Structure of a High Temperature Phase of Potassium Dideuteriophosphate (KDDP)
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Abstract

We previously determined the structures of the high temperature crystal phases of KH2PO4 (J. A. Subramony, S. Lovell, B. Kahr, Chem. Mat. 10 (1998) 2053). These triclinic and monoclinic phases were obtained by heating the room temperature tetragonal form until new crystal phases were identified by polarization microscopy. These samples were subsequently cooled to room temperature thereby preserving the metastable high temperature phases. As KD2PO4 is distinct from KH2PO4 in that it crystallizes at room temperature in a monoclinic phase unknown in its isotopomer, becomes of interest to know whether it will support the corresponding high temperature phases. Here, we have transformed monoclinic KD2PO4 into an isomorphous triclinic high temperature phase: space group P(1  with a = 7.475(1), b = 7.440(1), c = 7.184(1),  = 88.53(1),  = 86.81(1),  =  88.09(1).
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Potassium dideuteriophosphate (KD2PO4, KDDP) crystallizes in the monoclinic system [
,
] when protons are rigorously excluded from the crystallization solution (D/D+H must be > 98%) otherwise tetragonal crystals [
] precipitate that are isomorphous with the isotopomer, potassium dihydrogenphosphate (KH2PO4, KDP). This dichotomous behavior is perhaps the most well-studied isotope effect on crystal growth. No corresponding monoclinic phase has ever been identified on the phase diagram of KDP, underscoring the puzzling differences between the two substances. Given the importance of DKDP for third harmonic generation in very powerful laser systems, its recrystallization at high temperature is an essential part of its material characterization.

Recently, we analyzed single crystals of KDP by hot stage polarization microscopy [
] and Raman microspectroscopy [
]. This work enabled the isolation and single crystal structure determination of three new KDP phases, including the two high temperature phases that form near the above specified temperatures. On the basis of our X-ray study, we can quickly summarize the high-temperature behavior of KDP. The room temperature tetragonal structure (II) becomes triclinic (II’) at ~195°C, and monoclinic primitive (I) at ~230°C. On cooling to –62°C, I becomes monoclinic C-centered (VIII). X-ray analysis revealed that II’ is a slightly distorted version of II, whereas I and VIII are layered phases, differing only in small rotations of the H2PO4- ions, and isomorphous with a pair of TlH2PO4 phases [
,
]. Here, we report the first high temperature phase of KDDP, which corresponds to the triclinic (II’) phase of KDP.

D2O solutions of fragments broken from large (1 dm3) tetragonal KDDP, obtained from Lawrence Livermore National Laboratories were allowed to evaporate under a nitrogen atmosphere at room temperature. Monoclinic crystals of KDDP were obtained. Their structure was established by X-ray crystallography (see below).

Single crystals (~5 x 5 x 3 mm3) were placed on their prism faces in an Instec HS400 heating stage with a platinum resistance temperature detector. The stage was mounted on an Olympus BH2 polarizing microscope equipped with a camera and oriented between crossed polarizers so that the crystals were in the extinction position. The crystals were heated at a rate of 1 °Cs-1 from room temperature to 185°C. After a few minutes islands began to appear that were detected as depolarized light. These islands grew eventually filling the polyhedral envelope of the crystal with microcrystals. Heating continued until approximately 245° when a new crystalline region formed from the mass of polycrystals. The new phase had extinction directions that were 25-30° from those in the original unheated monoclinic crystal. Upon cooling to room temperature, the new crystalline regions accounting for about 10% of the total sample volume remained metastable. A fragment of the new phase measuring 0.11 ( 0.09 ( 0.08 mm was cut out with a razor blade and mounted on a glass capillary in preparation of X-ray (MoK) scattering experiments.

Data was collected at 23°C with a Nonius KappaCCD diffractometer. Data reduction and cell refinements were performed using DENZO and HKL SCALEPACK [
]. The absorption coefficient () was 1.602 mm-1. The maximum and minimum transmission coefficients were 0.898 and 0.844. A total of 9436 full and partial reflections were collected of which 830 were unique and observed. The space group was P(1  a = 7.475(1), b = 7.440(1), c = 7.184(1),  = 88.53(1),  = 86.81(1),  =  88.09(1). The structure was solved by direct methods (SIR92) [
] producing a complete heavy atom phasing model and refined with SHELXL-97 [
]. The deuterium atoms D4 and D7 were found along O…O vectors and restrained to a distance of 1.10(5) from the oxygen with the longest P-O bond. However, D1 and D5 are on inversion centers located between O1…O1 and O5…O5 atoms pairs, respectively. D3 is on a pseudo-inversion center between O3 and O6. Uiso values for deuterium atoms were fixed to 0.07 103Å2. All other non-deuterium atoms were refined anisotropically by full-matrix least squares (R1(I>2([I])=0.0508, Rw(all data) = 0.1344 using all data with 112 variable parameters, 3 restraints). The largest peak and hole in the final difference map were 0.417 and -0.478 eÅ-3, respectively.

Table 1. Atomic coordinates (( 104) and equivalent isotropic displacement parameters Ueq (Å2 ( 103).   
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  x     
  y     
  z       
Ueq
___________________________________________________________

K1      
7054(2)    
  2528(2)
 3597(3)   
47(1)

K2      
1920(2)   
  3173(2) 
   639(3)   
46(1)

P1      
2948(2)    
  7701(3) 
 1121(3)   
40(1)

P2      
2033(3)    
  2509(3)  
 5689(3)   
39(1)

O1      
4553(6)   
  8407(6) 
  -106(7)  
42(1)

O2      
1561(6)    
  6872(6)  
     50(7)  
45(2)

O3       
2129(6)    
  9266(7)  
 2323(8)   
53(2)

O4      
3718(7)   
  6225(8)  
 2485(8)   
55(2)

O5      
  494(6)   
  3384(6)   
 4600(8)   
45(1)

O6      
3476(6)   
  1622(6)   
 4281(8)   
46(2)

O7       
1301(7)    
    894(7)   
 6865(8)   
49(2)

O8      
2924(6)   
  3793(6)   
 6844(8)   
44(1)

D1
5000       
10000    
       0   
70

D3      
3030(90)   
10600(80) 
 3040(110) 
70

D4      
4930(70)  
  5690(100) 
 2590(120) 
70

D5     
      0     
  5000      
 5000     
70

D7       
   -10(70)  
    680(100) 
 7300(110) 
70
___________________________________________________________
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Figure 1. Packing diagram of the triclinic form of KDDP. Thermal ellipsoids are shown at their 50% probability volume. Dashed lines indicate hydrogen bonds.
The trinclinic form of KDDP was slightly larger than that of KDP. Similarly, the volume of tetragonal form of KDDP was slightly larger than that of KDP [3]. Deuterated hydrogen bonds weaker to oxygen [12]. Thus the distances to the closest oxygen are bigger, and the hydrogen bonds are weaker, resulting in slightly larger O-O bonds.
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