XIII_60
178 Zeitschrift fiir anorganische und allgemeine Chemie. Band 858. 1968

On the Problem of Hydrogen Bonding in some Calcium
Phosphates

By I. Perrov?), B. SopTRATANOV!) and N. Fuson?)

With 3 Figures

Summary

The hydrogen bonding by the acidic protons of the HPO?- jon and by the water
hydrogens was studied in the case of anhydrous dicalcium phosphate, dicalcium phosphate
dihydrate and octacalcium phosphate, mainly on the hasis ot the analysis of the infraved
spectra. The O—H stretching, in-plane bending and out-of-plane bending regions, as well
as the region where the librational and “translational” modes of water are expected to
appear were investigated.

A distribution of the acidic hydrogen between more than two O’s is indicated in the
structure of CaHPOQ,, whilst this does not seem to be so in the case of CaHPO, - 2 H,0. It
appears that several types of hydrogen bonds are present in the unit cell of CaHPO,. The
water molecules in CaHPO, - 2 H,O are apparently or two types: soma are coordinated
onto Ca?i and involved in rather strong hydrogen bonding, whereas the rest are only
weakly hydrogen bonded. The water molecules in octacalcium phosphate are also differ-
ently bonded.

Inhaltsiibersieht

Die Wasserstoffbindung der Protonen der HPO?~-Ionen und des Wassers in den Ver-
bindungen Dicalciumphosphat, Dicalciumphosphat-dihydrat und Oktacalecinmphosphat
wurde TR-spektroskopisch untersucht, wobei die Erwartungsbereiche sowohl der Valenz-,
der ebenen und nichtebenen OH-Deformationsschwingungen als auch der Librations- und
,.Translations*‘-Eigenschwingungen des Wassers beriicksichtigt wurden.

Eine Bindung des Protons an mehr als zwei Sauerstoffatome ist bei CaHPO, angezeigt,
wiahrend dies bei CaHPO, - 2 H,0 offenbar nicht der Fall ist. In der Elementarzelle des
CaHPO, scheinen mehrere Arten von H-Bindungen vorzuliegen. Die Wassermolekeln des
CaHPO, - 2 H,0 sind einander nicht #quivalent: die einen sind an Ca?" koordiniert und
durch ziemlich starke H-Bindungen gebunden, wihrend die anderen nur schwache Wasscr-
stoffbindungen eingehen. Auch die Wassermolekeln des Oktacalciumphosphates sind ver-
schiedenartig gebunden.

1) Hemiski institut, Prirodno-matemati¢ki fakultet, Skopje, Yugoslavia.
2) Fisk University, Nashville, Tenn., USA.
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The question of the nature of hydrogen bonding in calcium orthophos-
phates has been discussed in length 3-8}, but usually only the O—H stretching
region has been considered. We re-examined the infrared spectra of anhydrous
dicalcium phosphate CaHPQO, (DCPA), dicalcium phosphate dihydrate
CaHPO, - 2H,0 (DCPD), and of their deuterated analogues?), as well as
those of octacalecium phosphate CagHo(PO,), - 5 HyO (OCP), in the spectral
region between 4000 and 300 em—!, hoping that this may throw some new
light on the interesting problem of hydrogen bonding in these phosphates.
The experimental details, concerning the instrumentation, preparation of
the samples (except for OCP, prepared by the method of BRowx et al.?) and
recording the spectra are given elsewhere?®).

1. Anhydrous Dicaleium Phosphate

JoxEs and co-workers®)!0) have reported crystallographic and spectro-
scopic evidence that three types of hydrogen bonds were indicated in the
crystal unit of DCPA. However, the correlation between the three shortest
O--.0 separations found in the structure of DCPA?) and the three bands
reported in the O —H stretching region of the spectrum of this compound?)!9)
is not straightforward because the positions of the hydrogen atoms are not
known and because overtones of the O—H in-plane bending modes and/or
combinations of these modes may fall in to the O—H stretching region. In
fact, we were unable to detect the shoulder around 3010 cm~1 reported by
JoxEs and co-workers®)!?) and found instead a shoulder around 3200 em—1.
The other two bands in this region (around 2820 and 2400 cm—1; cf. Table 1
and Fig. 1) undoubtedly correspond to those reported by JonNes and his
colaborators 8)19),

3) A. 8. Posxer, J. M. SturmManxy and E. R. LippiNcorT, Nature [London] 188, 486
(1960).

4) J. M. StutmanN, A.S.Posxer and E. R. LrrpivcorTt, Nature [London] 193, 368
(1962).

5) W. E. Brown, J. P. Svata, J. R. Lesr and A. W. Frazier, Nature [London] 196,
1050 (1962).

&) L. Winaxp, M. J. DacLEMAGNE and G. DuycrarrTs, Nature {London] 190, 164
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7) L. WiNnaxD and M. J. DarrevagyE, Nature [London] 198, 369 (1962).

8) D. W. Jongs and J. A. 8. Smirs, Nature [London] 195, 1090 (1962).
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don] 28 A, 2637 (1967).
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Table 1

Infrared frequencies
[em~'] of the bandsaffect-
ed by deuteration in the
spectrum of DOPAS)

DCPA DCPA-d Ra)
3200 2390 1.34
2820 2100 1.34
2400 1800 1.33
1400 1030 1.36
1356 995 1.36
1265

7900

760D 580

700b

a) Ratio of the protonated to
deuterated trequency.

P) Seen in the low-tempera-
ture (77 °K) spectrum only.

The two bands around 1400 and 1355 ecm~!, as well as the low-tempe-
rature one around 1265 cm—!, were attributed®) to O—H in-plane bending
modes. The O—H out-of-plane bending modes are difficult to detect in the
room-temperature spectrum. However, the apparently single band, found
there around 900 ecm—Y, is split, in the low-temperature spectrum, into a
complex feature of which three bands attributable to P—O(H) stretching
and a clear maximum and two ill-defined shoulders (around 790, 760 and
700 em™1, respectively) attributable to O—H cut-of-plane bending (and
listed as such in Table 1) can be sorted out®). In the spectrum of DCPA-d
a doublet is found corresponding to the P—O(D) stretching, whereas the
exact position of the O—D out-of-plane bending modes could not de deter-
mined with certainty, although they apparently lie around 580 cm—'.

All this seems to corroborate the idea that more than one {possibly
two at room temperature and three at 77°K) types of hydrogen bonds are
present in the crystal unit of DCPA. The reason for this may be the distri-
bution of the acidic hydrogen between more than one pair of oxygen atoms,
as suggested first by JoNEs and his co-workers®)10)11) or the non-equivalence
of all formula units in the crystal structure.

2. Dicaleium Phosphate Dihydrate

The existence, in the spectrum of DCPD (cf. Table 2 and Fig. 2), of two
doublets in the region where the O—H stretching vibrations of water should

1) D. W. JoxEgs and J. A. 8. Smivs, J. chem. Soe. [London] 1962, 1414.



1. Perrov, B. JorTRATANOV and N. Fusox, On the Problem of Hydrogen Bonding 181

be expected to fall, clearly indicates presence of two types of water mole-
cules in the unit cell. The molecules giving rive to the high-frequency
(3548/3490 cm—1) doublet are apparently essentially free, whereas those
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Fig. 1. Infrared specira of CaHPO, in KBr pellet. a) Room-temperature spectrum of
DCPA; b) Low-temperature (77 °K) spectrum of DCPA; ¢) Room-temperature spectrum
of DCPA-d

L L L !

to which the low-frequency (3281/3163 cm—') doublet can be assigned are
coordinated to Ca?). On the other hand, the appearence of bands attribut-
able to librations and Ca—O, stretching (originating from rotational and
translational degrees of freedom of the free water molecules) show that the
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Table 2

Infrared frequencies
[em~1] of the bandsatfect-
ed by deuteration in the
spectrum of DCPDY)

DCPD DOPD-d, } Ra)
!
3548 2637 | 1.35
3490 2555 1.37
3281 2458 1.34
3163 2360 1.34
2950 2190 1.35
2390 1785 1.34
1652 1217 1.36
1217 907 1.34
790 ~580 1.36?
750P)
660 480 1.37
370 3707 1.007

2) Ratio of the protonated to
deuterated frequency.

9) Seen in the low-tempera-
ture spectrum (77 °K) only.

coordinated water molecules are bound, besides to calcium, totheneighbouring
oxygen atoms via strong hydrogen bonds. A rather rigid frame is thus formed
in which the rotation of water is transformed into libration. The frequency
difference between the two doublets also shows that the coordinated water
molecules participate in strong hydrogen bonds, whereas those that are
not coordinated are only weakly hydrogen bonded or not bonded at all.

The acidic hydrogen of DCPD is alsc involved in hydrogen bonding, but
the bonds in which it participates seem to be weaker than those in DCPA,
as inferred from the lower values of the frequencies of both the in-plane
(1217 em—1) and the out-of-plane (750 em—1) bending modes, as compared
with the corresponding modes in DCPA.

It should be noted that in both the room-temperature and the low-tem-
perature spectra of DCPD the bands assigned to the bending O—H motions
of the HPO, group are single, whilst multiple bands are encountered in the
spectrum of DCPA. It would, therefore, seem that the acidic proton is,
more or less, located to only one oxygen atom and only one type of hydrogen
bond is possible.

One of the two weak bands in the O—H stretching region (around 2950 and around
2390 em~7) should then be assigned to an overtone (or combination), interacting with the
fundamental O—H frequency. The 2390 em~! band has jusé about right frequency for
being an overtone of the 1217 em—! band, leaving the 2950 cm~! band to be assigned tc an
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essentially fundamental O —H stretching vibration (HapZ12)) has discussed this and other
possibilities for the appearence of multiple bands in the O—H stretching region). If this
assignment is correct, it would be a further prootf for the relatively lesser strength of the
hydrogen bonds built by the acidic hydrogen of DCPD, as compared with DCPA.
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Fig. 2. Infrared spectra of CaHPO, - 2 H,0 in K Br pellet. a) Room-temperature spectrum

of DCPD; b) Low-temperature (77 °K) spectrum of DCPD; ¢) Room-temperature spectrum
of DCPD-d,

12) D. Hapix, Pure appl. Chem. 11, 435 (1965).
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3. Octacaleium Phosphate

The interpretation of the spectrum of octacalcium phosphate (previously investigated
by WnaxD and DoYckAERTS 13) and FOwLER et al.14) was complicated by the fact that
the deuterated analogue of OCP could not be prepared and, hence, the isotopic shift conld
not be used as a criterion in the assignment. On the other hand, the extremely low yield
of the deuteration procedures seems to corroborate the crystal structure of OCP proposed
by Browx18), the channels in the water layer permitting an easy exchange of deuterium
for hydrogen. Without having the spectrum of the deuterated compound, some useful
guidance for the possibility of hydrogen bonding in OCP is furnished by the crystallogra-
phic data, but the inferrences thus made should not be considered absolutely conclusive,

A calculation of the interatomic distances in OCP'%), based on the
published atomic parameters of BRowN15) shows that eight out of the ten
existing molecules (there are two formula units of OCP per unit cell) have
Qa... 0, distances of about 2.5 A (similar to the Ca---O,, distance in DCPD
which is again about 2.5 A7) and several O.--O separations between 2.7
and 3.0 A. The two remaining water molecules do not have close Ca---O,
separations, but, on the other hand, have each two close O...O distances
(of about 2.5 A): one between themselves and the other with the neigh-
bouring phosphate groups. It is thus conceivable that eight water mole-
cules are coordinated to calcium atoms and form a variety of hydrogen bonds
(which should not be strong) and the two remaining water molecules are
bound by strong hydrogen bonds, but are not coordinated.

Returning now to the spectra (Fig. 3), the broad band ranging from
3700 to 2600 em=! can be attributed to the O—H stretching of all these
molecules. The variety of hydrogen-bond types is obviously responsible
for the breadth of the band and for the numerous, not well resolved, peaks
on it18),

The weak band around 2400 cm—? (becoming a doublet in the low-temperature spectrum)
is apparently due to O —H stretching and the shoulder around 1280 cm—! to O—H in-plane
bending vibrations in which the acidic hydrogens take part. From the position of these two
bands, the strength of the hydrogen bonds built by the acidic hydrogens of OCP can be
estimated to be between that in DCPA and in DCPD. The location of the O —H out-of-plane
bending mode is practically impossible in OCP. There is only a chance that the 800 ¢m—?
shoulder in the low-temperature spectrum may be due to such a motion3). The origin of the

13) L. WinanD and G. DuvckAERTs, Bull. Soc. chim. Belgique 71, 142 {1962).

14y B. O. FowLER, E. C. MoreNO and W. E. BRowx, Arch. oval Biol. 11, 477 (1966).

15y W. E. Brown, Nature [London] 196, 1048 (1962).

15) B. SorTRATANOV and I. PETROV, Annu. Fac. Sci. Univ. Skopje 17 (1966) (in press).

17} C. A. BEEVERS, Acta crystallogr. [Copenhagen] 11, 273 (1958).

18} After this work was completed, BErRRY9) published a low-temperature spectrum of
OCP mull in fluorolube in which some ten clearly resolved bands are visible.

12) E. E. BERRY, J. inorg. nuclear Chem. 29, 317 (1967).
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1180 em~1 band is not possible to determine without having the spectrum of the deuterated
compound. It can be a P—O stretching, an O—H-bending mode or a combination.

The coordinated water molecules, if hydrogen bonded, are expected
to bave librational and “translational” modes (as in DCPD), each kind
giving rise to two librations?®®). In the low-temperature spectrum there are
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Fig. 3. Infrared spectra of CagH,(PO,)s - 5 H,0 in KBr pellet. a) Room-temperature spec-
trum ot OCP; b) Low-temperature (77 °K) spectrum of OCP

indeed three weak bands and a shoulder (arcund 920, 900, 870 and 850 cm~—1)
in the region where the rocking librations of water could fall. Some of
these bands, however, may be due to P—O(H) vibrations, as proposed by
FowLEgR et al.14), The two weak bands, observed around 530 and 520 cm—1!
in the low-temperature spectrum may correspond to the wagging librational
motion. More such bands may actually be hidden under the complex
feature between 600 and 500 cm=1, the latter becoming appreciably narrower

20y J. vax pEr ELskEx and D. W. RosiNso¥, Spectrochim. Acta [London] 17, 1249
{1961).
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on both sides when the sample is heated. The fact that different librational
bands could be located in the spectrum of OCP is a further indication that
the water molecules are differently hydrogen-bonded.

Skopje (Yugoslavia), Hemiski Institut, Prirodno-matematicki fakultet,
Nashville, Tenn. (USA), Fisk University.

Bei der Redaktion eingegangen am 21. Marz 1967.





