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Abstract  The change in the proton magnetic shielding
constant of FH and FArH on the formation of the vibra-
tionally red-shifted FH...Rg and blue-shifted FArH. ..
Rg (Rg = Ne, Ar) complexes was determined by GIAO
ab initio computations at various levels of theory. The
blue-shifted FArH. .. N; and red-shifted FArH. . . P, com-
plexes were also studied. The characteristic downfield
shift of the isotropic proton magnetic resonance in red-
shifted hydrogen-bonded complexes is smaller in the
blue-shifted complexes. In FArH. . .Ne and FArH. .. N,
the proton NMR actually shifts to higher fields on com-
plexation. These results are rationalized by considering
the changes in the magnetic and electric contributions
to the proton shielding in FH and FArH.

1 Introduction

Hydrogen bonding between molecules can lead to
observable changes in the properties of the interacting
species. For example, it is normal to obtain a large red
shift (decrease) of the A-H stretching frequency of the
proton donor in H-bonded complexes A-H. ..B, where
the base B is a proton acceptor, and a downfield shift
of the proton magnetic resonance ranging up to about
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Sppm when the A-—H molecule goes from the gas to
liquid phase [1-3].

Other characteristic features of hydrogen bonding
include the elongation of the A-H bond due to the
attraction of the proton to the electron-rich region of
B and an increase in the IR intensity of the A-H stretch
[1,4]. However, it has become evident that sometimes
the A—H stretching frequency increases on complexation
(a blue shift). There is now a growing body of experi-
mental and theoretical evidence for this unusual behav-
iour in which three features of conventional hydrogen
bonds (elongation, red shift and IR intensity increase)
are reversed in blue-shifting hydrogen bonds, mainly for
hydrogen-bonded C-H bonds [5, references therein, 6]
and metastable complexes containing inert gas mole-
cules of general formula XRgH (Rg = inert gas atom,
X = electronegative fragment) [7-9]. Although there
is no widely accepted explanation for the blue-shifting
behaviour, it appears to be due to the electrostatic inter-
action between the proton donor and proton acceptor
along with the short-range overlap repulsion (see, for
example, Refs. [10-12]).

Since the blue-shifted H-bonded complexes have
features that are markedly different from those of the
usual red-shifted complexes, it is of interest to investi-
gate whether these differences also apply to the changes
in the proton magnetic shielding on complex formation.
In this paper, we report on computations of the isotropic
and anisotropic components of the proton NMR shield-
ing tensor for the linear FArH.. .Ne, FArH.. Ar and
FArH. .. N; complexes. Recent computations on the five
linear complexes CIH...Y (Y = N, CO, OC, BF, FB)
show that the two blue-shifting complexes CIH...OC
and CIH.. FB have substantially smaller downfield
shifts on complexation [13]. The above FArH species
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Table 1 MP2/6-311++G(2d,2p) optimized distances (in A),
interaction energies AE (in kI mol~!, uncorrected for zero-point
energy) and harmonic vibrational frequency shifts (in cm™!)
for FH...Rg, FArH... Rg (Rg = Ne, Ar), FArH...N, and
FArH. .. P, complexes

Species r(A-H) r(F-A) R(H.. .B) Ar(A-H) AE Aw(A-H)
FH...Ne 09179 2.2982 0.0001 —-2.6 +2
FH...Ar 09186 2.5840 0.0008 —2.8 —18

FArH.. .Ne 1.3246 1.9995 2.6803
FArH...Ar 1.3214 2.0043 2.7526
FArH...N; 1.3140 2.0286 2.1641
FArH...P, 1.3362 2.0389 2.3370

—0.0014 —-1.5 +25

—-0.0046 —-2.1 +59

—0.0120 -8.1 +153
0.0102 —-9.9 -116

The frequency shift Aw is defined as @complex — @monomer- The
atom denoted A represents the atom to which the H atom is
directly bonded in the proton donor and the atom denoted B rep-
resents the atom of the partner molecule to which the H atom
is hydrogen bonded. The interaction energies are computed at
the CCSD(T)/6-311++G(2d,2p) level of theory using the MP2/6-
3114++G(2d,2p) optimized geometries

exhibit a blue shift of the Ar—H vibrational stretching
frequency (see Table 1) and a blue shift in FArH...N»
has been observed in low-temperature matrix isolation
experiments [7]. These results are consistent with com-
putational studies, which also show that the Ar-H bond
length contracts on complexation [7-9]. Similar com-
putations for the red-shifting complexes FH...Ar and
FArH. .. P, (as well as for FH.. .Ne which in the linear
configuration exhibits a small blue shift) were also per-
formed for comparison. The NMR computations were
performed using the GIAO (gauge-including atomic
orbitals) method [14-16] implemented in the Gaussian
03 suite of programs [17].

2 Basic theory and model

The nuclear shielding tensor ¢ ® for the nucleus I can
be calculated as the second derivative of the energy W
with respect to the external magnetic field B and the
magnetic moment u" of the nucleus:

W=Wo — ul (5p — of)) By (1)

The gauge-origin dependence problem in the calcu-
lation of magnetic properties (arising from the approx-
imate wavefunctions and finite basis sets used in the
calculations) is overcome by using the GIAO method
[14-16].

The proton shielding tensor in weakly bound
H-bonded complexes A-H. . .B is modelled as [18,19]:
oD = DOy e | 5 (himag) @)

753 753

where o DO

p is the shielding tensor in the isolated

A-H molecule, otV

p is the change in the tensor due
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to the non-uniform electric field, including those due
to high-frequency fluctuations, arising from molecule B
and oé?)(mag) is the change due to the magnetization
induced in molecule B. Hence, the change in the pro-
ton shielding tensor of A—H on complexation, 8005[;) =

O'OE?) - 00(:31) © , 18

s Gu(zI;) _ %(,I/;D(el) + Ooigl)(mag) 3)
80051;) can be evaluated by taking the difference between
the ab initio values for the proton shielding tensors
for A-H. . .B and isolated A-H, while ao(};)(mag) can be
estimated by computing the magnetizability, &, of B. If
the magnetization of B can be represented as & times
the magnetic field then, in the long-range limit [2] that
neglects contributions from higher induced magnetic
multipole moments (i.e. magnetic quadrupoles, octo-
poles, etc.) [20]

G;?)(mag) = —(no/4m) Tuyéyp @

where pg is the permeability of a vacuum (uo/47 =
1077JA">m™!) and T,, = BRyR, — R?64,)/R>. R is
the distance from an origin in B to the H nucleus; if
B = Rg, the natural choice of origin is the nucleus of
the Rg atom in the complex, while if B is either N, or
P», then the origin is at the centre of the bond in the dia-
tomic molecule. For the diatomic molecules, there are
two independent components of the magnetizability, &
and &, so that for the linear A-H...B complex lying on
the z axis from A— B the proton magnetic shielding is
given by [2]

oM _ _ (1074728, /R?) )
o ™ = 0V = (uo/dm) EL/R), ©)

The isotropic shielding is o0 = (o + oyy + 072)/3
and the shielding anisotropy Ao = 3(0,; — 01%°)/2 =
07z — Oxx for linear systems. In previous work, the term
O'OE?) ©) was evaluated by expressing it as a Taylor series
expansion in the electric field and field gradient [18,19].
However, in this study we evaluate it as a difference

through Eq. (3). The values of ao([g)(mag) and OOEH)(el) that
are obtained are useful in interpreting the change in the
proton shielding tensor for red- and blue-shifted com-
plexes and any significant differences can be assessed

and rationalized using this approach.

3 Computational method

All ab initio calculations were performed using the
Gaussian 03 suite of programs [17]. The complexes and
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the monomers were optimized to linear structures and
the harmonic vibrational frequencies were computed
at the MP2/6-311++4G(2d,2p) level of theory; the bond
length changes and frequency shifts were determined
as the differences between the complex and monomer
properties. The interaction energies for the complexes
were determined at the CCSD(T)/6-3114++G(2d,2p)
level. The results for FH...Rg, FArH...Rg (Rg = Ne,
Ar), FArH...N; and FArH. .. P; are in Table 1.

The monomer and complex geometries are fixed at
their MP2/6-311++G(2d,2p) optimized values for the
computation of the magnetic properties. The GIAO
atomic and molecular magnetizabilities were computed
at SCF and B3LYP using the large 6-311++G(3df,3pd)
basis set, while the GIAO nuclear shielding tensors were

calculated at the SCF, B3LYP and MP2 levels of the-
ory using 6-3114++G(2d,2p) and 6-311++G(3df,3pd)
basis sets. There have been previous computations of
nuclear shielding tensors using the GIAO formalism
(see, for example, [21, 22, references therein]) and it
has been noted previously that the LDA, BLYP and
B3LYP functionals have a tendency to predict shield-
ing tensors which are significantly too deshielded [22,
references therein, 23]. Consequently, it is of interest to
assess the performance of the B3LYP functional rela-
tive to SCF and MP2. Table 2 shows the magnetizabil-
ities computed for Ne, Ar, Ny and P,. In Table 3 the
proton magnetic shielding constants (o, 0;;,0°, Ac)
of the FH...Rg and FArH...Rg complexes are com-

Table 2 B3LYP/6-311++G(3df,3pd) GIAO magnetizabilities for Ne, Ar, N, and P,

Property Ne Ar N, P>

£ /. —1.621 (—1.567) —4.370 (—4.342) —1.838 (—1.832) —3.687 (—4.091)
& /au. —1.621 (—1.567) —4.370 (—4.342) —3.870 (—3.899) —9.860 (—10.10)
£150 /a.u. —1.621 (—1.567) —4.370 (—4.342) —2.515 (—2.521) —5.745 (—6.093)

The parallel (&,;), perpendicular (£,,) and isotropic magnetizabilities (£35°) were computed at the MP2/6-311++G(2d,2p) optimized
geometries. SCF/6-31144G(3df,3pd) magnetizabilities are shown in parentheses. 1 a.u. = 7.891 x 10-2° JT—2

Table 3 MP2/6-311++G(2d,2p) and MP2/6-311++G(3df,3pd) GIAO proton magnetic shielding (in ppm) for the linear optimized
structures of FH. . .Rg and FArH. . .Rg (Rg = Ne, Ar) computed at the MP2/6-3114++G(2d,2p) optimized geometries

Property FH FH...Ne FH...Ar FArH FArH. . .Ne FArH.. . Ar
(a) 6-311++G(2d,2p)
o 21.7391 20.5633 19.5004 13.7557 13.1517 12.0606
o 44.1967 46.2809 48.1319 41.5221 42.8904 44.9786
oisoH) 29.2250 29.1359 29.0442 23.0111 23.0646 23.0333
Ac® 22.4576 257176 28.6315 27.7664 29.7386 32.9179
sotth —~1.176 —2.239 —0.604 —1.695
otV 2.084 3.935 1.368 3.456
SorisoH) —0.089 —0.181 0.054 0.022
s(AcH) 3.260 6.174 1.972 5.152
(b) 6-3114++G(3df,3pd)
o 21.0030 19.7509 18.6510 13.2760 12.6650 11.5002
o 441924 46.2796 48.1226 41.3897 42.7486 44.8336
oisoH) 28.7328 28.5938 28.4749 22.6472 22.6929 22.6113
Ac® 23.1894 26.5287 29.4716 28.1137 30.0836 33.3334
so ~1.252 2352 —0.611 ~1.776
so D 2.087 3.930 1359 3.444
SorisotD —0.139 —0.258 0.046 —0.036
5(Ac ) 3.339 6.282 1.970 5219

The changes in the shielding from the free FH (FArH) molecule values on complexation are also given. The xx and zz components of
the shielding tensor, the isotropic shielding and the shielding anisotropy are shown
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Table 4 MP2/6-311++G(2d,2p) and MP2/6-311++G(3df,3pd)
GIAO proton magnetic shielding (in ppm) for the linear opti-
mized structures of FArH...N; and FArH. .. P; computed at the
MP2/6-311++G(2d,2p) optimized geometries

Property FArH... N, FArH... P
(a) MP2/6-311++G(2d,2p)
oD 12.0707 9.7412
ot 45.5622 47.5354
g iso(HD) 23.2345 22.3392
Ao 33.4915 37.7942
so ~1.685 —4.014
802, (H) 4.040 6.013
SoisoH) 0.223 —0.672
§(Ac @) 5.725 10.028
(a) MP2/6-311++G(3df,3pd)
o 11.4684 9.4260
o 45.4146 473711
oiso(H) 22.7838 22.0744
Ac® 33.9462 37.9451
so D ~1.808 ~3.850
ot 4.025 5.981
S iso(H) 0.137 —0.573
§(Ac ™) 5.348 9.831

The changes in the shielding from the free FArH molecule values
on complexation are also given. The xx and zz components of the
shielding, the isotropic shielding and the shielding anisotropy are
shown

pared, while in Table 4 a similar comparison is made for
FArH...N; and FArH. .. P».

In Table 5, the change in the isotropic (8¢°) and the
anisotropic (§Ao) shielding are compared for the SCF,
B3LYP and MP2 methods using the 6-311++G(3df,3pd)
basis set, while in Table 6, the electric and magnetic
components of the proton shielding tensors at the
MP2/6-3114++G(3df,3pd) level for all of the complexes
are compared in order to assess their relative contribu-
tions to the changes in the isotropic shielding
( S Oiso).

4 Discussion

The data given in Table 1 are useful in characterising the
red- and blue-shifted complexes. In the red-shifted com-
plexes (FH...Ar, FArH...P,), the A-H bond is elon-
gated while in the blue-shifted complexes (FArH. . .Rg,
FArH...N;), the A-H bond is compressed. This is typ-
ical. The FH. . .Ne species is an exception since a small
elongation of the F-H bond is obtained even though the
F-H vibrational stretch is shifted upwards by 2cm™1;
this species represents the threshold between red-and
blue-shifting behaviour and we should take into
consideration the small structural and vibrational
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Table 5 Comparison of the change in the proton isotropic
shielding (80%°) and the proton anisotropic shielding (§(Ac))
for FH...Rg, FArH...Rg (Rg = Ne, Ar), FArH...N; and
FArH. .. P, computed at the SCF, B3LYP and MP2 levels of the-
ory using the 6-311++G(3df,3pd) basis set

Property SCF B3LYP MP2
80S°{FH ... Ne} —0.153 —0.152 —0.139
8o S°(FH ... Ar} —0.323 —0.306 —0.258
80S°(FArH . .. Ne} 0.005 0.015 0.046
80S°(FATH ... Ar} —0.162 —0.109 —0.036
SoS°{FATH .. . N} —0.148 0.235 0.137
80 S°(FATH . .. P,} —1.068 —0.273 —0.573
8(Ac){FH... Ne} 3.264 3.383 3339
8(Ao){FH. .. Ar) 6.319 6.371 6.282
8(Ac){FArH .. Ne} 1.976 2.034 1.970
8(Ao){FATH ... Ar) 5370 5358 5219
8(Ac){FATH ... Ny} 6.291 5.833 5.348
8(Ac){FArH . .. P,} 10.373 9.480 9.831

changes when assessing the changes in the FH magnetic
properties on complexation.

The more strongly bound species (FArH...N; and
FArH...P,) also show the larger structural and vibra-
tional changes. The interaction energies are in the order
FArH...P, > FArH... N, > FH...Ar > FH...Ne >
FArH...Ar > FArH...Ne. Table 2 compares the
magnitudes of the magnetizabilities of the proton accep-
tor molecules; SCF and B3LYP values are in reason-
able agreement. £ (Ar) is almost three times larger than
&(Ne). The magnetizability components of P; are larger
(in magnitude) than those of Ny, with the isotropic mag-
netizability of P, being more than twice as large as the
corresponding value for N».

Table 3 compares the MP2 magnetic properties of
the FH...Rg and FArH. . .Rg complexes with fair agree-
ment between the two different basis sets. The change in
the sign of §¢'° for FArH. . .Ar with basis set prompted
us to assess the basis set superposition error (BSSE) on
8059 50 that we could have confidence in the results with
the larger basis set. Counterpoise correction to 5o
using the 6-3114++G(2d,2p) basis set for FArH.. Ar
(and FArH.. Ne, for comparison) gave an estimate of
—0.061 ppm (0.035 ppm), which has the same sign as and
is in qualitative agreement with the value of —0.036 ppm
(0.046 ppm) obtained with the 6-311++G(3df,3pd) ba-
sis set. There is a decrease in Ugl) and an increase
in O’Z(ZH) which results in an increased shielding anisot-
ropy (Ao ) on complexation, ranging in magnitude from
3.3 ppm (for FH.. .Ne) to 6.3 (for FH. . .Ar). Complexa-
tion leads to a reduction in ¢*° at 6-3114++G(3df,3pd),
except for FArH. . .Ne, where an increase in ¢'*° is ob-
tained. What is notable here is the relative magnitude
of these changes in the isotropic shielding. The red-
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shifted FH...Ar has the largest decrease in o5t of
0.258 ppm compared with the blue-shifted FArH.. .Ne
and FATH. . .Ar complexes, which show, respectively, an
increase of 0.046 ppm and a decrease of 0.036 ppm. The
small blue shift of 2cm~! for FH. . .Ne correlates with a
change of ¢°) of —0.139 ppm.

The relationship between the sign of the frequency
shift (red or blue) and the change in the proton iso-
tropic shielding is more striking when FArH...N; and
FArH. .. P; are compared, as shown in Table 4. As is the
case for the FH.. Rg and FArH...Rg complexes, Soxx
is negative while 8O‘ZZ is positive, with larger changes
obtained for the more strongly bound FATH. .. P, com-
plex. However, for these two species 85° has oppo-
site signs. The strongly red-shifted FArH. . . P, shows the
typical downfield shift of the isotropic proton shield-
ing (by —0.573 ppm at MP2/6-311++G(3df,3pd)) while
the strongly blue-shifted FArH. .. N; shows an upfield
shift of the proton isotropic shielding (by 0.137 ppm).
The shielding anisotropy in both complexes is increased
(by as much as 9.8 ppm for FArH...P;) but this is not
anomalous.

Table 5 shows good agreement between SCF, B3LYP
and MP?2 for the change in the anisotropic proton shield-
ing. However, the BALYP and MP2 values for the isotro-
pic proton shielding are only in qualitative agreement.
For example, the MP2 value for §6'° of FArH...P,
(—0.573 ppm) is more than twice the B3LYP value
(—0.273ppm), while §06'° at MP2 for FArH...N;
(0.137 ppm) is only 0.6 of the B3LYP value (0.235 ppm).
The SCF values for §0'° seem to be unreliable for
the FArH complexes. For example, compared with the
B3LYP and MP2 results, it is too small for FArH. . .Ne,
too large for FArH...Ar and FArH...P;, and has the
wrong sign for FATH. .. Nj.

In order to rationalize the contrasting results for the
change in isotropic proton shielding, §¢'%° was parti-

Table 6 Comparison of the electric (02‘5”) and magnetic
(crg(mag)) components of the proton shielding tensors, and the
change in the proton isotropic shielding (§6*°) for FH...Rg,
FArH...Rg (Rg=Ne, Ar), FArH...N; and FArH...P; com-

tioned into its electric (§%°(V) and magnetic (§o'5°(mag))
components; the results for the six complexes are in
Table 6.

We consider the FH. . .Rg and FArH. . .Rg complexes
together since the proton acceptor is spherically sym-
metric. For these species the magnetic contribution to
the proton isotropic shielding is zero, even if higher
induced magnetic moments are considered [20], so that
the relative magnitude of the proton isotropic shielding
is determined by the effect of the electric field originat-
ing from the Rg atom. This electric field arises from the
multipole moments induced in the Rg atom by the polar
FH and FArH molecules and from the rapidly oscillat-
ing field due to the fluctuating electronic coordinates in
Rg that give rise to dispersion interactions. For FH. . .Ne
and FH. . .Ar, oD, 0;)1,{ €D and oIV are negative
and taken together yield a reduction in the isotropic pro-
ton shielding (characteristic of red-shifted complexes).

However, the o fP) (= (H)(el) ) component is positive

for FArH. . .Ne and negatlve for FArH. . .Ar, but Ugl)(el)
is positive for both species, leading to a reduced isotro-
pic downfield shift in FArH...Ar and a small isotropic
upfield shift in FArH. . Ne of the proton resonance.
For FArH...N; and FArH...P;, the magnetic
component of the proton isotropic shielding is no longer
(H)(mag)( (H)(mag)) term is negative and
(H)(mag)

zero. The

substantially smaller than the positive o term in
both complexes, leading to a net increase in ¢'%° (due to
the magnetization of the proton acceptor) by 0.531 ppm
in FArH. .. Nz and 0.901 ppm in FArH. .. P;. The mag-
nitudes of U(H)(mag) and oz(?)(mag) for FArH... Py are
larger than the corresponding values for FATH. .. N, by

0.1 and 1.3 ppm, respectively. The o b (H)(el))

and the UZ?)(eD terms are opposite in sign in both com-
plexes but by contrast with the magnetic terms, lead

plexes (in ppm) computed at the MP2/6-3114++4G(3df,3pd) level
of theory. 6" = (0o +0yy +0;;)/3 and §0™%° = o180 4 giso(mag),
The magnetic components were computed using the B3LYP/6-
311++G(3df,3pd) magnetizabilities

Property FH...Ne FH...Ar FArH...Ne FArH.. . Ar FArH... N, FArH... P
oHleb ~0.198 ~0.353 0.053 ~0.123 ~1.088 ~3.044
oD ~0.021 —0.067 0.030 0.138 0.993 1.667
o fimag) —1.054 ~1.999 —0.664 ~1.653 —0.720 —0.806
oFimag) 2.108 3.997 1.329 3.306 3.032 4314
gisoeh —0.139 —0.258 0.046 —0.036 —0.394 —1.474
oiso(mag) 0.0 0.0 0.0 0.0 0.531 0.901
Soriso —0.139 —0.258 0.046 —0.036 0.137 —0.573
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to a reduction in o by 0.394 ppm in FArH...N, and
1.474ppm in FArH...P,. The relative differences
between the individual shielding tensor components
(electric and magnetic) for these two complexes are use-
ful in rationalizing why the net shift in o° is positive for
FArH...N; and negative for FArH...P,. The electric
terms are due to the effects of the static and fluctuating
electric field originating from the proton acceptor; the
fluctuating field gives rise to a long-range dispersion-
force-type interaction which will be more significant for
the larger P, molecule. However, the dominant
magnetic contributions in both complexes (aé?)(mag))
are positive in sign. Hence, the relatively smaller nega-
tive electric contribution in FArH. .. N, combined with
the larger positive magnetic contribution leads to a pos-
itive proton isotropic shielding for this blue-shifted com-
plex, while the relatively larger electric contribution in
FArH. .. P, leads to a negative proton isotropic shielding
for this red-shifted complex.

In conclusion, it seems that another manifestation
of the difference between red- and blue-shifted hydro-
gen-bonded complexes may be the relative magnitude,
and in some cases the sign, of the change in the pro-
ton isotropic shielding tensor for these complexes. The
blue-shifted complexes seem to be either shifted upfield
or shifted downfield to a lesser extent than red-shifted
complexes for which a downfield shift is typical. It will
be interesting to learn if this phenomenon is more wide-
spread.
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