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Exchange Interactions in Di-p-hydroxo-bis[bis(1,2-diaminoethane)-
chromium(m)] Salts. Structural, Magnetochemical, and Optical Spectro-
scopic Investigations

By Adrian Beutler, Hans U. Giidel,* and Timothy R. Snellgrove, Department of Chemistry, University of
Bern, Switzerland
Gervais Chapuis and Kurt J. Schenk, Department of Crystallography, University of Lausanne, Switzerland

Chloride, bromide, iodide, and dichloride diperchlorate salts of the title complex have been prepared. The crystal
structures of [Cry(OH),(en),]1CI;+2H,0 and [Cry(OH),(en),]1Br,:2H,0 have been determined by single-crystal
X-ray measurements on an automatic diffractometer, and refined to R 0.023 for the chloride and 0.031 for the
bromide. Lattice constants area = 8.165 0(8),6 = 8.740 0(9), ¢ = 9.790 2(7) A, « = 67.196(7), B = 87.937(7),
and y = 64.587(7)° for the chloride, and a = 8.211(2), b = 8.980(1), ¢ = 10.024(1) A, « = 67.67(1), B =
88.90(1), and y = 65.07(2)° for the bromide. Both structures belong to space group and are strictly iso-
morphous. The symmetry of the dichromium complex is 2/m in both salts. Moreover, a normal probability plot
analysis shows the cations to be identical in the two compounds. Powder magnetic-susceptibility data have been
collected for all the four complexes between 1.5 K and room temperature. Single-crystal and Nujol-mull absorption
spectra have been recorded between 7 and 40 K in the region of transitions from the electronic ground state 4,4,
to the lowest levels of the first singly excited state *A,2E, and powder luminescence spectra obtained at <10 K.
From the absorption and luminescence spectra the exchange splitting of the electronic ground state can be accur-
ately determined. The exchange parameters J thus derived deviate by up to 10% from those obtained by fitting
the magnetic-susceptibility data. These discrepancies indicate a slight temperature dependence of J. The values
obtained for the biquadratic exchange parameter / from the magnetochemical fit have little if any physical signifi-
cance. The exchange parameters (cm-!) for the four salts, determined spectroscopically at <40 K, are:
J =314 £ 0.4 and j = 0.08 + 0.02 (chloride), 30.0 + 0.3 and /= 0.11 £ 0.08 (bromide), 24.3 + 0.9 and j =
0.08 + 0.2 (iodide), and 22.2 + 0.2 and j = 1.12 + 0.6 (dichloride diperchlorate dihydrate).

A BIG effort is currently being made to obtain a better
understanding of the electronic ground-state properties
of binuclear chromium(111) complexes. A large number
of di-p-hydroxo-complexes of the general formula
[Cr,(OH),L,] have been synthesized and characterized
by X-ray diffraction and magnetochemical techniques.!
The aim of these investigations is to reveal correlations
between structural and magnetic properties in a series of
compounds, which could then be rationalized in terms of
a theoretical model.1:? A remarkably simple dependence
of the singlet-triplet separation on the Cu—O-Cu bridging
angle has been found 3 in a series of copper complexes
[Cuy(OH),L,]. In the di-p-hydroxo-chromium com-
plexes the situation is more complex: although the sub-
stances studied so far exhibit a strong dependence of
the exchange splitting on the structural parameters, in
particular the Cr—-O—Cr angle, it has not yet been possible
to derive a picture which would allow a theoretical
analysis.! In the comparisons of complexes with
different ligands L in [Cry(OH),L,] the basic assumption
made was that changes in the chemical bonding, and
thus the exchange splitting of the ground state asso-
ciated with changing the ligands, are reflected by the
structure of the Cr(u-O),Cr group. However, vastly
different values, ranging from 2 to 24 cm?t [A,, =
J(Sa . Sb)], of the isotropic bilinear exchange parameter
J have been reported for [Cry(OH)s(en),]4* (en = 1,2-
diaminoethane) in different environments.#5 This is a
surprising result, since we are used to considering the
exchange interaction in binuclear complexes as an
intramolecular property which is not greatly affected by
crystal packing in a solid. Thus, in order to eliminate
the main uncertainties inherent in the above assumption,

it would be necessary to study the same complex in
different crystal surroundings. As a contribution
towards this goal we undertook a systematic investig-
ation of the chloride, bromide, iodide, and mixed
chloride perchlorate salts of the above cation using X-ray
diffraction and magnetochemical as well as optical
spectroscopic techniques. Of the series [Cr,(OH),-
(en)4]X,'mH,0, the crystal structures for X = Cl or
Br, n = 4, and m = 2 have been determined.
Measurement of the magnetic susceptibility over a
wide temperature range is the most widely used method
for determining ground-state splittings caused by ex-
change interactions in polynuclear transition-metal
complexes. This bulk technique is very useful for the
observation of trends in a series of complexes. The
values of the exchange parameters obtained from fitting
an empirical model to the susceptibility data must,
however, be interpreted with some care, since there are a
number of traps inherent in any procedure of extracting
molecular parameters from bulk data. It is therefore
desirable to use spectroscopic techniques to supplement
the magnetochemical studies. Unfortunately, the
number of chemical systems susceptible to spectroscopic
study is rather limited. E.s.r. spectroscopy has found
only limited application since the pioneering work of
Bleaney and Bowers on copper(11) acetate.® Optical
spectroscopy has been used for a number of polynuclear
chromium(111) complexes to determine the ground-state
splittings.™® On the other hand, in the study of pairs
of paramagnetic transition-metal ions created by doping
diamagnetic host lattices both optical and e.s.r. spectro-
scopic methods are predominant.%10 Neutron inelastic
scattering has recently been introduced in this field; by
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using this technique it was possible to observe transitions
within the ground-state multiplet.!»12 These measure-
ments provided some evidence for a temperature depen-
dence of the exchange splitting.

The present study has four main objectives: (i) to
determine exchange splittings of the electronic ground
state as accurately as possible by using spectroscopic
techniques; (#4) to compare magnetochemical and
spectroscopic exchange parameters and critically evalu-
ate the magnetochemical procedure; (4#) to provide
some new information on the temperature dependence of
exchange; and (iv) to correlate electronic ground-state
properties (exchange parameters) with structural para-
meters.

RESULTS AND DISCUSSION

Crystal Structures of Di-u-hydroxo-bis[bis(1,2-diamino-
ethane)chromium(111)] Chloride and Bromide Dihydrates.—
The chioride. From the shiny red-violet crystals a
nearly isometric one was chosen. It was bounded by
three pinacoids, {100}, {010}, and {001}, and the two
bevel faces (011) and (101). Opposite faces were
separated by 0.029, 0.022, and 0.020 cm respectively.
An absorption correction was applied which yielded
transmission factors between 0.712 and 0.802. Lattice
constants of the triclinic crystal were obtained from a
least-squares optimization of 25 accurately centred
reflections, the diffractions angles, 26, of which lay
between 45 and 50°. The calculated density, based on
the assumption of one formula unit per unit cell, is in
reasonably good agreement with the measured one, the
latter being determined by flotation in benzene and
methyl iodide at 23 °C. The space group is PI, as
indicated by the distribution of the normalized structure
factors and confirmed by successful refinement.

At 23 °C, 3404 reflections were collected up to
(sin®)/x = 0.732, 339 of which had I < 3¢(J) derived
from counting statistics and the fluctuations of periodic-
ally measured check reflections. Three of the check
reflections were found to be stable during the experi-
ment. Weights assigned were w(F) = 1/¢*(F). The
Patterson function yielded the positions of the chromium
and the chlorine atoms. A subsequent F, map showed
the remaining atoms of the dimer. The water molecule
and the hydrogens were finally revealed by AF maps
after successive cycles of full-matrix refinement. During
the final anisotropic full-matrix refinement, where the
number of reflections per parameter being optimized
was 17.4, all atoms converged towards reasonable
positions except for the hydroxo-hydrogen H(Ol) and
the two water hydrogens, H(102) and H(202). These
three atoms were therefore fixed at the positions found
on the difference map, only their U values being refined.
After the last cycle no shift was larger than 1.21 times
the error associated with the optimized co-ordinate;
the average shift-to-error quotient was 0.22. The final

* For details see Notices to Authors No. 7, J.C.S. Dalton, 1978,
Index issue.
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residuals, based on |F| values, were R = (Z|AF|/
E|F,) = 0.023, R’ = (Z|wAF|/Z[wF,|) = 0.031, and
goodness of fit = (SwAF2%number of reflections —
number of variables)? = 2.665. The final parameters
are listed in Table 2. Structure-factor tables and
thermal parameters for both salts are available as
Supplementary Publication No. SUP 22460 (41 pp.).*

The bromide. The shiny red-violet crystal measured
was bordered by four pinacoids, {100}, {010}, {001}, and
{110}, and the pedion (011). Opposite faces were
separated by 0.025, 0.011, 0.012, and 0.024 cm respect-
ively. An absorption correction yielded transmission
factors between 0.377 and 0.518. Lattice constants
were determined from 25 reflections. The measured
density, which was found by flotation in benzene and
methyl iodide, agrees perfectly with one formula unit
per unit cell. At 23 °C, 3 606 intensities were collected
up to (sin6)/x = 0.707, 1 141 of which had I < 3¢(J).
No significant oscillation of three periodically measured
check reflections could be detected. Inspection of the
Patterson map revealed the chromium and anion posi-
tions to be almost the same as in the chloride salt, thus
suggesting that the two complexes are strictly isomor-
phous. Indeed, the structure was refined successfully
using the initial atomic positions of the chloride. The
hydroxo-hydrogen H(O1) and the two water hydrogens,
H(102) and H(202), could not be found on difference
maps. They were therefore calculated according to the
model of the chloride structure and held fixed at these
positions, only their U values being refined. After
anisotropic full-matrix refinement, no shift was larger
than 0.31 times the error associated with the optimized
parameter; the average shift-to-error quotient was 0.09.
The final residuals, based on |F] values, were R =
0.031, R’ = 0.029, and goodness of fit = 2.106 6. The
final parameters are in Table 5.

Discussion. Both structures are strictly isomorphous,
as shown by the refinement of the bromide salt. They
consist of [Cr,(OH),(en),}** dimers which are inter-
related by abundant hydrogen bonding. The dimer is
shown in Figure 1. For the chloride, the co-ordination
of chromium is much distorted from octahedral, cis
angles lying between 77.6 and 95.9°, trans between 166.3

and 171.9.° (For other angles see Tables 4 and 17.)
The chromium complex is centrosymmetric. Moreover,
TaBLE 1
Crystal data

[Crs(OH)4(en)]C1:2H,O [Cry{OH),(en),]Br,-2H,0
alA 8.165 0(8) 8.211(2)
b/A 8.740 0(9) 8.980(1)
c/A 9.790 2(7) 10.024(1)
al® 67.196(7) 67.57(1)
B/° 87.937(7) 88.90(1)
y/° 64.587(7) 65.07(2)
UjA? 574.55(9) 610.6(2)
Z 1 1
[F(000) 290 362
Space group PI PI
Dy /g cm™ 1.587(5) 1.99(5)
D./g cm™ 1.607 6(3) 1.996 1(7)
A(Mo-K ) /A 0.710 69 0.710 7
w(Mo-K)jcm™ 14.8 78.9
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FI1GURE 1 Structure of the [Crg(OH),(en)(]¢* cation occurring in
the chloride and bromide salts. Atoms are represented by
thermal ellipsoids enclosing 509, probability. Hydrogen
atoms are on an arbitrary scale

it reveals, within experimental precision, a mirror plane
perpendicular to the Cr—Cr line and containing the
inversion centre. Thus the symmetry of the cation is
2/m. Other local symmetries of the [Cry,(OH),(en),]**
complex have also been found.»® Atoms N(4), Cr,
O(1), and N(3) and those generated by the centre of

TABLE 2

Atomic parameters of [Cr,(OH),(en),]Cl;-2H,O
with estimated standard deviations in parentheses

Atom X Y z
Cr —0.04175(3) —0.05392(2)  0.159 09(2)
o(1) 0.058 0(1) —0.160 3(1) 0.015 4(1)
N(1) 0.211 5(2) —0.118 3(2) 0.262 3(1)
N(2) 0.309 6(2) 0.0039(2) —0.107 7(1)
N(3) 0.168 5(2) —0.0958(2) —0.286 8(1)
N(4) 0.011 9(2) —0.312 2(2) 0.331 7(1)
c(1) 0.263 1(2) —0.275 3(2) 0.410 8(2)
c(2) 0.421 2(2) —0.0541(2) —0.2181(2)
C(3) 0.371 0(2) —0.189 1(2) —0.242 9(2)
C(4) 0.210 7(2) —0.412 6(2) 0.394 0(2)
Ccl(1) ~0.38310(5) —0.35979(5)  0.185 94(4)
Cl(2) —0.141 99(5)  —0.21701(5) —0.374 58(4)
0(2) 0.184 2(3) —0.506 6(2) 0.054 4(2)
H(01) 0.083 3 —0.257 4 0.025 9
H(1N1) 0.206(2) —0.022(2) 0.273(2)
H(2N1) 0.306(2) —0.154(2) 0.215(2)
H(INZ) 0.317(2) 0.103(2) —0.104(2)
H(2N2) 0.356(2) —0.080(2) —0.021{2)
H(1N3) 0.126(2) 0.172(2) —0.271(2)
H(2N3) 0.141(2) —0.016(3) —0.388(2)
H(IN4) —0.046(2) —0.299(2) 0.403(2)
H(2N4) —0.025(2) —0.376(2) 0.295(2)
H(1C1) 0.199(2) —0.234(2) 0.483(2)
H(2C1) 0.393(2) —0.325(2) 0.444(2)
H(1C2) 0.549(3) —0.108(2) —0.183(2)
H(2C2) 0.390(2) 0.059(2) —0.311(2)
H(1C3) 0.407(2) —0.299(3) —0.152(2)
H(2C3) 0.429(2) —0.224(2) —0.320(2)
H(1C4) 0.239(2) —0.516(2) 0.485(2)
H(2C4) 0.278(2) —0.462(2) 0.324(2)
H(102) 0.208 3 —0.532 6 —0.0058

H(202) 0.166 7 —0.5850 0.1253
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TABLE 3

Atomic distances (in A) in the chloride
Cr—O(11) © 1.940(1) O(2)-H(01) 1.87°%
Cr—0(1) 1.947(1)
Cr—N(1) 2.086(1) Cl(1)-H(102) 2.45%
Cr—N(4) 2.096(1) Cl(1)~-H(2N1) 2.49(2)
Cri-N(2) 2.078(1) CI(1)-H(1N2) 2.36(2)
Cri-N(3) 2.088(2) C1(1)-H(2N2) 2.67(1)
Cri—Cr 3.029 8(4)
0O(1)—-0(1%) 2.435(1) C1(2)-H(202) 2.45°
N(1)—C(1) 1.482(2) C1(2)-H(1N1) 2.50(2)
C(1)—C(4) 1.499(3) C1(2)-H(1N3) 2.65(2)
C(4)-N(4) 1.487(2) C1(2)~H(2N3) 2.43(2)
N(2)—C(2) 1.488(2) C1(2)-H(1N4) 2.565(2)
C(2)-C(3) 1.503(3)
C(3)-N(3) 1.485(2)
O(1)-H(O1) 0.746 ®
O(2)-H(102)  0.704°
O(2-H(202) 0.825?

¢ Roman numeral superscript indicates position generated by
centre of inversion at (0,0,0). ® Not refined, therefore no
standard deviation.

TABLE 4
Bond angles (°) in the chloride
O(1)-Cr—-N(1) 95.50(5) Cr—N(1)—C(1) 109.8(1)
N(1)~Cr—N(4) 81.59(5) N(1)—C(1)—C(4) 107.7(1)
N(1)~Cr—N(3!) * 88.46(5) C(1)—C(4)~N(4) 107.3(1)
N(1)-Cr—O(1%) 95.20(5) C(4)-N(4)—Cr 108.4(1)
o(1)—Cr—O(1Y) 77.58(4)
O(1)~Cr—N(4) 93.31(5) Cri-N(2)—C(2) 109.6(1)
N(4)—Cr—N(31) 94.28(5) N(2)-C(2)—C(3) 107.3(1)
O(1)—Cr—-N(31) 95.04(5) C(2)—C(3)-N(3) 107.0(1)
O(1)~Cr—-N(2) 95.90(5) C(3)-N(3)—Cr! 110.1(1)
O(1)~Cr—-N(2}) 94.73(5)
N(31)—Cr—N(2!) 81.22(6) O(1)-H(01)-O(2)  171.2°%
N(4)—Cr—N(21) 90.11(5)
0(2)-H(102)—Cl(1) 163 °*
O(1)-Cr—N(31) 171.87(3) N(1)-H(E@NL)—Cl(1) 157(1)
O(1)~Cr—N(4) 170.06(4) N(2)-H(IN2)—CI(1) 156(2)
N(1)—Cr—N(21) 166.26(5) N(2)-H(2N2)—Cl(1) 156(2)
Cr—O(1)—Cr! 102.424(47) O(2)—-H(202)—C1(2) 164°?
N(D)—-H(IN1)—CI(2) 162(2)
H(102)—-0(2)-H(202) 112.5? N(3)-H(IN3)—C1(2) 145(1)
N(3)-H(2N3)—C1(2) 161(2)
N(4—H(1IN4)—C1(2) 160(2)

# Roman numeral superscript indicates position generated by
centre of inversion at (0,0,0). 2 Not refined, therefore no
standard deviation.

symmetry at (0,0,0) very nearly constitute a plane; the
standard deviation of the distances of the atoms from
the calculated best plane is 0.051 A. The water molecule
also lies approximately in this plane, its hydrogen atoms
being equivalent with reference to the mirror plane of the
complex. The refined hydrogen positions yield reason-
able O-H, N-H, and C-H distances, means: 0.76, 0.88,
and 0.96 A, a reasonable order, considering the electro-
negativities of O, N, and C.

The hydrogen-bonding scheme is shown in Figure 2.
A distance criterion ¥ states that in an arrangement of
the type X-H-+++Y a hydrogen bond H-*+Y may
exist if the distance of H from Y is considerably shorter
than the sum of the van der Waals radii of H and of Y.
These radii are ' 1.2, 1.5, 1.4, 1.8, and 1.95 & for H, N,
O, Cl, and Br respectively. Thus an H ¢+« O hydrogen
bond should be <2.6 A, an H+++ Cl bond <3 &, and
an H+ - Br bond <3.15 A. With this knowledge the
nine hydrogen—chlorine distances lying in the range
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2.36—2.65 A may well be claimed to be hydrogen bonds.
(For distances see Tables 3 and 6.) Finally, the short
distance of 1.87 A between H(O1) and O(2) indicates a
H:--0 bond. All oxygen-hydrogen and all but one
nitrogen-hydrogen [H(2N4): nearest electron donor
3.07 A away] bonds participate in the hydrogen-bonding
scheme.

TABLE 5
Atomic parameters of [Cr,(OH),(en),)Br,-2H,0
Atom X Y Z

Cr —0.041 96(7) —0.050 53(6) 0.154 86(5)
o(1) 0.053 5(3) —0.155 1(3) 0.015 5(2)
N(1) 0.210 8(4) —0.116 9(4) 0.259 9(3)
N(2) 0.307 8(4) —0.001 3(4)  —0.100 2(3)
N(3) 0.166 4(4) —0.097 7(5) —0.276 4(3)
N(4) 0.005 1(4) —0.298 1(4) 0.322 5(3)
c(1) 0.257 5(5) —0.267 5(5) 0.406 6(4)
C(2) 0.420 6(5) —0.059 8(5)  —0.205 3(4)
C(3) 0.368 8(5) —0.1913(5)  —0.230 0(4)
C(4) 0.201 6(5) —0.398 9(5) 0.388 1(4)
Br(l) —0.370 44(5) —0.371 94(5) 0.192 13(4)
Br(2) —0.160 06(5) —0.209 27(5)  —0.380 55(4)
0(2) 0.179 0(6) —0.495 3(4) 0.059 8(4)
H(IN1) 0.207(4) —0.041(4) 0.273(3)
H(2N1) 0.297(5) —0.145(4) 0.203(3)
H(IN2) 0.312(4) 0.091(4) —0.095(3)
H(2N2) 0.349(5) —0.077(5) —0.012(4)
H(IN3) 0.125(6) —0.188(6) —0.269(4)
H(2N3) 0.142(6) —0.030(5) —0.349(4)
H(IN4)  —0.070(5) —0.260(5) 0.387(4)
H(2N4)  —0.035(5) —0.336(5) 0.280(4)
H(1C1) 0.188(4) —0.219(4) 0.479(3)
H(2C1) 0.389(8) —0.307(5) 0.433(4)
H(1C2) 0.534(6) —0.104(6) —0.166(5)
H(2C2) 0.374(5) 0.079(5) —0.300(4)
H(1C3) 0.411(5) —0.319(5) —0.134(4)
H(2C3) 0.435(5) - 0.239(4) —0.303(4)
H(1C4) 0.225(6) —0.504(6) 0.482(5)
H(2C4) 0.271(5) —0.447(5) 0.313(4)

The bromide parameters are very similar to those of
the chloride. The cation has, within experimental
precision, 2/m symmetry. The standard deviation of
the N(3),Cr,O,N(4) plane is 0.054. Average values of the
N-H and C-H bonds are 0.85 and 1.02 A respectively.
The nine hydrogen—bromine distances (2.57—2.79 A) are
Hydrogen bonding

FIGURE 2 Stereoscopic representation of the N—H - - - Cl hydrogen-bonding scheme as viewed along ae.

J.C.S. Dalton

TABLE 6
Atomic distances (in A) in the bromide

Cr-O(1) *  1.946(2) Br(l)-H(2N1)  2.67(3)
Cr-0(1) 1.946(2) Br(1)-H(IN2)  2.58(4)
Cr—N(1) 2.082(4) Br(1)-H(2N2)  2.72(3)
Cr—N(4) 2.089(3)
Cr'-N(2) 2.068(4) Br(2)-H(IN1)  2.72(4)
Cri-N(3) 2.084(4) Br(2)-H(IN3)  2.72(5)
Cri—Cr 3.038 4(8) Br(2-H(2N3)  2.79(4)
O(1)-0O(11)  2.432(3) Br(2-H(IN4)  2.57(4)
N(1)=C(1)  1.485(4)
C(1)—C(4) 1.504(7)
C(4)-N(4)  1.487(5)
N(2-C(2)  1.490(5)
C(2)—-C(3) 1.511(8)
C(3)-N(3)  1.498(5)

* Roman numeral superscript indicates position generated by
centre of inversion at (0,0,0).

TABLE 7
Bond angles (°) in the bromide

O(1)-Cr—N(1)  95.7(1) Cr—N(1)—C(1) 110.0(3)
N(1)-Cr—N(4)  81.4(1) N(1)—C(1)~C(4) 106.6(3)
N(1)-Cr—N(3") * 89.0(1) C(1)—~C(4)-N{4) 107.3(3)
N(I)—Cr-O(11)  95.6(1) C(4)-N(4)—Cr 108.8(3)
o()—Cr—0(1y)  77.4(1)
O(1)-Cr-N(4)  93.5(1) Cri-N(2)—C(2) 110.2(3)
N(4)-Cr—N(31)  94.4(1) N(2)—C(2)-C(3) 108.8(4)
O(1H)—Cr—N(31)  94.6(1) C(2)—C(3)-N(3) 108.7(3)
O(1)=Cr-N(21)  95.2(1) C(3)-N(3)—Cr! 110.3(3)
O(11)—Cr-N(21)  94.7(1)
N(3)—-Cr—N(21) 81.3(2) N()-H(2N1)-Br(l) 147(2)
N(4)~Cr—N(2!)  89.9(1) N(2)-H(IN2)~Br(l) 154(3)
N(2)-H(2N2)-Br(1)  149(3)
O(1)—-Cr—N(31) 171.33(9) N(1)-H(IN1)-Br(2) 166(3)
O(1N—Cr—N(4) 170.1(1) N(3)-H(IN3)-Br(2) 140(2)
N(1)=Cr—N(21) 1686.4(1) N(3)-H(2N3)~Br(2) 162(5)
Cr—O(1)-Cr’  102.64(11) N(4-H(IN4)-Br(2) 159(3)

* Roman numeral superscript denotes position generated by
centre of inversion at (0,0,0).

between O(1) and O(2) and Br must be judged by another,
less precise criterion,* since none of the hydrogens on
oxygen has been located. Thus a hydrogen bond is
assumed to be present if the distances between X and Y
in the arrangement X-H ¢« ¢ Y is slightly shorter than

In the

lower left corner, there are also shown the O—H - - - Cl bonds relating the ac layers
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the sum of the van der Waals radii of X and Y. With
a O(1)-O(2) distance of 2.63 A, an average O(2)-Br
distance of 3.32 A, and H(2N4) 3.41 A away from its
nearest electron donor, it is obvious that similar hydrogen
bonding exists, in the chloride and bromide salts.
Considering the delicate dependence of exchange inter-
actions on Cr-O—Cr bridging angles, the reliability of the
standard deviations of the corresponding parameters is
crucial. In order to investigate the reliability of these
standard deviations, which were derived from the least-
squares procedure and the dispersions of the lattice
constants, 47 pairs of distances and 70 pairs of angles in
the cations of the two derivatives were subjected to a
normal probability plot analysis.’%1? Thus the moduli
of the weighted deviations [equation (1)] were calculated

P(1); — P(2); (1)
{s?[P(1):] + s*[P(2) ]}
(1 refers to the chloride, 2 to the bromide, ¢ = 1—117,
and s = standard deviation of the parameter P). The
117 |dm| values were arranged in order of increasing
magnitude and the empirical cumulative distribution

2@n —i) + 1,
3@n)

function (2) was determined. The quantile belonging to
this value of the normal distribution function gives to a
fair approximation the expected value of the 7th element
of the order statistic. The |8m| values were plotted
against their expected values (Figure 3). The overall
feature of this graph is fairly linear, only its tail being
slightly bent. Knowing that little significance should
be attached to the tail,'®1? we may disregard the 16
values of |3m| which are larger than 3.5 (range 3.57—
9.62). The graph is distinctly linear up to |3m| = 2.5,
while the remaining points suggest the bending of
the tail. The correlation coefficient of the total graph
is 0.997, its gradient 2.18(2), and its ordinate intersection
—0.08(10). The standard deviations were thus under-
estimated by a factor of 2.18 on the average. After
correction by this factor, the largest deviation |ém)|
becomes a more reasonable 4.41. From the linearity
of the function we may conclude that the || values are
normally distributed and that therefore the differences
between corresponding parameters in the two cations are
essentially due to random errors and can therefore be
considered as non-significant.

Magnetochemical and Spectroscopic Investigations.—
The determination of exchange parameters by absorption
and luminescence spectroscopy can yield accurate results
if transitions from and to individual levels of the ground
state can be resolved.”® In the present study the
magnetic-susceptibility data were first used to obtain the
order of magnitude of the exchange splitting. Then
the optical spectroscopic data were used to determine
the ground-state splittings as accurately as possible. In
order to arrive at a critical evaluation of the fitting
procedure commonly used to determine exchange para-
meters from magnetic-susceptibility data,’ we fitted our

Sm; =

n =117 )
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susceptibility data to several empirical Hamiltonians
containing from one to three adjustable parameters.
The results of these fits were then compared with the
spectroscopically determined splittings. Since the
spectroscopic splittings were all determined at <40 K
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Ficure 3 Half-normal probability plot comparing 117 pairs of
parameters of the dichromium complexes in the chloride and
bromide salts. The moduli of the weighted deviations are
plotted against the expected values

this comparison provides some information about the
temperature dependence of the exchange.

Spectroscopic transitions were observed between the
split manifold of the electronic ground state 44,4, and
the lowest levels of the first singly excited state 4,2E.
The splitting of the first excited state will be the subject
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of a further investigation. Theory predicts the 44,2E
state to be split by exchange interactions into eight
levels, four having S =1 and four S = 2® At this

[
o $
b 6 |
8,8 8 81 11 4y 2
A L A 1 “2[
Ay Az Ay Ag Ay A Ag
Y 2
:::S:i: RARFTIIRNR[R
3
4y 4
2 4,4,
, ;

FiGURE 4 Schematic representation of the exchange splitting in
the electronic ground state *4,*4, and the lower part of the
¢4,2E manifold. All the transitions indicated by arrows
(A = absorption, { = luminescence) were used to determine
the ground-state splitting

preliminary stage the three lowest levels of the 4A4,%F
manifold appear to be as shown schematically in Figure
4. It is clear from Figure 4 that the ground-state
splitting pattern can either be determined from a
luminescence experiment or from the temperature
dependence of the corresponding absorption transitions.

Table 8 contains the J parameters obtained from fitting

TABLE 8
Results of fitting the magnetic-susceptibility data with
the Hamiltonian Hey = J(S,. Sp) (g = 2.0)

Complex Jlem™
[(en),Cr(OH),Cr(en),]Cl-2H,0 31.0 + 0.1
[(en)4Cr(OH),Cr(en),]Br,2H;0 29.6 4+ 0.2
[(en);Cr(OH),Cr{en),)1, 23.8 £ 0.1
[(en),Cr(OH),Cr(en);]C1,{C10,],-2H,0 27.3 1+ 0.1

the magnetic-susceptibility data with a Heisenberg-type

J.C.S. Dalton
illustrates the effect of introducing additional adjustable
Bex = J(Sa-$) 3)

parameters into the fitting Hamiltonian. We conclude
that the values obtained for the biquadratic exchange
parameter j have little if any physical significance. The
g values are reasonable. [ can be determined with an
accuracy of a few percent. The changes in J in going
from a model with one parameter to models with more
parameters are several times the calculated standard
deviations. This tends to invalidate the use of the
standard deviation as an indicator of the accuracy of the
parameter. These conclusions will be underlined by a
comparison with the spectroscopic results.

Figures 5 and 6 show two typical examples of single-
crystal and Nujol-mull absorption spectra in the region
of the first transitions 14,24,—>%4,2E. The correspond-
ing powder-emission spectra, which are also typical for

4Oof !

£ per Cr pair
~N
=

15} 5 '10 7‘
, ‘ l ;"-,
e N L
ez %
10739/cm™!

FiGure 5 Low-temperature single-crystal absorption spectra of
[(en),Cr(OH),Cr(en),])Cl,[C10,]3°2H,0 in the region of electronic
transitions to the lowest levels of the first excited state ¢4,%E.
The spectra were recorded at 9.6 (----), 13.5 ( ), 24.6

and 42 K (—-—-—). All the spectra were

measured perpendicular to the well developed large faces of
the crystals. With this set up the linear dichroism of the
absorption bands was found to be very small. Based on their
positions and temperature dependences, the bands are assigned
to the transitions in Figure 4

———)

the whole series, are given in Figures 7and 8. The three

Hamiltonian (3) containing the bilinear exchange lowest transitions in the absorption spectra are seen to
constant J as the only adjustable parameter. Table 9 exhibit different temperature dependences of their
TABLE 9

Results of fitting the magnetic-susceptibility data of [(en),Cr(OH),Cr(en),)I, with models containing one to three

adjustable parameters.

measure of the goodness of the least-squares fit.

”
In fits 1 and 3, g was set equal t0 2.0. R =| 3 (Yeate. —

expt

+
E Ye,p“] is a

1=1 i=1

The number of experimental points is 88

Number of
adjustable J g
Fit - Hamiltonian parameters cm! cm! g R
1 Hey = 1(3. S 1 23.8 + 0.10 0.017 3
2 B, =733 2 22.6 + 0.18 1.977 + 0.003 0.013 9
3 Bo= T8 &) — (5. S0 2 24.1 + 0.19 —0.22 4 0.10 0.016 8
4 A, = JS- 8 — 55 3.,)= 3 21.5 + 0.37 0.36 + 0.11 1.967 + 0.004 0.013 1
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Absorbance (arbitrary units)

10737 /em!

FiGURrE 6 As for Figure 5, but for a Nujol mull of [(en) ,Cr(OH),
Cr(en),]I, The spectra were recorded at 6.6 (-- 9.0
( ), 11.4 (———), 16.5 (— - ——] ), and 295K(-—)
rightmost curve. The shoulder denoted V is identified as a
vibronic hot band

intensities. They must therefore originate in different
ground-state levels. The luminescence spectra of all the
four complexes are dominated by a very strong origin
followed by a large number of well resolved side bands of
much lower intensity. The origin is always coincident
with a prominent absorption band (designated A2 in
Figures 4—6), which, from its temperature dependence,
belongs to a transition originating in S =2. The
assignment of this band as the electronic origin of the
S = 2 «4—» S = 2 transition A2 as shown in Figure 4 is
therefore straightforward. Most of the other bands in
the luminescence spectra of Figures 7 and 8 are vibronic
side bands. The displacements from the origin of the
majority of the side bands coincide with absorption
bands in the i.r. spectrum. They must be assigned as
vibronic origins. Our emphasis here is on the electronic

A
N

14130

—-——
-

Luminescence intensity (arbitrary units)

PN SO,

FIGurRe 7 Luminescence spectrum at 9 K of a powder of
[(en)sCr{OH),Cr(en),]Cl,[C10,],-2H,0. The prominent bands
at 14 043 and 14 130 cm™ containing the electronic origins of
two spin-forbidden transitions are enlarged in the insert. Two
very weak bands marked I are impurity bands

o W
130
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properties of the ground state. No detailed analysis of
the side-band structure is therefore given.

When the high-energy tail of the strong electronic
origin in the luminescence spectra is measured with high
resolution and sensitivity two very weak shoulders
(insert in Figure 7) occur coincident with two weak bands
in the absorption spectra. Owing to their intensities
and their temperature dependence in the absorption
spectra, they have to be assigned to electronic origins of
the singly and doubly spin-forbidden transitions Al
and AO. The spin-forbidden transition A3 is difficult to
identify unambiguously. There are bands in the lumi-
nescence spectra at positions where A3 is expected on the
bases of the A0, Al, and A2 positions, but there is no
independent experimental criterion to distinguish them
from vibronic side bands. The absorption spectra at
>60 K, where the S = 3 ground-state level should
become thermally populated, are too broad to make
assignments. In some of the absorption spectra,
transitions to the B and C levels of the first excited state

4
A Y

Luminescence intensity (arbitrary units)

M

1 i
%0 135
10739/em™

Ficure 8 As for Figure 5, but for
[(en),Cr(OH);Cr(en),]I,

are resolved. Table 10 contains all the spectroscopic
data used in determining the ground-state splittings.
In Table 11 the exchange parameters J and j, obtained
from fitting the observed splittings of Table 10 to the
exchange Hamiltonian (4), are compared with the

Hex = J(Su . So) — 7(Sa . Su)2 4)

corresponding values obtained from the least-squares
fit of the magnetic-susceptibility data. The differences
between the two sets of J parameters are of the order of
10%,. Given all the problems inherent in the magneto-
chemical procedure, this agreement is quite reasonable.
Except for the chloride perchlorate salt, which, as
revealed by the magnetic-susceptibility data, appears to
undergo a phase transition between 40 and 60 K, all the
spectroscopically determined J values are larger than
those obtained from the fit to the susceptibility. This is
illustrated in Figure 9 by a comparison of the suscepti-
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TaBLE 10

Transitions observed between 7 and 40 K in absorption
and luminescence, and the resulting ground-state
splittings. Designation of transitions as in Figure 4.
All energies in cm™

[(en),Cr(OH),Cr(en),]Cl,2H,O

! Absorption A Luminescence A
A, 14 080 A, 14078 32
96 A, 14046 83
A, 13984 A, 13983 97
Ag 13 886(?)
B, 14 247 33
B, 14214
[(en),Cr(OH),Cr(en),]Br,-2H,O
ﬁAbsorption A Luminescence A
A, 14059 32 A, 14 0569 29
A, 14027 60 A; 14030 63
A, 13 967 A, 13 967 91
A, 13 876(?)

B, 14232 31

B, 14201 61

B, 14 140

[(en);Cr(OH),Cr(en),]14

ﬁAbsorption A Luminescence K
A, 14167 24

A, 14143 47

A, 14 096 A, 14 096

B, 14 325

B; 14300 25

C, 14 330 26

C, 14304 52

C, 14 252(?)
[(en) ,Cr(OH),Cr{en)]C1,[CIO,],2H,0

Absorption A Luminescence A
Ay 14125 29 Ay 14127 31
A; 14 096 52 A, 14096 53
A4, 14044 A, 14043 64
A, 13 979(?)

B, 14 308 29

B, 14279 54

B, 14225 58

B, 14167

C, 14 336 80

C, 14 256 84

C, 14192

bility data of the iodide salt with a susceptibility curve
calculated from the spectroscopically determined ex-
change parameters. This behaviour is typical of the
complexes investigated. Since all the spectroscopic
values were determined at <40 K, this discrepancy
can be taken as an indication that J is slightly temper-
ature dependent, increasing by a few percent on cooling
from room to helium temperature. A similar behaviour
has been found in [(H;3N),Cr(OH)Cr(NHj,);]Cl;:H,0O by
the use of neutron inelastic scattering.lt

Table 11 confirms the statement made before that the
values of the biquadratic exchange parameter j obtained
from the least-squares fit of the magnetic data have
little physical significance. Itis clear that a temperature
dependence of J, and changes of 5—109%, in J between
room and helium temperature that have been found
to occur,'t12 will be taken up by the adjustable para-
meters j and g in the fitting process. While the spectro-
scopic 7 values of the chloride, bromide, and iodide salts

J.C.S. Dalton

are within <19, of J, the chloride perchlorate salt has
an exceptionally large positive j.

Similarly large j values have been found for a number
of Cr3* and Mn2* pairs in diamagnetic host lattices.®10
The j values expected from Anderson’s theory of super-
exchange are within <19%, of j.!® Exchange striction
rather than biquadratic exchange has therefore been
discussed as a possible source of the large j para-
meters.1%1® Magnetostriction is well known in conden-
sed magnetic materials. It is unfortunate that the exact
low-temperature geometry of the [(en),Cr(OH),Cr(en),]¢*
complex in the chloride perchlorate salt is not known. A
comparison with the geometries of the other salts and a
possible analysis of the large j value are therefore not

25

[=] (3 [=]

1072 X,/ em. units
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n

i 1
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1 L
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TIK

FIGURE 9 Magnetic-susceptibility data for [(en),Cr(OH),Cr-
(en),]I; (@). The full line corresponds to a calculation using
the spectroscopically determined exchange parameters, | =
24.3 cm™, j = 0.083 cm™, and g = 2.0. The discrepancy indi-
cates a temperature dependence of J. It would be more
pronounced if a slightly smaller and thus more realistic g value
had been used for the calculation

possible. But it is quite clear that exchange striction
is a much more likely cause than biquadratic exchange
because the latter is not expected to show such a large
variation for the same binuclear complex.

Besides the magnetic data, Table 11 contains some
structural data for [(en),Cr(OH),Cr(en),]** in four
complexes of known crystal structure. An empirical
correlation between structural and magnetic parameters
is not straightforward, because Cr-O distances have
to be considered as well as Cr-O—Cr angles. The present
data do not fit the correlation of J values and Cr-O-Cr
angles for di-p-hydroxo-bridged chromium complexes,
(L,Cr(OH),CrL,], made by Hodgson and his co-workers.1
The exchange interactions have a subtle dependence on
the nature of the ligands L, which is not fully reflected by
the Cr-O-Cr angle. Since a very broad range of J
values can be obtained within a series of complexes
containing [(en),Cr(OH),Cr(en),}**, it is desirable to
collect more data within this series, thus eliminating the
problems of varying the ligands L.
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TABLE 11

Exchange parameters for various salts of [(en),Cr(OH),Cr(en),]**.
magnetic-susceptibility data with a Hamiltonian Hex = J (S, . Sp) — 7(Sa - Sp)*.

The magnetic values were obtained by fitting the
The three parameters [, j, and g were

refined. Spectroscopic values were obtained from the experimental splittings of Table 10. The eigenvalues of the

above Hamiltonian are given by E(S) = é[S(S +1) — —1;-] — %[S’(S + 1)2 — 155(S + 1) + ?2—5
Anions of Magnetic Spectroscopic Structural
[(en),Cr(OfI),Cr- - - \ — A N~ N =
en), ]+
( salt Jjcm™ jlem™ g J/cm™ jlem™® Cr—OH-Cr/° Cr—-OjA Cr—Cr/A OH-O/A  Factor
1.980
(404l (ref. 5) 2.16 0.234 1.947 100.0 +0.005 3.032 2.724  0.049
+-0.04 +0.007 40.007 +0.2 1.978 +0.003 +0.009
+0.005
1.941
Cl-2H,0 29.4 0.3 1.978 31.4 0.08 102.42 +0.001 3.030 2.610 0.023
+0.5 +0.1 4 0.005 +0.4 +0.02 +0.05 1.949 +0.001 +0.002
+0.001
1.946
Br2H,;0 27.7 0.3 1.976 30.0 0.11 102.64 +0.002 3.038 2.627 0.031
+0.8 +0.2 +0.008 40.3 +0.08 +0.11 1.946 40.005 40.005
40.002
1.946
Cl,[C10,],°2H,0 24.8 0.4 1.963 22.2 1.12 103.42 +0.002 3.069 2.658 0.044
+0.3 +0.1 4 0.004 +0.2 0.06 40.08 1.952 40.002 +-0.003
+0.002
I, 21.56 0.4 1.967 24.3 0.1
+0.4 +0.1 +0.004 +0.9 +0.2

Our results are at variance with the magnetochemical
properties of the chloride, bromide, and iodide salts of
[(en)oCr(OH),Cr(en),}** reported by Jasiewicz ef alt
Since the powders used in that study were not character-
ized by elemental analysis we cannot explain the large
discrepancies.

EXPERIMENTAL

Preparations.—The complexes [Cry,(OH),(en),JCl,-2H,0
(Found: C, 17.4; H, 6.70; Cl, 25.65. Calc.: C, 17.25;
H, 6.90; Cl, 25.5; N, 20.15%) and [Cr,(OH),(en)]Br,-2H,0
(Found: C, 13.1; H, 5.30; Br, 43.75; N, 15.35. Calc.:
C, 13.1; H, 5.20; Br, 43.55; N, 15.25%,) were prepared
according to the literature methods.?

[Cry(OH),(en),)I,. The pure bromide salt (3 g) was
suspended in an aqueous solution (7 cm?®) of [NH,I (150
g of [NH,]I in 100 cm?® of water) and stirred for 90 min.
The product was filtered off and purified by dissolution in
0.01 mol dm™ HI solution (800 cm?), filtration through
a micropore filter, and addition of [NH,]I solution (6 cm3).
Slow cooling to 2 °C yielded 2.2 g of the iodide. After twice
repeating the purification procedure the product was dried
over H,SO,. An analytically pure product was thus
obtained (Found: C, 10.45; H, 4.05; I, 55.35. Calc.:
C,104; H, 4.15; I, 55.5; N, 12.15%,).

[Cr,(OH),(en),]C1,[C1O,],*2H,0. A 1.1 mol dm™ aqueous
solution of [NH,][CIO,] was allowed to slowly diffuse into
a saturated solution of the chloride salt (Found for product:
C, 14.25; H, 6.55; Cl, 20.7; N, 16.4. Calc.: C, 14.05;
H, 5.60; Cl, 20.75; N, 16.4%).

The crystals of [Cry(OH),(en),]Cl*2H,0 and [Cr,(OH),-
(en)Br,2H,0 used for the crystallographic work were
grown at 4 °C by letting a 3.5 mol dm™ solution of [NH,]Cl
or [NH,]Br diffuse slowly into a saturated aqueous solution
of the respective complexes. Mixed bromide chloride
crystals may also be obtained. Crystals large enough for
single-crystal optical spectroscopy could be grown for the
chloride, bromide, and chloride perchlorate salts by slow

diffusion of a concentrated solution of the respective anion
into a solution containing the binuclear complex.

X-Ray Measurements, Data Reduction, and Structure
Determination.—Single-crystal X-ray intensity measure-
ments were collected on a Syntex P2, automatic diffracto-
meter equipped with a molybdenum tube (A = 0.710 69 A).
Unwanted radiation was eliminated by a niobium filter. A
scan was made up to 1° on each side of the calculated
Ka,/Ka, doublet; at each end of this interval the stationary
background was measured for 259, of the scan time. The
scan rate varied between 2 and 10° min!, depending on the
intensity of the reflection. Analysis of the profiles was
performed by the modified Lehmann-Larsen algorithm.?!

The ‘ X-ray '72° system of programs 22 was used for the
data reduction and the determination of the structures.
Drawings were plotted by means of the ORTEP program .2
Neutral scattering factors 2¢ for Cr, O, N, C, and H were
used, whilst for Br and Cl anionic ones were preferred.
Anomalous dispersion corrections 2* were applied for Br,
Cr, and Cl

Magnetic-susceptibility Measurements.—All the measure-
ments were made on polycrystalline samples using a
moving-sample technique.?® Details of the apparatus are
given in ref. 27. The temperature was measured by means
of a chromel/gold-iron thermocouple, calibrated as des-
cribed in the literature.?® The estimated accuracy of the
temperature measurements is 40.2 K. Nickel was used
for the calibration of the susceptibility. The estimated
error of the susceptibility measurements is -+0.79%,. No
field dependence was detected. The magnetic field, which,
for all the measurements, was in the order of 1 T, had an
estimated stability of +0.001 T.

Spectroscopic Measurements —Absorption spectra were
recorded for single crystals and Nujol mulls using a Cary 17
spectrometer equipped with a red-sensitive photomultiplier
tube. Luminescence spectra were obtained for freshly
prepared and recrystallized polycrystalline samples. A
150-W sealed-beam xenon lamp and a Spex Minimate
monochromator were used for the excitation. A 0.76 m
Spex single monochromator equipped with a grating blazed


http://dx.doi.org/10.1039/DT9790000983

992

at 750 nm was used for the dispersion of the luminescence.
A RCA 31034 photomultiplier tube, cooled to —30 °C,
was used for detection. Cooling of the sample was achieved
by a helium-gas flow technique. Any temperature in the
range 6—300 K could thus be easily obtained. The
temperature was measured with a chromel/gold—iron
thermocouple, the estimated accuracy being +1 K.

We thank the Swiss National Science Foundation for
support, K. Mattenberger and O. Vogt, Laboratorium fiir
Festkorperphysik, ETH, Ziirich, for the magnetic-sus-
ceptibility measurements, and H. Wagner, Ciba-Geigy
Analytical Laboratories, Basel for elemental analyses.
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