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Abstract Two long chain aliphatic acyl chlorides (do-
decanoyl chloride (C10H19OCl, abbreviated as DC) and
stearoyl chloride (C18H35Ocl, abbreviated as SC)) were mod-
ified by means of the amidation reaction with crosslink-
ing molecules (N-aminopropyl-triethoxylsiliane, (APES,
H2N(CH2)3Si(OC2H5)3)) and afford two kinds of struc-
tural molecular bridge DC (SC)–APES with double reac-
tivity. Subsequently, according to the principle of coordina-
tion chemistry, ternary lanthanide (terbium and europium)
molecular complex systems with two molecular bridges DC
(SC)–APES and 1,10-phenanthroline (phen) of were suc-
cessfully assembled. Then the modified molecular bridges
behave as structural ligands to form the covalent bond Si–O
network with matrix precursor (tetraethoxysilane, TEOS)
through a sol-gel process (cohydrolysis and copolyconden-
sation process), resulting in a novel quaternary molecular
hybrid material (so called as phen-Tb(Eu)−DC(SC)–APES)
with strong chemical bonds (N–Tb(Eu)–O coordination
bonds and Si–O covalent bonds). And phen behaves as func-
tional ligand to sensitize the luminescence of terbium or
europium ions through the effective intramolecular energy
transfer process, which gives rise to the characteristic emis-
sion of metal ion.
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Introduction

In order to combine various features together, a wide range
of organic-inorganic hybrid materials have attracted great
scientific interest in latest decades [1, 2]. Recently, hybrid
system of lanthanide organic coordination compounds were
introduced in silica matrix, which could display character-
istic emission intensities compared with simple metal ions
in inorganic hosts. In particular, anchored lanthanide com-
plexes by aromatic carboxylic acids, β-diketones or hetero-
cyclic ligands in a sol-gel derived matrix have been discussed
in many latest studies [3–5]. However, the properties of these
hybrid materials depend not only on those of the individual
moieties but also on the degree of mixing between them.
The concentration on the organic-inorganic hybrids is asso-
ciated with the extraordinary implications for the tailoring of
diverse multi-functional advanced materials induced by the
mixture at the covalent bond level which was discussed by
Sanchez et al [6]. Class I is named as mechanical mixture
and it seems impossible to solve the problem of clustering
of emitting centers because only weak interactions (such as
hydrogen bonding, van der waals force or weak static effect)
exist between organic and inorganic components. In addi-
tion, inhomogeneous dispersion of two phases and leaching
of the photoactive molecules frequently occur in this kind
of hybrid system for which the concentration of complexes
is also prohibited. In contrast to Class I, the other is called
the type that contains the structure properties of true con-
nections by way of covalent bonding between the organic
and inorganic moieties in a single material. The synergy of
the combination and the special role of the inner interfaces
open up exciting novel areas in materials science. Lately,
some researches about the covalently bonded hybrids have
emerged and the as-derived molecular-based materials ex-
hibit monophasic appearance even at a high concentration
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Fig. 1 Scheme of hydrolysis
and polycondensation processes
between quaternary molecular
hybrids

of rare earth complexes [7–18]. Hence, the critical step to
prepare such materials is to synthesize a novel monomer
as a covalent bridge which can not only develop chelating
effects that can bind to lanthanide ions but also act as pre-
cursors of inorganic network. Our group presently concerns
the preparation of –NHC(= O)NH- urea bridges connecting
both siliceous backbone and aromatic carboxylic acids [12–
18]. According to the previous work, we propose that the
precursor containing non-hydrolyzable silicon-carbon bond,
coordinative activity and hydrolyzable alkoxy-silicon parts
will play an important role to form covalent linkage between
the two phases.

On the basis of the later research, we put forward co-
operative design and assembly of lanthanide molecular hy-
brid materials in accordance with coordination chemistry
principle of ternary complexes. Two long chain aliphatic
acyl chloride (dodecanoyl choride (C10H19OCl, abbrevi-
ated as DC) and stearoyl chloride (C18H35Ocl, abbrevi-
ated as SC)) were modified by means of the amidation
reaction with crosslinking molecules (N-aminopropyl-
triethoxylsiliane, (APES, H2N(CH2)3Si(OC2H5)3)). 1,10-
phenanthroline was used as the terminal functional ligand to
sensitize the luminescence of lanthanide ions for the triplet
state energies of phen are suitable for the resonant emissive
energy level of Ln3+. The reaction model for the hybridiza-

tion formula of quaternary hybrid materials has been de-
scribed in Fig. 1, which can be divided into two steps: Step
I: the individual hydrolysis of phen-Tb(Eu)–DC(SC)–APES
and TEOS are predominant; Step II, however, is developed to
the polycondensation reactions between hydroxyl groups of
both phen-Eu(Tb)–DC(SC)–APES. After these treatments,
the molecular-based hybrids bearing the Ln-O coordination
bond and Si–O covalent bond can exhibit the luminescence
of metal ions.

Experimental section

Modification of long chain aliphatic acyl chlorides
(DC and SC) to molecular bridge

4 mmol APES (0.884 g) was dissolved into diethyl ether, two
long chain aliphatic acyl chlorides, 4 mmol DC (0.763 g)
(SC, 1.212 g) in diethyl ether solution were directly reacted
with APES by stirring under argon atmosphere. Heating and
refluxing at 70◦C for 4 hours, yellow oil liquid products
were achieved. A typical procedure for the preparation of
was according to the reaction scheme in Fig. 1. Elemental
data: DC–APES (C19H41NO4Si): Anal. Calcd.: C, 60.75; H,
11.00; N, 3.73. Found: C, 61.01; H, 10.62; N, 3.56. Yields
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86%. SC–APES (C27H57NO4Si): Anal. Calcd.: C, 66.48; H,
11.78; N, 2.87. Found: C, 66.21; H, 11.42; N, 2.69. Yields
82%.

Synthesis of ternary lanthanide (Eu, Tb) complex systems
with molecular bridge and phen

The alcohol solution of europium and terbium nitrate was
added with the molar ratio 3:1 of to RE(NO3)3 · 6H2O
(RE = Eu, Tb), the resulting solution was stirred for 2 hour
and ethanol solution of 1,10-phenanthroline was added
into the mixture gradually (phen: RE = 1:1). After stir-
ring for 2 hrs, a stoichiometric amount of tetraethoxysilane
(DC(SC)–APES): TEOS = 1: 1) and minimum water were
added to the solution simultaneously. Element analysis data:
Anal. Calcd. for EuC69H131N5Si3O12: C, 56.80; H, 9.05; N,
4.80; Eu, 10.38%; Found: C, 56.62; H, 8.89; N, 4.60; Eu,
10.16%. Anal. Calcd. for TbC69H131N5Si3O12: C, 56.53; H,
9.01; N, 4.78; Tb, 10.84%. Found: C, 56.29; H, 8.71; N,
4.59; Tb, 10.67%. EuC93H179N5Si3O12: C, 62.21; H, 10.05;
N, 3.90; Eu, 8.46%. Found: C, 62.37; H, 9.79; N, 3.71; Eu,
8.59%. Anal. Calcd. for TbC93H179N5Si3O12: C, 61.97; H,
10.01; N, 3.89; Tb, 8.82%. Found: C, 62.21; H, 9.71; N,
3.73; Tb, 8.91%. It should be pointing out that the precursor
complex is so easily to hydrolyze that the store of samples
has to be done as carefully as possible. (Figure 1)

Assembly of quaternary molecular hybrid materials

A sol-gel derived quaternary hybrid material was pre-
pared as follows: DC(SC)–APES was dissolved in pyri-
dine, and TEOS (tetraethoxysilane), H2O were added while
stirring, then one drop of diluted hydrochloric acid was
put into it to promote hydrolysis. A stoichiometric amount
of Ln(NO3)3 · 6H2O (Ln = Eu, Tb) was added to the final
stirring mixture. The molar ratio of Ln(NO3)3 · 6H2O/ DC
(SC)–APES / TEOS / H2O was 1: 3: 6: 24. After the treat-
ment of hydrolysis, 2 ml DMF (dimethylformamide) and
appropriate amount of hexamethylene-tetramine were added
to adjust the pH value of about 6.5. The mixture was stirred to
achieve a single phase and thermal treatment was performed
at 60◦C in a covered Teflon beaker until the sample solidified
(Fig. 1).

Physical measurements

All measurements were completed under room temperature.
Elemental analyses (C, H, N) were carried out by the Elemen-
tar Cario EL elemental analyzer. FT-IR spectra were mea-
sured within the 4000–400 cm−1 region on an infrared spec-
trophotometer with the KBr pellet technique. Ultraviolet ab-
sorption spectra of these powder samples (5 × 10−4 mol · L−1

chloroform (CHCl3) solution) were recorded with an Agi-
lent 8453 spectrophotometer (precision of bands at 1 nm).
Phosphorescence spectra (5 × 10−4 mol · L−1 CHCl3 solu-
tion) and fluorescence excitation and emission spectrums
were obtained on a Perkin-Elmer LS-55 spectrophotometer.

Results and discussion

The reaction model for the hybridization formula of TEOS
and DC(SC)–APES may be described as follows: The hy-
bridization of TEOS and DC(SC)–APES, accordingly, pro-
ceeds through a polycondensation reaction between the ter-
minal silanol groups of DC(SC)–APES and the OH groups of
hydrolyzed TEOS. At the beginning of the reaction, the indi-
vidual hydrolysis of DC(SC)–APES and TEOS are predomi-
nant. By these methods, the molecular-based hybrids bearing
the Ln-O coordination bond and Si–O covalent bond exhibit
the strong green luminescence of Ln3+. Here we named the
cooperation of both DC(SC)–APES and TEOS during the in-
situ sol-gel process as cohydrolysis and copolycondensation
(similar to copolymerization of organic monomer).

Figure 2 (A) shows the I.R. spectra of DC (A), DC–APES
(B) and quternary phen-Tb–APES–Si hybrids (C), repsec-
tively. Compared with the I.R. spectrum of DC, DC–APES
presents a streching vibration peak of N-H at 3373 cm−1,
streching vibration peak1 of C = O at 1692 cm−1 and a
bending vibration peak of N-H at 1608 cm−1, which sug-
gests that the acyl chloride group of DC has been modified
succefully. Besides, the 1013 cm−1 of Si–O further veri-
fies that the AMES molecular fragment has been grafed to
DC. The I.R. spectra of quternary phen-Tb–APES–Si hy-
brids show the similar characteristic feature with the corre-
sponding bridge ligand DC–APES except that the vibration
frequency of 1652 cm−1 belonging to the phenyl ring of
phen becomes weaker than that of free phen and the out-
of plane bending vibrations of the hydrogen atom on the
phenyl ring of phen shift from 865, 745 cm−1 of free lig-
and to lower frequency of 854, 737 cm−1. This verified that
phen participate the coordination with europium or terbium
ions. Likewise, Eu3+ or Tb3+ exhibit a similar coordina-
tion behavior with DC–APES and phen. Furthermore, the
stretching vibration (νSi–C) located at 1210 cm−1 still exists
in the IR spectra of hybrid materials, which is in agreement
with the fact that no (Si–C) bond split happens during the
course of hydrolysis/polycondensation reactions. Figure 2
(B) presents the IR spectra for SC (A), SC–APES (B) and
quternary phen-Tb-SC–APES–Si hybrids (C), which wears
the similar feature with those of Fig. 2 (A). Different from
the I.R. spectrum of SC, three apparent peaks appear in the
I.R. spectra of SC–APES (3370 cm−1 (N-H streching vibra-
tion), 1680 cm−1 (C = O streching vibration) and 1633 cm−1

(N-H bending vibration), which indicate that the CO = NH
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Fig. 2 FT-IR spectra of (A) OLA, (B) OLA–AEAPMMS, (C)
OLA–APMES

group forms and the amidation reaction takes place. Futher-
more, the Si–O peaks at 1095.27 cm−1 for SC–APES as
well prove that the SC has been grafed with the crosslingk-
ing molecule (APES). Compared to free SC–APES bridge
molecule, quternary phen-Tb-SC–APES–Si hybrids shows
the the vibration frequency of 1653 cm−1 belonging to the
phenyl ring of phen becomes weaker than that of free phen
and the out-of plane bending vibrations of the hydrogen atom
on the phenyl ring of phen shift from 865, 744 cm−1 of free
ligand to lower frequency of 849, 736 cm−1, which verifies
the coordination of terminal phen ligand. For the finally qua-
ternary hybrids, the stretching vibration (νSi–C) located at
1198 cm−1 still exists in the IR spectra of hybrid materials,
corresponded to the fact that no (Si–C) bond split happens
during the course of hydrolysis/polycondensation reactions.
Moreover, the broad absorption band at 1085 cm−1 (νSi–O–Si)
originates from the formation of siloxane bonds.
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Fig 3 The ultraviolet absorption spectra of phen-Tb-SC–APES

Figure 3 exhibits ultraviolet absorption spectra of ternary
phen-Tb–SC–APES molecular complex system. The obvi-
ous band at 266 nm shows characteristic absorption of 1,
10-phenanthroline, which can be ascribed as the absorption
of phen for free phen presents one absorption peak at 265 nm.
The red-shift of 1 nm is due to the more extensive conjugated
system of electronic distribution form because the coordi-
nation between lanthanide ions and phen. Other ultraviolet
absorption spectra of ternary molecular systems all show the
similar features. Therefore, it can be predicted in quaternary
hybrids phen-Ln–DC(SC)–APES–Si, 1, 10-phenanthroline
behaves as the energy donor and will transfer energy to lan-
thanide ions.

As shown in Figure 4 for the phosphorescence spectra
of (A) Tb-SC–APES complex, (B) Tb-phen complex and
(C) phen-Tb-SC–APES ternary complex, it can be observed
that B and C are rather similar in terms of the same organic
ligand 1, 10-phenanthroline responsible for the emissions.
According to the energy transfer and intramolecular energy
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Fig. 4 The phosphorescent spectra of (A) Tb-SC–APES complex, (B)
Tb-phen complex and (C) phen-Tb-SC–APES ternary complex
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mechanism [19–22], intramolecular energy transfer effi-
ciency depends chiefly on two energy transfer processes:
the first one leads from the triplet level of ligands to the
emissive energy level of the Ln3+ ion by Dexter’s resonant
exchange interaction [23]; the second one is just an inverse
energy transfer by a thermal deactivation mechanism [24].
Established on this theory, the conclusion can be drawn that
energy differences is of opposite influence on the two energy
transfer processes and an optimal value can be assumed to
exist. The peak at around 429 nm of A shows SC–APES’s
triplet state energy level is approximately 23300 cm−1 which
is higher than phen (453 nm, 22075 cm−1), therefore, we sup-
pose that energy transfer process will occur from SC–APES
to phen, substantiating that the heterocyclic ligand will be-
come main energy donor and have the possibility to sensitize
Tb3+ ions.

The excitation spectra for the four kinds of quaternary
molecular hybrids by monitoring the emission of Tb3+ or
Eu3+ ions at 614 or 545 nm are shown in Fig. 5. Some
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Fig. 5 Excitation spectra of quaternary molecular hybrids (A) phen-
Ln–DC–APES, (B) phen-Ln–SC–APES
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Fig. 6 Emission spectra of quaternary molecular hybrids (A) phen-
Eu–DC–APES, (B) phen-Tb–SC–APES

absorption bands were mainly situated at the short wave-
length region of 200 to 300 nm, suggesting the absorption
primary derives from the organic ligands (phen). Which take
agreement with the prediction of ultraviolet absorption and
phosphorescent spectra. The corresponding emission spec-
tra of the resulting quaternary hybrid materials are shown
in Figs. 6 and 7. For quaternary molecular hybrids phen-
Eu(Tb)-DC–APES–Si (Fig. 6), the emission lines of the
hybrid material were assigned to 5D0 → 7F1, 5D0 → 7F2,
5D0 → 7F3, 5D0 → 7F4 transitions at 590 nm, 614 nm,
650 and 700 nm of Eu3+ and the transitions from the 5D4

→ 7FJ (J = 6, 5, 4, 3) transitions at 490, 544, 587 and 622 nm
for terbium, respectively. Among these emission peaks, the
most striking green luminescence (5D4 → 7F5) and red emis-
sions (5D0 → 7F2) were observed in their emission spectra
which indicated that the effective energy transfer took place
between the phen and the chelated Ln ions. The quaternary
molecular hybrids phen-Eu(Tb)-SC–APES–Si presents the
similar features (as shown in Fig. 7). Other factors still can
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Fig. 7 Emission spectra of quaternary molecular hybrids (A) phen-
Eu–SC–APES, (B) phen-Tb–SC–APES

not be excluded such as relatively rigid structure of silica gel
which limits the vibration of ligand of Tb3+ or Eu3+ and pro-
hibits non-radiative transitions. Accordingly, we may expect
that through this efficient method, leaching of the photoac-
tive centers can be avoided; higher concentration of metal
ions is reached and clustering of the emitting centers may be
prevented.

Figure 8 wears the selected scanning electron micro-
graphs for these quaternary molecular hybrids, (A) phen-Tb-
DC–APES–Si and (B) phen-Tb-SC–APES–Si, which veri-
fies that a homogeneous, molecular-based material was ob-
tained because of strong covalent bonds bridging between
the inorganic and organic phase which belongs to a com-
plicated huge molecule in nature, and that they are com-
posed quite uniformly so that the two phases can exhibit
their distinct properties together, which overcome the disad-
vantages of that the hybrid materials with doped rare earth
complexes generally experience phase separation phenom-

Fig. 8 Scanning electronic microscopy diagraphs of quaternary molec-
ular hybrids: (A) phen-Tb–DC–APES–Si, (B) phen-Tb–SC–APES–Si

ena [19, 20]. Ulteriorly, compared with the three SEM pic-
tures, there exist a little distinction that the hybrid materials
of phen-Tb-SC–APAES–Si possess the regular microstruc-
ture and micro morphology, which may be due to the dif-
ference of the precursor molecules. Phen-Tb-SC–APES is a
derivative from SC (C18), whose chain length is longer than
that of phen-Tb–DC–APES from DC (C10). So the template
effect of phen-Tb–SC–APES are stronger than that of phen-
Tb–DC–APES, resulting the stronger orientation and induc-
tion ability, which gives rise to the different microstructure
in different quaternary molecular hybrids.

Conclusions

In summary, by means of the molecular modifica-
tion of long chain aliphatic acyl chlorides (dodecanoyl
choride and stearoyl chloride) with crosslinking molecule
(N-aminopropyl-triethoxylsiliane) through the amidation
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reaction, two kinds of structural molecular bridges
DC(SC)–APES were designed to endue double reactivity.
Furtherly, ternary molecular complex systems with four
molecular bridges and 1,10-phenanthroline of lanthanides
(terbium and europium) ions were successfully assembled.
The modified molecular bridges behave as structural ligand
to form the covalent bond Si–O network with matrix precur-
sor (tetraethoxysilane, TEOS) through a sol-gel process (co-
hydrolysis and copolycondensation process) and phen acts as
the energy donor to sensitize the luminescence of metal ions.
A series of quaternary molecular hybrid materials (phen-
Ln − OLA (STA)–APES) with strong chemical bonds were
constructed, which show the characteristic luminescence and
uniform microstructure.
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