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Abstract. Problems concerning the structures of compounds of
the series MIP(As)UQ¢-nH,O (M! = H, Li, Na, K, Rb,Cs; n = 4
for M! = H, Liand » = 3 for M! = Na, K, Rb, Cs) are examined.
The results of X-ray powder diffraction, thermographic, and IR
spectroscopic studies on the above compounds are analysed. The
experimental standard enthalpies of formation (AfH°) of the
compounds M'P(As)UOs and their crystalline hydrates are
discussed. The characteristic features of the variation of A¢H°
as a function of the structural characteristics of the compounds
and of the physical properties of the Group I elements in the series
of phosphorus and arsenic compounds are described. The
enthalpies of dehydration and ion exchange involving the
compounds investigated are presented. The bibliography includes
103 references.

I. Introduction

The compounds MIMVYUOQs - nH,0, where M! = hydrogen or an
alkali metal and MV = phosphorus or arsenic, are of interest by
virtue of a whole series of factors. The compounds include well-
known, and fairly widely distributed in nature, uranium minerals
with M! = H, Na, or K, the rubidium compounds which have
been much less investigated and are not encountered in nature, as
well as the caesium compounds and natural uranium compounds
with the same formula containing vanadium as the pentavalent
element, which have not been investigated at all.

It is known that the compounds HPUO4-4H>O and
HAsUOg-4H20 have a high proton conductivity and may be
used in autonomous energy sources. The alkali metal derivatives
are interesting from the standpoint of their electrophysical
characteristics: for example, a high ionic conductivity is
characteristic of these substances. Finally, the natural com-
pounds M!P(As)UOg-nH,O are widely distributed objects of
study in the geochemistry of uranium, in the development of
processes for its extraction from natural raw material, and in the
processing of uranium-containing waste.
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For the successful practical utilisation of the compounds
MIP(As)UOQg - nH,O, it is necessary to have scientific information
about the characteristics of their structure, their properties which
depend on their physical state, and the energy characteristics of
the chemical reactions and processes involving them. The
foregoing suggests that a combined physicochemical study of
the compounds MIP(As)UQg-nH;0 is of current interest and
desirable.

I1. Discovery of the compounds
M!P(As)UO¢ - nH20

The main element determining the nature of the structure of the
compounds MIP(As)UQOg-nH,O is uranium(VI). The crystal
structures of compounds of uranium(VI) are on the whole
determined by its pronounced tendency to form the O == U-=0
structural motif with two extremely strong and axially disposed
uranium—oxygen bonds with increased [substantial? (Ed. of
Translation)] multiplicity. This structural element is referred to as
the uranyl group. The presence of the uranyl group in a
compound usually gives rise to a layered structure.!:2 The other
elements — phosphorus, arsenic, and the alkali metal —have less
influence on the overall structure. They perform a subsidiary
function, ‘building up’ the structure of the compound and making
it electrically neutral. The complex compounds containing
uranium(VI) have therefore come to be referred to as the
uranium compounds.

Information about the compounds MIPUOg-nH,0 first
appeared in the literature at the beginning of the XIXth
century. The first studies have been reviewed in two publica-
tions.># These and other investigations (for example, those of
Linau® and Rimbach®), carried out in France and Germany
towards the beginning of the XXth century, were descriptive in
character and contained no data about any kind of physico-
chemical measurements.

Scientific interest in the compound MIP(As)UQg - nH,0 was
not renewed until the 1930s-1940s in connection with the
development of nuclear power. The enormous interest in
uranium as a strategic raw material led to a vigorous search
during these years for uranium deposits throughout the world.
The study of uranium minerals showed that among them
there are more than 20 varieties of the so-called phosphate
and arsenate mica-like materials having the composition

T/mP(AS)UOq-nH,0, where M), are univalent or divalent
elements.> -4 HPUOQs - 4H2O (hydroautunite), HAsUO;-4H,0
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(hydrouranospinite), NaPUQ¢-3H,O (sodium  autunite),
NaAsUQg-3H20 (elvailerite), KPUOg:3H,O (metaankoleite),
and KAsUQg - 3H,0 (abernathyite) have been found among the
uranium mica-like materials. The corresponding rubidium and
caesium compounds have not been found in nature. Naturally, the
crude mineral material does not contain the pure individual
phases but solid solutions, isomorphously substituted mixtures,
and mechanical mixtures with other minerals, i.e. compositions
with defective structures.

In order to determine the structure and to investigate the
physicochemical characteristics, the compounds M!P(As)UQg -
-nH,0 with M! = H, Na, K, or NH, have been synthesised. The
methods of synthesis, the conditions for isolation from solution,
the solubilities, the dehydration conditions, and other properties
of the compounds of the elements listed above have been
discussed.3413.15-27 The studies published in the 1950s - 1960s
are extremely contradictory and approximate and refer solely to
uranium(VI) phosphate derivatives.

The next period in the study of the properties of the
compounds M'P(As)UQs-nH20 began in the 1970s and has
continued to this day. It is difficult to establish who was the
first to note the high proton conductivity of HPUOg¢-nH,O.
Most probably this was done simultaneously by different
investigators.?-28.2% The conductivity of HPUOs - nH20, which
is 0.2Q-!cm~! at 90 °C, proved to be much higher than
in the solid proton-containing materials known at the
time.2%29-3!1 The low solubility, corrosion stability, the ease
of mechanical treatment, and the fairly high thermal stability,
which are characteristic of crystalline HPUQg-4H>0, make
it an extremely promising electrolyte in autonomous electro-
chemical energy sources. These studies initiated more detailed
structural investigations employing different physical methods
and aroused interest in the arsenate derivatives of uranium(VI)
and alkali metals having similar compositions and struc-
tures. In the 1980s, the number of studies devoted to the
proton conductivity of HP(As)UOg-4H,0 increased in an
avalanche-like fashion. However, because this aspect is
outside the scope of the problem with which we are
concerned we shall confine ourselves here merely to
presenting a brief bibliography32-44 of the descriptions of
the electrophysical properties of the compounds M!P(As)UQs -
-nH20. We shall note only that, together with the use in
electrochemical energy sources,** reports have appeared on
the employment of HP(As)UO¢-4H,O as a sensor for the
detection of protons,*® in a solid-state electrochromic dis-
play,*® and in luminescent materials.s

Towards the beginning of the 1990s, reports concerning the
application of the compounds M!MVUOs-nH,O, where
MV = vanadium, niobium, tantalum, or antimony, for the
fixation of ecologically dangerous radionuclides in order to
immobilise them in the human habitat, began to
appear. 35 36.46-50

At the same time, studies were published *2 33 in which it was
shown that neptunium(VI), plutonium(VI), and americium(VI)
can replace uranium(VI),5! whilst the lanthanides(IIT) and the
actinides(III) can replace M! in the compounds M!P(As)UQs -
-nH;0. Natural and synthetic compounds having the com-
position M3sP(As)UOg-nH,O, where MY = an alkaline earth
metal or other divalent element, are also known.>#-57

Comparison of the structural characteristics of the com-
pounds M7},,P(As)UQg- nH,0, where M™ represents univalent,
divalent, or trivalent elements, on the one hand, and the
compounds Mj,M'M"'OsW-rH,0, where MV = vanadium,
niobium, tantalum, or antimony and M"' = neptunium, pluton-
ium, or americium, on the other, showed that all the compounds
have a layer structure and probably tend to form mixed crystals.
This indicates the possibility of their employment for the
retention of a wide range of radionuclides in different valence
states in the form of a single thermally and chemically stable
crystalline matrix.52-57

I11. The structure of the compounds
MIP(AS)U06 . nH20

Numerous studies have been devoted to problems of the structure
of the compounds M'P(As)UQg- nH,0.2-13.30.51.58-67 However,
the functional composition of the compounds is treated in
different ways by different investigators. In most reports, the
phosphates and arsenates of uranium(VI) and univalent elements
are regarded as double salts —disubstituted uranyl phosphates
and arsenates having the compositions UO;M!PO,-nH,0 and
UO;M!AsO4-nH>0. Such representation of the formula unit
presupposes the existence of an anionic sublattice, made up of
phosphate or arsenate tetrahedra, and a cationic sublattice, the
sites of which contain the uranyl groups and the cations of the
univalent element. However, such representation of the com-
pounds is more a result of the tradition established by
mineralogists in relation to uranium(VI) minerals? rather than
reflecting the true situation corresponding to the experimental
facts.

According to X-ray diffraction data, the uranium in the
compound UO,HPO 4-4H,0 % is in an octahedral environment
comprising oxygen atoms, two of which actually form shortened
O==U==0 linkages with an increased multiplicity along one of
the fourfold axes and these have in fact been interpreted as
isolated uranyl groups UQ3*. However, the remaining four
uranium — oxygen bonds in the octahedron are also distinguished
by an appreciable strength and do not permit the isolation of the
uranyl group without the disruption of the structure as a whole.

From our point of view, which is shared also by other
investigators (see, for example, Weigel and Hoffman5!), the
compounds under consideration should be regarded as salts of
phosphouranic and arsenouranic acids M'P(As)UQg-#H>0. In
these compounds, phosphorus and uranium or arsenic and
uranium form a common anionic framework in the form of
two-dimensional layers of the type [P(As)UQq] 5, distinguished
by an increased stability. The cations binding the layers play an
appreciably smaller role in the formation of the crystal structure
as a whole. They merely promote the imposition of a certain order
in the interlayer space, ordering the disposition of the H,O
molecules and regulating their number,

The compounds MIP(As)UQOe-nH>O can hardly be regarded
as complex uranium(VI) oxides, because according to current
ideas,® the cationic and anionic sublattices can be fairly readily
isolated in their structures. Such separation is usually difficult in
the structure of a complex oxide. Thus the most correct
representation of the formula unit in the compounds under
consideration is M!'P(As)UQg-nH0, since it reflects most
satisfactorily their functional properties and structural
characteristics.

Direct structural studies on the compounds MIP(As)UOQg-
-nH,>0 by X-ray diffraction and neutron diffractometric methods
have been carried out in relation to the HPUOg-4H,0,30
HAsUQq - 4H,0,%° LiAsUOg -4H,0,2 KPUOg-3H,0,! and
KAsUOQg - 3H,0 3 single crystals. Analysis of these data showed
that the phosphouranic and arsenouranic acids are full structural
analogues. As an illustration, Fig. 1 presents the crystal structure
of HPUQg - 4H,0 in projection onto the 100 and 001 crystallo-
graphic planes.?® According to these data, the structure is of the
typical layered type. The uranium(VI) ions are located in an
octahedral environment comprising oxygen atoms, two of which
form shortened O -~ U= O linkages along an axis perpendicular
to the [P(As)UOQg)5% layer. The remaining four oxygen atoms
belong to four different tetrahedral phosphate or arsenate groups.
Water molecules, linked to one another by hydrogen bonds to
form squares, the planes of which are parallel to the plane of the
layer, are located between the layers. The centres of the squares
are located on axes passing through the ‘uranyl’ groups. The
protons compensating for the negative charge of the layer are
located between two nearest water molecules belonging to
neighbouring squares. Thus only two water molecules are linked
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Figure 1. The crystal structure of the compound HPUOg-4H>0 in
projection onto the 100 (a) and 001 (&) planes.

to protons, forming the hydroxonium ions H;OZ. Comparison of
the crystal structures of the acids HPUQg:4H>O and
HAsUOg-4H,O as well as the salts LiAsUOg-4H,0,
KPUQ¢-3H,0, and KAsUOg-3H,O shows that both the
hydrogen and salt forms have similar structures of the
[P(As)UOs]5, two-dimensional layer. The differences are
manifested only in the positions of the alkali metal cations
and the proton. Thus, when the proton is replaced by a lithium
ion, no changes are observed in the structure and the number of
water molecules is also retained. However, in the case of the
larger K* ions, the H™ or Li* positions become inaccessible.
Therefore, when H* is replaced by K*, the hydroxonium ion
H;0" is displaced from the structure and the K* cation occupies
the position of one of the water molecules. As a result, the
potassium salt contains one H>O molecule less. This substitution
mechanism probably operates also in the case of the sodium
and rubidium compounds. However, direct structural studies
on the above crystal phases have not been carried out. There
are only numerous results of X-ray phase analysis and of the
indexing of the X-ray diffraction powder patterns comprising
the phospho- and arseno-uranate derivatives of hydrogen,
lithium, sodium, potassium, and rubidium. The contradictory
and ambiguous nature of the available results may be judged by
analysing the crystallographic characteristics presented in
Table 1 and calculated by different workers. The uncertainty
in the available information applies both to the choice of the
crystal system and symmetry space group and to the

Table 1. Crystallographic characteristics of the compounds M!P(As)UOQg -

determination of the number of water molecules per formula
unit of the compound. There is no information whatever in the
literature about the composition and structure of the caesium
derivatives.

The X-ray diffraction studies carried out on the
HPUO¢ -4H>0 and HAsUO¢-4H,O single crystals at the
beginning of the 1980s elucidated to a large extent the nature
and position of the water in the above compounds. During the
preceding period, frequent attempts were made to investigate the
nature of the water in MIP(As)UQg -nH;0 by means of other
methods. One of the early publications®® describes a simplified
treatment of the IR spectra of HPUOg - 4H0, in which bands
belonging to the ‘uranyl’ group were differentiated. Another
communication ’® gives a fuller description of the state of water
based on the analysis of the IR spectra and it is concluded that the
hydroxonium ion HyOF is present in the HPUOs-4H,0
structure. Kobets et al.,?® who noted that the proton is localised
in the hydroxonium ion, arrived at the same conclusion. It is
noteworthy that this was an incorrect conclusion, because the IR
spectra quoted in the above communications contained the band
due to the deformation vibrations of H>O in the region of
1625 cm~. This band shows that a proportion of the water does
not belong to hydroxonium ions. Subsequent direct structural
studies showed that only two out of the four water molecules
are involved in the interaction with the proton, affording a
hydroxonium ion of the type H;O7.%°

Thus one may conclude that the characteristics of the
structure and the state of the water molecules in
MIP(As)UQs - nH,O have been established reliably only for a
small number of compounds, namely for HPUOs-4H,0,
HAsUOs - 4H,0, LiAsUQO¢-4H,0, KPUOs-3H;0, and
KAsUQg :3H,0. Only X-ray phase analysis has been carried
out for the compounds NaP(As)UOQs -3H,0 and RbP(As)UOg -
+3H,0, indicating that they may belong to a single structural
type. The analogous caesium compounds have not been
investigated and there are no reports in the literature about
their structure.

Studies on the structures of the crystalline phases of
HPUOg¢ -4H,0, HAsUOg - 4H>0, and their derivatives with all
the alkali metals (including the caesium derivatives which we
obtained), carried out at the beginning of the 1990s (Tables 2
and 3), indicate that the X-ray diffraction patterns of all the
compounds contain similar sets of reflection maxima with similar
positions and relative intensities. Lower relative intensities of a
series of diffraction peaks and a reduction in the number of the
latter have been observed only in the case of CsPUQg -3H,0 and
CsAsUQsg -3H,0. These findings may be a consequence of the
steric strain arising in the crystal lattices after the incorporation
in the latter of the large caesium ions.

nH;O with a tetragonal crystal system.

Compound Space Unit cell . Z  Ref. Compound Space Unit cell . V4 Ref.
group parameters/A group parameters/A
a ¢ a c
a-HPUQg - 4H,0 P4/ncc 6.995 17.491 4 30 HAsUOgs - 4H>0 P4/ncc 7.153  17.607 - 67
HPUOg - 4H,0 PA/ncc 6979 17465 4 67 HAsUOg -4H20 - 7.12 8.77 2 51
HPUOg - 4H>0 Pé/ncc 6.973 17.414 - 45 HAsUOg -4H,0 - 7.157 17.612 — 45
LiPUOs - 4H,0 - 6.93 9.07 2 51 LiAsUOg -4H20O Pa/n 7.097 9.190 2 62
NaPUOQs -3H0 - 7.00 8.72 2 51 LiAsUOs - 4H20 - 7.13 9.21 2 51
NaPUOQOs (3 —-4)H..O — 6.97 8.69 1 51 NaAsUO¢-3H20  P4/nec 7.152  17.292 4 67
NaPUOs - 4H>0 - 7.04 8.46 - sl NaAsUOg:3{H,0  — 7.15 8.73 2 51
KPUOs-3H0 P4/ncc 6994 17784 4 61 NaAsUO¢-4H,O  P4/n 7.12 8.70 - 51
KPUOg - 3H0 - 6.99 8.9 2 51 KAsUOg -3H,0O P4/ncc 7.176  18.126 4 13
KPUOs -3HO - 6.99 8.89 1 51 KAsUOg -:3H,0 Pa/n 7.17 9.07 2 13
KPUOs -3H20 Pd/ncc 6.991 17.806 4 67 KAsUQg +3H,0 P4/ncc 7.163 17.846 4 67
RbPUOg -3H,0 Pd/ncc 7.02 18.24 4 67 KAsUOg +3H20 - 7.19 8.99 2 51
HAsUOs - 4H>O P4/nmm 7.16 8.80 - 51 RbAsUOs -3HO  P4/ncc 7.19 17.65 4 67
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Table 2. X-Ray diffraction data for the compounds M!PUQg - nH,0.™

HPUO;s-nH,0 LiPUOs - nH,0 NaPUOg  nH;0 hkl  KPUOg-nH0 RbPUOs - nH,0 CsPUOg - nH;0 Rkl
de/A  de/A I(%) defA de/A I(%) de/A d. /A (%) def/A  defA 1(%) dofA de/A (%) do/A - do/A (%)
8720 8672 100 9.121 9.118 100 8577 8.588 100 002 8915 8974 33 9.041 9.025 71 8814 8801 44 002
5451 5438 28 5526 5522 31 5409 5405 36 102 5494 5505 45 5532 552 30 -  — - 102
4938 4941 17 4911 4901 23 4928 4914 36 110 4933 4928 36 4946 4941 36 4953 4955 33 110
4297 4301 23 4324 4322 38 4273 4270 47 112 4317 4311 38 4339 4332 45 4318 432 22 112
3698 3700 70 3812 3.818 77 3652 3.655 81 104 3756 3.754 100 3793 3.801 100 3.730 3.731 100 104
3492 3243 35 3245 3243 51 3228 3226 51 202 3.249 3249 73 3262 3.261 98 3255 3.255 67 202
2940 2940 17 2940 2940 34 2929 2931 29 212 2945 2945 S5 2945 2954 54 2952 2954 22 212
2.684 2683 28 2785 2784 31 2645 2644 24 106 2732 273 31 — ~ - - - - 106
2539 2539 11 2567 2567 15 — @ — - 214 - - - 2574 2578 18 —  — - 116
2505 2505 7 9~ @~ - - - - 16 - - ~ 2473 2475 18 - - - 22
2376 2374 9 2371 2314 2 - - ~ 222 2377 2377 36 2385 238 30 -  — -
2208 2206 9 21967 2198 28 2204 2204 24 310 2206 2209 31 2212 2214 36 -—  — -~ 310
2141 2141 7 - — — 2134 2134 21 312 2142 2146 45 — - - - - - 312
2128 2129 21 2173 2173 29 -~ - - 26 - - - 2151 2151 36 - - - 108
2081 2080 10 - - - - - - 108 2062 2062 27 - - - - - - 304
2054 2053 11 - - - - - — 304 1831 181 17 - - - - - — 306
11994 1994 11 - - - - - - 118

- - - 1842 181 17 - - - 306

1788 1787 7~ - - - - - 218

1746 1746 1 - - - - - — 400

1644 1645 14 - - - - - - LLIO

Note. The following notation has been adopted: d. and d. are the calculated and experimental interplanar spacings and I is the relative intensity.

Table 3. X-Ray diffraction data for the compounds M!AsUQg -n H20.72

HAsUOg - nH;0 LiAsUOs-nH20  NaAsPUOg-nHO hkIi  KAsUOg-nH0 ~ RbAsUOg-nH:O  CsAsUOg-nH,O  hkl
do/A  de/A  1(%) do/A de/A 1(%)dc/A d./A I(%) de /A deJA I(%) d/A dJA 1(%) do/A d. /A I(%)
8797 8.801 100 8904 8.845 100 8.560 8.547 100 002  9.069 8.845 100 8797 8715 100 9.187 8.801 100 002
5544 5539 25 5575 5574 7 5484 5488 10 102 5625 5574 9 5562 55 7 -  — - 102
5049 5039 12 5055 5039 5 5050 5049 5 110 5072 5071 4 5076 5007 5 -  — - 110
4379 4385 2 - - - - - — 112 4427 4440 22 4397 4396 43 4430 4428 80 112
- - — 4452 4439 24 4280 4301 22 004  3.883 3.788 22 3750 3.746 31 3.865 3762 33 104
3.745 3746 53 3779 3778 19 3.671 3.685 36 104  3.586 3576 7 3589 3.590 8 3576 3.583 13 200
3570 3.569 22 3575 3.576 5 3571 359 10 200 - @ — - 3324 3326 14 - - - 114
3308 3.308 34 3317 3314 12 3295 329 14 202 3335 3320 9 - - - 3332 3314 20 202
3001 2998 16 3.009 3010 S5 2993 2993 5 22 - - — 3016 3013 8 - - - 212
2772 2771 6 2787 2789 5 - - - 204 2023 2003 4 - - - - - ~ 006
2713 2710 16 - — — 2650 2663 13 106 278 2743 9 2715 2718 10 - - - 106
2584 2662 9 -~ - — 2560 2.560 5 214 2597 2596 4 2539 2543 8 — - - 116
- - - 2559 2560 5 ~ @ — - 116 253 2537 4 - - - - - - 220
2524 2529 14 - - - 255 2527 5 20 - @ — - 2439 2442 5 - - - 2
2426 2426 11 2432 2433 6 — @ - - - - - - - —~ 2221 2219 33 303
2199 2196 12 2226 2225 31 2484 2151 12 008 - @ — - 2199 2200 32 - - ~ 008
2160 2161 12 2175 2176 T - - - 216 - - - 2165 2163 10 — - - 216
2093 2017 16 2037 2040 12 1940 1918 10 118 2162 2176 S 2103 2103 8 — - - 108
- - - 1781 1780 7 - - - 0010 - - - 2018 2019 10 - - - 18
1.661 1.661 12 1680 1.681 10 —  — - LLIO 2029 2040 9 — - — 2029 2032 15 314
1.578 1576 16 - = - - - - - 2010 1814 1812 4 - - - - - - 00.10
- - 1662 1665 11 — - ~ LLI0
- - - 1580 1581 7 - - - 2010

The analytical indexing of the X-ray powder diffraction
patterns presented in Table 4 shows that all the compounds
have similar structures and have close unit cell parameters.
Analysis of the IR spectra permits a fuller interpretation of the
structures of the test compounds. The number of absorption
bands, their positions, and their relative intensities are similar
in the spectra of all the compounds in each of the series of
phosphates and arsenates of the uranium derivatives. They
confirm not only the structural similarity but also the similar
functional composition and the identical nature of the

distortion in the compounds of the principal coordination
tetrahedra of phosphorus and arsenic (tetrahedra), uranium(VI)
(octahedron), and the alkali metal. The assignment of the
absorption bands in the spectra of the compounds
M!PUQg - nH,0 and M'AsUOQg-nH0 is presented in Tables
5 and 6. The partial superposition of the stretching vibrations
of the arsenate tetrahedron and of the shortened U=-0-=U
linkages of the UOg¢ octahedron in the 800-900 cm—! region
does not hinder their assignment because of their highly
characteristic nature.
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Table 4. The tetragonal unit cell parameters of the compounds
M!P(As)UQs - nH,O (space group Pd/ncc, Z = 4).71.72

Compound afA /A

HPUOgs - 4H,0 6.984 £ 0.001 17.440 +0.004
LiPUQg -4H0 6.945 £0.002 18.242+0.013
NaPUOQs - 3H,0 6.949 +0.001 17.154 £0.007
KPUOg - 3H0 6.977 +£0.002 17.829+0.010
RbPUQg - 3H,O 6.994 £0.002 18.083+£0.011
CsPUQg - 3H0 7.005 £0.003 17.629+£0.014
HAsUOg -4H,0 7.140 £0.002 17.594 +0.007
LiAsUOQg¢ -4HO 7.149 £0.006 17.808 £0.012
NaAsUQg - 3H,0 7.142 £0.002 17.119 £ 0.009
KAsUOQOg - 3H,O 7.172£0.008 18.138 £0.042
RbAsUOg¢ - 3H20 7.178 £0.005 17.594 +0.018
CsAsUOg - 3H20 7.151+£0.031 18.374 £ 0.080

The characteristic vibrations of the water of crystallisa-
tion can be distinguished in the spectra. The most striking
feature is the separation into components of the v, deforma-
tion vibration bands of water in the HPUO¢-4H>O and
HAsUQg -4H,O spectra. The v, vibration of water in the
HPUOQg - 4H0 spectrum at 1637 cm~—! is accompanied by a
band with an intensity equal to that of the band at 1737 cm—!
corresponding to the deformation vibrations of the hydrox-
onium ion.”* A similar separation of the v, vibrations into
bands at 1626 and 1737 cm~! occurs in the HAsUQg-4H,0
spectrum. The v, doublets with comparable relative intensities
permit the assumption that two water molecules form the
hydroxonium ion H;OF, while the remaining water molecules
retain their molecular individuality.”®

The v, vibrations of water in the IR spectra of LiPUOQs-
+4H,0 and LiAsUQg-4H>0 are also represented by doublets
at 1635 and 1675 cm—! for the first compound and at 1614
and 1659 cm—! for the second. The appearance of the doublets

Table 5. Frequency assignments in the IR spectra of MI!PUQg-nH>0.7!

is a consequence of the nonuniformity of the water molecules
in the lithium compounds and indicates the isolation of part
of the water in the form of complex ions of the type
(H,OLiOH,)* owing to the formation of the familiar Li
bond. Thus the small size of the H" and Li* ions and their
high electrostatic fields are the cause of the increased
content of water molecules in the HP(As)UOg-4H,0 and
LiP(As)UOg - 4H,0 crystal lattices and are responsible for the
incorporation of water molecules in the hydroxonium
and ‘lyonium’ ions. The v, deformation vibration bands of
H;0 at 1600 cm~! in the sodium, potassium, rubidium, and
caesium compounds indicate the typically molecular form of
water.

The v, and v, stretching vibrations of water in the region
of 3400 cm—! are not resolved in the spectra of any of the test
compounds. They are represented in a broad band due to the
presence of branched hydrogen bonds between the molecules
of water of crystallisation.

The Cs* ions, among alkali metals, are characterised by
the highest crystal-chemical radius and an extremely weak
force field. Because of this, the X-ray diffraction patterns
of the compounds CsPUOg :3H,0 and CsAsUQg -3H,0 reveal
the disappearance of a series of diffraction peaks due to steric
causes, indicating a degree of structural disorder.

Thus all the compounds considered with the composition
MI!P(As)UQg - nH,0, where M! = H*, Li*, Na¥, K*, Rb*, or
Cs*, are individual crystalline phases belonging to a single
structural type. The composition of the coordination poly-
hedra of their structural-forming elements is based on the
same principle and they differ from one another only in the
number of molecules of water of crystallisation.

Assignment Vibration frequencies/cm !
HPUO¢ - nH2O LiPUO¢ - nH>O NaPUOg - nH,O KPUOs - nH,O RbPUQOg - nH;0 CsPUQg - nH,0
v(H,0) 3350 m 3390 m 3400 m 3440 m 3440 m 3390 m
6(H>0) 1637 m 1675 m 1633 m 1640 m 1603 m 1645 m
1635 m
6(H307*) 1737 m
v(POy) 1090 w 1106 w 1103 w 1107 w 1106 w 1104 w
985 s 993 s 997 s 997 s 997 s 993 s
6(PO4) 600 w 610 w 610 w 590 w 590 w 590 w
wU=0) 907 s 905 s 903 s 903 s 897 s 900 s
809 w 800 w 803 w 800 w 783 w 803 w

Note. s = intense (strong), m = moderate, w = weak.

Table 6. Frequency assignments in the IR spectra of M!AsUQg - nH0.7

Assignment Vibration frequencies/cm‘l

HAsUOs -nH;0 LiAsUOs-nH20 NaAsUOs - nH,0O KAsUOs -nH,O RbAsUQs - nH,0 CsAsUOs -nH,0
v(H,0) 3350 m 3425 m 3395 m 3420 m 3400 m 3395 m
6(H,0) 1626 m 1659 m 1626 m 1621 m 1618 m 1626 m

1614 m

6(H;07) 1737 m
v(AsOa) 895 w 889 w 886 w 885 w 881 w 885 w

803 s 805 s 802 s 805 s 804 s 802 s
6(AsOq4) 451 m 453 m 445 m 453 m 447 m 449 m
v(U=U) 916 m 918 m 917 m 919 m 921 m 919 m
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IV. Thermographic study of the compounds
MIP(As)UQOg - nH,O

The presence of water of crystallisation is responsible for
important properties of the compounds MP(As)UOs - nH,0
with a layered structure. The capacity of compounds of this
kind for hydration has two characteristic features: the unequal
water contents for different alkali metals and the different
nature of the water in the compounds under consideration.
The same compound from the series considered can exist in
states with different susceptibilities to hydration depending on
the formation conditions. The number of water molecules
changes stepwise on passing from one degree of hydration to
another and the nature, location, and the role of water in the
structure of each hydrate differ. The stability of a particular
hydrate is determined by the size of the alkali metal cation.
The removal of water from compounds with different cations
under conditions where the water content is the same is
accompanied by energy effects of different magnitude. This is
associated with the nature of the ordered arrangement of the
water molecules in the structure of the compound— their

Despite the fact that the study of the dehydration of a
number of the compounds M'P(As)UOg - nH,O has continued
for more than 30 years, information about the tempera-
ture ranges in which water is removed is contradictory.
Thus according to Karpov and Ambartsumyan,’> 3.5 water
molecules per formula unit are removed from HPUQg-4H,0
in the temperature range 30-180 °C and four water
molecules are removed at 230-250°C. On the other
hand, according to Weiss et al,’® three water molecules
are removed from HPUOg:-4H,0 at 60 °C. The removal of
2.5 water molecules from the same compound at 60-70 °C
and the removal of total water at 220 °C have been
reported.”” The most complete information about the
dehydration of HPUOQOg¢-4H,O has been presented by
Kobets and coworkers.”®7? These results are presented in
Table 7.

Table 7. Characteristics of the HPUQg - nH,0.78.7°

; . . . Compound Dehydration Number of A HYT)/
bonds both w1t.h the interlayer cation apd the uranium temperature water mole-  kJ mol—-!
phosphate (uranium arsenate) layer and with one another. range/K cules removed
Water determines in its turn the order in the packing of the
anionic uranium layers and its removal leads to a shift of the = UO,HPO,-4H,O0  323-353 2 51.5+£2.5
layers relative to one another. The complete removal of water =~ UO,HPO4-2H,0  373-388 3 56.5+3.3
can lead to maximum disorder and hence to the retention of UO.HPO4-1i1H,O0  443-463 14 65.3+29
only two-dimensional order within the limits of the anionic = UO,HPO,-H.0 833-873 3 -
uranium layer.
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Figure 2. Derivatograms for the compounds M!PUQg - nHz0: (a) HPUOg - 4H,0; (b) LiPUOs - 4H20; (¢) NaPUQs - 3H,0; (4 ) KPUO¢ - 3H20;

() RbPUOs - 3H20; (f) CsPUOs - 3H,0.
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Figure 3. Derivatograms for the compounds M!AsUOs-nH,0: (a) HAsUOg-4H,0; (b) LiAsUOs-4H,0; (c) NaAsUOg - 3H20;

(d) KAsUOg - nH20; (e) RbAsUOs-3H20; (f) CsAsUOQs - 3H20.

The results quoted conflict with the data of other workers
both as regards the temperature ranges and as regards the
number of water molecules removed. However, they make it
possible to estimate the enthalpy of the overall dehydration
reaction of the crystalline compound HPUOs - 4H,0.

HPUOs - 4H,0 — HPUOg (solid) + 4H,0(liq.) 1)

When account is taken of corrections for the enthalpy of
vaporisation of water,’° the enthalpy of the removal of four
H>O molecules calculated in terms of liquid water is
A HS(298) = 16.7 kcal mol—! [69.9 kJ mol—1]. The soundest
available information (from the scientific point of view) about
the dehydration reactions of the compounds
MIP(As)UQg -nH;0 is in essence restricted to these results.
One may note in addition only isolated studies, carried out at
different times, on the dehydration of LiPUOQg-4H,0,?
NaPUQg-4H,0, NaAsUOg-4H-O, KPUOg-4H,0, and
KAsUOg -4H,0.2 However, the different experimental condi-
tions, the uncertainty in the determination of the number of
water molecules in the formula units of the same compounds,
and the limited number of representatives of the
M'P(As)UQs - nH,O structural series investigated have led to
the problem of their dehydration being little studied.

The thermal stability of the compounds M'P(As)UQ¢ - nH,O
has been studied to an even lesser extent. Identical decomposition
mechanisms have been put forward only for the compound
HPUOg - 4H0 by virtually all the workers who have investigated
it (see, for example, Refs 25, 59, 79, and 81). The thermal
stabilities of other compounds M'P(As)UQg -nH,O have not
been studied.

The thermographic study of the compounds MIP(As)UQOg -
-nH,0 which we carried out by the derivatographic method
combined with X-ray phase analysis of the intermediate and final
dehydration thermal decomposition products showed that the
acids HPUOQOg - 4H>O and HAsUOg - 4H,0 are thermally least
stable.”?-73 In conformity with the derivatograms presented in
Figs 2 and 3, their thermal decomposition can be represented by
the following reaction:

80 °C 110 °C
HPUOQg¢ - 4H-O —H? HPUOg - 3H,0 0
— I - 2
— HPUOs-H,O _}_75_0(2, HPUO 260 ¢
¢ o ¢ T _IH0
> 860 °C
—> 1(U02):P20, T {U20:P207,
2
90 °C 120 °C
HAsUQg -4H,0 W HAsUOQg-3H,0O 2.0
—2H:
— HAsUOs-H,0 Mb HAsUO, 00 °¢
$UOg - I “H,0 sUUs¢ — % H,0
— 1(U0,):As,0, “Io, 1U,03As5,07 .

Analysis of the above data shows that the mechanisms of the
dehydration and thermal decomposition of both compounds are
the same with the sole difference that water is removed from
HAsUOg - 4H0 at a higher temperature and requires a larger
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energy expenditure. On the other hand, the condensation of the
acid group in HAsUOs takes place with a smaller energy
expenditure than in the case of HPUOs. The higher temperature
ranges corresponding to the dehydration of HAsUOQg-4H,0
compared with HPUOyg - 4H,0, despite their analogous composi-
tion and total structural similarity, may be due to the coordinative
unsaturation of the arsenic in the AsO,4 polyhedron, which results
in a redistribution of the electron density in the As—- O« H
chains, strengthening the hydrogen bonds. This property of
arsenic(V) is characteristic of many arsenates ®2 and is manifested
even in As»Os, in the crystal lattice of which 50% of the arsenic
atoms are involved in tetrahedral coordination, whilst the
remaining 50% are involved in octahedral coordination,”” which
is completely uncharacteristic of oxygen compounds of phos-
phorus.

The higher temperatures of the condensation of the acid
phosphate groups with formation of pyrophosphates are entirely
reasonable and are a consequence of the coordinative saturation
of the phosphorus in the PO, tetrahedron, which is responsible
for the stability of the latter.

The compounds MIP(As)UQs - nH20, where M! = Li, Na, K,
Rb, or Cs, are distinguished by a higher thermal stability
compared with the corresponding acids. After the multistage
removal of molecular water, they all have the composition
MIP(As)UO¢. However, the elimination of water molecules from
the coordination environment of the alkali metal cation leads
to the disruption of the coordination polyhedron of the latter
and to the breakdown of the structure of the compounds as a
whole. The dehydration reactions of MI!PUQg-nH,O and
M!AsUOQg - nH2O are presented below (Scheme 1).

Several trends are manifested in the dehydration reactions of
the compounds MY(P)AsUQs - nH»0, where M! = H, Li, Na, K,
Rb, or Cs, presented in Scheme 1. Firstly, the dehydration
reactions of the phosphouranate and arsenouranate compounds
of the same univalent element have the same stages. Secondly,
lower temperature ranges of the dehydration reaction are
characteristic of the phosphouranate derivatives, which may
be a consequence of the weaker binding of water in these

compounds. Thirdly, the temperature ranges of the dehydration
reactions decrease on passing from lithium to caesium derivatives
of both phosphouranate and arsenouranate compounds. This
effect corresponds to a decrease in the enthalpies of dehydration
of the alkali metal ions with increase in their size and indicates
the inclusion of water molecules in the coordination environment
of the univalent elements. Fourthly, the condensation of the acid
groups in HAsUOQOg takes place with smaller energy expenditures
than happens in the case of HPUOs. This difference may be due
to the coordinative unsaturation of the arsenic in the AsO,
tetrahedron, which is the reason for its lower stability.

In connection with the thermal decomposition, it is necessary
to consider yet another feature mentioned above. The complete
dehydration of the compounds M'P(As)UOs - nH-0 leads to their
conversion into an amorphous form, i.e. to the breakdown of the
long-range order and hence to the appearance of disorder in the
crystal lattice. This is an extremely important feature because it
involves a change in the energy state of the compounds and
should influence their standard enthalpies of formation. The
question arises of the reason for such conversion into an
amorphous form. Direct structural studies on KAsUQs-
-3H;0,° KPUOg-3H,0*! and LiAsUOg-4H,0 2 single
crystals have shown that the coordination environment of the
alkali metal atoms includes the oxygen of the water of
crystallisation. Since the oxygen atoms of the molecular water
occupy the so-called crystallographic sites in the structure of the
compounds, the removal of water leads to the disruption of the
coordination polyhedra of the univalent elements and to the
disordering of the structure as a whole. The possibility of the
appearance of a new coordination environment around the alkali
metal atoms is significantly hindered because the oxygen atoms
present in the compounds MIP(As)UOs now belong to the
uranium octahedra and the phosphorus (arsenic) tetrahedra and
are very rigidly fixed in the structure. As a result of this, instead
of the stable lattice of the crystalline hydrate
MIP(As)UQg - nH,0, the less stable structure of the anhydrous
compound with a highly polarised M>[P(As)UOs]*~ bond,
similar to that which occurs in ionic melts, appears.

Scheme 1
LiPUQs - 4H,0 —-l-tc—> LiPUQg-3H20 130°¢ LiPUQO¢ - H,O G LiPUO
. . . —_—
1 6 2 “H,0 1 3 2 Z7H,0 1 6 - 12 “H.0 1 6 5
PUQ¢ - 3HO '——0—> NaPUOQg - 2H,0 —; NaPUQg - H,0 ﬂb NaPUO,
NaPUQs- 30 45 AP Y o APV Tho TUe
PUOQg¢ - 3H20 oC KPUOg - 2.5H,0 i KPUOs¢-1H,0 175 7¢ KPUO
. —_— . —— A
K 3 2 “IH0 6+ 2.5H> 3,0 6 + 3 H2 "m0 6 >
bPUOQ¢ - 3H,0 —ioLb RbPUQ¢ - 2.5H,0 ﬂF RbPUO¢-1H,0 —M—F RbPUO
ROPUOs 3120 —"hro 6480 o 63 ~{H:0 ©
C Qs+ 3H0 ——& CsPUOg - 2.5H,0 LOC’ CsPUOg -1H,0O 107¢ CsPUO
sPUOg - 3Ha “I0 s s+ 2.5H2 2.0 s 6 5512 1.0 S 6 5
115 °C _ 150 °C , 230 °C _
LiAsUQg-4H,0 ———= LiAsUO¢:3H,0 ——— LiAsUO¢-H,0 ——— LiAsUOs,
—-H0 -2H,0 -B.0
O —gﬁ—b NaAsUOg - 2H,0 LOCFNAUO H>0 —eb NaAsUO
NaAsUQg - 3H> H,O aAsUOQg - 2H —3H0 aAsUQg - Hy “Ho aAsUOQg,
3H.0 20°C KAsUOg - 2.5H,0 ﬂo—c—b KAsUOg - 0.5H,O —24—.M—C-> KAsUO
. . 0. S N
KAsUOg 2 —_%HzO S 6+2.5H> 2H.0 sUOs 2 —%Hzo 6
RbAsUOg - 3H,0 _8_(1_» RbAsUOg - 2.5H,0 jo—og—* RbAsUQOs-0.5H,0 —ﬂ—* RbAsUO
SERer T —1H,0 e —2H,0 SEPe Tt —1H,0 e
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V. Thermodynamic properties of the compounds
M!P(As)UOg - nH,0

Before our investigations, there were virtually no literature data
concerning the determination of the standard thermodynamic
functions of formation of the compounds M'P(AsyUQs - nHO.
Attempts have been made in a number of studies % 16.17.75.83-85 t¢
calculate the standard Gibbs free energies of formation of a series
of compounds of this type at 298.15 K (ArG°, kJ mol~!) from
the solubility products (X;) in aqueous solutions. The calculation
was based on the idea that the following equilibria exist at the
precipitate = solution interface:

HP(As)UOg - 4H,0 (cryst.)
= UOZ* (soln) + HP(As)O?™ (soln) + 4H,0, ¥}

MIP(As)UOQg - nH,0 (cryst.)
= M™(soln)+UO?* (soln)+P(As)O*(soln)+ nH,0, (3)

where M! are alkali metals.

Bearing in mind the low concentration of ions in solution and
assuming that the activity of the solid phase is unity, one can
postulate that the equilibrium constants of reactions (2) and (3)
are equal to the solubility products of the corresponding
compounds. Then we have

A,G55(298) =298.15 x 8.314 x In K, /J .
The solubility products K; of the compounds are listed in Table 8.

Table8. The solubility products (K;) of certain compounds
MIP(As)UOg - nH:0.

Compound K Ref.
HPUOg - 4H,0 2.14x 10— 20, 23, 27
HAsUOQg - 4H,0 3.17x 101 17
LiPUOg - 4H20 2.4x10-2% 3, 21
LiAsUOg -4H2O 1.5x10-1? 17
NaPUOg - 4H>0 6.4x10-2¢ 21, 27
NaAsUOQOsg - 3H0 1.35x 10—22 17
KPUOg - 3H20 8x10-24 21, 23, 27
KAsUOQg - 3H,0 2.25%10-2 17
RbPUOs - 3H,0 1x10-27 21, 27

Table 9 presents the [standard] free energies [of formation]
ArG°(298) for a series of compounds calculated from the
following relations:

A¢G°[298, HP(As)UOg -4H,0, cryst.]
= ArG°(298, U0, soln) + A¢G °[298, HP(As)O3 ™, soln]
+4A¢G°(298, H>O, liq.)+ RTIn K,

ArG°[298, MIP(As)UQs - nH,0, cryst.]
= ArG°(298, M!*  soln) + A G °(298, UO3*, soln)
+A¢G°[298, P(As)O] ", soln] + nA G °(298, H,0, liq.)
+RTInK; .

Langmuir 3 calculated the standard enthalpies of formation
of NaPUOQg (—2536 kJ mol—!) and KPUO¢ (—2561 kJ mol—1)
from ArG °(298) and the standard entropy of formation evaluated
by the method of contributions. It is noteworthy that these values
can be regarded as only estimates. For this reason, in the
subsequent sections of the review we shall deal in greater detail
with the determination of the standard enthalpies of formation of
the compounds MI!P(As)UOg¢-nH>O and their dehydration
products.t

VI. Standard enthalpies of formation of the
compounds M'P(As)UQg and their crystalline
hydrates

Detailed schemes for the determination of the standard
enthalpies of formation of the compounds M'P(As)UQOg, where
M! = H, Li, Na, K, Rb, or Cs, and their crystalline hydrates
having the general formula M!'P(As)UOQg - nH,0, where n = 4 for
M! = H or Li and n = 3 for M! = Na, K, Rb, or Cs, have been
put forward.®7-%¢ In the present review, we shall therefore
consider only the general approach to the solution of the
problem in relation to the calculation of the standard enthalpies
of formation A H ° (298) of the compounds M'P(As)UQs, where
M! = Li, Na, K, Rb, or Cs.

The standard enthalpies of the following processes were
determined in an adiabatic calorimeter:

[KH2P(As)Oq4(cryst.) + UO;{cryst.) + MINO; (cryst.)}
+ 4HF (soln)
— KF (soln) + UO,F: (soln) + M'F (soln)
+ H3PO4(soln) + HNO;(soln) + H.O, (4)

[MIP(As)UQs (solid) + KNOs (cryst.)] + 4 HF (soln)
—+ KF (soln) + M!F (soln) + UO,F; (soln)
+H3PO, (soln) + HNO; (soln). (5)

The design of the calorimeter and its use have been described
in detail.9” The standard enthalpies of reactions (4) and (5) are
presented in Table 10.

The reactant ratios in reactions (4) and (5) were constant at
1 mol of the mixture: 260 mol of HF:800 mol of H,O.

1 We carried out these investigations in 1990- 1994, but unfortunately
they cannot be compared with any other data because of the lack of the
latter in the literature.

Table 9. The standard Gibbs free energies of formation of the compounds M!P(As)UQs and their crystalline hydrates of 298.15 K.

Compound —ArG°/k) mol~! Ref. Compound ~A¢G°/kJ mol—! Ref.
HPUOs 2112 83 HAsUOg 1764 17
HPUOs 2109 85 HAsUOg - 4H20 2679 a
HPUO¢ 2090 86 LiAsUOg¢ - 4H,0 2950 84
HPUOg: 4H,0 3052 2 NaAsUOg - 4H20 25941 84
LiPUQg - 4HO 3358 84 NaAsUOg - 3H;0 2703 2
NaPUOQgs - 3H,0 3102 84 KAsUOg - 4H,0 2961 84
KPUOs 2391 83 KAsUOg - 3H,0 2728 a
KPUOs - 3H,0 3102 83 KAsUOg 2021 83
RbPUQs - 3H0 3121 a

2 Calculated by the authors from literature data.
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Table 10. The standard enthalpies of reactions (4) and (5).57-38.94

M! — A H}(298)/kJ mol~! — A H$(298)/k] mol~!
phosphates arsenates phosphates arsenates
Li 1074+1.1 1385+ 1.2 82.2+0.2 129.9+0.8
Na 70.8+£0.8 1253+1.2 39.0+£0.9 1164+£1.3
K 64.5+1.9 112.1+1.6 32.8+0.1 99.2+0.6
Rb 61.1+0.8 1125+1.4 31.0+1.2 954+0.8
Cs 58.8+2.4 107.0£1.0 252+1.0 89.5+1.4

When Eqn (5) is subtracted from Eqn (4), we arrive at the
following process:

KH,P(As)O, (cryst.) + UO, (cryst.) + M'NO; (cryst.)
6
— MIP(As)UO (solid) + KNO; + H,0 (lig.),

the standard enthalpy of which is A H¢(298) = A¢H ;(298) —
A H5(298) according to Hess’s law.

On the other hand, the quantity A H¢(298) is equal to the
algebraic sum of the A H °(298) of all the participants in reaction
(6). The standard enthalpies of formation of the compounds
investigated (Table 12) can then be calculated from the quantities
A, H§(298) and the literature values of the standard enthalpies of
formation of the corresponding reactants (Table 11).

Table 11. The standard enthalpies of formation of the reactants in
reaction (6) at 298.15 K.

Compound —ArH*(298)/kJ mol ! Ref.

KH>PO, 1567.46 +2.32 83, 84, 98, 102
KH>As504 1184.79 +1.89 83, 84, 99
UO; 1228.3+ 3.0 83, 84, 100, 102
H0O 285.831+0.04 98

LiNO; 483.2+0.5 84

NaNO; 468.2+0.5 84

KNO; 494.6 £0.5 84

RbNO; 495.1+0.5 84

CsNOs 505.7+0.5 84

Table 12. The standard enthalpies of formation of the compounds
MIPUQg¢ and MIAsUQg.57-88

Compound —AcH(298)/ Compound —AcH°(298)/
kJ mot—! kJ mol—!
HPUO¢ 2275%7 HAsUOg¢ 1868 7
LiPUO¢ 2524+ 8 LiAsUOg 212548
NaPUOs 2515+8 NaAsUOg 211048
KPUO¢ 253947 KAsUOQg 2140 £8
RbPUOg 2541 +8 RbAsUOg¢ 214548
CsPUO¢ 2555+10 CsAsUQg 215619

The following additional experiments were performed in
order to test the results. Firstly, the enthalpies of reactions (4) and
(5) were determined for two other reactant ratios (1 mol of
mixture : 130 mol of HF and 1 mol of mixture : 520 mol of HF).
It was established that the enthalpies A Hj 5(298) are inde-
pendent of the molar reactant ratio within experimental error
(1.5%—3.0%). Secondly, the enthalpies of reactions (4) and (5)
were determined for two acids participating in the reaction — HF
and HCI. It was established that the enthalpies of reaction (6) are
identical within experimental error. This is in fact the reason why
the products of reactions (4) and (5) are indicated as the most
probable. Their chemical nature may be different but the
important feature is that they are the same in the corresponding
pairs of reactions.

Analysis of the results shows that reactions (4) and (5) are
exothermic (Table 10); the absolute values of A H 3(298) for both
phosphorus and arsenic compounds decrease on passing from
lithium to caesium. Such variation of the enthalpies of the above
processes in the series of alkali metals can be accounted for as
follows.

Since the participants in reaction (4) — phosphorus or arsenic
derivatives — differ only in the chemical nature of the alkali metal
nitrate (M'NOQO;) and the alkali metal ion in solution
[M!F(soln) = M*+F "], the changes in the overall enthalpies
A H3(298) in the direction Li —» Na — K — Rb — Cs are caused
by the different crystal lattice energies of MINO; and the
different hydration energies of the M* ions in solution. The first
term is always positive (endothermic process), diminishing on
passing from lithium to caesium. Thus the endothermicity of this
stage of the overall process (4) should decrease in the direction
Li - Cs. On the other hand, the hydration of the M* ions in
aqueous solutions is an exothermic process. With increase in the
ionic radius of M™, the hydration enthalpy diminishes (the
exothermicity decreases in the direction Li — Cs). The experi-
mental data therefore permit the following conclusions: the
overall enthalpy A H;(298) is negative, because the term
associated with the enthalpy of hydration of the M* ions in
aqueous solution exceeds the energy of the disruption of the
MINO; crystal lattice; the decrease in the absolute enthalpy of
hydration of the M™ on passing from lithium to caesium is the
decisive factor governing the decrease in the exothermicity of the
overall process (4) in the same direction.

The variation of the overall enthalpies A, H°(298) of
reactions (5) can be accounted for similarly. The reactions
differ only in the chemical nature of MIP(As)UOg and the
M ion in aqueous solution.

The linear variation of the enthalpies of reactions (4) and (5)
with increase in the ionic radius (7) of the alkali metal or with
decrease in the hydration enthalpy [An H °(298, M ™, soln)] of the
alkali metal ion in aqueous solution can be accounted for by the
same causes. The corresponding relations assume the form

AH°(298) = a+ b(X),

where X is a characteristic of the alkali metal or its ion (ionic
radius, enthalpy of hydration). The quantities r and A, H° for
alkali metals are presented in Table 13 and the coefficients a and
b are listed in Table 14.

The significantly lower exothermicity of reactions (4) and (5)
involving the same alkali metal in phosphorus compounds
compared with arsenic compounds can be explained in the
following manner. As a consequence of the greater, compared
with arsenic, coordinative saturation of phosphorus in the oxygen
compounds, the effective charge on the alkali metal atom is lower,
which leads ultimately to an increase in the K—O bond energy in
KH,PO, [reaction (4)] or the M!-O bond energy in MIPUQg¢
[reaction (5)] compared with the analogous arsenic compounds.
On the other hand, the higher effective charge of the AsO3~ ion
compared with PO}~ is responsible for the higher energy of
dehydration of the AsO;~ ion in aqueous solution. Allowance for

Table 13. The characteristics X of the alkali metal according to Glushko
and Pauling.?* 19!

M! r/A AnHM™)/ AcH°(M*)/ n/
kJ mol-! k¥ mol-! eva
Li 0.60 534 - -
Na 0.95 426 609.60 5.138
K 1.33 341 513.91 4.339
Rb 1.48 316 490.16 4.176
Cs 1.69 284 458.81 3.893

a [y is the first ionisation potential.
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Table 14. The coefficients a and b in the equations A H°(298) = a+bX
for reactions (4) and (5).'03

X a b

phosphates arsenates  phosphates arsenates

Reaction (4)

r/A —122.8 —154.0 41.57 28.8

AnH°(298,M* soln)/  —0.90 -71.12 0.188 0.126
kJ mol—!

Reaction (5)

r/A -99.31 —1523 47.32 38.16

AL H°(298, M*,soln)/ 39.46 —43.53 0.214 0.165
kJ mol—!

these two factors actually makes i™possible to understand the
greater exothermicity of reactions (4) and (5) for the same alkali
metal in the case of the arsenic compounds compared with the
phosphorus compounds (Table 10).

The greater stability of the M'PUOs structure compared
with the M!AsUQs structure is manifested by the fact that
the absolute values of AfH°(298) for the phosphorus
compounds are higher than the corresponding values for the
arsenic compounds. For all the alkali metals investigated
M!'=Li, Na, K, Rb, or Cs), the difference ArH°(298,
MIAsUOg) — ArH°(298, MIPUOg) = 400 + 5 kJ mol—! is vir-
tually constant.

The absolute values of ArH °(298) for the phosphorus and
arsenic compounds exhibit a distinct tendency to increase in the
direction Na - K — Rb — Cs. The linear relations A¢H °(298) =
a+bX, where X is a characteristic of the alkali metal, have been
established. The corresponding coefficients a and b are presented
in Table 15.

Table 15. The coefficients in the equation AfH°(298) = a+bX.

X a b

phosphates arsenates

phosphates arsenates

r, A —2466 —2053 52.605 —62.279

AcH°(298,M* gas)/ —2668  —2294 0.252 0.302
kJ mol—!

11/eV —2673 —2299 30.83 36.84

Analogous schemes have been used to calculate the standard
enthalpies of formation of the crystalline compounds of the
MIP(As)UOg - nH,O series (Table 16).

Table 16. The standard enthalpies of formation of the compounds
M!P(As)UQs - nH,0.%0:91

Compound —ArH°(298)/ Compound —ArH°(298)/
kJ mol—! kJ mol—!
HPUOg -4H,0 3473+ 8 HAsUOg¢ - 4H>0 3086+ 7
LiPUQg - 4H,O 37079 LiAsUQg - 4H-0 3311+8
NaPUOQOs-3H,O 3392+9 NaAsUQOgs-3H,O 2998 +8
KPUOQs - 3H20 3413+8 KAsUOQg - 3H20 3022 +8
RbPUOs-3HO 34129 RbAsUOs-3H,O 3023+7
CsPUO¢ -3H,O 342311 CsAsUOg :3HO  3030+7

For example, the enthalpies of the reactions of equi-
molecular mixtures of M'AsUQg - nHO and potassium nitrate
with an aqueous solution at HF at 298.15 K have been
determined for the ratios 1 mol of the mixture: 260 mol of the
HF: 800 mol of H,0.5!

[M*AsUOQg-nH,0( cryst.) + KNO; (cryst.)] + 4HF (soln)
— KF (soln) + M'F (soln) + UO,F, (soln)
+H;P(As)O, (soln) + HNO; (soln)+7H,0. ™

Subtraction of Eqn (7) from Eqn (4) yields the process
KH,AsO, (cryst.) + UOs (cryst.) + M'NO; (cryst.)
+(n — 1)H,O
— MYAsUO;-nH, 0 (cryst.) +KNO; (cryst.), (8)

the enthalpy of which A H3(298) = A, H(298) — A H7(298).
The enthalpies A¢H°(298) for the crystalline hydrates inves-
tigated can be calculated from the values of A, H g(298) and the

standard enthalpies of formation of the corresponding reactants
(Table 10).

AcH°(298, M'AsUQq-nH,0, cryst.)
= 4+A,H3(298) + AcH (298, KH,AsO,, cryst.)
+A(H°(298, UO;, cryst) + A H (298, MINO; , cryst.)
+(n — 1)A;H (298, H,0, liq.) — AH (298, KNO;) .

Analysis of the quantities presented in Table 16 permits the
following conclusions: the enthalpies A¢H°(298) for the
phosphorus derivatives are greater in absolute magnitude, as
in the case of anhydrous compounds, than the corresponding
values for the arsenic derivatives. For all the alkali metals
investigated, the difference A¢H°[298, MIAsUOg(cryst.)] —
A¢H°[298, M'PUOs(cryst.)] is almost constant and equal to
393+ 3 kI mol~!; in the series of phosphorus and arsenic
derivatives, the absolute value of A¢H ° increases in the direction
Na—->K->Rb—>Cs; the linear relations AfH°[298,
MIP(As)UQg - nH,0] = a+bX  have been established
(Table 17); in the series of the phosphorus and arsenic
compounds (MI = Na, K, Rb, Cs), the difference between the
enthalpies A¢H °(298) for the anhydrous compounds and their
crystalline hydrates ArH°[298, MI!P(As)UQO¢] — A H°[298,
MIP(As)UOQs -3H,0] per mole of the water of crystallisation
is virtually constant and equal to 293 + 3 kJ (mol H,O)~!; the
analogous difference in the case of the hydrogen and lithium
compounds is also constant but it exceeds the above value, i.e.
A¢H°[298, M'P(As)UOg]— ArH°[298, MIP(As)UOQs -4H,0] =
3004 kJ (mol H>0)~!, which emphasises yet again the
stronger binding of the water of crystallisation in the hydrogen
and lithium derivatives compared with other Group I elements.

Table 17. The coefficients in the equations A¢H °[298, MIP(As)UQOq -
-3H,0, cryst] = a+bX (M! = Na, K, Rb, Cs).

X a b
phosphates arsenates  phosphates arsenates
r/A —3355 —2959 —40.441 —43.238
A¢H°(298, M*, gas)/ —3511 —3128 0.196 0.213
kJ mol—!
Ii/ev —3515 —3132 23.99 25.96

1. The enthalpies of the dehydration reactions of the
compounds M'P(As)UQs - nH,0
We shall examine the methods for the determination of the
enthalpies of dehydration of the test compounds in relation to the
phosphorus derivatives.

The enthalpies of the reactions of M'PUOg or their crystalline
hydrates with an aqueous solution of hydrofluoric acid have been
determined calorimetrically.

M'PUOs (solid)+ 3 HF (soln) —
— MTF (soln)+ UO,F; (soln)+ H;PO4 (soln), ©)
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M!PUOQOg¢ - nH20 (cryst.) + 3HF (soln) —
— MIF (soln) + UO,F; (soln) + H3PO4 (soln)- nH,0. (10)

Subtraction of Eqn (9) from Eqn (10) yields the dehydration
process [see Eqn (1)], the enthalpy of which is equal to the
difference A H5(298) — A H5(298) (Table 18).

Table 18. The standard enthalpies of reactions (1), (7), (9), and (10) (the
A:H° are expressed in kJ mol~1).87%.90

M' A H(298) —A HH(298) —A H{(298) —A,HZ(298)
H 65.5+ 1.0 9.63£0.08 S38£ 1.1 -

Li 89.0+0.3 49.3+0.2 39.7£0.5 86.9+0.8
Na 779403 58.4+£0.6 19.5£0.9 854+1.4

K 50.7+0.6 43.0£0.1 16.7£0.7 75.1£1.2
Rb  57.8+03 444403 13.4+0.6 74.7£0.5

Cs 558402 452402 10.6+0.4 72.74£0.5

Since all the crystalline hydrates investigated differ in the
amount of water of crystallisation, Table 19 presents the
enthalpies of the dehydration reactions per mole of water
evolved.

The higher binding energy of the water of crystallisation
in the MIAsUQg -nH>Q structures compared with M'PUOQg -
-nHO is striking. This happens despite their analogous
functional composition and complete structural similarity,
including identical locations of the water molecules around
the univalent element. These results are fully consistent with
the thermographic determinations of the temperature ranges
in the stage-by-stage and complete elimination of water from
the phosphorus and arsenic compounds (see Section IV). The
cause of these differences, which consists in the unequal
coordination capacities of phosphorus(V) and arsenic(V), was
investigated in detail by the present authors in an earlier
study.

Table 19. The enthalpies of the dehydration reaction %
(1/m)MP(As)UQs- nH20(cryst.) — (1/n)M'P(As)UQs (solid) + H,O (lig.).

—AH°(298)/ Compound
kJ mol—!

— AH(298)/
kJ mol !

Compound

HPUOgs «4H,0 13.5
LiPUO¢ - 4H,0 10.0
NaPUOgs - 3H20 6.5
KPUOs¢ - 3H,0 5.5
RbPUOs - 3H,0 4.5
CsPUOs - 3H2O 3.5

HAsUQg¢ -4H,0 19.0
LiAsUQg - 4H,0 11.0
NaAsUOs-3H,O 100
KAsUOg - 3H,0 8.0
RbAsUOs - 3H20 7.0
CsAsUOQg - 3H20 5.5

The significantly higher energy of the dehydration of the
hydrogen forms compared with their salt analogues confirms
the nonequivalent nature of the water in compounds
HP(As)UQ¢ - 4H,0, which is indicated by the results of an
IR spectroscopic study of these compounds (see Section III).
It has also been established that the decrease in the enthalpy
of dehydration of the crystalline hydrates M'P(As)UQs - nH,O
in the series of alkali metal compounds is equivalent to the
decrease in this series of the enthalpies of dehydration
(in kJ mol—!) of the ions of the corresponding elements in
aqueous solution:

A H°(298) = [—3.5+0.0245A, H°(298, M*, soln) £ 0.2);
for the phosphates;
A H°(298) = [—3.0+0.0305A L H °(298, M™*, soln)+0.2].

for the arsenates.

2. Enthalpies of ion-exchange reactions
The substitution of a proton in the compounds HP(As)UQe -
+ H>O by alkali metal ions constitutes the basis of the synthesis
of the crystalline compounds M'P(As)UOs - nH,0. Knowledge of
the energy relations governing the ion-exchange reactions is
therefore necessary.

The standard enthalpies of the exchange reactions

M*(soln) + HP(As)UQg-4H,0

= M!P(As)UOQq- nH,(cryst) + H* (soln) 4+ (4—n)H,0, (11)
were calculated from the standard enthalpies of formation of the
crystalline hydrates (Table 6) and the literature values of the

standard enthalpies of formation of alkali metal ions in aqueous
solution. The results are presented in Table 20.

Table 20. The ionic radii and standard enthalpies of formation of alkali
metal ions and the standard enthalpies of reaction (11).%6

Ml R/A —AHM*)/  AH}(298)/k] mol-!
-1
kJ mol MIPUOs -nH,0 MIAsUOg -nH20
Li* 128 278454021 445 54.5
Na* 161 24041+0.13 355 4.5
K* 201 252254013 265 30.5
Rb* 217 251044013 260 28.5
Cs* 242  255.56+013 225 28.5

The standard enthalpies of the ion-exchange reactions pre-
sented are positive i.e. the above processes proceed with absorp-
tion of energy. The enthalpies A H°(298) decrease on passing
from lithium to caesium in the series of alkali metals. In order to
establish the causes of such variation, we shall consider the
energy relations for the ion-exchange reactions in greater detail.

The overall enthalpy of the ion-exchange reactions can be
represented by the following terms:

AH® = AHye +AB e + AHY + AH 5 + AH G 4

+AHG M+ AH .y, (12)

where AHy+ is the enthalpy of hydration of the M* ion in the
crystalline M'P(As)UQs -nH,0 phase, AH 3+ is the enthalpy of
dehydration of the M™* ion in solution, AH g+ is the enthalpy of
hydration of the proton in solution, AH}+ is the enthalpy of
dehydration of the proton in the crystalline HP(As)UOg - 4H;0
phase, AH ¢_y is the enthalpy of dissociation of the O — H bond in
the crystalline HP(As)UOg - 4H,0, AH o_y is the enthalpy of
formation of the O—-M bond in the crystalline MIP(As)UQg -
-nH>0 phase, and AH 9, is the enthalpy of the disruption of the
HP(As)UOg - 4H2O crystal lattice and of the formation of the
MIP(As)UQ¢ - nH2O crystal lattice.

During the ion-exchange reaction, dehydration of the M* ion
takes place before the transfer of the latter from solution to the
crystalline HP(As)UOQg - 4H,O phase becomes possible. Such a
process is associated with the expenditure of energy, so that
AH 3+ » 0. In the series of alkali metal ions ranging from lithium
to caesium, the enthalpy of dehydration diminishes from
534 kJ mol—! for the lithium ion to 284 kJ mol—! for the
caesium ion.!”! A proportion of this energy expenditure is
compensated by the energy of hydration of the corresponding
M ion in the crystalline M'P(As)UOsg - nH,O phase (n = 4 in the
case of M! = Li and n = 3 in the case of all other alkali metals).
In the stage involving the transfer of a proton from the crystalline
HP(As)UQg - 4H20 phase to the solution, the proton is hydrated
with a considerable evolution of energy, amounting to
AH?Y, = —1090 kJ mol—134 Thus, from the standpoint of the
ion hydration-dehydration processes, reaction (11) should be
significantly exothermic. However, together with the energetic
processes considered, other terms of Eqn (12) must also be taken
into account.




The physical chemistry of the compounds M!P(As)UOs (M! = H, Li, Na, K, Rb, Cs) and their crystalline hydrates 925

As shown above, the four water molecules in HP(As)UOg -
-4H,0 are not equivalent. Two of them form the hydroxonium
ion HsOf, whilst the other two retain their molecular
individuality. Whereas the removal of molecular water from
HP(As)UOQO¢ - 4H>0 involves a considerable energy expenditure,
at the level of the energy of hydrogen bonds, the decomposition
of the hydroxonium ion into 2H>0 and H™ is associated with an
appreciable endothermic effect, i.e. AH}.+ > 0. An appreciable
energy expenditure is also necessary for the dissociation of the
P(As)O-H bond in the HP(As)UOg-4H,0 crystals. Thus the
average O — H bond dissociation energy is 463 kJ mol—!. Finally,
an energy expenditure is necessary to increase the interlayer
distance on passing from the crystalline HP(As)UOs-4H,0
phases to the crystalline M'P(As)UO¢-#nH2O phases. For
example, this distance increases from 17440 A in the
HPUOg-4H,0 phase to 18242 A in the LiPUOs-4H,0O
phase. The analogous distances for the arsenic compounds
are 17.594 and 17.808 A (Table 4). Furthermore, it is necessary
to take into account additional energy expenditures as a
consequence of the structural rearrangement caused by the
decrease in the number of water molecules from four to three in
the MIP(As)UQs - nH>O formula unit on passing from lithium
compounds to sodium, potassium, rubidium, and caesium
compounds, i.e. AH7, > 0.

Thus the predominance of the energy expenditure over the
exothermic effect, due to ion hydration processes (AH j+ < 0,
AH3y+ < 0) and the formation of new P(As)O-M bonds in the
crystalline phase (AH & _ ), is the cause of the endothermicity of
the ion-exchange reactions (11). In this case, the quantities
A H°(298) decrease linearly with increase in the radius of the
alkali metal ion (R) in aqueous solution (Table 20):

A H°(298) = [(67.5—19.35R) £ 1.5)/kJ
for reactions involving HPUOg - 4H,0, and
A H°(298) = [(82.5—24.12 R)+ 3.0]/kJ

for reactions involving HAsUOQOg - 4H,0.

The observed greater endothermicity of the ion-exchange
reactions (11) for arsenouranic acid compared with the analogous
processes for phosphouranic acid is associated with the higher
dehydration energy of HAsUOg - 4H,0 compared with that of
HPUOg - 4H;0 and the lower packing density of the crystal
lattice of the latter compound.

The considerable endothermicity of the reactions involving
the exchange of hydrogen for alkali metal ions in the crystalline
compounds HP(As)UQOg - 4H,0 shows that the displacement of
the equilibrium towards the formation of the exchange products
requires that the entropy term TA.S° in the equation for the
standard Gibbs free energy function A,G° =A.H° —~ TA,S°®
should be positive and should exceed the enthalpy term.
However, an estimate of A G°(298) for reactions (8) shows
that the ion-exchange enthalpy makes the main contribution to
the Gibbs free energy of the given process. For example, for the
reaction

Li* (st. soln)+ HAsUQg - 4H;O (cryst.)

= LiAsUOQOg - 4H>O (cryst.)+ H™* (st. soln),
the free energy A.G° is given by
A:G°(298) = ArG °(298, LiAsUOg - 4H,0, cryst.)
+ArG°(298, H™, st. soln) — A¢ G °(298, HAsUQg -
*4H;0, cryst.)—ArG°(298, Li*, st.soln).

If we employ the data presented in Table 18 and the quan-
tity ArG°(298, Li*, st.soln) = —292.29 + 0.46 kJ mol—13¢ we
obtain A,G°(298) = 21 kJ mol—!. Consequently the equilib-
rium constant of the process, from the equation A.G° =
—RTInK., is K.(298) =2 x 10—* The displacement of the
equilibrium in reaction (11) towards the formation of the

exchange products is possible either as a result of an increase
in temperature or as a result of the employment of reactions
occurring with liberation of energy. Table 21 presents the
results of the calculation of the standard enthalpies of the
reactions of HP(As)UQOgs:4H,O with aqueous solutions of
alkali metal hydroxides and also the enthalpies of the ion-
exchange reactions with participation of the anhydrous
acids.10?

M!OH (st. soln) + HPUOg - 4H>O (cryst.)

—MIPUOs - nH,0 (cryst)+(n— DH:0 (liq.).  (13)
M (st.soln) + HP(As)UOg (solid)
= MIP(As)UOs (solid)+H* (soln). (14)

The reactions of HP(As)UQg - 4H>O with solutions of alkali
metal hydroxides are exothermic, which ultimately permits the
quantitative formation of the crystalline compounds
M'P(As)UQg -nH,0. These results confirm the legitimacy of
the use of ion-exchange reactions for the synthesis of the
compounds M'P(As)UQg - nH,0.

Table 21. The standard enthalpies of reaction (13) and (14).

M! — A, H1,(298)/kJ mol ! A H7,(298)/kJ mol !
HPUOs . 4Hzo HASUOG . 4H20 HPUOS HASU06
Li* 11.5 2.5 29.5 21.5
Na* 20.5 13.5 0.5 —-1.5
K+ 29.0 25.5 —12.0 —19.5
Rb™* 29.5 27.0 —15.0 —26.0
Cs™* 335 27.5 —22.0 —30.0

It has been established on the basis of the results of
X-ray phase analysis that the dehydration of the compounds
MIP(As)UQg - nH2O leads to the disordering of their structures
as a consequence of the disruption of the coordination
environment of the ion of the univalent element. We used this
finding to assess the role of structural factors from the standpoint
of their contribution to the energy relations of the ion-exchange
reactions.

The exclusion of contributions of the type AH, from the
energy relations of the ion-exchange reactions [see Eqn (12)]
leads to a decrease in the overall energy expenditure in the
processes under consideration and, in the case of the sodium,
potassium, rubidium, and caesium compounds, the exchange
reactions proceed with liberation of energy.

VII. Conclusion

The study of the crystalline compounds HPUQg-4H,0 and
HAsUOg - 4H20 as well as their alkali metal derivatives by X-ray
diffraction showed that the diffraction patterns of all the
compounds have analogous sets of reflection maxima with
similar positions and relative intensities. In terms of the results
of the analytical indexing of the X-ray powder diffraction
patterns, the compounds are structurally similar and have
similar tetragonal unit cell parameters, which are virtually
identical with the results of direct structural studies on
HPU06'4H20, HASU06'4H20, LiASU05~4H20, KPUOG-
+3H20, and KAsUOQOg -3H0 single crystals.

The numbers of bands, and their positions and relative
intensities in the IR spectra of all the compounds in each of the
series of phospho- and arseno-uranate derivatives are similar,
which confirms not only the structural similarity of the
compounds but also indicates their identical functional composi-
tion and the similar nature of the distortion of the principal
coordination polyhedra: of phosphorus (tetrahedron), of arsenic
(tetrahedron), and or uranium(VI) (octahedron).
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A more detailed analysis of the IR spectra, especially in the
region of the deformation vibrations of the so-called water of
crystallisation, shows that its nature in the test compounds is
not the same. In the compounds HP(As)UQg:-4H,O and
LiP(As)UQg - 4H>0, part of the water is present in the form
of the complex hydroxonium ions H;O3 and the lyonium ions
(H,OLiOH,)*, whilst another part exists in the molecular form.
In the compounds of other alkali metals, the entire water is
molecularly homogeneous. The different nature of the water in
the hydrogen and lithium derivatives, on the one hand, and the
sodium, potassium, rubidium, and caesium derivatives, on the
other, does not introduce fundamental differences into the
structures of the principal coordination polyhedra of phos-
phorus, arsenic, and uranium or into the structures of the
compounds as a whole.

The results of thermographic study of the compounds
MIP(As)UQg -nH,0 by the derivatographic method combined
with X-ray phase analysis of the intermediate and final
dehydration and thermal decomposition products showed that
the temperature ranges corresponding to the dehydration of the
HAsUO¢-4H0O (363-513 K) are higher compared with
HPUOg¢ - 4H,0 (353 -448 K), which is due to the excess force
field of the arsenic in the coordinatively unsaturated AsQ,
polyhedron. On the other hand, the higher temperatures of the
condensation of the phosphate groups in HPUQOg with formation
of pyrophosphates (833-1133 K) are a consequence of the
coordinative saturation of the phosphorus in the PO, tetra-
hedron, which is responsible for the greater stability of the latter
(the analogous condensation of the arsenic groups takes place in
the range 773 - 1013 K). After the removal of water in stages, the
alkali metal phospho- and arseno-uranate derivatives are
converted into the compounds M'P(As)UQOgs. The elimination
of water molecules from the coordination environment of the
alkali metal cation leads in this instance to the conversion of the
compound into an amorphous form, i.e. to the breakdown of the
long-range order and hence to the disordering of the crystal
lattices of the test compounds.

Higher dehydration temperature ranges are also character-
istic of alkali metal arsenouranate derivatives compared with
the corresponding phosphates, which is a consequence of the
stronger binding of the water in M!AsUOg - nH>0. A decrease in
the dehydration temperature ranges is observed in both series of
compounds on passing from lithium to caesium compounds. This
effect is fully consistent with the decrease in the enthalpies of
dehydration of alkali metal ions with increase in their size and
indicates the incorporation of water molecules in the coordina-
tion environment of the univalent element.

The standard enthalpies of formation at 298.15 K of the
compounds M!P(As)UOg and their crystalline hydrates have been
determined from calorimetric data. Quantitative rules governing
the variation of the quantities A¢H°(298) for the compounds as a
function of the physical characteristics of the alkali metal
ions (ionic radius, enthalpy of formation of the ion in the gas
phase, ionisation potential) have been established. The results
have been compared with the structural characteristics of the
same compounds. In particular, the structural similarity of the
compounds is manifested by the fact that the standard enthalpies
of formation of the phosphorus and arsenic derivatives obey the
similarity principle proposed by M Kh Karapetyants.

AsH (298, M'PUOg)
= {[—463.5+0.97A:H °(298, M'AsUOQg)] £ 2}/ kJ mol—!
AeH (298, M'PUO; - nH20)

={[—351.5+ 1.01A¢H °(298, M!AsUOg - nH20)] + 3}/ kI mol—1.

In the series of phosphates and arsenates with M! = Na, K,
Rb, or Cs, the difference between the A¢H°(298) for the
anhydrous compounds and their crystalline hydrates per mole

of water of crystallisation is virtually constant at 293 +3
kJ mol—1, The analogous difference in the case of the hydrogen
and lithium forms is also constant, but exceeds the above quantity
and amounts to 300 £+ 4 kJ mol—!, which emphasises yet again
the stronger binding of the water of crystallisation in the
hydrogen and lithium derivatives compared with the derivatives
of the other Group I elements. This is also indicated by the
enthalpies of the dehydration reactions of the crystalline hydrates
investigated.

The study of the energy relations of the ion-exchange
processes showed that they are all endothermic. This is due
to the predominance of the energy expenditure associated with
the change in structure on passing from the compounds
HP(As)UOs - 4H,0 to M'P(As)UOg - nH,O compared with the
overall exothermic effect in the accompanying process involving
the dehydration-hydration of the alkali metal ions and the proton
in the aqueous phase. The enthalpies of the ion-exchange
reactions decrease in this instance in the series of alkali metal
derivatives from lithium to caesium for both HPUOg - 4H,0 and
HAsUOg - 4H>0. The results lead to prospects for the practical
use of the ion-exchange reactions in order to isolate the
compounds and also to prevent the entry of the ecologically
dangerous (including radioactive) elements into the human
habitat.
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