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594. Some Magnetically Normal Chromium( 11) Salts 
By A. EARNSHAW, L. F. LARKWORTHY, and K. S. PATEL 

The magnetic properties of several spin-free chromium(I1) salts have been 
investigated between 90 and 3 3 0 " ~ .  Only the monohydrogen phosphate 
shows any appreciable variation of magnetic moment with temperature. 
Measurements of visible spectra in aqueous solution have confirmed previous 
work. The reaction of an excess of chromium with mineral acid has been 
found to lead to pure chromium(I1) compounds. 

COMPARATIVELY little is known of the chemistry of chromium(II), because of the extreme 
sensitivity of compounds of this oxidation state to aerial oxidation. There are few reports 
of detailed investigations of even simple hydrated chromium(I1) salts. As part of a 
general study of chromium(I1) chemistry, and in order to provide a basis for understanding 
the complicated magnetic behaviour of certain chromium(I1) compounds, paramagnetic 
susceptibilities of several salts, CrS0,,5H20, CrC1,,4H20, CrBr2,6H,O, CrI,,5H20, 
Cr(C10,),,6H20, and CrHP0,,4H20, expected to show magnetically " normal '' behaviour, 
have been determined over the temperature range 90-330"~. Only the sulphate, 
CrS0,,6H20, seems hitherto to have been investigated in this way. Lips has shown it 
to obey the Curie law, with a magnetic moment of 4-82 B.M. at  room temperature. Single- 
temperature measurements in aqueous solution have given values of 5.0 and 4.83 B.M.4 for 
the chloride, and 4-83 B.M.4 for the sulphate. 

Chromium(I1) solutions are commonly prepared by three general methods : (i) the 
electrolytic reduction of chromium(IIr) solutions; (ii) the reduction of chromium(rI1) 
solutions with zinc and mineral acid; and (iii) the solution, in mineral acid, of chromium(I1) 
acetate, previously precipitated from chromium(I1) solutions obtained by methods (i) or 
(ii). However, the compounds listed above, except the monohydrogen phosphate which 
was prepared by metathesis, were prepared by heating an excess of chromium metal with 
the appropriate dilute acid. Procedures (i) and (iii) involve more manipulation of air- 
sensitive solutions than does the use of the metal, and (ii) could lead to contamination with 
zinc compounds, e.g., zinc phosphate. Since the standard oxidation potentials to the 
bivalent state for zinc and chromium are similar (-0.763 and -0.91v, respectively 5), 

either metal should efficiently reduce chromium(II1) ions. 
For the Cr(II)/Cr(III) couple, E, = -0~41v.~  Thus aqueous chromium(I1) solutions 

are thermodynamically unstable to oxidation by hydrogen ions in acid solution. This is 
apparently why it has been considered that pure chromium(I1) salts could not be prepared 
by dissolving the metal in acids.6 Nevertheless, even in acid conditions, and provided that 
catalysts and complexing agents are absent, oxidation by hydrogen ions is very slow,' 
and must be even slower in the nearlyneutral solutions (pK 2~ 5 )  remaining after the 
reaction of the acid with the excess of metal is complete. The compounds prepared in this 
way are analytically pure, and some magnetic data already published in a preliminary 
form indicate that only traces of chromium(II1) impurities can be present. Lux and his 
collaborators 899 have also recently prepared many pure chromium(I1) compounds from the 
metal, and have shown that the powder photographsg of the hydrated sulphates and 
fluorides of copper(I1) and chromium(I1) are very similar. 
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Absorption Spectra.-The splitting of the ground term 5D (3d4) of the free chromium(I1) 

ion in (a) octahedral and (b) tetragonal fields lo is given in Figure 1. The few spectral 
investigations so far reported 11-13 have shown chromium(@ salts in aqueous solution to 
give a single band near 14,000 cm.-l, which has been assigned to the expected 5T2s + 5E, 
transition (Figures 1 and 2). However, the band is broad and asymmetric, and this has 
been ascribed to the large tetragonal distortion expected from the orbitally doubly- 
degenerate E, ground state. Liehr and Ballhausen l4 have estimated the splitting of the 
E, state to be ca. 6000 cm.-l. From a study of the optical absorption spectra of single 
crystals of hydrated chromium(I1) chloride and sulphate a t  room temperature and a t  
7 7 " ~ ~  and assuming that A = 11,700 cm.-l, Runciman and Synie l3 obtained a ground-state 
splitting of 8000 cm.-l. 
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('I FIGURE 1. Splitting of the free-ion ground 

term of Cr(II), 5 0 ,  in (a) an octahedral 
field, and (b) a tetragonal field 
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The earlier work on aqueous solutions has been confirmed. All the soluble salts showed 
a broad, asymmetric band close to 14,000 crn.-l, with E = 5. The absorption increased 
markedly from about 27,000 cm.-l into the ultraviolet region, presumably because of 
charge transfer between the metal and the ligands. Figure 2 shows the spectrum (A) of a 
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FIGURE 2. 
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Ultraviolet and visible spectra of a 0-062~-aqueous solution of chromium(I1) 
bromide, (A) before oxidation, and (B) after oxidation 

O.O62~-solution of chrornium(I1) bromide, and the change (B) after exposure to air for a 
few minutes. The weak band at  24,100 cm.-l, superimposed on the low-frequency side of 
the charge-transfer absorption in the unoxidised solution, apparently arises from a few 
percent of chromiurn(1n) impurity. Owing to the intense chromium(rI1) band near 
16,700 cm.-l, a small amount of oxidation can affect the width and position of the 
chromium(I1) band. Chromium(I1) 
sulphate, once dry, oxidises only slowly in air, and the reflectance spectrum of a freshly 
prepared sample showed a broad band a t  14,000 cm.-l. 

Magnetic Data.-All the compounds, except the phosphate, obeyed the Curie law, with 
magnetic moments a t  room temperature close to the spin-only value for four unpaired 

The nature of the chromium(rI1) species is not known. 
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electrons, 4-90 B.M. (Figure 3; the Table). In the first approximation, no orbital con- 
tribution to the magnetic moment should arise in octahedral spin-free chromium(I1) 

Variation of magnetic properties of chromium(I1) salts with temperature 

1' (OK) 

326.0 
310.0 
297-9 
274-5 
250.0 
230.0 
207.5 
184.5 
158.5 
132.0 
107.7 
96.0 

CrS04,5H,0 
106XA 10-'/X.4 

9151 1.093 
9622 1.039 

10,093 0.9912 
10,980 0.9100 
12,080 0.8281 
13,140 0.7612 
14,510 0.6892 
16,450 0.6080 
19,280 0.5187 
23,000 0.4348 
28,560 0.3502 
32,040 0.3121 

peen (B*bl-) 
4.91 
4.91 
4.92 
4.93 
4.93 
4-94 
4.93 
4.95 
4.96 
4.95 
4.98 
4.98 

Diamagnetic corrcction == -1105 x 

T ("4 
324.8 
309.5 
291.0 
274.0 
255.3 
229.4 
206.5 
184.5 
159.0 
132.0 
108.0 
96.0 
Diamagn 

CrBr,6H20 
1O6Xa 10-2/X~ pen (B.M.) 

9376 1.066 4.96 
9840 1.016 4-96 

10,560 0.9469 4.98 
1 1,060 0.9045 4.94 
11,940 0.8372 4.9G 
13,300 0.7519 4.96 
14,750 0.6779 4.96 
16,630 0.6013 4.97 
19,310 0.5178 4-98 
23,400 0.4274 4.90 
27,980 0.3573 4.94 
31,500 0.3175 4.94 

ietic correction = -147 x 10+ 

T ("4 
323.8 
309.8 
207.0 
274.5 
249.6 
228-5 
206.1 
187-7 
164.5 
146.5 
126-7 
108.0 
94.0 

CrC1,,4H20 
1 O 6 u  1O-'/XA 

9453 1.058 
9719 1.029 

10,180 0,9827 
11,050 0.9053 
12,090 0.8274 
13,230 0.7559 
14,710 0.6798 
16,270 0.6147 
18,500 0.5405 
20,740 0.482 1 
24,240 0.4125 
28,350 0.3528 
32,680 0.3059 

peff (B.M.1 
4.97 
4.93 
4.94 
4.95 
4-93 
4.94 
4.94 
4.96 
4.95 
4-95 
4.98 
4.97 
4.98 

Diamagnetic correction = - 99 x 1 O+ 

Cr(CIO4),,6H,O 
7' (OK) 106X* lO-'/X* /Jeff (B*hf.) 
326.5 9392 1.065 4.97 
311.4 9820 1.018 4.96 
295.3 10,420 0.9597 4.98 
272.5 11,230 0.8906 4.97 
248.0 12,300 0.8130 4-96 
223.0 13,610 0.7347 4-95 
199.2 15,730 0.6356 5.03 
172.0 18,340 0.5452 5.04 
147.0 21,260 0.4704 5.02 
125.5 24,570 0.4070 4.99 
108.0 28,690 0.3486 5.00 
94.5 33,040 0.3026 5.02 
Diamagnetic correction = -142 x 
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FIGURE 3. Variation, with temperature, of reciprocal of susceptibility, 10-2z%,,. -* ( 0 
and A), and magnetic inonlent, peff (a and A), of CrI,,5H20 (circles) and 
CrHP04,4H,0 (triangles) 

complexes, so that a temperature-independent moment of 4.90 B.M. is expected. How- 
ever, a second-order effect of spin-orbit coupling should cause a reduction of moment 
according to the equation 

"en === I"S.0. (1  - ;), 
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where the symbols have their usual significance.15 From the spectral data, the apparent 
value of A is 14,000 cm.-l, and if the free-ion value of the spin-orbit coupling constant, 
h = 57 cm.-l, is taken, then ~ r .  = 4-86 B.M., slightly lower than the experimental results. 
Allowing for temperature-independent paramagnetism of approximately 100 x 10-6 c.g.s. 
units,1° this would be increased to 4.88 B.M. Correcting for the tetragonal distortion 
(q., by taking A = 11,700 cm.-l, as used by Runciman and Syme l3) and for the reduction 
of A on complex-formation l6 would have opposite and approximately equal effects on the 
magnetic results , and would be experimentally undetectable. 

From structure determinations, CrS0,,5H,0,17 KCrF3,18 and the anhydrous halides l9 

are known to be tetragonally distorted. Figgis lo has shown that a. tetragonal distortion 
should lead to  temperature-dependence of the magnetic moment. Several of the com- 
pounds investigated here, in particular the sulphate and the perchlorate, do show increasing 
magnetic moments with decreasing temperature, but the change is barely larger than the 
experimental error. It would be premature to suggest that this verifies Figis’s pre- 
dictions; any change in magnetic moment would be very small and detectable only at 
temperatures lower than those used in the present work. It is likely that the reduced 
magnetic moment of the monohydrogen phosphate is due to slight interaction, perhaps of 
a superexchange type. 

EXPERIMENTAL 
Preparatioiz of Salts.-Except in the preparation of the phosphate, an excess of spectro- 

scopically pure chromium pellets, obtained from Johnson Mathey and Co., was heated with 
the appropriate dilute AnalaR acid until reaction ceased. The excess of metal was then filtered 
off and the solutions treated as described below. All operations were carried out in a nitrogen 
atmosphere. 

The aqueous solutions of chromium(I1) sulphate, chloride, and bromide were concentrated, 
the compounds precipitated with dcoxygenated acetone, filtered off, washed with small amounts 
of acetone, dried by continuous pumping at  room tcmperatui-e, and scaled in Pyrex tubes. 
Once dry, the sulphate is reasonably stable to air, but the chloride and bromide are hygroscopic 
and oxidise readily (Found: Cr, 22.0; SO,, 40.3. Calc. for CrS0,,5H20: Cr, 21.8; SO4, 
40.3%. Found: Cr, 26.7; Cl, 36.4. Calc. for CrC12,4H,0: Cr, 26.7; C1, 36.4%. Found: 
Cr, 16.5; Br, 50-7. Calc. for CrBr,,GH,O: Cr, 16.3; Br, 50.0%). 

Acetone did not precipitate chromium(11) iodide and perchlorate even from concentrated 
aqueous solutions. The solid compounds could only be obtained by pumping off all the water 
from their aqueous solutions. With the iodide, continuous pumping for a few hours a t  room 
temperature caused an uneven loss of water of hydration, the crystals changing from blue to 
greenish-yellow. The crystals were therefore equilibrated overnight with water vapour before 
sealing off. It was difficult to remove the last traces of water from the perchlorate, and its 
degree of hydration is uncertain. Once the reaction 
of chromium with dilute perchloric acid * had started, it was necessary to cool the reaction 
mixture to prevent oxidation by the unreacted acid. The perchlorate was blue when first 
prepared, but i t  gradually became green in the sealed tubes, presumably becausc of internal 
oxidation-reduction. Both the iodide and the perchlorate are hygroscopic and readily oxidised 
by air (Found: Cr, 13.1; I, 64.0. Found: Cr, 14-7. 
Cr(C104)2,6H,0 requires Cr, 14.5%). 

The monohydrogen phosphate was precipitated by adding a sulphate solution to  a solution 
of disodium hydrogen phosphate. The dry compound did not change markedly in air (Found : 
Cr, 23.5; P, 13.7. Calc. for CrHPO4,4H,O: Cr, 23.6; P, 14.1%). 

Chromium was determined by direct combustion to Cr,O,, except for the phosphate and 
perchlorate. In  the former, it was estimated volumetrically after oxidation to chromic acid ; 
in the latter, the hydroxide was precipitated first. Chloride and bromide were estimated as 

l5 B. N. Figgis and J. Lewis, “ Modern Coordination Chemistry,” ed. J. Lewis and R. G. Wilkins, 
Interscience, London, 1960, p. 427. 

l6 T. M. Dunn, J., 1959, 623. 

l8 V. Scatturina, I,. Corliss, N. Elliott, and J. Hastings, Acin Cyvst., 1961, 14, 19. 
l9 J. W. Tracy, N. W. Gregory, J. AT. Stewart, and I<. C .  Lingafeltcr, A d a  Cvysf., l!tGS, 15, 160. 

The solid has not been isolated before. 

Calc. for CrI,,5H20: Cr, 13.1; I, 64.1%. 
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the silver halide. 
as ammonium phosphomolybdate and barium sulphate, respectively. 

Iodide was determined as beforc.20 Phosphorus and sulphate were cstiinatcd 

The thermogravimetric behaviour of CrS0,,5H20 was similar to that of CuSO4,5H,O. 
The infrared spectra showed the expected water absorptions in the 3300- and 1630-~m.-~ 

regions. The compound CrHP0,,4H20 gave the complex absorptions between 850 and 1300 
cni.-l usual in an acid orthophosphate.21 

Physical Measuremevtts.--nfagnetic measurements were carried out on solid samples sealed 
in Pyrex tubes.22 Visible spectra were recorded on a Unicatn S.P. 500 spectrophotometer. 
The solutions were protected from oxidation by a tap joined by a graded seal to the 1-cm. silica 
cell. Infrared spectra were recorded on a Grubb-Parsons GS 2A grating instrument. 
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