
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



Journal Name RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013  J. Name., 2013, 00, 1‐3 | 1 

ite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Synthesis and optical properties of covalently bound 
Nile Red in mesoporous silica hybrids -  
Comparison of dye distribution of materials prepared 
by facile grafting and by co-condensation routes. 

Markus Börgardts,a Kathrin Verlinden,b Manuel Neidhardt,c Tobias Wöhrle,c 
Annika Herbst,b Sabine Laschat,c Christoph Janiak,b and Thomas J. J. Müller*,a  

The fluorescence dye Nile Red (NR) can be covalently ligated to hexagonally ordered, 
mesoporous silica materials (MCM-41) via co-condensation and post grafting routes in order to 
investigate possible differences in the dye distributions. The obtained hybrid materials display 
emission properties similar to free NR but in contrast to free dye molecules even aqueous gels 
are luminescent, rendering these materials particularly interesting for biolabeling applications. 
All materials were structurally characterized by nitrogen sorption measurements, small angle 
X-ray scattering (SAXS), and transmission electron microscopy (TEM). Their optical 
properties were characterized by UV/Vis and fluorescence spectroscopy. 
 

Introduction 

After the discovery of pure inorganic mesoporous silica 
materials in 1992, research on mesoporous composite materials 
modified by organic molecules quickly evolved.1-3 By chemical 
and physical manipulation of their pore systems, the properties 
of rigid silica and various functional molecules can be 
combined and lead to unique features of the hybrid materials in 
comparison to the individual components. As a consequence 
these novel composite materials open novel applications in 
various topical fields of research, such as catalysis,4 optical 
sensing,5,6 solid state lasers,7 and drug delivery.8-10 For sensing 
applications mesoporous silica hybrids are particularly 
advantageous due to their pore structure (e.g. MCM-41) 
enabling facile mass transport at high rates, which is essential 
for quick response times to environmental changes. 
Furthermore, the shape and size of silica particles can be 
controlled by varying the synthetic conditions, thus rendering 
them also favorable for medicinal applications, such as drug 
delivery or biolabeling.11 Special sensitivity can be additionally 
introduced by modification of the silica surface with 
biochemical functionalities, such as antibodies.9 

The simplest route of doping organic dyes into sol-gel matrices 
is the adsorption and entrapping of the chromophores during 
their synthesis. However, plain adsorption inevitably causes 
leakage and migration of the dyes, although this problem can be 
circumvented by covalent ligation of the dye to free silanol 
groups in the silica framework. In this manner, a dye containing 
a reactive functionality can be grafted onto the silanol groups of 
the silica matrix in the sense of a postsynthetic 
functionalization. Alternatively and quite elegantly in a highly 
convergent fashion, a dye with pending trialkoxysilyl 
functionality can be covalently anchored in the mesoporous 

structure in statu nascendi (co-condensation).12 Yet, the 
determination of the homogeneity of the dye distribution, 
especially at low dye loading proved to be difficult and only 
little research has been dedicated to the comparison of dye 
distribution of hybrid materials synthesized by post grafting 
methods and one-pot synthesis. Especially there is barely any 
comparison between the two most feasible synthesis methods of 
hybrid materials with similar structural properties, i.e. grafting 
onto commercially available mesoporous silica and co-
condensation.13,14,15 

Taking advantage of the inherent chemical, thermal and 
dimensional stability of silica hybrid materials various 
fluorescent dyes have already been incorporated into 
mesoporous silica by adsorption or covalent ligation, thus 
enhancing the photostability of the organic components.16,17 
Most advantageously a co-condensation strategy could give rise 
to a homogenous distribution, thereby avoiding aggregation-
induced self-quenching of the dye molecules.18,19 

A typical fluorescence dye displaying emission self-quenching 
in the solid state is Nile Red (NR). NR possesses high 
fluorescence quantum yields in lipids and unpolar solvents and 
is widely used in biological applications as a lipophilic stain or 
a laser dye.20-22 Moreover, the pronounced emission 
solvatochromicity allows its use as polarity sensor in cellular 
environments.23,24 Unfortunately, NR´s water insolubility 
restricts its application to lipids and highly hydrophobic micro-
environments. But still since NR´s fluorescence does not 
interfere with the cellular autofluorescence (typically below 
550 nm), NR could be an ideal probe for biolabeling and thus 
recent work is dedicated to water-soluble, but still luminescent 
NR derivatives.25-27 As a consequence a new class of 
luminescent stains for intracellular imaging could evolve. 
Upon incorporation of NR into mesoporous silica, aggregation-
induced self-quenching in aqueous media should be supressed, 

Page 1 of 15 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



AR

2 | 

lea
app
bio
sur
Fin
the
sol
dye
hos
ens
as f
be 
dye
He
by 
gra
con
wit
syn
stru
are
 
Re

Et2N

4

Sch
 
Du
of p
sur
reta
Ho
dis
ele
pre
In 
in 
(TE
are
que
hig
is 
ma
an 
com
fun
ine
dop
 

RTICLE 

J.  Name., 2012

ding to hyb
plications.28,29 
omolecules by
rface of silica p
nally, these NR
e solid sol stat
id state dye l
e are concaten
st structure, 
suring easier h
fibres.7,30 Mor
employed in s

es.31 
re we report th
the two most

afting of com
ndensation. M
th respect to 
nthesis route a
uctural and op
e thoroughly st

esults and di

N3 S

OHN

1

+

heme 1. Synth

uring the posts
precursor 5 rea
rfaces in the p
aining the in

owever, the m
tribution of t
vated substr

eferential funct
contrast, a ho
situ co-cond

EOS), the prec
e present in th
enching of the
gher concentra
indispensable

aterials at high
issue. Howev

mponents of 
nctionalization
evitably causin
ping levels. 

2, 00, 1‐3 

brid materials
In addition, t

y decorative 
particles.9 

R-silica hybri
te. Potential a
lasers where t
nated with th
concomitantly

handling with 
reover, solid-st
security techn

he synthesis o
t feasible syn

mmercial avail
Materials prepa

homogeneity 
and dye loadin
ptical propertie
tudied and disc

iscussion 

Si(OEt)3

DMF, 4

0-5 °C, 4 h

NaNO2
HCl, H2O

CuSO4 · 5 
sodium asco

hesis of the trie

synthetic graft
acts with the f
pores. The ma
nitial pore st
major drawbac
the organic m
ate concentr
tionalization a

omogenous dis
densation app
cursor dye mo
he same pot. 
e emission of 
ations a homog
. Furthermore
er degrees of l
ver, since the
the silica m

n might cause 
ng a total colla

s suitable fo
these hybrids 

functionaliza

ds should be 
applications ca
the luminescen
he inherent sta
y avoiding t
potentially ad

tate fluorescen
nology as near

of NR-function
nthetic method
lable MCM-4
ared by both r
as well as th

ng of the hybri
es of these nov
cussed. 

40 °C, 13 h

O
N

Et2N OH

2 (81 %)

H2O (20 mol%)
orbate (50 mol%)

ethoxysilyl fun

ting, the trieth
free silanol gro
ajor advantage
tructure of th
ck is the pot
molecules and
rations as a
at the pore ope
stribution can 
proach where
olecule, and th
Especially in
fluorophores 

geneous distri
e, it is still 
loading since p
e dye molecu

material, an in
a decrease in

apse of the stru

or biotechnolo
could be ligat

ation of the 

still luminesc
an be envision
nt properties o
ability of the 
toxic solvents
djustable shape
nt NR hybrids 
-infrared solid

nalized hybrid 
ds i.e. postsyn
41 and in sit
routes were st
he effect of ap
id. Furthermor
vel hybrid mat

O

N

Et2N

HO

OH

DMF, , 
4 h

nctionalized N

hoxysilane term
oups exposed o
e of this strate
he silica ma
tential non-un
d pore cloggi
a consequenc
nings. 
be achieved b

e tetraethoxy
he templating 
n cases where

can be expec
ibution and di
possible to o
pore clogging 
ules are imm
ncrease in or

mesoporous 
uctural order a

ogical 
ated to 

outer 

ent in 
ned in 
of the 
silica 

s and 
e, e.g. 
could 

d state 

d silica 
nthetic 
tu co-
tudied 
pplied 
re, the 
terials 

Synth

For t
chain
Starti
the 
deriv
(Sche
trans
by C
alkyn
termi
trieth
The 
posts
MCM
and N
cond
struc
hybri
more

O

N

O

O

N

N

O

N

Et2N

3 (66 %

5 (45 %)

NR precursor 5

minus 
on the 
egy is 

aterial. 
niform 
ing at 
ce of 

by the 
ysilane 

agent 
e self-
cted at 
ilution 
obtain 
is not 

mediate 
rganic 
order, 

at high 

Sche
hybri

Struc

Nitro

T

hesis 

the covalent l
n with a termin
ing from 3-di
nitroso deriv

vative 3 was o
eme 1).32 By W
formed into th

CuAAC (Cu-
ne 4 with (
inal triethoxy
hoxysilyl funct

NR silica h
synthetic fun
M-41 with the 
NR silica hybr
ensation upon
ture (in situ s
id materials, 
e dye could be 

Br

DMF

N

Si(OEt)3

O

OH

%)

K

5.  

eme 2. Synthes
id materials w

ctural characte

ogen sorption i

This journal is © 

igation of NR
nal triethoxysi
iethylaminoph
vative 2, the
obtained accor
Williamson et
he propargyl e
catalyzed alk
(3-azidopropyl
ysilyl group w
tionalized NR 
hybrid materi
ctionalization 
precursor mol
rid materials 7

n simultaneous
synthesis). To 
soxhlet extrac
detected in th

Et2N
, 80 °C, 16 h

K2CO3

sis of grafted (
ith different dy

erization 

sotherms 

The Royal Socie

R to the silica
ilyl group had

henol (1), via 
e 2-hydroxy 
rding to a lite
ther synthesis 
ether 4 in 24 

kyne-azide cy
l)triethoxysila
was introduce
precursor 5 in
ials 6 were 

of comme
lecule 5 (posts
7 were prepar
s formation o
exclude dye 

ction was pe
he supernatant.

O

N

O

4 (24 %)

(6a-i) and co-
ye loadings. 

Journal Na

ty of Chemistry 2

a materials a 
 to be introduc
the formation
substituted

erature proced
the phenol 3
% yield. Fina

ycloaddition)33

ane the requ
ed34 to give 
n 45 % yield. 

synthesized 
rcially availa

synthetic grafti
red via in situ 
f the mesopor
leakage from 
rformed until
  

O

O

)

 

condensed (7a

ame 

2012 

side 
ced. 
n of 
NR 

dure 
was 
ally, 
 of 

uired 
the 

via 
able 
ing) 
co-

rous 
the 

l no 

 
a-h) 

Page 2 of 15RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Jou

This

An
wh
iso
ma
rela
cap
and
exh
= 0
inte
for
pro
H1
step
uni

Fig
con
and
 
A f
(6)
are
can
co-
41 
hyb
vol
dis
con
ins
Bu
mo
of 
alc
of 
pre
in 
mic
ran
sur
sur
wit
dif
0.6
sur

urnal Name 

s journal is © Th

nalysis of the h
hich are of ty
therms repres

aterials posses
ative pressure
pillary conden
d 0.40 (Figure
hibits a H4 hy
0.45 to 1) wh
ernal voids of 
r the co-cond
onounced hyst
 hysteresis lo
p which can b
iformity.38,39 

gure 1. N2-s
ndensed (7h) h
d S2 in ESI† fo

further distinc
 materials can

eas of ~1000 a
n be rationaliz
-condensed ma

material. W
brids 7fh ex
lumes than th
order, as can 
ndensation ste
ide the pores 
t it is more l

odified synthes
MCM mater

ohols.40-42 Thu
methanol wa

ecursor molecu
the surface a

cromolar rang
nge between 74
rface area of 
rface area dete
th their error m
ffer much from
6-23 µmolg-1 d
rface area and 

e Royal Society o

hybrid materia
ype IV in th
sent the part
ssing adsorpt
es followed b
sation in the p

e 1 and Fig. S
steresis loop in
hich can be a
irregular shap

densed and gr
eresis loop. In
op in the regi
be rationalized

orption isoth
hybrid materia
for isotherms o

ction between 
n be made by
and ~800 m²g-

zed by the mod
aterial relative

Within the ser
xhibit slightly
he other samp

be seen in the
ep. This could
as this would 
likely that thi
sis conditions 
rials can be 
us, as in the sy
as applied d
ule, it is very 
area rather th
e. For the graf
48 and 878 m2

806 m2g-1. As
ermination can
margins. So fun
m neat silica, 
does not lead 
pore volume. 

of Chemistry 201

als by N2 sorpt
he IUPAC cl
ticular situatio
tion inside m

by multilayer 
pressure region
S1, S2 in ESI†
n the higher p

attributed to s
pe.35-37 This be
rafted materia
n addition, the
ion of the cap
d with a high 

erms of a g
al and pure MC
of 6a-h and 7a

the co-conden
y means of th
-1, respectively
dified synthes
e to the synth
ries of co-co
y lower surfa
ples, as well a
e hysteresis lo

d be due to a 
cause a decre

is decrease is
as it is know
controlled b

ynthesis of 7f
due to solubi
likely that thi

han a higher 
fted hybrids 6a
2g-1, whereas n
s the experim
n be ±50 m2g-1

nctionalized m
indicating tha
to a significa

 

12 

tion gives isoth
lassification. 
on of mesop
micropores at
adsorption an

n p/p0 between
†).35 Pure MC
ressure region

slit-shaped por
havior is also 

als but with a
se materials sh

pillary conden
degree of por

grafted (6i), 
CM-41. See F
-g.  

nsed (7) and g
heir specific su
y. These differ
sis conditions 
esis of pure M

ondensed mate
ace areas and
as higher stru
oop of the cap
higher dye co

ease in surface
s dependent o

wn that the stru
by the additio
h a higher am
ility issues o
s caused a dec
dye content i
a-i the surface
neat MCM-41

mental error in
1 the values ov

materials 6a-i d
at dye doping
ant variation o

herms 
These 

porous 
t low 
nd by 
n 0.25 

CM-41 
n (p/p0 
res or 
found 
a less 
how a 

nsation 
re-size 

 
a co-

Fig. S1 

grafted 
urface 
rences 
of the 

MCM-
erials, 

d pore 
uctural 
pillary 
ontent 
e area. 
on the 
ucture 
on of 
mount 
of the 
crease 
in the 
e areas 
 has a 

n BET 
verlap 
do not 
g with 
of the 

 T
obtai
S3 an
and r
for M
Note
1.5 n
espec
of th
chang
sligh
 
Tabl
grafte

samp

nea
MCM

6a
6b
6c
6d
6e
6f
6g
6h
6i

 

Figu
cond
 
 T
size 
mater
by th
sorpt
no di
case
incor

Smal

In or
mater
scatte

The pore size 
ined by DFT c
nd S4 in ESI†
relatively narr
MCM-41 and
worthy, the v

nm and of por
cially 7 compa
e volume frac
ge is attribute
tly modified p

le 1. Pore vo
ed (6) and co-

Graft

ple 
pore 

volume
[cm³g-1]

at 
M-41 

0.77 

a 0.66 
b 0.69 
c 0.65 
d 0.71 
e 0.64 
f 0.63 
g 0.69 
h 0.66 
i 0.66 

re 2. Pore siz
ensed hybrid (

These results im
distribution is
rial or rather i

he loading wit
tion isotherms 
istinct change 
for organic mo

rporated in the

ll angle X-ray s

rder to gain de
rials the sam
ering (SAXS)

distributions 
calculations fro
). These calcu

row around di
d its co-con

volume fractio
res larger than
ared to neat M
ction for low a
d to the dye e

pores. 

olume and su
condensed (7)
ed 

 

BET 
surface 

area 
[m²g-1] 

806 

808 
868 
748 
878 
781 
750 
851 
821 
852 

ze distribution 
(7h) and pure M

mply that the s
s an inherent 
ts synthesis co
h varying amo
and their cap
or shift at hig

olecules at con
MCM-41 typ

scattering (SAX

eeper insight i
mples were st

(Table 2, Figu

J. Name

of the hybri
rom the N2 iso
ulated distribu
iameters of ca
ndensed and 
on of the sma
n 3 nm has de

MCM-41. As th
and high load
extraction con

urface area of
) hybrids. 

Co

sample 
 

v
[c

  

7a 
7b 
7c 
7d 
7e 
7f 
7g 
7h 

  

n of a grafted 
MCM-41. 

surface area a
feature of the

onditions. The
ounts of dye. 

pillary conden
gher loadings 
ncentrations up

pe material.43  

XS) 

into the struct
tudied by sm

gure 3). The po

ARTI

., 2012, 00, 1‐3

d materials w
otherms (Figur
utions are bimo
a. 1.5 and 2.8 

grafted hybr
ller pores aro
ecreased in 6

here is no decre
ded materials, 
ditions leading

f pure MCM

o-condensed 

pore 
volume 
cm³g-1] 

BE
surf

are
[m²g

 

0.93 104
0.95 106
0.93 104
0.94 106
0.97 107
0.81 99
0.77 99
0.74 94

 

hybrid (6i), a 

s well as the p
e employed si
ey are not affec

The shape of 
sation steps sh
of dye as was
p to 0.77 mmo

ture of the hyb
mall angle X
ost-grafted hyb

ICLE 

3 | 3 

were 
re 2, 
odal 
nm 

rids. 
ound 

and 
ease 
this 
g to 

-41, 

ET 
face 
ea 
g-1] 

42 
60 
44 
61 
75 

95 
95 
44 

 
co-

pore 
ilica 
cted 
f the 
how 
s the 
olg-1 

brid 
-ray 
brid 

Page 3 of 15 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



AR

4 | 

ma
(11
rela
ord
sym
obs
pos
pla
the
ana
latt
con
 
Ta
co-

sa

a Lo

Fig
 
In 
dif
obs
ran
ran
refl
hex
sum
con
for
con
 

Tra

In 
ma

RTICLE 

J.  Name., 2012

aterials 6a-i ex
10), (200) and
ation of 1:√3
dered hexagon
mmetry.38,44 T
served in com
st-grafted hybr
anes around 4.
e co-condense
alysis, the co-c
tice planes a
nditions. 

ble 2. Lattice 
-condensed (7)

Gra
ample b(5)a 

[mol·
g-1] 

6a 0.6 
6b 1.5 
6c 2.9 
6d 5.9 
6e 8.8 
6f 12 
6g 12 
6h 18 
6i 23 

oading of hybrid

gure 3. SAXS 

a detailed in
fferently dye lo
served. All co
nge from 3.88 
nging from 4.4
flection intens
xagonal structu
mmary it c
ncentrations in
rmation of the 
nditions remai

ansmission ele

contrast to the
aterials where 

2, 00, 1‐3 

xhibit 4 reflec
d (210) planes
:√4:√7 which

nal mesostruct
Thus, no chan
mparison to n
rids as well as
0 nm which i

ed hybrid mat
condensed ma
as a conseque

parameters an
) hybrid mater
fted 

· 
a 

[nm] 
d10

[nm

4.71 4.0
4.61 4.0
4.60 3.9
4.62 4.0
4.63 4.0
4.64 4.0
4.71 4.0
4.62 4.0
4.63 4.0

d with 5 

pattern of 6h 

nvestigation o
oaded material

o-condensed m
to 4.03 nm co

47 to 4.65 nm
ity is observe
ure is not influ
an be conc
n a micromola

mesoporous 
n constant. 

ctron microsco

e gas sorption 
a hexagonal 

tions correspo
, whose 1/d v

h is typical fo
tured material

nge in the me
neat MCM-41
s the neat MCM
s almost unch
terials. Like i
terials 7g-h sh
ence of the 

nd lattice plane
rials. 

C
00 
m] 

sample 

08 7a 
00 7b 
98 7c 
00 7d 
01 7e 
02 7f 
08 7g 
00 7h 
01  

and 7h.   

f the lattice 
ls, no significa

materials posse
orresponding t

m. In addition, 
ed which also
uenced by the
cluded that 
ar range do no
structure as lo

opy (TEM) 

and SAXS an
ordering of th

onding to the (
values match w
or two-dimen
l possessing P
esostructure c
1. Furthermore
M-41 exhibit l

hanged compar
in the gas sor
how slightly sm

adjusted syn

es of grafted (6

Co-condensed
b(5)a 

[mol· 
g-1] 

a 
[nm]

0.04 4.65
0.2 4.63
0.4 4.64
0.9 4.64
1.9 4.64
7.4 4.48
10 4.47
15 4.51
  

parameters fo
ant deviation c
ess d100 spacin
o lattice param
no decrease o

o suggests tha
e addition of d

the applied 
ot interfere wi
ong as the syn

nalysis of the h
he silica is de

(100), 
with a 

nsional 
P6mm 
an be 
e, the 
lattice 

ared to 
rption 
maller 
nthesis 

6) and 

 
d100 

[nm] 

4.03
4.01
4.02
4.02
4.02
3.88
3.88
3.91

 

 

or the 
can be 

ng in a 
meters 
of the 
at the 

dye. In 
dye 

ith the 
nthesis 

hybrid 
duced 

from 
trans
for th
show
the p
chann
the p
The q
comm
of inc
mater
isoth
struc
confi
the a
micro

Figu
(b) T
well 
TEM

Excit

Deter

As a
hybri
UV/V
effec
hybri
dye 
UV/V
extin
be de
is no
coeff
envir
and t
was

T

the exper
mission electr
he structural o

wn in Figure 4
pores as wel
nels is eviden

pores and perp
quality of the 
mercial MCM
corporated dy
rial, as indi
erms, can be
tural analysis 
irm the assume
absence of an
omolar range)

re 4. (a) TEM
TEM image of 

as (c) TEM im
M image of 6i p

tation and emi

rmination of d

a consequence
id synthesis to
Vis spectrosco
tive dye con
id materials in
in the hybrid

Vis spectra 
nction coefficie
etermined. Ho
o reference 
ficient had to b
ronment of the
the molar exti
determined. A

This journal is © 

rimental data
ron microscop
ordering as a d
, the hexagona
ll as the two

nt when the sa
pendicular to t

obtained silic
-41 and show 
e. The assump
cated by the
 confirmed in
are mutually 

ed hexagonal m
influence of 

on the structu

M image of 7h a
f 7h perpendic
mage of 6i alon
perpendicular t

ssion propertie

ye incorporati

e of low amo
o avoid self-qu
opy proved use
ncentration. T
n DMSO were 
d materials ha
via the Lam

ent for the silic
wever, this ca
substance an
be estimated. F
e dye inside the
inction coeffic
Although it ca

The Royal Socie

a, the cha
py (TEM) give
direct image o
al, honeycomb
o-dimensional
ample is viewe
the pore chann
ca structures a

w no dependen
ption of voids 
e hysteresis 
in the TEM i
consistent wit
mesoporous o

f the dye inco
ural ordering. 

along the chan
cular to the ch
ng the channel
to the channel 

es 

ion 

ounts of dye 
uenching of f
eful for the det
Therefore, sus

analyzed. But
ad to be calc
mbert-Beer's 
ca matrix-emb

annot be done 
nd thus the 
For a reasonab

he hybrid mate
cient of the pr
annot complet

Journal Na

ty of Chemistry 2

racterization 
es direct evide
of the sample.
b-like ordering

organization
ed in direction
nels, respectiv
are comparabl
ce on the amo
inside the hyb
in the sorp

images. Thus
th each other 
rdering as wel

orporation (in 

nnel direction 
annel direction
l direction and
direction.   

employed in
fluorescence, o
termination of
spensions of 
t as the loadin
culated from 
law, the m

bedded dye ha
precisely as th
molar extinc
ble estimation
rial was mode
recursor molec
tely be ruled 

ame 

2012 

by 
ence 
. As 
g of 

n of 
n of 

vely. 
e to 
ount 
brid 
tion 
 all 
and 
ll as 
the 

 
and 
n as 

d (d) 

the 
only 
f the 

the 
g of 
the 

molar 
ad to 
here 
tion 

n the 
elled 
cule 
out 

Page 4 of 15RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Jou

This

tha
the
DM
spe
to 
DM
em
abs
the
con
hig
Tab
The
effe
the
hal
obt
onl
Alt
be 
sou
pro
As 
suf
equ

Fig
ma
= 0
0.9
 
Ta
(6)

 

6a 
6b 
6c 
6d 
6e 
6f 
6g 
6h 
6i 

Flu

urnal Name 

s journal is © Th

at these calcula
e molar extin
MSO should 
ectrum of the 
the absorption

MSO. This sug
mbedded dye i

sorption would
e environment 
ncentrations v
gher accuracy 
ble 3). 
e incorporatio

fectively by gr
e regression lin
lf of the appl
tained by gra
ly one third of 
though a lowe
expected due

urce a higher d
oven.  

a consequenc
fficient for th
uivalent loaded

gure 5. Applie
aterials 6 and 7
0.585 x, R² =
948).   

ble 3. Applie
 and co-conde

Grafte

applied 
conc. of 5 
[mol·g-1] 

1.0 
2.5 
5.0 
10 
15 
20 
20 
30 
40 

uorescence qua

e Royal Society o

ations are erro
nction coeffici

give reasona
free precursor
n spectra of th
ggests that the 
is comparable
d be significan
polarity. The 

vs applied co
by recalculati

on of dye into 
rafting than by
nes indicate an
lied dye conc
fting, wherea

f the applied co
er concentratio
e to calcinatio
degree of inco

ce the lower a
he grafted ma
d co-condense

ed vs determi
7 (linear regres
 0.969; and c

d and calcula
ensed (7) hybri
ed 

calculated 
conc. of 5 
[mol·g-1] 

0.6 
1.5 
2.9 
5.9 
8.8 
12 
12 
18 
23 

antum yields 

of Chemistry 201

or-prone due t
ient, the dete

able estimate 
r molecule is e
he hybrid mat
environment 

e to pure DM
ntly shifted ca
regression ana

oncentrations 
ing the concen

the silica mate
y co-condensa
n incorporatio

centration in t
s for the co-c
oncentration is
on of reactive
on of the com
orporation of d

applied dye c
aterials, in co
ed hybrids.  

ned concentra
ssion analysis 

co-condensed: 

ted concentrat
id materials. 

Co

 
appl

conc. 
[mol

7a 0.
7b 0.5
7c 1.0
7d 2.5
7e 5.0
7f 20
7g 30
7h 40

  

12 

to the estimati
ermination of 

as the absor
essentially ide
terials suspend
of the silica m

MSO. Otherwis
aused by chang
alysis of determ
served for ga
ntrations (Figu

erial proceeds
ation. The slop
on of approxim
the hybrid ma
condensed ma
s incorporated
 silanol group
mmercial MC
dye by graftin

oncentration i
omparison wit

ations of the h
gives for graf
y = 0.371 x,

tions of the g

o-condensed 

ied 
of 5 

l·g-1] 

calcu
conc.
[mo

1 0.0
5 0.
0 0.
5 0.
0 1.
0 7.
0 1
0 15

ion of 
f  in 
rption 

entical 
ded in 

matrix-
se the 
ges of 
mined 
aining 
ure 5, 

s more 
pes of 
mately 
aterial 
aterial 
.  
ps can 
CM-41 
ng was 

is still 
th the 

 
hybrid 
fted: y 
, R² = 

grafted 

ulated 
. of 5 

ol·g-1] 
04 
.2 
.4 
.9 
.9 
.4 
1 
5 

The 
cond
deter
quan
conce
mater
depen
Thes
dopin
dye c
up to
yield
mater
the q
the n
to a 
the fl
repor
Altho
loadi
co-co
mater
of 7 
mater
this b
(pKa

there

Figu
hybri
 
Tabl
(7) hy

 

6a 
6b 
6c 
6d 
6e 
6f 
6g 
6h 
6i 
 

total fluoresc
ensed (7) h

rmined using 
tum yields in
entration are s
rials, co-cond
ndence of the 
e materials d
ng levels, such
concentration 
o a maximum
ds of 18 and 
rial, respectiv

quantum yields
nanomolar dye
completely qu

fluorescence qu
rted for free N
ough a similar
ing can be ob
ondensed mate
rial 6. Moreov
% even at hig
rials are nearly
behavior coul
≈ 7.1),45 wh

by cause fluor

re 6. Quantum
ids.   

le 4. Quantum
ybrid material

Grafted

calculated 
conc. of 5 
[mol·g-1] 

0.6 
1.5 
2.9 
5.9 
8.8 
12 
12 
18 
23 

cence of nin
ybrid materi
an integrating

n dependence 
shown in Figur
densed as wel
quantum yield

display fluores
h as in the nan
a steep increa

m concentration
23 % for t

ely, were dete
s decrease even
 doping levels

uenched fluore
uenching of N
R in the solid 

r dependence o
served, the m
erial 7 is abou
ver, the grafted
gh concentratio
y quenched (2
d be the weak

hich can proto
rescence quenc

m yields of gr

m yields of the
s. 

quantum 
yield 

14 
23 
20 
20 
17 
12 
11 
8.6 
6.7 

J. Name

ne grafted (6
ials in the 
g sphere (Ulb

on the matri
ure 6 and Table
ll as grafted, 
d on the conce
scence even 
nomolar range
ase in quantum
n around 2 
the co-conden
ermined. At hi
en below the q
s. This asymp
escence very l
NR at higher c
state. 

of the quantum
maximum quan
ut 4 % less tha
d hybrids reach
ons, whereas 

2 %). A possib
k acidity of th
onate the NR
ching. 

rafted (6) and 

e grafted (6) a

Co-c

 
calcula
conc. 
[mol

7a 0.04
7b 0.2
7c 0.4
7d 0.9
7e 1.9
7f 7.4
7g 11
7h 15

  

ARTI

., 2012, 00, 1‐3

6) and eight
solid state 

bricht setup). 
ix-embedded 
e 4. Both type

reveal a sim
ntration. 
at very low 

e. With increas
m yield is detec
molg-1. Quan
nsed and gra
igher dye load
uantum yields
totic converge
likely arises fr
concentrations

m yield on the 
ntum yield of 
an for the gra
h a quantum y
the co-conden
le explanation
he silanol gro

R molecules, 

co-condensed

and co-conden

condensed 

ated 
of 5 
·g-1] 

quant
yiel

4 8.0
2 15
4 15
9 16
9 18
4 5.9
 3.0

5 2.1

ICLE 

3 | 5 

co-
was 
The 
dye 

es of 
milar 

dye 
sing 
cted 

ntum 
afted 
ding 
s for 
ence 
from 
s, as 

dye 
f the 
afted 
yield 
nsed 
n for 
oups 
and 

 
d (7) 

nsed 

tum 
ld 

0 
5 
5 
6 
8 
9 
0 
1 

Page 5 of 15 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



AR

6 | 

If t
ass
fluo
effe
pre
cas
exp
NR
 

Sol

The
der
to 
em
me
pre
rela
Up
sili
sol
Ho
edg
sol
abs
sus
det
pre
exc
out
pro
em
wa
em

Fig
sub

RTICLE 

J.  Name., 2012

the functional
sumed to tak
orophore mole

fective concen
edominantly o
se 6. Thus, the
perience a high
R luminophore

lvatochromism

e solvatochrom
rivative 3 are 
give the prec

mission maxim
easurement in
ecursor molec
ative to the 2-h

pon incorporat
ica materials 
vatochromic 

owever, it was
ge excitation s
vents.47-50 Th
sorption spectr
spension, exc
termination o
evious discus
citation spectr
t that the me
one. However,

mission spectra 
velength part 

mission spectra 

gure 7. Exci
bstituted NR (3

2, 00, 1‐3 

lization of the
ke place prefe
ecules will fa
ntration of si
utside bound 

e dye molecule
her degree of 

e compared to 

m 

mic properties
not significan

cursor molecu
ma remain alm
n diethyl eth
cule 5 are sl
hydroxy subst
tion of the N

(as studied 
behavior is 

s found that t
shift (REES) k
hus, since it
ra in the solid
citation spec

of the absorp
sion it was 

ra for the inne
easured spectr
, these system
were always r
of the excitat
could be obse

itation and e
3) and precurs

e co-condense
ferentially insi
ce an environ
ilanol groups 
dyes as expec

es in co-conde
protonation an
the grafted hy

s of the 2-hydr
ntly affected b
ule 5. The ex
most unchang
her where th
lightly hypsoc
ituted NR 3 (F

NR derivative 
for hybrid 
mostly reta

he hybrid ma
known from po
t was not p
d state and, ex
ctra were r
ption maxima

not possible
er filter effect.
roscopic data 

matic errors be
recorded at ex
tion spectra w
erved (vide inf

emission max
sor molecule 5

d hybrids 7 c
ide the pores

nment with a h
in comparis

cted for the g
ensed hybrids 
nd quenching 
brids 6.46 

roxy-substitute
by functionaliz
xcitation as w
ged, except fo
e maxima o
chromically s
Figure 7). 
5 into mesop
material 7e

ained (Figure
aterials show a
olar dyes in vi
possible to o
xcept for DMS
recorded for

a. But due to
e to correct 
. It cannot be 
are slightly 

ecome negligib
xcitation in the
here no shift 

fra Figure 16).

xima of 2-hy
.  

can be 
s, the 
higher 
on to 

grafted 
7 will 
of the 

ed NR 
zation 

well as 
or the 
of the 
shifted 

porous 
e) the 
e 8). 
a red-
iscous 
obtain 
SO, in 
r the 
o the 
these 
ruled 
error-
ble as 

e short 
of the 
 

 
ydroxy 

Figu
  
Upon
prope
emiss
shifte
Most
emiss
the p
shifts
abou
expla
pores
the so
suppo
solid 
Only
ester 
and t
shift 
for th
solid 
leadin
is tru
esters

Figu
(grey
mater

T

re 8. Solvatoc

n changing th
erties are als
sion maxima 
ed in comparis
t strikingly, b
sion and excit

precursor mole
s by 4000 cm-

t 2000 cm-1

ained by the d
s, which is on
olvent polarity
orted by the em
state as indic

y the emission 
causes a hyp

the suspension
relative to the

he hybrid mat
state can be 

ng to a better 
ue for hydrogen
s which induce

re 9. Emissio
y line at 643 
rial in the soli

This journal is © 

hromism of 7e

e environmen
so influenced
of hybrid ma

son to precurso
oth spectra re
ation maxima 

ecule 5. Where
1 from hexane
for the hybr

dominance of 
ly affected to 

y in the pores. 
mission maxim

cated by the gr
of hybrid ma

psochromic sh
n in water lead
e emission of 
erial in water 
rationalized by
stabilization o
n-bond accept
e a blue shift o

on maxima of 
nm represent

d state).   

The Royal Socie

e.   

nt of the dye 
d. The excita
aterial 7e are 
or 5 (Figures 9
eveal a much 
for the hybrid

eas the emissi
e to water, the 
rid material 

f the siloxy en
a minor exten
This assumpti

ma of the hybr
rey line at 643
aterial 7e susp
hift of the em
ds to a signific
f 7e in solid s
r relative to th
by extensive hy
of the excited 
ting solvents, s
of the emission

f 5 and 7e in 
nts the emissio

Journal Na

ty of Chemistry 2

the spectrosco
ation as well
bathochromic

9 and 10). 
smaller range

d material than
ion of precurso
shift decrease
7e. This can

nvironment in 
nd upon chang
ion is addition
rid material in
3 nm in Figur

pended in ethe
mission maxim
cant bathochro
state. The reds
he emission in 
ydrogen bond
state. The rev
such as ethers 
n. 

 
different solv
on of the hyb

ame 

2012 

 

opic 
l as 
cally 

e of 
n for 
or 5 
es to 
n be 

the 
ging 
nally 
n the 
re 9. 
er or 
mum 
omic 
shift 
 the 

ding, 
erse 
and 

ents 
brid 

Page 6 of 15RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Jou

This

Fig
(gr
ma
 
The
stro
the
dev
acc
Fur
pre
me
the
the
also
pre

Fig
mo
 
Som
the
alth
sig
pre
(ṽ 
exc
cm
can
ma
the

urnal Name 

s journal is © Th

gure 10. Excit
rey line at 58
aterial in the so

e effect of the 
ongly pronoun
e electronic gro
viations due t
count. 
rthermore, the
ecursor 5 an
easurements in
e environment 
e environment 
o reflected in

ecursor molecu

gure 11. Dif
olecule 5 and h

me solvents h
e hybrid mate
hough their 
nificantly. A s

ecursor 5 (ṽ
 = 1600 cm-1

citation of hy
m-1 in comparis
n be concluded
atrix significan
e influence of

e Royal Society o

tation maxima
0 nm represe

olid state).   

solvent polari
nced, possibly
ound state to p
to an inner fil

e excitation a
nd hybrid ma
n methanol, DM

created by th
t of the dye in
n the differen
ule 5 and the h

fference betw
hybrid materia

hardly show a
erial 7e comp

excitation 
striking examp
ṽ = 1600 c
) in hexane

ybrid 7e is sh
son to compou
d that the inco
ntly changes 
f the solvent 

of Chemistry 201

a of 5 and 7e 
ents the excita

ity on the exci
y due to the l
polarity chang
lter effect hav

as well as em
aterial 7e do
MSO and wate
he silica matri
n the respecti

nces in the S
hybrid material

ween Stokes s
l 7e.   

any change in 
pared to prec
and emissio

ple is the iden
cm-1) and hy
e, although 
hifted bathoch
und 5 (Figures
orporation of t
the spectrosco
polarity on 

12 

in various so
ation of the h

itation spectra 
lower sensitiv
ges. However, 
ve to be taken

mission spect
o not chang
er. In all three 
ix is comparab
ive solvent. T
tokes shifts o
l 7e (Figure 11

shifts of prec

the Stokes sh
cursor molecu
on maxima 

ntical Stokes sh
ybrid materia
the emission

hromically by 
s 9 and 10). Th
the dye into a 
opic propertie
these propert

lvents 
hybrid 

is not 
vity of 

slight 
n into 

tra of 
ge for 
 cases 

able to 
This is 
of the 
1). 

 
cursor 

hift of 
ule 5, 

vary 
hift of 
al 7e 

n and 
3100  

hus, it 
silica 

es but 
ties is 

comp
mater
Comp
hybri
maxi
consi
maxi
batho
accom
hybri
579 
conco
incre
spect
wher
(co-c
attrib
attenu
redsh
The 
cm-1

10-6 

ident
indic
loadi
Thus
of t
conce
in ge
silica

Figu
cond
(emis

parable for b
rial 7e. 
paring the ex
id materials th
ima for the gra
idered to be 
imum of gra
ochromically 
mpanied by a
ids 7 show a s

nm (7e) (F
omitantly sho
asing concentr
tra is altered a
reas the intensi
condensed hyb
buted to the 
uation of the

hift at high dye
emission spec
upon increase
to 10-5 molg

tical for graft
ated by almos

ing. 
, this bathoch
the hypsochr
entrations by d
eneral exhibits
a such reabsorp

re 12. Excita
ensed (7) hy

ssion = 700 nm)

both the free 

xcitation spec
he effect of lo
afted (6) and c

only minima
afted material
for material 6
a decrease in
similar trend b
Figure 12) b
wing a decrea
ration. In addi
s at the red-ed
ity at 590 nm 

brids 7) decrea
primary inne
excitation li

e concentration
ctra indicate a 
e of the dye co
-1 (Figure 13
ed (6) and co
st superimposa

romic shift ca
romic part o
dyes with sma
s a large Stok
ption events be

tion spectra o
ybrid material
).   

J. Name

precursor 5 

ctra of the d
oading levels 
co-condensed (
al. For instan
l 6a at 589
6c by approxi
n intensity. T
by redshifting 
by approxim
ase in excitati
ition, the shape
dge a relative s
(grafted hybri

ases even furth
er filter effec
ight and resul
ns. 

a pronounced r
oncentration f

3). This batho
o-condensed 
able spectra a

an be attribute
of the emis

all Stokes shift
kes shift after
ecome possibl

of selected gra
ls with varia

ARTI

., 2012, 00, 1‐3

and the hyb

differently loa
on the excita

(7) hybrids can
ce the excita

9 nm is shi
imately 100 c

The co-conden
from 572 (7c

mately 200 c
ion intensity w
e of the excita
sharp signal ar
ids 6) and 580
her. This effec
ct leading to 
lting in a vir

red shift by 1
from the 10-7 o
ochromic shif
(7) materials?

at comparable 

ed to reabsorp
ssion at hig
ts.47 Although 
r incorporation
le (Figure 14).

afted (6) and 
able dye load

ICLE 

3 | 7 

brid 

aded 
ation 
n be 

ation 
ifted 
cm-1 

nsed 
c) to 
cm-1 
with 
ation 
rises 
 nm 
ct is 
 an 

rtual 

000 
over 
ft is 
? as 
dye 

tion 
gher 
NR 

n in 
51 

 
co-

ding 

Page 7 of 15 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



AR

8 | 

Fig
gra
695
 
The
the
shi
the
dat
unl
exc
unl
des
agg
agg
sus
ma
cm
pos
lea
com
are
and
unl
loa

Fig
stat

RTICLE 

J.  Name., 2012

gure 13. Emi
afted (6) and c
5 nm is a meas

ere is no evid
e excitation sp
ft at higher dy

e forming of 
ta from repor
likely in our 
citation spectra
likely that fo
spite their very
gregates woul
gregates of 
spended in d
aximum (fwhm

m-1.54 Even tho
ssible due to 
ding to a b
mparing the fw
e around 1500 
d even 2000 cm
likely. In addi
ading levels, re

gure 14. Excit
te).   

2, 00, 1‐3 

ission spectra
co-condensed 
surement caus

dence for the f
ectra display a
ye concentrati
aggregates, bu
rts on NR a
case.28,51-54 If

a was caused 
or the grafte
y different syn
ld be formed. 
NR adsorbed

dichloromethan
m) values of t
ough these val

higher disor
broadening o
whm values of
cm-1 for hybri
m-1 in solid sta
ition there is n
elative to the lo

tation and em

a of selected 
(7) hybrid ma
ed artefact).  

formation of a
a different sha
ions. These fin
ut considering

aggregation th
f the alteratio
by aggregatio

ed and co-co
nthesis conditio

Furthermore,
d in MCM-
ne possess f
their emission
lues are quite 
rder in a rest
of the emiss
f the synthesiz
ids suspended 
ate, aggregatio
no reduction o
ow loaded hyb

mission spectra

differently l
aterials (shoul

aggregates alth
ape and a sligh
ndings could 
g the spectros
his scenario s
on of shape i
n, it would be
ndensed mate
ons, nearly ide
, literature rep
-41 materials
full width at
 band around 
high, they be

tricted environ
ion band.55,56

zed materials w
in dichlorome

on seems even
f fwhm at hig

brid material. 

a of 6c (in the

 
loaded 
lder at 

hough 
ght red 

imply 
scopic 
seems 
in the 
e quite 
erials, 
entical 
ported 
s and 
t half 

d 1000 
ecome 
nment 
6 But 
which 
ethane 
n more 
gh dye 

 
e solid 

 
More
suspe
shoul
for so
NR 
quen
state 
than 
The 
suspe
altho
emiss
respe
much
as sh
cm-1.
show
that n
A tho
cond
show
mater
the e
the re
As al
be a
inhom
locat
fluor
mole
conce
the r
only 
chann
cond

Figu
(rang
cm-1,
3871
 

T

eover, there is
ensions of h
lder at 640 nm
ome hybrid m
species. This 
ching studies.
causing a ba

aggregate form
effect of RE

ended in diffe
ugh less pron
sion shifts b
ectively, upon 
h more pronou
hown in Figur
 It is strikin

ws bigger shift
nearly no REE
orough inspec
ensed (7e) hy

ws that at exci
rials do not d
xcitation wav
ed-edge a shift
ll grafted mate
ssumed that 
mogeneous. W
ed on the o
ophores reside
cules which is
entrations are 
relatively hom
slight changes
nels could giv
ensed material

n-
H

ex
an

e

0

200

400

600

800

1000

1200

re
d 

sh
ift

 / 
cm

-1

re 15. REES o
ge of excitatio
, ethylacetate:
 cm-1, MeOH:

This journal is © 

s no change in
ybrid materia

m (Figure S 25
aterials which

is additional
 Therefore, re

athochromic sh
mation.46,57  

ES can be fo
erent solvents 
nounced. For h
bathochromica
excitation at 

unced for the 
re 15, with m

ng that predom
s compared to

ES can be obse
tion of the RE

ybrid materials
tation wavelen
istinctly shift 
elength (Figur
t in the emissio
erials show a 
the distributio

While some qu
outside surfac
e inside the po
s bound to the 
present, enhan

mogenous distr
s in the restrict

ve rise to a less
ls. 

1,
4-

D
io

xa
ne

E
th

yl
ac

et
at

e

 6b  

of 6b and 7e  
on n-hexane: 
: 1374 cm-1, 
 4127 cm-1, H

The Royal Socie

n the absorpti
als in DMSO

5, S 26, suppor
h can be attribu
lly supported 
eabsorption ef
hift are by fa

found for the 
 as well as i
hybrid materia
ally by 133
546 and 664 n
hybrid materi

maximum shif
ominantly the 
o the co-conde
erved in water.
EES of the gra
s suspended i
ngths lower th
the emission 
re 16). Only u
on maxima ca
more pronoun

on of dye m
uite unrestrict
ce, some rel
ore channels, 
 pore opening
ncing their res
tribution insid
ction of the mo
s pronounced 

C
H

2C
l 2

A
ce

to
ne

M
eO

H

 
  7e

suspended in 
3333 cm-1, 1
CH2Cl2: 360

H2O: 2309 cm-1

Journal Na

ty of Chemistry 2

ion spectra of 
O, except fo
rting informati
uted to protona

by fluoresce
ffects in the s
ar more plaus

hybrid mater
n the solid st
als 6f and 7g
 and 88 c
nm. This effec
ials in suspens
fts of about 1

grafted mate
ensed hybrids 
 

afted (6b) and 
n acetone cle
han 540 nm b
in dependence

upon excitation
an be observed
nced REES it 

molecules is m
ted molecules 
atively restric
and a fraction
s, where high 
strain. In contr

de the pores w
olecules inside
REES for the 

H
2O

different solv
,4-dioxane: 2

07 cm-1, aceto
1).   

ame 

2012 

f the 
or a 
ion) 
ated 
ence 
olid 

sible 

rials 
tate, 
the 

m-1, 
ct is 
sion 
000  

erial 
and 

co-
arly 
both 
e of 
n in 

d. 
can 

more 
are 

cted 
n of 
dye 

rast, 
with 
e the 
 co-

 
ents 

2389 
one: 

Page 8 of 15RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Jou

This

Fig
 

Flu

For
fluo
add
ma
mo
Bo
sm
add
664
nm
com
em
mm
aci
effi
ide
hyb
gra
une
wh
inte
In t
inc
ind
fluo
dif
exc

urnal Name 

s journal is © Th

gure 16. REES

uorescence que

r further inv
orescence qu
dition of hydr
aterials 7e and 
onitored (Figur
th materials s
all shoulder 
dition of an a
4 nm decrease

m for high aci
mparable dye 

mission spectra
molL-1) look v
d concentrati

ficiently quenc
entical relative
brid 7e a sma
afted hybrid 6
equally distrib

hich can also
ensities agains
this Stern-Vol

creasing acid 
dicative for t
orophores wit

fferent classes 
citation spectra

e Royal Society o

S of 6b and 7e

enching 

vestigation of 
enching expe
rochloric acid
6b, a decreas

re 17). 
show an emiss
at 720–750 n

acid to the sam
es and slightly
id concentratio

loading leve
a at low ac
very similar. B
ion, the co-c
ched than the
e fluorescence
aller acid con

6b (Figure 18)
buted dye load
o be observe
st acid concent
lmer plot the c
concentration

the presence 
th variable acc
of fluorophor

a of the quenc

of Chemistry 201

e in acetone.   

the differen
eriments were
d to the water
e in fluorescen

sion maximum
nm in the em
mples the em
y shifts batho
ons. For the 
els of 1.5 an
cid concentrat
But upon furt
condensed ma
e grafted mat
e intensity for
ncentration is 
). This indica

ding inside the 
ed in the plo
trations. 
curves deviate
ns towards th

of more tha
cessibility to t
res can also be
hed fluoropho

12 

nt hybrid mat
e conducted. 
r suspended h
nce intensity c

m at 664 nm w
missive state. 
ission maximu

ochromically t
two materials

nd 1.9 molg
tions (up to 
ther increase o
aterial 7e is 
terial 6b.  Fo
r the co-cond

need than fo
tes the presen
different mate

ot of fluores

from linearity
he x-axis whi
an one speci
he quencher. 
e deduced fro

ores (Figure 19

 

terials 
Upon 

hybrid 
can be 

with a 
Upon 
um at 

to 670 
s with 
g-1 the 

6.00  
of the 
more 

or the 
densed 
or the 
nce of 
erials, 
scence 

y with 
ich is 
ies of 
These 

om the 
9). 

Figu
mater
HCl a

Figu
mater
HCl a
 
In th
varia
the m
grafte
nm. U
the s
case 
signi
This 
corre
NR-H

re 17. Fluore
rials 7e (solid 
at the indicate

re 18. Stern-
rials 6b (blue 
at different co

he emissive s
able excitation
maximum lies
ed hybrid 6b
Upon addition
ame two excit
of the graft

ficantly more
newly arising

esponds to the
H+.46,57   

escence spectr
lines) and 6b 
d concentratio

-Volmer plots
circles) and 7e
ncentrations.  

state the diff
maxima. For

s at 602 nm, 
is slightly sh

n of 200 mmol
tation maxima
ted material 

intense than 
g redshifted ex
e literature kn

J. Name

ra of water s
(dashed lines)

ons. 

s of water s
e (red squares)

ferent materia
r the co-conde
whereas the 

hifted bathoch
lL-1 of acid bo
a at 588 and 6
6b the signa
in the co-co

xcitation max
nown absorpt

ARTI

., 2012, 00, 1‐3

suspended hyb
) upon addition

suspended hyb
) upon addition

als show slig
ensed materia
maximum of 

hromically to 
th materials sh

640 nm, but in
al at 640 nm
ndensed case

ximum at 640 
ion maximum

ICLE 

3 | 9 

brid 
n of 

brid 
n of 

htly 
l 7e 
the 

608 
how 

n the 
m is 

7e. 
nm 

m of 

Page 9 of 15 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



AR

10 

Fig
ma
HC
   
As 
pro
can
gra
rati
mo
gra
co-
wit
ext
pro

Co

The
pro
trie
cov
ma
loa
gra
con
sili
nov
ma
wit
col
by 
con
red
wh
dif
tha
con
fun
hig
pos
fun
ma
cha
Ho
hyb
and

RTICLE 

| J.  Name., 201

gure 19. Exc
aterials 6b (das
Cl at the indica

the grafted m
otonated NR sp
n be assumed
afted hybrid 6
ionalized by 

olecules on th
afted materials
-condensed m
thin the pores
tent. In additio
oton buffer. 

onclusions 

e fluorescenc
opargylation a
ethoxysilane d
valent ligatio
aterials by inco
ading was acco
afting onto a 
ndensation wi
ica-dye hybrid
vel hybrids 
aterials by nit
th SAXS and 
lumnar ordere
functionalizat

ncentrations. In
d-edge excitati
hich were utili
fferent materia
at different dye
ndensed mater
nctionalized on
gh dye concen
ssess a more h
nctionalization
aterials retain, 
aracteristics o
owever, in co
brids possess q
d even fluore

12, 00, 1‐3 

citation spect
shed lines) and
ated concentrat

materials show
pecies NR-H+

d that the deg
6b than in the

preferred f
he outside sur
s enabling an e

material the d
s or even wit
on the surrou

e dye 2-hydr
and CuAAC re
derivative to fu
on. The form
orporation into
omplished by t
mesoporous M

ith concomitan
d. The structur
were thoroug

trogen sorptio
TEM confirm

ed mesoporous
tion with the N
nvestigation o
ion shift (REE
ized to analyz
als. Therefore 
e species are p
rials. While gr
n the outside 

ntrations, the c
homogenous d

n inside the p
although muc

of the NR, 
ontrast to the
quantum yield
escence in aq

tra of water 
d 7e (solid line
tions (emission 

w a more int
+ than in the co
gree of NR-H
e co-condense
functionalizatio
rface and the
easier protona
dye molecule
thin the silica

unding silica m

roxy NR was 
eaction with a
urnish a lumine
mation of m
o silica matrice
two synthetic 
MCM-41 host
nt formation 
ral and optical
ghly studied.
n measureme

med a two-dim
s structure wh
NR dye in the 
of the optical p
ES) and fluor
ze the dye dis

it can be qu
present inside 
afted material
surface and i

co-condensed m
dye distributio

pores or silica
ch less pronou
such as the

e native dye, 
ds of about 20 
queous media 

suspended h
es) upon addit
= 720 nm).   

tense signal o
o-condensed c

H+ is higher i
ed 7e. This c
on with the

e pore openin
ation. In turn, 
s are incorpo
a walls to a 
matrix can act

functionalize
an azido subst
escent precurs

mesoporous h
es with variabl
approaches, i.
t or by in sit
of the mesop

l properties of 
 Analysis o
nts in combin

mensional hexa
hich is not aff
applied micro

properties reve
escence quenc

stribution insid
ualitatively ass

the grafted an
s are predomin
in pore openin
materials obvi

on and predom
 walls. The h

unced, some o
 solvatochrom

these synthe
% in the solid
which opens

 
hybrid 
tion of 

of the 
case it 
in the 

can be 
e dye 
ngs of 
in the 
orated 
larger 
t as a 

ed via 
tituted 
sor for 
hybrid 
le dye 
. e. by 
tu co-
porous 
f these 
of the 
nation 
agonal 
ffected 
omolar 
ealed a 
ching, 
de the 
sumed 
nd co-
nantly 
ngs at 
iously 

minant 
hybrid 
optical 
mism. 
esized 
d state 
s new 

alley
studi
mater
 
Exp

Gene

Reag
and u
with 
mm) 
1H, 
Bruk
was l
77.0,
spect
spect
QTO
obtai
Comb
MICR
für P
Hein
Shim
Büch
isoth
4200
were 
calcu
the lo
calcu
densi
pore 
diffra
The r
of 15
wave
Göbe
enabl
meas
of 0
298 K
analy
from 
(v.0.9
Meso
of m
opera
placin
dichl
temp
Excit
7000
of fl
maxi
powd
analy
the so

Synth

(3-Az

T

s to applicati
es directed t
rials by this ap

erimental 

eral Considera

gents, catalyst 
used without 
column chro
from M&N u

13C and 135-
ker AVIII-300 
locked as inte
 DMSO-d6:

 1

tra were mea
trometer, HR-E

OF maXis 4G B
ined on a GCM
bustion analy
RO CUBE in 
harmazeutisch
e-Universität 

madzu IRAffin
hi Melting 
erms were de
e sorption ana
degassed at 8

ulated using th
ow pressure in
ulated from t
ity function th
volume was 

action data we
radiation sour

500 W. The ni
elength of 1.5
el mirrors as 
led using a 
sured in Hilgen
.7 nm. Pre-m
K with silver
ysis was carrie

Bruker, Dat
9.8) from Ion 
oporous structu

microstructure 
ated at 200 kV
ng a drop 
loromethane 
erature. 
tation and emi
 fluorescence 
luorescence w
imum. Quant
ders were ob
ysis and quant
oftware FL So

hetic procedur

zidopropyl)tr

This journal is © 

ons of NR-ba
o access nov

pproach are cu

tions 

and solvents 
further purifi

omatography o
sing flash tech
-DEPT NMR 

and the reson
ernal standard 
H  = 2.50, 1

asured on a B
ESI mass spec
Bruker Daltron
MS-QP2010 S
yses were car

the microanal
he und Medizi
Düsseldorf. I

nity-1. Melting
Point B-54

termined at 7
alyser. Prior to
80.0 °C for 20
e Brunauer-Em

nterval p/p0 < 0
he adsorption
heory based o
calculated at t
ere collected o
ce was a Siem
ickel-filtered m
5405 nm was 

monochroma
Bruker HI-S

nberg glass ca
measurement c
r behenate a
ed out using t
asqueeze (v. 
Vasilief and L
ures were prob
research in Jü
V. All HR-TE

of the hyb
onto a ca

ission spectra 
spectrophotom

was always c
tum yield de
btained with 
tum yield calc

olutions Versio

res 

riethoxysilane

The Royal Socie

ased hybrid m
vel functional
urrently underw

were purchas
ication. Produ
on silica gel 
hnique. 

R spectra wer
nance of the 
(CDCl3: 

1H 
13C  = 39.52
Bruker Daltro
ctra were mea
nics and GC m

S spectrometer
rried out on 
lytical laborat
inische Chemi
IR spectra w
g points were
40. N2-adso

77 K by a Qua
o the measurem
0 h. Specific s
mmett-Teller (
0.3. Pore size d
n branch usin
on a slit-pore 
the point of p
on a Bruker A

mens X-ray ca
monochromati
s maintained b
ator. Real-tim
Star detector

apillaries with 
calibration wa

as a standard 
the following
2.2.8) from 

LCDiXray (v.1
bed by HR-TE
ülich using a 
EM samples w
brid material
arbon-coated 

were recorde
meter at T = 2
carried out a

determinations 
an integratin

culations were
on 4.0 by Hitac

e58 (1) 

Journal Na

ty of Chemistry 2

materials. Fur
l organic hyb
way. 

sed reagent gr
cts were puri
60 (0.040-0.

e recorded o
particular solv
 = 7.26, 13C 
2). MALDI m
onics Ultrafle
asured on a UH
mass spectra w
r from Shimad
Elementar v

ory of the Inst
ie at the Heinr

were recorded 
e measured o
orption-desorp
antachrome N
ments the samp
urface areas w
(BET) equatio
distributions w
ng the non-lo
model. The t

p/p0 = 0.95. X-
AXS Nanostar
anal with a po
ic CuK1 radia
by using cros

me detection 
. Samples w
an outer diam
as carried ou

reference. D
 software: SA
Heiney, QTIP

1.0) from Golb
EM at the insti
FEI TECNAI

were prepared
l suspension 

grid at ro

d on a Hitach
293 K. Excita
at the excita

of the hyb
ng sphere. D
e performed w
chi. 

ame 

2012 

rther 
brid 

rade 
fied 
.063 

on a 
vent 
 = 

mass 
ex I 
HR-
were 
dzu. 
ario 
titut 

rich-
on 

on a 
tion 

Nova 
ples 

were 
on in 
were 
ocal 
total 
-ray 
r C. 

ower 
ation 
ssed 
was 

were 
meter 
ut at 
Data 
AXS 
Plot 
bert. 
itute 
I G² 
d by 

in 
oom 

hi F-
ation 
ation 
brid 

Data 
with 

Page 10 of 15RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 2012  J. Name., 2012, 00, 1‐3 | 11 

Sodium azide (708 mg, 10.9 mmol) and sodium iodide (154 
mg, 1.03 mmol) were placed in a Schlenk flask under nitrogen 
atmosphere and dissolved in DMSO (10 mL). Then (3-
chloropropyl)triethoxysilane (1.35 g, 5.61 mmol) was added 
and the solution was stirred at 60 °C for 18 h. n-Hexane (10 
mL) was added and the reaction mixture was stirred at room 
temp for 3 h. The solution was washed with deionized water (3 
x 5 mL) and brine (1 x 5 mL), and the organic layer was dried 
with anhydrous magnesium sulfate. The solvents were removed 
in vacuo and the residue was dried at 10-3 mbar for 4 d to give 
(3-azidopropyl)triethoxysilane (1.03 g, 74%) as a colorless oil. 
1H NMR (300 MHz, CDCl3):  = 0.64-0.71 (m, 2 H, -SiCH2-), 
1.23 (t, 3JHH = 7.0 Hz, 9 H, Si(OCH2CH3)3), 1.65-1.77 (m, 2 H, 
-SiCH2CH2-), 3.26 (t, 3JHH = 7.0 Hz, 2 H, -SiCH2CH2CH2-), 
3.82 (q, 3JHH = 7.0 Hz, 6 H, Si(OCH2CH3)3). 

13C NMR (75 
MHz, CDCl3):  = 7.6 (CH2), 18.3 (CH3), 22.7 (CH2), 53.8 
(CH2), 58.5 (CH2). GC-MS: m/z = 163 [(C3H9N3O3Si)+], 119 
[(C3H7O3Si)+], 79 [(HO)3Si+]. 
 
5-(Diethylamino)-2-nitrosophenol (2)32 
3-Diethylaminophenol (1) (6.00 g, 36.1 mmol) was dissolved in 
a mixture of deionized water (8 mL) and concentrated 
hydrochloric acid (14 mL). The solution was cooled to 0 °C and 
a solution of sodium nitrite (2.49 g, 36.2 mmol) in deionized 
water (20 mL) was added dropwise over a period of 30 min and 
the stirring was continued at 0 °C for 4 h. The solution was 
filtered and the residue recrystallized from ethanol (100 mL). 
After adding diethyl ether (80 mL) a brown solid precipitated 
and was filtered off. Drying at 50 °C and 10-3 mbar gave 5-
(diethylamino)-2-nitrosophenol (2) (5.72 g, 81%) as a brown 
solid. 
1H NMR (300 MHz, DMSO-d6):  = 1.27 (t, 3JHH = 7.1 Hz, 6 
H, -CH3), 3.82 (m, 4 H, -CH2-), 6.75 (d, 3JHH = 2.2 Hz, 1 H, 6-
H), 7.21 (dd, 3JHH = 10.4 Hz, J = 2.2 Hz, 1 H, 4-H), 7.55 (d, 
3JHH = 10.4 Hz, 1 H, 3-H). 
 
9-(Diethylamino)-2-hydroxy-5H-benz[a]phenoxazin-5-one 
(3)31 
A solution of 5-(diethylamino)-2-nitrosophenol (2) (1.00 g, 
5.60 mmol) and 1,6-dihydroxynaphthalene (0.75 g, 4.70 mmol) 
in DMF (90 mL) was heated to 155 °C for 4 h. The solvent was 
removed in vacuo and the residue was purified by 
chromatography on silica gel (n-hexane/ethyl acetate 1:1) to 
give 9-(diethylamino)-2-hydroxy-5H-benz[a]phenoxazin-5-one 
(3) (8.66 g, 66%) as a violet solid, Mp 298 °C. 
1H NMR (300 MHz, DMSO-d6):  = 1.14 (t, 3JHH = 7.0 Hz, 6 
H, -CH3), 3.45 (q, 3JHH = 7.1 Hz, 4 H,  
-CH2-), 6.11 (s, 1 H, 6-H), 6.57 (d, 4JHH = 2.6 Hz, 1 H, 8-H), 
6.74 (dd, 3JHH = 9.1 Hz, 4JHH = 2.7 Hz, 1 H, 10-H), 7.07 (dd, 
3JHH = 8.6 Hz, 4JHH = 2.5 Hz, 1 H, 3-H), 7.52 (d, 3JHH = 9.1 Hz, 
1 H, 11-H), 7.85 (d, 4JHH = 2.4 Hz, 1 H, 1-H), 7.95 (d, 3JHH = 
8.6 Hz, 1 H, 4-H), 10.41 (s, 1 H, -OH). 13C NMR (75 MHz, 
DMSO-d6):  = 12.4 (CH3), 44.4 (CH2), 96.0 (CH), 104.0 (CH), 
108.1 (CH), 109.8 (CH), 118.3 (CH), 123.8 (Cquat), 127.4 (CH), 
130.7 (CH), 133.7 (Cquat), 138.6 (Cquat), 146.3 (Cquat), 150.6 
(Cquat), 151.5 (Cquat), 160.5 (Cquat), 181.5 (Cquat). IR: ṽ / cm-1 = 
638 (m), 671 (m), 687 (m), 702 (m), 745 (m), 783 (m), 797 (m), 
818 (m), 847 (m), 887 (m), 910 (m), 953 (m), 1013 (m), 1028 
(m), 1028 (m), 1045 (m), 1074 (m), 1112 (vs), 1150 (m), 1159 
(m), 1180 (m), 1221 (m), 1258 (vs), 1288 (m), 1317 (vs), 1377 
(m), 1406 (m), 1439(m), 1474 (m), 1485 (m), 1505 (m), 1520 
(m), 1537 (m), 1562 (m), 2625 (br), 2870 (w), 2924 (w), 2963 

(w), 3046 (br). HR-MS (ESI) calcd. for (C20H18N2O3 + H)+: 
m/z = 335.13902 (100%), 336.14237 (22%); Found: 335.13893 
(100%), 336.14204 (15%). Anal. calcd. for C20H18N2O3 
(334.4): C 71.84, H 5.43, N 8.38; Found: C 71.66, H 5.52, 
N 8.09. 
 
9-(Diethylamino)-2-(prop-2-yn-1-yloxy)-5H-
benzo[a]phenoxazin-5-one (4)  
9-(Diethylamino)-2-hydroxy-5H-benz[a]phenoxazin-5-one (3) 
(334 mg, 1.00 mmol) and potassium carbonate (280 mg, 2.00 
mmol) were dissolved in DMF (5 mL). To this solution 
propargyl bromide (145 mg, 1.22 mmol) was added and the 
mixture was stirred at 80 °C for 16 h. The reaction mixture was 
diluted with diethyl ether (25 mL) and brine (25 mL). The 
organic layer was separated and the aqueous layer washed with 
diethyl ether (3 x 25 mL). The combined organic layers were 
dried with anhydrous magnesium sulfate and the solvents were 
removed in vacuo. The residue was adsorbed on celite and 
purified by chromatography on silica gel (n-hexane/ethyl 
acetate 2:1, with 5% triethylamine) to give compound 4 as a red 
solid (89.0 mg, 24%), Mp 192-194 °C. 
1H NMR (300 MHz, CDCl3):  = 1.25 (t, 3JHH = 7.1 Hz, 6 H, -
NCH2CH3), 2.58 (t, 4JHH = 2.4 Hz, 2 H,  
-OCH2CCH), 3.45 (q, 3JHH = 7.1 Hz, 4 H, -NCH2CH3), 4.88 (t, 
4JHH = 2.4 Hz, 1 H, -OCH2-), 6.28 (s, 1 H, 6-H), 6.42 (d, 4JHH = 
2.6 Hz, 1 H, 8-H), 6.62 (dd, 3JHH = 9.1 Hz, 4JHH = 2.6 Hz, 1 H, 
10-H), 7.22 (dd, 3JHH = 8.7 Hz, 4JHH = 2.6 Hz, 1 H, 3-H), 7.57 
(d, 3JHH = 9.1 Hz, 1 H, 11-H), 8.10 (d, 4JHH = 2.6 Hz, 1 H,  
1-H), 8.23 (d, 3JHH = 8.7 Hz, 1 H, 4-H). 13C NMR (75 MHz, 
CDCl3):  = 12.6 (CH3), 45.1 (CH2), 56.1 (CH2), 96.3 (CH), 
105.3 (CH), 107.2 (CH), 109.6 (CH), 118.4 (CH), 124.8 (Cquat), 
126.4 (Cquat), 127.9 (CH), 131.2 (CH), 134.0 (Cquat), 139.8 
(Cquat), 146.8 (Cquat), 150.8 (Cquat), 152.1 (Cquat), 160.1 (Cquat), 
183.1 (Cquat). IR: ṽ / cm-1 =  679 (m), 591 (m), 704 (m), 743 
(m), 756 (m), 789 (m), 807 (m), 820 (s), 845 (m), 864 (m), 880 
(m), 893 (m), 924 (m), 1005 (s), 1034 (m), 1080 (s), 1115 (s), 
1150 (m), 1179 (m), 1194 (m), 1207 (m), 1250 (s), 1267 (s), 
1292 (m), 1315 (m), 1335 (m), 1373 (m), 1404 (s), 1454 (m), 
1468 (m), 1491 (m), 1518 (w), 1530 (w), 1555 (m), 1572 (m), 
1589 (s), 1638 (w), 1687 (w), 1726 (m), 2106 (w), 2332 (w), 
2359 (w), 2872 (w), 2928 (m), 2959 (m), 3194 (m). MALDI-
TOF: m/z = 373.4 (C23H20N2O3+H)+.  
 
9-(Diethylamino)-2-((1-(3-(triethoxysilyl)propyl)-1H-1,2,3-
triazol-4-yl)methoxy)-5H-benzo[a]phenoxazin-5-one (5) 
9-(Diethylamino)-2-(prop-2-yn-1-yloxy)-5H-benzo[a]phenoxa-
zin-5-one (4) (80.0 mg, 0.210 mmol), copper sulfate 
pentahydrate (12.0 mg, 0.0500 mmol) and sodium ascorbate 
(20.0 mg, 0.100 mmol) were dissolved in DMF (1 mL). Then a 
solution of (3-azidopropyl)triethoxysilane (270 mg, 1.90 mmol) 
in DMF (2 mL) was added and the mixture was stirred at 40 °C 
for 13 h. Then diethyl ether (50 mL) and brine (20 mL) were 
added to the solution and the aqueous layer was washed with 
diethyl ether (4 x 50 mL). The combined organic layers were 
dried with anhydrous magnesium sulfate and the solvent was 
removed in vacuo. The residue was purified by chromatography 
on silica gel (n-hexane/ethyl acetate 1:1) to give compound 5 as 
a red solid (60.0 mg, 45%). 
1H NMR (300 MHz, CDCl3):  = 0.61 (m, 2 H,  
-NCH2CH2CH2Si-), 1.24 (m, 15 H, Si(OCH2CH3)3,  
-NCH2CH3), 2.05 (m, 2 H, -NCH2CH2CH2Si-), 3.47 (q, 3JHH = 
7.1 Hz, 4 H, -NCH2CH3), 3.80 (q, 6 H, Si(OCH2CH3)3, 4.39 (t, 
3JHH = 7.2 Hz, 2 H, -NCH2CH2CH2Si-), 5.42 (s, 2 H,  
-OCH2C-), 6.30 (s, 1 H, 6-H), 6.45 (d, 4JHH = 2.6 Hz, 1 H, 8-H), 

Page 11 of 15 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE  Journal Name 

12 | J.  Name., 2012, 00, 1‐3  This journal is © The Royal Society of Chemistry 2012 

6.66 (dd, 3JHH = 9.1 Hz, 4JHH = 2.7 Hz, 1 H, 10-H), 7.23 (dd, 
3JHH = 8.7 Hz, 4JHH = 2.5 Hz, 1 H, 3-H), 7.60 (d, 3JHH = 9.1 Hz, 
1 H, 11-H), 7.69 (s, 1 H, -CCHN-), 8.18 (d, 4JHH = 2.5 Hz, 1 H, 
1-H), 8.23 (d, 3JHH = 8.7 Hz, 1 H, 4-H). 13C NMR (75 MHz, 
CDCl3):   = 7.47 (CH2), 12.6 (CH3), 18.3 (CH3), 24.2 (CH2), 
45.1 (CH2), 52.6 (CH2), 58.5 (CH2), 62.5 (CH2), 96.3 (CH), 
105.3 (CH), 106.9 (CH), 109.6 (CH), 118.4 (CH), 122.8 (CH), 
124.8 (Cquat), 126.1 (Cquat), 127.9 (CH), 131.2 (CH), 134.1 
(Cquat), 139.8 (Cquat), 143.5 (Cquat), 146.9 (Cquat), 150.8 (Cquat), 
152.1 (Cquat), 160.9 (Cquat), 183.2 (Cquat). IR: ṽ / cm-1 = 638 (m), 
669 (m), 683 (m), 716 (m), 789 (s), 818 (s), 881 (m), 910 (m), 
953 (m), 1011 (m), 1030 (m), 1072 (vs), 1111 (vs), 1161 (m), 
1182 (m), 1194 (m), 1223 (m), 1256 (s), 1271 (s), 1314 (s), 
1346 (m), 1406 (s), 1439 (m), 1458 (m), 1470 (m), 1479 (m), 
1497 (m), 1520 (m), 1558 (m), 1582 (vs), 1620 (m), 1641 (m), 
1670 (w), 1680 (w), 2891 (w), 2928 (w), 2972 (w), 3084 (w), 
3134 (w). HR-MS (ESI) calcd. for (C32H41N5O6Si+H)+: m/z = 
620.28989; Found: 620.28975; calcd. for (C26H29N5O6Si+H)+: 
m/z = 536.19599; Found: 536.19595. 
 
Synthesis of Hybrid Materials  
 

Grafted NR MCM hybrids (6a-f) 
Six NR-functionalized silica hybrid materials were synthesized 
by postsynthetic grafting. For employing small amounts of the 
precursor 5 four different stock solutions of c1(5) = 49.0 M, 
c2(5)  = 0.610 mM and c3(5) = 5.00 mM, C4(5) = 5.72 mM in 
ethanol were prepared. The solution of dye 5, MCM-41, and 
ethanol were subsequently added to the reaction vessel and 
stirred at room temp for 20 h, followed by stirring at 80 °C for 
24 h (for experimental details, see Table 5). The obtained 
suspensions were centrifuged (10 min, 4000 rpm), decanted and 
resuspended in ethanol (20 mL) and 2 M aqueous hydrochloric 
acid solution (1 mL), upon which the red suspensions turned 
blue. After heating to 80 °C for 24 h the reaction mixtures were 
centrifuged, the solids transferred into a Soxhlet extraction 
thimble and extracted with ethanol over a period of 48 h. The 
obtained powders were washed with triethylamine (2 mL) and 
ethanol (20 mL), which led to a color change back to red. The 
solids were washed with ethanol (3 x 20 mL) and centrifuged 
each time as described until the supernatant reached pH 7. The 
obtained violet powders were dried at 60 °C and 10-3 mbar for 3 
d to mass constancy. 

Table 5. Experimental details of the synthesis of NR grafted MCM-41 hybrid materials 6. 

Sample 
Applied loading 
of hybrid with 5 

[mol·g-1] 

Determined loading of 
hybrid with 5 

[mol·g-1] 

Volume of stock 
solution [mL] 

Mass of 
MCM-41 [g] 

Volume of 
ethanol [mL] 

Yield of NR grafted 
MCM-41 hybrid 
materials 6 [g] 

6a 1.0 0.6 8.91 of c1(5) 0.437 6.10 0.408 
6b 2.5 1.5 0.50 of c3(5) 1.00 14.5 0.560 
6c 5.0 2.9 14.3 of c2(5) 1.75 0.70 1.64 
6d 10 5.9 2.00 of c3(5) 1.00 13.0 0.624 
6e 15 8.8 3.00 of c3(5) 1.00 12.0 0.752 
6f 20 12 3.50 of c4(5) 1.00 11.5 0.802 
6g 20 12 14.3 of c2(5) 0.437 0.70 0.396 
6h 30 18 5.24 of c4(5) 1.00 9.76 0.804 
6i 40 23 6.99 of c4(5) 1.00 8.01 0.892 

 
Co-condensed NR MCM-hybrids (7a-h)43 
For the synthesis of the co-condensed NR-functionalized silica 
hybrids a solution of tetraethyl orthosilicate (TEOS), variable 
amounts of precursor 5, hexadecyl-trimethyl-ammonium 
bromide (C16TMABr), ethylamine, methanol, and deionized 
water was prepared with molar ratios of 1.00 : x : 0.140 : 2.40 : 
2.00 : 100 / (molar ratios x of precursor 5 are given in Table 6). 
First the template C16TMABr was dissolved in deionized water 
and ethylamine, which was employed as a 70 wt % aqueous 
solution before TEOS and the molar amount x of precursor 5 in 
methanol were added. For the syntheses of materials 7f-h 10 
molar equivalents of methanol were used. The mixtures were 
stirred at room temperature for 24 h with a speed of 750 rpm 
before they were heated to 100 °C for 24 h. The obtained 

suspensions were centrifuged (10 min, 4000 rpm), decanted and 
washed with ethanol before they were centrifuged again. Then 
the residues were suspended in ethanol (80 mL) and 
concentrated aqueous hydrochloric acid solution (2 mL) and 
stirred at 80 °C for 24 h. The mixtures were centrifuged, and 
the solids were transferred into a Soxhlet extraction thimble and 
extracted with ethanol over a period of 48 h. The obtained 
powders were washed once with triethylamine (2 mL) and 
ethanol (80 mL) upon which they turned red again. The solids 
were washed with ethanol (3 x 80 mL) and centrifuged as 
described above till the supernatant reached pH 7. The obtained 
violet powders were dried at 60 °C and 10-3 mbar for 3 d to 
mass constancy. 

 
Table 6. Experimental details of the synthesis of co-condensed NR hybrid materials 7. 

Sample 
Applied loading of hybrid 

with 5 [mol·g-1] 
Determined loading of hybrid 

with 5 [mol·g-1] 
Molar ratio x of 

precursor 5 
Yield of co-condensed NR 

hybrid materials 7 [g] 
7a 0.1 0.04 2.08 · 10-5 2.23 
7b 0.5 0.2 1.04 · 10-4 2.01 
7c 1.0 0.4 2.08 · 10-4 2.86 
7d 2.5 0.9 5.20 · 10-4 2.83 
7e 5.0 1.9 1.04 · 10-3 2.87 
7f 20 7.4 4.16 · 10-3 1.23 
7g 40 11 6.24 · 10-3 1.47 
7h 30 15 8.32 · 10-3 1.41 
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