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Thermo-Raman Studies on NaHPQO,4-2H,0 for Dehydration, Condensation, and Phase
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Thermo-Raman spectroscopy was applied to study the thermal properties £ Qis®H,O from room temperature

up to 600°C. Raman spectra recorded at every degree of the temperature interval by monitoring the internal
modes gave the microscopic picture of dehydration of N®-2H,0, the condensation of NaHQ,, and the

phase transformation of NaRB(rhe spectral variation observed could distinguish two steps of dehydration, resulting
in the formation of NaHPOy-H,O and NaHPO, as compositional species from Ng0y-2H,O. The thermo-
Raman intensity (TRI) and differential thermo-Raman intensity (DTRI) thermograms also showed two steps of
dehydration in the temperature range from 42 t62and from 60 to 72C with a maximum rate at 48 and 68

°C, respectively. Furthermore, condensation resulted in sodium dihydrogen diphosphétg?(Ng and sodium
metaphosphate (NaRn two steps at 212224 and 266-360 °C, respectively. Clear evidence in the spectral
variation representing two phase transformations of Na&CQhe temperature of 345 and 516 with three
different polymorphs (phase lll, phase Il, and phase | of NaPQncreasing order of temperature) was also
observed. The thermal methods thermogravimetry, differential thermogravimetry , differential thermal analysis,
and differential scanning calorimetry also supported the results but could not give a clear idea due to the lack of
direct structural information.

Introduction tions~1! and are comparable to the thermograms of TG, DTG,
. . DTA, and DSC.
_The thermal property of sodium dihydrogen phosphate , yhis work, the thermal variations of NaPOy2H,0 just
dihydrate (NaHPQ;-2H,0) is very interesting for its variety  pefore it melted were studied by thermo-Raman spectroscopy

and attracted many researchers in the recent'past experi- in a dynamic thermal process in the temperature range from 25
ences dehydration to sodium dihydrogen phosphate monohydratg, g50°c. Spectral variation observed in the®iand PGS~

(NaH,PO:-H20) and anhydrous sodium dihydrogen phosphate |o4ions showed two steps of dehydration, resulting in the
(NaHzPQ), and it experiences condensation _to sodium dihy- formation of NaHPO,»-H,O and NaHPO, from NaH,POy
drogen diphosphate (é>P-O) and then to sodium metaphos- 51, 5 The thermo-Raman intensity (TRI) thermogram for the
phate (NaPg). Finally, NaPQ shows two phase transformations ;5 hand revealed two steps of dehydration with a proportionate
before it melts. . . . loss of water in each step. The differential thermo-Raman
Thermogravimetry (TG), differential thermogravimetry (DTG),  jntensity (DTRI) thermogram also showed two dips at 48 and
differential thermal analysis (DTA), and differential scanning gg °c for the maximum rate of dehydration. The TG, DTG,
calorimetry (DSC) are always used to study the thermal and DTA thermograms showed a consistent result. The forma-
properties of a solid sample in a dynamic thermal pro¢é&&t  tion of NaH,P,0; at 220°C in the first condensation process
no direct |nformat|o_n about the compositions and phas_es from NaH,PQ; and in the second condensation process resulting
involved can be obtained. Thermo-Raman spectroscopy, whichijy NaPQ at about 266-360°C were observed. Further, with a
is the successive collection of Raman spectra in a dynamic yise in temperature, two phase transformations of NafR@n
thermal process, provides direct qualitative information. The phase 11l to phase Il and from phase Il to phase | were detected
composition changes and phase transformations are monitoredyt 345 and 515C, respectively. The DTA and DSC thermo-
on a time scale of seconds or on a temperature scale of onéyrams confirmed the phase transformations but were not
degree. The intensity and its derivative of the characteristic bandjnformative due to a lack of direct structural information. By
plotted as a function of temperature are the thermo-Ramanine way, the characteristic Raman spectra of all of the species

thermograms, respectively. They give detailed quantitative
information about the composition changes and phase transforma- (5) Chang, H.; Huang, P. J. Raman Spectrosd998 29, 97—102.
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Figure 1. TG, DTG, DTA, and DSC thermograms started with NaH
POy 2H,0.

Experimental Section

The crystalline sample NaRO,-2H,0O was obtained from Riedal-
de-Haen. The rhombohedral crystals of size about 2 and 3 were
used for the experiments slightly crushed to powders.

The Raman spectra were excited by a laser beam at a wavelengt
of 514.5 nm (30 mW) from an argon ion laser (Coherent, Innova 100-

15). A filter was used to remove the plasma lines. The scattered light
was collected at right angles, was dispersed by a single spectromete

(Spex, 0.5 m) with a resolution of 5 cth and was detected by a CCD
camera (Princeton Instruments, 1041024 pixels). A Notch filter

Ghule et al.

occurred in the temperature range from 60 tdZ2indicating

a loss of 10.2 wt % equivalent to 0.9 molecule of water. The
entire dehydration process for NgiPOy-2H,0 extended up to
74°C. After 90°C, there was no considerable weight loss until
200°C. After 200°C, loss in weight was observed again which
corresponded to the condensation. This extended into the
temperature range from 190 to 2XC and was the first
condensation process resulting in,NaP,O; formation. The
calculated weight loss (5.6%) matched the observed weight loss
(5.6%) for 0.5 molecule of water, confirming the formation of
NaH,P,O7;. The second condensation was observed in the
temperature range from 260 to 36C. This suggested the
formation of NaPQ@ in which the weight loss was 5.6%
compared with the calculated weight loss of 5.6% for 0.5
molecule of water. This condensation occurred in a considerably
large temperature range and indicated that it would be compli-
cated. Beyond 360C, there was no appreciable weight loss
which indicated the completion of the composition changes.

The DTG thermogram, which is the derivative of the TG
thermogram, is also shown in Figure 1. It showed a weight loss
at 44 and 72°C as a result of the first and the second
dehydration, respectively. The dip at 202 was observed due
to the first condensation process. Two dips at 278 and°£93
followed and are assigned to the second condensation. It
continued to the small dip at 34% (the dashed line is the
baseline). This indicates that the condensation was complicated
by three stages. The corresponding weight loss at°84®&as
infinitesimal (from the TG thermogram). No further information
could be extracted at a higher temperature.

The DTA thermogram recorded in the same temperature range
is also shown in Figure 1 (the dashed line is the baseline). This
thermogram is similar to the DTG thermogram. The DTA
thermogram showed two endotherms at 44 and®8vhich
corresponded to the first and second dehydration. At ZD8
the endotherm observed was attributed to the first condensation
process. That the second condensation process was prolonged
showed two endotherms at 278 and 2@3 representing the
formation of NaPQ@. An endotherm at 344C was also
observed, but TG and DTG thermograms indicated minute
r‘\/\/eight loss at this temperature. However, the transformation
from phase lIl to phase Il of NaPQvas also observed at this
femperature (see TRS). The endotherm for the transformation
to phase | of NaP©could not be detected. Partridge etal.
reported the observation of two phases of NaB@differential

was set in front of the spectrometer to remove the Rayleigh-scatteredthermal analysis with transformation at 500 and assigned
light. The sample was in a sample holder mounted on the thermocouplethem as B and A. This might be the transformation of phase Il
in a homemade oven in a stagnant air atmosphere. The thermal processo phase |I.

was set from 25 to 60€C at a rate of ZC min~* and was controlled
by a temperature controller. The exposure time for CCD was 30 s which
is equivalent to one spectrum for every degree.

A thermogravimetric analyzer, a differential thermal analyzer
(SEIKO ISSC 5000, TGA/DTA-300), and a differential scanning
calorimeter (SEIKO ISSC 5000, DSC-200) were used to record the
thermograms in the temperature range from 25 toD®ith a heating
rate of 2°C min~* in a flow of air at 200 mL min™.

Results and Discussion

Thermograms. The TG, DTG, DTA, and DSC thermograms
of NaH,POy:2H,0 in the temperature range from 25 to 60D

are shown in Figure 1. The TG thermogram showed a loss of

23.2 wt % in the entire dehydration process, contributing to

the loss of two water molecules against the calculated weight

The DSC thermogram recorded in the temperature range from
100 to 600°C is also shown in Figure 1 (dashed line is the
baseline). The endotherm at 200 represented the condensation
for the formation of NaH,P,O,. The second endotherm started
around 260°C and decreased slowly, and finally an endotherm
at 334°C with two shoulders at 325 and 34Q was observed
just as the TG, DTG, and DTA thermograms showed. This also
showed that the second condensation to phase Il of NaPO
continued to the phase transformation of phase Il to phase I
of NaPQ around 340°C. Besides this, an exotherm at 528
was also observed which corresponded to the transformation
from phase Il to phase | of NaRO

Thermo-Raman SpectroscopyDuring the heating process,
three different species, R®, P,O/2~, and PQ-, appeared
successively. These had different characteristic bands and could

loss of 23.1%. The first dehydration extended in the temperature

range from 42 to 52C and showed a loss of 12.9 wt %

equivalent to 1.1 molecules of water. The second dehydration

(12) Partridge, E. P.; Hicks, V.; Smith, G. \§0.. Am. Chem. S0d941 63,
454—-466.
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be used for the identification of the composition and the phase
of the sample. Their Raman spectra are well-known, and a (=) H0 (b) po:' NeH,PO0,.2H,0
simple description is given as following: The phosphate ion
(PO27) is tetrahedral with a point groufy symmetry. Its four
internal modes are at 9384), 411 (), 1002 3), and 546
(v4).23 In crystal, the structure may undergo some distortion;
hence, the symmetry may be lowered, and bands may shift and
split. The broad band from 3100 to 3700 chis from the
stretching modes of #0. The diphosphate ion §B-27) with
C,, symmetry, composed of two BR@roups and of a nonlinear
P—O—P bridge, shows two strong bands at 1018 and 738'cm
The band at 1018 cm is assigned to the symmetric stretching
mode of PQ. The other distinct band at 738 crnis character-
ized as the symmetricPFO—P stretching mod&* On the other
hand, the metaphosphate ion PPlinked like a polymer,
which may have a straight chain or a cyclic ring with ®—P
and O-P—0 structure, showed strong bands at 1161, 672, 638,
537, and 374 cmt. The characteristic frequenciesiafP—O—
P) at 672 cm and ofvO—P—0) at 1161 cm? for the internal
vibration of PQ™ are distinct®

Dehydration. Sodium dihydrogen phosphate is mainly found
in the hydrated form as NalROy-2H,0 at room temperature.
However, NaHPO,-4H,0 was reported to be present-a20

Dehydration
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forms, NaBPQ;-2H,0 and NaHPQOs-H20, and an anhydrous . -1 ) -1
form, NaH,PO;, above room temperatuté. Raman shift/em Raman shift/em

NaH,PQy-2H,0 is orthorhombic at room temperature with a ZBQI(J'(IG ép&l;?g—)i?ggn?& SgggaHOé )l\lalPt()ja-$4Hozg (a'\} tﬁhrgrg)re}ture
— a ~2M20), a -H20), an a or
21??\IC:HE;O&?Zﬁzolpv%zlzz\ll\(lgﬂzi)eigﬂlzegé. I(r-]?acr)c/i?ftfar“ S:irugtu:ﬁj the first and second dehydration in (a) theCHregion from 3150 to
2~ v y y action a 3650 cnt! and in (b) the PG~ region from 300 to 1300 cr.

by neutron scattering by Bartl et #.The four oxygen atoms
are not equivalent, but the structural stability is achieved due
to the strong hydrogen bonding. The two acidic hydrogens of of anhydrous NakPQ, was reported as monoclinR2. with
the HPO,~ group form strong hydrogen bonds with the oxygen Zz = 821 This might be the reason for the complicated spectrum.
of the adjacent BPO,~, and the water molecules are weakly  Characteristic Spectra for Dehydration. The first 96 Raman
bounded in the structufé* This should be the reason for the  spectra from 25 to 126C in both the HO and PG regions
complicated spectrum of NaROy-2H,0 at room temperature  showed considerable variations for the two dehydration steps.
and for the first dehydration to occur at such a low temperature. The characteristic spectra of each intermediate species encoun-

NaH,PQOsH,O with an orthorhombic form crystallizes in  tered during dehydration in both of the regions from 3100 to
space groupna2; with Z = 4. NaH,POs-H,O shows two forms 3700 cntt and from 300 to 1300 cmnt are shown in Figure 2a
as pseudo-orthorhombic and monoclitié®NaH,POy-H,0 has and b, respectively, for Naf?O,2H,0 at 40°C, NaHPOy-
pairs of centrosymmetrical chains linked by sharing edges of H2O at 56°C, and NaHPQ, at 74°C. The band positions and
polyhedra. Straight single chains with polyhedra sharing two assignments are listed in Table 1.
edges in the pseudo-orthorhombic form and bent single chains First Dehydration. The room-temperature spectrum (same
with polyhedra sharing two vertexes in the monoclinic form as that at 40C) in the HO region showed a strong band at
were foundt® However, its spectrum was simple. 3574 cnt. Three strong, broad bands at 3450, 3402, and 3320

Anhydrous NaHPO, was obtained by heating NaPOjy cm~! were observed as the stretching bands gdHr'he Raman
2H,0 at about 90C 1° This work showed that all of the water ~ Spectra of solid NakPQ,-2H,O in HO region at room
was lost below 72C at a much lower temperature. The weakly temperature and well below room temperature were reported
bounded water molecules were released easily in the thermalPy Toupry et af® A strong band at 3575 cnhwas also observed

process, and the anhydrous form was obtained. The structurén this work and was assigned to the OH antisymmetric vibration
(vs mode) of one of the D molecules, of which the OH was

almost free of hydrogen bonding, followed Toupry et4l.

(13) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-

dination Compoundsath ed.; Wiley: New York, 1978. The spectral variations in the .8 region for the first
(14) Philip, D.; George, B. L.; Aruldhas, G. Raman Spectrosd.99Q dehydration in the temperature range from 40 to°&6were
21, 523-524. ; e ; ;
observed. With the rise in temperature, the intensity of the strong

(15) Attfield, J. P. InPhosphates: Solid State Chemistry, Encyclopedia of
Inorganic ChemistryKing, R. B., Ed.; Wiley & Sons: New York, band at 3574 cm' started to decrease at about 22 and

1994; Vol. 6. disappeared around SZ. The intensity of the band at 3450
Elﬁg Catti, M.; Ferraris,hGAcga Crystallogr.,hSect. B976 32, 31;9—363. cm ! was also decreasing. The bands at 3402 and 3320 cm
17) Toy, A. D. F. InPhosphorus, Comprehensi Inorganic Chemistry .

1st ed.; Trotman-Dickenson, A. F., Ed.; Pergamon: Oxford, 1973. dlsappeareod around 3Z. A new _band at 352(_) cm a_ppea_red
(18) Bartl, H.; Catti, M.; Ferraris, GActa Crystallogr., Sect. B976 32, around 48°C and showed an increase in intensity with an

987-994. increase in temperature. Only two bands at 3520 and 3450 cm

(19) Toupry-Krauzman, N.; Poulet, H.; Postollec, M. L& Raman ot
Spectrosc1979 8, 115-121. were distinct after 52C.
(20) Ferraris, G.; Jones, D. W.; Sowden, J. Ati. Accad. Sci. Torino
1974 108 507-527. (21) Catti, M.; Ferraris, GActa Crystallogr., Sect. B974 30, 1-6.
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Table 1. Raman Bands for Nag?Oy-2H,0, NaHPOy-H0,
NaH,PQ,, and NaH,P,0- NaH,PO +2”H,0
NaH,PO;-2H,0 NaH,PO;H,O NaH,PO, assign- NaH,P.0; assign- NaH, PO, .2H, 0
40°C 56°C 74°C ments 226°C  ments — : (a) TRI
3574s OH [
3520m 0.9 molecule
3450s 3450m bD I
3402s ™l N°H‘f° M0
3320m i
1169w 1169m 1176w
1126w
1077w 1.1 molecule
1018s  PQ ' l
990s 970s 1001s v3POS" ~
o N NeHro, |
910s 908s 9225 v, POS"
874s
738s  P-O-P (b) DTRI
550w J\\/
544w 544w 548w N \//W\’_
523w 524s 528w v, POS-
502w
482w v, POS~ 468w
411w 423w 423m 405w 52°C 72°C
397w hac
378w 380m
364m 42°C  5o°c88°C
ag-strong, m-medium, and w-weakReference 13¢ Reference 14. L . L 1
40 60 80 100 120
T ture/ °C
The corresponding changes observed in thg®P@gion in emperature

the first dehydration were distinct in the temperature range from Figure 3. (a) Thermo-Raman intensity (TRI) thermogram and (b)
40 to 56°C. During dehydration, the weak band at 1126ém differential thermo-Raman intensity (DTRI) thermogram for the stretch-
disappeared, and the intensity of the other weak band at 1169'"9 bands of HO during dehydration of NajPQ;2H,O in the
cm-1 gradually increased with the temperature. The strong bands €MPerature range from 25 to 120.

nd 943 cmt show r | r in intensi -
2:13 ?}I(i)s;p;?egr:d;rojng Hg.dAE:ISWaS;gd (:1(:(9:7(3(? (S:l?r% shovtveedS v the templerature rose to . S'”?"af'y’ th? We"’.‘k ban(_js at
up around 46C and replaced these bands at 990 and 943'cm 423 cnr” showed an increase In_intensity with a rise in
Two bands were observed at 544 and 523 tmhich merged temperature. The band at 380 thdlsappezired arpund 6&
to form a broad band at 524 crh A band at 482 cm* with a and was replaced by a band at 364 émThis second
broad shoulder was also observed but disappeared graduall)}jerlydrat'on was observed in the temperature range from 60 to
around 48°C. The bands at 411, 397, and 378 dmmombined 2 C‘_ . .
to form a distinct band at 380 crh and a weak shoulder at During der_lydr.atlon, j[he Pﬁ group was intact, however,
423 cnt! around 48°C. The spectral changes were distinctly the symmgtnc site varied while # was removed from the
evident in the temperature range from 42 to°&2as seen from crystal _Iattlc_:e. Thus, the spectra h_ad fo_ur groups _Of bands as
the characteristic spectra at 40 and &Bshown in Figure 2. shown in Figure 2b. The modifications in spectra in terms of

] . . the shift and the split in the bands were due to the presence of
The first dehydration was the transformation of NGy 2H,O . . . .
to N IHzPO4-I)-/| o onw I NEEY-2H, H2O. This was also observed in the earlier work in Gag
ola 20 L . H,0 CuSQ-5H;0,22 and CaS@2H;0.23
Second Dehydration.Spectral variations in the 4@ region 2= 2= 2=

. L Intensity Variation. The intensity (area) of the water bands
during the second dehydration in the temperature range from, ’
56 to 74°C were observed as shown in Figure 2a. At around " the range from 3300 to 3700 crhand in the temperature

60 °C. the broad bands at 3520 and 3450 —énstarted range from 25 to 120C is shown in Figure 3a. It is the thermo-
disapp’earing and became almost flat aroun8@2hich should Raman intensity (T.Rl) thermogram. The entire intensity was
be the background. This indicated that the remaining water Wasa33|gned to be equivalent to two molecules of water. The steep

lost in the second dehydration in the temperature range from slope in the TRI thermogram |nd|_cate_d the loss .Of a water
60 to 72°C, and NaHPO, was formed. molecule, and the stagnant stage implied that an intermediate

The spectral variations in this second dehydration in thg PO was formed. The TR the'rmogram showed two steep slopes and
region were distinct. The spectra observed at 56 antCrdre one stagnant stage which corresponded to the two steps of
shown in Figure 2b. The band at 1169 chshowed a gradual dehydration. A steep slope for the first dehydration was observed
decrease in intensity and shifted to 1176 @émwith the rise in n E)he temperature range f“’”? 421092, It revealed a loss of
temperature up to 72C. The strong broad band at 970 th 45% of intensity which is equivalent to 0.9 molecule of water.

showed a steady decrease in intensity froni®@nd vanished ;his: ;ﬁsgltgriin the fc()jrmation dOf N@HO“'HZO_ frc;]m Nak-
at 72 °C. Instead, two bands at 1077 and 1001 &mwere Qy-2H,0. The second steep decrease was in the temperature

range from 60 to 72C. It showed a loss of 55% of intensity
which is equivalent to 1.1 molecules of water, resulting in the
formation of anhydrous Nadf?Oy. After 74 °C, there was a slow,

observed and showed an increase in intensity with a rise in
temperature to 72C. The strong sharp band at 908 ¢
showed a gradual decrease from ®D until it disappeared at
72 °C and was replaced by two bands at 922 and 874'cm -

. . 22) Chang, H.; Huang, P. J. Chin. Chem. Sod 99§ 45, 59-66.
which started appearing around 80. The band at 524 cm Ezsg Chang, H.: Huang, P. J.: Hou, S. Klater. Chem. Phys1999 58,
dispersed into four bands at 559, 544, 528, and 502'cns 12-19.
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Table 2. Raman Bands for Various Phases of Sodium

- N&H2PO4.2H20 Metaphosphatés
w
b Condensation NaPQ (IIl) NaPQ (Il) NaPQ (1)
& Phases 320°C 370°C 560°C assignments
1165m 1165s 1161s P-0
1152m
1018w
735m
M 716w
{(f)560°C 694w
678w 676w 672m PO-P
638w 638m
537w 537w
380w 380w 374m

as-strong, m-medium, and w-wedkReference 15.

condensations, and Ma,P,O; and NaPQ@ were formed suc-
cessively at phase Ill. In Figure 4b, c, and d, the corresponding
characteristic spectra at 210, 226, and 320were for NaH-
PO, NaoH,P,0O7, and NaPQ@in phase lll, respectively, with a
small amount of NgH,P,O;. Three different phases of NaRO
were also observed in this study as phase lll, phase I, and phase
I. In Figure 4d, e, and f, their typical spectra at 320, 370, and
560°C, respectively, are also shown for these three phases. The

I i I | i band positions and assignments are tabulated as in Tables 1
1200 1000 800 500 400 and 2.

Raman shift/cm’1 Condensation. After dehydration, no change until 22T

Figure 4. Typical Raman spectra at (a) 7@ for NaF,POs, (b) 210 was o_bserved except the bandwidths increased as the temper-
°C for NaFbPO; before condensation, (¢) 22€ for NaQHzﬁ’ZOL ) ature increased. Thus, the bands at 559 and 528 wrare not
320°C for NaPQ phase IIl with a small amount of Ne,P,O;, (€) distinct around 210C. As a result, the bands at 544 and 502
370°C for NaPQ phase I, and (f) 560C for NaPQ phase I. cm! appeared as a doublet.

First Condensation (Formation of NaH2P>07). NaH,POy-
steady decrease in intensity as the temperature reach®&@d.90 2H,0, after dehydration to anhydrous N#s, condensed into
This steady decrease was due to the decrease of the backgrountNa,H,P,O; around 220°C in the first condensation process.

The derivative of the thermo-Raman intensity thermogram The spectral variations in the temperature range from 210 to
was also plotted in the temperature range from 25 to 20  226°C were observed and are represented by the characteristic
and is shown in Figure 3b. It is the differential thermo-Raman spectra at 210 and 26 as in Figure 4b and c, respectively.
intensity (DTRI) thermogram. The drops indicated the temper- With an increase in temperature, the band at 1001'shifted
ature ranges of the dehydration, and the dips revealed theto 1018 cnml. The two sharp, strong bands at 922 and 874%cm
temperatures for the maximum rate of dehydration. It showed showed a gradual decrease in intensity and disappeared around
two drops; the first one was from 42 to 3¢ with a dip at 48 224°C. A new band at 738 cnt was observed; it appeared at
°C and represented the first dehydration, and the second one212 °C and became stronger with an increase in temperature.
was from 60 to 72C with a dip at 68°C and represented the  The broad bands at 544, 502, 423, and 364 cobserved at
second dehydration. 210°C disappeared around 22G and were replaced by weak

The TRI and DTRI thermograms obtained are comparable bands at 548, 468, and 405 thnin this first condensation, the
to the TG, DTG, and DTA thermograms, respectively, in characteristic bands at 1018 and 738 émof P,O7*~ replaced
dehydration. The TG thermogram showed two steps of dehydra-the characteristic bands at 922 and 874 €for PO, This
tion similar to those observed in the TRI thermogram, indicating Was the first condensation in the temperature range from 212
the loss of one KD molecule in each step. The endotherms at to 224°C and resulted in the formation of htdP,O7 in the
44 and 68°C observed in the DTA thermogram and the dips at expenses of NajPOy.

44 and 72°C observed in the DTG thermogram were in close  Second Condensation (Formation of NaPg). The spectral
agreement with those observed in the DTRI thermogram at 48 variations observed in the second condensation process in the
and 68°C. This supported the idea that the dehydration was in temperature range from 260 to 36Q are represented by the
two steps. characteristic spectra at 226, 320, and 3Z@&s shown in Figure

Characteristic Spectra for Condensationsln the dynamic 4c, d, and e, respectively. The spectra observed in this
thermal process of NaiOy-2H,O from 25 to 600°C, four temperature range were weak. At 28D, a band at 1165 cm
composition changes in dehydration and condensation and twowas observed which showed a gradual increase in intensity as
phase transformations of NaR@®@ccurred. NakPOy:2H,0, the temperature rose to 316. The broad band of NBE,P,O7
NaH,POs-H,O, and NaHPQO, were encountered during the at 1018 cn! observed around 268C showed a decrease in
dehydration and are shown in Figure 2. The typical spectra of intensity when the temperature reached 3C6 Similarly, the
the different species in the range from 300 to 1300 t@re band at 738 cm! showed a decrease in intensity with some
presented in Figure 4. Between 74 and 20) the spectra of broadening. Two weak bands at 678 and 380 temerged
NaH,PO, showed some broadening due to an increase in the around 260°C and gradually became distinct as the temperature
temperature as shown in Figure 4a and b for the spectra obtainedose to 316°C. The characteristic bands at 1018 and 738tm
at 74 and 210C, respectively. NapPO, then experienced two  for P,O;*~ became very weak but still persisted, indicating the

Relative Intensity

(a)74°c
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presence of traces of Md,P,0;. This showed that the their configuration of a six-membered rif$.Pascal had
condensation was a prolonged process. Those bands disappeareéddicated the presence of at least six different crystalline forms
completely around 360C, and the intensity of the bands at of NaPQ, but very little is known about the’?.According to
1165 and 735 cmt representing P increased gradually  the X-ray studies by BoulléS only two patterns indicating two
during this condensation. However, the condensation of phases were observed, and the third phase was assigned from
NaH,P,O; to NaPQ was observed in the temperature range some peculiar observations in the X-ray pattern. He assigned
from 260 to 360°C. the phases to be'AB, and A. Thermal studies done by Partrige

It was reported that Nél,P,O7 is prepared by heating NaH et all? using differential thermal analysis could get only two
PO;-2H,0 at 210°C for 12 h17 This temperature, 216C, is distinct phases of NaPOHowever, in the X-ray diffraction
lower than our observation, but maintaining it for 12 h can studies, they observed three X-ray patterns revealing three forms
ensure the formation of NH,P,O;. Similarly, NaPQ was of NaPQ, namely phase Ill, phase I, and phase I. These were
formed by heating NapPO,-H,O at 275°C for 18 h as reported ~ in agreement with the one observed by Bodllén this work
by Partridge et al2 and is also at a lower temperature than our 100, three different spectra were recorded for phase Ill, phase
observation; hence, a long heating time is needed to completell, and phase I.
the condensation. However, no study was reported to follow During condensation, the spectrum changed completely as

the condensation processes after the dehydration obR@H the composition of each species, ;NaP,O7, NaPQ phase llI,
2H,0. NaPQ phase Il, and NaP{phase | in Figure 4c, d, e, and f,
Phase Transformation of Metaphosphate (NaP@). The respectively, was different. The band intensities observed
NaPQ that formed after condensation was in phasé3Two became weak due to the reorganization of the atoms and the
phase transformations of NaP@ere observed in the ranges change in the crystal structure during condensation. The spectra
from 325 to 360°C and from 490 to 520C. for the three phases of NaR@ere similar with only a little

shift in the band positions because in the phase transformations
only minor changes occurred in the lattice structure. This, in
turn, might contribute to very little changes in the intramolecular
0vibrations.

Phase Transformation from Phase Il to Phase Il of
NaPOs. The spectral variations in the temperature range from
320 to 370°C for the transformation from phase Il to phase Il
of NaPQ were observed, and the characteristic spectra at 32
and 370°C are as shown in Figure 4d and e, respectively. The
sharp band at 1165 crhshowed an increase in intensity with
the development of a shoulder at 1152 émvhich appeared In this work, the thermal properties of NaPOy2H,0 were
like a doublet as the temperature approached’8d he weak, studied and were monitored by thermo-Raman spectroscopy in
broad bands at 1018 and 738 thof Na;H,P,O; gradually the temperature range from 25 to 60C. It experienced
disappeared as the temperature rose to°80 he shoulder at  dehydration, condensation, and phase transformations as the
716 cn! to the band at 738 cm appeared as a weak band temperature was increasing. Below 210 the thermo-Raman
around 360°C. The weak band at 678 cthobserved around  spectra showed the characteristic spectrum ofP@ith four
320 °C further developed into a doublet at 694 and 676 tm  groups of bands around 9224, 423 (2), 1001 {3), and 544
and into a weak band at 638 cfa A new band at 537 cni (v4). These bands shifted and split during the removal gdH
appeared around 32% and showed an increase in intensity in dehydration. However, spectral variations were detected for
with a rise in temperature. Similarly, the band at 380 ¢miso two steps of dehydration, resulting in the formation of NaH
showed an increase in intensity. This indicated the transforma-PO,H,O and NaHPO, as constitutional species from NgH
tion from phase Ill to phase Il of NaRQOn the temperature ~ POy:2H,O. The TRI thermogram based on the intensity of the
range from 325 to 360C. However, traces of N&l,P,O7 that stretching modes of $#0 showed two steps of dehydration in
were present vanished around 3@€0 Phase Il might have two  the corresponding temperature ranges from 42 t¢G2and
kinds of symmetry sites for NaRecause the band at 1152 from 60 to 72°C, respectively. The DTRI thermogram indicated
cm! appeared as a doublet, and many weak bands werethe maximum rates of dehydration were at 48 and©8
visualized around 676 cm. The change in thermo-Raman spectra from®P @ P,O*~

Phase Transformation from Phase Il to Phase | of NaP@ in the temperature range from 210 to 28, characterized by
The spectral variations in the temperature range from 480 to the bands at 1018 and 738 chof P,O7*~, was observed. This
530°C for the transformation from phase Il to phase | of NgPO indicated the formation of N&l,P,O; at 220°C in the first
were observed. The characteristic spectrum of phase | at 560condensation process from NgO,. At a higher temperature,
°C is shown in Figure 4f. At 490C, the band at 1165 cm about 260°C, the second condensation process initiated and
with a shoulder at 1152 cm merged to form a sharp band at resulted in NaP© formation with the appearance of the
1161 cnt! as the temperature rose to 520. The doublet at characteristic bands of ROat 1165 and 678 cnt at the cost
694 and 676 cmt gradually developed into a singlet at 672 of bands for RO7*~. The condensation overlapped with the
cm 1. The weak adjacent bands at 638 and 537 ‘cahowed phase transformation from phase Il to phase Il. Further, with
an increase in intensity and became distinct. The broad band a rise in temperature, another phase transformation of NaPO
380 cnt shifted to 374 cm! as the temperature rose to 520 from phase Il to phase | was also observed at 5T5 The
°C. This showed the transformation from phase Il to phase | of spectrum revealed only minor shifts of the band positions during
NaPQ. It was observed in the temperature range from 490 to the phase transformation as the intramolecular vibrations
520 °C. The singlet which developed at 1161 thmight changed.
indicate only one symmetric site for phase | of NaPO The TG and DTG thermograms also showed two steps of

The thermal properties of NaR@rmed on condensation of ~ dehydration in the temperature range which corresponded to
NaH,P,O; are interesting because NapP&ppeared in many

; _ ; ; i ; (24) Ondik, H. M.Acta Crystallogr.1965 18, 226-232.
different forms3 X-ray diffraction studies by Ondik reported (25) Pascal, PBUI. Soc. Chim1924 35, 11311141,

the crystal structure of sodium trimetaphosphate;fiag) with (26) Boulle, A.Compt. Rend1935 200, 658—660.
space groug?mcn They observed that thes®y3~ anion had (27) Boulle, A.Compt. Rend1935 200, 832-834.

Conclusion
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the two steps observed in the thermo-Raman study with the 334 °C and one phase transformation of NaP& 528 °C,
weight losses of 12.9 and 10.2% in correspondence to TRI andrespectively. Yet the condensation and the transformation from
DTRI. The DTA thermogram also showed two endotherms at phase Ill and phase Il of NaRQvere not clearly resolved.
44 and 68°C. TG and DTG thermograms detected two Earlier, only an X-ray diffraction study could observe the three
condensation steps in the temperature range from 190 to 210forms of NaPQ which are clearly visible in the thermo-Raman
°C and from 260 to 360C, respectively, with a loss of 5.6 wt  study.

% observed for each. The DTA showed endotherms corre-
sponding to the first condensation process at ZD&nd at 278, . . ) .
325, and 343C for the second condensation (with a possible (S)(l:ga)nce Council of the Republic of China (NSC-89-2113-M007-
first phase transformation of NaR@round 344°C) but could '

not detect the other. The DSC showed endotherms at 200 andC010043wW
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