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A B S T R A C T   

The growth of silica particles synthesized by the Stöber method was investigated by the co-condensation of 
pyrene sulfonyl chloride (PySCl) coupled to (3-aminopropyl)triethoxysilane (APTES). Growth by monomer 
addition could be distinguished from growth by aggregation based on the intensity of the pyrene excimer 
emission of the resulting particles. The influence of the base concentration, water/ethanol ratio, solvent, tem
perature, and type of silica precursor was studied. At high hydrolysis rates, the growth occurred primarily by 
aggregation, whereas growth by monomer addition was predominant at low hydrolysis rates. The results were 
confirmed by evaluating the accessibility of the co-condensed pyrene moieties and by determining the porosity of 
the particles.   

1. Introduction 

In 1968, Stöber, Fink and Bohn [1] reported a robust process for the 
production of monodisperse silica particles, which later became known 
as the Stöber process. The scope of application of silica particles is broad 
and includes diverse fields such as chromatography [2], ceramics [3], 

catalysis [4], drug delivery [5], and forensics [6]. Despite of the fact that 
the Stöber method has frequently been used and adapted for the syn
thesis of silica particles, reports on the growth mechanism tend to be 
controversial [7]. Two general growth mechanisms have been suggested 
for silica particles, namely growth by monomer addition [8–10] and by 
aggregation [11,12]. Growth by monomer addition typically produces 
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non-porous particles [10], whereas growth by aggregation results in 
microporous particles [11–13]. However, inconsistencies have been 
reported regarding the porosity of Stöber-type silica particles. A com
parison of independent studies on the production of Stöber-type silica 
particles reveals that pore volumes measured by nitrogen adsorption at 
77 K vary over a wide range (0.001 to 0.633 cm3⋅g–1) [14–27], although 
similar reaction conditions were applied. Understanding the growth 
mechanism and the effect of the various reaction parameters on the 
properties of the product particles is essential for developing robust and 
reproducible syntheses. 

Growth mechanisms have been studied by transmission electron 
microscopy [28,29], NMR [10,28,29], Raman scattering [8,30], dy
namic light scattering [8,9], and small-angle X-ray scattering [31]. In 
this work, the growth mechanism is investigated by the co-condensation 
of pyrene sulfonyl chloride (PySCl) coupled to (3-aminopropyl)trie
thoxysilane (APTES). Pyrene has previously been employed to study 
spatial distributions in various structures by means of its excimer fluo
rescence [32–34]. As the distance between two pyrene units becomes 
smaller than 0.5 nm, excimer fluorescence occurs, which can be clearly 
distinguished from the fluorescence of spatially separated pyrene units 
[35–39]. The co-condensation of PySCl-APTES conjugates with tetrae
thoxysilane (TEOS) by monomer addition is expected to lead to a ho
mogeneous distribution of the functional moieties throughout the 
resulting silica framework [40]. Given a low PySCl-APTES/TEOS molar 
ratio, the probability of creating closely spaced pyrene moieties that 
would lead to excimer emission is therefore small. Growth by aggrega
tion, on the other hand, is likely to generate situations where 
surface-anchored pyrene moieties are located in close vicinity. Inter
particle excimer formation has indeed been observed when studying the 
interactions of pyrene-labeled silica particles [41]. The high ratio be
tween the external surface area and the volume of the primary particles 
contributes to the increased probability of excimer formation during 
growth by aggregation. We thus start from the hypothesis that the two 
general growth mechanisms lead to different fluorescence spectra of the 
co-condensed particles, in particular regarding the pyrene excimer band, 
which is expected to be absent in the case of growth by monomer 
addition and present in the case of growth by aggregation. Moreover, the 
relative vibronic band intensities of the pyrene monomer fluorescence 
are polarity dependent [42]. Consequently, the accessibility of the 
co-condensed pyrene units can be evaluated by using solvents of 
different polarity and thus provides independent evidence of porosity, 
which was additionally measured by nitrogen sorption. 

2. Material & methods 

2.1. Materials 

2-Propanol (99.9 %), 1-butanol (99 %), acetone (99 %), aqueous 
ammonia (28–30 %), chlorosulfonic acid (99 %), cyclohexane (99 %), 
dichloromethane (99.8 %), dimethylsulfoxide (99 %), methanol (99.9 
%), phosphorus pentachloride (for synthesis), pyrene (98 %), tetrae
thoxysilane (TEOS, 99.0 %), tetramethoxysilane (TMOS, 99 %), (3- 
aminopropyl)triethoxysilane (APTES, 99 %), and (3-aminopropyl)tri
methoxysilane (APTMS, 97 %) were purchased from Sigma-Aldrich. 
Ethanol (98 %) was purchased from Reuss. Ethanol absolute (99.9 %) 
was obtained from VWR Chemicals. All chemicals were used as received. 

2.2. Synthesis of pyrene sulfonyl chloride (PySCl) 

The synthesis of PySCl was conducted according to literature (sul
fonation [43], chlorination [44]). For the preparation of the pyrene 
sulfonate, pyrene (1200 mg, 5.93 mmol) was dissolved in dichloro
methane (8 mL). The solution was cooled to 0 ◦C with an ice/water bath 
within 20 min. Subsequently, chlorosulfonic acid (793 mg, 6.3 mmol) 
was added dropwise within 15 min. The reaction mixture was stirred for 
3 h at 0 ◦C and monitored by thin layer chromatography. As soon as no 

more pyrene was present, 1 M NaOH (15 mL, 15 mmol) was added over 
a period of 5 min. The reaction mixture turned from black to yellow and 
stirring was continued until no black particles were visible (ca. 20 min). 
The suspension was filtered off and the crude product was dried at room 
temperature for 3 d. This stage was mostly quantitative. For the second 
stage, the pyrene sulfonate obtained in the first stage (1800 mg, 5.92 
mmol) was placed in dichloromethane (95 mL) and PCl5 (3967 mg, 19.0 
mmol) was added. The reaction mixture was heated to 40 ◦C and left at 
this temperature for 1 h. The resulting mixture was placed in a sepa
rating funnel (250 mL) and extracted with water (two times 100 mL). 
The organic phase was removed on a rotary evaporator under reduced 
pressure at a bath temperature of 45 ◦C. A light yellow/orange solid was 
obtained. The crude product was purified by normal phase column 
chromatography using 100 g of silica gel with dichloromethane as a 
mobile phase yielding 1385 mg (78 %) of a yellow/orange solid (RF =

0.64, cyclohexane/ethyl acetate 6:4). NMR data of the product is given 
in the Supporting Information. 

2.3. Synthesis of Stöber-type silica particles 

Classical Stöber particles were synthesized according to a previously 
published procedure [45]. A polypropylene beaker (250 mL, diameter =
70 mm) was fitted with a magnetic stir bar (length = 47 mm). A solution 
of ultrapure water (43 mL), ethanol (98 %, 50 mL), and aqueous 
ammonia (28–30 %, 14 mL) was prepared, covered with a watch glass, 
and allowed to stir at 350 rpm for 10 min. After 10 min, the stirring 
speed was increased to 500 rpm and TEOS (8 mL) was added rapidly (<
3 s). The polypropylene beaker was covered with a watch glass and the 
mixture was stirred for 4 h at room temperature and 500 rpm. After 4 h, 
the resulting suspension was transferred to two Falcon tubes (50 mL) 
and centrifuged at 4000 rpm for 10 min. The particles were washed with 
water (three times 20 mL per Falcon tube) and ethanol (once with 20 
mL). The product was oven-dried at 80 ◦C for 16 h. 

2.4. Co-condensation of PySCl-APTES (standard procedure, sample 1) 

In a headspace vial (20 mL), PySCl (18.6 mg) in ethanol (99.9 %, 5 
mL) was mixed with APTES (84.51 µL) and left to stir for 16 h at 350 rpm 
and room temperature. TEOS (8 mL) was added to this solution and 
allowed to homogenize at 350 rpm for 10 min (precursor solution). In a 
polypropylene beaker (250 mL, diameter = 70 mm), which was equip
ped with a magnetic stir bar (length = 47 mm), a solution of ultrapure 
water (43 mL), ethanol (98 %, 45 mL) and aqueous ammonia (28–30 %, 
14 mL) was prepared, covered with a watch glass, and left to stir at 350 
rpm for 10 min (hydrolysis solution). After 10 min, the stirring speed of 
the hydrolysis solution was increased to 500 rpm and the precursor 
solution was added quickly (< 3 s). The polypropylene beaker was 
covered with a watch glass and the mixture was stirred for 4 h at room 
temperature and 500 rpm. After the reaction time, the resulting sus
pension was transferred to two Falcon tubes (50 mL) and centrifuged at 
4000 rpm for 10 min. The particles were washed with water (three times 
20 mL per Falcon tube) and ethanol (six times 20 mL). The product was 
oven-dried at 80 ◦C for 16 h. 

2.5. Co-condensation of PySCl-APTES (proof of concept, sample 3) 

In a headspace vial (20 mL), PySCl (10.2 mg) in ethanol (99.9 %, 
4.35 mL) was mixed with APTES (45.6 µL) and left to stir for 16 h at 350 
rpm and room temperature. TEOS (4.35 mL) was added to this solution 
and allowed to homogenize at 350 rpm for 10 min (precursor solution). 
In a polypropylene beaker (250 mL, diameter = 70 mm), which was 
equipped with a magnetic stir bar (length = 47 mm), a solution of ul
trapure water (20 mL), ethanol (98 %, 190 mL) and aqueous ammonia 
(28–30 %, 0.1 mL) was prepared, covered with a watch glass, and left to 
stir at 350 rpm for 10 min (hydrolysis solution). After 10 min, the stir
ring speed of the hydrolysis solution was increased to 500 rpm and the 
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precursor solution was added quickly (< 3 s). The polypropylene beaker 
was covered with a watch glass and the mixture was stirred for 96 h at 
room temperature and 500 rpm. After the reaction time, the resulting 
suspension was transferred to two Falcon tubes (50 mL) and centrifuged 
at 4000 rpm for 10 min. The particles were washed with water (three 
times 20 mL per Falcon tube) and ethanol (six times 20 mL). The product 
was oven-dried at 80 ◦C for 16 h. 

2.6. Variation of the synthesis parameters 

Generally, the standard method for the synthesis of co-condensed 
Stöber particles was employed (Chapter 2.4, sample 1). Ammonia/ 
TEOS molar ratios of 1.76, 6.15 and 16.3 were used (4 h and 96 h re
action time). Furthermore, molar ratios of water to ethanol (W/E) 
ranging from 0.34 to 7.27 were investigated (see Tab. S2). To evaluate 
the influence of the temperature, reactions were carried out at 0, 20, 40, 
60 and 75 ◦C. The effect of the solvent was studied by replacing ethanol 
with butanol, 1-propanol, 2-propanol, methanol, and acetone. Finally, 
the silane precursor solutions were varied. APTES (84.1 µL) was 
replaced by APTMS (60.0 µL), TEOS (8 mL) by TMOS (5.37 mL), and 
ethanol (50 mL) by methanol (50 mL). 

2.7. Characterization 

Scanning electron microscopy (SEM) images were acquired with a 
Thermo Scientific Quanta FEG 250. The samples were prepared by 
dispersing ca. 0.2 mg of the respective particles in 1 mL of ethanol and 
subsequent ultrasonic treatment for 90 min. A volume of 5 µL of this 
dispersion was applied to the sample holder and allowed to dry for 15 
min. The particle diameter was determined by measuring at least 100 
particles. The uncertainty of the particle diameter refers to the standard 
deviation (68 %). Detailed results are given in Tab. S3. Fluorescence 
measurements were performed on a Perkin Elmer LS 55. Emission 
spectra were obtained at an excitation wavelength of 350 nm and an 
emission wavelength range of 360–600 nm with a resolution of 1 nm, 
scan speed of 240 nm⋅min−1 and an average of 10 scans. Excitation and 
emission slits were set to 2.5 nm. The sample (approx. 4.5 mg) was 
weighed into an Eppendorf tube (1.5 mL) and mixed with DMSO or 
cyclohexane (1 mL). This suspension was treated in an ultrasonic bath 
for at least 30 min. DMSO or cyclohexane (2 mL) was added to a fluo
rescence cuvette (d = 10 mm), 15 µL of the suspension was added, ho
mogenized, and measured immediately. To evaluate the excimer 
intensity (IExcimer), the fluorescence spectra were normalized to peak I 
(380 nm) and the intensity at 483 nm was determined. The following 
procedure was used to evaluate the accessibility of the pyrene units. 
Fluorescence spectra in DMSO and in cyclohexane were recorded 
independently from the same sample. Subsequently, the ratio of peak I 
and peak V was calculated for the two solvents and the difference be
tween the two ratios was determined. This difference can be interpreted 
as a measure of the accessibility [46]. A large difference indicates that 
the pyrene units are in contact with the solvents. Nitrogen sorption 
isotherms were measured at 77 K with a Quantachrome Autosorb iQ MP. 
All samples were vacuum-degassed at 80 ◦C for 24 h prior to the sorption 
measurements. The specific surface area (SSA) was determined from the 
adsorption branch by a non-local density functional theory (NLDFT) 
model developed for silica exhibiting cylindrical pore geometry (Soft
ware ASiQwin v5.21, Quantachrome Instruments, Boynton Beach, FL, 
USA). The total pore volume (Vp) was calculated from the amount of 
adsorbed nitrogen at a relative pressure of ca. 0.95. The micropore 
volume (Vmicro) was determined using the αs method. Adsorption iso
therms are given in Fig. S4. 

3. Results and discussion 

3.1. Co-condensation of PySCl-APTES 

First, the ideal amounts of APTES and PySCl for the co-condensation 
had to be determined (see Tab. S1 for the different amounts that were 
used). For this purpose, the synthesis of Stöber-type silica particles ac
cording to Gallagher et al. [45] was carried out and the product was 
analyzed by nitrogen sorption. The results indicated the presence of 
porous particles, with a total pore volume of 0.148 cm3⋅g–1, a micropore 
volume of 0.074 cm3⋅g–1, and a SSA of 376 m2⋅g–1. The particle diameter 
was 330 ± 17 nm. Due to the high porosity, it was concluded that a 
growth mechanism by aggregation had occurred under these conditions 
[11–13]. It could therefore be expected that the incorporation of pyrene 
units via the co-condensation of PySCl-APTES would lead to an excimer 
band in the fluorescence spectrum of the resulting particles. We thus 
determined the amounts of APTES and PySCl required for excimer for
mation with the aim of keeping these quantities as low as possible so as 
not to influence the mechanism of particle growth. First, APTES was 
co-condensed in a wide range of quantities relative to the amount of 
TEOS (molar ratio of APTES/TEOS = 10–7 to 0.25) and the influence on 
the particle size and porosity was investigated. There was no significant 
difference in particle size in the range of 0.001 to 0.025 (APTES/TEOS, 
see Fig. S1). Similar values for the pore volume and the SSA as for the 
particles produced by Gallagher et al. [45] were obtained in the range of 
0.001 to 0.010 (APTES/TEOS). Consequently, a range of 0.003 to 0.010 
(APTES/TEOS) was chosen with an APTES/PySCl ratio of 6. The fluo
rescence spectra obtained for the corresponding co-condensed particles 
are shown in Fig. 1. It was observed that the excimer band expected for 
particles formed by aggregation was prominently present for samples 
prepared with an APTES/TEOS ratio of 0.010 (18.6 mg of APTES). It was 
suspected that at lower amounts of APTES and consequently of PySCl, 
the quantity of incorporated pyrene units was insufficient for excimer 
formation. In addition, a blank experiment was performed with PySCl 
but in the absence of APTES to show that APTES is indeed necessary to 
covalently anchor the pyrene units in the silica framework. As can be 
seen in Fig. 1(e), the corresponding particles showed no fluorescence. 

3.2. Proof of concept 

To demonstrate the applicability of the developed method, it must be 
shown that the chosen quantities of APTES and PySCl are suitable for 
distinguishing between growth by aggregation and by monomer addi
tion. For this purpose, the composition of the reaction mixture was 

Fig. 1. Fluorescence spectra of particles prepared by co-condensation with 
various APTES/TEOS ratios. (a) 0.010, (b) 0.008, (c) 0.007, (d) 0.003, (e) blank 
experiment without APTES. A constant APTES/PySCl ratio of 6 was used. The 
intensity was normalized to the mass of the particles in the cuvette. 
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varied (Table 1). 
In a first step, the volume of the hydrolysis solution was almost 

doubled, and the relative ammonia concentration was almost halved. As 
shown in Fig. 2, excimer fluorescence was still observed under these 
conditions (Fig. 2(b)). When the ammonia concentration was further 
reduced, excimer fluorescence was no longer observed (Fig. 2(c)) and 
the particles had a low total pore volume (0.04 cm3⋅g–1) as well as a low 
SSA of 18 m2⋅g–1. As expected [47], smaller particles were obtained for 
lower base concentrations (Fig. 3). The results support the hypothesis 
that particle growth under the conditions with lower base concentration 
occurred by monomer addition. As shown later, monomer addition was 
also observed when studying the influence of the water content, tem
perature, and solvent. 

3.3. Influence of the base concentration and reaction time 

Different reaction times were chosen to evaluate whether the growth 
mechanism was the same throughout the reaction. It was found that the 
relative excimer intensity increased with increasing base concentration 
given a reaction time of 4 h (Table 2). Interestingly, a decrease of the 
excimer intensity was observed after 96 h for the samples with a molar 
equivalent of ammonia to TEOS of 6.15 and 16.3. This indicates that an 
aggregation mechanism prevails in the first few hours of the reaction, 
changing towards monomer addition at a later stage. This effect was 
more pronounced at higher base concentrations, most likely because the 
reaction proceeds at a faster rate under these conditions [48]. 

To further investigate the observed trend, the particles were 
analyzed by nitrogen sorption. For a given composition of the reaction 
mixture, the micropore volume was smaller after 96 h than after 4 h 
(Table 2), thus supporting the hypothesis of an initial growth by ag
gregation, which changes over time towards growth by monomer 
addition and ultimately leads to a partial sealing of the micropores. 

3.4. Influence of the water/ethanol ratio 

To exclude possible dilution effects, the volume of the reaction 
mixture was kept constant when varying the water/ethanol ratio. The 
excimer intensities obtained for the resulting particles are shown in  
Fig. 4. Up to a molar water/ethanol ratio (W/E) of 2.60, the intensity of 
the excimer band was small, indicating growth by monomer addition. 
However, a strong increase of the excimer band intensity was observed 
in the range of 2.60 to 4.15, most likely due to an increased contribution 
of the growth by aggregation mechanism. An influence of hydrophobic 
interaction-driven pyrene dimerization on the growth mechanism in 
water-rich environments cannot be completely ruled out, although 
excimer formation of negatively charged pyrene derivatives is only 
observed in water at concentrations above 1 mM. Furthermore, the 
presence of a slightly less polar solvent was found to dramatically 
decrease the tendency towards pyrene dimerization [49]. 

The excimer intensity correlates well with the accessibility and the 
pore volume (Fig. 5). It was concluded from these results that at a low 
W/E ratio, particle growth mainly occurs via monomer addition, leading 
to a low excimer intensity, low total pore and micropore volume, low 
SSA as well as a low accessibility of the incorporated pyrene units for 
solvents of different polarity. At a W/E ratio above 2.6, growth by ag
gregation is dominant, leading to porous particles with accessible 

pyrene units. 
The results shown in Fig. 5 can be explained by adopting a kinetic 

approach previously proposed for the hydrolysis of TEOS (Eq. (1)) [47]. 
As we have kept the concentrations of TEOS and ammonia constant in 
our experiments, the rate of hydrolysis of TEOS only depends on the 
concentration of water. Faster hydrolysis of TEOS is therefore expected 
with increasing water concentrations, i.e., with increasing W/E ratio. 

Table 1 
Particles were synthesized with different compositions of the reaction mixture. 
In all cases, the APTES/TEOS ratio was set to 0.010 and the APTES/PySCl ratio 
to 6. The numbers correspond to the molar equivalents relative to TEOS.   

TEOS APTES PySCl ethanol water ammonia 

sample 1  1.00  0.010  0.0017 24  81  6.15 
sample 2  1.00  0.010  0.0017 170  56  3.23 
sample 3  1.00  0.010  0.0017 170  56  0.08  

Fig. 2. Normalized (peak I) fluorescence spectra of (a) sample 1, (b) sample 2, 
and (c) sample 3. Refer to Table 1 for the respective composition of the reac
tion mixture. 

Fig. 3. SEM images of (a) sample 1 and (b) sample 3. Refer to Table 1 for the 
respective composition of the reaction mixture. The scale bar is 3 µm in 
both images. 
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d[TEOS]

dt
= − kH⋅[H2O]

1.5⋅[NH3]
0.5⋅[TEOS] (1) 

The results indicate that at a W/E ratio above 2.60, aggregation is the 
predominant growth mechanism. It can be assumed that a certain hy
drolysis rate must be present to achieve the highest possible concen
tration of condensable intermediates to form primary particles. Under 
slow hydrolysis conditions (low W/E ratio), on the other hand, the low 
concentration of condensable intermediates results in a low probability 
of cross-linking, making a growth by monomer addition more likely. To 
ensure that these results were not influenced by APTES and PySCl, 
particles were prepared under the same conditions but without APTES 
and PySCl (see Fig. S2), leading to the conclusion that the co- 
condensation of PySCl-APTES indeed does not have a significant effect 
on the structural properties of the resulting particles under the condi
tions investigated in this work. 

To explain why the plot of the excimer intensity against the W/E 
ratio does not show such a pronounced step as observed in the respective 
plots of the accessibility and the pore volume (Fig. 5), time-resolved 
experiments were carried out. A sample (3 mL) was taken at specific 
time intervals during the particle growth and placed in ethanol (10 mL) 
to quench the reaction. Three conditions were investigated: low water 
content (W/E = 0.92), intermediate water content (W/E = 3.38), and 
high water content (W/E = 7.27). Based on the results reported in Fig. 6, 
we can expect a mechanism predominantly based on monomer addition 
for W/E = 0.92, whereas particle growth at W/E = 7.27 mainly pro
ceeds by aggregation. The intermediate water content was selected due 
to the discrepancy between the comparatively low excimer intensity and 
the large total pore volume of the resulting particles (0.149 cm3⋅g–1). It 
seems that under the conditions of intermediate water content, particle 

growth follows a mixed mechanism that leads to porous particles while 
still providing a certain degree of spatial separation between the 
incorporated pyrene units. To check whether the hypothesis of a mixed 
mechanism is valid, the evolution of the growth mechanism was 
investigated over the course of the reaction. 

In the case of high water content, a strong increase of the excimer 
intensity was observed between 10 min and 180 min. This indicates that 
during the first 180 min, growth by aggregation is the predominant 
mechanism. In contrast, the experiment conducted at low water content 
showed only a small increase of the excimer intensity over the entire 
period of 240 min, indicating growth by monomer addition. Interest
ingly, the experiment performed at intermediate water content featured 
an unusual development of the excimer intensity over the course of the 
reaction. The small initial slope points to growth by monomer addition 
in the early stages of the reaction. However, after 120 min, the pro
nounced increase of the excimer intensity indicates a more complex 
mechanism, with growth by aggregation becoming more prevalent. 
Similar to the experiment at high water content, the excimer intensity 
levelled off after 180 min. 

To gain a better understanding of the underlying growth mechanism, 
the particle sizes for low, intermediate, and high water content were 
determined. It was found that in all cases the particles became contin
uously larger during the reaction. As an example, this is illustrated for 
the intermediate water content in Fig. 7. 

Three different regimes were identified for the growth under the 
conditions of intermediate water content, as illustrated by the slopes of 
the respective linear fits to the IExcimer versus time plot (Table 3). 
Assuming growth by monomer addition for low water content and 
growth by aggregation for high water content, the slopes for interme
diate water content can be expressed as a linear combination of these 
two general mechanisms. However, it should be mentioned that the 
assumption of an exclusive growth by monomer addition or aggregation, 
respectively, is a simplification. 

At an intermediate water content, the initial stage of the particle 
growth proceeds predominantly by monomer addition, leading to a low 
excimer intensity. Between 120 and 180 min, the reaction follows a 
mixed mechanism, where aggregation considerably contributes to par
ticle growth and produces the observed pore volume of the final product. 
Interestingly, the porosity is conserved although the later stages of the 
particle growth are again dominated by monomer addition. 

3.5. Influence of the temperature 

The influence of the reaction temperature was investigated under the 
conditions used for the synthesis of sample 1 (Table 1). The excimer 
intensities and total pore volumes of the resulting particles are shown in  
Fig. 8. As expected, the excimer intensity increases with increasing re
action temperature up to 60 ◦C. A slight decrease of the excimer in
tensity was observed at 75 ◦C. This could indicate that the efficient 
growth by aggregation caused by the fast hydrolysis of TEOS at elevated 
temperatures [50] quickly reduces the concentration of condensable 
precursors, thus leading to monomer growth during the late stages of the 
reaction. From the data shown in Fig. 8 it can be concluded that particle 
growth at 0 ◦C proceeds mainly by monomer addition, whereas growth 
by aggregation is the predominant mechanism at 60 ◦C, evidenced by 
the much larger total pore volume and higher excimer intensity. 

3.6. Influence of the solvent and silica precursor 

The experiments were conducted according to the synthesis of 
sample 1 (Table 1). Instead of ethanol, an identical volume of 1-butanol, 
1-propanol, 2-propanol, methanol, or acetone was used. Particles ob
tained with 1-butanol and 1-propanol were non-spherical. These sol
vents were therefore not further considered. Particles obtained with 2- 
propanol had a relatively low excimer intensity indicative of growth 
by monomer addition. With methanol, particles exhibited about 18 % 

Table 2 
Excimer intensity (IExcimer) and micropore volume (Vmicro) as a function of base 
concentration and reaction time. In all cases, the APTES/TEOS ratio was set to 
0.010 and the APTES/PySCl ratio to 6. The numbers in the solvent columns 
correspond to the respective molar equivalents relative to TEOS.  

Ethanol Water Ammonia Time/h IExcimer Vmicro/cm3⋅g–1 

24 81  1.76 4  0.48  0.085 
24 81  1.76 96  1.05  0.067 
24 81  6.15 4  0.64  0.091 
24 81  6.15 96  0.61  0.073 
24 81  16.3 4  0.83  0.093 
24 81  16.3 96  0.40  0.063  

Fig. 4. IExcimer as a function of the molar water/ethanol ratio (W/E, 4 h of 
reaction time). In all cases, the APTES/TEOS ratio was set to 0.010 and the 
APTES/PySCl ratio to 6. The ammonia/TEOS ratio was 6.15. The volume of the 
reaction mixture was identical for all experiments. 
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higher excimer intensity compared to the particles obtained by means of 
the classical synthesis with ethanol. With acetone, particles featured an 
extraordinarily high excimer intensity (Table 4). The back reaction of 
the TEOS hydrolysis is suppressed when using acetone. We can thus 
expect high concentrations of hydrolyzed precursors in acetone that 
promote efficient cross-linking and consequently particle growth by 
aggregation. 

For the alcoholic solvents, the excimer intensity was found to be 
inversely proportional to the molar mass. Our results so far suggest an 

Fig. 5. (a) IExcimer (blue, dashed) and accessibility (orange, dotted), (b) total pore volume (black, dashed) and accessibility (orange, dotted), (c) total pore volume 
(black, dashed) and micropore volume (green, dotted), and (d) total pore volume (black, dashed) and SSA (red, dotted) as a function of the water/ethanol ratio. 

Fig. 6. IExcimer as a function of time for particle growth conducted at various 
water/ethanol ratios: high (W/E = 7.27, orange, dotted), intermediate (W/ 
E = 3.38, blue, dashed), and low (W/E = 0.92, green, dash-dotted). The cor
responding fluorescence spectra are given in Fig. S3. 

Fig. 7. IExcimer (blue circles) and particle diameter (red squares) plotted against 
time for particle growth under intermediate water content. 

Table 3 
Slope of the linear fit to the IExcimer versus time plot and description of the 
mechanism by a linear combination assuming particle growth exclusively by 
monomer addition (at low water content, 100 % monomer) and aggregation (at 
high water content, 100 % aggregation).  

water content slope⋅102/min–1 monomer/% aggregation/% time/min 

low  0.021 100 0 10–120 
intermediate  0.082 90 10 0–120 
intermediate  0.369 40 60 120–180 
intermediate  0.026 99 1 180–240 
high  0.603 0 100 10–180  
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influence of the hydrolysis rate on the growth mechanism. Table 5 
summarizes the conclusions from literature regarding hydrolysis rates in 
the synthesis of silica particles with different solvents. There is a good 
agreement between the excimer intensity and the hydrolysis rate 
observed in the respective solvent, with fast hydrolysis leading to 
growth by aggregation and thus to a high excimer intensity. Only Bari 
et al. [50] proposed a reverse order, mentioning that the differences 
between the individual publications can be explained by different 
analytical methods and their uncertainties [50]. 

It is well-known that the hydrolysis of TMOS is faster than the hy
drolysis of TEOS under otherwise identical conditions [47]. We would 
therefore expect a higher excimer intensity for particles synthesized 
with TMOS. Following the procedure for the synthesis of sample 1 but 
replacing TEOS with TMOS, APTES with APTMS, and ethanol with 
methanol resulted in particles with IExcimer = 0.82 (compared to IExcimer 
= 0.49 for particles obtained with TEOS). This is further evidence that 
the growth mechanism largely depends on the hydrolysis rate. 

4. Conclusions 

In this work, a method was developed to monitor the growth 
mechanism of silica particles using pyrene as a fluorescent probe. The 
experiments indicate that the growth mechanism is determined by the 
rate of hydrolysis. Fast hydrolysis leads to a fast growth by aggregation, 
which results in a high intensity of the pyrene excimer emission. The 
resulting particles are porous with pyrene moieties that are accessible to 
solvent molecules. Under the conditions of slow hydrolysis, growth by 
monomer addition is the predominant mechanism. In this case the 
particles are essentially non-porous with inaccessible pyrene moieties. 
In terms of the reaction conditions, a high base concentration, high 
water content and high reaction temperature favor growth by aggre
gation. The results confirm previous observations of porous structures 
resulting from fast growth rates and dense non-porous frameworks being 
formed under conditions that cause slow particle growth [54–56]. Based 
on these results, we expect that the concept of probing the growth 
mechanism through the co-condensation of PySCl-APTES conjugates can 

provide information on a wide variety of silicate-based systems, 
including mesoporous silica prepared via a direct synthesis pathway 
[57,58] or by pseudomorphic transformation [59–61], as well as on 
sol-gel derived bioglass scaffolds [62,63]. 
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