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Abstract

:

In the context of investigating isostructural relationships between sulfates and monofluorophosphates, crystals of the double salts (NH4)2PO3F·NH4NO3 (AFP·AN) and (NH4)2XO4·3NH4NO3 (AX·3AN; X = Se, Cr) were grown from aqueous solutions and structurally characterized using X-ray diffraction and thermal analysis. Whereas the high-temperature forms of the two AX·3AN double salts are in fact isostructural with the sulfate analogue, AFP·AN crystallizes with a reduced amount of NH4NO3 and thus has a unique crystal structure. Both AFP·AN and the two AX·3AN compounds exhibit reversible structural phase transitions. Upon cooling, the monofluorophosphate double salt transforms from the monoclinic room-temperature polymorph (I; P21/n, Z = 4) to the intermediate triclinic polymorph (II; P1, Z = 4) that in turn transforms to the monoclinic low-temperature polymorph (III; P21/n, Z = 4). The two phase transitions (I) → (II) and (II) → (III) are characterized by a significant increase of the unit cell volumes upon cooling. The two AX·3AN double salts transform upon cooling from a disordered monoclinic crystal structure (P21, Z = 2) to a monoclinic polymorph with a doubled unit cell (P21/c, Z = 4). Such a phase transition is not observed for the sulfate analogue. All molecular moieties are fully ordered at −93 °C for the selenate double salt, whereas one of the nitrate anions remains disordered for the chromate double salt even at −173 °C. In all AFP·AN and AX·3AN crystal structures, the nitrate anions play a crucial role during the phase transitions, and an extensive network of N–H···O hydrogen-bonding interactions is responsible for the cohesion of the crystal.
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1. Introduction


Monofluorophosphates comprising the PO3F2− anion have many applications. They are used as wood preservatives, corrosion inhibitors, solubility inhibitors for lead in potable water sources, or as active agents against osteoporosis. The most commonly used monofluorophosphate is Na2PO3F, which is added to some toothpaste as a fluorine source for the protection of tooth enamel to avoid caries [1]. More recently, monofluorophosphates are also used as materials exhibiting nonlinear optical (NLO) behavior [2].



Willy Lange, who discovered the family of monofluorophosphates more than 90 years ago, emphasized the chemical relationships between monofluorophosphates and sulfates in terms of solubilities and reaction behaviors [3]. The tetrahedral PO3F2− and SO42− anions are isoster and isoelectronic. In fact, it was reported that some monofluorophosphates and sulfates of the same formula type are isomorphic, but without proof of the respective crystal structures [4]. It is noted that the terms isomorphic/isomorphism still are found in the (recent) literature to express structural relationships, but their use is not recommended any longer. More appropriate terms are isostructural/isostructurality or synonymously isotypic/isotypism [5].



In a recent survey on the crystal chemistry of monofluorophosphates, it was shown that—contrary to the original report [4]—they are in most cases not structurally closely related to the corresponding sulfates, and only in a few cases, an isostructural relationship is found [6]. In this context, the current investigation was initiated to check whether a corresponding monofluorophosphate phase exists for the ammonium sulfate (AS)/ammonium nitrate (AN) double salts (NH4)2SO4·2NH4NO3 (AS·2AN) and (NH4)2SO4·3NH4NO3 (AS·3AN) [7] and, if so, whether there is an isostructural relationship. In addition, phase formation studies were also conducted for the double salt systems (NH4)2XO4/NH4NO3 with related tetrahedral XO42− anions (X = Se, Cr).




2. Materials and Methods


2.1. Crystallization Studies


Commercially available chemicals of practical grade originated from Merck (Darmstadt, Germany). Anhydrous (NH4)2PO3F (AFP) was prepared from a urea melt according to the protocol reported by Schülke and Kayser [8]. The polycrystalline material was then recrystallized from an acetone/water mixture (2/1 v/v), obtaining the monohydrate (NH4)2PO3F·H2O [9] as phase-pure material. The latter was used as the monofluorophosphate source in subsequent crystal growth experiments.



Phase formation studies in the system AFP/AN were conducted at room temperature with aqueous ammonium monofluorophosphate and ammonium nitrate stock solutions (2. 5·10−2 mol in 15 mL water in each case). The two solutions were mixed in polypropylene beakers in different molar ratios (3:1, 2:1, 1:1, 1:2, 1:3). The mixtures were then allowed to crystallize within one week at room temperature under full evaporation of water.



(NH4)2SeO4 (ASe) was prepared via the neutralization of a diluted aqueous solution of selenic acid (80%wt), with an aqueous ammonia solution (25%wt) and subsequent evaporation of water. The obtained crude product was recrystallized from water. (NH4)2CrO4 (ACr) was used without purification. Phase formation studies in the AX/AN (X = Se, Cr) systems were conducted in the same way as described above. For the ACr/AN system, only crystallization experiments with a molar ratio of 1:3 were performed both at room temperature and at 8 °C in a refrigerator.



In each case, the resulting bulk material was then analyzed using powder X-ray diffraction (PXRD). Crystals suitable for single-crystal X-ray diffraction were sorted from selected batches.




2.2. Thermal Analysis


For the low-temperature differential scanning calorimetry (DSC) measurement of AFP·AN, a Netzsch DSC 204 F1 Phoenix instrument (Netzsch Gerätebau, Selb, Germany) was used (temperature ranged from 30 °C to −160 °C in two cycles; sample mass 17.2 mg, nitrogen atmosphere with a flow rate of 20 mL·min−1, heating-/cooling rate 10 °C·min−1, pierced aluminum crucible with 25 μL inner volume). Thermogravimetry (TG) and all other DSC measurements were carried out under flowing argon atmosphere conditions (20 mL·min−1) using a Netzsch TG 209 F3 Tarsus (heating rate 10 °C·min−1) and a Netzsch DSC 200 F3 Maia instrument (heating/cooling rate 10 °C·min−1, pierced aluminum crucible with 25 μL inner volume, ~15 mg loading), respectively. For the TG measurement (loading ~30 mg), an alumina crucible with an inner volume of 85 μL and with a pierced alumina lid was used as the sample container. A correction measurement of the empty crucible was conducted and afterwards subtracted from the measurement data.




2.3. X-ray Diffraction Measurements and Crystal-Structure Analysis


PXRD measurements were performed at room temperature on a PANalytical X’Pert II Pro-type PW 3040/60 diffractometer using Cu-Kα radiation and an X’Celerator detector (Malvern Panalytical, Malvern, United Kingdom). For phase analysis and Rietveld refinements of the reaction products, the Highscore+ software suite (version 5.1) [10] was employed. For temperature-dependent measurements upon cooling, the diffractometer was equipped with a PheniX closed-cycle helium cryostat (Oxford Cryosystems, Long Hanborough, Oxford, United Kingdom). The sample was measured in 7.5 °C steps from room temperature to −220 °C, with a holding time of 10 min for each step. For temperature-dependent measurements upon heating, the diffractometer was equipped with an Anton Paar TTK-450 chamber (Anton Paar GmbH, Graz, Austria) using measurements ranging from 25 °C to 80 °C with steps of 4 °C and a holding time of 5 min for each step before measurement.



Single-crystal X-ray diffraction measurements were performed at different temperatures on a Bruker Kappa APEX-II single-crystal diffractometer (Bruker AXS, Madison, WI, USA) using graphite-monochromatized Mo-Kα radiation equipped with a CCD detector and an Oxford Cryosystems cooling/heating device operating at the adjusted temperature with a stream of nitrogen. Instrument software (APEX2, SAINT [11]) was used for optimized diffraction measurement strategies and for data reduction; correction for absorption effects was performed using SADABS [12], and TWINABS [11] for twinned crystals. The crystal structures were solved using SHELXS [13], refined using SHELXL [14], and graphically represented using ATOMS [15].



Twinning by non-merohedry was observed for the low-temperature polymorph AFP·AN-(III), and only the data of the major twin domain and non-overlapping reflections were processed. To account for a similar unit cell setting of the three AFP·AN polymorphs, the unit cell setting of the intermediate triclinic AFP·AN-(II) polymorph was chosen as being non-reduced [16].



For the crystal structures of the high-temperature AX·3AN-(I) polymorphs in space group P21, the same atom labelling, starting atomic coordinates, and rotational disorder model for one of the nitrate groups corresponding to the isotypic sulfate analog AS·3AN [7] were used. Checking for possible higher symmetry was performed using PLATON [17]. A provisional check using the Addsym routine suggested space group P21/m, but a detailed check using Addsym-EXT and testing the suggested model did not lead to a meaningful result. For the low-temperature AX·3AN-(II) polymorphs in the space group P21/c, atom labels and coordinates were chosen as the most similar to the high-temperature polymorphs. The occurrence of rotational disorder of nitrate groups in the low-temperature polymorphs was treated the same way as in the high-temperature polymorphs. For all AFP·AN and AX·3AN structures, H atoms of ammonium groups were found from difference electron density maps. They were refined using a common Uiso parameter, with a constrained N–H distance of 0.90(2) Å.



Table 1 lists crystal structure and refinement data for the three AFP·AN polymorphs at −73 °C, −98 °C, and −173 °C, and Table 2 lists the high-temperature polymorphs of AX·3AN and their low-temperature polymorphs at −173 °C. Data resulting from measurements at 22 °C (AFP·AN), −23 °C, −73 °C, and −123 °C (AX·3AN) are collated in the Supplementary Material (Tables S1–S4). Further details of the crystal structure investigations may be obtained from the joint CCDC/FIZ Karlsruhe online deposition service at https://www.ccdc.cam.ac.uk/structures/ by quoting the deposition numbers specified at the end of each of these tables.



Bond valence calculations [18] were performed using the parameters of Brese and O’Keeffe [19], which are listed in Table 3 for AFP·AN and in Table 4 for AX·3AN.



Crystal structures of the same symmetry and the same number of atoms in the asymmetric unit (AFP·AN-(I) and -(III)) or isotypic crystal structures were quantitatively compared using the compstru program [20] available at the Bilbao crystallographic server [21].




2.4. Infrared (IR) Spectroscopy


IR measurements of AFP·AN-(I) were carried out at room temperature in a diamond attenuated total reflection (ATR) accessory using a Bruker Tensor 27 FT-IR spectrometer (Bruker Corporation, Billerica, MA, USA). Samples were ground to fine powder prior to the investigation. The spectra in a range of 4000–400 cm⁻1 were obtained as an average of four consecutive individual measurements.





3. Results and Discussion


3.1. Crystallization


The phase analysis of PXRD data revealed that in the AFP/AN system, only the batch with a molar ratio of AFP:AN = 1:1 resulted in the formation of a new AFP·AN compound in the form of a single-phase product. All other batches resulted in the crystallization of one of the educts and AFP·AN in varying amounts. A similar result was obtained in the ASe/AN system. However, only the batch with a molar ratio of ASe:AN = 1:3 resulted in a single-phase product of ASe·3AN, and all other batches showed the presence of one of the educts and of the selenate double salt. Due to the hazardous nature of the educt ACr, we performed only a minimum amount of crystallization experiments in the system ACr/AN. Based on the successful crystallization in the related ASe/AN system, we chose a molar ratio of ACr:AN = 1:3. The corresponding product ACr·3AN that crystallized at room temperature did not contain crystals suitable for single-crystal X-ray diffraction. Repeated crystallization at 8 °C resulted in useful crystals in this respect, but they were of poorer quality in direct comparison with the crystals of the selenate double salt.




3.2. Thermal Behavior


3.2.1. AFP·AN


AFP·AN exhibits two reversible phase transitions upon cooling and reheating as revealed by DSC measurements (Figure 1). Under these conditions, the room temperature form AFP·AN-(I) transforms exothermally at −97.5 °C (onset) into the intermediate phase AFP·AN-(II), which in turn transforms exothermally into AFP·AN-(III) at −106.5 °C (onset). Upon reheating, the stepwise endothermic retransition takes place with a hysteresis of about 7 °C, i.e., the transition from polymorph-(III) → polymorph-(II) → polymorph-(I) at −102.8 °C and −88.6 °C, respectively. The almost congruent course of the cycled cooling and heating curves indicates the reproducibility of the reversible reactions.



For single crystal X-ray diffraction measurements, the phase transition from polymorph-(I) → polymorph-(II) was monitored by stepwise cooling from −73 °C until a significant change in the diffraction pattern was observed. Under these conditions, the phase transition was complete at −98°.



In order to confirm the phase transitions and crystal structures of the AFP·AN polymorphs, temperature-dependent PXRD measurements were performed under cooling. As shown in Figure 2, the two phase transitions are clearly visible by a change in the diffraction pattern. Under these conditions, the first transition takes place at ~−106 °C, and the second at ~−130 °C. The transition temperatures determined by DSC and temperature-dependent PXRD differ (−97.5 °C, −106.5 °C versus −106 °C, −130 °C), which is caused by different heating rates, holding and measurement times and, most importantly, by different placements of the thermocouple relative to the sample. Polymorph-(III) is stable upon cooling until at least −220 °C according to temperature-dependent PXRD.



Experimental PXRD data and corresponding simulations (Supplementary Material, Figure S1) are in good agreement, which allowed us to evaluate the temperature-dependent evolution of unit cell parameters on the basis of Rietveld refinements. While for each polymorph a decrease in temperature leads to the expected decrease in the volume of the unit cell, there is a considerable jump in volume during the two phase transitions (Figure 3). Hence, the densities stepwise decrease from polymorph-(I) → polymorph-(II) → polymorph-(III) (see also Table 1), although the exothermic formation of the latter shows it to be the thermodynamically stable phase. In this regard, AFP·AN does not follow the Ostwald–Volmer rule, according to which the metastable and less dense phases form first under energy reduction.



Upon heating, AFP·AN is stable until ~180 °C when it starts to decompose in multiple steps to yield a product at 300 °C, which gradually decomposes further (Supplementary Material, Figure S2). The finally obtained product at 550 °C is X-ray amorphous and most likely corresponds to metaphosphoric acid, HPO3, a compound that can be prepared using the thermal decomposition of (NH4)2HPO4 at 500 °C [22]. The idealized overall thermal decomposition of AFP·AN can thus be formulated according to Equation (1) (mass loss: theory 62.6%; exp. at 500 °C 66.5%):


  (  NH 4   ) 2   PO 3  F ·  NH 4   NO  3   ( s )      →  Δ T        N 2  O     ( g )   +   2  H 2  O     ( g )   +   2   N H  3      ( g )   +   H F     ( g )   +    HPO 3      ( s )    



(1)








3.2.2. AX·3AN


DSC measurements of ASe·3AN and ACr·3AN revealed a reversible phase transition slightly above room temperature in each case (Figure 4). Upon heating, both compounds transform endothermally from the room-temperature polymorph-(II) to the high-temperature polymorph-(I). The determined transition temperature of 38.7 °C (onset) for the selenate double salt is in good agreement with that from temperature-dependent PXRD data, for which Rietveld refinements showed a jump of the unit cell volume between 37 °C and 40 °C (Supplementary Material, Figure S3). Upon cooling in the DSC instrument, retransition occurs with a slight hysteresis for the selenate at 36.6 °C. For the chromate double salt, the phase transition onset temperatures were determined at 52 °C upon heating and 45.2 °C upon cooling using the DSC measurement (temperature-dependent PXRD not performed). For the chromate double salt, there is also a very small reversible effect at about −10 °C that could not be assigned to another structural phase transition on the basis of the current single-crystal X-ray data.



The phase transitions AX·3AN-(I) → AX·3AN-(II) upon cooling follow the Ostwald–Volmer rule, with the thermodynamically stable phase having the higher density.





3.3. Crystal Structures


3.3.1. AFP·AN


The monoclinic room-temperature polymorph AFP·AN-(I) comprises three NH4+ cations, one PO3F2− anion, and one NO3− anion in the asymmetric unit. Corresponding bond lengths and angles are compiled in Table 3. In the monofluorophosphates anion (−73 °C data), the average P–O bond length (1.506 Å), the P–F bond length (1.5953(6) Å), the average O–P–O angle (114.7°), and the average O–P–F angle (103.5°) are in very good agreement with the literature values calculated for 88 independent PO3F2− anions or entities (P–O = 1.506(13) Å; P–F = 1.578(20) Å; O–P–O = 113.7(1.7)°; and O–P–F = 104.8(1.7)°) [6]. The same applies to the average N–O bond length (1.246 Å; literature value 1.247(29) Å calculated for 468 N–O bonds in nitrates [23]).



The crystal structure of AFP·AN-(I) is arranged in alternating (100) layers of cations and PO3F2−/NO3− anions (Figure 5a), whereby the NO3− anion is approximately oriented parallel to (001) (the angle between the mean plane through the nitrate anion and (001) is 14.04(3)°). N–H···O hydrogen bonds between the ammonium cations and the anions, with every H atom involved in these interactions, consolidate the crystal structure (detailed numerical data of hydrogen-bonding interactions are compiled in the Supplementary Material, Table S5). Notably, hydrogen-bonding interactions are stronger between the PO3F2− anion (eight interactions with N···O distances ~2.8 Å) than between the NO3− anion (four interactions with N···O distances between 2.85 Å and 3.02 Å). As observed for the vast majority of monofluorophosphates, hydrogen bonds to the F atom as an acceptor are not developed [6].



The phase transition from monoclinic AFP·AN-(I) to the intermediate triclinic low-temperature polymorph AFP·AN-(II) (Figure 5b) causes a doubling of the asymmetric unit, and all atomic sites in polymorph-(I) (multiplicity 4, Wyckoff letter e) split into two components (multiplicity 2, Wyckoff letter i) designated by subscripts A and B. The loss of symmetry in the crystal structure of AFP·AN-(I) in P21/n (Z = 4) to AFP·AN-(II) in P1 (Z = 4) follows a group/subgroup relationship [24], with P1 being a translationengleiche maximal subgroup of P21/n with index 2.



The average bond lengths, angles and BVS values for the individual molecular entities do not differ significantly from each other (Table 3) or from those of the AFP·AN-(I) polymorph (−98 °C data for anions A: P–O = 1.508 Å, P–F = 1.5928(5) Å, O–P–O = 114.5°, O–P–F = 103.7°, N–O = 1.250 Å; for anions B: P–O = 1.508 Å, P–F = 1.6021(4) Å), O–P–O = 115.1°, O–P–F = 103.1°, and N–O = 1.249 Å). During the phase transition, one-half of the NO3− groups flipped. The general set-up of the crystal structure remains the same, but nitrate group A is now oriented nearly parallel to (010) (angle to (010) is 3.969(7)°), whereas nitrate group B remains nearly unaffected in comparison with polymorph-(I) (angle to the (001) plane is 13.42(2)°). The reorientation of nitrate group A has consequences for the hydrogen-bonding scheme (Supplementary Material, Table S6) because this group is now involved in only three but slightly stronger interactions (N···O ~ 2.85 Å). In turn, nitrate group B is now involved in five hydrogen-bonding interactions with slightly longer N···O distances ranging from 2.85 to 3.05 Å. Again, the strongest hydrogen-bonding interactions involve the monofluorophosphates anions (eight interactions to anion A, nine to anion B), and again, N–H···F hydrogen bonds are not developed.



The increase in symmetry during the second phase transition from the intermediate triclinic AFP·AN-(II) to the monoclinic low-temperature AFP·AN-(III) polymorph leads to the halving of the asymmetric unit (Figure 5c) without significant changes in the average bond lengths, angles, or BVS values of the molecular moieties (−173 °C data: P–O = 1.511 Å, P–F = 1.5992(5) Å, O–P–O = 114.9°, O–P–F = 103.3°, and N–O = 1.254 Å). The unique nitrate group now lies nearly parallel to (010) (deviation 4.041(8)°), and again this reorientation has consequences for the hydrogen-bonding scheme (Supplementary Material, Table S7). The nitrate group is involved in three somewhat stronger hydrogen-bonding interactions (N···O ~ 2.82 Å), and the PO3F2− anion shows nine hydrogen-bonding interactions, once more without the participation of the F atom.



Krivovichev introduced an approach for the comparison of the crystal structures of polymorphic compounds some years ago, making use of the topological complexity and its quantitative measures on the basis of information theory [25,26]. One of the core statements of this approach links the topological complexity of crystal structures to the “simplexity principle” introduced by Goldsmith [27]. This principle states that under conditions of rapid crystallization of polymorphic compounds, the metastable modifications form first with a simpler structure compared to the thermodynamically stable phase. The example of AFP·AN shows indeed that under the given crystallization conditions from a saturated solution, the metastable monoclinic AFP·AN-(I) polymorph forms first, which transforms exothermally into triclinic AFP·AN-(II) upon cooling. The comparison of the two crystal structures intuitively shows a higher complexity of AFP·AN-(II) due to the doubling of the contents in the asymmetric unit. In fact, this assumption can be quantitatively confirmed by complexity parameters, which all indicate a higher complexity of polymorph-(II). The corresponding numerical data were computed using the crystIT program [28] and are compiled in the Supplementary Material, Table S8. The subsequent phase transition AFP·AN-(II) → AFP·AN-(III), however, cannot be correlated with the “simplexity principle” because a simpler monoclinic crystal structure is formed again upon cooling, also exothermally. Incidentally, the crystal structure of AFP·AN-(III) shows the same complexity parameters as AFP·AN-(I) (Supplementary Material, Table S8), which is a clear indication of the limitations of the “topological complexity” approach with respect to polymorphic compounds.



Polymorphs-(I) and -(III) crystallize with the same space group symmetry and with the same number of atoms at sites with the same symmetry in the asymmetric unit. Thus, their crystal structures can be quantitatively compared with the compstru program [20]. Numerical values for individual atomic displacements between the two crystal structures and their similarity parameters are collated in the Supplementary Material (Table S9). The PO3F2− group shows only a slight displacement (on average ≈ 0.2 Å). As expected from the rotation of the nitrate anion, the displacements of its atoms are by far the greatest and range from 0.89 Å for the N atom to 2.4 Å for one of the O atoms. The concomitant changes in the hydrogen-bonding schemes are indicated by shifts between 0.17 and 0.59 Å for the N atoms of the ammonium groups.




3.3.2. AX·AN (X = Se, Cr)


The high-temperature forms of AX·3AN-(I) crystallize with Z = 2 in space group P21 and are isotypic with AS·3AN [7]. The asymmetric unit of this structure type comprises five NH4+ groups, one XO42− anion, and three NO3− anions. Table 4 lists corresponding bond lengths and angles. Like in the sulfate double salt, the same type of rotational disorder of one of the nitrate anions (N3) is observed, with a ratio of 0.746(6): 0.254(6) for the selenate and of 0.694(15): 0.306(15) for the chromate double salt. Since the structural features of AS·3AN have been discussed in detail [7], only the most important structural aspects are described here.



In AX·3AN-(I), the mean Se–O and Cr–O bond length in the selenate and chromate anion is 1.618 Å and 1.641 Å, respectively. These values are within the single standard deviation of the respective literature values, 1.636(23) Å calculated for 187 Se–O bonds [29], and 1.652(59) Å calculated for 169 Cr–O bonds [23].



In the crystal structure of AX·3AN-(I), cations and anions are arranged in layers extending parallel to (001) (Figure 6a). The stacking of alternating cationic and anionic layers along [001] involves a double layer of NH4+ cations, a layer of NO3− and XO42− anions, followed by two alternating NH4+ and NO3− layers, an NH4+ layer, and a layer of NO3− and XO42− anions (Figure 7a). The cohesion between layers is maintained by N–H···O hydrogen bonds between ammonium cations and the complex anions (Table 4; for detailed numerical data, see Supplementary Material, Tables S10 and S12), whereby every H atom participates in the hydrogen-bonding interactions. Just like for the AFP·AN polymorphs, the hydrogen bonds involving the tetrahedral anions are somewhat stronger than those involving the nitrate anions as judged from corresponding N···O distances. A direct structural comparison of the P21 high-temperature AX·3AN-(I) polymorphs (Supplementary Material, Table S9) reveals a higher structural similarity between the sulfate and selenate double salts (δ = 0.014; averaged displacement 0.073 Å) than between the sulfate and chromate double salts (δ = 0.092; averaged displacement 0.141 Å). Relative to the sulfate double salt, in the other two double salts, the displacements of the O atoms of the tetrahedral XO42− group are the greatest, which we ascribe to the smaller ionic radius of 0.12 Å for SVI in comparison with 0.28 Å for SeVI and 0.26 Å for CrVI [30], and the concomitant shortening of the X–O bond lengths.



Upon cooling, the AX·3AN-(I) phases transform into the low-temperature forms AX·3AN-(II) (Figure 6b and Figure 7b). The AX·3AN-(II) crystal structures are isotypic with each other and crystallize with Z = 4 in the space group P21/c. In relation to the high-temperature AX·3AN-(I) structures, the contents of the asymmetric units are the same, but with the c-axis doubled and a shift of the unit cell of ~1/4 along the b-axis. The arrangement of alternating cationic and anionic layers stacked along [001] in the AX·3AN-(II) crystal structure remains in the high-temperature form but with a doubled sequence in the unit cell (Figure 7). At −173 °C, the mean Se–O and Cr—O bond lengths of 1.641 Å and 1.648 Å are longer than in the corresponding high-temperature polymorphs. Montejo-Bernardo et al. reported a similar behavior for the AS·3AN structure where the mean S–O distance shortens with increasing temperature. They explained this rather atypical behavior with an increase in the librational motion of the O atoms with temperature [7].



The nitrate groups are of particular importance during the AX·3AN-(I) → AX·3AN-(II) phase transitions and subsequent cooling to −173 °C. For the selenate double salt, at a temperature of −23 °C, the rotational disorder of the N3 nitrate group (ratio 0.741(15): 0.259(15)) remains in the doubled unit cell of AX·3AN-(II), with an additional disorder of the N1 nitrate group (ratio 0.629(15):0.371(15)). Upon further cooling to −73 °C, both nitrate groups order, and all other molecular moieties stay ordered until −173 °C. The situation with respect to the temperature-dependent ordering of nitrate groups is different in the chromate double salt structures. At −23 °C, only the N1 nitrate group shows rotational disorder (ratio 0.55(3):0.45(3)) that remains nearly unchanged at all measurement temperatures down to −173 °C (ratio 0.533(7):0.467(7)). It should be noted that a phase transition AX·3AN-(I) → AX·3AN-(II) is not reported for the sulfate double salt in the temperature range from 23 °C to −173 °C. Nevertheless, the populations of the rotationally disordered N3 nitrate group in the P21 structures of AS·3AN change from a ratio of 67.8:32.2 at room temperature to 82.5:17.5 at −173 °C. Moreover, the N1 nitrate group shows disorder of one of the O atoms at room temperature, a feature that does not occur at −173 °C [7].



The reorientation of the ordered and disordered parts of the nitrate groups in the AX·3AN polymorphs induces a slight tilt of the XO42− anions, but also a considerable rearrangement of the ammonium cations. Since the latter define all N–H donor groups, details of the hydrogen-bonding schemes are different between the AX·3AN polymorphs, and also between the AX·3AN-(II) structures at different temperatures (Supplementary Material, Tables S11 and S13), with only slight changes in the overall N···O distances (Table 4).



Although the similarities in the crystal structures of the AX·3AN-(I) and -(II) polymorphs are apparent (Figure 6 and Figure 7), they cannot be directly related by group/subgroup relationships [24]. Polymorph-(I) crystallizes in space group P21 with Z = 2 and polymorph-(II) in P21/c with Z = 4. In this relation, P21/c is a minimal non-isomorphic supergroup (G) of P21 (a maximal non-isomorphic subgroup, H), so it follows that the index G:H must be >1, which is not fulfilled for the present case where the number of formula units Z for G is greater than Z for H.



Concerning the “topological complexity” approach of Krivovichev [25,26], the phase transitions AX·3AN-(I) → AX·3AN-(II) behave conformally to the “simplexity principle”. All numerical complexity parameters (Supplementary Material, Table S8) of the crystal structures of AX·3AN-(II) with their doubled monoclinic unit cells are greater than those of the structurally simpler metastable polymorphs AX·3AN-(I).





3.4. IR Spectroscopy of AFP·AN-(I)


The IR spectrum of AFP·AN-(I) (Figure 8) shows nine bands that can be assigned to the individual molecular moieties NH4+, NO3−, and PO3F2−, as detailed in Table 5.



Bands 1–4 and 5 are characteristic of the ammonium cation and the nitrate anion, as reported for various polymorphs of NH4NO3 [31]. The bands 6–9 are clearly assignable to the monofluorophosphate anion and are likewise in characteristic ranges for the P–O and P–F vibrations [6,32,33,34,35,36]. Although the P–F stretching vibration of the PO3F2− anion in solid monofluorophosphates generelly tends to vary (SrPO3F: 844 cm−1 [32]; CdPO3F(H2O)2: 825 cm−1 [6]; Hg2PO3F: 824 cm−1 [33]; MnPO3F(H2O)2: 802 cm−1 [34], Sr(PO3F)·H2O: 801 cm−1 [32]; Ag2PO3F: 792 cm−1 [35]; NH4Ag3(PO3F)2: 776 cm−1 [36]), the one in AFP·AN-(I) has the lowest value (762 cm−1) of any monofluorophosphate reported to date. The observed red-shifted P–F vibrational band in AFP·AN-(I) can be correlated with the comparatively long P–F bond that is about 0.02 Å longer than the overall arithmetic mean of 1.578(20) Å [6].





4. Conclusions


For (NH4)2SO4 (AS)/NH4NO3 (AN), the double salts (NH4)2SO4·2NH4NO3 (AS·2AN) and (NH4)2SO4·3NH4NO3 (AS·3AN) crystallize in aqueous solutions [7]. For the related system (NH4)2PO3F (AFP)/NH4NO3, where the SO42− anion is replaced with isoelectronic PO3F2−, the double salt formation occurs as well, but with a different ratio of 1:1 for AFP·AN. This compound undergoes two reversible structural phase transitions upon cooling and reheating (monoclinic polymorph (I) in the space group P21/c (Z = 4) ⇌ triclinic polymorph (II) in the space group P1 (Z = 4) ⇌ monoclinic polymorph (III) in the space group P21/c (Z = 4)).



If, on the other hand, the tetrahedral SO42− anion is replaced by tetrahedral oxido anions XO42− (X = Se, Cr), the compounds (NH4)2SeO4·3NH4NO3 (ASe·3AN) and (NH4)2CrO4·3NH4NO3 (ACr·3AN) are obtained, establishing an isostructural relationship with AS·3AN. In the monoclinic crystal structures (space group P21, Z = 2) of the sulfate (room temperature data), selenate (40 °C data), and chromate (60 °C data) double salts, one of the nitrate groups is rotationally disordered over two positions. In contrast to AS·3AN, which shows no structural phase transition upon cooling to −173 °C [7], both ASe·3AN and ACr·3AN transform into a monoclinic polymorph with a doubled unit cell (space group P21/c, Z = 4) upon cooling.



In the crystal structure of AFP·AN, the hydrogen bonds of the type N–H···F are not developed, in agreement with the vast majority of other monofluorophosphates where hydrogen-bonding interactions are present [6]. This almost characteristic and structure-directing behavior might be the main reason why phases “AFP·3AN” and “AFP·2AN” do not crystallize because in the AX·3AN structures (valid for both polymorphs) and in AS·2AN [7] all O atoms of the tetrahedral anions are involved in (comparatively strong) hydrogen-bonding interactions.



The driving force for the phase transitions in the AFP·AN and AX·3AN double salts is conditioned by the nitrate groups. Whereas in AFP·AN, the phase transitions (I) ⇌ (II) and (II) ⇌ (III) can be correlated with a reorientation of the NO3− groups within the crystal structures relative to the other building units, in the AX·3AN polymorphs the order/disorder phenomena of nitrate groups are primarily made responsible for the phase transitions. Due to the rearrangement and order/disorder of the nitrate groups in the respective polymorphs, there is also a reorientation of the tetrahedral anions, but especially of the ammonium cations. Although this has an impact on the hydrogen-bonding network in detail, the overall N···O distances in the different polymorphs do not change drastically.
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Figure 1. Two-cycle DSC measurement of AFP·AN indicating the reversibility and reproducibility of the two phase transitions. The onset and peak maxima temperatures are shown. The initial temperature range for measurement (30 °C to −160 °C) was minimized for better visibility of the phase transitions. 
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Figure 2. Temperature-dependent PXRD measurement of AFP·AN. The stability fields of polymorphs-(I), -(II) and -(III) are indicated on the right-hand side. 
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Figure 3. Evolution of the unit cell volume of AFP·AN polymorphs-(I) (red), -(II) (black), and -(III) (blue) upon cooling, as determined by Rietveld refinements (dots; the regression curves serve as a guide for the eye). Single-crystal data are indicated by squares in the corresponding color. 
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Figure 4. DSC measurements of ASe·3AN (a) and ACr·3AN (b) indicate the reversibility of the phase transitions. The onset temperatures are shown. 
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Figure 5. The crystal structures of AFP·AN polymorphs-(I) (a), -(II) (b), and -(III) (c) in a projection along [010]. Displacement ellipsoids are drawn at the 74% probability level. Color code: NH4+ tetrahedra blue, PO3F2− tetrahedra red, NO3− triangles orange, F atoms green, and O atoms white. H atoms are given as spheres of arbitrary radius. 
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Figure 6. The crystal structure of the AX·3AN polymorphs-(I) (a) and -(II) (b) in a projection along [010]; data taken from the selenate double salt showing the disorder of nitrate group N3 for polymorph-(I). Displacement ellipsoids are drawn at the 74% probability level. Colour code: NH4+ tetrahedra blue, XO42− tetrahedra red, NO3− triangles orange, F atoms green, and O atoms white. H atoms are given as spheres of arbitrary radius. 






Figure 6. The crystal structure of the AX·3AN polymorphs-(I) (a) and -(II) (b) in a projection along [010]; data taken from the selenate double salt showing the disorder of nitrate group N3 for polymorph-(I). Displacement ellipsoids are drawn at the 74% probability level. Colour code: NH4+ tetrahedra blue, XO42− tetrahedra red, NO3− triangles orange, F atoms green, and O atoms white. H atoms are given as spheres of arbitrary radius.
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Figure 7. The crystal structure of the AX·3AN polymorphs-(I) (a) and -(II) (b) in a projection along [100]; data from the selenate double salt. Colour codes are the same as in Figure 6. All atoms are given as spheres of arbitrary radii. 
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Figure 8. ATR infrared spectrum of AFP·AN-(I). 
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Table 1. Data collection and refinement details of (NH4)2PO3F·NH4NO3 polymorphs.
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	(NH4)2PO3F·NH4NO3-(I)
	(NH4)2PO3F·NH4NO3-(II)
	(NH4)2PO3F·NH4NO3-(III)





	Code
	AFP·AN-(I)
	AFP·AN-(II)
	AFP·AN-(III)



	Mr
	214.11
	214.11
	214.11



	Space group, No
	P21/n, 14
	P1, 2
	P21/n, 14



	Z
	4
	4
	4



	Temperature/°C
	−73
	−98
	−173



	Crystal form, color
	plate, colourless
	plate, colourless
	plate, colourless



	Crystal dimension/mm3
	0.55 × 0.45 × 0.10
	0.45 × 0.35 × 0.08
	0.35 × 0.30 × 0.06



	a/Å
	10.3145(7)
	10.3414(4)
	10.3182(9)



	b/Å
	6.1035(4)
	6.1056(2)
	6.0591(6)



	c/Å
	14.3299(10)
	14.1704(7)
	14.3715(12)



	α/°
	90
	91.248(3)
	90



	β/°
	103.885(2)
	101.016(2)
	98.563(2)



	γ/°
	90
	89.173(2)
	90



	V/Å3
	875.77(10)
	877.98(6)
	888.48(14)



	X-ray density/g·cm−3
	1.624
	1.620
	1.601



	Radiation type
	Mo Kα
	Mo Kα
	Mo Kα



	µ/mm−1
	0.339
	0.338
	0.334



	Tmin, Tmax
	0.680, 0.747
	0.697, 0.748
	0.624, 0.746



	No. of measured, independent, and observed [I > 2σ(I)] reflections
	45048, 3653, 3111
	101011, 11763, 9079
	3260, 3260, 2903



	Rint
	0.0569
	0.0425
	−



	(sin θ/λ)max/Å−1
	0.801
	0.932
	0.760



	No. of reflections
	3653
	11,763
	3260



	No. of parameters
	147
	290
	147



	R[F2 > 2σ(F2)], wR(F2), S
	0.028, 0.074, 1.10
	0.031, 0.081, 1.05
	0.027, 0.069, 1.08



	Δρmax, Δρmin (e−·Å−3)
	0.52, −0.34
	0.65, −0.52
	0.40, −0.28



	CSD-code
	2294159
	2294161
	2294148










 





Table 2. Data collection and refinement details of (NH4)2XO4·3NH4NO3 polymorphs (X = Se, Cr).
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	(NH4)2SeO4·-3NH4NO3-(I)
	(NH4)2SeO4·-3NH4NO3-(II)
	(NH4)2CrO4·-3NH4NO3-(I)
	(NH4)2CrO4·-3NH4NO3-(II)





	Code
	ASe·3AN-(I)
	ASe·3AN-(II)
	ACr·3AN-(I)
	ACr·3AN-(II)



	Mr
	419.20
	419.20
	392.24
	392.24



	Space group, No
	P21, 4
	P21/c, 14
	P21, 4
	P21/c, 14



	Z
	2
	4
	2
	4



	Temperature/°C
	50
	−173
	60
	−173



	Crystal form, color
	plate, colourless
	plate, colourless
	plate, yellow
	plate, yellow



	Crystal dimension/mm3
	0.30 × 0.20 × 0.05
	0.30 × 0.20 × 0.05
	0.08 × 0.08 × 0.01
	0.08 × 0.08 × 0.01



	a/Å
	10.0933(8)
	10.0343(8)
	10.049(4)
	9.9417(13)



	b/Å
	6.0117(5)
	6.0652(5)
	5.956(2)
	5.9118(8)



	c/Å
	12.5641(11)
	24.331(2)
	12.576(5)
	24.843(3)



	α/°
	90
	90
	90
	90



	β/°
	92.714(2)
	93.218(2)
	92.474(9)
	92.546(3)



	γ/°
	90
	90
	90
	90



	V/Å3
	761.51(11)
	1478.5(2)
	751.9(5)
	1458.7(3)



	X-ray density/g·cm−3
	1.828
	1.883
	1.732
	1.786



	Radiation type
	Mo Kα
	Mo Kα
	Mo Kα
	Mo Kα



	µ/mm−1
	2.548
	2.625
	0.840
	0.870



	Tmin, Tmax
	0.697, 0.748
	0.611, 0.747
	0.667, 0.787
	0.663, 0.747



	No. of measured, independent, and observed [I > 2σ(I)] reflections
	48670, 7102, 5846
	80103, 6547, 5767
	28070, 5541, 3256
	44239, 4249, 3428



	Rint
	0.0366
	0.0384
	0.1090
	0.0537



	(sin θ/λ)max/Å−1
	0.824
	0.817
	0.765
	0.703



	No. of reflections
	7102
	6547
	5541
	4249



	No. of parameters
	228
	260
	228
	288



	R[F2 > 2σ(F2)], wR(F2), S
	0.033, 0.087, 1.07
	0.021, 0.049, 1.07
	0.059, 0.186, 0.98
	0.037, 0.101, 1.03



	Δρmax, Δρmin (e−·Å−3)
	0.65, −0.52
	1. 10, −0.54
	1.05, −0.56
	1.40, −0.61



	Absolute structure
	Refined as an inversion twin; Flack 0.518(11)
	−
	Refined as an inversion twin; Flack 0.58(6)
	−



	CSD-code
	2294151
	2294157
	2294149
	2294155










 





Table 3. Selected bond lengths, interactions/Å, bond angles/° and bond valence sums (BVS)/valence units of AFP·AN polymorphs.
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AFP·AN-(I) at −73 °C




	
P1—O2

	
1.4982(6)

	
N1—O6

	
1.2444(11)




	
P1—O3

	
1.5080(6)

	
N1—O5

	
1.2463(13)




	
P1—O1

	
1.5106(6)

	
N1—O4

	
1.2464(11)




	
P1—F1

	
1.5953(6)

	

	




	
O2—P1—O3

	
115.38(4)

	
O2—P1—F1

	
104.20(4)




	
O2—P1—O1

	
115.01(4)

	
O3—P1—F1

	
103.51(4)




	
O3—P1—O1

	
113.82(4)

	
O1—P1—F1

	
102.72(3)




	
N···O

	
2.7624(11)–3.0200(14)

	

	




	
BVS: P1 4.92, N1: 4.96

	

	

	




	
AFP·AN-(II) at −98 °C




	
P1A—O3A

	
1.4995(5)

	
N1A—O4A

	
1.2360(9)




	
P1A—O2A

	
1.5098(5)

	
N1A—O5A

	
1.2529(9)




	
P1A—O1A

	
1.5157(5)

	
N1A—O6A

	
1.2613(9)




	
P1A—F1A

	
1.5928(5)

	
N1B—O6B

	
1.2462(10)




	
P1B—O2B

	
1.5046(5)

	
N1B—O5Biii

	
1.2492(9)




	
P1B—O3B

	
1.5058(5)

	
N1B—O4B

	
1.2519(9)




	
P1B—O1B

	
1.5125(5)

	

	




	
P1B—F1B

	
1.6021(4)

	

	




	
O3A—P1A—O2A

	
115.03(3)

	
O2B—P1B—O3B

	
115.41(3)




	
O3A—P1A—O1A

	
115.41(3)

	
O2B—P1B—O1B

	
115.59(3)




	
O2A—P1A—O1A

	
113.33(3)

	
O3B—P1B—O1B

	
114.16(3)




	
O3A—P1A—F1A

	
104.86(3)

	
O2B—P1B—F1B

	
103.17(3)




	
O2A—P1A—F1A

	
103.77(3)

	
O3B—P1B—F1B

	
103.35(3)




	
O1A—P1A—F1A

	
102.37(3)

	
O1B—P1B—F1B

	
102.65(3)




	
N···O

	
2.7890(8)–3.0515(11)

	

	




	
BVS: P1A 4.89, P1B 4.88 N1A: 4.90, N1B 4.92

	

	




	
AFP·AN-(III) at −173 °C




	
P1—O2

	
1.5059(6)

	
N1—O4

	
1.2357(10)




	
P1—O3

	
1.5100(6)

	
N1—O5

	
1.2565(10)




	
P1—O1

	
1.5164(6)

	
N1—O6

	
1.2696(10)




	
P1—F1

	
1.5992(5)

	

	




	
O2—P1—O3

	
115.13(3)

	
O2—P1—F1

	
103.56(3)




	
O2—P1—O1

	
115.72(4)

	
O3—P1—F1

	
103.80(3)




	
O3—P1—O1

	
113.73(3)

	
O1—P1—F1

	
102.58(3)




	
N···O

	
2.7811(10)–2.9446(9)

	

	




	
BVS: P1 4.85, N1: 4.86

	

	

	











 





Table 4. Selected bond lengths, interactions/Å, and bond valence sum (BVS)/valence units of AX·3AN polymorphs (X = Se, Cr).
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ASe·3AN-(I) at 50 °C




	
Se1—O1

	
1.608(4)

	
N2—O8

	
1.233(5)




	
Se1—O4

	
1.611(3)

	
N2—O10

	
1.253(3)




	
Se1—O3

	
1.626(3)

	
N2—O9

	
1.264(5)




	
Se1—O2

	
1.627(2)

	
N3—O13B

	
1.15(2)




	
N1—O6

	
1.190(8)

	
N3—O11B

	
1.150(18)




	
N1—O5

	
1.195(4)

	
N3—O12A

	
1.171(6)




	
N1—O7

	
1.279(8)

	
N3—O13A

	
1.253(6)




	
N···O

	
2.721(4)–3.159(5)

	
N3—O11A

	
1.262(5)




	
BVS: Se1 6.34, N1 5.33, N2 4.91, N3 5.07

	
N3—O12B

	
1.365(14)




	
ASe·3AN-(II) at −173 °C




	
Se1—O3

	
1.6351(7)

	
N2—O8

	
1.2550(11)




	
Se1—O4

	
1.6370(7)

	
N2—O9

	
1.2569(11)




	
Se1—O1

	
1.6406(7)

	
N2—O10

	
1.2594(11)




	
Se1—O2

	
1.6522(7)

	
N3—O12

	
1.2348(12)




	
N1—O5

	
1.2444(11)

	
N3—O11

	
1.2412(11)




	
N1—O6

	
1.2501(11)

	
N3—O13

	
1.2702(11)




	
N1—O7

	
1.2654(10)

	

	
1.253




	
N···O

	
2.7654(11)–3.1260(12)

	

	




	
BVS: Se1 5.95, N1 4.8, N2 4.82, N3 4.93

	

	




	
ACr·3AN-(I) at 60 °C




	
Cr1—O1

	
1.589(6)

	
N2—O9

	
1.206(10)




	
Cr1—O4

	
1.622(4)

	
N2—O10

	
1.253(5)




	
Cr1—O2

	
1.657(3)

	
N2—O8

	
1.315(10)




	
Cr1—O3

	
1.694(6)

	
N3—O11B

	
1.10(2)




	
N1—O5

	
1.192(7)

	
N3—O12A

	
1.135(8)




	
N1—O7

	
1.197(11)

	
N3—O11A

	
1.280(9)




	
N1—O6

	
1.281(13)

	
N3—O12B

	
1.313(19)




	
N···O

	
2.735(6)–3.164(14)

	
N3—O13B

	
1.34(3)




	
BVS: Cr1 6.09, N1 5.30, N2 4.84 N3 5.11.

	
N3—O13A

	
1.343(14)




	
ACr·3AN-(II) at −173 °C




	
Cr1—O3

	
1.6380(13)

	
N2—O10

	
1.255(2)




	
Cr1—O4

	
1.6394(15)

	
N2—O9

	
1.2549(19)




	
Cr1—O1

	
1.6473(14)

	
N2—O8

	
1.259(2)




	
Cr1—O2

	
1.6656(13)

	
N3—O12

	
1.219(2)




	
N1—O5A

	
1.103(7)

	
N3—O11

	
1.249(2)




	
N1—O6B

	
1.110(6)

	
N3—O13

	
1.264(2)




	
N1—O7A

	
1.294(4)

	
N···O

	
2.741(2)–3.154(3)




	
N1—O7B

	
1.304(4)

	

	




	
N1—O5B

	
1.353(6)

	

	




	
N1—O6A

	
1.379(6)

	

	




	
BVS: Cr 5.95, N1 5.31, N2 4.82, N3 4.99

	

	











 





Table 5. AFP·AN-(I); infrared vibrational bands and their assignments.
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	Band
	Wavenumber/cm−1
	Assignment





	1, 2, 3
	3186, 3004, 2810
	ν N–H



	4
	1450
	δ H–N–H



	5
	1335
	ν as O–N–O



	6
	1136
	νas P–O



	7
	1020
	νs P–O



	8
	762
	ν P–F



	9
	530
	δ O–P–O
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