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INVESTIGATION OF COMPLEX FORMATION REACTIONS OF Fe(lIl)
AND AI(IIT) WITH SOME PHENOL DERIVATIVES BY THE METHOD
OF ION EXCHANGE*

By the method of ion exchange on the exchanger Dowex 50
WX 8 100-200 mesh complex formation was investigated in the
system Me(C104)3 ¢ XCgH/OH ¢ HC1QY/ NaClO, ¢ H/0, with
Me - Fe(lll) or AI(IIl) and X - CI, Br, CH3, NO? It was
proved that 1:1 complexes are formed between Metlll) and
a phenol molecule. Stability constants of the complexes
were determined and related with Hammett’s sigma constants.

The great ability of phenol derivatives to form complexes
with Fe(lll) is well known. Spectrophotometric investigations
Cl1] and studies of the Kkinetic isotope effect [2] showed, that
within pH range 0.8-2.8, phenol and Fe(lll) lon form a com-
plex of the composition 1:1. Under such conditions phenol deri-
vatives XCgH'OH are practically undi6sociated. The formation
of the complex [FeCr"ONCXCAH”O)]2* is preceded by an intra-
molecular proton transfer [3-5] according to the formulas (1-3):

[Fe(H20)6]13+ & H20 i=s[Fe(H 20)5(0OH)]2+ + H?0+ (1)

[Fe(H20)5(0H)] 2% + XCgH'OH  [Fe( H20)A(0H)(HOCAX)] 2+ +H0  (2)

.[Fe(H20)4 (OH)(HOC6HAX )] 2'f [>e(H20)5(0C6HAX)]2+ (3)

* The work has been carried out within the research problem
MR-1.1A.
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This mechanism has been confirmed for mono- and di-sub-

stltuted phenols with the values pKa< 3.
While investigating complexes of Fe(lll) with some phenol

derivatives Milburn [1] maintained constant ligand con-
centration equal to 0.05 M. This study wused the method of ion
exchange for widely varying ligand concentrations. Furthermore,

investigations were carried out for a greater number of phenol
derivatives (X * H, p-CHy p-Br, p-N02» m-NOg» m-CHj, m-Br,
m-Cl) to be able to draw more general conclusions concerning the
dependence of the complex stability on the ligand structure.
Complexes of phenol with AI(lIIl) have not been investigated

as yet, probably due to the complicated hydrolysis process. In
aqueous solutions with pH < 3.00 AI(IIl) exists as a hexa-
aquocomplex [AI(H20)6] . When pH - 3.00 in diluted solutions
C< 10“~ M) one distinguishes [AI(OH)(H20 ) i o n s [6, 7],which
are formed -in a rapid and reversible reaction. It was to anti-
cipate that this partly hydrolysed cation can form complexes
with phenol, similarly as Fe(lll).

Experimental

Reagents and solutions

The following materials were used in the investigations: ca-
tion exchanger Dowex 50 WX 8 100-200 mesh (The Dow. Chem. Co.),
Al(fiOj)j and Fe(NOj)j as starting salts, HCIO® NaClO" (all
from POCh-Gliwice) and. substituted phenols XCHOH with. X m
m p-CHj, ra-CHj, mNOg» m-Br, m-Cl, p-Br, p-NO02, H ' (BDH
Poole). AIl reagents were pure for analysis.

Demineralized water with the specific conductance of 0.1-
-0.5 IS was used to prepare solutions.

Solutions of Fe(llIl) and AI(IlIl) perchlorates were obtai-
ned acting with an exces of 30% HCIO on a freshly precipita-
ted and washed deposit of hydroxides [8],



Methods

Complex formation reactions were investigated by the static
method of ion exchange. Experiments were made in a glass reac-
tor with the volume V - 0.250 dm3, containing 1 x 10“* M so-
lution of adequate metal perchlorate and a phenol derivative of
a known concentration varying within the range of 1;5 x 10" M
to 5.0 x 10‘2M.

For each solution the ionic strenght . - 0.1 and a defined
pH value were maintained by adding, the appropviate amounts of
NaClO® and HCIO™ respectively. The solution was kept in a
thermostat at the temperature of 293.0 (+0.1) K wuntil the
thermal equilibrium was reached. Then a weight portion (ma3s
0.250 g) of an air-dry cation exchanger in the hydrogen form was
added. Both phases were separated after 3 h and the content of
Me(lll) in the solution was determined by 2,2’-dipyridyle meth-
od [9] and 8-hydroxyquinoline method [10] for Fe(lll) and
AIl(lIl) respectively.

A Specol 2V photometer (K. Zeiss - Jena) was used to meas-
ure the absorbance. AIl the potentiometric measurements were
made by means of a pH-meter OP -205 (Radelkis).

Results and discussion

The results of determining Me(lll) concentration in solut-
ions in equilibrium with cation exchanger allowed to calculate
the numerical values of distribution coefficients DM for
respective metal ions, which are given by the dependence (4)s

°M “ <VCM (4)
where:
Cm» Cm - are concentrations of metal ions in the resin phase
and in the solution respectively.
The dependences of -Djj on ligand concentration Cj are shown

in Fig. 1 and 2 respectively for systems containing
nnd AI(IIT).
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Fig. 1. Dependences of distribution coefficient of the metal DM

on the ligand concentration CL for the system Fe(C10/)3 ¢

+ XCcH/OH ¢ NaClO, ¢ H20f with X - p-CH3 (7 ), ra-CH3 (v), m-

-NOt (a), m-Br (m), m-Cl (o), p-Br (¢), p-NO02 (A), H (A).
H-0 1.20

T - 293 K, 1, pH -
Limiting distribution <coefficients Dg were determined by
extrapolation of. the function D"+ fCC") to the value CL ¢ 0.
Stability constants for complexes of Fe(lll) and AI(II)

were determined by Fronaeus method, wusing auxiliary functions:
F«finr), G- f(CL) and AG(ACI)*1 - f [AF (AC™~1] calcula-
ted from experimental D* and DO values [11]. The dependences
AG (A O “1 m f [AF (ACL)"1] are shown in Fig. 3 and 4 respecti-
vely for systems containing Fe(lll) (pH » 1.2) and AL(LLT)
(pH * 3.1).

A3 seen from Fig. 3 functions AG(ACMN)“1 reach 0 for the
values AF(ACL)"1*0 ((BR « 0 'for n > 1), hence the formed
Fe(lll) complexes have the composition 1:1 and according to
Vei'i previous  works [2-4] are described by the formula
[Fe(H20)5 X6Hao]2't.

The same composition may be deduced from Fig. 4 for AI(II)



Fig, 2. The same dependences as in Fig. 1 for the system con-
taining AI(INIl). T- 293 K, vy - 0.1, pH- 3.1

complexes formed at pH = 3.1 i.e. in solutions containing par-
tially hydrolysed ions [ai(OH)CH20)j]2+. At pH< 3, when hy-
drolysis of AI*+ ion does not occur, complex formation waa

not revealed in the examined systems.

Equilibrium studies of ion exchange do not permit precise
determination of the reaction mechanism, but basing on the pre-
vious investigations of systems with Fe(lll) one can assume
that the formation of AI(IIl) complexes runs as follows:

[al(0H)(H20)5]2++ XC6HAOH A [ al(0H)(H20)/M4(XC6HAOH)]2++ HiO  (5)

[al(0H)(H20)4 (xc6hdoh)]2+ ~» [ ai(h20)5(xcbhdo)]2+ (6)

Stability constants (31 for the investigated metal comple-
xes were determined irom the slopes of the straight lines shown
in Fig. 3 and A. Numerical values of [3 are summarized in
Table 1.
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Fig. 3. Plots of Fronaeu3 auxiliary function AO (ACi)"1 »

« f [AF (AC.)-1] for the system Fe(C10/)3 + XCcH/OH + NaClO/ +

+ H20, with X m p-CH3 (V), m-CH3 (t), m-N02 (a), m-Br
(m), m-Cl (o), p-Br (¢), p-NO02 (a), H (a)

Table 1

Numerical values of stability constants |3 determined by Fronaeus
method [11] for Fe(lll) and AI(IIl) complexes with phenol deriva-
tives if « 293 K and ”~ « 0.1)

Stability constants (31 x 102 for
complexes [Me(H20)5 XC6HAOH ] 2+

Substituent
X
Fe(ll1) AL(IL)
p-ch3 5.63 (+0.12) 12.70 (+0.57)
m-CHj 3.91 (+0.20) . 9.82 (+0.72)

SELH 3.87 (+0.11) 6.52 (+0.18)



Table 1 (contd.)

2
Stability constants (3, x 10 for

Substituent complexes [MedigO)»(XCgH"OH )]2*

Fe(l11) AL

m-Br 3.69 (10.15) 6.20 (+0.21)

m-Cl 3.27 (*0.22) 6.38 (+0.63)

p-Br 3.25 (+0.21) 5.76 (+0.26)

p- no2 2.13 (+0.13) 3.23 (+0.33)

H 0.90 (+0.10) 1.32 (+0.20)
« AFIAC]_

Fig. 4, The same plots as in Fig. 3 for the system containing

AlvIH )



It seems that AI(IlIl) forms more stable complexes with
phenols than Fe(lll). It is particularly well seen for substi-
tuents being electron donors, e. g. -CHV The stability of com-
plexes of both metal inns with nitro-substituted phenols 1«
practically the same.

The determined stability constants (3 may be related with
the substituent position and type wusing Hammett’s sigma con-
stants 112]. The values of the ratio |Ig Plx/lg P1H (where (31X
an<*  MH o ere constants for complexes with substituted and
unsubstituted phenol respectively) for Fe(lll) and ALl
complexes are plotted against a'x in Fig. 5.

Fig. 5. Plots of the function |Ig Piv/Phj against Hammett’s con-
stants av for the system Me(C1043 + HC6H/OH ¢ NaClO/ H,0,
with Me - AIUIl) (— ) and Fe(lll) (—)

The slopes for the least squares lines, with standard' de-
viations, are: OAL(iil) * -0.330 (+0.020) and -0.23B
(+0.012). Thus, the influence of the substituent position and
type on complex stability is greater for AI(IIl) complexes’ than
for Fe(lll) ones. Substituents which decrease the acidity of
phenol, Increase the stability of complexes of both metals exa-
mined and the effect of substituents increasing the acidity of
phenol is oposite.
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BADANIA REAKCJI KOMPLEK30WANIA Fe(l11) 1 AI(II)
Z NIEKTORYMI POCHODNYMI FENOLU METODA WYMIANY JONOWE]

Na podstawie badan wymiany jonowej w uktadach: Me(C10/;)3 +
+ XC6H,0H + HC104 + NaClOi + H,0 ¢ Dowex 50 WX 8 LMe = Feail)
lub AIlUIi;? X - CI, Br, CH3 N02] stwierdzono tworzenie sieg
kompleksow o sktadzie MeL - 1:1.

Oznaczenie stezen Me (I11) w roztworach bedgcych w rowno-
wadze z kationitem pozwolito obliczy¢ wartosci liczbhowe wspét-
czynnikow podziatu metalu ﬁomledzy faze roztworu i Jonitu
Dm i DO0). Na podstawie eksperymentalnie wyznaczonych DM i



D0, stosujac metode Fronaeusa obliczono state trwatos$ci (3L. Sta-

te trwatosci skorelowano z potozeniem i rodzajem podstawni-
ka stosujac réwnanie Hammetta. Warto$ci statych g wynoszg dla
Al (111) Q « -0,330 (+0,020), a dla Fe UH) R - -0,238
(+0,012). Zatem wptyw potozenia i rodzaju podstawnika Jest wiek-

szy dla komplekséw Al (I111) niz dla komplekséw Fe (I111). Pod-
stawniki, ktére zmniejszajag kwasowos$¢ fenolu zwiekszajg stabil-
nos¢ kompleksow obydwu badanych metali, a wptyw  podstawnikéw
zwiekszajacych kwasowos$¢ fenolu jest odwrotny.

EaHHa MacjioBcna, , Bnon3HMex IlleHTeK

HCOTOOBAHHE PEAKIIWWH KOMTUIEKCOOEPA3OBAHMH Fe (111) H AI(I11)
JH3 HEKOTOPIC® nPOHSBOfIHHMH -i>EHOIA METQFOM MOHHOrO OBVEHA

Meioji.oM ".HOHHoro oOMena Ha calibHOKHOJioit CMoae Dowex 50 W X 8
hccjieaOBanu peaicuHH KOMruieKC006pa30BaHKfl b cncieMax: [ Me(C10A)0 +
XC6H<O0H + HGIOi+ NaCHH + H20[Me - Fe(lll) jihdo A I(IIT); X «
= Cl, Br, CH3, NO2]. yctaHOB”eHO 06pa30BaHHe KOurweKcoB coctaB
KO0?0pax cooTBerciByeT cooTHoaeHiiK) Me(lll)s L* 1 : 1. Onpe”e™eHo
KOHfetaHTH OTOSkOCTH H HX 3aBHOSIMOCTH napaMBipOB PaMMeTTa.



