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Dioxane forms an anlivdrons erystalline uonodioxanate and several erystalline aquodioxanates with iron(111) chleride,

Tlie presence of water in the complexes inereases the number of maleenles of dioxane held in the crystals.
ferrie(IT1) acid ouly the monoagnotridioxanate is readily isolated.

plexes have beent measnred.,

With tetrachloro-
Approximate dissociation pressures of the varions com-

All the agne-complexes are converted at low pressure by loss of water and/or livdrogen clilo-

ride into the anhydrons monadioxanate of irou(I1T) chloride which lias a dissociation pressire of less than 1 nun. at 20°,

Conductivity data in nitrobenzene indicate that all thie complexes are ionic in cliaracter.
based on their iouic cliaracter and indicated codrdination mumber, are proposed.

Formulas for the complexes,
Electric moment and solubility data for the

iron(I11) chloride complexes in dioxane iudicate a non-onic solute species it dioxance witlt the aquo-complex being ap

preciably more polar than tlic auliydrons complex.

Previous studies have been made in these Labora-
torics® on the interaction of iron(I11) chloride with
diogane using electric moment data. During the
conurse of this work the formation of a well-defined
crystalline complex of iron(IT11) chloride and diox-
ane was observed. Other complexes containing
water and hydrogen chioride also have been found
to be readily obtained. A number of these crys-
talline complexes have been prepared and studied
and the results are reported in the present paper.

Experimental

Auliydrons iron(I11) eliloride was prepared, dioxaie was
purified awd eclectric nionients were obtained as described
previously.? The measureinents of approximate dissocia-
tion pressurcs were also made as described previously .t

Iron(IIT) Chloride Monodioxanate.—A weiglied quantity
(1-4 g.) of iron(111) chloride was added slowly in a dry box
to 5-15 ml. of dioxauc freshily distilled from sodimm. Yel-
lowish-greent solicl formed immediately. The mixture was
then warmed on a liot plate in the dry box until nearly com-
plete solution ocenrred.  Filtration and cooling gave finely
divided green crystals.  The crystals were freed of adliering
dioxate by suction filtration, dried between filter papers or
alternatively kept in a vacuuiu desiccator at 1 inm. for 48
lir. and analyzed for clilorine and iron. A4nal. Caled. for
FeCly CIL,0s: 1, 42.3; Toe, 22.2. Found: Cl, 42.2; Fe,
22 3. In the preparation of the anhydrous dioxanate, in-
troduction of moisture from any source results in the sepa-
ration of the less soluble agquo-complex, described below,
whicli coutaminates tlic anhiydrous compournd.

Iron(III) Chloride Diaquotridioxanate.—To aun approxi-
mately half-saturated solution of anhydrous iron(I11) chlo-
ride in dioxane, water was added drop by drop. Crystals
of vellow aqunodioxanate separated inunediately on the acd-
dition of water, witlt maxinuuu precipitation ocenrring when
2 mioles of water liad been added for cach mole of iron(I11)
chloride present.  Recrystallization from dioxane resulted
in the formation of well defined yellow prisins.  Andl.
Caled. for FeCly- 21,0 3CHO.: C1, 23.0; Fe, 12.1; H.0,
7.7. Tound: C1, 23.1; Te, 12.0; H.O, 7.5.

Iron(II1) Chloride Diaquodidioxanate . —Wheu crystals of
the diaguotridioxanate, obtained as described above, were
left ou filter paper in nonmal atmospliere, loss of dioxane oc-
curred readily.  Conversion to the didioxanate was comn-
plete when the odor of dioxaue was no longer uoticeable over
the crystals.  Alternatively, crystals of tlie tridioxanate
were left in a vacaum desiceator at pressures between 15 and
3. with provision for reutoval of dioxane vapor.  Tuder

(1) From the dissertation snhiitted by Sister M. Scholastica Keu-
purd, C.8.C., in partial fnlfilliment of the reqnirements {or the degree of
Doctor of Plilosopby, Cniversity of Notre Damne, 1057, Paper 1 of a
series on the interaction of iron (IT1) componnds wich ethers.

(2) Cantributian from the Radiation Project operated by the
Tiversity of Notre Dame and snpported in part nnder Atomic Euergy
Commission Contract AT-(11-1)-38.

() . J. Lane, . A, MeCnsker and B. C. Corran, Turs Jourxal, 64,
2076 (1912),

D Co1 Kelley wad I A MeCusker, Yl 68, 1507 (101D

these counditions gnantitative conversion of tridioxanate to
didioxanate oceurred. The diaquodidioxauate was ob-
tained as a yellow powder. Anal. Caled. for FeCly-2H,O-
2CH;0,: Cl, 28.4; Fc, 14.9; H,O, 9.6. TFomnd: Cl, 28.3;
T'e, 14.8; H,0, 9.5.

Iron(III) Chloride Monoaquodioxanate.—To au approxi-
mately half-saturated solutiou of anhydrous irou(I11) chlo-
ride in dioxane, the calculated amouut of water was added
to give a 1:1 ratio of irou(IIl) chloride to water. The
solution was then allowed to staud in a closed container for
several liours, after which a gradual separation of a mass of
deep-red needles occurred. The crystals were dried as
above. Amnal. Caled. for FeClsH.O-2C,HO,: (1, 20.8;
FFe, 15.6. Found: Cl, 29.6; Tre, 15.4.

Attempted Preparation of a Dioxanate of Anhydrous
Tetrachloroferric(IIl) Acid.—Anlivdrons hydrogen chiloride
was passed over the surface of a nearly saturated solution of
anhydrous irou(111) chloride in dioxane at ice-bath temipera-
ture i a systemr protected from woisture. The solution
becante turbid as hyvdrogen chloride was absorbed and con-
tinted addition of livdrogen chiloride resulted in the separa-
tion of two liquid phases. The lower phase increased in
bulk, as absorption of hydrogen chiloride coutinmed, mutil
a ouc-phase, olive-green liquid was obtained. Under o
vacunit of 10-20 nt. excess hydrogen cliloride aud dioxane
were removed to leave a thick green lignid,  Cooling to Dry
Ice temiperature resulted in the formation of a non-homo-
gencous solid.  Amnalysis of the praducet for iron and chloride
showed a chloritie-to-irou ratio somewhat greater than 4 to 1
and the presence of excess dioxane.  Attempts to abtain a
hiomogeneouns solid by variation in thie cooling and vacnum
concdlitions were unsuccessful.  Under a vacnum of 3 to 1
nutt., dioxane and hydrogeu chloride were lost and the mono-
dioxanate of iron(111) chloride was left as a residue.

Monoaquodioxanates of Tetrachloroferric(III) Acid.—Ta
50 ml. of a nearly saturated solution of a weighed quantity
of iron(I1T) chloride in dioxane, excess anhivdrons hiydrogen
chloride was added mmntil a clear olive-green solution was
formed. The ealenlated guantity of a 1 37 solution of water
in dioxane was added to give a 1:1 wolar ratio of water to
iron(1I1) chloride. Maxinuun precipitation of pale green
erystals ocenrred wlhien exactly one mole of water had been
added per male of iron(TIT) chloride.  Attempts to obtain
erystals of reproducible composition by drying between
filter papers were utisniceessful.  Short exposnre to normal
atmospliere resnlted i loss of hiydrogen cliloride and dioxane
and absorption of water.  Under controlled conditions of
25-35Y% relative limidity, hvdrogen chloride was lost and
water absorbed to give crystals of iron(I1T) cliloride diaquo-
didioxanate.  When tlie crystals, obtained as above, were
Iield for 8 hir. at 30 mui. in a vacwn cesiecator over phos-
phoric anlivdride, yellow-green erystals of tetrachloroferrie-
(TIT) acid monoaquotridioxanate were formed.  Anal.
Caled. for FeCly-HCL-HO-3CHO,: C1, 29.5; Te, 11.6;
H-0, 3.7. Found: Cl, 29.4; Te, 11.7; H.O, 3.7.

Attempts to isolate a monoaquodidioxanate of tetrachlora-
ferrie(111) acid by using desiccator pressures in the rauge 9
ta 6 1. led to partial loss of hiydrogen chloride.e When,
Liowever, the eryvstals of tetrachloroferrie(11T) monoaguotri-
dioxanate were lield in a desiceator at pressires below 3 nn.
far several hiours, complete conversion to the stable green
iron( 1113 ehloride monadioxaisie oerrred.



June 20, 1959

Analyses.—Chloride was deterinined gravimetrically.
Iron was determined by precipitation as ferric hydroxide,
solution in acid and titration witli dichromate solution.
Karl Fischer reagent was used for the water analyses, em-
ploying the dead-stop end point method as niodified by
Wernimont and Hopkinson® and correcting for the oxidizing
action of ferric ion.t

Solubility Determinations.—The solubilities of the an-
hydrous iron(III) chloride monodioxanate and the iron(III)
chloride diaquotridioxante in dioxane were determined by
equilibrating excess solid with dioxane at 25° and analyzing
the equilibrium solution which was forced by dry nitrogeu
pressure through a fritted glass disk.

Conductivity Measurements.—The conductivities of
nitrobenzene solutions of the coniplexes were measured in a
pipet-form cell with bright platinum electrodes. A Serfass
conductivity bridge, Model RCM 15B1, was used. Nitro-
benzene from Eastman was purified by a series of fractional
freezings, ni.p. 5.60-5.61°

Results and Discussion

The compositions of the various crystalline di-
oxanates of iron(III) chloride reveal a marked ef-
fect of the presence of water on the number of
molecules of dioxane that can be held in the crystal
lattice of the dioxanates. With anhydrous iron-
(1II) chloride only one molecule of dioxane is as-
sociated with a molecule of iron(III) chloride.
With one molecule of water present, two molecules
of dioxane are held in the erystal lattice. With
two molecules of water present in the crystal three
molecules of dioxane can be accommodated, al-
though in this case one molecule of dioxane is
readily lost by vaporization. The nature of the
association of water with iron(III) apparently has
the effect of increasing the number of dioxane mole-
cules which can coérdinate with the iron(III).

The diaguotridioxanate undergoes rapid loss of
one molecule of dioxane under vacuum of 15 mm. or
less. This indicates that the tridioxanate has a
dissociation pressure of about 15 mm. Storage of
the diaquodidioxanate of iron(III) chloride in a
vacuum desiccator at 2 mm. results in no loss of
dioxane or water in the absence of a desiccant.
When held at 1 mm. or less in the presence of phos-
phoric anhydride, however, the diaquodidioxanate
loses both water and dioxane to form the anhydrous
monodioxanate. The monodioxanate undergoes no
loss of dioxane on long standing even at pressures
below 1 mm. Thus a dissociation pressure of less
than 1 mm. is indicated for the anhydrous mono-
dioxanate.

Since at sufficiently low pressures all the aquo-
complexes may be converted to the anhydrous mon-
odioxanate, it must be concluded that the bond-
ing of dioxane to iron(111) chloride is stronger in the
monodioxanate than the bonding of water to iron-
(ITII) chloride in the diaquo-complexes. The
strength of the dioxane bonding in the monodioxa-
nate is further shown by the fact that heating of the
crystals in a capillary tube results in extensive de-
composition and charring at temperatures above
165° but no direct loss of dioxane.

The crystalline aquodioxanates of tetrachloro-
ferric(I1I) acid show a close parallel in composition
to the aquodioxanates of iron(III) chloride if it is
assumed that hydrogen chloride replaces one water

(5) G. T. Wernimont and F. J. Hopkinson, Anal. Chem., 18, 272
(1943).

{6) R.J. Myers, D. 1. Metzler and E. H. Swift, Turs JOurNai, 72,
3768 (1950).
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molecule. The principal difference in the proper-
ties of the two types of dioxanates is that the acid
complex loses hydrogen chloride by vaporization
more readily than the aquo-complex loses water.
Also in moist atmosphere, hydrogen chloride in the
complex is replaced by water and the monoaquodi-
dioxanate of tetrachloroferric(I1I) acid is converted
to the diaquodidioxanate of iron(III) chloride.

The ease of isolation of the aquo-complex of tet-
rachloroferric(IIT) acid and the difficulty of isola-
tion of the anhydrous dioxanate is not necessarily
an indication of greater stability for the aquo-
complex. It is probably an incidental result of the
difference in solubility of the complexes in dioxane—
hydrogen chloride. This is further suggested by
the results observed by Laurene, Campbell, Wi-
berly and Clark” who found that an anhvdrous di-
isopropyl etherate of tetrachloroferric(III) acid was
readily obtained as a slightly soluble crystalline
solid from isopropyl ether-hydrogen chloride. The
hydrated isopropyl etherate of tetrachloroferric-
(I1I) acid was found to be quite soluble in the sol-
vent and was not isolated by these workers.

Conductivity data for the complexes in nitroben-
zene are listed in Table I.

TasLe 1

MoraL CONDUCTIVITIES OF COMPLEXES IN NITROBENZENE
FeCl3. CsH502 1eC13.2M20.2CH:0:  FeCl3. H2O. FIC1.3C4 02

m X 103 m X 108 » X 108

1.41 41.3 1.96 35.4 1.79 60.0
2.99 35.9 1.98 32.8 4.40 53.9
4.09 35.1 3.38 33.8 4.81 52.6
5.99 33.3 6.93 29.7 7.54 LT

The conductivity data demonstrate that the di-
oxanates are ionic in character. Anhydrous iron-
(I1I) chloride solutions showed only a small con-
ductivity which did not increase with concentration.
This small conductivity is believed to be due to
small amounts of impurities.

A coordination number of four is indicated for
the anhydrous monodioxanate, FeCl;-CyHzO,, by
its green color. The ionic character and cobdrdina-
tion number of four suggest the formation [Fe,Cls-
(CiH0,y).]TT2C1~ for this commplex. The yellow
color of the diaquodioxanate suggests a coordina-
tion number of six for iron in these complexes.
This codrdination number and the ionic character
suggest  the  formulation, [FeCly(CyHOy)o-
(H:0).]* Ci~ for the diaquodidioxanate of iroun-
(ITI) chloride. The tridioxanate is reasonably
formulated as [FeClL(CH;0,)(Hy0),]F[Cl]~-Cs
H;0, with one niolecule of dioxane being held in the
crystal lattice as dioxane of crystallization. In the
case of the red monoaquodidioxanate, the unusual
red color suggests an odd coérdination number,
Assuming a codrdination number of five, the com-
Iiléx may be formulated as [FeClL(C,Hs0)(H,0) |-

1-.

In no case was the formation of the red mono-
aquo-complex observed by removal of one molecule
of water from the diaquo-complex under vacuum
desiccation. This suggests that the monoaquo-
complex is inherently less stable than the diaquo-
complex or the anhydrous complex.

(7) A. H. Laurene, D. E. Campbell, S. E. Wiberly and H. M. Clark,
J. Phys, Chem., 60, 901 (1056).
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A reasonable structure for the monoaquotridioxa-
nate of tetrachloroferric(I11) acid is not readily
arrived at unless one assumes that hvdrogen chlo-
ride can replace water in the complex. O this
basis the formulation [FeClLy(CHOy)(H.O)(HCD) |*
[C1]~ C4HO, is a plausible one.

While the conductivity data in nitrobenzene in-
dicates ionic character for the anhvdrous dioxanate
of iron(I1II) chloride and for the diaquotridioxanate,
the electric moments of these two complexes in di-
oxane indicate a low polarity in solution in dioxane,
The value previously reported® for the anhydrous
compound is 1.27 Debye units. This suggests that
the solute species present in dioxane solution and
the solute species present in nitrobenzene are mark-
edly different. Apparently ionic character does not
persist in dioxane solution and a covalently bonded
species is present. The electric monient found for
the diaquodioxanate of iron(ITI) chloride in diox-
ane solution is 3.33 Dcbye nnits.  This indicates
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that again a non-ionic species is present in solution
in dioxane. The increase in moment from the an-
hydrous dioxanate to the diaquo-comnplex indicates
that the diaquo-solute species has a much greater
polarity than the anhvdrous cotnplex. This would
be expected as a result of the interaction between
iron and water in the complex. The greater polar-
ity of the aquo-complex in dioxane solution is re-
flected in a marked difference in the solubilities of
the anhydrous and aquo-complexes in dioxane,
Data obtained at 25.0° show a solubility, in moles
of complex per 1000 g. of dioxane, of 0.0841 for the
diaquo-complex compared to 0.9521 for the anhy-
drous complex. Qualitative observations on the
solubility of the monoaquodidioxanate of iron(III)
chloride show that its solubility in dioxane is inter-
mediate between that of the anhydrous dioxanate
and the diaguodidioxauate.
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By PaTtrIck A, McCUSKER AND S. M. ScrioLastica KeNnarD, C.S.C,
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The ultraviolet absorption spectra of auliydrous irou(111) chiloride in several alkyl ethers are essentially the same, but the

spectra in various cyclic ethers differ from those in alkyl etliers and fromt one anotler.

The assuinptiou that a single ab-

sorbing solute species is present in ether solutious of iron(I11) cliloride, i1 the conceutration range, 1072 to 10~* molar, is

supported by the fact that such solutions obey Beer’s Law at the several wave lengths of mnaximum absorption.

Spectra iu

mixtures of dioxane and #-butyl ether show that dioxane is at least four tintes niore basic than z-butyl ether toward iron(111)

cliloride.

tlie assumption that only two absorbiug species, solvated irou(111) chloride and tetracliloroferric(111)acid, are present.

Spectral data on anhydrous iron(I111) chloride—hydrogen chiloride iu dioxane and other ethers is cousistent with

Tetra-

chiloroferrie(111) acid, in contrast to iron(1II) chiloride, is spectropliotometrically identical in all tlie ethers studied. In
dioxane-aqgneouns liydrogen cliloride solutions the concentration of tetrachloroferric(111) acid is deterniined primarily by the

liydrogen cliloride-water concentration ratio,

Dissociation constauts of tetracliloroferrie(111) acid in dioxane and several

other ethers reveal that tlic chiloro-complex is muel miore stable iu ctliers than in agueous solution and that its stability

varies from ether to ctlier.

The formation of a very stable crystalline com-
plex of iron(I1II) chloride and dioxane, as reported
in the first paper of this series,! demonstrates that
strong interaction occurs between ethers and
iron(II1) chloride, at least in saturated solutions.
On the other hand dipole moment data, previously
reported,? did not provide evidence of strong polar
interaction. Although only one solid compound,
the 1:1 complex of dioxane and iron(III) chloride is
formed, the possibility remained that other solute
species, in which more than one molecule of dioxane
is associated with one molecule of iron(III) chlo-
ride, might be present in dilute solution. It was,
therefore, considered of interest to study the ultra-
violet absorption spectrum of iron(III) chloride in
dioxane for evidence of other solute species in di-
lute solution. The ultraviolet spectrum of iron(I1I)

(1) Paper IT of a series on the interaction of iron(ITI) compounds
with ethers. Paper I, THIS JourNaL, 81, 2974 (1939). From the
ductoral dissertation of Sister M. Scholastica Kennard, C.S.C., 1957,

(2) Contribution from thie Radiation Project operated by the Uni-
versity of Notre Dame and supported in part nnder Atomic Enerjy
Commission Contract AT-(11-1)-38,

3) T.J. Lane, I'. A. McCusker and B. C. Curran, THIS JOURNAL,
64, 2075 (1042)

chloride in an anhydrous ether has been deter-
mined only in isopropyl ether,* althongh the visible
spectrum in ethyl ether® has been reported. For this
reason our spectral studies were extended to include
a number of ethers.

Numerotis studies have been carried out on the
aqueous iron(III) chloride-hydrogen chloride sys-
temS—9 and on ether extracts of this system*?s.1.11
using spectrophotometric and other means. From
these studies, the absorbing species in strong liydro-
chloric acid and in the ether extracts has been iden-
tified as tetrachloroferric(11I) acid. There appears,
however, to have been no work reported on com-
pletely anhydrous systems of iron(III) chloride-
hydrogen chloride in ethers, We have investigated

(4) N. H. Nachtrieh and J. E. Conway, ibid., 70, 3547 (1948).

(5) H. L. Friedman, ¢bid., 74, 5 (1952).

(6) V. 8. Kiss, J. Abraham and I. Hegedus, Z. anorg. allgem. Chem.,
244, 98 (1940).

(7) G. A. Gamelin and D. O. Jordan, J. Chem. Soc., 1453 (1953).

(8) L.N.Miulay and P. W. Selwood, THIS JOURNAL, 77,2693 (1955).

(9) R. J. Myers and D. I2. Metzler, ibid., 72, 3772, 3776 (1950).

(10) J. Axelrod and E. H. Swift, sbid., 62, 33 (1940).

(11) R. J. Myers, . Ii. Metzler and E. H. Swilt, ¢bid.. 72, 3763
(1050)



