed of 50 mM, whereas the
quenching of the dye inside discoids is driven by static quenching above several mM. Both types of
particles demonstrate collisional quenching for small concentrations of encapsulated dyes. The observed
difference in the quenching mechanism is consistent with the different levels of dimerization inside
nanoparticles and discoids. This, for example, could be explained by higher “roughness” of the pores
inside nanoparticles. The overall decrease of the level of dimerization of the encapsulated dye inside both
nanoparticles and discoids could be explained by extremely high viscosity of the fluidic environment
inside the nanochannels (which can be measured through the diffusion of the dye molecules). Because the
major contribution to the fluorescence quenching of the encapsulated dye comes from a dynamical
quenching mechanism, this abnormal increase of viscosity, and consequently, the decrease of diffusion
would be the origin of substantially delayed quenching, and consequently, is the major reason for
ultrabrightness.
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4.5

FUTURE WORK

The interaction between the nanochannels and the dye of interest plays a crucial role leading to
ultrabrightness. Hence it would be interesting to note how the nature of brightness change when other
fluorescent dyes with different excitation and emission properties are used to make ultrabright particles
with enhanced spectral properties such as photostability.
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Chapter 5
5 Ultrabright Fluorescent Nanothermometers
(V. Kalaparthi, S. Palantavida, M.O. Dokukin, I. Sokolov)
Recently reported ultrabright fluorescent silica nanoparticles attracted a lot of attention as effective labels
and taggants. Here we report on the extension of that technology to make the first ultrabright fluorescent
sensor, “nanothermometer”, of ~50 nm in size particles capable to measure temperature. The temperature
dependence of fluorescence is achieved through the use of two dyes, a reference (rhodamine 6G) and
temperature sensitive (rhodamine B) dyes optically connected through the Forster resonance energy
transfer (FRET). The fluorescence of both dyes can be excited with a single wavelength, which is
paramount for sensing in complex optical environment. The brightness of each particle is equivalent to
fluorescence coming from 150 and 1700 molecules of rhodamine 6G and B, respectively. We demonstrate
repeatable accuracy of nanothermometers of 0.4°C and constant sensitivity of 0.84%/oC in the range of
20-50°C, which is of particular interest for biomedical applications. The use of the particles to measure
3-D temperature distributions in hydrogel is demonstrated

5.1

INTRODUCTION

The need in measuring temperature at various scales is hard to overestimate. At large scales, temperature
can be well measured using conventional techniques, either contact-based or remote sensing methods.
Smaller scale can be addressed with methods based on using infrared, thermochroic materials such as
liquid crystals or leuco dyes and fluorescence.155,156
During the past two decades luminescence based nanothermometry is gaining attention. The tool
box of fluorescence based nanothermometry is expanding because a plethora of temperature responsive
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materials so far being synthesized such as single molecular fluorophores157,158, latex particles caging
fluorophore molecules159, dye molecules covalently linked to host matrix160, probes with two different
dyes covalently linked to one another161,162, thermoresponsive fluorescent particles163, fluorescence/rare
earth chelates loaded polymer nanoparticles33,164, carbon dots165, quantum dots166, quantum dot-metal
nanoparticle conjugates167, metal nanoclusters168, semiconductor polymer dots169, fluorescent dye
conjugated metal nanoparticles, nano-diamonds170 and many others. The working principle of these
luminescence based nanothermometers falls into various schemes such as change in intensity, change in
spectral position, band shape, bandwidth, polarization and lifetime171. Also, they operate in different
temperature range and temperature sensitivity 170,172,173.
Among the various mechanisms mentioned above, intensity based measurements have gained
popularity because of ease of implementation and instrumentation. They typically include both molecular
probes and nanoparticles

33,158,161,162,169,174-180

. Absolute intensity measurements are not suitable for

sensing because of several drawbacks, such as the dependence on fluorophore concentration, focusing
issues when performing 3D imaging , fluctuations in the intensity due to light sources, photo-degradation,
non-fluorescent decay processes, etc.
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. Although fluorescence lifetime measurements

163

can resolve

some these issues, however, one has to deal with sophistication of the instrumentation. A more reliable
and cost effective approach to surmount the aforementioned drawbacks is to adopt intensity based
ratiometric measurements.
In 1999, Sakakibara and Adrian proposed an innovative two-color version of Laser Induced
Fluorescence Thermometry (LIFT) technique 34. They used two fluorescent dyes exited with two different
lasers to map 3D volume distribution of temperatures. One dye was used as the sensitive probe dye and
the other dye as a reference dye to compensate for the variation of the incident light. Typically, the
accuracy of this method was ~1.5 oC over a measurement range of 40oC or more
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181-211

. The major

disadvantages of this technique are the inevitable contamination of the media with the dyes (which are
typically toxic), interaction of the dyes with some media changed the fluorescent spectra, the ratio of
excitation light depends on the optical properties of the medium (which can be heterogeneous).
We can overcome these limitations by encapsulating both reference and sensitive dyes inside
small particles

212

. However, brightness and size of the particles reported so far was not very high. For

example, in the case of the most developed ratiometric temperature sensing particles 212, exciting of both
dyes with one laser was done on the expense of very low absorptivity of the sensing dyes (as a result, up
to 400 times higher concentration of the sensing dye was used in the particles). When speaking about
nanothermometers, their brightness can be critical in many applications which require the measurements
down to the nanoscale, using single particles, to improve detection sensitivity, i.e., a better signal-to-noise
ratio 213.
Here we report a family of new fluorescent ultrabright intensity-based ratiometric
nanothermometers. These nanothermometers are mesoporous silica particles of ~50nm in size, which have
encapsulated two fluorescent dyes, reference (rhodamine 6G) and sensitive ones (rhodamine B) at very
high concentrations without degrading their fluorescent properties. Recently, it has been demonstrated
that mesoporous silica particles can physically encapsulate organic fluorescent molecules

11

without

quenching their fluorescence at concentrations which are thousands of times higher than in water. Besides
the ultrahigh brightness (exceeding those of quantum dots), it was found that the distance between
molecules became as small as 3-5nm. As a result, one should expect the Forster resonance energy transfer
(FRET) between the encapsulated fluorophores. The presented here nanothermometers are built utilizing
FRET between the reference (donor) and temperature sensitive (acceptor) dyes. Specifically, 488 nm
excitation light is used to excite the donor (the absorbance of the acceptor, rhodamine B, is negligible at
that wavelength). The sensitive dye is that excited thorough FRET. The brightness of the particles is
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observed to be two orders of magnitude higher with respect to each R6G dye molecule and three orders
of magnitude higher with respect to each RhB dye molecule. We further analyze the ratiometric properties
of the particles and demonstrate the choice of the combinations of wavelengths for which the response to
temperature is more accurate. As a proof of concept, we demonstrate 3D temperature distribution of a hot
wire immersed in hydrogel-nanothermometers mix and compare the experimental results with simulations
performed using COMSOL Multiphysics.

5.2
5.2.1

EXPERIMENTAL SECTION
Materials

Tetraethyl orthosilicate (TEOS, Aldrich), cetyltrimethylammonium chloride (CTAC, 25% aqueous
solution, Aldrich), triethanolamine (TEA, Aldrich), Rhodamine 6G (R6G), Rhodamine B (RB) (Exciton
Inc.) were used in this study without any purification. Ultrapure deionized water from a Milli-Q ultrapure
system was used for all synthesis, dialysis, and storage steps. Dialysis membranes of molecular weight
cutoff 14 kDa (Spectra/Por regenerated cellulose) were used in all dialysis steps.

5.2.2

Synthesis

A relative molar composition of 1:0.25:13:174 TEOS/CTAC/TEA/ H2O was used for the synthesis of the
nanoparticles. The molar concentrations of R6G and RB were 0.008M from both dyes. In a typical
synthesis to obtain the dye doped nanoparticles, TEOS (0.5 g) and TEA (4 g) were taken in a 50-mL glass
vial without mixing and heated for 3 h at 90 ° C. A solution of R6G (0.0265 g), RB (0.0265 g), 25%
aqueous solution of CTAC (0.76 g), and distilled water (6.91 g) was kept at 60 °C. The two solutions were
mixed in a 60-mL polypropylene bottle and stirred at room temperature. The reaction was allowed to
proceed for 3 h at room temperature. The reaction mixture was then dialyzed against DI water until no
fluorescence was observed in the dialyzing solution.
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5.2.3

Characterization

Particle size distributions were measured using a dynamic light scattering (DLS) Zetasizer-nano-ZS
(Malvern, MA) equipped with a standard 35 mW diode laser and an avalanche photodiode detector. The
effective and most probable diameters were measured three times. As an example, 0.25 ml of stock
solution was diluted to 3 ml with deionized water and ultrasonicated for 5 min prior to measurements.
Transmission electron microscopy (TEM) images of the particles were recorded on a TEM 2010 electron
microscope (JEOL) at an acceleration voltage of 200 kV. The samples were prepared by dispersing the
particles in water at room temperature. A few drops of this dispersion were placed on a holey carboncoated mesh and dried at room temperature. Fluorescence spectrophotometers Cary Eclipse (Agilent) and
Fluorolog -3 (Horiba) were used. The absorbance was measured by means of Cary-60 UV-VIS
spectrophotometer (Agilent). The temperature of the solution examined was controlled and measured with
Quantum Northwest TC 125 controller equipped with a thermocouple. The fluorescent microscopic
images of temperature distribution was measured with the help of Nikon TU2000 microscope and Andor
897 single photon camera (by Andor). All measurements were done in the range of 20 – 50°C.
Bioscope Catalyst (Bruker Nano/Veeco, Inc.) AFM with Nanoscope V controller and Nanoscope 8.1
software was used here to record the surface topography images. The standard cantilever holder for
operation in air and ScanAsyst Air probes (Veeco/Bruker instruments) with typical tip radius of 2nm was
used. All measurements were performed in air at the temperature of 24-45C and relative humidity of 4050%. To control the temperature of the glass substrate the Veeco/LakeShore 331S temperature controller
unit with heating stage was used. For all experiments particles were dispersed on a precleaned glass
substrate (Glass substrates were cleaned with ethyl alcohol using ultrasonic bath, after it was rinsed with
DI water (in ultrasonic bath) and dried under nitrogen).
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5.2.4

Preparation for 3-D temperature distribution.

The measurements were done in 5% w/v (Water-gel, Steve Spangler Inc.) hydrogel in water. The
nanothermometers were introduced to the prepared hydrogel by simple mixing. Before obtaining
temperature responses, the hydrogel was tested for any fluorescent signal in the working wavelength range
of nanothermometers. No fluorescent signal emitted by bare hydrogel was found. To obtain a 3D image,
the nanothermometers-hydrogel sample was placed in a specially designed plastic petri-dish (2 cm
diameter, 0.5 cm in height) with a glass slide attached (glass was used to improve heat conduction and to
improve optical transparency). An inverted Nikon TE 2000U microscope with 4x objective was used to
collect optical fluorescent images. 488nm excitation light was supplied from Fluorolog -3 (Horiba)
spectrometer through a optical fiber attachment (by Horiba). Two fluorescent images were collected for
each areas simultaneously with the OptoSplit II LS Image Splitter (Cairn Research Ltd) and Andor 897
single photon camera (by Andor). The two fluorescent images were taken by using the bandpass filters
centered around 530 nm and 580 nm wavelengths that correspond to the optimum for the ratio metric
measurements of temperature, see later for detail. The ratios of the intensities of these two images give
2D distribution of temperature. Measurements of 3D temperature distributions were done by collecting
and processing stags of 2D temperature distributions (done with the help of Matlab). The 3D temperature
distributions were created by introducing a hot wire into the gel.
As a heating source for temperature calibration, the heating stage connecting to a temperature controller
(Lakeshore 331) was mounted on the table of the inverted microscope. The hydrogel-nanothermometer
sample was placed into specially designed dish and was placed on the heating stage. To monitor the
temperature of the sample, an IR camera (Therm-App) was used. 2D images were collected in the
temperature range of interest and then the calibration plot (temperature versus the fluorescent intensity
ratio) of nanothermometers was obtained, Fig.S11 of the Supplementary materials.
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5.3

RESULTS AND DISCUSSION

Fig. 5. 1 shows physical dimensions of the synthesized particles. A representative TEM image demonstrate
slightly elongated ellipsoidal shapes. The inset clearly shows the nanoporous structure of the
nanothermometers. The average size of the nanoparticles of in TEM images is 50±20nm (the distribution
is shown in Fig. C. 1a). The particle size distribution measured with the DLS method shows a similar size
distribution of the particles dispersed in water, Fig. 5. 1b. The number distribution mean/most probable
diameter was 49±6 nm.
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Fig. 5. 1 (a) A representative TEM image (scale bar is 50 nm). A 74x74 nm2 insert shows the mesoporous
structure of the nanothermometers. (b) The particle’s size distribution obtained from DLS measurements
(error bar corresponds to three independent measurements
A relative brightness of nanothermometers was calculated in MESF units (Molecules of Equivalent
Soluble Fluorochrome), the method used in flow cytometry. This measure is robust and virtually
instrument independent. Specifically, we calculate the relative brightness of the nanothermometers with
respect to the brightness of a single molecule of free rhodamine 6G and B dyes (the same molecules used
for encapsulation), see 3,214,215 and the Supplementary materials for detail. The estimated concentration of
R6G and RhB in each 50 nm particle were found to be 1.80 mM and 1.66 mM, respectively. The relative
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brightness of each 50 nm particle is equivalent to 150 R6G and 1700 RhB. It makes the particles ultrabright
as defined in 214 (brighter than similar size particles made of quantum dots, the other brightest fluorescent
particles). The actual number of encapsulated dye molecules per a 50 nm particle is 710 R6G and 650
RhB, see the supplementary materials for calculation detail.

5.3.1

FRET Calculations

The concentration of the dye inside of particles is sufficiently high to allow dye molecules to interact with
each other. To demonstrate it, we assume equal spreading between the dye molecules (which is a
reasonable assumption, see 214), and DFT pore size of 3.8 nm and by considering the available pore volume
of 0.75 cm3/g

29,216

. It results in the average distance between molecules of ~5 nm. This is sufficiently

close to observe a rather efficient calculation of the Forster resonance energy transfer (FRET) between
these two dyes. This can be seen in both theory and experiment. Calculation of the FRET distance gives
the value of R0=8 nm, see the Supplementary materials for detail. Using the calculated average distance,
r=5 nm, between the dye molecules inside the particles, and from the FRET efficiency formula,

(

E = 1+ (r / R0 )

)

6 -1

, one can obtain E~ 94%. This implies that using just one excitation wavelengths, one

can excite both fluorescent dyes. This property is paramount for the use of these particles as sensors, i.e.,
to do quantitative measurements, see the later explanations for more detail.
The presence of FRET is indicated by the excitation-emission matrices, Fig. 5. 2 Emission and excitation
matrixes of (a) nanothermometers, (b) the same proportion of dyes as in nanothermometers but dissolved
in water. Both matrixes are recorded at the room temperature.. For free dye in water, the relative
concentration is maintained to be the same is in nanothermometers; the dilution is necessary because the
dyes in water for such high concentrations heavily dimerize, resulting in fluorescence quenching 29-31,56.)
Comparing Fig. 5. 2a and Fig. 5. 2b, one can clearly see the effect of Förster resonance energy transfer
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(FRET). For example, when the exciting wavelength is within 480-530nm (mainly absorbance by R6G
and almost no absorbance of RB), the emission is spread almost equally between fluorescence coming
from R6G and RB for nanothermometers, Fig. 5. 2a. In the case of the dye mix in water, the entire emission
comes from R6G, with no energy transfer to RB, Fig. 5. 2b. When the excitation is shifted to 550nm,
which is the primary absorbance of RB, both cases demonstrate fluorescence of RB. All these are clear
behavior of FRET.

Fig. 5. 2 Emission and excitation matrixes of (a) nanothermometers, (b) the same proportion of dyes as in
nanothermometers but dissolved in water. Both matrixes are recorded at the room temperature.
The excitation wavelength of 488 nm was used in the temperature dependence study of fluorescence of
the synthesized nanothermometers. Emission maxima of 550 nm for R6G and 575 nm for RhB were
observed for either free dyes or dye mixture dissolved in water. When encapsulated inside of the
nanoporous silica particles, the emission maximum are slightly blue-shifted to 545 nm for R6G and 573
nm RB. The temperature dependence of fluorescence was first studied for water solutions of individual
dyes. Rather small concentrations 0.10 µM for R6G and 0.09 µM RB, and a mixture of the two dyes with
same concentrations were investigated. These small concentrations were chosen to avoid any noticeable
dimerization (it can be tested by measuring the broadening of absorbance spectra, see for example, 214,217).
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5.3.2

Temperature Response of Particles and Dye Solutions

The temperature dependence of R6G and RB dyes are shown in Fig. 5. 3a. One can see that RB
demonstrates a strong temperature dependence (note that the excitation wavelength used here for this dye
was 488 nm to obtain a detectable fluorescent spectrum), whereas R6G does not. Unlike R6G, the structure
of rhodamine B is not that rigid. This leads to the reduction of the fluorescent lifetime of the dye with the
increase of temperature, all the reduction of the quantum yield. This results in the decrease of fluorescent
intensity with the increase of temperature. However, in case of Rhodamine 6G molecule, the structure is
relatively rigid, and hence, we do not see a noticeable change in the fluorescent intensity when changing
temperature. These results are in good agreement with previously reported measurements

218

. Figure 3b

shows the temperature dependence of the dye mix (the same proportion as inside of nanothermometers)
when excited at 488nm. One sees no temperature dependence, and the fluorescent spectrum is essentially
the one coming from R6G (in agreement with Fig. 5. 2b).

Fig. 5. 3Fluorescent spectra excited at 488 nm at different temperatures for (a) 0.1µM for R6G, 0.09 µM
RB, (b) a mix of 0.1µM R6G and 0.09 µMRB, and (c) in nanothermometers.
To measure temperature by means of such nanoparticles, which would not depend on the intensity of
exciting light, it was proposed to use the ratio of fluorescence at two different wavelengths: the one is
weakly dependent on temperature (reference fluorescence), while fluorescence at the other wavelengths
strongly depends on temperature (sensing fluorescence)

34

. This strategy was used in ratiometric laser

induced fluorescence technique (LIFT) technique, in which two fluorescent dyes excited with two
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different wavelengths to measure temperature. The ratio of the fluorescence intensities of the dyes used
was calibrated against the temperature to eliminate the effect of the fluctuation of illuminating light
intensity (including fluctuation in the background noise from the excitation light source.) In the case of
the particles, such ratio does not depend on the particles concentration (see APPENDIX C, Fig. C. 5) nor
on the intensity of excitation light (Fig. C. 6). Thus, the nanothermometers can be excited with light of
just one wavelength. This is a must to have property to claim the development of a sensor. This is because
it is virtually impossible to ensure deliverance of the same ratio of two excitation lights in optically
inhomogeneous media (refractive index depends on wavelength), which is a typical case for many
applications.

5.3.3

Optimization of Signal to Noise Ratio

To ensure the best signal-to-noise ratio of nanothermometers, one should choose the appropriate
wavelengths for the temperature depending ratio. An example of simply using the maximum fluorescent
intensities of each individual dyes (545 nm to 573 nm) is analyzed in the supplementary materials.
However, it does not necessarily give the best signal-to-noise ratio, and consequently, the minimum error
in the measurement of temperature by using nanothermometers.

Fig. 5. 4 The error in temperature measured for the ratio of intensities at various wavelengths measured at
(a) 20o C, (b) 35o C and (c) 50o C.
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To find the best wavelengths, which would provide the minimum error in the definition of temperature,
we calculated the error in the definition of temperature for all reasonably possible ratios of the emission
wavelengths. Fig. 5. 4 shows the matrix of the error in temperature measurements for different ratios of
the emission wavelengths. The temperature error was found for three particular temperatures: 20, 35 and
50oC, Fig. 5. 4a, b, c, respectively. One can see that the ratio of the intensities taken at 530 nm and 580
nm exhibits the lowest error of temperature measurements ~1.1 oC for all considered temperatures (the
time of fluorescent signal collection was 100ms). This is noticeably better than the error measured by
using non-optimized wavelength (545 nm to 573 nm), which was more than 1.8 oC, Fig. C. 7.

5.3.4

Ratiometric Temperature Response, Repeatability and Sensitivity

Fig. 5. 5a shows the temperature response of the ratio taken in these optimum wavelengths. It should be
noted that the standard deviation of the intensities ratio, and consequently, the error in the temperature
measurements can be decreased by increasing the time of measurements. The longer such time, the lower
the error of measurements (before one reaches the limit, which is different for various detectors).For
example, deviations and uncertainties shown in

Fig. 5. 5a. were found when the time of fluorescent signal collection Δt=100ms. By increasing the
averaging time of the instrument, the uncertainty can be decreased.
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Fig. 5. 5b shows an example of such decrease when temperature is fixed at T=20oC. One can see about 2
times improvement compared to the non-optimum ratio shown in Fig. C. 8 The dependence of the error
of the ratio of intensities on the time of averaging for each spectral fluorescent pixel and corresponding
uncertainty in the temperature measurements.Fig. C. 8 The temperature error drops to 0.4o C when the
averaging time Δt is increased to 600 msec, and reaches 0.35o C when the averaging time is 1 second.
Another important characteristic of the sensors is its stability with respect to multiple changes of
temperature. Results of for measurements for eight full thermal cycles between 20°C and 50°C are shown
in

Fig. 5. 5c. One can see a good stability of the synthesized nanothermometers. One can see no
change of temperature readings after eight full cycles between 20 and 50°C within the error of the
measured fluorescent ratio. A similar result was found for the non-optimal wavelengths used to
calculatethe intensity ratios, Fig. C. 9.

Fig. 5. 5Temperature characteristics of nanothermometers. (a) Temperature dependence of the ratio of
fluorescent intensities for nanothermometers with R6G and RhB dyes encapsulated. The time of averaging
for each fluorescent spectral pixel Δt=100ms. (b) The dependence of the error of the ratio of intensities on
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the time of averaging for each spectral fluorescent pixel and corresponding uncertainty in the temperature
measurement. (c) Stability of the nanothermometers measured up to ten full thermal cycles between 20°C
and 50°C
It is interesting to note a particular behavior and the first measurement (zero cycle). The ratio of
the first measurements shows a substantial deviation from all subsequent measurements. This behavior
was observed in all experiments, and therefore, it deserves a special investigation. Using atomic force
microscopy (AFM) to measure physical sizes of the particles during the thermal cycles, we found that the
particles increase their physical size 10-20% after the first heating cycle, see the Supporting information
for detail. This increase is attributed to some internal restructuring of silica matrix, which is quite well –
known process associated with the decrease of silicon hydroxy groups during condensation of silica matrix
from silicic acid 25,219. This increase in size leads to the change of distance between the encapsulated dye
molecules, and consequently, changes the efficiency of FRET. Fortunately, after that initial thermal cycle,
silica matrix of nanothermometers is quenched and, the fluorescent behavior of nanothermometers
becomes stable.

5.3.5

3D Temperature Distribution around a Thin Hot wire Immersed in gel

Now we demonstrate the practical use of nanothermometers to measure 3D temperature distribution in
hydrogel prepared as explained in the methods section. To create a nontrivial temperature distribution,
one end of a heated copper wire of 400um in diameter was immersed vertically down in the hydrogel. The
other end of the wire was attached to a soldering rod that service as heating sources. Fig. 5. 6a shows the
results of COMSOL finite element calculations of the temperature distribution of such system. Equations
of thermal diffusion and convection were solved in the fixed boundary conditions, see the supplementary
materials for more detail. Because the viscosity of hydrogel is not a well-defined parameter, it was treated
as a free parameter. The vertical and horizontal cross-sections of the temperature distributions are also
shown for 4 different viscosities of hydrogel, 1,5,10, and 20 times of viscosity of water. Fig. 5. 6b shows
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a 3-D stag of 2D maps of temperature distribution measured as described in the Methods section. Fig. 5.
6c demonstrates a comparison between experimental measurements and model simulations for a particular
viscosity of hydrogel of 5x of water value. This particular viscosity was found to be a reasonable match,
see the radial and vertical distributions of temperature shown in Fig. 5. 6d, e, respectively.
When comparing the model and experimental data, it should be noted that the COMSOL model is
stationary, which implies that it can be treated as an averaged for a large number of possible variations of
temperature distribution in time because of convection, evaporation, and difficulty to keep constant
temperature boundary conditions for an extended period of time. Secondly, it is plausible to expect that
the viscosity of hydrogel is temperature dependent. Moreover, it is probably spatially heterogeneous
because of difficulties to homogenize hydrogel with water down to micron scale. The asymmetry of
temperature distribution can be explained by those factors. A columnar structure of temperature
distribution in vertical direction seen in Fig. 5. 6c is expected due to convection (which didn’t reach its
equilibrium state due to the finite time of experiment) and rather limited vertical resolution of the objective
used in the measurements (~100 microns).
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(a)

(b)

(c)

Fig. 5. 6 3D temperature distribution of a heated wire in hydrogel (a) simulated with a stationary numerical
model solution; different viscosity of hydrogel are considered, (b) 3D experimental data, c) visual
comparison of the experimental data and measurement, (d) averaged radial distribution of the measured
temperature (at the height of the rod apex) compared with model solutions; (e) averaged vertical
distribution of the measured temperature compared with model solutions. The error bars in (d) and (e) are
the variabilities (one standard deviation) of temperature measured for the angle averaging.
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5.4

CONCLUSIONS

Through this study we were successful in demonstrating the synthesis of nanothermometers of 50 nm size
that are excitable at a single wavelength (488 nm in this study). Such a possibility is evident because of
FRET effect arising due to the confinement of a R6G and RB molecules, where R6G as reference plays
role of donor and RB a temperature sensitive dye as acceptor molecules. The advantages of synthesizing
such nanothermometers is evident in terms of their small size, entrapping both dyes at high concentrations,
a better sensitivity of less than 0.5 oC and with excellent repeatability due to enhanced photostability of
dye molecules inside the particles. These advantages have no realization when both dyes in their free
state, solution form. These particles also exhibit a linear response in temperature for other wavelengths
in the 530-590 wavelength window, higher sensitivity in temperature response is found for various other
combinatorial wavelengths other than the usual maxima in the emission spectra of both dyes. We also note
that it is important for RB to be retained in higher concentrations for a better temperature response and
increased sensitivity (this idea need to be tested).

5.5

FUTURE WORK

As a future work we intend to demonstrate the application of these particles in single-cell thermogenesis
and image guided thermal treatments, such as for the hyperthermia. In relevance to the present work, the
influence of changes in pH and ionic strengths on temperature response will be investigated. As it is
evident that we can pack the dyes inside the particles in close proximity resulting in a FRET based sensor,
such as nanothermometers, one can extend the concept to develop pH sensors that essentially rely on the
same principles but a pH sensitive dye can be used in combination with a reference dye.
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Appendices
A. APPENDIX A
Formation mechanism and control of extended nanoporouschannels in multi-micron
mesoporous silica particles
A.1

Dynamic light scattering to define the size of the initial seed particles

Dynamic light scattering has been utilized to measure the size of the initial (seed) nanoparticles, the
building blocks of the large mesoporous silica particles. The results are shown in Fig. A. 1

Fig. A. 1 Dynamic light Scattering results for the size of the initial (seed) particles

A.1

Diffusion of fluorescent dye inside particles: verification of the absence of
lensing artifacts

Because the synthesized multi-micron size particles can work as good optical lenses, the presence of dark
spots in the middle of the particles might be an artifact. TO confirm that we are not dealing with this type
of artifacts, one nee to present images and different focal planes, or confocal Z stags. This is done in Fig.
A. 2 , Fig. A. 3 & Fig. A. 4 for the times of the assembly discussed in the paper (the largest times of 24
hour is not shown here because the image showing the presence of the dye on at the surface is quite
unambiguous). Rhodamine 6G dye aqueous solution was introduced to the particles and the synthesizing
media confined between two glass slides. The imaging was done between 5 to 20 minutes after introducing
the dye solution
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Fig. A. 2 Confocal Z stack images of micron silica particles sat 10 hours after the start of the assembly
(after completing the mixing of the chemicals used in the synthesis).
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Fig. A. 3 Confocal Z stack images of micron silica particles sat 12 hours after the start of the assembly
(after completing the mixing of the chemicals used in the synthesis).
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Fig. A. 4 Confocal Z stack images of micron silica particles sat 16 hours after the start of the assembly
(after completing the mixing of the chemicals used in the synthesis).
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B. APPENDIX B
On the Nature of Ultrabrightness of Nanoporous Fluorescent Particles with
Physically Encapsulated Fluorescent Dyes
B.1

Methods of measuring absorbance of dye encapsulated particles which scatter
light

To estimate the number of encapsulated dye molecules, to measure its quantum yield, one needs to
measure the absorbance of encapsulated dye. One of the major impediments to accurately estimating
absorbance of encapsulated dye inside particles is scattering of light by the particles. As we mentioned in
the main text, there are four different methods of taking that scattering into account:
1. The absorbance is simply measured with respect to a reference containing the same particles
but with no dye inside. Such particles scatter in the same way but do not have fluorescence.
2.

The measurements are done in 1% HF acid solution used to dissolve silica matrix of the
particles (HF does not change spectra of R6G dye), so the scattering disappears.

3. One can use the media with matching refractive index, which eliminates fluorescence.
4. The scattering can be separated purely mathematically by assuming the additive nature of dye
absorbance and particle scattering.
Here we demonstrate examples of using those methods and briefly discuss their limitations.
Method 1. This method is easy to use when the reference particles are the same but with the dye inside
bleached. Obviously such approach would be sacrificial to the sample. Therefore we do not use it here.
Method 2. Dissolution of silica matrix with HF. The absorbance of Rhodamine 6G is not affected by HF
30,55

, and therefore, the concentration of dye encapsulated can be determined from the absorbance of the

released dye. When there is no aggregation of dye inside the particles this method will give the absorbance
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of the dye encapsulated inside the particles. But, when the aggregation of dyes inside the particles cannot
be ruled out, this method should not be used.
Method 3. Matching the refractive index. It is quite easy to do by titration the refractive index with some
ionic salts. In the example below we use calcium chloride. One has to be careful not to disturb the
absorbance spectra of the dye by the ions of the refractive index matching salt. This can separately be
checked with free dye solution.
Method 4. Subtracting of the baseline. This method is particularly convenient when measuring the
absorbance of dyes encapsulated in particles. The measurement of absorbance can be performed with good
accuracy by subtracting the shifted baseline220.
Below we provide examples to demonstrate and compare the above methods. In the provided example,
absorbance of nanoparticle solution was measured, Fig. B. 1(A). One can see the absorbance due to the
nanoparticles is shifted up due to light scattering by the particles. Then, 40 microliters of 35% HF was
added to 1.5 mL to dissolve the silica matrix. The absorbance of freed dye in solution measured is shown
in the same graph. The absorbance obtained from the baseline correction is equal to the absorbance of the
freed dye within 5% error.

Fig. B. 2 Examples of measurement of absorbance (A) nanoparticles, (B) discoids
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It needs to be mentioned that the signal to noise ratio (absorbance to scattering) is not same for all particles.
The absorbance of the particles is directly related to the amount of dye encapsulated. So for the same
amount of suspended particles, the particles with lower amount of encapsulated dye will have a lower
signal to noise ratio and a higher error under the same conditions of measurements
A) Examples for nanoparticles. Absorbance spectra of nanoparticles suspended in water before and after
addition of 40ul of 35% HF are shown. The dash line is the baseline due to scattering of light by
nanoparticles. It can be subtracted as the baseline.
B) Examples for discoids. Eliminating scattering by refractive index matching. Discoids suspended in
water before (dash) and after etching with HF (dots), suspended in CaCl2 (RI =1.44) solution (straight).
An example for discoids is shown in Fig. B. 3(B). The case of micron sized discoids presents a more
difficult challenge to handle the scattering. The scattering from these large particles are high that only
high concentration discoids show any good indication of absorbance by the dye. The amount of scattering
can be reduced by using a high refractive index solution (n=1.44), for example, ~40% CaCl2 solution as
a medium to suspend the particles for absorbance measurement. Dissolution of the silica matrix can again
be used to estimate the amount of dyes encapsulated inside the particle quantity do not observe dye
dimerization. As an example, the measured absorbance for the solution is 0.028. It can be seen that the
absorbance of particles suspended in water is not comparable to that obtained by releasing the dye
(absorbance ~0.005).On the other hand, the particles suspended in CaCl2 solution show a low contribution
form scattering. The absorbance measured is 0.020. The scattering due to particles is decreased due to the
refractive index of the suspending medium being close to that of the particles. The error in the measured
absorbance may also arise from the particle’s aggregation. The viscosity of the salt solution is 8.83 cP
compared to 1 cP of water at 20°C. The high viscosity causes problems to homogenous dispersion of
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particles. It is difficult to de-aggregate discoid aggregates when the viscosity of the medium is high. This
is also compounded by the fact that neutralization of charge on silica surface occurs due to the excess
amount of counter ions present and there is no barrier for aggregation for particles in the solution.
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B.1

Temperature dependence of fluorescence and lifetime

Details of temperature dependence (relative to 20°C) of fluorescence and lifetime of free dye,
nanoparticles, and discoids are shown in Fig. B. 4.

Fig. B. 4 Temperature dependence of fluorescence and lifetime (relative to 20°C) for R6G dye
encapsulated in nanoparticles, discoids, and free dye. Excitation/emission wavelength is 488/550 nm.
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B.1

Problem of scattering

This is not a typical problem when working with molecular fluorophores. However, when dealing with
fluorescent nanoparticles, the scattering can be substantial. It depends upon the ratio of refractive indexes
of the media, the particle, and the wavelength of light. As an example, one can see a strong extinction of
ultraviolet light by 30nm silica particles reported (in ref.55 ) due to the Mie scattering, which could easily
be confused with the absorbance. In the described measurements, the scattering contributes to both
absorbance and fluorescence behavior. In both cases light does not always penetrate inside of the particles
to be either absorbed or transferred into fluorescence. The scattering effectively decreases anisotropy of
fluorescence of the particles, see the below. Most of the effect is seen in absorbance as we described
above. When dealing with fluorescent silica particles, the portion of the extinction coefficient
corresponding to scattering can be found from the absorbance measurements using one of the four methods
described above.
It is worth noting that scattering does not produce serious artifacts when measuring fluorescent brightness
(unless the Stokes shift is extremely small, which is not the case for the dyes used). This is exampled in
Fig. 4. 2 which shows a typical case of fluorescent measurements of ultrabright silica particles when
excited by light of different wavelengths. One can clearly see the Mie scattering line in Fig. 4. 2 (where
the emission and excitation wavelength are the same). To avoid the scattering artifact, fluorescence value
in formula 1 was calculated by integrating the fluorescent intensities in the range shown in Fig. 4. 2,
excluding the scattering region.
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Fig B. 1 Fluorescence (arbitrary units) measured for ultrabright fluorescence nanoparticles30 excited with
light of different wavelengths. One can clearly distinguish the scattering and fluorescence.
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C. APPENDIX C
Supplementary material: Ultrabright fluorescent nanothermometers
C.1

Physical dimensions of particles

The average size of the nanoparticles measured along the length and the distribution is centered between
40-50 nm, Fig. C. 1 Physical dimensions of the nanothermometers. (a) The particle size distribution
obtained from TEM images (b) particle size distribution obtained from DLS method. The particle size
distribution measured with the DLS method for three runs shows a similar size distribution of particles
dispersed in water, Fig. C. 1b.

Fig. C. 1 Physical dimensions of the nanothermometers. (a) The particle size distribution obtained from
TEM images (b) particle size distribution obtained from DLS method

C.1

Calculation of the effective brightness of nanothermometers

To calculate the concentration of the dye molecules encapsulated inside nanothermometers, we first
measure the particle concentration in water dispersion. A known volume of stock solution of nanoparticles
was dried in oven at 60o C for 6 hours. The mass of the particle per unit volume of the solution was found
to be 0.12±0.03 mg/mL (the experiment was repeated three times; dry residue of pure water was
considered as a baseline). Using the mass density of 1.6 g/cm3 for the porous silica 221,222, and taking the
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average particle size of 50 nm, one can find the number of particles in the stock solution, which is equal
to 1.15x1012 /mL. To estimate the number of encapsulated dye molecules, UV-VIS absorbance was
measured. A water dispersion of nanoparticles in the concentration of 0.71x1011 /mL was used to measure
absorbance. One can find the concentration of both the dyes from known extinction coefficients of R6G
and RhB (1.0x105 L/mole/cm at 525 nm for R6g and 1.2x105 L/mole/cm at 550 nm for RhB dye), and
using the Beer–Lambert law. Here we note that such a procedure in general is applicable for free dye
solutions. However, one can apply similar procedure for dye encapsulated inside the particles by
subtracting the porous silica contribution from the preliminary data, which is a superposition of
contribution from silica contribution and encapsulated dyes, see

214

for details. Finally, since the dye

molecules are physically entrapped inside the channels, one would need to verify that the optical properties
of dyes remain unaltered after encapsulation. It was done by dissolving the silica matrix with hydrofluoric
acid 214.
Fig. C. 2 The absorbance spectrum of the nanothermometers in room temperature. shows the
absorbance spectrum of the nanothermometers in room temperature considered after removing
(subtracting the slope) porous silica contribution. One can see the absorbance values for R6G (at 525 nm)
and RhB (at 550 nm) are 0.0084 and .0093, respectively. The Beer–Lambert law translates these into the
concentrations of 84 nM for R6G and 78 nM for RhB dyes inside the particles. Because this was found
for the concentration 1.15x1012 mL-1of 50 nm particles, each 50 nm particle contains 710 R6G and 650
RB molecules. (The estimated concentration of R6G and RhB in each particle was found to be 1.80 mM
and 1.66 mM, respectively.)
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Fig. C. 2 The absorbance spectrum of the nanothermometers in room temperature.

Using rhodamine 6G and B as the reference dyes, and measuring fluorescence coming from the solution
with known concentrations of fluorescent silica particles (CP ) and the reference dyes (for example of
rhodamine 6G, CR6G ), one can find the sought relative brightness of material of fluorescent particle as
follows

Relative brightness R6G =

where FLNP ( or FLR 6G

FLP / CP
= 146
FLR6G / CR6G
,

Relative brightness RB =

FLP / CP
= 1717
FLRB / CRB

(S1)

FLRB ) is the amount of fluorescent light coming from a suspension of the particles

in water (or solution of reference R6G or RB dye). Note that fluorescence of nanoparticles was split into
separate spectra of R6G and RB by deconvolution algorithm, as shown below.
It should be noted that the particle brightness may depend on the excitation wavelength because of the
presence of FRET. But as soon as the direct excitation of rhodamine B is a weak relative to rhodamine 6G
(𝜀Bno /𝜀B¯ = 3.13 at 488 nm), this dependence is insignificant.
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The number of dye molecules encapsulated are and the quantum yield of NTs with respect to R6G is 37%
(0.37).

Fig. C. 3 Emission of each nanoparticle and the decoupled peaks of R6G and RB presented with respect
to their relative contribution to brightness using the deconvolution algorithm

C.1

Calculation of the Förster distance

The Forster distance was calculated by considering the emission spectrum of R6G dye as a donor and
absorbance spectrum of RB as acceptor. Their spectral characteristics (fluorescent emission of R6G and
absorbance of rhodamine B) are shown in Fig. C. 3 Emission of each nanoparticle and the decoupled peaks
of R6G and RB presented with respect to their relative contribution to brightness using the deconvolution
algorithm. The Forster distance, Ro, can be calculated using the following formula 217:

R0 = 0.0211´ (k 2n -4QDJ )1 6

(in nm)

where 𝜅 1 is the dipole orientation factor between the donor(R6G) and the acceptor(RB), 𝑛 is the
refractive index of the medium, 𝑄² is the quantum yield of the donor and 𝐽 is the spectral overlap integral
of the donor-acceptor pair given by the equation:
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Here 𝐹² 𝜆 , 𝜀„ 𝜆 correspond to fluorescence of the donor and the extinction coefficient of acceptor,
respectively , at each wavelength.
Thee overlap integral for the R6G donor and the RB acceptor pair in the wavelength range 500 nm to 650
nm was calculated to be 1.93x1016 M-1cm-1 nm4. By considering the quantum yield of donor, 𝑄² = 0.95
, and refractive index of silica as 1.43 and with assumed dipole orientation factor of 2/3, the Förster
distance, 𝑅7 , can be estimated as 8 nm.

Fig. C. 4 Emission and absorbance spectra of R6G (donar (blue line) ) and RB (acceptor(green line)) is
presented, respectively, with the overlapping area enclosed (redline).
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Fig. C. 4 Emission and absorbance spectra of R6G (donar (blue line) ) and RB (acceptor(green line)) is
presented, respectively, with the overlapping area enclosed (redline).demonstrates such independence for
fluorescence taken at multiple wavelengths.

C.1

Independence of temperature sensing of concentration of nanothermometers

The ratio of the fluorescent intensities, which is indicative of temperature, should not depend on
concentration of nanothermometers.

Fig. C. 5 Intensity ratios for different wavelengths at various concentrations are presented. All
experimental results presented in the main article are carried at 35 pM concentration.

C.1

Independence of temperature sensing of intensity of the excitation light

The ratio of the fluorescent intensities, which is indicative of temperature, should be independent of
intensity of the excitation light. Fig. C. 5 Intensity ratios for different wavelengths at various
concentrations are presented. All experimental results presented in the main article are carried at 35 pM
concentration. demonstrates such independence for fluorescence taken at multiple wavelengths.
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Fig. C. 6 Intensity ratios for different wavelengths at various excitation intensity are presented. The
concentration of 300 pM, 350 pM, 400 pM and 450 pM of nanothermometers in water is presented.
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C.1

Ratiometric sensing: using fluorescent maxima of individual dyes (545 nm to
573 nm)

Fig. C. 7a shows the temperature dependence of the ratio of fluorescent intensities at 545 nm to 573 nm
of the nanothermometers excited at 488 nm. One can see a fairly linear response when temperature being
changed within 20-50o C in steps of 5o C. Similar measurements for the dye mixture solution show
virtually no dependence on temperature, Fig. C. 7b. The average ratio for 40 measurements is shown (the
error bar is one standard deviation). Based on this error bar one can calculate the uncertainty in temperature
measurements. It is rather uniform for the range of temperatures started and found to be 1.8oC.
2.00

Ratio (I550/I575)

(b)

1.95

Dye Mixture
( R6G:RhB=0.1 µM: 0.09 µM)

1.90
1.85
1.80
1.75

20

25

30 35 40 45
o
Temperature ( C)

50

Fig. C. 7 Temperature dependence of the ratio of fluorescent intensities for (a) nanothermometers with
R6G and RhB dyes encapsulated, and (b) free dyes mixture. The time of averaging for each fluorescent
spectral pixel Δt=100ms.
Deviations and uncertainties shown in Fig. C. 7 were found when the time of fluorescent signal collection
Δt=100ms. By increasing the averaging time of the instrument, the uncertainty can be decreased. Fig. C.
8 shows an example of such decrease when temperature is fixed at T=20oC.
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Fig. C. 8 The dependence of the error of the ratio of intensities on the time of averaging for each spectral
fluorescent pixel and corresponding uncertainty in the temperature measurements.
Another important characteristic of the sensors is its stability with respect to multiple changes of
temperature. The results of the measurements up to eight full thermal cycles between 20°C and 50°C are

Ratio I545/I573

shown in Fig. C. 9. One can see a good stability of the synthesized nanothermometers.

1.7
o

50 C

1.6
1.5
o

20 C

1.4
1.3

0 1 2 3 4 5 6 7 8 9
Cycle number

Fig. C. 9 Stability of the nanothermometers measured up to eight full thermal cycles between 20°C and
50°C.
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C.1

Change in the nanothermometer size after the initial heating

We analyzed the dependence of the particle size on temperature. The particles were initially measured at
room temperature (24C) before any heating. Then the particles were heated to 35°C. Then, the particles
were cooled back to the room temperature, and heated second time to a higher temperature of 45C. Each
time the temperature was stabilized with accuracy of 0.3C before the AFM measurements carried out.Fig.
C. 10 shows a typical height image of nanothermometers and their cross-section.

Fig. C. 10 An example of the AFM images of nanothermometers. A typing AFM image is shown (left).
The right panel demonstrates the cross-section of each particle.
Fig. C. 11 demonstrates the results of the measurements of heights of 5 nanothermometers. The full cycle
24C-35C-24C-35C-45C is shown. One can see a noticeable change of the size after the first heating cycle.
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Fig. C. 11 Heights of five nanothermometers in different temperatures/cycles.

C.1

Temperature calibration of nanothermometers: 3-D temperature distribution
measurements

As a heating source for temperature calibration, the heating stage connecting to a temperature controller
(Lakeshore 331) was mounted on the table of the inverted microscope. The hydrogel-nanothermometer
sample was placed into specially designed dish and was placed on the heating stage and was preheated to
55 oC for 30 minutes before proceeding for the actual temperature response. To monitor the temperature
of the sample, an IR camera (Therm-App) was used. 2D images were collected in the temperature range
of interest and then a temperature profile was obtained. Specifically, temperature versus the fluorescent
intensity ratio is shown in Fig. C. 12

Fig. C. 13 Temperature dependence of the ratio of fluorescent intensities.
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C.1

COMSOL model to calculate 3-D temperature distribution

To demonstrate as an application and working principle of nanothermometers, we chose to obtain
temperature distribution around a hot wire immersed in a hydrogel, as was described in the main text, and
as shown in Fig. C. 14. To verify the obtained results with the values predicted by theory, we did numerical
simulations using COMSOL Multiphysics software.

Fig. C. 14 Schematic showing the experimental setup for demonstration of the working principle of
nanothermometers
As starting point, we checked whether convection would play a substantial role in the developing of stable
temperature distributions; in other word, to check if it is heat transfer problem in which buoyant forces
dominate over viscous forces resulting in natural convection223. This can be checked by calculating the
Grashof number ( Gr ) given by the following formula

Gr =

g b (Ts - T¥ ) L3

n2

,

(1)
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where g is the acceleration due gravity (9.81 m/s2), b is the bulk thermal coefficient expansion of the
medium (4.57x10-4/K for water), Ts is the temperature of the wire (50 oC or 323.15 K) , T¥ is the
temperature of the bulk (25 oC or 298.15K), L is the length of the wire immersed inside the medium(
~4.50x10-3m) and n is the kinematic viscosity (5.53x10-7 m2/s).
One can find that Gr =3400 for the values considered above, implying that it is a heat transfer problem
with natural convection and thus the buoyant forces cannot be ignored in the simulations.
Because we performed the experiments after confirming that the setup has reached thermal equilibrium
after 30 minutes of the heating the wire (observing steady temperature distribution with IR camera), it is
more relevant to simulate for steady state behavior of the system. It should be noted that the steady solution
is essentially an average one over time. So, the actual measurements of temperature distribution can
deviate around the steady solution. In the COMSOL Multiphysics software, we chose a specific physics
interface for the conjugate heat transfer that supports the modeling of heat propagation from solid wire to
the liquid. The fluid flow arises due to the temperature dependent local density changes within the fluid,
and thus, it is treated as non-isothermal fluid flow. The governing equations that describe the entire
phenomenon are the heat balance equation (eqn.2), the Navier-Stokes (NS) equation (eqn.3). To solve this
problem, the continuity equation (conservation of mass) (eqn.4) should be added (for a slightly
compressible fluid under steady state conditions). Eq. (5) gives the volume force, F , which arises due to
the change in the fluid densities.

r C p u.ÑT - Ñ.(k ÑT ) = 0 ,
é
ë

2
3

(2)

ù
û

r (u.Ñ)u = Ñ. ê - p I+ Ñ.µ (Ñu + (Ñu)T ) - µ (Ñ.u) I ú + F ,
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(3),

Ñ.( r u) = 0 ,

(4),

F = -g ´ ( r ( p, T ) - ro )
Here

(5)

u velocity vector of the fluid at a given point in the 3D space,

r , C p , k and µ are the density and

specific heat capacity, thermal conductivity and dynamic viscosity of the fluid, respectively. r (at a given
pressure p and temperature T) and r o ( room temperature and pressure) in a non-isothermal fluid flow.
The I here is a unit vector chosen for the brevity of vector representation.
The top end of the wire is was set to 50 oC temperature, while all other regions of the fluid and the wire
was set at 25oC. For the boundary condition of heat transfer, Fig. C. 15a , we fixed the wire outside the
suspension and the open surface of the dish as thermally insulated due to the fact that the natural
convection due to air is assumed to be very small. The dish containing the NTs suspension rests on the
base of the inverted microscope that serves as a heat sink. We therefore set the dish bottom at a constant
temperature of 25 oC.

Fig. C. 15 Schematic showing the boundary conditions for heat transfer (a) and boundary conditions for
the fluid flow.
The boundary conditions for the the fluid flow are as follows. Since the fluid is in contact with the dish
and the and the wire, Fig. C. 15b, a no slip boundary condition is valid. Since the top portion of the fluid
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is open to air, we chose a slip condition. The fluid is set to zero velocity as an initial condition in the
simulation.
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