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Alphabet--The infrared spectra of anhydrous dicalcium phosphate (DCPA), CaHPO 4 and di- 
calcium phosphate dihydrate (DCPD), CaHPO4.2H~O and of their deuterated analogues have 
been studied between 4000 and 300 em -1. The observed bands were assigned to modes which 
are, predominantly, P--O vibrations, to O--H vibrations of the H P 0  4 group and to motions of 
the water molecules (in DCPD only). Distribution of the acidic hydrogen is thought to take 
place in DCPA but not in DCPD. Two distinct types of water molecules were found in the unit 
cell of DCPD. 

INTRODUCTIOI~ 

ANHYDROUS dicalcium phospha te  (moneti te) ,  CaH P O  4 and  dicalcium phospha te  
d ihydra t e  (brushite),  CaHPO4.2H~O have  been s tudied ra the r  extens ively  b y  X - r a y  
techniques  [1-4] b y  which the  crystal  s t ruc ture  of  bo th  compounds  was established. 

The  infra-red and  R a m a n  spectra  of  orthophosphates (mainly alkaline) have  also 
been s tudied b y  m a n y  authors ,  t h e m o s t  complete  being the  studies b y  RYsKr~ and  
STAVITSKAYA [5] and  b y  Cm~PMAN and  TN ~ aLWELL [6]. I n  the i r  extensive paper  o n t h e  
infra-red spectra  of  inorganic ions, M~.T.~R et al. [7] have  given the  spec t rum and  
repor ted  the  frequencies of  the  absorp t ion  bands  o f  CaHPO4-2H~O in the  region 
be tween 700 and  300 cm -1, bu t  this  spect rum,  according to  our  results,  does no t  
belong to  dicalcium phospha te  d ihydra t e  (DCPD),  b u t  r a t h e r  to  the  anhydrous  
dicalcium phospha te  (DCPA). LECOMTE, BOULL]~ and  the i r  co-workers have  s tudied 
D C P D  b y  combined dehydra t ion ,  rehydra t ion ,  infra-red and  N MR techniques  [8-10], 
b u t  the i r  inf ra- red  spectra  are l imited to  only  cer ta in  spectral  regions (3600-2600 
cm -1 and,  approx imate ly ,  700-600 cm-1). 

We therefore  inves t iga ted  the  infra-red spectra  of  D CP A  and  D C P D  in the  ent i re  
region be tween  4000 and  300 cm -1 and  are, to  the  best  of  our  knowledge, the  first 
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to report the spectra of the deuterated analogues of DCPA and DCPD, CaDP04 and 
CaDPO4.2D~O respectively. 

EXPERIMENTAL 

Well-developed crystals of dicalcium phosphate dihydrate and its deuteratcd 
analogue were prepared by  gradually adding solution of ammonium hydroxide to an 
equimolar mixture of CaC12 and NH~H~PO4, as described in detail elsewhere [11]. 

Anhydrous dicalcium phosphate was prepared from Ca(N03) ~ and NH4H~PO 4 
at pH 3 and 83°C by  the method given by  SMITH et a~. [12] and also by  dehydration 
in vacuo at 180--200°C of the hydrous salt. The same procedures were used to prepare 
the deuterated analogue. The infra-red spectra of the samples prepared by  the two 
methods showed no difference. 

The infra-red spectra were recorded on a Perkin-Elmer 521 and a Beckman I R  12 
spectrophotometers, using KBr  and/or CsI pressed discs. In order to eliminate the 
influence of water content in the matrix material, a duplicate pellet of KBr  or CsI 
was placed in the reference beam. Spectra of mulls in Nujol and hexachlor0butadiene 
were also run of all the compounds under investigation and it was found that  the 
spectra obtained by  the two techniques were identical. A low-temperature cell, 
cooled with liquid nitrogen and with AgC1 windows was used to record the low- 
temperature spectra. 

RESULTS AND DISCUSSION 

The spectra of DCPA and DCPA-d are shown in Fig. 1 and those of DCPD 
and DCPD-d 3 in Fig. 2. The frequencies of the infra-red bands, an estimation of 
their intensity and their assignments are given in Table 1 (for DCPA) and Table 2 
(for DCPD). 

1. 4000-1600 em -1 region 

: Three bands in the region above 1600 cm -I in the spectrum of CaHPOa shift 
considerably on deuteration (cf. Fig. 1 and Table 1). These are the broad band with 
a shoulder (this shoulder becomes a separate band in the low-temperature spectrum) 
around 3200 and a maximum around 2820 cm -1 and the broad band centered around 
2400 cm -1. Of these, the frequencies of 2820 and 2400 em -1 clearly correspond to 
the bands reported b y  JONES and CRUICKSHANH [3] at 2784 and 2403 cm -1, whereas 
the band around 3200 cm -1 may  not be identical with the shoulder these authors 
report to have found around 3000 cm -1 and which we were unable to detect even 
when the DCPA concentration in the pellet was quite high. An additional band, 
found, in the spectrum of DCPA around 1650 cm -1, seems to be shifted slightly 
upwards in the spectrum of DCPA-d, thus demonstrating no clear relation to a 
motion in which hydrogen atoms would be involved. This band is probably a 
combination of P - - O  vibrations with possible influence of the OH groups. A similar 
band is found in the spectrum of DCPD (around 1720 cm -1) as well as in the spectra 
of other phosphates, arsenates, periodates etc. [13]. In his extensive discussion of 
the origin of this and the bands in the OH stretching region, HA])2I [13] advocated 

v 

[11] I .  PEIU~OV and B. SOPTRAJA_WOV, Annuaire Fac. Sci. Univ. Skopje 16, 123 (1965). 
[12] J.  P.  SMIT~, J.  R. L~.HR and W. E. BROWW, Am.  Mineralogist 44}, 893 (1955). 
[13] D. HA~)2I, Pure Appl.  Chem: 11, 435 (1965). 
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Fig. 1. Infra-red spectra of DCPA. 
(a) CaHPO 4 (300°K); 
(b) CaHPO 4 (77°K); 
(c) CaDPO a (300°K). 

an interpretation of  this band as a combination of  OH vibrations, but such does not 
seem to be the case here. 

The appearance of  multiple bands in the O - - H  stretching region (as mentioned, 
three such bands are found in the spectrum of  DCPA) has been generally interpreted 
as a result of  different types of  hydrogen bonds, proton tunnelling or interaction with 
overtone or combination frequencies [13]. The NMR data of  Jo~Es  et al. [3, 4], as 
well  as some other evidence [13, 14], show that proton tunnelling is hardly possible 
in either CaHPO 4 or CaHPO4-2H~O. On the other hand, Jo~Es  and CRUICKS~A~K 
[3] found in the crystal unit of  DCPA three short O • • • 0 distances (2.44, 2-58 and 

[14] D. HAD~I, personal communication. 
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Fig. 2. Infra-red spectra of DCPD. 
(a) CaHPO4.2H20 (300°K); 
(b) CaHPO4.2H20 (77°K); 
(c) CaDPO4.2D~O (300°K). 
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2.66 A) suitable for hydrogen bond  formation and suggested that  the  acidic hydrogen 
(the hydrogen of the  H P 0 4  group) was distributed between more than  one pair of  
o x y g e n  atoms.  Our infra-red spectra show that  such a distribution is indeed present 
but  it is hard to determine (especially on the  basis of  the  analysis  of  the  0 - - H  
stretching region only)  whether  all three bands  between 2400 and 3200 em -1 are 
due to such a distribution (thus implying three types  of  hydrogen bonds)  or one of  
th em may  be an overtone or combinat ion band  (in which OH vibrations take part) 
reinforced b y  Fermi resonance. 

In  the  spectrum of  D C P D  in the  same (4000-1600 cm -1) region one can find 
(except for the  band around 1720 cm -1 ment ioned  before) two intense doublets:  
one wi th  components  around 3548 and 3490 cm -1 and the  other with  components  
around 3281 and 3163 cm-1; a shoulder around 2950 em -1, a weak band around 
2390 cm -~ and a strong and sharp band around 1652 cm-L 
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Table 1. Infra-red spectrum of CaHPO,* 

I ) G P A  ( 3 0 0 ° K )  D C P A  ( 7 7 ° K )  D C P A - d  

I v I ~ I 
A s s i g n m e n t  

3200  v w  3220  
2820  w 2820 
2400  m 2400 

1730 
1650 w 1660 

1400 m 1410 
1356 m 1390 

1356 
1265 

1170 s h  1180 
1130 s 1135 

1070 s 1060 

I000 

900 

581 

566  

m 

s h  

530  m 

480  s h  
428 v w  

405 m 
398 s h  

1013 
996 

m 967 
950 

910 
890 

m 868 

849 

790 
760? 
700? 

585 
578 

568  

545 
540 

528 

470 
429  

405  
394 

w 2390  v w  O H  s t r e t c h i n g  
w 2100 w O H  s t r e t c h i n g  
w 1800 m O H  s t r e t c h i n g  

w 1700 m combination 
w 

s h  1030 m O H  i n - p l a n e  b e n d i n g  
m 995 m 

O H  i n - p l a n e  b e n d i n g ?  w 

w 1180 s h  
PO stretching (~a') 

s 1 1 4 0  s 

s 1073 s P O  s t r e t c h i n g  (vs  #) 

m 585 -~- 428 = 1014 
568 -~- 429 ~ 997  m 969 m 

m P O  s t r e t c h i n g  (Vl) 
m 528 -}- 429 : 957 

m / 
m 896 m P - - O ( H )  s t r e t c h i n g  (v~ I) 
m 877 m 
sh  

vw } 
s h  O H  o u t - o f - p l a n e  b e n d i n g  
s h  N 5 6 0 7  

s 576 s P O  b e n d i n g  (v4') 
s 

s 562 s P O  b e n d i n g  (v4 #) 

s T 
s h  ? 

s 523 m P O  b e n d i n g  (v~ t) 

s c o m b i n a t i o n  
s 420  w P O  b e n d i n g  (va '  } 

s 403  m P O  b e n d i n g  (va n) 
s 398 s h  

* ~: f r e q u e n c y  i n  w a v e  n u m b e r s ;  I :  i n t e n s i t y ;  v w :  v e r y  w e a k ;  w :  w e a k ;  m :  m e d i u m ;  s :  s t r o n g ;  s h :  s h o u l d e r .  

The two doublets disappear on heating and are easy to assign to vibrations of 
the water molecules. The shape of the two doublets is quite different (Fig. 2) : the 
high-frequency doublet is made up of sharp bands, whereas the components of the 
low-frequency doublet arc much broader. The isotopic shift of the bands of the former 
doublet is bigger than that  of the latter and the position of the components of the 
low-frequency doublet indicates participation in stonger hydrogen bonds. The 
appearance of two doublets has led to the idea that  two different kinds of water 
molecules were present in the structure of brushite [8, 9] even before it was established 
[4] b y  X-ray analysis. The question still remains about  the difference in nature 
between these two types of water molecules. Lv.COMTE and his co-workers [8, 9] 
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T a b l e  2 .  I n f r a - r e d  s p e c t r u m  o f  C a H P O 4 . 2 H s O *  

D C P D  (300 °) D C P D  ( 7 7 ° K )  D C P D - d  a 

~, I v I v I 
A s s i g n m e n t  

3530 s 2637 s O H  s t r e t e h i n g  (o f  w a t e r )  3548 s 3480 s 2555 s 
3490  s 3460 s 

3375 m 2458 s O H  s t r c t c h i n g  (o f  w a t e r )  3281 s 3290  s 2360  s 
3163 s 3150  s 

2950  s h  2900  m 2190  m O H  s t r e t c h i n g  

2390 w 2390 w 1785 w 2 × 1217 ~ 2434 
2270 v w  2270 v w  1217 -Jr 1060 ~ 2277 

2140 v w  2140 v w  2 × 1 0 7 3 : 2 1 4 6  

1720 w 1740 w 1740 w c o m b i n a t i o n  
1652 s 1655 s 1217 s H 2 0  b e n d i n g  

1498 v w  990 ~- 527 : 1517 
1217 s 1216 s 907 s O H  i n - p l a n e  b e n d i n g  

1140 s 
1135 s 1128 s 1143 s P O  s t r e t c h i n g  (Ya') 
1075 s 1083 s 1083 s P C  s t r e t c h i n g  (ya M) 
1060 s 1061 s 
1005 s h  1008 m 1005 s h  P C  s t r e t c h i n g  (vl)  

988 s 990 s 986 s 
875 s 885 s 837 s P - - 0 ( H )  s t r e t c h i n g  (v~ ~) 

825 s h  
790 s 798 s ~ 5 8 0 ?  H 2 0  l i b r a t i o n  

750 m O H  o u t - o f - p l a n e  b e n d i n g  
680 s 

660 m 665 m 480 s h  H ~ O  l i b r a t i o n  
615 v w  ? 

577 m 579 s 582 s P C  b e n d i n g  (v4') 
542 s h  535 s P O  b e n d i n g  (v4 #) 
527 s 515 s P C  b e n d i n g  (v~') 

526 m 445 m ? 
418 s h  420 s h  P C  b e n d i n g  (v~') ? 
400 m 400  m P C  b e n d i n g  (~2 #) 
370 m 370? m H ~ O  t r a n s l a t i o n  

* y :  f r e q u e n c y  i n  w a v e n u m b o r s ;  I :  i n t e n s i t y ;  v w :  v e r y  w e a k ;  w :  w e a k ;  m :  m e d i u m ;  s :  s t r o n g ;  s h :  s h o u l d e r .  

believed, on the basis of their dehydration-rehydration studies, that  the high-fre- 
quency doublet belonged to "bound" and the low-frequency doublet to "free" 
water molecules. D~A~E et al. [15] similarly assigned the sharp bands in the 3400- 
3600 em -1 region in the ATR spectrum of uranyl nitrate hexahydrate to vibrations 
of co-ordinated water. On the other hand, FRAISS~D et al. [10] at tr ibuted the 
high-frequency doublet in the spectrum of DCPD to water molecules bound more 
firmly than those giving rise to the low-frequency doublet. 

Both the shape and the isotopic shift of the components of the 3548/3490 em -1 
doublet show that  the vibrations giving rise to this doublet are less perturbed than 
those responsible for the 3281/3163 cm -~ doublet. Furthermore, the frequencies of 
the former doublet correspond very closely to those of the asymmetric and symmetric 

[ 1 5 ]  A .  M .  D E A ~ E ,  E .  W .  T .  : R I C I I A ~ D S  a n d  I .  G .  S ~ P H E ~ ! " ,  Spectrochim. Acta 22, 1 2 5 3  ( 1 9 6 6 ) .  
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stretching of free water molecules calculated by FURLANI and his co-workers [16, 17] 
which are 3520 and 3445 cm -1 respectively. We, therefore, favour the assignment of 
the high-frequency doublet to vibrations of water molecules only loosely bound 
and the low-frequency doublet to vibrations of those water molecules which, accord- 
ing to the crystallographic data  of Bv.~V~.RS [2], form direct bonds to calcium atoms 
(the Ca • • • Ow distance being 2-54 A). 

In  the low-temperature spectrum the bands of the two doublets are split and two 
groups of three bands (with frequencies around 3530, 3480 and 3460 cm -1 and 
around 3375, 3290 and 3150 cm -1 respectively) are formed, apparently as a result 
of the correlation field splitting effects. 

Whereas the shoulder in the room-temperature and band in the low-temperature 
spectrum around 2950 cm -1 undoubtedly corresponds to the O- -H stretching of the 
acidic hydrogen, the three weak bands (around 2390, 2270 and 2140 cm -1) are 
probably overtones and combination bands. The 2390 cm -1 in the spectrum of 
DCPD does not apparently correspond to the 2400 cm -1 band in the spectrum of 
DCPA, since the analysis of the O ~ H  in-plane bending region does not indicate a 
distribution of the acidic hydrogen in DCPD. 

The sharp and strong band around 1652 cm -1 is easily assigned to the in-plane 
bending of water and its frequency is for only a couple of wavenumbers different 
from the calculated [16, 17] frequency for free water molecules (1660 cm-1). I t  is 
remarkable tha t  only one such band is found, as compared with the two doublets in 
the O- -H  stretching region. I t  appears tha t  this band is due to the deformation of 
the non-bonded water molecules, the band corresponding to the bending of the 
bonded water molecules being too broad and/or hidden under some more intense 
band (possibly the 1652 cm -~ band itself). 

2. 1600-300 cm -1 region 

In the region below 1600 cm -1 the stretching and bending frequencies of the phos- 
phate ion, the in-plane and out-of-plane O- -H  bending frequencies of the HPO 4 
group and the librational and translational modes of the water molecules are expected 
to appear. To distinguish between the modes that  are predominantly P - -O vibrations 
from those mainly involving motions in which hydrogen atoms take part, the iso- 
topic shift of the infra-red bands is a reliable criterion. 

2.1 P - -O stretching and P- -O bending vibrations. In the region 1200-900 cm -1 
where the P- -O stretching frequencies are expected to fall, one can find, in the spec- 
t rum of DCPA, one doublet (around 1170 and 1130 em -1) and three bands (around 
1070, 996 and 900 cm -1) which do not shift appreciably on deuteration. In the spec- 
t rum of DCPA-d instead of the band around 900 cm -1 a doublet (around 896/877 
cm -1) is found. Three more bands (around 581,566 and 530 cm -1) are found in the 
region where the ~4 mode of the phosphate group is expected to appear and, at  least, 
two bands are found around 400 cm -1 which do not shift very much on deuteration 
either (cf. Table 1). Quite similar is the case with CaPHO4-2H~O (cf. Table 2), 
except tha t  more doublets are observed and that  is hard to determine either the 
frequency or the number of bands in the 400 cm -1 region. The slight isotopic shifts 

[16] G. SA~TORI, C. FU-RLANI and A. DA~Ix~I, J. Inorg. 2Vucl. Chem. 8, 119 (1958). 
[17] C. Fuax.,A~I, Gazz. Chim. Ital. 88, 65 (1958). 
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and the changes in intensity of some of these bands are due to interaction with 
other modes: the P - -O stretching vibrations probably interact with the O- -H in- 
plane bending mode and some of the P- -O bending modes (around 500 cm -1) 
apparently [14] interact with the summation frequencies of the low-lying modes of 
the hydrogen bonds. 

The appearance of many bands attributable to P - -O vibrations shows tha t  the 
T~ symmetry which the free P043- ion possesses [18] is lowered not to Car, as could 
be expected for HPO4, but to a very low symmetry class (C s or, more likely, C1) 
under which all the degeneracies should be removed and all the modes should become 
infra-red active. 

Of the P- -O stretching modes, we assign the band around 996 cm -1 in the spec- 
trum of DCPA and the band around 988 cm -1 with a shoulder around 1005 cm -1 in 
the spectrum of DCPD to the symmetric ~1 stretching mode, mainly because of the 
close correspondence of the frequencies of these bands to the frequency of the Vl 
mode for the free phosphate ion ( =  980 cm -1 [19]). The doubling of this mode in 
DCPD, as well as the doubling of some other P - -O bands is undoubted]y a conse- 
quence of correlation field splitting effects. 

I t  should be noted that  one of the components of the ~a mode (v~") is well removed 
from the other two in both the spectra of DCPA and of DCPD. The reason for such a 
difference in the frequencies lies probably in the lengthening of the P- -O bond (with 
a corresponding decrease in the force constant) when a hydrogen atom is attached 
to the oxygen in question. In  the spectrum of DCPA-d a doublet of bands (around 
896 and 877 cm -1) correspond to this mode and the 900 cm -1 band in the spectrum 
of DCPA is itself probably complex, as seen from the low-temperature spectrum 
(cf. Fig. 1) in which three bands are seen in this region (around 910, 890 and 867 
cm-1). The reason for such a splitting apparently lies in the distribution of the acidic 
hydrogen between at  least two (and possibly three) oxygens of the phosphate group, 
thus producing unequally long P- -O bonds. The corresponding band in the spectrum 
of DCPD is found around 874 cm -1 whereas in the spectrum of DCPD-d 3 it lies 
around 837 cm -~. Such an appreciable isotopic shift is a further indication tha t  this 
band is indeed due to stretching of the bond between phosphorus and oxygen to 
which hydrogen (deuterium) is attached. On the other hand, the fact tha t  in the 
spectrum of DCPD a single band is found, contrary to the case with DCPA, shows 
tha t  the distribution of the acidic proton is less pronounced in DCPD than in DCPA. 
The foregoing interpretation is in agreement with the X-ray data on DCPA [3], 
but not on DCPD [4]. 

The assignment of the three bands in the region 580-520 cm -~ to the three 
components of the ~4 mode and the interpretation of the 428 cm -1 band and the 
405/398 cm -1 doublet in the spectrum of DCPA as well as the 418/400 cm -~ doublet 
in the spectrum of DCPD to the v2 mode seems to be quite straightforward. 

2 . 2 0 - - H  bending vibrations. The 1217 cm -1 band in the spectrum of DCPD is 
readily assigned, on the basis of its isotopic shift, to the O--H in-plane bending of 

[18] G. HERZBERG, Motecular Spectra and Molecular Structure, I I .  Infrared and Raman Spectra 
of Polyatomic Molecules. Van l~ostrand (1964). 

[19] K. W. F. KO~LRAUSC~, Der Smekal-Raman-Effect, Ergdnzungsband 1931-1937. Springer 
(1938). 
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the HPO4 group. In  the spectrum of DCPA two bands are found at  room temperature, 
whereas at  the liquid nitrogen temperature a third band (around 1265 cm -1) appears 
and the 1410 cm -1 exhibits a shoulder. The appearance of two bands in the room- 
temperature spectrum of DCPA serves as a further proof that  distribution of the 
acidic hydrogen takes place and at  least two types of hydrogen bonds are formed. In  
fact, the number of such types may be different at  room temperature and at 77°K 
(the analysis of the low-temperature spectrum indicates, namely, existence of three 
types of hydrogen bonds). 

I f  the upward shift of the bending frequencies is a measure of the strength of the 
hydrogen bonds (as seems to be generally accepted) one could conclude tha t  the 
hydrogen bonds built by the acidic hydrogen in DCPA should be classified as stronger 
than those in DCPD. 

The identification of the O- -H out-of-plane deformation modes is much more 
complicated. In  the spectrum of DCPA this vibration should be located somewhere 
under the low-frequency side of the 900 cm -1 band. This band is asymmetric and its 
low-frequency side is much broader than the high-frequency one. On deuteration, 
when a doublet appears in the place of this band, the feature is more symmetric 
and much narrower, as if a band causing the broadening of the low-frequency side of 
the 900 cm -1 band has been isotopically shifted. On the other hand a weak band 
(at about 790 cm -1) and two shoulders (at lower frequencies) appear in the low- 
temperature spectrum of DCPA. All this justifies the assignment of the 790 cm -1 
low-temperature band to this mode. The corresponding band in the spectrum of 
DCPI) is again easier to locate in the low-temperature spectrum in which either the 
shoulder around 825 cm -1 or the band around 750 cm -1 should be assigned to this 
mode. At this time we favour the latter assignment. 

A shoulder around 480 cm -1 in the spectrum of DCPA is also sensitive on deutera- 
tion, but its origin is unclear; it may be due to some sort of combination in which 
the low-lying modes of the hydrogen bond take part  [14]. 

2.3 Librational and translational modes of water. Three bands in the spectrum of 
DCPD do not have a counterpart in the spectrum of DCPA: the bands at about 
790, 660 and 370 cm -1. All three bands disappear on dehydration and the former 
two are considerably isotopically shifted (the ratio of the protonated to deuterated 
frequency being 1.36 and 1.38 respectively). The isotopic shift of the 370 cm -1 
band could not be determined exactly, but it seems that  in the spectrum of DCPD-d a 
this band is located again around 370 cm -1, somewhere in the broad feature between 
400 and 300 cm -1. The 790 and 660 cm -1 bands in the low-temperature spectrum 
are split each into two closely lying components. 

The large isotopic shift of the 790 and 660 cm -1 bands characterizes them as due 
to librations of the water molecules and we assign the 790 cm -1 band to a rocking 
and the 660 em -1 band to a wagging librational motion. V i~  DER ELSKEN and 
ROBI~SO~ [20] suggested tha t  each crystallographically different type of water 
molecule should give rise to two infra-red active librational modes. I t  should, 
however, be borne in mind that,  in order to have a large enough dipole moment 
change, the water molecules should be bound with reasonably strong metal--oxygen 
bonds and strong or moderately strong hydrogen bonds with the neighbouring 

[20] J. VAI~ DER ELSKEI~ and D. W. ROBInSOn, Spectrochim. Acta 17p 1249 (1961). 
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a toms [21]. The  spli t t ing of  the  bands  due to  l ibrations in the  low- tempera ture  
spec t rum could be caused ei ther  by  l ibrational mot ions  of  the  two types  of  wate r  
molecules or i t  is ano the r  case of  correlat ion field splitting. Since i t  is r a the r  unl ikely 
t h a t  the  loosely bound  wa te r  molecules (responsible for  the  3548/3490 cm -1 doublet)  
could form, wi th  calcium and  the  neighbouring oxygens,  a sys tem rigid enough,  so 
t h a t  the  l ibrat ional  modes would change the  dipole m o m e n t  significantly, the  la t te r  
in te rp re ta t ion  is to be prefered.  

Al though the  isotopic shift  of  the  370 cm -1 band  could no t  be accura te ly  deter-  
mined it  does not  seem to be more  t h a n  a couple of  wavenumbers .  This would, then,  
character ize the  370 cm- :  band  as due to  " t r ans l a t ion"  of  the  wate r  molecules, i.e. 
to  Ca--Ow stretching.  I n  some o ther  instances bands  due to  " t rans la t ions"  of  the  
co-ordinated wate r  molecules have  indeed been found  in this  region [22]. 
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