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Introduction

Since the discovery of mesoporous silicas in 1992,[1,2] re-
search on these materials has rapidly developed. They can
be readily obtained by the micellar condensation of silicic
acid derivatives. The pores of such solids can be used for dif-
ferent applications.[2,3] Chemical and physical manipulation
of the outer and the inner surface as well as in the bulk ma-
terial have been reported.[4] One of the main areas of re-
search in this field is related to applications in catalysis.[5]

However, because of pore sizes in the range of 2–30 nm,
these solids have also been used for the stabilization of
nanoparticles (quantum dots),[6] for the synthesis of nano-
wires,[7] or magnetic and optic materials.[8] Adsorption of re-
active species at the walls of those materials was used for
stabilization, almost similar to the isolation in the cavities of
zeolites. This idea was, for example, adopted to stabilize
photochromic dyes in mesoporous materials,[9] to stabilize
and organize chlorophyll a in order to mimic the energy
transfer and charge separation of photosynthesis,[10] to heter-
ogenize VO2+ and cytochrome c for oxygen activation,[11] to
investigate the photoinduced charge separation of pyrene[12]

and to stabilize benzene radicals in the mesopores of phenyl
substituted MCM-41.[13]

Phenothiazines that represent nitrogen and sulfur contain-
ing heterocycles[14] have gained different applications, such
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as in pharmaceuticals.[15] An important feature of the pheno-
thiazine motif is a reversible one-electron oxidation process
with a low potential that leads to stable and deep colored
radical cations, as shown in Scheme 1.[16]

Consequently, phenothiazine derivatives have found ap-
plication in materials sciences as electrophoric sensors in
supramolecular systems for photoinduced electron transfer
(PET)[17] and as electron donors in electronically conducting
charge-transfer composites.[18] Furthermore, phenothiazine
polymers obtained by polycondensation play an important
role, for example, as electrochromic materials for displays.[19]

On the other hand, the low oxidation potential of polyphe-
nothiazines is responsible for its capability to act as an elec-
tron donor in fluorescent donor–acceptor chromophores,
which are of special use as emitters in organic light-emitting
diodes (OLED)[20,21] as well as for nonlinear optical and
electrooptical effects.[22]

The generation of efficient devices requires not only the
control of the electronic but also of the spatial properties of
a given system. It has been shown, for example, that the
electronic properties of p-conjugated materials strongly
depend on the interaction of the molecules and, thus, on
their intermolecular orientation.[23] From this point of view,
it appears to be beneficial to combine the properties of peri-
odically ordered inorganic mesoporous materials (strong ori-
entation of the pore system) and phenothiazines (electroop-
tic features) for a rational design of one-dimensionally
stacked redox active molecules. To date, there are only a
few reports on the physisorption of phenothiazines on silica,
presumably because of the weak forces between the aromat-
ic molecules and the silica surface,[24] which hampers the for-
mation of stable materials. It has been shown by means of
EPR spectroscopy that phenothiazine physisorbed on
porous silicas can form stable radical cations by photooxida-
tion, where the silica network might act as an electron ac-
ceptor.[25] Doping the support with transition metal ions or
using transition metal oxides as the support facilitates the
electron transfer process.[26] Furthermore, chlorinated hydro-
carbons can be used as electron acceptors,[25] a most favora-
ble aspect for the photochemical degradation of persistent
and ecotoxic compounds.

In a previous work, we introduced phenothiazines by co-
valent grafting on mesoporous MCM-41 and SBA-15 host
structures.[27] Although post-synthetic grafting is the most
popular way to anchor organic groups in a specific manner
to a silica surface, which finally results in organic–inorganic
hybrid materials, there are still some drawbacks related to

this procedure. First of all, the distribution of the organic
groups is generally not uniform within one channel, and sec-
ondly, the loading with larger and sterically demanding or-
ganic functionalities is often low, mainly constrained by dif-
fusion limitations. Therefore, in order to increase the pheno-
thiazine content in the pores and for the exploration of the
properties of these materials, such as intermolecular charge
transfer, an alternative method, providing a high content of
the electroactive chromophores and thus enabling intermo-
lecular electron transfer over a longer distance, was envi-
sioned. Hence, we decided to prepare the mesoporous
hybrid materials by a template-directed synthesis in the
presence of siloxylated phenothiazines. In this strategy, the
siloxane precursors act as building blocks for the construc-
tion of the main framework, whereas the organosiloxanes
contribute to both the silicate framework units and the or-
ganic functional groups on the surface. This one-step synthe-
sis can produce mesoporous solids with a high loading of or-
ganic functional groups and a homogeneous surface cover-
age within the channels of the materials. During the gelation
process, the organic moieties are supposed to extend into
the micelle causing an intramolecular phase separation.
Thus, the rational design of the organic precursors, which
must additionally be stable under the conditions of the ma-
terials synthesis, is of utmost importance. Here, we report
the synthesis and properties of urea-linked phenothiazines,
as well as their transformation into organic/inorganic meso-
porous materials by in situ synthesis, which results in a high
and uniform phenothiazine loading. In addition to their
structures, their electronic properties will also be presented.

Results and Discussion

Synthesis and Properties of Urea-linked Triethoxysilylated
Phenothiazines

Ureas are synthesized by the straightforward addition of an
amine to an isocyanate. The major advantage of this ap-
proach lies in its highly atom-economical use of both the
starting materials that react almost quantitatively without
the formation of any by-products. Therefore, the retrosyn-
thetic analysis of urea-based phenothiazinyl building blocks
for their incorporation in mesoporous silica suggests the for-
mation of urea from a phenothiazinyl substituted amine
with a triethoxysilyl functionalized isocyanate (Scheme 2).
The amine in turn is readily accessible by reduction of the
corresponding phenothiazinyl cyano compound.

The phenothiazinyl nitrile 1 is easily prepared by Michael
addition of acrylonitrile to 10H-phenothiazine,[28] and the
cyano compounds 2 and 3 with extended p-conjugation are
obtained by Beller cyanation[29] in moderate to good yields
(Scheme 3).[30]

Upon standard reduction with lithium aluminium hydride
in refluxing diethyl ether, the cyano compounds 1–3 were
readily reduced to give the corresponding amines as amine
hydrochlorides 4–6 in moderate to good yields (Scheme 4).
With these amine hydrochlorides in hand, the stage was set

Scheme 1. The reversible one-electron oxidation process of the pheno-
thiazine motif.
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for the introduction of the tri-
ethoxysilane linker by isocya-
nate addition.

The amine hydrochlorides 4–
6 were reacted in the presence
of triethylamine with 3-(trie-
thoxysilyl)propylisocyanate in
dry dichloromethane at 40 8C
under an argon atmosphere and
the corresponding ureas 7–9
were obtained in good to excel-
lent yields (Scheme 5). The
structures of the ureas were un-

ambiguously supported by 1H and 13C NMR spectroscopies,
mass spectrometry, and correct combustion analyses or high
resolution mass spectrometry.

In contrast to the previously reported carbamates,[27] urea
linked trialkoxysilyl functionalized compounds 7–9 reveal
some special properties. First, urea groups are inherently
able to form hydrogen bonds (vide infra). This interesting
property can be applied to assemble molecules into well-de-
fined supramolecular architectures[31] or to control the mor-
phology of the hybrid materials.[32] In addition, urea groups
can interact effectively with anionic species by hydrogen
bonding.[33] Based upon this feature, several sensors with
urea as the functional group have been reported.[34] For in-
stance, by linking a urea group to a fluorescent unit, these
molecules become suitable for detection of anionic species
by reverse photoinduced electron transfer (PET) by causing
a decrease in fluorescence intensity. Furthermore, urea has
frequently been used in the past for the generation of orga-
nosilicas.[35] Therefore, urea-based linkers were chosen to
induce a pre-organization of the phenothiazine moieties by
intermolecular hydrogen bonds in the micelle formation,
which leads to a stacked arrangement of the heteroaromatic
rings. Upon transfer into the final hybrid material as sug-
gested by Figure 1, facilitated electronic interaction could be

anticipated. Another important aspect of the urea group is
its chemical and thermal stability. As mentioned before, for
the one-pot co-condensation synthesis of hybrid mesoporous
materials, a robust and firm organic precursor, which can
sustain under strong acidic and basic conditions, remains a
prerequisite. The electron donor/acceptor system in the con-
fined channel of mesoporous silica materials will ultimately
be formed upon partial oxidation.

Scheme 2. Retrosynthetic analysis of urea-based phenothiazinyl building
blocks.

Scheme 3. Synthesis of (oligo)phenothiazinyl cyano derivatives 1–3.

Scheme 4. Reduction of 1–3 with LiAlH4 to the corresponding amines 4–
6.

Scheme 5. Synthesis of triethoxysilyl functionalized (oligo)phenothiazine ureas 7–9.

Figure 1. An idealized illustration of the intermolecular electron transfer
between the phenothiazines.

Chem. Asian J. 2010, 5, 2001 – 2015 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 2003

In Situ Syntheses of Mesoporous Hybrid Materials



The electronic properties of the phenothiazine ureas 7–9
have been investigated by absorption and emission spectros-
copy and by cyclic voltammetry (Table 1). The most charac-
teristic absorption of ureas in the UV region (two distinct
bands at 260 and 310 nm) is accompanied by a blue to
greenish blue fluorescence (broad unstructured bands with a
maximum at 450 nm and occasionally a shoulder at 510 nm)
for all representatives. With 10 000 cm�1, the Stokes shifts
are quite remarkable and can be attributed to significant
geometrical changes upon excitation for many phenothia-
zine derivatives from a highly non-planar ground state to a
largely planarized excited state.[36] Electrochemical data for
the presented phenothiazines were obtained by cyclic vol-
tammetry in the anodic region (up to 1.5 V). The first oxida-
tion potentials stemming from the most electron rich pheno-
thiazine core were found in the range from E0

0/ +1 =595 mV
(diphenothiazine 9) to E0

0/+1 =690 mV (monophenothiazine
7) (Figure 2).

Synthesis and Properties of Urea-linked Phenothiazine/
MCM-41 Hybrid Materials

The urea unit is sufficiently stable to allow the co-condensa-
tion of the phenothiazinyl derivatives with tetraethoxysilane
(TEOS) in the presence of the base EtNH2 at 100 8C and
prolonged reaction times. The main feature of this synthetic
route is the usage of EtNH2 instead of the conventionally
applied strong base NaOH, thus avoiding the incorporation
of Na+ ions into the mesoporous materials.[37] Under the
given conditions, MCM-41 type mesoporous materials fea-
turing a uniform two dimensional hexagonal channels was
formed. The pore size of these materials can easily be set-
tled between 2 to 3 nm by using CTAB as the template,
which provides an ideal matrix for the different phenothia-
zine units. To obtain a uniform distribution of the pheno-
thiazine and to avoid phase separation during the formation
of the mesoporous structure, TEOS and 7 (or 8, 9) were
first dissolved in a small volume of methanol prior to the ad-

dition of this mixture to the sur-
factant solution. A slow drop-
wise addition of this mixture to
the surfactant solution is impor-
tant. The addition of a certain
amount of methanol in the syn-
thesis of MCM-41 can increase
the degree of order of the mes-
oporous structure compared
with a purely aqueous
system.[38,39] For comparison,
the same method was used for
the synthesis of pure silica
MCM-41. After template ex-
traction with EtOH/HCl under
reflux conditions, the well-or-
dered MCM-41 hybrid materi-

Table 1. Selected absorption and emission spectra[a] and cyclic voltammetry[b] data of the (oligo)phenothiazine
ureas 7–9 and of the mesoporous hybrid materials 10–12.

compound absorption lmax,abs [nm] (e) emission lmax,em [nm] Stokes shift Dñ [cm�1] E0
0/+1 [mV]

7 257 (47 100), 310 (7200) 449, 511 (sh.) 10 000 690
8 260 (20 300), 314 (3100) 459 10 000 669
9 267 (79 000), 323 (30 000) 458 9100 595, 761
10-1 250, 304 436 10 000 –
10-2 251, 307 438 9800 671[c]

10-3 248, 305 388 (sh), 437 9900 720[c]

11-1 256, 308 388, 450 10 300 –
11-2 255, 311 456 10 200 –
11-3 255, 310 378, 437 9400 –
12-1 255, 310 436 9900 –
12-2 268, 324 467, 512 (sh) 9500 –

[a] Recorded in CH2Cl2, T =20 8C; [b] Recorded in CH2Cl2, T=20 8C, v=100 mV s�1, electrolyte: (nBu4N)PF6,
Pt working electrode, Pt counter electrode, Ag/AgCl reference electrode. [c] Recorded in CH3CN, T=20 8C,
v= 100 mV s�1, electrolyte: (nBu4N)PF6, Pt working electrode, Pt counter electrode, Ag/AgCl reference elec-
trode.

Figure 2. A: cyclic voltammogram of 7; B: cyclic voltammogram of 8
(nBu4N

+PF6
�/CH2Cl2, 20 8C, n= 100 mV s�1, Pt-working electrode, Pt-

counter electrode, Ag/AgCl reference electrode); C: cyclic voltammo-
gram of 9 ; (nBu4N

+PF6
�/CH2Cl2, 20 8C, n =250 mV s�1, Pt-working elec-

trode, Pt-counter electrode, Ag/AgCl reference electrode).
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als 10–12 were obtained (Scheme 6). To determine the influ-
ence of the concentration and molecular structure of pheno-
thiazine on the configuration of the hybrid mesoporous ma-
terials, various concentrations and well-designed phenothia-
zine moieties were employed (Table 2).

Structural Characterization and Properties of the Hybrid
Materials

Powder X-ray Diffraction

Powder XRD was carried out to elucidate the structural or-
dering of the mesoporous materials. For comparison, neat
MCM-41 was synthesized and analyzed. The powder XRD
patterns of all materials are given in the Supporting Infor-
mation. Generally, all samples exhibited typical reflections
of a material possessing two-dimensional hexagonal p6mm
symmetry.[1b, 40] The intensity of the reflections was found to
increase after the extraction of the template CTAB, which
can be assigned to an enhancement of the contrast density
between the framework and pore channels.[41] For neat
MCM-41, an increase in the d100 spacing from 4.27 to
4.30 nm was observed. This can be attributed to an ongoing
condensation of silicon species in the material framework

during the template extraction process.[42] The textural pa-
rameters of all the hybrid materials are summarized in
Table 2. Exemplarily, the XRD patterns of the compounds
10 with different amounts of phenothiazine (10-1: 0.33; 10-2 :
0.54; 10-3 : 0.77 mmol g�1) are shown in Figure 3.

Compound 10-1 showed four
Bragg diffraction peaks similar
to MCM-41, which indicated a
long-range ordered hexagonal
mesostructure. The d100 value
(4.38 nm) increased slightly
compared to neat MCM-41,
presumably caused by an in-
creased micelle diameter at the
given concentration.[43] The
characteristic (100) peak shifts
slightly to larger 2V values at
higher concentrations of precur-
sor 7, which corresponds to a
decrease in the d spacing (10-2:
4.23; 10-3 : 4.20 nm). In these
cases, 7 significantly expels the
surfactant in the hydrophobic

phase during the formation of the micelles.[44] This disturbs
the surfactant cooperation with the inorganic species by bal-
anced Coulomb interactions to form micelles fully covered
with silica species. Therefore, the unit cell will contract after
the hydrothermal reaction.[45] Parallel to the increase of the
phenothiazine content, the relative intensities of all diffrac-
tion peaks decrease, particularly the peaks at higher angles.
For 10-3, the second order peaks (110) and (200) are over-
lapping, and the peak of the (210) plane is nearly undetecta-
ble. This feature may partially be attributed to a decrease in
the mesoscopic order of the materials, and partially because
of the contrast matching between the amorphous silicate
framework and organic moieties which are located inside
the channels.[5d, 43,44, 46] While the samples 11-1, 11-2, and 11-3
show a similar influence of the phenothiazine concentration
on the XRD pattern and on the cell parameters (see Sup-
porting Information), the biphenothiazine series, 12-1 and

Table 2. Textural parameters of the hybrid materials 10, 11, and 12 derived from nitrogen adsorption–desorp-
tion analysis or powder X-ray diffraction and loading of phenothiazines in the hybrid materials.

sample d100
[a] a0

[b] SBET
[c] Vp

[d] Dp
[e] wt

[f] C[g] content of phenothiazine[h]

[nm] [nm] ACHTUNGTRENNUNG[m2 g�1] ACHTUNGTRENNUNG[cm3 g�1] [nm] [nm] ACHTUNGTRENNUNG[mol %] ACHTUNGTRENNUNG[mmol g�1] ACHTUNGTRENNUNG[wt %]

MCM-41 4.30 4.96 1123 0.98 2.83 2.14 – – –
10-1 4.38 5.06 1040 0.85 2.48 2.58 17.8 0.33 13.0
10-2 4.23 4.88 914 0.69 2.41 2.48 35.0 0.54 21.2
10-3 4.20 4.85 700 0.42 2.25 2.60 53.6 0.77 30.2
11-1 4.05 4.68 991 0.78 2.65 2.02 15.7 0.26 11.7
11-2 4.00 4.62 766 0.58 2.68 1.94 26.4 0.40 17.9
11-3 3.98 4.60 638 0.51 2.69 1.90 37.1 0.54 24.2
12-1 4.04 4.66 761 0.65 2.64 2.02 18.6 0.28 20.4
12-2 3.96 4.57 632 0.57 2.58 1.98 25.7 0.35 25.2

[a] d100 : dACHTUNGTRENNUNG(100) spacing. [b] a0 =2d100/
p

3. [c] SBET: BET surface area. [d] Vp : Pore volume. [e] Dp : Pore diame-
ter. [f] wt : Wall thickness (a0�Dp). [g] Molar ratio of precursor/CTAB. [h] Calculated from the nitrogen con-
tent (CHN analysis).

Figure 3. A: Powder XRD pattern of compounds 10 ; a) 10-1, b) 10-2,
and c) 10-3. B: magnified signals at 38<2V<78.

Scheme 6. In situ synthesis of the mesoporous hybrid materials 10, 11,
and 12 with CTAB as the template.
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12-2, are different. The XRD pattern of 12-1 (0.28 mmol of
biphenothiazine per g) presents a normal peak pattern with
clearly detectable (100), (110), (200), and (210) reflections
typical for two-dimensional hexagonal p6mm symmetry (see
Supporting Information). Compound 12-2 shows an intense
(100) peak and a peculiar intense (200) peak overlapping
the (110) peak. This indicates the formation of a distorted
hexagonal structure or an intermediate phase between a
hexagonal and a lamellar configuration.[47, 48] In the litera-
ture, this has been explained with a distorted hexagonal
structure, which might be because of the amorphous nature
of the mesoporous silica framework.[49] The silica species in
this type of structural materials have a wide range of Si�O�
Si bond angles, which are much more flexible than in crys-
talline zeolites.[50] We assign this behaviour to the large mo-
lecular structure of precursor 9, which could disturb not just
the micelles but also the final structure of the silica frame-
work to some degree. The presence of a transition phase
can be traced back to the classical surfactant pair packing
parameter, g= V/a0l, in which a variation of g can be in-
dexed to phase transitions and different geometries of the
mesophase products.[50] For 12-2, the high content of 9
would dramatically increase the hydrophobic volume V, and
thus the value of g is increased, which results in a decrease
of surface curvature and thus in a mesophase transition be-
tween the hexagonal and the lamellar structure.[51,52]

N2 Adsorption/Desorption

The nitrogen adsorption isotherms for the extracted pheno-
thiazine-urea functionalized hybrid materials are all present-
ed in the Supporting Information, and the corresponding
data are listed in Table 2. All the eight samples display typi-
cal IV isotherms (definition by IUPAC),[53] with a sharp ca-
pillary condensation step in the low P/P0 range of 0.2 to 0.4,
which confirms the ordered mesoporous structure of these
materials. In this region, only compound 10-1 exhibited a
narrow hysteresis loop in the steep low-pressure region,
which may be because of nitrogen occupying the regions be-
tween adjacent organic groups and the silica wall.[43, 54] A fur-
ther narrow H4 type hysteresis loop observed for 10-1 and
10-2 on the horizontal portion (from P/P0 0.45–0.95) can be
linked to uniform slit-shaped pores.[55, 56]

Generally, quite narrow pore size distributions are ob-
served, which demonstrates the presence of uniform pores.
In combination with the increase of organic material in the
samples, the volume of total adsorption continuously de-
creases, which can be attributed to a decline in the surface
area and the total pore volume. For the samples 10, the posi-
tion of the capillary condensation step gradually shifts from
a relative pressure of ~0.24 to ~0.19, which indicates a sys-
tematic decrease of the pore size,[57] which as expected cor-
roborates with the decrease of the d100 values and the unit
cell parameter a0 determined by XRD (see above). For the
samples 11, completely reversible isotherms and the absence
of any hysteresis loops, indicate ordered mesoporous materi-
als with uniform pore sizes and ordered arrangements of cy-
lindrical channels without any intersecting disorder.[58] Here,

the pore size distribution curves indicate a slight increase of
the pore size, which is in contrast to the situation discussed
for the samples 10. This could be related to the process of
the mesostructure formation. The behavior of samples 12 is
again different. Here, a second inflection appears at P/P0

close to 0.42–1, which displays a H4-type hysteresis loop in
the desorption branch of the isotherm. This feature is char-
acteristic of slit-like pores, which may be the result of textur-
al porosity within the particles or because of an intersecting
disorder of the materials.[55]

By analyzing the textural parameters summarized in
Table 2, a general conclusion can be deduced. The d100 spac-
ings, the specific BET surface areas, and the pore volume
are reduced with increased amounts of organic silane in the
reaction mixture. A similar behavior was observed by others
who investigated the loading with pendent organic groups
by applying the co-condensation method.[59,60, 61] An increase
in the pore filling organic component decreases the pore
volume and the specific surface areas, which is easily under-
standable, whilst the reasons for a decrease in d100 spacing
upon increase of the organic precursor concentration are
not so easily understood. Some studies ascribe this trend to
different interactions between the cationic surfactant mole-
cules and the silicate or organosilicate precursors during the
hydrothermal reaction.[43, 62] In our case, the reaction mix-
tures leading to 10, 11, and 12 contain organosilicates with
different phenothiazine fragments, which could influence
the process of the mesophase formation. In this process, in-
organic species and organic molecules will interact. The mi-
celle interface curvature depends on Coulomb attraction/re-
pulsion, van der Waals interactions, hydrogen bonds, and co-
valent bonds between inorganic/organic units.[45,63] The syn-
thesis of 10, 11, and 12 was performed at pH ~13, while the
aqueous isoelectric point (IEP) of the silica species was at
pH ~2.[64] Therefore, the silicate species are negatively
charged, and will interact with the positively charged surfac-
tant head groups by Coulomb attraction. The inorganic spe-
cies/organic surfactant interface will thus be influenced by
the location and concentration of the phenothiazine precur-
sor, which again would be influenced by the molecular size
and shape of the phenothiazinyl substituted silanes. During
the micelle formation, the siloxane group of the precursor
will be embedded in the inorganic layer, while the pheno-
thiazine group might be located near this interface or reach
the internal core depending on the molecular geometry of
the precursor.[64]

In the case of 7, the phenothiazine core should be located
closer to the interface, which results in the reduction of the
silanol groups in this region. Thus, less surfactant molecules
are required for charge balance, which leads to a remark-
able contraction of the cylindrical micelle size in the hybrid
materials with increasing precursor concentrations. In con-
trast, compound 8 bears the urea linker in the 3-position
and the hexyl chain in the 10-position. This molecular struc-
ture is favorable for interaction with the template molecules
through hydrophobic interactions. Therefore, the phenothia-
zine group will be drawn further into the inner part of the
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surfactant micelles and the influence of the concentration of
8 on the interface layer will not be as significant as in the
case of 7.

Electron Microscopy

Transmission electron microscopy (TEM) is an indispensa-
ble tool for the characterization of the hybrid materials. It
provides direct evidence for the structural ordering of the
materials in the form of images, and helps in the direct dis-
covery of intrinsic pore structures of hybrid materials.[65]

TEM and SEM images of all samples are included in the
Supporting Information. The mesostructure depends on the
concentration and the molecular structure of the precursor
in the reaction mixture. Especially the hybrid materials 10-1
and 11-1 show uniform and highly ordered structures. Con-
sistent with the XRD results, an increase in the precursor
concentration slightly reduces the ordering of the materials.
The mesostructure changes significantly for the diphenothia-
zine derived system 12-2. While 12-1 still exhibits hexagonal-
ly arranged pore channels, 12-2 presents a certain type of
nanofilament elongated specifically along the channel direc-
tion of the hybrid mesostructure. Based on TEM (Figure 4)
and XRD data, an explanation for the formation of this

structure can be proposed. The large hydrophobic bipheno-
thiazine precursor 9 can undergo p–p interaction and the
parallel molecules can protract vertical to the cross-section
of the micelles. Hence, long tubular-type micelles can be ex-
pected, which is in accordance with the extremely long
channels observed by TEM and the distorted transition
structure derived from the XRD data.

Obviously, differences in the microscopic regime during
the gelation process will also have an influence on the mac-
roscopic morphology of the products.[66,67] This can also be
found for the phenothiazine modified hybrid materials, al-
though most of the observed morphologies are not as uni-
form as reported for certain examples in the literature. This
is because of our synthetic process, which includes a long hy-
drothermal treatment. However, this is favourable for the
complete hydrolysis of the silica species and for achieving a
high loading of organic moieties. Powdery products are ob-
tained rather than morphologically uniform nanoscale mate-
rials. SEM pictures of all samples are included in the Sup-
porting Information.

FT-IR Spectroscopy

The infrared absorptions of the N�H and the C=O groups
in urea are quite sensitive to hydrogen bonding.[68] In solu-
tion, intermolecular hydrogen bonding is concentration de-
pendent, that is, the higher the concentration of the sample,
the greater the extent of hydrogen bonding.[69] We used this
feature to determine the interaction of the urea-linked phe-
nothiazines in the organic/inorganic hybrid materials.

First, the concentration dependence of the IR spectra of
precursor 7 was studied in a CH2Cl2 solution. Figure 5 pres-

ents the concentration dependence of nN�H and the amide I
(nC=O) and the amide II band (dN�H)[69] of precursor 7 in
CH2Cl2 solution. The nN�H at around 3440 cm�1 is typical for
free ureas and the nN�H at about 3375 cm�1 can be assigned
to hydrogen bonding urea groups.[68] Obviously, this band in-
creased with increasing concentration, and simultaneously,
the center of this band shifted slightly to lower wavenum-
bers and an additional shoulder at around 3325 cm�1 was ob-
served at the highest concentration. Hydrogen bonding
weakens the C=O bond and thus leads to a decrease of the
stretching frequency. Therefore, the nC=O at around
1672 cm�1 can be assigned to free urea groups and the band
at about 1645 cm�1 to the intermolecular hydrogen bonded
urea groups. Similarly dN�H was also observed as two bands
at about 1536 and 1571 cm�1. The absorption at lower wave-
numbers corresponds to free urea groups, and the absorp-
tion at higher wavenumbers to urea units involved in inter-
molecular hydrogen bonds. A decrease in Dn (amide I�
amide II) was clearly observed and is in agreement with

Figure 4. TEM images of the hybrid mesoporous material 12-2. Figure 5. FT-IR spectra of 7 in CH2Cl2; concentrations: 2.0, 6.0, 12.0,
18.0, 24.0, 30.0, 36.0, 50.0 mmol L

�1.
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dominant hydrogen bonding urea groups in nonpolar organ-
ic media.[70]

Figure 6 (spectrum a) shows the absorbance of the neat
precursor 7. Comparison with the solution spectra indicates
that the peak at 3440 cm�1, characteristic for free urea
groups, has disappeared. Additionally, a significant shift of

the signals assigned to hydrogen bound urea groups[68,69]

from 3375 cm�1 in solution to 3354 and 3308 cm�1 in the
solid state could be observed, which indicates at least two
different types of N�H bonds. Furthermore, strong absorp-
tions were found for nC=O and dN�H. In neat solid 7, nC=O was
found at 1625 cm�1 and dN�H at 1580 cm�1. Both bands are
redshifted compared to the solution data, which is in agree-
ment with a higher degree of intermolecular hydrogen bond-
ing in the solid state. Furthermore, Dn is significantly small-
er (45 cm�1) than for free urea groups (120 cm�1)[70] and
even smaller than the Dn of precursor 7 in solution
(74 cm�1). All these observations can be correlated to a
strong association of urea groups by hydrogen bonding in
the solid state.

The IR spectra of 10-1, 10-2, and 10-3 are also shown in
Figure 6. They are typical for all hybrid materials discussed
in this manuscript (see the Supporting Information) and
shall be discussed exemplarily here. Generally a broad ab-
sorption is observed in the range of 3600–3200 cm�1, which
can be assigned to the nOH stretching vibration of the hydro-
gen-bound silanol groups.[71] Further broad bands at 1300–
1100 cm�1 are attributed to the asymmetric vibration of the
Si�O�Si units of the silica network. The absorption at
955 cm�1 derives from the stretching vibration of the surface
Si�O groups, and the peak at 800 cm�1 is attributed to the
symmetric vibration of Si�O�Si. A strong absorption at
460 cm�1 is assigned to the bending vibration of Si�O�Si.[72]

In addition to these signals typical for silica, some further
absorptions can be assigned to the organic moieties. The
stretching vibration of aliphatic C�H groups appears at
around 2980–2850 cm�1 (not shown in Figure 6) and the ab-
sorption at 1470 cm�1 arises from the C�H deformation vi-
bration. The typical urea nN�H vibration is covered by the
Si�OH vibrations. However, the characteristic nC=O and dN�H

absorptions can be observed at ~1629 cm�1 and ~1572 cm�1,

respectively. The corresponding Dn is 55 cm�1, which is in
fact a little larger than the value found for neat 7 (Dn=

45 cm�1), but still much smaller than for free urea (Dn=

120 cm�1). This indicates the presence of hydrogen-bound
urea groups in the hybrid materials. Furthermore, the low
loading samples 10-1 (0.33 mmol g�1) and 10-2
(0.54 mmol g�1) present two small peaks around 1542 and
1558 cm�1, which disappear in the high loading sample 10-3
(0.77 mmol g�1). This implies a higher degree of hydrogen
bonding in the latter sample, which can be assigned to
larger aggregates of phenothiazines interacting through hy-
drogen bonds.

For neat 9, the Dn value (58 cm�1) still indicates hydrogen
bond interactions, although it is significantly larger than for
neat 7 (44 cm�1) and 8 (43 cm�1). This may be attributed to
the two phenothiazine groups in 9 which will hamper the in-
teraction of the urea groups by increased steric hindrance.
In the IR spectra of the hybrid materials 12, a series of nC=O

and dN�H vibrations indicated differently bound urea units.
The most significant IR data of the precursors 7–9 and

the hybrid materials 10–12 are summarized in Table 3. Gen-
erally, the Dn values of the neat organic ureas are smaller
than those found for the hybrid materials, which indicates
that intermolecular hydrogen bond interactions are de-
creased in these materials. This phenomenon can be easily
rationalized, because the average distance of molecules in
the hybrid materials should be larger than in the pure pre-
cursor.

Table 3. IR data of the precursors 7–9 and the hybrid materials 10–12.

sample nN�H nC=O dN�H Dn (min, max)
[a] n [nm2] d [nm]

7 3354
3308

1625 1580 45 – –

10-1 – 1628 1573
1558

55
70

0.19 2.27

10-2 – 1628 1573
1558

55
70

0.36 1.68

10-3 – 1628 1573 55 0.66 1.23
8 3308 1620 1577 43 – –
11-1 – 1645

1636
1576
1559
1543

60
102

0.16 2.51

11-2 – 1645
1636

1576
1559
1543

60
102

0.31 1.80

11-3 – 1645
1636

1576
1559
1543

60
102

0.51 1.40

9 3358 1633 1575 58 – –
12-1 – 1645

1636
1574 (sh)
1568
1559
1542

62
103

0.22 2.12

12-2 – 1645
1636

1574 (sh)
1568
1559
1542

62, 103 0.33 1.73

[a] Dn=amide I�amide II (Dnmin = amide Imin�amide IImax, and Dnmax =

amide Imax�amide IImin).

Figure 6. FT-IR spectrum (KBr) of a) 7, b) 10-1, c) 10-2, and d) 10-3
(right side inset: amide I and amide II bands).
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Solid State NMR Spectroscopy

13C CP-MAS NMR spectroscopy provides information on
the integration of the organic component in the hybrid ma-
terials. As an example, the spectrum of 10-2 is shown in
Figure 7, with dashed lines representing the resonances of

precursor 7 in solution (for the solid state 13C NMR spectra
of all other hybrid materials, see the Supporting Informa-
tion). Obviously, the resonances of the solid state material
are quite similar compared to the solution spectrum. The
resonance at d= 7.6 is assigned to the carbon atom bound to
silicon, which confirms that there is no cleavage of the C�Si
bond during the synthesis. Two sharp peaks at d= 16 and 60
are assigned to the residual Si�OCH2CH3 groups. The reso-
nance at d=~40 can be assigned to the carbon atoms bound
to the urea unit, which demonstrates the stability of the
urea group under the co-condensation conditions. Several
signals in the low field region (d=~130–114) are typical for
an electron rich aromatic system and can be assigned to the
carbon nuclei of the phenothiazine core. Compared to the
spectrum obtained in solution, a small shift of the resonance
of the C=O group (d=~158) to lower field is ascribed to hy-
drogen bonding of the urea group.

Solid state 29Si CP-MAS NMR spectra provide informa-
tion on the silicon environment and the degree of organic
functionalization. Figure 7 shows the 29Si CP-MAS NMR
spectrum of 10-2 (for the solid state 29Si NMR spectra of all
other hybrid materials, see the Supporting Information). A
peak of low intensity (d=�92) corresponds to geminal
(HO)2Si ACHTUNGTRENNUNG(SiO)2 (Q2) sites while the most intense resonance
of the spectrum (d=�101) is assigned to isolated (HO)Si-ACHTUNGTRENNUNG(SiO)3 (Q3) silanol sites. A further resonance in this region
(d=�110) is ascribed to Si ACHTUNGTRENNUNG(SiO)4 (Q4) centers and com-
pletes the characterization of the silica bulk material.[73]

Usually three signals at d=�49, �59, and �69 can be as-
signed to organo silicon species R�Si(HO)2ACHTUNGTRENNUNG(OSi) (T1), R�
Si(HO) ACHTUNGTRENNUNG(OSi)2 (T2), and RSi�ACHTUNGTRENNUNG(OSi)3 (T3), respectively.[74]

Here, a broad band centered at d=�65 was observed,
which means that the major Si�C species are of the T2 and
T3 type. This indicates quite a complete cross-linking be-

tween the phenothiazine precursor 7 and TEOS during the
co-condensation process.[75]

Electronic and Optical Properties of the Hybrid Materials

All hybrid material samples 10-1, 10-2, and 10-3 were char-
acterized by solid state cyclic voltammetry. The powdered
hybrid materials were abrasively immobilized on a glassy
carbon electrode and the cyclic voltammograms were re-
corded in acetonitrile solution with 0.1 m nBu4N

+PF6
� as

supporting electrolyte. Figure 8 shows a series of cyclic vol-
tammograms obtained from 10-3 with varying scan rates
(see the Supporting Information for the data of 10-1 and 10-
2).

A potential sweep with a 10-3 modified GC electrode at a
scan rate of 0.1 V s�1 reveals an oxidation wave at a poten-
tial of 762 mV and a reduction wave at a potential of
678 mV against Ag/AgCl. The half-wave potential of this re-
versible one electron transfer is 720 mV, with a peak separa-
tion of 84 mV. Variation of the scan rate in the range of
0.01–1.0 V s�1 still gives reversible redox signals with the
peak potentials being fairly constant, and the peak currents
increasing with increasing scan rate.

There are two possible pathways to realize the electron
transfer in these hybrid mesoporous materials.[76] One is a
direct electron transfer from the electrochemically active
species to electrode surface, which would require pro-
nounced mobility of the redox sites. This mechanism is usu-
ally observed for redox active sites physically adsorbed in
mesoporous materials.[77] A second possible mechanism is a

Figure 8. A) Cyclic voltammograms with varying scan rates (0.01, 0.02,
0.04, 0.06, 0.08, 0.10, 0.20, 0.40, 0.60, 0.80, 1.00 Vs�1) of an electrode
modified with 10-3 (0.1 m (nBu4N)PF6, CH3CN, RT). B) Plot of oxidation
peak currents versus scan rates, linear regression analysis gives: y=

8·10�5x+1·10�7, R2 =0.9997.

Figure 7. A) 13C CP-MAS NMR and B) 29Si CP-MAS NMR spectrum of
10-2 ; the dashed lines in the 13C NMR spectrum give information on the
position and the relative intensities of the resonances in the solution
13C NMR spectrum of 7.
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long-range electron transfer by the immobilized redox
active sites to the electrode surface through electron ex-
change between adjacent redox centers (electron
hoping).[78,79] Since in 10-3, the electrochemical active cen-
ters (phenothiazines) are covalently fixed in the pores of the
mesoporous silica matrix, the latter mechanism obviously
appears to be more plausible. Further evidence for electron
hopping is presented in Figure 8 (bottom), where the oxida-
tion peak currents are plotted against the scan rates showing
a linear relationship. This also indicates surface bound redox
centers.[77] In a multi-sweep experiment, 10-3 showed high
stability (see the Supporting Information). After 100 scans,
the overall current just slightly decreased, probably because
of mechanical loss of the powdery material from the elec-
trode surface. This is different from a diffusion controlled
electrochemical reaction with a supported material on the
electrode. In that case, the current should decrease quickly,
owing to diffusion of redox active species into the electro-
lyte.[77, 80]

The UV/Vis spectra of the hybrid material samples 10-1,
10-2, and 10-3 are illustrated in Figure 9 (for the UV/Vis
spectra of all other hybrid materials, see the Supporting In-
formation, characteristic data are summarized in Table 1).

The three samples present two absorptions in the UV. Com-
pared to the spectrum of precursor 7 in CH2Cl2, a slight hyp-
sochromic shift of the absorption maxima can be observed
for the hybrid materials, which can be attributed to the in-
teractions between the silica surface and the phenothiazine
core or a consequence of a one-dimensional H-type aggrega-
tion of phenothiazine molecules in the channel of the meso-
porous material (H-aggregate, face-to-face arrange-
ment).[81,82] A change in the phenothiazine content causes no
shift of the absorption maxima. Only a slight broadening of

the bands can be considered with an increased loading of
phenothiazine (see the Supporting Information), which may
be attributed to weak p-electron interactions with surface
bound Si�OH groups,[83] or may be a result of H-aggrega-
tion, which usually is accompanied with a further hypsochro-
mic shift.[36,82, 84,85]

Figure 9 also shows the emission spectra of 10-1, 10-2, and
10-3 (blue lines). All the emissions were located at ~437 nm,
which had shifted hypsochromically compared to the data of
7 in CH2Cl2 solution (peak maximum: 449 nm; shoulder:
511 nm). The Stokes shift is ~10 000 cm�1. Interestingly, a
second emission could be observed in the spectra of 10-2
(small shoulder) and 10-3 (shoulder: ~515 nm). As already
discussed for the absorption of the samples 10-1, 10-2, and
10-3, aggregation also affects the luminescence by a substan-
tial blue shift of the emission bands, presumably caused by
p-stacking, which is essentially absent in solution. Therefore
the silanol groups on the surface of the materials would
have a strong influence on such TICT states.

The hybrid materials undergo formation of surface bound
radical cations when treated with oxidizing agents
(Scheme 7). Oxidation was carried out with the one-electron

oxidants SbCl5 and NOBF4 in CH2Cl2 suspension, leaving
SbCl6

� and BF4
� as the counter ions, respectively. For the

materials 10-1, 10-2, and 10-3, a color change to red was ob-
served during the oxidation reaction (Figure 9, inset). This
color change manifests in an absorption band around
515 nm typical for phenothiazine radical cations. Additional-
ly, a broad absorption band in the NIR region could be ob-
served. The intensity of these bands increases with increas-
ing loading of phenothiazine. Such NIR bands have often
been associated with a charge resonance transition of cofa-
cially oriented aromatic donor/acceptor dyads.[86] It is also
well known that electron transfer between the phenothia-
zine moiety and its radical cation can occur.[16c,d] Further-
more, these NIR bands are absent in monophenothiazine
modified mesoporous materials obtained by post synthetic
grafting.[27b] Thus, we assign this NIR bands to an intermo-
lecular charge transfer (CT), which demonstrates that the

Figure 9. UV/Vis spectra (black lines) of 10-1 (A), 10-2 (B) and 10-3 (C)
of the corresponding radical cationic samples 10-1-BF4, 10-2-BF4, 10-3-
BF4 (red lines), 10-1-SbCl6, 10-2-SbCl6, 10-3-SbCl6 (green lines) and emis-
sion spectra of 10-1, 10-2, and 10-3 (blue lines). The inset picture demon-
strates the color change caused by the oxidation of 10-1 using NOBF4 in
suspension and for the corresponding solid.

Scheme 7. Oxidation of the mesoporous phenothiazinyl hybrid materials.
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co-condensation method is an appropriate way to achieve
strongly intermolecularly coupled phenothiazine complexes.

It is worthwhile to mention that the resulting deeply col-
ored materials retain their color under ambient temperature
for several weeks when stored under an atmosphere of dry
nitrogen, which indicates high stability of the radical cations
in the mesoporous hybrid materials. The red color fades to
pink when the materials are exposed to air at room temper-
ature for 3 days. The absorption spectra of these exposed
materials are shown in the Supporting Information. The typ-
ical absorptions of the phenothiazine radical cations are still
present in the absorption spectrum but with decreased in-
tensity. Compared to the freshly generated materials, a
novel and intense peak at 344 nm was detected, which might
be associated with a new compound generated by a pheno-
thiazine radical cation consuming reaction that leads to the
corresponding S-oxide through disproportionation of the
radical cation.[87]

While the hybrid materials 11-1, 11-2, and 11-3 show UV/
Vis data similar to the compound 10 series, the materials 12-
1 and 12-2 derived from the diphenothiazine precursor 9
behave differently. Oxidation of 12-1 and 12-2 by strongly
oxidizing SbCl5 furnished dark greenish products with an
absorption spectrum, which was different to those of the
monophenothiazine radical cations discussed above, indicat-
ing the presence of complex dicationic species.[16b, c]

EPR Spectroscopy

Electron paramagnetic resonance was used to additionally
confirm the existence of the stable phenothiazine radical
cations in the hybrid materials. The EPR spectrum of 12-2-
SbCl6 is shown in Figure 10. It reveals a g-value of 2.0053

typical for phenothiazine radical cations. Since the EPR
signal was not well resolved, hyperfine coupling constants
and anisotropic g-tensors could not be determined. How-ACHTUNGTRENNUNGever, the high symmetry of the EPR spectrum indicates that
the phenothiazine radicals are in an isotropic environment
in the hybrid material.

Conclusions

Novel hybrid organic/inorganic mesoporous silica materials
were synthesized by covalently anchoring phenothiazines on

MCM-41 following an in-situ methodology. The highly or-
dered hexagonal mesoporous structures of the materials
were confirmed by XRD and N2 adsorption measurements.
13C CP-MAS, 29Si CP-MAS NMR, and FT-IR data exhibit
the successful incorporation of the organic species into the
solid materials. The existence of stable phenothiazine radical
cations in the materials has been clearly detected by UV/Vis
and EPR spectroscopy. In our ongoing project, we are work-
ing to increase the phenothiazine content in the pores. This
could lead to systems that exhibit charge transfer properties
or even electronic conductivities.

Experimental Section

General

All manipulations were carried out under an inert atmosphere of nitro-
gen and the solvents were dried by standard methods. Reagents were
purchased and used without further purification, unless otherwise noted.

Reagent grade reagents, catalysts, and solvents were purchased and used
without further purification. THF, diethyl ether,and methylene chloride
were dried and distilled according to standard procedures.[88] The pheno-
thiazine nitriles 2 and 3 were prepared according to literature proce-
dures.[30] Column chromatography: silica gel 60, mesh 70–230. TLC: silica
gel plates. 1H and 13C NMR spectra: CD2Cl2, CDCl3,and [D6]acetone
(locked to Me4Si).[89] The assignments of quaternary C, CH, CH2, and
CH3 have been made by DEPT spectra. Elemental analyses were carried
out in the Microanalytical Laboratories of the Organisch-Chemisches In-
stitut, Ruprecht-Karls-Universit�t, Heidelberg, Germany, in the Micro-
analytical Laboratories of the Institut f�r Pharmazeutische Chemie,
Heinrich-Heine-Universit�t, D�sseldorf, Germany and in the Analytical
Laboratory of the Fachbereich Chemie, Technische Universit�t Kaiser-
slautern, Kaiserslautern, Germany.

Electrochemistry

Cyclic voltammetry experiments (EG&G potentiostatic instrumentation)
were performed under argon in dry and degassed CH2Cl2 at room tem-
perature and at scan rates of 100, 250, 500, and 1000 mV s�1. The electro-
lyte was Bu4NPF6 (0.025 m). The working electrode was a 1 mm platinum
disk, the counter-electrode was a platinum wire, and the reference elec-
trode was a Ag/AgCl electrode. The potentials were corrected to the in-
ternal standard of Fc/Fc+ in CH2Cl2 (E0

0/+1 =450 mV).[90]

Infrared spectra (KBr) were recorded using a Jasco FT-IR-6100 spec-
trometer. X-ray powder diffraction (XRD) patterns were obtained on a
Siemens D5005 diffractometer with CuKa radiation (30 kV, 30 mA). Ni-
trogen absorption and desorption isotherms were measured at 77 K on a
Quantachrome Autosorb 1 sorption analyzer after evacuation of the sam-
ples at 120 8C overnight. The specific surface areas were calculated by the
Brunauer-Emmett-Teller (BET) equation in the low relative pressure in-
terval (<0.3) and the pore size distribution curves were analyzed with
the adsorption branch by the BJH method. 13C CP MAS and 29Si CP
MAS NMR were carried out on a Bruker DSX Avance spectrometer at
resonance frequencies of 100.6 and 79.5 MHz, respectively. UV/Vis dif-
fuse reflectance spectra were recorded on a Perkin–Elmer Lambda-18
with neat-MCM-41 as the background standard. Q-band CW ESR ex-
periments have been performed at 297 K on a Bruker EMX 10–40 spec-
trometer.

Synthesis

3-(10H-phenothiazine-10-yl)propionitrile (1): 10H-phenothiazine (10.0 g,
50.0 mmol) was suspended in acrylonitrile (75 mL, 1.13 mol) and cooled
to 0 8C. Triton B (5 mL) was added slowly and carefully to the well-strir-
red suspension, and then the reaction mixture was allowed to warm up to
room temperature. The solution was diluted with 1,4-dioxane (100 mL)
and stirred for 1 h at 101 8C. After cooling to RT, the solution was

Figure 10. Q-band EPR spectrum of 12-2-SbCl6 at 297 8C.
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poured into water and a light brown solid precipitated. The solid was fil-
tered off and dried in vacuo. Recrystallization from acetone gave 1
(10.0 g, 80%) as colorless crystals. M.p.: 156 8C (lit. : 156–157 8C);[28]

1H NMR (CD2Cl2, 500 MHz): d=2.84 (t, J =7.0 Hz, 2 H), 4.23 (t, J=

7.0 Hz, 2 H), 6.87 (d, J=8.0 Hz, 2H), 6.99 (dt, tJ =7.5 Hz, dJ =1.0 Hz,
2H), 7.21 ppm (m, 4 H); 13C NMR (CD2Cl2, 125 MHz): d =16.2 (CH2),
43.0 (CH2), 115.1 (CH), 117.2 (Cquat.), 123.0 (CH), 125.8 (Cquat.), 127.2
(CH), 127.4 (CH), 143.7 ppm (Cquat.) ; MS (EI+): m/z (%): 252.0 (73, M+),
212.0 (100, M+�CH2CN), 198.0 (71, M+� ACHTUNGTRENNUNG(CH2)2CN), 180.1 (71); elemen-
tal analysis: calcd (%) for C15H22N2S (252.2): C 71.40, H 4.79, N 11.10;
found: C 71.11, H 5.03, N 11.70.

General procedure for the reduction of phenothiazinyl substituted cyano
compounds 1–3 with lithium aluminium hydride (GP1): A solution of the
phenothiazinyl substituted cyano compounds 1–3 (1 equiv) in dry diethyl
ether was slowly added, through a dropping funnel, to a well-stirred mix-
ture of lithium aluminium hydride (2.3 equiv per CN bond) in dry diethyl
ether heated to 40 8C, over 20–30 min. The reaction mixture was stirred
at 40 8C for 16 h and was then cooled to 0 8C. Then, water (50 mL) and
diluted aqueous sodium hydroxide solution (20 wt %, 10 mL) were
added. The precipitate was filtered and the aqueous phase was washed
with small portions of diethyl ether. A small portion of conc. hydrochlo-
ric acid was added to the combined organic phases and the orange or red
precipitated products 4–6 were filtered and dried in vacuo.

3-(10H-phenothiazine-10-yl)propylamine hydrochloride (4): 1 (2.94 g,
11.7 mmol) was placed in a Soxhlet extractor and was extracted into dry
diethyl ether (500 mL) containing lithium aluminium hydride (1.02 g,
26.9 mmol). The extraction was performed at 40 8C for 3 d after which
the mixture was decomposed by means of addition of of water (1 mL)
and 20 % aqueous sodium hydroxide solution (6 mL). The salts were re-
moved by filtration and the amine hydrochloride was isolated by the ad-
dition of of conc. hydrochloric acid (1 mL) into the ethereal filtrate.
Compound 4 was obtained as colorless needles (1.66 g, 48 %). M.p.:
227 8C; 1H NMR ([D6]DMSO, 500 MHz): d= 2.00 (t, J =7.25 Hz, 2H),
2.87 (m, 2H), 3.99 (t, J =6.8 Hz, 2 H), 6.97 (t, J =7.5 Hz, 2 H), 7.08 (d, J=

8.0 Hz, 2 H), 7.20 (m, 4H), 8.15 ppm (br, 3H); 13C NMR ([D6]DMSO,
125 MHz): d=24.5 (CH2), 36.5 (CH2), 43.6 (CH2), 116.0 (CH), 122.6
(CH), 123.9 (Cquat.), 127.1 (CH), 127.6 (CH), 144.5 ppm (Cquat.) ; MS
(FAB+): m/z (%): 257.2 (100, M+), 256.2 (70, M+�H), 212.2 (23, M+

� ACHTUNGTRENNUNG(CH2)2NH2), 199.2 (22, M+�(CH)3NH2); elemental analysis: calcd (%)
for C15H16N2S·HCl (257.3+35.5): C 61.52, H 5.85, N 9.57; found: C 61.29,
H 5.93, N 9.33.

(10-Hexyl-10H-phenothiazine-3-yl)methylamine hydrochloride (5): Ac-
cording to GP1, the amine hydrochloride 5 (3.14 g, 89 %) was isolated as
a light yellow solid. M.p.: 46 8C; IR (film): ñ= 2925, 1578, 1493, 1463,
1377, 1334, 1243, 1133, 887, 819, 746 cm�1; 1H NMR ([D6]DMSO,
500 MHz): d=0.81 (t, J =7.0 Hz, 3H), 1.22 (m, 4H), 1.36 (m, 2H), 1.65
(m, 2H), 3.86 (t, J =7.0 Hz, 2 H), 3.90 (m, 2H), 6.94 (t, J =7.5 Hz, 1H),
7.02 (d, J =7.5 Hz, 2 H), 7.14 (dd, J =1.5 Hz, J =7.5 Hz, 1 H), 7.20 (t, J=

7.0 Hz, 1 H), 7.29 (m, 2H), 8.33 ppm (br, 3H); 13C NMR ([D6]DMSO,
125 MHz): d=13.8 (CH3), 22.0 (CH2), 25.7 (CH2), 26.1 (CH2), 30.8
(CH2), 41.3 (CH2), 46.4 (CH2), 115.6 (CH), 115.9 (CH), 122.6 (CH), 123.0
(Cquat.), 123.6 (Cquat.), 127.1 (CH), 127.7 (CH), 127.8 (CH), 128.0 (Cquat.),
128.5 (CH), 144.5 (Cquat.), 144.8 ppm (Cquat.) ; MS (FAB+): m/z (%): 312.3
(73, M+), 296.0 (100, M+�NH2), 241.2 (8, M+�C5H11), 227.1 (11, M+

�C6H13), 212.1 (17), 211.1 (12, M+�NH2�C6H13); elemental analysis:
calcd (%) for C19H24N2S·HCl (312.3+36.5): C 65.40, H 7.22, N 8.03;
found: C 65.20, H 7.18, N 7.96.

(10,10�-Dihexyl-10H,10�H-3�,7-biphenothiazine-3-yl)methylamine hydro-
chloride (6): According to GP1 the amine hydrochloride 6 (689 mg,
92%) was isolated as a yellow solid. M.p.: 152 8C; UV/Vis (CH2Cl2): lmax

(e): 270 (88 500), 284 (73 600), 325 nm (32 700); IR (KBr): ñ =2926, 2854,
1603, 1578,1460, 1415, 1375, 1333, 1245, 1193, 1106, 1054, 873, 807,746,
613 cm�1; 1H NMR ([D6]DMSO, 500 MHz): d=0.81 (m, 6H), 1.22–1.36
(m, 12H), 1.66 (m, 4H), 2.49 (s, 2 H) 3.85 (m, 6 H), 6.92–7,12 (m, 4H),
7.14–7.41 (m, 8H), 8.28 ppm (s, 2H); 13C NMR ([D6]DMSO, 125 MHz):
d=14.0 (CH3), 22.2 (CH2), 26.4 (CH2), 31.1 (CH2), 46.6 (CH2), 47.8
(CH2), 115.7 (CH), 115.9 (CH), 116.2 (CH), 116.3 (CH), 122.6
(CH),123.3 (Cquat.), 123.4 (Cquat.), 123.7 (Cquat.), 124.3 (Cquat.), 124.5 (CH),

124.5 (CH), 125.3 (CH), 125.4 (CH), 127.3 (CH), 127.8 (CH), 127.9
(CH), 128.2 (Cquat.), 128.7 (CH), 133.2 (Cquat.), 133.5 ppm (Cquat.) ; MS
(MALDI): calcd (%) for C37H43N3S2: 593.290; found: 593.162.

General procedure for the synthesis of the urea-linked triethoxysilylated
phenothiazines 7–9 (GP2): In a heat gun dried Schlenk vessel, the amine
hydrochlorides 4–6 (1 equiv) were suspended in dry dichloromethane
(0.04 m) under nitrogen and triethylamine (2 equiv) was added. Upon stir-
ring for 30 min at RT, the suspension dissolved and the color changed
from orange to yellow. Then, 3-(triethoxysilyl)propylisocyanate (1 equiv)
was slowly added to the reaction mixture and the reaction was monitored
by TLC. After 2 h, the solvent was removed in vacuum. The crude prod-
uct was absorbed on celite and chromatographed on silica gel (hexanes/
ethyl acetate =2:3). The urea-linked triethoxysilylated phenothiazines 7–
9 were obtained as pure yellow solids.

(10H-phenothiazine-10-yl)propyl-3-(triethoxysilyl)propylurea (7): Yield:
87%. 1H NMR (CDCl3, 600 MHz): d=0.58 (t, J=8.4 Hz, 2 H), 1.24 (t,
J =7 Hz, 9.0H), 1.52 (m, 2H), 2.00 (m, 2H), 3.02 (q, J= 6 Hz, 2H), 3.30
(q, J =6 Hz, 2 H), 3.82 (q, J=7.2 Hz, 6H), 3.99 (t, J =6 Hz, 2H), 4.46 (br,
1H), 4.90 (br, 1H), 6.93–6.99 (m, 4H), 7.19 ppm (m, 4H); 13C NMR
(CDCl3, 150.92 MHz): d =7.6 (CH2), 18.3 (CH3), 23.6 (CH2), 26.7 (CH2),
39.0 (CH2), 42.8 (CH2), 45.4 (CH2), 58.4 (CH2), 116.0 (CH), 122.9 (C),
125.4 (CH), 127.6 (CH), 127.8 (CH), 145.3 (C), 158.2 ppm (C=O); ele-
mental analysis: calcd (%) for C25H37N3O4SSi (503.73): C 59.61, H 7.40,
N 8.34; found: C 59.10, H 7.51, N 8.20.

(10-hexyl-10 H-phenothiazine-3-yl)methyl-3-(triethoxysilyl)propylurea
(8): Yield: 72 %. 1H NMR (CDCl3, 400 MHz): d =0.60 (t, J= 8.2 Hz, 2H),
0.86 (t, J =6.8 Hz, 3 H), 1.21 (t, J= 7 Hz, 9.0H), 1.27–1.31 (m, 4 H), 1.41
(m, 2 H), 1.60 (m, 2 H), 1.77 ACHTUNGTRENNUNG(m, 2 H), 3.14 (m, 2 H), 3.70–3.87 (m, 8H),
4.15 (m, 2H), 4.80 (br, 1 H), 4.92 (br, 1 H), 6.7–6.9 ACHTUNGTRENNUNG(m, 3 H), 7.0–7.2 ppm
(m, 4 H); 13C NMR (CDCl3, 150.92 MHz): d=7.9 (CH2), 14.3 (CH3), 18.7
(CH3), 22.9 (CH2), 24.0 (CH2), 27.0 (CH2), 31.8 (CH2), 43.3 (CH2), 44.1
(CH2), 47.8 (CH2), 58.8 (CH2), 115.7 (CH), 115.9(CH), 122.6 (CH), 125.0
(C), 126.9 (C), 127.6 (CH), 127.8 (CH), 133.9 (CH), 144.8 (C), 145.6 (C),
158.6 ppm (C=O); elemental analysis: calcd (%) for C29H45N3O4SSi
(559.84): C 62.22, H 8.10, N 7.51; found: C 61.60, H 7.98, N 7.20.

(10,10’-dihexyl-10 H,10H’-3,3’-biphenothiazine-7-yl)methyl-3-(triethoxysi-
lyl)propylurea (9): Yield: 65%. 1H NMR (CDCl3, 400 MHz): d=0.62 (t,
J =8.0 Hz, 2H), 0.86 (t, J =7.0 Hz, 6 H), 1.21 (t, J=7 Hz, 9H), 1.27–1.31
(m, 8 H), 1.40 (m, 4H), 1.61 (m, 2 H), 1.75 (m, 4H), 3.14 (m, 2H), 3.71–
3.90 (m, 10 H), 4.14 (m, 2H), 5.41 (br, 1H), 5.25 (br, 1H), 6.65 (d, J =6,
1H), 6.71 (d, J =6, 1H), 6.81 (m, 4 H), 7.01 (m, 2 H), 7.12 (m, 1H), 7.19–
7.27 ppm (m, 4H); 13C NMR (CDCl3, 150.92 MHz): d=7.6 (CH2), 14.0
(CH3), 18.3 (CH3), 22.6 (CH2), 23.6 (CH2), 26.6 (CH2), 26.7 (CH2), 31.5
(CH2), 42.9 (CH2), 43.5 (CH2), 47.5 (CH2), 58.4 (CH2), 114.3 (CH), 115.2
(CH), 115.3 (CH), 115.6 (CH), 116.4 (CH), 122.3 (CH), 124.4 (C), 125.0
(CH), 125.1 (CH), 126.5 (CH), 126.6 (CH), 127.2 (CH), 127.4 (CH),
129.5 (CH), 129.9 (C), 133.7 (C), 133.8 (C), 134.5 (C), 143.7 (C), 144.2
(C), 158.7 ppm (C=O); elemental analysis: calcd (%) for C47H64N4O4S2Si
(841.25): C 67.10, H 7.67, N 6.66; found: C 66.60, H 7.98, N 6.40.

General procedure for the synthesis of the hybrid materials: In a typical
synthetic procedure, an aqueous solution of CTAB was mixed with ethyl-
amine under stirring. Then a solution of the precursor 7, 8, or 9 in metha-
nol and an appropriate amount of TEOS were added dropwise. The com-
position of the mixture in molar ratio was 1.0:x :0.14:2.4:2.0:100 SiO2/pre-
cursor/CTAB/EtNH2/methanol/H2O (10-1: x= 0.025, 10-2 : x=0.049, 10-3 :
x= 0.075, 11-1: x= 0.022, M2-2 : x =0.037, 11-3 : x =0.052, 12-1: x =0.026,
M3-2 : x =0.036). The reaction mixture was stirred for a further 24 h at
RT before being heated to 100 8C for 24 h. The product was recovered by
filtration, washed thoroughly with distilled water until pH 7 was ach-
ieved. The colorless powdery material was dried in vacuum at 50 8C. The
surfactant (CTAB) was extracted by twofold stirring of the as-synthesized
hybrid material (1.0 g) in ethanol (80 mL) and an aqueous solution of
HCl (36 %, 1.0 mL) under reflux for 8 h. The resulting solid was then fil-
tered, washed with ethanol and CH2Cl2 and vacuum dried at 50 8C. Ele-
mental analyses: 10-1: C 11.68, H 2.05, N 1.37, corresponding to a loading
of 0.33 mmol g�1; 10-2 : C 16.53, H 2.83, N 2.26, corresponding to a load-
ing of 0.54 mmol g�1; 10-3 : C 20.33, H 2.81, N 3.25, corresponding to a
loading of 0.77 mmol g�1; 11-1: C 10.16, H 2.60, N 1.10, corresponding to
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a loading of 0.26 mmol g�1; 11-2 : C 17.79, H 3.23, N 1.68, corresponding
to a loading of 0.40 mmol g�1; 11-3 : C 19.81, H 3.59, N 2.25, correspond-
ing to a loading of 0.54 mmol g�1; 12-1: C 15.24, H 2.40, N 1.54, corre-
sponding to a loading of 0.28 mmol g�1; 12-2 : C 19.79, H 2.97, N 1.93, cor-
responding to a loading of 0.34 mmol g�1.

Generation of radical cations: In a typical process, the hybrid material
(0.10 g) was suspended in dry dichloromethane (5 mL). The solution was
stirred at RT and a molar excess of NOBF4 or SbCl5 was added. The
color of the samples immediately changed. The solids were filtered off,
extracted with dichloromethane, and dried under vacuum.
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