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- HYDROLYTIC POLYMERIZATION IN Cr(III) SOLUTION

Sister Gertrude Thompson .
Department of Chemistry _
and Inorganic Materials Research Division,
Lawrence Radiation Laboratory,
University of California,
Berkeley, California

ABSTRACT

To establish the formulas of two hydrolytic chromium (III) species,
vequilibrium measurements of the formatioﬁ of a dimer, CrQ(OH)g+5 and
" trimer, Cr3(OH)E+, from monomeric Cr(H20)2+ have been carried out using
ion;exchange analytical techniques. The decomposition in acid solutions
’of the- dimer can be followed spectrophotometrically and apparently occurs
by way of a singly bridged dimeric intermediate, CrOHCf5+. Since appreciable
concentrations of the intermediate may be prepared, the rate iaw for the
reverse action - intermediate to doubly bridged dimer - can be readily de-
termined:v first order in chromium and,predcminantly hydrogen ion-independent.
At lower acidity - below 0.1 M - the rate data indicate appreciable hydro-
lysis of the intermediate. In solutions of moderate acidity, the further
decomposition of the intermediate to monomer caﬁ aisd be followed and has
been found to be first order in chromium and‘hydrogen ion independento

Freezing point depressions at the ice-perchloric acid hyarate eutectic
have ;erved to establish the dimeric character of the intermediate as well
as to confirm the equilibrium results for the formation of the two hydrolytic'
chromium (III) species. | o

ESR measurements of three polynuclear species and the monomer were

carried out to determine the g wvalue for each species. Foilowing the method
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of Karibe, £he variation of -the magnefic susceptiﬁility as a function of
temperature waé fitted to a theoretical plot to determine the degree of
coupling.of spins on adjacent.chromium atoms and the néture of the bridging
groups. The values reported for J, the exchange coupling.constant between
chromium atoms, are in substantial agreement with those reported for similar
COmpoundsvby Earnshaw and Iewis. Comparison with analagous iron (111)

vdimers indicated_that‘strong m-bonding of the hydroxy gfoups cannot account
for the observed coupling constants and that the resulfs for éomplexes of
both metal ions may better b; explained in ferms of o bonding. On the

basis of these measurements, the trimer appears to have a linear form.
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I. INTRODUCTION

Y.Siﬁce-#he_éécond World War, thé'field of.aqﬁééus.sblufioﬁs of,ino}ganic, “3,.
'comﬁounds ﬁas been a'fertile éne; producing ihferésting investigations in

. many directibns. Metal ion complexes, in parficuiaf, have 5een studied most.
closely with respect to the kinetics and mechénism of their formation and
‘:the equilibria occurring in such sqlutionsgz Lig§ﬁd field theory has been

" developed and applied to the complex of prdblémé uncovered in the course of ._

research in the hope of providing a theory central to their understanding.
Several of the ihvestigations have centered on the nature of the

metallic ions themselves when dissolved in water and complexes derived from

" them. Indeed, many conventional hydrolysis studies seem to require the

existence of polymeric species to account for the experimenta; data; Sillenl
among others has stressed the iﬁpo}tance of this consideration. In fact,
simple hydrolysis, polymerization of hydrolysis products, successive hydroly-
sis of the polymers themselves, ion-pair formation - all these factors tend
to occur.in sOlutioné'to a greater or less extent and to make it difficult

to disentangle the influence of one individual factor from that of dnother

in the morass of data.

Somewhat different approaches have been attempted to resolve the diffi-
culties: ultracentrifugation has been used;2 light-scattering methods, mag-
netic susceptibility measurements, and ion-exchange techniques, applied to
appropriate systems, leave no doubt that such species do exist and are quite
prevalent, particularly for high;y charged or small ion and under conditions

of low acidity;3’u’

pH messurements using various techniques have been
most commonly used to study such systems.6‘ When the spectra of various spe-

cies are known and they are found to be sufficiently_different in some region,
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"then séébtréphotometriévmethods ¢an be used.T  Conduct§métric and‘NMR
'measurements have.also been used to in&esﬁigate these systéms.8’9‘

In most cases studied the solutions répreSent a miktﬁre of species and
the data correspondingly reflect uncertainties with respect to étatements'
about individual complexes. Equilibrium constants are not easilyvobtained
nor are details of the structﬁre of hydrolysi; products. Systems of inert
complexes, i.e. those for which substitution>reécﬁions do not reach equili-
brium within the time of mixing, as defined by Téube,lo can howe&er be
studied and kinetic methods as well as a number of equilibrium methods can .
be called upon to yield stability constanth»‘Among-such systéms which have
been most widely studied are octahedral comple#es of d3 and spin—paired dh,
ds, and d6 metal ions, all of which have been predicted to be inert by both
ligand-field and valence-bond theory.

Chromium (III) complexes present an opportunity for stud& and have
accordingly been the object of considerable research. N. Bjerrum in the
early part of this century used EMF measurements to investigate the hydrogen .
ion concentration in solutions of Cr(III) of varying compositionall After
éorrecting for hydrblysis of the monomer, he attempted to explain the hydrogén
ion concentration in terms of the formation of polymerized species. He
assumed certain degrees of hydrolysis to produce these species and then

tried to correlate the variation of thelr concentrations with monomer in .

equilibrated solutions, to infer the degree of their polymerization. The

degree of hydrolysis assumed for the species present were one, two and 2.5 OH .

per Cr, and the corresponding degree of polymerizatfon 2,6, and 12, thus

6+

2.5)12, He reported

producing the species (CrOH)g+, (Cr(OH)2)2+, and (Cr(OH)
equilibrium constants for thelr formation, although i# wag impossible to
ascertain both- the degrees of hydrolysis and polymerization simultaneously

and unambiguously.

o .__‘_‘_';'_._*.:_,.....,,,_u_.,?,:_.._,,_,,.'.....‘ e el e
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Since Bjerrum's work, a number of other investigators'have reached

the same conclusion about the formation of a binucleér complex. Stiasny

l 1" t o . ) )
“and Balanyil 2 postulated the formation of "ol" complexes in basic chromium -

(III) chloride solutions used in tanning and cited in particular the complex

~

+ .
(H2O)u Cr{fgg/}Cr(HQO)t as an explanation for the increase in acidity upon

heating or aging of the tanning liquors. To account for the change in pH
as a function of dilution in solutions of chromium (III) nitrate containing
0.50 equivalents of potassium hydroxide and also 1M in potassium nitrate,

13

Schaal and Faucherre ™~ proposed a two-fold condensation of the chromium to
. .
form the complex CrQO)4 .
In the course of some cryoscopic work in saturated solutions of po-

tassium nitrate, Souchaylu found that the depression of the freezing point

by chromium (III) nitrate solutions, to which potassium hydroxide had been

~added in a less than one-to-on€ mole ratio, could best be explained by the

. L+
presence of a chromium species having the formula Crz(OH)E.

15

Hall and Eyring ~ noted that chromium (III) nitrate solutions become
acidic upon heating and apparently contain more than one chromium species.

They postulated that some of these species could be represented as oxygen-

" bridged complexes since there were fewer than six waters bound to chromium

as determined by their measurements.

17

More recently, Laswick and Planel6 and Finholt™ ' have succeeded in
isolating individual hydrolytic species by,ion—exﬁhange techniques from
refluxed chromium (III) nitrate and perchlorate Systems. Three different
species were characterized; 1) a purple monomer, CQ(HQO)gf; 2) a Blue

polymericvspecies - with a charge of 2+ per chromium and assumed to be

' L+ s
either CrE(OH)2 or Cr20b'+ since species of both kinds are known for

chromium dimers; and 3) a green polynuclear: species - assumed to be trimeric,

g

e p e asremv———
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as identical to the blue species

.

S+
3%

The charge-per-species experiments of both groups of investigatoré were in-

either Cr3(OH)2+ or Cr , with'a.ratio of 4 OH™ groﬁpé to 3 Cr(III).atdméé,f
conclusive for the polymers, but subsequeht.work of Ardon and Linenbergl

using freezing point dépressiohs in hi!?% rerchloric has established the
dimeric character of what they assume is a sample of blue species only. The
oxidation product of aqueous Cr(II) perchlorate solutions has been.establishéd_
19 and it is with this material that Ardon
and Linenberg worked. Plane and Kolaczkowskizo have interpreted their work
with OlB-enriched water to prove that the bridging group in this same species
is not an oxygen bridge but rather two hydroxy bridges.

It was decided to investigate fhese polymeric species more closely; in
particular to measure.the equilibrium constants between the monomeric and
polymeric forms of hydrolyzed species; to study the kinetics of the decompo-
sition of the blue dimeric species, reported by Finholt17 to be a two-step
process; and,to characterize these polynuclear species more completely by
learning something more of their structure and manner of formation. Thus,
the work reported here consists of 1) the equilibrium between Cr(III) and
two of the polynuclear species; 2) the kinetics of decomposition of the

dimeric species in acid solution; and 3) the characterization of some of

the polynuclear species existing in solution.




IT. APPARATUS AND BQUIPMENT

Absorption speétra were measufed on a Cary réébrding SPecﬁrOphotoﬁeter;
both Model ll.and Model 1k were used. Thé wavelength scales were calibrated
by checking the emission spectra from hydrogen and mercury discharge lamps.
The ébsorption spectrum of a particular substance waslobtained by recordiné
the spectrum of the solution in a quartz cell versus air,'thenvmeasuring the
absorbance of the same cell containing a blank solution versus air, and sub-
tracting the absorbance of the blank to yield the absorbance of the substance
‘in solution.

" Kinetic data were also obtained using the Cary spectrophotometer, the
cell compartment and/or water-jacketed cell holder being maintained at con-
"stant température for the duration of the run. The solution samples were
contained in closed quartz cells, preheated or cooled to the temperature to
be used throughout the kinetic run. For such a run, the instrument was set
at a specific wavelength (2700 K) and the change in absorption followed
with time. Solutions themselves were preheated or cooled before‘injection
of the sample into either the cell itself or into a beaker maintained.at
the same temperature. |

_ Magnetic susceptibility measurements were made using a Watef-cooled
magnet from Spectromagnetic Industries (ﬁodel 4-100) and a Mettlef balance
equipped with a Vernier géuge enabling readings to be made to the nearest
10 micrograms. A simple Guoy tube was used for tﬁé measurements; it was
calibrated by making measurements with an aqueous sqlution of nickel
chloride (23.88% nickel by analysis). An aluminum éhain wes attached to
the pan of the balance and the tube suspended from this between the poleslv.

of the magnet. Four-inch cylindrical pole caps were used in all measurements
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at a sufficient distance to accommodate the tube itself or a hollow Pyrex
condenser in which the Guoy tube could be freely suspended. The condenser
was used to maintain a constant, fixed temperature within the cavity; the o w ot

tube was calibrated under these conditions as well. An external water bath

was used as a temperature reservoir.

Freezing point determinations were carried out in Dewared cells similar
2
to those described by McMullan and Corbett. 1 The double-walled cell, to

which 10.00 cc of the solution was added, was cooled-by being immersed in

!
k
L
;
i
8
:

a bath of eﬁhyl alcohol and dry ice (-78.5°C) contained in a second Dewar.

The solution was stirred b& means of a small Teflon- or glass-coated,stirringv
bar. A Veco thermistor (#32A11) was used for the temperature measurements
during which time it was kept in a small, thin-valled glass well filled with
petroleum ether, in thermal contact with the solution. ReSistancé measure-
ments were made using a Leeds and Northrup Wheatstone‘bridge (Test Set #5305),
a Honeywell galvanometer (Model 1O4W1), and a 1.5 volt external battery.

The thermistors used were calibrated with an alcohol thermometer and checked
against a thermocouple to take inic account stem-warming.

Hydrogen ion concentrations in the low-acidity kinetics experiments were
checked on a Beckman Model G pH meter standardized against 1.00 x 10_2 M
perchloric acid in 2M LiClOu in a few instances, but wefe detefmined.by
titration with standard base for all runs, of both low and high acidity. A
salt bridge consisting of NaCl-saturated agar was prepared in a fine-pore,
sintered glass tube, 7 cm in length, 5 mm in diameter at the léwer end and n i
widening to 2.5 cm at fhe top.. The top of the tub¢ was filled with a
saturated KCl solution into which the calomel refereﬁce electrode was placedf

This measure was called for because a precipitate of potassium perchlorate

is formed when the calomel electrode is placed,directiy into perchlorate
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solutions and the pH.readings obtained are_corres?ondingly irreproducible 'ki_"

and inaccurate.

For the equilibrium measurements a small insulated copper block.was
maintained at constant temperature by water from the temperature reservoir
circulating thréugh the block. Three wells in the vessel held.lOO ce,
tall-form rimless beakers fitted with Lucite tops into which three holes
were drilled to fit snugly a thermometer, glass electrode, and salt bridge
respectively. The glass electrode was kept at the temperature of the solu-
tion to be measured for at least 2k ﬁours prior to measurement and the
beakers into whichvthe equilibrated solutions were placed, preheated. plH
measurements were made at that temperature, after calibration of the instru-
ment with a pH 4.00 buffer held at the same temperature. The rapidly quenched
solutions were later rechecked for consistency against a Beckmaﬁ Research

pH meter, calibrated with a chilled pH 4.00 buffer, all at 0.8°C.
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IITI. REAGENTS AND ANALYTICAL PROCEDURE

A stock solution of chromium (III) perchlorate was prepared by reducing

Cr0., with 30% hydrdgen peroxide in the presence of excess perchloric acid.

3
Chromium (II) perchlorate was prepared by passing 'some of this stock solution.
through a Jones Reductor into a nitrogen atmosphere, following Finholt's

proced.ure'.lT Most of the ion-exchange separations of chromium (I1) oxidation

products were carried out using Dowex 50W-X8, 200-400 mesh, AG, cation-exchange -

resin. The resin was obtained from Bioc Rad Laboratories, Richmond, Califor-
nia. Refluxed solutions were also sepafated on Dowex resins: 50W-X4 and
- 50W-X2, 200-400 mesh, AG, cation-exchange resin. |

A gtock solution of sodium perchlorate was prepared by treatment of AG
sodium carbonate with a small excess of perchléric acid and the solution then .
adjusted to a pH of about 6 with sodium hydroxide.. A stock soiution of .
calcium perchlorate was prepared by the addition~of excess AG calcium oxide
to perchloric acid, filtration of the calciﬁm hydroxide precipitate, and final
adjustment of the pH to about 6 by the addition of perchloric acid. Concen-
trations of these‘species were determined by an ion-exchange technique. A
column of Dowex 50 cation-exchange resin was prépared and converted to the
hydrogen form by washing with 2M HCl. The column was then washed with water
until the pH of the effluent solution was about 5. A known volume of the
solution was applied to the tdp of the column; the displaced hydrogen ions
washed frbm the column and’.titrated with standard N;OH to defermine the
number of equivalents of charge. |

Lithium perchlorate and calcium perchlorate, obt;ined from G. F.~Smith,j

were used without further purification.

A

(_,;

e
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A1l perchloric acid sCiutions were prepared by diluting T70% doubly -

~distilled G. F. Smith_perchloric,acid, All other chemicals were reagent

grade and were uséd“without further purification. .Ordinary distilled water
was used throughout this work.
Chromium concentrations were normally determined spectiophotometrically

= ' -2 22 .
as Cr0,  at 372 mu with € = 481 x 1073, Chromium (III) was first oxidized

‘to Cr(VI) with excess 30% hydrogen peroxide in alkaline (2M NaOH) solutions.

Standards for reference were preparéd by diluting weighed, dried sgmples

of potassium dichromate‘to known volumeé Qith alkaline solutions. Calcium
and thorium do not interfere with this procedure. In the equilibrium
studies, the chromium (III) concentration was also determined from the known A

absorbance values of the individual separated species.
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IV. EXPERIMENTAL PROCEDURE

For the separation of the ihdividual components of. refluxed.chromium(III)

perchlorate solutions the following procedure was used. _A column‘of Dowex

© 50W-X4, 200-L00 mesh, 1.0 cm in diameter and 30 cm in height; was prepared
in the hydrogen form by adding the resin as a slurry in 2M hydrochloric

acid and washing with water until the effluent was about pH 6. The amount of

refluxed solution applied to the column was such that the totality of

chromium species occupied only the top 50% of the column. The column was then '

washed with water and a displacement type of elution was carried out with
1.2N thorium (IV) perchlorate solution in 0.01 M perchloric acid,. The thorium
(IV) ion is more strongly held by the resin than either the monomer or the
dimer and in fact, if thé concentration of the thorium perchlorate solutidn
is stepped up, more strongly even than the green polynuclear species -

thought to be a trimer - which is then displaced in front of -the thorium (IV)
ion as it moves down the column. The eluting solution does not appear in

the effluent until most of the green polynuclear species has'been-displaced
from the column. Each sample then consists of a single'chromium (III) species
and some hydrogen ion from the eluant. This technique can be used to obtain .
pure samples of eacﬂmgf'the three components: the purple monomer which

leaves the column first and is of course highest in amount; the blue dimeric

specles, which is always a minor constituent, following immediately behind

the monomer; and the green polynuclear species, usually a larger quantity than .

thé dimer, which is at the top of the resin and 1s{moved most slowly down

the resin. Since the resin is not completely clean ‘after elution but still has -

a green color, presumebly higher polymers of consequently higher charge are

present and elution of such species would take place more slowly. It should

e

7
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be noted that only small quantities of the pure'polynucleaf species can

be obtained in this~way'for further study. The band'frontsvof'each species

are sharp but not always.f1at éhd in many instances aré s0.-badly tipped that
the pure blue species is often only a sample‘Of.aéproximately one cc in
volume.

The spectrum of each fraction from the column was taken, the chfomium
(111) concentration_determined, énd,the absorbance per gram~atom of chromium
calculated. (See Fig. 1) These spectra were compared with those reported
by Laswick and Planel6 andFinholt.17

.

.

by Finholt.  Laswick éﬁd«quqgfs‘results have the same general appearance
but appear to be uniformly shifted upward in absorbance units. This could
be éttributable to a constant errér in chromium (III) analysis: lanthanum,
a foreign ion present as the eluting species in the polynuclear fractions
isolated by their procedures, should not interfere in the detérmination ol
chromium concentration. The absorﬁaqce at the maxima are given in Table I
for each of the species as reported by Laswick and Plane, Finholt, and those
observed during the course of this work.

To obtain sufficient quantities of the blue dimeric species a modifica-

tion of the method of Ardon and Plane was used..19 A Jones reductor was used

to prepare chromium (II) perchlorate solutions and the resulting solution was

oxidized by bubbling the solution vigorously with oxygen for a period of 30
minutes.l The oxidation product was then applied to a previously prepared
column of Dowex 50W-X8, QOOfMOO mesh, washed with ﬁater, and the chromium
species eluted by displacement'with a 1.2N solutiongof thorium perchlorate.

Three bands developed on the column: a small green band, present only in

: : i +
these solutions and from its spectrum identified as C;‘Cl2 » preceding the -

i

violet band of chromium monomer - sbout 10% of the total concentration, and =

They check well with the spectra reported
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Table I. Absorbance at the Maxima of Chromium (III)
Species Separated by Ion-Exchange '

Species A (mp) A (mp) _ Ref.
monomer 5T 13_5, 408 15.6 (16)
575 13.1 48 - 15.3 This work
,58é - 18.9 -8 2é.5 (16)
Blue species - 580 . 17.2 416 20.1 - (17)
580 17-3 416 20.3 This work
580 19.7 Lot 31.b (16)
Green Species = 582 - 18.0 | Lol ' 28.1 (17)
582 - 18.2 Lol 29.4 This work

a dense blue-green band extending to the top of the column immediately behind
the monomer. After displacement of these bands, some green-colored chromium
(111) species remained strongly absorbed by the resin. .When a resin of

lower cross-linkage is used, some of this green material is also eluted.
Spectré of the green material eluted under these conditions is essentially
that of the green polyﬁuéiéar~specieso It may be noted that these results

show a noticeable deviation from results published by Ardon and FPlane,

since several chromium (III) hydrolytic species are found to be present among

the oxidation products of Cr(II). The only apparent difference in the
method of preparation of the two Cr(II) solution lies in the manner of
reduction: Ardon and Plane employed electrolytic reduction and the

procedure here involved reduction by means of amalgamated>zinc, of
i
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_ ne@essity prodﬁéing zihé ions in sélution;v Theée laﬁfe? would not be.éxpéc£ed”
to playvany>significant roie'in the oxidative process. The préseﬁée of a
.,smallvamdunt of CrCl2+ can perhéps be explainedvby‘the known lability of"
Cr(II) ions; with the presence of a small amount of chloride in thevperchloric
acid or on the surface bf the zinc amaigam, uPon biidation of Cr(II) to -
Cr(IIT), the inert Cr(III) complex would not readiiy exchange its chloride
1igand. | | | |

The spectra of three other Cr(IiI) speciésﬁare inéluded in'Fig. 1: the
- monomer, hexaquochromium (III), the spectrum of the initial oxidation product
of Cr(II), and the spectrum of the substance formed when the blue dimer is
introduced into concentrated perchloric acid. The last mentioned will be
discussed in the section dealing with the kinetics of the decomposition of the
dimer. |

All work was carried out using chromium (111) pérchlorateAsolutions to

minimize complex formation as completely as possible.

A, Equilibrium Constants

vThe Qain problem to solve in the determination of the equilibrium constants
for the formation of the polymeric species was one of’analysié,for the concen-
tration of chromium species and hydrogen ion. The latter Qas_solved by
pH measurement. The concentration of the individual chromium species proved
'more difficult to obtain. |

"~ 1l. Separation and Analysis

There are reported in the literature two different methods for separating  ¥
-hydrolyfic chromium'species from one another, both employing ion-exchange
_techniques. Laswick and Planel6.have found that a series of eluants can be
used: 1.0M perchloric acia to elute the monomeric heggquochfomium (III), and |

two different concentrations of lanthanum perchlorate, 0.02M and 0.2CM in
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solutions of pH 2, to elute the blué'éndfgfeén pélynuclear species,
respectively;;‘However{‘there iquuéétion»of significant breakdown of the
blueifraction sorbed on the column under these;éonditions of elution: a
sﬁéll band of monomer is-eluted.aheaa ofzthe'blue fraction when the 0.0QM
lantﬁanum perchlorate solution is being ﬁSed:és‘the éluéht. A second |
consideration must be given to the length of time the sorbed fractions
remain on the resin: theitime required to elute successively each of the
_-three species, using different conditions, is of ‘the order of days rather
than hours, under the conditions employed in the present work.

Thé secoﬁdvmethod, displacement by thorium perchlérate,-was developed
- by Finholtrr and has been used in the course of this work to obtain samples
'of pure polynuclear species. The advantage of using displacement rather
than elution lies in the fact that none of the displacing agent appears
in the'fracfion collected and the fraction itself is a more concentrated
one. Unfortunately the band fronts tend to be badly tipped even under the
best of conditions and thus when the blue fraction, a minor constituent
in all instances, is collected, ‘it is contaminated with some of the purple
fraction preceding it and the green fraction following it. Since the ab-
sorbancies of the three fractidns do not differ widely from one another at
ény point in their spectra, lndividual concentrations of these species
within such a mixed fraction cannot be measured accurately. Indeed, if
this were not the case, equilibrium measurements could be readily carried
out by spectral analysis alone - with the added proviso that these be..
the only species present; +this assumes that other-higher polymers or
hydrolysis products are‘not presént. Such conditiqhs cannot be assumed,

H

however, since higher polymers have been observed oﬁ ion-exchange columns.'

és bands held more tightly than the green polymuclear species and there is

. .
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no reason to exblﬁde hydrolysis products under the conditions of acidity
present in equilibrated.solutidns. Further, to achieve a rea%ly accurate
and clean-cut separation of the species, Finholt used a colloidal form of:
Dowex 50W-X12-~ ;gakﬁnabggﬁnable - which of necessity has a very slow flow
rate, and as a consequencemzﬂg‘ion—exchange separation takes several days;
The time factor again calls into question the use of a more selective
resin at the cost éf longer residence—tiﬁe on the resin, which may result
in changes in fhe concentration of the different sorbed species by décom-
position.

Several additional methods of selectively separating materials adsorbed
on a resin by displacement can be suggested. In each instance, the problem
is to facilitate the displacement of the initial displacing agént by one
stronger than itself, so that successive displacement of the sorbed materials
is the end result. In the first method an attempt was made to use the
same agent at different concentrations for effeéting successive displace-
ments. To do this it is necessary to remove the agent from the column
betweeA each pair of displacements. One way of accomplishing this removal
is by complexing the eluant c¢ation so that it may readily be replaced by
a singly charged cation on the resin column. Since the chromium species
were expected to be relatively inert, mercury (II) perchlorate as the
displacing agent and chloride ion -~ in lithium chloride and hydrochloric
acid solutions of varylng concentration - as the complexing ion were
tested. It was found that 1.0M Hg (Cth)2 pushedAoff the purple monomer
and just began to elute the other.two species.t The resin, then saturated
with Hg(%gl) ions, was treated with the chloridé solution. At the concen-
trationéi%ésted, the chloride ion was obseryed to cémplex ai}\the chromium.rﬁ

species aéawell as the Hg(II). This may be explained in part by the fact
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that water molecules are found to be more»labile'in ﬁhe p;esénce of ah
hydroxide ligand:on the samé metal atom and the chloride ion maybcompler
‘ fhé polymeric forms more rapidly than it-compléxés the hexaaquochromium -
(I11).

| A second,téchnique can be envisioned in which an anion of the elﬁaﬁt
complexes the chromium SPécies itself. While in most cases complexing of
chromium (III) is very slow, with a few anions it is rapid. The anion

>

might be something like molybdate ion, used by Hall and‘Eyringl in studies
of refluxed chromiuh (III) nitrate solutiéns,.where the oxygen of the water
is presumed to remain attached to the chromium as the molybdate displaces
the hydrogen ions of the water.v

Another technique that can be employed is successive displacement by
a series of cations, all bearing the same charge but differing in radius.
This condition is satisfied in a family like the alkaline earths where the
elements have a common oxidation state of two and differ only in the size
of the cation, the radius increasing as the nuclear charge and electron
cloud increases. The charge to radius ratio decreases in thé series and
Ca(II) < 8r(II) < Ba(II) becomes the observed order of selectivity on a
resin. The procedure used is outlined as follows: ﬁhe monomer is;@is—
‘placed from the resin using calcium perchlorate as the eluant; the csn-
centration of strontium perchlorate is so adjusted that it just displaces
the Ca(II) but is only eluting the blue polymer. In principle, this dis-
placement would be continued untilithe calcium—strqntium interféce reached
the front of the'blue Polymer'band, and then the éprontium,concentration
would be raised to displade the polymer. The procgss would then be re-
peated usiné‘barium perchlorate to displace Sr(II) %nd finally the greenv

polymer. In practice, when Ca(II) has been used to displace the monomer

g e 3P
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" from the résin, iﬁ_is:not puéhed*from the resin by.thé Sr(II) 5efofé_it:'
has succeeded in eluting the blue species. .Howevér, calcium perchléfate
rcan be used to achieve separation of the‘individual sﬁecies on the fesiﬁ;.
since it elutes the two polynuclear species at different rates.

-‘5ti1l -another method.ﬁas suggested‘by the observation that the in-
dividual bands are widely separated on a column of Dowex SOW-XL afteru
partial elution with calc;um perchlorate. The resin was extruded from
the column, the sections containing the separated bands cut off and trans-

ferred in slurry form to the top of a previously prepared column in the

hydrogen ion form. Displacement with thorium perchlorate, it was thought,

could then be used to concentrate the material as it comes off the
column. Channeling and.badl& tipped fronts were ébserved when this was
tried. Since the end result was a separated species being eluted‘by
thorium rather than calcium perchlorate, it waé decided to continue the
study of equilibrated solutions using calcium pefchlprate as eluant, in

the separation of the species for analysis. -

2. Experimental Procedure

A stock solution, 1.0 M in Cr(III), was ppeparedAby'reducing CrO3
with hydrdgen peroxide in the presence Aftan excess of perchloric acid,
and determinations of.the approximate peréhiéric acid concentration were
made by pH measurement of diluted samples. Sodium bicarbonate in equiva-
lent amount was carefully weighed out and added in small.quantities with
constant stirring to avoid local excess since the manner of(adding a base
and £he amount added have a pronounced.effect on %he products formed.

Equilibrium studies were carried out with two&series of solutions,’
each with an ionic strength of 1.00 maintained:by s%itable amounts of

sodium perchlorate: the first series had a chromium concentration of

12,13
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0.1QM, the second‘akchrbmium concentration of-C;QESM, Thése studies were .

carried out at three different temperatures: 67,50(i.05)°0, 50.00(*.05)°C,

and 37.50(%£.05)°C. One hundred cc volumetric flasks were used to contain

the solutions and these were placed in a warm-water bath maintained at the

"appropriate temperature. When the pH'of the solution was constant for 24

hours, the solutions were left in the bath for a time period equivalent to
that during which they had already been equilibrating and the pH checked

again. For the study at 50°C an additional 100 cc of each solution was

refluxed for 24 hours, transferred to a volumetric flask and diluted to

the mark with distilled water, and allowed to come to equilibrium under

the same final conditions.
To test the dependence of the equilibrium constants on ionic strength,

another series of solutions was prepared varying in ionic strength from

0.184 to 2.00, but maintaining the same chromium concentration for those

solutions below 1.00 in ionic strength.

The pH of all solutions was measured at the temperature of equilibration
against a Beckman pH U4 buffer standardized at the same temperature. The
values used for the‘pH L puffer at each temperature were as follows: L4.03
at 37.5°C, 4.08 at 50.0°C and 4.12 at 67.5o°c.23 The solutions themselves
were then quickly quenched by trénsferring them to smaller, chilled vessels
immersed in an ice-bath. AliquotS'of the chilled solution were withdrawn
by pipet and applied to prepared columns of Dowex 50W-XL in the hydrogen
ion form. When approximately 10% of the column was loaded with chromium
species, elution with 0.50-0.65M calcium perchlorate was begun. In 8
typical run, a column of Dowex 50W-X4, 1.0 cm in diameter and 37.5 cm
in height, w;s'prepared in the hydrogen form and 21.00 cc - 1n 3.00 ce

aliquots - of a solution 0.100 M in Cr(III) was added to the column.
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After 40 cc of calcium perchlorate had,péssed‘through,the resin, the

band front of a dense purple fraction, 5.5 cm in length, hadvmoved ol

cm down the column; the front edge of a diffuse blue band, 4 cm in length;

was separated from the purple band by a distance of 12 cm, and 4.5 cm
from the trailing edge of the blue band was a dense green band, 3.5 cm in
length. The resin was colorless in the area between the bands of chromium
material and as the elution continued, the separation between the Eands
increased. The flow rate was kept at 0.5 cc/minute. After 60 cc of calj
cium perchlorate had passed through the resin, the purﬁle band was complete~
ly displaced from the column; the blue band, now 12 cm from the end of the
column, was further separated'from the s%ill-dense green band and both
were being moved doﬁn the column. After 170 cc of eluant had.paséed through
| the column, all of the blue polymer was eluted and only the gréén material
remained. This in turn was eluted as a single sample. Theiéamples were
collected in volumetric flasks of appropriate size and_the fractions diluted
to the mark. The épectrﬁﬁ of each fraction was taken and the ¢hromium con~
centration determined using the molar extinction qoefficients for the
varidué species reported in this work.

Two columns ldaded‘with samples from each solutioﬂ were run simul-
taneously, using a single eluant reservoir for both cblumnso If samples
of the green polymer were left over-night on a column in contact with the
.eluant, a signifl»qnt change was dbserved in the spectrum of the.eluted

polynuclear species in the near-UV region.

'-Q’
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B. »Kinetics

The doubly bridged chromium (III) dimer, Cre(OH)h+, décomposes in

acidic solutions at a measurable rate according to the net reaction

L+ + 3+ .
CrE(QH)E +2H = 2Cr”" + 20,0

T

Finholt| observed that in solutions of moderate acidity, ca. 6M HClou,'

. the absorption spectrum éhowed a small réléfively rapid change, followed

3+

" by a much slower change to give Cr” . The investigation of this effect

has led to the establishment of the existence of the singly bridged dimeric
species, CrOHCr5+, and a knowledge of the mechanism of the decomposition
of the doubly bridged dimer. The decomposition éan be conveniéntly
followed spectrophotometrically since a region where the two complexes
are sufficiently different in absorbance does exist: at QYOQ K the aﬁ—,
. sorbance per chromium of the monomer and the dimer are L.L and 28.1 re-
spectively. There is no indication that association with the perchlorate
ion oégurs since no change in the spectrum of either species is observed
with inereasing perchlorate concentration. |
Fresh samples of the blue dimer were prepared for each set Qf experi-

ments by ion-exchange separation of chromium (II) oxidation products. For
the studies in acid media - 1.0 to 7.7 M in perchloric acid - appropriate
dilutions of cpncentrated.70% perchloric were made and the acid solutions
thus prepared kept at the depired temperature in a water bath until the
chromium solutions were added. V

. The first series of experiménts was designedAfé follow.the o&er;gll
decomposition of the dimer to the monomer. It wasﬁbostulated.that the

observed two-step process goes by way of a Singly—bfidged intermediate,
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the doubly-bridged dimer breaking one of the bondsvto‘a bridgihg'hydroxy' P

group and the resulting complex simultaneously picking up.a hydrogen ion

and water molecule from the acid.medium, thereby foming an intermediate,

CrOHCrSf, which in turn slowly breaks down to the monomer, according to.

the following reactions:

OH, : : _
cn( ;Ahﬁ+ + B = Cr-OH-Cr’% + H,0 (T11-1)

A

OH.
+ 5+ 3+ o ' N
H'+ Cr-OH-Cr”" = 2Cr”" + H,0. , (T1I-2)

To study'this set of reactions, SOOFvaértions of fresh dimer were
'iﬁjected into 10.00 cc of acid of varying concentrations, maintained at a
fixed temperature and contained in beakerslthermoétatted,at the same
temperature - mixed thoroughly, transferred to closed quartz cells, 1.0 cm’
in length, and the first readings taken within 0.75 minutes. The reactién
mixture, containgd in cells during the course of a run, was kept at con-
stant temperature in a water-jacketed cell holder within the temperature-
controlled sample compartment of the Cary spectropﬁotometer. .The tempera-
ture of the cell-holder was assumed to bé the temperature of the solution;

the same temperature reservoir was used to control the temperature of the

initial solutions, the cell-holder and the cell compartment. Kinetic data

were accordingly obtained at 15.7, 25.0, 25.5, and 45.0(£.1)°C. No
attempt was made to maintain constant ionic strength. - The chromium con-
centration Qas kept at or near 3.3 x lOE?M,for éll runs. A éecond.sét

of experiments was run to establish the Q¢pendenc? of the reaction on the
concentration of the dimer: the chromium concentr%tion was varied.ﬁy

. 2-, 5-, and lOffold factors but the acid.concentrat?on was held fixed at

5.7&.. . . 1
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Working from the premise that an equilibrium exists between the two:

chromium (III) dimers, if was postulated that the equilibrium cQuldAbe

- shifted toward the doubly bridged dimer either by diluting or partially

neutralizing an acidic solution of the two complexes. Two different

procedures were used to test this hypothesis and to obtain kinetic data.

vconcerning the reaction between the two species. First, 100 cc samples

of fresh dimer were allowed to evaporate in a flash evaporator under
reduced pressure to a final volume of 8-10 cc; small portions of the

concentrate, nearly hM ih chromium (III), were added to equal volumes of -

~ concentrated perchloric acid_and.allowed'tb react at room temperature for

periods of thirty minutes to an hour. The femaining concentrate was kept
at L4°C ﬁntil used. Samples of the reaction mixture, 6M in perchloric acid,
were injected into solutions of lithium perchlorate which were maintained
at the desired temperature and contained in gquartz cells within the
temperature-controlled cell compartment; the concentration of the lithium
pefchlorate solution was chosen to assure a final ionic strength of 2.00.

The solutions were thoroughly mixed and the change in optical denéity with

" time recorded. The reaction was studied at 25.0°, 35.5°, and 45.0°C; a: few

runs were also carried out at 15.T°C. Lithium perchlorate was chosen as the
supporting electrolyte since several studies have indicated that little

if any change in éctiyity coefficients is dbseryed when 1ithium perchlorate
is substituted for perchloric acid in solutions of constant ionic strength.

~The length of the cell to be used was determined from the calculated

chromium (1I1) concentratibn of the ieacting mixture and the degree of
change in oﬁtical activity which could be cpnveniently and accuratély
measured. The range of hydrogen ion concentration’in the solutions messured

extended from 0.005 to 1.2M. Dependence on the concentration of the

ol
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intermediate dimer wés determined by maintéining’a given hydrogeh concen-

.

tration by the'addifionvofiperchloric acid while varying the amoﬁnt of
equilibrium mixture - and hence the chromium concentfation - to.be added.
The second procedure followed was based upon a revefsalbof the
equilibrium between the dimer and intermediate by‘a partial neutralization
of the solution. Fresh dimer was added to an equal volume of concentrated
perchioric acid at room temperature and the resulting solution was allowed
to equilibrate for a.period of‘thirty’minutes to an hour. 500 A samples.
of the product were injected into solutions of sodium ﬁerchlorate,hcon-
tained in preheated beakers and maintained at the deSiréd#temperature,
and a saturated solution of sodium bicarbonate at the same temperature
was run in.frqm a pipete, while the solution was vigorously stirred. As
‘soon as the reaction with.sodium bicarbonate ceased, the solution was
ﬁransferred to a preheated quartz cell, placed in the thermostatted sample
compartment and the change in optical density with time recorded. The |
first readings were obtained within one minute of the initial injection
of the equilibrated solution. The same chromium (III) concentration was
~ used ih all runs (2.7 x lO—QM) and the ionic strength of the sblutions
was méintained a£“2¥ogmby varying the concentration of the sodium perchlor-
até solution to take int;uaccount the amount of added sodium bicarbonate.
The same temperature range was covered in this series of runs: 25.0,
35.5, and 45.0 (*.1)°C. Aé an additional check on the dependence of

the rate on the intermediate dimer cqncentration, dilutions of the

equilibrated solution with sodium perchlorate were made to yield solutions .

of the same final hydrogen ion concentration and ionic Strength but

varying chroﬁium (III) concentration.

)
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The use of sodium perchlorate in this second series of experiments

was dictated by the choice of sodium bicarbonate as a neutralizing agent.

Thus to maintain the ionic strength of the solutions at 2.00, sodium
perchlorate replaced perchloric acid in these. solutions. A check of one
of the solutions concentrated by evaporation under vacuum revealed the

presence of a small amount of trimer when the material was placed on an

ion exchange column. However, later concentrates revealed only the presence

of the dimef and small amount of monomer.

C. Physical Properties of Hydrolytic Species

1. Freezing Point Depression Measurements

The determination of the freezing point depression of an eutectic

- mixture of perchloric acid hydrate and water by what they assume to be

the blue SPecies has been carried out by Ardon and Linen’berg.l8 This

solvent system is a particularly apt choice<for the investigation of the

chromium (III) polymers since these complexes represent the only foreign

~ions added to the solvent; the counter-ion perchlorate is already present

in the system, as is the hydrogen ion, and therefore neither will affect
the freezing point. Thus the freezing point depression depends only on
the chromium species present, if it is assumed that the molal freezing

point constant Kf is a constant. Since the activity coefficient of the

solute is expected to wary only slightly at low concentrations of the
25

solute and the varigiion itself to be linear,”” the assumption seems a

i

valid one. The value of K, was determined by Ardon and Linenberg for a

T
number of metal perchlorates and found to be 4.43°/mole (*74).

The depression of the freezing point depends only on the nuﬁber of -

gt s e = e e e ot
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particles present; the amount of this depression will be one-half the.

normal if the chromium (III) ion is dinuclear and one-third the'normal

if the complex is trinuclear. As Ardon and Linenberg point but, the actual

charge of the complex is not a factor and only the number of foreign ions
in solution is imporﬁant; therefore formation of outer sphere complexes
does not affect the freezing point e#en though it may change the charge
of the complex.

There are several reasons for repeating the work on the dinuclear
complex. Ardon and Plane have established that under their conditions of
preparatien only one chromium (IIT) species is present and that it is the
same species that has been isolated from refluxed.solutions.19 Thus,vfor
the measurement of freezing point depression, Ardon and Linenberg did not
purify the chromium (II) oxidation product but used it as it.eas prepared.
As stated earlier, several chromium (III) species are observed when the
Cr(II) oxidation product prepared by reduction with zinc is sefarated on
an ion-exchange column. Even.granting that Ardon and Linenberg are using
a single species, the conditions of adding the complex to the eutectic
solution are such that.the actual speciles being studied is in doubt, since
the eutectic has a perchloric acid concentration of_S.ETM.‘ With a reported
_ rate of cooling of 0.2°/min, and a total fall in temperature of some 80°C
from room temperature, it is doubtful that only the bYlue species is present;
rather, it seems likely that 50-75% of the solution exists(és the inter-
mediate. 'Since it is poétulated that the intermediate, too, 15 a dimer,’
', it would be-anticipated that no change in the observed freezing point

depression would result. To test this hypothesis,étwo different methods.

of preparing the solution - for measurement have been, employed. To test

i | .
the assumption that the blue species 1s a dimer, some of the material is -
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injected into chilled perchloric acid (-35-40°C) and then cooled ithe

rest of the way tq the freezing point. Under these conditions, ﬁhe material
should still remain as dimgr. This solution can then be ailéwed to warm

up to room temperature to allow for ﬁhe forﬁatién of fhe intermediate and

be chilled again; or fresh blue material can be injected into the perchloric
aéid—water solution at room temperature and.allowed:to equilibrate for a -
half-hour before chilling: The rate of cooling is much more rapid ini-
tial;y than that used by Ardon and Linenberg so as to avoid formation of
monomer. For the study of the trimer, chilled solutions of the perchiorate
acid-water mixture are used, the green species is injected,with constant
stirring, and the solution chilled to the freezing point. Following the
suggestion of Ardon and Linenberg, 41.7% pérchloric acid rather than the

eutectic 40.7% was used in these measurements to increase supercooling and

thefeby make the detection of the freezing point easier.

2. Magnetic Susceptibility

The Magnetic propertigs of several dinuclear complexes of chromium
(III) have been investigated by Earnshaw and Lewis.26 These complexes i
are of interest since intera;tion between the metal atoms is found to
depend on both the number and the nature of the bridging groups. Kolacz-
kowski and Planeeo have shown that thg bridging groups in the blue dimer
are hydrqxide ions rather than oxygen and one may assume that hydroxides
form the bridging groups in the other polymeric species of chromium (III)
under investigation in this work. The'bond.anglelin the M-OH-M group also
plays a role in the degree of interaction befween %pe metal atoms. |

i

Freshly prepared samples of monomer, dimer, and{trimer were prepared'é

) t

from sppropriate solutions by ion-exchange technique%: the monomer and
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trimer were isoléted»by displacement of a‘refiuxed.solution of 1.0M g
chromium (III) perchlorate of'inifially low hydrogen-idn concentration -

ca. pH 3.5.- from a column of Dowex 50W-X4k, 200-400 mesh, with a 0.25M

thorium (IV) perchlorate solution; and the dimer by displacement with the .
same eluant from a column of Dowex 50W-X8, 200-400 mesh. In the latter
" case the higher cross-linkage is used to hold back any trimeriec species

that is present. For the dimer preparation a solution of chromium (II)

R A L 7 g 52 gt 1 +30 rt ti

perchlorate through which oxygen had been bubbled for thirty minutes was

applied to the column. The intermediate was prepared by a k- to 5-fold

e o ey

evaporation under vacuum of a solution of fresh dimer in 2M perchloric
acid, and subsequent addition of this solution to -concentrated perchloric
acid. This method of preparation was chosen so that the final chromium
(III) concentration would be of the same order of magnitude as that of

the other complexes. Fine crystals of monomeric chromium (1T1) perchlorate
were thrown down as soon as the concentrated solutions were mixed. These
were separated ffbﬁmthewﬁolution by centrifugation and the sﬁpernatant was
added to a simple Guoy tube. ”

Measurements were first made on each specles at room temperaﬁure after
flushing the solutions with nitrogen. Table IT gives the concentration of
each species used and the density of the solution; The density of the |
solution was determined by weighing some of each sample in a pycnometer
at room temperature. The field was maintained at 8000 gauss for these
measurements, using four-inch pole caps at a distapce of one inch from
one another and a current of 6.2 amperes. K, , 'A ' &

For the second set of measurements, a water-j%cketed cavity was used

1
to maintain a constant temperature. The Guoy tube was suspended by an i
| o
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Table II. Concentration and Density of Chromium (III)
. Species Used in Magnetic Susceptlblllty

Measurements
. 3+
Complex » ~ Density (g/cc) . Cr " (M)
monomer 1.10305 - - 0.312
dimer 1.08455 . 0.371
intermediate - 1.66729 0.439
trimer ' 1.13053 0.740

alumiﬁum chain in the‘cavity from the pan of a Mettler balance and

allowed to come to equilibrium with its surroundings for about an hour

or until readings with the field off were constant. The water was ¢ir-

culated through the system from a reservoir held at the desired tempera-
ture. The temperature of the cavity, assumed to be the same as the
temperature of the sample, was determined by hanging a NBS mereury‘thermome~
ter in the cavity under the same conditions.

The temperature of the input and output water was also measred and
found to differ by 1° on the average; the observed temperatufe of the
cavity was found to lie exactly between these two readings. The pole gap
was increased to two inches to accommodate the water jacket and the field

was reduced to 6000 gauss at the same amperage (6.2 amperes).

3. Electron Spin Measurements of the g Values

ESR measurements were undertaken to obtain g values for the chromium
complexes being studied. An independent measurement of g eliminates one
adjustable parameter from the calculation of the variation of XA’ the atoﬁic

4
3

susceptibility, with temperature.

The significance of the electron-spin resonance of transition elements

b o e v i——
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lies in the fact that for these elements with an odd-number‘of»eleétrons,;
spin angular momentum cannot be zero. Indeed the first transition series

behaves as if only spin angular-momentum is effective in producing para?

magnetism, since orbital angular momentum can be considered to be quencheq i’

. by the field of the ligands - a field of lower symmetry than that of the
free ioh - in complexes of thesé elemehts.

a. Theoretical derivation - For a paramagnétié ion, the Hamiltonian can

be written as:

where %%KE = 7 p§/2m is the total kinetic energy of the electrons in
k

, ; _ 2 2 :
the paramagnetic ion, %lc = % ‘Ze /rk + jgk e'/rjk the Coulomb interaction

of the electrons with the nucleus and with each othér, Vr= E - ek¢(rk).the
interaction with the ligand:field,f}LS =MLS the spin-orbit interaction,
¢#M =B H- (L+ gS) the interaction of the electrons with the magnetic
field, and %[N = AI-8 a term which includes both the interaction of the
electrons with the nucleus (hyperfine interaction) and the quadrupole
interaction.

A consideration of the physical picture of the d eiectrons in the
transition elements of the_first serles shows that they spend most of
their time in the outer regions of the ion and therefore tend to ex~
perience more powerful interactions with the ligand.field.than their own.
spin-orbit coupling. This effect produces nearly complete elimination
of the orbital magnetic moment. The small residual effect is related to

the ratio of the spin-orbit coupling constant and the maghitude of the

ligand field splitting. For this reason, the first transition series does

not exhibit spin-only properties, 1.e. the splitting factor g varies from .

‘.
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the spln-only value of 2. 0023, this varlatlon 1s 1tself a measure of the.
symmetry (and’ strength) of the llgand fleld

The origin of the paramagnetlc effect-cénjﬁe;rélatéd.to the concépt‘:
that an électroﬁ spinning on its axis prédﬁces-a magnetic dipble by itsv
 rotation, since it bears a charge. If an é££érhal magnetic field His
>applied, the magnetic dipoles will tend to orient themselves with respect
to the field. The interaction with the field can be considered a Zeeman
effect and is of the form A% = g B H'S where H is the applied magnetic
field, S the total spin, B the Bohr magneton and g the splitting factor.

For chromium (III) monomer with a ground state of uF3/2, the angular
momentum prbperties of the coupled electrons require the combined wave
function to transform under rotation as spherical harmonics of order 3;
there are seven such harmonic polynomials and examination of these in the
présenée of a cublc array of ligand field sources shows that they split
further into groups of 1 + 3 + 3. For elements with less than half-fillea
shells like chromium (III), the singlet orbital level is the lowest in a
field of cubic (octahedral) symmetry. Under the influence of an external
magnetic field the change in energy from the singlet orbital level to s

state of higher energy is governed by the Hamiltonian:

~

# - He(L + gS) + M-S + AL'S © (ITI-4)

Consideration of individual contributions of terms within the Hamiltonian

leads to a spin Hamiltonian:

f%s = B(gl(sxﬂﬁ + SyHy) + g” stz) +,A£.§ _ (III-5)

where gl andvg|| include contributions arising from spin-orbitvinﬁeractioﬂi .

(terms in AH). TIf second order calculation to termé of ofder~x2 as well
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as XH are included, the Hamiltonian bechés:

# s = 8 BHzSz_ + 8| B(Hxs}; ¥ Hysy) + D(sZ - 1/3 s(s + 1))_+ AI-g  (III-6)

~where D is of the order XE/A (A is the ligand‘field splitting) and is a
measure ofvzero-field dependence. The term AI-S may also have directional
depéndence,

In solutions, however, the spin Hamiltoﬁianvcan_be broken down into
two parts, one of which is invariant under rotation and the other which is
orientation-dependent and therefore is a raﬁdomlfunction of time, as the
molecule is tumbled about by the molecules‘of_ﬁhe solvent liquid. If the
tumbling motions are sufficiently répid, the ﬁiﬁe—dependent terms average
' ﬁo'zero and have little effect. Anisotropic g factdrs are averaged away

and the resonance line can be located by the simple Hamiltonians
#: g BH S+ AIL-S ’ (I11-7)

‘In the system of'chromium (111) complexes studied here, no ﬂyperfine
interaction was observed although Cr53 does have & spin of 3/2 and is
_present in natural abundance to the extent of 9.54%. Presumably the hyper-
fine splitting is Just broad enough to be obscured by the signél from the
Zeeman splitting term and is lost in the resulting resonénce spectrum.

Even at higher temperaturev(and therefore narrower line widtﬁs) no hyper-
fine splitting is observed because even a four-fdld.change.in,the line width
with a 100° change in the temperature yields a signal of comparablé width
to that calculated<fpr the hyperfine splitting onkthe basis of the mag-

53

netic moment of Cr

Py

and the known splitting and ﬁagnetic moment of the
observed Mn”” splitting. : ’

It seems then that fhe simplest Hamiltonlan de%cribes the system:
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7£>’ =*gBHZSZ', : S (111-8)

where S; is the z component of the total spin S' 6f the complex.

The energy levei schemevfor the dimers of chromium (III) with
§'=0,1, 2, 3, and a multiplicity of 2S' + 1 is shown in Fig. 2a., and
tranéitions following ﬁhg selection rules, AS' =0 andkéMs =*1, will bé
observed. |

Similar considerations apply to the trimer. -However, the lowest
energy state will be a quartet since the epnergy is determined by a combina-
tion of S8', the fotal spin, and S¥*, the gum of the spins on two of the
chromium atoms, where S' has values of 9/2, 7/2, 5/2, 3/2, and 1/2 and S%
values of 0,1,2,3. Multiplets of each level are produced by 25" + 1
sp_littings° Oni;kfheumg;tiplét for the lowest state is shown in Fig. 2b
in which the energy level scﬁemé for a linear trimer is presénted, and
“transitions follow the selection rules AS¥ = 0O and‘AMS =t 1.

Thus if E = E_ - 3/2 gBH and Ey = E - 1/2 gBH for the first allowed
transition in the trimer, then Eﬁ - By = - gBi. If vis the frequency ab-
sorbed in the transition resulting in an energy change, then Eﬁr- Eﬁ = hv,
and hv = -gBH. Since v and H can be measured quite precisely, g may be
readily determined. Similar calculations apply to the dimers of chromium
(I1I) as well as to the monomer. -

It should be pointed out that fhe Eo's for the polynuclear species
are not the same from one energy level to the next since the Hamiltonian
includes another term:

Ho--ergs, (1T1-9)

2

for the dimeric species and

M = -:'-2J(§l'§2 +.§2-§3) _ | (I11-10) |
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.for the trimeric, as indicated in Section V.C.2. 1In fact, it is only
because J has a small value that ESR spectra can_befobéerved at room

temperature for the dimeric species: the energy difference between the

ground state and the next level is 2J where J is the exchange interactioﬂ .

and is quite small (7.5° and 16°) for the two dimeric species.

b. Experimental procedure - Samples of monomer, intermediate, dimer and

trimer were taken from solutions prepared for use in the magnetic suscep-

. bility measurements. .All spectra were taken with a conventioﬁal X-band
(9000M¢ ) ESR apparatus employing various.field modulations. Températures
of the solutions were measured using a very fine Cu-constantin thermocouple;
all solutions were run at room temﬁerature. The samples themselves were
qontained sealed melting point capillary tubing,with the exception of the
intermediate which was contained in a flat, thin-walled standard cell

from Varian. Magnetic field measurements were made with a pfoton resonance
probe and freéuency counter. Spectra were observed in two ways: oscillo-
scopé display and x-y linear display, using a Variplotter 1110 from EAZL.
Line widths reportea refer to the full width at points of maximum slope of
the signal and are designated as MH. The magnitude of the magnetic field -
modulation is governed by the factor; OH, and since the polynﬁclear species

were observed to have quite broad line widths, considerable variation in

modulation was called for, e.g. 100 cps for the monomer and 500 cps for the

blue dimer.

e e
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V. RESULTS AND DISCUSSION

A. Determination of the Equilibrium Constants for the Formation of
Two Polymers from Monomeric Hexaaquochromium (III)

Aithough several investigators have postulated the eXistence of a
dimer, Crg(OH)gj and rélated~"ol" complexes to explain the pH dependencé,
and cryoscopic behavior of chromium (III) solutions, there wés no
séparation and identification of individual species until Laswick and
Planel6 and Finholt,lT working independently found three different
chromium (III) species in refluxed solutions of chromium (IIT) perchlorate:

+ .
“the purple monomer, Cr(HQO)g 5 a blue species tentatively identified as

5+

' Lt +
CrQ(OH)e or CI'QO)+ ; and a green species tentatively identified as Crg(OH)u

or Cr 05+, It is due to the comparative inertness of chromium (III) com-

372
plexes that such individual complexes can be  isolated. The investigators

concluded that the blue species, whether isolated from boiled solu.tions17

19

or prepared by oxidation of chromium (II) perchlorate,”” contained one
hydroxide or half an oxide per chromium, and that the charge per chromium
was two. However, the charge per species experiments did not give results
congsistent with these dbsérvations, and consequently the cohclusion that
the material was truly the species proposed was still in doubt.

Ardon and Linenberg18 showed by depression of the freezing-point‘of a
perchloric acid-hydrate solution that the blue complex contained two
chromium atoms. Under the conditions of their experiment, however, there
is queétion of the stability of the species and,ﬁhus the validity of fhe
conclusion is held in abeyance. é

The green species isolated from boiled solutiéps of chromium (III) .

perchlorate has been shown to have four hydroxide g%oups per three ehromium

atoms, but the charge per species experiments are inconclusive and to a
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17

limitéd extent inconsistent with the first measurement.
Thus, although two polymeric épecies have been isolated, their

identification is not complete. It was decided accordingly to measure
v — v

~——

“the equilibrium const;ﬁﬁ“foxmgpe formation of the two proposed species in.
equilibrated chromium (III) perchlorate solutions. If truly constant
values are obtained, then the species do indeed exist ahd their thermody-
namic stability can be calculated. |

The equilibrium studied were calculated on the following bases:

ocr3t 4 2H,0 Qgg Cre(OH)g++ oHT (V1)
where
[or, (0m)2 1081 )
= V~-la
Q22 . [Cr3+}2
3+ Q3h 5+ +
and 3Cr” + hHgo = Cr3(OH)u + LH - (v-2)
" where
{Cr3(0H)§+][H+]“
Q) = [ce3* 13 (V-2a)

Since the initial volume of the equilibrated solution applied to the resin,
the total volume of each fracéion and its concentretion, and the hydrogen
ion concentration are known, the equilibrium constants can be calculated
and the existence of the proposed equilibria tested through the constancy
of the derived equiiibrium conétants, |

+ o
- The formation of CrOH2 according to the ‘equation

3+ %1 +

+ B0 =+ crontt + H ,l . (v-3)

Cr o

was corrected for by using values of 8.1 xulo_h at 6?.50°C, 3.8 x lO-h at
S - } : :

50.00°C, and 2.5 x lO_h at 37.50°C forthlﬁ These values are based ‘on the.
, . | '

work of Postmus and King,22 in solutions of similar cbmposition and ionic '

1
¢
;.
i
i
'
4

I - 4
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strength.

1. Experimental Results

The solutions used in the equilibration studies were prepared by».

‘ taking 100.00 cc of a 1.0M chromium (III) perchlorate solutibn and treating
this solution with 13.442 g of sodium bicarbonate,.added‘in smali qﬁantitieél’
while stirring continuously, to yield a solution of pH ~ 3. 25.00 cé of
the résulting solution waé transferred to a 1000 cc volumetric flask,
222.50 cc of a 3.63.M éodium perchlorate solution added, and the flask
then filled to the mark with distilled water. An additional S0.0Q cc of
the NaHCO3-treated soiution*was_added to a 500 cc volumetfic flask, 33.00
cec of a 3.63.M sodium perchlorate solution added, and the solution made up
to the mark with distilled wgter. The final solutioﬁs were therefore i.OO
in ionic strength. 100 cc samples of these solutions werevwithdrawn‘as
needed and equilibrated in the bath..

To make up solutions of varying ionic strength, 2.50 cc and 10.00 cc
of the NaHCOB—treated,solution in 100 cc volumetric flasks were diluted to
" the mark with distilled water, yielding solutions 0.184 and 0.753 in ionic
strength, respectively. In some of the iatér experiments, a solution of
ionic strength 2.00 was prepared by treating 40.00 cc of a l.hT_@ stock
solution of chromium (III) perchlorate with 2.101 g of sodium bicarbonate;
then 20.00 cc of the resulting solution was pipetted into a 100 ce volu- |
metric’ flask, 1.32 cc of 2.73 M sodium perchlorate solution added, and
-the solution made up to the mark with distilled water.

| Aliquots of the'chromium stock solution, 2.50 cc in‘volume, were
withdrawn and added to seven 100 cc volumetfic flasks. Varying amounts of ; ;

perchloric acid were added to six of these, and an ionic strength of 100

was maintained with sodium perchlorate. To determine the effective activity
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coefficient of the hydrogen ion, Y, in the chromium (III) perchlorate
solutions, pH measurements were made and interpreted:aécording to the

following relationshipt

Log ™ (-pH) = v (5] + v [E] + v (K] (v-4)

where [H;] corresponds fo the excess hydrogen ion present in the chromium

- stock solutionvdue to the manner of its preparation and is an unknown
althoﬁgh constant quantit& (6.07 x 10-2); [H;] is the amount of hydrogen
ion arising from the‘hydrolysis reactién (V;S)jvtalculatedwoﬁ:theﬁbasisﬁof

Q, =1.5x 107" at_25.°C:

e Z[Cr3+]
(1] = [Gros™ "] = AT, (v-5)
5+ Q)

- and [H:] is the concentration of hydrogen ion added to the solution.
Since [H;] is constant in these solutions, a plbt of log—l(—pH) versus
[H;] + [H:] should yield the effective Y for the chromium perchlorate
solutions of ionic strength 1.00. Table III shows the data that were
used to calculate y¥. The slope of the line obtained from these data
yields a value of 0.98 for f. The dependence of ¥ on the presence of
chromium polymers is not known but v is presumed not to vary widely.
Table IV gives the values that have been calculated for the equili-
brium éonstants from the data obtained in these experiments. It can be
'seen that there is no appreciéble dependence upon the ionic strength
within the region studied. Such a result may be considered in terms of the

activity coefficients of the, constitutents:

2
, tCrQ(OH)g*‘. Vgt : ' - '
Kop = Qp Bt o (v-6)
| y2 3t B .
r H

and
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Table III.. Determination of Effective Activity
' ‘ Coefficients of the Hydrogen Ton in
Chromium (IIT) Perchlorate Solutions

Amount of Amount of H
L.08M HC10,, 3.63M. NaC10 g
Sample added (in cec.) Conc (M) added (in cg.) measured (2")
1 0.00 'o.oo 22.20 1.22 . 0607
2 0.25 ‘ .0102 21.93 1.12 L0763
3 0.50 . 0204 . 21.62 | 1.0k .0917
L . 0.75 - .0306 21.38 0.98 .105
5 1.06\“'«\M“m1 .0k08 - 20.80 : 0.92 21
6. 1.50 . 0612 20.52 . 0.82 .152
7 2.00 . 0816M 19.97 0.7h .183




Table 1V.

g
o

Determination of Equilibrium Constantsfor .Formation

y !
of 01'2(01{)2+ and C‘r3(0H)5+.

T

.06L0

-Tf‘-

r°c) [cro') [Cr(H20)2+] [Cre(OH)g+] [Cr3(OH)Z*] 5] Ky, K3y b
() () (M) () () |
.029 . '.0131 .00120 .00194 .00L452 1.51x10" 5.88x1077 | ';o.éoi
.025 L0135 - .000925 » 00190 . 00625 1.9hx10-’+(i.16) 1.19x10'6(x.12) - 1.00
67.50 © (.0287 .00393  {.00TTL .00653 . -7 ' '
A .100 {10825 {,00181 {.00975 {.0251 1.88x107 (%.17) 1.08x10 '(+.68) 1.00
.29%4 137 .00983 0217 ..0198 l.80x10-h(i.28) 1.40xlo‘6(:.ho) - 2.00
1025 .0160 .0102 .00L75 .00379  5.67x107°(£.26) 8.9x107 1(+2.2) .18k
.0234 .00311 .0019 .00916 -5 P o
.025 5.0209 _ {.000926 {.00527 ; 0096 5.78x10° 7(*.37) 1.62x10 ) (i‘.62) ;.oo
50.00 L0642 .00¥16 .00660 00762 -5, ; -7 .
.100 .0888 {.00;97 {.00396 .0152 5.68x10 “(+.29) 2.0?x10 (£.97) 1.00
.100 .0693 ' -00470 . 00695 .00740  5.34x107°2(£.29) 6.23x10‘8(t,23)_ LT
T .025 .0500 .00073 .0013" ©.00302 2.61x10'$ ' 2.65x10'8 184
37.50 .025 .0139 ~.0008kY .00164 .00263 2.9ox10'5(:.192 3.25xlo'8(i.h1) 1.00
' .100 .00325 .00618 .00622 2.8?x10'5(¢.21) 2.51x10 (*.24) 1.00
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The exact dependence 6f the activity coefficients in solutions :of high
ionic strength, as is the case here, and with ions of such high charge is

- unknown. For low ionic strengths the expression:

ol

2

logy = - AZ° I (v-8)

where Z is the charge on the individual chréﬁium complex, A é constant for
the solvent at a given temperature, and T the ionic strength of the medium,
can be used to express the relationship to charge and ionic streﬁgth. It

‘can be seen that for the individugl equilibria béing repbrted, the follow-

ing relationship will then hold:

2
Y s
‘ Cre(OH)g+ R 1 1 1 4
log R = -16AT% - 2AT2 + 18AI% = O (v-9)
Vo3t
. and
T 5+ YA +
log 7T = -25AT° - LAT? + 27AI° = -2AT12. (V-10)
T et

Thus using this very crude approximation, no ionic stfength dependence is
anticipated for reaction (1) and only a small dependence in (2). It should
be stressed that no great significance can bé attached to calculations such
as these since the Debye-Huckel:limiting law cannot be applied with an&
degree of certainty in such concentrated solutions as used.here{

From a plét of log K versus l/T, the value of AH may be determined
for the two reactions (See Fig. 3):

+ |

oor3t + 2H,0 = Cr2(OH)g+ + 2H : (v-1)

M = 12.4 keal/mole

5+1r§+ S L
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30r°" + Lig0 =’Cr3(OH)E+ st ()

M = 24.9 kcal/mole.

Using these values A8298°was calculated for each of the reactions, yieldingv

values of 19 e.u. for Eq. (V-1) andlhé e.u. for Eq. (V-2).

Bjerrumll has reported a values of 15.4 kcal/mole for the AH of the
first reaction from his EMF megsurements, and a &S of 15 e.u. may be de-
termined using his data. Perhaps the ambiguity in the treatment of his
data, which requires eétimation.of both the degree of polymerization and
the degree of hydrolysis can explain the discrepancy, since the K's were
.corrected for the concentration 6f two polymers which have not been shown
to exist in chromium solutions. One of his values for K.22 does lie close
to the line drawn through the experimental log K’é reported here.

2. Discussion
27

These resultg may be compared with those reported by Milburn for
the formation of thé.iron.(III) dimer, FeQ(OH)g+: M = 12.2 + 1.0 keal/mole
(p =1, 25°C) and AS = 28 * 5 e.u. (0 =1, 25°C). Entropy changes may
actually be within experimental accuracy and in any event the smaller size
of the Fe(III) ion would be expected to favor the enfroPy change.. Similar
trends are observed in the hydroly;ié constants (Ki) of'the two ibns:
M = 9.4 keal/mole and AS = 1h4.1 e.u. (p = 0, 25°C) are reported for the
reactions

or®* + B0 = Crof "+ H o (V-3)

by Postmus and King,22 and Mil'burn27 reforts LH =E;O.h kcal/mole and
NS = 25.e.u. (1 = b, 25°C) for the corresponding régction of Fe (iII).

1

These values again reflect the observation that theéTAS term difference




Ll

is the iﬁportanf'one between Cr(IIT) and Fe(IIT) hydrolysis reactiéﬁs;- f
and that in fact most of the difference in hydfol&sié constants is present
in this term.

Consideréd fromvthe viewpoint of what is takihg place pﬁysically, an
‘entropy increase in reactions (V-1) and (V-2) might result from three fac-
tors: 1) the larger positive charge of the polynuclear complexes is spread
over a wider area and hence is not so effective in ordering water dipoles
in the éecondary coordination sphere; 2) there are four and eight fewer
water molecules ordered in the primary coordination sphere, assuming an

. . . + + !
octahedral enviromment for each chromium, in CrQ(QH)g and.Cr3(OH)E , re-

spectivelys 3) two positive charges have been moved away and the +4 species:

remaining has its charge spread over two centers. All of these factors
contribute to a net positive effect.

It may be noted here that these experiments have not acﬁually estab-
liéhed that the complexes formed are hydréxy-bridged, only that a dimer
and trimer afe formed in solution. Evidence for hydroxy bridging in the
dimer has been advanced by Plane and Kolaczkowskieo and further evidence
will be offered in later sections of this work, for hydroxy‘bridges in

both polymers.

B. Kinetics of the Interconversion and Decomposition
of the Dimeric Species :

l. Interpretation of data

If it is assumed that the first reaction observed in the decomposi-

tion of the blue dimer is given by the expression:

k : ’

b+ + 1 5+ - :
.. Y -

.Cre(OH)g + H CrOHCr” + geo, . - (ve11)

k-l

I
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‘then the rate law can be written as:

Lt
N(C:oMN
dt

'dﬂCr

I

= ki [Cre(OH)g+]’-.kl LCrbHCr5+]

' * + o bt
where kl = kl[H . If Cre(OH)2 is. present initially - the case in the

experiments in perchloric acid media - then at any time t:

[Cre(OH)g+] t - ECrE(OH)g+] w

1n = - (i + k) a6 (V-13)

[CrE(OH)g+] o - [CrQ(OH)g+] -

Since the absorption of the solution at any poihf is equal to the preduct
of three factors: the concentration of the complex, the length of the cell,

and the absorbance per chromium of the cdmplex,,i.e.,

Amc1e - (V1)

Then Eq. (V-13) can be rewritten as:

A=A, - N
in *;;;17722- = - (g + k_l)cm. (V-15)

In the series of solutions using equilibrated mixtures of the two
4 + +
dimeric species, and therefore containing both CrOHCr5 and Cr2(OH)g ’

“initially the same rate law given in Eq. (V-l?) holds, and at any time t:

(crorcr”*]_ - [cromcr”*)

in
(croucr”*]_ - [cromcr”*)

When the reaction in acid solution is allowed}?o continue, the second
step of the process results in the formation of mondmer, and the experi-

|
mental results (infra) reaction can be described by ithe following reactions:

ky (org(OREFIE'] < foromes™] (v12)

= - (kI + krl> 6. (V-16)
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croicr”?t —2— o3t 4 cror®t C(V-1T)
crou-t KH *Hié-'o e - - (v-18).
alcroncr”* ] 5+ or3t 2 N
- o =k, [croHCr”'] - x_, KH/[H 1. (v-19)

Under the conditions of the experiment, the reverse reaction was negli-
gible as shown by the equilibrium constant to be discussed later for the -
single bridged-double bridged equilibrium and the value of K22. Then at

any time t,

AL - A ’
1n AR = - k, O, | (v-20)

and the data can be represented by a plot of A.t -A_.

Figure 4 shows a plot of typical data obtained for the‘feaction of'the
dimer in perchloric acid solution; the reaction was followed over a period
of several days. Figure 5 shows a plot of log At - A°° versus time for the
first step in the dimer-acid reaction; the second step can be followed on
a similar plot.

Figure 6 shows the change in absorbance with time in a typical run in
which the flue dimer is formed frbm equilibrated solutions of itself and
the intermediate in lithium perchlorste solutions, -and Fig. T showé a
plot of log A_ - At versus time for the same reaction. Deviations from
linearity in final stages of the reactions (more{than 90% reacted) are
sometimes observed in the reactions of thé equiliﬁrated,soiutions, the
points falling below the best line tﬁrOugh the data. These deviations

can be accounted for by formation from the intermediate of some monomer

which has a lower molar absorbancy and therefore wo&ld make the readings

in the final stages seem to decrease more rapidly than anticipated.

et et e v
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©. Discussion of Results

versus the hydrogen ion concen-

Figure 8 shows a plot éf K yserved
-tration for the reactions:
er, (0¥ 4 KY —L N cromerS* + 10 | o (e
2 2 ‘c-—l'{'——— ) : 2 :
-1

L3

'as'a'fﬁnction of ibnic media apd.temperature.' Thé data are given in
Table V. Thére are threeudistinct fegions: the region of high acidity,
the region of intermediate écidity (0.1 to 2M in perchloric acid), and
the region of low acidity. |

| In the region of high.acidity, an examination of the data reveals that
the dependence in hydrogeh ion concentration is not first order. Such
.behavior is not unexpected since it might be anticipated that the activity
coefficients of the species involvéd wquldvnot_be independent of the per-

chloric acid concentration. Thus:

hee Yot T L+ .
alcr, (oH), ] B 'cr.(OH) Y 54
e 2 - + bt 2 o 5+ YCrOHCr
- s = X (B }er,(om), 1 — Y* - k, [croHCr ].-_;¥___“
| (v-22)

4ion-§air formation between such highly-charged species as‘the{dimeric forms.
of chromium and perchlorate ion in high concentration‘may'alsd bé a con-
tributing factor since the reactive species_may well be ion pairs rather
than thé simple hydrated complexes. However, Ramén spectroscbpy of some
perchlorates in solution has not revealed the presence of such outer-sphere
complexes.28 Activity coefficients are unknown for these.or“comparable
'spécies'- ion—pairs‘or simple hydrates. An altefnative app?oach is to
assume that thé activity coefficienﬁé of peréhloriélacid solﬁtiqns 6f the
same éoncentrétion apply without-consideration of oi correction for the '

higher polymers or chromium monomer - an hypothesis which is suspect when

.suqh highly chargéd‘species are present.
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Table V. Observed Rate Constants ,

(H

T-63 M
CT.21
6.92
5.67
holhy
3.40

0.261M
0.188
0.1k2
0.109
0.0427
0.026
0.017

1)

8.72 M
T.60
6.24

5.76

15.8°C

HC10) solution (variable u)
[Cr3+] kobs(min-l)
3.3xlO-2M 5.30%x10"2
3-3xlo’2 h.17xlo‘2
3-3x10'2 3.99x1o‘2
3.3x10°° 3.76x10"2
3.3x107° 2.15x10°°
3.3x107° 1.22x1072

LiC10, (u = 2.00)
5. 1xlo'2b_4 2. 79x10’3
3.5xlo'2 3.25x10’3
2.4x10"2 3.u2xlo'3
' 3.2x1_o’2 2.96xlo'3
9.2x10™3 3.98x10"3
5.1x1073 h.99x1073
3.1x10'3- 7.14x10"3
25.00°C

HCth solution (variable M)
er3*] kg (min™)
(1st step)
3 3xlo“?§ 1.18x10"*
3.3xlo’2 1.19x10-‘l
3.3xlo'2 8.97x10'2
6.5x10"2 9.21x10"2
3.3x10'2 8.47x10°2
6.5x10"3 1.02x10° 1
-2 -1

. -1y
kobs(hr )

(2nd step)

b.15%1073
4.05x1073



.02M
.803
.790
697

.321
317

.273
. 213
152
.123
.0950
SOTT
.076
.019
.0182
.0160
L0177
.0081
.0051
.600
217
.0132
.09L
.088s5

C OO0 © O O O K

O OO0 OO0 0 O o 0O o0 0O o0 O o o0 O o

.438 .
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£5.00°C
HC10,, solution (variable 1)
{Cr3+]= Obs(mln l)
(1st step)
3.3x107°M L. 97x10™°
3.3x10'2 .2.93x10-2
3.3x10 2 2.01x10"2
LiC10) (p = 2.00)

2.llxlO_2M 3.01x10'2
1.1x1073 1.92x1072
1.4x1073 1.52x10'2
1.6x1072 1.38x10’2
7.3x10'2 1.11x10 -2
1.05x10°% i igzig g
1.05x10’2 1.15x1072
3.5x107° 1.56x1072
1.:2x1073 1.49x1072
5.2xlo‘3 1.68x1072
1.05x1073 1.50x1072
1.91x10 -3 1.83x10° -2
L. 53%10 -3 1.90x10 -2
1.45x10 -3 0.26x107°
1.03x10 -3 1.82x1072
2.55x1073 1.80x10"2
1.28x1073 3. 4hx1072
1.35x10- -3 2.36x107 -2
8.5x10" 3.76x10° -2
2.3x10'2 1.33x10 -2
2.3x10'2 1.43%1072
2.0x1072 1.54x10° -2
2.3xlo'2 1.88x10’2
| 2.3x10'2 1. 78x1052

obs
(2nd step)

(hr

4.51x10

- 3.69x10

5.12x10

—l)'

-3
-3
-3
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NaC10, (u = 2.00) 3

6 ] kg (e kg (el
(1st step) . (2nd step)
. .OT9TM 2.3x167%% 1.78x107° i;
.18 2.3a07 2.03x107 1
075 . 2.3x10°2 1.79x107° .
.0Tkh5 2.2x1072 1.97x107% g
e 2.00x10"2 ;
L0700 2.3x0%  2.07x1072 f
069 2.3x107° 1.92x1072 :
L0608 - 2.3x0°2  2.2mx1072 :
,0483 2.3x10’2 2.38x10‘2 g
. O437 2.3x107% 2.20xlo'? :
0372 2.3x07° 2. 56x10" %" §
.0233 2.30 2 2.75x10" 2 t
.0L6 . 2.3x107° 5. 331072 R
-0L19 16007 5.96x10"2 | | N
35.5°C B S : .
HC10, solution | é
6.70M - 3.3d07°x  2.08x107 - F
5.67 3.3xlo'2 1.85xlo'l 2.90xlO-l(i.O9)" k

L.66 3.3x10"° 1.28207% 2.70x10"2(.06) ;
3.452 3.3x107% 7.86x10"2 i 8
2.17 3.3x10°7 5. 1110”2 ??
117 3.3x10°° b 24077 |
1.11 3.3007° 5.03x107° ' 2.01x1072(£.10) x
T



LiCloh'(u = 2.00)

o O O O O O O

tut) | [Cr3+] kobs(min—l) obs(hr-l)
(1st step) ,  (2nd step).
0.807M 1.5éxlo'?M 5.07x10'2
0.78 1.15xlo’l h.12x10"2
0.635 1.2ox10'2 b 77x107°
0.624 7.00x10™% u.u3xlo“2
0.186 b h7x1072 5.20x107 2
.160 2.2x1073 ,5.u0x10'2
.103 1.5xlo'2‘ 6.67x107°
. 0625 8.1x10"> 6.86x107°
.0522 6.5x10'3 8.36x10’2
0410 L.7x1073 7.12x1072
.0257 3.2x107° 9.07x10™2
.0122 1.0x1073 1.03x107%
NaC10), (b = 2.00)
.813M 3.2xlO_2M 5.43x107°
.383 1.7x10 % 5.h5x10'2
.260 1.9x10'2, 5.26x10'2
211 1.9x10”2 5.50x10 .
.195 1.9%10° 2 5.26x10’2
178 1.9x10'2 - 4.86x107°
17 1.89x1072 6.60x1072 -
.137 1.89x10°° 6.50x10°2
131 5.7%10™3 . 7.09x1072
.107 1.9x10°° 7.47x10°2
.104 1.9x1072  6.30x1072
.095. 1.9x10%  7.6x107° 2
.0838 1.9x10°2 . 6.h1x1072" p
L0773 1.900% | 6.32x107%

'O 0O 0O O 0O OO0 O 0O O O 0 O




R [Cr3+J kabs(min‘ ) kobs(hf_l)
’ -{1st step) (2nd step) -

.0690M 1.89x10'2M  8.7ex107°

.0650 2.99x10’3 8.77x107°

.0620 1.9x107° 7.06x1072

.0k9 1.9x10‘2 9.h2xlo'2

.0287 1.9x10’2 1.04x107t

L0217 1.9xlo’2 1.12x107%

0196 1.9x107° 1.35x107%

.0190 1.9x10'2 1.02x107%

.0170 1.9x107° 1.47x10" %

L0140 1.9x10’2 1.55x10"l

.007 1.9x107% 0. b7x107t

45.0°C
HC10), Solution
7.79M 3.3x107° M 5.39x107t . 7.62x1072
5.63 3.3x1072 3.32x107" o 6.33x107°
4.68 3.3x10°2 2.66x107% 8.50x1072
3.29 3.3x107° 19.x:Lo‘l 7.63x10™°
2.33  3.3x10°° 2.07x107t 6.%0x10™2
1.06 3.3x10’2 1.00x10™"
0.61 3.3x107° 1.40x10"+
LiC10), (g = 2,00)

2.05M M  1l.e1x107t
0.91 .21 9.37x10'2
0.408 .10 1.01x107%
0.307 6.7x107 l.hhxlo—i

0.25 h.ox10™2 1.1kx10"

et T g 2008 e v
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45.,0°C

mamhql=20®

('] ler3t) ko (i) k(b7
' (1st step) " (2nd step)'
0.267M 3.7x107% i 1.27x107F
0.187 6.7x10’3 1.25x10" %
0.0878 6.7xlo'3 , 1.9uxlo'l
. 0.086 1.2x1073 1.37x107F
0.070 9.0x1073 1.49x107%
0.0692 3.8x1073 1.83xlo'1.
0.043 6.0x107> 1.70x107F
0.0347 1.9x1073 2.05x107%
0.0287 = 3.0x1075 2.10x107*
0.0285  1.31x107° 1.98x10fl' 
0,025 3.0x1075 2.09x10™
0.0132 1.7%1073 3.36x107T )
0.011 1.5%107> 4.67x107t
0.010 1.6x1073 2.8Ux107t
. 0.009 1.5x10'3 3.55x10‘l
0.006 1.2%1072 b.57x10""
0.0057 1.2%1073 6.83x10" %
0.00kT 1.1x1073 8.13;:10'l
0.0046 1.0x107> 6.48x10™"
NaC10), (n = 2.00)
0.7624 6:1x10°M 1.12x107%
0.346 3.12x1072  1.hexio™t
. 0.330 2.2x107° 1.17x107%
0.216 2.2x1072 1.43x107%
10.197 2.2x1072 1.63x107%
0.1h41 1.0bx1072 1.68x10°% "
0.088 5.7x1073 2.25%10"" H
0.082 2.4x10"2 1.90x107 |
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~ks.o°c

| NaC10, (u = 2.00)

(5] o] k_(min™) - o)
‘ - (1st step):  (2nd step)
071 M 2.4x107°M  1.97x107%
.056 2.4x107%  2.55x107%
.030 2.4x107%  2.75x107%
.029 2.4x107%  2.18x107F
.022 2.bx107%  2.66x107"
.017 2.4x1072 2.92x10'l
.016 2.4x1072  4.00x07t
.015 2.4x107°  3.28x107"
.012 2.4x1072  3.99x107%

-0 -
.011 . 2.4x107° s55.1 x107t

e e A et 4o Ay 5w = e S 3 4o AP A o s e et b
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The change in rate constant in regions of low acidity (below 0.1M)
cannot be explained by a salt effect since the magnitude of the change
is so large. The effect can be accounted for if the following reactions

are assumed to be taking place:

o

' 5+ -1 Lt o+ o J
- CrOHCr”" + H,0 El Cre(OH)e + H (le = k_l/kl) o (v-23)
crofcr”’’ + H,0 fhya croucron + H' (V-24)
k' _
b+ -1 L+ . :
CrOHCrOH ﬁ;ie Cre(OH)Q . o . (v-25)
‘Then
L+
alcrorcr’*]  alcromcron ™ ] o 5+ , bt
- Framm T = k_, [CroHCr”"] + k!  [CroHCrom™ ]
' bbb L+ ‘
-k, [CrQ(OH)Q IE 1-k, ler,(0H)," 1 - (v-26a)

ubstituting f r +] for T Y Qe - é can be re-
Substitut ya LCroKC o 1+ (croHCron™* ], Eq. (vV-26a)

written as

5+
- QlEEg%QE—fl (1 + Khyd/[g+]) = [cromer”" 1(k_+ k) Kool HFD)
—[CrQ(OH)g+] (g ('] + ) . (v-26b)
But at equilibrium
[ex, (0m) 108" e

‘21 (croncr”™) " ki - k’l/kl “ya v-2n)
and therefore : :

| > ‘ . |

- dextere] (s g o/ 1HD) - Loromor™ i,y + k1) Ko/ 1E])

-[QrQ(OH)u;][k_l£§+]/Q21 + kli;Khya/Qzl}

- [CrO.HCr5+][k_’l. + k! Khyd’/ [H+]J : [.Z'-[CrOHCr‘%](JﬁKh#d/ [H+v]-}

3

+ {k_l[H+]/Qél + k! Khyd/Qel} E- (V-26c)
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and the apparent first order rate constant_can be calculated by standard -

procedures as.

R + v ryt + k'K : ,
. k-l + k-l Khyd/[ﬁ ] + (l + Khyd/[H ])[k;l[H ]/le +'k-l Khyd/QEl} -k (V-28)>
- i . _. ’ . _— Obs .,

‘ —
1+ Khyd/[H ]
In regions of low acidity, the back reaction term:
1/a,, (1K, /H]) Gk +x_y [H']) (v-29)
Q21 Khyd . -1 Khyd -1 o '

becomes negligible and:
+
) 1
koy o+ KDy K o/[H]

1+ Khyd/[H+]

kobs -

(v-30)

By estimating k from the minima in the plots of log ko .versus the log

1 bs

of the hydrogen ion concentration and using the observed rate data for a
given hydrogen ion concentfation, it is easy to solve a pair of simultaneous
equations and find values for k_l and Khyd' With.these computed values

and using rate data'at higher acidities within the same range of ionic
strength, a value for le can be obtained. Then the full expression for.
the observed rate given in Eq. (V-28) can be evaluated at acid concentra-
tions throughout the range studied and curves drawn through the plotted
points should reproduce the observed data. In Fig. 8, the theoretical
curves for each set of data are shown as the lines drawn through the
séattered observed points.

. !
Table VI gives the values calculated for Q?l’ k'l’ k_l,iand Khyd'
The values for Qzl.obtained by this method can be compared with the values
for the same quantity calculated from the optical density of the acid
solutions when the first stage of the reaction is complete. The percent

‘ i
. of each complex can be found from the known absorbancies of the two
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Table VI. Values of Parameters Calculated from Rate
Data and Equation (V-30) (p = 2.00) .

- T(OC) Qogl k-l k-'-l Khyd
25.0 1.2k 0.0070 0.0k87 0.0235
35.5 1.76  0.0210 ©0.255 0.0188
k5.0 2.5k 0.0600 0.513 ~ 0.0300

cdmplexes: at 2700 E, the absorbance of the intermediate is 13.1 and
that of the blue species is 28.5. Since the hydrogen ion concentration-
has been determined, Q,, can be calculated, yielding values of 2.20, 2.78,
~and 3.06 at 25.0°C, 35.5°C,.and 45.0°C. ‘The values obtained in this
manner are somewhat higher than those reported above at p = 2.00 but no
attempt was made %o maiﬁtain conétant ionic strength in these solutions
and the considerable variation of the activities of the reacting species
may well account for the variation.

A plot of Q,, versus i/ yields a value of 6.8 kcal/mole for AH of

reaction (V-23) and the value of AS ge calculated from these data is

29
23 e.u. The observed positive entropy change can be correlated with the
production of two charged species.

"At first blush the calculated hydrolysis constant seems to be quite
high. However, comparison with some data on analogous smmine complexes
of chromium (III) lends support to the calculateg Khydffor the aquo complex
of chromium (III). Wilmarth,. Graff, and Gustin) measuréd the acidity
constants of aquopentamminechromium (III), diaquogetramminechromium (11I),

decammine-p-hydroxodichromium (III), and aquononammine -y ~hydroxodichromivm

(III) ions and reported pK's of 5.2, 5.5, T.8, and 2.8 reﬁpectively‘for
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the individual species. The pK of hexaquochromium (IIT) is reported as -

22 : :
3.82 by Postmus and King. ‘The difference between the K values of

the latter and aquopentamminechromium (III) represents.a 24-fold difference

_ in acidity, the aquo complex being the more acidic. Similar correlation
is observgd between the calculated hydrolysis constant of the intermediate,
| decaquo-p-hydroxodichromium (III), and the aquononanmine -y -hydroxodi-
chromium (III) complex: -the pK's are 1.6 and 2.8 respectively and repreév
sent a 15~fold difference in acidity, tﬁe aqpo complex again being more
acidic than the ammine.

There are at least three other known di-hydroxo bridged chromium (III)
complexes: tetraphenanthroline-{i-dihydroxodichromium (III), tetraethylene-
diammine-p-dihydroxodichromium (III), and tetraoxalato-uy-dihydroxodi-
chromete (III). Boik strong and weak.field_liganas are represented since
the organic ligands producé étrbng fields and the oxalate ligand, like
water, is a weak-~field ligand.

Kinetic studies by Grant and Hémm8 have been carried out using the
oxalato complex, and comparison with these results should be of intérest
sinée the two ligands produce ligand fields of comparable strength. The
over-all reaction scheme for the two systems is the same: é two-step
decomposition of the dimer to monomeric ¢hr§mium (III) complexes by way
of g single-bridged intermediate. Since conductometric measurements were
used to follow the reaction of the oxalato complex with perchloric acid,
no attempt was made to maintain ionic strengtha-f

Grant and Hamm observed a two-step procesé in the acid decomposition
of tetraoxalato-u—dihydroxodichromafe (III) compleéx. They postulate the
breaking ofla single hydroxo bridge as the fate degefmining step in the

\ .
+ first process. The second 5low step is assumed to proceed by two paths:

T T T i RS B e 2 i s i 2y
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in sufficient acid, the breakdown is first order in chromium, and’inv
deficient acid, a more rapid parallel step presumably goes by way of
an acid-dissociation product of the singly-bridged hydr§x6 intermediate
and is pseudo-first order in chromium.

vUnfortunately no.comparison of AFi aﬁd_ASi values for the first
step can be made sinée the rate laws are different. 'Morg interesfing'
»and fruitful comparison would be possibie if rate data were avéilable
bfor the other dihydroxo bridged complexes sincé all represent neutral
ligéﬁds ih the remaining octahedral positions, and of course if the rate

" law includes hydrogen ion dependence.

In sufficient acid the second step of the oxalato reaction is hydrogen

-+ ion independent, and here AHi and ASi can be compared. Grant and Hamm
report values of 13.4 kcal/mole for AHi and -36 + 2 e.u..for AS% when
“the reactions take place in sufficient acid. The condition of "suffi-
cient acid" is surely fulfilled in the reactions being studied here.
Table VII gives the AH# and ASi values calculated for both steps of

the acid decomposition of the dimer Cr (OH);+ end for the formation of

2

the dimer from the intermediate. In the second step of the decomposition
t
of the dimer a value of 17.0 * 1.0 kcal/mole for AH and -18 £ L e.u:

%+
for AS have been calculated here for a 3.3 M HCth solution.

‘ F
It is interesting to note that AS for the reaction of CrOHCrS.+

to give monomers involves in the rate determinations step the displace-

30

ment of an‘hydroxide group by a water molecule. Powell” suggested at

one time that the binding of a water molecule in the activated complex
should show a small entropy change of ~ 3 e.u. It.is evident that for

complexes like these, this is an over simplified a %roach and perhaps

greatef welght should be attributed to the'loss of Lranslational freedom.

.
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. *
Table VII AH and ASi Calculated for Acid
Decomposition of Dimeric Species

[H

(M)
7.7
6.6
5.6
bk
3.3
2.2

1.1

0.200
0.188
0.082

0.022

6.6 .
5.6
k.l
3.3

AH#(kqal/mole)
dimer - intermediate
13.7
1k.3
13.54
b
15.7
1k.8
13.5
intermediate - dimer
21.0
21.h4
21.h
21.1
intermediate - monomer

15.5
15.5
16.6

17.0

+
55 (cal/mole-°)

-2Lh.3
-23.7
-25.6
-27.3
-23.7
-26.6
-29.6°

S
‘3.8
k.3

3.3

i
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3. Attempts to Isolate the Intermediate

The existence of a new chromium (III) polymer in acid solutions may
be postulated from the observed behavior of the.dimer undér.these condi-
tions. As the acid concentration of the reaction mixture of dimer and
perchloric acid was raised, the solution became progressively moré‘green
in color,'indicatigg the increasing concentration of the new species. Whén
fresh dimer was injeéfea¥ihtc roncentrated perchloric acid, fhe now light
green solution gave a reproducible spectrum throughout the 10.5 to 12.0M
vperchloric acid concentration range each time the material was prepared.
The spectrum of the resulting solution is shown in Fig. 1 and the absor-
bances at the maxima are 16.L4 at 590‘mu and 20,7 at 424 mp. Comparison of
the spectra of dimer and intermediate shows a shift to higher wavelengtﬂ
of 5oth maxima but the absorbance per mole of Cr is about the same.

Attempts to isolate the new species on ion-exchange columns proved
uniformly unsucceséful. When the interﬁediate, formed in concentrated
perchloric acid, was put on an ion-exchange column, the resin disintegrated.
In solutions of lower perchloric acid concentration - ca. BM - sufficient
quantities of the.new‘species were calculated to be present on the basis
of the' opticalidénsity of the solution at the end of theffirst step and the
known chromium (III) concentraﬁion, to warrant attempﬁstat separation.
When solutions of this concentration in acid were appliedito:a column:of
resin, two bands were observed: a blue band'asspciated<with the known
dimerig spegies and a green band, nearly three-fourths the amount of the
blue and absorbed in a higher position relative té the blue band on the .

column. Attempts to move the new species from the column did not prove

successful sihée within the time required to\moVe_i# from the column feaction ;m

, : \
with the aqueous eluantireversed the equilibrium between the two species

and produced only”the blue dimer; Cold.columns were used in an attempt to

R
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slow down the reverse reaction, but nOnevofvﬁhe’material could be obtained -

from the column since it could not be displaced before it reverted to ﬁhé

blue species - even using thorium perchlorate in 1.0M acid as an eluant.
The evidence from these experiments indicates only that a new species

| has been formed during the reaction of the dimer with acid, that the new

species is of higher charge than the dimer, that it can be easily converted

to the blue dimer in aqueous solution, and that it is of the same degree

of polymerization since the dependence on chromium is the same in the rate

law. TFurther characterization of the material will be made in later sections.

4. Formation of the Dimer by Oxidation of Chromium (II) Solutions

One possible path for the known formation of the dimer in the oxidation
of Cr(II) solutions by molecular oxygen may be through the intermediate dis-
covered in the course of this work. It was noted that when oXygen was
introduéed into Cr(II) solutions, the color change observed within the
first few seconds Wgs from the clear sky-blue of the Cr(II) ion to an in-
tense’; green color. Since the spectrum of the intermediate, also green
in color, is known, it was thought that following the spectrum of the
oxidized solution with time might show the formation of the intermediate.
Accordingly samples from the Cr(II) solutions in the process of being
oxidized were femoved at intervals of 7.5, 15, 30, hS,.6O and 90 seconds
after the introduction of oxygen; two samples were diluted to a volume of
100 cc in volumetric flasks, one with distilled water and the other with
a 2M solution of lithium perch;orate and the changenin the spectrum followed
with time. The spectrum of thé initialiy formed material is constant from.

the first to.the last of the withdrawn samples but is not that of the dimer

¢

or the Intermediate (see Fig. 1). However, the.finél‘spectrum.of the

diluted samples shows the presence of the dimer after a period of sbout
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one hour sincé the épectrum is essentially that of the dimer. TheSé runs -
wer? carried out at 25°C, the sélutiohs,_cell compartment and cell ;i”
‘_holder being thermostatted'at that temperatﬁreo Similar runé at u5°d'_

gave like results, although the spéctra passed thfough an absorption maximum
corresponding to the dimer and then began to decay, reflecting decay to

the monomeric species. Chromium (III) concentrations were of the order of
M.lxlO-SM and the acid conCentrationv3.3xlO-3M.

Using the same sampling techniques, the change invabsorbance at 2700 &
was also followed using solutions made up in the séme way: one in which
theiionic strength was maintained at 2.00 with lithium perchlorate, and
one with distilled water oﬁly, No differencevin the rate of fofmation of
the dimer was dbserved; either as a function of ionic strength or length
of time.in which the oxidative process was allowed to proceed,after the
first 30 seconds. Table VIII gives the observed first order rate constants
at 25°C. '

Table VIII. Observed Rate Constants at 25.0°C for

Formation of Dimer in O -oxidized
Cr(II) Solutions

"] t(sec) of oxid K

(M) p=2.00 variable p
h.3x;o’3 7.5 5.12x10'2min'l 6.13x10 °min
3. 551073 15 B 2.47x107° N T
3.30x1073 30 _ 3.49x10°2 2.71%107%
3.12x10 5 L5 3.h3x10-2 3.76x10"2
9.8 x1073 60  3.12x1072 3.12x10°°
1.00x107° 0 . -  3.73%1072 " 2.83%107°

| | - | | \
Concelvably the initial product or products may include the inter-
mediate and some higher polymer of chromium. Both Ardon and Elanel9
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and Joyner and Wilmar%h3&mhave suggested the formation’ofVperoxo—bridged
complexes in the oxidation of Cr(II) in acidic-and ammbniacal solutions
to- form dimeric chromium (III) compounds. The following scheme can be

advanced to explain the formation of some intermediate and higher polymers:

0, + Cr° = crig 1P | | (v-31)
cr00™" + cr** = cr: 010" ot (v-32)
croocr™ « crft = Cr-:.éviCru+ + Cr-02F (V-33)
cro® + ort = cr2 0 Cortt - - (V-3L)
crocr™ + #Y = cromer® , (v-35)
crooor ™ + cx® = er:Q 1 0icr: 0t ™ - (v-36)
or?t & croocrocr®t = crocroocrocrCt ' GV—ST)
CrOCrO-O-CrOCr8+ = 20r0cr0™*t (v-38)
CrOHCF = CrQ(OH)g+ + H : | (v-39)

A simple method can be devised to test the hypothesis of higher poly-
mer formation using viscosity measurements of the oxidation products and
the thfee known species, monomer, dimer, andtrimer, at L°C. It would be

;
preferable to use the electrolytic method of Ardon and Plane”9

to prepare
the original Cr(II) solutions since no correction for the presence of
zinc perchlorate woulé then have to be inclﬁded.

Plane and Kblaczkoﬁski?o'have attempted‘to'show thét the oxidation
of Cr(II) by molecular oxygen is second order.in chromium (II) but directly
proportional to the flow of oxygen gas.v:The fesults of their experiments
seem to indicate that the reaction.is in fact diffusion-controlled - an
6bservétion supported by earlier work on Cr(II) solutions carried out 5y
Stone.32 Spone reports that the rate of reaction of dissolvéd oxygen 1is

so rapid that the rate of dissolution by bubbling can be neglected. In

" fact, Cr(II) solutions react more rapidly with molecular oxygen (and

T AR T 2o A s < Ae By Ay = et ae - SSer 1 e —rtormeepe e o eer
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hydrogen peroxide) than othér ;ommon oxidizing agents. He suggests the
Cr(II)‘reactions are more rapidAbecauée of a strong coordinating tendency
tb form stable hydroxy or oxy-bridge complexes. Ardon and Planel9 pointed
out. that two-electron oxidants gave mainly the dimef product while oxida-

| tion with one-electron oxidants like Fe(III) and Cu(II) gave monomeric
Cr(III). Thus the evidénge points to a peroxo-bridge complex of cr(IV) aé
an intermediate. Since the product fifst formed is not the dimer, the

simple scheme suggested by Plane and Kolaszkowski seems suspect. Thé process
is a most complex one and further investigation of it is galled.for, perhaps

through an elucidation of the products formed by such techniques as mole-

cular weight determinations and freezing point lowering.

0. Characterization of Polymeric Species

l. Determination of Degree of Polymerization by Freezing Point
Depression Measurements ' ' -

Fresh samples of the blue species, 0.370 ana 0.571 M in chromium (III),
were prepared by displacement from ion—e#change columns énd small portions
added by means of micropipetes'to 10.00 cc of chilled 41.7% perchloric acid
(13.0106'g). The solutions were stirred vigorously‘ahd the gboling curve
followed.with time. After freezing, the solutions were allowed to warm to
room temperafure and after 30 minutes were cooled again fo the freezing
point,_

Fresh samples of the green polynuclear species, 0.743 and 0.809M,
were prépared from refluxed chromium (III) perchlorate solutions by dis-
placément from a column of Dowyex 50W-XL excﬁénger and small poftions added
to 10.00 cc of chilled hl.?% perchloric acid by means of a micropipete.

.Téble IX givés fhe freezing point depression ob$ainedeith each of
.~ the polynuclear species. The first column gives thelchromium'(III) con-

centration in moles per kilogram of perchloric acid (40.7%).

n e g oy Ao 3 5. Ao e 0 e s e
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Table IX ‘Cryoscopyfof Polyhuciear Chromium Species

Moles added perleOO g

eutectic mixture AT : Am/m - Kf

Biue Spécies

.00711 0.0165° 2.31°
.01136 2 0.0278° 2.4h°
-01309 0.0284" 2.17°
.o1k21 & 0.0298° 2.10°
.0305 0.0659° 2.16°
. 0685 & 0.153° 2.24°
Intermediate
.01136 & - 0.0278° 2.Lk°
.01kl & 0.0298° 2.10°
.0685 a 0.153° 2.24° *
"~ Green Species
. 00616 .0090° 1.46°
.0124 .0184° 1.L48°
. 0284 .0k23° 1.49°
.0455 1.b7°

.0670°

Solutions allowed to warm room temperature and rechilled

Same value observed fof‘chilled solutions, and warmed and rechilled

solutions
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Since
AT/m = 1/n - K, , - (v-%0)
where n is the number of chromium atoms pef complex ion, it can be seen
that both the blue species and the intermediate are dimeric in character,
since the Kf observed is 2.21° and that reported for the perchloric acid-

water eutectic is 4.43°. The green species has also been shown to be tri-

‘meric since the observed Kf is one-third the reported value.

2. Measurement of Variation of Magnetic Susceptibility with Temperature

The susceptibility of each sample was calculated using the following

relations:

6 6
10 xCr(c.g.s.) - B(Fsample—Fsolven’c)_lo xsolvent(wsolvent -wsolvent)
in sample
(v-41)
and ér i
X . (v-42)

Xy = gram atoms of Cr in sample

where F is in milligrams, B the tube constant.
Correction for the diamagnetism of the individual ions was made by
3+ -

using the following values: OH_, 12.0; Cr~ , 13; HEO’ 13; and ClOLLJ 32

(211 multiplied by -1 x 10_6);38 the susceptibility of perchloric acid
was found to be -0.418 x 10'6, at 20°C.

a. Theoretical Treatment of Data -

(1) Dimeric Species

Binuclear compiexes contain two atoms each pf which possesses a
spin angular momentum, and it is certainly possibie and indeed likely
that these two atoms will interact. Following theigeneral procedure of

L . '
Kambe3 , such an interaction can be treated as a spig—spin coupling of

i

the form g

e g
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vv"- » , ,
S SRR (v

where J is the exehange coupling constant and.gl and‘§é are the spin vec-
.tors of the two atoms. Since §l and §2 have the same magnitude, the Hamil-

tonian can be reduced to:

'A} =-J {8'(8" +:1) - 25(8 + 1)} | ' (v-4L)

i
. )

where S is the eigenvalue: of the spin vectors of each atom (3/2;for the
present case), s' = 235, 25 - 1,...,0 and therefore here S' = 3,2;1,0.
Taking J to be negative, the_energy level scheme will then be given by:

E=-J {s‘(s4 +.1) - 23(5 + 1)} : .-Gv-us)

each,level being 23" + 1 degenerate. Therefore there is a low-lying singlet
and a triplet at a distance of 2J above it.

The blue species has been shown to be diﬁefic, and to have two bridging.
hydroxy greups.eo The intermediate, a dimeric'sfecies assuﬁed.to be formed
by a single bridging hydroxy group, will have the same Hamiltonian as the
blue dimer and the same theoretical derifation for the yariétion of Xp with
temperature. The variation of the atomic suseeptibility, xA,‘with temperatgre
V is given for S = 3/2,3/2 - the case for spin-free chromium (rrr) - by the
expression: | o

g2N32 ( b2 + 15 exp(bx) + 3 exp(10x) } +
T+ 5 exp(bx) + 3exp(10x) + exp(12x)

XA = T3k

- N(a) (v-46)
following Kembe's general procedure, where x = -J/kT, g is the spectroscopic.
splitting factor, B the Bohr magneton, k the Boltzmann constant, T the ab-

. solute temperature,'and N(a) the temperature-independent, high-field para-
magnetic term. The presence of such an 1nteract10nJ J, isrelated to an

observed and finite value of © in the Curie-Weiss equation, ¢ = C/{(T + 9)

There may be other explanations of course for an app&eciable value of ©.
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When the value of'T;-in degrees Kelvin,'approaches the value of J,
significant magnetic deviation occurs. Throughout the temperature range

- covered in this experiment, however, T is much greater than J, and no

e,
~.

such deviation is obéngedm%uh_

Table X gives the value of T8 Hgpp (the effective magnetic moment)
at 20°C, N(a), and © observed for the blue dimer aﬁd intermediate species.
.The g values were obtained by an independent ESR measurement. These.vdlues

can be compared with those reportedAby Farnshaw and Lew1526 for similar

species, and with the values reported by Mulay and Naylor35 for monomer

and blue dimer; Table XI gives the experimental data from which Xy for
eagh species was calculated. A plot of X, versus l/T is given in‘Fig. 9
for both dimeric species. Only a small'temperature range was covered in
these measurements since no erystals of either material have been cobtained
and the measurements must therefore be made on golutions. If may be

possible to go to lower temperatures for the solutions in perchloric acid -

measurements made on the intermediate - since the freezing point of perchloric

acid of comparable acidity is about -30°C. The higher temperatures cannot
be used since both the blue éimer and the intermediate decompose to form
the monomer, actually precipitating in the latter instance as fine crystals
in the perchloric acid medium. It should be noted that measurements of
magnetic susceptibility of solutions tend to be slightly'higher in value
than those measured on single.crystals of the same substance.

It may have been anticipatedithat only a,sﬁall coupling of spins-
indicatea'by the low value of J - would be observéd in these species éince

the spectra of the two species (see Fig. 1) do not .differ drastically from

the hexaquochromium (III) spectrum, as indicated'by%Schafferfs and Jorgensén's'

‘ .

empirical correlation of spectral and magnetic data on chromium (III) ammine

o g e
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Table X. Reported Values of Susceptibility Parameters
for Chromium (III) Complexes .

Complex Mo pp _ §
(g.M.) J g N(a)x10 -9 Ref
[(phen)E'Cr(OH)g(phen)e‘]lth 3.67 10 .99 58 35° 26
- Uew): cr(on) Cr(gly), ] 3.80 6 2.0 @ 52 20° 26
[(phal)gclﬂ(orrI)QCr(phal)2]L‘+ 3.8L 7 .03 i 30° 26
(aq)uCr(OH)2Cr(aq)t+ 3.7k 7.5 1.98 58 27°  This work
‘NH3)5CrOH(NH3)§+Br5 3.4l 20.25 1.94 62 120° 26
(NH3)SCrOH(NH3)u(H20)5+Br5 3.52 20.7- 1.99 56 130° 26
(NH3)SCrOH(NH3)u(H20)5+ClS 3.62 20.7 1.99 56 130° 26
(NH3)5CrOCr(NH3)5BrS 3.50 1k 1.91 56.. 70° 26
[(aq)SCrOHCr(aq)5]5+ 3.48 16 1.92 52 22° This work
Cr(aq)g(C10,), 3.87 35
3.89 This work

phen = phenanthroline
gly = glycine
phal = phenylalanine

aq = water

Ty e g et S o g S ey o e e s
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Table XT. 'Experimental Data for Calculations of Xy & uéf

f
Q ’ s Ta ) (ﬂ t TC) S N
) Fsample Fsolvent Xer X Xy Xy X Herr (BM. )5 )
Room Temperature | o e
| Monomer . X
293.2 k.21 -56.77 20.690  13.584 6,228 6,402 6,402 3.89: 5,55
_1"' ' Dimer '
293.2 52;61 -50.95 22,248  17.117 .11,6ho 11,826 5,913 - 3.7h
Irimer
293.2 71.15 -50.90 19923 15.006 13,528 13,905 4,635 3,310'
' Variation with Temperature v
Dimer _ :
274.0 36.43 -35.21 2h.176 18.252 12,411 12,597 6,299 '3.73
290.2 35.69 -35.2h 22,903 17.291 11,758 11,944 5,972 3.7h
29k.6 33.63 -35.18 22.210 16.768 11,402 11,588 5,79 3.74
307.7 32.04 -35.18 21.690 16.375 11,135 11,321 5,660 3.75
316.9 30.31 -35.19 21.127 15.950 10,846 11,032 5,516 3.75
. Intermediate . ‘
274.0 41.67 -35.18 2k.582 13,533 10,806 10,969 5,485 3.48
287.9  37.90 -35.15 23.348 12,853 10,263 10,427 5,213 3.48
298.5 36.06 -35.09 22.726  12.511 9,990 10,154 5,077 3.28
3.

308.1 33.88 -35.03 21.993 12.107 9,668 - 9,831 4,916

_-QLf; y



Table XI. Experimental Data for Calculations of X, and 8!

(continued)

eff _ .
Ml o L= (a) (bj ‘ 1 (C) :
r(*c) Fsample Fsolvent Xer .X X, X, Xy Herr (B.M. )
. Trimer 7 ) o T
27h.0 90.58 -35.21 40.523 15.954 ©1h,382 1&,759 L,920k 3.29
290.2 84.39 -=35.2k 38.508 15.160 13,667 1k,0hk 4,681 3.30
300.0 80.86 -35.18 37.334 14,698 13,251 13,628 L4,543 3.30
308.7 78.11 -35.18 36.338  1L4.306 12,897 13,274 L,k2s 3.31
318.4 Th.82 -35.19 35.362 13.921 12,550 12,927 k4,309 3.31
329.9 T70.92 -35.18 - 34.083 13.418 12,097 12,k 4,158 3.30

a
b

€ u
ef

o = 2.839 J&AT

x“ = % x M.W. of complex

X = iCr/w’ and W = weight of sample x % chromium in sample‘on a weight/weight basis.

-LL.‘
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dimers.
The complex-octaquo-u-dihydroxodiiron(III) has been deduced to be
: 8

diamagnetic by Mulay and Selwood3

while the analagous chromium(III)
S~ . .

complex reported hef;‘ié“foundhto be parémagnetic to the extent of three

unpaired electrons per chromium. In fact all of the Cre(OH)g+ complexés

studied by Earnshew and Lewi526 show a similar behavior, even with strong
field ligands océupying the remaining octahedral positions.

Some coupling of the spins in the chromium (III) complexes can be
‘deduced from the small value of J observéd but this result should be com-
pared with the J value of 490°, reported by Elliott,38 for éetraphenanthro-'
.‘line-u—dihydroxodiiron(III) with an effective magnetic moment of 1.6 B.M.
corresponding to one unpaired electron ﬁer irqn. The analagous chromium
(III) complex, tetraphenathroline-p-dihydroxodichromium-(III), as reported
by Earnshaw and iewis, has a J value of 10° and.an effectivéhmagnetic moment
.of 3.83 B.M., equivalent to three unpaired electrons per chromium.

Any argumen% for the differente in behavior of the two transifion
elements must be related to ﬁhe number of d electrons available. Fe(IIIQ
has five d electrons; in a wéak octahedral field there would be expected
to occupy singly both thg t2g an@.eg orbitals (a spin-free complex) while
in a strong field only the th orbitals will be occupied (a spln-paired
domplex). Fach bridging hydroxy group has a péir of electrons to contribute
to = bonding in addition to the two pair used'in o bonding to the metal
atoms and the ¢ bond to the hydrogen. If sp2 hyridization is postulated,
then a P, orbital, perpendicular to the ﬁlane of the bridging groups énd,metal
atoms, becomes é%éiléﬁle to allow fqr 5pinfspin coupling through the dxz
and d&z orbiﬁals of appropriate symmetry.. Since ea%b hydroxy group con- %

{
tributes two electrons to # bonding orbitals, a total of fourteen and ten
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electrons, respectively, for the iron and chromium doubly bridged dimeré_',

must be accomodated.

In such dimeric complexes each individual metal atom has a crystal

field of C2v

symmetry (see Fig. lOa).v:Under this symmetry the s, p, and
d orbitals will have symmetry hAl + Aé£+ 2B, + 2B, and the ligands hAl +

B, + B,. For each complex, there are twelve o bonds from the central metal

1 2
atom to eight waters and two hydroxy ligands. There then remain the non-

bonding orbitals, dxy’ dXZ’ and dyz’ of symmetry A2-+ Bl + Bg. Assuming

OH-
OH/

The choice of Cg(x) and Cg(y) axes is srbitrary in D, , but, given a

the M< M group to be planar, the complex as a whole has D2h symmetry.

‘B B, , and B can be formed from

Brg? Beg P Bou 3g

the non-bonding orbitals of the two metal atoms. Since the two atoms are

selection, the orbitals_Au,

Q
rather far from one another - ca. 2.8A using ionic radii - the orbitals
would be expected to be nearly degenerate pair by pair. Using the inter-
action with the = orbitals of the bridging hydroxy groups transforming as

+ + (x - ( i i - :
B3g ng eBlu (xﬂij) results in the following energy scheme

* *

b b b . *
(B, ) (Byg )(B (8D (By ) (8, ) (B5 ) (B, ) (By ) | (V-47)

. The absolute order of the levels is unknown, but the degeneracy has been

split by =w bonding.
With fourteen electrons, the electronic configuration should bes
b (2,4, P\2,, b2 2 2 2,.% 1, ¥\l 0F -
(Bag)™(Bog)™(By )7(A, )7 (B )7 (B )7 (Bo )7 (B, )" (By ), (v-18)
resulting in two unpaired electrons for the iron COmpleié the observed

value in the phenanthroline case. For a chromium (III) dimer with ten
. | A L
electrons, the electronic configuration is: \
© D20 B2/ b2 2., 1 Tin *yim *in ¥ ‘
1B . A 2 V-
(Bag ) (Bog ) (By, )" (By )78, )7 (B, ) (B ) (B My ), (v-19)

y h
i

! ¢

' ¢

3 1
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the cbﬁplex'is predicted to have two unpaired elebtroﬁs._ In_eécﬁ case
the unpaired electrons are‘aséumed tq be.in'the non—bonding dxy orbitals
of appropriate symmetry. But such coupling is not observed and it must
bé concluded that strong n.bonding is not an adequate explanation of the
observed data.

If this statement is true, then the explanation must be found in
the nature of the bridgiﬁg groups and their effect through ¢ bonding.
Evidence for the latter statement can be cited by considerihg.tﬁe effec-
tive magnetic moment for the chromium (III) complexes Earnshaw and Lewis
report, i.e. the phehanthroline, élycine,'and phenylalanine, all strong
field ligands, and this work in which a weak field ligand, water, is present:
in all of these complexes chromium (III) can be seen to have three unpaired
electrons per atom. ©Small J values are also observed. Since similar
complexes for iron (III) - the phenanthroline and aquo compléxés - show
a considerable reduction in effective magnetic moment from a spin-free
system and large J value, the effect must be associated with the bridging
group common to both the Fe ('IIIV) and Cr (III) complexes. In Fe(III)
complexes there are-elegtrons in the o bonding orbitals of propef symmetry
to allow overlap with the hydroxide orbitals. This symmetry requirement
is met whether sp2 or pure p orbitals are posﬁulated for oxygen. There
is no a pfiori reagsoning té allow.:®t bonding thfough hydroxy bridges in the
Fe(III) dimers and to diéalléw it for the Cr(III) dimers unless the
. bridging groups are different - e.g. oxygen bridges in Fe(III) dimers
and hydrbxide bridgesvin Cr(III) dimers. Metal—mqﬁal distances are of thg ﬁ
same oréer of magnitude in both casés. 4

s

Siﬁilar arguments can be applied to the intermédiate - a dimer formed :
i .

by a single hydroxy bridge. From the valueé given in Table X, it can be

1
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seen that the J value is somewhat iarger aﬁd the effective magnetic moment”
of the ihtermediaterreduced proportionately when!compared to the blue
dimer, implying that a somewhat larger coupling of spins has taken place.
Although the © observed is much smaller than the analagous aﬁmine complexes,
, the J value is found within the range of most chrdmium (111) dimeric
species. The spectrum of the sample studied is essentially that of the
dimer in high perchloric:acid concentration, so the presence of monomer
as an éxplanation for the small © value (6 for the monomer is close to
0°) is ruled out. |

The symmetry of the complex as‘a whole is C_ (Fig. 10b) because of
the presencé of the hydrogen on the bridging group while each individual
chromium.gtom is in a crystal field of Chv symmetry. In CLW the s,p, and

d orbitals of the metal atom transform as 3Al +-Bl + B, + 2E, and the

2
six 0 bonds to the ligands as 3Al + Bl + E; Only the dXZJ d , and @
orbitals are non-bonding, ﬁransforming as B2 and E. In a crystal ¢ield
of symmetry CS, the non-bonding orbitals of both chromium atoms can @hen
form the orbitals 2A' + 4A". The chromitm atoms are even farther apart
(k.06 K) than in the doubly bridged dimer and again the orbitals would
all be expected to be degenerafe. However, interaction with = bonding

orbital of the hydroxide ion which transforms as A" produces bonding and

antibonding A" orbitalss
R TON NI oadvadvady
(A") (AT) A" a") A )an)@")a")Aa")(A"). . (v-50)

Eight valence electrons, two from the hydroxide ligand and three from
each of the chromium‘atoms occupy totally the bond%ng-ofbitals and the
~ complex is then predicted to be diamagnetic. X

. i ,
Since the complex has not been found to be diamagnetic, the suppo-

sition of strong = bonding through'the bridge is not supported. There

2 o o S et 430
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is a reﬁuction in effecﬁive magnetic moment, however - somewhat largér

than that dbservéd in the doubly'bridged dimer and the J value is corre-
spondingly almost twice as large. This result may be related to the more
favorable interaction of eiéctrons through the bridge since én angle of

180° rather than 90° is presumed to exist in Cr-g—Cr gfoup. No_énalaéous
complex of iron has been repprted so the éonclusions drawn cannot Se tested
as they were for the doubly bridged dimer. It must be supposed that a
single hydroxy bridge produces a weaker field fhén two such bridges, and

one would predict for analagous iron (ITI) complexes not so a large coupling
of spins - perhaps close to the spin—freé_&alue for an indifidual iron (IIi)_

atom in an octahedral field.

~; (2) Trimeric Species

(a) Triangular Arrangement of Chromium Atoms - For the green

N

trimeric species, two different assumptions were tested in an attempt to

fit the data to a theoretical plot. Kambe's approach3h using as a basis

an equilateral triangle of chromium atoms was first tried. The basic

Hamiltonian following from this assumption is:

=2 008 8t TRyt Inf e (V5L

where Jij refers to the exchange integral between the ith and jth ions,

and 8, is the spin vector on the ith ion. The Jij's andﬁfi's are equal

i
if the three ions composing the éystem are equivalent and arranged in
the form of an equilateral triangle. A structuré proposed for a trimeric
-chromium complex yielding such an arrangement is shown in Fig. 1lla.

1
for the Hamiltonian is:

Letting 8' equal S, + S + §3 and § stand for ﬁi’ the final expression

¢ .
‘\' H
|

=-J (s'(5" +1) - 38 (s + 1)) (v-52)

4
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The expression for the variation of the atomic susceptibility with the

temperature is given byt

2 2 | : ,
- _ gNB 2 + LOexp3x + 105 exp 8x + 168explSx + 16Sexpllx
x5 3kT x 1/3 x { 2 + B0exp3x + 9 exp Ox + BexplSx + 5exp§hx}fN(a)
(V-53)
where x = J/kT and the other symbols have their usual meaning (cf. Eq.:{(6)).

Figure 10 shows the plot of l/XA versus T for an equilateral triangie of
chromium atoms with a g vélue of 1.94, the value’determined for the green
polynuclear species in the ESR measurements. The‘experimental peints are
| indicated and it can be reédily;seen that the slope of the theoretical
lines does not fit the expérimental points. |

(b) Linear Arrangement of Chromium Atoms - A second approach was
tried assuming a linear arrangement of chromium atoms and bridging groups
as shown in Fig. 11b. The essential Hamiltonian for this tyje of structure

is given by

/ - . ' .
d = 200588, * Tp88) (V-54)

where the Jij,s have the same meaning as above. It is assumed that the
exchange integral between the end and central chromium-atoms will be the
same for either end of the molecule and therefore that J12 = J23 = J; 

leading to the Hamiltonian:

# = eris s, + 85°84)- | (v-55)

However, as before, the §i's(i =1,2,3) havé theféamevmagnitude end can
be written as §. Then §,°8, = 5(S + 1) and letting §¥ = §, + §; and gr =

§l + §2 + §3; the final expression for the Hamiltonian will be given by:
_ 3 .

7 Metwn oy e rea port + anata on.

T e e —wmct < . -
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Som FR.

B =5 s+ 1) - 85+ 1) - s¥(sr + 1)) (v-56)

s* - s|, here,

where §% = 25,.25-1, ..0 and §' = S% + 5, §% + S5 - 1, ...
S* = 3,2,1,0 and S' = 9/2, 7/2, 5/2, 3/2, 1/2. The variation of X, With
temperature is then given by the following éxpression:

_ %xgENB2 165exp21x+9kexpl 8x+35expl 5x+9expl2x+35expllx+10explOx
x5 © 3kT Sexp2lx + LexplBx + 3explSx + bexpl?x + 3expllx

+ expl3x+expTx+lOexpbx+35exp5x+10 N N(a)
+2explOx + expTx+2expbx+3exp5Sx+exp3x

.Figure 10 shoﬁs the theoretical curve obfained from this éxpressibn, using
fhe same g value of 1.94. The experimental points can ﬁe seen to lie on

- the curve corresponding to a J value of 21°. Table XTI gi&es the experimental
:data used to célculate XA andvTable XIT the effective magnetic moment at

20°C, the g value, J, N(a) and © observed for the green trimeric species.

Table XII. Reported Values of Susceptibility Parameters
for Chromium (III) Trimer

6

Complex Mopp &t 20°C J g N(a)x10” © Ref
(B.M. )
aq
(aq)),Cr(oH) Cr(0H) Cr(aq)), 3.31 -21  1.9% k2 38°  This
ag work

The only other trimeric chromium (IIT) specieé mentioned in the
literature are those used in the measurements of Welo,,uO intérpreted by
Kambe in terms of an equilateral triangle_of chfomiuﬁ atoms,?h and those
‘of Wucher and Gijsman.ul In the latter iﬁstancg the effective moment
for the trimer t0r3(CH3coo)6(0H)2101-8H20 has beern found to be 3.89 B.M.

per chromium and yields a J value of -15°, assuming the three intefsections

[
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to be equal and using Kambe's definition of-J; .An attempf to consiﬁer

one of the interactions as different from the other two indicated that

fhe suscep£ibility is not particularly sensitive to variations in the J
value associated with this added interaction. The © reported is based on
measurements made very close to liquid helium temperatures, where a sig-

- nificant deviation (antiferromaghetic behavior) from measurements_atvhighef
temperatﬁres is observed,. and is of the order of 0.25°K. Inbthe region

of higher temperature, the © Véiue is of the order of —90;K.

Kambe, using Welo's experimental data on a similar compound, [Cr3
(CH3COO)6(OH)2]Cl°_8/3H20 - © equal to -93°K - assumed an equilateral
triangle.of chromium atomé and found that a J value of 14° fitted his

data. Welo's experimental data provided only a few points and Kambe's

plot of He versus temperature is not a very sensitive criterion for

£t
agreement. - However, Wucher and Gijsman's article indicates that a plot

of l/xA (or l/xM as actually shown) can be closely fitted following the
assumption of an equilateral triangle of chromium atoms for this particular
-complex. A g value of 2 is assumed in both treatments. Actually in these
compognds the bridging groups are not identified;vnor is there any‘ex-
plénation offered for arrangement of ligands and metal atoms in the
complex. ‘

Considerations of symmetry in a linear complex of D2h symmetry
(Fig. 11b) show that the two end metal atoms are in a crystal field of
C2V symmetry while the central chromium is in a field of th symmetry.-
In th the g,p, and d Qrbmtalé have symmetry 2Alg + A?u +'Blg +'B2g + Eg.

oy Bave symmetry 4A1‘+ A, + 2Bl i

The six o<bonds to the chromium atoms are of symmetry 3A1 + A2

* Eg + Eu’ while the same orbitals in C

.+ '232.

+B, +B.and 2o, +A_ + B, 4+ E in C
' 2u 1g u

17 P2 1g

oy and th,irespectively. ‘The

.

e e s ety % os e
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d orbitals of chromium (III) Wthh have not’ been used in o bonding to

the ligands are non-bonding orbltals: A1+B1+B2 for the end atoms and

B + E for the central atom. In D the nonbonding d orbitals trans-

2g g . 2h’

: ' B, +B d A
form as Blg+ 2g+ 3g and 4 ,

_probably all be degeneraté because of the distance between chromium atoms.

B .
1g’ BEg’ Blu’ B2u’ and B3g’ and these w;ll

Since the ﬁ orbitals of the bridging groups transform asntg, B3g’ Blu

the orbital degeneracy should be split, yielding an energy level pattern:

(2B,0)(28,0)(3,0) (8, ) (28, )(B, )28, )(2B, ) (B ), (V-58)

although the absolute order of level is unknown. There are seventeen
valenceelectrons to be accomodated, three from each chromium and two from

each hydroxy group, and the resulting electronic configuration is:

\

(28.2)" (28,21 (5, 2)° (8, (28, )%(3,, ) (8,0) (23,0) (B, ) (V-59)

The. complex is therefore predicted to have only onelunpaired,electron if
strong x bonding is present. Such a large reduction in magnetie moment -is
not observed, the J value is comparatively emall, and once again it can be
stated that n bonding does not seem to play an important role in such

» hydrexy complexes.

(6) Conclusions - Perhaps the most significant conclusions that ean
be drawn from the discussion of these results is that the two dimeric
species are indeed dimeric and represent chromium (III) atoms Joined bya
hgﬁroxy bridges; Avsingle oxygen bridging group has been shown to produce
a strong coupling in the basic rhodo complexes of chromium (III) and in |

such complexes as ClsRuORuCl-g, and there is a marked change in the visible-
uv spectra of the oxygen—brldged complexes. Some ahtiferromagnetié-
character (J < 0) can be attributed to the chromlum polynuclear species

reported here; but the coupling as measured by the J value indicates
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that the éxchange interaction is of siighﬁ'magnitude;»HSchaffef_éndwEarn— y
shaw and Lewis have offered as an explanétion for the obserfed_slight
coupling in such chromium (111) complexeé the deviation froﬁ'180° angle
between Cr-0-Cr atoms when they_are joined by a hydroxy rather than an

oxygen bridge. However, Kobayashi, Haseda, Kanda, and Morihg'postulate

' that the angle is almost 180° in the acid rhodo complexes they studied,

even though there is a hydrogen on the bridging group.

The greénprlynuclear séecies has béen shown‘to fit the susceptibility
data as a linear trimer joined by hydroxy bridgés. This is in a sense a
more satisfying arrangement than an equilateral arrangement{of'chromium

atoms since higher polymers of chromium (III) have been observed as bands’

- adhering to an ion-exchange column under conditions where the green trimer

is elﬁted. A linear arfangement is more satisfactory since the end of the
chain is left open and additional chromium atoms can be linked to either
end, thereby efficiently building up a chain p¢lymer..AThisbsort of be-
havior has been postulated for other metal ioné in solution; e.g. Fe(III)

and Al(III).

e
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3. Electron Spin Resonance Measurements of g Values:
Figure 13 shows the electron spin resonance sPéctra obtained for the
four species: monomeric chromium (III), the two dimers, Cre(OH)£+ and
5 . -

+ : -
(OH)Z . The presence of some monomer in all

+
CrOHCr~ , and the trimer Cr

3
.samples of polynuclear species is not unexpected but-doés not exceed 1%
in either the dimer or trimer samples. The intermediate was prepared
from a péncentrated dimeric sample, refrigerated for three days before
use, and under the conditions of its preparation might be anticipated to
contain a large quantity of monomer. The sharp-peaked spectrum of the
monomer, nearly equivalent in height to the polymers themselves in the
dimer and trimer spectra, is somewhat misleading if one supposed that the

height of the signal is proportional to the concentration of the individual

species. In derivative ESR signals such these the concentration is pro-

portional to the square of the width times the height. Asymmetry of the
polymer signal contributes additional complications to the resolution of

the spectrum.

The g values computed from these studies are given in Table XIII.

Table XIII. g Values of Cr(III) Species in Perchloric Acid - ¢
Solution at 20,0°C (v = 9102.46 Mc) :

. Complex g : H (in gauss)
, monomer 1.980 157
' dimer o 1.976 * ~5X monomer
: intermediate - 1.916 o ~Lx monomer
trimer 1.942 479

in concentrated perchloric acid. "

i - : _
r .

o . i
i The g values might have.been anticipated to lie c}oée to the spin-only

1
i

value of 2.002 since it can be shown for Cr(III)u3 in an octahedral field
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 Fig. 13 ESR spectra of chromum (III) species
(A refers to an instruméntal signal.)
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“that o , : ,
g =2.002 - (8/3)(0/8) . (v-57)

. where A is the spin—orﬁit coupling constant - positive for elements with
less than half-filled shells - which is calculated‘from optical spectroscopy
measurements and is reported as 273 cm_l for Cr(III); and A, the ligand
field'splittiﬁg for octahedral complexes (MAeg - LLTeg;transition) which is
of the order of 17,500 em b for the chromium_(III) complexes reported here.
For F states g is expected to be isotropic and Cr(III) has a ground étate

L
~of F For all species studied in this work A shows only a slight

3/2°
varigtion and consequently no significant deviation from the calculated
g of 1.960 would be anticipated. Clearly the approximations in the above
formula are not adequateAto explain the g values in detail. |
It is difficult to draw any conclusions concerning the‘relaxation time

since there are several factors contributing to the broadening effect which
must be considered. Iﬁ has been assumed that any anisotropy in the g
values of the complexes has been cancelled by the rapid tumbling of the
cdmplexes, but such may indeed not be the case. Further studies would have
to be carried out at other,temperatures (practically, at higher temperatures)
to observe change in the line width. Unfortunately this does not seem to
be plausible for the blue'dimeric species since preliminary studies show that
it begins to convert to the monomer at more elevated temperatures and
the line narrowing is obscured by the sharp resonance of the monomer.'
Intermolecular effects, comparable to concentration breadening, ﬁight
also be a contributing factor. : L

‘.An interesting sidelight resulting from thesé sﬁudies is the possiF
bility of following the decomposition-of the dimergto the monomer by-

changes in the line width. The very broad resonance of the dimer-is
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eésily obscured by the sharp and very strong resonanbe signal of the
monomer. Preliminary studies oh the variation of liné wiath with time
pointttoﬁfhe pqgsibility of,foilowing.the Rineticsvof decomfosition by
this means. Sinc;5;\givenmtemperature can bhe readily:maintained and

measured quite accurately, it should be an interesting and comparatively .

easy way to check the decomposition of the dimer at higher temperatures.

4. Attempts to Prepare Crystals

Fresh samples of the blue dimer‘werevprepared by ion-exchange tech-
niques and approximately 100 cc placed‘in a flash.evaporator. The solu-
tion was allowed to evaporate under 200 microns of pressure to a final
- volume of 10 cc. $Small portions of this material, ca. UM in Cr(III), were
added to concentrated perchloric acid and a fine blue, crystalline material
was immediately formed. The green perchloric acid-Cr(III) supernatant
.was decanted off and the solid materiél resuspepded in concentrated
perchloric acid. The procedure was repeated until no trace of green
appeafedfin the perchloric acid. The solid in contact with 11.6¥
perchloric acid was left at foom temperature in a cloéed vessel and in

a few hours' time the soiutign bécame colored a deep blue. .The spectrum
of the solution was imilar to that of the blue dimer although not identi-
cale |

The green supernatant formed crystals slowly on standingvand.the

spectrum of these dissolved in both dilute and concentrated perchloric

acid was that of the monomer. FPowder patterns of both types of crystalline -

material were taken and the two materials found to be very different.

[y

Single crystal work on the purple cubic crystais from the green supernatant

{
{
|
\
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established them as Cr(H20)6(ClOu)3.' A single crystal 6f the fine.powder,’

hexagonal in form, was mounted in an k-ray capillary tube but turned brown :..

under radiation. Further attempts to grow sufficiently iarge crystals
of this material have been uniformly‘unsuccessful. The powder pattern'
- is sharp but very complex.

-During the course of preparation of a concentrated dimeric solution,‘
it was found that the concentrated dimer crystallized in the flask as it
was being evaporated under vacuum. The crystals formed were too small to
furnish single crystals for x-ray work. |

“When 12 M lithium perchlorate was tried as a medium in which to form
crystals of the dimer - a dependence on perchlorate ion concentration
seems to be the essential factor in initial formation of the crystals -

.1t was observed théﬁ‘cnly fine crystals of lithium perchlorate formed.

[,

v L
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

.A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report. '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract ’
with the Commission, or his employment with such contractor.
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