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Stereochemical Equivalence of P'"'-Bonded Hydrogen Atoms and |Se'Y Lone
Electron Pairs in Sr(H,PO3), and Sr(HSeO5),
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Sr(H,PO3), and Sr(HSeOj3), have been characterized by
means of single crystal X-ray diffraction and FT-IR absorp-
tion spectroscopy. The IR spectra exhibit split AB band sys-
tems in the OH stretching mode region due to Fermi reson-
ance interactions of the v(OH) with the in-plane bending
modes of the hydroxyl groups. The compounds crystallize in
a new structure type and are isotypic, if the P-bonded hydro-
gen atoms of Sr(H,POj), and the lone electron pairs of
Sr(HSeO3), are considered to be equivalent. The coordina-
tion of Sr is that of a distorted square antiprism. The SrOg
polyhedra share three common edges and are additionally

connected via O-X-O bonds of the isolobal XO,OH~
ions (X =HPY, ISeV) of tetrahedral and trigonal (y-tetra-
hedral) configuration, respectively. The resulting layers
2[Sr(XO,0H),] are connected via circular hydrogen bond
systems of tetrameric [ XO,OH™], groups of a cyclooctane like
chair topology. Both the P-bonded hydrogen atoms and the
lone electron pairs of the HP™O,OH"~ and the ISe'™VO,OH"
ions, respectively, form channels along [001] and induce the
same crystal structure. This is new for acid salts of the type
MY(XO,0H),-nH,0 with X = HP™ and ISe'".

Introduction

Strontium hydrogen phosphate(Ill), Sr(H,POs),, and
strontium hydrogen selenate(IV), Sr(HSeOs),, have been
isolated by Ebert et al.l'=4 as part of their studies of the
solubility diagrams of the quasiternary systems SrO-P,Os-
H,0O and SrO-SeO,-H,O, respectively. The selenium com-
pound has been characterized by means of thermal analysis
as well as IR absorption spectroscopy and some X-ray
data.[*~91 Since the corresponding phosphates(III) tend to
form supersaturated solutions, they are difficult to obtain,
especially in the form of single crystals. The knowledge
about this class of compounds is thus poor.' 3! Such acid
salts are of special interest because of: i) the strong and
medium-strong hydrogen bonds, and hence the formation
and transformation of AB and ABC band systems in the
OH stretching mode region of the existing hydroxyl
groups,[®7 ii) the possible stereochemical equivalence of the
P-bonded hydrogen atom of the phosphate(III) and the lone
electron pair of the selenate(IV), which one can find for
some  corresponding  neutral  salts, eg., for
CuHPO;-2H,0®/CuSe05-2H,0"! and MgHPO-6H,0!%
MgSeO5-6H,OU! 121 but not for acid compounds of the
type MU(HXO5),'nH,0 (X = HP' and |Se'V), and iii) their
possible nonlinear optical and dielectrical properties. In this
context we report on the crystal structures and FT-IR ab-
sorption spectra of Sr(H,POj3), and Sr(HSeOs),.
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Results and Discussion

Crystal Structures

Sr(H,PO3), (aP26) and Sr(HSeOs), (aP22) both crystal-
lize in a triclinic unit cell in the space group P1 with Z =
2 (see Table 1). Except for the P-bonded hydrogen atoms
of Sr(H,POs), they are isotypic. All atoms occupy general
positions 2i with Sr>* and two crystallographically different
XO,0H™ ions with X = HP™ and |Se", P1, P2, Sel and
Se2, in the asymmetric unit.

In both structures, Sr is square antiprismatically sur-
rounded by eight oxygen atoms of seven different XO,OH ™~
ions (see Figure 1). The isolobal XO,OH™ ions have tetra-
hedral (HPO,OH™) and trigonal pyramidal (y-tetrahedral,
SeO,OH™) configuration and act as both bidentate and
bridging ligands (Figure 1). Due to the mono- and bident-
ate coordination of Sr through XO,OH™ (see Figure 1) the
SrOg square antiprisms are strongly distorted. The Sr—O
distances range from 251 to 276 pm and 254 to 285 pm for
the acid phosphate(IIT) and selenate(IV) compound, re-
spectively (see Table 2). Nevertheless, the respective mean
values, 263(10) and 262(10) pm, are nearly equal. They are
in the range of the Sr—O distances of other oxosalts of
eight-coordinate Sr.['3713

Due to the different coordinations through Sr and H (see
Figure 1) the non-hydrogen atoms of the two XO,OH ™ ions
of the asymmetric unit are differently, but only slightly, dis-
torted from the possible m symmetry (see Table 2). The
mean X—O and X—OH distances (150 and 159 pm for X =
HP" and 166 and 178 pm for |[Se'V) and O—X—O angles
(111 and 101° for X = HP™ and |Se", respectively) are in
good agreement with those found for other acid phos-
phates(IID and selenates(IV).[”:!7~11" Although 023 is
not coordinated to Sr, the corresponding X—O distance is
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Table 1. Data collection and refinement parameters of Sr(H,POs), and Sr(HSeO3),

Sr(HzPO3)2 Sr(HSeO3)2

Formula weight /g'mol~! 249.59 343.56

Temperature /K 293(2) 293(2)

Wavelength /pm 71.073 _ 71.069

Crystal system, space group triclinic, Pl triclinic, P1

Lattice constants /pm, /° a = 581.3(1), a = 97.69(3) a = 586.8(1), a = 97.23(1)
b = 722.5(1), p= 104.51(3) b = 727.7(1), B= 104.06(1)
¢ = 806.0(2) pm, y = 106.47(3) ¢ =779.1(1), y = 106.20(1)

Volume /nm? 0.3065(1) 0.30314(8)

Z, Peate. Mgm? 2,2.704 2, 3.764

Absorption coefficient /mm™! 9.277 20.859

F(000) 240 312

Crystal size /mm? 0.20 X 0.19 X-0.15 0.14 X 0.10 X 0.10

Omins Omax /° 3.56, 28.05 2.76, 39.97

Index ranges -7T=h=1 -10=h=9
9=k=9 -12=k=13
-10=/=10 -1=/=14

total reflections 3468 3736

unique reflections, R;, 1393, 0.034 2994, 0.052

Completeness to ® = 28.05° 92.8% 79.9%

Absorption correction Numerical Empirical

Thins Tax 0.23, 0.31 0.24, 0.28

Refinement method Full-matrix least-squares on F?

Data/restraints/parameters 1393/2/95 2994/2/89
1.035 1.072

R1, wR2 [I>206 ()] 0.026, 0.055 0.026, 0.048

R1, wR2 (all) 0.036, 0.058 0.047, 0.052

Extinction coefficient 0.023(3) 0.0127(8)

8mim 8max /1076 e'pm3

—0.6(2), 0.7(2)

—0.9(2), 0.8(2)

[al Further details of the crystal structure investigations, the atomic coordinates and the displacement parameters can be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany) [Fax: (internat.) +49-7247/808-666; E-mail:
crysdata@fiz.karlsruhe.de) on quoting the depository numbers CSD-410936 [Sr(H,POj3),] and CSD-410935 [Sr(HSeO5),].

Figure 1. Crystal structure of Sr(H,POs), approximately (5°) along
[001] representing the SrOg polyhedra and their linkage; except for
hydrogen atoms H1 and H2, the crystal structure of Sr(HSeO;), is
identical; the displacement ellipsoids are drawn at a level of 50%
probability

only slightly shorter than that of the other hydroxyl group
(013, see Table 2). The dihedral angles H—P—O—H of the
HPO,OH™ ions (—70 and 64°) point to a syn-clinal con-
formation of the PH and OH groups. This means that the
orientation of the HP and OH groups of Sr(H,POs), corre-
sponds much better to that found in phosphorous acid,
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H;PO5, (76° for the mean value®”) than to that found in
other acid salts (e.g. 46° in LiH,PO52").

The SrOg antiprisms share three edges and are addition-
ally connected via O—X—0O bonds with the result that
layers 2[Sr(XO,OH),] are formed parallel to (001) (see Fig-
ure 1 and 2). The layers are interconnected via medium-
strong hydrogen bonds, 023—H23---022, with O—H:--O
distances of 277 and 280 pm for Sr(H,POs), and
Sr(HSeOs),, respectively, (see Figure 2 and Table 2). Thus
the resulting structures are of type b1?? with respect to the
inter-layer  forces. A  second hydrogen  bond,
O13—H13::022, appears in the layers with O—H-+O dis-
tances of 272 and 274 pm, respectively. Thus O22 acts as a
hydrogen-bond acceptor for both hydrogen bonds. As a re-
sult, a zero-dimensional hydrogen-bond system is formed,
in which two XO,OH™ ions (P2, Se2) form a cyclooctane-
like ring system between the layers (see Figure 2 and Fig-
ure 3). The XO,OH™ ions belonging to P1 and Sel, respect-
ively, are connected biaxially to this ring system in the 1,5
position by the intra-layer hydrogen bond (see Figure 2 and
3). Because of the synergetic effect,[>’] i.e., the coordination
of OI13 through Sr, the intra-layer H-bond
(O13—H13-+022) is shorter than to the inter-layer H-bond
(023—H23---022) although both hydrogen bonds have the
same H-bond acceptor (022, see Table 2 and Figure 2, 3).

The P-bonded H-atoms (H1 and H2) of Sr(H,PO5), are
not hydrogen-bonded. They are arranged around the cen-
ters of symmetry at the le (P1) and 1¢ (P2) positions of the
space group PI, respectively, to form channels along [100]

Eur. J. Inorg. Chem. 2000, 2071—2075
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Table 2. Selected interatomic distances (pm) and angles (°) for
Sr(H,PO3), and Sr(HSeO3),

ST(H2PO3)2 Sr(HSeO3)2

Sr—Og square antiprism

Sr—011 273.03)  Sr—Oll1 263.4(2)
Sr—O1 1kl 2521(2)  Sr—Ol1tl 253.6(2)
Sr—012 269.9(3) Sr—012 282.7(2)
Sr—012M! 2512(2)  Sr—Ol2M! 253.6(2)
Sr—013M 275.5(3) Sr—013 269.7(2)
Sr—021M! 261.83)  Sr—021M! 258.1(2)
Sr—021 254.1(3) Sr—021 253.7(2)
Sr—022 268.5(3) Sr—022 262.6(2)
X0,0H~

P1-011 150.3(2) Sel—011 165.6(2)
P1-012 1497(2)  Sel—012 165.7(2)
P1-013 159.4(3) Sel—013 178.9(2)
Pl1-HI 124(4)

O11-P1-012 112.6(2) O11-Sel-012 101.0(1)
O11-P1-013 112.1(1)  Ol1-Sel—013 102.4(1)
O12-P1-013 108.2(1) 012—Sel—-013 99.7(1)
P2-021 149.1(3)  Se2—02I 164.8(2)
P2-022 152.3(2) Se2—022 167.4(2)
P2-023 157.6(3)  Se2—023 177.6(2)
P2—H22 128(4)

021-P2—-022 116.3(2) 021—Se2—-022 106.3(1)
021-P2-023 106.3(2) 021—Se2—023 94.78(9)
022—-P2—-023 109.9(1) 022—Se2—-023 99.9(1)
H-bonds

O13—HI11 88(2) O13—HI1 88.(2)
0130221 271.7(3) 013::02200] 274.3(3)
O13—H11--022! 171(5) O13—H1-022 163(4)
023—-H21 91(2) 023—-H2 89(2)
023-:022[ 276.5(4) 023---0220l 280.3(3)
023—H21--0221F1  164(4) 023—H2--0224  167(4)
(2l Symmetry operator: —x+1, —y, —z+1. — I Symmetry oper-
ator: —x+1, —y+1, —z+1. — [ Symmetry operator: x+1, y, z. —
(4] Symmetry operator: —x, —y, —z+1. — [I Symmetry operator:

X, =Y, —Z.
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Figure 2. Crystal structure of Sr(H,PO3), along [100] representing
the 2[Sr(HPO,OH),] layers and the hydrogen bonds (dotted lines);
see also Figure 1

(see Figure 2). In Sr(HSeOs),, the free electron pairs of
|Se!V are oriented in the same directions as the P—H bonds
of Sr(H,POs),. Because of the P-*H and H---H repulsion of
the nonbonded P and H atoms around the channels along
[100], the mean values of the accompanying smallest P---P
and Se---Se distances, are 12% larger in Sr(H,PO3), (479pm)
than in Sr(HSeOs), (427 pm). This gives an explanation for
the finding that, despite the much longer Se—O distances,
the cell volume is smaller in the selenate(IV) compound (see
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Figure 3. Zero-dimensional hydrogen bond system of Sr(H,POj3);
see also Figure 1

Table 1 and 2). Nevertheless, the interlayer hydrogen bond
(023—H23--:022) is shorter for Sr(H,PO3),, i.e., the oxygen
atoms of HPO,OH™ are stronger H-bond acceptors than
those of SeO,OH™ (see alsol?3-24),

Vibrational Spectroscopy

The IR absorption spectra of Sr(H,POs), and
Sr(HSeOs3), at low (100 K) and room temperature are
shown in Figure 4. The band assignment is given in Table 3.
The IR spectra of acid salts are well-known for the splitting
of the OH stretching modes, v(OH), of hydroxyl groups into
AB or ABC band systems (see ref.[ and the literature cited
therein). The broad bands around 3000 and 2350 cm ™! in
the spectra of Sr(HSeO;), can be assigned to such an AB
band system. Due to the two different hydroxyl groups of
the asymmetric unit, both the A and B bands are split into
at least two bands. The IR spectra of Sr(H,POs), also ex-
hibit broad absorptions around 3000 cm ™! belonging to an
A band, but the B band region is dominated by the PH
stretching modes of the phosphate(I1l) groups.

In the region of the in-plane bending mode bands,
O6(OH), of the hydroxyl groups for both compounds, band
doublets appear between 1150 and 1250 cm™'. Like the
splitting of the PH stretching modes (see Figure 4 and
Table 3), the appearance of these doublets confirms the
presence of two crystallographically different hydroxyl
groups and XO,0OH™ ions. The frequencies of the B bands
of Sr(HSeO;), are slightly lower than the first overtones
of the 6(OH) frequencies, pointing to a Fermi resonance
interaction of the in-plane bending modes with the v(OH)
of the hydroxyl groups (see also ref.[]).

Between 680 and 750 cm ™! a similar doublet is observed
in the IR spectra of Sr(H,POs),, which has to be assigned
to the out-of-plane bending modes, y(OH), of the hydroxyl
groups. The band at 689 cm™! in the LT spectrum of
Sr(HSeOs3), can also be assigned to one of the y(OH)
modes. The corresponding high frequency y(OH) band is
covered by the SeO stretching modes of the SeO,OH ™ ions.
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Figure 4. FT-IR absorption spectra at 100 K (LT) and room temperature (RT) of Sr(H,PO3), and Sr(HSeOs),

Table 3. Position and assignment of the IR absorption bands of

St(H,PO5), and Sr(HSeOs),

Sr(H,PO3), Sr(HSeO5), Assignment
LT RT LT RT
3191 3214 3175 3176 v(OH) 4
3032 3080 2963 3019
2899 2881 2783
2440 2439 v(PH)
2434 2433
2432 2400 v(OH)g/26(OH)
2303 2300
1235 1226 1241 1225 3(OH)
1170 1168 1164 1155
1107 1103 v(PO) + 3(HPO)
1091 1090
1058 1058
1033 1031
1021 1020
1008 1010
917 914 v(PO)on
894 890
871 869 v4(SeO)
823 822 Vas(SeO)
792 794
779 758 v(OH)
694 686 685
643 632 v(SeO)scon
618 612
556 554 3(OPO)
480 479
472 471
454 450 5(0Se0)
430 427
392 390
375 372
367 360

Taking into account that both the §(OH) and the y(OH)
are shifted to higher frequencies, if the respective hydrogen
bond is strengthened and shortened, (see refs.[%2%]), the high
frequency 6(OH) and y(OH) bands can be assigned to the
stronger intra-layer hydrogen bond O13—H13--022,
whereas the respective low frequency bands belong to the
weaker inter-layer hydrogen bond O23—H23---022. For
both compounds, the respective pairs 6(OH)/d(O-++O) and
v(OH)/d(O---O) fulfil the corresponding frequency vs.
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O—H---O distance correlations (see refs.[%3] and the literat-
ure cited therein).

Experimental Section

Single crystals of Sr(H,POs3), and Sr(HSeOs), were obtained from
concentrated aqueous solutions of Sr(H,PO;), and Sr(HSeO3), at
80 and 22 °C after 3 and 22 days, respectively (see also refs.[!-0]).

X-ray powder diffraction data for the lattice parameter refinement
have been determined from X-ray powder diffractograms (Cu-Ka,
radiation) using a Siemens D5000 X-ray powder diffractometer.
For the profile fitting and the refinement of the lattice parameters
the program package WinXPow!*®! was used.

The X-ray intensities for the structure determination of Sr(H,PO3),
were collected on a STOE-IPDS image-plate diffractometer (Mo-
Ko, graphite monochromator) in the oscillation mode. After data
reduction a numerical absorption correction based on an experi-
mental crystal description was applied.?”) The X-ray intensities for
the structure determination of Sr(HSeOs), were collected on an
Enraf—Nonius CAD4 diffractometer (Mo-Ka, graphite monoch-
romator). After data reduction, an empirical absorption correc-
tion!® was applied.

The structures were solved by direct methods and subsequent Four-
ier syntheses, and refined by full-matrix least-squares techniques
with anisotropic displacement parameters for the non-hydrogen
atoms using the programs SHELXS971?°1 and SHELXL97.5% All
hydrogen atoms were located from difference Fourier maps. The
coordinates of the hydrogen atoms bonded to phosphorous were
refined with isotropic displacement parameters fixed at 1.2 times
the equivalent isotropic displacement parameter of the bonded
phosphorous atom. All hydrogen atoms bonded to oxygen were
refined to an O—H distance of 92 pm (DFIX restraint) and iso-
tropic displacement parameters were fixed at 1.5 times the equiva-
lent isotropic displacement parameter of the bonded oxygen atom.
Scattering factors for neutral atoms were used.*!l An empirical ex-
tinction correction had to be applied.’®! Graphics were obtained
with DIAMOND 2.1.5321 Further details of data collection and re-
finement are given in Table 1.

FT-IR absorption spectra were recorded on a Bruker IFS 113v
Fourier-Transform spectrometer equipped with a Graseby-Specac
P/N 21.500 cryostat using the KBr-disc method.

Eur. J. Inorg. Chem. 2000, 2071—2075
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