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The geometries of the hydronium and dihydroxonium cations in ion pairs with fluoroborate anions were
examined by ab initio calculations at the MP2/6-31G* level. It was found that the representation of the
hydronium ion in the field of an anion as an equilateral triangle, employed in the literature for the interpretation
of low-temperature broad-band NMR spectra of water in solid acids, is an oversimplification, particularly for
the composition ED," (dihydroxonium). Chemical shift calculations (DFGIAO—B3LYP at the dzvp,

tzp, tz2p, and qz2p levels) were conducted ¥@ in HsO™-BF,~ (1) and HO,"-BF,~ (2). The signal of2

was predicted to appear at higher frequency (downfield) than the signal Far experimental verification,
the’0O NMR spectra were recorded for various mixtures of hydronium fluoroborate and water. A nonmonotonic
variation of thel’O chemical shift with the increase in water content was observed; the signal moved first
toward higher frequency and had the highest chemical shift for a water-to-hydronium ratio ofs©4"\H

after which a monotonic variation toward lower frequency (upfield) was observed. Along both branches of
the o 17O vs composition plot (60BF,~ to HsO,"-BF,~ and HO,*+BF,;~ to H,0) the chemical shift variation

was nonlinear. Thus, the experiments and the calculations were in qualitative agreement (the sigaal for
lower frequency than the signal f@), but the chemical shift difference predicted by the calculations was
larger than the experimental result. Better agreement between the calculated and measured chemical shift
differences is obtained for an orientation of ions2iwith two fluorine atoms hydrogen bonded with the
cation. Likewise, a better agreement is obtained for the pyramidal form than for the planar fdsninof
agreement with the geometry optimization results.

Introduction (4) neutron diffractiort! and (5) pump-probe measurements
by picosecond IR laser pulstsEvaluations by theoretical
calculations of the extent of hydronation of water by molecules
modeling the zeolites were also publisHédAs pointed out
earlier® these methods gave conflicting resufts.

We reported recently on the effect of ion pairing on the
structure of carbocatiorisWe have also studied the effect of
ion pairing upon the properties of another type of cation, the

hydronium |on.. . o ) . The controversy stimulated us to examine whetf@rNMR
In our studies of acid strength of liquid and solid acid spectroscopy could be applied to determine the level of
catalysts, we have concentrated on two groups of probe baseshydronation of water, just #C NMR had been applied to the
suitable for investigation by NMR: aIker)or?eand aromf_atic_ study of carbon baség The very large natural width 6fO
hyc_zlrocarbon%‘.’v3 There are, however, quite a few studies in jinad'is only partially narrowed by the pulse (FT) technifue
which water was gs_ed as prpbe base for acidity studies. In the, by proton decoupling but appropriate pulse sequences give
Oearly work, the acidity function of FSBI—SbFs (14-82 mol accurate chemical shift§ The very wide range dfO chemical
% Sbks) was determined from the lifetime of dissolved  ghifg19 could allow the signals of partially hydronated water to
hydronium ions, measured by dynamic NMR spectros¢ffye e gistinguished from those of other oxygen-containing com-
low sensitivity of the NMR method required the use of high pounds in the mixture. The large second-order quadrupolar
concentrations of water {415 mol %)# conditions under which broadening ot’O lines of solid samplé&is reduced by dynamic
the H, parameter does not measure the actual acid stréhgth. angle spinning (DASP2and double rotation (DORY® Because
Indeed, determination of acidity functions by NMR is possible o4 °5qjigs and in concentrated solutions the hydronation gives
only for indicator concentrations extrapolated to infinite dilu- 4, pairs, we investigated computationally and experimentally
tion.2 Moreover, the whole treatmehivas based on the acidity the hydronium fluoroboratel( H:O"*BF,~) and the dihydroxo-
of the hydronium ion (the Iggn™ value of water), a property nium fluoroborate 2, HsO5*+BF4").
found later to be highly variabfeThe reported acid strengths '
and basicity constantshould, therefore, be very much in error.
More recently, an evaluation of relative acid strengths of
various media, especially solids, was attempted from the extent Theoretical Calculations. All calculations were conducted
of hydronation of near-stoichiometric quantities of water. The with the Gaussian 94 series of prograthsThe geometry
methods used were (1) high-resolutiii MAS NMR spec- optimizations were performed at the MP2/6-31G* level, whereas
troscopy at room temperatut¢2) deconvolution of broad-band  the chemical shifts were obtained from DFGIAO (gauge-
IH NMR spectra of frozen water at 4 ¥(3) IR spectroscopi? including atomic orbitals) calculations at the B3LYP le%&l.

Methods
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Figure 1. Optimized (MP2/6-31G*) geometry of thesB*-BF,~ ion
pair in the orientation allowing one-H- hydrogen bondl(A). F: front
view, X1, X2, dummy atomsS: side view.T: top view, dummy atoms
not represented.

The basis sets employed w&tdzvp (9s5p1d/3s2pid for B, O,
F and 5s/2s for Hj%2tzp (9s5pld/ 5s3pld for B, O, F and 5s1p/
3s1p for H)23b tz2p (11s6p3d/5s3p2d for B, O, F and 5s3p/
3s2p for H)23¢and qz2p (11s7p2d/6s4p2d for B, O, F and 6s2p/
3s2p for H)23d

As in our previous work, the relative orientation and the

distance between the ions in the ion pair were controlled in the

calculations through the use of “dummy” atoh?. Three
orientations of the hydronium fluoroborateA, 1B, and 1C,

with one, two, and three hydrogen bonds between anion and

cation were examined.
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In orientation1A (Figure 1), two “dummy” atoms, X1 and
X2, were used. The distance XX2, fixed, defined the
interionic distanced. In one series of calculations, the orienta-
tion was fixed; that is, the angle§O—H1—-X1), 6(H1—X1—
X2), 6(X1—X2—Fp), and 6(X2—Fp—B), where Fp is the
fluorine closest to the cation (proximal fluorine atom), were
held at 90, whereas the dihedral anglggO—H1—-X1—X2)
and ¢(X1—X2—Fp—B) were held at 180 The variable
parametersp(H1—X1—X2—Fp) andd(X2—Fp), allowed the
anion to glide freely (plane-parallel movement), with Fp in a
plane perpendicular to the-@H1 bond; the distance from this
plane to H1 was equal to the fixed distand{X1—X2). The
ion pair was first optimized witlp(H1—O—H2—H3) = 0°, that
is, a planar cation. Then, starting with the optimized planar
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structure,p(H1—-0O—H2—H3) was allowed to vary in order to
obtain the nonplanar geometry of the cation in the ion fair

To optimize the relative orientation of the ions, in the next
calculations only the angle®(O—X1—X2) = 6(X1—X2—B)
= 90° and the interionic distance X1X2 (d) were frozen. All
other parameters were optimized, with the initial valuesgfor
(H1-0—X1—-X2) and ¢p(X1—X2—B—Fp) being 0.

In orientation1B, X1 was again “connected” to O at a fixed
distance; Xt+X2 = d andf(O—X1—X2) = (X1—X2—-B) =
90° were constant. The starting geometry had the adjaceat BH
and OH groups coplanar; that ig(F1-B—X2—X1) = ¢(F2—
B—X2—X1) = ¢(X2—X1—0—H1) = ¢(X2—X1-0—H2) =
0°, then the parameters defining relative position of the ions,
d(X2—B), 6(X2—B—F), andp(B—X2—X1—0) were optimized
as were all the internal coordinates in the cation and anion.

In the third orientation,1C, three dummy atoms were
employed to define the geometry (Figure 2): Two of them, X1
and X2, together with the oxygen defined a basal plane for the
cation. The third, X3, was placed on a line XX3 perpen-
dicular to the X10X2 plane. The anion was positioned such
that the angl®(X2—X3—B) was held at 98 The anion glided
over the cation, with B in a plane parallel to X10X2, a
movement controlled by the optimization of the XB distance
and of the dihedral angle(O—X2—X3—B). The distance
between the two planes was determined by the fixed distance
X2—X3 (d). As in the previous cases of optimization of the
relative position of the ions, the anion rotated freely around
any axis passing through the boron atom.

The dihydroxonium ion paird) was also examined in three
relative orientations of the ions. In the first orientati@4,, the
description of the geometry used two dummy atoms, X1 and
X2, such that X+ X2 was perpendicular to the O102X1 plane.
X1 was placed on the line perpendicular to-a02 in the
middle of the latter (Figure 3). The anglé§X1—X2—Fp) =
0(X2—Fp—B) = 90° andgp(X1—X2—Fp—B) = 180 were held
constant. The anion moved such that the proximal fluorine glided
in a plane parallel to the 0102X1 plane; the distance between
the two planes wad(X1—X2).
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In the other two orientation2B, 2C) of the ions in the ion
pair 2, three dummy atoms were employed (illustrated in Figure
4). The first, X1, was the same as in the previous case; the
second, X2, was midway between O1 and O2{Q2 = X2—

02, 0(01-X2—X1) = 0(02—X2—X1) = 90°), and the third,

X3, was such that X£X3 was perpendicular to the 0102X1
plane. The anion could move with the boron atom kept in a
plane parallel to 0102X1 at the fixed distamiX1—X3) by
optimization of the distance X3B and dihedral angle(X2—
X1—X3—B). The angle?(X1—X3—B) = 90° was constant. The
anion was also allowed to rotate around any axis passing through
the boron atom.

The projections of the molecular geometry shown here were
generated with the computer program XM®&L.

Experimental Determination of NMR Spectra. Hydronium
tetrafluoroborate was prepared by absorbings Bffo a 1:1
mixture of hydrogen fluoride and water, with the materials,
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Figure 2. Partially optimized (MP2/6-31G*) geometry of the®i-BF,~
ion pair in the orientation allowing three-H hydrogen bonds]C
(immediately before decomposition ta®, HF, and BE). F andT as
in Figure 1.
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Figure 4. Optimized (MP2/6-31G*) geometry of thes8,"-BF,~ ion
pair at the interionic distance of 2.8 A (the preferred orientation allows
three H-F hydrogen bond<2C). F, SandT as in Figure 1.

o1 02 8 mm tubes, otherwise the signal for the most concentrated

(i2) sample would drift because of absorption of moisture. All the
spectra were run at 4TC, just above the melting point of the
highest melting sample. A sequence consisting of an excitation
pulse of 8us followed by a recovery delay of 30 ms before
acquisition and a relaxation delay b s was employed, with
proton decoupling by a Waltz sequence. A total of 6000
transients were accumulated for each spectrum.

Results and Discussion

X2
T Theoretical Evaluation of Structures and Chemical Shifts.

|ZaA Ab initio calculations of NMR chemical shifts have been used
l to choose among possible structures or conformations of
® carbocationg® Valid predictions were made for structures that
X1 T were not energy minima but had &f&° or two negative
_ . o frequencie®? in the force constant matrixes. In one case, a
Figure 3. Partially optimized (MP2/6-31G*) geometry of the  conformation resulting from the geometry optimization as a
HsO,™BF, _ ion pair in the orientation allowing one +H hydrogen 5 qition state was accepted as the true structure because the
bond, 2A (the bridging hydrogen, Hb, does not find an equilibrium . - .

position).F, SandT as in Figure 1. calcul_ated chemical shift for its 3garbon was the closest to

experimengse

installation, and procedure described in our previous papke Various properties of hydronium ion and its clusters with
solid product (mp 38°C) was kept in a Kel-F tube, in a  water molecules have been examined by ab initio calculafions.
desiccator with BOs . Its concentration was determined both Chemical shift calculations on the isolated cations by the IGLO
by titration with NaOH in the presence of Ca@hd by placing method? gave a larger (higher frequency) chemical shift for
its melting point on the calibration curve for hydronium HsO," than for O™.2”® We have seen before th&C shifts
fluoroborate-water mixtures, as described bef6r&he more calculated for structures optimized in ion pairs are closer to
dilute mixtures were prepared by adding the appropriate amountsexperiment than the values obtained for isolated carbocation
of water to the most concentrated solution, determining the structures® We decided to check whether calculationslcand

weight with an analytical balance. 2 would agree with the experimental values, which we also set
All spectra were recorded on a Bruker DMX 300 instrument out to measure.
at the base frequency of 40.6882 MHz fd0. The samples Thel’O NMR spectrum of hydronium ion was first recorded

were prepared in 8 mm NMR tubes placed coaxially in standard, in superacid solutioA® The nondecoupled signal, a quartet,
thin-walled, 10 mm NMR tubes containing distilled water as indicated the absence of exchange at that acid strength. It was
the chemical shift standard. It was important to cap tightly the noted that the hydronation shift (less than 10 ppm toward higher
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TABLE 1: Geometrical Parameters for H;O™BF,~ (1A)?2 at
MP2/6-31G*

value

parameter planar catibn pyramidal cation

d(O—H1) 0.980 1.016
d(O—H2) 0.972 0.986
d(O—H3) 0.972 0.986
d(B—Fp) 1.476 1.528
6(H1-0—H2) 119.52 107.40
0(H2—0—H3) 120.97 109.17
@(H1-0O—H2—-H3) 180.00 116.45
charge at H1 0.49 0.59
charge at H2, H3 0.46 0.56

a Closest interionic distancd(H1—Fp)= 1.7 A. ® Forced geometry,
higher in energy than the pyramidal geometry by 4.22 kcal/frigépt
constant during the optimization.
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were started with the planar cation. In each case, optimization
resulted in a minor tilting movement of the anion and pyrami-
dalization of the cation, followed by decomposition toCH
HF, and BF. Because te closest-H- distance inlB (1.53 A)
was shorter than that ibA (above) and.C (1.7 A), optimization
of 1B was also conducted at a longer interionic distance{X1
X2 = 3.2 A, initial HI-Fp = 2.2 A), with the same result.
The geometry of the ion pair in orientatioh€ just before the
decomposition is shown in Figure 2.

For the dihydroxonium ion, the reportéd NMR spectrum
in an ion pair at low temperature (94 K) consisted of two singlets
of intensity ratio 1:4 ¢ 21.3 and 6.0 ppm, respectiveB)This
result indicates that the anion is found somewhere in the space
between the two oxygen atoms of the complex cation. Therefore,
we considered in calculations only relative orientations satisfying
this condition. Again, three possibilities were examined, with

frequency) is small compared to the large hydronation shifts On€ @A), two (2B), and three fluorine atoms of the anion facing
observed in carbon spectra of organic bases. The oxygenthe cation 2C), as defined in the Methods.

resonances of carbonyl compounds shift, however, toVeaver

In orientation 2A, the proximal fluorine atom (Fp) was

frequency (upfield) by about 250 ppm upon hydronation, which allowed to glide in a plane parallel to the axis connecting the
means that the chemical shift is controlled by the change in the oxygen atoms. The BFp bond was held perpendicular to that
extent ofr bonding at oxygen and the positive charge has only plane. The ion pair adopted after optimization the structure of

a minor effecg® The spectrum of the hydronium ion was first
rationalized as proving a planar geometry for the catfom,t

Figure 3, in which one hydrogen at each oxygen faces the anion
and the cation is close to th&, symmetry predicted for the

theoretical calculations on the isolated ion indicated a pyramidal isolated specie§’®34The bridging proton, Hb, did not find an

structure3°

Information about iond and?2 in ion pairs was provided by
a'H NMR study in which the counterion was the complex of
octanesulfonic acid with Sb€hnd the solvent was a mixture
of Freons®! The spectrum ofl consisted of a doublet (2H,
11.1 ppm, and a triplet (1H)} 8.3 ppm, indicating either one
or two hydrogen bonds within the ion p&#The author favored
a structure of the typdB on the assumption that hydrogen

equilibrium position but continued to shift around the midpoint
of the O-02 distance, with insignificant variations in energy,
after the rest of the system did not change any more from one
optimization cycle to the next. This orientation was 4 kcal/mol
less stable than the alternative discussed below.
Orientation2B was optimized with the anion free to rotate
around any axis passing through the boron atom, which was
allowed to glide in a plane parallel to the ©02 axis of the

bonding should be deshielding. A planar structure was preferredcation, at 2.8 A from it. This distance was chosen to give an
for HsO" because the coupling constant, 2.8 Hz, was smaller H—F distance close to 1.7 A, appropriate for the length of a

than the value reported for water, 7.2 4t was also argued
that a pyramidal cation should favor the orientatio®.3!

We began, therefore, with the optimization DA with the

hydrogen bond. The system reoriented itself into the third
orientation,2C. In this arrangement, one hydrogen bonded to
01 and two hydrogens bonded to O2 are turned toward the

cation held planar. The distance between the cation and anion,anion, each toward a fluorine atom. Significantly, the bridging

d (defined in the Methods) was fixed at 1.7 A. The final structure
was reoptimized without a planarity restriction and led to the

hydrogen (Hb) is not equidistant from the two oxygen atoms,
but it is bonded to 02d = 1.053 A) and hydrogen bonded to

pyramidal geometry. This result confirms the calculations on O1 (d = 1.501 A). The angl&)(O1-Hb—02) is 163.7. For

the isolated iof but contradicts the conclusion based on the
IH NMR spectrunt! It follows that the decrease in the coupling

comparison, the isolated cation hd(D1—Hb) = d(O2—Hb)
= 1.193 A andf(O1—Hb-02) = 174.6.27 The optimized

constant does not require that the oxygen hybridization changesstructure of2C is shown in Figure 4, and its main geometrical

to s@. In fact, considering the higher electronegativity of oxygen
in hydronium than in water, the variation in coupling constant
upon the change in hybridization should follow the pattern of
change from B—CH,—Hy, |J] = 12—-15, to H,—C(=0)—Hy,
|J] = 42, rather than from k+CH,—Hp to H,—C(=C<)—Hy,
|J] = 2—3.38 The main geometrical parameters for both forms

parameters are given in Table 2. The nonsymmetrical placement
of Hb between O1 and O2 might reflect the unequal interaction
of the anion with the two water molecules bridged by Hb.
Because both H21 and H22 face negative fluorine atoms in the
anion, there is a higher electron density at O2 than at O1 and
02 can more strongly coordinate the hydron Hb.

are listed in Table 1, and the more stable pyramidal geometry When the distance between the plane that contains the boron
is shown in three projections in Figure 1. It can be noted that atom and the O*02 axis was increased to 3.3 A, optimization

the equilibrium structure had O, H1, Fp, and B collinear.

of 2C led to an orientatioB, in which the anion is tilted such

When the anion was allowed to rotate (around any axis that one of the B-F bonds is essentially in the plane in which

passing through B) at X2X2 = 4.23 A (initial HI-Fp= 1.7
A), the ion pair decomposed to BFHF, and water. Moving
the anion farther away, to an initial HFp distance of 2.2 A
(X1—X2 = 4.73 A), did not change this outcome.

The relative orientations of the anion and cation in the ion
pair with two (LB) and three anioncation hydrogen bond4.C)

the boron atom can move (Figure 5.) The main geometrical
parameters are also listed in Table 2.

The results of the calculation have to be interpreted in light
of the results of théH NMR study3! The observation of one
signal for all the “outer” hydrogens (H11, H12, H21, and H22
in Figures 4 and 5) requires a conformational mobility in the

were also examined, as described in the Methods. For eachion pair at 94 K. An inversion of configuration i2C (chiral)

orientation, the anion was allowed to glide freely in a plane
placed above the cation (¥IX2 = 2.4 A). The calculations

requires the rotation of the water molecules around-O2,
rotation of the anion, and the shift of Hb from O2 to O1, which
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TABLE 2: Geometrical Parameters for HsO,"-BF4~ (2) at
MP2/6-31G*

Facagu and Hancu

pairs in larger aggregates seems necessary for the stability of
hydronium fluoroborate. Nonetheless, the optimized structures

value of the cationsin 1 and 2 are satisfactory descriptions of the

parameter >Ca oBb respective cations in the field of the fluoroborate anion. Indeed,
401-02) 2529 2508 examination of thaert—buty_l cation in a five-ion aggregate
d(O1-H11) 0.990 0939 L|*-H33F*-Me3C+-FE}H3*-L|+,. whlph does not undergo ion
d(01-H12) 0.972 0.972 recombination, and in the triple ionsBF -MesC*-FBH;™,
d(H,—02) 1.053 1.047 which does, showed that geometry optimization at fixed
d(H,—01) 1.501 1.498 interionic distances gives reliable structures for carbocations in
g(:g—gg) i-gé; (1)-3(7’3 ion pairs or aggregatés.
ng—Fl) ) 1.420 1.427 The results of our calculations, together with #e NMR
d(B—F2) 1.457 1.538 spectrad! are relevant for the interpretation of broad-bdit]
d(B—F3) 1.442 1.375 NMR spectra at 4 K.The dihydroxonium ion was considered
0(01-H,—02) 163.68 166.63 there as a noninteracting mixture of a hydronium ion and a
zg:ﬁ:g;:bl)z) 11825.'32 118;'?3 molecule of wate.P.Instead., it is p_ossi_ble that _the proton shift
0(H21-02—H22) 96.47 107.27 from O1 and O2 is more like a vibration and is still occurring
@(H21-02—H22—Hb) 104.17 111.17 at 4 K. As a matter of fact, both H21H22Hb and, especially,
@(H21-02—-01-H11) —48.99 —16.52 H11H12Hb are scalene triangles, rather than equilateral and
¢(B—X3—X1-X2) —11.38 —14.87 isosceles, respectively, as assurfiélen the hydronium ion
¢(F1-B—X3-X1) 79.85 64.44 in a single ion pair has unequaHM bonds and is, therefore,
@(F2—B—X3—X1) —20.0 —66.76 . . . . .
@(F3-B—X3—X1) —6556 -89.95 not an equilateral triangle. The distortions in the latter case

might, however, be too small for the accuracy of the broad-
band NMR method.

As shown in a previous study, the structures optimized for
cations in ion pairs are appropriate for NMR chemical shift
calculationst® The energy oPB is higher than that o2C, but
the greater interionic distance in the latter makes this result a
preordained conclusion. We calculated, therefore, @
isotropic shield constants by the DFGIAO—B3LYP method
for both 2B (at 3.3 A) and2C (at 2.8 A) and for the pyramidal
and planar forms olA. Whereas the GIAGMP2 method is
in principle superior and the chemical shifts calculated with it
give better agreement with the measured vafeSJAO—
B3LYP calculations have been found successful in some
applicationst? Use of larger basis sets may compensate to some
extent for the deficiencies of the DFT calculations. The
comparison with the experimental results that we obtained may
help to evaluate the usefulness of the DFT chemical shift
calculations. Because finding energy differences was not our
goal, we did not apply a correction for basis set superposition
error36

The absolute chemical shifts for all species and the relative
chemical shift oft and2 are shown in Table 3. The calculations
predict the correct ordering of chemical shifisat a lower
frequency thar2, but the chemical shift difference calculated
is larger than the expected uncertainty of the mefftod.
Increasing the basis set from dzvp to tzp improves the chemical
shift difference, and upon further increase to tz2p and gz2p,
shielding constant values appear to converge. The difference
d(2) — 6(1) is still greater than the experimental value. A better
fit might be perhaps secured by slight changes of the interionic
distances, but this would be an arbitrary move as long as
experimental data on the actual interionic distancek &md 2
are not available. Better agreement is obtained for orientation
2C than for2B and likewise for the pyramidal than for the planar
form of 1A, the latter being in line with the geometry
optimization results.

2 |nterionic distance (between boron and the-@2 axis) is 2.8 A
(Figure 4). Interionic distance is 3.3 A (Figure 5).

Figure 5. Optimized (MP2/6-31G*) geometry of thesB,"-BF,~ ion
pair at the interionic distance of 3.3 A (the preferred orientation allows
two H—F hydrogen bond<B). F, SandT as in Figure 1.

explains the observed absence of sgpin coupling®! An
interconversion o2C and 2B is possible. It was not tested,
however, (for instance by osmometry) whether isolated ion pairs 17O Spectra of Hydronium Fluoroborate—Water Mix-

or clusters of four ions (A-C*-A~-C") or larger were present  tures. The use of chemical shifts for determination of degrees
in the Freon solutiod! Therefore, caution against overinter- of hydronation is based on linear interpolation between the
preting the experimental spectra is in order. signals for the base and its conjugate acid. For a calibration of

None of the optimized structures are true energy minfiona chemical shifts with the degree of conversion of water to

the ion pairs because release of all constraints led to decom- hydronium ions, a potential uncertainty is introduced by the
position to HF, Blz, and water. The interaction between ion incomplete ionization of the acid (source of hydrons). Therefore,
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TABLE 3: Calculated Isotropic Shielding Constants () and Chemical Shifts @) for 1A and 2B?

isotropic shielding constant)® A6(2 — 1A)°
HzO™BF,~ (1A) HsO,t+BF,~ (2B) HsO;*+BF,~ (2C) 2B—1A 2C—-1A

basis set planar pyramidal o1 02 avg o1 02 avg d e d e

dzvp 305 290 261 282 271.5 247 281 264 335 18.5 41 26

tzpe 305 292 275 302 288.5 258 302 280 16.5 3.5 25 12

tz2p 299 296 267 287 277 252 286 269 22 19 30 27

qz2p 299 291 265 287 276 251 286 268 23 15 31 23

expr ~5 ~5i

2By the DFT-GIAO—B3LYP method, on optimized (MP2/6-31G*) structur@sn ppm.¢Ad(2 — 1) = (0ref — 02) — (Oret — 01) = 01 — O2.
4 Planar HO™. ¢ Pyramidal HO™. f From ref 23a9 From ref 23b." Polarization exponents (contraction coefficients) are 1.0414 (0.357851), 0.3085
(0.759561), 0.295 (1.00) for B and 2.82 (0.357851), 0.83 (0.759561), 0.67 (1.00) for O (J. Gauss, ref 23c); the other values are as in ref 1b.
i Polarization exponents are 0.29 and 0.87 for B, 2.08 and 0.69 for O (J. Gauss, ref 23d); the other values are ad Diffefdice (11.5-6.5),
cf. Figure 7.
|
%
toward lower frequency (upfield). This variation is also shown
by the spectra plotted in Figure 6 for-381% HBF; solutions.

The signal of the external standard, water, is also shown in each 00 w00 N o 200
spectrum. Therefore, the degree of hydronation of water cannot Frequency, Hz

be determined by’O NMR spectroscopy b_ecause for m_ost Of_ Figure 6. 'O NMR spectra of fluoroboric acid solutions {&*-

the range between 0% and 100% hydronation any chemical shifty,0-BF,).

corresponds to two compositions. As shown in Figure 7, the

largest chemical shift corresponds te®4*-BF,, which means  of more than 30 ppm for the hydronium ion, also in complete
that dihydroxonium fluoroborate?) behaves like a compound  gisagreement with the experimental value.)

rather than as a mixture, which should show chemical shift A study of dilute solutions of various salts of the ammonium
additivity. Moreover, the chemical shift variation along each cation, considered not to affect water chemical sHiftsas used

TABLE 4: 0O Chemical Shifts of Hydronium
Fluoroborate—Water Mixtures at 38 °C

H.O/H;0™
% HBF, mol % H,O? (mol/mol) 0 Y0 (ppmy

0 100 00 0
30.3 91.1 10.221 3.0
51.2 78.5 3.649 7.5
63.2 64.8 1.840 9.7
72.9 44.9 0.813 111
7.7 28.6 0.400 10.34
80.75 14.0 0.163 8.3

aThe balance to 100% consists of®f. P Water used as external
standard® Pure hydronium fluoroborate is 82.6% HBF

the calibration must be based on the water solutions of a
“nonexisting acid,” such as chloroalumifiand fluoroboric3®
which is present in solution entirely as the hydronium salt. We
investigated the hydronium fluoroborafgbtained as described
in a previous papétn the presence of increasing amounts of
water. The spectra were run at 20, the lowest temperature at
which the most concentrated sample was still liquid.

As shown in Table 4, the chemical shift variation between
water and hydronium fluoroborate is nonmonotonic. Starting
from the most concentrated solutions, the averdg@dsignal
moves first toward higher frequency (downfield) and then

Normalized Intensities

of the two branches of the curve (fromz®I*-BF,~ to to establish that there is a significant effect of anions upon the
HsO,*BF4~ and from HO,;"BF4~ to H,O) is nonlinear. As  chemical shifts of watet? A correction for the anion effect
the viscosity increases, the line width of the signal for theH cannot remove, however, the large discrepancies mentioned
xHO aggregate also increases for the most concentratedaphove. We note that the two values reported from direct
solutions. measurements in superaig®and our data were obtained with

The variation of*’O chemical shifts with the concentration different anions and in different media, yet they are in reasonable
of hydronium ions in water was studied before only in the dilute agreement, giving an average value a£ 2.5 ppm for the'’O
acid range® By extrapolation of values obtained for molar chemical shift of the hydronium ion. Moreover, it was found
fractions of acids between 0 and about 0.16, a chemical shift that the acid anions produce a shift of the water signal toward
of 66.8 + 1.1 ppm was calculated for 38*,4% in total higher frequency? meaning that the discrepancy (66t81.1
disagreement with the values determined for this species invs 9+ 2.5 ppm) is in the wrong direction. Also, the anion effect
superacic® as well as with our measurements. (We note that cannot explain the maximum observed by us in the variation
extrapolation of the chemical shift change measured by us of chemical shift with the BO*/H,O ratio (Figure 7). The
between 0% and 8.9%3™" in water gives a “predicted” value  discrepancy is thus rather a proof of the dangers of extrapolation,
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Figure 7. Variation of O chemical shift of HO'-xH,O with
composition (value oK).
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80

particularly important in the case of a correlation involving the
molecules of water and its conjugate acid and base.

Conclusions

The pattern of variation of thEO chemical shift in the system
BF,-H30"-xH,O with the increase in water contenx)(
showing a maximum fox = 1, suggests that dihydroxonium
ion (HsO2") is a compound rather than a mixture, which should
show chemical shift additivity. The ab initio chemical shift
calculations by the DFFGIAO—B3LYP method conducted on
Hs;O"-BF,~ and HO,"-BF,~ ion pairs at the dzvp, tzp, tz2p,
and qz2p levels were in qualitative agreement with the experi-
ment (the signal for ED*-BF,~ at lower frequency than the
signal for HO,™BF;7), but the chemical shift difference
predicted by the calculations is larger than the experimental
value. The agreement is better for the orientation of the
dihydroxonium fluoroborate ion pair in which two fluorine
atoms face the cation and establish hydrogen bonds wiB)t (
Likewise, the pyramidal form of the hydronium ion gives a
better agreement with the experiment, which is in line with the
results of geometry optimization. Optimization of interionic
distances for a perfect fit is not warranted, however, as long as

Facagu and Hancu
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