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HYDROLYTIC POLYMERIZATION IN Cr(III) SOLUTION 

Sister Gertrude Thompson 

Department of Chemistry 
and. Inorganic Materials He search Division, 

Lawrence Radiation Laboratory, 
University of California, 

Berkeley, California 

ABSTRACT 

To establish the formulas of two hyd.rolytic -chromium (III) species, 

equilibrium measurements of the formation of a dimer, Cr2 (OH);+, and 

trimer, cr
3

(OH)E+, from monomeric cr(H20)g+ have been carried out using 

ion-exchange analytical techni,ques. The decomposition in acid. soh.ltions 

of the-dimer can be followed spectrophotometrically and apparently occurs 

by way of a singly bridged dimeric intermediate, CrOHC~5+. Since appreciable 

concentrations of the intermediate may be prepared., the rate law for the 

reverse action - intermediate to d.oubly bridged dimer - can be readily de-

termined: first order in chromium and pred.ominantly 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 intermed.iate to monomer can also be followed and has 

been found to be first order in chromium and hydrogen ion independent. 

Freezing point depressions at the ice-perchloric acid hydrate eutectic 

have served 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. 

ESR measurements of three polynuclear species and the monomer were 

carried out to determine the g value fOl;" each·species. Following the method 
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of Kambe, the variation of .the magnetic susceptibility as a function of 

temperature was fitted to a theoretical plot to determine the degree of 

coupling of spins on adjacent chromium atoms and the nature 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 

compounds by Earnshaw and Lewis. Comparison with analagous iron (III) 

dimers indicated that strong n-bonding of the hydroxy groups cannot account 

for the observed coupling constants and that the results for complexes of 

both metal ions may better be explained in terms of cr bonding. On the 

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

~\ 
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I. INTRODUCTION 

Since the second World War, the field of aqueous solutions of inorganic 

compounds has been a fertile one, producing interesting investigations in 

many directions. Metal ion complexes, in particular, have been studied most 

closely with respect to the kinetics and mechanism of their formation and 

the equilibria occurring in such solutions. Ligand field theory has been 

developed and applied. to the complex of problems uncovered in the f:!ourse of 

research in the hope of providing a theory central to their understanding. 

Several of the investigations have centered on the nature of the 

metallic ions themselves when dissolved in water a~d complexes derived from 

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

existence of polymeric species to account for the experimental data; 
1 

Sillen 

among others has stressed the importance of this consideration.. In fact, 

simple hydrolysis, polymerization of hydrolysis products, successive hydl'oly-

sis of the polymers themselves, ion-pair formation - all these factors tend 

to occur.in solutions -to a greater or less extent and to make it difficult 

to disentangle the influence of one ind.i vidual factor from that of another 

in the morass of data. 

Somewhat different approaches have been attempted to resolve the diffi­

culties: ultracentrifugation has been usedj2 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 highly charged or smeli ion and under conditions 

of low aC1d1ty;3,4,5 pH measurements 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 spectrophotometric method.s can be used. 7 Conductometric and NMR 

. 8 9' measurements have also been used to investigate these systems. ' 

In most cases studied the solutions represent a mixture of species and· 

the data correspondingly reflect uncertainties with respect to statements 

about individual complexes. Equilibrium constants are not easily obtained 

nor are details of the structure of hydrolysis products. Systems of inert 

complexes, i.e. those for which substitution reactions do not reach equili-

10 brium wi thin the time of mixing, as d.efined by Taube, can however be 

studied and kinetic methods as well as a number of equilibrium methods can 

be called upon to yield stability constants.. Among such systems which have 

been most widely studied. are octahedral complexes of d3 and spin-paired d
4, 

d 5, and d
6 

metal ions, all of which have been predicted to be inert by both 

ligand-field. and valence-bond theory. 

Chrom~um (III) complexes present an opportunity for study 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 composition.
ll 

After 

correcting for hydrolysis of the monomer, he attempted to explain the hydrogen 

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 their 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 

4+ )6+ ) )6+ producing the species (CrOH)2 ' (Cr(OH)26 ' and (Cr(:OH 2.5 12' He reported 

equilibrium constants for their formation, although i~ was impossible to 

ascertain both the degrees of hydrolysis and polymerization simultaneously 

and unambiguously. 
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Since Bjerrum! swvr~,. a number of other investigators have reached 

the same conclusion about the fonnation of 'a binuclear complex. Stiasny 

and Balanyi
12 

postulated the fonnation of "01" complexes in basic chromium 

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

/ OH,. 4+ 
(H20)4 Cr'. OH /,Cr(H20)4 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 

4+ 
form the complex Cr20 . 

In the course of some cryoscopic work. in saturated solutions of po­

tassium nitrate, SOUChay14 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-one mole ratio, could best be explained by the 
4+ -

presence of a chromium species'having the fonnula Cr2 (OH)2' 

Hall and Eyring15 noted that chromium (III) nitrate solutions become 

acid.ic 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 detennined by their measurements. 

More recently, Laswick and Plane16 and FinhOlt17 have succeeded. in 

isolating individual hydrolytic species by. ion-exchange techniques from 

refluxed chromium (III) nitrate and perchlorate systems. Three different 

species were characterized; 1) a purple monomer, C~(H20)g;; 2) a blue 

polymeric species - with a 

. ()4+ 4+ elther Cr2 OH 2 or Cr20 

charge of 2+ per chromium 1and assumed to be 

since species of both kinds are known for 

chromium dimers; and 3) a green polynuc~ear:' species": assumed to be trilneric, 
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either Cr
3

(OH),+ or cr30~+, with a ratio of 4 OH- groups to 3 Cr(III) atoms., 

The charge-per-species experiment$ of both groups of investigators were in­

conclusive for the polymers, but subsequent work of Ardon and Linenberg
18 

using freezing point depressions in 41.7% perchloric 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 established 

as identical to the blue species19 and it is with this material that Ardon 

20 
and Linenberg worked. Plane and, Kolaczkowski have interpreted their work 

18 
with 0 -enriched water to prove that the bridging group in this same species 

is not an oxygen bridge but rather two hydroxy bridg~s. 

It was decided to investigate these 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 ... 

17 ' sition of the blue dtmeric species, reported by Finholt 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 

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

the polynuclear species existing in solution. 
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II. APPARATUS AND. EXtUIPMENT 

Absorption spectra were measured on a Cary recording spectrophotometer; 

both Model 11 and Model 14 were useq.. The wavelength scales were calibrated 

by checking the. emission spectra from hydrogen and mercury discharge lamps. 

The absorption spectrum of a particular substance was obtained by recording 

the spectrum of the solution in a quartz cell versus air, then measuring 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 maintatncd at con-

stant temperature 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 
o 

at a specific wavelength (2700 A) 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 water-cooled 

magnet from Spectromagnetic Industries (Model 4-100) and a Mettler balance 

equipped. with a Vernier gauge enabling readings to be made to the nearest 

10 micrograms. A simple Guoy tube was used for the measurements; it was 

calibrated by making measurements with an aqueous solution of· nickel 

chloride (23.88% nickel by analysis). An aluminum chain was attached to 

the pan of the' balance and, the tube suspended from this between the poles 

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 

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 

21 
to those described by McMullan and Corbett. The double-walled cell, to 

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

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

The solution was stirred by means of a small Teflon- or glass-coated stirring 

bar. A Veco thermistor (#32All) was used for the temperature measurements 

during which time it was kept in a small, thin-walled glass well filled with 

petroleum ether, in thermal contact with the solution. Resistance measure-

ments were made using a Leed.s and Northrup Wheatstone bridge (Test Set #5305), 

a Honeywell galvanometer (Model 104wl), .and a 1. 5 volt external battery. 

The thermistors used ~rere calibrated with an alcohol thermometer and checked 

against a thermocouple to take inLo account stem-warming. 

Hydrogen ion concentrations in the low-acidity kinetics experiments were 

-2 
checked on a Bec.1anan Model G pH meter standardized against 1. 00 x 10 M 

perchloric acid in 2M LiCI04 in a few instances, but were determined 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 lower end and 

widening to 2.5 em at the top' •. The top' of the tube was filled with a 

saturated KCl solution into which the calomel reference electrode was placed. 

This measure was called for because a precipitate of potassium perchlorate 

is formed when the calomel electrode is placed. directly into perchlorate 
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solutions and the pH readings obtained are correspondingly irreproducible j 

and inaccurate. 

For the equilibrium measurements a small insulated copper block was 

maintained at constant temperature by water from the temperature reservoir 

Circulating through the block. Three wells in the vessel held 100 cc, 

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 24 hours prior to measurement and the 

beakers into which the equilibrated solutions were placed, preheated. pH 

measurements were mad.e 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 Beckman Research 

pH meter, calibrated with a ·chilled pH 4.00 buffer, all at 0.8°c. 
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III. REAGENTS AND ANALYTICAL PROCEDURE 

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

Cr0
3 

with 30% hydrogen peroxide in the presence of excess perchloric acid .• 

Chromium (II) perchlorate was prepared by passing 'some of this stock solution 

through a Jones Reductor into a nitrogen atmosphere, following Finholt's 

.17 ( ) procedure. Most of the ion-exchange separations of chromium II oxidation 

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

resin. The resin was obtained from Bio Rad Laboratories, Richmond, Callfor-

nia. Refluxed solutions were also separated on Dowex resins: 50W-X4 and 

50W-X2, 200-400 mesh, AG, cation-exchange resin. 

A stock solution of sodium perchlorate was prepared by treatment of AG 

sodium carbonate with a small excess of perchloric acid and. the solution then 

adjusted to a pH of about 6 with sodium hydroxide. A stock solution of . 

calcium perchlorate was prepared by the addition of excess AG calcium oxide 

to perchloric acid, filtration of the calcium 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 prepared and converted to the 

hydrogen form by washing with 2M HC1. 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 top of the column, the displaced hydrogen ions' 

washed from the e'olumn and',titrated with standard N~OH to determine the 

number of equivalents of charge. 

Lithium perchlorate and calcium perchlorate, obtained from G. F.· Smith, 

were used without further purification. 
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All perchloric acid sOJ:tl:t·:Lops were prepared by d.iluting 70% doubly 

distilled G. F. Smith perchloric acid. All other chemicals were reagent 

grade and. were used'without further purification. Ordinary distilled water 

was used throughout this work. 

Chromium concentrations were normally determined spectrophotometrically 

as Cr04= at 372 m~ with € = 4.81 x 10- 3•
22 

Chromium (III) was first oxidized. 

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

Standards for reference were prepared by diluting weighed, dried samples 

of potassium dichromate to known volumes with 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 

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

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

perchlorate solutions the following procedure was used. A column of Dowex 

50W-x4, 200-400 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 th~ 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 the concentration of the thorium perchlorate solution 

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 polynucl.ear 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 each of the three components: the purple monomer which 

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

specie~, which is always a minor constituent, following immediately behind 

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

the dimer, which is at the top of the resin and is ploved most slowly down 
, 

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

a green color, presumably higher polymers of consequently n~gher charge are 
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be noted that only small quantities of the pure polynuclear species can 

be obtained. in this way for further study. The band fronts of each species' 

are sharp but not always f~at and in many instances are sooadly tipped that 

the pure blue species is often only a sample'of approximately one cc in 

volume. 

The spectrum of each fraction from the column was taken, the chromium 

(III) concentration determined, and the absorbance per gram-atom of chromium 

calculated. (See Fig. 1) These spectra were compared with those reported 

by Laswick and Plane16 and Finholt. 17 They check well with the spectra reporte:: 
--. 

~ ..... 
by Finholt .. Laswick anu<P"l,ane '.s results have the same general appearance 

but appear to be uniformly shifted upward in absorbance units. This could 

be ~ttributable to a constant error in chromium (III) analysis; lanthanum, 

a foreign ion present as the eluting species in the polynuclear f~'actions 

isolated by their procedures, should not interfere in the determination 01' 

chromium concentration. The absorbance at the maxima are gl.ven in Table I 

for each of the species as reported by Laswick and Plane, FinhoJJ:;., 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. The oxidation product was then applied to a previously prepared 

column of Dowex 50W-X8, 200-400 mesh, washed with water, and the chromium 
'I 

species eluted by displacement" with a 1.2N solution\of thorium perchlorate. 

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

i 2+ 
these solutions and from its spectrum id.entified as CrCl ,preceding the 

violet band of chromium monomer - about 10% of the total concentration, and 
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Table 1. Absorbance at the Maxima of Chromium (III) " 
Species Separated by Ion-Exchange 

Species A(m~) A(m~) 

monomer 574 13.4 408 15·6 

575 13·1 408 "15·3 

582 18.9 418 22·5 

Blue species 580 17·2 416 20.1 

580 17·3 416 20·3 

580 19·7 426 31.4 

Green Species .582 18.0 424 28.1 

582 18.2 424 29·4 

Ref. 

(16 ) 

This work 

(16 ) 

(17 ) 

This work 

(16 ) 

(17) 

This worle 

a dense bJ,ue-green band extending to the top of the column immedia tely behind 

the monomer. After displacement of these bands, some green-colored chromium 

(III) species remained strongly absorbed by the resin, When a resiD of 

lower cross-linkage is used, some of this green material is also eluted. 

Spectra of the grccn~material eluted under these conditions is essentially 

that of the green polynuclear·::;pecies. It may be noted that these results 

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

since several chromiwa (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 twoCr(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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necessity producing zinc ions in solution. These latter would not be expected 

to play any significant role in the oxidative process. The presence of a 

2+ 
small amount of CrCl can perhaps be explained by the known lability of 

Cr(II) ionsjwith the presence of a small amount cif chloride in the perchloric 

acid or on the surface of the zinc amalgam, upon oxidation of Cr(II) to . 

Cr(III), the inert Cr(III) complex would not readily exchange its chloride 

ligand. 

The spectra of three other Cr(III) species are included in Fig. 1: the 

monomer, hexaquochromium (IIlL 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 

d.iscussed in the section dealing with the kinetics of the decomposition of the 

dimer. 

All work was carried out using chromium (III) perchlorate solutions to 

minimize complex formation as completely as possible. 

A. Equilibrium Constants 

The main problem to solve in the determination of the equilibrium constants' 

for the formation of the polymeric species was one of analysis.- for the concen-

tration of chromium species and. hydrogen ion. The latter was solved by 

pH measurement. The concentration of the individual chromium species proved 

more difficult to' obtain • 

. 1. Separation and Analysis 

There are reported in the literature two different methods for separating 

. hydrolytic chromium species from on~ another, both emplOying ion-exchange 

16 
techniques. Laswick and Plane . have found that a series of eluants can be 

used: 1.O~ perchloric acid to elute the monomeric hexkquochramium (III), and 

two different concentrations of lanthanum perchlorate, O.O~ and 0.20M in 
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solutions of pH 2,to elute the blue and. green polynuclear species, 
.i 

respectively. However, there is question of significant breakdown of the 

blue fraction sorbed on the column under these conditions of elution: a 

small band. of monomer is eluted. ahead of ·the blue fraction when the O.02M 

lanthanum perchlorate solution is being used as the eluant. A second 

consideration must be given to the length of time the sorbed fractions 

remain on the resin: the time required. to elute successively each of the 

three species, using d~fferent conditions, is of ' the order of days rather 

than hours, under the conditions employed in the present work. 

The second method, displacement by thorium perchlorate, was developed 

by Finholt17 and has been used in the course of this work to obtain samples 

of pure polynuclear species. The advantage of using displacement 1:'<. Lher 

than elution lies in the fact that none of the displacing agent appears 

in the 'fraction 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 constltuent 

in all instances, is collected, 'it is contaminated ",i.th some of the purple 

fraction preceding it and the green fraction following it. Since the ab-

sorbancies of the three fractions do not d.iffer widely from one another at 

any point in their spectra, individual 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 present. Such conditi<?ns cannot be assumed, , 
however, s~nce higher polymers have been observed on ion-exchange columns 

as bands held more tightly than the· green polynuclear species and there is 

I. 
, 
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no reason to exclude hydrolysis products under the conditions of acid.ity 

present in equilibrated solutions. Further, to achieve a rea~ly accurate 

and clean-cut separation of the species, Finholt used a colloidal form of' 

Dowex 50W-Xl2- no~ili10J)t~inable - which of necessity has a very slow flow 

rate, and as a consequence the ion-exchange separation takes several days. 

The time factor again calls into question the use of a more selective 

resin at the cost of longer residence-time on the resin, which may result 

in changes in the concentration of the different sorbed species by decom-

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 agent 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 d.ifferent concentrations for effecting successive displace-

ments. To do this it is necessary to remove the agent from the column 

between each pair of displacements. One way of accomplishing this removal 

is by complexing the eluant cation so that it may readily be replaced by 

a singly charged cation on the resin column. Since the chromi~ 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 varying concentration - as. the complexing ion were 

tested. It was found that l.q~ Hg (CI04)2 pushed off the purple monomer 

and just began to elute the other two species. The resin, then saturated 
\ . 

with Hg(II) ions, was treated with the chloride solution. At the concen­
'\ i;, 

trationstested., the chloride ion was observed to cOmplex all the chromium ;' '1 

\ ~ 
species ast',well as the Hg(II). This may be explain~d in part by the fact 
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that water molecules are found to be more labile in -the presence of an 

hydroxide ligand on the same metal atom and. the chloride ion may complex. 

the polymeric forms more rapidly than it complexes the hexaaquochromium 

(III) • 

A second. technique can be envisioned in which an anion of the eluant 

complexes the chromium species itself. While in most cases complexing of 

chromium (III) is very slow, with a few anions it is rapid.. The anion 

might be something li~e mo~ybdate ion, used by Hall and Eyring15 in studies 

of refluxed chromium (III) nitrate solutions, where the oxygen of the water 

is presumed to remain attached to the chromium as the molybdate d.isplaces 

the hydrogen ions of the water. 

Another technique that can be employed is 'successive displacement by 

a series of cations,. all bearing the same charg,e but differing in radius. 

This condition is satisfied. in a family like the alkaline earths where the 

elements have a conunon oxidation state of two and. differ only in the size 

of the cation, the rad.ius increasing as the nuclear charge and. electron 

cloud increases. The charge to radius ratio decreases in the series and 

Ca(II) < Sr(II) < Ba(II) becomes the observed order of selectivity orl a 

resin. The procedure used is outlined as follows: the monomer is dis-.. ' 

,placed from the :resin using calcium perchlorate as the eluant; the con-

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 until::,the calcium-strontium interface reached 

the front of the blue polymer band, and then the s,trontium .concentration 
\ 

would. be raised to d.isplace the polymer. The procJss would then be re-

peated using barium perchlorate to d.isplace Sr(II) Jnd finally the green 
I 

polymer. In practice, when Ca(II) has been used to d.isplace the monomer 
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from the resin, it is not pushed from the resin by the Sr(II) before it 

has succeeded in eluting the blue spe'cies • However , calcium perchlorate 

can be used to achieve separation of the individual species on the resin, 

since it elutes the two polynuclear species at different· rates. 

Still 'another method. was suggested by the observation that the in-

dividual bands are widely separated on a' column of Dowex 50W-X4 after 

partial elution with calcium 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 

hydrog~n 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. badly tipped. fronts were observed when this was 

tried. Since the end result was a separated species being eluted by 

thorium rather than calcium perchlorate, it was decided. to continue the 

study of equilibrated solutions using calcium perchlorate as eluant, in 

the separation of the species for analysis. ' 

2. Experimental Procedure 

A stock solution, 1.0 M in Cr(III), was prepared. by reducing Cr0
3 

with hydrogen peroxide in the presence of an excess of perchloric acid, 

and determinations of the approximate perchloric 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 

. ', 12 13 
and the amount added have a pronounced effect on the products formed. ' 

Equilibrium studies were carried out with two\series of solutions, 

each with an ionic strength of 1.00 maintained by 'suitable amounts of 
- I 

sodium perchlorate: the first series had a chromium concentration of 
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0.1QM" the second. a chromium concentration of 0~025M. These studies were ,. 

carried out at three different temperatures: 6T.50(±.05)QC, 50.00(±.05)OC,· 

and 37.50(±.05)QC. 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 ha~l already been equilibrating and the pH checked 

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

refluxed f<?r 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 depend.ence of the equilibrium constants on ionic stY'E-"ngth, 

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 4 buffer standardized at the same temperature. The 

values used for the pH 4 buffer at each temperature were as follows: 4.03 

at 37.5°C, 4.08 at 50.0°C and 4.12 at 67.50°6. 23 The solutions themselves 

were then quickly quenched by transferring them to smaller, chilled vessels 

immersed in an ice-bath. Aliquotsof the chilled solution were withdrawn 

by pipet and applied. to prepared columns of Dowex 50W-X4 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 a 

typical run, a column of' Dowex 50W-X4, 1.0 cm in diameter and 37.5 em 

in he~ght, was prepared in the hydrogen form and 21.00 cc - in 3.00 cc 

aliqu6ts :"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 passed through the resin, the 

band. front of a dense purpiLe fraction, 5.5 cm in length, had moved 24 

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 band.s 

increased. The flow rate was kept at 0.5 cc/minute. After 60 cc of cal-

cium perchlorate had. passed through the resin, the purple 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 still-d.ense green band and both 

were being moved down the column. After 170 cc of eluant had. passed ~hrough 

the column, all of the blue polymer was eluted and only the green material 

remained.. This in turn 'was eluted. as a single sample. The samples were 

collected in volumetric flasks of appropriate sIze and. the fractions diluted 
.. 

to the mark. The spectrum of each fraction was taken and the chromitnn con-

centration d.etermined using the molar extinction coefficients for the 

various species reported in this work. 
, 
r~ 

Two columns loaded with samples from each solution were run simul-

taneoU'sly, using a single eluant reservoir for both columns. -If samples 

t 

t , 
of the green polymer were left over-night on a column in contact with the t 

.. ';.',.,."" 

eluant, a signific~mt change was .observed in the spectrum of the eluted t . 
r 

polynuclear species in the n~~r-IN region. 
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B. Kinetics 

The doubly bridged chromium (III) dimer, cr2(OH)~+, decomposes in 

acidic solutions at a measurable rate according to the net reaction 

Finholt17 observed that in solutions of moderate acidity, ca. 6M HC104, 

the absorption spectrum showed a small relatively rapid change, followed 

by a much slower change to give Cr3+. The investigation of this effect 

has led to the establishment of the existence of the singly bridged dimeric 

5+ . 
species, CrOHCr ,and a knowledge of the mechanism of the decomposHion 

of the doubly bridged d.imer. The decomposition can be conveniently 

followed spectrophotometrically since a region where the two complexes 
o 

are sufficiently different in absorbance does exist: at 2700 A the ab-

sorbance per chromium of the monomer and the dimer are 4.4 and 2B.1. re--

spectively. There is no indication that association with the perchlorate 

ion occurs since no change in the spectrum of either species i8 observed 

with increasing perchlorate concentration. 

Fresh samples of the blue dimer were prepared for each set of experi-

ments by ion-exchange separation of chromium (II) oxidation products. For 

the studies in acid media - 1. 0 to 7. 7 ~ in perchloric acid - appropriate 

dilutions of concentrated 70% perchloric were mad.e and the acid solutions 

thus prepared kept at the desired temperature in a water bath until the 

chromium solutions were added • 

. The first series of experiments was designed to follow. the over-all 

decomposition of the dimer to the monomer. It was postulated tr~t the 

observed two-step process goes by way of a singly-bt,idged intermediate, 
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the doubly-bridged dimer breaking one of the bonds to a bridging hydroxy 

group and the resulting complex simultaneously picking up a hydrogen ion 

and water molecule from the acid medium, thereby forming an intermediate, 

CrOHCr5+, which in turn slowly breaks down to the monomer j according to q' 

the following reactions: 

5+ = Cr-OH-Cr + H20 (III";l) 

(III-2 ) 

To study this set of reactions, 500 ~ portions of fresh dimer were 

injected into 10.00 cc of acid of varying concentrations, maintained ~t a 

fixed temperature and. contained. in beakers thermostatted at the same 
. .' 

temperature - mixed. thoroughly, transferred to closed. quartz cells, ~.Ocm 

in length, and. ~he first readings taken within 0.75 minutes. The reaction 

mixture, contained in cells during the course of a run, was kept at con-

stant temperature in a water-jacketed cell holder withi~ the temperature-

controlled sample compartment of the Cary spectrophotometer. The tempera-

ture of the cell-holder was assumed to be 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)OC. No 

attempt was made to maint.ain constant ionic strength. The chromium con­

centration was kept at or near 3.3 x 10:"'11. for all runs. A second. set 

of experiments was run to establish the dependence of the reaction on the 
'I 

\ 
concentration of the dimer:. the chromium concentration was varied by 

2-, 5-, and 10-fold factors but the acid conc entra-ti on was held fixed at 

5· 7!i. 
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Working from the premise that an equilibrium exists between the two 

chromium (III) dimers, it wa~ postulated that the equilibrium could be 

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 

concerning 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 4M in chromium (III), were added to equal volumes of 

concentrated. perchloric acid and allowed to react at room temperature for 

periods of thirty minutes to an hour. The remaining concentrate was kept 

at 4°c until 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 quartz cells within the 

temperature-controlled cell compartment; the c.oncentration of the lj.thium 

perchlorate solution was chosen to assure a final ionic strength of 2.00. 

The solutions were thoroughly mixed and, the change in optical d.ensity with 

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

runs were also carried out at 15.7°C. Lithium perchlorate was chosen as the 

supporting electrolyte since several studies have indicated that little 

if any change in activity coefficients is observed when lIthium perchlorate 

is substituted for perchloric acid in solutions of constant ionic strength.
24 

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

chromium (III) concentration of the reacting mixture and the d.egree of 
, 

change in optical activity which could. be conveniently and accurately 

measured. The range of hydrogen ion conc~ntration in the solutions measured 

extended. from 0.005 to 1.gM. Dependence on the concentration of the 
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intermediate dimer was determined by maintaining a given hydrogen concen-

tration by the addition ofperchloric acid while varying the amount of 

equilibrium mixture - and hence the chromium concentration - to be added. 

The second procedure followed was based upon a reversal of the 

equilibrium between the dimer and intermediate by a partial neutralization 

of the solution. Fresh dimer was added to an equal volume of concentrated 

perchloric 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 perchlorate, con-

tained in preheated beakers and maintained at the desired>temperature, 

and a saturated solution of sodium bicarbonate at the same temperature 

was run in from a pipete, while the solution was vigorously stirred. As 

soon as the reaction with sodium bicarbonate ceased, the solution was 

transferred to a preheated quartz cell, placed in the thermostatted sample 

compartment and the change in optical density with time recorde~. The 

first readings were obtained within one minute of the initial injection 

of the equilibrated solution. The same chromium (III) co~centration was 

used in all runs (2.7 x 10-2~) and the ionic strength of the solutions 

was maintained at'·2 ... ~Q9 by varying the concentration of the sodium perchlor-

ate solution to take into accoulit the amount of added sodium bicarbonate. 

The same temperature range was covered in this series of runs: 25.0, 

35.5, and 45.0 (±.l)OC. As an additional check on the dependence of 

the 'rate on the intermediate dimer concentration, dilutions of the 

equilibrated solution with sodium perchlorate were made to yield solutions 

of the same final hyd,rogen ion concentration and ioniC strength but 

varying chromium (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 dimer 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 

18 the. blue species has been carried out by Ardon and Linenberg. 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 "Till 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 vary only slightly at low concentrations of the 

solute and the var1ati~~ itself to be linear,25 the assumption seems a 

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

number of metal perchlorates and found to be 4.43°/mole (±7%). 

The depression of. the ·freezing pOint depends only on the number of 
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parti~les 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 out, the actual 

charge of the complex is not a factor and only the number of foreign ions 

in solution is importantj therefore formation of outer sphere complexes 

does not affect the freezing point even though it ~ay change the charge 

of the complex. 

There are several reasons for rep6!ating the work on the d.inuclear 

complex. Ard.on and Plane have established that under their conditions of 

preparation only one chromium (III) species is present and that i.t is the 

same species that has been isolated from refluxed solutions. 19 Thus, for 

the measurement of freezing point depression, Ardon and Linenberg did. not 

purify the chromium (II) oxidation pro?uct but used it as it was prepared. 

As stated earlier, several chromium (III) species are observed when the 

Cr(II) oxidation product prepared by reduction with zinc is separated 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 species being studied is in doubt, since 

the eutectic has a perchloric acid concentration of 5.27N. 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 blue species is present; 

rather, it seems likely that 50-75% of the solution exists as the inter-

mediate. Since it is postulated that the intermediate, too, is a dlmer, 

it would be antiCipated that no change in the observed freezing point 
\ 

depression would result. To test this hypothesis,\ two different methods 
. 't 

of preparing the soluticmi'or measurement have beeni employed. To test 
i 

the assumption that the blue species is a dlmer, some of the material is 
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injected into chilled perchloric acid (-35-40°c) and then cooled.the 

rest of the way to the freezing point. Under these conditions, the material 
, 

should. still remain as dimer. This solution can then be allowed to warm 

up to room temperature to allow for the formation of the intermediate and. 

be chilled again; or fresh blue material can be injected into the perchloric 

acid-water solution at room temperature and allowed to equilibrate for a 

half-hour before chilling; The rate of cooling is much more rapid ini-

tially than that used by Ardon and Linenberg so as to avoid formation of 

monomer. For the study of the trimer, chilled solutions of the perchlorate 

acid-water mixture are used, the green species is injected. with cons"tant 

stirring, and the solution chilled to the freezing point. Follm.;ring the 

suggestion of Ard.on and Linenberg, 41.7% perchloric acid rather than the 

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

thereby make the detection of the freezing point easier. 

2. Magnetic Susceptibility 

'J;'he magnetic properties of several d.inuclear complexes of' chromium 

26 
(III) have been investigated by Earnshaw and Lewis. These complexes 

are of interest since interaction between the metal atoms is found to 

depend. on both the number and the' nature of the bridging groups. Kolacz-

20 kowski and Plane have shown that the bridging groups in the blue dimer 

are hydroxide 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 angle \in the M-OH-M group also 

plays a role in the degree of interaction between the metal atoms. 

Freshly prepared. samples of monomer, dimer, and, trimer were prepared 

from appropriate solutions by ion-exchange techniqU~k: the monomer and 
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trimer were isolated by displacement of a refluxed solution of 10 O~ ... 

chromium (III) perchlorate of initially low hydrogen ion concentration .. 

ca. pH 3.5·- from a column of Dowex 5ow-x4, 200-400 mesh, with a 0.25~ 

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 trimeric species 

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

perchlorate through which oxygen had been bubbled for thirty minutes was 

applied to the column. The intermediate was prepared. by a 4- to 5-fold 

evaporation under vacuum of a solution of fresh dimer in ~ 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 (III) perchlorate 

were thrown down as soon as the concentrated. solutions were mixed. These 

were separated fro;--'the,.solution by centrifugation and the supernatant was 

add.ed to a simple Guoy tube. 

Measurements were first made on each species at room temperature after 

flushing the solutions with nitrogen. Table II 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 distance of one inch from 

one another and a current of 6.2 amperes. 

For the second set of measurements, 

to maintain a constant temperature. The 

., , 
\ 

, 
a water-jacketed cavity was used 

t~ 
Guoy tube :Was suspended by an 
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Table II. Concentration and Density of Chromium (III) 
Species Used in Magnetic Susceptibility 
Measurements 

Complex Density (g/cc) Cr3+ (~) 

monomer 1.10305 0·312 

dimer 1. 08455 0·371 

intermed.iate 1.66729 0.439 

trimer 1.13053 0.740 

aluminum 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 HCtL c: ;,1'-

culated through the ,system from a reservoir held at the desired tempera-

ture. The temperature of the cavity, ~ssumed to be the same' as the 

temperature of the sample, was determined by hanging a NBS mercury t}'!\:rrnome' 

ter in the cavity under the same conditions. 

The temperature of the input and. output water;,ms also rr.eafC'l:red and 

found to differ by 1° on the average; the observed temperature 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 atomic 

The significance'of the electron-spin 1 resonance of transition elements 

susceptibility, with temperature. 
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lies in. the fact that for these .elements with an odd number of electrons, 

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 quenched 

by the field of the ligands - a field of lower symmetry than that of the ' 

free ion - in complexes of these elements. 

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

be written as: 

(111-3) 

where jf KE = ~ p~j2m is the total kinetic energy of the electrons in 
k 

the paramagnetic ion, #- C = ~ - ze
2
/rk + ~ e2jr

J
' k the Coulomb interaction 

.k . j<k 

of the electrons with the nucleus and with each other, V = ~ - ek¢(rk ) the 

interaction with the ligand field jJ = A. L·S the sTlin-orbit interaction, ., L8 ~ ~ r 

~ =~ H • (L + g~) the interaction of the electrons with the magnetic 1'01 '" rv .-

field, and 11 N = Al·~ 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 electrons in the 

trans.ition elements of the first series 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 magnitude of the 

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

not exhibit spin-only properties, i.e: the splitting factor g varies from 
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the spin-only value of 2.0023; this variation is itself a measure of the 

symmetry (and strength) of the ligan? field. 

The origin of the paramagnetic effect can be related to the concept 

that an electron spinning on its axis produces a magnetic d.ipole by its 

rotation, since it bears a charge. If an external magnetic field.!! is 

applied, the magnetic d.ipoles 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 ~ = g ~ E'~ where H is the applied magnetic 

field, S the total spin, ~ the Bohr magneton and g the 

For chromium (III) monomer with a ground state of 

splitting factor. 

4 
F3/2' the angular 

momentum properties of the coupled electrons require the combined wave 

function to transform under rotation as spherical harmonics of or-der 3; 

there 'are seven such harmonic polynomials and examination of these in the 

presence of a cubic array of ligand. field sources shows that" they split 

further into groups of 1 + 3 + 3. For elements with less than half-filled 

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 a 

state of higher energy is governed by the Hamiltonian: 

(111-4) 

Consideration of individual contributions of terms within the Hamiltonian 

lead.s to a spin Hamiltonian: 

11 . = Ng I (S H + S H ) + gil S Ii ) + AI'S 7'f s ~ x x y y z,z '" '" (111-5) 

where gl and gil include contributions arising from\ spin-orbit interaction. 

! . 2 
(terms in AH)~ If second. order calculation to terms Of order A as well 
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as AH are included, the Hamiltonian becomes: . 

= gil i3HzSz + gIl3(H S + HS ) + D(S2 - 1/3 S(S + 1)) + Ai·s x x y y z ~ ~ 
(III-6) 

where D is of the order A;2/6 (~ is the ligand field splitting) and is a 

measure of zero-field dependence. The term A1.~ may also have directional 

dependence. 

In solutions, however) the spin Hamiltonian can be broken down into 

two parts, one of which is invariant under rotation and the other which is 

orientation-dependent and therefore .is a random function of time, as the 

molecule is tumbled about by the molecules of the solvent liquid. If the 

tumbling motions are sufficiently rapid, the time-dependent terms average 

to zero and. have little effect. Anisotropic g factors are averaged away 

and the resonance line can be located by the simple Hamiltonian: 

j I = g I3H S + AI· S 'it z z '" '" (III-7) 

In the system of chromium (III) complexes studied here,. no hyperfine 

interaction was observed although Cr53 does have a 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 signal from the 

Zeeman splitting term and is lost in the resulting resonance spectrum. 

Even at higher temperature (and therefore narrower line widths) no hyper-

fine splitting is observed because even a four-fold. change in,the line width 

with a 100 0 change in the temperature yields a Signal of comparable width 

to that calculated for the hyperfine splitting on the basis of the mag­

netic moment of Cr53 and the known splitting and d~gnetic moment of the 

observed. Mn55 splitting. 

It seems then that the simplest Hamiltonian de cribes the system l 



'~ 

-33-

1+ =' gl3H S' 
z z ' 

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

(III-8) 

The energy level scheme for the dimers of chromium (III) with 

S' = 0, 1, 2, 3, and a multiplicity of 2S' + 1 is shown in Fig. 2a., and 

transitions following the selection Tules, .68' = 0 and m = ± 1, will be 
s 

observed. 

Similar considerations apply to the trimer. However, the lowest 

energy state will be a quartet since the energy is determined, by a comb ina-

tion of S', the total spin, and S* J the sum 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 2S' + 1 

splittings. Onl;'tlit .. mtl}-tiPlet for the lowest state is shown in Fig. 2b 

in which the energy level scheme for a linear trimer is presented" and 

transitions follow the selection rules .68* = 0 and, m = ± I. s 

Thus if E' = E H 0 
3/2 gl3H and, ~ = Eo 1/2 gl3H for the first allowed, 

transition in the trimer, then ~ - EH: = - g(3H. If' v is the frequency ab­

sorbed in the transition resulting in an energy change, then E~ '- Eli = hv, 

and hv = -gI3H. Since v and H ~an be measured, quite precisely, g may be 

readily determined,. Similar calculations apply to the dimers of chromium 

(III) as well as to the monomer. 

It should be pOinted out that the E 's for the polynuclear species 
o 

are not the same from one energy level to the next since the Hamiltonian 

includes another tenn: 

#= - 2J S 'S 
"'1 "'2 

for the dimeric species and 

]I ='-:2J(S'S + S ·s ) 
"'1 "'2 ""2 "'3 

(III-9) 

(III-IO) 

, 
i, 
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b 

S/=9/2 
5*=3 

E 

_:::.S_I=-=2=----<l<t~=====j=-=-
~ ~ - 2g,B H E 

S/=7/2 

5*=2 

5* = I 

S/= 5/2 

S/= 1 
-"'---'--~~:: :::= -- --t-----

S'=3/2 

S/= 1/2 
S/=O 

5*=3 .~=~EO+3/2g,BH 
- EO-3/2g,BH 

E(S/)= -J[S/(S/+ I) - 2S (S +1)] E\S:S*)=-J[S'(S'+I) -S+ (S*+I) -S (S+I)] 

MU_3408S 

Fig. 2 
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for the trimeric, as indicated in Section V.C.2. In fact, it is only 

becauseJ has a small value that ESR spectra can be observed at room 

temperature for the dimeric species: the energy difference between the' 

ground state and the next level is 2J where J is the ex~hange interaction 

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

b. Experimental pro~edure - 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 conventional X-band 

(9000Md) ESR apparatus employing various fie~d modulations. Temperatures 

of the solutions wer'e measured using a very fine Cu-constantin thermocouple; 

all solutions were run at room temperature. The samples themselves were 

contained 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 proton resonance 

probe ·and frequency counter. Spectra were observed in two ways: oscillo-

scope display and x-y linear display, using a Variplotter 1110 from EAr. 

Line widths reported refer to the full width at points of maximum slope of 

the Signal and are designated as 6H. The magnitude of the magnetic field: 

modulation is governed by the factor, 6H, and since the polynuclear 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. 
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V. RESULTS AND DISCUSSION 

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

Although several investigators have postulated. the existence of a 

dimer, cr2(OH)~; and related."ol" complexes to explain the pH dependence 

and cryoscopic behavior of chromium (III) solutions, there was no 

separation and identification of individual species until Laswick and 

Plane
16 

and Finholt,17 working independently found three different 

chromium (III) species in refluxed. solutions of chromium (III) perchlorate: 

the purple monomer, Cr(H20)g+; a blue species tentatively identified as 

( )4+ 4+ 5+ 
Cr2 OH 2 or Cr20 ; and a green species tentatively identified. as Cr3(OH)4 

or cr30r. It is due to the comparative inertn'ess of chromium (III) com­

plexes that such individual complexes can be isolated. The investigators 

concluded that the blue speCies, whether isolated from bOile~ solutions17 

or prepared. by oxidation of chromium (II) perchlorate,19 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 

consistent with these observations, and consequently the conclusion that 

the material was truly the species proposed was still in doubt. 

18 Ardon and Linenberg 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 question of the stability of the species and. thus the validity of the 

conclusion is held in abeyance. 

The green species isolated from boiled solutidns of chromium (III) 

'1 
perchlorate has been shown to have four hydroxide gFOUpS per three chromium 

I 

atoms, but the charge per species experiments are inconclusive and to a 
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limited extent inconsistent with the first measurement. 17 

Thus, although two polymeric species have been isolated, their 

identification jl3 not complete. It was decided accordingly to measure ---..... .-.......... -, 
. the equilibrium constant>fa:r._ the formation of the two proposed species in 

"---
equilibrated chromium (III) perchlorate solutions. If truly constant 

values are obtained"then the species do indeed exist and their thermody-

namic stability can be calculated. 

The equilibrium studied were calculated on the following bases: 

where 

and 

where 

~2= 
[cr2(OH)~+][H+]2 

[Cr3+]2 

Q 
3Cr3+ + 4H 0 3~ Cr (OH)5++ 

234 

(Cr 3 (OH ),+] (H+ ]4 

[Cr3+]3 

(V-I) 

(V-la) 

(V-2) 

(V-2a) 

Since the initial volume of the equilibrated solution applied to the reSin, 

the total volume of each fraction and its concentration, 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 equilibrium constants. 

2+ . The formation of CrOH accordlng to the 'equation 

was corrected for by using values of 8.1 x 10-4 at 

° « -4 ° . 50.00 C, and 2.5 x 10 at 37.50 C for ~1. ,These 

\ -4 
61.50°C, 3.8 x 10 at 

t; 

v~~ues are based 'on the 

work of Postmus and King,22 in solutions of similar composition and ionic 

,< 
i , 
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strength. 

1. Expertmental Results 

The solutions used in the equilibration studies were prepared by 

taking 100.00 cc of a 1.OM chromium (III) perchlorate solution and treating 
. -

this solution with 13.442 g of sodium bicarbonate, added in small quantities 

while stirring continuously, to yield a solution of pH '" 3. 25.00 cc of 

the resulting solution was transferred to a 1000 cc volumetric flask, 

222.50 cc of a 3.63 11 sodium perchlorate solution added, and the flask 

then filled to the mark with distilled water. An additional 50.00 cc of 

the NaHC0
3
-treated solution',:!:,s add.ed to a 500 cc volumetric flask, 33.00 

cc of a 3.63 11 sodium perchlorate solution added, and the solution made up 

to the mark with distilled water. The final solutions were therefore 1.00 

in ionic strength. 100 cc samples of these solutions were withdrawn as 

needed and equilibrated in the bath. 

To make up solutions of varying ionic strength, 2.50 cc and 10.00 cc 

of the NaHC0
3 
-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 later experiments, a solution of 

ionic strength 2.00 was prepared by treating 40.00 cc of a 1.47 M 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 cc volu-

metric" flask, 1.32 cc of 2.7311 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 volumetric flasks. Varying amounts o~ 

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,·r, in the chromium (III) Ilerchlorate 

solutions, pH measurements were made and interpreted according to the 

following relationship:' 

(v-4) 

+ where [H ] corresponds to the excess hydrogen ion Ilresent in the chromium 
a 

stock solution due to the manner of its preparation and is an unknown 

, -2 + 
although constant quantity (6.07 x 10 ); (lIb] is the amount of hyd.rogen 

ion arising from the hydrolysis reaction .(V~3h·calculated'on:the_ .. basis;'of 

10- 4 0 

~l = 1. 5 x 8t",::. c: 
~1L:[cr3+] 

[H+] + ~l 

and [H+] is the concentration of hydrogen ion added to the solution. . c 

Since [H+] is constant in these solutions, a Illot of log-l(-IlH) versus a . 
+ + [Hb] + [Hc] should yield the effective r for the chromium Ilerchlorate 

solutions of ionic strength 1.00. Table III shows the data that were 

used. to calculate r. The sloIle of the line obtained from these data 

yields a value of 0.98 for r. The deIle~dence of r on the Ilresence of 

chromium Ilolymers is not known but r is Ilresumed not to vary widely. 

Table IV gives the values that have been calculated. for the equili-

brium constants from the data obtained. in these' eXIJeriments. It can be 

seen that there is no aIlpreciable deIlendence uIlon the ionic strength 

within the region studied. Such a result may be considered in terms of the 

(v.-6 ) 
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Table IV. Determination of Equilibrium Constants for Formation 
( )4+ . . )5+ of Cr2 OH 2 and Cr3(OH 4 • : 

"- ,.. .. " ... : ....•. -,: .... ~.7 ........ ,~ ... ·.-::: .... ooz.·.· ;~.'~-.. -

T(OC) [Cr3+] [Cr(H20)~+] ( )4+ [Cr3(OH)r] [H+1 Cr2(OH 2 ] ~2 K34 \.l 
(M) (M) (M) (M) (M) 

.029 . " .013l. .00120 .00194 .00452 1. 41xlO-4 5. 88xlO-.7 0.201 

.025 .0135 .000925 '.00190 .00625 1.94xlO-4(±.16) 1.19xl0-6(±.12) 1.00 

~7·50 .100 . ["0287 t00393 . {.00771 1.00653 1.88xlO-4(~.17) 1.08xlO-7(±.68) 1.00 .0825 .00181 .00975 .0251 

.294 .137 .00983 .0217 .• 0198 1.80xlO-4(±.28) 1.~OxlO-6(±.40) 2.00 • .J:'" 

:625 5.67X10-~(±.26) 8.9xl0-7(±2.2) 
..... 

.0160 .0102 .00175 .00379 .184 I 

.025 ~.0234 t .00311 [" 0019 .00916 5.78xlO- 5(±.37) 1.62xlO-7(±.62) 1.00 .0209 . .000926 .00527 :: .00496 

50.00 .100 1.0642 1.00416 i· 0066O .00762 5.~8xlO-5(±.29) 2.09xl0-1(±.91) 1.00" 
.0888 .00197 .00396 .0152 

.100 .0693 .00470 .00695 .00740 5.34xlO-5(±.29) 6.23xlO-8(±~23) .• 741 

.025 .0600 .00073 .0013' .00302 5' 2. 65xlO-8 .184· . 2.61x10- . 
37·50 .025 .0139 .000844 .00164 .00263 2.90x10-5(±.19) 3.25xlO-8(±.41) 1.00 

.100 .0640 .00325 .00618 .00622 2.87xlO- 5(±.21) 2.51xlO-8(±.24) 1.00 

..... (') 

. , 

'. . . 
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4 
Y C (OH')5+ ·r.H+ 
: r3 4 

(V-7) 

The exact dependence of 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: 

1 . 

log:Y:: - A Z2 I2 (v-8) 

where Z is the charge on the individual chromium complex, A a constant for 

the solvent at a given temperature, and I the ionic strength of the medium, 

can be used to express the relationship to charge and ionic strength. It 

can be seen that for the individual equilibria being reported, the follow-

ing relationship will then hold: 

Y 4+ 
2 

Cr2 (OH)2 ,Y H+ 1 1 1 

log :: -16AI2 2AI2' + 18AI2 = 0 (V-9) 2 '" -. 
r '3+' 

and Cr 

Y Cr (OH)5+ 
,4 

y H+ 
1 1 1 1 

log 
. 3 4 

:: -25AI2 4AI2 + 27AI2 :: -2AI2. (V-1O) 
3 3+: r Cr 

Thus using this very crude approximation, no ionic strength dependence is 

anticipated for reaction (1) and only a small dependence in (2). It should 

be stressed that no great significance 'can be attached, to calculations such 

as these since the Debye-HilckeL,limiting law cannot be applied, wi:th any 

degree of certainty in such concentrated solutions as used here. 

From a plot of log K versus liT, the value of ~ may be determined 

for the two reactions (See Fig. 3)= 

3+ )4+ + 2Cr + 2H20 = Cr2 (OH 2 + 2H (V-l) 

~ = 12.4 kcal/mole 
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tH = 24.9 kcal/mole. 

Using these values ffi
2980 was calculated for each of the reactions, yielding 

values of 19 e.u. for Eq. (V-l) and 46 e.u. for Eq. (V-2). 

Bjerrumll has reported a values of 15.4 kcal/mole for the 6H of the 

first reaction from his EMF measurements, and. a ~ of 15 e.u. maY'be de-

termined. using his data. Perhaps the ambiguity in the treatment of his 

data, which requires estimation of both the degree of polymerization and 

the degree of hydrolysis can explain the d.iscrepancy, since the K's were 

.corrected for the concentration of two polymers which have not been shown 

to exist in chromium solutions. One of his values for K22 does lie close 

to the line drawn through the experimental log K's reported. here. 

2. Discussion 

These results may be compared with those reported by Milburn27 for 

-. 4+ 
the formation of the iror •. (III) dimer, Fe2 (OH)2 : tH ;:: 12.2 ± 1.0 kcal/mole 

(~ = 1, 25°C) and ~ = 28 ± 5 e.u. (~= 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 entropy change. Similar 

trend.s are observed in the hydrolysis constants (~) of the two ions I 

tH = 9.4 kcal/mole and N3 = 14.1 e.u. (~= 0, 25QC) are reported for the 

reaction: 

3+ _2+ + 
Cr + H20 = CrO~ + H (V-3) 

22 27' 
by Postmus and King, and Milburn reports 6H = 10.4 kcal/mole and 

N3 ;:: 25.e.u. (~= 0, 25°C) for the corresponding re~ction of Fe (III). 

These values again reflect the observation that. the:Tffi term difference 
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is the important one between Cr(III) and Fe(III) hydrolysis reactions, 

and that in fact most of the d.ifference in hydrolysis constants is present· 

in this term. 

Considered from the viewpoint of what is taking place physically, an 

entropy increase in reactions (V-l) and (V-2) might result from three fac-

torsI 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 secondary coordination sphere; 2) there are four and eight fewer 

water molecules ordered in the primary coord.ination sphere, assuming an 

octahedral environment for 
4+ 5+' 

each chromium, in Cr2 (OH)2 andCr
3

(OH)4' re-

spectivelyj 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 actually estab-

lished that the complexes formed are hydroxy-bridged, only that a dimer 

and trimer are formed in solution. Evidence for hydroxy bridging in the 

20 
dimer has been Hdvanced by Plane and Kolaczkowski 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 

1. Interpretation of data 

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

tion of the blue dimer i.s given by the expression: 

( )4+ + 
Cr2 OH 2 + H CrOHCr5+ + ~2 0, 

.~ 

i 
! 
I 

(V-ll) 

1 , 
. I 



'" 

-45-

then the rate law can be written as: 

o.,i [Cr2 (OH)~+] 
dt (V-12) " 

* [ +] ( ,)4+ where ~ = kl H • If Cr2 OH 2 is, present initially - the case in the 

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

(v-i3 ) 

Since the absorption of the solution at any point is equal to the product 

of three factors: the concentration of the complex, the length of the cell) 

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

A = € 1 c. (v-14) 

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

A - A ' 
t 00 (* ) In A _ A = - ~ + k -1 .6t. 
o 00 

In the series of solutions using equilibrated mixtures of the two 

5+ ()4+ , dimeric species, and therefore containing both CrOHCr and Cr2 OH 2 

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

[CrOHCr5+:] - [CrOHCr5+] 
00 

In ----=--------::--
(CrOHCr5+] - [CrOHCr5+] 

00 

(v-16) = -

When the reaction in acid solution is allowed 'ito continue, the second, 
t., 

step of the process results in the formation of monomer, and the experi­
I 

mental results (infra) reaction can be des~ribed by ~he following reactions: 

I 
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5 k2 
CrOHCr + \. 

'k-2 

2+ . + 
CrOH + H 

d[CrOHCr5+] 
dt 

l/~ 3+ -==' Cr + HO 
" 2 

(V-17) 

(V-1S) . 

(V-19) 

Under the conditions of the experiment, the reverse reaction was negli-

gible as shown by the equilibrium constant to be d.iscussed later for the 

single bridged-double bridged equilibrium and. the value of K
22

. Then at 

any t~e t, 

ln 
~ Aoo 
A-A 

o 

and the data can be represented by a plot of At - Aoo' 

(V-20) 

Figure 4 shows a plot of typical data obtained for the reaction 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 - Aoo versus time for the 

first step in the d.imer-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 from equilibrated solutions of itself and 

the intermediate in lithium perchlorate solutions, ·and. Fig. 7 shows a 

plot of log Aoo - ~ 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 the equilibrated solutions, the 

points falling below the best line through the dat~. These deviations 

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

which has a lower molar absorbancy and. therefore WO~d make the readings 

in the final stages seem to decrease more rapidly than antiCipated. 
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2. Discussion of Results 

Figure 8 shows a plot of k b' d versus the hydrogen ion concen-o serve 

tration for the reactions: 

(V-2l) 

as a function of ionic media and temperature. The data are given in 

Table V. There are three distinct regions: the region of high acidity, 

the region of intermediate acidity (0.1 to ~ in perchloric acid), and 

the region of low aCidity. 

In the region of high· acid.ity, an examination of the data reveals that 

the dependence in hydrogen ion concentration is not first order. Such 

behavior is not unexpected since it might be antiCipated that the activity 

coefficients of the species involved would not be independ.ent of the per-

chloric acid concentration. Thus: 

4+ d[Cr2 (OH)2 ] 

dt 
5+ YCrOHCr 5+ 

kl [CrOHCr] * 
y 

(V-22) 

Ion-pair formation between such highly-charged species as the·dimeric forms 

of chromium and. perchlorate ion in high concentration may also be a con-

tributing factor since the reactive species may well be ion pairs rather 

than the simple hydrated complexes. However, Raman spectroscopy of some 

perchlorates in solution has not revealed the presence of such outer-sphere 

28 
complexes. Activity coefficients are unknown for these or comparable 

species - ion-pairs or simple hydrates. An alternative approach is to 

assume that the activity coefficients of perchlori~' acid solutions of the 
. . . 

same concentration apply without consideration of o~ correction for the 

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

such highly charged, species are present. 
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Table V. Observed Rate Constants 

15·8°c 

HCI04 solution (variable ~) 

[H+] [Cr3+ 1 kObs (min -1) 

7.63 M 3.3x10-1i 5. 39xlO·2 

7·21 3· 3x10 -2 4 ·2 .17xlO 

6·92 3· 3xlO -2 3· 99xlO 
-2 

5·67 3·3xlO -2 3. 76xlO-2 

4.41 3·3xlO 
-2 2.15xlO·2 

3·40 3·3xlO -2 1.22y.lO -2 

LiCI04 (~ = 2.00) 

0.261!:! 5.1xlO -2.!i 2. 79xlO- 3 

0.188 3.5xlO-2 3. 25xlO- 3 

0.142 2.4xlO-2 3. 42xlO- 3 

0.109 3.2xlO-2 2.96xlO- 3 

0.0427 9.2x10- 3 3. 98xlO- 3 

0.026 -3 5·1xlO . 4. 99xl0- 3 

0.017 3.1xlO- 3 7.14xlO- 3 

25.00"C 

[H+] 
HC104 solution (variable Il) 

(Cr3+1 ko~s (min -1) kobs (hr .1) 

(1st step) (2nd step) 

8.72 M 3.3xlO-2M 1.18xlO -1 

7.60 3.3xJ.0-~r 1.19xlO,-1 

6.24 3.3xlO"'2 8. 97xlO-2 

6.5xlO-2 9.21xlO"2 
. 

3.3xl0·2 8.47xlO-2 4.15xlO·3 

5·76 6.5xlO·3 -1 4.05xlO·3 1.02xlO 

1.2xlO·2 1.00xlO -1 
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j 
L 

f 
25·00°C f 

t 
l: 
I , 

HC104 solution (variable ).1) 
, 

f 
+ [Cr3+] . k b (min-l ) k b (hr-l ) I 

(H ] o s o s ) 

(1st step) (2nd step) 
~ 

4.73 !i 
-2 -2 4.51xlO- 3 

~.3xlO M 4. 97xlO f 

3.3xl0-2 . -2 3.69xlO-3 
f 

3.38 2. 93xlO f· 
-2 -2 5.12xlO- 3 I 2.07 3·3xlO. 2.01xlO 

! 

f 
LiC104 

().1 = 2.00) t 

1.02M 
-2 2.11xlO M 3.01xlO-2 

0.803 1.1xlO-3 . -2 
1. 92xlO 

• 0·790 1.4xlO- 3 -2 
1. 52xlO 

0.697 6 -2 1. 38xlO-2 . 
t 1. xlO 

0.438 ' 7.3xlO-2 -2 
1.11xlO 

-2 
. -2 

0·321 1.20xlO [ 

0·317 
1.05xlO 1.07xlO-2 . f 

r 

0.273 1.05xlO-2 -2' 
1.15xlO 

0.213 3·5xlO 
-2 1.56xlO-2 

0.152 1~2xlO-3 4 -2 1. 9xlO f 

5.2xlO- 3 -2 
f 

0.123 1. 68xlO 
I 
! 
I 

0.0950 1.05X10-3 -2 ! 
1. 50xlO L 

1.91X10-3 -2 ~ 
0·'077 1.83xlO I 

0.076 4. 53XlO- 3 -2 I 
1·90xlO I 

1. 45xlO- 3 6 -2 0.019 2.2 xlO 
[ 

1.03xlO-3 8 -2 
I: 

0.0182 1. 2xlO I 
0.0160 2. 55xlO- 3 1. 89xlO-2 f 

1. 28xlO- 3 3. 44xlO-2 \ 
0.0177 I 

I 

-3 .2636xlO-2 
0.0081 

I 

1·35xlO·· 
8 -4 6 -2 

0.0051 ·5xlO 3.7 xlO 

0.600 2.3xlO-2 -2 ( 

1.;3;3xlO I 
0.217 2.3xlO-2 1. 43xl0-2 ., 

0.0132 2.0xlO-2 4 -2 I 1. 5 xlO 

0.091 2.3xlO-2 1.8000-2 

0.0885 2.3xlO -2 eoc ..,2 1.7 10 . .' 
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NaC104 (\.4 :: 2.>(0) 

(H+) (Cr3+) ko~s (min -1) 

(1st step) 

.0797M 
-2 8 -2 2.3x10 M 1.7 xlO 

.078 2.3xlO-2- -2 2.03xl0 

.075 2.3x10 -2 1. 79x10 ·2 

.0745 G·3xlO 
-2 1. 97xlO·2 

2.00x10 ·2 
, ,,~ 

2.3xlO·2 
-~079° -

-2 2.07xl0 

2.3xl0-2 1. 92x10-2 
-;069-
.0608 2.3xlO·2 2.27x10 -2 

.0483 2.3xlO·2 2.3&10.2 

.01·37 
-2 2.2OxlO-2 

2.3xl0 
2,.3xlO·2 -? 

.0372 2:.. 56:<10 -

.0233 2·3x.lO 
-2 2.75>'10-2. 

.0146 2.3xlO·2 5.3bxl0·2 .- 5.96xlC-2 
•. 0119 1.6xlO J 

3~· :t'C 
HelO\, solution 

"T 

-2 -1 
6.70 M 3· 3xlO 11 2.04xlO 

5. 67 3.3xl0-2 1. 85xlO·1 

4.p6 3.3xl0·2 1. 28xlO·1 

3.42 3.3xl0·2 - 7',86xlO·2 

2.17 3.3xlO·2 5.11xlO·2 

3.3xl0:'2 .0 

1.17 _ 4.2ltxlO '-

3.3xlO·2 ' -2 
1.11 5·03;ll10 

k obs 
(hr- l ) 

(2nd step) 

2. 90xlO·1 (±. 09) --
·2 2.70xlO (±.06) 

- .. 2 
2.01xlO (t.10) 

: If r, 
; fj" , ...... 

, 
I c, , 

-,-
' ~\ 

~ 

" 

.. 

';, 

\' 

i 
' t ~ 
: ~: 
- , 

- ; 
- . , ,-
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35·5°C 

LiC104 (~ = 2.00) 

[H+] [Cr3+] -1 ( -1 k b (min ) k b hr ) o s o s 
(1st step) (2nd step) 

0.807!~~ 1. 58xlO-2!1 5·0,x10 
-2 

0.,8 1.15xlO -1 4.12xlO -2 

0.635 1.20xlO -2 
4. "xlO 

-2 

0.624 ,.00xlO -2 4. 43xlO 
-2 

0.186 4.4'x10 
-2 5.29xlO-2 

0.160 2.2x10- 3 . 5·40x10 -2 

0.103 1. 5xlO-2 6 6 . -2 . ,xlO 

0.0625 8.1xlO- 3 6. 86xlO.,.2 

0.0522 6.5xlO- 3 8. 36xlO -2 

0.0410 1..;XIO-3 ,.12xlO -2 
..., 

9.07xlO-2 
0.0257 3.2xlO-"; 

0.0122 1. OxlO- 3 1.03xlO -1 

NaCI04 (~ = 2.00) 

0. 813!1 
-2 -2 

3.2xlO M 5·43xlO 

0.383 
-2- -2 

1. ,xlO 5. 45xlO 

0.260 -2 -2 , 
1. 9xlO 5·26xlO I 

-2 -2 

I 0.211 1. 9xlO 5·50xlO 

1.9xl0-2 -2 
0.195 5. 26xlO I 

-2 8 -2 
I 

0.1,8 I 1·9xlO 4. 6xlO 

I 0.14, 1. 89xlo-2 '-2 6.60xlO . 

0.137 1. 89xlO-2 
6.50:xlO .. 2 I 

5.,xlO-3 -2 .' I 
0.131 . ,.09xlO I 

1. 9xl0-2 -2 
0.107 7.4,xlO I 

I . .. ~ -2 6 -2 I 0.104 1.9xlO ·30xlO 

I 1. 9xlO-2 -2 
0.095 ,.6xlO 

'.I 

0.0838 1. 9xlO-2 '. -2 :. 
6.41xlO .. I 

1. 9xlO-2 6 -2 I 
0.0,73 • 32xlO 

I 
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45.0°C 

LiC104 (~ = 2.00) 

. [H+] [Cr3+] ( -1 k b min ). o s 
k b (hr- l ) o s 

(1st step) (2nd step) 

0.267 !i 
-2 . 

3.7xlO M 1.27xlO -1 

0.187 6.7xlO- 3 1.25xlO -1 

0.0878 6.7xlO-3 4 -1 1.9 xlO 

0.086 1.2xlO-3 1.37xlO -1 

0.070 9·0xlO -3 1.49xlO -1 

0.0692 3.8xlO-3 -1 1.83xlO . 

0.043 6.0xlO-3 1. 70xlO -1 

0.0347 1.9xlO-3 2.05 xlO -1 

0.0287 3.0xlO-3 . 2.10xlO -1 

0.0285 1.3lxlO-3 1.98xlO 
-1 

3.0xlO-3 -1 
0.025 2.09 xlO 

0.0132 1.7xlO-3 6 -1 3.3 xlO 

0.011 1.5xlO-3 4.67xlO -1 

0.010 1.6xlO-3 2.84xlO -1 

. 0.009 1.5xlO-3 -1 
3·55xlO i 

-3 4.57 xlO-l \ 

0.006 
I 

1.2xlO I . -3 -1 
0.0057 1.2xlO 6.83xlO I 
0.0047 1.lxlO-3 -1 ! 8.13xlO 

-3 -1 f 
0.0046 1.OxlO 6. 48xlO t 

NaC104 (~= 2.00) r ,. 
-1 I 

0.76~ 6:lX10-2M 1.12xlO I 
0.346 -2 4 -1 3.12xlO 1. 2xlO I . 0.330 -2 -1 2.2xlO 1.17xlO 

0.216 -2 4 -1 t 2.2xlO 1. 3xlO !. . -2 6 -1 t 
c 

0.197 2.2xlO 1. 3xlO t 

4 -2 -1 f 
0.141 

, 
1.0 xlO 1. 68xl.O 

r 0.088 5.7xlO-3 . -1 ,; 
2.25xlO 1, ., r 

0.082 4 -2 2. xlO 1.90xlO-l I 
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45.0°C 

NaCl04 (1-1 = 2.00) 

[H+] [Cr3+] ( -1 . 1 
k b min ) k b (hr- ) 

o s o s 
(1st step) (2nd step) 

.071 !'::! 2.4xl0-~ 1. 97xl0-l 

.056 2.4xl0 
-2 

2·55xl0 
-1 

.030 2.4xl0 
-2 

2·75xl0 
-1 

.029 2.4xl0 
-2 

2.1~xl0 
-1 

.022 2.4xl0 
-2 

2.66xl0 
-1 

.017 2.4xl0 
-2 

2·92xl0 
-1 

.016 2.4xl0 
-2 

4.20xlO-1 

.015 . 2.4xl0-2 3.28xlO-1 ! . 
-2 -1 

[ 

.012 2.4xl0 3·99 xlO t 
-2 -1 

e 
f: .011 2.4xl0 55·1 xl0 f 
I 
i 

\. 
\ 
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The change in rate constant in regions of low acidity (below O.l~:n 

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 as.sumed to be taking place: 

Then 

5+ 1<hyd 4+ + CrOHCr + H20 = CrOHCrOH + H 

k' 
CrOHCrOH4+ ~ Cr

2
(OH)24+. 

'Kl 

d[CrOHCr5+] 
dt 

(V-23) 

(v-24) 

(V-25) 

5+ 4+' Substituting l<hyd [CrOHCr ] [H+] for [CrOHCrOH ], Eq. (V-26a) can be re-

written as 

d.[CrOHCr5+ ] 
dt 

But at equilibrium 

(1 + 1<hyd/[H+]) = [CrOHcr 5+](k_l + k~l 1<hyd/[H+]) 

-[cr2(OH)~+] (~[H+] + k{}. (v-26b) 

[Cr 2 (OH)~+] [H+] 

Q21 = 5+ = k /k... = k' /k_' K .' -1 -~ -1 -~ -nyd 
[CrOHCr ] 

and therefore 

d[CrOHCr5+] 
dt {l + 1<h

Y
d/[H+J} = [CrOHCr5+](k~l + k~l l<hYd/[H+]J 

-(Cr2 (OH)4;] (k_1 [H+]/~l + k~l,1<hYd/~l} 

= [CrOHCr5+](k -1 + k ~1 l<hYd/ [H+]} - 0:- [CrOHCr5+](1 +~Yd/ [H+]} 
':i 

+ (k_1 [H+]j~l + k~l l<h
Y
d/Q21} '\ (v-26c) 

f 
. i 

t 
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and the apparent first order rate constant can be calculated by standard 

procedures as: 

k_l + k:l KbYd![H+] + (1+ KbYd![H+])(k~l[H+]!~l + k:l Kbyd!~l} 

1 + KbYd![H+] 

In regions of low acidity, the back reaction term: 

becomes negligible and: 

k_l + k:l KbYd![H+] 

1 + KbYd![H+] . 

kobs (v-28) 

(V-29) 

(V-30) 

By estimating k_l from the minima in the plots of log kobs versus the log 

of the hydrogen ion concentration and using the observed rate data for a 

given hydrogen ion concentration, it is easy to solve a pair of simultaneous 

equations and find values for k_l and Kbyd. With these computed values 

and using rate data at higher acidities within the same range of ionic 

strength, a value for ~l 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 

scattered observed points. 

Table VI gives the values calculated for ~l' k_+, k: l , and Kbyd" 

The values for ~lobtained 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 
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) (~ = 2.00) 

T( °C) ~l k_l k' 
-1 ~Yd 

25·0 1.24 0.0070 0.0487 0.0235 

35.5 1.76 0.0210 0.255 0.0188 

45.0 2.54 0.0600 0·513 0.0300 

° complexes: at 2700 A, 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, ~l 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 ~ = 2.00 but no 

attempt was made to maintain constant 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 ~l versus liT yields a value of 6.8 kcal/mole for Lili of 

reaction (V-23) and the value of ~2980 calculated from these data is 

23 e.u. The observed positive entropy change can be correlated with the 

production of two charged s~ecies. 

At first blush the calculated hydrolysis constant seems to be quite 

high. However, comparison with some data on analogous ammine complexes 

of chromium (III) lends support to the calculatep. ~ydfor the aquo complex 

of chromium (III). Wilmarth,. Graff,and G~stin29 measured the acidity 

constants of aquopentamminechromium (III), diaquo~etramminechromium (IIIh 

decammine-~-hydroxodichromium (III),. and aquo:Q.onanrihne-\-1-hydrox.9dichromium 

(III) ions and reported pK's of 5.2, 5.5, 7.8, and 2.8 re?pectively for 

, 
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the individual species. The pK of hexaquochromium (III) is reported as . 

22 
3.82 by Postmus and King. The difference between the pK values of 

the latter and aq1.lopentamminechromium (III) represents a 24-fold difference 

in acidity, the aquo complex being the more acidic. Similar correlation 

is observed between the calculated hydrolysis constant of the intermediate, 

decaquo-~-hydroxodichromium (III), and the aquononammine-~-hydroxodi-

chromium (III) complex: the pK's are 1.6 and 2.8 respectively and repre":' 

sent a 15-fold difference in acidity, the aquo complex again being more 

acidic than the ammine. 

There are at least three other known di-hydroxo bridged chromium (III) 

complexes: tetraphenanthroline-~-dihydroxodichromium (III), tetraethylene-

diammine-~-dihydroxodichromium (III), and tetraoxalato-~-dihydroxodi-

chromate (III). Bo~h strong and weak field ligands are represented since 

the organic ligands produce strong fields and the oxalate ligand, like 

water, is a weak-field ligand. 

Kinetic studies by Grant and Hamm
8 

have been carried out using the 

oxalato complex, and comparison with these results should be of interest 

since the two ligands produce ligand fields of comparable strength. The 

over-all reaction scheme for the two systems is the same: a two-step 

decomposition of the dimer to monomeric chromium (III) complexes by way 

of a single-bridged intermediate. Since conductom~tric measurements were 

used to follow the reaction of the oxalato complex with perchloric acid, 

no attempt was made to maintain ionic strength; 

Grant and Hamm observed a two-step process in the acid decomposition 

of tetraoxalato~-dihydroxodichromate (III) complex. They postulate the 

breaking of'a single hydroxo bridge as the rate determining step in the 

\ 
, first process. The second slow step is assumed to proceed by two paths: 

I 
l, , . I 

.. 
1-· 

t 
f 
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in sufficient acid, the breakdown is first order in chromium, and in 

deficient acid, a more rapid parallel step presumably goes by way of 

an acid-dissociation product of the singly~bridged hydroxo intermediate 

and is pseudo-first order in chromium. 

. * * Unfortunately no comparison of nF arid 68 values for the first 

step can be made since the rate laws are different. More interesting 

and fruitful comparison ~ould be possible if rate data were available 

for the other dihydroxo bridged complexes since all represent neutral 

ligands in the remaining octahedral positions, and 'of course if the rate 

law includes hydrogen ion dependence. 

In sufficient acid the second step of the oxa.lato reaction is hydrogen 

:j: :j: 
ion·ind~pendent, and here ~ and 68 can be compared. Grant and Hamm 

:j: * report values of 13.4 kcal/mole for ~ and -36 ± 2 e.u. for 68" when 

the reactions take place in sufficient acid. The condition of "suffi-

cient acid" is surely fulfilled in the reactions being studied here. 
:j: :j: 

':liable VII giveR the ~ and 6S values calculated for both steps of 

the acid decomposition of the ulmer cr2(OH)~+ and for the formation of 

the dimer from the intermediate. In the second step of the decomposition 
:j: 

of .the dimer a value of 17.0 ± 1.0 kcal/mole for ~ and -18 ± 4 e.u. 
:j: 

for 68 have been calculated here for a 3.3 M HCI04 solution. 

It is interesting to note that 68* for the reaction of CrOHCr5+ 

to give monomers involves in the rate determinations step the displace­

ment of an hydroxide group by a water molecule. Powel130 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 

comple~es like these, this is an over simplified approach and perhaps 

greater' weight should be attributed to the loss of ~ranSlational freedom. 

l 
i 
i 
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6.6 

5.6 

4.4 

3.3 

2.2 

1.1 

Table VII 

0.200 

0.188 

0.082 

0.022 

6.6 

5.6 

4.4 
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:f: :j: 
~ and DS Calculated for Acid 
Decomposition of Dimeric Species 

:j: 
~ (kcal!mole) DS:f: (cal!mole- 0) 

dimer ~ inter.mediate 

13.7 

14.3 

13.4 

14.1 

15.7 

14.8 

13.5 

intermediate ~'dimer 

21.0 

21.4 

21.4 

21.1 

intermediate ~ monomer 

...... 

15.5 

15·5 

16.6 

\ 

\ 

-24.3 

-23·7 

-25.6 

-27.3 

-23.7 

-26.6 

-29.6' 

4.5 

~.8 

4.3 

- 3.3 

-29 

-29 

-23 

-18 
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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 under these condi-

tions. As the acid concentration of the reaction mixture of dimer and 

perchloric acid was raised, the solution became progressively more green 

in color,indicat·::IQB the increasing concentration of the new species. When 
~ ........... 

fresh dimer was injected lhGe r.oncentrated perchloric acid, the now light 

green solution gave a reproducible spectrum throughout the 10.5 to l2.0M 

perchloric 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 16.4 at 590 m~ and 20'.7 at 424 m~. Comparison of 

the spectra of dimer and intermediate shows a shift to higher wavelength 

of both maxima but the absorbance per mole of Cr is about the same. 

Attempts to isolate the new species on ion-exchange columns proved 

uniformly unsuccessful. When the intermediate, formed in concentrated 

perchloric acid, was put on an ion-exchange column, the resin disintegrated. 

In solutions of lower perchloric acid concentration - ca. 8M - sufficient 

quantities of the new species were calculated to be present on the basis 

of the· optical::,density of the solution at the end of the;first step and the 

known chromium (III) concentration, to warrant attemptstat separation. 

When solutions of this concentration in acid were ap'pli·edJ>to:; a c'b'l·umn:,Of 

reSin, two bands were observed: a blue band associated with the known 

dimeric species and a green band., nearly three-fourths the amount of the 

blue and absorbed in a higher position relative to the blue band on the 

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

successful since wit:p.in the time required to move it from the column reaction 
. \ 

with the aqueous eluant';~reversed the equilibrium between the two species 

and produced only t:p.e blue dimer. Cold columns were used in an attempt to 
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slow down the reverse reaction, but none of the material could be obtained. 

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

blue species - even using thorium perchlorate in 1.OM 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. Further' characterization of the material will be made in later sectionf-,. 

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(n) solutions by molecular oxygen may be through the intermediate dis-

covered in the course of this work. It was noted that when oxygen was 

introduced into Cr(ll) solutions, the color change observed within the 

first few seconds was 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 

oxid.ized were removed at intervals of 7.5, 15, 30, 45, 60 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 ~ solution of lithium perchlorate and the change in the spectrum followed 

with time. The spectrum of the initially formed material is constant from 

the first to the last of the withdrawn samples but is not that of the dimer 
·i 
" or the intermediate (see Fig. 1). However; the. fiml.l ·spectrum. of the 

diluted samples shows the presence of the dimer after a period of about 
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dne hour since the spectrum is essentially that of the dimer. These runs 

were carried out at 25°C) the solutions) cell compartment and cell 

holder being thermostatted at that temperature. Similar runs at 45°C 

gave like results) although the spectra passed through 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 

4.1x10- 3M and the acid concentration 3.3X10-~. 

° Using the same sampling techniques) the change in absorbance at 2700 A 

was also followed using solutions made up in the same way: one in which 

the::.ionic strength was maintained at 2. 00 with lithium perchlorate) and 

one with distilled water only. No difference in the rate of formation of 

the dimer was observed) either as a function of ionic strength or length 

of time in which the oxidative process was allowed. to proceedJafter the 

first 30 seconds. Table VIII gives the observed first order rate constants 

Table VI.II. Observed Rate Constants at 25.0°C for 
Formation of Dimer in 02-oxidized 
Cr(II) SollitiQns 

4.3X10- 3 

3. 55xlO-3 

3.30X10- 3 

3.12xlO-3 

9.8 X10- 3 

-2 
1.00xlO 

t(sec) of oxid 

7·5 

15 

30 

45 

60 

90 

I-l == 2.00 

k obs 

-2 -1 
5.12xlO min 

2. 47xlO- 2 

3. 49xlO-2 

3. 43xlO-2 

\ -2 
3·12xlO 

" -2 
3. 73xlO 

variable I-l 

6 ;-2-1 
.13xlO min 

3.74xlO~2 
2.71xlO-2 

3. 76xlO-
2 

.:..2 
3·12xlO 

. 2. 83xlO-2 

Co~ceivab1y the initia~ product or products may include the inter­
I 

mediate and. some higher polymer of chromium. Both A\rdon and. Plane19 
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-~'-.-.: ..... , 31 
and Joyner and Wilmarth:"",.Q.ave suggested the fonnation of peroxo-bridged 

-"" 

complexes in the oxidation of Cr(n) in acidic and ammoniacal solutions 

.to form dimeric chromium (III) compounds. The following scheme can be 

advanced to explain the fonnation df some intennediate and higher polymersl 

2+ .. ,-+2 
O2 + Cr == Cr;q: ?,: 

2+ 2+ .' -' .. 4+ 
CrOO + Cr == Cr: 0 : 0 . Cr 

4 .. ~ , 

4+ 2+ .... 4+ 2+ 
CrOOCr + Cr == Cr: 0: Cr + Cr-O .-

C 
• 

'0" • C 4+ == r. . r 

CrOCr4+ + H+ == CrOHCr 5+' 

4+ 2+ "r' .. 6 
CrOOCr +. Cr == Cr: 0 : 0 ; Cr ! ~ ~ Cr + 

-4 ! ,. 

2+ 6+ 8+ 
Cr + CrOOCrOCr == CrOCrOOCrOCr 

8+ 4+ 
CrOCrO-O-CrOCr == 2CrOCrO 

')+ 4+ + 
CrOHCf == Cr2 (OH)2 + H 

(V-31) 

(V-32 ) 

(V-33) 

(V-34) 

(V- 35) 

(V-36) 

(V-37) 

(v:- 38) 

(V-39) 

A simple method can be ?evised to test the hypothesis of higher poly-

mer formation using viscosity measurements of the oxidation products and 

the three known species) monomer) dimer) andtrimer) at 4°c. It would be 

preferable to use the electrolytic method of Ardon and Plane19 to prepare 

the original Cr(II) solutions since no correction for the presence of 

zinc perchlorate would then have to be included. 

Plane and Kolaczkowski20 have attempted. to show that the oxidation 

of Cr(II) by molecular oxygen is second order in chromium (II) but directly 

proportional to the flow of oxygen gas. The results of their experiments 

seem to indicate that the reaction is in fact diffusion-controlled - an 

observation supported by earlier work on Cr(II) solutions carried out by 

Stone. 32 Stone reports that the rate of reaction of dissolved oxygen is 

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

fact, Cr(II) solutions react more rapidly with molecular oxygen (and 
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hydrogen peroxide) than other common oxidizing agents. He suggests the 

Cr(II) reactions are more rapid. because of a strong coordinating tendency 

to form stable hydroxy or oxy-bridge complexes. Ardon and Plane19 pointed 

out. that two-electron oxidants gave mainly the dimer product while oxida-

tion with one-electron oxidants like Fe(III) and Cu(II) gave monomeric 

Cr(III). Thus the evidence points to a peroxo-bridge complex of Cr(IV) as 

an intermediate. Since the product first formed. is not the d.imer) the 

simple scheme suggested 'by Plane and Kolaszkowski seems suspect. The process 

is a most complex one and further investigation of it is called for) perhaps 

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

cular weight determinations and freezing point lowering. 

c. Characterization of Polymeric Species 

1. Determination of Degree of Polymerization by Freezing Point 
Depression Measurements 

Fresh samples of the blue species) 0.370 and 0.571 ~ in chromium (III)) 

were prepared by di splacement from ion-exchange columns and. 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 and the c'ooling curve 

followed with time. After freezing, the solutions were allowed to warm to 

room temperature and after 30 minutes were cooled again to the freezing 

point. 

Fresh samples of the green polynuclear species) 0.743 and 0.809~) 

were prepared from refluxed chromium (III) perchlorate solutions by dis-

placement from a column of Dowex 50W-X4 exchanger and small portions added 

to 10.00 cc of chilled 41.7% perchloric acid. by means of a micropipete. 

Table IX gives the freezing point depression obtained with each of . . . . \ 
I 

the polynuclear species. Th~ first column gives the chromium (III) con-

centration in moles per ~ilogram of perchloric acid (40.7%). 
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. Table IX Cryoscopy of Polynuclear Chromium Species 

Moles added per 1000 g 
m/m Kf eutectic mixture 

Blue Species 

.00711 0.0165° 2.31° 

.01136 a 0.0278° 2.44° * 

.01309 0.0284° 2.rro 

.01421 a 0.0298° 2.10° * 

.0305 0.0659° 2.16° 

.0685 a 0.153° 2.24° * 

Intermediate 

.01136 a 0.0278° 2.44 ° .lE-

.01421 a 0.0298° 2.10° * 

.0685 a 0.153° 2.240 -x-

Green Species 

.00616 .0090° 1.46° 

.0124 .0184° 1.48° 

.0284 .0423° 1.49° 

.0455 .0670° 1.47° 

Solutions allowed to warm room temperature and rechi11ed 

Same value observed for chilled solutions, and warmed and. reehi11ed 
solutions 

~ : , , 
'. 
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Since 

lir/m = lin . K 
. f 

(v-4o) 

where n is the number of chromium atoms per 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 
10 Xcr(c.g.s.) = 

6 
~(F -F )-10 X (w -w ) sample solvent solvent solvent solvent 

in sample 
(V-4l) 

and. X Cr (V-42) gram atoms of Cr in sample 

where F is in milligrams, ~ the tube constant. 

Correction for the diamagnetism of the individual ions was made by 

using the following values: OH-, 12.0; Cr3+, 13; H20, 13; and C104, 32 

(all multiplied by -1 x 10-6 );3
8 

the susceptibility of perchloric acid 

8 -6 was found to be -0.41 x 10 ,at 20°C. 

a. Theoretical Treatment of Data 

(1) Dimeric Species 

Binuclear complexes contain two atoms each of which possesses a 

spin angular momentum, and it is certainly possible and indeed likely 

that these two atoms will interact. Following the\general procedure of 

34 ' 
Kambe . such an interaction can be treated as a spin-spin coupling of 

\ 

the form 

, 
f 
i 
1 
; 
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where J is the exchange coupling constant and £1 and £2 are the spin vec­

tors of the two atoms. Since £1 and £2 have the same magnitude, the Hamil-

tonian can be reduced to: 

IJ = -J (S'(S' + 1) - 2S(S + 1») (v-44) 

where S is the eigenvalue', of the spin vectors of each atom (3/2 for the 

present caseL S' = 2S, 28 - .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'(S' + 1) - 2S(S + l)} . (V-45) 

each level being 2S" + 1 4egenerate. iTherefore there is a low-lying singlet 

and a triplet at a distance of 2J above it. 

The blue species has been shown to be dimeric, and to have two bridging 

20 
hydroxy groups. The intermediate, a dimeric species assumed to be formed 

by a single bridging hyd,roxy group, will have the same Hamiltonian as the 

blue dimer and the same theoretical derivation for the variation of XA with 

temperature. The variation of the atomic susceptibility, XA, with temperature 

is given for S = 3/2,3/2 - the case for spin-free chromium (III) - by the 

expression: 

x = A 
) + N(a.) (v-46) 

following Kambe's general procedure, where x = -J/kT, g is the spectroscopic 

splitting factor, f3 the Bohr magneton, k the Bolt~ann constant, T the ab­

solute temperature, and N(a.) the temperature-independent, high-field, para-

magnetic term. The presence of such an interactionJ J, is~lated to an 
'\ 

observed and finite value of 9 in the Curie-Weiss ec!uation, i = C/'(.'T + G). 

There may be other explanations of course for an appleciable value of G. 
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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 ~xperiment, however, T is much greater than J, and no 

such deviation is observe(! ... " 

Table X gives the value of J,g,lleff (the effective magnetic moment) 

at 20°C, N(cx,), and Q observed for the blue dimer and. intermediate species. 

The g values were obtained by an independent ESR measurement. These values 

. 26 
can be compared. with those reported by Earnshaw and Lewis 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 XA for 

each species was calculated.. A plot of XA versus liT is given in Fig. 9 

for both dimeric species. Only a small temperature range was covered. in 

these measurements since no c~ystals of either material have been obtained 

and the measurements must therefore be made on solutions. It 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 d.imer and the intermediate decompose to form 

the monomer, actually p!ecipitating 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 

36 
than those measured on single crystals of the same substance. 

It may have been anticipated that only a small coupling of spins-
, 

indicated by the low value of J - would be observed in these species since 

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

the hexaquochromium (III) spectrum, as indicated byl Schaffer,'s and Jorgensen's' 
- i 

empirical correlation of spectral and magnetic dataion chromium (III) runmine 
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Table X. Reported Values of Susceptibility Parameters 
for Chromium (III) Complexes 

Complex J.leff 
(B.M.) 6 

J g N(a,)xlO g 

[(Phen)2cr (OH)2(Phen)2]4+ 3·67 10 1~99 58 35° 

[(glY)~ Cr(OH)2cr (glY)2]4+ 3.80 6 2.01 52 20° 

[(Phal)2cr(OH)2cr(Phal)2J4+ 3·84 7 2.03 44 30° 

4+ 
(aq)4Cr (OH)2Cr (aq)4 3.74 7·5 1.98 58 27° 

(NH3)5crOH(NH3)rBr5 3.44 20.25 1. 94 62 120° 

5+ 
(NH3) 5CrOH(NH3 \ (H20) Br 5 3·52 20·7 1·99 56 130° 

5+ 
(NH3)5CrOH(NH3)4(H20) C15 

3.62 20·7 1·99 56 130° 

(NH3)5CrOCr(NH3)5Br5 3·50 14 1.91 56 .. 70° 

[(aQ)5crOHCr(aq)5J5+ 3·48 16 1.92 52 ' 22° 

Cr(aQ)6(C104)3 3.87 

3·89 

phen = phenanthroline 

gly =,glycine 

phal = phenylalanine 

aQ = water 

Ref 

26 

26 

26 

This work 

26 

26 

26 

26 

This work 

35 

This work 
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Table XI. Experimental Data for Calculations of XA & ~ 
, < eff 

T(OC) F F - (a) (b ) (c) (B.M. ):>. " 
sample solvent Xer X X~ X' XA ~eff .-'" ; ~ 

Room Temperatur~ 
,...~--.".'.' 

Monomer 

293·2 41.21 -56·77 20.690 13.584 6,228 6,402 6,402 3~89~ 

Dimer 

293·2 52.61 -50·95 22.248 17·117 11,640 11,826 5,913 3.74 
Trimer 

293·2 71·15 -50·90 19· 923 15·006 13,528 13,905 4,635 3·310 ,< 

-.;J 
.0'\ 

Variation with Temperature 
, 

Dimer --
274.0 36.43 -35·21 24.176 18.252 12,411 12,597 6,299 3·73 
290.2 35.69 -35.24 22·903 17·291 11,758 11,944 5,972 3.74 
294.6 33.63 -35.18 22.210 16.768 11,402 11,588 5,794 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 ll,032 5,516 3.75 

Intennediate 

274.0 41.67 -35.18 24·582 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 3·50 
308.1 33·88 -35·03 21·993 12.107 9,668 9,831 4,916 3·50 



, 

Table XI. Experimental Data for Calculations ?f XA and ~erf (continued) 

T(OC) F - X (a) (b ) Xl F sample solvent Xer X~ XA ~ 

Trimer 

274.0 90.58 -35·21 40·523 15·954 14,382 14,759 4,920 
290.2 84·39 -:-3~·24 38.508 15.160 13,667 14,044 4,681 
300.0 80.86 -35·18 37.334 14~698 13,251 13,628 4,543 
308.7 78.11 -35·18 36.338 14.306 12,897 13,274 4,425 
318.4 74.82 -35·19 35·362 13·921 12,550 12,927 ~,309 
329·9 70·92 -35.18 34.083 13.418 12,097 12,474 4,158 

a X::: XCr/W, and W ::: weight of sample x % chromiwn in sample on a weight/weight basis. 

b 

c 

X~ ::: X x M.W. of complex 

~eff ~ 2.839 Ix T A 

(c) ( ) 
Ileff B.M. 

.. ..- .t 

-,,'''-.'' 

3·29 
3·30 
3·30 
3031 
3·31 
3·30 

<, 
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dimers. 37 

The complex octaquo-~-dihydroxodiiron(III) has been deduced to be 

diamagnetic by M~ay and Selwood 38 while the analagous chromium(III) 

complex reported here is~fcllmd to be paramagnetic to the extent of three 

4+ ' 
unpaired electrons per chromium. In fact all of the Cr2 (OH)2 complexes 

studied by Earnshaw and Lewis26 show a similar behavior, even with strong 

field ligands occupying the remaining octahedral positions. 

Some coupling of the spins in the chromium (III) complexes can be 

deduced from the small value of J observed but this result should be com­

pared with the J value of 490°, reported by Elliott,3
8 

for tetraphenanthro-

,1ine-~-dihydroxodiiron(III) with an effective magnetic moment of 1.6 B.M. 

corresponding to one unpaired electron per iron. The analagous chromium 

(III) complex, tetraphenathroline-I-l-dihydroxodichromium (III), as :r:eported 

by Earnshaw and Lewis, has a J value of 10° and an effective magnetic moment 

of 3.83 B.M., equivalent to three unpaired electrons per chromium. 

Any argument for the difference in behavior of the two transition 

element s must be related to the number of d electrons available. Fe (III') 

has five d electronsj in a weak octahedral field there would be expected. 

to occupy singly both the t2 and. e orbitals (a spin-free complex) while - g . g 

in a strong field. only the t 2g orbitals will be occupied (a spin-paired 

complex). Each bridging hydroxy group has a pair of electrons to contribute 

to :rc bonding in addition to the two pair used in a bonding to the metal 

atoms and the a bond to the hydrogen. 
2 If sp hybridization is postulated, 

then a Pz orbital, pt;!rpendicular to the plane of the bridging groups and metal 

atoms, becomes available to allow for spin-spin coupling through the d xz 

and dy' z orbitals of appropriate symmetry. _. Since each hydroxy group con­
I 
\ 

tributes two electrons to :rc bonding orbitals, a total of fourteen and. ten 
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electrons) respectively, for the iron and chromium doubly bridged d,imers / 

must be accomodated. 

In such dimeric complexes each individual metal atom has a crystal 

field of C2v symmetry (see Fig. lOa) • Under this symmetry the s, p, and 

d orbitals will have, symmetry 4Al + A2 '+ 2Bl + 2B2 and, the ligands 4Al + 

Bl + B
2

• For each complex, there are twelve a bond.s from the central metal 

atom to eight waters and two hydroxy l:'.gand,s. There then remain the non­

bonding orbitals, d ,d, ,and d ,OJ' symmetry A2 + Bl + B2 . Assuming , xy xz yz 

the M(g~)M group to be planar, the com?lex as a whole has D2h syw~etry. 

The choice of C2 (x) and C2 (y) axes is arbitrary in D2h , but, given a 

selection, the orbitals Au' Blg,B2g, Blu' B2u' and, B
3g 

can be formed from 

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

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 1( orbitals of the bridging hydroxy groups transforming as 

B,3g + B2 + 2Bl eX. (I) results in the following energy scheme: g u 1(- , ' 

(Bb
3 

)(B
b
2 )(Bb

l )(A )(B
l 

)(1:$2 )(B3* )(B2* )(B
l
*)· g g u u g u' g g u 

The' absolute order of the levels is unknown, but the d,egeneracy has been 

split by 1( bonding. 

With fourteen electrons, the electronic configuration should be: 

(v-48) , 

resulting in two unpaired electrons for the iron complex~ the observed, 

value in the phenanthroline case. For a chromium ,(111) dimer with ten 

electrons, the electronic configuration is: 

(B b)2(B b)2(B b)2(B )2CA )l(B )lCB *)CB *~(B *) 
: 3g '2g lu Ig u 2u 3g 2g)~ lu ' 
i '1 

I 

. , 

, 
, ; 

,I 
,11 

f., 



-80-

the complex is predicted to have two unpaired electrons. In each case 

the unpaired electrons are assumed to be in the non-bonding d orbitals xy 

of appropriate symmetry. But such coupling is not observed and it must 

be concluded that strong 1C. bonding is not an adequate explanation ·of the 

ob served data. 

If this statement is true, then the explanation must be found in 

the nature of the bridging groups and their effect through a bonding. 

Evidence for the latter statement can be cited by considering the effec-

tive magnetic moment for the chromium (III) complexes Earnshaw and Lewis 

report, i.e. the phenanthroline, glycine, and phenylalanine, all strong 

field ligand~, 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 complexes - 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 CUI) and Cr (III) complexes. In Fe(III) 

complexes there are electrons in the a bonding orbitals of proper symmetry 

to allow overlap with the hydroxide orbitals. This symmetry requirement 

2 
is met whether sp or pure p orbitals are post.ulated for oxygen. There 

is no a priori reasoning to allow.;1C bonding through hydroxy bridges in the 

Fe(III) dimers and to disallow it for the Cr(IlI) dimers unless the 

bridging groups are different - e.g. oxygen bridges in Fe(III) dimers 

and hydroxide bridges in Cr(III) dimers. Metal-me:tal distances are of the c" 

same order of magnitude in both cas~s. \ 
I , 
~ 

Siinilar argument s can be applied to the intermediate - a dimer formed ~ 
! 

by a single hydroxy bridge. From the values given in Table X, it can be 
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seen that the J value is somewhat larger and the effective magnetic moment' 

of the intermediate reduced proportionately when compared to the blue 

dimer, implying that a somewhat larger coupling of spins has taken place. 

Although the 9 observed is much smaller than the analagous ammine complexe~, 

the J value is found within the range of most chromium (III) dimeric 

species. The spectrum of the sample studied is essentially that of the 

dimer in high perchloricacid concentration, so the presence of monomer 

as an explanation for the small e value (g for the monomer is close to 

0°) is ruled out. 

The symmetry of the complex as a whole is C (Fig. lOb) because of 
s 

the presence of the hydrogen on the bridging group while each individual 

chromium. atom is in a crystal field of C4v synnnetry. In C4v the s,p, and 

d orbitals of the metal atom transform as 3Al + Bl + B2 + 2E, and the 

six a bonds to the ligands as 3Al + Bl + E. Only the d ,d ,and d 
xz' yx yz 

orbitals are non-bonding, transforming as B2 and E. In a crystal 'Pield 

of symmetry C , the non-bonding orbitals of both chromium atoms can then 
s 

form the orbitals 2A' + 1!.A". The chromium atoms are even farther apart 

° (4.06 A) than in the doubly bridged dimer and again the orbitals would 

all be expected to be degenerate. However, interaction with n bonding 

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

antibonding A" orbitals! 

b 'h h b * * * * (A" ). , (A ~ ) (A 'J', ) (A" ) (A I ) (A ' ) (A" ) (A" ) (A" ) (A" ) • (v- 50) 

Eight valence electrons, two from the hydroxide ligand and three from 

each of the chromium atoms occupy totally the bonding orbitals and the 
\ 

complex is then predicted to be diamagnetic. 
I 

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

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

i 

I 
I 
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is a reduction in effective magnetic moment, however - somewhat larger 

than that observed 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 electrons through the bridge since an angle of 

H 
180 0 rather than 90 0 is presumed to exist in Cr-O-Cr group. No analagous 

complex of iron has been reported so the conclusions drawn cannot be tested 

as they were for the doubly bridged dimer. It must be supposed that a 

single hydroxy bridge produces a weaker field than two such bridge$, and 

one would predict for analagous iron (III) complexes not so a large, coupling 

of spins - perhaps close to the spin-free value for an individual iron (III) 

atom in an octahedral field. 

(2) Trimeric Species 

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

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

fit the data to a theoretical plot. Kambe's approach34 using as a basis 

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

Hamiltonian following from this assumption is: 

= - (V-51 ) 

where J .. refers to the exchange integral between the ith and jth ions, 
lJ 

and 2i is the spin vector on the ith ion. The J .. 's and S:. 's are equal 
lJ '" l 

if the three ions composing the system are equivalent and arranged in 

the form of an equilateral triangle. A structure proposed for a trimeric 

, chromium complex yielding such an arrangement is shown in Fig. lla. 
, 

Letting 2' equal 21+ 22 + 23 and 2 stand for 2i' the final expression 

for the Hamiltonian is: 

= - J [S'(S' + 1) - 3S(S + 1»). (V-52) 

•• 

I, 
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The expression for the variation of the atomic susceptibility with the 

temperature is given by: 

(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 triangle of 

chromium atoms with a g value of 1.94, the value determined for the green 

polynuclear species in the ESR measurements. The experimental points are 

indicated and it can be readily seen that the slope of the theoretical 

lines does not fit the experimental 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. lIb. The essential Hamiltonian for this type of structure 

is given by 

(v- 54) 

where the J .. ,s have the same meaning as above. It is assumed that the 
~J 

exchange integral between the end and central chromium ",atoms' will be the 

same for either end, of the molecule and therefore that J 12 =,J23 = J" 

leading to the Hamiltonian: 

(V-55) 

However, as before, the £i's(i = 1,2,3) have the, same magnitude and can 

be written as £0 Then£i·£i = S(S + 1) and lettir).g £* = £1 + £3 and £' = 

£1 + £2 + £3' the final expression for the Hamilton~an will be given by: 

\ 
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(V- 56) 

where S* = 2S,28-1, •. 0 and S' = S* + S, 8* + S - 1, ••• Is* - sl, here, 

S* = 3,2,1,0 and S' = 9/2, 7/2, 5/2, 3/2, 1/2. The variation of XA with 

temperature is then given by the following expression: 

x = A 

1 2N':)2 16 
4Xg ~ x ~~~~~~~~~~~~~~~~~~~~~~~~~--

3kT 

+ exp3x+exp7x+10exp6x+35exp5x+10 + N(~) 
+2explOx + exp7x+2exp6x+3exp5x+exp3x 

Figure 10 shows the theoretical curve obtained from this expression, using 

the same g value of 1.94. The experimental points can be seen to lie on 

the curve corresponding to a J value of 21°. T~ble XI gives the experimental 

data used. to calculate X
A 

and Table XII the effective magnetic moment at 

20°C, the g value, J, N(~) and 9 observed for the green trimeric species. 

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

Complex 

aq 
(aq)4Cr(OH)2Cr(OH)2cr(aq)4 

aq 

~eff at 20°C 
(B.M. ) 

3·31 

J g 

-21 42 

The only other trimeric chromium (III) species mentioned in the 

Ref 

This 
work 

40' . 
literature are those used. in the measurements of Welo, interpreted by 

Kambe in terms of an equilateral triangle of chromium atoms,3
4 

and those 

o£ Wucher and GijSman.
41 

In the' latter instance the effective moment 

for the trimer [Cr
3

(CH
3

COO)6(OH)2]Cl.8H20 has been. found to be 3.89 B.M. 

per chromium and yield.s a J value of -15°, assuming the three intersections 

.' 
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r 
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to be equal and using Kambe's definition of J. An attempt to consider 

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

the susceptibility is riot particularly sensitive to variations in the J 

value associated with this added interaction. The 9 reported is based on 

measurements made very close to liquid helium temperatures) where a sig-

nificant deviation (antiferromagnetic behavior) from measurements at higher 

temperatures is observed) and is of the order of O.25°K. In the region 

of higher temperature) the 9 value is of the order of -90 o K. 

Kambe) using Welo's experimental data on a similar compound) [cr
3 

(CH3COO)6(OH)2]Cl-S/3H20 - 9 equal to -93°K - assumed an equilateral 

triangle.of chromium atoms 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 ~eff versus temperature is not a very sensitive criterion for 

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 

compounds the bridging groups are not identified: nor is there any ex-

planation offered for arrangement of ligands and metal atoms in the 

complex. 

Considerations of symmetry in a linear complex of D2h symmetry 

(Fig. Ilb) show that the t~6 end metal atoms are in a crystal field of 

C
2v 

symmetry while the central chromium is in a field of D4h symmetry. 

In D4h the s,1') and d orbtttals have symmetry ~g + A2u + BIg + B2g + Eg 

t Eg + E
u

) while the same orbitals in C2v have symmetry 4Al '+ A2 + 2Bl 

+ 2B2 • The six 0"(b6nds to the chromium atoms are o~ symmetry ~ + A2 
i . 

+ Bl + B2 and 2Alg + A2u + BIg +Eu in C2v and D4h) irespectively_ The 
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d orbitals of chromium (III) which have not been used in cr bonding to 

the ligands are non-bonding orbitals: Al+Bl+B2 for the end atoms and 

B2g + Eg for the central atom. I~ D2h, the nonbonding d orbitals trans­

form as Blg+B2g+B3g and Au' Blg, B2g , Blu, B2u ' and B3g, and these will 

. probably all be degenerate because of the distance between chromium atoms. 

Since the :J{ orbitals of the bridging groups transform as::B2g , B
3g

, B
lu 

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

b b b * * * (2B
3 

)(2B2 )(B
l 

)(A )(2B
l 

)(B2 )(2B
3 

)(2B2 )(B
l 

), g g u u g u g g u (V-58) 

although the absolute order of level is unknown. There are seventeen 

valence electrons to be accomodated, three from each chromium and two from 

each h~droxy group, and the resulting electronic configuration is: 

(V-59) 

The. complex is therefore predicted. to have only one unp~ired. electron if 

strong :J{ bonding is present. Such a large reduction in magnetic moment is 

not observed, the J value is comparatively small, and once again it can be 

stated that :n: bond.ing does not seem to play an important role in such 

hydroxy complexes. 

(b) Conclusions - Perhaps the most significant conclusions that dan 

be drawn from the discussion of these results is that the two dimeric 

species are. indeed dimeric and represent chromium (III) atoms joined by 

hydroxy bridges. 

a strong coupling 

such complexes as 

A single oxygen bridging group has been shown to produce 

in the basic rhodo complexes of chromium (III) and in 

-4 C1
5
RuORuCl 5' and there is a marked change in the visible-

UV spectra of the oxygen-bridged complexes. Some a~tiferromagnetid­

character (J < 0) can be attributed to the chromium \POlynUClear species 

reported here; but the coupling as measured by the J value indicates 
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that the exchange interaction is of slight magnitude. Schaffer and Earn- / 

shaw and Lewis have offered as an explanation for the observed slight 

coupling in such chromium (III) complexes the deviation from 180 0 angle 

between Cr-O-Cr atoms when they are joined by a hydroxy rather than an 

42 
oxygen bridge. However, Kobayashi, Haseda, Kan~a, and Mori postulate 

that the angle is almost 1800 in the acidrhodo complexes they studied, 

even though there is a hydrogen on the bridging group. 

The green polynuclear species has been shown to fit the susceptibility 

data as a linear trimer joined by hydroxy bridges. 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 eluted. A linear arrangement is more satisfactory since the end of the 

chain is left open and add.itional chromium atoms can be linked to either 

end, thereby efficiently building up a chain polymer. This sort of be­

havior has been postulated for other metal ions in solution, e.g. Fe(III) 

and Al ( III ) • 

" , 

I' , 
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3. Electron Spin Resonance Measurements of g Values· 

Figure 13 shows the electron spin resonance spectra obtained for the 

four species: 
L~+ 

monomeric chromium (III), the two dimers, Cr2 (OH)2 and 

CrOHCr5+) and the trimer Cr
3

(OH)C+. The presence of some monomer in all 

. samples of polynuclear species is not unexpected but does not exceed 1% 

in either the dimer or trimer samples. The intermediat.e was prepared 

from a concentrated 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. 

a 

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~OQC (v = 9102.46 Mc) 

Complex 

monomer 
dimer 
intermediatea 

trimer 

in concentrated perch10ric acid 

g 

1.980 
1.976 
1.916 
1.942 

'( 

H (in gauss) 

157 
-5xmonomer 
-4x monomer· 

479 

The g v~lues might have. been antiCipated. to lie c1os~e to the spin-only . \ 

value of 2.002 since it can be shown for cr(III)43 in an octahedral field 

i. 
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that 

g = 2.002 - (8/3)(A/6) (V-51) 

where A is the spin-orbit coupling constant - positive for elements with 

less than half-filled shells - which is calculated from optical spectroscopy 

measurements and is reported as 213 cm-l for Cr(III); and 6) the ligand 

field splitting for octahedral complexes (4A2g - 4T2g:transition) which is 

;;'1 
of the order of 11,500 cm for the chromium (III) complexes reported here. 

For F states g is expected to be isotropic and Cr(III) has a ground state 

4 
of F 3/2" For all species studied in this work 6 shows only a slight 

variation and consequently no significant ':deviation from the calculated 

g of 1.960 would be anticipated. Clearly the approximations in the above 

formula are not adequate to 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.. It has been assumed that any anisotropy in the g 

values of the complexes has been cancelled by the rapid tumbling of the 

complexes) 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 dime,ric species since preliminary studies show that 

it begins to convert to the monomer at more elevated temperatures and 

the line narrOl-Ting is obscured. by the sharp resonance of the monomer. 

Intermolecular effects, comparable to concentration broadening, might 

also be a contributing factor. 

An interesting sidelight resulting from these studies is the possi-

bility of following the decomposition- of the dimerjto the monomer by-

changes in the line width. The very broad resonance of the dimer is 
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easily obscur.ed by the sharp and very strong resonance signal of the 

monOmer. Preliminary studies on the variation of line width with time 

point'to",the p~ssibility of following the kinetics of decomposition by 

--this means. Since a-~gl:'.~en temperature can be readily maintained and 

measured quite ~ccurately, 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 were prepared by ion-exchange tech-

niques and approximately 100 cc placed. ina 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. 4~ in cr(rrr), Here 

added to concentrated perchloric acid and a fine blue, crystalline :~,.g.teI'ial 

was immediately formed. The green perchloric acid-Cr(rrr) supernatant 

was decanted off and the solid material resuspended in concentrated 

perchloric acid.. The procedure was repeated until no trace of green 

appeared. in the perchloric acid.. The solid. in contact. "dth 11. 6M 

perchloric acid was left at room temperature in a closed vessel and in 

a few hours' time the solution became colored a deep blue. The spectrum 

of the solution was imilar to that of the blue dimer although not identi-

cal. 

The green supernatant formed crystals slowly on stand.ing and the 

spect:rum of these dissolved in both d.ilute and concentrated perchloric 

acid was that of the monomer~ Powder patterns o~ both types of crystalline 

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

Sing~e crystal work on the purple cubic crystals from the green supernatant 
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established them as Cr (H20)6 (C104) 3. A single crystal of the fine powder, / 

hexagonal in form, was mounted in an x-ray capillary tube but turned brown 

under radiation. Further attempts to grow sufficiently large 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-raj work. 

When 12 M lithium perchlorate was tried as a medium in which to form 

crystals of the dimer - a dependence on perchlorate ion concentr~tion 

seems to be the essential factor in initial formation of the crystals -

it was observed that'c~ly fine crystals of lithium perchlorate formed. 
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FIGURE CAPI'IONS 

Absorption spectra of Cr(III) species. 

Energy level diagrams for (a) dimeric species and (b) a 

linear trimer. 

A plot of lIT versus log K for K22 and K34• 

° Change in absorbance at 2700 A of the blue species in 

A plot of A-0.932 of the first step in the decomposition 

of the blue species in 7.6 M HC104 (25. 0°C). 

° Change in absorbance at 2700 A for the dilution of 

acid,ified solution of blue d,imer. 

A plot of 0.822 - At for formation of blue dimer from 

intermediate. 

A plot of k ib d versus perchloric acid or a function o serve 

of temperature and ionic media. 

A plot of l/xA versus T. 

Proposed structures for dimeric speciest 

(a) the blue species (D2h ) and (b) the 

intermediate (C ). s . 

Proposed structures for a trimeric species: (a) an 

equilateral triangle of chromium atoms and (b) a 

linear arrangement of chromium atoms. 

A theoretical plot of l/xA vs T for an equilateral 

triangle of chromium atoms. 
\ 

ESR spectraof chromium (III) species'~ 
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