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Figure 2. Tetragonal deformation angle ¢ vs. temperature for
BaTiO, as calculated from the SHG coefficients d,,; (o) and d,,,
(2) as well as from the spontaneous polarization Py (o).

d3;; =44.16[-16.67 cos ¢ sin® ¢

+ cos ¢(1 — 3 cos? ¢)]dy,3(KH,PO,) 9)
which for ¢ near 90° can be approximated to
d311 =—736d;,3(KH,POy) cos ¢ (10)

Using the temperature dependence® of da1; we again calculate
the temperature dependence of ¢ and compare the results with
those found from d333 in Figure 2. The agreement is well
within the experimental uncertainties® (~5%).

We further relate the observed spontaneous polarization P
to the microscopic Ti—O bond dipole moment y via the same
formalism as eq 1, i.e.

‘ 1

| P= ;Aij#j (11)

" assuming again that the temperature dependence of p is small
compared to that of A, i.e., 94/0T >> ou/oT. Fromeq 11
and Figure 1 we find

4
| P=f/ﬁcos¢ (12)

Using the room-temperature value’ of the spontaneous po-
larization (P = 26 wC/cm?) and the previously given values
of V and ¢ we find uTi>0 = —24 D. Hence

P, = (=498 uC/cm?) cos ¢ (13)

Using the temperature dependence of Ps we thus again de-
termine the temperature dependence of ¢. This is compared
with the results via SHG coefficients in Figure 2. The
agreement is excellent.

The large Ti—O dipole moment (24 D) is due in part to
the fact that we have neglected the bond length dependence
ineq 11. If we had taken the bond length into account, we
would have found u = 14 D which is quite close to the 13-D
value obtained by assuming a 1.33-electron transfer from the
Ti to each of the three oxygens (i.e., 100% ionic). The
usefulness of this type of a bond dipole model, beyond sim-
plicity, can be seen for example in that we can predict ¢ for
the isomorphous ferroelectric PbTiOs from the literature!?
value of Ps = 75 uC/cm? and eq 13. In this case we predict
¢ to be 98.7° which is fortuitously close to that found by
Shirane and co-workers,!! viz., ¢ = 98.6°. Another example
of its utility is the demonstration that Py(7) « d333(T), an
experimental result first observed by Miller® which is now
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known to occur in a great many crystals.

In summary we have shown that detailed structural in-
formation regarding the nature of the solid-state phase
transition in BaTiO3 can be obtained from SHG results by
using a three-dimensional hyperpolarizability model. The
results are in good agreement with those found via a mi-
croscopic bond dipole model which is applied to spontaneous
polarization results. We feel that since the experiment (SHG)
is so straightforward? (laser light into the crystal-optical
second harmonic detected leaving the crystal) and the theory
so simple that the technique should prove highly useful as a
tool for investigating the microscopic details of solid-state phase
transitions. Furthermore, since SHG only arises from the
acentric (bonding or valence) electrons, it is indeed possible
that the individual §’s will provide new information about the
electronic structure of molecules.

Registry No. BaTiO3, 12047-27-7.

References and Notes

(1) J. G. Bergman and G. R. Crane, Chem. Phys. Lett., in press.

(2) J. G. Bergman and G. R. Crane, J. Chem. Phys., 60, 2470 (1974).

(3) J. G. Bergman, J. Am. Chem. Soc., 98, 1054 (1976).

(4) J. G. Bergman, Chem. Phys. Lett., in press.

(5) The more ionic Ba—QO interactions are neglected because of their small
amount of directional character; i.e., spherical or core electron distributions
should not reradiate at the second harmonic.

(6) Since we have neglected the local field effects, it might be more precise
to call B an “effective” polarizability.

{7) F.Jonaand G. Shirane, “Ferroelectric Crystals”, Macmillan, New York,
N.Y., 1962, p 152.

(8) R. C. Miller, Phys. Rev. A, 134, 1313 (1964).

(9) Even though the absolute values of d’s are seldom known to better than
+20%, their temperature behavior is generally a well-behaved function
whose relative spread is ~=£5%.

(10) K. Carl, Ferroelectrics, 9, 22 (1975).
(1) G. Sh;ranc, R. Pepinsky, and B. C. Frazer, Acta Crystallogr., 9, 131
(1956).

Bell Laboratories
Holmdel, New Jersey 07733

John G. Bergman

Received November 10, 1975

The Di-u-hydroxo- A-bis(ethylenediamine)chromium(III)-
A-bis(ethylenediamine)cobalt(III) Cation and Its
Equilibria with Monobridged Systems

AIC509171
Sir:

More than 60 years ago Dubsky! made an unsuccessful
attempt to prepare a complex in which hydroxide ions bridge
a chromium(IIl) and a cobalt(III) ion. Such an intriguing
complex has gained renewed interest because of recent
spectral? and magnetic? studies of bridged chromium(I1L)
complexes. The results of these studies can be accounted for
as properties of the individual chromium(III) ions superposed
on a superexchange interaction? through the bridges. It is now
important to obtain information about the properties of the
individual chromium(I1l) ions in the same site situations but
under conditions where the superexchange interaction is absent.
The present mixed-metal bridged system provides such a
situation. The double-hydroxo-bridged systems have further
gained interest by the recent discovery*S that the double-
bridged system of two chromium(III) ions in solution enters
into equilibrium with a monobridged system within minutes,
i.e., long before other reactions take place. The mixed system
therefore gains kinetic interest. The present note describes
the preparation of the mixed cation di-u-hydroxo-A-bis-
(ethylenediamine)chromium(I1I)-A-bis(ethylenediamine)-
cobalt(IIT) and its first bridge hydrolysis.
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Preparation. Heating! of the mononuclear aquahydroxo
systems of chromium(IIT) and cobalt(III) yields the respective
binuclear compounds, called the diols. These have recently
both been shown to be the meso isomersS:”. In‘the present
study, this knowledge has been used for developing a rational
method of synthesis for one of the four isomers of the mixed
diol 1, shown in Scheme I. Preliminary experiments showed
that heating of cocrystallized dithionate of the chromium-— and
the cobalt-aquahydroxo cations in the ratio 1:1 produced the
chromium diol, the cobalt diol, and the mixed diol 1 in ap-
proximately the statistical ratio of 1:1:2. Separation of the
reaction mixture to give the pure mixed diol was, however,
never achieved. Modification of the above method by use of
the optically active forms of the aquahydroxo dithionates
finally led to the preparation of a pure salt of the mixed lel
as described below.

A cocrystallized dithionate of A- czs-[Cr(en)z(OH)(HZO)]2+
and A-cis-[Co(en)2(OH)(H20)]?" was obtained by addition
of 0.9 M Na3S206 (180 ml, 20 °C) and pyridine (160 ml, 0
°C) to a solution of A- czs-[Cr(en)z(HZO)z] (NOs)s3 (0 06 mol)
and of A-cis-[Co(en)2(H20)2] (N03)3 (0.06 mol) in 0.1 M
HNO; (130 ml, 0 °C). In order to minimize racemization,
which at least in the cobalt system® is much faster for the
aquahydroxo species than for the diaqua species, the pre-

cipitation was performed with cooling in ice and within 60 s.

The solutions of the optically active diaqua ions were obtained
by dissolving A-cis-[Cr(en),Clz]CI-H>O (0.06 mol) and A-
[Co(en)2CO3]I (0.06 mol) in 1.0 M HNO3 and 2.0 M AgNO3
(130 ml) at 0 °C.%"12 The optically active racemic dithionate
of the aquahydroxo ions was treated with acetic anhydride
under reflux (30 min) and the resulting diol dithionate was
converted to the bromide (with NH4Br) which then was
converted to the perchlorate (with NaClOy) using the methods
reported for the chromium diol and the cobalt diol"? (yield
42% based upon the dichloro and the carbonato salts, re-
spectively). From the crude perchlorate two fractions were
obtained (56% and 23%, in this order) by a fractional pre-
cipitation procedure using NaClO4. The smaller fraction was
reprecipitated once using NaClO, with a yield of 80% to give
the pure mixed diol di-u-hydroxo-A-bis(ethylenediamine)-
chromium(1IT)-A-bis(ethylenediamine)cobalt (IIT) perchlorate.

Evidence that this compound actually is a mixed diol was
obtained from elemental analyses, visible spectra (spectrum
independent of [H*] in the region 10> M < [H*] <'1 M for

Inorganic Chemistry, Vol. 15, No. 7, 1976 1745

1T v T T T

kG
Figure 1. Electron spin resonance spectra of ms-[(en}),Cr(OH),-
Cr(en), ](C10,), (A), mixed diol artificially contaminated with
4.6% (B) and 1.2% (C) of chromium diol, respectively, and pure
mixed diol A,A-{(en),Cr(OH),Co(en), J(C10,), (D). Solutions
(0.01 M in 1:1 glycerol-10"* M aqueous HCIO,) were made up at
0 °C within 1 min and then frozen to a glass and measured at
—140°C. The spectra therefore are those of the diols, the
amounts of monools formed by this procedure being negligible.
The measurements were done at 9.111 GHz using a JEOL JES-
ME-1X spectrometer.

which the (e, A)max values are (230, 528) and (149, 383); ¢
inl. mel! em™ and A in nm), and powder diffraction patterns
(great similarity with those of the meso chromium diol with
anions perchlorate and dithionate). The chirality symbols are
derived from those of the parent ions. The purity was further
supported by the fact that the compound showed an optical
rotation ([]?°p —215°, 0.1% solution in 107> M HCIO4-1 M
NaClOy; [«] obtained by extrapolation to time of dissolution)
which did not change on further reprecipitation. All this
evidence does not exclude a small contamination of nearly
equimolar amounts of chromium and cobalt diols. However,
the impurity of chromium diol could be estimated through the
ESR spectra. From the relative peak heights (Figure 1) the
content of chromium diol in the sample was determined to be
0.2 £ 0.05%. On the basis of the very accurate metal analyses
of the anhydrous perchlorate salt an estimate of 0.2% as the
upper limit of the contamination with cobalt diol can be made.
Anal. Caled: Cr, 6.64; Co, 7.53.- Found: Cr, 6.65; Co, 7.51.

Bridge Cleavage. In the following, it will be discussed how
the mixed diol enters into equilibrium with its corresponding
monools 2-4.

The visible absorption spectra of freshly prepared acid
solutions (104 M < [H*] < 1.0 M; 4 = 1.00 M adjusted with
sodium perchlorate) of the mixed diol changed with time
showing up to four isosbestic points, whose number and -
positions were dependent upon {H*]. At 0 °C constant spectra
were measured after 2—4 h. First-order plots of log (OD, ~
OD.) vs. time were linear to ca. 90% completion, and from
the gradients (kobsd/2.303), values of the rate constants, kqbsd,
were calculated.. These rapid changes in spectra can by
analogy with the chromium diol system®* be interpreted as
due to an equilibration reaction between the mixed diol and
its corresponding monools, 2-4.
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Identical values for kobsd were found for [H¥] = 1073 and
1074 M (x = 1.0 M, adjusted with sodium perchlorate) with
kobsd = 0.30 min! at 20 °C and kobsd = 0.03 min~! at 0.8 °C.
kobsd was interpreted as kovsd = kr + k;, where (Scheme I)
ke = k+1 + k+2 and kr = (kak-)(k+i + k+2)/(k+1k— +
k-1k+2) are composite constants for the bridge cleavage re-
action and the bridge formation reactions, respectively. (The
same value for kobsd at 20 °C was measured using optical
rotation at the D line indicating that the racemization reactions
are unimportant at the time scale of kobsa™'.) At 0.8 °C the
pH region of the kinetic measurements was extended (107
M < [H*] < 1.0 M), and a decrease of kopsd With increasing
[H*] was then observed. These data were consistent with the
rate expression®

Kal
kovsa =K: Tk E:Jr—[ﬁ:]‘

where kr = 0.024 min™!, k; = 0.006 min~}, and K,, = 0.05 M.
The rate expression is consistent with the reaction mechanism
shown in Scheme 1, k¢ and k; defined as above, and K, defined
as the acid dissociation constant of 4

[2 +3][H"]
[4]

This interpretation implies that equilibria involving a pro-
tonated diol, i.e., a u-aqua-u-hydroxo-bridged cation, can be
ignored. In agreement with that, the visible absorption spectra
of the perchlorate salt of the mixed diol at 0 °Cin 1 M HCIO4
and 10-3 M HC1O4-1 M NaClO,, when extrapolated back
to the time of dissolution, were identical.

From the values of kr and k; it follows that Keq = 4 + 1
where Keq = [monool]/ [diol] = k¢/k;, and [monool] = [2 +
3]. This kinetically established equilibrium constant could also
be directly determined by base titration of the monools at
equilibrium. The constant found in this way was Keq == 3.5
at 0 °C. A prerequisite for such a titration procedure to be
valid is that the diol itself does not exhibit buffer capacity
within the pH region in question and this was found to be the
case. The pK; of the diol was found to have a lower limit of
10 and the pKa, of the aquahydroxo monools was found to be
about 8, where K, is defined as

K, = = K, (Cr) + K4, ()

[(OH)(en),Cx(OH)Cofen),(OH)**] [H')
K, =
2 [2 +3]
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In conclusion, it is noted that the properties of the mixed
diol with regard to the kinetics and thermodynamics of its first
bridge cleavage reaction are very similar to those of the
chromium diol. The cobalt diol is in these respects quite
different and its behavior, in spite of many studies, is still an
unsolved problem.!?
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