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ABSTRACT: A total of 10 three-dimensional chiral coordination compounds L- and D-[Ln(HCO2)(SO4)(H2O)]n (Ln = La, Ce,
Pr, Nd, and Eu) have been synthesized without any chiral auxiliary and characterized by IR, thermogravimetric, and elemental
analyses. Their structures were determined by single-crystal X-ray structural analysis, which shows that L-[Ln(HCO2)(SO4)-
(H2O)]n (Ln = La, Ce, Pr, Nd, and Eu) crystallize in space group P43 and are laevogyrate and isostructural. The chiral
frameworks of L-[Ln(HCO2)(SO4)(H2O)]n are constructed from L-helical Ln−O cluster chains, while adjacent L-type helical
−[Ln−O]n− chains are connected through O−Ln−O linkages to form chiral intertwined Ln−O double helices of left-
handedness. D-[Ln(HCO2)(SO4)(H2O)]n crystallize in space group P41, and their chiral frameworks consist of D-helical Ln−O
cluster chains. The observed second-harmonic-generation efficiencies of [La(HCO2)(SO4)(H2O)]n, Ce(HCO2)(SO4)(H2O)]n,
[Pr(HCO2)(SO4)(H2O)]n, [Nd(HCO2)(SO4)(H2O)]n, and [Eu(HCO2)(SO4)(H2O)]n are 0.7, 0.8, 0.7, 0.5, and 0.7 times that
of urea, respectively. It is particularly interesting that [Pr(HCO2)(SO4)(H2O)]n shows good two-photon absorption.

■ INTRODUCTION

The significant interest in the crystal engineering of chiral
three-dimensional (3D) coordination frameworks reflects their
structural diversity and wide-spread applications in enantiotopic
selective separation and catalysis.1,2 Although great efforts have
been made, most of the chiral coordination compounds are
discrete. Therefore, the design and synthesis of high-dimen-
sional chiral coordination frameworks are a big challenge in
both material and coordination chemistry.
According to the chiral coordination frameworks reported,

two synthetic strategies were used to approach the goal. The
first strategy is to employ chiral organic ligands in stereo-
selective synthesis.3−6 The second strategy is spontaneous
resolution upon crystallization without chiral species.7−11 If
there are preferential and extended homochiral connections
between the neighboring chiral units, the chirality should
extend to higher dimensionality, while the probability of

spontaneous resolution would be able to increase. The chirally
discriminative connections may arise from coordination- and/
or hydrogen-bonding interactions.7

Now, we are focusing our attention on building 3D chiral
lanthanide sulfates without any chiral auxiliary. Compared with
other transition metals, not only can the rare-earth elements
adopt Ln/O radius ratios to form polyhedra with coordination
of 8, 9, 10, and 12 but also the Ln−O distances are significantly
longer.12−17 The flexibility of the polyhedral structure for rare-
earth elements allows the formation of various helical
chains.15−17 Here we report the hydrothermal synthesis and
structural characterization of 10 chiral 3D framework
lanthanide coordination compounds: L- and D-[Ln(HCO2)-
(SO4)(H2O)]n (Ln = La, Ce, Pr, Nd, and Eu), which are of
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Table 1. Crystal Data and Structure Refinements for 1−10

1 2 3 4 5

formula CH3EuO7S CH3LaO7S CH3CeO7S CH3PrO7S CH3NdO7S
fw 311.05 298.00 299.21 300.00 303.33
T (K) 296(2) 296(2) 296(2) 296(2) 296(2)
wavelength (Å) 0.71073 0.71073 0.71073 0.71073 0.71073
cryst syst tetragonal tetragonal tetragonal tetragonal tetragonal
space group P43 P43 P43 P43 P43
a (Å) 6.9111(16) 6.9920(10) 6.9967(3) 6.9873(5) 6.9724(4)
b (Å) 6.9111(16) 6.9920(10) 6.9967(3) 6.9873(5) 6.9724(4)
c (Å) 11.604(5) 11.8201(3) 11.7780(11) 11.7373(17) 11.7007(16)
α (deg) 90 90 90 90 90
β (deg) 90 90 90 90 90
γ (deg) 90 90 90 90 90
V (Å3) 554.2(3) 579.053(19) 576.58(6) 573.04(10) 568.82(9)
Z 4 4 4 4 4
Dc (g/m

3) 3.728 3.418 3.447 3.477 3.542
μ (mm−1) 11.672 7.718 8.237 8.846 9.474
F(000) 576 552 556 560 564
cryst size (mm3) 0.14 × 0.14 × 0.13 0.14 × 0.14 × 0.13 0.14 × 0.14 × 0.12 0.16 × 0.14 × 0.10 0.17 × 0.13 × 0.12
θ range (deg) 2.95−25.96 2.91−25.98 2.91−25.98 2.92−25.92 2.92−25.00
limiting indices −8 ≤ h ≤ 8, −8 ≤ k ≤ 8,

−14 ≤ l ≤ 14
−5 ≤ h ≤ 8, −6 ≤ k ≤ 8,
−11 ≤ l ≤ 14

−8 ≤ h ≤ 8, −8 ≤ k ≤ 8,
−14 ≤ l ≤ 13

−8 ≤ h ≤ 8, −8 ≤ k ≤ 7,
−14 ≤ l ≤ 14

−8 ≤ h ≤ 8, −8 ≤ k ≤ 8,
−13 ≤ l ≤ 13

reflns collected 3988 2293 4247 4193 3955
indep reflns 1053 1064 1103 1109 1000
R(int) 0.0393 0.0170 0.0309 0.0170 0.0393
data/restraints/
param

1053/2/101 1064/4/101 1103/7/102 1109/7/102 1000/15/101

GOF 1.036 0.998 1.025 1.055 1.110
Flack param −0.054(19) 0.016(15) −0.058(15) −0.051(18) −0.03(4)
R1a, wR2b [I >
2σ(I)]

0.0191, 0.0446 0.0121, 0.0272 0.0130, 0.0317 0.0173, 0.0404 0.0225, 0.0573

R1, wR2 (all data) 0.0194, 0.0448 0.0123, 0.0273 0.0132, 0.0318 0.0174, 0.0405 0.0226, 0.0574
6 7 8 9 10

formula CH3EuO7S CH3LaO7S CH3CeO7S CH3PrO7S CH3NdO7S
fw 311.05 298.00 299.21 300.00 303.33
T (K) 296(2) 296(2) 296(2) 296(2) 296(2)
wavelength (Å) 0.71073 0.71073 0.71073 0.71073 0.71073
cryst syst tetragonal tetragonal tetragonal tetragonal tetragonal
space group P41 P41 P41 P41 P41
a (Å) 6.9130(5) 7.0078(3) 6.9951(3) 6.9876(4) 6.9706(3)
b (Å) 6.9130(5) 7.0078(3) 6.9951(3) 6.9876(4) 6.9706(3)
c (Å) 11.5956(18) 11.8399(8) 11.7739(10) 11.7374(15) 11.6921(10)
α (deg) 90 90 90 90 90
β (deg) 90 90 90 90 90
γ (deg) 90 90 90 90 90
V (Å3) 554.15(10) 581.55(5) 576.11(6) 573.10(9) 568.11(6)
Z 4 4 4 4 4
Dc (g/m

3) 3.728 3.404 3.450 3.477 3.546
μ (mm−1) 11.674 7.686 8.243 8.845 9.486
F(000) 576 552 556 560 564
cryst size
(mm3)

0.16 × 0.14 × 0.10 0.16 × 0.13 × 0.10 0.14 × 0.12 × 0.12 0.17 × 0.17 × 0.10 0.13 × 0.13 × 0.12

θ range (deg) 2.95−25.97 3.363−26.665 2.91−25.99 2.92−25.46 2.92−25.99
limiting indices −8 ≤ h ≤ 8, −8 ≤ k ≤ 8,

−14 ≤ l ≤ 13
−8 ≤ h ≤ 8, −7 ≤ k ≤ 8,
−14 ≤ l ≤ 14

−8 ≤ h ≤ 8, −4 ≤ k ≤ 8,
−14 ≤ l ≤ 14

−8 ≤ h ≤ 8, −8 ≤ k ≤ 8,
−14 ≤ l ≤ 14

−8 ≤ h ≤ 8, −8 ≤ k ≤ 8,
−9 ≤ l ≤ 14

reflns collected 4038 4298 3147 4149 3103
indep reflns 1045 1118 1130 1063 982
R(int) 0.0348 0.0170 0.0237 0.0170 0.0216
data/restraints/
param

1045/3/101 1118/7/102 1103/7/101 1063/7/102 982/7/101

GOF 1.045 1.066 1.044 1.003 1.130
Flack param −0.069(17) 0.003(17) −0.027(17) −0.01(2) −0.025(18)
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particular interest on the selectivity of lanthanide for symmetry
and chirality. If a symmetry of P43 is chosen, the chirality of the
framework should be laevogyrate, while dextrogyrous chiral
frameworks choose a symmetry of P41.

■ EXPERIMENTAL SECTION
Materials and Methods. All chemicals purchased were of reagent

grade and were used without further purification. IR spectra were
recorded on a Nicolet Impact 410 Fourier transform infrared
spectrometer using KBr pellets in the 4000−400 cm−1 region.
Elemental analyses of C and H were performed on a Perkin-Elmer
2400 CHN elemental analyzer. Thermogravimetric analyses (TGA)
were carried out in a N2 atmosphere on a Diamond thermogravimetric
analyzer from 50 to 1100 °C with a heating rate of 10 °C/min. The
solid-state emission/excitation spectra of [Ln(HCO2)(SO4)(H2O)]n
were measured on a FP-6500 spectrofluorimeter equipped with a 450
W xenon lamp as the excitation source. Optical second-harmonic-
generation (SHG) efficiencies were investigated by a Q-switched
Nd:YAG laser (wavelength = 1064 nm and pulse width = 10 ns) at
room temperature. Two-photon absorption (2PA) cross sections (δ)
were obtained by using a Chameleon II femtosecond laser pulse and a
Ti:95 sapphire system (680−1080 nm, 80 MHz, 140 fs). Single-crystal
structure determination was performed on a Bruker SMART APEX2
CCD diffractometer at 293 K and a sealed tube X-ray source (Mo Kα
radiation, λ = 0.71073 Å) operating at 50 kV and 30 mA.
Synthesis of L- and D-Eu(HCO2)(SO4)(H2O) (1 and 6). A mixture

of Eu2O3 (0.71 mmol, 0.2495 g), HCl (0.48 mmol, 0.4 mL, 36−38%),
H2O (555.56 mmol, 10 mL), sulfuric acid (3.633 mmol, 0.3633 g,
98%), N,N-dimethylformamide (DMF; 12.98 mmol, 0.9474 g), and
tetramethylammonium hydroxide (0.97 mmol, 0.3533 g, 25%) was
stirred for 40 min; the final pH was 2. The mixture was sealed in a 24
mL Teflon-lined autoclave and heated at 180 °C for 6 days. After being
cooled to room temperature, filtered off, and washed with distilled
water, colorless block crystals were obtained. Yield: 0.0952 g, 21.6%
(based on EuIII). Anal. Calcd for CH3EuO7S: C, 3.86; H, 0.97. Found:
C, 3.89; H, 0.94. IR of compounds 1 and 6 (cm−1): 3506 s, 3368 s,
3208 m, 1566 vs, 1346 vs, 1149 vs, 802 s, 632 s, 557 s.
Synthesis of L- and D-La(HCO2)(SO4)(H2O) (2 and 7).

Compounds 2 and 7 were synthesized in a manner similar to that
described for 1 and 6, except that Eu2O3 was replaced by La2O3 (0.77
mmol, 0.2510 g). Colorless block crystals of 2 and 7 were obtained.

Yield: 0.1985 g, 43.3% (based on LaIII). Anal. Calcd for CH3LaO7S: C,
4.03; H, 1.01. Found: C, 3.99; H, 0.94. IR of compounds 2 and 7
(cm−1): 3503 s, 3369 s, 3190 m, 1560 vs, 1375 vs, 1143 vs, 798s, 638 s,
553 s.

Synthesis of L- and D-Ce(HCO2)(SO4)(H2O) (3 and 8).
Compounds 3 and 8 were synthesized in a manner similar to that
described for 1 and 6, except that Eu2O3 was replaced by CeO2 (1.46
mmol, 0.2506 g). Colorless block crystals of 3 and 8 were obtained.
Yield: 0.0793 g, 18.2% (based on CeIV). Anal. Calcd for CH3CeO7S:
C, 4.01; H, 1.01. Found: C, 3.89; H, 0.94. IR of compounds 3 and 8
(cm−1): 3500 s, 3369 s, 3211 w, 1560 vs, 1349 vs, 1128 vs, 798 s, 626 s,
572 s.

Synthesis of L- and D-Pr(HCO2)(SO4)(H2O) (4 and 9).
Compounds 4 and 9 were synthesized in a manner similar to that
described for 1 and 6, except that Eu2O3 was replaced by Pr2O3 (0.76
mmol, 0.2492 g). Green block crystals of 4 and 9 were obtained. Yield:
0.2107 g, 46.5% (based on PrIII). Anal. Calcd for CH3PrO7S: C, 4.00;
H, 1.01. Found: C, 3.89; H, 0.94. IR of compounds 4 and 9 (cm−1):
3497 s, 3372 s, 3199 m, 1566 vs, 1346 vs, 1137 vs, 798 s, 626 s, 566 s.

Synthesis of L- and D-Nd(HCO2)(SO4)(H2O) (5 and 10).
Compounds 5 and 10 were synthesized in a manner similar to that
described for 1 and 6, except that Eu2O3 was replaced by Nd2O3 (0.75
mmol, 0.2523 g). Powdery purple block crystals of 5 and 10 were
obtained. Yield: 0.2351 g, 51.7% (based on NdIII). Anal. Calcd for
CH3NdO7S: C, 3.96; H, 1.00. Found: C, 3.89; H, 0.94. IR of
compounds 5 and 10 (cm−1): 3500 s, 3372 s, 3193 m, 1560 vs, 1346
vs, 1137 vs, 798 s, 635 s, 558 s.

X-ray Crystallography. Single-crystal X-ray diffraction data were
collected on a SMART APEX2 CCD diffractometer with graphite-
monochromated Mo Kα radiation (λ = 0.71073 Å) at room
temperature. A total of 10 structures were solved by direct methods
and refined on F2 by full-matrix least-squares methods using the
SHELX97 program package. All non-H atoms were refined anisotropi-
cally. The H atoms of water for 10 structures were located from a
difference map, while the H atoms of the organic moieties were
included in calculated positions, assigned isotropic displacement
parameters, and allowed to ride on their parent atoms. A summary
of the crystallographic data and structural determination for both
compounds is provided in Table 1.

Table 1. continued

6 7 8 9 10

R1a, wR2b [I >
2σ(I)]

0.0163, 0.0388 0.0151, 0.0323 0.0143, 0.0336 0.0169, 0.0414 0.0154, 0.0355

R1, wR2 (all
data)

0.0164, 0.0389 0.0154, 0.0324 0.0144, 0.0337 0.0170, 0.0415 0.0155, 0.0355

aR1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = ∑[w(Fo

2 − Fc
2)2]/∑[w(Fo

2)2]1/2.

Figure 1. (a) Coordination environment of Eu3+ in D-[Eu(HCO2)(SO4)(H2O)]n in 6. (b) Coordination environment of Eu3+ in 1.
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■ RESULTS AND DISCUSSION

Synthesis. Hydrothermal synthesis has recently been
demonstrated to be a powerful method in the synthesis of
solid-state lanthanide sulfates. During a specific hydrothermal
synthesis, many factors can affect the nucleation and crystal
growth of the final products, such as the type of initial reactants,
starting concentrations of the reactants, pH values, solvents,
reaction temperature, and time. In our case, solvents (DMF)
play an important role in the formation of L- and D-
[Ln(HCO2)(SO4)(H2O)]n (Ln = La, Ce, Pr, Nd, and Eu).
DMF not only acts as a solvent but also decomposes to a ligand
of HCOOH. We tried to add HCOOH as a reactant, but
needlelike crystals of Ln(HCOO)3 were obtained with the
hexagonal unit cell (a = b = 10.50 Å and c = 4.01 Å).
Tetramethylammonium hydroxide was not included in the final
product, but without it, we could not obtain chiral L- and D-
[Ln(HCO2)(SO4)(H2O)]n (Ln = La, Ce, Pr, Nd, and Eu). We
tried to replace Ln2O3 and HCl using LnCl3·nH2O; the product
[Ln(HCO2)(SO4)(H2O)]n was obtained with a similar yield.
When Ln2O3 was used as the initial reactant, [Ln(HCO2)-
(SO4)(H2O)]n could not be prepared without HCl (0.4 mL,
36−38%). Also we tried to change the temperature and
reaction time, but the final products were still a mixture of L-
and D-[Ln(HCO2)(SO4)(H2O)]n. If the reaction temperature
was over 190 °C, the product yield was very low.
Crystal Structures of L-[Ln(HCO2)(SO4)(H2O)]n (1−5). A

total of five L-[Ln(HCO2)(SO4)(H2O)]n (1−5) crystallize in
chiral space group P43 and keep the same topological structure.
Take compound L-[Eu(HCO2)(SO4)(H2O)]n (1) as an
example. The asymmetric unit of 1 contains 10 crystallo-
graphically independent non-H atoms, and all of them belong
to the inorganic framework, including a Eu atom, a formyl
group, a sulfate group, and one water molecule.
As shown in Figure 1b, the Eu atom is coordinated by nine O

atoms from the formyl group, sulfate group, and water
molecule. The structure of 1 can be described from the
building units, the helical L-[Eu−O]n chains (Figure 2), and the
formyl and sulfate group fragments. As shown in Figure 2a, Eu
atoms are linked by O5 and its symmetric partners to generate a
L-helical chain, while O6 and its symmetric partners bond Eu
atoms to make other L-helical [Eu−O]n chains (Figure 2b). The
central axis for both L-helical chains is a 4-fold screw axis (43).

Interestingly, adjacent L-type helical [Eu−O]n chains are
connected through O−Eu−O linkages to form chiral
intertwined −[Eu−O]− double helices of left-handedness, as
shown in Figure 2c. The chiral interpenetrating double helices
above are particularly rare in inorganic materials, with a notable
example being vanadophosphate of [{(CH3)2NH2}-
K4{V10O10(H2O)(OH)4(PO4)7}]·4H2O.

10c To the best of our
knowledge, it is observed in the rare-earth sulfate compounds
for the first time. The Flack parameter of −0.05(2) for
compound 1 indicates that the absolute configurations are
correct. The fragments of formyl and sulfate link the double
helices to generate the chiral topological framework of 1
(Figure 3). The Eu atoms have typical geometrical parameters,
with Eu−O distances of 2.315(4)−2.677(4) Å. The O−Eu−O
bond angles range from 66.31(11)° to 146.38(15)°. The values
are comparable with those reported earlier.12−15 The S atoms
are tetrahedrally coordinated to four O atoms, with S−O
distances in the range of 1.457(4)−1.482(3) Å, which are
similar to those reported for the sulfates.12−16 Each S atom
makes four S−O−Eu linkages through four two-bridging O
atoms (S−O−Eu bridges). The S−O−S bond angles are
between 108.5(2)° and 110.9(2)°, which are in agreement with
109°28′, while each C atom links two double −[Eu−O]n−
helices through two three-bridging O atoms. The C−O bond
distances and O−C−O angles are 1.267(4) Å and 122.4(4)°.
The O1w atom is attached to Eu atoms, terminal and
corresponding to the water molecule. The bond distance of
Eu−O(water) is 2.539(3) Å, which is involved in the strong
hydrogen bond with other O atoms [O1w···O1 (1 − x, 1 − y, 0.5
+ z), 2.69(2) Å; O1w···O2 (1 − x, −y, 0.5 + z), 2.78(2) Å;
O1w···O2 (y, −x, 0.25 + z), 2.92(2) Å; O1w···O4 (1 − x, 1 − y,
0.5 + z), 2.95(2) Å].
Because we have not had chiral separation, L and D

compounds are mixed together, and we use the mixtures to
test their thermal properties. Thermal analysis shows that the
total weight loss of the five mixtures occurs in two steps under
N2. Take the mixture of 1 and 6 for example. The total weight
loss of 41.72% (cal. 43.41%) corresponds to the removal of
H2O, CO, and SO3. The final residual at 1100 °C is Eu2O3, as
shown in Figure S10 in the Supporting Information.

Crystal Structures of D-[Ln(HCO2)(SO4)(H2O)]n (6−10).
When the symmetry of P41 is selected, the chirality of the
frameworks is dextrogyrous. Five chiral D-[Ln(HCO2)(SO4)-
(H2O)]n (6−10) crystallize in the space group P41 and keep
the same chirility. Take compound 6 as an example. As shown
in Figure 1a, 6 is constructed by the building units EuO9
polyhedra, bridging formyl and sulfate groups. As shown in
Figure 4a, Eu atoms are bonded by bridging O atoms to make a
D-helical chain, while other bridging O atoms bond Eu atoms to
generate other D-helical [Eu−O]n cluster chains (Figure 4b).
The central axis for both D-type helical chains is a 4-fold screw
axis of 41. Similarly, adjacent D-type helical [Eu−O]n chains are
connected through O−Eu−O linkages to form dextrogyrous
chiral intertwined Eu−O double helices, as shown in Figure 4c.
The Flack parameter of −0.07(2) for compound 6 indicates
that the absolute configurations are correct. The bridging
formyl and sulfate groups connect the double helices to
perform a dextrogyrous topological framework of 6, as shown
in Figure 5.

Photoluminescence Properties. The emission spectrum
of mixed L- and D-[Eu(HCO2)(SO4)(H2O)]n (1 and 6), as
shown in Figure 6, exhibits the characteristic transition of the
Eu3+ ion. [Eu(HCO2)(SO4)(H2O)]n was a mixture of

Figure 2. (a) L-Helical chain of 1 linked by O5 and O6. (b) Chiral
interpenetrating double-helix chain of 1. (c) L-Chiral topological chain
of 1.
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compounds 1 and 6 without further chiral separation. Five
bands are found that are attributed to 5D0 →

7FJ (J = 0, 1, 2, 3,
4) transitions: 586.2 nm, 5D0 → 7F0; 593.2 nm, 5D0 → 7F1;
616.0 nm, 5D0 →

7F2; 649.5 nm, 5D0 →
7F3; 693.1 nm, 5D0 →

7F4. It can be predicted that the five excitation bands are all of
the effective energy excitation for the luminescence of Eu3+.

Nonlinear-Optical (NLO) Measurement. The second-
order NLO effect for the powder samples of mixed L- and D-
Eu(HCO2)(SO4)(H2O), La(HCO2)(SO4)(H2O), Ce(HCO2)-

Figure 3. L-Chiral framework of 1 (S and C atoms and water molecules are removed for clarity).

Figure 4. (a) D-Helical chain of 6 linked by O5 and O6. (b) Chiral
interpenetrating double-helix chain of 6. (c) D-Chiral topological chain
of 6.

Figure 5. D-Chiral framework of 6 (S and C atoms and water molecules are removed for clarity).

Figure 6. Solid-state emission spectra of mixed L- and D-[Eu(HCO2)-
(SO4)(H2O)]n (1 and 6) at room temperature.
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(SO4)(H2O), Pr(HCO2)(SO4)(H2O), and Nd(HCO2)(SO4)-
(H2O) were investigated by optical SHG at room temperature.
SHG intensity data were obtained by placing the powder
sample in an intense fundamental beam from a Q-switched
Nd:YAG laser with a wavelength 1064 nm. The output (λ =
532 nm) was first filtered to remove the multiplier and then
displayed on an oscilloscope. This procedure was repeated
using a standard NLO material (microcrystalline urea), and the
ratio of the SHG intensity outputs was calculated. The observed
SHG efficiencies are 0.7, 0.8, 0.7, 0.5, and 0.7 times that of urea
for [La(HCO2)(SO4)(H2O)]n, Ce(HCO2)(SO4)(H2O)]n, [Pr-
(HCO2)(SO4)(H2O)]n, [Nd(HCO2)(SO4)(H2O)]n, and [Eu-
(HCO2)(SO4)(H2O)]n, respectively.
2PA. 2PA cross sections (δ) of a mixture of L- and D-

[Pr(HCO2)(SO4)(H2O)]n were obtained by an open-aperture
Z-scan technique using a femtosecond laser pulse and a Ti:95
sapphire system (680−1080 nm, 80 MHz, 140 fs). For other
compounds, 2PAs were not observed. The sample was recorded
as Nujol mulls between quartz plates and determined under a
laser wavelength of 720 nm. Figure 7 shows the typical Z-scan

measurement of [Pr(HCO2)(SO4)(H2O)]n. The filled squares
represent the experimental data, and the solid line is the
theoretical curve modified from the following equations:18

∑= =
−

+=

∞

T z s
q z

m
( , 1)

[ ( )]

( 1)m

m

0

0
3/2

(1)

β
=

+
q z

I L
x

( )
10

0 eff
2 (2)

where x = z/z0, in which z0 = πω0
2/λ is the diffraction length of

the beam, where ω0 is the spot size at the focus, λ is the
wavelength of the beam, and z is the sample position. I0 is the
input intensity at the focus z = 0 and equals the input energy
divided by πω0

2. Leff = (1 − e−αL)/α is the effective length, in
which α is the linear absorption coefficient and L is the sample
length. By using the above equations, we obtain the nonlinear
absorption coefficient β. Furthermore, the molecular 2PA cross
section σ can be determined by the following relationship:

σ νβ= ×h N d/ 10A
3

(3)

where hν is the energy of the incident photon, NA is Avogadro's
constant, and d is the concentration of the compound. The
nonlinear absorption coefficient β and 2PA cross section of the
compound are calculated as 0.04521 cm/GM (1 GM = 10−50

cm4·s/photo). The nonlinear absorption coefficient and
molecular 2PA cross section agree well with the values
measured by an open-aperture Z-scan technique.

■ CONCLUSIONS
In conclusion, 10 novel chiral lanthanide coordination
compounds have been synthesized by an achiral ligand. The
formations of 10 chiral compounds show an interesting
example of completed resolution in chirality, a progression
from achiral species to chiral helical chains, to double helical
chains, and finally to chiral crystals. Of particular interest, a
mixture of L- and D-[Pr(HCO2)(SO4)(H2O)]n shows good
NLO properties.
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