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With hydrophobic properties and ordered layered structures, mono-n-dodecyloxy-phosphinyl-cerium

(terbium) (MDPCT) organic—-inorganic hybrid materials were synthesized using cerium nitrate,
terbium nitrate and mono-n-dodecyl phosphate (MDP) surfactant with three functions, hydrophobic
group and phosphorus precursor, and characterized by XRD, SEM, TEM, FTIR and PLS. The results
show that the solvent affects the interlayer spacing, crystallization and luminescent intensity of the
prepared MDPCT materials. MDPCT prepared in water exhibits a more ordered layered structure and
a higher degree of crystallinity, as well as stronger luminescent intensity than that prepared in ethanol.
Based on the excellent solubility in organic solvents, this MDPCT hybrid luminescent material will be
a promising candidate for potential biomedical applications in fluorescent imaging and analysis.

Introduction

Inorganic—organic hybrid materials with “organically-templated
inorganic solids” structure have great potential for a variety of
applications, including in catalysis, materials science and photo-
and electrochemical devices.'™ The inorganic and organic species
on the nanometre scale can create a homogenous composite,
possessing advantageous physicochemical properties.>® Thus,
the development of novel materials with functionalities such as
catalytic, optical, electronic, magnetic, and dielectric properties
has been focused on the design and fabrication of the inorganic
species, including metal, oxide, and oxyanion-based inorganic
components.>71°

Lanthanide-doped organic-inorganic hybrid materials have
gained much attention as optical materials. In the early days,
interest relied on the possibility of combining the properties of
sol-gel host materials with the well-known luminescence of
lanthanide ions (Ln).""2° More recently, with the rapid devel-
opment of photonic hybrid materials, multifunctional Ln-hybrid
nanocomposites have been championed and play an important
role in bio-sensors, bio-analytics and even clinical imaging
diagnostics.*'2* Lanthanide luminescent hybrids are promising
candidates for time-resolved fluoroimmunoassays, DNA
hybridisation assays, fluorescence imaging microscopy, or in vivo
imaging.?>?” Therefore, the design and synthesis of novel opti-
cally active Ln-hybrid nanocomposites are of considerable
interest based on these promising applications.
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Among many rare earth ions, as the main components of blue
and green phosphors, Ce** and Tb*" ions are remarkable. For
instance, as efficient green phosphors, the Ce** and Tb*" ion-
doped LnPO,4 (Ln =Y, La) bulk powders have been extensively
applied in fluorescent lamps, cathode ray tubes (CRTs), and
plasma display panels (PDPs).?*3° Hence, the energy transfer
(ET) processes between Ce*" and Tb*" in these micrometre-sized
hosts (bulk powders) have been intensively investigated.'-3*
Surprisingly, there are comparatively few investigations into
synthesizing cerium (terbium) phosphate organic—inorganic
hybrid materials via phosphate-based surfactants.

Mono-n-dodecyl phosphate, (C;,H,sO)P(O)(OH),(MDP), as
a structure-directing template, has been used to successfully
prepare aluminophosphate, calcium phosphate and phospho-
tungstate organic-inorganic hybrid materials.>*>” In this paper,
we have prepared the first mono-n-dodecyloxy-phosphinyl-
cerium (terbium) (MDPCT) hybrid luminescent materials, in
which MDP was used as both phosphorus source and structural
template. Due to the layered lipid structure like that of a cell
membrane phospholipid, low toxicity compared with organic
dyes, and convenient preparation method at room temperature,
the MDPCT hybrid luminescent materials will have potential
application as a new generation of imaging agents and fluores-
cent indicators in biomedicine.

Experimental
Preparation of materials

Deionized water or ethanol was used as the solvent. 1 g mono-n-
dodecyl phosphate ((C,H,sO0)P(O)-(OH),, MDP, Lancaster,
UK) was dissolved in 20 ml solvent, followed by stirring for 1 h.
Then 1.55 g Ce(NO3);-6H,O and 0.085 g Tb(NOs)3-6H,O
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(Ce : Tb =95 : 5, mol) was dissolved in 5 ml of the same solvent,
and this solution was added dropwise to the MDP solution
above. After stirring for 10 min, the mixed solution separated
into two layers. The superstratum was the white powder
(MDPCT), and the underlayer was a clear solution. After
filtration, the obtained white powder was dried at 60 °C, and was
already insoluble in polar solvents (such as water and ethanol).
The sample was named according to the solvent: MDPCT(W)
obtained in water, and MDPCT(E) in ethanol. The synthesis
reaction formulae are shown in Fig. 1, and chemical combination
of Tb** with C;,H,5s0P(0)O,>" is the same as that of Ce**. Bulk
CePO4: Tb  was prepared using Ce(NOs);-6H,0,Tb-
(NO3)3-6H,0 and H3PO4 (H3PO, : (95%Ce + 5%Tb) = 1:1,
mol) as the raw materials under identical conditions in water.

Characterization of samples

Powder X-ray diffraction (XRD) patterns were recorded on
a PANalytical X’Pert Pro Diffractometer with Cu-Ka radiation
(A = 0.15346 nm). Transmission electron microscopy (TEM)
images were obtained on a JEOL JEM-2100 microscope oper-
ated at 200 kV, and the sample to be measured was first dispersed
in ethanol and then collected using copper grids covered with
carbon film. Scanning electron microscopy (SEM) images were
obtained on a HITACHI S-3400 microscope operated at 20 kV.
FT-IR spectra were obtained on a Nicolet 6700 FT-IR spec-
trometer. The sample to be measured was ground with KBr and
pressed into a thin wafer. Photoluminescence spectra were
recorded on a Varian Cary Eclipse Fluorescence Spectropho-
tometer at room temperature equipped with a 150 W Xe lamp in
the range of 200-800 nm with a resolution of 1 nm.

Results and discussion

The small-angle XRD patterns of MDP, MDPCT(W) and
MDPCT(E) are shown in Fig. 2. The results show that the
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Fig. 1 Two reaction formulae for central Ce** bonding to C;,H,50P(0O)
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Fig. 2 Small-angle XRD patterns of (a) MDP, (b) MDPCT(E), and (c)
MDPCT(W).

ordered lamellar structure of the MDP template is evident based
on the sharp reflections at 3.4°, 6.8° and 10.1° corresponding to
the (100), (200) and (300) reflections; the diffraction peaks of
MDPCT(W) are located at 2.5°, 5.0° and 7.5° and the peaks of
MDPCT(E) are at 2.95°, 5.86° and 8.75°, which means that the
secondary and tertiary structures in the samples are unchanged,
and the prepared organic-inorganic hybrid MDPCT materials
are of the highly ordered layered structure.®

The small-angle XRD results show that, with different
solvents, the prepared MDPCT samples exhibit different reflec-
tions of (100), (200) and (300), including different intensities and
positions, which results in the different d-spacings. The dgo-
spacings of three samples are presented in Table 1, and djgo-
spacing of MDP is 2.5 nm, MDPCT(W) is 3.4 nm and MDPCT
(E) is 2.9 nm. Using the same surfactant, MDP, the MDPCT
samples with different inter-lamellar spacing can be prepared,
which is attributed to a change in the conformation or degree of
overlap in the hydrophobic regions, due to different solvents.

From Fig. 3, we can see a change in the hydrophobic regions in
different solvents. Based on the similarity theory and intermis-
cibility, a more polar solvent gives rise to a larger d-spacing, due
to a stronger interaction between the polar solvent and the polar
groups of the MDP surfactant. Therefore, the inter-lamellar
spacing of MDPCT(W) (Fig. 3a) is larger than that of MDPCT
(E) (Fig. 3b). The small-angle X-ray diffraction peaks of
MDPCT(W) are stronger than those of MDPCT(E), which
shows MDPCT(W) displays a more highly ordered lamella
structure than MDPCT(E). These results are similar to that
reported by Froba for lamella aluminophosphates prepared with
a dodecylphosphate template.?

Fig. 4 shows the wide-angle XRD pattern of MDP, MDPCT
and bulk CePOy4. The organic MDP surfactant has the main
diffraction peaks at 260 = 15-35°. The XRD pattern of bulk
CePQ, exhibits the diffraction peaks of the hexagonal phase
(JCPDS 04-0632).%8 Compared with MDPCT(E), which is almost
amorphous, the diffraction peaks of MDPCT(W) have higher
intensities.

MDPCT(W) displays the same diffraction peaks (100, 101,
110, 200, 102 etc.) as that of hexagonal phase bulk CePO,.
Although the positions of the diffraction peaks of MDPCT(E)
are the same as that of MDPCT(W), the diffraction peaks of
MDPCT(E) are very weak, which reveals that crystallization of
phosphinyl-ceriumc(terbium) in water is better than in ethanol.
Thus, a highly polar solvent is beneficial for the interaction of
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Table 1 The d,(, spacings of samples

Peak (100) dyoo Spacing Inter-lamellar
Sample 26 (degree) (nm, XRD) spacing (nm, TEM)
MDP 3.40 2.5
MDPCT(E) 2.99 2.9 3.4
MDPCT(W) 2.51 34 3.8

Ln*" and the hydrophilic group of MDP. Two wide peaks at
17.9° and 23.7° in Fig. 4b might be ascribed to a change of
hydrophobic regions. For MDPCT(E), the wide peak at 17.9°
shifts to 18.5° compared with MDPCT(W), and the peak at 23.7°
is not obvious. The results above suggest that different solvents
can cause hydrophobic regions to vary, and the ordered layered
structure of MDPCT(E) is weaker than that of MDPCT(W).

Fig. 5 shows the TEM images of the MDPCT hybrid mate-
rials, and the regularly spaced parallel layers of MDPCT can be
clearly observed. The inter-lamellar spacing of MDPCT(W) is
3.8 nm (Fig. 5b), that of MDPCT(E) is 3.4 nm (Fig. 5d), which is
in good agreement with the results calculated from the XRD
testing (Table 1). The wall of phosphinyl-cerium (terbium) in
MDPCT(W) is a little clearer and of a deeper shade than that of
MDPCT(E), which coincides with better crystallization in the
wide angle XRD pattern of MDPCT(W).

The SEM image (Fig. 6a) of the MDP template shows
a smooth and monolithic surface feature. The surface of
MDPCT(W) (Fig. 6b) is also flat except for some cracks. The
MDPCT(E) (Fig. 6¢) exhibits a rough and flaky surface. For
comparison, the bulk CePO4:Tb (Fig. 6d) shows an obviously
granular appearance. This suggests that water solvent can
corroborate a combination of inorganic phosphinyl-cerium
(terbium) and lead to a relatively integral and continuous
organic-inorganic lamellar structure, while ethanol with weak
polarity induces a loose structure and discontinuous surface. As
far as we know, the formation of lamellar phases of MDPCT has
hardly been reported, and this is a self-assembled, highly ordered
layered structural and lamellar hybrid material.

The FT-IR spectra of MDP, MDPCT and bulk CePO,4:Tb are
shown in Fig. 7. Alkyl chain vibrations vcy at 2960 cm™!, 2920
cm™!, 2852 cm ! and 6y at 1470 cm~! can be observed in the FT-
IR spectra of surfactant containing materials, MDPCT(W,E)
and MDP. The bands at 1625 cm ™' and 3500 cm ™' are assigned to
bending and stretching vibrations of -OH. The vp_o) band at
940-1200 cm ' is visible for four samples, and this band of MDP
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Fig. 4 Wide-angle XRD patterns of (a) MDP, (b) MDPCT(W), (c)
MDPCT(E) and (d) bulk CePO4:Tb.

and MDPCT(W,E) was affected by the alkyl chain, splitting into
multiple peaks. The vp_o_c) band at 728 cm ™' can observed in the
MDP and MDPCT samples, but it cannot be found in the bulk
CePQ,4, which means that the inorganic phosphinyl-cerium
(terbium) and dodecyl chain are linked by the P-O-C bond. It
can also be proved by a quick delamination during the prepa-
ration process in polar solution (superstratum: MDPCT powder,
and underlayer: clear solution). If the P-O-C bond was
destroyed, the hydrolysate dodecanol would dissolve in polar
solutions and the inorganic hydrolysate would be precipitated at
the bottom. As the phenomenon above does not occur, it can
validate that the P-O-C binding in MDPCT has formed. In the
FT-IR spectrum of bulk CePO,4:Tb, the peaks at 612 cm~' and
536 cm~! can be attributed to the O-P-O bending vibrations (v,,
vy) (Fig. 7d).***° A couple of peaks at the same position can also
be observed in the FT-IR spectra of MDPCT(W) and MDPCT
(E) (Fig. 7b,c), but the intensities of peaks are weaker than that of
bulk CePO,4:Tb. In Fig. 7b and 7c, there are several weak peaks
at 420-630 cm™', and the peak at 536 cm™! is a little stronger,
which means that electric charge distribution in C;,H»5-OP(O)
0,%-Ce* is different from that in P(O)O5;*~-Ce**, and the
former is influenced by alkyl and O-P-O bending vibrations.
Meanwhile, the O-P-O bending vibration of C;,H,s-OP(O)
0, -Ce* in MPDCT(W.,E) is different from that of C;,H,5-OP
(0)O,* -H* in MPD (Fig. 7a), due to the presence of Ce** ions.
For two MDPCT(W,E) samples, the O-P-O bending vibrations
would be changed by an inductive effect from Ce**. Because of
the different degrees of crystallinity in the two samples, the

Ce¥/To*

2.9nm

(a) MDP in water solvent (b) MDP in ethanol solvent
shydrophilic group, ~~~~ hydrophobic alkyl chain, 'phosphinyl-cerium(terbium)

Fig. 3 Effect of solvent on the d-spacing in MDPCT during the preparation of MDPCT by MDP lamellar assembly.
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Fig. 6 SEM images of (a) MDP template, (b) MDPCT(W), (c) MDPCT(E), and (d) bulk CePO,4:Tb.
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Fig. 7 FT-IR spectra of (a) MDP template, (b) MDPCT(W), (c)
MDPCT(E), and (d) bulk CePO,4:Tb.

inductive effect of Ce** ions on —~OP(0)0,>~ is different. There-
fore, the intensity of the absorption band at 420-630 cm™' is
slightly different in MDPCT(W) and MDPCT(E). The peak at
440 cm™! may be attributed to an effect of a C1,H,5-OP(0)O,*~
branching reaction, suggesting the existence of C;,H,5—OP(O)—
0, Ce-0,(0)PO-C|,H,s. This peak is stronger in MDPCT(W)
than in MDPCT(E), which supports the better crystallinity of
inorganic phosphinyl-cerium in MDPCT(W) by the XRD
results.

The above-mentioned results suggest that the cerium (terbium)
ions affect the O—P-O bending vibrations in the hybrid materials,
and their local environments are somewhat similar to that of
bulk CePO,4:Tb, but not totally identical.

The photoluminescence (PL) spectra of MDPCT(W,E) and
bulk CePO4Tb were measured at room temperature, and the
results are presented in Figs. 8-10. In the MDPCT(W) excitation
spectrum, the bands centred at 235, 254, and 295nm are due to
the 4f-5d electronic transitions for Ce**,**?> and the band posi-
tions in MDPCT(E) are little shifted. The excitation bands of
bulk CePO,4:Tb are located at 235, 254, and 270 nm.** The
excitation spectra of three samples under the emission of 345 nm
(Fig. 9) show that the band positions are almost the same as in
the excitation spectra under the emission of 545 nm in Fig. 8.

The emission spectra of the samples under the excitation of 254
nm are shown in Fig. 10, and the bands or peaks at 490, 545, 588,

lm =545 nm

a. MDPCT(W)

Intensity (a.u.)

b. MDPCT(E)

c. bulk CePO,:Th

250 300 350
Wavelength (nm)

Fig. 8 Excitation spectra of (a) MDPCT(W), (b) MDPCT(E), and (c)
bulk CePO,4:Th.

and 622 nm correspond to the transitions of D4~"Fg, *D4—"Fs,
*D4—"F,4, and *D4—"F3, respectively. The green emission of the
*D,—"F5 transition is stronger than the other transitions. The high
intensity broad band at 300-400 nm results from the d-f tran-
sitions of Ce**. The cerium luminescence fails to be completely
quenched by terbium, owing to the high concentration of Ce*" in
the MDPCT materials. These results indicate that an incomplete
energy transfer from Ce** to Tb** occurs in MDPCT.* Thus, the
MDPCT materials can emit blue and green light.

MDPCT(W) synthesized in water exhibits obviously higher
emission intensity than MDPCT(E) synthesized in ethanol and
bulk CePO,4:Thb. It suggests that water as a solvent is beneficial
for the Ce** and Tb*" ions bonding to Ci,H,50-P(0)0,*". As
shown in Fig. 11a, the polar water solvent exists in the space
between the layers of hydrophilic group, the Ce** (Tb*") ions
dissolved in water are between the adjacent two rows of hydro-
philic groups, which is beneficial for the reaction of Ce**/Tb**
and —-P(0)0,*", resulting in good crystallization of the inorganic
part. In the ethanol solvent, partial solvent including Ce**(Tb*")
ions can disperse in the alkyl chain, and C,HsO- would cause
steric hindrance between Ce**(Tb**) and —-OP(0)0O,*", weakening
the effective reaction between the Ce**(Tb*") ions and hydro-
philic groups as well as the crystallinity of phosphinyl-cerium
(terbium) (Fig. 11b), which can be confirmed by the wide-angle
XRD results.

MDPCT(W) and bulk CePO4:Tb were synthesized in water,
but bulk CePO4:Tb displays a poor photoluminescence.
According to the SEM, TEM and XRD results for the MDPCT
and bulk CePO,4:Tb materials, we think that the high emission
intensity of MDPCT(W) should be attributed to its particular
and novel structure, ~3 nm crystallite wall in an ordered array,
which is beneficial for the luminescence of rare earth ions due to
a nano-effect, compared with the large particles (500 nm-5 pm)
of bulk CePO4:Tb.*** From the FT-IR results, it can be
deduced that a stereo-effect of Ci,Hys— in MDPCT(W) might
affect the -PO,4 host, O-P-O vibration and the energy radiative
transition, compared with bulk CePO4:Tb.

To investigate the optimum Tb** dopant amount, the effect of
Tb** concentration (mol %) on the photoluminescence properties
of MDPCT(W) was studied and the results are shown in Fig. 12.
When 5 mol% Tb** was added to MDPCT(W), the emission
intensity reaches a maximum; when the Tb* amount is >5% or
<5% in MDPCT(W), the emission intensity declines quickly

A, =345n0m

a. MDPCT(W)

Intensity (a.u.)

b. MDPCT(E)

c. bulk CePO :Th
250 300
Wavelength (nm)

Fig. 9 Excitation spectra of (a) MDPCT(W), (b) MDPCT(E), and (c)
bulk CePO4:Tb, Ao, = 345 nm.
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Fig. 10 Emission spectra of (a) MDPCT(W), (b)MDPCT(E), and (c)
bulk CePO,4:Th.

Ce*, Th** C,H,O- H*

€' Th CH. O B

Ce¥, Th* C,H,0 H'

€'t Th CH-OH'

Ce, Th* C,H,O" H*

(a) (b)

(m water solvent, m ethanol solvent, e hydrophilic group,
hydrophobic alkyl chain)

Fig. 11 Possible location of Ce**/Tb**ion in (a) water and (b) ethanol
solvent, resulting in lamellar assembly with different degrees of
crystallinity.

because of the concentration quenching effect. The effect of
dopant Tb** concentration on the structure of MDPCT(W) was
studied by small angle XRD, and the results (Fig. 13) show that
the layered structure of the hybrid is hardly affected by the
amount of Tb* dopant.

Fig. 14 shows the colour of MDPCT (W) dissolved in n-hexane
under UV (A = 250nm) or natural daylight.

Conclusions

Photoluminescent lamellar organic-inorganic hybrid mono-n-
dodecyloxy-phosphinyl-cerium (terbium) (MDPCT) materials
have been successfully prepared by reacting mono-n-dodecyl
phosphate with cerium (terbium) nitrate in water or ethanol
solvent. The MDPCT materials are of an ordered layered
structure with an ordered inter-lamellar spacing. The results
show that the solvent obviously affects the structure and crys-
tallization of synthesized MDPCT materials. MDPCT(W)
prepared in water exhibits a more ordered layered structure and

500

40{]-5\‘{\ —— 1%Tb
~ =) 5% Tb
2 30042] \ 10%Tb
B " e — 20% Tb
g 0 20 T:,u‘ ;‘lj)" S0 100 —100% Th
E 200H mole

1004

450 500 550 600 650
Wavelength (nm)

Fig. 12 Effect of Tb** concentration on photoluminescence properties
of MDPCT(W).

a higher degree of crystallinity than MDPCT(E) prepared in
ethanol. The inter-lamellar spacing of the former is 3.8 nm and
the spacing of the latter is 3.4 nm. The MDPCT(W) sample
exhibits stronger luminescent intensity than MDPCT(E). When
the concentration of Tb* in MDPCT(W) is 5 mol%, its emission
intensity of green light reaches a maximum.

In the preparation of MDPCT, MDP was used as both
a phosphorus source and structural template, and the prepared
MDPCT hybrid luminescent materials display many advanced
characteristics: an ordered layered structure like that of cell
membrane phospholipids, low toxicity compared with organic
dyes and convenient preparation. This MDPCT hybrid lumi-
nescent material will be promising for potential biomedical
applications in fluorescent imaging and analysis.

100%Th
; A S N -
20%Thb
T T J‘L T /\l
10%Tb

Intensity (a.u.)
-
[

% 5%Th

T T T T T

2 4 6 8 10
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Fig. 13 Small-angle XRD patterns of different Tb** concentration of
MDPCT(W).
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Fig. 14 Color of MDPCT (W) dissolved in n-hexane (a) under UV (Aex =
250 nm), and (b) natural daylight.
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