
SpwtmhhlmActu.VoL 81A.pp.800 to816. psrOamonRws1076. PrintedtnITorthwnM~d 

Infmed speotmm of whewellite 

I.PET~OV~WD B.io-mov 
Hemiski inetitut, Prirodno-m&em&i&i f&&et, Skopje, Yugoslavia 

(&x&i 8 October 1973) 

Al&r&-The infrared speotre of whewellite (celoium oxalete monohydrete), CaC,04*HI0 and 
its deutereted analogue have been reoorded (4000-300 om-l) end an empirical aeeignment of the 
observed bends is given. The most striking fecture of the inveatigeted epeotre is the appeerence 
of five bands in the OH stretching region whioh are interpreted (after one of them haa been 
aeeigned to an overtone reinforoed by Fermi resonance) as due to the vibrations of four die- 
similar hydrogen-bounded OH groupe of two kinda of wster moleoulee. Peirs of bsnda ere 
observed for ea.oh water libmtional mode, thus oon6rming the existenae of two non-equivalent 
types of weter molecules in the unit oell of whewellite. Not all oxalete vibrations oould be 
assigned with aerteinty. 

INTR~DTJCTI~N 

DESPITIU the faot that calcium oxalate monohydrate, CaC,04*H,0 is one of the 
most common analytical precipitates, is frequently found in plants [l-3], urinary 
calculi (cf. e.g. [4-S] and the references given therein) and other biologiaal objects 
and, even, as a mineral deposit [7-lo] (the mineral is called whewellite), its Mared 
spectrum has received surprisingly little attention. DoUVILtBl et aZ. [l l] have 
reported the infrared ape&rum of solid oalcium oxalate (the water oontent is not 
given) and have made some assignments. Although their fkequenoies ooincide only 
roughly to ours and some of them aould not be confirmed by us, it is apparent that 
the species they have examined was indeed CaC,O,-H,O. SOH~WPLZ et al. [12] also 
listed the fiequencties of the main bands observed in crystalline CaC,O,.H,O and 
gave explicit assignments only for the three of the moat prominent bands, although 
some additional bands oould be interpreted on the basis of their proposed assign- 
ment (based on a normal coordinate treatment) of the vibrations of the “free” 
oxalate ion. FBEEBEIW et al. [l3], in connection with their study of the kinetics of 
the calcium oxalate pyrolisis, list the frequendes of the bands in the CaC,O,*H,O 

[I] J. LEoomm, T. POBEGUIN end J. WYART, Phy8. Rad. 6,22 (1945). 
[Z] L. Wa~~ea-Lnv and R. STIL~USS, U. R. AC&. ,9&i. m,l671 (1962). 
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[4] K. LONSDU, iVabzKc, M. 217,56 (1968). 
[a] K. STOJ~OVA, I. Pzrnov and B. SO-tiov, ilfok. Med. PregkcZ 24,71(1969). 
[S] K. LONSDAZE end D. J. Snn>a, Kt-ktaZbgrajlya 16.1210 (1971). 
[7] W. T. Pnoa~a end J. H. K&x?& Amer. il&wraZ. 89,208 (1954). 
[S] A. J. Clung 3rd, E. J. YOUNG, V. C. I(zcmmy end I. B. R-Y, Amer. iKineraZ. 4!5, 1257 

(1960). 
[9] C. HYDE end R. A. L-Y, Am. MhemZogtit, 51,228 (1966). 
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[ 1 I] F. DO-, C. DWU and J. Lnoom, BUZZ. Sot. Chim. Fr. 9,548 (1942). 
[IZ] 116. J. S-, T. EIYAUWA, 8. I. Mrzua-, T. J. Lm and J. V. @JAUmAXO, &e&o- 

&h. Acfa 9,61 (1967). 
[13] F. E. ~?~EEBE~G, K. 0. Uw, I. C. HI~AT~UNA end J. M. Sonuxrv, J. Phye. Chem. n, 

397 (1967). 
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spectrum and assign most of them, but do not discuss the spectrum in detail and 
leave several bands without interpretation. STOJUOVA 

[14-161 was a further reason to undertake the present investigation. 

EXPEBIBXENTAL 

Calcium oxalate monohydrate was prepared by the standard analytioal 
prooedure [ 173. Partially deuterated samples were prepared similarily, except that 
D,O solutions were used throughout. The infrared spectra were recorded of KBr 
pellets on a Perkin-Elmer 621 infrared spectrophotometer. 

RESUZTS AND DISCUSSION 

The infrared spectra of protonated and partially deuterated calcium oxalate 
monohydrate are presented in Fig. 1. The frequencies of the observed bands, 
together with a qualitative estimate of their intensities and a tentative assignment 
are given in Table 1. 

Calcium oxalate monohydrate crystalizes in the monoalinio system, its spaoe 
group being variously referred to as either P2,/c [a, 18, IS] or P2Jn [lo, 201. The 

WAVELENGTH ( MICRONS 1 

FREQUENCY ( C ,.i’) 

Fig. 1. Infmred spectra of CeC,O,*H,O and ita pmtblly deutcmted asalogue. 

[Ia] I. PE~OV, B. ~~OPTRAJ~OV, N. FUSON and J. R. LAWSON, Spectrochim. Acta %A, 2637 

[lb] !!‘gkov, B. BOPTRAJ~OV and N. FUSON, 2. Anmg. AEZgem. Chem. 868,178 (1968). 
[lf3] B. ~OPTRAJANOV md I. PETROV, Bull. Sci. Coneeil Acud. Sci. RSP Yougoelavie, Sect. A 23, 

242 (1967). 
[ 173 A. I. VOQEL, Quadtative Inwgank Analysis, Longmam BE Green, London (1963). 
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Table 1. Infrared spectrum of calcium ox&&e monohydrate and calcium oxalate 
monodeuterate 

C80,0,*~0~ CaC,O,*D,O* Approximate description” 

3496 ma 2610 m v(OH) 
3440 me 2660 m 
3340 ms 2426 m ;g:; 
3260 m 2390 w ti(HOH) 
3060 ma 2290 m v(OH) 

1846 sh (1) 1208 w 8(HOH) 
1620 w 1610 vs ve(ox) : VdCO,) 
1483 vvw 

~1460 vr 
v,(ox) (?): v&O,) end 

1460 vvw &HOD) 
1330 sh 1386 ah VI(OXI ( 7) : va(CO,) 
1366 sh -1370 f&l and/or oombinationa 
1316 v8 1317 vs v&x): v.W,) 

943 w ~670 eh 
880 w ~620 sb vg’ (H,O) 

782 II 
766 ala 

782 vs vl*(os): 6(000) 

666 m 660 all V~Ywa 
626 sh ~630 m va(ox): w(aoJ 
600 sh A96 ala V&“(%O) 
613 B 612 B v,(ox): o(C0,) 

-460 ah ~446 eh 
416 ah ~416 ah v,(ox) (7): b(OC0) 

~300 ah ~300 sh v&x): p(CO,); v,(ox): 
Neil0 ma (?) -280 ma ( ?) /SO,) end/or VW-&~) 

n w-we& m-medium, e-ntrong, v-very, sh-&ouldez. b ~-&et.&ing, &--in-plane 
bending, tw-weg2ing. p-sookine; ox4xalatm bend; vs -water libration band; a-qmmetrio. 
-t@mmetrio. 

crystal structure of whewellite has been determined in some detail only by Cocco 
(181 and retied by Cocuo and SABPLLI [19]. The accuracy of their data has been 
questioned [ 2 I], however. 

Aocording to COCCO’B investigations [18, 191 in the structure of whewellite 
there are two types of crystallographically non-equivalent typea of oxalate ions, 
one approxim&ng the ideal, D, symmetry of the free oxctlate ions, the other 
having symmetry lower than that (close to C,, according to STEBLIN~ [21]). In fact, 
the sites occupied by both types of oxalate ions in the struoture of whewellite have 
only the trivial 0, symmetry, so that, strictly speaking, sll 12 vibrations of the 
ox&&e ion, which, under the D m symmetry are of the following species*: 
38, + 8, + 2B1, + B1, + B,, + 2B,, + 2BsU, should become active for both 

* Using Her&erg’s [22] choice of &x88. If the plane of the molecule is taken ea p (the z axis 
ooiuoiding with the c--C line) the distribution becomes 3A, + A, $ B, f 2Bl, + 2B4,, $ 
+ 2B, + B,,. 
[18] G. Coooo, Att% Acad. Naz. Lincei, Rend. Ckwae Sob. Ph. Mot. Nat. 21,292 (1901). 
1191 G. Coooo and C. SABELLI, Atti Sot. Totw.una Sci. Nat. P&a, Proo. Verbali it&n., Ser. A, 60, 

289 (1962). 
1201 W. Ho-, Fort&r. Mineml. 39, 346 (1961). 
121-J c. s- a, Acta Cryidlogr. 18,917 (1966). 
[22] G. EERZBEBQ, Moleoulur Spectra and Mokcukw Shrroburc. II. Infmmi and Raman S&w&m 

of Polyatumio Molecules, Van Nostrand, Princeton, N.J. (1966). 
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types of oxalate ions (only the B1, (v,), Bau 

D, symmetry is expected to be, in general, low. Furthermore the mutual-exclusion 
principle, valid strictly for the idealized ion, should probably still hold approxi- 
mately and relatively strong Raman lines should correspond to the weakest 
infrared bands. Owing to the fact that there are eight formula units of whewellite 
per unit cell (whose faotor group is C,), each of the vibrations should be further 
split to eight components, two of each A,, A,, .23, and B, (only the ungerade 
vibrations being infrared active) as a result of the correlation-field splitting 
effects. 

According to Couao [18,19] in the unit cell of whewellite there are also two 
types of non-equivalent water molecules, denoted HBO(l) and Hg0(2), both of 
which have one shorter and one significantly longer 0 l . l 0 contaot. The 
corresponding values are 2.67 and 3.22 A for H,O(l) and 2.64 and 3.36 A for 
H,0(2) [19]. As with the case of the oxalate ions, the sites of both types of H,O 
molecules are of C1 symmetry, so that, in principle, not only all internal vibrations, 
but also those of rotational origin (librations) could be expeoted to appear in the 
investigated by us speotral region. The fact that both the geometry and the 
environment of the two types of water mole&es are somewhat different, at least 
two bands corresponding to each of the vibrational modes (internal or external} 
could be expected to appear in the spectrum (the same is, of course, true for the 
oxalate modes as well) and the correlation-field splitting could further increase 
the number of bands. 

The comparison of the speotra of the protonated and deuterated compounds 
permits, in general, a clear-cut differentiation between the bands due to vibrations 
of the oxalate ions and those originating from motions of the water molecules and 
they will be disoussed in the above order. 

Oxakzte vibraiona 

As mentioned before, despite the low site symmetry of the oxalate ions, the 
most prominent bands in the spectrum should still be due to the i.r. active under 
the D, symmetry modes Y,, yo, Ye, vll and ylg. Of these, the COP rocking mode 
Y,, could possibly fall beyond the region accessible to our instrument, whereas the 
bands at 1620,1316 and 782 cm-l undoubtedly correspond to Y s (antisymmetrio CO 4 
stretching), yll (symmetrio CO, stretching) and ylB (in-plane deformation) modes, 
as already pointed out by SUHMELZ et aZ. [ 121. FBEEBERG et d. [13] assign the last 
of the above modes to a CO, wagging mode (probably Y,), placing the in-plane 
bending mode at around 610 om-l, contrary to most reoent investigators, e.g. 
Tom et al. [23] or FTJKUSHIXA [24, 251 both of whioh, in the ease of K,CBOI*H,O, 
explain their band at around 620 cm-l as due to the Cot wagging mode, an 

[23] V. S. TOW, H. C. BIST and D. P. KEANDELWAL, Appl. Spebouo. 94,598 (1970). 
[24] K. Fmcmsinu, Bull. Ckm. Sot. Japan 4&39 (1970). 
[26-j K. Fuxusm, BUZZ. Clwm. 800. Japm 43, 1313 (1970). 
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assignment which seems more plausible, since it is supported by a normal co- 
ordinate treatment [26]. Our 613 cm -1 band is, consequently, assigned to the 
v,, CO, wagging mode. The remaining mode, infrared active under the D, sym- 
metry, vU (a CO, rocking mode, as mentioned before) was placed around 222 cm-1 
by S~HMELZ et al. [12], around 296 cm- l by MTJRATA and KAWAI [26] and, for the 
case of K,C,04-H,O, at 363 cm-l by TOMAE et ccl. [23]. The only band which 
could be due to this is found, in our spectra, just below 300 cm-l. The 
bands in this region, however, are rather because of the strong ab- 
sorption of light by the atmospheric water vapour and, another CO, 
rocking mode ( VJ as well as the M-0, stretching 

difficult to be certain about either the 
exact location of the band maximum or its unequivocal interpretation. 

remaining seven frequencies, symmetry, 
are somewhat more diikult to assign since, as pointed out earlier, the rather small 
physical distortion vibrations only 
slightly i.r. active and the corresponding 

spectrum. 
Of these modes, vI (another antisymmetric 

vibration, if visible at all, would participate, as pointed out earlier-in 
discussing the origin of the band below 300 cm-l, in the formation of this band. 
The inactive (both in the infrared and Raman spectra) v, vibration (an essentially 
C-C torsion, using here and throughout the description of SOEMELZ et &. [12]) ie 

probably undetectable in our spectra too. Thus, in fact, only four frequencies 
should be located in the 1600400 cm-l region. One of these corresponds, 
almost certainly, to the band which is seen only as a shoulder in the spectrum of 
the protonated compound (at around 630 cm-f) but appears as a medium and well 
defined band in the spectrum of the deuterated analogue, after the neighbouring 
bands (due to water librations) have been shifted downwards.* Neither SCIHWEZ, 
et aZ. [12] nor MURATA and KAWAI [26] give a calculated frequency in this region 
but TOMB et al. [23] have assigned a band at 612 cm-i in their K,CIO,-H,O 
spectrum to the COB wagging, v8 vibration and our 030 cm-l band is probably due 
to the same mode. 

The assignment of the three remaining frequencies: v1 (a symmetric CO, 
stretching), vI (a C-C stretching) and vs (an in-plane deformation) would have 
been greatly facilitated if Raman spectra of solid whewellite were in hand, since 
all three of these modes are of the A, species and would, therefore, be expected to 
give rise to relatively strong Raman lines. In the absence of such spectra, however, 
one should rely on the published Raman spectra of oxalafe ions in solutions 
(e.g. [27, 281) and the assignments made for other solid oxalates (e.g. [23-261). 

* In fact, in this region of the spectrum of the deuterated compound the crpvoe of the 
other two D,O libr&,ional bands (vide in&) is expected. However the low inteneity of their 
counterpctrta in the spectrcm of the protonat& compound (where they are loe&ed around 943 
and 880 cm-l) euggesta that the 630 cm- 1 band cssn not be made up entirely of them. 
[26] H. MTJMTA end K. KAWAI, J. Chum. P?y8.26,689 (1966). 
[27] K. IT0 and H. J. BIRNBTEIN, clan. J. Uhem. 84,170 (1966). 
[28] a. M. BEGUN and W. H. PWETOKIFB, Spectroch&m. Acta 19, 1343 (1963). 
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On the basis of the published data, one would expect to flnd these modes around 
1490, 900 and 460 cm-l respectively. An extremely weak band seems to be 
indeed present around 460 cm-l and if so it should correspond to the vg mode. 
The va mode could not be located even tentatively: in the region where it is 
expected to appear the two already mentioned weak bands, due to water librations, 
are present and the incomplete deuteration still leaves some traces of them in the 
spectrum of the deuterated compound. Thus it is not clear whether or not a weak 
band, corresponding to the vt mode, is also present around 900 cm-l. As for the 
assignment of the v1 mode two possibilities exist. One is to assign to this mode 
the very weak band observed around 1450 cm-l in the spectra of both the pro- 
tonated and the deuterated compound (particularly clearly in the latter case), 
while the other is to locate this mode somewhat lower, around 1380-1360 cm-l 
where, on the high-frequency side of the 1320 cm-f band, two weak bands are 
observed, only one of which could be interpreted as binary combination. The 
latter alternative seems more attractive since this would also explain the ap- 
pearance of two distinct, almost equally intense, bands in the same region of the 
spectra of some MC,O,.BH,O type compounds (M is a divalent transition metal 
or Mg) [29]. Furthermore, the band, clearly visible in the spectrum of the deuter- 
ated compound may not be identical with the one obsemed in the spectrum of the 
protonated analogue, since the deformation HOD frequency is expected to appear 
in exactly the same region. It is, of course, possible that more than one band is 
observed in the 1400-1300 cm-1 region as a result of the existence of two types of 
oxalate ions in the unit cell and the fact that it contains four ions of each type. 
This latter interpretation would then be in line with the existence of a olearly 
visible shoulder at the low-frequency side of the 780 cm-1 band (whioh, however, 
is not notioeable in the spectrum of the deuterated compound, as discussed below) 
and the fact that the low-frequency side of the 620 cm-1 band is also broadened, 
although no clearly resolved band or shoulder could be observed. As mentioned 
before, the analysis of the Raman spectra would help to clear up these points. 

Water vibrations 

The bands shifted on deuteration must be, in one way or other, related to 
vibrations (internal and external) of the water molecules. Of these, the easiest to 
notice is the complex of at least five bands found, in the spectrum of the pro- 
tonated compound, between 3500 and 3000 cm-l and shifted, on deuteration, to 
the 260&2200 om-1 region. The appearance of five bands in the OH stretohing 
region is rather unexpected. One would, namely, expect to i?nd four, rather than 
five, bands (possibly split further as a result of correlation-field-splitting effects) 
if, as suggested by SEIDL et al. [30] or HOLZBE~HE~ et al. [31], each non-equivalent 
OH group of crystalline water gives rise to a distinct OH stretching band. Since 
both types of water moleoules have one of their OH groups involved in a muoh 

[29] I. PETROV, B. SOPTRAJANOV and P. Naw~, (to be published). 
[30] V. SEIDL, 0. KNOP and M. FALK, Can. J. Oh. 47,1361 (1969). 
1311 M. HOLZBECXIEB, 0. KNOP end M. FAIX, Om. J. Ohem. 4s. 1413 (1971). 
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stronger hydrogen bond than the other [19], four bands are expected to appear- 
the ones lying highest and lowest corresponding to vibrations of H,0(2) and the 
intermediate ones to vibrations of H*O(lf. The situation is greatly simplified, 
however, if one considers the weakest of the five bands (that at around 3250 cm-l) 
as arising from the overtone of the HOH bending mode reinforced by Fermi 
resonance with one of the neighbouring fundamental bands (it is difficult to 
decide which one, since the fundamental HOH bending band is hidden under the 
intense oxalate band at around 1620 cm-l). The whewellite spectrum would then 
serve as an independent experimental confirmation of the essential correctness 
of Cocco’s determination of the geometry of the two types of water molecules 
[IS, 191 as well as another example of the applicability of the interpretation of the 
OH stretching region in the spectra of crystallohydrates to predicting the number 
and the approximate geometry of different types of water mole&es (or, maybe 
more correctly, of types of environments around the water molecules), as suggested 
by Falk and his collaborators 130, 311. 

As mentioned earlier, the exact location of the HOH deformation mode (or 
modes) is not known. The fact that, in the spectrum of the deuterated compound, 
only one DOD deformation frequency appears (as s, rather sharp band around 
1210 cm-l) suggests that, despite the differences in the geometry and environment 
of the two types of water molecules, only one HOH deformation frequency exists 
too. It should be mentioned, however, that a part of the very weak band around 
1480 cm-l seems also to disappear on deuteration, but this, as already discussed, 
may simply be a consequence of the fact that the HOD deformation band has 
appeared in the same region and the very weak bands, observed in the spectrum 
of the proton&d compound, are hidden under this band. 

In the region below 1000 cm-l several bands are sensitive to deuteration, 
some of which have been slready mentioned. Thus two weak bands, at around 
943 and 880 cm-l, as well as the intense band at 666 cm-1 and the shoulder at 
around 600 cm-l are clearly shifted to lower frequencies and are, thus, charac- 
terized as due to water librations. It is, however, difficult to decide which libra- 
tional mode (rocking, wagging or, possibly, twisting) is responsible for a given pair 
of bands (the appearance of two bends corresponding to a given mode is, of course, 
consistent with the existence of two types of water molecules in the unit cell) and 
also which bands should be assigned to librations of HaO(l) and which to those 
of Hz0(2). 

Some additional changes in the spectra, are noticed on deuteretion. Of these, 
one has already been mentioned: the s,pparent disappearance of the bands at 
around 1480 cm-l, which, however, may not be red but due to the appearance of 
the HOD bending vibration. The other such change has also been mentioned 
briefly. Namely, whereas in the spectrum of the protonated compound there is a 
olearly visible shoulder at 765 cm-l, in the spectrum of the deuterated compound 
the 782 cm-1 band is almost symmetrical and no shoulder is visible on its low- 
frequency side. The region where the 765 cm -1 band would be shifted if it were due 
to some kind of water libration (around 560 cm-l) contains a complex feature 
composed of the Y, oxalate band and the D,O librational bands (shifted here from 
the 660-600 cm-l region), so that it is difficult to decide whether or not an 
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additional band is present here also. It is quite possible, however, that the bands 
at around 782 and 766 cm-1 originate from the same type of vibration of the 
two different types of oxalate ions or are, even, due to correlation-field splitting. 
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