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At pH 1.0-1.6 aqueous titanium(1II) solutions containing added fluoride ion exhibit e.s.r.
signals of frans-[Ti(H;0).F,]*, g = 1.9460 + 0.0005, ay; = 17.9 + 0.2 G. The variation in the
intensity of the optical and e.s.r. spectra with added fluoride ion indicate > 907 conversion to
the complex at [Ti):[F] = 1:2. The trans gecometry of the complex is established from the spec-
trum in D;0, a 1:2:] triplet with ap = 7.5 £ 0.5 G, and from the axial symmetry (D..)
apparent in the frozen solution spectrum, g, = 1.968, g, = 1.932.

The optical spectrum shows two bands assigned to the *B,, — *B,, (15200 cm~') and
2B;, =+ Ay, (23 300 cm™*) transitions. Calculations based on the e.s.r. and optical spectra
suggest covalent character in the in-plane x and ¢ bonding of the complex.
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A des pH allant de 1.0 A 1.6, des solutions aqueuses de titane(I11) contenant des ions Auorures
ajoutés, montrent un signal r.p.e. du [Ti(H;0),F;)*-trans, g = 1.9460 £ 0.0005, ar, = 17.9
+ 0.2 G. On note une variation de l'intensité des spectres optique et r.p.c. lorsqu‘on ajoute des
ions NMuorures; cette variation indique que la conversion vers le complexe est plus grande que
>90% lorsque la concentration de [Ti]:[F] = 1:2. On a é&tabli que le complexe posséde la
géomdtrie frans en se basant sur le spectre dans le D,O alors qu'on observe un triplet 1:2:1
avee ap = 1.5 + 0.5 G et aussi sur 'existence d'une syméiric axiale (D.,) observée pour le
spectre de la solution congelée gy = 1.968, g, = 1.932.

Le spectre optique montre deux bandes qui ont é1é assignées aux transitions 28, — *8,,
(15200 cm=") et 28;, — 34, (23 300 cm~'). Des calculs basés sur les spectres r.p.c. et optique
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Electron Spin Resonance Studies and Electronic Structure of trans-{Ti(H,0),F,]*

suggérent un caractdre covalent pour les liaisons et & dans le plan du complexe,

Introduction

Through analysis of the e.s.r. spectra of
titanium(I1l) complexes considerable informa-
tion concerning the nature of the bonding can
be obtained. Provided that the orbital angular
momentum is quenched sufficiently by the
effects of the coordinating ligands, the 3d!
configuration of titanium(lIl) gives rise to an
c.s.r. signal. Analogous systems are found in the
VO?** ion 3d' and in the case of copper(ll)
where a “*hole’ in the d shell occurs. Detailed
c.s.r. studies on complexes of the latter two
species have been extensively reported. How-
ever, many fewer comprehensive examinations
of titanium(l11) complexes have been published
(1-6).

Several accounts describing the spectrum of
the [Ti(H,0),F;]* ion, 1, have appeared.
Garif'yanov and Semenova (lb) prepared green
hydrated complexes [Ti(H;0),.,F.]* ™ which
exhibited an intense slightly assymetric reso-
nance line (g = 1.946 + 0.001; linewidth 20 G)

'Revision received January 3, 1975,
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over the concentration range from 0.01 to 0.001
M titanium(1II). Assignment of species as the
complex 1 was made without any detailed optical
or other experimental study. Waters and Maki
(2) briefly referred to preparation of the para-
magnetic complex, 1, in aqueous solution, in
conjunction with a report on *’Ti and *°Ti
hyperfine structure in the Ti(OCH,)** spec-
trum. Of particular note are the references in
both of these studies to a strong axial perturba-
tion by the coordinating ligands. Such an axial
perturbation creates a well-separated orbital
singlet ground state and a long spin-lattice
relaxation time. The result is a relatively narrow
line and a much reduced g-tensor anisotropy in
this complex. Glebov has reported calculation
of the electronic energy levels of a series of
titanium(1II) complexes, and speculated on the
assignment of the e.s.r. absorption in the aqueous
titanium(Iil) solution containing added F~ ion
as being [Ti(H,0),F1** (7).

In the present study, the structure of the para-
magnetic complex in such solutions is firmly
established as the trans-[Ti(H,0),F,]* ion on
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the basis of detailed e.s.r. studies in H,0 and
D,0. A simple theory of the electronic structure
of the complex is developed that is consistent
with its observed physical properties.

Experimental

Ali spectra were recorded on a Varian E-65 X band
€.5.r. spectrometer operating at 100 kHz modulation.
Samples were contained in standard Varian E-248
aqueous solution cells,

Sample preparation was as previously described (19).
The titanium(I11) solutions were prepared by dissolving
the metallic sponge (Fisher) with gentle heating in approx-
imately 1 N HCl or H;50., An N, atmosphere was em-
ployed to minimize oxidation of titanium(1I1) ion.
Alternatively Fisher Reagent titanium(l1I) chloride solu-
lion (20%;) was used directly. without qualitative change in
any results. Titanium(I11) solutions in aqueous acid con-
taining fluoride or bromide as the anion were prepared by
dissolving titanium(I11) carbonate in the appropriate
concentrated acid (HBr or HF) and diluting to the desired
concentralion. Titanium(111) carbonate was prepared by
the method of Semenova (1c). In preparing solutions of the
[Ti(H;0).,F:]* complex by addition of NaF or KF, pH
adjustment was made by addition of the appropriale con-
centrated acid. For study in heavy water, concentrated
TiCl, solution was added to D,0 (Merck) such that the
sample contained 987 D,0.

The g factors are quoted relative to DPPH, g = 2.0036,
employing a Varian E 232 dual cavity assembly in which
the field shift between the cavities had been carefuily
determined. The integrated intensity of the 1st derivative
signal was used to calculate the absolute concentration of
the paramagnetic species by reference to standard samples
of Cu(H,0)4**, Cr(NH,)s**, Mn(H;0)*, and VO-
(H10)s**. Approximate digital calculation was used to
determine the integrated intensity of the signal (8). Frozen
solutions were obtained by rapidly quenching the sample
in liquid nitrogen, maintaining the sample in the Varian
E-246 insert Dewar.

The u.v, and visible spectra were recorded on a Cary
Model 17 instrument,

Results

By adding slightly more than 2 equiv. of
fluoride ion (aqueous HF, KF, or NaF) to a
violet solution of the Ti(H,0)s** ion prepared
from the sulfate, chloride, or bromide 0.1 M)
we obtained a green solution that exhibited a
rather broad e.s.r. absorption signal. One can
discern the presence of unresolved hyperfine
structure compatible with a triplet (1:2:1) split-
ting, Fig. 1a. When prepared in D,0 by the
same route, the e.s.r. signal now showed a dis-
tinct triplet splitting through interaction with
two equivalent !°F nuclei, thus indicating the
stoichiometry titanium(I11): fluoride of 1:2, Fig.
I6. Spectral parameters for this complex are
given in Table 1. At higher gain, the satellite
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Fia. 1.
In aqueous solution (pH 1.0 (a) TiCly (0.02 M), NaF
(0.06 M) in H,0, 25°C; (6) TiCl; (0.02 M), NaF (0.06 M)
in D40, 25°C; (¢) TiCl, (0.01 M), NaF (0.03 M) in H,0,
frozen solution at 77 K; (d) TiCl, (0.06 M), NH,F
(0.06 M) in D,0, 25°C.

Electron spin resonance spectra of TiF;* ions

lines from *"Ti and **Ti interaction were evi-
dent in both spectra, and revealed the same
fluorine hyperfine splitting,

The pH dependence of the intensity of the
e.s.1. absorption is shown in Fig. 2 for a 0.01 M
solution derived from TiCl,. From a constant
maximum level under acidic conditions (pH
1.0-1.6) the signal steadily diminishes until it is
no longer observed at pH 3.5.

TabLe 1. Electron spin resonance
data for trans-[Ti(H,0)F,]*

Parameter Yalue
& 1.968 + 0.002
81 1.932 + 0.002
£o* 1.9460 + 0.0005
- 171.9 +0.2G
art 7.5 +0.50C
au 0.2-04

*gacniculated) =~ 1.944; by expressian 13,
‘!h’fi‘«mud from [TI(D,0),Fy]*. g
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Fia. 2. pH dependance of proposed TiF,* ion. Upper
curve, e.s.r, signal intensity: @, H;O; ®, D;O, relative
1o reading at pH 1.0, Lower curve, absorbance at 660

am: O, relative to reading at pH 1.0, TiCly = 0,02 M,
NaF = 0.06 M.
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Fic. 3. Optical spectrum of TiF,* in aqueous solu-
tion at pA 1.3; TiCl; (0.1 M), NaF (0.25 M).

In the pH range 1.0-2.5 the green aqueous
solution derived from titanium fluoride, chlo-
ride, bromide, or sulfate exhibited the same opti-
cul spectrum in the presence of 2.5-4.0 equiv, of
fluoride ion, with maxima at 430 nm (e ~ 3.4)
and 660 nm (g ~ 2) (see Fig. 3). The decay in
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the intensity of these absorptions smoathly
followed the decay of the e.s.r. signal to pH 2.5
(Fig. 2). Such behavior indicates an identity
between the complex responsible for the green
color and the paramagnetic species. Beyond pH
2.5, turbidity due to the onset of precipitation
rendered optical readings unreliable. However
the e.s.r. signal, though diminishing, persisted
to pH 3.3 with sharp precipitation occurring at
pH > 3.5. Note that in the presence of fluoride
ion such samples no longer exhibited the
[Ti(H,0),(OH);]* es.r. signal normally ob-
served in the pH region 1.0-3.5 (18). Therefore,
it is likely that fluoride ion remained coordinated
to titanium(III) ions undergoing hydrolysis, for
example reaction 1.

[1] [Ti(H:0)Fal* + OH" == [Ti(H;0),F,(OH))

Qualitatively, precipitation produced a rose-
white solid in contrast to the brown-black mass
observed in the hydrolysis of TiCl, solution.

Variation of the e.s.r. signal intensity, Fig. 4b,
indicated that [Ti(H,0),F,}* was one of the
most stable complexes in solution. A relatively
sharp breaking point was observed near a ratio
of 1:2, and the depression of e.s.r. signal inten-
sity with further increase in fluoride ion was
gradual. Measurement of the integrated intensity
of the maximum signal (see Experimental) indi-

_cated that 100 £ 10% of the titanium(I[l) was

in the complex. Changes in absorbance at 430
and 660 nm, Fig. 4a, were compatible with the
¢.s.r. observations, though now loss of intense
Ti(H,0)¢** bands was being monitored. At a
mole ratio higher than 1:6 we observe a small
shift of the 430 nm band to higher wavelength
(450 nm) with 10% higher extinction coefficient.
This observation is consistent with either signif-
icant population of higher complexes (1), or a
second coordination shell effect of fluoride ion.

The evidence for Ti(H,0)F,* is in good
agreement with the conclusions of other workers
(1, 9, 10) and at variance with the experimental
results of Glebov (7). The e.s.r. spectrum ob-
tained from TiCl; in DO on addition of am-
monium fluoride at a 1:1 mole ratio (Glebov's
conditions for the supposed [Ti(H,0);F]**
species in H,0) again shows the symmetrical
1:2:1 triplet, Fig. 1d. Therefore the species
present must actually be [Ti(D,0),F;]*. Of
some interest is the markedly lower resolution
of the triplet splitting in the Ti**-NH,F sys-
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Fig.4, Dependance of TiF;* concentration on added fluoride lon. («) Variation of absorbance of TiF,* at:
O, 430 nm; @, 660 nm; TiCl, (0.15 M) at pH 1.3; () Variation in e.s.r. signal intensity, TiCly (0.01 M) at p/f 1.1,

Lem, relative to the higher resolution shown in
Fig. 15 for a Ti***NaF:D,0 sample. When
titanium(Ill) concentration was varied from
0.01 to 0.1 M in the presence of NH,F, the line
broadening persisted, indicating the effect was
not due to concentration dependent relaxation
processes. Since spatially NH,* exactly replaces
an H,0** unit in water structure (11), we tenta-
tively ascribe the effect to association of am-
monium ion with the complex in the second
coordination sphere. Some delocalization of un-
paired spin density to the second coordination
sphere may provide additional hyperfine split-
ting.

The spectrum of a frozen solution of TiCl,-
NaF in H,Q is shown in Fig. lc (Table 1). From
the slight distortion of the linewidth, we con-
clude axial symmetry for the complex with much
reduced g-tensor anisotropy and '°F hyperfine
tensor anisotropy. The values of g, and g,
(Fig. 1¢) are assigned as the maximum limits of
the anisotropy apparent in the nearly isotropic
line that is observed (12). The calculated g
factor is found to be in reasonable agreement
with the isotropic g factor measured at room
temperature.

Structure Assignment
The e.s.r. signal arises from the [Ti(H,0),-
F,)}* complex ion, and this species is suffi-
ciently stable to be the predominant form of

titanium(1H) in solution at [Ti**):[F™] = 1:2.
The equivalence of the two fluorine ligands
shown by the single h.f.s. constant, and the
axial symmetry apparent from the frozen solu-
tion spectrum are only consistent with two axial
fluoride ion ligands and four water molecules in
the equatorial plane. The fluoride ion dependence
of thee,s,r. spectrum (Fig. 4b) indicates that higher
complexes of the type [Ti(H;0)4-,F,]® """ do
not provide observable e.s.t. signals. The trans
complex will have a well-separated orbital singlet
resulting from a strong axial perturbation and
leading to the requisite long spin-lattice relax-
ation time for the observation of the spectrum.
Nonappearance of signals from the other possible
jons [Ti(H,0)s-_,F,)>~™* is then direct confir-
mation of residency of the unpaired electron in
ground states where the degeneracy is only
slightly lifted by field distortions providing short
spin-lattice relaxation times, and extremely broad
resonance lines.

Discussion

The symmetry of the frans-[Ti(H,0),F,]* ion
is D,,. We propose that the ground electronic
state is 2B,, (unpaired electron in by * (d,,)
orbital), The e.s.r. spectrum provides direct
confirmation of this assignment when the avail-
able alternative energy levels are considered.

If the electron were in an L, state (c,*]
(d.) and e,*2 (d,,) orbitals), the degeneracy
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probably only slightly split by field distortion
would result in a short spin-lattice relaxation
time and a broad resonance line. Note here the
line width (D,0) at 25 °Cis only 5 G.

Next, for the B, state (b, * (d,:_,a) orbital)
we would expect larger isotropic proton hyper-
fine splitting from the water ligands through o
bonding involving the b,,* orbital and the a,
(H,0) orbitals. Also one might expect g, to be
higher than the observed value (1.932), since the
*B,, - *E, electronic transition would be rela-
tively higher in energy compared to 28,, — 2E,.

In the 24,, state (a,*1 and a,*2 orbitals;
d,1, 4s) we would expect a higher isotropic h.fs.
constant for fluorine nuclei through the en-
hanced o bonding. In addition the h.fs. for
tiiinium should be higher. In D,, symmetry the
d.: and 4s orbitals belong to the same irreduci-
ble representation and a direct contribution of
spin density at the metal nucleus is allowed. For
the 24, state, we would expect 8, to be very
close to 2.0023 since the By, and B,, states can-
not mix with the ground state of A4,, symmetry
under the perturbation of the angular momen-
tum operator. The g, value would also be
closer to 2.0023 since the ?4,, — E, transition
will be expected to be high in energy,

Finally we consider the possibility of the un-
paired electron being in any other metal orbital
to be highly unlikely in view of the expected high
energy of such states.

We now proceed to examine the assigned
ground state 2B, in more detail. Only states of
By, and E, symmetry can mix with this ground
state under perturbation of the angular momen-
tum operator. Therefore we need consider only
molecular orbitals belonging to the representa-
tions b,.*, b,,*, and e,*, The relevant anti-
bonding MO's are

[2) b *=ad, - iu,‘[p,' + b

=ps= it
B] b3* =ayde s — day’[ ~ 0t + 0,2
+°.=3 %% 0’4]
1
[4] ’.‘l = ed.u . Em gr[px, o pa'i]
el'
o im [prl et px;]
1 .
[s] 83‘2 o Edu e "2"!'7! € [p" = Py‘]

E“
- smlpt —p.f]
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It is assumed that each of the oxygen ligand
atoms has available 2s, 2p,, 2p,, and 2p, orbitals
and each fluorine 2p,, 2p,, and 2p, for the forma-
tion of MO’s with titanium 3d orbitals. The six
ligands are placed on the +x, +y, and +z axes
and are labelled by superscripts starting with 1
on the +x axis and proceeding counterclock-
wise with the 5th and 6th ligands (fluorine)
placed on the +z and —z axes respectively. In
the above states the o' are hybrid orbitals on
oxygen given by expression 6 with a plus sign
indicating the ligands on the positive x, y axes
[6) ol = np' + (1 — n?)13s!
and a minus sign those ligands on negative x, y
axes. A value of n equal to (3)'/? corresponds to
sp? hybridization on the ligand atom.

The appropriate effective spin Hamiltonian

for Ti®* in a tetragonal field is piven by ex-
pression 7

[7] X = Blg"H!Sl + Bcga(HxSx + Hysp)
+ ASL + B(S T, + S,1)

r N ]
[8] gy = 20023 — %ML

where

x= 1

‘ 1a,'a,
1 %2
X 3 lz7(1'1)

— (%) _ (=
(&)s - Eom]
2,2
[9] g = 2.0023 -%1-9—
x5

«[1 - ()
- (&) =2 ()]

The complete expression for g, contains an
additional term within the square brackets

namely .
8"
o (?)“z

that arises from out-of-plane n bonding with
oxygen 2p, orbitals. In view of the low energy of
2p,, the contribution of this term will be negli-
gible and it is omitted from the final expression
9forg,.

4

[10] A= P[-a,‘(—+ Ko)

7
_ Bhoyfa,?  6hay’e?
R AR
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[11] B= P[u. (7 ¥ xn) L

The parameter A = 154 cm™! is the spin-orbit
coupling constant for the free ion in the appropri-
ate valence state, X, is the Fermi contact term for
thetitanium nucleus, and AE . ,(AEp,, o 1,,))
and AE, (AEg,, . 3¢,) are the transition ener-
gies to the ?B, and *E, states respectively. The
parameter P = —25.7 x 10~ *em ™! for *7-49T{>+
was obtained by extrapolation (13, 14), as de-
fined by expression 12 where r is average orbital
radius.

“2] P = gt‘NﬂcBN("-:) av

Iq €qs. 8 and 9, the integral T(n) is taken over
all ligand functions and §, T, and [T, are the
group overlap integrals,

S = 2(“:,'1’;‘)
My = 2¢d,splo")
nl. id 2<dn[px’>

Expressions 10 and 11 can be written as follows
after substituting from expressions 8 and 9
neglecting small contributions to A4 and B
(<0.05).

[13])- A =L P < ;a.l-P
+ (g — 2003)P + 3 (g, - 2009P
[14] B = —KP + 2,7

+ -ﬁ-(g 4 — 2.0023)P
where K = o,2K,
For the isotropic solution spectra
[15] 8 = +(g) + 2g)
and
[16] a=4%(4 + 2B)
= —KP — (go — 2.0023)P

The spin density at the titanium nucleus may be
given in terms of

U7 1= 5§ T OO - ¥, o0
KP

2.8nB.Pn

2
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Electrons in d orbitals cannot contributc
directly to yx, but finite values of this param-
eter result from polarization of the inner filled
s orbitals by the unpaired electrons,

The expressions for g, and g, are deficient in
that they do not contain terms for the charge-
transfer (c.t.) states, These c.t. terms are of the
same general form as those for the d-d states,
For the present complex, one predicts that these
will be of minor importance since it is clear from
the optical spectrum that c.t. transitions if
pruelm occur at fairly high energy (> 50000
em™l,

It is)wonh noting that in the derivation of the
above expressions several other approximations
have been made including omission of spin—
orbit coupling of the ligand atoms and ligand-
ligand overlap.

Hyperfine Interactions

Titanium

The titanium isotopes *7Ti (7.32% abundance;
I=5/2) and **Ti (5.46%; I=7/2) have
equivalent gyromagnetic ratio [y(**Ti)/(y*"Ti) =
1.00026 + 0.00002] and give rise to a familiar
pattern of two overlapping spectra of six and
cight lines respectively, appearing as satellites of
the main intense central line (*5Ti, **Ti, %°Ti).

The measured value of the isotropic h.f.s.
constant ar is 17.9 + 0.2 G (Table 1). Through
eqs. 16 and 17 using P = —25.7 x 10”4 cm™!
we calculate as a result that % = —2.3 a.u,, in
agreement with other titanium complexes (2,
5.

However, calculation of the %, value using un-
restricted Hartree-Fock methods (15) reveals
that polarization of both 2s and 3s are impor-
tant, with negative contributions from the 3s
orbital. In these calculations covalency has been
found to be important.

Fluorine

The fluorine 25 orbitals have no interaction
with the orbitals (e, and b,,) derived from the
cubic *7,, state since the overlap integrals are
zero, for example {2sle,> = 0. However, charge-
transfer from the 2s orbital to vacant metal
orbitals derived from the E, cubic states, 4s and
4p orbitals is possible. The latter orbitals can
accept ligand elecirons of cither spin orientation
but exchange with the 2B, state will increase
the transfer probability for electrons of the same
spin as the titanium(i11) 3d" unpaired elcctron,
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Hence negative spin density is achieved in the
fluorine 2s orbital.

In the present study we obtained an isotropic
hf.s. constant ae for [Ti(H,0),F,]* as 7.5
+ 0.5 G (Table 1).

Spin density in the fluorine 2s orbital is given
byeq. 18

nrifp
[]8] pl Fies Az;
where
8
[19 Ay = ‘j“#:ﬁuguﬁni‘l"(o)zulz

is the hyperfine interaction of a single unpaired
2s electron in a fluoride ion. Taking the value for
Az, = 1.57cm™* (16) we obtain p,, = —0.0011
comparable in magnitude to values obtained for
other transition metal fluorides (17). Similar p,
values are obtained for the TiF,* species in a
range of alcoholic solvents (2, 18) where nearly
the same isotropic ag value is observed for two
equivalent fluorine nuclei. We infer the same
geometry in all the TiF,* species. Moreover, the
magnitude of the hyperfine splitting is consistent
with the axial (#rans) geometry assumed from the
frozen solution spectrum; since equatorial (cis)
fluorine splitting should be enhanced by greater
covalent interaction with the ligand

Hydrogen (Water Ligands)

Resolution of the fluorine hfs. in D,0
strongly indicates the existence of proton hyper-
fine structure from water ligands in the H,0
solution, Fig. 1a. Approximate calculation based
on the improved resolution indicates a h.fs. ay
for four water ligands (8H) of ca. 0.2 to 0.4 G.

Since the proton interaction is observed for
the complex it is evident that «,’ > 0 and that
in-plane n bonding exists, Such bonding permits
some spin density at hydrogen through spin-
polarization as suggested previously for frans-
[Ti(H;0),((CH,);COH)X] (5) and for trans-
[Ti(H;0),(OH),1* (19).

For the t-butyl alcohol complex, the estima-
tion of Johnson et al. (5) gave a total spin
density of ~0.22 on four equatorial water mole-
cules with ay, = 1.8 G in their case. On this
basis in trans-[Ti(H,0),F,)*, the total spin
density on the water ligands is in the range
0.03-0.06, However, the use of the Qg factor
in the former study (5) is open to question in view
of the determination through '?0 labelling that
Cu(IN(H,0)s has p = 0.22 on oxygens while no
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evidence of hydrogen hyperfine splitting is seen
(20).

Optical Spectrum and g-Values
The expressions 8 and 2 can be rewritten in
the form

[20] g, = 2.0023 B

AE(‘BJ'-* By)
2%

[21] g, =2.0023 — AECB,, = 7, - K,

where

2 2, _ loay'sy
[22] K" =0, %z [l 5'?;«—3 T(ﬂ)

- (@)s- 6m]

¢

(23] K, = a,’s’[l & 5.!75 (551—)

o, 1 (¢

- (G - g
The values of K, and X, have been regarded as
the “‘orbital-reduction factors (21) and these
parameters are usually employed to estimate
covalency. It is clear from expressions 8 and 9
that 0 £ X, K, < 1, and that both factors tend
to one as the corresponding bonding tends to be
ionic and vice versa,

Since only the limiting ionic value for A(154
cm™') is available for titanium(Ill) covalency
might better be expressed by eq. 24.

K,

[24] Covalency factor
¥ [ K l(covalent)]

Aionic)
where n = symmetry dependent integer, n = 8
for Dy,; Ag = 2,002 — g, (g,); AE = energy
of appropriate electronic transition,

Clearly if M(covalent) is actually lower than
A(ionic) calculated values of the ‘‘covalency
factor'* will be lower than X itself.

Since the optical spectrum shows two elec-
tronic bands at ~15200 cm™"' (660 nm) and
23300 cm™! (430 nm) either one might corre-
spond to the *B,, —+ 2B, transition, expression
20. We find that expression 24 gives a value of
0.45 for the low energy (15 200 cm™*) possibility
and 0.68 for the high energy transition. Taking
into consideration the high charge density (low
effective ionic radius) of the axial fluoride
ligands, simple crystal field theory would pre-

- Az-AE
nA(ionic)
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dict a tetragonally compressed octahedron (22).
Accordingly, the 15200 cm™' band is then
assigned to ’B,, - 2B, and the higher energy
band to the 2B, — 24, transition. Since the
covalency parameter is only 0.45 we conclude
that both in-plane & bonding and o bonding are
relatively covalent. It is improbable that only
one or other is highly covalent. Observation of
hydrogen hyperfine splitting from H,0 ligands
is clearly consistent with significant in-plane =
bonding. We should stress that the actual value
of K will be somewhat higher (ca. 0.60) if a re-
duction in A due to covalency of 30% is assumed.
By first postulating an ideal ionic case e.g.
L= 154cm~' and K, = | we can calculate the
upper limit of the energy of the 2B,, — E,
transition as 4300 cm™', eq. 21. However we
note that fluoride ion is characterized by its x
donor properties (23), suggesting that the overall
covalency factor could be conservatively esti-
mated as 0.6-0.8. Then AE(*B,, —+ 1E,) falls to
2500-3200cm~". On the other hand the rela-
tively low energy of the *B,, — 24, transition
(23300 cm™") is consistent with the expected low
covalent o bonding between the metal ion and
the axial fluorines. The marked stability of the
trans-[Ti(H,0),F;]* ion is also consistent with
substantial metal-fluorine & bonding.

The authors thank the National Research Council of
Canada and the University of Yictoria for support through
operating grants. One of us (P.P.) acknowledges support
;msh a National Research Council of Canada Fel-

ip.

1. (a) V. L. Avvaxumov, N. §. Garir'yanov,and E. 1.
SemENOVA, Sov, Phys. JETP, 12, 847(1961): () N. S.
GariF'yaNov and E. |, SemeNova. Dokl. Akad.
Nauk SSSR, 140, 157 (1961); (¢) E. 1. SeMENOVA.
Dokl. Akad. Nauk SSSR, 143, 1368 (1962).

2. E. L. Waters and A. H, Maxi, Phys. Rev. 125, 233
(1962).

3. (a) S. Funwara and M. CopeLr. Bull. Chem. Soc.
Jap. 37, 49 (1964); (b) S. FuNWARA, K. NAGASHIMA,

- W oa

16.
7.

18,
19.

22,

=20 -

. D. P. GRADDON. An introd

CAN. J. CHEM. VOL. 33, 1973

and M. CopeLL. Bull. Chem, Soc. Jap. 37,773 (1964):
{c) T. Watanane and S, Funwanra. J. Magn. Reson.
2, 103 (1970).

. W. GiggensacH and C. H. BRuBAKkER, JR. Inorg.

Chem. 8, 1131 (1968).

. R.JoHNSON, P, W. MuRcHISON, and J. R. BoLTON. J.

Am. Chem. Soc. 92, 6354 (1972).
I. B. GoLoeera, D. H. Hern, and W. F. Goer-
PINGER. J. Phys. Chem. 77, 678 (1973).

. (a) V. A. GLesov. Zh. Strukt. Khim. 11, 809 (1970);

(h) V. A. GLeBOV, Dok, Akad, Nauk SSSR, 190, 1378
(1970).

F. W. Copre. A method for the digital calculation of
absolute free radical concentrations. N.A.D.C.-
MR-6804, U.S. Naval Air Development Center, Johns-
ville, Penn. 1968.

. R. J. H. CLark. The chemistry of titanium and van-

odium. Elsevier Publishing Company, London. 1968,
p. 153,

to coordinati
chemistry. Pergamon Press, New York. 1961. p. 135.

. R, N, O'Buinn, W. J. Micuanix, and B, Zacny-

ZAKLAD, To be published.

. {¢)N. M. ATHERrTON. Electron apin resonance, theory

and applications. Halsted Press (John Wiley and
Sons), New York, N.Y. 1973, p. 190; (h) F. K.
Kneus(Hu. J, Chem. Phys. 33, 1074 (1960).

. B.R.McGanvEy. J. Phys. Chem. 71, 51 (1967).
. A.J. FREEMAN and R, E, WaTson. Magnetism, Vol.

1in. Edited by G. T. Rado and H. Suhl. Academic
Press, Inc., New York, N.Y. 1965. p. 167.

. (@) ). H. Woop and G. W. PRATT, Jr. Phys. Rev. 107,

995 (1957); (b) V. Heing, Phys, Rev. 107, 1002 (1957):
(c)R.E.Warsonand A. ). FReeman. Phys. Rev. 120,
1134 (1969); (@) A. J. FReemaN and R, E. WaTson,
Phys. Rev, 123, 2027 (1961),

T. Moniva. Prog. Theor. Phys. Kyoto, 16, 23 (1956).
T.P.P. HaLL, W. Haves, R. W. H, STevenson, and
J. WiLkENs. J. Chem. Phys. 38, 1977 (1963).

P. 1. PRemMovit and P. R. WesT. Unpublished results.
P. I. Premovit and P. R. WesT. Can. J. Chem. 52,
2919(1974).

. D. Gerz and B. L. SiLver. J. Chem. Phys. 61, 630
21.

(1974).

M. GerLocH and J. R. MiLLER. Prog. Inorg. Chem.
10, 1(1968).

H. L. ScHLArer and G. GLIEMANN, Basic principles
of ligand field theory, Wiley, New York, N.Y. 1969.
p.32.

. ). E. Huneey. Inorganic chemistry. Harper and Row,

New York, N.Y. 1972, p. 349,




	1
	2
	3
	4
	5
	6
	7
	8

