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Abstract 

Chemical systems that contain non-centrosymmetric anions with electron lone pairs promote the 

formation of non-centrosymmetric phases. To probe this approach in mixed anion systems, we 

investigated crystallization in iodate-sulfate systems under mild hydrothermal conditions. By 

using different SO4 concentrations, the Sm(IO3)(SO4) and Ln2(IO3)3(SO4)OH•3H2O (Ln = Sm, 

Eu, Dy) structures were synthesized. It was observed that the reaction was very sensitive to the 

sulfate concentration. The structures were determined by single-crystal X-ray diffraction, where 

Sm(IO3)(SO4) crystallizes in the monoclinic crystal system adopting the space group P21/c and 

Ln2(IO3)3(SO4)OH•3H2O (Ln = Sm, Eu, Dy) crystallize in the triclinic crystal system adopting 

the space group P1�. 

 

  



Introduction 

Numerous iodate compounds have been explored for their often noncentrosymmetric (NCS) 

structures, which can lead to useful non-linear optical (NLO) properties.1–10 In fact, the search 

for improved NLO behavior has been the dominating driving forces behind most efforts to 

synthesize new iodate materials and has resulted in the synthesis of several hundred iodate 

compositions to date.1–10 What makes iodates so interesting is that fact that iodates containing the 

I5+ species can take on two types of coordination environments, that of [IO3]− and of [IO4]3−, 

where the lone pair on the I5+ species causes many iodate containing structures to crystallize in 

NCS structures.  To expand upon the iodate chemistry, several groups have explored iodate 

sulfates, such as Na7(IO3)(SO4)3,11 Bi(IO3)(SO4),12 CdBi(IO3)(SO4)212 and Ce(IO3)2(SO4),13 in 

their search for new NLO and other materials.  It is a reasonable expectation that the 

combination of multiple anions into a single structure can lead to new structure types with, 

perhaps, improved physical properties.  Sulfate chemistry has been studied for over 100 years 

and the tetrahedral SO4 building block is readily accommodated by most cations, as evidenced 

by the fact that metal sulfates are known for essentially every known element. Thus, the sulfate 

group is an excellent choice of an anion for targeting mixed anion materials.  

Our interest in multi anion systems was prompted by our past investigation of luminescing rare 

earth iodates, Ln2(IO3)3(IO4) (Ln=La, Nd, Pr) 14 where we encountered iodate sulfate products 

when using H2SO4 to adjust the pH in our iodate syntheses. We decided to pursue their targeted 

synthesis via hydrothermal synthesis and explored various reaction conditions to yield iodate 

sulfates rather than the simple iodates. Herein, we report reaction conditions optimization that 

led to the crystallization of Sm(IO3)(SO4) and Ln2(IO3)3(SO4)OH•3H2O (Ln = Sm, Eu, Dy) in 

centrosymmetric space groups. Sm(IO3)(SO4) is isostructural with Bi(IO3)(SO4),12 Ln(IO3)(SO4) 

(Ln = La–Gd, except Pm) 15 and Ln(IO3)(SeO4) (Ln = La–Nd),9 which all crystallize in the 

monoclinic space group P21/c, while Ln2(IO3)3(SO4)OH•3H2O (Ln = Sm, Eu, Dy) represent new 

compositions and structures that crystallize in the triclinic space group P 1�. We suggest that the 

synthetic routes developed, and described below, to obtain the mixed iodate sulfate polyanion 

materials can readily be extended to other systems, such as iodate phosphates, iodate arsenates, 

or iodate vanadates.   

 



EXPERIMENTAL 

Reagents 

Sm2O3 (Alfa Aesar, 99.99%), Eu2O3 (Alfa Aesar, 99.99%), Dy2O3 (Alfa Aesar, 99.9%), HIO3 

(Alfa Aesar, 99%), H2SO4 (Fisher), Cs2SO4 (Alfa Aesar, 99.99%) were all used as received.  

Synthesis 

For Sm(IO3)(SO4) (1), 0.349 g (1 mmol) of Sm2O3 and 0.528 g (3 mmol) of HIO3 were 

combined with 4.5 mL of H2O and 0.5 mL conc. H2SO4. For Sm2(IO3)3(SO4)OH•3H2O (2), 

0.349 g (1 mmol) of Sm2O3 and 0.362 g (1 mmol) Cs2SO4 and 0.528 g (3 mmol) of HIO3 were 

combined with 5 mL of H2O. Another route that yields the same product, 

Sm2(IO3)3(SO4)OH•3H2O, involves combining 0.349 g (1 mmol) of Sm2O3 and 0.528 g (3 

mmol) of HIO3 with 3 mL of H2O and 2mL of 1N H2SO4. For Eu2(IO3)3(SO4)OH•3H2O, (3) 

0.352 g (1 mmol) of Eu2O3 and 0.362 g (1 mmol) Cs2SO4 and 0.528 g (3 mmol) of HIO3 were 

combined with 5 mL of H2O. For Dy2(IO3)3(SO4)OH•3H2O, (4) 0.373 g (1 mmol) of Dy2O3 and 

0.528 g (3 mmol) of HIO3 were combined with 3 mL of H2O and 2 mL of 1N H2SO4. 

Each solution was placed in a 23-mL Teflon-lined autoclave that was subsequently sealed. The 

autoclaves were gradually heated to 220°C, held for 4 days, and cooled slowly to room 

temperature at a rate of 6°C h-1. The products were recovered by filtration and washed with 

water. Colorless crystals of Sm(IO3)(SO4), Eu2(IO3)3(SO4)OH•3H2O and 

Dy2(IO3)3(SO4)OH•3H2O and yellow crystals of Sm2(IO3)3(SO4)OH•3H2O were obtained in 

good yield. 

Single Crystal X-ray Diffraction 

Single-crystal X-ray diffraction data were collected at 300(2) K on a Bruker D8 QUEST 

diffractometer equipped with an Incoatec IμS 3.0 microfocus radiation source (MoKα, λ = 

0.71073 Å) and a PHOTON II area detector. The crystals were mounted on a microloop using 

immersion oil. The raw data reduction and absorption corrections were performed using SAINT 

and SADABS programs. 16, 17 Initial structure solutions were obtained with SHELXS-2017 using 

direct methods and Olex2 GUI.18 Full-matrix least-squares refinements against F2 were 

performed with SHELXL software. 19 All atoms including hydrogen (except the hydrogen atoms 



of non-coordinated water molecules) were located in difference electron density map. The O–H 

bonds in H2O and OH groups were restrained to 0.95 Å before final structure refinement. The 

crystallographic data and results of the diffraction experiments are summarized in Table 1. 



Table 1. Crystallographic Data for Sm(IO3)(SO4) and Ln2(IO3)3(SO4)OH•3H2O, Ln: Sm, Eu, Dy 

Chemical formula Sm(IO3)(SO4) Sm2(IO3)3(SO4)OH•3H2O Eu2(IO3)3(SO4)OH•3H2O Dy2(IO3)3(SO4)OH•3H2O 

Formula weight 421.31 992.52 993.72 1014.80 

Crystal system monoclinic triclinic Triclinic triclinic 

Space group, Z P 21/c P 1� P 1� P 1� 

a, Å 9.3148(9) 7.3858(2) 7.3666(2) 7.3088(2) 

b, Å 6.8678(7) 9.6166(3) 9.5817(3) 9.4824(3) 

c, Å 8.2852(8) 11.8629(3) 11.8263(3) 11.7302(3) 

V, Å3 512.67(9) 718.23(4) 711.85(3) 694.63(3) 

ρcalcd, g/cm3 5.458 4.589 4.636 4.852 

Radiation (λ, Å) MoKα (0.71073) 

μ, mm−1 17.859 14.780 15.474 17.586 

T, K 303 302 302 302 

Crystal dim., mm3 0.05x0.05x0.02 0.07x0.07x0.07 0.07x0.07x0.07 0.07x0.07x0.03 

2θ range, deg. 2.260- 36.319 2.967-27.495 3.113-28.494 2.526-29.998 

Reflections collected 20573 36615 46001 51463 

Data/parameters/restraints 2477/41/0 3294/209/0 3555/229/5 4038/229/5 

Rint 0.0339 0.0340 0.0329 0.0334 

Goodness of fit 1.200 1.085 1.027 1.079 

R1(I > 2σ(I)) 0.0301 0.0152 0.0133 0.0131 

wR2(all data) 0.1323 0.0368 0.0315 0.0304 



Powder X-ray Diffraction 

Powder X-ray diffraction (PXRD) data were collected on polycrystalline samples ground from 

single crystals. Data were collected on a Bruker D2 PHASER diffractometer using Cu Kα 

radiation over a 2θ range 10−65° with a step size of 0.02°. 

Energy-Dispersive Spectroscopy (EDS) 

EDS was performed on single crystal products using a Tescan Vega-3 SEM equipped with a 

Thermo EDS attachment. The SEM was operated in low-vacuum mode. Crystals were mounted 

on an SEM stub with carbon tape and analyzed using a 20 kV accelerating voltage and an 80 s 

accumulation time. The results of EDS confirmed the presence of elements found by single-

crystal X-ray diffraction and did not reveal the presence of any additional elements. 

RESULTS AND DISCUSSION 

Synthesis 

The mild hydrothermal synthesis method was used to pursue the crystallization of new mixed 

iodate-sulfate materials. During our previous study, 14 in which we reported the synthesis of 

several new iodate crystals of compositions Ln2(IO3)3(IO4) (Ln = La, Nd, Pr), we observed the 

formation of a by-product, Sm(IO3)(SO4), when concentrated H2SO4, in addition to the iodic 

acid, was added to the reaction mixture.  However, only a couple of crystals could be isolated 

from those reactions. Optimization to yield pure iodate sulfate products proofed difficult as 

varying the amount of concentrated H2SO4 resulted in mixtures of products, or no crystals at all.  

When we changed from concentrated H2SO4 to diluted H2SO4 to adding just 1 mmol H2SO4 to 

the reaction, we obtained Sm2(IO3)3(SO4)OH•3H2O crystals, albeit, not as a phase pure product.  

To study the impact on the quantity of SO42– in the reaction mixture, further experiments were 

carried out. After several attempts we determined that the use of Cs2SO4 as the SO42– source 

allowed us to crystallize mixed iodate sulfates of the type Ln2(IO3)3(SO4)OH•3H2O (Ln = Sm, 

Eu). Since clearly the SO42– concentration has a strong effect on the product formation, we 

continued our investigation and switched from Cs2SO4 to 1N H2SO4 to study the impact on the 

SO42– source on crystal growth. Varying amounts of (0.1 mL to 2.5 mL) 1N H2SO4 were used in 

the experiments. While Sm(IO3)3 crystallizes when 0.1 mL of 1N H2SO4 is used in the reaction, 

increasing proton concentration by adjusting the volume of 1N H2SO4 to between 1 mL and 1.5 



mL, leads to the formation of Sm2(IO3)3(SO4)OH•3H2O, which contains a hydroxide group. 

Further increases to 2.5 mL of 1N H2SO4 in the reaction, however, results in the simple known 

iodate, Sm(IO3)3, as did volumes of less than 1 mL of 1 N H2SO4. Such behavior indicates a 

delicate balance between pH of the starting reaction and the concentration of SO42– anions under 

mild hydrothermal conditions.  Interestingly, in our attempts to prepare the dysprosium analog, 

we found that 2 mL of 1N H2SO4 resulted in Dy2(IO3)3(SO4)OH•3H2O crystals. The result of 

varying the sulfate concentration is compiled in Table 2.   

Table 2. Effect of H2SO4 on the crystal structure 

Sm2O3 (1mmol)  + HIO3 (3mmol) + H2O + H2SO4 (1N) 

H2SO4 (1N)  

0.1 mL Sm(IO3)3 

1 mL Sm2(IO3)3(SO4)OH•3H2O 

1.5 mL Sm2(IO3)3(SO4)OH•3H2O 

2 mL Sm(IO3)3 and 

Sm2(IO3)3(SO4)OH•3H2O 

2.5 mL Sm(IO3)3 

 

Lu et al. worked on the crystallization of iodate‐ sulfate mixed‐anion system developed for 

lanthanide separation.15 In their work, prisms of Ln(IO3)(SO4) (Ln = La–Gd, except Pm) and 

blocks of Ln(IO3)(SO4)(H2O)2•H2O (Ln = Tb–Lu) were isolated. 

Crystal Structures 

Sm(IO3)(SO4) (1) is isostructural with Bi(IO3)(SO4),12 Ln(IO3)(SO4) (Ln = La–Gd, except Pm)15 

and Ln(IO3)(SeO4) (Ln = La–Nd) 9 and crystallizes in the centrosymmetric monoclinic space 

group P 21/c (Figure 1a). The asymmetric unit contains one IO3− anion, one SO42− anion and one 

Sm3+ cation.  The SmO10 polyhedra share edges to form layers in the bc plane.  (Figure 1c). Each 

Sm atom is coordinated by four oxygen atoms from IO3− anions and six oxygen atoms from 



SO42− anions (Figure 1b) with an average Sm−O bond length of 2.54 Å (Table S5). The layers 

are connected into a framework by bridging IO3– anions. 

Ln2(IO3)3(SO4)OH•3H2O (Ln = Sm, Eu, Dy) (1-3) crystallize in a new structure type (Figure 2) 

in the centrosymmetric triclinic space group P 1�. The structure contains two Ln cations, three I 

atoms, and seventeen O atoms. The coordination polyhedra of Ln1 and Ln2 cations are irregular 

with coordination numbers of 8 and 9 and Sm−O distances in the range of 2.272(3)−2.678(3) Å. 

Ln1O8 polyhedra share edges with neighboring Ln2O9 polyhedra. The I atoms connect to the Ln 

atoms via bridging oxygen atoms with I−O distances ranging from 1.791(3) to 1.820(2) Å. SO4 

groups are corner share with both SmO8 and SmO9 polyhedra. All bond lengths and atomic 

coordinates are listed in Tables S1-S8 in the Supporting Information. 

The main feature of Ln2(IO3)3(SO4)OH•3H2O series is the presence of hydroxide group that 

results from partial acid neutralization with starting Ln2O3 oxides. The hydroxide groups bind 

two Ln atoms each, forming two short Ln–O bonds, 2.270(3) and 2.292(3) Å in the Sm analog. 

For comparison, the water molecule that is also bound by two neighboring Ln atoms forms much 

longer Ln–O bonds, 2.536(3) and 2.665(3) Å for Ln = Sm, whereas Sm–O bond length with a 

terminal water molecule has an intermediate length of 2.413(3) Å. Therefore, crystallographic 

data confirms the presence of hydroxide groups, which is requires by charge balance, and allows 

for distinguishing water molecules and hydroxide groups by Ln–O bond lengths. 
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Figure 1. (a) Ball-and-stick representation of Sm(IO3)(SO4), (b) SmO10, (c) and (d) polyhedral 

views of the structure of Sm(IO3)(SO4). Sm in blue (ball and stick model), I in purple, O in red, S 

in yellow. 

 

 

 

 



    

(a) (b) (c) 
   

(d) (e) 
 

Figure 2. (a) Ball-and-stick representation of Sm2(IO3)3(SO4)OH•3H2O, (b) SmO8, (c) SmO9 (d) 

and (e) polyhedral views of the structure of Sm2(IO3)3(SO4)OH•3H2O. Sm1 in magenta, Sm2 in 

pink, I in purple, O in red, S in yellow. 

 

Conclusions  

Single crystals of iodate sulfates Sm(IO3)(SO4) and Ln2(IO3)3(SO4)OH•3H2O (Ln = Sm, Eu, Dy) 

were grown via mild hydrothermal route and their structures were studied suing single crystal X-

ray diffraction. The phase equilibrium in the reaction mixtures was found to be very sensitive to 

the SO42– concentrations and starting pH as noted while studying the impact of varying the 



quantities of reagents in the reaction mixture. Addition of 0.1 mL or 2.5 mL of 1N H2SO4 to the 

starting reaction results in the formation of Sm(IO3)3, whereas intermediate quantities of 0.1N 

H2SO4, 1 and 1.5 mL, lead to the formation of Sm2(IO3)3(SO4)OH•3H2O. All compounds 

crystallize in centrosymmetric space groups, P 1� for Sm(IO3)(SO4) and P 21/c for 

Ln2(IO3)3(SO4)OH•3H2O (Ln = Sm, Eu, Dy). 
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