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Slow Proton Exchange Kinetics in Aqueous Solutions of Hexaaquarhodium(II1): Influence 
of the Second Hydration Sphere 
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The exchange processes between water protons in the first hydration sphere of the rhodium(1II) ion and water 
protons in the bulk solvent have been studied using 'H NMR spectroscopy. The pseudo-first-order rate constants 
for proton exchange between bulk water and the first hydration sphere of rhodium(II1) have been determined as 
a function of pH at 293 K from 'H NMR line-broadening experiments on aqueous solutions of rhodium(III), at 
magnetic field strengths of 5.87 T (250 MHz) and 9.40 T (400 MHz). A minimum in the rate of proton exchange 
is observed at pH % 3 where the average lifetime of a specijk proton in the f i s t  hydration sphere is e = 7 ms 
in an 0.1 M solution of Rh(III). The rate of proton exchange increases with increasing pH when pH > 3 indicating 
a reaction path involving exchange between [Rh(H20)50HI2+ and bulk water protons. When pH < 3, the rate 
of proton exchange increases asymptotically with decreasing pH. The pH dependence in this acidic region is 
explained by a mechanism for which the rate-determining step is the exchange of a proton from a hydronium ion 
in the second hydration sphere of rhodium@) with one in the bulk. At very low pH (< 1) the proton exchange 
rate approaches a constant value where a rate-determining step involving transfer of a proton from [Rh(H~0)6]~+ 
to the second sphere of hydrogen-bonded water molecules is proposed. The rate constant for this process is kl 

= 6.0 (f0.2) x lo4 s-l. The direct exchange between first sphere water protons in [Rh(H~o)6]~+ and bulk water 
protons is too slow to be detected. The acid dissociation constants for [Rh(H20)d3+, pK,1 = 3.6 f 0.1(20), and 
[Rh(H20)50HI2+, pKd = 4.7 5z 0.2(2u), have been determined by potentiometry in the ionic medium used in the 
kinetic experiments ([C104-] = 3 M; 3[Rh3+] + [Li+] + [H+] = 3 M}. 

Introduction 
The hexahydrated metal ions rhodium(III), chromium(III) and 

aluminum(II1) have recently been shown to be essentially 
isostructural with respect to their hydration structures in aqueous 
solution, all three having well-defined fist  and second hydration 

The structural ordering of these ions beyond the fist  
hydration sphere has been attributed to the formation of strong 
hydrogen bonds between water molecules in the fist  and second 
hydration spheres2 

In aqueous solution these metal ions perform their transla- 
tional and rotational motion accompanied by an average of about 
18 water molecules (6 in the first sphere and about 12 in the 

The average lifetime of a water-oxygen atom in 
the f i s t  hydration sphere of these ions is e x 0.8 s, r: x 4 
x lo5 s, and % 5 x lo8 Exchange of water 
molecules between the second hydration sphere and the sur- 
rounding bulk solvent is, however, much f a ~ t e r . ~  Therefore, 
the rate-determining step in the exchange of water molecules 
between [M(H2O)6l3+ and the bulk water must involve transfer 
of a water oxygen from the first to the second hydration sphere. 

Similarly, hindrance posed by the second hydration sphere 
can be expected to affect the rate and mechanism of proton 
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exchange between [M(HzO)~]~+ and bulk water. The kinetics 
of proton exchange between water molecules in the first 
hydration sphere of trivalent metal ions and water molecules in 
the bulk solvent have previously been studied for aqueous 
solutions of hexahydrated al~minum(II1)~ and various chro- 
mium(II1) species.8-11 For these metal ions, description of the 
proton exchange reactions between coordinated water molecules 
and the bulk water is simplified by the negligibly slow rate of 
the corresponding oxygen atom exchange.lZ In spite of this 
simplification, a diversity of mechanistic interpretations have 
been proposed in order to explain the variation in the observed 
rate of proton exchange as a function of pH for hexahydrated 
chr~mium(III)*~~ and al~minum(III).~ 

Generally, proton exchange between hydrated metal ions and 
water proceeds via three parallel pathways.1° In the case of 
chromium(III), all three paths were found and discussed: (1) 
Around pH = 0 an increase in the rate of proton transfer was 
observed which was attributed to the protonation of hexaaqua- 
chromium(UI) ions in the rate-determining step.8 The explana- 
tion of this acid-dependent path was later modifiedg whereby 
coordinated water in the second hydration sphere was believed 
to function as a bridge for the transfer of protons to the bulk 
water. (2) The inverse acid dependence of the rate of proton 
transfer at pH > 2 was attributed to the formation of hydroxo 
complexes. (3) On the other hand, the acid independent region 
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at pH 1 - 2 was explained by the simple transfer of a proton 
from the hexaaquachromium(II1) ion to an adjacent bulk water 
moleucle. 

Griinwald introduced a new concept for the case of 
hexaaquaaluminum(III) ions in which the contribution of several 
solvent molecules was discussed.’J3 For aluminum(m), an acid- 
dependent increase in the rate of proton transfer was not 
observed although studies were conducted down to pH = 0.5.’ 
At low pH, the proton transfer was believed to occur by donation 
of a proton from the first hydration sphere of the hexaaquaalu- 
minum(II1) ion to a water molecule in the second hydration 
~ p h e r e . ~  At higher pH the rate of proton exchange was found 
to be proportional to the square of the total aluminum ion 
concentration, but with an inverse acid dependence. This 
observation was explained by a mechanism involving proton 
exchange between the pentaaquamonohydroxoaluminum(III) ion 
and the bulk water, in which the hexaaquaaluminum(II1) ion 
also participated. A more recent study of the aluminum(II1) 
system claims first-order acid dependence at very low pH.14 

In the present study we have investigated proton exchange 
phenomena of hexahydrated rhodium(II1) ions in aqueous 
solution to allow comparison with the previously studied 
aluminum(II1) and chromium(II1) systems and to provide a 
mechanistic interpretation in the light of the detailed structural 
information now available. l g 2  

NMR spectroscopy has been the method of choice in this 
study since the rate of proton exchange is such that the kinetics 
may be conveniently followed by the ‘H NMR line-broadening 
technique. As a preliminary to the data treatment, the acid 
dissociation constants for the hexaaquarhodium(II1) and pen- 
taaquamonohydroxorhodium(II1) ions were determined in the 
ionic medium used in the kinetic experiments ([C104-] = 3 
M; 3[Rh3+] + [Li+] + [H+] = 3 M}. 
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32.0 1 

Experimental Section 

The acid dissociation constants for the hexaaquarhodium(II1) ion, 
pKal, and the pentaaquamonohydroxorhodium(II1) ion, pKa2, were 
determined by glass electrode (Radellcis) potentiometry using established 
method~. ’~  Solutions of 0.010 and 0.0064 M Rh(C10&6Hz016 were 
prepared in an ionic medium containing [Clod-] = 3 M and 3[Rh3+] + [Li+] + [Hf] = 3 M. The total concentration of perchloric acid 
was 0.010 M. The samples were titrated with 0.2 M NaOH until the 
fust trace of precipitation. The values of pKal and pKd were determined 
from a nonlinear least-squares fit of the titration data. 

‘H NMR spectra were recorded in locked mode on Bruker AC250 
and AM400 spectrometers, Le. at magnetic field strengths of 5.87 and 
9.40 T, respectively, on an 0.106 M aqueous solution of Rh(C104)36H20 
in the chosen ionic medium with 7% DzO. The pH of the solution 
was measured using a glass electrode (for pH > l) ,  and varied by the 
addition of concentrated solutions of NaOH or HC104 over the range 
pH = -0.2 to +3.7. Although the maximum pH represented the limit 
at which homogeneous samples could be obtained, the concentration 
of oligomeric hydroxo bridged Rh(II1) species is expected to be 
negligible in freshly prepared solutions at moderate pH.” The spectra 
were recorded at 293 K for samples in 5 mm NMR tubes. The ‘H 
NMR line-broadening was also measured at 9.4 T at three different 
temperatures (273, 293, and 310 K), and as a function of the total 
rhodium(II1) concentration over the range 0.05-0.19 M, at constant 
pH. Solution densities were measured with a digital densitometer 
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Figure 1. Variation of the exchange-broadened lH NMR line width 
of an 0.106 M solution of hexaaquarhodium(II1) as function of pH at 
293 K. Spectra were recorded at two magnetic field strengths; 5.87 T 
(250 MHz) (0) and 9.40 T (400 MHz) (W). 

(Anton Paar DMA 35), and the concentration of the hexaaquarhodium- 
(111) ion was determined spectrophotometrically (Cary 3) at 395 nm.’* 

The line widths of the ‘H NMR signals were determined by fitting 
single Lorentzians to each observed spectrum using the Bruker 
DISNMR software. The line-broadening due to chemical exchange 
was determined as the difference between the line width of each 
rhodium-containing solution and a solution of the pure ionic medium, 
at each pH and magnetic field. 

Results 
Potentiometric Titrations. The acid dissociation constants 

were determined for the following reactions in an ionic medium 
of [Clod-] = 3 M and 3[Rh3+] + [Li+] + [H+] = 3 M at 298 
K. 

[Rh(H20)J3+ * [IUI(H~O)~(OH)]~+ + H+ 
pK,, = 3.6 f 0.1(20) (1) 

[Rh(H2o)5(OH)l2+ [fi(H20>4(OH)21+ -I- Hf 
pK,, = 4.7 f 0.2(20) (2) 

Two deprotonation steps were required to obtain a satisfactory 
non-linear least-squares fit of the titration data (see Discussion). 

‘H NMR Line-Broadening Experiments. At both magnetic 
fields and all pH values a single ‘H NMR signal was observed 
at 293 K. The variation in the exchange-broadened ’H NMR 
line width of this signal for an 0.106 M solution of rhodium- 
(111) as a function of pH for measurements at 5.87 T (250 MHz) 
and 9.40 T (400 MHz), is shown in Figure 1. The exchange- 
broadened line width is independent of the field strength for 
pH > 3, i.e. independent of the chemical shift difference (in 
Hz) between the proton exchange sites. This behavior is 
diagnostic of “slow” proton exchange on the time scale of the 
NMR experiment in this pH region. For pH < 3 the exchange- 
broadened line widths differ for the measurements at 5.87 and 
9.40 T at each pH. This implies that the line widths are 
dependent on the chemical shift difference (in Hz) between the 
exchange sites, indicating that the system is in “intermediate” 
or “fast” exchange on the actual NMR time scale. 

The variation of the ‘H NMR line width as a function of pH 
at three different temperatures; 273 K, 293 K and 310 K is 
shown in Figure 2. For pH > 2.5 the ‘H NMR line width was 

(18) Buchacek, R. J.; Hanis, G. M. Inorg. Chem. 1976, 15, 926. 
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Figure 2. Variation of the exchange-broadened ‘H NMR line width 
measured at 9.40 T (400 MHz) for an 0.106 M solution of hexaaquar- 
hodium(III) as function of pH; 273 K (A), 293 K (O), and 310 K (B). 
The lines connect the experimental points. 
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Figure 3. Variation of the exchange-broadened ‘H NMR line width 
of aqueous solutions of hexaaquarhodium(II1) as a function of the total 
rhodium concentration, Cm, at 293 K for [H+] = 2.1 M. 

found to increase monotonously on increasing the temperature 
from 273 to 310 K confirming the “slow” exchange in this pH 
region. At lower pH, however, the line widths at 293 and 310 
K were found to be approximately equal indicating a proton 
exchange rate between the “slow” and “fast” limits. 

In order to determine the kinetic order of the hexaaquarhod- 
ium(II1) ion in the rate equation at low pH, the variation in the 
‘H NMR line width was measured as a function of the total 
rhodium concentration, Cm, see Figure 3. The linear depen- 
dence of the ‘H NMR line width indicates that the rate of proton 
exchange is first-order with respect to the concentration of the 
hexaaquarhodium(1II) ion, as will be shown later. 

Data Treatment. In the following treatment a two-site model 
will be assumed for the proton exchange. Water protons present 
in the first hydration sphere of the rhodium(II1) species, [Rh- 
(H20)6I3+ or [Rh(H2O)5(0H)l2+, will be denoted as site A and 
those in the bulk water as site B. In the case of one dominating 
exchange site, possible exchange between the less populated 
sites can be negle~ted;‘~ therefore, the proton transfer may be 
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expressed using the following general exchange reaction. 

(3) 
k.4 A*H + BH AH + B*H 

The populations of protons, expressed as their mole fractions, 
at the sites A and B may be represented by pm and pbuk, 
respectively. The populations of first sphere protons was pm 
= 0.018, except for the case when the total rhodium concentra- 
tion dependence was studied. The water proton population, 
= 1 - pm, was calculated from the known total rhodium 
concentration and the solution density. The exchange system 
may be described as strongly biased since pm << pt,uk.20 The 
relative populations of the exchange sites explain why only a 
single ‘H NMR signal was observed in both the “slow” and 
“fast” exchange regions. In “fast” exchange only a single 
population-averaged signal is expected and observed. However, 
in the “slow” exchange region where at least two signals are 
expected only the bulk water signal was observed; the signal 
from coordinated water is weak due to the low population and 
broad due to the chemical exchange. For strongly biased two- 
site systems, the following equation has been derived relating 
the lifetime (ZA) of the N M R  active nucleus at the less populated 
site to the observed line width (LWi) at the dominating site;21 

(4) 

where Avi is the chemical shift difference in Hz between the 
two exchange sites A and B at specific magnetic field strength, 
i. 

From the acid dissociation constants pKal and pKd determined 
above, it is clear that when pH < 2 the [Rh(H2O)6l3+ ion will 
dominate. However, for higher pH values two rhodium species 
may be present as sites for proton exchange, namely the [Rh- 
(H20)6l3+ ion and the fvst hydrolysis complex [Rh(H20)50HI2+. 
If we define the pseudo-first-order rate constant for exchange 
from a site A (in this‘case the first hydration sphere of the 
rhodium(II1) ion), as kEs = 1/e, then for parallel exchange 
reactions from two sites A’ and A“, the overall rate is given by es = kt;, 4- e;:, the sum of the observed rate constants from 
the two sites. Hence, kEs, the pseudo-first-order rate constant 
for proton exchange from the hydration sphere of rhodium(II1) 
is the sum of the observed proton exchange rate constants from 
[Rh(H20)6I3+ and [Rh(H20)50HI2+ for pH > 2. 

The main difficulty in applying eq 4 is that we only observe 
a single lH NMR signal in our spectra, even in the “slow” 
exchange regime. Hence, the chemical shift difference (Av) 
between the exchange sites cannot be determined directly. This 
is not critical if the exchange is “slow” (i.e. ZA is large) and 
( z ~ A Y ) ~  >> ( 2 ~ ) - ~ ,  since in this case 1 << 4~~22 , (Av i )~  and eq 4 
therefore reduces to LWi = P A / ( X Z A ) .  Furthermore, since the 
system is in dynamic equilibrium such that PA/ZA = PB/ZB, and 
strongly biased with p~ 1, it follows that 

LW, = l/(nrbuk) = k::r/n ( 5 )  

where k::: is the pseudo-first-order rate constant for proton 
exchange from bulk water to the hydration sphere of rhodium- 
(III). A consequence of eq 5 is that in the “slow” exchange 
regime the line width should be independent of the magnetic 
field strength. It can be seen from Figure 1 that for pH > 3 no 
difference is observed between the line widths measured at 5.87 

(20) SandstrGm, J. Dynamic NMR Spectroscopy; Academic Press: London, 

(21) Anet, F. A,; Basus, V. J. J.  Mugn. Reson. 1978, 32, 329. 
1982; Chapter 6. 

(19) Swift, T. 3.; Connick, R. E. J. J .  Phys. Chem. 1962, 37, 307. 
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Table 1. CalculatedY Chemical Shift Difference (Ad, in ppm) 
between the ‘H NMR Signal of the Hydration Sphere of 
Rhodium(II1) and That of Bulk Water, as a Function of pH 
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PH Ad PH Ad 
0.61 4.86 1.78 4.26 
0.73 4.69 2.00 3.60 
0.91 4.84 2.18 2.83 
1.09 4.76 2.36 2.35 
1.29 4.74 2.60 2.19 
1.63 4.49 

According to eq 4; see text. 

and 9.40 T, indicating that in this region the exchange is in 
fact “slow” on the ‘H NMR time scale. Therefore, the values 
of k::: were calculated directly from the line width data at 
each pH. 

When the proton exchange is “fast”, eq 4 may be used 
rigorously to calculate the proton lifetime (e) in the first 
hydration sphere of rhodium(II1) and the chemical shift differ- 
ence (Av) from the different line widths measured at two 
magnetic field strengths (see Table 1). To the best of our 
knowledge, this approach has not been reported previously in 
the literature. The basis of the calculation is the fact that the 
lifetime t~ and the mole fraction pA do not depend on the 
magnetic field. Obviously, different Av, values lead to different 
linewidths LWi at the two fields. Furthermore, the two chemical 
shift differences (in Hz) are related by the spectrometer 
frequency (SF in MHz), since AvllSF1 = Av2/SF2. From the 
resulting two equations the unknown quantities Av1 and ZA are 
easily calculated. By using the values in Table 1 and making 
the approximation that pbuk 1, the pseudo-first-order rate 
constants, k::!, for proton exchangefrom the bulk water to the 
first hydration sphere of rhodium(II1) could be calculated for 
each pH in the “fast” exchange region. The calculated chemical 
shift difference (Ad = Av/SF in ppm) is constant as expected 
for pH < 1.5, but varies at higher pH (see Table 1); this variation 
will be explained later in the section titled Mechanistic 
Interpretation. 

All experimentally determined k z r  values are shown in 
Figure 4 and are discussed below. 

Discussion 

The following qualitative observations can be made from the 
results in Figure 4: (1) the proton exchange rate is quite slow 
in the studied pH range and passes through a minimum at pH 
x 3; (2)  the rate of proton exchange increases asymptotically 
with decreasing pH when pH < 3, and approaches a constant 
value at low pH; ( 3 )  the rate of proton exchange increases with 
pH when pH > 3. 

The value of the acid dissociation constant for the hexaaqua- 
rhodium(II1) ion (pKal = 3.6 4~ 0.1 in 3 M LiC104) is in 
reasonable agreement with other determinations, e.g. pKal = 
3.4 f. 0.1 in 2 M and pK,1 = 3.45 in 5 M 
NaC104.5 

The acid dissociation constant for the pentaaquamonohy- 
droxorhodium(II1) ion, pKaz = 4.7 f 0.2, has not been 
determined previously. Hydroxo-bridged polymeric rhodium- 
(111) s p e ~ i e s ~ ~ , ~ ~ ~ ~ ~  could influence our titration data at high pH. 
However, our titrations were performed at low rhodium 
concentrations ranging from 0.006 to 0,010 M. There was no 
significant variation in the dissociation constants obtained from 
different titrations; thus, errors due to polymeric species on pKd 
can be e~cluded.2~ 

0.0 I 4 1 1  1 1  

-1.00 0.60 1.00 2.60 3.00 4.00 
PH 

Figure 4. Variation of the pseudo-first-order rate constant (k::) for 
proton exchange from bulk water to the first hydration sphere of Rh- 
(111) as a function of pH, the values of k:$ are calculated from the ‘H 
NMR line width data shown in Figure 1. The full curve gives the 
fitted data on the basis of the proposed rate equation; see eq 12. 

Identification of the Reaction Pathways. The pKa values 
indicate that [Rh(H2O)6l3+ and [Rh(H20)50HI2+ are the only 
important rhodium species present over the pH range investi- 
gated in our experiments. The second hydrolysis complex, [Rh- 
(H20)4(0H)2]+, may contribute to the proton exchange at the 
highest pH values studied. However, the concentration of [Rh- 
(H20)4(0H)2]+ constitutes less than 5% of the total rhodium 
content even at pH = 3.7 and falls off rapidly with decreasing 
pH. Thus on the basis of the species known to be present we 
have considered the following symmetrical proton exchange 
pathways: 

Path 1: Direct exchange between first sphere water protons 
in hexaaquarhodium(II1) and bulk water protons 

[Rh(H20)6]3+ 4- *H20 2 [Rh(*H2o)6l3+ -k H 2 0  

Path 2: Exchange between first sphere protons in pentaaqua- 
monohydroxorhodium(1II) and bulk water protons 

[FUI(H~O)~(OH)]~+ + *H20 =t 
kOH 

[Rh(*H20)5(OH)12+ i- H20 

Path 3: Exchange between first sphere water protons .in 
hexaaquarhodium(II1) and hydronium ions in the bulk 

[Rh(H20)6I3+ + *H30+ k.3.’. [Rh(*H20),j]3+ + H30S 

It should be noted at this stage that no detailed mechanistic 
interpretation is made regarding the elementary reactions and 
rate-determining steps of each path. For example, path 1 may 
well proceed via an elementary reaction involving deprotonation 
of the hexaaquarhodium(II1) ion to give [Rh(H20)50HI2+, as 
has been suggested for the proton exchange reactions involving 
hydrated chromium(II1) 

The overall rate law is given by the sum of the terms from 
the three parallel exchange pathways, each having a different 
hydronium ion dependence: i.e. path 3 giving first-order 
hydronium ion dependence, path 1 zero-order, and path 2 inverse 

(22 )  Forrester, J. S.; Ayres, G. H. J .  Phys. Chem. 1959, 63, 1979. 
(23) Cervini, R.; Fallon, G. D.; Spiccia, L. Inorg. Chem. 1991, 30, 831. 

(24) Beck, M. T.; Nagypal, I. Chemistry of Complex Equilibria; Ellis 
Horwood: New York, 1990; p 59. 
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first-order dependence. Rate laws with the above pH depen- 
dence have been used to describe the proton exchange kinetics 
of hexaaqua~hromium(II1)~~~~ and some organochromium(II1) 
complexes.lO*ll Indeed, such a rate law can be successfully fitted 
to our proton exchange data over a limited range of hydronium 
ion concentrations (pH % 2-3.7). However, the model fails at 
lower pH when the rate of exchange becomes independent of 
the hydronium ion concentration; see Figure 4. 

At very low pH, the dominating rhodium species is [Rh- 
(H20)6I3+. The remaining concentration of the [Rh(H20)5- 
(0H)l2+ ion is very low; e.g. at pH = 0.6, it constitutes only 
0.1% of the total rhodium concentration. Considering the 
species present in this region, path 3 could be expected to 
dominate, and the rate should therefore increase with decreasing 
pH, contrary to our observations. Evidently, another explanation 
of the proton exchange process is required at low pH. It should 
be noted that there is no indication from our potentiometric 
titration data that protonation of [Rh(HzO)6]3+ occurs at low 
pH. The formation of a protonated species could otherwise be 
invoked to explain the observed variation of kobs. 

An additional reaction pathway could be considered involving 
bimolecular proton exchange between hexaaquarhodium(III) and 
the hydroxide ion. However, the second-order rate constant 
estimated from k::: at pH = 3 for this path would be 
M-' s-l which is significantly faster than for a diffusion 
controlled reaction. 

Previously, the influence of the second sphere of tightly 
hydrogen-bonded water molecules has been used to explain the 
observed proton exchange behavior of the hexaaquaaluminum- 
(IlI) ion at low pH.' The proposed mechanism involved transfer 
of a first sphere water proton to a second sphere water molecule, 
followed by exchange between the hydronium ion thus formed 
and an H30+ ion from the bulk of the solution. In order to 
explain the present observations we have assumed that the 
mechanism for proton transfer in path 3, from the f i s t  
coordination sphere of the hexaaquarhodium(II1) ion to the bulk 
water, can be described with three consecutive steps: (1) 
formation of an intermediate X, involving the second hydration 
sphere of hexaaquarhodium(1II) (see Mechanistic Interpreta- 
tion below), followed by ( 2 )  proton exchange with a bulk 
hydronium ion, and finally (3) rapid proton exchange between 
the hydronium ion and bulk water, as illustrated in the following 
reaction scheme. 

path 3, step 1 

[R~I(*H,O)~]~+ X 

path 3, step 2 

*X + H ~ O +  5 x + *H~o+ 

path 3, step 3 

*H30+ + H 2 0  H30+ + *H20 

Derivation of the Rate Equation. Considering the contribu- 
tion of each reaction path to the overall proton exchange rate, 
it follows from path 1 that 

rate = R B , ~  = k~,o[Rh(H20),3~]C~,o (6) 

where CH,O is the water concentration. If the pseudo-first-order 
rate constant for proton exchangefrom bulk water to the first 
hydration sphere of the rhodium(III) ion is introduced, such that 
R H ~ O  = k!::CHI0, it follows that 
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where the C R ~  is the total rhodium(II1) concentration and Kp = 
l/Kal. Similarly for path 2 

ROH = kOH[RlI(H20),(0H)2+l cH20 (8) 

hence 

kbulk = kOHCRh 

1 + Kp[H30+] 
obs (9) 

For path 3 we apply the steady-state approximation to the 
intermediate X in order to obtain the contribution of this path 
to the overall rate law. hence 

-- d[X1 - kl[Rh(H20):+] - k-,[X] - kex[X][H30+] = 0 
(10) 

Assuming that step 2 is rate-determining, Rex = kex[XI[H30+l, 
it follows that 

dt 

By combining the contributions for each of the three reaction 
pathways, we obtain an expression for the overall pseudo-first- 
order rate constant for proton exchange from the bulk water to 
the first hydration sphere of the rhodium(II1) ion. 

The above expression was fitted to the experimental pseudo- 
first-order rate constants, k:?, over the pH range -0.2 to +3.7 
using a nonlinear Gauss-Newton-Marquardt algorithm. The 
fit to the experimental data is shown in Figure 4. The following 
rate constants were obtained: k ~ * o  = 0 M-2 s-l, k o ~  = 1000 
f 100 M-2 s-l, kex/k-l = 160 f 30 M-' and kl = 6.0 (f0.2) 
x lo4 s-l, where the error limits represent the 95% confidence 
interval for the fitted parameters. It should be noted that the 
rate constants in the above derivation refer to arbitrary or 
nonspeczjic protons in the first hydration sphere of the rhodium- 
(IlI) ion or in the bulk water. Furthermore, no inference is made 
at this stage concerning the number of exchanging protons in, 
for example, the [Rh(H2O)5(0H)l2+ ion, such factors being 
included in the rate constant koH as defined in eq 8. 

Mechanistic Interpretation. The extremely long lifetime 
of a specific water-oxygen atom in the first hydration sphere 
of [Rh(H20)6l3+, zo x 5 x lo8 s , ~  and the somewhat shorter 
water-oxygen lifetime in [Rh(H20)50HI2+, 'to % 2 x lo4 s,6 
are both considerably longer than the proton lifetime observed 
in our experiments. In this respect, rhodium(II1) is even more 
inert than the chromium(II1) and aluminum(II1) ions. The 
mechanistic interpretation of proton exchange processes can 
therefore by made simply in terms of proton and not water 
molecule exchange. 

In the acidic part of the investigated pH-region, path 3 
dominates the proton exchange. The reaction leading to the 
formation of the intermediate X in step 1 of path 3 is believed 
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to be breaking of an 0-H bond in a first sphere water molecule 
giving rise to a labeled hydronium ion in the second hydration 
sphere. This reaction having the rate constant kl is illustrated 
schematically below for a single first-sphere water molecule 
hydrogen-bonded to a single second-sphere water molecule: 

Btinyai et al. 

H H H 
I * I  

(H20)sRh -O-H"'-'O-H 

Subsequently, exchange occurs between the labeled hydronium 
ion in the second sphere and a bulk hydronium ion, i.e step 2 
of path 3: 

H 

(H20)5Rh 

After rapid proton exchange between the bulk hydronium ion 
and a bulk water molecule, see step 3 of path 3, the labeled 
proton is finally observed in the bulk water. To fulfil the 
condition of microscopic reversibility, the reaction cycle is 
completed by the transfer of a proton from the hydronium ion 
in the second hydration sphere to the first hydration sphere, 
with the rate constant k-1: 

H H H 
I I 

(H20)5Rh -0-H'""0-H 3 
k- i 

We can now attempt to explain the observed pH dependence 
of the proton exchange rate. First, for pH > 3, the rate of proton 
exchange increases with pH in direct proportion to the concen- 
tration of the pentaaquamonohydroxorhodium(II1) species, ac- 
cording to eq 8. 

3) the rate-determining 
step is believed to be step 2 of path 3, and therefore the proton 
exchange rate is given by R = ke,[X][H30+]. Consequently, 
the rate increases with the hydronium concentration (decreasing 
pH). However, at very low pH, where the high proton 
concentration causes step 2 to proceed at a much higher rate, 
the rate-determining step becomes step 1 of path 3, and since 
there is no hydronium ion dependence for this step the rate of 
proton exchange approaches a constant value. In analogy with 
step 2 of path 3, the exchange of a proton from a hydronium 
ion in the second hydration sphere with a hydronium ion in the 
bulk has been proposed as a mechanistic path during the proton 
exchange between water molecules in the first hydration sphere 
of the aluminum(II1) ion and bulk water molecules.' 

The rate constants obtained by fitting eq 12 to the experi- 
mental data in Figure 4 indicate that proton exchange takes place 
only between (1) the pentaaquamonohydroxorhodium(II1) ion 
and bulk water via path 2 as the pH approaches pKal = 3.6 and 
(2) between the hexaaquarhodium(II1) ion and the hydronium 
ion via path 3 at lower pH values. 

The fitted value of k ~ ~ o  = 0 M-2 s-l implies that direct 
exchange of protons between the first hydration sphere of the 
hexaaquarhodium(III) ion and the bulk water does not contribute 
significantly to the overall rate of proton exchange. This finding 
is rather surprising as one would intuitively expect the following 
elementary reaction to be responsible for some of the proton 
exchange in path 1: 

At relatively low pH (below pH 

[Rh(*H20)6]3+ f H 2 0  kd [Rh(H2O),OHI2+ f *H30+ 
k-d 

The hexaaquarhodium(II1) ion is demonstrably acidic (pKal = 
3.6) via the forward reaction designated kd above. Thus if kd is 
slow, microscopic reversibility requires that the protonation 
reaction k-d  is even slower. This is in contradiction with results 
for other metal ions where k-d has been shown to be essentially 
diffusion-controlled.10~11~z5 However, if the transfer of a proton 
from the first to the second hydration sphere of rhodium(II1) 
(path 3, step 1) is identified as the reaction responsible for the 
production of the [Rh(H20)50HI2+ ion, and this step is rate 
determining (Le. kd = kl), then k - d  = kl/Kal. Using our values 
of kl and Kal, it follows that k - d  = 2 x 10' M-' s-', in fair 
agreement with the values obtained by electric field dissociation 
relaxation methods for aluminum(II1) and chromium(II1) ions 
where k-d = 4.4 x lo9 M-' s-l and 7.8 x lo8 M-' s-l, 
re~pectively.~~ Even though these trivalent ions have structurally 
similar hydration shells, differences in the electrostatic potential 
gradient due to their different sizes and degree of bond 
polarization may well be the reason for the variation in their 
k-d values. 

Chemical Shift Differences. The proposed mechanism can 
also explain the variation of the chemical shift difference (Ad 
in ppm) for the exchange between the hydration sphere of 
rhodium and the bulk water for pH < 2.6, see Table 1. For 
convenience, we use Ad calculated from eq 4. 

The calculated chemical shift difference is approximately 
constant (Ad x 4.8 ppm) for pH < 1.5 (see Table 1). This is 
consistent with step 1 of path 3 in which the only exchange 
sites are [Rh(H20)6l3+ and H20 (with X as a steady-state 
intermediate), i.e. a two-site system. For higher pH values, Ad 
decreases in a continuous manner with increasing pH. This 
decrease cannot be a result of an increasing concentration of 
the hydrolysed species, [Rh(H20)50HI2+, since this would imply 
an unrealistically large chemical shift difference, Ad > 20 ppm. 

However, for the range 1.5 < pH < 2.6, step 2 of path 3 
gradually becomes the rate-determining step, so that the rate of 
exchange between X and the bulk water is comparable to the 
rate of step 1 of path 3. Thus, this is no longer the two-site 
exchange system for which eq 4 was originally deduced. This 
is a truncated system containing a steady-state intermediate 
which gives no signal, but which affects the chemical shift 
difference calculated by eq 4. Nevertheless, eq 4 gives the 
correct rate constant. This was confirmed by comparison with 
spectra simulated from a complete line-shape analysis26 of the 
three-site exchange system containing bulk water, [Rh(H20)6]3+, 
and the intermediate X at a very low concentration, e.g.  p x  = 
0.0005. 

The chemical shift difference in Table 1 is in reasonable 
agreement (considering the different medium) with an experi- 
mental observation of the 'H NMR chemical shift difference 
between bulk water protons and protons in the first hydration 
sphere of rhodium(III), Ad = 3.7 ppm, when measured in mixed 
acetone/water solutions at low temperature. l7  We have also 
measured 'H NMR spectra for a concentrated (2 m) solution of 
Rh(C104)36H20 in water as a function of temperature. In the 
temperature range 243-298 K only one broad signal was 
observed, but at 233 K and below this signal was partially 
resolved into two peaks: one for the protons in the hydration 
sphere of rhodium and one for the bulk water protons. It is 
difficult to estimate the pH in this very concentrated solution 
because of the unknown activity coefficients, but the resulting 
shift difference (Ad x 3 ppm) is in qualitative agreement with 
the calculated values (Table 1). 

( 2 5 )  Rich, L. D.; Cole, D. L.; Eyring, M. E. J .  Phys. Chem. 1969, 73,713. 
(26) Chan, S. 0.; Reeves, L. W. J .  Am. Chem. SOC. 1973, 95, 670. 
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Our calculated value for Ad is also close to the 4.6 ppm 
measured for a 1.6 M aqueous solution of aluminum, for which 
the bulk water peak could be resolved from the peak of [Al- 
(H20)6I3+ at 267 K.27 

The chemical shift difference may also be estimated as 
follows.21 It can be shown on the basis of equation 4 that with 
increasing temperature the experimental NMR line width first 
increases, then goes through a maximum, and finally decreases. 
The maximum line width is given by LW,, = p ~ A v .  From 
Figure 2 it can be seen that at low pH approximately equal line 
widths were observed at 293 and 310 K; LW 28 Hz. If we 
then assume that 28 Hz is the maximum line width (LW,,) it 
follows that the chemical shift difference at this field strength 
(9.4 T) is Ad = 3.9 ppm, again in reasonable agreement with 
the experimental d u e l 7  and our previous estimate from the 
field dependence. 

Comparison with Aluminum(II1) and Chromium(1II). 
The lifetime of a proton in the first hydration shell of rhodium- 
(111) was calculated from the relationship, k::fpkp,,, = k:gRh. 
Since there are 12 exchanging protons in the hydration sphere 
of the rhodium(1II) ion, then the lifetime of a specific proton is 
given by e = 1 2 / e s .  From our results the spec@ proton 
lifetime in the frst  hydration sphere of rhodium(II1) varies from e = 2 ms at pH = 0 to 7 ms at pH = 3. For comparison, the 
specific proton lifetime in the hexaaquachromium(II1) and 
hexaaquaaluminum(II1) ions has been estimated from other 

to ZH = 0.1-0.2 ms in the pH range 0-2. For divalent 
metal ions such as nickel(II) the proton lifetime is several orders 
of magnitude shorter, = 1 P S . ~  

In the light of our results, a discussion of proton exchange 
mechanisms for these structurally similar ions must address two 
questions: (1) Why is the pH-independent region not observed 
for hydrated chromium(II1) and aluminum(II1) ions? (2) Why 
is the proton exchange slower for rhodium(1II) over the pH- 
range investigated? 

On the basis of the mechanism proposed above, the region 
of pH-independent proton exchange at low pH is critically 
dependent on the ratio kllk,,. For example, if the rate of proton 
transfer from the first to the second hydration sphere ( k l )  is 
fast, compared with the proton exchange of an hydronium ion 
in the second sphere with one in the bulk (kex), then the former 
process does not become rate determining until very low pH 
and thus the pH-independent region may not be observed 
experimentally. This seems to be the case for the [Cr(Hz0)6l3+ 
and [Cr(H20)5CH2CNI2+  ion^.^*'^ However, an early study of 
the water proton exchange of the [Cr(H20)5N3I2+ ion in aqueous 
solution does show a levelling off of the line broadening at high 
acidity." 

For the hydrated ions A13+, Cr3+, and Rh3+ the constant 
0-H(D) stretching frequency for the first sphere water molecules 
indicates a similar hydrogen-bond length between the first and 
second sphere water molecules.2 Furthermore, the hexaaqua- 
rhodium(II1) and hexaaquachromium(1II) ions have been shown 
to be isostructural in aqueous solution by a large-angle X-ray 
scattering study, both ions being surrounded by a second sphere 
of water molecules at a mean distance M-011 = 4.02 8, in 
aqueous solution.' However, there are indications of subtle 
differences in the nature of the bonding which may influence 
proton exchange. A theoretical calculation of isolated hexaaqua- 
rhodium(III) and -chromium(III) complexes showed a somewhat 
higher degree of charge transfer to the rhodium ion although 

(27) Takahashi, A. J .  Phys. SOC. Jpn. 1968, 24, 657. 
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its ionic radius is slightly larger, and a Mulliken population 
analysis gave the effective charges as f2 .10  (Rh) and f2 .21  
(Cr), respectively.28 The resulting larger electrostatic repulsion 
from the chromium ion on the protons of the first-sphere water 
molecules probably leads to a lower activation energy for proton 
transfer from the first to the second hydration and thus 
a faster reaction with a larger kl than for the rhodium ion. 

The proton exchange between the hydrated rhodium(II1) ion 
and bulk water is slower than for chromium(II1) and aluminum- 
(111), irrespective of effects associated to changes in the 
hydronium ion concentration. This may be due to the lack of 
observable direct exchange between first sphere water protons 
and bulk water ( k ~ ~ o  = 0 M-2 s-') molecules via path 1 for 
rhodium( 111) . 

The activation parameters for reaction paths 2 and 3 were 
estimated from Arrhenius plots of the temperature dependence 
data in Figure 2. For path 2, do, = 36 kJ mol-', and 
As',, = -180 J mol-' K-l; for step 1 of path 3, el = 7 kJ 
mol-' and A$, = 10 J mol-' K-I. Although these values are 
uncertain, the highly negative As',, indicates an ordered 
transition state for path 2. The small value of A,$ is in 
agreement with the suggested mechanism (step 1 of path 3), in 
which the hydration sphere of rhodium is basically unchanged, 
and hence, no significant entropy change is expected. Com- 
parison of these parameters with corresponding data for alu- 
minum(III) and chromium(III) could provide useful mechanistic 
information. 

Concluding Remarks 
The specific lifetimes of first sphere water protons around 

the hydrated trivalent cations rhodium(III), chromium(1II) and 
aluminum(1II) are generally several orders of magnitude longer 
than for divalent metal ions such as nickel(I1). These trivalent 
hexahydrated ions are structurally very similar in aqueous 
solution, each having a well-defined second hydration 
through which proton exchange must occur. Despite these 
similarities it appears that subtle differences in the bonding lead 
to noticeable differences between rhodium(II1) on the one hand 
and chromium(II1) and aluminum(ILI) on the other. For 
example, only in the case of rhodium(1II) is the transfer of a 
proton from the first to the second hydration sphere sufficiently 
slow to be rate determining, resulting in a region of constant 
rate at low pH. Furthermore, direct proton exchange between 
the first hydration sphere and bulk water molecules appears to 
be too slow to be detected. 
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