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A B S T R A C T   

Lead hydrogen arsenate PbHAsO4 and lead hydrogen phosphate PbHPO4, which can form a continuous solid 
solution series, have been extensively studied owing to their ferroelectric properties. PbHAsO4 has also been 
found to occur in weathered As- and Pb-rich outcrops and historically contaminated soils as a schultenite 
mineral. Although most ferroelectric studies were of substantial interest more than 30 years ago, the contami-
nation of the Earth’s surface with toxic Pb and As remains a major concern for environmentalists. In this study, 
six compounds of PbHAsO4–PbHPO4 solid solution series were synthesized from aqueous solutions at ambient 
conditions. They were subsequently analyzed using Raman and Fourier transform infrared spectroscopy to 
describe their vibrational characteristics, which should help identify the series members in natural or synthetic 
samples in further environmental and mineralogical studies. Additionally, powder X-ray diffraction analyses 
were conducted to investigate the variations in the unit cell parameters along the series. The results showed 
linear variations in the band positions in both Raman and infrared spectra, which depend on the extent of the 
isomorphic substitution of (PO4)3− for (AsO4)3− . However, the bands become broader or split as a result of 
phosphate substitution, making it difficult to correlate the band positions with the molecular composition of an 
unknown phase. The X-ray diffraction data revealed linear variations of all lattice constants as a function of P. 
Moreover, a relevant finding of this study is the systematic deviation in the chemical compositions of the syn-
thetic phases from the composition of aqueous solutions from which they precipitated, caused by the preferential 
incorporation of (AsO4)3− with respect to (PO4)3− into the structure.   

1. Introduction 

Lead hydrogen arsenate PbHAsO4 and its phosphate analog PbHPO4 
have been extensively studied owing to their ferroelectric properties 
[1–14]. Special attention has been paid to describe the hydrogen-atom 
ordering and structure of both phases that undergo a paraelectric- 
ferroelectric phase transition at 313 K (PbHAsO4) and 310 K 
(PbHPO4) [15–26]. Experimental studies have also shown that both 
phases can form a continuous solid solution series [27,28]. Lead 
hydrogen arsenate has been found in Earth’s surface environments as a 
schultenite mineral [29–32]. Until the middle of the 20th century, this 
compound was also used as an insecticide and has been shown to have 
long-term consequences for soil contamination, namely, toxicity; 
therefore, it remains a substantial concern for environmentalists 
[33,34]. The first natural occurrence of the phosphate analog of 

schultenite was reported in the Clara mine, central Black Forest, Ger-
many, in 2006 [35]. Two more localities of this phase have been found 
since then [36,37]; however, its mineralogical characteristics have not 
been well described, and no mineral name for PbHPO4 has been 
approved by the International Mineralogical Association. In this paper, 
we refer to PbHPO4 as “phosphoschultenite”, which was first proposed 
by Młynarska et al. [28]. 

Solid solutions of arsenate and phosphate minerals such as mimetite 
Pb5(AsO4)3Cl–pyromorphite Pb5(PO4)6Cl or olivenite Cu2(AsO4) 
OH–libethenite Cu2(PO4)OH commonly occur in supergene zones 
[38,39]. Therefore, it could be expected that PbHAsO4–PbHPO4 solid 
solutions would crystallize in similar environments. Schultenite is usu-
ally a weathering product of As- and Pb-rich outcrops, being stable only 
at low pH, low activity of chloride ions, and relatively high concentra-
tions of lead and arsenate. Mimetite, often associated with schultenite, is 
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a much less soluble mineral and is formed even in weakly saline solu-
tions [40]. However, in experimental studies on Pb and As immobili-
zation that are based on the investigation of the hydroxyl analog of 
mimetite Pb5(AsO4)3OH, special attention must be paid to control lab-
oratory synthesis to avoid preferential precipitation of schultenite at low 
pH [41,42]. Additionally, schultenite and mimetite have been identified 
in historical paintings as degradation products of As-bearing pigments 
[43,44]. 

Primarily in support of the environmental and mineralogical com-
munities, we undertook this study to characterize a number of synthetic 
compounds of the PbHAsO4–PbHPO4 solid solution series via Raman 
and Fourier transform infrared (FTIR) spectroscopy. These comple-
mentary analytical techniques enable the identification and semi- 
quantitative analysis of molecular compositions. Vibrational studies of 
PbHAsO4 and PbHPO4 have mostly focused on the ferroelectricity of 
these phases [2,23,45–53]; therefore, the isomorphic substitution of 
(PO4)3− for (AsO4)3− and its impact on the Raman and IR spectra have 
not been investigated. Experimental studies on minerals from the lead 
apatite group (e.g., mimetite and pyromorphite) have demonstrated that 
strong correlations between the positions of the vibrational modes and 
the As/(As + P) ratios can be used to determine the composition of solid 
solutions [54–56]. In this work, we investigated whether such correla-
tions also occur in the case of schultenite–“phosphoschultenite” solid 
solutions and if they can prove useful in identifying intermediate phases 
of the series on the basis of their vibrational characteristics. 

2. Materials and methods 

2.1. Sample preparation (laboratory synthesis) 

A set of six compounds of the PbHAsO4–PbHPO4 solid solution series 
were synthesized at 298 K by dropwise mixing (at a rate of 2 mL/min) of 
the aqueous solutions of Pb(NO3)2, Na2HAsO4⋅7H2O, and NaH2PO4⋅H2O 
(POCH.SA, pure for analysis) prepared with double-distilled water. 
Concentrations and volumes of the solutions used for precipitation of the 
final products with assumed compositions of PbH[(AsO4)1-x(PO4)x], 
where × = 0.2, 0.4, 0.6, 0.8, and 1.0, are shown in Table 1. Experiments 
were conducted at pH 2, which was adjusted using 0.1 M HNO3 
(MERCK, supra pure) and monitored using an ELMETRON CPI 501 m 
and glass electrode (Elmetron Sp.j., Zabrze, Poland). Suspensions of the 
forming precipitates were stirred using a mechanical stirrer for 5 h and 

then allowed to settle. After 48 h, the precipitates were separated from 
the solutions by decantation, filtered using a Büchner funnel, washed 
several times thoroughly with redistilled water and acetone, and finally 
dried at 323 K. The experiments yielded ~10 g of each of the six syn-
thetic phases listed in Table 1. 

2.2. Solid characterization 

Air-dried powders mounted on conductive carbon tabs were inves-
tigated using a FEI QUANTA FEG 200 (Thermo Fisher Scientific, Wal-
tham, MA, USA) scanning electron microscope equipped with an energy- 
dispersive analyzer (SEM-EDS) operated at accelerating voltage of 15 kV 
to identify the chemical compositions and morphology of the precipi-
tated solids. The samples were imaged and analyzed under a low vac-
uum with no conductive coating applied. 

In addition to the EDS data, the compositions of the synthetic phases 
were determined using inductively coupled plasma-optical emission 
spectrometry (ICP-OES). An aliquot of 50 mg of each solid was digested 
in 40 mL of a solution containing 0.25 M EDTA and HNO3 (65%) in a 
ratio of 9:1, and subsequently analyzed for Pb, P, and As using a Perkin 
Elmer Optima 7300DV instrument. 

Powder X-ray diffraction (XRD) patterns were recorded with a 
Rigaku SmartLab diffractometer (Neu-Isenburg, Tokyo, Japan) in the 
range of 2–90◦2θ with a constant step of 0.02◦ (2 s recording time) using 
graphite-monochromatized CuKα radiation. Before the analyses, the 
samples were gently ground using an agate mortar. Phase identification 
of the solid solution end-members was performed using XRAYAN [57] 
and the International Centre for Diffraction Data powder diffraction 
pattern database. Lattice parameters were calculated from the XRD 
patterns with the help of the General Structure Analysis System (GSAS) 
program of Larson and Von Dreele [58] using the EXPGUI interface of 
Toby [59]. 

2.3. Raman spectroscopy 

Raman spectra were collected at ambient conditions using a Thermo 
Scientific DXR Raman confocal microscope at 100x magnification and 
analyzed with a green laser (k = 532 nm, laser power of 10 mW, slit 
aperture of 25 µm, resolution of 2.7–4.2 cm− 1) using 10 exposures for 3 s 
each, in the range between 100 and 3580 cm− 1. Dry crystalline powder 
(~0.5 g) of each specimen was placed on a glass slide and analyzed three 
times on various grains to minimize any possible anisotropy effect on the 
intensity resulting from random crystallographic orientation of analyzed 
grains [60] and to avoid the sample thickness effect. No thermal damage 
was observed on the excited surface upon visual inspection after mea-
surement. Spectra were interpreted using OMNIC for Dispersive Raman 
software (Thermo Fisher Scientific). Each collected spectrum was pro-
cessed separately, and the average results are presented here. Decon-
volution of the spectra was conducted in the range of 700–1200 cm− 1 

using the Gaussian/Lorentzian function, medium sensitivity factor, and 
a constant baseline. 

2.4. Fourier transform infrared spectroscopy 

Infrared spectra were collected using the transmission technique at a 
Nicolet 6700 spectrometer (Thermo Fisher Scientific, Waltham, MA, 
USA). A portion (1 mg) of each material was mixed and ground with 200 
mg of KBr and subsequently pressed to form a pellet using a hydraulic 
press. Spectra were collected in the range of 400–4000 cm− 1 at a 4 cm− 1 

resolution with 64 scan averages and were then processed using baseline 
correction and smoothing functions of the OMNIC software. 

Table 1 
Reagents used for precipitation of the six compounds of the PbHAsO4–PbHPO4 
solid solution series.  

Assumed composition of 
the synthetic phase 

Mass of the reagents (g) / 400 mL of water 

Pb 
(NO3)2 

Na2HAsO4⋅7H2O NaH2PO4⋅H2O 

PbHAsO4 9.54 8.99 – 
PbH[(AsO4)0.8(PO4)0.2] 9.79 7.39 0.82 
PbH[(AsO4)0.6(PO4)0.4] 10.05 5.68 1.68 
PbH[(AsO4)0.4(PO4)0.6] 10.33 3.89 2.58 
PbH[(AsO4)0.2(PO4)0.8] 10.62 2.00 3.54 
PbHPO4 10.93 – 4.55  

Table 2 
Chemical composition of synthetic PbHAsO4–PbHPO4 solid solution series 
precipitated from aqueous solutions.  

Assumed composition Determined composition Sample ID 

PbHAsO4 PbHAsO4 As10 P0 
PbH(AsO4)0.8(PO4)0.2 PbH(AsO4)0.90(PO4)0.10 As9 P1 
PbH(AsO4)0.6(PO4)0.4 PbH(AsO4)0.76(PO4)0.24 As8 P2 
PbH(AsO4)0.4(PO4)0.6 PbH(AsO4)0.50(PO4)0.50 As5 P5 
PbH(AsO4)0.2(PO4)0.8 PbH(AsO4)0.27(PO4)0.73 As3 P7 
PbHPO4 PbHPO4 As0 P10  
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3. Results and discussion 

3.1. Solid characterization 

The syntheses yielded white, homogeneous, crystalline precipitates 
identified based on chemical (EDS, ICP-OES), structural (XRD), and 
morphological (SEM) data as the schultenite–“phosphoschultenite” solid 
solution series. Chemical analysis of the synthesis products revealed 
slight systematic offsets between the intended and obtained composi-
tions (Table 2, Appendix A). All members of the series are slightly richer 
in As than intended from the molar ratios of As/P in solutions used in 
laboratory synthesis (Fig. 1). This result indicates preferential incorpo-
ration of (AsO4)3− ions with respect to (PO4)3− into the structure, which 
confirms the observation that schultenite PbHAsO4 is commonly found 
in nature [29–32], whereas series members containing phosphates are 
rarer [35–37]. 

Detailed studies of the ferroelectricity of PbHAsO4 and PbHPO4 have 
revealed that both phases crystallize in the monoclinic crystal system 
[15–26]. They undergo paraelectric-ferroelectric phase transitions at Tc 
= 313 K and 310 K, respectively [16,61], which involves a change in 
crystal symmetry from P2/c in the high-temperature paraelectric phase 
to Pc in the low-temperature ferroelectric phase. At high temperatures, 
the hydrogen atom is disordered over two sites related by the center of 
symmetry, while below Tc and until ~200 K is reached, the gradual 
ordering of this hydrogen atom into one of two off-center sites occurs. 
Additionally, the heavy atoms shift to lower symmetry positions below 
the phase transition [21,24]. 

In this work, the aim of powder XRD analysis was to identify the 
products of laboratory synthesis and to investigate variations in unit cell 
parameters as (PO4)3− is substituted for (AsO4)3− . A detailed examina-
tion of crystal structures of the schultenite–“phosphoschultenite” solid 
solution series is the subject of ongoing work. Here, we present pre-
liminary results of lattice constants calculations conducted with the help 
of GSAS-EXPGUI software in the monoclinic crystal system using the 
starting parameters provided by Restori et al. [62], for the space group 
P2/c. Although the studied samples were analyzed at temperatures 
below the phase transition, and consequently, they should have a space 

group Pc, we concluded that the starting parameters provided in the 
crystallographic information file (CIF) for the high-temperature phase 
should be sufficient for a preliminary investigation of unit cell variations 
along the series. In principle, it is not possible to distinguish between 
those two space groups and refine H atom positions based on XRD data. 

The XRD patterns of the analyzed phases show a systematic shift in 
the positions of reflections toward higher angular values as P is 
substituted for As in the structure of schultenite (Fig. 2). Values of the 
unit cell parameters are listed in Table 3. The variation of all lattice 
constants as a function of P is linear (Fig. 3). As the P content increases, 
the unit cell dimensions systematically decrease. The unit cell volume of 
“phosphoschultenite” is 93% of the schultenite cell volume. This phe-
nomenon occurs because the size of the (PO4)3− ion is smaller than that 
of (AsO4)3− (effective ionic radii of P5+ and As5+ are 0.17 Å and 0.335 Å, 
respectively [63]). The determined unit cell parameters are consistent 
with those published for end-members [21,27,35,64] and some inter-
mediate phases of the series [27]. 

Fig. 1. Systematic deviation of the chemical composition from that intended 
(based on the chemical composition of the source aqueous solutions), reflecting 
preferential incorporation of the (AsO4)3− ion with respect to (PO4)3− in a 
PbHAsO4–PbHPO4 series. 

Fig. 2. X-ray diffraction patterns of synthetic schultenite–“phosphoschultenite” 
solid solution series in the range from 10 to 50 ◦2θ. Indexing was performed 
based on the schultenite data from Claringbull [64]. 

Table 3 
Unit cell parameters of a schultenite–“phosphoschultenite” solid solution series.  

Sample ID Unit cell parameters 

a (Å) b (Å) c (Å) β (◦) V (Å3) 

As10 P0 4.859 6.754 5.844 95.38 191.0 
As9 P1 4.831 6.740 5.836 95.55 189.1 
As8 P2 4.802 6.719 5.831 95.78 187.2 
As5 P5 4.747 6.685 5.815 96.28 183.4 
As3 P7 4.714 6.664 5.792 96.55 180.7 
As0 P10 4.681 6.643 5.782 96.97 178.5 

The uncertainty of determinations of unit-cell parameters is less than the num-
ber of significant digits and has not been reported. 
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The synthesis resulted in homogeneous fine white crystalline pow-
ders. SEM-EDS analysis did not reveal the presence of any other pre-
cipitate components in addition to the intended synthesis products. 
Crystals with sizes up to 50 µm were well developed (Fig. 4). Schultenite 
crystallized as highly elongated thin plates with a monoclinic habit. The 
morphology of the synthetic crystals was identical to that described for 
natural schultenite crystals found in Tsumeb, Namibia [29], except that 
the surface of the synthetic crystals was smooth and no striations were 
observed. The elongation to width ratio was approximately 10:1. As 
(PO4)3− was substituted for (AsO4)3− , the habit of the crystals changed 
systematically. Elongation gradually disappeared and the plates became 
isometric and slightly thicker, maintaining the acute angles and mono-
clinic habit of the crystals. The disappearance of elongation occurred in 
the As5 P5 phase. 

3.2. Raman spectra 

The average positions of Raman bands for all synthetic phases in the 
schultenite–“phosphoschultenite” solid solution series in the range of 
100–1200 cm− 1 are presented in Fig. 5. Strong Raman scattering was not 
observed above 1200 cm− 1. The assignment of the vibrational modes 
(Table 4) for the intermediate members of the series was facilitated by 
comparing their spectra with the spectra of pure end-members. 

A free arsenate ion (AsO4)3− is a tetrahedral unit with Td symmetry 
and exhibits four normal modes of vibration for As–O: the symmetric 
stretching vibrations ν1(A1) at 810 cm− 1 which coincide with the posi-
tion of the antisymmetric stretching modes ν3(F2), the scissor vibrations 
of the O–As–O angle ν2(E) at 342 cm− 1, and the bending vibrations of 
the O–As–O angle ν4(F2) at 398 cm− 1. Similarly, a free phosphate ion 
(PO4)3− can be characterized by four types of vibrations: symmetric 
stretching vibrations ν1(A1) of the P–O bond at 938 cm− 1, scissor vi-
brations of the O–P–O angle ν2(E) at 420 cm− 1, antisymmetric 

Fig. 3. Linear variability of unit cell parameters in the schultenite–“phosphoschultenite” solid solution series. Cross marks represent the data published by Clari-
ngbull [64], Wilson et al. [21], Worzala et al. [27], and Kolitsch & Tillmanns [35]. 

Fig. 4. Backscattered electron images and EDS spectra of the schultenite–“-
phosphoschultenite” series. 
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Fig. 5. Vibrational modes in Raman spectra of schultenite–“phosphoschultenite” solid solution series in the range between 100 and 1200 cm− 1 (right panel) with 
deconvoluted phosphate (blue) and arsenate (green) bands in the range from 700 to 1200 cm− 1 (left panel). 
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stretching vibrations of P–O ν3(F2) at 1017 cm− 1, and bending vibra-
tions of the O–P–O angle ν4(F2) at 567 cm− 1 [65]. 

The symmetry of a molecule in a crystal structure is usually lower 
than that in an isolated state [66]. The reduction in the symmetry of the 
crystal structure of arsenates, such as schultenite, causes the splitting of 

these vibrational modes (Fig. 5). In the collected Raman spectra, the 
most intense band in schultenite originating from the vibrations of the 
As–O bond is split into two bands at 823 and 801 cm− 1. According to 
Blinc et al. [45] these bands may be attributed to the ν3 and ν1 modes, 
respectively (Table 4), and that the peak position ν3 > ν1 is consistent 
with the normal behavior exhibited by most tetrahedral ions [65,67]. 
Notably, for (AsO4)3− , it is possible to reverse this behavior, causing ν1 
to be at a higher wavenumber than ν3 [68–69]. However, with 
increasing P content in the solid solution series, this band is further split 
into three peaks, resulting in the broadening of the entire band (Fig. 5). 
The determination of whether the peak at ~823 cm− 1 or ~801 cm− 1 

observed in As10 P0 is further split in As5 P5 and As3 P7 remains un-
clear, causing the assignment of specific peaks to ν1 and ν3 to be 
inconclusive. The splitting of the corresponding As–O stretching vibra-
tions demonstrates a relatively large deformation of the arsenate anion 
due to isomorphic substitution with phosphate. In the case of the 
(PO4)3− modes, the double-split band corresponding to the ν3 P–O vi-
brations and the single band originating from the ν1 vibrations shifted 
linearly to higher wavenumbers with increasing P content (Fig. 6). This 
shift results from the increasing bond strength of X–O (where X = As, P) 
and the lower atomic mass of P than As [54,56]. However, positions of 
the resolved peaks may be affected by the initial settings of the OMNIC 
Peak Resolve operation. Moreover, the intensity of the analyzed band 
decreases, which may affect the overall interpretation of the ν1 and ν3 
vibrational modes of (XO4)3-. 

In the schultenite spectrum, the bending vibrations ν4 of the O–As–O 
angle are observed at 459, 411, and 385 cm− 1, and ν2 vibrations are 
observed at 351 cm− 1. The single bands in “phosphoschultenite” spec-
trum connected with ν4 and ν2 are observed at 567 and 425 cm− 1, 
respectively. The bands at 409 and 416 cm− 1 in the spectra of As8 P2 
and As5 P5, respectively, were not assigned because of the overlap of the 
ν4 (AsO4)3− and ν2 (PO4)3− vibrations. The positions of the ν2 and ν4 
bands in the intermediate phases from the series shifted with increasing 
P content. However, unlike those of the ν1 and ν3 bands, these shifts were 
not systematic. This effect most probably results from the low intensity 
of the ν2 and ν4 bands. 

In the low frequency region (<250 cm− 1), bands are attributed to 
lattice vibrations (phonons). They are unique for a given crystalline 
substance and can be used for phase identification [70]. A factor group 
analysis for PbHPO4 predicts nine translational and six librational 

Table 4 
Assignments of Raman effects (cm− 1) in schultenite–“phosphoschultenite” solid solution series. Published data for end-members [45] are included for comparison.  

PbHAsO4 [45] This work As10 P0 As9 P1 As8 P2 As5 P5 As3 P7 As0 P10 This work PbHPO4 [45]       

1031 1032 1035 ν3 (PO4) 1035sh ν3 (PO4)      
1001 1002sh 1010sh 1013sh 1015     

903 911 925 931 938 ν1 (PO4) 940 ν1 (PO4) 

ν3 (AsO4) 825 ν3 / ν1 (AsO4) 823 825 829 837 841     
ν1 (AsO4) -(?) 801sh 800sh 804sh 820 818     

790 786         

546 557 558 562 567 ν4 (PO4) 570 ν4 (PO4)     
560 

ν4 (AsO4) 465 ν4 (AsO4) 459 464 465 468 462         
409 416 420 425 ν2 (PO4) 430 ν2 (PO4) 

415 ν4 (AsO4) 411 406      
392 385 384 390 405 400     

ν2 (AsO4) 355 ν2 (AsO4) 351 351 350 353 364     
345 348            

220 231 Lattice vibrations 230 Lattice vibrations 
Lattice vibrations 190 Lattice vibrations 188 189 190 195 191  192        

170     
158 162 166 160 

150 145 145 146 143    
130 124 125 124 125 126    

110 110 110 110 110 110  

sh – shoulder. 

Fig. 6. Systematic linear variations of the average positions of the arsenate and 
phosphate stretching vibrations as a function of the chemical composition of 
schultenite–“phosphoschultenite” solid solution series. Vertical bars represent 
two standard deviations from the mean (95% confidence interval). Published 
data for end-members [45] are marked X and are included for comparison. 
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modes, some of which occur below 100 cm− 1 [23]. In this study, we 
collected Raman spectra in the narrower range of 100–3580 cm− 1. 
Moreover, lattice modes of the schultenite–“phosphoschultenite” series 
overlap (Fig. 5), making them of little use for phase identification of the 
series members. In depth analysis of the low frequency region for both 
end-members can be found in theoretical and experimental studies by 
Lavrenčič & Petzelt [46], Ohno & Lockwood [49], Lockwood et al. 
[2,23,51], Shin et al. [52], and Shchur [53]. 

3.3. Infrared spectra 

In infrared spectroscopy, only two types of vibrations related to 
(AsO4)3− and (PO4)3− are active: the antisymmetric stretching modes for 
As–O and P–O bonds ν3(F2), and the bending vibrations of the 
O–P–O and O–As–O angles ν4(F2). However, it has been shown that 
theoretically non-active vibrations may be visible in the IR spectra of 
solid materials [71]. Both (AsO4)3− and (PO4)3− molecules have very 
high symmetry (tetrahedral) but no center of symmetry; therefore, the 
observed IR and Raman bands should coincide [70]. 

Consequently, our IR data support the interpretation of the Raman 
spectra, but the vibrational modes ν1 for both As–O and P–O bonds are 
weakly active, and the corresponding bands occur as shoulders to ν3 
peaks (Fig. 7). The spectra were collected in the range of 400–4000 
cm− 1; therefore, the bending vibrations ν2 for O–As–O and O–P–O, 
and the ν4 mode for O–As–O that should appear at ~400 cm− 1 or 
below [45], are not well visible in this study. In contrast with Raman 
spectra, the IR data are less consistent with the results of vibrational 
study by Blinc et al. [45]. Band shapes in both works are similar, but 
their positions in our study are usually shifted toward lower wave-
numbers (Table 5). This probably results from uncertainty in the inter-
pretation of unsplit and broad bands in IR spectra typical for schultenite 
and “phosphoschultenite” as well as from overall low resolution of the 
spectra presented in Blinc et al. [45]. 

The most intense band in schultenite originating from the ν3 vibra-
tions of the As–O bond appears at 801 cm− 1 with a shoulder at ~836 
cm− 1 (Fig. 7). The origin of the sideband at 751 cm− 1 is uncertain and it 
could be either the “out of plane” O–H deformation vibrations γOH or 
the weakly allowed ν1 band [45]. Both bands shift toward higher 
wavenumbers as (PO4)3− is substituted for (AsO4)3− ; in the As3 P7 
spectrum, the ν3 band appears at 828 cm− 1and the ν1/ γOH band becomes 

Fig. 7. Vibrational modes in FTIR spectra of schultenite–“phosphoschultenite” 
solid solution series in the range between 400 and 3000 cm− 1. The Y scale is 
different for the two parts of the spectrum: the left part (1200–3000 cm− 1) is 
enlarged ~3.3 times more than the lower range of the spectrum on the right 
(400–1200 cm− 1). Question marks indicate uncertain band positions. Blue – 
phosphate modes, green – arsenate modes. 

Table 5 
Assignments of IR bands (cm− 1) in schultenite–„phosphoschultenite” solid solution series. Published data for end-members [45] are included for comparison. Question 
marks indicate uncertain band positions or their assignments.  

PbHAsO4 [45] This work As10 P0 As9P1 As8P2 As5P5 As3P7 As0 P10 This work PbHPO4 [45] 

νA 2770 νA 2742 2744 2745 2718 2712 2704 νA 2750 νA   

? (?) sh 2378sh 2380sh 2374sh 2372sh 2366sh ?   
νB 2300 νB 2245 2261 2273 2266 2271 2272 νB 2350 νB 

νC 1660 νC 1641 1661 1672 1686 1688 1716 νC 1750 νC 

δOH 1400 δOH 1359sh 1362sh 1365sh 1360sh 1345sh 1321 δOH 1350 δOH       

(?) sh (?) sh 1039sh ν3 (PO4) 1050 ν3 (PO4)     
1022 1018 1009 1006 1010     

970sh     ν3/ν1 (PO4) 950sh ν3/ν1 (PO4)      
909sh 916sh 919 929sh 

ν3 (AsO4) 850sh ν3 (AsO4) 836sh 840sh (?) sh       
800 801 806 812 822 828     

ν1 (AsO4)/γOH 760 (?) ν1 (AsO4)/γOH 751 752 755 761 (?) sh   760sh γOH       

559 558 555 551 550 ν4 (PO4) 570 ν4 (PO4)     
537 541 (?) sh (?) sh (?) sh   

ν4 (AsO4) 490, 400, 380 ν4 (AsO4) 467 469 470 468 466     
~400 ~400 ~400 ~400 ~400             

452 ?           
<400 ν2 (PO4) 400 ν2 (PO4) 

sh – shoulder. 
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barely distinguishable. The shoulder on the left side of the main ν3 peak 
disappeared in As5 P5. At lower frequencies of the schultenite spectrum 
(As10 P0), one of the sharp ν4 sidebands is visible at 467 cm− 1 along 
with the main band at the end of the spectrum range (~400 cm− 1), and 
its position only slightly varies in the intermediate phases of the series 
(Fig. 8). 

The most intense band in “phosphoschultenite” corresponding to the 
stretching vibrations of P–O (ν3) is very broad and centered at 1010 
cm− 1. On both sides of this band, there are two shoulders at ~1039 and 
~929 cm− 1, which probably correspond to the ν3 (~1039 cm− 1) and ν3 
or ν1 (~929 cm− 1) modes. The γOH vibration noted by Blinc et al. [45] at 
760 cm− 1 is not visible in our data. It seems that phosphate substitution 
has a stronger effect on the shape of the IR bands as compared to Raman 
spectra, and therefore, the peak position shifts are less consistent 
(Fig. 8). Although the position of the main ν3 band changes toward 
higher wavenumbers up to 1022 cm− 1 in As9 P1, the shift is nonlinear. 
The main cause for this is the broadening of the ν3 band as the shoulders 
on both sides of this peak become more intense with increasing P con-
tent. By contrast, the ν4 bending vibration of the O–P–O angle shifts 
from 550 cm− 1 in “phosphoschultenite” (As0 P10) to 559 cm− 1 in As9 
P1, and the linear correlation for this vibrational mode is observed 
(Fig. 8). Additionally, a shoulder to the ν4 band is visible on the right side 
(Fig. 7), but the position of the shoulder becomes uncertain as the main 
ν4 peak shifts toward lower wavenumbers along the series. 

Infrared spectroscopy, a complementary analytical technique to the 
Raman method, provides additional information on the vibrations of 
molecules that are strongly polar or have a center of symmetry. 
Stretching vibrations of O–H are very weak in the Raman spectra and 
very intense in the IR spectrum [70]. Because the phase transition 
observed in PbHAsO4 and PbHPO4 is related to the nature of the 
hydrogen ordering, the earlier vibrational study of these phases used IR 
data to obtain information on the strength of the O–H–O bonds [45]. 

In the infrared spectra of schultenite–“phosphoschultenite” solid 
solutions, the so-called A, B, C band structure related to O–H stretching 

vibrations [45] is observed: νA shifts from 2742 to 2704 cm− 1, νB from 
2245 to 2272 cm− 1; and νC from 1641 to 1716 cm− 1 along the series 
(Table 5, Figs. 7 and 8). Moreover, a broad band related to the “in-plane” 
O–H deformation vibrations (δOH) appears in schultenite at 1362 cm− 1 

and shifts toward lower wavenumbers to 1326 cm− 1 in “phospho-
schultenite”. According to Blinc et al. [45], these are characteristic 
features of medium-strong O–H–O bonds and an off-center location of 
the hydrogen in the crystal structure. The exact position of the δOH peak 
in each spectrum is not well defined because of a very sharp peak at 
1384–1385 cm− 1 and the νC band shoulders visible in the 1400–1600 
cm− 1 region (Fig. 7). These additional bands most probably correspond 
to nitrogen compounds used for laboratory synthesis, and traces of 
which may have remained in the final products despite thorough 
washing with redistilled water and acetone. Furthermore, the origin of 
the shoulders to the νB bands that appear in the range of 2366–2380 
cm− 1 is also unknown. Possibly, these are analytical artifacts that we 
distinguished from asymmetric νB bands. 

4. Conclusions 

Schultenite PbHAsO4 and “phosphoschultenite” PbHPO4 can form a 
continuous solid solution series. However, the results of this experi-
mental work showed that the composition of the crystallizing phases 
differed from that of the solutions from which the phases precipitated 
with preferential incorporation of (AsO4)3– with respect to (PO4)3– into 
the structure. We conclude that a similar process may occur in the 
natural environment, which is one of the main reasons why schultenite 
is commonly found in nature, whereas phosphate-bearing solid solutions 
are less common. 

The positions and band shape in both Raman and IR spectra of 
schultenite–“phosphoschultenite” solid solutions depend on the extent 
of phosphate substitution. In the IR spectra, phosphate substitution has a 
stronger effect on the shape of the bands; therefore, the peak position 
shifts were less pronounced than the Raman effects. The estimation of 

Fig. 8. Variations of the band positions in FTIR spectra. Data in the left panel correspond to the O–H stretching vibrations. The right panel shows the band positions 
corresponding to the most active vibrational modes of (AsO4)3− and (PO4)3− . Cross marks represent published data [45] that are included for comparison. 
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the overall P/(P + As) ratio in synthetic or natural samples based on 
their detailed vibrational spectroscopic study is more challenging than 
in the case of P-As substitutions in minerals of the lead apatite group, for 
example, pyromorphite and mimetite. Moreover, the splitting of the 
As–O stretching vibrations in the Raman spectra demonstrates a rela-
tively large deformation of the arsenate tetrahedral due to isomorphic 
substitution with phosphate. Additionally, the IR study shows that the 
intermediate members of the series exhibit characteristic features that 
demonstrate medium-strong O–H–O bonds and an off-center location 
of the hydrogen in the crystal structure that have been reported for the 
two end-members [45]. 

CRediT authorship contribution statement 

Alicja Wudarska: Conceptualization, Validation, Formal analysis, 
Data curation, Investigation, Writing – original draft, Visualization. 
Julia Sordyl: Conceptualization, Validation, Formal analysis, Data 
curation, Investigation, Writing – original draft, Visualization. Maciej 
Manecki: Conceptualization, Methodology, Formal analysis, Investiga-
tion, Resources, Writing – original draft, Supervision, Project adminis-
tration, Funding acquisition. Anna Zawiła: Investigation, Writing – 
review & editing. Tomasz Bajda: Conceptualization, Methodology, 
Writing – review & editing, Supervision. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We are grateful to Karolina Rybka for her help in IR data acquisition. 
This research was funded by the Polish NCN grant no. 2019/35/B/ 
ST10/03379. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.poly.2021.115534. 

References 

[1] B.K. Chaudhuri, S. Ganguli, D. Nath, Green’s-function theory of phase transitions in 
the hydrogen-bonded PbHPO4-type ferroelectrics with pseudospin model, Phys. 
Rev. B 23 (1981) 2308. 

[2] D.J. Lockwood, N. Ohno, R.J. Nelmes, H. Arend, Dynamics and statics of the 
ferroelectric phase transition in PbHPO4, J. Phys. C Solid State Phys. 18 (1985) 
L559. 

[3] H. Happ, D. Langhardt, G. Voss, Microwave dielectric dispersion and the soft mode 
in ferroelectric PbHPO4, J. Phys. C Solid State Phys. 19 (1986) 2575. 

[4] W. Chunlei, Q. Zikai, Z. Jingbo, Green’s function theory of phase transition in 
PbHPO4 and PbDPO4 ferroelectrics, Ferroelectrics. 77 (1988) 21–29. 

[5] J.M. Wesselinowa, Relaxation time for hydrogen-bonded PbHPO4-type 
ferroelectrics, J. Phys. Condens. Matter. 3 (1991) 4757. 
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