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Water Exchange in Fluoroaluminate Complexes in Aqueous Solution: A Variable
Temperature Multinuclear NMR Study
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An 170, 19F, and?’Al NMR study of fluoroaluminate complexes (AlfH20)s—n3~"*, n=0, 1, and 2) in aqueous
solution supports the idea that for each substitution of a bound water molecule by a fluoride anion, the exchange
rate of bound water with free water increases by about 2 orders of magnitude. New rate coefficients for exchange
of inner-sphere water molecules in AIF@)s2" arek’® = 230(4:20) s°1, AH* = 65(+3) kJ mol?, andAS' =

19(+10) J mot? KL The corresponding new values for the AIH,O),* complex are: kK23*= 17 100¢-500)

s, AH* = 66(+£2) kJ moll, andASF = 57(%8) J mol! K~1. When these new results are combined with those

of our previous study,we find no dependence of the solvent exchange rate, in either A or AlF,-

(H20)4", on the concentration of fluoride or protons over the rang@ f= 0.06-0.50 M and [H] = 0.01—

0.44 M. A paramagnetic shift ofAl resonances results from addition of Mn(ll) to the aqueous solution as a
relaxation agent for bulk waters. This shift allows resolution of the 8dEO)s—,G~"" species int’Al NMR

spectra and comparison of the speciation determined via thermodynamic calculations with that determined by
27Al, 19F, and¥’O NMR.

mechanism of exchange of free fluoride with bound fluoride
was an associative interchange) (&nd not the dissociative

. The reactivity of aqueous aluminum complgxes is particularly interchange mechanismg)l usually associated with ligand
important to the earth and environmental sciences because th%xchange in aluminum complexes. Their results led us to

cycling of aluminum in soil affects the health of fore$ttie augment our previous experiments and to study rates of solvent
stratification of soil$ and the toxicity of natural watefsin exchange in the AIF(5D)2* and AlR(H.0)s" complexes in
previous work; we reported that substitution of Finto the greater detail. Here we report more extensive data, including

innerjcoordina'gion spher'e. of AI@GD)GH(aq) causes a remark- experiments on the AWH,O)s* complex where the proton
able increase in the lability of inner-sphere water molecules. .qncentration and the total ligand-to-metal rafig(5 Al) were

We found that the lifetimes of inner-sphere water molecules \gried at a constant total aluminum concentration. The results

decreased by approximately a factor of ¥dth each substitu-  gjow us to better constrain the average lifetime of a water

tion of fluoride in the inner-coordination sphere and provided olecyle in the inner-coordination sphere of the complexes and

estimates for the rate parameters for solvent exchange ongpqy that solvent exchange is independent of the fluoride and

AIF(H20)s*" and AlR(H,0)s", based on a very limited set of proton concentrations. These results are consistent with an |

data. mechanism for solvent exchange but also complement the
Recently Bodor et &. employed ! NMR methods to  conclusions of Bodor et &lof rapid exchange of free and bound

estimate the rates of fluoride exchange in these complexes andiuoride in the AlR(H0)st complex.

noted an apparent paradox; the rate of exchange of dissolved

fluoride with bound fluoride in the AlH,0)," complex is Experimental Methods

much faster than our reported rate for exchangg of bound water Materials. For27Al and °F NMR experiments, stock solutions were

molecules with solvent. They also found evidence that the prepared by dissolving reagent grade A(€LO)s, KF, HCI, KCI, and

MnCl(H,0), (Fisher Chemical, Fair Lawn, NJ) in distilled and

* To whom correspondence should be addressed. E-mail: whcasey@ deionized water. The compositions of these solutions were checked by

ucdavis.edu. _ coulometric titration for chloride. Samples féfAl and *F NMR
IDepartment of Land Air and Water Resources. . experiments (Table S1) were prepared from these stock solutions, and
: Department of Chemical Engineering and Materials Science. the apparent ionic strength was increase@ M by adding KCI. We
Department of Geology. . } . . . .
(1) Hodson, M. J.: Sangster, A. @. Inorg. Biochem1999 76, 89. used potassium fluoride instead of sodium fluoride to avoid the
(2) Jenny, HFactors of Soil FormationMcGraw-Hill: New York, 1941; precipitation of NgAlFs. For the variable-compositioA’Al NMR
p 281. experiments at room temperature, the aluminum concentration was kept
(3) Driscoll, C. T.; Postek, K. M. The Chemistry of Aluminum in Surface  at 0.1 M and they F/S Al ratio was varied between 0.5 and 2.4. To
\é\gaFeLrs. '.nTgeb'fr”r:rO”mg”ta' %hem's}:r{ OI Aluminun$posito, G., examine the effect of paramagnetic Mn(ll) species on the spectra, a
 Lewis Publishers: Boca Raton, FL, 1996; pp 3838. second set of experiments were conducted at otherwise identical
(4) Phillips, B. L.; Casey, W. H.; Neugebauer-Crawford, @ochim. " . . . .
Cosmochim. Actd997 61, 3041. conditions with MnC} being replaced with dissolved ZnClThe
(5) Bodor, A.; Tdh, |.; Banyai, |.; SzaboZ.; Hefter, G. T.Inorg. Chem solution (#812) for’’Al NMR experiments at variable temperatures
200Q 39, 2530. was chosen to have BF/S Al ratio of 2.0 and [H] = 1.0. For®°F
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NMR experiments at room temperature, solutions with9.5F/5 Al (a) (b)
< 2.4 and variable proton concentrations (0<0JH*] < 0.10 M) were
prepared with and without either ZnGbr MnCl,.

Solutions for'’0O NMR experiments were prepared by dissolving F/AI=0.9 F/Al=1.0
appropriate amounts of solid reagents directly f@-enriched water
(~15%) and HCI solution. The range of tha=/5 Al ratios available
to the’O NMR measurements is limited by the solubility ofAdFs =
(ref 5) and by the necessity of maintaining relatively high concentrations
of the AlR(H,0),* complex. Precipitation of a solid occurred 2/ F/Al=1.4 F/Al=1.4
YAl > 2.4. At YF/3Al < 1.6, the concentrations of AJfH,O)s"
became too low, relative to Al(D)s*" and AIF(HO)s?", to detect by J
170 NMR.

NMR Spectroscopy.The NMR measurements were made using a F/AI=1.9 F/AI=2.0
Bruker Avance spectrometer that is based on an 11.7 T magnet (
67.8 MHz for'’O; v, = 130.3 MHz for?’Al; and v, = 470.6 MHz for
19F) and fitted with different probes for each nucleus. A 10 mm _J _{J
broadband probe (Doty Scientific, Colombia, SC), which yields very
low background intensity for aluminum, was used féAl NMR.

Typical 27Al NMR experiments were conducted using a 29 pulse

(7/2 pulse= 42 us), a relaxation delay of 0.5 s, and a digitization rate

of 50 kHz. Prior to Fourier transform of the time-domain data, the _ 'J
first five points were recalculated by linear-prediction methods to
remove a baseline roll. An external standard was included as 0.1 M
Al(OH)4™ in a coaxial insert to give a peak at 80 ppm. Chemical shifts
are referenced td 2’Al = 80 ppm for AI(OH)~(aq). The integrated
intensities of the?’Al NMR signals for all of the samples were
normalized to the signal for the 0.1 M Al(Ol) reference.

The 1°F spectra were collected \mita 5 mmBruker probe with a 7
us pulse {/2 pulse= 9 us) and a relaxation delay of 1 s. Typically,

100 acquisitions were collected to achieve adequate signal-to-noise ratiohe intrinsic quadrupolar relaxation rate. An Arrhenius-like relation is

N
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(

F/AI=2.3 F/AI=2.2

[ T { [
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Figure 1. 2’Al NMR spectra of AHF—CI—H solutions at 298 K with
the indicated3 F/Y Al ratio and [H"] = 0.10 M. (a) without Mn(ll)
and (b) with 0.50 M Mn(ll). The signal at 80 ppm is from Al(OH)
in the insert.

o
(=1
o

in the spectra. _ used to model the temperature dependence of quadrupolar relaxation
The YO NMR spectra were collected using a 10 mm broadband

probe with 20us pulses £/2 pulse= 40 us), recycle delays of 6 ms, 1 (EJRIWT)—(1/298)]

and a 100 kHz digitization rate; 80 000 acquisitions were recorded to fq_ Wa 2062 (2)

establish an adequate signal-to-noise ratio. Recalculation of the first
50us of the FID by linear-prediction methods prior to Fourier transform whereEq and W, 05 are fitting parameters.

gave a flat baseline. A coaxial insert of 0.3 M Th@ isotopically The temperature dependencekgf(sY), the pseudo-first-order rate
normal water was included in alfO NMR experiments. This insert  ¢oefficient for exchange of water molecules from the inner-coordination

gives a peak near 100 ppm in th®© NMR spectra that corresponds  gphere to the bulk solution, takes the form of the Eyring equation
to bulk waters and waters bound to the*Tlhon that are in rapid-

exchange equilibriurf.
Rate Coefficients.The average lifetime of a water molecule in the
inner-coordination sphere of the complexes was estimated using the

dynamic*’O NMR line-broadening technique!* In this method'’O wherek, is Boltzmann’s constant and the exponential terms include
NMR transverse relaxation time$,} were obtained directly from the  {he activation entropyAS] and activation enthalpyjH*] for chemical

NMR line width: T, = 1/(z x fwhm), where fwhm is the full width  exchange. The parametefsR, andh are absolute temperature, the
at half-maximum of thé’O NMR resonance. ThEO NMR resonance  gas constant, and Planck’s constant, respectively.

from bulk water is broadened beyond detection by interaction with = | jne shape parameters were obtained from least-squares fits of the

1 kT A
o= ke, = - @ ASTR o —AHRT @)

Mn(ll) species present in the solution. ~ frequency-domain data to a sum of Lorentzian curves. In estimating
The relaxation rate includes contributions from both chemical rate coefficients, we propagated uncertainties of 10% in the raw peak
exchange and quadrupolar relaxation widths through the calculations. These values comfortably span the
range of values that are consistent with reasonable adjustments in
1_1 + 1 (1) spectrum phasing and baseline correction. Presence of the narrow peak
T, v Ty from the T¥*(aq) insert, upfield from the bound water peaks, enabled

the accurate phase adjustments necessary for measuring the width of
where 7 is the mean lifetime of a water molecule in the inner- broad resonances.

coordination sphere of the AlfH20)s_n®"" complex and 1,4 is Temperature Control. Temperature control was maintained by the
standard Bruker controller, which was calibrated by placing a cepper
(6) Cossy, C.; Helm, L.; Merbach, A. Enorg. Chem.1988 27, 1973. constantan thermocouple into the coaxial insert of a sample tube and
] g'sugsi;geary, D.; Helm, L.; Merbach, A. BHelv. Chim. Actal985 inserting this apparatus into the spectrometer. The accuracy of the
() S T 3; Comik . €3 e, Prytoez 7 307 e el o o el R
(9) Casey, W. H.; Phillips, B. LGeochim. Cosmochim. Ac2001, 65, e ’
705. as a standard deviationd)Lfor temperature.
(10) Phillips, B. L.; Casey, W. H.; Karlsson, NNature 200Q 404, 379.
(11) Sullivan, D. J.; Nordin, J. P.; Phillips, B. L.; Casey, W.Geochim. Results and Discussion
Cosmochim. Actd999 63, 1471. 27 . . .
(12) Nordin, J. P.; Sullivan, D. J.; Phillips, B. L.; Casey, W. org. Al NMR. For solutions without Mn(ll), the?’Al NMR
Chem.1998 37, 760. ) ) ) spectra contain a narrow peak at 0 ppm and a broad peak
(13) Casey, W. H.; Phillips, B. L.; Nordin, J. P.; Sullivan, DGeochim.  centered at 2 ppm (Figure 1a) that changed in relative intensity

Cosmochim. Actd 998 62, 2789. . . . .
(14) Bleuzen, A.; Pittet, P.-A.; Helm, L.; Merbach, A. Blagn. Reson. depending upon thgF/3 Al ratio of the aqueous solution. It is

Chem 1997, 35, 765. well-accepted that the signal at 0 ppm arises from A3,
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s1 The effect of Mn(Il) on the?’Al peak positions and widths
s3 SN can be attributed to a pseudocontact interaction between the
unpaired electrons in the paramagnetic Mn(ll) species*&hid
in the fluoroaluminate complexé8 Although virtually all of
the Mn(ll) species in these acidic solutions are present as
Mn(H2O)e?"(aq), which is electronically isotropic, small con-
centrations of MnF(KD)s* complexes with short lifetim@%2°
are also likely to be present and this fluoridation can induce
magnetic anisotropy. Dipolar interactions between the unpaired
electrons on this Mn(ll) complex, and perhaps others, and the
fluoroaluminate complexes can cause both a paramagnetic shift
and line broadening. A similar effect was noticed by Matwiyoff
et al? who found that Co(ll) affected th€F NMR spectra of
25°C the fluoroaluminate complexes.

The dipolar interactions between the unpaired electrons in
the Mn(ll) species and th&Al nucleus in the AllR(H20)e—nEV+
complexes require a preferred direction of approach ofthk

5°C nucleus to the Mn(ll) species with respect to its magnetic
anisotropy. Correlation of th€Al shift and width with charge
on the fluoroaluminate complex is consistent with electrostatic

x5

\

65°C

45°C

o

100 80 60 40 20

o

ppm control of the properties of ion-pair formation. For example,
Figure 2. 27Al NMR spectra of A-F—Mn—Cl—H solutions withy F/ the distances of approach must reflect the electrostatic repulsion
YAl = 2.0 (sample 812) at the indicated temperatures. SO, S1, S2, andso that the Mn(ll) species can more closely approach the
S3 are tentatively assigned to the A}B)s>", AIF(H:0)s*", AlF2- fluoroaluminate complexes that have a lower charge, such as
(H20)*", and AlR(H;0):* complexes, respectively. AlF5(H-0)?, vielding widths and shifts that are greater than

] ] ) those for complexes with a higher net charge, such as
and the broad downfield signal is due to one or more of the ajH,0)s3+.

fluoroaluminate complexe$:16The relative intensity and width 19F NMR. For a series of samples with constant aluminum

for the broad peak increase with increasip/3 Al ratio, but - concentration, a variabl@F/SAl ratio from 0.5 to 2.4, and
the position of this signal does not change significantly. These ¢qnstant proton concentration (fH= 0.1 M), thel%F NMR
results are consistent with an interpretatfthat the broad peak spectra exhibit distinct signals assignable to AIFDH2*,
is a composite that corresponds to several fluoroaluminate AIF2(H;0)s*, and AlR(H;0)°. We use the intensities of these
complexes that exhibit very small differences in chemical shifts. peaks to derive speciation information (Figure S1b). T¥e
The #’Al NMR resonances for AIfH,0)," and Alf(Hz0)3° NMR spectra for solutions with constafiaAl = 0.1 M andy F/
are probably broader than for AIF§B):2*, which explainsthe  §A] = 2.2 but variable proton concentrations were also
increased peak width at highefF/3Al ratio (Figure 1a),  collected, and the results were comparable with those reported
consistent with previous wor®:16 Identical spectra to those previously*5 The free F signal was observed only for samples
shown in Figure 1a are observed if the solution contains 0.5 M \ith very high proton concentrations (ff = 0.313 M) and
ZnCl, (not s_;hown) at constant apparent ionic strength. high SF/SAI ratios (>2.2). No signal was observed for
The addition of MnCl to the solution, however, adds  AlF,(H,0),", as was expected, because the samples heff a
considerable detail to ti®Al NMR spectra (Figure 1b). The 5 A| ratio that was too low for measurable concentrations of
spectra of aluminum fluoride solutions with MnGlontain at this species. The fraction of AJH,0)" and AlFs(H,0)
least four resolvable components (Figure 1b) that exhibit jncreases with the increasingF/S Al ratio, as expected. As
systematic changes in relative intensities with Y&y Al ratio, discussed by Bodor et &lthe peak width of the signal assigned
consistent with assignment to distinct A(R20)e-—n"* to the AIF(H,O)s2" complex does not change with changes in
complexes. Furthermore, the peaks are much broader than thgne s F/5 Al ratio, while we observe a slight increase in the line
single broad peak assigned to fluoroaluminate complexes in wgth for AlF,(H,0)s+ and significant increases for AJfH,0)°
solutions without MnGl (Figure 1a). Both the peak positions  ith increasings F/y Al ratio. The fluoride speciation based on
and widths vary with temperature. (Figure 2). The four signals 19 NMR data compares well with the speciation calculated from
are tentatively assigned to AlfB)s**, AIF(H20)s>", AlF;- published thermodynamic data (Figure S1b), and we found no
(H20)s", and AlR(H:0)° (the signals SO, S1, S2, and S3, changes in aluminum speciation upon addition of ZrtGlthe
respectively, in Figure 2). On the basis of these assignmentsaqueous solution. N8F NMR signal is detectable for solutions
and the integrated relative intensities of the corresponding peakscontaining MnC}.
the speciation of Al with a variablg F/5 Al ratio can be 170 NMR. The solution compositions for solvent exchange
calculatgd and compared to that calculgted from t.hermodynamicmeasurememS were chosen such that the AIBIA* and AlF-
data (Figure Sla). The thermodynamic calculations are based(H20)4+ species were the dominant fluoroaluminate complexes
on the compilation from ref 17 after an ionic strength correction jn the solution, using th&’Al and 19F NMR spectra of similar
based on Davies equation. The data in Figure S1 indicate thatgg|ytions as a guide (Figure S1). Correspondingly:#BeNMR

addition of Mn(ll) does not greatly alter the speciation of Al in spectra of the solutions contain overlapping peaks due to the
the solutions.

(18) La Mar, G. N.; Horrocks, W. Dew., Jr.; Holm, R. HNMR of
(15) Martinez, E. J.; Girardet, J.-L.; Morat, (org. Chem1996 35, 706. Paramagnetic Molecules: Principles and Applicatiprscademic
(16) Akitt, J. W.Prog. Nucl. Magn. Reson. Spectro4€89 21, 1. Press: New York and London, 1973.
(17) Pnhillips, S. L.; Hale, F. V.; Silvester, L. F.; Siegel, M. D. Thermo- (19) Nowak, T.; Maurer, P. Biochemistry1981, 20, 6901.
dynamic tables for nuclear waste isolation. NUREG/CR-4864. U.S. (20) Mildvan, A. S.; Leigh, J. S.; Cohn, MBiochemistry1967, 6, 1805.
Nuclear Regulatory Commission. (21) Matwiyoff, N. A.; Wageman, W. Elnorg. Chem 197Q 9, 1031.
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Figure 3. 7O NMR spectrum for solution 3192d at 2&, which can /// \\ \\
be fit with a sum of three Lorentzian peaks. The peak &0 kHz is 6 T ™ T T T T
due to the TbG(aq) insert. Origin of the frequency scale is arbitrary. 26 28 30 32 /T3.4 36 38 4.0
1000,
bound water on each of the AlF¢B)s>t and AlF(H,0),* Figure 4. Temperature dependence of IN{3/of 17O NMR signals

for the solutions 3189(), 3183 ¢€), 3252 (), 3192d §), and 3195

3+ -
complexes (plus a small amount of A{B)s>*(aq)). Intercon (2) and data from ref 4

version among the AWlH20)s-,3""* complexes is slow on
the 1’0 T, NMR time scale’. The resonances for the different  Table 1. A Compilation of Rate Coefficients and Activation
complexes can be distinguished from one another when their Parameters for Exchange of Water Molecules from the
peak widths differ by a factor of about 3. Inner-Coor'dination Spher_e of Fluoroaluminum Complexes to the

A typical 170 NMR spectrum is shown in Figure 3, along Bulk Solution, As Determined fror¥O NMR
with the results of a least-squares fit to a sum of Lorentzian ) 6. AH? AS
curves, which yieldd, and intensity for each component. The _ sPecies  kg’(s)  (kJmof?) (JK*molY) source
narrow peak is assigned to AIF{8)s2", and the broad peakis  Al(H,0)s"3 1.29 85¢-3) 42(+9) ref 7
assigned to AlR{H-0)*". The ratio of the two complexes, AIF(H20)?"  230(20)  65¢3) 19¢t7)  comb data
obtained by integrating the fitteHO NMR intensities, agrees ~ AlF2(H20)s" 17 100¢:500)  66€-2) 57@8)  comb data
well with the results fron¥’Al and 19F NMR data (Figure S1). aThe estimated uncertainties fé€tare for a single estimated
At successively higher temperatures, the peaks fop(RIfO)s+ standard deviation. The data from this study are combined with those
and AIF(HO)s2* become too broad to detect, as indicated by of ref 4 to yield the estimates in the table.
loss of intensity, compared to the peak for thé™{q) standard,
which represents a constant number & nuclei throughout

the expe.nments. ; . mol~1). This assumption makes little difference in the estimated
The widths of the!’0 NMR peaks assigned to each of the 50 narameters because quadrupolar relaxation contributes so

three complexes, AIF(¥0)s*", AlFy(H20)s", or Al(H20)s°", little to the observed line width of the AJH,O)s" complex,

vary differently with temperature, but there is consistency fora | i exchanges water with solvent abou® Xnes more

given complex between different samples. TH®O NMR rapidly than the AIF(HO):2+ complex. The values d(ﬁggfor

transverse relaxation timegy] for the various peaks were AIF(H,0)* and AIF(H0)s* fall with.in the range mexasured

gl_otalnejl dlrecftly f:_om t?? NMR It|ne W'dtT andvsre plottecgllnt for other Al complexes, for which direct measurements are
igure 4 as a function of inverse temperature. We were able to ;.1 (refs 9-13).

obta!n data over a larger range of temperatures than In-our Although presence of Mn(ll) in the solution has a large effect
previous experiments and ”ZEW observe a contribution to the o, 0275 spectra of the fluoroaluminate complexes, it does
:rlglzx\;vtli%t: ((I)Zfi tS:Z éll)F(;bISe )ée dﬁg‘ﬂﬁgwfrﬁ? tgu:gtri%p:tfrthe not appear to significantly affect tA€O signal from the bound
ibuti tg th I" idths f intrinsi d | waters, except as a relaxation agent for solvent water. In contrast
(r:eolr;;r:atili):?gt a?ll te?n g]rztt\f;les f?onzo\?;ldgsr\llr«;;m glrj]z rU|iono ar o theZ’Al results, we observed no change in 1@ T, values
egs 13 b 20andEq upon changing the Mn(ll) concentration from 0.25 to 0.50 M,
B o8 _ and the’0O resonances do not display significant relative
The resulting value ok:,” for the AIF(H,0)s?* complexis  paramagnetic shifts of the resonances for the different com-
230(20) s, which is within a factor of 2 of our previous  plexes. The lack of paramagnetic effects on @ spectra
estimate (Table 1) The d|fference betWeen th|S new Value Of Suggests near'y Complete averaging of the d|po|ar interaction
K25? for the AIF(H,0):>* complex and that of Phillips et 4lis to the unpaired Mn(ll) electron spins, which can occur by
wholly attributable to better correction for the contribution to  random orientation of the water positions during ion-pair
the line width from quadrupolar relaxation; the raw data are in formation.
excellent agreement with the previous results. The activation The data in Figure 4 demonstrate that the average lifetimes
parameters were obtained by fitting the raw data into eg8 1 of water molecules in the inner-coordination spheres of AlF-
without any constraints (Table 1). (H20)s2*(aq) and AlR(H,0)4*(aq) do not vary with either
The 1’0 NMR signal for the AIR(H,0);" complex appears  proton or fluoride concentrations. The absence of a dependence
to be dominated by chemical exchange at temperatures aboveon proton concentration indicates that hydroxyl ternary com-
about 288 K. In estimating the rate and activation parameters plexes, such as AWOH(H,O)s, are unimportant to the observed
for this complex, we assume that the parameters describing’O NMR relaxation, supporting conclusions of Bodor e al.

qguadrupolar relaxation are identical to those obtained for the
AIF(H20)s?" complex {Vg208 = 1382 st and E; = 23 kJ
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and others that fluoride forms simple binary complexes with at 255 K from Figure 5 of Bodor et al.yieldsk > 350(70)
hydrated aluminum in these solutions. s1. Extrapolation of the rate of water exchange from the inner-
The absence of a dependence on fluoride concentrationcoordination sphere of the AdfH,0),"(aq) complex to bulk
suggests that solvent exchange around thex(AfO)s*(aq) solution to near 262 K yield&?5? ~ 450(20) s'1, which is
complex occurs via a dissociative interchange mechanigm (I close to the rate of isomerization. The result suggests that
as is commonly found for ligand-exchange reactions in- dissociation of a water molecule from aluminum in the inner-
volving other aluminum coordination comple*ésand for coordination sphere might be directly involved in the rate-
Al(H20)**(ag)” Because the concentration of free fluoride ions  controlling step in this isomerization reaction.
in these experiments is very sensitive to e/ Al ratio and
total proton concentration, this 0.26.22 M change in total oo . .
dissolved fluoride concentration would have caused a change '€ Substitution of a fluoride ion for each ligand water
of over a factor of 10 in the concentration of a simple outer- Molecule in All(H;0)s—n*"" complexesif =0, 1, and 2) in

sphere ion pair between AlfH,0),(aqg) and F(aq), using the aqueous solution increases the exchange rate of bound water
Fuoss equation to estimate an equilibrium constant. Fluoride, With free water by about 2 orders of magnitude. We observe

in the outer-coordination sphere of A[F,0):", apparently does N0 depe_ndence of the lifetime of an inner-_sph(_ere water moI(_ecuIe
not influence the rates of bond dissociation between aluminum ©N fluoride or proton concentration that might indicate contribu-
and inner-sphere water molecules. tions to qhemical exchange from ternary hydroxyl con_nplgxes
Bodor et aF indicated an associative interchange mechanism ©F PY rapid displacement of a water molecule by a fluoride ion.
(I,) for the exchange of bound and free fluoride in the AIF Inter_estmgly, we flnd_ that adding Mn(ll) species to the aqueous
(H,0)s*(aq) complex. Their conclusion was reached, in part, solution as a _rglaxatlon agent for bulk waters md_uce_s a shift in
because fluoride in the AlH,O):*(aq) complex exchanges the peak positions for the AH,0)s-*~" species infAl
for free fluoride at a rate-40 times faster than the rate of solvent MR spectra, allowing us to compare the intensities with those
exchange reported in our earlier wdrand repeated here. They ~observed it’O NMR. The rates of exchange of these monomers
also found that free fluoride exchanges for a bound water cOMpare wle3II23\;\ch those determined for other aluminum
molecule at rates that were too slow to detect ¥ia NMR, complexeg:t*2
consistent with our results and am rhechanism for solvent Acknowledgment. The authors particularly thank Prof. Imre
exchange. Toth for sending us the Ph.D. thesis of Andrea Bodor. Support
Water exchange, however, may be involved in—tigins for this research was provided via grants to W.H.C. and B.L.P.
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Conclusions

coalescence temperature62 K) can be estimated from Supporting Information Available: A table providing information
about the compositions of solutions for NMR experiments and a figure
K= 7 | Av| (4) providing data based on thermodynamic calculation and NMR experi-
o112 ments. This material is available free of charge via the Internet at

http://pubs.acs.org.

whereAv is the frequency difference (Hz) of peaks in € 1C010245S
NMR spectra assigned to the two isomers in the limit of no
exchange. The estimation of the values\of ~ 165&30) Hz
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