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The line shape of the NMR signals of protons bonded to nitrogen shows that the longitudinal relaxation of
14N (T1N) is much faster for di-tert-butylpyridinium ions (DTBPH+) than for pyridinium (PyH+) in solution.
The relaxation times for ring carbons (T1C) indicate that the difference comes from a different rate of tumbling
in solution, rather than from a difference in the electric field gradient. Computer modeling gives ratios of
relaxation times (T1N ) 1/R1N) of 10-20. Ion pairing has an opposite effect upon the two ions: it accelerates
the relaxation of PyH+ but slows down the relaxation of DTBPH+. In the absence of electrostatic interactions
with the solvent, ion pairing should increase the correlation timeτc (decreaseT1) for the anion positioned in
the plane of the ring and should have only a small effect onτc for the anion perpendicular to the ring (along
thezaxis). The anion in the ion pair of PyH+ is positioned on thex axis (theC2 axis of the ring) for maximum
hydrogen bonding with the N-H group. The inability of DTBP to form hydrogen bonds at nitrogen was
confirmed by the equality of its15N chemical shifts in methyltert-butyl ether, dry and containing water.
B3LYP/6-31G* calculations indicate that the positioning of an anion along thez axis of DTBPH+ induces a
charge redistribution that reduces the electrostatic interaction of the cation with the solvent dipoles in thexy
plane, thus decreasing the tumbling correlation time,τc, and increasing the NMR relaxation time,T1. These
data suggest that chemisorption of pyridine on acid sites on solid surfaces occurs with the nitrogen facing the
surface but that DTBP is chemisorbed on the side (flatwise) with its degree of hydronation depending on
the degree of curvature of the surface around the site.

Introduction

Pyridine has been extensively used as a probe base for the
characterization of acid sites on solid catalysts.2 The methods
of analysis employed have included IR spectroscopy;3 micro-
calorimetry;4 proton,5 carbon,6 and nitrogen NMR;7 and tem-
perature-programmed desorption.8 The use of the thermal
methods, however, has been criticized.9 Because pyridine reacts
with both Lewis and Brønsted acid sites, 2,6-dimethylpyridine
(DMP) has been proposed for use in targeting specifically the
Brønsted sites.10 Other workers, however, reported IR bands
assigned to complexes of DMP with Lewis acid sites on various
solids.11 The sterically hindered 2,6-di-tert-butylpyridine has
been proposed for use in distinguishing the sites on the external
surface of solids10,12 from those inside pores.13

Differences between the interactions of pyridine (Py,1) and
2,6-di-tert-butylpyridine (DTBP,2) with acid sites on solid
surfaces are likely. (See Chart 1.) It is known that ionic reactions
on solid surfaces involve tight ion pairs as intermediates and
that separation of the ions does not occur.14 The steric bulk of
2 is expected to reduce its ability to form ion pairs. Because
the physisorption of pyridine through hydrogen bonding orients
the ring with the N‚‚‚C4 axis (theC2 axis) perpendicular to the
surface,15 the same orientation should be preferred, if not

required, in the ion pair of the pyridinium cation (Py-H+, 3)
formed by chemisorption. The voluminous substituents of2 hold
the nitrogen atom farther away from the surface.

As an additional factor, it has been determined that the pKb

of 2 in solution is abnormally low, particularly in comparison
with those of the lower 2,6-dialkylpyridine homologues and with
the relative basicities in the gas phase.16 This anomaly was
rationalized by steric hindrance, which prevents the hydroge-
nated DTBP from forming a hydrogen bond with the anion,16a,b

or by the steric inhibition of cation solvation.16a,b,17The analysis
was complicated, however, by a study that concluded that both
2 and the corresponding cation (DTBH+, 4) are hydrogen-
bonded at nitrogen in water.18 The reduced basicity was assigned
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to a decrease in entropy because of an increased barrier totert-
butyl group rotation.18 To further the controversy, it was
concluded from an IR spectroscopic investigation that 4-fluo-
rophenol forms hydrogen bonds with theπ-electron system of
DTBP, rather than with the nitrogen atom,19 whereas it was
concluded from another study that, despite the steric hindrance,
DTBP interacts not only with Brønsted acid sites, but also with
Lewis acid sites on the surface of boron phosphate.12d

Because all of the previous studies were based on an
examination of changes in the spectra of the hydrogen-bond
donors, we determined the solvent effects on the15N NMR
chemical shifts of2. There was no dependence of chemical shifts
on the hydrogen-bond donor ability of solvents, in stark contrast
to the behavior of1.20 We can, therefore, expect differences in
the interactions of1 and2 with external acid sites. In particular,
not all of the sites that react with pyridine should be expected
to react with 2,6-di-tert-butylpyridine.

In continuation of our studies of probe bases for acidity
measurements of solid and liquid acids,14d we examined the
hydronation of1 and 2 in acids of varying strength, by1H,
13C, and15N NMR spectroscopy. The study has yielded results
on the NMR relaxation of the hydronated bases, which are
significant for understanding their interactions with anions in
solution and with anionic sites on solids. We report our results
in full here.

Methods

NMR Experiments. All reagents and solvents were reagent
grade and were used as purchased. The NMR spectra9a were
recorded at 300.13 MHZ for1H, 75.468 MHZ for 13C, and
30.424 MHZ for 15N. Each acid solution was prepared by
weighing the components on an analytical balance (0.1 mg
accuracy) to give a 1.5 M solution of base in acid in the 8-mm
NMR tube. External cooling was applied during mixing. The
sample of pyridine in trifluoromethanesulfonic acid (TFMSA)
was prepared by freezing pyridine in the NMR tube in liquid
nitrogen, adding less than the total calculated amount of
TFMSA, then bringing the mixture to room temperature and
adding the rest of the exact weight of acid required. After the
solution was prepared, each tube was tightly capped and placed
in a thin-walled 10-mm OD NMR tube containing the lock
solvent and the chemical shift reference compound, which was
CDCl3 with 1% TMS for the1H and13C spectra and an 80:20
Py/DMSO-d6 mixture for the 15N spectra. The1H NMR
chemical shifts were then recalibrated from internal dichloro-
ethane (δ 3.72 ppm), as described previously.20 “Room tem-
perature” was the normal probe temperature, 22°C.

Computations. The ab initio calculations were performed
with the Gaussian 98 programs.21 The charge distributions were
obtained by Mulliken population analyses on structures opti-
mized by density functional theory (DFT)22 at the B3LYP/6-
31G* level.23

Hydrodynamic calculations of the rotational relaxation times
were conducted in the manner described previously.24 The
dimensions of the cations were obtained from B3LYP/631G*
calculations. For the ion pairs with the anion on the side, the
trifluoroacetate anion was placed with the C-C bond on thex
(C2) axis and with the oxygen atoms at equal distances (1.7 Å)
from the hydrogen bonded to the nitrogen atom. For the ion
pair with the anion on the top, the trifluoroacetate was likewise
placed along thez axis (perpendicular to the plane of the ring)
and with the oxygen atoms at a distance of 4.00 Å from the
ring.

The simulated curves in the figures were generated with the
computer program SigmaPlot, developed by Jandel Scientific.25

Results and Discussion

The proton NMR spectrum of the conjugate acid of Py (Py-
H+, 3) in trifluoroacetic acid (TFA) was first reported in a study
that exploited the triplet for the N-H+ resonance to measure
chemical shifts (in that case of14N) by double resonance.27 We
also observed a triplet for the N-H+ signal of 3, at δ 13.96
ppm in TFA and atδ 12.70 ppm in trifluoromethanesulfonic
acid (TFMSA), as shown in Figure 1. The acid protons (OH)
resonated at 12.21 and 11.99 ppm, respectively. The chemical
shifts measured from an internal reference (see the Methods
section) are somewhat different from the values based on an
external reference, reported earlier.26 Because of the much higher
field, the NH and OH signals in TFA solution were much better
separated in our experiments than in the pioneering work of
Baldeschweiler and Randall,27 but for the TFMSA solution, the
N-H+ resonance was riding on the tail of the TFMSA proton’s
peak. We also examined a sample of PyH+‚TFMSA- in TFA
solution (Figure 1c), which gave a triplet forδ(NH) that was
well separated from the acid peak.

The one-bond coupling constants that we measured were
somewhat different in different media: 62.5 Hz in TFA, 68.3
Hz in TFMSA, and 67.3 Hz for PyH+‚TFMSA- in TFA. These
are absolute values; the sign ofJ was not determined. The

Figure 1. NMR signal of the proton bonded to nitrogen in PyH+

(frequency scale: 50 Hz/division). (a) Trifluoroacetate anion, trifluo-
roacetic acid solution; (b) trifluoromethanesulfonate anion, trifluo-
romethanesulfonic acid solution; and (c) trifluoromethanesulfonate
anion, trifluoroacetic acid solution.
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variations in|J|(14N-H) are in line with literature reports, which
give J(15N-H) ) -96.3 Hz for the PyH+‚TFA- in TFA
solution,28 |J|(15N-H) ) 83-89 Hz for the hydrochloride in
CDClF2/CDF3 between 168 and 112 K,29 and |J|(15N-H) )
88-91 Hz for the nitrate in CDClF2/CDF3 between 144 and
112 K.29 Conversion of these published values with the
equation: J(15N-H) ) 1.4027J(14N-H),30 gave values for
|J|(14N-H) of 68.6, 59.2-63.4, and 62.7-64.8 Hz, respectively.
Theoretical calculations indicate that the coupling constants
increase with the dielectric constant of the medium,31a but the
values measured forJ(15N-H) of methylacetamide,-92.9 Hz
in tetrachloromethane and- 93.0 Hz in water, seem too close
to each other to account for the differences cited above.31b

In contrast, we observed a broad singlet atδ 11.17 in the
spectrum of 2,6-di-tert-butylpyridine in TFA (Table 1 and Figure
2a), well separated from the acid peak atδ 12.65. The same
line shapes and chemical shifts were observed for the corre-
sponding signals in the2H NMR spectrum of DTBP in TFA-d.
The chemical shifts in TFMSA were 11.28 (br s, NH, Figure
2b) and 12.53 (OH). The15N NMR chemical shifts were
-185.78 in TFA and-185.76 in TFMSA (lower frequency
from external, neat nitromethane), thus showing that hydronation
was complete in both acids (DTBH+, 4).

Several lines of evidence indicated that the shape of the NH
signal of4 did not result from chemical exchange.32 First, Gold
and Lee established that the sterically hindered chemical
exchange of DTBPH+ is much slower than that of PyH+.32c

Second, we found that the NH singlet sharpened33 instead of
broadening32c upon cooling from 22 to 0 and then to-20 °C.
Third, the fully coupled15N spectrum showed a doublet of
triplets, with the large splitting giving|J|(15N-H) ) 91.4 (
0.7 Hz (three determinations) and the triplet splitting giving
|J|(15N-CR-Câ-H) ) 4 ( 0.2 Hz. Likewise, the signal for
theâ hydrogens was, in our spectra, a doublet of doublets, with
J(H-Câ-Cγ-H) ) 8 ( 0.2 Hz andJ(H-Câ-N-H) ) 1.7
( 0.2 Hz (Table 1). The closer doublets collapsed upon
irradiation of the N-H signal. The small H-Câ-N-H signal
would be the first eliminated by the exchange of the N-H
proton.

On the other hand, some of the broadening of the bands of
the N-H triplet of 3 in TFMSA did result from chemical
exchange. The signals of the protons bonded to the carbons in
3 were somewhat broad, but we could ascertain that the peak
of the protons in theâ positions was not split by coupling with
the proton bonded to the nitrogen atom, as it was in the spectrum
of 4, because irradiation at the center of the N-H resonance
failed to produce any narrowing of theâ-hydrogen triplet
(overall half-line widths of 16.6 and 16.5 Hz for the two
experiments). The line width of the acid peak was about 2.7
Hz in both cases. A further analysis of the spectrum was
rendered difficult by the overlap of the signals for theR andγ
protons, but irradiation at the N-H resonance altered the overall

shape of the composite signal for HR and Hγ and reduced its
width, indicating some coupling of the N-H and theR protons.
Also, irradiation of the composite signal for theR andγ protons
narrowed slightly the lines of the N-H triplet. The chemical
exchange should be faster in the weaker acid, TFA.32

The NMR signals of protons bonded to nitrogen in various
compounds have been known to vary, in the absence of chemical
exchange, from sharp triplets (e.g., for the ammonium ion in
acid solution)34 to more or less broad singlets (e.g., for
pyrrole).33,35 The reported differences were brought about by
changes in the bonding of the nitrogen atom and its ligands
and were rationalized by variations in the effectiveness of the
electric quadrupole relaxation of the14N atoms.33 The difference
between the line shapes of the N-H+ signals of 3 and 4
observed by us can also be assigned to the faster electrical
quadrupole relaxation of14N in the latter, caused this time by
the introduction of substituents at other sites of the molecule,
rather than at nitrogen.

For an infinitely slow relaxation, the signal of the proton
bonded to14N is a 1:1:1 triplet. As the rate of relaxation
increases, the triplet is distorted such that the lines are broadened
and the central line increases in intensity at the expense of the
outer lines until the latter disappear altogether. The resulting
broad singlet sharpens upon a further increase in the relaxation
rate. Thus, the rate of the electric quadrupole relaxation can be
assessed by an analysis of the shape of the signal. For a certain
range of relaxation rates, the relaxation times (T1N) can be
obtained from the equations developed by Pople (eqs 1-3),36

which give the relative spectral intensityI as a function of the
frequency (distance from the central proton resonanceνH) and
a dimensionless parameterη (in the notation of ref 36a).

TABLE 1: 1H NMR Spectral Data for the
Di-tert-butylpyridinium Ion a

proton N-H â γ Me

chemical shift (δ, ppm)b 11.28 7.98 8.55 1.59
coupling constants (Hz) 1.7( 0.2c 8.0( 0.2d 8.0( 0.2d

91.4( 0.7e 1.7( 0.2c

4.0( 0.2f

a In TFMSA, from 1,2-dichloroethane (δ 3.72) as internal standard.
b The values in TFA are 11.17, 7.93, 8.48, and 1.59 ppm, respectively.
c J(H-Câ-N-H), measured on theâ hydrogen signal (see text).
d J(H-Câ-Cγ-H). e |J|(15N-H), measured in the15N spectrum.
f |J|(15N-CR-Câ-H), measured in the15N spectrum.

Figure 2. NMR signal of the proton bonded to nitrogen in DTBPH+

(frequency scale: 50 Hz/division) (a) Trifluoroacetate anion, trifluo-
roacetic acid solution (s, experimental;‚‚‚, calculated forη ) 2.49)
and (b) trifluoromethanesulfonate anion, trifluoromethanesulfonic acid
solution (s, experimental;‚‚‚, calculated forη ) 1.46).
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In the range of faster relaxation (the case of4), the calculated
intensities can be fit to the experimental spectrum by varying
the parameterη, as indicated in the Methods section. The
simulation gave values forη of 1.46 in TFMSA and 2.49 in
TFA (Figure 2). The quality of the spectra, which would affect
the line broadening, is similar for the two spectra, as shown by
the half-height widths of 1.83 and 2.20 Hz for thetert-butyl
lines in TFMSA and TFA.

For the spectra of3, signal shape fitting was less satisfactory,
because of the superimposed effect of chemical exchange. The
homodecoupling experiments described above indicate that the
effects of the unresolved spin-spin coupling of N-H with the
R, â, andγ protons are marginal. It is, therefore, more accurate
to compare the calculated and experimental relative intensity
of the three bands of the N-H triplet. The chemical exchange
broadens the three lines equally and, thus, does not change their
relative heights. The center band intensity,I(c), is obtained from
eq 1 for ν ) νH (x ) 0), and the sideband intensity,I(s), is
obtained forν - νH ) J(N-H) (x ) 1). Their ratio is then
calculated using eq 4.

Typical values are

The highest value ofη for which the shape of theI(x) function
for the 14N-H resonance was calculated in the literature was
31.62 (η2 ) 1000).36a,c In fact, the values beyond that do not
give a significant change in theI(c)/I(s) ratio, and at some point,
eq 1 itself is no longer valid.36 It is seen that the predicted
limiting value forI(c)/I(s) is 1.5 instead of 1.0. The experimental
values forI(c)/I(s) are 100/68 for Py in TFA (3‚TFA-, Figure
1a) and 100/(79( 2) for 3‚TFMSA- in TFA (Figure 1c).
Because the N-H signal of3‚TFMSA- in TFMSA (Figure 1b)
partially overlapped with the OH signal, only the high-frequency
(downfield) sideband could be measured; it gaveI(c)/I(s)≈ 100/
80. A comparison with the calculated values shows that, in all
three cases,η was outside the limits of applicability of eq 1.
We can, therefore, conclude that the values ofη for the spectra
of 3 were, in all cases, greater than 31.2 and that it was greater
for the TFMSA solution than for the TFA solution. We note
that 3‚TFMSA- gave the sameI(c)/I(s) value in TFMSA and
TFA solutions, which indicates that the counterion has a greater
effect on the relaxation rate than the solvent.

The coupling constant|J|(14N-H) for DTBPH+, 65.2 Hz
(calculated as 91.4/1.4027, see above), is about the same as the
coupling constant|J|(14N-H) for PyH+, for which our measure-
ments give an average value of 66.0 Hz. Therefore, the variation

of theη parameter from PyH+ to DTBPH+ reflects entirely the
change in the corresponding14N longitudinal relaxation times.

For rapid molecular tumbling and axial symmetry of the
molecular electric field, the relaxation time is determined by
two variables, the electric field gradientq and the correlation
time for tumbling,τc,37aas shown in eq 5, where C is a collection
of constants.

As both3 and4 fit the definition of “small” molecules (MW<
200 daltons),37b they should satisfy eq 6, which is derived from
eqs 2 and 5.

In fact, the temperature dependence observed for the line width
of 4 (a narrower N-H band at lower temperature) validates the
assumption of fast tumbling (extreme narrowing condition).

To help determine which factor controls the relaxation times,
we measured38 the longitudinal relaxation times for the carbon
atoms (T1C) of Py and DTBP in various solvents. The results
are given in Table 2, and they are accurate to about 10% relative
uncertainty. For the acid solutions, it can be seen that theT1C

values of Câ and Cγ are about the same for both3 and4. Unlike
the nitrogen electric quadrupole relaxation time (T1N), theT1C

parameter is not a simple function ofτc,37c but the similarity of
T1Câ andT1Cγ is important, because it indicates that the variation
in the relaxation times is determined by the change in the
correlation time for tumbling,τc, rather than in the electric field
gradient.

The relative contribution of the factors of eq 6 was also
assessed by calculating, at the B3LYP/6-31G* level, the
electrical field gradient at nitrogen for3, 4, and their ion pairs
with a model anion (F-) placed on the side (facing the N-H
bond) or on the top of the ring. Although the absolute values
were large, the differences between the values for3 and4 were
less than 0.1%. The ion pairing and the change in the position
of the anion change the component of the electrical field gradient
that is the main component, but the change in value for both
the main component and the asymmetry parameter39 are
negligible.

The rate of tumbling in solution is determined by the size of
the molecule and the viscosity of the solvent, as shown by
comparisons of theT1C values given in Table 2 for1 (smaller
molecule) and2 (larger molecule) in hexane (low viscosity)
and phenol (high viscosity). The long relaxation times for CR
of 2 are normal for its degree of substitution. It is noteworthy

I(x) ) [ 2η
πJ(N-H)]

[ 45 + η2(5x2 + 1)

225x2 + η2(34x4 - 2x2 + 4) + η4(x6 - 2x4 + x2)] (1)

η ) 10πT1NJ(N-H) (2)

x )
ν - νH

J(N-H)
(3)

I(c)

I(s)
)

(45 + η2)(75 + 12η2)

60η2 + 8η4
(4)

η 10 20 30 31.62 40 100 ∞
I(c)/I(s) 2.15 1.66 1.57 1.566 1.54 1.51 1.50

100/47 100/60 100/63 100/64 100/65 100/66 100/67

TABLE 2: NMR Longitudinal Relaxation Times of Carbon
Atoms (T1C) in Pyridine, Di- tert-butylpyridine, and Their
Cations in Various Solvents

CR Câ Cγ

solute solvent δ, ppm T1, s δ, ppm T1, s δ, ppm T1, s

Py hexaneb 150.7 21.1 123.8 22.5 135.5 22.2
phenolb 147.3 1.6 124.7 1.5 137.9 0.44
TFAb 148.3 1.6 128.2 2.9 141.7 2.7
TFMSA 148.8 3.5 128.4 4.7 141.5 4.8

DTBP hexaneb 168.1 37.3 115.7 5.3 136.4 7.0
phenolb 167.6 9.9 a - 136.5 1.31
TFAb 164.2 6.1 122.9 0.79 148.6 1.1
TFMSA 163.4 5.0 122.6 0.55 147.8 0.79

a Covered by the solvent.b Viscosities: 0.29 cP, hexane; 7.1 cP,
phenol; and 0.75 cP, TFA.

1/T1N ) Cq2τc (5)

η(PyH+)

η(DTBPH+)
)

q2(DTBPH+)τc(DTBPH+)

q2(PyH+)τc(PyH+)
(6)
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that the transfer from hexane to phenol has a significantly greater
effect on the relaxation of1 than on the relaxation of2, because
strong hydrogen bonding, which exists for the former but not
for the latter, produces an additional friction.20 It is interesting,
however, that the transfer from TFMSA to TFA has an opposite
effect on the rate of rotation of the two cations: it slows down
that of 3 and speeds up that of4, as seen in Figures 1 and 2.
This difference is not caused by the change in solvent properties,
because3‚TFMSA- in TFA (Figure 1c) behaves exactly like
3‚TFMSA- in excess TFMSA. The variation in tumbling rate
correlates with the difference in basicity of the anions. This
correlation suggests that the cation in the trifluoromethane-
sulfonate salt is fully solvated (free ion in solution), but it is
predominantly or fully ion-paired in the trifluoroacetate salt.
The ion pairing hinders the rotation of3 and aids the rotation
of 4, an effect that can be rationalized on the basis of the position
of the anion relative to the axis of rotation responsible for
relaxation.

The rotation of3 and4 can be described with the use of three
axes, as shown schematically in Figure 3. Note that the origin
of the axes (taken to be the center of mass) is not the same for
the two ions. An examination of the longitudinal relaxation times
for the carbon atoms,T1C, indicates that rotation about theC2

axis (x), or for that matter about any axis connecting two atoms
located “para” to each other, does not contribute to the
relaxation. Thus, rotation about thez axis (perpendicular to the
plane of the ring) is likely to be the most effective for NMR
relaxation. For the case of strong hydrogen bonding, the anion
paired with3 should be aligned along thex axis.15 Two different
scenarios can be envisioned for rotation about thez axis
(perpendicular to the plane) and even about they axis (in plane).
In one limit, the cation and anion move as a unit. Because of
its size and shape, this rotor must displace a significantly larger
solvent volume upon rotation, leading to more viscous drag. In
the other limit, the rotation breaks the interaction between cation
and anion, possibly concertedly with a hydron transfer to the
anion from an adjacent solvent molecule, such that the rotation
of the cation is accompanied by a circular movement of
hydrons in the opposite direction. The breaking of the ion
pair acts as a slow, or rate-limiting, step in this mechanism.
Consequently, ion pairing should slow the rotation of3, in
agreement with the results shown in Figure 1 and Table 2.

A more quantitative and subtle analysis is required to
understand the opposite behavior of3 and4 when the solvent
changes from TFMSA to TFA. Table 3 provides both stick and

slip hydrodynamic boundary condition calculations for the
rotational correlation times of solutes3 and4 and their ion pairs.
These correlation times were obtained using an asymmetric rotor
model for the solute diffusion tensor and assuming that the
frictional coupling with the solvent can be described by
hydrodynamics. The two limiting cases of slip and stick
hydrodynamic boundary conditions are presented.24,40The table
reveals a significant difference between the slip and stick
boundary conditions, ranging from a factor of 4 to a factor of
30. Whereas it is fairly well established that small nonpolar
molecules in a nonpolar solvent are described by slip boundary
conditions or something weaker, the boundary conditions for
charged or polar solutes in polar solvents can range from the
slip limit to the stick limit (and beyond). Because of difficulties
in determiningq from eq 5, it is not possible to confirm directly
which boundary condition is operative.

Comparison of the stick relaxation times for the different
systems is particularly useful, because it reflects the impact of
molecular size on the relaxation time. The faster rotation of
pyridinium,3, than of di-tert-butylpyridinium,4, is reproduced,
both for the free ions and for the ion pairs. For3, the correlation
time increases upon ion pairing for either orientation of the
anion. The increase for the orientation with the anion coordi-
nated above the ring is smaller than that for the orientation with
the anion in the plane of the ring, which reflects the more
spherical shape of the former ion pair; thus, it displaces a smaller
volume of fluid and experiences less viscous drag. For the case
of di-tert-butylpyridinium, 4, the free cation has a relaxation
time that is similar to that of the ion pair. As with the case of
3, one finds that the more spherical ion pair relaxes more rapidly
than the more elongated complex, but the differences are less
important for4. These shape effects are also identifiable for
the slip boundary condition calculations, which do not, however,
reflect the differences between3 and4 that were observed in
both solutions. The experimentally observed trends in the
correlation timeτc between TFA and TFMSA are reproduced
for the expected configuration of the hydrogen-bonded ion pair
of 3 (anion on thex axis), but they are somewhat closer to the
prediction for the configuration with the anion at the top of the
ring for the ion pair of4.

The existence of hydrogen bonding at the nitrogen-bonded
hydrogen atom of4, which would place the anion along thex
axis, is unlikely in light of the absence of that interaction in the
free base,20 as discussed above. The hydrogen bonding at the
nitrogen in2 requires a distortion of thetert-butyl groups, which
appears to require more energy than the hydrogen-bond forma-
tion liberates. It was noted, however, that breaking of the
hydrogen bonds of the donor (e.g., water26) with the solvent
molecules must also occur, so that only the difference in energy
between the two hydrogen bonds is available. To provide a more
stringent test of the availability of the nitrogen atom in2 for

Figure 3. Principal axes for the rotation (tumbling) of cations3 and
4.

TABLE 3: Rotational Correlation Times a from
Hydrodynamic Boundary Condition Calculations

ion or ion
pair

τc/η
(ps/cP)

τc/η
(ps/cP)

τc/τc (ip)
stick

τc/τc (ip)
slip

τc(TFMSA)/
τc(TFA)b

3c 26 7 - - -
3ip (side)d 60 13 2.3 1.9 >1
3ip (top)e 47 1 1.8 0.14 >1
4c 83 4 - - -
4ip (side)d 127 6 1.5 1.5 <1
4ip (top)e 118 4 1.4 1.0 <1

a Rotational correlation times:τc. b From NMR relaxation times.
c Fully solvated ion.d Cation in an ion pair, with the anion in the plane
of the ring (hydrogen-bonded).e Cation in an ion pair, with the anion
perpendicular to the ring.
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hydrogen bonding, we examined the interaction of2 (0.07 M
solution) with water in methyltert-butyl ether (MTBE) as the
solvent, because the steric hindrance reduces the energy of
hydrogen-bond formation between water and this solvent. The
nitrogen in2 resonates at a frequency 0.72 ppm lower (negative
δ) in MTBE than that in a 0.063 M solution in hexane. The
addition of up to 13 equiv of water to the MTBE solution does
not affect the relative chemical shift of2: δ -0.74 ppm, in
this case. This result shows that hydrogen-bond formation at
nitrogen with water as the donor does not occur. For the
interaction of 4 with the anion, the stronger electrostatic
interaction is balanced by the greater steric requirements of the
anion.

The analysis of frictional coupling by hydrodynamic boundary
condition calculations presented above, does not include elec-
trostatic interactions between the solute and the solvent.
Numerous studies have shown that such interactions are
significant, especially for cations in polar solvents.41 The
difference between the electrostatic interactions is probably
responsible for the difference between the ratioT1N(3)/T1N(4)
(about 20 in TFMSA) and the calculated ratioτc(4)/τc(3) (3.2,
from Table 3). Earlier work by one of us has shown, however,
that the relaxation of ion pairs is well described by hydrody-
namics.42 The origin of this effect comes from the charges being
shielded from the solvent by the rest of the molecular ions.
Therefore, we expect that the electrostatic contribution to the
frictional coupling will be smaller for the ion pair species than
for the fully solvated ions in TFMSA. This reduction in the
electrostatic friction should also contribute to the shorter
rotational correlation timeτc for 4 in TFA, as compared to
TFMSA.

It can also be observed that, for a location above the ring,
the anion interacts electrostatically with positively charged
hydrogen atoms in thetert-butyl groups, as also found for ion
pairs of carbocations.43 An estimation of the charge distribution
for the structure of4, obtained from geometry optimization at
the B3LYP/6-31G* level, is presented in the second column of
Table 4. It shows the existence of four positively charged
hydrogen atoms, two in eachtert-butyl group, oriented away
from the ring, on each side (axial hydrogens). The same
calculation shows that there is a significant concentration of
positive charge in the six hydrogen atoms of the substituents
situated on the sides of the ring (equatorial hydrogens). It is
the interaction of these hydrogens and the ring hydrogens (Hâ
and Hγ) with the dipoles of solvent molecules that slows down
the rotation about thez axis of the free ion4 (in TFMSA
solution) beyond what is expected from the difference in size
between 3 and 4. Moreover, a calculation of the charge
distribution in4 ion-paired with two model anions, hydride and
fluoride, placed 4 Å above the ring, shows that ion pairing
pushes negative charge from the axial hydrogens facing the
anion (proximal hydrogens) onto the equatorial hydrogens and
the ring hydrogens. The axial hydrogens on the other side of
the ring (distal hydrogens) also have their positive charge
reduced by ion pairing. The results are shown in the third and
fourth columns of Table 4. Therefore, the electrostatic friction44

that slows the rotation of4 is reduced upon ion pairing. The
tumbling correlation time,τc, decreases, and the NMR longi-
tudinal relaxation time,T1, increases, as experimentally ob-
served. Some puckering of the ring also occurs upon ion pairing
of 4; however, the reduction in diameter and the consequent
increase in sphericity of the ion pair is small, and the effect on
the tumbling rate, albeit in the right direction, should be less
important than the effect of the charge redistribution.45

The difference in position of the anion relative to the cation
in the ion pairs of3 and4 is significant for their chemisorption
on solid acids. Because ions on solid surfaces are always formed
as intimate ion pairs,14 pyridine will be adsorbed to form3 with
the N-H+ group facing the surface (sidewise), whereas4, which
results from the hydronation of2, will be oriented with the
ring facing the surface (flatwise). Thus,4 will occupy even more
space on the surface than formerly believed. As another
consequence, the level of hydronation of2 will depend not
only upon the intrinsic strength of the acid sites but also on the
curvature of the surface, which will determine how close the
cation 4 can come to the anion on the surface.46 We find,
therefore, another complicating factor in the evaluation of acid
strength of solids with probe bases, in addition to the relative
distance and position of acid sites in pores identified in a study
of the hydronation of water.47
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TABLE 4: B3LYP/6-31G* Charge Distribution in DTBPH +

(4) and Its Ion Pairsa

4 4‚H- 4‚F-

1 N -0.684 -0.699 -0.658
2 CR 0.442 0.409 0.416
3 CR 0.442 0.409 0.416
4 Câ -0.214 -0.207 -0.205
5 Câ -0.214 -0.207 -0.205
6 Cγ -0.062 -0.112 -0.085
7 (N)H 0.372 0.360 0.379
8 Hâ 0.204 0.154 0.171
9 Hâ 0.204 0.154 0.171

10 Hγ 0.211 0.150 0.171
11 C(sp3, quat) -0.024 0.002 -0.001
12 C(sp3, quat) -0.024 0.002 -0.001
13 C -0.470 -0.460 -0.461
14 C -0.456 -0.435 -0.436
15 C -0.456 -0.486 -0.534
16 C -0.470 -0.460 -0.461
17 C -0.456 -0.435 -0.436
18 C -0.456 -0.486 -0.534
19 H(e)b 0.186 0.153 0.164
20 H(a, p)b 0.170 0.176 0.183
21 H(a, d)b 0.170 0.142 0.135
22 H(e)b 0.194 0.157 0.166
23 H(a, d)b 0.178 0.150 0.145
24 H 0.143 0.140 0.141
25 H(e)b 0.194 0.151 0.147
26 H 0.143 0.126 0.116
27 H(a, p)b 0.178 0.204 0.254
28 H(e)b 0.186 0.153 0.164
29 H(a, p)b 0.170 0.176 0.183
30 H(a, d)b 0.170 0.142 0.135
31 H(e)b 0.194 0.157 0.166
32 H(a, d)b 0.178 0.150 0.145
33 H 0.143 0.140 0.141
34 H(e)b 0.194 0.151 0.147
35 H 0.143 0.126 0.116
36 H(a, p)b 0.178 0.204 0.254

a Mulliken population analysis on the structure optimized at the
B3LYP/6-31G* level. In the ion pair, the anion is held 4.0 Å above
the ring.b e) equatorial hydrogens, a) axial hydrogens, p) proximal
hydrogens (close to the anion), and d) distal hydrogens (on the other
side of the ring than the anion).
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