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 Ultrabright Fluorescent Silica Mesoporous Silica 
Nanoparticles: Control of Particle Size and Dye Loading 
 The synthesis of ultrabright fl uorescent mesoporous silica nanoparticles 
(UFSNPs) of various sizes loaded with different amounts of fl uorescent dye 
(Rhodamine 6G) is reported here. The dye is physically entrapped inside 
the nanochannels of the silica matrix created during templated sol–gel self 
assembly. Due to the specifi c nanoenvironment, the fl uorescence of the 
encapsulated dye molecules remains unquenched up to very high concentra-
tions, which results in relatively high fl uorescence. The particle size (ranging 
from 20–50 nm) and dye loading (0.8–9.3 mg dye per g particles) are con-
trolled by the timing of the synthesis and the concentration of several organ-
otriethoxysilanes, which are coprecursors of silica. The quantum yields of the 
encapsulated dye range from 0.65 to 1.0. The relative brightness of a single 
particle is equivalent to the fl uorescence of 30–770 free nondimerized R6G 
dye molecules in water, or to that of 1.5–39 CdSe/ZnS quantum dots. Despite 
the presence of some hydrophobic groups on the particles’ surfaces, colloidal 
suspensions of the particles are relatively stable (as monitored for 120 days). 
  1. Introduction 

 Fluorescent particles are used in a broad range of applica-
tions that involve tagging, tracing, and labeling. [  1–5  ]  A myriad 
of organic (dyes, pigments) and inorganic (dyes, pigments, 
quantum dots) fl uorescent materials have been developed. 
Fluorescence of colloidal particles is typically achieved by incor-
porating either inorganic or organic fl uorescent materials into 
the particles’ matrix. 

 Inorganic dyes are typically more stable against oxidation 
and photobleaching. However, their limited variety, relatively 
low quantum yields, and limited compatibility restrict their 
broad utilization. For example, quantum dots, [  6  ]  which are the 
brightest colloidal particles synthesized so far, are not as stable 
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as organic dyes in aqueous environments, 
have blinking problems, and can be rather 
toxic when labeling biological objects. [  7  ]  
The large variety of organic dyes, their 
high quantum yields, their absence of 
blinking, their excellent aqueous stability, 
and their relatively low toxicity make 
them attractive for use in fl uorescent par-
ticles. The main problem associated with 
organic dyes is their relatively fast photo-
bleaching. Some dyes can interfere with 
some biological processes. Sealing organic 
dyes into a silica matrix seems to be one 
of most promising approaches because 
of the wide compatibility of silica with 
other—including biological—materials. 
The chemistry of silica is well known. [  8  ]  
Hence, it is plausible to expect straightfor-
ward functionalization of fl uorescent silica 
particles with various sensing molecules to 
give the particles preference for adhering 
to specifi c molecules or materials. 
 Various attempts to embed organic dyes into silica xerogels 

and zeolites have been reported. [  9–18  ]  To prevent the dyes leaking 
out of the porous matrix, dyes have been covalently bound to the 
silica matrix. [  12  ,  14  ,  19–24  ]  One of the costs of such a strong bond is 
typically a decrease in quantum yield, and hence reduced fl uo-
rescent brightness of the material. Nevertheless, nanoparticles 
as bright as quantum dots have been synthesized by utilizing 
the covalent attachment of specifi c dyes to an organosilica 
matrix. [  16  ,  18  ,  25  ]  It has recently been reported that even a physical 
(i.e., weak) encapsulation inside a nano(or meso)porous silica 
matrix preserves the quantum yield of the dye. [  26  ,  27  ]  The dye 
was encapsulated through templated sol–gel self assembly of 
mesoporous particles with fl uorescent dye added in relatively 
large concentration (up to 0.01  M ) to the synthesizing bath. The 
dye molecules became physically entrapped inside nanochan-
nels of 2–4 nm diameter during the synthesis. The synthe-
sized particles were found to be up to two orders of magnitude 
brighter than the micrometer-size particles assembled from 
water-dispersible quantum dots encapsulated in polymeric 
particles (scaled to the same size). [  28  ]  The particles showed fl uo-
rescence that was higher by a factor of several thousand than 
the maximum fl uorescence of free dye in the same volume. 

 Ultrabright fl uorescent silica nanoparticles (UFSNP) are of 
broad interest. Increased brightness of labeled silica particles is 
desirable for attaining a higher signal-to-noise ratio, and conse-
quently, to increase the sensitivity and/or speed of detection. Pre-
viously synthesized particles were on the micrometer scale, [  26  ,  27  ]  
3129wileyonlinelibrary.com
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   Table  1.     Sample nomenclature and corresponding compositions of 
reagents used to synthesize fl uorescent mesoporous silica nanoparticles 
by co-condensation and sequential grafting. 

Sample Additional OS a)  [OS]  ×  100/
[total silanes] 

[mol%]

 t  ad  b)  [min] [R6G] [ M ]

TM10 MTMS 10 0 5  ×  10  − 3 

TM191 MTMS 5 30 5  ×  10  − 3 

TM91 MTMS 10 30 5  ×  10  − 3 

TM571 MTMS 15 30 5  ×  10  − 3 

TM91_60 MTMS 10 60 5  ×  10  − 3 

TE91 ETES 10 30 5  ×  10  − 3 

TP191 PTES 5 30 5  ×  10  − 3 

TP91 PTES 10 30 5  ×  10  − 3 

TP571 PTES 15 30 5  ×  10  − 3 

    a) OS  =  organosilane coprecursor materials;  b)  t  ad   =  the time lag before organosilane 
addition.   
and there has been a subsequent effort to scale it down to the 
nanoscale, in order to produce UFSNP. [  29  ]  The fl uorescence of 
the dye inside these particles was not quenched, even though 
its concentration was  ≈ 230 times higher than the maximum 
nonquenching concentration of free dye in aqueous solution. 
Nonetheless, these UFSNP were not quite ultrabright. Com-
pared to a popular class of bright fl uorescent particles (water 
dispersible quantum dots) [  30  ]  UFSNP have been reported [  29  ]  at 
 ≈ 40% of the quantum dot brightness. This is almost two orders 
of magnitude lower than that expected from simply geometri-
cally scaling down the previously reported ultrabright microm-
eter-sized particles, [  26  ,  27  ]  which is presumably due to dye leakage 
from the channels. To prevent this, the channels need to be self 
sealed by bending, as was the case for the micrometer-sized 
particles. However, this is thermodynamically impossible. [  31  ]  
It would require impractically high levels of thermal energy to 
bend the nanochannels of such small particles. 

 Here we report the syntheses of UFSNP by using Rhod-
amine 6G (R6G) fl uorescent dye, which has a brightness den-
sity (brightness per unit volume) comparable to the reported 
ultrabright fl uorescent micrometer-sized silica particles. [  26  ,  27  ]  
The dye loading inside UFSNP can be as high as 0.01 g dye per 
g particles. The particle size (ranging from 20 to 50 nm) and 
dye loading were controlled through the timing of the synthesis 
and the concentration of organosilanes (triethoxysilanes), which 
were used as coprecursors of silica. The use of triethoxysilanes 
as coprecursors prevents dye leakage, [  32  ]  presumably due to the 
presence of hydrophobic groups, which would help to prevent 
water from entering the particles, and hence prevent diffusion 
of the dye molecules out of the particles. Despite the presence 
of a number of hydrophobic groups on the particles’ surfaces, 
colloidal suspensions of most nanoparticles were quite stable 
(as monitored for four months). 

   2. Results and Discussion 

 The UFSNP were prepared with triethanolamine (TEA) additive 
and R6G fl uorescent dye in a general tetraethyl orthosilicate–
cationic surfactant (TEOS–CTA  +  ) system. [  32  ]  UFSNP were syn-
thesized with several different organosilane coprecursors of 
silica, such as methyltrimethoxysilane (MTMS), ethyltriethoxysi-
lane (ETES), and phenyltriethoxysilane (PTES) (see  Scheme 1 ), 
using two different addition methods (i.e., co-condensation 
and sequential-grafting methods). The main variation of para-
meters related to the organosilanes, while other experimental 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com

    Scheme  1 .     Molecular structures of organosilanes used in this study; a) MT
c) PTES.  
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conditions (such as temperature and amount of TEA and water) 
were fi xed. 

 The preparation of the UFSNP was based on the synthesis 
of mesoporous silica nanoparticles, using a TEA (initial pH  ≈  
10 and p K a  =  7.8) additive as a weak base. TEA is known to 
act as a pH stabilizer and also a sterically bulky chelating mate-
rial, which is important for controlling the particle diameter. [  33  ]  
Organosilanes (OS) such as MTMS, ETES, and PTES were used 
as a cosource of silica, and were added 0, 30, and 60 min after 
the main silica precursor, TEOS. All samples prepared in this 
study, along with the chemical composition of each prepara-
tion that resulted in particle diameters of  < 100 nm, are listed in 
 Table    1  . Other experimental conditions, such as the amount of 
TEA and water, remained constant for all samples.   

  2.1 Particle Sizes 

 To demonstrate mesoscale porosity in the synthesized UFSNP, 
transmission electron microscopy (TEM) was carried out. 
 Figure    1   presents the TEM images of several UFSNP prepared 
in this study; two images of larger and two images of smaller 
particles are shown. The mesoporous structure of these slightly 
nonspherical particles can clearly be seen.  
mbH & Co. KGaA, Wei

MS, b) ETES, and 

Si OC2H5

OC2H5
 The present work is focused on the syn-
thesis of particles with relatively long-term 
stability. We study the effect of three orga-
nosilanes and the synthesis kinetics on the 
particles’ diameter, colloidal stability, and 
brightness. The long-term stability of the 
UFSNP diameter and the particles’ colloidal 
suspension were measured by means of 
dynamic light scattering (DLS). 

   Table 2   summarizes the DLS results for 
the synthesized UFSNP. Two types of particle 
diameter are listed: the most probable diam-
eter ( D  m ) and the effective diameter ( D  eff ). 
nheim Adv. Funct. Mater. 2011, 21, 3129–3135
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    Figure  1 .     Representative TEM images for several fl uorescent mesopo-
rous silica nanoparticles. The images and the corresponding samples are 
listed in Table 1 as a) TM91, b) TM571, c) TP91, and d) TE91. The insets 
show enlarged particles. The scale bars are 50 nm.  
The most probable diameter represents the size of the most 
abundant particles in the suspension. The effective diameter, 
defi ned by the diffusion coeffi cient, was found from the anal-
ysis of the self-correlation function of intensities (number of 
photons) of the laser light scattered by the particles. The effec-
tive diameter can be taken as average because the entire popu-
lation of particles defi nes the scattered light. The polydispersity 
shown in Table  2  refers to the distribution of the most prob-
able diameter. The difference between the most probable and 
effective diameters can be explained by multimodal size distri-
butions of the particle sizes, which presumably occurs due to 
agglomeration of smaller particles into larger aggregates. Even 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 3129–3135

   Table  2.     Dynamic light scattering results for UFSNP using co-condensation 
and sequential grafting. 

Sample  D  m  a)  [nm]  D  eff  b)  [nm] Polydispersity

TM10 53 205 0.21

TM191 36 150 0.20

TM91 40 106 0.22

TM571 23 140 0.20

TM91_60 30 92 0.12

TE91 52 88 0.19

TP191 28 120 0.20

TP91 45 78 0.15

TP571 34 140 0.15

    a)  D  m   =  most probable diameter obtained from the multimodal size distribution 
results of dynamic light scattering device used in this study;  b)  D  eff   =  effective 
diameter.   
a small number of larger aggregates can substantially shift the 
average diameter towards larger values.  

 It can be seen from Table  1  and Table  2  that, typically, 
10 mol% secondary organosilane precursors show the lowest 
effective diameters for samples prepared by sequential grafting 
(TM91, TM91_60, TE91, TP91). The most probable diameter 
 D  m  is smallest for 15% MTMS (sample TM571), 10 mol% of 
PTES (sample TE91), and 5% of PTES (TP191). One can also 
see that 30 min is the most effective time lag for decreasing 
particle diameter. 

   2.2 Stability of Colloidal Suspensions of UFSNP 

 Colloidal stability was monitored both visually and by using 
DSL. In the latter case, one can measure the stability of the sus-
pension as well as the stability of the most probable diameter 
of the particles by monitoring the difference between the most 
probable and effective diameters (as described in the previous 
section). 

 Stability depends on particle concentration. The working 
concentrations of the as-synthesized suspensions were used, 
which were relatively high (giving an opaque solution). Visual 
monitoring showed formation of precipitates within one week 
(not shown). The supernatant of the colloidal suspension of 
UFSNP was relatively stable for much longer (several weeks). 
However, analysis of the zeta potential (see later) indicated that 
the suspension cannot be stable in the long term. 

 To perform DLS, UFSNP suspensions extracted by dialysis 
for one week were diluted by a factor of ten with deionized (DI) 
water, and fi ltered using a 200-nm membrane fi lter to remove 
any agglomerates. The fi ltered UFSNP dispersions were kept 
in quiescent conditions while DLS was measured for up to 
120 days.  Figure    2   shows two representative examples of moni-
toring the effective diameters. As an example, the corresponding 
initial concentrations of UFSNP were 1.14  ×  10  − 3  g mL  − 1  (TM91) 
and 2.81  ×  10  − 3  g mL  − 1  (TP91). TP91 represents the most stable 
sample; its effective diameter remains constant for the entire 
duration of 120 days. TM91 represents a less stable suspension. 
One can see a gradual increase of the effective diameter 
to more than 0.5 micrometer over 50 days. The observed 
decrease of the effective diameter after 50 days can be explained 
by precipitation of agglomerates that have grown too large and 
ceased to undergo Brownian motion (our measurements were 
performed by sampling of the supernatant part of the suspen-
sion; i.e., without particle resuspension. A small amount of pre-
cipitant was visible).  

 The zeta potential can provide information on the interaction 
of UFSNP with other materials, surfaces, and particles, and is 
helpful in estimating the colloidal stability of UFSNP suspen-
sions. The higher the zeta potential, the stronger the electro-
static repulsion between the particles. In our system, however, 
the observed stability was surprisingly not well correlated with 
the zeta potential of TP91 (11  ±  1 mV) and TM91 (15  ±  2 mV). 
There are two possible reasons for this: fi rstly, TM91 particles 
may possess more attractive groups (either hydrophobic or 
through the hydrogen interaction) than TP91; or secondly, the 
distribution of charges may be highly heterogeneous, in which 
case the particles could easily undergo rotation to minimize 
bH & Co. KGaA, Weinheim 3131wileyonlinelibrary.com
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    Figure  2 .     A representative example of DLS data for the effective diameter of UFSNP as a 
function of time elapsed after 200 nm fi ltration.  
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repulsion. This phenomenon is somewhat similar to that 
reported previously, [  34  ]  where the interaction between nano-
particles was found to be substantially different from the 
interaction between micrometer-sized particles made of the same 
material; this could not be explained by zeta potential alone. This 
phenomenon will be studied in detail in future work. 

 While the stability of the colloidal suspension cannot be 
explained in terms of zeta potential alone, the zeta potential 
does defi ne the kinetics of agglomeration. The zeta potentials 
for our samples ranged between 5 and 20 mV. This is generally 
considered to be insuffi cient for long-term stability of colloidal 
suspensions. At the same time, the stability of individual parti-
cles (hydrothermal stability) seems to be high because the most 
probable diameter of the particles in the supernatant does not 
change with time. 

   2.3 Fluorescent Properties of UFSNP 

 The brightness of the synthesized UFSNP was evaluated after 
dialysis for one week in DI water. To measure the brightness 
of a single particle, the fl uorescence brightness (the integral of 
the fl uorescent spectrum) of each particle—measured directly 
using the fl uorescent spectrometer—can be deduced from the 
fl uorescent brightness of the spectrum emitted by a single R6G 
molecule measured with the same spectrometer. Assuming 
linear dependence of the fl uorescent brightness on the quan-
tity of suspended particles (and the dye molecules dissolved in 
water) used to measure the brightness, one can arrive at the 
following equation:

 
UFSNPrelativebrightness = F LUFSNP/CUFSNP

F LR6G/CR6G   
(1)

   

where  FL  UFSNP / C  R6G  is the (integral) amount of fl uorescent 
light coming from a suspension of UFSNP in water (solution 
of R6G dye), and  C  UFSNP / C  R6G  is the density of UFSNP (dye 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Wei2 wileyonlinelibrary.com
concentration) in the measured suspension 
(solution). 

 The assumption of linearity used in Equa-
tion (1) is only correct for suffi ciently small 
concentrations of suspended particles (dis-
solved dye molecules in water). Therefore, 
special care was taken to ensure that the 
measurements were performed in the linear 
regime. This was verifi ed by sequential dilu-
tion of the analyte, and by monitoring the 
corresponding decrease in the brightness. 
Note that this approach takes into account 
the partial scattering of the excitation light by 
UFSNP. To fi nd the UFSNP relative bright-
ness, we typically measured the amount of 
fl uorescence coming from 10  μ L of a UFSNP 
stock suspension diluted to 3 mL with water. 
For example, the integral fl uorescence of 
TM91 was  FL  UFSNP  8610 au (the error in the 
fl uorescence measurement was negligible). 
To fi nd  C  UFSNP , the stock suspension was 
weighed with a quartz microbalance (QCM) 
and also with a high-resolution balance. In 
the case of TM91, the average was (1.14  ±  0.15) mg particles per 
mL water. Taking the known density of the nanoporous silica 
material (1.6 g cm  − 3 [    27  ,  35  ] ), and the most abundant diameter 
of TM91 UFSNP (40 nm), the density of nanoparticles in the 
measured suspension was  C  FMSNP   =  (7.1  ±  0.9)  ×  10 10  particles 
per mL water. Similarly, the brightness of a single molecule of 
R6G dye was determined;  FL  R6G   =  7635 au was found from the 
dye concentration (7.0  ±  0.5)  ×  10  − 8   M  (from the Beer–Lambert 
law), or  C  R6G   =  (4.2  ±  0.3)  ×  10 13  dye molecules per mL water. 
Thus, from Equation (1), the UFSNP fl uorescent brightness 
of TM91 is equivalent to the brightness of approximately 670 
molecules of free nondimerized R6G dissolved in water. This 
can be further related to the brightness of, for example, a single 
ZnS-capped CdSe quantum dot (which is  ≈ 20 times brighter 
than a molecule of R6G [  36  ,  37  ] ). Thus the brightness of TM91 
UFSNP is 34  ×  higher than a single ZnS-capped CdSe quantum 
dot. Moreover, the UFSNP seem to be substantially brighter 
than that of previously reported fl uorescent silica nanoparti-
cles, [  16  ,  20  ,  38–43  ]  in which the brightness of the reported particles 
was equivalent to the fl uorescence of one quantum dot. 

 The quantum yield (QY) was calculated by using the standard 
formula shown in Equation (2)

 
QY = 95%

F LUFSNP

AR6G of UFSNP

AR6G

F LR6G   
(2)

   

where  A  R6G of UFSNP  ( A  R6G ) is the absorbance of the R6G dye 
extracted from UFSNP (concentration of R6G reference dye, 
which should be quite low to avoid the nonlinear effects men-
tioned above; here we used  ≈ 10  − 7   M ). The quantum yield of 
R6G reference dye is 95%.  A  R6G of UFSNP  was found as follows: 
A small volume of UFSNP colloidal suspension was dried and 
weighed as described above. Then, a small volume of the same 
UFSNP suspension was dissolved using 1% hydrofl uoric acid. 
Note that the extinction coeffi cient of R6G dye in water remains 
the same in the presence of 1% hydrofl uoric acid (consequently 
one can use Equation (2)).  A  R6G of UFSNP  was found by scaling 
nheim Adv. Funct. Mater. 2011, 21, 3129–3135
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   Table  3     Properties of fl uorescent mesoporous silica nanoparticles. 

Sample  A  a)   F  area  b)  
[au]

  Φ   UFSNP  c)   W  dye/

UFSNP  d)  
[mg g  − 1 ]

 D  m  
[nm]

Relative brightness 
[no. of free R6G 

molecules]

R6G 0.007 7630 0.95 n/a n/a 1

TM10 0.013 10180 0.69 1.7 53 190

TM191 0.008 7710 0.84 4.6 36 190

TM91 0.0047 8610 1.01 9.3 40 670

TM571 0.013 9640 0.65 7.0 23 58

TM91_60 0.009 7660 0.78 5.7 30 130

TE91 0.0067 7850 1.02 5.1 52 770

TP191 0.005 4590 0.82 2.2 28 43

TP91 0.0098 9980 0.89 2.5 45 211

TP571 0.002 2145 0.98 0.8 34 32

    a)  A  is the UV absorbance at a wavelength of 525 nm for UFSNP samples treated 
with HF (1 wt% solution);  b)  F  area, DI water  is the integrated area of fl uorescence emis-
sion spectra for UFSNP samples in DI water;  c)   Φ   UFSNP  is the quantum yield cal-
culated using fl uorescence emission and UV absorbance based on the R6G 7  ×  
10  − 8  M  standard solution;  d)  W  dye/UFSNP  is the mass of R6G dye encapsulated in 1 g 
of UFSNP.   

    Figure  3 .     High-resolution fl uorescence spectra of UFSNP, ultrabright 
(origami) micrometer-sized particles, [  27  ]  free R6G solution in water 
(1  μ  M ), UFSNP dissolved in 1% HF solution, and R6G electrostatically 
physisorbed onto 60 nm solid silica particles. [  29  ]  TM571 UFSNP is shown 
separately as an example of the lowest quantum yield.  
up the concentration proportionally for the HF solution. For 
TM91, for example, we found  FL  FMNSP   =  8610 au,  FL  R6G   =  7635 
au,  A  R6G of UFSNP   =  0.0074  ±  0.0005, and  A  R6G   =  0.0070  ±  0.0005. 
From Equation (2), QY  =  1.0  ±  0.1. 

 This method also allows us to fi nd the concentration of R6G 
inside the particles, which was 9.3 mg g  − 1  (9.3 mg dye per g 
particles) or 31 m M . This is similar to the concentration found 
in ultrabright micrometer-sized particles [  26  ,  27  ] . 

   Table 3   shows the results of similar measurements on the 
rest of our samples. The concentration of R6G inside the parti-
cles varied from 0.8 to 9.3 mg g  − 1 , while the quantum yield,   Φ  , 
of the encapsulated dye varied from 0.65 to 1.02. The particles’ 
brightness varied from 30 to 770  ×  the brightness of individual 
free nondimerized R6G dye molecules. This is also equivalent 
to the brightness of 1.5–39 CdSe/ZnS quantum dots.  

 The above calculations were based on the assumption that 
no free dye had leaked into the solution used to measure the 
fl uorescence, which would affect both brightness and quantum 
yield. Thus, it is important to test for the presence of leaked dye 
by examining the high-resolution fl uorescence spectrum near 
its maximum and monitoring the stability of the peak positions. 
As shown in  Figure    3  , the aqueous solution of free dye shows 
a fl uorescence maximum at 550 nm (solid curve). At the same 
time, the fl uorescence of the dye encapsulated inside of the 
particles displays a characteristic blueshift of 5 nm. This can 
be explained by the nonpolar environment of the nanoporous 
channels, [  29  ,  32  ]  and by a caging effect. [  44  ]  These spectra were 
used to monitor possible leakage of the encapsulated dye.  

 Note that physical adsorption of R6G dye onto silica parti-
cles [  29  ]  leads to a signifi cant redshift of the fl uorescence max-
imum relative to the free dye in water, which is also shown in 
Figure  3 . Note also that TM571, which has the lowest quantum 
yield, also shows a signifi cant redshift relative to other UFSNP. 
We may speculate that the decrease of quantum yield in this 
case is caused by the strong physical interaction between R6G 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 3129–3135
dye molecules and the silica matrix of UFSNP (such a decrease 
has been reported for the interaction between fl uorescent dyes 
and xerogels [  11  ,  14  ] ). 

 Figure  3  has further useful information; after the particles 
have been dissolved in HF, the spectrum is virtually identical to 
that of the free dye. This supports our use of the Beer–Lambert 
law to fi nd the concentration of the dye inside the particles after 
dissolving in HF. 

 An important property of the ultrabright particles is that the 
fl uorescence of the encapsulated dye inside the particles is not 
quenched, despite a relatively high concentration of the encap-
sulated dye. The maximum concentration inside the particles 
is  > 5000  ×  higher than the concentration of R6G dye in water 
at which there is no noticeable dimerization/homoquenching 
(dimerization happens before fl uorescence quenching in the 
case of R6G dye). The absence of dimerization can be verifi ed 
by recording the fl uorescence spectra of the particles excited by 
various wavelengths.  Figure    4   shows several examples of such 
spectra corresponding to TM91/TE91/TP571 (identical spectra), 
TM571 (lowest quantum yield), free R6G dye in water with and 
without dimerization/fl uorescent quenching. The particles with 
high quantum yields do not show any changes in the spectra 
specifi c for dimerization of R6G dye molecules. Interestingly, 
there is virtually no noticeable dimerization/spectral broad-
ening even in the case of TM571, which has a low quantum 
yield. This implies that the decrease in quantum yield for 
UFSNP reported here is largely due to the interaction between 
the dye molecules and the silica matrix (as discussed above), 
rather than from self quenching of the dye.  

    3. Conclusion 

 Fluorescent mesoporous silica nanoparticles synthesized in 
the presence of a small amount of secondary silica coprecursor 
organosilanes (MTMS, ETES, or PTES) were prepared by using 
bH & Co. KGaA, Weinheim 3133wileyonlinelibrary.com
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    Figure  4 .     Examples of fl uorescence spectra of UFSNP excited at various wavelengths. (a) Free 
R6G dye in water demonstrating dimerization ([dye]  ≈ 1  ×  10  − 5  M ); (b) Free R6G dye in water 
demonstrating virtually no dimerization ([dye]  ≈  3  ×  10  − 7   M ); (c) The spectra corresponding to 
TM91/TE91/TP571 (highest quantum yield). The spectra of these three samples are identical 
within the error of measurement; (d) TM571 (lowest quantum yield).  
co-condensation (with no time lag) and sequential grafting 
(with time lags of 30 or 60 min) methods. The most abundant 
diameter of the UFSNP was ≤50 nm. R6G was used as the 
organic fl uorescent dye, while triethanolamine was utilized as a 
pH stabilizer and a bulky chelating material to attain nanoscale 
diameters of UFSNP samples. Organosilane–UFSNP prepared 
in this study showed a size range of 20–50 nm (most probable 
diameter from DLS measurements). The fl uorescent bright-
ness of single particles was reported relative to the fl uorescent 
brightness of a single free nondimerized R6G dye molecule in 
water. The brightness of single UFSNP were in the range of 
30–770 R6G dye-molecule brightness. This is equivalent to the 
brightness of 1.5–39 CdSe/ZnS quantum dots. The particles 
were relatively stable for the monitored period of 120 days. No 
leakage of the dye out of the silica matrix of the particles was 
found. At the same time, the colloidal stability of the particles 
was reasonable but not particularly high (except for one PTES–
UFSNP sample, which was more stable). 

   4. Experimental Section 
  Chemicals : TEOS, MTMS, ETES, and PTES (Aldrich) were used as 

silica sources. Cetyltrimethylammonium chloride (CTAC, 25% aqueous 
solution, Aldrich) was used as a structure-directing agent, and TEA 
(Aldrich) as an additive. R6G (Exciton) was used as a fl uorescent dye. 
All chemicals were used without further purifi cation. Ultrapure DI water 
from a Mili-Q ultrapure system was used for all synthesis, dialysis, and 
storage steps. 

  Preparation of Fluorescent Mesoporous Nanoparticles by Co-Condensation 
with MTMS : The synthesis was based on the use of TEA as a replacement 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinwileyonlinelibrary.com
for NaOH catalyst. [23]  The relative molar composition 
of 1.0 total silanes was 0.2 CTAC: 0.02–0.04 R6G: 
10.4 TEA: 141.6 H 2 O. In a typical synthesis of UFSNP 
TEOS, MTMS, and TEA were combined and heated 
for 1 h at 90  ° C without stirring. An aqueous 
solution of R6G and CTAC was stirred at 60  ° C for 
1 h. The two solutions were then combined and 
stirred for 5 h. 

  Preparation of Fluorescent Mesoporous Nanoparticles 
by Sequential Grafting with Organosilane : In a typical 
synthesis of UFSNP, TEOS, and TEA were combined 
and heated for 1 h at 90  ° C without stirring. 
An aqueous solution of R6G and CTAC was stirred 
at 60  ° C for 1 h. The two solutions were then 
combined and stirred at room temperature for 
30 min before the PTES coprecursor was added 
and the solution stirred for a further 4.5 h at room 
temperature. 

  General Extraction Method of UFSNP : Any 
remaining reactants (CTAC, TEA, residual silica 
precursors, and R6G dye) were removed from the 
UFSNP products using dialysis. About 40 g of UFSNP 
solution product was dialyzed with DI water using 
a Spectra/Por ®  RC membrane, MW  ≈  10–15 kDa 
membrane until the supernatant water showed no 
fl uorescence (up to several days). 

  Preparation of Particle Suspension for Stability Test 
and DLS : Following dialysis, UFSNP were diluted 
10  ×  before fi ltering with a 200 nm membrane 
to remove possible agglomerations. The size 
distribution of UFSNP was measured by using DLS 
at various times after fi ltration. Both effective and 
most probable diameters were recorded. 

  Characterization : DLS and zeta-potential 

measurements of UFSNP were performed with a particle-size analyzer 
(Brookhaven, NY) equipped with a standard 35 mW diode laser and 
an avalanche photodiode detector. To determine the diameter, 50  μ L 
of a stock solution of UFSNP was mixed with 3 mL of distilled water 
in a polystyrene cuvette. Each sample was scanned for 9 min (3 runs) 
to obtain one set of raw data for the effective and most probable 
diameters. Both diameters of UFSNP were found using 90Plus 
particle-sizing software. Average values were determined with at least 
three measurements per sample. Zeta potentials of UFSNP were 
obtained using ZetaPALS software. 30  μ L of the extracted sample 
was mixed with 1.5 mL of distilled water. Average values for the zeta 
potential were determined with at least three measurements with 
10 runs per sample. 

 TEM images were obtained with a high-resolution JEM2010 (JEOL, 
Japan) scanning TEM microscope (200 kV accelerating voltage) 
equipped with a LaB 6  cathode and a Gatan SC1000 CCD camera. For 
TEM measurements, an adequate amount of extracted UFSNP was 
dropped onto a porous carbon fi lm on a copper grid and then dried in 
vacuum. 

 A fl uorescence spectrophotometer (Varian, Cary Eclipse), and a 
UV-2401PC UV–vis spectrophotometer (Shimadzu, Japan) were used 
to measure the fl uorescence of UFSNP and concentration of R6G dye 
inside UFSNP. Samples were prepared under the same conditions as 
those used for DLS, while 1 wt% HF solution was used to obtain the 
concentration of R6G dye extracted from UFSNP. 

  Weighing by Means of   QCM : A suspension of UFSNP in water 
(5  μ L) was dried on the surface of a QCM (QCM922, Princeton Applied 
Research, TN, USA). The mass of the UFSNP was found from the change 
in resonance frequency of the quartz crystal. While QCM is a standard 
method, there is a danger of artifacts when measuring large samples 
of nanoparticles (due to a possible damping of QCM vibrations in 
loosely attached nanoparticles). The absence of this artifact was verifi ed 
by sequential dilution of the UFSNP suspension, and its subsequent 
reweighing with QCM. 
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