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INFRARED SPECTRA OF THE HYDRATES OF NICKEL, COBALT,
IRON AND ZINC NITROPRUSSIDES

B. Soptrajanov and I. Petrov

Hemiski institut, Prirodno-matematicki fakultet, Skopje, Yugoslavia

The infrared spectra of the hydrated nitroprussides (penta-
cyanonitrosylferrates) of Ni, Co, Fe and Zn are remarkably similar
between themselves and similar to the spectra of the corres-
ponding hexacyanometallates as well, so that close similarity
of the structures of these compounds is strongly indicated.
If the space group in which the nitroprussides crystallize is
the same as that of the hexacyanides, then some kind of
disorder must be present, possibly such that the cyanide and
the nitrosyl groups are randomly distributed around the metal
atom, forming a pseudoregular octahedron as demonstrated by the
appearence of the CN stretching band. Non-equivalent types of
water molecules are apparently present in the structure, some of
them, probably, being zeolitic in nature. Whilst hydrogen-bonded
OH groups of the water molecules must be present (the bonds
being formed, probably, between water molecules), essentially
non-hydrogen bonded OH groups must also exist. In fact,
the OH stretching frequencies observed around 3650 cm-! are
among the highest ones ever reported for crystallohydrates.

INTRODUCTION

Being, for some time, interested in the chemistry and particularly
the infrared spectra of various pentacyanonitrosylmetallates (i. e. compounds
containing anions of the type [M(CN),NO]"™) [I, 2], we decided to study
the infrared spectra of the nitroprussides (pentacyanonitrosylferrates) of
divalent metals, having the general formula M[Fe(CN),NO]. xH,O (where
M = Ni, Co, Fe and Zn). The existence of such salts has been signallized a
long time ago [3], and different water contents (i. e. values of x) have been
reported. Thus, Ephraim and Rosenberg [3] give 8 molecules of water per
formula unit of the air-dried zinc salt, whereas Salvadeo [4] reports a value
of x = 5 for the Fe and Ni salts and x = 5.5 for the Co compound. Khan and
Ahmad [5], on the other hand, report that these compounds are dihydrates
and such a water content was later confirmed by Gentil, Baran and Aymo-
nino [6] in their note on crystallographic data of these compounds. Besides
the compounds mentioned above, Gentil, Baran and Aymonino studied also
the manganese compound, but the spectrum of this salt turned out to be
appreciably different from the rest of the spectra and, moreover, dependent
upon the experimental conditions. We, therefore, decided to study this par-
ticular spectrum more closely and leave it out of the present report. When
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this communication was already prepared for presentation [7], a paper by
Tosi [8] appeared, dealing with the hydrated and anhydrous nitroprussides
of Fe, Co, Ni, Zn and Cu.

EXPERIMENTAL

The investigated salts could easly be prepared by mixing solutions of
sodium nitroprusside and the ‘corresponding metal(II) salt (we used chlori-
des), followed by centrifugation, washing and air-drying of the obtained pre-
cipitates according the method described in detail by Khan and Ahmad [5].

The infrared spectra from KBr discs were obtained using a Perkin-
Elmer Model 521 Infrared Spectrophotometer.

RESULTS AND DISCUSSION

The spectra of all four compounds are remarkably similar, so that Fig. 1
shows only the spectrum of the Ni compound. The frequencies of the observed
bands, their approximate intensities and the assignments, based on recent
normal-coordinate treatment of Na,[Fe(CN);NO].2H,O [9, 10] are given in
Table I.

TABLE 1
Infrared spectra of M [Fe (CN);NO].2H,0*

M = Ni Co Fe Zn Assignment

- 3654 m 3658 m 3653 m 3658 m
3596 w 3595 w 3591 w 3597 w OH stretching
3405 ms 3400 ms 3395 ms 3425 ms

2197 vs 2190 vs 2184 vs 2196 vs CN stretching
1950 vs 1950 vs 1949 vs 1949 vs NO stretching

1618 m 1619 m 1619 m 1620 m

HOH bending
1612 sh 1612 sh 1612 sh 1613 sh

664 m 665 m 665 m 665 m FeNO bending
647 m 647 m 646 m 650 m FeN stretching
523 in 520 m 519 m 515.-m Oop FeCN bending
449 s 446 s 445 s 441 s Ip FeCN bending
436 s 433 s 433 s 430 s FeC stretching
350 vw 340 (D 340 (M) 339 vw FeC stretching

* The abreviations which are used in the table have the following meaning:
w — weak; m— medium; s — strong; v — very; Ip — in-plane; Qop—out-of-plane
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Fig. 1. Infrared spectrum of Ni[Fe(CN);NO].2H,O

According to the preliminary crystallographic data of Gentil, Baran
and Aymonino [6], the nitroprussides of the divalent metals (formulated as
dihydrates) crystallize in the cubic system and have a face-centered unit
cell similar to that characteristic for hexacyanometallates of the Prussian Blue
type. These latter compounds have been extensively investigated [11—15]
and have been found to crystallize, ideally, in the space group Fm3m — Op°
(No. 225 in International Tables [16]). Thus, in Coz[Co(CN)4],.12H,0 [14],
the outer ions fully occupy the octahedral four-fold sites a, whereas the other
set of octahedral sites, denoted b, is incompletely occupied, the vacancies
ocurring at random so that the octahedral symmetry of the space group O
is preserved. Two kinds of water molecules are present, half of the total number
being coordinated to the outer metal ion, the other half being zeolitic in nature.
The spectrum of Cos[Co(CN);1,.12H,0 given by Ludy and Giidel [14] clo-
sely resembles our spectra, with the obvious difference with respect to the
bands being assigned as NO stretching, FeNO bending and FeN stretching
in the spectra of the nitroprussides.

Taken together, the results of Gentil, Baran and Aymonino [6] and
the similarity of the infrared spectra would seem to indicate that the space
group in which our compounds possibly crystallize is also Fm3m — 0.
Thiss would, however, require the pentacyanonitrosylferrate ions to occupy
sites with symmetry higher (Oy) than the symmetry of the ideal free ion
(Cy,), the b type sites being, this time, fully occupied, due to the differences
in the stoichiometry of the two types of compounds. To accomplish a situation
in which the site symmetry is higher than the molecular one, disorder of some
kind must be present, most probably similar to that existing in the case of
K;[Cr(CN);NO] where the cyanide and nitrosyl groups are randomly dis-
tributed around the chromium atom [17].

That this can indeed be true could be demonstrated by the rather
unusual shape of the cyanide stretching band in the spectra of the divalent-
metal nitroprussides (Fig. 2). Namely, whereas in the spectrum of the sodium
salt (which is a dihydrate) there are four well-resolved bands (cf. Fig. 2) and
three infrared active vibrations are expected in the cyanide stretching region
on the basis of the ideal C,, symmetry of the pentacyanonitrosylmetallate
ions, only on e, completely unresolved and nicely symmetric band is obser-
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ved in the spectra of the presently investigated compounds. Rather similar
in appearence is the corresponding band in the spectrum of Kj [Cr(CN);NO]
(Fig. 3 shows this band compared with the complex feature observed in the
case of [Co(en)s] [Cr(CN);NO]. 2H,O which has [18] an ordered structure).

2200 2150 cm’

Fig. 2."CN stretching band in the spectra of
Ni[Fe(CN);NO]-2H,O (a) and Na,[Fe(CN);NO]-.2H,O (b)

The similarity between the structures of the divalent-metal hexacya-
nometallates and pentacyanonitrosylmetallates in their hydrated form could
also explain the similarity in the appearence of the water spectrum in these
two classes of compounds. As seen from Fig. 1, in the region of the OH stret-
ching vibrations, two sharp bands at very high frequency (around 3650 and
3595 cm-! respectively) are followed by a broad band centered around 3400 cm-t
and exhibiting a rather ill-defined shoulder at around 3300 cm-*. The absorp-
tion feature in the HOH bending region has a quite irregular shape, while
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a broad absorption, starting somewhat below 1000 cm-!, dominates the low-
frequency region, the situation being in almost all respects similar to that
found in the case of Cos[Co(CN)s],.12H,O [14]. Both the appearence of
multiple bands in the OH stretching region and the shape of the HOH ben-

I + } | + } 4

-1
2150 2100 cm
Fig. 3. CN stretching band in the spectra of
K,[Cr(CN);NOJ-2H,0 (a) and [Co(en),][Cr(CN);NOJ-2H,0 (b)

ding band suggest the existence of non-equivalent water molecules, whereas
the broad, featureless band in the low-frequency region to which the nitro-
prusside bands are supperimposed is quite reminescent of the spectrum of
liquid water (see, e. g. in Brun [19]). It would, thus, seem, that what one sees
in the low-frequency region is, in fact, the spectrum of zeolitic-type water
(similar to that existing in the structure of the hexacyanometallates [14, 15]).
As mentioned before, however, in the structure of the latter compounds there
is a second type of water molecules, being situated at (or near) one third of the
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24-fold special position e and coordinated to the outer ion. All together,
there are eight water molecules which were placed in this way in the structure
of the hydrates of hexacyanometallates [14, 15], but this is the full water con-
tent of the metal(Il) nitroprussides if they are considered to be dihydrates
and, following Gentil ef al. [6], the number of formula units in the unit cell
is taken to be Z = 4. Since there is, obviously, zeolitic water present in the
investigated compounds, the earlier reports of water content higher than
that corresponding to the dihydrates [3, 4] may not, after all, be unfounded.

It should be, finally, noted that the highest-frequency band, ascribed
to OH stretching of the water molecules is certainly one of the highest ever
observed for crystallohydrates, leaving behind the dihydrate of the sodium
nitroprusside, for which such claim has been advanced [20]. This band must,
therefore, correspond to the vibrations of OH groups which can not, for all
practical purposes, be considered to form hydrogen bonds. The broad band
at lower frequencies, on the other hand, suggests existence of strongly hydro-
gen-bonded OH groups as well, the hydrogen bonds being formed, most pro-
bably, between water molecules, as in Mn, [Co(CN),1,.xH,O [15] rather than
between water and the cyanide nitrogens, as Tosi has proposed [8].
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M3BOJI

WHO®PALIPBEHU CITEKTPU HA XMJAPATUTE HA HUTPOIIPYCU/JUTE
HA HUKEJ, KOBAJIT, )KEJE30 1 IIMHK

B. Hlouimipajanos u H. Ileitipos

VudpaupseHnTe CHSKTPH HA XUAPATHTE HA HUTPOIPYCHIUTE (neHTAIMjaHOHUTPO-
sundepaTu) Ha Hekou asosaseHTHE MeTami (Ni, Co, Fe u Zn) ce U3BOHPEIHO CIIMYHH KaKO
Mefy cebe, Taka M CO OHME HA COOIBETHHTE XEKCAlWjaHOMETAIIATH, Taka LITO, BEPOJaTHO,
TIOCTOM CIIMYHOCT M BO CTPYKTYPAaTa Ha OB¥E COeOWHEHMja. AKO MPOCTOpHATA Ipyna BO Koja
KpHUCTANU3MpPAaT HUTPOIpycHauTe Ou Ouna u ¢ @ a co OHaa Ha XeKcalujaHuauTe, Tora
CTpyKTypata Gu Mopana ja Oupe HecpegeHa. BepojaTHO IvjaHHIHATE M HATPO3UIHHUTE
IPYIH CE CTATHCTHYKA PACIOPEIEHH OKOJY LCHTPAITHUOT JKEJIE3CH aToM, o0Opa3yBaky I1ICeB-
JOTIpaBUIeH OKTaeaap. Bo mos3a Ha BaksaTa IPEerocTaska 300pyBa M3IJIENOT HA JIHTATA
HITO Ce JOJDKU Ha [MjaHuIHATa BaJeHTHA BHOpanuja. HeekBuBaICHTHU TUIIOBU HA MOJICKYJIH
BOJIA e IPUCYTHH BO CTPYKTYpPaTa, TIPY LITO HEKOU CE, HAjBEPOjaTHO, 3COJIATCKH 11O KAPAKTE.
Mako HEKOM XHIPOKCHJIHE TPYIH CEKAKO Y4ecTBYBAaT BO BOJOPOMHO CBP3yBame (BPC-
xuTe ce obpa3yBaaT, BepOjaTHO, Mely MOJICKYIId BOJA), TOCTOjaT M IPAKTHYKA HECBP3AHU
co Bomopomuu Bpcku OH rpymu. BeymHOCT, HajIeHUTE OKOJLY 3650 cm-! yleHTH craraart,
o cBojata (hpeKBeHIHja, My HAJBECOKUTE JJOCEra HajAeH! Kaj KpUCTaIOXUIPaTH.

XEMUCKM MHCTUTYT
TIPUPONHO—MATEMATUYKN PAKVIITET
CKOIUUE



