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The Mode of Decomposition of the Oxalatotetrammine-
chromium (III) Cation in Dilute Acidic Solution

D. AA.HOUSE*

Chemistry Department A, Technical University of Denmark, DK-2800 Lyngby, Denmark

In 0.025 F HCIO,, the Cr(NH,),0x* cation hydrolyses via Cr — NH,
bond rupture to form Cr(NH,);(OH,)ox ™. This triammine subsequently
looses another NH,; molecule to form Cr(NH,),(OH,),ox* as the
relatively stable end product. At 34.8°, the consecutive first order
rate constants for these processes are 2.25x107° and 1.28 x 107
sec™!, respectively. The tetra-, tri-, and diammine cations have been
isolated from the reaction solutions by ion-exchange chromatography
and characterized in solution by their visible absorption spectral
parameters and metal:ligand ratios.

The rates and mode of water substitution in a variety of Cr(III) polyamine
complexes have been extensively studied especially by Garner and his
coworkers.’@ In many cases, Cr—N bond rupture competes with Cr—X
substitution, in both acidic and basic solution.?,? In some instances, e.g. with
«-Cr(trien)ox* and Cr(en),ox”,** Cr — N bond rupture appears to be the only
substitution process in dilute acidic ((H"] = 2F) solution under both thermal 4=7
and photolytic & conditions.

Similar Cr — NH, bond rupture in Cr(III) ammine complexes has only been
poorly documented,! partly due to the difficulty in characterizing the decom-
position products. The photolytic hydrolysis of Cr(NH,);CI2™ has been shown
to yield cis-Cr(NH,),(OH,)CI2" as a major product ® but this has not been
identified in the thermal aquation process.1®

We have investigated the thermal hydrolysis of the Cr(NH,),0x" cation
in dilute acidic solution and find, in agreement with previous studies with
other Cr(N,)oxt cations, that Cr—N bond rupture is the primary mode of
hydrolysis, with no evidence of oxalate release.

* On leave from the Department of Chemistry, University of Canterbury, Christchurch, New

Zealand.
** Abbreviations used: ox=oxalato ion, C,0,27; en=ethylenediamine, NH,(CH,)NH,; trien=

triethylenetetramine, NH,(CH,),NH(CH,),NH(CH,),NH,; enH=monoprotonated ethylenedia-
mine cation; trienH = monoprotonated triethylenetetramine cation.
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RESULTS

Two new complex cations, viz. Cr(NH,),(OHy)oxt and Cr(NH,),(OH,)0x*,
have been 1solated by ion- exchange chromatography from aged solutions of
Cr(NH3)4ox in 0.025 F HClO, at 34.8°. These complexes have been char-
acterized in solution by Cr:NH:,:ox ratios and their visible absorption spectral
parameters are presented in Table 1 and Fig. 1.

Table 1. Visible absorption maxima and minima (320 — 600 nm) for some Cr(III) amine
oxalato and aquo complexes at 22 —24° in acidic aqueous solution.?

+
Complex HF ’ Agas® Amig? Amax® Ref.
a-Cr(trien)oxt HNO;, 370 420 495 7
2 (104) (33.7)  (147)
Cr(en)ox* HCIO,, 371 493 6
1 (87) (91)
Cr(NH,),0x*+ HCO,, 375 428 500 this work
0.025—0.6  (59.0) (14.5)  (47.5)
cis-Cr(NH,) (OH,)+ HClO, 366 419 495 21
1 (26.6) (7.8) (36.1)
HNOs, 368 494 25
0.05 (23.1) (31.4)
Cr(trienH)(OH,)ox** HNO,, 392 450 520 7
2 (63.2) (20.0) (63.2)
Cr(en)(enH)(OH,)ox** HClO, 391 521 6
1 (65) (64)
Cr(NH,),(OH,)ox* HCIO,, 380 444 515  this work
0.1 (58.5)  (13.6)  (43.3)
1,2,6-Cr(NH,)s(OHy) s+ HCIO,, 373 427 503 13
3 (25.6) (8.0) (25.6)
Cr(en)(OH,)0xt H,0 (7) 395 526 24
(~ 63)d (~63)¢ 8
Cr(NH,)y(OH,);0x+ HCIO,, 389 457 537 this work
0.1 (48.3) (10.2) (37.7)
trans-Cr(NH,),(OH,) >+ HCIO,, 382 441 521 14
3 (18.5) (5.3) (21.0)

% Numbers in parenthesis are the molar absorbancy indices, M™ em™.

b Wavelength nanometers.

¢ There is a pronounced shoulder on the low wavelength side of this band at approximately
3656 nm (see Fig. 1).

4 Estimated from a spectral curve in the cited reference.

By reacting solutions of Cr(NH,),0x™ (9—15 mF) in 0.025 F HCIO, at
34.8° for various times and subjecting the reaction mixture to complete chro-
matographic separation, the rates of build up and decay of the Cr(NHj),
(OH,),_,0ox* cations (n=2, 3, 4) were obtained. The chromatographle separa-
tion accounted for 92 +3 %, of the initial Cr(NH,),0x*, and the results are
presented in Fig. 2 and Table 2. No free oxalate was detected in any of the
reacting solutions.
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Fig. 1. Visible absorption spectra of Cr(NH,),ox* (N,) in 0.6 ¥ HCIO,, Cr(NH,);(OH,)ox*
(N,) in 0.1 F HCIO, and Cr(NH,);(OH,),0x* (N,) in 0.1 F HCIO, at 22 — 25°,

Table 2. Build-up and decay of Cr(NH,),(OH,), ,oxt (n=2, 3, 4) species.*

Found
Time) [Na]orb [Nq]vc Calculated
h mF mF | [N [No)S 54 ¢f of  of | of o of
mF mF mF

3.5 10.50 7.00 1.98 0.35 9.43 0.750 0.212 0.038 | 0.722 0.2563 0.0256
11.0 11.70 4.74 478 1.564 11.06 0.428 0.430 0.140 | 0.408 0.445 0.147
14.0 13.90 4.00 6.10 2.70 12.80 0.312 0.475 0.211 | 0.320 0.472 0.208
15.756 9.08 2.32 4.07 2.13 8.62 0.273 0.478 0.249 | 0.273 0.475 0.247
23.0 15.00 2.00 5.63 6.13 13.76 0.145 0.410 0.445 | 0.150 0.405 0.445
356.0 10.01 0.68 2.92 5.81 9.41 0.072 0.311 0.617 | 0.060 0.325 0.616

%In 0.025 F HCIO, at 34.8°C.

bInitial [Cr(NH,),0xt], (mF).

4N,]=[Cr(NH,),0xt], [Nj]= [Cr(NH,)s(OH,)oxT] and [Ny]=[Cr(NH,);(OH,);0x*] found
after time, ¢, (mF).

4 5 =[N+ [N]+[N,], (mF).

¢ [N,], [N,] and [N,] as a fraction of ).

! Fraction of [N,], [N,] and [N,] after time, ¢, calculated using the equations in the caption
of Fig. 2.

In separate experiments, the rate of formation of free NH," was monitored
by the aliquot technique using Nesslers reagent. For solutions initially 0.025 F
in HCIO, and 2 mF in Cr(NH,),0x", linear first order rate plots were obtained
for about 0.5 half-life (r,), based on a calculated infinity of one ammonia
released. Subsequent to this, positive deviation from linearity was observed
(Fig. 3). At 34.8°, the value for the first order rate constant (k,) for the reaction

1

Cr(NH,),0x" + H,0% = Cr(NH,),(OH,)ox* + NH,* (1)

was found by this method to be 2.25 x 1075 sec™?, corresponding to 7,=8.50 h
in good agreement with the data in Fig. 2.
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Fig. 2. Fraction of Cr(NH,),(OH,),_,oxt (n=2, 3, 4) as a function of time in 0.025 ¥

HCIO, at 34.8°. The solid lines, are calculated from the equations, [Cr(NH;),0x"]=c¢c,=

exp (—0.0815¢), [Cr(NH,);(OH;)oxT]=c;= —2.34 [exp(— 0.0815¢)—exp (~—0.0465¢)] and

[Cr(NH,),(OH,)g0x ] =c¢3=1— (¢, +¢s)(t=time in hours). The points x, O and [] are
the experimentally determined fractions c,, ¢;, and c,, respectively, at time, ¢.

Thus the fraction of Cr(NH,),0x" remaining at time ¢, in hours, under
the above conditions, can be represented by the expression:

[Cr(NH,),0x"] = ¢, = exp (— 0.0815¢)
Trial and error calculations using the normal formulae for consecutive first

order reactions ! gave a best fit (Fig. 2) for the fraction of Cr(NH,),(OH,)ox*
present at time ¢ (in hours) as:

[Cr(NH,)y(OH,)ox"] = ¢y = — 2.34[c, — exp (— 0.0465¢)]

This leads to a value of 1.28 x 105 sec™! (v;=14.9 h) for the first order rate
constant (k,’) for the reaction

ky
Cr(NH,);3(0OHy)ox™ + Hy0" = Cr(NH,),(OHy)0x " + NH,* (2)
at 34.8°.
0 3 T T T i
— [)
<
'g02 i
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3
<
Sort 4
1 I 1 Fig. 3. First order rate plot for the release

4 6 of one NH; from Cr(NH,),0x* in 0.025 F
Time (h) HCIO, at 34.8°.
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In an attempt to obtain &, by a third method, the spectral changes of
Cr(NH,),0x* (1.3 mF) in 0. 025 F HCIO,, at 34.8° were measured at various
times. Initial isosbestic points at 520(44.2), 436(16.0) and 379 nm (57.5 M™!
cm™) were lost after about 4 h and calculation of the rate constant was not
persued as the spectral changes were small. However, these observed isosbestic
points are in reasonable agreement with those predicted from Fig. 1 for reac-
tion (1) at 520(43.2), 437(15.8) and 378 nm (58.0 M~* cm™?).

Independent measurements of k," by the NH, release method, from chro-
matographically isolated solutions of Cr(NH3)3 OH2)0x were not undertaken
as both the triammine cation and free NH," (generated in the primary process)
were eluted from the ion-exchange column in the same fractions. No variation
in column length, concentratlon of eluting agent or flow rate tried, gave frac-
tions of Cr(NH,),(OH,)ox" that were sufficiently concentrated for reaction

rate studies and free from a high background of NH,*

Nevertheless, the above results suggest that the mode of decomposition
of the Cr(NH,),0x" cation in dilute acidic solution can be represented by (1)
and (2) with the secondary hydrolysis being 1.75 times slower than the primary
reaction. The rate of hydrolysis of the diammine cation appears to be at least
an order of magnitude slower.

DISCUSSION

The Cr( NH3 ),(OH,),_0x™ cations. The absorption spectral parameters
of Cr(NH,),0x* have previously been reported by Kyuno, Kamada and Ta-
naka.!? Their data for the molar absorbancy indices are approximately 12 9,
higher than those obtained here (Table 1). However, the agreement between
the peak height ratios and the position of the maxima is good. In both in-
vestigations [Cr(NH;),0x]NO;. H,0 has been used as the source of this cation
and although the analytical data reported by Kyuno et al. correspond to the
anhydrous compound, this would only give a discrepancy of about 5 9,. The
absorption spectral parameters reported here have been obtained from both
weighed amounts of the solid and chromatographically isolated solutions of
the cation, covering a threefold variation in concentration, with excellent
agreement between the two methods.

Other points of interest from the visible absorption spectra are the well
developed shoulder on the low wavelength side of the 375 nm band of
Cr(NH,),0x* (at about 365 nm) and a more poorly defined shoulder on the
hlgh wavelength side of the 380 nm band of Cr(NH,),(OH,)ox™ (at about 390

m) (Fig. 1). Both the 390 and 537 mn bands of Cr(NH,),(OH,),0x" appear to
be symmetrical.

There are potentlally two distinguishable isomers possible for the
Cr(NH,),(OH,)ox" cation, viz. H,O trans to an oxalate oxygen (peripheral
triammine) or H,0 trans to an ammonia (facial trlammlne) Only one form
appears to be produced in the hydrolysm of Cr(NH, )4ox although the pos-
sibility that the Cr(NH,)s(OH,)oxt formed is an isomeric mixture cannot be
completely eliminated. Nevertheless, no variation in spectral parameters,
outside experimental error, was observed for the several chromatographically
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isolated fractions containing Cr(NH,),(OH,)oxt despite a large variation in
reaction time used to generate this species.

Similar arguments suggest that only one of the three possible
Cr(NHj),(OH 2)20x ' isomers (trans NH,—cis H,0, trans H,0—cis NH; or
cis NHj —c@s H,0) is formed. The mmple kmetlc data obtained also support
the hypothesxs that only one Cr(NHy);(OH, Jox* species is produced as a
mixture might be expected to give at least two Cr(NH,),(OH,),0x" isomeric
products at different rates.

The actual geometry adopted by these cations is not known. At present
our assumption of a peripheral triammine and a trans diammine, respectively,
is favoured, as these would result from an oxalate trans effect The wvisible ab-
sorption spectra Cr(NH,)y(OH,)ox™ and Cr(NH,),(OH,),0x* are rather dif-
ferent from those of the (presumably 7) facial N Cr(trienH)(OH,)ox2" and
c¢is N —Cr(en)(OH,),0x", respectively, (Table 1) suggesting different conﬁgura-
tions. Also, the perlpheral triammine 13 and ¢rans diammine 4-16 configurations
appear to be the most stable for Cr(III) in dihalo complexes, but this need
not necessarily be the case in the absence of these ligands.

If these assignments are correct, it is interesting to compare the visible
absorption spectra of these oxalato complexes with those of the aquo complexes
of similar ammine configuration (Table 1). Although oxalate and water are
usually regarded as having similar positions in the spectrochemical series, there
are considerable differences in the spectra of the two sets of complexes.

The difference between the low wavelength maxima in both series is
almost constant at about 8+ 1 nm with the oxalato complexes always at
higher wavelengths. However, for the minima and the high wavelength maxima
the difference in position increases as the number of NH, groups is reduced.
This is especially so for the high wavelength maxima where the differences
are 5, 13, and 16 nm for the tetra-, tri-, and diammines. Again the oxalato
complexes absorb at higher wavelengths. The intensity differences between
the aquo and oxalato complexes are reasonably constant at about 17 +1 and
33+ 3 Mt cm™! for the low and high wavelength maxima, respectively.

Thus, the major difference between the oxalato and aquo complexes is a
progressive shift of the high wavelength maxima of the oxalato complexes to
higher wavelengths, relative to the aquo ions, as the number of NH; groups
decreases. In all three cases, the oxalato complexes have the more intense
absorption.

Kinetic data Previous work 47 has shown that both Cr(en)zox and o-
Cr(trien)ox* hydrolyse in acid solution ma Cr — N bond rupture to give Cr(en)
(enH)( OH2)0x2+ and Cr(tr1enH)(0H2)0x2 , Tespectively. The rates of bond
rupture m these systems and in Cr(NH,),0x ™", are in the order a-Cr(trien)ox" >
Cr(en),0x" ~ Cr(NH,),0xt with rate constants of 87x10—%% (2 F HNO,),
4.1x107%* (1 F HCl) and 2.25x 1075 (0.025 F HNO;) sec™, respectively, at
34.8°. The faster reaction of the trien complex probably reflects the strain
involved in the formation of three linked 5-membered ring systems.

The fact that no free oxalate is formed in these reactions is perhaps sur-

+

* These data have been calculated from F, and pre-exponential values reported in the original
literature.*»?
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prising when one considers that in concentrated hydrohalic acids, these oxalato
complexes react to give dihalo!’—2° or haloaquotetramine ! products. Nev-
ertheless, the yields are generally less than 60 9,2 and oxalate protonation
followed by oxalate release probably competes with Cr—N bond rupture in
these concentrated acid solutions.

EXPERIMENTAL

Materials. [Cr(NH,),0x]NO;. H,O was prepared using the literature methods.!%2
(Found: Cr 18.2; Cr:NH,:C,0,2” 1:3.98 +0.04:1.00 + 0.02.* Cale. for CrN,H,,C,0,: Cr 18.1;
Cr:NH;:C,0,2~ 1:4:1.) The ion-exchange resin (Dowex 50W x 8 50/100 mesh, H* form)
was used in an 8 x1 em column 22 at room temperature. Before cation adsorption, the
column was pre-washed with 2 F (30 ml) and then 0.025 F (30 ml) HCIO,. Perchloric
acid solutions were prepared by dilution of appropriate volumes of 70 9%, HClIO,. Re-
distilled water was used throughout. Nesslers reagent was prepared by the method of
Vogel.2s

gKinetic methods. All hydrolysis reactions were conducted in stoppered volumetric
flasks covered with Al foil. For the kinetic runs monitored by NH,* formation, 5 ml
aliquots were taken at known times from 100 ml of 2.00 mF Cr(NH,),0x* in 0.025 F
HCIO, at 34.8°. These aliquots were added to <45 ml of ice-cold water containing Ness-
lers reagent (2 ml) and made up to 50 ml with water. A yellow colour developed immedi-
ately and the absorbance at 420 nm, with a slit width of 0.10 mm, was measured in a
1.00 cm. cell within 3 min after mixing. This time allowed the cell to warm to 10— 15°
(to prevent fogging) and at this temperature interference by NH, release from the Cr—
NH,; species present in the alkaline solution was reduced to a minimum. The reference
cell contained a solution consisting of Nesslers reagent (2 ml), 0.025 F HCIO, (5 ml)
and water (43 ml). Standards. were prepared using 1.00 mF# NH," (10 ml). Under these
conditions, a solution 0.200 mF in NH; gave an absorbance of 0.563 +0.005 and the
first order rate data were calculated using this absorbance as the ‘‘infinity”’ value. The
absorbance data at time, ¢, were corrected for a small zero-time absorbance obtained
5—10 min after dissolving the solid complex in the 34.8° 0.025 F HCIO,.

Ion exchange chromatography. Samples of [Cr(NH,),0x]NO3; H;O (130 — 250 mg) were
dissolved in 50 ml of 0.025 ¥ HCIO, and allowed to hydrolyse at 34.8° for various times
(3.6—35 h). The reacted solution was run through a cation-exchange column and the
effluent collected for oxalate analysis. Previous workers have shown that this procedure
gives quantitative oxalate recovery.” The resulting red band was eluted with 0.1 F
HClO, at a flow rate of 3—4 ml/min and 5 to 6, 50 ml fractions were collected. After the
5th fraction, the column contained an orange band about 2 e¢m from, the top and 2 cm
long, and a pale red band or “tail” on the last cm. The red tail was removed with a
further 50 ml of 0.1 F HCIO, and the remaining orange band was eluted with 1 or 2,
50 ml fractions of 0.6 F HClO,. The number of 50 ml, 0.1 F and 0.6 F HCIO, fractions
was sometimes varied, depending on the reaction time.The visible absorption spectrum
of each fraction was recorded and the solutions were analysed for Cr, NH;, and oxalate.
Molar absorbancy indices were calculated on the basis of the Cr analysis.

The analytical data, absorption band maxima and absorbancy indices showed that
Cr(NH,),(0OH,),_noxt and NH,* cations (n=2,3,4) are present in the effluent fractions
and these are eluted in the order, Cr(NH;),(OH,);0x™ in fractions 1 and 2, Cr(NH;),
(OH,)ox™* plus NH,* in fractions 4, 5, and 6, and Cr(NH,),0xt in the 0.6 F HCIO,
fractions. Fraction 3 was always a mixture of di- and triammines except at short reac-
tion times (< 6 h), when the amount of diammine is small.

Cr:NH,:C,0,2~ ratios in fractions containing the Cr(NH;),(OH,);0x* and
Cr(NH,);(OH,)ox T eations were 1:1.98 + 0.04:1.00 + 0.02 and 1: — :0.98 + 0.04, respectively,
where the numbers quoted are the mean + the standard deviation of 7 diammine and
10 triammine analyses. Ammonia ratios could not be determined for the triammine
because of interference from free NH,*.

* The numbers quoted are the mean + the standard deviation of the analysis of 6 separate
Cr(NH;),0x* samples isolated in solution by ion-exchange chromatography (see later).
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From the known absorption spectral parameters of the components (Fig. 1, Table 1),
the composition of fraction 3 was determined and the total concentration of di- tri- and
tetrammine cations at the time of sampling was then calculated. These data were con-
verted to a fraction of the total chremium species isolated and provide the experimental
points in Fig. 2 and Table 2.

Analyses. Duplicate 5 ml aliquots of the effluent (50 ml fractions) from the ion-
exchange column were analysed for Cr, NH,, and oxalate. Cr was determined by oxida-
tion of the alkaline (NaOH) aliquot with (NH,),S,0, and measuring the CrO,2~ formed
spectrophotometrically at 373 nm (1.00 cm cell, slit width 0.02 mm) after appropriate
dilution (usually to 100 ml). Standard CrO2~ (0.100 mF') in dilute NaOH solution was
used as a calibration for every measurement. Ammonia was determined by distillation
of the NH,; from an alkaline (NaOH) aliquot, adsorption of the distillate in saturated
H,;BO;, and titration with standard (5.00 mF) HCI using bromocresyl green/methyl red
indicator. The warm, alkaline residue was acidified with HC1O, and the oxalate deter-
mined by MnO,” (1.00 mF) titration at 60°. In samples where NH; was not determined,
an aliquot was made alkaline (NaOH), heated to 60°and then acidified with HClO, prior
to the MnO,~ titration.

Instrumentation. Visible absorption spectra (600— 320 nm) were recorded on a Cary
11 MS-50 spectrophotometer with matched 10.00 cm, cells and 0.1 F HCIO, in theref-
erence beam. Absorbance data for CrO2” and NH; analysis were obtained at fixed
wavelength using a Zeiss PMQ 11 spectrophotometer.
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