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An analysis of the ligand field stabilization energy which makes allowance for the nephelauxetic effect is shown
to give satisfactory results when applied to the hydration enthalpies of the hexaamq@rplexes of the first
transition series. The contribution from the nephelauxetic effect is substantial, and the baseline for zero ligand
field stabilization energy is displaced below tHgdint. In these respects, the complexes show a closer resemblance
to the hexafluorometalates(lll) than to the hexaagttadhs. In the course of the analysis, the electronic spectra

of the cesium alums of vanadium(lil), manganese(lll), and cobalt(lll) are reexamined, and thermodynamic properties
of particular complexes are calculated. These incldie (Ti+,aq), ES(Ti3*|Ti2*), and the relative stabilities of

the high- and low-spin states of &gaq), Mrf*(aq), and Ci*(aq). The general influence of ligand field stabilization
energies on redox potentials is also discussed.

In their classical review of inner orbital splittings, George calculations, however, were only able to reproduce-40%
and McCluré showed that d-orbital splitting energies derived of the observed ligand field stabilization enerdies.
from electronic spectra may sometimes differ substantially from At the outset, it was clear that our analysis would benefit
thermodynamic values of the ligand field stabilization. We have from some enlargement of the available ligand field parameters
showr? that, for the hexafluorometalates(lll) of the first-row for the hexaaqua-8 complexes. We have therefore recorded
transition elements, the discrepancy is particularly large and thator reexamined the electronic spectra of the cesium alums of
it can be explained by previously unrecognized contributions vanadium(lll), manganese(lll), and cobalt(lll), and this aspect
from the nephelauxetic effect. By contrddipr the hexaaqua is dealt with first.
2+ complexes, the discrepancy is small because the nephe-
lauxetic effect is weak. Our theory suggests that the hexaaquaExperimental Section
3+ complexes should resemble the hexafluorometalates(lil) The cesium alums of vanadium, chromium, and manganese were
rather than the hexaaqua-Zomplexes because the common  ,enareq as previously describe®eflectance spectra of the alums
3+ oxidation state should ensure a large nephelauxetic effect\yere determined at both room temperature and 80 K by using a
which is little affected by the small difference in the positions Beckman DK-2 spectrometer.
of the water and fluoride ligands in the nephelauxetic series. In
this paper, we put this prediction to the test. Finally, a study of Absorption Spectra of the Cesium Alums of Vanadium-
the hexaqua-8 complexes, when combined with our existing (lll), Manganese(lll), and Cobalt(lI)
treatment of the 2 series, gives us the opportunity to apply
our theory to the redox potentiaE>(M3t|M2*+) of the first-
row transition metals; it also allows an assessment of the relative
stabilities of high- and low-spin states in both oxidation states.
Our investigation coincides with a renewed interest in these
complexes. Their energies have been the subject of ab initio
SCF calculationd® and there have been several studies of the
mutual interactions between the complexes and their environ-
ment in the alkali metal and ammonium alufisThe SCF

Previous investigatiodsof the electronic spectrum of
[V(H20)]®" in its alums have been confined to the region
14000-34000 cnTt. Here we report the absorption spectrum
of CsV(SQ)»-12H,0 over a wider range. In the cesium alum,
vanadium in [V(HO)s]®" experiences an octahedral field with
an additional trigonal componeftFigure 1 shows the spectrum
which is dominated by two broad, asymmetric bands with
maxima at 17 800 and 26 000 cfn Table 1 contains the
interpretation using an energy level scheme in a trigonal field.
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Table 2. Calculation of AH®(1)2
AHP(M3*,g) AHP (M3 ,aq) AHS(1)
Sc 4652 —647 —5299
. Ti 5112
§ \Y, 5426 —285 —5711
2 Cr 5648 —233 —5881
E Mn 5779 —104 —5883
< Fe 5715 —49.0 —5764
Co 6084 77 —6007
Ga 5812 —216 —6028
aFor sources, see text. All values in units of kJ niol
Table 3. Values ofA, the Splitting of the d Orbitals, and of the
Racah Paramete® and C for the Complexes [M(ED)g]®" in a
Regular Octahedral Ligand Field
complex Alecm™ B/cmt Clem? ref
: * —- ’ ’ ’ ; [Ti(H0)e]3" 18 800 28
T 518 wo 23640 [V(H 0> 18 400 632 2503 see text
¢ [Cr(H,0)e]3* 17 400 720 3055 29
Figure 1. Absorption spectrum of CsV(Sf-12H,0 at 80 K. The [Mn(H20)¢]3* 15 800 (629) (3530) see text
vertical lines show the positions of the peaks identified by Gaussian [Fe(H,0)]3* 14 000 780 3340 30
analysis (Table 1). [Co(H20)e]%" 16 750 660 3650 see text

Table 1. Bands Observed in the Absorption Spectrum of Cesium

; 8 ' and a moderately strong one at 10 500 énTThese energies
Vanadium(lll) Alum, Together with the Proposed Assignment

are little different from those given by Davis et!alfor both

band max/cm* assgnt the cesium and a mixed MrAl alum. The combination is
1940 3P (3T1g F) — 3E4(T1g,F) characteristic of the tetragonally distorted octahedral complex
9850 3A2¢(°T1g,F) = Eg(*T2g,D) which is expected for a‘dsystem subject to the Jahiteller
12 200 A2g(*T1gF) — *A1¢(*T24,D) effect: in regular octahedral symmetry, the energy of the first
17200 2A29(3T19’F)ﬁ3A19(3T29'F) band is equal ta\ but should be smaller than observed, and
19 600 A2g((T1g,F) — 3E4(3T2g,F) .
25 200 A 2gCT1gF) — PAryT1gP) the se_cond band should be absent. We assign the low energy
27 900 3Aog(*T1q F) — 3E(CT1gP) band inD4, symmetry to theé®B1qg — 5A14 transition and take
37600 33T 1g,F) = 2A2g(PA2g,F) the high energy one to be the envelope of the transitions to the
a Raman spectrum, ref 10. B,y and®Ey states. This giveA = 15 800 cmi? for the regular

] . . . octahedral complex, a much more reasonable value. A possible
The band maxima were obtained by a Gaussian analysis. Thereypjection to such an assignment is that an X-ray study gives

is a%Azg ground state, and a transition at 1940¢rto the upper  equal Mn-0O bond lengths in the compou8iHowever, this

°Eq component of what, in octahedral symmetry, would be a is almost certainly because the distortion is dynamic (the work
®T19 ground state has been determined by Raman spectro¥topy. was carried out at 295 K). The thermal parameter for the oxygen
Hitchmar? studied the absorption spectrum of the ammonium  atom of Mn—0 in the direction of the bond is 20% higher than
alum between 14 000 and 34 000 chand in this range, our  in the corresponding vanadium saff {4 in Or) and 40-70%
energies and assignments are very similar to his. Above 9300nhjgher than in the chromiuntA ), iron CA1g), cobalt {Asg),
cm™1, there is a region of increasing absorption, not present in gng gallium fA;) salts'saSimilar evidence has been presented
the chromium alum, which terminates with a fa|r|y weak peak for dynamic distortion in a manganese(”—h)rea Comp|e)%_6

at 12 200 cm®. This is where spin-forbidden transitions are Ligand field parameters for [Co@®d)e]3" have previously
expected;*? and we identify the terminal peak as the upper peen calculated from four bands in the absorption spectrum of
1A14 component of the spIi‘tT_zg state. Thgre is a much weaker CsCo(SQ)2-12H:,0 by using the strong field approximatién.
peak at about 9850 cmh which we assign to the lowelEg However, the spectra described here show that the low-energy
component, but this assignment is tentative, because there iyeak at 8100 crri* is very similar to one observed in those of
slight absorption in this region in the chromium alum, although poth the vanadium and chromium alums and may therefore be
this is weaker. However, the value Gfobtained from this band 3 viprational overtone or combination band. The parameters have
is in line with other values (cf. Table 3 ). The energies of the therefore been recalculated from the three other bands at 12 500,
transitions in octahedral symmetry were calculated from the 16 500, and 24 700 cm, the assignment being unchanged.
weighted averages of split components and interpreted in the Also, our more comprehensive work on first-row compléxes
intermediate field approximatiotf? spin—orbit coupling being  syggests that, in general, the intermediate, rather than the strong
neglected. From the bands up to 30 000°¢m = 18 800 cn, field approximation, provides the better fit. We have therefore
B =635 cn1?, andC = 2605 cn*. The previously unobserved  ysed the intermediate field approximation of ref 13a, except
two-electron transition is then predicted at 37 600 ¢and that the terms iB%A, which are numerically large for the states
occurs where expected as a discernible intrusion on the chargexyising from the 8configuration, were algebraically reexpressed

transfer band in the ultraviolet. by eliminating the simplifying assumption th& = 4B. This
The spectrum of cesium manganese(lll) alum at 80 K contains gives A = 16 750 cmr?, B = 660 cnr, andC = 3650 cn?,

an intense band with an absorption maximum at 21 050'cm

(14) Davis, T. S.; Fackler, J. P.; Weeks, Midorg. Chem1968 7, 1994.

(12) Ballhausen, C. J.; Liehr, A. DAnn. Phys. N.Y1959 6, 123. (15) Beattie, J. K.; Best, S. P.; Skelton, B. W.; White, A. H.Chem.

(13) Lever, A. B. Plnorganic Electronic Spectroscop@nd ed.; Elsevier: Soc., Dalton Trans1981 2105 and (a) supplementary data.
Amsterdam, 1984: (a) pp 126-7, (b) pp 37833, (c) p 419, (d) pp (16) Aghabozorg, H.; Palenik, G. J.; Stoufer, R. C.; Summerialg.
736-752. Chem.1982 21, 3903.
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the value ofA now being more in line with those of the other
[M(H20)g]** complexes. The spin-forbidden transitithy, —
3T1g4is predicted at 8200 cnt where it presumably contributes
to the observed band at 8100 tinThe two-electron transition
TA1q— STy is predicted a{2A — 5B — 8C + [12B? + 3(2B

+ C)3/A} or 5740 crml.

Analysis of Ligand Field Stabilization Energies of
[M(H 20)¢]**

Inorganic Chemistry, Vol. 38, No. 22, 1999951

in the case of chromium, with the data on the hydrogen chromate
and dichromate ions proposed in ref 25. Edﬂfe(Ga”,aq),
we have used the average of two independent literature
values?627

In this paper, it is theelative values of AH®(1) that are
important, and their uncertainties can be obtained from those
in AHP(M,g), the ionization energies, aniiH; (M3*,aq). We
estimate those in the latter quantity to be, in kJ Thol-2 (Fe),
+6 (Sc),+7 (Co, Ga),+10 (V, Cr), and+12 (Mn). Putting

The hydration enthalpy that we shall study is the one used the assessments for the three contributions together, the

by George and McCluré:
M**(g) + 3H"(aq) + 3e (g) = M*(aq)+ ¥,H,(@) (1)

The standard enthalpy changes at 298.1AK®,7 are given
by
AH(1) = AHF(M*" aq)— AHF(M*",9)  (2)

In the absence of competing ligands, there is strong evidetce
that, in all cases except scandidfithe M?* ion in aqueous

uncertainties in theariation in AH®(1) become, in kJ mot,
+3 (Fe),£8 (Sc, Ga)411 (Cr),+12 (V, Co), anct13 (Mn).

Values of AEqnp

These were calculated from parameters which were obtained
by assigning bands in the absorption spectra of [Mi}d]*"
complexes and by fitting the band maxima to formulas provided
by the intermediate field approximatid?® The calculated
parameters are shown in Table 3. As we are dealing with the
thermodynamics of formation of aqueous ions, solution spectra
in an acidic perchlorate medium were used when this was

solution is octahedrally coordinated by water molecules within possible, but for manganese and cobalt, the spectra of solid
its primary coordination sphere. We shall treat reaction 1 as a alums allowed better identification of peaks and detection of
process in which the gaseous ions enter into octahedral spin-forbidden transitions. For [V{@®)s]3t, the spectrum in
coordination and become subject to an octahedral ligand field aqueous perchlorate solut@provides little evidence of trigonal
in a high-spin configuration; deviations at appropriate points field splitting, and the two band maxima at 17 100 and 25 250

are considered later.

Our analysis ofAH®(1) is very similar to the one used for
the hexafluorometalates(llf). We calculate a residual,
AH_{1), from the equation

AHZ(1) = AH(1) — AE,, — AE,, — AE,,— AE(irreg)

®3)

Here, AEq, is the orbital-stabilization energy of the complex,
AEx is the relaxation energy induced by contraction of the
metal-ligand distance in the ligand field\Es, is the energy
change due to changes in spiorbit coupling, and\E(irreg)

cm~1 occur at significantly lower energies than in the cesium
alum. They were therefore assignedOp symmetry and used
to obtainA andB. A value of C was then calculated using the
C/B ratio derived from the alum spectrum.

Values of AEq, were calculated from the data in Table 3
following the methods of ref 2. For the reasons cited in the
previous paragraph, any trigonal field splitting o¥'Yaq) was
ignored. In the case of the manganese complex, the value of
3A/5 must be supplemented by the stabilizatiB&gy, brought
about by the JahnTeller distortion of the regular octahedral
coordination. As theoretical calculatidnen [Mn(H,O)g]3"
imply ana/E;r value of only 0.2a being the difference between

is the change in the excess interelectronic repulsion energy ofihe notential energy minima of the axially compressed and

the d' shell, relative to a smooth variation through tHe dP,
and d°values. If the theory is sound\Hy (1) for the series of
d" complexes should vary smoothly wittwithin experimental

error. We now test this prediction by calculating each of the

terms on the right-hand side of eq 3.

Values of AH®(1)

axially elongated states of the octahedrBi; was taken to be
AE/4 (cf. ref 3), whereAE is the energy of the €d transition
at 10 500 cm?,

For [Co(HO)g]®", the value ofAE,, must be supplemented
by the stabilization of the low-spin complex with respect to the
high-spin state. This is the energy of the;q — 5T transition,
calculated from the parameters of Table 3, less the vibrational

These were calculated from eq 2, and the results are shownenergy in the excited state. This vibrational energy, calculated

in Table 2. Values oﬁer(M3+,g) are from ref 2. Those ok
H?(M“,aq) are essentially from ref 21, but modifications have

as beforé! but using new auxiliary data quoted later in this
paper, comes to 26 kJ mdl The resulting stabilization of the

been made, mainly to take account of recent work. Thus the low-spin state is 43 kJ mot. The complete set akEo, values

vanadium value has been calculated using revised valuas of
G (VO?*,aqf? and AH{ (V20s,5)23 The data given for G-
(aq), Fé(aq), and Cé&'(aq) have been altered to be consistent
with a recent revie## of the thermochemistry of iron and also,

(17) Throughout this paper, all thermodynamic quantities are molar

guantities.
(18) Hunt, J. P.; Friedman, H. IProg. Inorg. Chem1983 30, 359.
(19) Brooker, M. H. InThe Chemical Physics of Salion; Dogonadze,
R. R., Kalman, E., Kornyshev, A. A., Ulstrup, J., Eds.; Elsevier:
Amsterdam, 1986; Part B, p 119.
(20) Kanno, H.; Yamaguchi, T.; Ohtaki, K. Phys. Cheni989 93, 1695.
(21) Johnson, D. A.; Nelson, P. G. Chem. Soc., Dalton Tran$99Q 1.
(22) Hill, J. O.; Worsley, I. G.; Hepler, L. @Chem. Re. 1971, 71, 127.
(23) Lavut, E. G.; Chelovskaya, N. \J. Chem. Thermodyi989 21, 765.
(24) Parker, V. B.; Khodakovskii, I. LJ. Phys. Chem. Ref. Datt995
24, 1699.

is shown in Table 6.

(25) Ball, J. W.; Nordstrom, D. KJ. Chem. Eng. Datd998 43, 895.
(26) Saltman, W. M.; Nachtrieb, N. Hl. Electrochem. Sod 953 100,

126.

(27) Van Gaans, P. F. M.; van Miltenburg, J. L.Solution Chem1991,
20, 335.

(28) Reference 13h\ is the average value of the two bands at 20 100 and
17 400 cnl.

(29) Calculated from the four bands in the solution spectrum of Elving
and Zemel (Elving, P. J.; Zemel, B. Am. Chem. So&957 79, 1281)
using the assignment of ref 13c, the lowest-energy band being assigned
to the A,y — 2Ey transition.

(30) The solution spectrum and assignment of Jargensen (Jgrgensen, C.
K. Acta Chem. Scand.954 8, 1502), the four bands being fitted by
using the ratioC/B = 4.3, a value suggested by the vanadium and
chromium spectra.

(31) Jgrgensen, C. KAdv. Chem. Phys1963 5, 33.
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Table 4. Data Used in the Calculation &E.{irregy

Johnson and Nelson

By Cy B, c, b c —AB —AC —AF, —AF,
[Ti(H20)e]3* (300) (17)
[V(H,0)g)3* 881 3364 862 3114 0.733 0.833 235 562 315 16.1
[Cr(H0)e)* 929 3705 917 3677 0.785 0.831 200 626 289 17.9
[Mn(H;0)e** 829 4414 828 4412 (0.760) (0.800) (199) (882) (325) (25.2)
[Fe(H0)e* 1047 4245 1067 4322 0.731 0.773 282 964 420 27.5
[Co(H,0)e)3+ 982 4835 988 4862 0.668 0.751 326 1204 498 34.4

aFor sources, see text. All values in chexcept forb andc.

Table 5. Data Used in the Estimation &E;

T(M _OHz)/ rsphe(M —OHz)/ Ar/ AEﬂx/
complex pm pm pm  kJ mol?

[S_c(HgO)G]3+ (211.7y 211.7 0 0
[Ti(H20)e]3* 202.8 208.7 5.9 17
[V(H20)e] 3" 199.2 206.0 6.8 24
[Cr(H20)e]*" 195.9 203.5 7.6 30
[Mn(H20)g]3* 199.1 201.4 2.3 3
[Fe(H:0)e]** 199.5 199.5 0 0
[Co(Hz0)e] " (194.5Y 197.9 3.4 6
[Ga(H:0)e) %" 194.4 194.4 0 0

a0y symmetry, high spin? Estimated; see text.

Table 6. Calculation of the ResidualHrees(l) by Using Eq 3

M AHS(1) AE. AEefimeg) AEn AE, AHZ(1)
Sc  —5299 0 0 0 0 —5299
Ti  (—5548) —90 (-38) 17 2 (5439)
V  —5711 -160 —51 24 3 —5527
Cr 5881 —250 —46 30 5  —5620
Mn —5883 —145 —46 3 4 —5699
Fe —5764 0 0 0 0 —5764
Co —6007 —123 —68 6 7 —5829
Ga —6028 0 0 0 0 —6028

a All in units of kJ mol ™.

Values of AEg(irreg)

The methods of calculation, the symbolism, and the sources

of data for the gaseous ions have already been descriied,

the parameters used in the calculation are given in Table 4. The

values ofBy andCy are identical with those given in ref 2, except
at manganese and cobalt where our need for fuller analyses

the gaseous ion spectra has added to or improved the data. Th
values ofB; andC; depend on the transitions observed in the
spectra of the complexes, and this explains the changes at iro

and cobalt. The observed transitions for iron arise fromfghe
and“G levels of the gaseous ion; those for cobalt fréinand
3H. Two levels are insufficient to separalg and C;,, so, in

these cases, values were obtained by assuming that their rati

is the same as that between the corresponding valuBganid
Cqy. As in the case of the hexafluorometalates(@Ithe values

of AF, and AF, increase significantly across the series.
Estimated figures for manganese are given in parentheses an

were obtained by interpolation &B/B, andAC/C;. Those for

titanium are the average of the vanadium and chromium value

The values ofAEirreg) to which the data in Tables 3 and 4
give rise are shown in Table 6.

Values of AE
As before? we use the valence force field approximation in
the following form:

AE,, = 127°v°m(H,0)(Ar)? (4)

Values ofv have been determined in both the cesitiand
rubidiunf alums of titanium, vanadium, and chromium and in

cesium cobalt alum in which the hexaaqua complex is low
spin33 To obtain figures for the manganese(lll) and high-spin
cobalt(lll) alums, we must first estimate the internuclear distance
in their hexaaqua complexes. For manganese we use the
experimental M-O distance of 199.1 pri?, but the value for
high-spin cobalt(lll) must be obtained by estimating the
difference in the equilibrium internuclear distance)(for the
high- and low-spin states. Shanitderived the radius of the
high-spin ion in six-coordination (60.5 pm) from the €b
distancé® in CoRs. He also obtained a radius for the low-spin
ion (54.5 pm) from various cobalt(lll) compounds. Hisvalue
is therefore 6.0 pm. Beattie et Blestimateddr = 7 pm; we
have repeated their calculation using more recentdatahe
metal-oxygen distances in the Tutton salts of manganese(ll)
and iron(ll) and corrected for an assumed linear drift in the
difference in bond lengths of the isoelectrort€ and +3
complexes betweerPdnd d°. This yields 7.6 pm. The insertion
of the Co-F distancé in high-spin Cok into a linear plot of
the internuclear distances of trifluorideés®” versus those of the
cesium alum® for titanium, vanadium, chromium, iron, and
gallium gives or 7.7 pm. Finally, we used Hitchman’s
relationshig® with »(M—0) = 530 cnt?! for low-spin [Co-
(H20)g]3" in agqueous solution and = 3.70. This value oh
brings the values obr calculated for [Co(NH)g]®" by his
method and by spectroscofyinto agreement. It givesr =
7.3 pm. By averaging these different methods, we téke=
7.2 £ 1.5 pm which, when combined with data on the low-
spin alumt® gives 194.5 pm for the internuclear distance in high-
spin [Co(HO)e]3t.
¢ Values ofv in the manganese(lll) and high-spin cobalt(lll)
glums can now be estimated from the inverse correlation with
internuclear distanc®. The value ofv for [Cr(H20)g]®" in
fqueous solution is 522 crh and in general, the solution values
appear to be about 320 cnt? less than those in the alur#’®
This suggests the following values (in chx titanium (505);
vanadium (515); chromium (522); manganese (510); cobalt
Cg515). To estimate the values Af in eq 4, we have assumed
that, in aqueous solutions of the complexes, the-OH,
distances are identical with those in the cesium altfifhese
are shown in column 2 of Table 5. For cobalt, we use the value
alculated in the preceding paragraph for the high-spin state.
he M—OH, distances in the hypothetical spherical-ion com-
s plexes are in column 3. They were estimated from a parabolic
‘baseline through the values for scandium, iron, and gallium. A
figure of 211.7 pm was used for the scandium complex. This

(0)

(32) Best, S. P.; Beattie, J. K.; Armstrong, R.J5.Chem. Soc., Dalton
Trans.1982 2611.

(33) Best, S. P.; Armstrong, R. S.; Beattie, J. K.Chem. Soc., Dalton
Trans.1992 299.

(34) Shannon, R. DActa Crystallogr.1976 A32 751.

(35) Hepworth, M. A.; Jack, K. H.; Peacock, R. D.; Westland, GActa
Crystallogr. 1957, 10, 63 and references therein.

(36) Brewer, F. M.; Barton, G.; Goodgame, D. M.L.Inorg. Nucl. Chem.
1959 9, 56.

(37) Knox, K. Acta Crystallogr.196Q 13, 507.

(38) Hitchman, M. A.Inorg. Chem 1982 21, 821.
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-5200 ago by George and McCluféwho were unable to explain it.
We now provide the explanation through the substantial
contributions made bAE{irreg).
Figure 2 reveals another resemblance between the /M
and KgMFg series: removal of the ligand field stabilization
energies from the binding energies clearly separates scandium
from the members of thele d' transition series. The projected
baseline falls below the experimental scandium point by 42 kJ
mol~%. This displacement is less than that observed in the
hexafluorometalate(lll) series but for understandable reasons:
in the KsMFg compounds, scandium assumes the common
octahedral coordination of the other transition metal ions; in
the MB*(aq) series it does nét.Consequently, the value afH®-
(1) for octahedral S¢(aq) should be less negative than the
scandium point in Figure 2, so that in both the [M®Js]3"
-6200 ———— and KsMFg series, the scandium point lies well above the
Se¢ Ti V Cr Mn Fe Co Ni Cu Zn Ga projected baseline. Despite the assumption made in traditional
Figure 2. Subtraction of the four components of the ligand field analyses, there is no reason why the spherical-complex values
stabilization energy from the values AH®(1) (open circles), leaving for the d—d'° series should be continuous with the so-called
a smooth curveAH; (1) (filled circles). d® system with its pinert-gas configuration. The discontinuity
seems to be most marked in series such as P@kJ3",

was obtained by assuming a linear correlation between the ionicyk \r, and Mb,32 when the nephelauxetic effect is substantial,
radii in six coordinatioff and the M-OH distancesAr is then and least noticeable when it is weak as with f#Fand

the difference between columns 2 and 3, and it yields the valuesyn (4 ,0)g2+ 3
of AE;x shown in column 5 when substituted in eq 4.

-5400

-5600

AH/KJ mol-1

-5800

-6000 [

Because factors other than jusE,, contribute to the ligand
Values of AEq, field sftgbiliza_tion_energigs, the esti_mation of thermodynamic
) _ quantities using ligand field theory is a more complex matter
These were calculated by using the methods and gaseous iofhan was previously thought. Nevertheless, this recognition leads
data of ref 2, a procedure which yieldéwalues of 122 and 85 to improvements. Thus, for [Ti(#D)s]3", the value ofAHS(1)
cmt for [Ti(H:0)]*" and [V(HO)e]**, respectively. The  in Table 6 was estimated by adding the 4 components of the

resulting values o\Es, are shown in Table 6. ligand field stabilization energy to AHL{1) value obtained
Discussion from the extrapolated baseline. This givAste(Ti3+,aq) =
_ . —436 kJ mot™,
In Table 6, the residualyH (1), has been calculated from Some support for this value can be obtained from experi-

eq 3 by removingAEom, AErfirreg), AEqx, and AEs, from  mental thermodynamic défaand estimated entropies, if the
AHS(1). Figure 2 shows how this eliminates the cusp at iron predominant species present in dilute acid solutions of titanium-

and leaves values that, except for scandium, lie very close to a(1v) is taken to be Ti&"(aq). This assumption has been (8ed
smoothly curved baseline. This baseline can be fitted to a+to derive AHZ(TiO?",aq) = —689.9 kJ mot?. Evidence for

parabolic equation of the type the existence of this ion in such solutions has been obtained by
Raman spectroscogy,and stability constant dafashow that,
AHi;l)/k‘J mol't=a+ bn+ cn? (5) at low concentrations, oligomerization is negligible. Equating
the titanium(IV)-titanium(lll) formal potential in chloride
Here,n is the number of d electrons in the tripositive i@n= solution (0.033 V4 to ES(TIO?*|Ti%*), and S°(TiO?*,aq) to

—5340.9p = —101.57, and = 3.2933. The correlation factor ~ S°(VO2*,aq)° yields AG (Ti3*,aq) = —415 kJ mot™. With
is thenR2 = 1.000, and all points lie within 5 kJ mol of the the estimated entropg>(Ti*",aq)= —292 J K'* mol™* (vide
baseline to an extent which, in each case, is less than theinfra),Aer(Ti3+,aq)= —453 kJ mof?, in fair agreement with
experimental uncertainty inH®(1). the value calculated from ligand field theory. A discrepancy is
In general, the values afE.irreg) in Table 6 are similar  to be expected if Ti® (aq) is not overwhelmingly preponderant
to, but slightly larger than, those calculated for the corresponding in dilute acid solutions of titanium(IV). [Ti(OH)?*(aq) is a
hexafluorometalates(l1B. This is consistent with the nephe- possible rival specie®.
lauxetic serie¥d which shows that water has a slightly greater ~ We now turn toES(Ti3*|Ti2"). Our use of ligand field theory
nephelauxetic effect than fluoride. Table 6 also showsAlias: to estimate enthalpies of formation can also be applied4o-Ti
(irreg) is some 26:50% of AEq, a percentage similar to that  (aq) (Table 7) by using the data of ref 3. Hexdor [Ti(H 0)e] 2"
observed for the hexafluorometalates(lll). The expectation raisedis taken to be identical with the value for [V§B)e]2", and the

in our introduction is therefore fulfilled: the hexaaqe3 metal-ligand distance is assumed to be 3.5 pm greater than in
complexes resemble the hexafluorometalates(lll) rather than the[V(H,0)¢]2", a difference calculated from the internuclear
hexaaquat-2 complexes; for [M(HO)s]2" the values oAEey distances in VA and Tik, the latter of which, unlike TiGland

(irreg) are only 16-35% of AEqr,® and well under 40% of the  TiBr,, is not metallic344 This yields AH7(Ti2*,aq) = —238
values for the [M(HO)e]3" complex with the same d-electron
configuration. The ligand field stabilization energies of both (39) Johnson, D. A.; Nelson, P. @. Chem. Soc., Dalton Trand995
K3MFg and [M(H,0)g]3" fit the traditional explanation given 3483.

by ligand field theory very poorly: in both series they are (40) Meran. b Sue i Parier . B Sehumn, %1 o
substantially larger than the orbital stabilization energies. In the Chemical Thermodynamic Propertigsmerican Institute of Physics:

case of the [M(HO)¢]3+ complexes, this was noted many years New York, 1982.
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Table 7. Estimated Contributions to the Hydration Enthalpies of
Ti2" and T+ 2

AHO(1) AEs, AEefirreg) AEx AEs, AHO(1)
Tizt  —2592 —105 -20 24 1 —2692
Tis*  —5439  —90 -38 17 2  -5548

aAll in units of kJ mol2,

kJ mol~L. The entropies of Pi(aq) and T¥"(aq) were obtained

by using the methods and estimated magnetic entropies of ref

21. First, the estimated magnetic entropies were removed from
the experimental valués?440 of the entropies of first-row
transition metal aqueous ions. Values${Ti2",aq) andS>-
(Ti*,aq) were then obtained from linear plots of the resulting
values for d dipositive or tripositive ions against those d&f @
dipositive ions ( = 0 — 5). Finally, the magnetic entropies
were restored. The resulting figures &¥Ti%",aq)= —91 J

K= mol~t andS(Ti®*,aq)= —292 J K1 mol~%; whence E°-
(TizH|Ti) = —1.25 V, ES(Ti%H|Ti2t) = —1.63 V, and T#"(aq)

is predicted to be highly unstable with respect to dispropor-
tionation. This estimate dES(Ti®"|Ti2") is about 0.4 V more
negative than those obtained from more traditional analises,
a change caused mainly by recognition of the need to detach
the tripositive ion baseline from the scandium point. It is more
in accord with the experimental work of Olver and Réfsaho
found the T#|Ti?* half-wave potential in acetonitrile at1.06

V on the hydrogen electrode scale. Differences between the half-
wave potentials of M |M2+ systems in acetonitrile and their
standard redox potentials in water are in the region of-0.8

V47 and suggest theE®(TisH|Ti¢") is —1.6 to —1.9 V. The
frequently quoted value estimated by George and McCluge3
V)1is almost certainly too negative. It was obtained by assuming
a constant difference between the baselines derived by subtract
ing ligand field stabilization energies from the hydration
enthalpies of the B and M?* ions. Our values ofAH (1)
cited here for M*, and elsewhefefor M2+, show that the
difference increases by about 250 kJ mdbetween scandium
and zinc. This drift is in qualitative agreement with the Born
equatiort®ain which it arises mainly from the charge difference
between the ions. George and McClure’s assumption therefore
gives too negative estimates BP(M3"|M2") at the beginning

of the series and too positive values at the end.

As Figure 3 shows, as one moves across the series, th
variations inE°(M3*|M2") resemble those in the third ionization
energy of the metal but only in a strongly attenuated form. That
attenuation is due to the ligand field stabilization energies of
the aqueous ions. For example, the relatively small drdgPin
(M3t|M2") between manganese and iron is caused by zero
values of such energies for ions with configurations, those
for Mn3t(aq) and F&"(aq) being substantial. Removal of our
ligand field stabilization energies for both2¥{aq)® and M*-

(aq) ions from the redox potentiaE>(M3+t|M2") generates a

e
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Figure 3. Variations inE®(M3*|M2*) for the first-row transition metals
(filled triangles) showing the influence of those in the third ionization
energies (open squares) but in a strongly attenuated form. Removal of
the ligand field stabilization energies of aqueous [MDh]>" and
[M(H20)¢]3" from EP(M3*|M2") gives values (filled circles) which
closely parallel the ionization energy variations.

oxidizing agent, M@+ (aq) would probably be unknown, Fe
(aq) would be a more powerful reducing agent than it is, and,
beyond iron, proven existence of tripositive aqueous ions would
be unlikely.

Cases in which the d-electron configuration can assume either
a high- or low-spin state deserve special comment, because SCF
calculations tend to underestimate the binding energy of low-
spin complexes. For example, the states ot'Cax), R#*(aq)
and Ré"(aq) predicted by such methods were all high $pin.
The case of C¥(aq) is of particular interest because its
stabilization with respect to the high-spin state has a crucial
bearing on competing explanations of the anomalous rates of
its electron-transfer and ligand-exchange reacti®fi$:52 The
unexpectedly high rates are sometimes explained by a small
stabilization, typically less than 20 kJ méP* Our calculations
give a figure of over 40 kJ mol, and in Figure 2, the small
deviation of theAHZ (1) point for cobalt from the baseline
curve corroborates our value. We have previously estimated the
stabilizatio! by both spectroscopic calculations and empirical
thermodynamic methods akin to those of Hisham and Beffson.
The first approach gave 36 kJ méland the second 56 kJ maél
leading to a preferred value of 46 20 kJ mot L. However, as
noted earlier, the application of the intermediate field ap-
proximation to the electronic spectrum of [Ce®)]3' revises
the spectroscopic estimate of the energy of YAgy; — 5T
transition, and the procedure of ref 21, using our difference in
internuclear distance of 7.2 pm for the high- and low-spin states,
then vyields a stabilization of 43 kJ m@| a figure in better
agreement with the empirical thermodynamic one. The revised
preferred value is 5@ 15 kJ mot™.

In Table 8, the thermodynamic properties offC@q), given
in ref 21 for both spin states, have been recalculated using both

lanthanide-like near-parallelism between the latter quantity and
the corresponding ionization energy (Figure 3), the expected
result for a redox process when ligand field effects are
negligible?8249As explained above, the valuesEf(M3t|M2+)
estimated by George and McCléingere obtained by assuming
that the parallelism is exact, whereas there is a drift of about
25 kJ mof? per element across the series. Were it not for the
ligand field stabilization energies, €aq) would be a strong
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Table 8. Thermodynamic Properties of High- and Low-Spin
Co’*(aq)

AHP/kI mol?  AGP/kI molt  S°/kJ mol?
Co**(aq,low-spin) THT 131+ 4 —346+ 25
Co**(ag,high spin)  12% 17 169+ 17  —306+ 30

the new estimated stabilization and revised iron thermochem-

istry.24 For the reaction

Co**(aq,low-spin)— Co**(aq,high-spin) (6)
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But if [Mn(H 20)¢] 3" is highly unstable in a low-spin state, then
[Cr(H,O)e] 2", with its smaller orbital splitting, should be even
more so. For this complex, the data and sources of ref 3 give
By = 723 cmrt andCy = 3480 cnl, and interpolation oAB
andAC then leads ta\ = 9250 cn1!, B= 614 cn1?, andC =
3352 cnvl, putting theSEq — 3Ty transition in the regular
octahedral state at about 7800 ©mWith a bond length
difference of 7 pré* and a vibrational frequency of 380 ¢t
the vibrational energy of the excited state is 1100 Eifeq 4)
implying that, with respect to the low-spin state, [Cs(e] >+

is stable by about 6700 crh(80 kJ mof?) if regular octahedral

AS®(6) is positive because of the increase in both bond length and by about 9100 cm (109 kJ mot?) if distorted.

and magnetic entropy, an effect which is qualitatively consistent

with empirical equations for the entropies of idfs2® The data
give AG®(6) = 38 £ 16 kJ moi?, a figure corresponding to an
equilibrium constant of 2« 1077 at 298.15 K and consistent
with the NMR measurements of Navéhwho concluded that
AG®P(6) > 23 kJ mot™L.

In contrast to [Co(HO)e]3t, [Mn(H20)e] 3" exists in the high-
spin staté? To see if our analysis is consistent with this, we
have used our interpolated valuesB&ndC (Tables 3 and 4)
in the regular octahedral state. &4B is nearly 6, reflecting
the unusually high value for4dgaseous ions, we avoid the
assumptiorC = 4B. When this simplification is removed, the
intermediate field approximatiéff gives{ —1.6A + 6B + 5C
— [28B? + (2B + C)?J/A} for the energy of théTyq state of
tog*. The®Ey — 3Ty4 transition is thus predicted at 3470 thn
The difference in bond lengths for high- and low-spin manga-
nese(lll) is 6-7 pm3* suggesting ansg stretching frequency
of about 520 cm! for the low-spin state. The;gvibrational
energy in the excitedT 4 state at the internuclear distance in
the ground state is then 22 kJ mb(1830 cn1?, eq 4) implying

This degree of instability of the low-spin state makes its
existence in CrSig&6H,0 unlikely. The observed bond length
is 6.1 pm shorter than the average internuclear distance in the
distorted octahedron in the Tutton s#tcorresponding to a
destabilization of about 9 kJ mdl (eq 4). This is not enough
to make the low-spin state more stable. Reexamination of the
thermal parameters in the X-ray study of Cr&&H,O has
indicated?® that there is a disordered Jahneller effect in this
salt; moreover, its color is blGklike other compounds and
solutions containing high-spin [Crgd)s]?*. Retention of the
high-spin state with compression is therefore more likely than
a low-spin state. Magnetic measurements would settle the
guestion.
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Note Added in Proof. A new electronic spectrum of the
rubidium vanadium alum at 16 K (Tregenna-Piggott, P. L. W.;
Best, S. P.; Gudel, H. U.; Weihe, H.; Wilson, C. €. Solid

that, of the two regular octahedra, the high-spin state is the lower State Chem1999 145, 460) is very similar to our results for

in energy by about 1640 crh This stabilization is further
enhanced by a JahiTeller distortion of the ground state to
4300 cnrt (51 kJ mof ).

From an X-ray study of CrS§6H,0, Cotton et al. concluded
that the [Cr(HO)e]?" octahedron is regular, with an unusually
short bond lengtR1-62This prompted the interesting suggestion
that the chromium(Il) complex might be in the low-spin state.
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the cesium alum, except that a band centered at about 10 500
cm 1is assigned to théA,q — 1Eq transition. If this change is
made to Table 1, then for the alu@,= 2819 cn1?, in Table

3, C = 2805 cn1?, and for vanadium in Table GAHrees(l) =
—5539 kJ mott. This further improves the baseline fit in Figure

2. The titanium estimates becomeH7(Ti*",aq) = —446 kJ
mol~t and E®(Ti3*|Ti2*) = —1.73 V. For other elements, any
changes are very small.
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