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The hydroxide proton content of the hexanuclear bismuth hydroxide complex has been determined in a mixed water/acetone solvent 
by using IH NMR spectroscopy and peak integration. From these data, we established the stoichiometry of the complex as 
Bi6O4(H0):+, in agreement with the previous X-ray diffraction studies by Sund~al l .~ .~ The composition Bi6(H0)126+, proposed 
by others, is thus in error. The rate of proton exchange between the coordinated HO- groups and the bulk solvent is considerably 
lower than the rate of exchange of coordinated water. The HO- proton exchange is characterized by the following parameters: 
k298 = 9 X lo4 s-l, AZP = 32 kJmol-l, and AS* = -42 J-mol-’. The water exchange could not be measured even at the lowest 
temperature investigated, 170 K. A lower limit of the rate of exchange between protons in Bi3+(aq) and the bulk was estimated 
to be 5 X IO6  s-I at 298 K. 

Introduction 
The first step in an analysis of complex formation in solution 

is often a thermodynamic study of the composition and the 
equilibrium constants of the species formed. This may be followed 
by studies of the structure and bonding of the complexes, e.g. by 
using diffraction and/or spectroscopic methods, studies of the 
reactivity of the complexes, etc. The structural and mechanistic 
interpretations are facilitated by precise information on the 
stoichiometry of the complexes. However, this information is 
limited to the components whose concentrations can be varied 
during the experiment; cf. ref 1, pp 23-24. As an example, we 
can take the hydrolysis of metal ions 

where the stoichiometric coefficients p and q and the equilibrium 
constant for (1) can be determined by standard methods.’ In dilute 
and moderately concentrated solutions, the water concentration 
is very nearly constant during an experiment. Hence, 2HO- 1 
@- + HzO, and all of the stoichiometries MJOH),, M,O(OH),?, 
..., MpOn(OH)q-2n, ... are equivalent from the standard experi- 
mental point of view. There is an obvious need to obtain additional 
information on the composition of these species; large-angle X-ray 
~cattering?~ IR and Raman data,4s5 and also 170 NMR6 have been 
used for this purpose. 

Proton N M R  data a t  low temperature have been used exten- 
sively to obtain information on the hydration of metal ions.6 Akitt 
and Duncan’ determined the number of coordinated water 
molecules in various beryllium hydroxide complexes to obtain 
information on the complete composition of the complexes. 

The ‘H N M R  peak area method can only be used if the overall 
rate of proton exchange between bulk and “bonded” protons is 
slow. This condition can often be achieved by decreasing the 
temperature. In order to avoid freezing, one may have to add 
another solvent; methanol and acetone are often used for this 
purpose. We used low temperature and a mixed water/acetone 
solvent in this study. 

Akitt and Duncan observed the presence of a narrow peak, 
which they assigned to the protons in the bridging HO- group in 
Be3(H0)33+. Protons in coordinated HO- are exchanged more 
slowly than those of coordinated H20 with the bulk watere7 Hence, 
it is surprising that no ‘H N M R  studies of coordinated HO- seem 
to have been made on labile metal hydroxide complexes (some 
investigations of this type have been made on isopolyanions6). We 
have selected the Bi3+-HO- system as a test case for this type of 
studies. There are several reasons for this: 

(1) The hydrolysis of Bi3+ has been extensively studied by 
several different  method^,^^^^^ and there is one complex, 

pM“+ + qHzO Mp(HO):J+q + qH+ (1) 
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“B&(HO),:+”, that predominates over a large concentration range. 
This facilitates both the experiments and the data interpretation. 

(2) There is conflicting evidence on the composition and ge- 
ometry of the complex; two models have been suggested, 
Bi6(H0)1:+ and Bi604(H0)46+. Both models have an octahedral 
arrangement of six Bi atoms. In the first model, the 12 HO- 
groups span all the octahedral edges; in the latter, the HO- and 
02- ions are located above the triangular faces of the octahedron, 
forming a Mo6Cl$+ type of arrangement. S ~ n d v a l l ~ ~ ~  has made 
a thorough discussion of the pros and cons of the two models and 
presented convincing evidence for the Bi604(H0)46+ model. 
Nevertheless, the first model is presented in madern textbooks.’O~i’ 

Experimental Section 

Reparations and Analysis. A solution with the mole ratio Bi3+:C10p 
= 1:l ( Z  = 2, where Z = total concentration of HO-/total concentration 
of Bi”) was prepared by dissolving purified Biz03 in 6 M HCIO,. The 
stock solution (2.09 molskg-’) was analyzed for Bi3+ by using EDTA and 
for Clod- by using ion exchange. Throughout this paper the concen- 
trations are given in moles per kilogram of solution. More concentrated 
solutions (2.33 and 2.53 molvkg-I) were prepared by evaporation of a 
known quantity of water from a known quantity of the stock solution. 
The evaporation was made under vacuum at room temperature. The 
solutions contain more than 97% of the total bismuth as hexamers, as 
estimated by the stability constants of The rest is Bi3+(aq) and 
Bi(H0)2+. 

Bi(C104), solutions ( Z  - 0) were prepared by dissolving Bi20, in an 
excess of HCIO1. The excess was constant (0.45 mol-kg-I) in all solutions 
used. 

NMR Measurements. The NMR measurements were carried out on 
a Bruker WP200 instrument. The samples were prepared by mixing 
weighed quantities of the aqueous Bi solutions and acetone (99.95% 
acetone-d6, Ciba Geigy). All measurements were made at low temper- 
ature by using a Bruker B-VT-1000 variable-temperature-control unit. 
The temperature was measured by using the methanol thermometer 
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Figure 1. Typical IH NMR spectra of the Bi3+-HO- system at different 
temperatures. [Bi3+Itml = 2.53 molekg-I; 2 = 2; nacctonc:&atcr = 13. 

method.I2 The instrumental parameters were chosen to obtain optimal 
values of the various band integrals."J4 

Cdculatiolrs. The proton content of the complex was calculated from 
(2) 

where AB and Ac are the integrals of the peaks from bulk water and 
complex, respectively, nBi, nH, and nH,C are the total quantities of Bi and 
H and quantity of coordinated protons in moles, respectively, and x = 
nH,C/nBi is the average proton number for bismuth in the complex ( 2  for 
Bi6(H0)lt+ and 0.67 for Bi604(H0)$+). 

The pseudo-first-order rate constant for the proton exchange bulk 
water - complex was calculated by using the approximate formula for 
the fast-exchange region in a two-site exchange case15 

Ac/ (Ac  + AB) = nBi (X/nH)  

k A  = 4npAh2(dv)2[w' - (PAT,, + pBT2B)/nT2AT2B1-1 (3) 

pa and p e  are the fractional populations of sites A and B, dv is the 
chemical shift difference in hertz between the sites, WY is the bandwidth 
of the exchangebroadened signal in hertz, and T z A  and T2B are the 
transverse relaxation times. dv has been linearly extrapolated from the 
slow- to the fast-exchange region. The temperature dependence of T2 
and the broadening due to field inhomogeneities have been taken into 
account by using the method suggested by Sandstr6m,I6 with tert-butyl 
alcohol as the reference standard. The main reason for using only the 
fast-exchange region for determining rate constants and activation pa- 
rameters was the large uncertainty in T2 for the complex and to some 
extent also for the bulk water in the slow-exchange region. 

The activation parameters were obtained by a least-squares fit to the 
Eyring equation 

(4) 

The chemical shift of coordinated water, uc, in Bi3+(aq) was calculated 
from the dependence of the chemical shift of the water signals on the total 
concentration of Bi". Assuming six-wordination, we have 

(5) 
where P and Y~ are chemical shifts of the time-averaged water and the 
bulk water signals, respectively. 
Results and Discussion 

A typical set of NMR spectra at different temperatures is shown 
in Figure 1. At room temperature, there is only one band. This 
broadens with decreasing temperature and is separated into two 
bands around 220 K. (No broadening of the water band can be 
observed at lower temperature in the acetone/water solvent in the 
absence of the Bi complex.) The average number of protons per 
Bi, x,  was determined as a function of the total concentration of 
Bi and of the acetone:water mole ratio; the data are depicted in 

In ( k / T )  = -AH'/RT + AS*/R + In ( k ~ / h )  

= YB + 12(vC - VB)nBi/nH 
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Figure 2. Measured proton:bismuth mole ratios in the bismuth hydroxo 
complex as a function of the acetone:water mole ratio at different [Bi]: 
2.09 (0), 2.33 (A), 2.53 (0) molekg-I BiOCIO,. (The spectra were 
recorded at several temperatures, 170 K < T < 230 K.) 
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Figure 3. Eyring plot of the pseudo-first-order rate constants evaluated 
from the 'H NMR spectra shown in Figure 1. 

Figure 2. The constant value of x = 0.64 f 0.02 indicates that 
there is only one Bi species in the solution and that the composition 
of the complex does not vary with the acetone:water mole ratio. 
The value 0.64 is in excellent agreement with the stoichiometry 
Bi6O4(H0)t+. x decreases with decreasing Z hence, the minor 
peak is due to coordinated HO- protons only. There are only weak 
interactions in the solid state between the Bi atoms in Bi604- 
(HO)46+ and external oxygen This might indicate that 
there is a corresponding weak interaction between the complex 
and water also in solution, in agreement with the observation that 
no separate peak for coordinated water is present in the 'H NMR 
spectra. However, this observation may also be due to fast ex- 
change between coordinated and bulk water. 

The difference in chemical shifts between the bulk water and 
coordinated hydroxide is large. This fact made it possible both 
to obtain precise values of the average number of protons per Bi 
and to evaluate the rate of exchange of protons in the system. 

There are two possible proton-exchange mechanisms between 
coordinated HO- and the bulk water: 

h 
Bi604(HO)46+ + HOH __ Bi604(H0)46+ + HOH (6) 

Bi604(HO)46+ + HOH * Bi6o4(H0)?+ + HOH (7) 

By using 'H NMR methods, we can only determine the sum 
of the rate constants for (6) and (7). From the linear plot of In 
( k / T )  vs. 1/T, shown in Figure 3, we obtain AZP = 32 kl-mol-', 
AS* = -42 J-mol-I-K-', and kZg8 = 9 X lo4 s-l. (The estimated" 
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Figure 4. Chemical shift of the time-averaged water band as a function 
of the nBi:nH mole ratio according to eq 5. n,,,&&,,, = 3.0. 

rate constants in solutions with different combsitions at  the 
coalescence temperature are close to the rate c o n ~ t a n t ' ~  log kzM 
= 2.4 from the spectra in Figure 1: log k2M = 2.1 at  nacetone:lfwata 
= 1.5 and [Bi3+],' = 2.09 mol-kg-I; log k2@ = 2.2 at  hem:&am 
= 5 and [Bi3+],1 = 2.53 mol-kg-'. The agreement suggests that 
the exchange rate does not depend on the acetone:water ratio 
and/or on the Bi concentration.) These quantities are very similar 
to the corrgponding quantities for the proton dissociation process18 
Be(H,0)42+ + H20 e Be(H20)30H+ + H30+. 

The rate constant~for water exchange in metal aqua complexes 
is usually smaller than the rate of proton exchange.Ig We expect 
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this to be true also for the H O  and HO- exchanges in metal 
hydroxide complexes.' Hence, kH for Bi6O4(H0),6' ought to be 
of the order of magnifude lo5 s-' at  25 O C .  

This rate constant is smaller than the rate constant for proton 
exchange in Bi3*(aq). This was estimated by using the calculated 
chemical shift difference between the coordinated and bulk water 
molecules. 'H spectra of acidic Bi3+ solutions ( Z  = 0) contained 
only one proton signal in the accessible temperature region 
(293-170 K) and the investigated chemical shift range (-2 to 15 
ppm, referred to acetone), indicating fast proton exchange between 
coordinatqd and bulk water. The linear plot of 5 vs. nB,/nH (eq 
5) is shown in Figure 4. From this, we obtain vc = 10.18 ppm 
and vB = 2.05 ppm, both referred to acetone. From the spectra, 
one can conclude that the exchange broadening is I1 Hz at  ioom 
temperature and that there is no measurable broadening down 
to -170 K. 

If we set 1 Hz as the upper limit of the exchange bioadening, 
we can estimate a lower limit of the proton-exchange rate by using 
eq 3 simplified to kA = 4 n p ~ p ~ ~ ( 6 v ) ~ .  

In a 1 . 1  mol-kg-' Bi3+ solution with a proton excess of 0.45 
molekg-l and naeton;&ater = 3, we have pA = 0.32 and p ~ , =  0.64. 
At room temperature, a value of 6v = 1.6 X lo3 Hz is obtained 
from Figure 4; hence, kA 1 5 X lo6 s-'. The only previously 
published kinetic data for Bi3+(aq) give a lower limit of the rate 
constant for water exchangeZo larger than 104 s-l. 

The 'H N M R  method will certainly never be the deus ex 
machina to solve solution chemical constitution and structure 
problems. However, the results presented above indicate that it 
might give important chemical information, particularly in systems 
where the individual complexes have rather large ranges of ex- 
istence. 
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