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CHEMISTRY OF FLUORIDES OF THE TRANSITION 3d-ELEMENTS IN HIGHER OXIDATION STATES

The structural and electronic contigurations of fluorides of the 3d-elements in higher oxidation states (ionic radii, nature of the chemical bonds and factors influencing it, etc.) are discussed. A comparison 1s made with the fluorides of the 4d-and Sd-elements. The laws determining the chemical, structural, and elec tronic properties of the transition of the 3d-elements in higher oxidation states were derived on the basis of the experimental data.

. The attention of chemists has also been attracted to the investigation of the possibilities of using fluorides of the elements in increased oxidation States: these compounds are comparatively "mild' 1 fluorinating agents, which are finding use in the selective synthesis of organic cornpounds.

.
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Figure l•prese�ts the oxidation states for fluorides of the 3d-elements. The transition elernent always ha�'àn octahedral configuration, even in increased oxidation states [START_REF] Babel | Structure and Bonding[END_REF], How ever, we should: 1 -ri!tlke a reservation when we are speaking of oxidation states corresponding to the presence of four or nine electrons for high-spin configurations (Cr 2 + , Mn 3 + , Cu 2 + ) or seven electrons for low-spin configurations (Ni 3 + ), for which Jahn-Teller distortions are ob served.

In the case of structures corresponding to the highest oxidation states, usually the Pauling rules are fulfilled: the mutually isolated MF 6 octahedra ensure maximum weakening of the forces of electrostatic repulsion. The �hases formed correspond most often to the compositions M 6 +r6, A+i.i 5 +p 6 , A 2 fi.1: Q ry 6 , A 2 + A'fi.i 3 � 6 , etc, (in Tables 1 and2, a list of the known fluoride compounds of Ni, Cu(III) and (IV), and the alkali metals is cited as an exam ple [START_REF] Grannec | [END_REF][START_REF] Sorbe | These[END_REF][START_REF] Sorbe | [END_REF][8][9][10][11][12][13][14][15][16][17]). Figure 2 depicts idealized structures, corresponding to the formulas A2MF 6 and AsMF6 , on the basis of which the lattices of the abovementioned compounds can be obtained. These structures can be described by face-centered cubic packing of the (MF 6 ) n -octahedra. In compounds corresponding to the formula A2MF 6 , the ions A occupy "tetrahed ral" positions, in which they are actually surrounded by 12 fluoride ions. -In compounds with composition A2MF6, one third of the A ions also occupy octahedral positions; the structure of the A2A'MF6 phases, in which, depend ing on the size of the ions A and A', a change in symmetry may be observed, is analogous, Table 3 indicates the electronic configurations that can be used for 3d -ions contained in fluori d es. Although the ligand field created by fluorine can be consid ered weak as a re sult of the str.Ông ionic character of the bond s (as a result of which, chiefly high-spin con figurations are• •observed) , nonetheless, in elements at the end of the 3d-group, low-spin con figurations begin to appear [Cl(IV), Ni(III) or (IV), Cu(III)]. This effect can be explained by an inten�ification of the crystal field, due to a decreas e in the size of the cation as a result oL:tl\'e increase in the effective charge of the nucleus.

The case of trivalent nickel merits special consideration. There is no doubt that this ion possesses a low-spin configuration at low temperatures: an investigation of the magnetic_ susceptibility indicates that at the temperature 4.2 ° K, Ni(III) possesses an effective morrent equal (depending on the compound ) to from 1.73 to 2.11 µB; the value of this moment 1s close to the value (1.73 �B) calculated for the ion d 7 in the low-spin configuration on the assump tion of the existence only of the spin contribution [START_REF] Sorbe | These[END_REF]. On the other hand, x-ray diffrac tion study of Cs2KNiF6, which possesses a cubic elpazolite structure at normal temperature, indicates the appearance of tetragonal symmetry at temperatures below 140 °K (18], The ap pearance of tetragonal distortion is d ue to the Jahn-Teller effect as a result of nonequiva population of the e g orbitals, It should be noted that the structure of the homolog com pound Cs2KMnF6 also corresponds to tetragonal symmetry; the four d-electrons of the Mn(III) ions are in a high-spin state (Fig. 3), At normal temperature, when this distortion in a nickel-containing compound no longer exists, the effective moment is of the order of 4.3 µB; thus, we might have assumed the existence of a transition from the low-spin to the high-spin state (with increasing tempera ture). In the case of a high-spin configuration, the value of the magnetic moment d rops in 'l' (Structure of the K 2 PtCl 6 type.

the range 3.76-5.20 µB; symmetrical population of the e g -orbitals leads to the appearance of regular octahedral (NiF6) 3 -, and, as a result, to cubic symmetry of the lattice, The cor rectness of this interpretation, however, is placed in doubt by the results obtained by the ESR rnethod in an ±nrestigation of various compounds of trivalent nickel, conducted in [19].

According to [19], a,low-spin configuration might also be preserved at high temperature, since cubic symmetry is due to the dynamic Jahn-Teller effect • . ;

Let us turn.;: ,t'o' the electronic configurations of the 3d-elements (Table 3). Since Ni (III) at room temper-âture occupies a low-spin configuration, it rnight have been expected than an analogous situation would also exist for the Cu(III) ion, to which an even higher charge of the nucleus corresponds. Actually, the situation proves to be different: in all th� corn pounds Cu(III) possesses a high-spin configuration. This effect can be explained as the re sult of the presence of eight d-electrons. In the case of Cu(III), the existence of a low spin configuration would lead to a substantial distortion of the (CuF6 ) 3 -octahedra, which is not compatible either with the weak crystal field created by the fluoride ions or with the geornetry of their arrangement around the Cu atoms. In view of this, it should be men tioned that the isoelectronic ion N1 2 + possesses a high-spin configuration in all compounds with fluorine.

Ionie Radii. Whereas the radii of transition metal ions in the oxidation state +2 are well known, matters are otherwise for the case of the oxidation states + 3 and +4. An analy sis of the parameters of a large number of phases of the type of A2-f-M 4 +r 6 , AlMF6 , or A2 + A 1 + M 3 + r'6 permits us to fill this gap (Fig. 4). A deterrnination of the ionic radius was per formed by cornparing the parameters of these phases with the corresponding parameters for identical structures, for which the value of the ionic radius was already cited in the ta bles of Shannon and Prewitt [20], We endeavored to maximally narrow the limita of values [20] (1, 2) and this work [START_REF] Dance | [END_REF][START_REF] Babel | Structure and Bonding[END_REF].

found, so that the ionic radius could be considered as a linear function of the cubic param eter of this phase. Calculations performed for various phases gave results in sufficiently good agreement for the possibility of determining the values of the ionic radii with an ac curacy of ±0.01 A.

On the whole, it is possible to ascertain the presence of a compression effect with in crease ionic•��mber within the limits of the same series, with the exception, however, of the se 3 i uence

6
from Cr 5+ (d 3 + ) to Mn 3+ (d 4 , high-spin state) and from Ni 3+ (d 7 , low-spin state) to Cu (d , hJgh-spin state ) . The increase in the radius observed in this case, although negligible, :tnight serve as an argument supporting a low-spin configuration (at least partial) for Ni(III) -1 ':ln the. structure of the fluorides considered.

Another comment must be made, For the series of tetravalent cations it could have been assumed that the Cu 4+ ion should be characterized by a larger radius than the Ni 4 + ion t as a result of the appearance of a seventh d-electron on the orbital e g • However, actually this is not so; therefore, we conclude that for increased oxidation states the in�rease in the effective charge of the nucleus more than balances the effects of the crystal field. The in fluence of weakening of the shielding effect of the electrons present when their number de creases consista precisely of this.

Stability of Fluorides of Elements in Increased Oxidation States. It seems advisable to formulate the general laws of stability for fluorides of elements in higher oxidation states. (Here and henceforth the term 11 s tability" will be used in the thermodynamic sense.) Strictly speaking, the ideal method would consist of comparing the standard enthalpies of formation of various fluorides considered. Unfortunately, there is only a small number of thermodynamic data pertaining to binary compounds of the elements in lower oxidation states. Considering this� we had to limit ourselves to a comparison of the empirical data. Influence of the Crystal Structure. Above it was noted that in higher oxidation states a transition element is accommoctated w1thin rnutually isolated octahedra, formed by fluorine atoms. This pertains, for example, to the case of a structure of the K2PtCl6 type, realized in ternary fluorides for manganese, cobalt, nickel, and copper ions in the maximum oxidation state. This effect is explained by a maximum weakening of the forces of electrostatic re pulsion.

An influence of the surroundings, due to the presence of other cat. ions, is also mani fested. For example, it becomes understandable that certain phases, such as Na2NiF6 and Na2CoF6, have not been absolutely reliably synthesized as yet, Actually, if there were no unfavorable factor due to the presence of a alkali metal ion with smaller radius, weakening the covalency of the Ni -F and Co -F bonds, such phases should most likely have crystallized in a structure of the Na2 SiF 6 type. in which the (MF 6 ) 2 -octahedra would be bonded to the (NaF6) 5 octahedra through common ribs, which would lead to strong electrostatic repulsion [ 21] Influence of Covalency of the Metal -. Fluorine Bond. Frorn the standpoint of the simple electrostatic approach, the difficulty of obtaining high oxidation states is intensified in the sequence from titanium to copper as a result of an increase in the effective charge of the nucleus, which 1s manifested in an increase in the ionization potentials.

However, the ionic mode! is not sufficient. And actually, it does not permit an ex planation of the changes observed in the sequence from binary to ternary fluorides. This change is associated with an increase in the covalency of the bonds of the 3d-element fluo rine.

Figure 1 illustrates the stabilizing influence of the diamagnetic cation present in the case when it is monovalent or divalent. In connection with this, we must make some comments: a) Firs t of aii•: in ternary fluorides, the oxidation state +4 is alway s realized, The only exception is the 1 case of iron (the cause of this at first glance, anomalous effect will be discussed below) ; . . ' ., ,/ '•.t

b) The m� � ifaum oxidation state realized in ternary fluorides is always at least equal to the oxidation state obtained in binary fluorides and even exceeds it in the case o� co balt, nickel, and copper. However, there is one exception-the case of chromium. Actually, it seems rather strange that CrF 6 has net been synthesized [22), whereas in ternary êornpounds the highest oxidation state is equal to +5. There are no theoretical arguments permitting an explanation for this fact. It can be assumed that in this case it is a matter of experimen tal difficulties: work with the compound CrF 6 is rather incovenient as a result of the in stability and high volatility of this compound, which hinders the production of a ternary compound, in which CrF6 would be bonded to some other fluoride. However, it is appropriate to raise the question of .what stable structure of the ternary material might accommodate iso lated (CrF6) octahedra.

In the case of cobalt, nickel, and copper the influence of the cation bonded to the transition metal ion is very distinctly manifested and is of a dual nature: a) The corresponding ternary compounds possess exceptionally stable structures, to which high lattice energies correspond. The structural aspect of this question was dis cussed above; b) The formation of a bond between fluorine and the other element competes to a sub stantial degree with the formation of a bond between fluorine and the transition element. The stronger the ionic character of this bond, the higher the electronic charge of fluorine and the more c ovalent the bond between the 3d-element and fluorine be c omes. Naturally, an intensification of the covalent charac ter will promote an increase in the stability of the compound. In c onnection with this, suffice it to recall that the production of ternary fluo rides proves clearly simpler in the case of cesium and for rubidium and all the more for po tassium.

Influenc e of Electronic Configuration. It is known that certain electronic configura tions can be stabilized to a substantial degree either on ac c ount of the energy of inter atomic exchange or by the crystal field. As an example, for the case of octahedral coordi nation we might cite the high-spin c onfigurations d 3 , d 5 and the low-spin configuration d 6

,

The existence of suc h specific stabilization permits, for example, an explanation of the fact that higher oxidation states than +4 (d 3 ) are not known for manganese. The production of Mn(IV) does not present any difficulty even in the case of alkali metal cations that have a small radius, such as lithium or sodium.

An analogous situation exists for trivalent iron (c onfiguration d 5

).

It can be assuroed that the production of this element in the oxidation state +S would be simpler than the pro duction of Fe(IV) (configuration d 4 ), if it were not necessary in this case to consider the existence of a very high ionization potential.

For the same reason, distinct stability is possessed by compounds by Ni(IV) (low-spin configuration d 6 ). From the experimental standpoint this finds reflection in the fact that such c ompounds as Rb 2 Ni 4 + F 6 and Cs 2 Ni 4 fy6 can be produced very easily, whereas the produc tion of Rb3Ni 3 +p6 and Cs3Ni 3 +f6 proved entirely impossible.

Corn arison with Fluorides of the 4d-and 5d-Elements. Table 4 presents the maximum oxidation states observed for fluorides of the 3d-, d-, and 5d-elements, according to the data known until quite recently. This table confirma the well-known fact that high oxida tion states ar•e••more stable for 4d-and 5d-elements than for 3d-metals. This is explained by the fact that 1 the increase in the radial extent of the 4d-and 5d-orbitals leads to a greater overlap. ping of the orbitals of the anions and cations and, c onsequently, to an in tensification of the covalency. Lowering the ionization potentials also permits an explana tion of th � ... ,.p' ârtial transf er of a large number of electrons to fluorine a toms. An anomalous effect is observed for elements of the side subgroup of the firét group (copper, silver, gold), whereas for the other columns of Table 4 the oxidation s.tate remains constant or inc reases with increasing atomic number. Silver has a lower oxidation state than copper and gold, For gold the existence of a valenc e state of +5 was detected by Leary and Bartlett (23). In the case of silver, the highest oxidation state known until recently was the state +3. A study published in 1977 [24] indic ates the possibility of the existenc e of silver in an oxidation state of +5. The silver compound Cs2 AgF 6 possesses a very low mag netic susceptibility, independent of the temperature, which might be due to the simultaneous presenc e of Ag(III) (low-spin configuration d 8 ) and Ag(V) (low-spin configuration d 6 ) within the AgF6 octahedra.

Comparison with Oxides. Table 5 indicates the maximum oxidation states obtained for fluorides and oxides of the 3d-elements. It can be stated that, as a rule, they are the same. However, in the case of manganese and iron the oxide possesses the highest oxidation state; the opposite result is observed for copper, Somewhat naive considerations, based on the greater electronegativity and oxidative capacity of fluorine, would permit us to expect that fluorine should stabilize increased oxidation states to a greater degree than oxygen. Actually this is not so, and the opposite conclusion, confirmed, in pa rticular, in the case of rnanganese and iron, seems even more plausible, Such behavior rnay be due to the higher energy of Coulombic interaction (the forma! charge oxygen is equal to -2, whereas for fluorine it is only -1), This may also be as sociated with the greater covalency of the rnetal-oxygen bond. Covalency leads to a trans fer of electrons from anion to cation, the effective charge of which decreases, and, conse quently, so does the ionization potential necessary for its formation. Another cause of the stability of metal oxides with an increased oxidation state (in particular, in the case of manganese) might be due to the fact that the cation may be in tetrahedral coordination, whereas only octahedral coordination is observed for fluorides, It can also be noted that most of the lower oxides of elements at the end of the 3d series possess metallic-type electric conductivity. Such delocalization of the electrons, absent in the case of fluorides, is another stabilizing factor.

It is interesting to note that transition frorn a low-spin to a high-spin state, mani fested for fluorides beginning with Ni(III), is already observed for Co(III) in the case of oxides. This difference in behavior 1s naturally due to the ligand field, which 1s stronger in the case of oxides, Our consideration of the nature of the chernical bond in fluorides provides evidence of the existence of a definite gap in the knowledge of this question, due to the fact that the thermodynamic properties of these fluorides, and especially the values of the enthalpies formation, are insufficiently well known. In the presence of such data, it would become possible to rnake a more quantitative generalization of various structural and electronic data, obtained in this field of chernistry. On the other hand, from the standpoint of possi ble applications a knowledge of thermodynarnic parameters would permit a sensible selection of these materials for use as fluorinating agents. A systematic investigation of the reac tivity of these substances with respect to various organic cornpounds might be of great in terest. In connection with this, it is appropriate to raise the questions: might the tran sition element present play the role of a catalyst? How does the electronic configuration influence the reactivity?

It is also sensible to think about whether it will be possible in the near future to obtain higher oxidation states in comparison with those known at present. Especially at tractive is the case of iron: whereas the oxidation states +4, +5, and +6 have been ob served for oxides, in the case of fluorides it has not yet been possible to exceed an oxida tion state of +3. To be able to obtain positive results, it will be necessary to use new methods of fluorinât:.": i.on, based on the use of powerful fluorinating agents, as well as sub stantially higher pressures. Nonetheless, it must be considered that in most cases it 1s necessary to develop new methods, permitting avoidance of the difficulties due to the de creasing stabili;y'of binary fluorides and their increased volatility, ,,: -�r Also of great interest is the case of oxyfluorides. Only a small nurnber of oxyfluoride compounds of iron, cobalt, nickel, and copper, corresponding to oxidation states exce• eding +3, are known. It might be hoped that such compounds will be successfully produced by si multaneously utilizing the effects of the electronegativity of fluorine and the oxygen-deter mined stabilizing influence of the delocalization of electrons.
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Fig, 1 .

 1 Fig, 1. Oxidation states of the 3d-elements contained in currently known binary (1) and ternary fluo rides (2).

Fig. 2 .

 2 Fig. 2. Idealized structures of compounds with composition A2MF6 (a)and A 3MF6 (b) (A is an alkali metal),

Fig. 4 Fig, 3 .

 43 Fig, 3Fig. 4 Fig, 3. Electronic structures of the ions Mn 3+ (a) and Ni 3+ (b) on the assumption of the existence of an octahedral field.

Fig. 4 .

 4 Fig.[START_REF] Babel | Structure and Bonding[END_REF]. Ionie radii of Mn 4 + (1, 3) and Mn 3+ (2, 4) in fluorides according to the data of[20] (1, 2) and this work[START_REF] Dance | [END_REF][START_REF] Babel | Structure and Bonding[END_REF].
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 4 Maximum Oxidation States in Fluorine-Containing Compounds of the Transition Elements 1 Oxidation l 4d-Elerrents Oxidation I l 5d-Elements 1

  

TABLE 1 .

 1 Compounds of Ni(III) and Cu(III)

		Lia	LbNiFs (5] orthorh g JPbic a-L13 6 type	�--�-		
		N.<12	Na2LiNiF6 [6] Na2LiCuF6 [6]	Na3r• iiFa [8] Na3CuF5 [U] Monoclinic of crylolite type		
		K1	K2LîC11Fs [6] Cubic of elpazo-lite type	K2NaNiF's [ JO] K2NaC11Fs [7] Cubic of elpazo-lite type	K,NiFs [U] K3C11Fo [Il] Tetragonal of a-K3 Fe Fa type	
	-	Rb2 Cs2.	Rb2LiCuFe [6) Hexa � nal of Cs2 nCrFs type I l Li 1 1	Cs2NaNiFo [ 10] Cs2N'aCuFs [7) C!-2NnCrFatype Na 1 Rb�NaNiFa [10] Hb2NaCuF6 [7] Cubic of elpazo-lite type	Cs:iKNiFs [10] Cs2KCuFa [ 12] Cubic of elpazo-lite type K Rh2KNiF& [ °10] Rb2KC11Fe [7] Cubic of elpazo-lite type	Rl>3CuFa [6] Tetragonal of distorted (NH 4 ) 3

AlF6 type Cs2RbCuFa [12]

  

	Cubic of elpazo-
	lite type
	Rb

TABLE 2 .

 2 Cornpounds of Ni(IV) and Cu(IV)

	Li2 Na:\	Na2NiF& (13)	Rh2	Rh2NiFs * [-15] Rb2CuFa * [ 14]
	Kz	K2NiF&* ( 14]	Cs2	Cs2N il<'s [ 15] Cs2CuF6 * [Hl, 17]

TABLE 3 .

 3 -Electronic Configurations of 3d-Elements in Various Oxidation States*

	3 d-Element	+2	1	Oxidation state + 3 1 1 +5 1 +G H		3dM Element	+21	Oxidation sra te IHI� +3	+e
	Ti Cr Mn	1 2 4(tt) 3 3 5(tt) 4( t t)	0 1 2 3	0 1	0	�	Fe Co Xi Cu	6(tt ) 5(tt ) 7(tt) 6(tt) 8( t t, ) 'i'(trt) 6(H. ) 5(H}1 O(tt) 8( t ) 7(H),
	*ttHigh-spin configuration; Hlow-spin configuration.
									n)	0,	oJ
		a + + +tt + e' 8			0,60 0,7 0	• •2 • li • 0 •	•	•	•	•
		b + -e' ' § ;+ it ;+ tffg			O,ôO Ti.	V	Cr Mn	Il re Co Nt Cu
				Fig, 3			

TABLE 5 .

 5 Higher Oxidation States in Fluorides and Oxides

	Oxidation state	Oxidation state
	3d-Elements