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Using low-temperature hydrothermal methods, nanoscale lanthanide phenylphosphonates species with different
morphologies, namely, nanoparticles and nanorods, have been systematically synthesized. The possible growth
mechanism of these nanorods was discussed. X-ray diffraction, transmission electron microscopy, electron diffraction,
and photoluminescence spectra were used to characterize these materials. The photoluminescent properties of
Eu(O3PCgHs)(HO3PCgHs) and Lag g1Eu09(O3PCsHs)(HOsPCgHs) nanorods were discussed.

Introduction kind of compound forms a relatively new class of alternating
0 f K llobhosoh ith rich inorganic and organic layers and has received significant
_Dpen-iramewor met_a ophosp onates with ric COMPO- interest in recent years, as well established in excellent
sitional and structure diversity have attracted Cons'derablereviews5 Moreover, Ln(QPGHs)(HOsPGHs) compounds
attention in recent years due to their potential applications (Ln = .Eu Tb) h,ave been extensively used as high-
in catglysis, ion exchz_inge, proton conductivity, intercalation performanée luminescent devices resulting from the 4f shell
chedmlztry, alnd ma(tjerlals _che_mlsﬁr:-Mrc])s:]of . clompohundds of their ions® The properties of these inorganic and organic
studied are layered species in which the metal octahedra arEfwybrid materials, such as catalytic activity, conductivity, or

g_r idged_ byl lphosphﬁnic acid tetrahc(jedbra :10 r:o;jm thwot;. photonic efficiency, are often closely related to their chemical
imensional layers that are separated by the hydropho ICcomposition, size, crystal structure, surface chemistry, and

ret:gl'?n ds of t?e (z.rgam.c To&etlﬁfxampﬁl;lzs dOf ttrt\elr ;ien:r(])n— shap€. Nanoscale materials can offer larger surface areas
tsra € ?pt%_lcafl_:)ns inc ul_e angrrtr_u IO get .aT 0 etr than the corresponding solid films or bulk materials; as a
ypes ot thin fims, nonfinear optical materiais, - proton consequence, developing new method for the synthesis of

conductors, sorbents_, molecular_ sieves, and sehtearfield anosize lanthanide phosphonates, especially 1D nanorods,
et al. have synthesized a series of phenylphosphonates oF

. ' : o tailor their electronic, magnetic, and optical properties
the lanthanide elements, some of which single crystals have g P prop

. proves to be intriguing and valuable.
been obtained and the crystal structures determfirigds 1D nanomaterials represent a class of quasi-one-dimen-

T - g oud b ” 4 Emai sional materials, in which carrier motion is restricted in two
0O whom correspondence shou € aadressead. -maill: . . . . .
jianfangma@yahoo_comﬂn. directions so that they usually exhibit significant photo-
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nanowires to generate some unexpected properties based oany surfactants. Recently we have successfully synthesized
which many new potential applications have been explored, nanosize transition metal phenylphosphonates, namely, na-
such as well-controlled and monodisperse CdSe nanorodsnorods and nanoparticlés.Herein, we report on a low-
used in solar cell and well-defined ZnO nanowires that served temperature hydrothermal method for the preparation of
as natural resonance cavitfs? Many methods have been lanthanide phenylphosphonates LeRQsHs)(HOsPCsHs)

used to prepare 1D nanomaterials, such as electrochemistry(Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm,
templates (mesoporous silica, carbon nanotubes, etc.), emul¥b, and Lu) nanorods.

sion or polymetric systems, arc discharge, and organometallic

and coordination chemistry methosThese methods often ~ Experimental Section

suffer from the requirements of high temperature, special

conditions, tedious procedures, and catalysts or templatesreceived without further purification. Ln@@CsHs)(HOsPCsHs)

which result in the difficulty with large-scale production. nanorods were prepared by a simple low-temperature hydrothermal
Low-temperature hydrothermal methods have been regardednethod. In a typical procedure, 0.20 mmol of Ly@ith 0.14 g of

as an effective route to fabrication of high-quality anisotropic sodium p-toluenesulfonate (STS) and 0.40 mmol of phenylphos-
nanomateriald! Some studies have been reported on the phonic acid were dissolved in 5 mL of distilled water, respectively,
synthesis and characterization of lanthanide phosphatesand then were mixed and stirred for about 40 min. The pH was
nanowires and nanorods by hydrothermal proce¥sésn adjusted to 2.0 using NaOH aqueous solution. The resulting
most of these studies, the formation of 1D nanosize LnPO suspension was transferred into a stainless steel autoclave with a

is due to their own anisotropic crystal structures and without T€flon liner of 23 mL capacity and heated in an oven at 100
for 48 h. After the autoclave was air-cooled to room temperature
(8) (a) Duan, X. F.; Huang, Y.; Cui, Y.; Wang, J. F.; Lieber, C.\Nature unaided, the resulting precipitate was filtered out and washed with
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Li, Y. D.; Wang, J. W.; Deng, Z. X.. Wu, Y. Y.. Sun, X. M.. Yu, D. EIemenFaI analysis for rare earth was carried out by XRF analysis
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Dai, Z. R.; Ma, C.; Wang, Z. LJ. Am. Chem. So002 124, 1817. eter.
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W.; Fan, S.; Li, Q.; Hu, Y Science002 296, 884. (d) Rao, C. N. R; . o
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2003 31, 5. (e) Ajayan, P. M.; Stephan, O.; Redlich, P.; Colliex, C.
Nature 1995 375, 564. (f) Xia, Y. N.; Yang, P. D.: Sun, Y.; Wu, Y.; (HO3PCeHs) Nanorods. Ln(OsPCeHs)(HO:PGiHs) nanorods

Mayers, B.; Gates, B.; Yin, Y.; Kim, F.; Yan, Hdv. Mater. 2003 were obtained by the reaction of Ln@ind phenlyphosphonic

(165) %gh(g)XP?E?, YZ é-;A ief;%’ Néﬁe"% Crn?méigggofﬁ%?‘m' acid using hydrothermal method in the presence of sodium
(11) (@) Patz%e, G. R i(rtimeig(]:h, F Nes‘[Ser,Angew. Chem., Int. Ed. p't0|uene§U|f0nate (STS).' Whe_reas LaR0sHs)(HOsP GeHs)

2002 41, 2446. (b) Cao, M.; Hu, C.; Wang, Y.; Guo, Y.; Guo, C.; nanoparticles were obtained in the absence of STS.

Wang, E.Chem. Commur2003 1884. (c) Li, Y. D.; Li, X. L.; Deng, . T .

Z. Xg Zhou, B.; Fan, S.; Wang, J.; S(u21 Angew. Chem., Int. Igd. La(O;PCeHs)(HOsPCeHs) is triclinic with Z = 2, a =

2002 41,333. (d) Rao, C. N. R.; Satishkumar, B. C.; Govindaraj, A.  8.410(3) A,b = 15.696(7) A,c = 5.636(1) A,a = 90.24-

Chem. Commurll997, 1581. (e) Peng, X. G.; Manna, L.; Yang, W. o — — 4 =
D.; Wickham, J.; Scher, E.; Kadavanich, A.; Alivisatos, ANature (4) ! ﬁ 108.99 (13’ andy 8559(4))' Figure 1 shows

200Q 404, 59. (f) Peng, Z. A.; Peng, XJ. Am. Chem. So©001, the XRD patterns of the samples, and the measurements

123 1389. _ indicate that these samples display a similar crystal structure.
(12) (a) Riwotzki, K.; Meyssamy, H.; Schnablegger, H.; I_(ornovysk|, A Both XRD patt f ds (L d ticl Lal

Haase, MAngew. Chem., Int. E®001, 40, 573. (b) Riwotzki, K.; 0 patterns of nanorods (La) an nanoparicies (Lal)

liﬂoezszssazrzy,(l;.;s Kr?rnowslski, CA.; Haaqs;he, N. |\5|Jhys'2 §Q§T4 3(;38 of La(OsPCGHs)(HOsPCGHs) can be well indexed to the

3 . (C chuetz, P.; Caruso,Ehem. Mater y . H
(d) Nishihama, S.; Hirai, T.; Komasawa,J.. Mater. Chem2002 12, smulated X_RD powder pattern of LagPCHs)(HOsPCHs)
1053. (e) Heer, S.; Lehmann, O.; Haase, M:délu H. U. Angew. (Figure 2), indicating that they are the same compound. It

Chem., Int. Ed2003 42, 3179. (f) Yan, R.; Sun, X.; Wang, X.; Peng, i
O Liv Y. Chem—Eur. 4 2008 11, 2183, (g) Kong, X. .. Ding. ¥ can be seen from Figure 1 that thé 2alues of the XRD

Yang, R.; Wang, Z. LScience2004 303 1348. (h) Cao, M.; Hu, C.;  Peaks gradually increase on going from LgQsHs)(HOs-

Wang, E.J. Am. Chem. So@003 125, 11196. (i) Cao, M.; Wu, X,; PGsHs) to Lu(OsPGsHs)(HOsPGsHs), indicating the gradual

He, X.; Hu, C.Chem. Commurg0s 2241, hrinkage of lattice constants and cell volumes. This shrink-
(13) (a) Ito, H.; Fujishiro, Y.; Sato, T.; Okuwaki, Br. Ceram. Trans. shrinkage o a ce constants a ce . olumes. . S S.

1995 94, 146. (b) Meyssamy, H.; Riwotzki, K.; Kornowski, A.;  age of the lattice constants with atomic number is believed

gﬁ;ﬁeg’ fﬂ-'JHgfysset’ g?g\zhr'\zﬂgéearlzégagﬁél(gfgh é? {'hwzgégé to be caused by the contraction of the ionic radii oftn

Y. J.J. Solid State Cher2004 177, 781. (e) Fang, Y. P.. Xu, A.W.;  The ionic radii of Li#" and thed values of (010) are listed

Song, R. Q.; Zhang, H. X.; You, L. P.; Yu, J. C.; Liu, H. @Q.Am. in Table 1.

Chem. Soc2003 125, 16025. (f) Zhang, Y. W.; Yan, Z. G.; You, L.

P.; Si, R.; Yan, C. HEur. J. Inorg. Chem2003 4099. (g) Yan, Z.

G.; Zhang, Y. W.; You, L. P.; Si, R.; Yan, C. H. Cryst. Growth (14) Song, S. Y.; Ma, J. F.; Yang, J.; Cao, M. H.; Li, K. l@org. Chem

2004 262, 408. 2005 44, 2140.
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Figure 1. XRD patterns of Ln(@PGsHs)(HO3sPGsHs) (La—Lu) nanorods and La(§(PCsHs)(HOsPCsHs) nanoparticles (Lal).

W

f -%-%—%-Ts#-ﬁ

Intensity (a.u.)

-
o

010

Intensity (a.u.)

10 20 I 30 40 50 60 70 80
26 (degree)
Figure 2. Simulated XRD powder pattern of LagPCsHs)(HOsPGsHs).

The panoramic morphologies of obtained products were
examined using TEM, in which the solid samples were
mounted on a copper mesh with a dispersion treatment. The
results indicate that the products consist of nanorods and aFigure 3. TEM images of La(@PGsHs)(HOsPCeHs): (a) nanoparticles;
few nanoparticles. As shown in Figure 3b,c, typical TEM i(s'tﬁ()e g"’/‘\r‘é’éo?;;gg).HRTEM Of La(@GeHs)(HOsPGHs) nanorod (inset
images show that sample La consists of rodlike shape with
diameters of 4660 nm and lengths of 166600 nm and  the selected area electron diffraction (SAED). The HRTEM
particlelike shape with diameters of 460 nm. More details ~ and SAED images (Figure 3d) of the nanorods show that
about the structure of nanorods were investigated using high-the obtained rods are structurally uniform and monocrystal-
resolution transmission electron microscopy (HRTEM) and line, growing along the [002] direction. The TEM image of

Table 1. Effective lonic Radii of L# and thed Values of (010)

Ln3t+
param L&+ ce¥t PR+ Nd3*+ St Euwt GB+
ionic radius (A) 116.0 114.3 112.6 110.9 107.9 106.6 105.3
dvalues of (010) (A) 15.6015 15.4931 15.4926 15.4912 15.4388 15.4386 15.3304
Ln3+
param TB* Dy3* Ho3*" Ert Tm3+ Yh3* Ludt
ionic radius (A) 104.0 102.7 101.5 100.4 99.4 98.5 97.7
dvalues of (010) (A) 15.2776 15.2773 15.2261 15.2257 15.1735 15.0695 15.0690

Inorganic Chemistry, Vol. 45, No. 3, 2006 1203
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Figure 4. TEM images of Ln(@PCsHs)(HOsPGsHs) nanorods: Ln= Ce (a), Pr (b), Nd (c), Sm (d), Eu (e), Gd (f), Tb (g), Dy (h), Ho (i), Er (j), Tm (k),
Yb (I), and Lu (m).

La(OsPCsHs)(HOsPGsHs) nanoparticles is shown in Figure
3a. The TEM images of other LngPGHs)(HOsPGHs) (Ln

= Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, and
Lu) nanorods are shown in Figure 4.

Eut-doped La(@QPGsHs)(HOsPGHs) nanorods were pre-
pared by the same hydrothermal treatment as the undoped
sample, and in this work the original concentration of dopant
Eu* ions is 10 mol %. Anal. Found: La, 27.90; Eu, 3.02.
So the product can be expressed as .o OsPCGsHs)(HO:-
PGHs). The TEM image of the obtained bgE Uy odOs-
PCsHs)(HOsPGsHs) product was shown in Figure 5, and it Figure 5. TEM images of the LggiE oo OsPCsHs)(HOsPCsHs) nanorod.

1204 Inorganic Chemistry, Vol. 45, No. 3, 2006
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Figure 6. Luminescent spectra of bulk Eu§PCsHs)(HOsPCsHs) (a) and Eu(@PGsHs)(HOsPGsHs) nanorods (b).
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Figure 7. Luminescent spectra of Etrdoped La(@QPCsHs)(HOsPCsHs) bulk material (a) and nanorods (b).

can be seen that the samples maintain the morphology ofthat of the bulk sample, and the emission intensities for these

the host material. two samples are almost the same. The electronic-dipole
Photoluminescence of Eu(@PCgHs)(HOsPCeHs) and transition°Do—"F, (613 nm) characterized by red emission

Lag 01 Uo 0 OsPCeHs)(HOsPCeHs) Nanorods. The lumi- IS the most prominent component.

nescent spectra of bulk EufPCsHs)(HOsPGsHs) and Eu(Q- Since Ln(QPCHs)(HOsPGHs) (Ln = La, Gd and Lu)

PCsHs)(HOsPCsHs) nanorods are shown in Figure 6. The &re transparent in the visible region, they can serve as host
excitation spectra are recorded by monitoring the emission Materials for other lanthanide ions to produce phosphors
wavelengthiem = 615 nm. The broad band with a maximum €Mitting different colors. The fluorescent studies of lan-
at 277 nm in the excitation spectrum of nanorods could be thanide-doped Ln(PGHs)(HOsPGHs) have not been
ascribed to the oxygen-to-europium charge-transfer band"€POrted. In this study, Bu ion was selected as a doping
(CTB), which occurs by electron delocalization from the 1°nS; and the fluorescence of Eedoped Lgo:Ew.ooOs-

filed 2p shell of the G to the partially filled 4f shell of P CHs)(HOsPGHs) nanorods was studied.

EW+. The CTB of bulk Eu(@PCHs)(HOsPG:H) is slightly The luminescent spectra of Eudoped bulk sample and
broader than that of the nanorods, and the CTB peak position"'2n0rods of LaeiEto o OsPCets) (HOPGHs) are shown

of the bulk sample (276 nm) is almost the same as that of in Figure 7. The excitation spectra were recorded by moni-
nanorods. According to Li’s wofk" and previous studi€'s,

toring the emission wavelengfla, = 615 nm, and the emis-
the peak posiion of CTB i related o the length of the B 512" ShECha were recorded with the excitation wavelengin
bond; the longer the EtO bond is, the longer the wave- _** ' P :
length of the CTB position will be. That means that the

Eup 0 OsPCGHs)(HOsPGsHs) show the same excitation and
. . emission spectra, indicating that Euions have been suc-

average E4O bond distance in Eu@#PCGHs)(HOsPGsHs) 18! b Indicating u v .

nanorods is almost the same as that of the bulk sample. Th

cessfully doped into host Lag®@CsHs)(HOsPCGsHs) nanorods.
f—f transitions of the E# 4f° electron configuration in the

ince La(QPCHs)(HOsPGHs) and Eu(QPCsHs)(HOs-
PGsHs) have similar crystal structures, the environment of
range of 306-500 nm can also be observed. These peaks y o' 2+ ion in Lay o E 0o O3P CsHs)(HOsPGsHs) nanorods
are attributed to the direct excitation of the’Eground state is the same as that in'Eu§EJC6H5)(H03PCeH5) nanorods
into the higher levels of the 4f-manifold such 4%—5L¢ at ’
397 nm. The intensities ofHf transitions of the bulk sample  (15) (&) Wei, Z.; Sun, L, Liao, C.; Yin, J.; Jiang, X.; Yan, G. Phys.
are obviously higher than those of the nanorods. The  Shem; B2002106 10610. (b) Hoefdraad, H. B. Solid State Chem.

o ) 1975 15, 175. (c) Tao, Y.; Zhao. G.; Ju, X.; Shao, X.; Zhang, W.;
emission spectrum of the nanorods is almost the same as  Xia, S. Mater. Lett.1996 28, 17.
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Figure 8. View of the structure of La(gPCsHs)(HOsPGsHs) along thec axis (a) and along thb axis (b).

and the emission spectrum of d.@Euy o OsPCsHs)(HOs- thea andb axes!**1"This means a higher growth rate along
PGHs) nanorods is almost the same as that of Bu(O the c axis and a lower one along tleeandb axes to form
PGsHs)(HOsPGsHs) nanorods. The emission intensity of the  La(OsPCGsHs)(HO3PGsHs) nanorods that grow preferentially
nanorods is a little bit higher than that of the bulk sample. along the [001] direction.

The intensities of the Bt ion f—f transitions in the range The experimental results indicate that STS plays a very
of 300-500 nm of L@ e1E .o OsPCGeHs)(HOsPGeHs) nano-  important role in the growth of lanthanide phenylphosphonate
rods are much lower than those Qf EgkQsHs)(HOsPCeHs) nanorods. It is very difficult to give an exact thermodynamic

nanorods because the concentration Jf fiuLao o1 of Os- prediction of the nanocrystal growth for this system. The

PCeHs)(HOsPGHs) nanorods is lower than that of EO  rgje of STS may be explained by the formation of the loose
PCeHs)(HOsPCHs) nanorods. complex through the electrostatic action betweef lcation

Unlike other nanocrystals showing unique absorption and andp-toluenesulfonate anions. Peng et al. presented a three-
fluorescence characteristics such as CdSe and ZnO due t@tage shape evolution mechanism based on the spherical
quantum size effect$, since the luminescence of both diffusion-controlled crystal growth theo§9 According to
nanorods and bulk samples of Euf@sHs)(HOsPC:Hs) or this mechanism, one-dimensional growth only occurs if the
Lao.91E .0 OsPCHs)(HOsPCGeHs) originates from the +f chemical potential of the monomers in solution is much
transitions of 4f shells which are well-shielded by the 5s h|gher than the h|ghest chemical potentia| of the atom on
and 5p shells of EU ions and the transitions of the f  the surface of the crystal seeds. In the absence of STS, the
electrons are mainly affected by the local symmetry of the girect mixing of an aqueous solution of LnCind phen-
crystal site, size effects on the luminescence of Bu(O ylphosphonic acid at pH= 2.0 leads to the formation of a
PCeHs)(HOsPCeHs) and La o1E o o OsPCeHs)(HOsP GeHs) large number of amorphous fine particles of the product.
nanorods are expected to be wé#k. Small crystalline nuclei are formed under hydrothermal

Possible Growth Mechanism of Ln(QPCgHs)(HO3P- conditions, and the crystalline nanoparticles were obtained
CeHs) Nanorods. As shown in Figure 8, La(6PCsHs)(HOs- by transferring L&" cations and phenylphosphonate anions
PCHs) has a layered structure containing inorganic poly- from the smaller crystalline particles to the larger ones
meric La—-PGC; layers attached by organic phenyl groups from  according to the well-known GibbsThompson law. In the
both sides. The layers stack along theaxis to form a  presence of high concentration of STS, thé'Leations exist

lamellar structure, and the structural feature alongdothgis as complexes witlp-toluenesulfonate anions. When phen-
is greatly different from that along each of ta@ndc axes.  yjphosphonate was added, fine particles of the product were
A closer examination of the inorganic polymeric RO also formed. However, in this case the concentration of the

layer suggested that the structural feature alongéeeéis is | 53+ complex withp-toluenesulfonate anions in the solution
also different from that along the axis although this g pigher than the concentration of the aqueou lcation
difference is smaller than that between the structural featuresi, the absence of STS. Thus. in the crystal growth stage

along 2t[1eb andc or a axes. As shown in Figure 8b, 3each both monomers have high chemical potential, and this
PhPQ?™ anion binds to L& ions of three adjacent Ea provides more favorable conditions for the growth of

Iayers}vvhigh are parallel to (001) layers, whereas each,n4r0ds. Moreover, the addition of STS can significantly
PhPQ?" anion binds to L& ions of two adjacent L& layers  jocrease the viscosity of the solution, which increases the
which are parallel to (100) layers. So the anisotropic mqpijity of the components in the system and allows atoms,

characteristic along the axis is different from that along o or molecules to adopt appropriate positions in develop-
the a axis. The anisotropic structural feature of Lg{O ing crystal latticed®

PCeH5)(HOSPGiH) provides the base for the anisotropic Li’s report on the hydrothermal synthesis of CAdEXES,

growth of the nanocrystal. From a kinetic perspective, the Se. T ds in ethvienediami ided hani
activation energy for the [001] direction of growth of La- e, Te) nanorods in ethylenediamine provided a mechanism

(OsPGsHs)(HOsPGHs) is lower than that of growth along

(17) Murphy, K. E.; Altman, M. B.; Wunderlich, B]. Appl. Phys1977,

48, 4122.
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Scheme 1. Growth Mechanism of La(gPCsHs)(HOsPCsHs) Nanorods Conclusion
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