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Oxythiophosphate compounds, which contain anions comprised
of oxidized phosphorus bound to oxygen and sulfur, are scarce
and, in general, poorly characterized. Although a-NasPOsS has
been known for over 60 years, little has been revealed about this
compound. Here we present thermal analysis and second-
harmonic-generation (SHG) efficiency of o-NasPO;S. Details about
its transformation to the high-temperature /3 phase are discussed.
Under vacuum, o-NasPOsS undergoes one endothermic event at
553 °C upon heating and two exothermic events at 504 and 467
°C upon cooling. 5-NasPOsS can be trapped upon quenching
NazPO;S from high temperature. We have observed that the j
phase converts back to the o phase at room temperature.
Interestingly, relative humidity has been determined to catalyze
this phase transformation. a-NazPO3S oxidizes at 315 °C in air to
produce NayP,0; and Na,SO,. Upon exposure to 1064-nm incident
radiation, noncentrosymmetric a-NasPOsS produces an SHG
efficiency 200 times that of a-quartz and is nonphase-matchable

(type 1).

Metal oxythiophosphatésare compounds that contain
metals bound to anions comprised of oxidized phosphorus
bonded to oxygen and sulfur. There are few oxythiophos-

phates reported in the literature, with less than 30 compounds

published, to daté® Considering the outstanding structural
diversity and myriad of useful applications that exist for the
related metal phosphates and thiophosphates, such as io
exchangé,catalysis® batteries, and nonlinear optic¥, it is
imperative to develop the almost nonexistent class of
oxythiophosphates.
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Although the crystal structure ai-NaPO:S has been
solved using neutron powder methddsecent solid-state
NMR experiments have introduced the possibility of disorder
in this structuré? Although no direct structural information
is offered in this paper, indirect evidence confirming the
noncentrosymmetry of the structure (see Figure 1) is offered
by the determination of the second-harmonic-generation
(SHG) properties of the material. The thermal stability of
the material in air as well as in vacuo is also presented.

B-NagPGsS, previously reported by Jansen et al., can be
trapped by the quenching samples of;R@&S from high
temperaturé? We present the first report of a phase transition
from the s phase back to the phase at room temperature.
Interestingly, this transition is catalyzed by atmospheric
water, even though neither form of the material is hydrated.

Phase transitions catalyzed by atmospheric water are well-
known in the pharmaceutical literatuteThese transitions
most often involve conversions between anhydrous and
hydrated states. A few transitions among anhydrous glasses
and anhydrous crystalline states have also been reported. In
these processes, adsorbed water acts as a plasticizing agent,
which lowers the glass transition temperature, enhancing the
molecular mobility to an extent that rapid recrystallization

(7) (a) Clearfield, A.; Bortun, A. I.; Khainakov, S. A.; Bortun, L. N;
Strelko, V. V.; Khryaschevskii, V. NWaste Managel998 18, 203~
210. (b) Clearfield, A.; Stynes, J. A. Inorg. Nucl. Chem1964 26,
117-129. (c) Brec, RSolid State lonic4986 22, 3—30.

(8) (a) Curini, M.; Rosati, O.; Costantino, Qurr. Org. Chem2004 8,
591-606. (b) Ai, M.; Ohdan, KJ. Mol. Catal. A: Chem200Q 159,
19-24. (c) Manova, E.; Severac, C.; Andreev, A.; @knt, R.J.
Catal. 1997 169, 503-509.

(9) (a) Piana, M.; Cushing, B. L.; Goodenough, J. B.; PenazziAmh.
Chim. (Rome, Italy2003 93, 985-995. (b) Yang, S.; Song, Y.; Ngala,
K.; Zavalij, P.; Whittingham, M. SJ. Power Source2003 119—
121, 239-246. (c) Kuzminskii, Y. V.; Voronin, B. M.; Redin, N. N.
J. Power Sourced995 55, 133-141.

(10) (a) Satyanarayan, M. N.; Deepthy, A.; Bhat, H.Qrit. Rev. Solid
State 1999 24, 103-191. (b) Valeev, A. I.; Kundikova, N. D;
Churikov, V. M.; Pterovskii, G. T.; Shchavelev, K. I. O.; Shchavelev,
O. S.; Yakobson, N. AJ. Opt. Technol2001, 68, 495-499. (c)
Lacroix, P. G.; Clenent, R.; Nakatani, K.; Zyss, J.; Ledoux3cience
1994 263, 658-659.

(11) Pompetzki, M.; Jansen, NZ. Anorg. Allg. Chem2002 628 641—
646.

(12) Pompetzki, M.; van Wien, L.; Jansen, MZ. Anorg. Allg. Chem.
2004 630, 384—388.

(13) (a) Byrn, S. R.; Pfeiffer, R. P.; Stowell, J. Solid-State Chemistry
of Drugs SSCI, Inc.: West Lafayette, IN, 1999. (b) Burnett, D.;
Theilmann, F.; Booth, dnt. J. Pharm 2004 287, 123-133. (c) Vadas,
E.; Toma, P.; Zografi, GPharm. Res1991 8, 148-155.

n

Inorganic Chemistry, Vol. 45, No. 7, 2006 2779



COMMUNICATION

[¢;]
T

467°C

o
T

Exothermic

\

L Endothermic

DTA Signal (uV)
(4]

L
o

1 1 ] 1 1 ]
0 100 200 300 400 500 600

Temperature (°C)
Figure 2. DTA diagram obtained for N O;S under vacuum.

beta-phase experimental

Figure 1. Structure ofa-NagPQOs;S viewed down the crystallographic

axis. It is easy to see that the structure is noncentrosymmetric because all
of the tetrahedra point in the same direction alongcthgis. Sodium atoms

are green, phosphorus atoms are purple, oxygen atoms are red, and sulfur

beta to alpha mid-transition
atoms are yellow.

occurst®2This Communication represents the first report,
to our knowledge, of a phase transition between two
anhydrous inorganic, crystalline phases catalyzed by relative
humidity (RH).

Initially, we planned to usen-NagPO;S as a starting

alpha-phase experimental

(L N T

material to form new metal oxythiophosphates. We attempted alpha-phase calculated

Relative Intensity

to preparen-NagPOsS using solid-state reactions in which
the reactants were combined in stoichiometric proportions | 1 ) L 1 J ol
and heated<£800°C).1* Althougha-NasPO;S formed, there —_————
were also impurities present as determined by powder X-ray 20 30 40 50 60 70
diffraction (PXRD). Later, following the preparation method 20(°)
outlined by Yasuda and Lambépfta pure, white micro- Figure 3. PXRD patterns of N&PO;S. The patterns containing tifiephase:
crystaline material was oblained by a solutin reaction to e Shlnet eBhel Skl ver o miinie sposire o ambiens
form the hydrate, which was subsequently dehydrated. the o phase was obtained from data in ref 11.

Differential thermal analysis (DTA) under vacuum re-
vealed that NgPO;S undergoes no irreversible structural of the sample €10 °C/min) yields only theo phase.
changes from room temperature to 630D (see Figure 2).  Quenches from temperatures between 600 and°65@id
Three reversible thermal events were observed during thenot reveal the presence ofyaphase by PXRD; only thg
experiment: an endothermic event at S583upon heating  phase could be observed. This suggests ifhidlere is ay

and two exothermic events at 504 and 4€7upon cooling. phase, it is highly unstable.
PXRD of the DTA residue indicated the presence of  The first observation of a room-temperature phase transi-
a-NagPGs;S, as well as a minor amount of tifephase. tion from p- to a-NaPO:S occurred serendipitously.

Jansen et al. have reported the endothermic event to be aNa;PO;S was quenched from 60C into ice water, ground,
melting point**® however, observation of the material at and a PXRD pattern of the trappgdphase was obtained
high temperature and observation of the morphology of the (see Figure 3)7 After the PXRD pattern was obtained, the
material after quenching would tend to disagree with this sample was left on the countertop. The next morning slight
assessment. At temperatures greater tharf65&e sample  changes in the sample color and granularity were observed:
appears as a sintered solid and has never been observed terefore, another PXRD pattern was obtained, revealing that
take the shape of its container. The possibility that this the sample was now mostty-NagPQsS after only 16 h in
endotherm may correspond to a transition joghase cannot  ambient conditions. Subsequent experiments led to samples
be excluded. It is clear to us that the two exotherms that converted from th@ phase to thex phase at various
correspond to the crystallization of th® and o phases, times scales, 16 h to 8 days (see Figure 3).
respectively, based on the following data. Quenching The realization that atmospheric water played a role in
NasPO;S in an ice-water bath from 490C demonstrated  this transformation came to light because the phase trans-
that thef phase exists between 504 and 467 Slow cooling  formation was observed to occur at especially high rates on
days when it rained. This was later confirmed by producing

(14) Brockner, W.; Jendrzok, B.; Menzel, F.; Jensen, V. R.; Ystenes, M.
J. Mol. Struct.1994 319 85-100.
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(16) Jansen et al. only reported differential scanning calorimetry data upon Usually the PXRD pattern of the product was observed to contain a
heating; no data from the cooling cycle were reported. small amount of thex phase in addition to thg phase.
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a sample of thgg phase and dividing it into two aliquots, 28+

one that was stored in a desiccator and one that was exposed

to ambient condition& The desiccated sample was observed 26+

to persist as thég phase for much longer than the sample

exposed to ambient relative humidities. The cause of this

transition is likely similar to anhydrous glass to anhydrous

crystalline transitions found in the literatufe.ln these

processes, a thermodynamically unfavorable phase is trans-

formed to a more thermodynamically stable phase by the

increased molecular mobility afforded by a small amount of

adsorbed watefar 18
A series of humldlty-coptrollgd chambers were prepared o p o o o o v

using saturated sa_lt_ solutions in o_rder to det_ermlne 'ghe rate Particle Size (um)

of the pha_se transmqn as a function of relative hum_léqty' Figure 4. Results of thex-NagPO;S phase-matching experiment. The line

At a relative humidity of 6.6%, the3 phase remained s superimposed to guide the eye and is not a fit to the data.

unaffected. The material never fully converted to dhehase

when stored under 33.1% RH. In the case of 54.5 and 69.9%described elsewhefé.The incident light of 1064 nm was

RH, hydrated forms of the material formed so rapidly so as converted to 532 nm with an efficiency 6f200 times that

not to afford any observation of tife to a-phase transition,  of a-quartz. Because-Na;PO;S was SHG-active, a phase-

if indeed the conversion took place by this pgth=¢ o = matching experiment was performed in which the material

hydrate). The sample stored under 54.5% RH formed whatwas found to be nonphase-matchable (type 1). In a nonphase-

we believe to be a hydrated form of sodium monothio- matchable material, the SHG response goes to zero with an

phospate, although its PXRD pattern could not be indexed increase in the particle size.«[is calculated to be 7.8 pm/

to anything in the available literature. The PXRD pattern of V.?*

the sample stored under 69.9% RH indexed tgR®S- Recently, oxythiophosphate materials have proven to be

12H,0.2° The current data suggest that there may be a selective and recyclable in the remediation of toxic heavy-

minimum relative humidity necessary for the transition metal ions> Also, the properties of oxythiophosphates, such

(33.1 < x < 54.5% RH). Thus far, attempts to determine as ionic conductivity, have been demonstrated to be tunable

the rate of the phase transition as a function of the rela- by varying the anionic compositiofi:}*>>NagP ;S presents

tive humidity have been qualitative. In situ diffraction us with another glimpse of the interesting physicochemical

studies under controlled humidity conditions will be forth- properties possible in oxythiophosphates. We have shown

coming?* sodium monothiophosphate to be a remarkable phase-change
Because thex phase is relatively stable under normal material, as well as an SHG-active compound. This wide

laboratory conditions~+40% RH), further characterization variety of properties supports the prediction that further work

of this material was possible. DTA and thermogravimetric in this field is warranted and should lead to the discovery of

analysis (TGA) ofu-NagPG;S in air indicate that the material  new and interesting materials.

is stable up to~315 °C, when an exothermic oxidative

decomposition to N#,07, N&SO,, and some volatile form

of sulfur occurs. The decomposition is accompanied by a

weight gain of 13.23%. The calculated weight gain is

13.31%. This result disagrees with the findings of Lambert

and Yasuda, who observed decomposition at42%b5°C 1
o-NagPGO;S crystallizes in a noncentrosymmetric space

group, R3c (see Figure 1). The lack of an inversion center ~ Supporting Information Available: ~ Additional synthetic

leads to a second-order, nonlinear optical (NLO) property detail;, elaborated experimental prpce_dures, PXRD pattern after

known as second-harmonic generation (SPRG3HG of a DTA in vacuo, PXRD patterns monitoring the room-temperature

; - to a-phase transition, PXRD pattern of sodium monothiophos-

wder mpl -NagP was m r in p
&Ood(ijf?egdKz?tz pN(Ia_OO&S S?;r?%vsvith aas Nd?\a(IZUGegslésr gsa phate stored under 69.9% RH, DTA and TGA diagrams obtained
y ) ' in air, and PXRD patterns obtained after thermal analysis in air.

This material is available free of charge via the Internet at
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