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Modeling chromium sulfate complexes in
relation to chromium tannage in leather
technology: a computational study²
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Structures that may lead to polynuclear chro-
mium complexes to cross-link the collagen fibrils
in chromium tanning processes are modeled.
Pathways are suggested to the olation reaction.
The role of sulfate as a facilitator has been
demonstrated. Copyright# 2000 John Wiley &
Sons, Ltd.

Keywords: chromium sulfate; collagen; com-
plexation; olation; tanning

Coordination of protein carboxyl groups to chro-
mium is the main reaction in chrome tannage. The
usual treatment is to introduce Cr3� salts into the
hide, after pickling during which the pH is adjusted
to a pH of approximately 3, and then to allow the
collagen–chromium complex cross-linking reaction
to occur.1 It was Gustavson2 who first recognized
the fact that chromium tanning consists of building
carboxyl groups of collagen as ligands into the
chromium complexes. He also showed that thermal
stability depends on favorable stereochemical
conditions at the moment of chrome tannage.3

Theis showed that thermal stability is related to
swelling of protein at the moment of tannage.4

Spacing between main protein chains varies from
10 Å in the dry state to 17 A˚ in the swollen
condition, and bridging by single Cr atoms would
be unlikely.4

Un-ionized acid does not form a stable coordina-
tion compound with chromium, so that the pH of

tannage will govern the extent of coordination of
carboxyl groups. In the chromium sulfate liquors
normally used in practice, the precipitation point
governs the optimum tanning point, but if the pH of
the precipitation is raised by masking agents the
coordination of more carboxyl groups can be
promoted by a higher pH value. According to
Bowes and Kenten5 (in terms of the percentage of
carboxylic groups on collagen) the main acid
residues are aspartic acid (5%) and glutamic acid
(11.3%), which have pK values of 3.76 and 4.2
respectively. It has been shown that carboxyl
groups become partly displaced by hydroxyl groups
at high pH values,6–9 so that the bond between
protein and chromium may be broken by raising the
pH value too far. At 6.6 and above there exists the
danger of over-neutralization.

The chromium cation Cr3� in aqueous solutions
occurs as the hydrated hexaquochromium ion,
Cr(H2O)6

3�. Water held by this ion can be
exchanged for other ions. An18O-enriched water
exchange reaction has been carried out to find out
the strength of the bond between the water
molecules and chromium in aqueous solution. A
surprisingly high lifetime, 54 h (when compared
with Al3�, Li�, Mg2�, Bi3�) is found, and the
existence of six water molecules linked directly to
the Cr3� ion in aqueous solution is confirmed.

As early as 1910 Bjerrum10 suggested the
formation of �-bridges between the chromium
atoms. In this reaction, called ‘olation’, hydroxy
groups are built in the internal sphere of the
complexes upon aging or heating, and form Cr–
OH–Cr links. Chrome tanning liquor consists of
chromium atoms linked by olation. According to
some investigators the loss of a proton may cause
oxolation (deprotonation) and formation of oxygen
bridges (Cr–O–Cr). Further reaction results in
formation of a complex with two ol bridges. The
influence of sulfate is suggested to make olation
easier. Kawamura and Wada,11 and later Indubala
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andRamaswamy,12 haveisolatedthreecomponents
of sulfate liquor of 33% basicity, namely
[Cr(H2O)5SO4]

� andanothertwo thatarebinuclear
complexesof total charge2� with a Cr: SO4 ratio
of 2:1. IR determinationshave confirmed the
presenceof the ions1 and2.12

Stiasny and Koningfeld13 have observed a
greatertendencyfor sulfatesto olatethanchlorides,
and have attributed this to formation of six-
membered rings. This has been confirmed by
Shuttleworth,14 who has producedevidencethat
chloridesand nitratesform stabledi-ol and tri-ol
bridgesinvolving two chromiumatomsat 33%and
50% basicity and four chromium atoms at 66%
basicity,all complexesbeingsoluble.Addition of
sulfate, followed by boiling, is said to causean
enlargementof themolecule.

Strakhov15 states that coupling of chromium
compoundsby collagen is greaterwhen half the
coordinationpoints belongto more active ligands
than water, and explains the greaterfixation by
albumins of chromium sulfate than of chloride
liquors.

Shuttleworth16 hasworkedon reactionvelocities
of olation and found that the hexaquochromium
salts olate according to a bimolecular reaction,
nitrate being faster than chloride and sulfate the

slowest,presumablyowing to ligand competition.
Slabbert17 demonstratedthat at least10 ionic and
nonionic complexes are present in 33% basic
chromium sulfate solution. The six compounds
presentin highestconcentrationandof determined
structureare3–8.

Chromiumcompoundsarefrequentlyreportedas
generallystable.Reactionsof chromiumcomplexes
(mostly exchangereactions)are characterizedby
their particular slowness.The ligand exchangein
chromiumcomplexesis the fundamentalprinciple
of chromium tannagetheory. Essential for this
theory is the acceptanceof the Cr3�–collagen
carboxylicgroupcomplexasthemoststableamong
the complexesknown,andweakly boundmasking
ligandsgive way to carboxyls.

Chrometanningmaybedefinedasthecontrolof
four competingreactions:

(1) entry of OH groups;
(2) binding of ion in the first sphereof the

complexto makeit susceptibleto masking;
(3) masking reaction—entry of organic acid

residue;
(4) reactionof proteincarboxylgroup;

Cross-linking may be the fifth reaction. It is
probably still proceeding during piling of the
leatherafter tanning.

Scheme1
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Lasek18 in hischrometanningtheorystressesthe
part the sulfate ion plays in the formation of
polynuclearcomplexesfrom the binuclear ones,
with previouslybuilt-in collagencarboxyls.

Masking agentsenter complexes,if they are
sufficiently ionized at low pH. When the organic
acid usedfor the masking is weak, a higher pH
facilitates its reaction,as its ionization increases.
Theincreasein pH of thetanningliquor is a reason
for the increasein the basicity of the chromium
complexesand their oxolation as an aging effect
(deprotonation),whereasthe coordinationaffinity
of the sulfateresiduesremainsunchanged.In this
reaction step the masking agent remainscoordi-
natedwith chromium;the reactivity of the protein
increases,however, and the carboxyls enter the
complex.

According to Harlan and Feairheller,19 the
following reaction types can take place as the
carboxyl ion attached to collagen enters the
complexes:

(1) entry of two carboxyl ions into the same
chromiumcomplex;

(2) olationwith eliminationof waterandforma-
tion of a linkage betweentwo complexes
(Scheme1).

It hasbeenshownthat bidentatesulfategroups
remainin the final complexesafter leathercuring
and dyeing. Their apparentsignificancefor im-
proving the stability of complexes has been
recognized.

In this studythepossible structuresthatmaylead
to polynuclear chromium complexes to cross-link
the collagen fibrils in chromium tanning are
modeled.The aim is to bring insight to the olation
reactionandto investigatetheroleof thesulfateion.

METHOD AND COMPUTATIONS

A theoretical approachusing quantum chemical
calculationswastaken.Thestrategyhasbeen

(a) to start with the modeling of the hexaquo-
chromiumion;

(b) to determine the tendency of hydroxy,
sulfate, formateand acetateions to replace
water molecules in the complex-forming
reaction;

(c) to model the possible complexes(mono-
nuclearandbinuclear)in solutionandwrite
possiblereactionsfor their formation;

(d) to explain the formation of the olated
complexes.

All the speciesof interestweremodeledusingthe
HyperChem20 seriesof programsandtheir heatsof
formation, DHf, were obtained. The ZINDO/1
method21 was used and the geometryof all the
structureswas optimized. The heatsof reaction
were calculatedas DHR = DHf (products)ÿDHf
(reactants),negativevaluesshowingthe liberation
of energyduring the reaction.

RESULTS AND DISCUSSION

Calculationswerecarriedoutfor possiblestructures
thatmay leadto polynuclearchromiumcomplexes
to cross-linkthecollagenfibrils in chrometanning.
Theheatsof formationfor thespeciesarelisted in
Tables1 and2.

A negativefreeenergychange,DG, is associated
with reactionsthat favor the formationof products
whenequilibrium is reached.Heatof reactionand
entropy change are the two components that
contribute to the free energy change (DG =
DHÿ TDS).A negativevalueforDHRwill contribute
to makingDG negativeandwill favortheformation
of products.The entropychangeis expectedto be
positive since cross-linking through polynuclear
chromium complexes renders the system more
orderly. Temperature,T, is not high (ca 351°C)
becauseleathertanning is not carriedout at high
temperatures.TDSismoreorlessconstantandalarge
value of DH will determinewhether or not the
formationof theproductswill befavored.

Fennen22 hasusedthe DFT methodto calculate
the structure of an olated dinuclear chromium
complex model (the only quantum mechanical
work found in the literaturefor similar complexes)
and reports the dimensions of the chromium
complex to give a good fit to the positions of
reactivesitesin thecollagenmodel.

Water moleculesheld by Cr(H2O)6
3� ion are

easilyexchangedby hydroxyl groups.Takenouchi
has reported on the stability of the hexaquo
complexesof chromium,and that they changeto
hydroxo complexesat pH> 3.23 The entry of the
first hydroxyl group into the complex,expellinga
watermolecule,is the mostexothermic;introduc-
tion of thesecondjhydroxyl is lessexothermicthan
the first, and that of the last hydroxyl is the least
exothermic(Eqns[1] [2] [3]).

The total heat of reaction calculated for the
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stepwiseexchange(ÿ1057.95kcalmolÿ1) is of the
sameorderastheheatof reactioncalculatedfor the
one-stepcomplexationof three hydroxyl groups
reaction(Eqn [4]).

Shuttleworth16 hasstudiedthekineticsof olation
anddeolationandhaspointedout thatalkali added
to make the basic liquor is absorbedextremely
rapidly by the normal commercial type of chro-
mium tanningliquor.

The sulfateion, beingdivalent,doesnot form a
monodentatecomplex with the chromium ion in
mononuclearcomplexes.It prefersto be bidentate
rather than tridentate and easily replaceswater
molecules(Eqns[5] and[6]).

There is IR evidence that the sulfate group
coordinatesasa bidentateligand.23 Comparisonof
monodentatewith bidentatecomplexationof acet-
ateandformateionswith thechromiumion shows
their preferencefor beingmonodentate(Eqns[7]–
[10]).

The affinity order amongmonodentateligands
seemsto be hydroxy> acetate> formate> water,
in accordancewith the literature.The formationof
formateandacetatecomplexesfrom hexaquochro-

mium complexeshas been studied and possible
structureshave been discussedon the basis of
spectralandstoichiometriccharacteristics.24

Olation through reactionsof Cr(OH)n(H2O)6ÿn
seemunlikely, since their reactionsgive positive
heatsof reaction.The di-�bridgesare shown by
Cr< (OH)2> Cr.

Olation reactionswith Cr(H2O)3(OH)(SO4) as
oneof the reactantsareshownin Schemes2 and3
with theheatsof reactiongivenon thearrows.Two
Cr(OH)(SO4)(H2O)3 complexesreact with each
other through different pathways and form the
dimer in Scheme2. In Scheme3, a setof reactions
leads to the olation of the Cr(OH)(SO4)(H2O)3
complex with Cr(OH)(H2O)5

2� or Cr(H2O)6
3�

complexes,which is followed by the replacement
of a watermoleculeby acetateor furthergrowthto
a trichromiumcomplex.

Cr(H2O)3(OH)(SO4) can react to start the
formation of the binuclear complex through a
sulfatelink or moreexothermicallyit canexpel a
water moleculeand becomebinuclearthroughan
OH link. As canbeseenfrom Scheme2, olation is
facilitated by the existenceof a sulfate bridge
betweenthe chromium ions. The sulfate anion,
being bidentate,holds the two chromium ions in
closeproximity. Olation increasesthe stability of
chromium sulfatecomplexes.The formation of a
second—OH— bridgebetweenthechromiumions
is more endothermicin the absenceof a sulfate
bridge.Alternatively, the two sulfatebridgesmay
be formedfirst andthenolation may follow.

Comparisonof Schemes2 and3 showsthat the
presenceof one sulfate group per chromium ion
rendersthe olation reactionmoreexothermicthan
thatwith onesulfategrouppertwo chromiumions.

Table 1 continued.

Structure Formula DHf(kcal/molÿ1)

[Cr2(SO4)2(OH)2(H2O)5] ÿ2022.22

[Cr3(SO4)2(OH)3(H2O)9] ÿ2786.2233

Table 2 Formulas and heats of formation for the
complexingligands.

Formula DHf (kcalmolÿ1)

H2O ÿ207.85
OHÿ 62.26
SO4

2ÿ 138.21
CH3COOÿ ÿ1019.04
HCOOÿ ÿ462.80

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 660–669(2000)
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Scheme2 A schematicrepresentationof a setof reactionsfor theolation of two Cr(OH)(SO4)(H2O)3 complexes.
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Scheme3 A schematic representationof a set of reactions for the olation of the Cr(OH)(SO4)(H2O)3 complex with
Cr(OH)(H2O)5

2� or Cr(H2O)6
3� complexes.
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The most stable of the binuclear complexes
Cr2(OH)2(SO4)2(H2O)6 hasthetwo chromiumions
linked through two ol bridges and two sulfate
bridges, but it resists binding of an acetate
exothermically. The least stable one is that in
which thetwo chromiumionsarebridgedwith two
ol bridges and the sulfates are on separate
chromiumions,not involved in bridging.Between
the two with intermediatestability, is the complex
with onesulfatebridgeandtwo ol bridges,in this
complexanacetateanioncaneasilyreplaceawater
exothermicallyafterolation.Schemes2 and3 seem
to be plausible sequencesof reactions for the
formationof thepolynuclearcomplexes.

To conclude,in thisstudythestructuresthatmay
leadto polynuclearchromiumcomplexesto cross-
link the collagenfibrils in chromium tanning are
modeled. Pathwayshave been suggestedto the
olation reaction.The role of sulfateasa facilitator
hasbeenshown.Furtherwork toward the under-
standingof the processin leathermaking at the
molecularlevel is underway.
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