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'H and N nuclear shieldings of the ammonium ion and of its mono- and tetra-
hydrated species in directional as well as non-directional coordinations are calculated
ab initio using the localized orbital/local origin (LORG) method; counterpoise calcu-
lations are included to test for basis set superposition effects. The variation of the 'H
and "N shieldings with N-H distance is essentially linear in the bonding region, while
the large-scale variations illustrate the transition from solvated ammonium to ammo-
nated hydroxonium complexes. The deuterium isotope effects for these systems are
evaluated in a static approximation, and for the directionally coordinated NH,*
(H,0), ion the computed two-bond deuterium isotope effect on 'H correctly repro-
duces the unusual (i.e. negatively signed) experimental result, while the bare ion and
non-directionally coordinated NH,*(H,0), yield positively signed effects. The deci-
sive factor for the sign inversion is found to be the directional solvation of the
deuterium atom, with an ammonium-water distance not exceeding ca. 3 A, and the
effect can be traced to a difference in the distance variation of the shielding perpen-
dicular and parallel to the N-H bond. For the “N nuclear shielding again the results
obtained for directionally coordinated NH,*(H,0), are in better agreement with
experiments than the results obtained for the bare ion or for non-directional solva-

tion.

Ab initio calculations of nuclear magnetic shielding have
reached a level of accuracy where computations can com-
plement experiments very effectively in studies of struc-
tural effects on shielding properties.! We present here an
ab initio study of the isotope effects on the nuclear shield-
ing in the ammonium ion with special emphasis on the
influence of solvation (hydration).

The deuterium isotope effect on the shielding of a given
magnetic nucleus X can be defined by’ eqn. (1), where n is

nAX(D) = oX(D) — oX(H) = 8X(H) — 8X(D) 1)

the number of bonds between X and the deuterium atom.
oX(D) is the absolute shielding of X in the deuterated
molecule, $X(D) is the corresponding chemical shift, and
oX(H) and X (H) refer similarly to the unsubstituted spe-
cies. In the Born-Oppenheimer approximation the poten-
tial energy curves for nuclear motion are independent of
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nuclear mass. However, in the presence of anharmonicity,
the result is an effectively shortened X-D bond compared
to the corresponding X-H bond, and although accurate
studies require averaging over nuclear motion,* estimates
of deuterium effects can be based on signs and magnitudes
of the derivatives of the shielding with respect to bond
extension,*® or by a static approximation in which an ap-
propriately shortened X-D bond is used in the electronic
calculations;® see Ref. 7 and 8 for similar studies of the
electronic circular dichroism of isotopically chiral mole-
cules.

Ab initio calculations*® of shielding derivatives in hy-
drides of first- and second-row atoms suggest that "AH(D),
for n equal to zero and two, is generally positive for these
systems, the effect for n=2 being about an order of magni-
tude smaller than for n=0. For the heavy atoms in these
hydrides the calculations suggest that 'AX(D) changes sign
between the third and fourth column of the Periodic Table,
being positive on the right-hand side of the Table. Repre--
sentative values® for the experimental one- and two-bond
deuterium effects in neutral ammonia, !AN(D) = 0.65
ppm/D ¢ and 2AH(D) = 0.029 ppm/D,*!° are in accord with
the above expectation. For the ammonium ion in aqueous
solution the experimental deuterium effects'™** are quite
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Fig. 1. Schematic coordination structures of hydrated
ammonium: (a) with directional bonds, (b) with non-directional
bonds. (See text for actual structures and distances.)

sensitive to concentration and to the nature of the counter-
ions. By extrapolation to infinite dilution, Hansen and
Lycka' obtained approximately additive values of 'AN(D)
= 0.36 ppm/D and *AH(D) = —0.017 ppm/D, heavier
isotopomers showing the largest non-additivity.

The two-bond deuterium effect on the: proton shielding
in the ammonium ion is hence inverted relative to the
general trend in hydrides and to the effect in ammonia in
particular; 2AH(D) in fact becomes increasingly more neg-
ative at low concentrations.”® In addition, the one-bond
deuterium effect on the nitrogen shielding is notably
smaller in the ammonium ion than in ammonia, and a
similar reduction has been observed for less symmetrical
compounds. "2 The decrease in 'AN(D) upon protonation
of ammonia is in accord with the calculated derivatives for
the isolated species.* However, although the calculations
also indicate a similar decrease in 2AH(D) for the isolated
species, the observed sign inversion suggests the impor-
tance of hydrogen bonding to water.!"'*!* The solvation
sphere has been predicted" to contain water molecules
with directional as well as non-directional hydrogen bonds
(Fig. 1), and Hansen and Lycka™ speculated that non-
directional bonds (Fig. 1b) are the most important for
inversion of the deuterium effect.
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The present ab initio calculations of the shieldings are
based on the localized orbital/local origin (LORG)
method.'"® The effect of isotopic substitution is simulated
by the use of an appropriately shortened bond to the deute-
rium atom as discussed above, while the effect of solvation
is simulated by treating the ion and selected water mole-
cules as a supermolecule, and we include the results of
counterpoise calculations to test for basis set superposition
effects (see e.g. Ref. 19 and references therein).

Methods and calculations

The LORG method'** for the calculation of nuclear mag-
netic shielding is a distributed-gauge variant of coupled
Hartree-Fock (CHF) theory,"'**2 in which local gauge
origins are defined relative to localized (occupied) molec-
ular orbitals. The CHF level is expectedly adequate for
nitrogen and hydrogen shieldings in the present bonding
situations, since it appears that electron correlation beyond
the CHF level becomes important specifically for the mag-
netic shielding properties of multiply bonded nuclei carry-
ing lone-pair electrons.”* The actual LORG calculations
of the shieldings were carried out with our RPAC Molec-
ular Properties Package, version 8.2,%” and the SCF results
required for the LORG calculations were obtained with the
GAUSSIAN 86 program system.”® The geometry optimiza-
tions mentioned below were carried out with the Gaussian
80 program system utilizing the built-in 6-31G* basis sets.”

For the shielding calculations, experimentation with ba-
sis sets showed, not unexpectedly, that the variation of the
absolute shieldings with choice of basis set is rather non-
trivial compared to the magnitude of the isotope effects.
However, the differences that provide chemical shifts and
isotope effects are quite stable at the level of triple-zeta
polarized bases and beyond. The shielding results reported
here were obtained with [3s3p1d] contracted GTOs for
nitrogen and oxygen, and [2slp] contracted GTOs for the
hydrogen atoms in the ammonium ion, using basis B of
Ref. 16 except that the 1d functions are now 50-50 contrac-
tions of two primitive Gaussians (ay = 0.950 and 0.240, a,
= 1.0094 and 0.2550), and the 1p function is a 50-50
contraction of two primitive Gaussians with a = 1.500 and
0.400. We have found that such contractions for the polar-
ization functions simulate the effect of uncontracted sets of
the corresponding primitive functions quite well. The hy-
drogen atoms in the water molecules are not involved in
bonding to the NH,* ion, and are described by [2s] con-
tracted GTOs as in basis A of Ref. 16. For the largest
system considered here, NH,*(H,O),, this generates a total
of 121 contracted basis functions, and the same basis func-
tions are used in the counterpoise calculations.' The latter
simply amount to NH,* calculations in which the basis
functions of the water molecules are retained at the (ghost)
positions of the water nuclei. In the RPAC 8.2 program
package,” and effective iterative procedure!’ is used to
solve the CHF equations, which for the present systems
encompass up to 2400 singly excited configurations and



Table 1. Overall LORG results for the nuclear shielding and
deuterium isotope effects (in ppm) for the non-hydrated and
hydrated ammonium ion.

Compound o(N) oH)  'AN(D) °AH(D) 2AH(D)
NH,* (free) 24307 2594 0667 036  0.006

24312 27.48° 0.376% 022 0.005°
NH,*, (H,0), 24058 24.38 059 043 -0.005
(Fig. 1a) 239.77° 25.94° 067° 0.36° 0.010°
NH,*, (H,0), 22144 2568 081 036  0.005°
(Fig. 1b)* 0.010°
NH,*, (H,0)'*  239.29 2657 033 047 -0.012
(Fig. 1a) 244.45" 27.09" 0.20" 0.18" -0.011"
NH,*, (H,0)"  239.29 2097 075 042  0.005
(Fig. 1a) 244.45" 21.83" 080" 037" 0.009"
NH,, (H,0)¥ 23346 2512 072 037  0.000
(Fig. 1b) 26.28 0.005*
NH,*(aq), exptl. 223.8' 0.36™ -0.017"

2Derived from the GIAO results of Ref. 5, see text. *Derived
from the GIAO result of Ref. 4, see text. “Counterpoise
calculations, see text. “Deuteration at H,; 2AH(D) refers to H,.
¢Deuteration at H,; 2AH(D) refers to H;. ‘The water molecule
retained is the Og containing unit in the respective structure in
Fig. 1. 9Deuteration at H,; a(H) and 2AH(D) refer to Hs.
"Negative point charge at oxygen rasition (Og), see text.
‘Deuteration at Hs; o(H) and 2AH(L , refer to H,. ‘Deuteration at
H,; o(H) and 2AH(D) refer to H,. ¥o(H) and 2AH(D) refer to H,.
'Ref. 32. ™Ref. 13.

hence implicitly up to about 1.4Xx10° doubly excited config-
urations.

For the isolated NH,* ion, MP2/6-31G* optimization®
gave an N-H distance of 1.029 A, which is close to the
experimental bond length.®* This value was used as the
‘equilibrium’ N-H bond length also in the solvated struc-
tures, and the perfect tetrahedral symmetry of the isolated
ammonium ion was enforced in all the hydrated structures
considered here. We have selected two specific structures
for the ammonium ion hydrated by four water molecules,
NH,*(H,0),, one with directional (linear) hydrogen bonds
(Fig. 1a), the other with non-directional bonds where each
hydrogen on the ammonium ion is coordinated to two
oxygen atoms (Fig. 1b). Other possibilities and higher co-
ordinations exist;* however, the actual nuclear shieldings
are averages over a number of conformations, and the one-
and two-coordinated structures selected here probably
dominate the hydrogen bonding effects.

With directional hydrogen bonds to four water molecules
(Fig. 1a) the energy optimized geometry (with the above-
mentioned constraints) is of D,, symmetry and the resulting
N-O distance is 2.9113 A, while for non-directional hydro-
gen bonds between the ammonium ion and four water
molecules (Fig. 1b) the optimized geometry has C,, sym-
metry with an N-O distance of 2.8580 A. The C, axis of the
structure in Fig. 1b bisects the H,-N-H,; and the H,~N-H;
angles, and the same sets of atoms define the symmetry
planes. We shall also report results for monohydrated am-

CALCULATIONS OF 'H AND "N SHIELDING IN NH,*(H,),

monium ions, NH,*(H,0). With a single directionally
bound water molecule (as in Fig. 1a) the optimized geom-
etry has C, symmetry and an N-O distance of 2.7290 A,
whereas the optimized C,, structure with a single non-
directionally bound water molecule (as in Fig. 1b) has an
N-O distance of 2.6766 A. In all cases the effect of deuter-
ation is simulated by shortening the bond by 0.01 A to an
N-D distance of 1.019 A, while the respective N-O dis-
tances and other structural parameters are kept unchanged.
The implied neglect of relaxation is of course unrealistic;
however, short of a full dynamic study we see no way to
simulate relaxations faithfully, and have hence preferred to
single out the effect of bond shortening in the present
investigation.

Results

The overall results are presented in Table 1. For the free
ammonium ion we include for comparison "AX(D) values
obtained from the results reported by Chesnut* and Ches-
nut and Wright,’ using eqn. (1) to derive the isotope effects
corresponding to the present N-D bond length from their
shielding derivatives. The calculations of Chesnut and
Wright*® are based on the gauge-including atomic orbital
(GIAO) approach,'?! using the basis sets of the Gaussian
program packages,®? and the agreement between the
LORG and the GIAO results is within the variation ex-
pected from differences in method and basis sets. We note
in particular that we agree in sign and magnitude for
2AH(D) in the isolated ion.

For the two tetrahydrated solvation models, NH,*-
(H,0),, the results for the directional structure (Fig. 1a) in
fact show a reduction in 'AN(D) and sign inversion of
2AH(D) relative to the free ion, and the counterpoise re-
sults show that neither feature is a result of basis set exten-
sion. On the other hand, the results for the non-directional
structure (Fig. 1b) do not reflect the experimental trends.
In the non-directional arrangement the values 0.005 and
0.010 reported for 2AH(D) correspond to the two-bond
effect for hydrogens coordinated, respectively, to the same
water molecule and to different water molecules. In more
general terms the results for the four coordinated arrange-
ments show that the proton shielding in the non-directional
structure resembles the shielding in the free ion quite
closely, presumably indicating relatively loose hydrogen
bonding in this arrangement. For the nitrogen shielding the
closer resemblance is, however, between the directionally
coordinated structure and the free ion, whereas the shield-
ing in the non-directional structure is shifted downfield by
almost 20 ppm. The latter effect is found to be caused
entirely by an increase in the magnitude of the paramag-
netic contribution to the shielding.

The results given in Table 1 for the monohydrated spe-
cies, NH,*(H,0), in a directionally coordinated structure
(Fig. 1a) show that the important part of the mechanism for
2AH(D) sign inversion is associated with structures where
the deuterium substitution takes place in the hydrogen
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Table 2. Proton and nitrogen shieldings and isotope effects (in
ppm) for NH,*(H,0)? as a function of R(N-O).

AN-Og/A 2AH(D) o(H,)  oH)  oN) AN(D)
2.72 -0012 2097 2657 23929 0.37
3.02 -0.003 2341 2632 24064 0.48
3.52 0005 2489 2611 24149 056
4.02 0.005 2537 2602 24158 0.60
wb 0006 2594 2594 24307 067

4As in Fig. 1a with the O, water molecule retained. °Free
ammonium ion.

bond, whereas hydrogen bonding involving the proton is
quite important for the magnitude of the absolute shield-
ing, but does not in itself produce a sign inversion of the
isotope effect. In addition, the sign inversion is quite in-
sensitive to solvent rotamers; the value 2AH(D) = —0.012
ppm reported in Table 1 for deuteration in the hydrogen
bond of the singly solvated species is stable to within
+0.002 ppm with respect to rotation of the water molecule
along the direction of the hydrogen bond. The results su-
perscripted (4) in Table 1 are obtained when the water
molecule in this monohydrated directionally coordinated
structure is replaced by a negative point charge of unit
magnitude (in atomic units) located at the position of the
oxygen atom. The trends in o(H), 2AH(D) and 'AN(D)
going from the free ion to the hydrated species are mim-
icked quite well by this point charge model, while the
change in o(N) clearly requires the presence of a real water
molecule.

The results reported in Table 1 for the monohydrated
directional structure (Fig. la) essentially reproduce the
features of the corresponding tetrahydrated species, except
that the downfield shift of the nitrogen atom is not fully
realized in the singly solvated ion.

The monohydrated species, NH,*(H,0), in the direc-
tionally coordinated configuration therefore exhibits most
of the characteristic features of the solvation effect for the
present purpose, and the shielding properties of this system
are studied in more detail in Table 2 and in Figs. 2 and 3.
Table 2 presents the variation of the shielding properties as
a function of distance between the ion and the solvent
molecule, converging towards the properties of the free
ion. The variations are monotonic; however, we note that
the sign inversion of 2AH(D) occurs only for solvent mole-
cules inside a sphere of ca. 3 A from the nitrogen atom.
Fig. 2 then illustrates the variations in the Hartree-Fock
energy and shieldings as a function of the hydrogen-bonded
N-H, (N-D) distance (Fig. 1a) when the N-O distance and
the remaining N-H distances are kept fixed at 2.7290 and
1.029 A, respectively. The figure reveals two distinct re-
gions, which can be ascribed to the characteristics of the
complexes NH,*-OH, and NH;-OH,*, respectively, al-
though the potential energy curve shown in Fig. 2a exhibits
only a single minimum located in the region corresponding
to the solvated ammonium ion. The position of this mini-
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mum is quite close to the N-H distance of 1.029 A assumed
for the equilibrium distance (see previous section); this
distance is indicated by the vertical line in the figure. For
internal consistency in the figure, the Hartree-Fock poten-
tial energy curve is shown for the atomic basis set used also
in the shielding calculations. The energies found in the
6-31G** Hartree-Fock calculations used in the optimiza-
tions, as described in the previous section, are ca. 0.02 a.u.
higher than those shown in Fig. 2a, while MP2 calculations
lead to a lowering of the energy curve by ca. 0.40 a.u., but
in neither case is a second minimum introduced in the
potential energy curve.

In Fig. 2b the shielding of the spectator proton at posi-
tion 5 increases uniformly with increasing distance between
nitrogen and the proton (or deuterium) in the hydrogen
bond, in accord with a negative value for 2AH(D), while
the shielding of the proton in the hydrogen bond (Fig. 2c)
as well as the shielding of the nitrogen nucleus (Fig. 2d) go
through a minimum in the transition range between the two
complexes. For the hydrogen-bonded proton the variation
reflects a change from predominantly N-H to predom-
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inantly O-H shielding, while the variation for nitrogen
reflects a difference between N-H and lone-pair contribu-
tions to the shielding. However, all three shieldings in Fig.
2 vary nearly linearly in a range around the assumed equi-
librium value of 1.029 A for the N-H, distance (indicated
by a vertical line in the figure). Note that the order-of-
magnitude difference between °AH(D) and ’AH(D) found
for the solvated as well as the free ion (see Table 1 and Ref.
4) is apparent from the large difference in slopes in Figs. 2c
and 2b.

A more detailed view of the solvent effect in the in-
version of 2AH(D) can be gleaned from Fig. 3, which shows
the isotropic shielding (o) of one of the protons, and the
shielding components parallel (o)) and perpendicular (o,)
to the bond between nitrogen and this proton, as a function
of the distance between N and one of the other protons.
These shielding contributions are related through eqn. (2),
while the anisotropy of the shielding is defined by eqn. (3).

o=30 +4%0, 2)
Ao =0 — o, 3
Curves A represent the situation in free NH,*, curves B
show the shielding of a proton at position H; in Fig. 1a as a

function of the N-H, distance, and curves C show the
shielding of a proton at position H, as a function of the
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N-H; distance. Curve b for the isotropic shielding in Fig. 3
is therefore an enlarged segment of Fig. 2b, and the posi-
tive slope of this curve, generating the negative two-bond
deuterium isotope effect, is now seen to arise from a rela-
tively strong increase in the perpendicular shielding compo-
nent, while the corresponding parallel component is almost
constant within this distance region. On the other hand, the
negative slopes of curves A and C for the isotopic shielding,
generating the corresponding positive two-bond deuterium
isotope effects, are dominated by a strong decrease in the
parallel shielding, overriding a moderate increase in the
perpendicular components.

A side result of the shieldings displayed in Fig. 3 is an
illustration of the fact that the anisotropy is much larger for
the proton in the hydrogen bond (Ao = 35 ppm for curves
C) than for the non-coordinated protons (Ao = 15-20 ppm
for curves A and B). Similar effects of hydrogen bonding
on the shielding anisotropy of protons have been observed
in other theoretical®>** as well as experimental studies.*~

Discussion and comparison with earlier work

The isotope effects discussed in this paper are minute.
However, the small positive and negative numbers re-
ported in Table 1 for the calculated isotope effects are not
the result of computational fluctuations, but reflect well
developed trends for the shieldings, as evidenced by the
slopes of the distance variations shown in Fig. 2 and 3. In
fact, the various shieldings exhibit almost linear variation
with the appropriate N-H distance in the range between
0.9 and 1.1 A, justifying in part the use of the static approx-
imation for the simulation of the deuterium isotope effects,
and demonstrating that the computed values for these iso-
tope effects are relatively insensitive to the exact choice of
the proton equilibrium distance (the vertical line in Fig. 2).
Also, as emphasized above, the counterpoise calculations
show that the computed changes in isotope effects upon
solvation can not be blamed on the basis set expansion
going from the free ion to the solvated supermolecule.
The calculations and measurements by Heinzinger et
al.’>¥ indicate that the NH,* ions have eight water mole-
cules in the first solvation sphere and that four of these are
directional and four are non-directional (combine Figs. 1a
and 1b) with approximately the same N-O distance. The
results of Table 1 strongly suggest that the negative two-
bond isotope effects can be accounted for the by the direc-
tionally bonded water molecules, whereas non-direction-
ally coordinated water has little effect. Perrin and Gipe®
proposed that the fast rotation of the ammonium ion could
be accounted for by non-directional solvation of one N-H
bond by two water molecules, leading to five coordination.
However, non-directional water molecules are not likely to
generate negative 2AH(D) isotope effects as just discussed.
Fraenkel et al.” suggested that the unusual sign of 2AH(D)
was due to a stronger hydrogen bond, i.e. a shorter N-O
distance, as a result of deuteration. The present calcula-
tions have kept the N-O distance the same, regardless of
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deuteration, while still obtaining the unusual sign. On the
other hand, it is evident from Table 1 that solvation in-
volving the deuterium atom is much more important than
solvation of the protons, and in addition Table 2 shows that
a shortening of the N-O distance indeed is expected to
enhance the effect. In more detail Fig. 3 shows that the
single most important consequence of solvation at the deu-
terium atom is that the parallel component of the shielding
of the protons is almost invariant with respect to the loca-
tion of the deuterium atom (curve B for o)), making the
unusual sign of 2AH(D) a result of the positive slope of the
corresponding variation of the perpendicular shielding
component (curve B for o,).

Solvation also has an effect on the one-bond deuterium
isotope effect on the nitrogen shielding. The 'AN(D) re-
sults for directionally hydrated ammonium ions in Table 1,
in particular, show some interesting features, since mono-
hydration at the deuterated position leads to a significant
decrease in 'AN(D), whereas hydration at a non-deuter-
ated position yields a small increase, compared to the bare
ion. For the tetra-hydrated ion the resulting slight decrease
in the 'AN(D) isotope effect relative to the bare ion then
appears essentially as the sum of the effects observed in the
monohydrated cases.

In search of a mechanism, Shporer and Loewenstein'*
have discussed the unusual sign of ?AN(D) for ammonium
ions in terms of electric field effects due to different charges
on H and D as described by Gutowsky.* This is at variance
with the present demonstration of the importance of solva-
tion, and with the calculations reported here and by Ches-
nut* showing that deuteration of the bare ammonium ion
(Table 1) on its own leads to the normal sign for 2AH(D).
On the other hand, an electric field effect due to the nega-
tive charge on the oxygen atom in the water molecules is
suggested by the point charge results (Table 1) and by the
stability of the isotope effects with respect to rotation of the
solvent molecules. In fact it is found that the shieldings
obtained with the point charge simulation of a solvent
molecule reproduce the pertinent distance variations (i.e.
the slopes of curves B and C in Fig. 3) quite well, while
underestimating the anisotropy of curves C.

The calculations involving point charges are also relevant
in estimation of the effect of negative counterions, at least
for counterions without back-donating p and d orbitals.
Counterions like NO,™ have a very small effect on !AN(D)
and 2AH(D)." As little back-bonding is expected from a
small and hard ion of a first row element, this can be taken
as evidence for a small charge effect, indicating that the
hard counterions on the average are a rather long distance
away from the ammonium ions. On the other hand, large,
soft ions like I~ are known to increase both 'AN(D) and
2AH(D)," whereas the calculations of the effect of a nega-
tive charge show that the isotope effects should decrease
with increasing presence of negative charge. Hence the
effect of soft ions is probably dominated by back-bonding
effects.*!
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Conclusion

The primary conclusions of these ab initio studies are that
hydration indeed plays a decisive role in the experimentally
observed unusual (i.e. negative) sign of the two-bond deu-
terium isotope effect, >AH(D), in aqueous ammonium so-
lutions, and that the important components of the solvation
sphere are the directionally coordinated water molecules
(Fig. 1a), while the non-directionally coordinated water
molecules (Fig. 1b) do not seem to affect the shielding
properties of the ammonium protons significantly. In addi-
tion, the study of the monosolvated species shows that the
sign inversion is associated with hydration of the deuterium
atom, whereas hydration of the proton for which 2AH(D) is
being studied in itself is of little importance. Finally, the
calculations suggest that this inversion effect requires am-
monium-water distances less than ca. 3 A, the effect in fact
increasing with decreasing distance. The latter prediction is
presently being tested in a study of deuterated ammonium
ions included in crown ethers and cryptands.*
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