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Silica and organosilica microparticles doped with organic molecules are innovative functional materials with numerous applications in different industries.[1] Depending on the active molecule to be entrapped, these materials are prepared using a surfactant-assisted sol-gel process, either in a water-in-oil (W/O)[2]
or in an oil-in-water (O/W)[3] microemulsion, wherein the polycondensation of alkyl alcoxysilanes is actually taking place. Depending on the reaction parameters, full or core/shell spherical
microparticles can be obtained with different degrees of encapsulation of the functional active compounds.
The lipophilic molecule dibenzoyl peroxide (BPO) is an important industrial polymerization catalyst.[4, 5] It also has important pharmacological applications owing to its bactericidal activity, mostly for skin diseases such as acne[6] or rosacea.[7] Essential oils such as bergamot oil (BO) are well known for their
refreshing, relaxing, analgesic, and cicatrizing properties.[8, 9] To
enhance the effectiveness of fragrances for the user, fragrance
expression is evolving in new forms and functions.[10] New encapsulation technologies are increasingly used by industry to
encapsulate fragrance molecules and then to dispense scent in
open spaces such as working and entertainment environments.[11]
For both BPO and BO, effective sol-gel encapsulation in
silica-based microparticles would help prevent their degradation and loss. Recently, comparing two methods for the microcapsulation of BPO,[12] we concluded that, for industrial applications, methods capable of stabilizing the emulsion system and
thus affording homogeneous microparticles were required as
microencapsulation must be accompanied by a good degree
of control over particle size and shape.
Two such methods are: 1) the ammonia-catalyzed polycondensation of alkoxysilanes assisted by a templating surfactant,
such as cetyltrimethylammonium bromide (CTAB), developed
by Avnir and co-workers,[13] and 2) the one-step polycondensa[a] A. Fidalgo, Prof. L. M. Ilharco
Centro de Qumica-Fsica Molecular and
IN-Institute of Nanoscience and Nanotechnology
Instituto Superior Tcnico
Complexo I, Av. Rovisco Pais 1, 1049-001 Lisboa (Portugal)
Fax: (+ 21) 8464455
E-mail: lilharco@ist.utl.pt

tion of alkylalkoxysilanes, catalyzed by 3-aminopropyltrimethoxysilane (APTMS) without any surfactant, introduced by Xin
and co-workers.[14] Both methods afford micron-sized core/shell
porous silica spheres, with Avnir’s method being already employed for the production of silica-entrapped sunscreens and
drugs.[1]
Herein, we present diffuse-reflectance infrared Fourier transform (DRIFT) spectroscopy results obtained from core/shell particles; we compare the entrapment of BO and BPO in different
silica and organosilica particles, obtained from different O/W
microemulsions. Along with the efficiency of the encapsulation
process, we evaluate some structural aspects of these materials
on a molecular scale that will be relevant to their practical application. Indeed, results point to a number of relevant findings.
The DRIFT spectra of all the samples listed in Table 1 are
shown in Figure 1, and are grouped by silica precursors and
translated vertically for better comparison.
All the spectra are typical of condensed silica structures,
with bands at 1000–1250 cm 1 (nasSi-O-Si), approximately
800 cm 1 (nsSi-O-Si), and 460 cm 1 (dSi-O-Si). The presence of
uncondensed silanol groups is also visible from the bands at
approximately 950 cm 1 (nSi OH) and at 3400 cm 1 (nO-H,
mostly related to silanol groups because the water deforma-

Table 1. Labels and composition of the microcapsule samples prepared with
different precursors, doped with bergamot oil (BO) or benzoyl peroxide (BPO).
Samples Samples Silica
with
with
precursors
BPO
BO[a]

Template + catalyst Water Oil
Dopant
phase phase
[mL] [mL]

MEF8
MEF10
–
MME6
MME7
–

CTAB + NH4OH
CTAB + NH4OH
CTAB + NH4OH
APTMS
APTMS
APTMS

–
–
MEB9
–
–
MMB4

TEOS
TEOS
TEOS + MTMOS
MTMOS
MTMOS
MTMOS

204
204
204
153
153
153

12.2
12.2
13.7
12
12
12

2 mL
2 mL
667 mg
3 mL
3 mL
300 mg

[a] Limonene and linalyl acetate.
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Figure 1. DRIFT spectra of all the microcapsules, normalized to maximum absorption.

tion band is not detected). Generally, the profile of the main
silica band (nasSi-O-Si) clearly changes with the precursors used.
The additional bands observed in the spectra are associated
with the dopants or additives.
To make a detailed analysis, the more informative spectroscopic regions were enhanced in Figure 2. Figure 2 A reveals
drastic structural differences between the silica shells, depending on the precursors, evidenced by the nasSi-O-Si shape and
position and by a significant shift in the nSi OH band
(30 cm 1): the inorganic samples (MEF8 and MEF10, prepared only from tetraethoxysilane, TEOS, and MEB9, prepared
from a small proportion of methyltrimethoxysilane, MTMOS)
have the nasSi-O-Si band centered at 1085 cm 1 with a high
wavenumber shoulder at approximately 1227 cm 1, whereas
the organosilica particles (MME6, MME7, MEB9, and MMB4
prepared from MTMOS) show two resolved bands at approximately 1038 and 1126 cm 1. For MM samples, additional bands
appear in this region, at 780, approximately 850, and
1271 cm 1, assigned to 1(Si)CH3 (superimposing nsSi-O-Si),
nSi C, and ds(Si)CH3 modes, which are characteristic of methylated silica. Other features related with the (Si)-CH3 groups can
be observed in the remaining spectroscopic regions of the MM
samples, namely at 1410 cm 1 (Figure 2 B), 2912 and 2969 cm 1
(Figure 2 C), assigned to das(Si)CH3, ns(Si)CH3, and nas(Si)CH3
modes, respectively. Sample MEB9 does not present any of
these methylsilane groups, which is consistent with a mostly
inorganic silica shell.
Bergamot oil is a rich mixture of variable composition, the
main components being limonene (1-methyl-4-(1-methylethenyl)-cyclohexene) and linalyl acetate (3,7-dimethyl-1,6-octadien3-yl acetate), whose spectra have strong C=C stretching bands,
at 1644 cm 1, CH3 and CH2 stretching and deformation bands,
plus a very strong carbonyl stretching corresponding to linalyl
acetate.[15] There are some common features only to MEF8,
MEF10, MME6, and MME7 spectra that are not strong, but are
unequivocal fingerprints of this fragrance: the bands at 1717/
1700 (MEF8) and 1724/1705 (MEF10), 1737 (MME6), and 1740/
ChemPlusChem 2012, 77, 536 – 540

Figure 2. Comparison of the more informative spectroscopic regions, after
baseline correction and normalization to the nasSi-O-Si silica band:
MEF8 (c), MEF10 (c), MEB9 (c), MME6 (c), MME7 (c), and
MMB4 (c).

1727 (MME7), assigned to the nC=O mode of linalyl acetate,
almost unshifted within the hybrid particles and involved in
strong hydrogen bonds within the inorganic capsules. The
concentration of entrapped bergamot oil in MEF8 and MEF10
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is sufficient to detect other typical bands of its more abundant
groups of the particle shell walls, probably from entrapped surcomponents: nasCH3, nasCH2, nsCH3 (2955, 2925, and 2853 cm 1,
factant molecules. The sample preparation implied a higher
respectively); dasCH3, dsCH3, (1418, 1380 cm 1); nC=C in cyclic
content of BPO in particles MEB9 than in MMB4, and it is conand acyclic components (a series of bands between 1623 and
firmed by the DRIFT spectra.
1550 cm 1). The positions and relative intensities of these
The comparison between the microcapsules containing BO
bands indicate that there has been no degradation of the fraand BPO shows that the silica shells prepared by CTAB-assisted
grance upon encapsulation or ageing.
ammonia-catalyzed condensation of TEOS (or TEOS + MTMOS)
The fact that only the carbonyl bands of BO are visible in
retain some surfactant, whereas the organosilica shells prethe MM spectra indicates that, although the initial fragrance
pared by polycondensation of MTMOS catalyzed by APTMS
proportion used in the synthesis was higher, its final content is
retain some catalyst. The presence of APTMS in the three MM
lower. Thus, the most efficient BO entrapping microcapsules
samples is confirmed by the bands assigned to nasNH2, nsNH2,
are those prepared by ammonia-catalyzed condensation of tetnasCH2, nsCH2, ns(Si)CH2, dNH2, and dsCH3 modes, which appear
raethoxysilane (TEOS) assisted by CTAB. The spectra show that
at approximately 3355, 3285, 2934, 2887, 2867, 1580/1486, and
BO content increases in the order MME6 < MME7 ! MEF8 <
1388 cm 1, respectively. The presence of CTAB in the three ME
MEF10. The fresher samples
(MEF10 and MME7) show
a higher content of fragrance
Table 2. Band assignments of the DRIFT spectra of the doped inorganic and organosilica microcapsules.
chemicals than the correspondAssignment
Wavenumber, ñ [cm 1][a]
ing MEF8 and MME6 (prepared
MEF8@BO
MEF10@BO
MEB9@BPO
MME6@BO MME7@BO
MMB4@BPO
six months earlier), thus indicat3628sh,vw
3629sh,vw
3434sh,vw
3434sh,vw
3434sh,vw
nO H
3630sh,vw
ing some loss of fragrance
3352
3361
nasNH2(APTMS)
3353
sh,vw
sh,vw
sh,vw
owing to volatilization. Never3286sh,vw
3285sh,vw
nsNH2(APTMS)
3284sh,vw
theless, even the oldest and
3243w
 3200w
 3100vw
 3150vw
 3160vw
nO H
3244w
poorer in BO sample (MME6)
3062vw
nCPH (BPO)
3062vw
2968w
2968w
nas(Si)CH3
2969w
has the characteristic scent of
2955
2955
2954
nasCH3 (BO/CTAB)
m
m
sh,m
bergamot oil.
2933w
2935w
nasCH2 (APTMS)
2934w
The infrared spectrum of BPO
2925m
2926m
nasCH2 (BO/CTAB)
2925m
is well known,[16] and even
2913w
2912w
ns(Si)CH3
2912w
2889w
2886w
2885w
nsCH2 (APTMS)
though the O-O stretch origi2867
2869
ns(Si)CH2 (APTMS)
2868
sh,w
w
sh,w
nates a very weak infrared band,
2853m
2853m
2853m
nsCH3 (BO/CTAB)
other fingerprints of the aromat1786/1765vw nC=O (BPO)
1786/1765vw
ic diacyl peroxide may be identi1737vw
1740/1727vw
nC=O (BO)
1717/1700vw 1724/1705vw
nC=OH bonded (BPO)
1707/1700w
fied in the spectrum of sample
1
nCPC (BPO)
1621
vw
MEB9, at 716 cm (out of plane
1623/1607vw
nC=C (BO)
1606sh,vw
ring deformation), 1173 and
nCPC (BPO)
1595vw
1223 cm 1 (nC O), 1388 cm 1
nC=C (BO)
1578vw
1579w
1582w
dNH2 (APTMS)
1577w
(dC H in aromatic rings), 1451,
1
1559
nC=C (BO)
1559
w
w
1543 1595, and 1621 cm
1543w
nCPC (BPO)
1
(nCPC), 1786/1765 cm and ap1490vw
1490vw
dasCH3 (CTAB)
1490vw
proximately 1700 (nC=O), and
1484vw
1488vw
dNH2 (APTMS)
1486vw
1478vw
1478vw
1478vw
dasCH3 (CTAB)
3062 cm 1 (nC H in aromatic
1468
1468
dasCH3 (BO/CTAB)
1468
vw
vw
vw
rings). The fact that the doublets
1449vw
nCPC (BPO)
1451vw
1
at 1786/1765 cm
and 1173/
1418vw
1418vw
dasCH3 (BO)
1223 cm 1, characteristic of the
1411vw
1410vw
das(Si)CH3
1411vw
1388m
dC H (BPO)
diacyl peroxide group, are not
1388
1389
dsCH3 (APTMS)
1388
vw
vw
vw
shifted from their positions in
1377vw
dsCH3 (BO)
1380vw
pure BPO indicates that the
1271s
1271s
1271s
ds(Si)CH3
dopant is not degraded upon
1227sh,vs
1227sh,vs
 1230sh,vs
1126vs
1126vs
1124vs
nasSi-O-Si
nC O (BPO)
1223/1173w
encapsulation. The presence of
1082
1085
1038
1038
1035
nasSi-O-Si
1089
vs
vs
vs
vs
vs
vs
the carbonyl band at approxi966m
969m
938m
938m
938m
nSi OH
968m
1
mately 1700 cm is a sign that
850sh,w
850sh,w
nSi C
850sh,w
BPO interacts by hydrogen
802m
801m
nsSi-O-Si
800m
780vs
779vs
nsSi-O-Si/1(Si)CH3
780vs
bonding with the silanol groups
716
g(ring)out of plane (BPO)
m
and the perturbations in the
557w
561w
550vw
555vw
560vw
(SiO)4 rings
550w
bands related with the aromatic
458s
458s
462s
442m
442m
 430sh,m
dSi-O-Si
rings indicate that it also inter[a] Values correspond to the band maximum.
acts with the hydrophobic
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samples is suggested by the bands at 1490, 1478, and
1468 cm 1, assigned to CH3 and CH2 deformation modes. The
surfactant bands contribute to the C H stretching region as
well and, for BO doped microcapsules, they may overlap with
the dopant’s bands. The above discussion was taken into account in the proposed band assignments summarized in
Table 2.
Regarding the microcapsules’ shells, the completely different
structures of the silica and organosilica shells produced by
each method were interpreted taking into account the fact
that the elementary SiO4 units are arranged mostly in four and
six member siloxane rings, (SiO)4 and (SiO)6, and that the corresponding bands will be split into a pair of optical components
(longitudinal and transverse), resulting from long range Coulomb interactions.[17] To quantify the relative proportions of
these components, the spectroscopic region containing the
main silica band (1350–1000 cm 1) was deconvoluted into
a sum of Gaussian bands, by a nonlinear least-squares fitting
method. The main results are summarized in Table 3.

Table 3. Band deconvolution results for microcapsule doped samples
MEF8, MEF10, MME6, and MME7, between 1350 and 1000 cm 1. Longitudinal (LOx) and transverse optical (TOx) component of (SiO)x rings.
Sample

Assignment

IR band [cm 1][a]

Area [%]

(SiO)6 [%]

MEF8

LO6
LO4
TO4
TO6

1221
1148
1086
1050

7.8
52.7
24.2
12.9

21.2

MEF10

LO6
LO4
TO4
TO6

1226
1152
1081
1045

7.0
49.2
30.4
11.6

19.0

LO6
LO4
TO4
TO6

1131
1094
1073
1035

41.6
4.5
6.0
47.9

89.5

MME7

LO6
LO4
TO4
TO6

1127
1092
1072
1035

46.2
2.2
4.9
46.8

92.9

MMB4

LO6
LO4
TO4
TO6

1125
1091
1073
1033

46.3
1.8
3.1
48.8

95.1

MME6

[a] Values correspond to the band center.

The fitted components confirm that the inorganic microcapsules (MEF8 and MEF10) have very similar structures: the predominant siloxane rings are (SiO)4 (  80 %) and the LO-TO
splitting values are not sensitive to ageing, thus showing that
the structure of these microparticles is stable, at least for
a period of six months. The same stability with ageing is observed for the organosilica microcapsules MME6, MME7, and
MMB4, although the silica structure is very different: it is
mostly composed of (SiO)6 siloxane rings (  90 %), and with
ChemPlusChem 2012, 77, 536 – 540

much lower LO-TO splitting values. These are certainly much
more porous materials, as expected from the low functionality
of the selected precursors.[18] Although the sol-gel silica structures usually have a “living” nature, these microparticles
proved to be very stable. Another expected consequence of
ageing is the evaporation of the encapsulated volatile dopant
molecules through the microparticle’s shell. Indeed, such evaporation was clearly observed for both the organic MM and the
inorganic ME capsule samples.
In conclusion, DRIFT spectroscopy was applied to study
a series of silica-based microparticles doped with polymerization catalyst benzoyl peroxide and perfumed bergamot oil.
Core/shell silica- and organosilica-based microparticles were
prepared from O/W emulsions, resulting in widely different
compartmentalization of the active compounds inside the resulting core/shell microcapsules. The first relevant conclusion is
that neither BPO nor BO degrades upon encapsulation in these
microcapsules. In the case of bergamot oil, a more efficient entrapment occurs in silica microcapsules obtained from ammonia-catalyzed condensation of TEOS assisted by surfactant
CTAB. Evaporation of the entrapped fragrance chemicals in the
core of the capsules is slow, as shown by the slight change in
the fingerprint signals of the most abundant terpenes comprising the essential oil in the microparticles aged for six months.
When peroxide BPO is entrapped, on the other hand, the best
encapsulation requires a methyl-modified organosilica shell obtained from ammonia-catalyzed condensation of TEOS assisted
by surfactant CTAB.
Contrary to expectations, entrapment in fully methyl-modified microparticles obtained from polycondensation of MTMOS
catalyzed by amino-propyl trimethoxysilane is poor in both
cases (either for BO or BPO), and is most likely due to the employment of the ethanol/water solvent system in the polycondensation, which favors migration and loss of dopant molecules from the liquid core of the core/shell microcapsules. The
method, therefore, is not suitable for practical microencapsulation of these functional molecules.
These results are of relevance to a number of forthcoming
applications of sol-gel microcapsules. For example, in general,
encapsulation of aroma chemicals in micron-sized particles
that contain an active agent surrounded by an inert shell, affording controlled release and delivery, stabilizes the core material and thus allows the employment during processing, storage, and usage of unstable biodegradable fragrance molecules.[11] We are continuing to investigate these materials in
light of catalytic and cosmetic applications.

Experimental Section
Several silica (from tetraethoxysilane, TEOS) and methyl-modified
silica (from methyltrimethoxysilane, MTMOS) microparticles doped
with BO or BPO were prepared by the sol-gel process, at room
temperature, according to the O/W polycondensation method, catalyzed by ammonia (with cetyltrimethylammonium bromide (CTAB)
as the surfactant) or by 3-aminopropyltrimethoxysilane (APTMS).
All chemicals were purchased from Aldrich and were used without
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further purification. The samples’ compositions and labels are summarized in Table 1 and the preparation details are described below.

Samples MEF8 and MEF10
A solution of deionized water (125 mL), ethanol (75 mL), CTAB
(1.5 mL, 25 wt %), and aqueous ammonia (2.5 mL, 25 wt %), kept
under stirring (700 rpm, magnetic stirrer), was mixed with a solution
of BO (2 mL) in TEOS (10.2 mL). Stirring was then set at 500 rpm
and the resulting mixture left under agitation for 24 h, after which
time a pale yellow precipitate was filtered through a filter paper
(Whatman grade no. 1, 1001–185), washed with water, and left to
dry at RT for 24 h. Sample MEF10 was prepared six months after
sample MEF8 by using the same reaction protocol.
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Sample MEB9
A solution of deionized water (125 mL), ethanol (75 mL), CTAB
(1.5 mL, 25 wt %), and aqueous ammonia (2.5 mL, 25 wt %), kept
under stirring (700 rpm, magnetic stirrer), was mixed with a solution
of TEOS (8.2 mL), MTMOS (1.2 mL), and BPO (Luperox 70: BPO
70 wt % in water, 666.7 mg) dissolved in toluene (3.7 mL). Stirring
was then set at 500 rpm and the resulting mixture left under agitation for 24 h, after which time the white precipitate was filtered,
washed with water, and dried at 40 8C for three days.

Samples MME6 and MME7
A solution of deionized water (150 mL) and 3-aminopropyl trimethoxysilane (APTMS, 3 mL) was mixed under stirring (magnetic stirrer, 1000 rpm) with a solution of methyltrimethoxysilane (MTMOS,
9 mL) and BO (3 mL). The resulting mixture was left under agitation
for 24 h, after which time a pale yellow precipitate was filtered,
washed extensively with deionized water, and left to dry for 24 h
at RT. Sample MME7 was prepared six months after sample MME6
by using the same reaction protocol.

Sample MMB4
A solution of deionized water (150 mL) and 3-aminopropyl trimethoxysilane (APTMS, 3 mL) was mixed under stirring (1000 rpm,
magnetic stirrer) with a solution of methyltrimethoxysilane
(MTMOS, 9 mL) and BPO (Luperox 0: BPO 70 wt % in water,
300 mg). The resulting mixture was left under agitation for 24 h,
after which time a pale yellow precipitate was filtered, washed extensively with deionized water, and dried in an oven at 50 8C for
three days.
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