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It is pointed out that a common feature of the current density induced in hydrogen bonded systems X-H--- Y-Z by a magnetic
field perpendicular to the H-bond is a continuous stagnation line made of (2,0) saddle points. The saddle line cuts the H-bond
almost perpendicularly near the bond critical point (BCP). This implies the confinement of the current density within three basins
of current delimited by two separatrices formed by all the asymptotic trajectories originating and terminating at the saddle points.
Then, the perpendicular nuclear magnetic shielding (and magnetizability) are partitioned in three contributions: one for the X-H
fragment, one for Y-Z, and an external one surrounding the former two. This permits to ascertain that the largely decreased
perpendicular proton magnetic shielding is determined by a local effect inside the X—H domain due, ultimately, to a minimal loss
of electron charge density around the hydrogen. A drop as small as 2-3% of an electron within a restricted region around the
hydrogen nucleus causes a deshielding effect as large as 4.5-5 ppm, namely 20% of the free-molecule shielding, thus making

NMR a very sensitive technique for detecting hydrogen bond formation, as it is well-known experimentally.

1 Introduction

An updated definition of the hydrogen bond has been recently
presented by the International Union of Pure and Applied
Chemistry (IUPAC) Task Group #2004-026-2-100." The def-
inition is a short one, followed by a list of experimental and
theoretical criteria and footnotes that can be used to assess the
presence of the hydrogen bond.?? Though the updated def-
inition provides a necessary improvement over the previous
one, as contained in the [UPAC Compendium of Chemical
Terminology (informally known as the Gold Book*), appar-
ently no strong agreement has been found yet. Indeed, on the
one hand, soon after the IUPAC recommendations, Weinhold
and Klein have proposed a one-statement definition of hydro-
gen bond that incorporates the majority of experimental and
theoretical observations;> on the other hand, the generality of
the individual criteria is still under scrutiny.® One of the most
trusted among them is the experimental criterion (ES) of the
IUPAC recommendations, which reads: “the X-H---Y-Z hy-
drogen bond leads to characteristic NMR signatures that typ-
ically include pronounced proton deshielding for H in X-H

1 Electronic Supplementary Information (ESI) available: separatrices of the
current density induced by a magnetic field perpendicular to the H-bond and
perpendicular proton magnetic shielding density function difference maps of
all the complexes considered in the study. See DOI: 10.1039/b000000x/
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..”.2 Thus, the down-field shift of the proton magnetic res-
onance is considered one of the best evidences for hydrogen
bond formation and is recognized to be a direct consequence
of the electron redistribution around the H atom following the
formation of the bond. Actually, for families of similar sub-
stances, a few excellent linear relationships between proton
NMR chemical shift and hydrogen bond strength have been
determined theoretically.”

Advances in understanding the proton deshielding have
been reported by McDowell and Buckingham® studying linear
Cl-H- - Y-Z complexes. They found that the hydrogen bond
formation increases the proton nuclear magnetic shielding par-
allel to the H-bond (0"1‘") and largely decreases the perpendicu-

lar components (Glf). As a result, the isotropic proton shield-

ing constant (0fy, = 301! + 3 6') becomes smaller, whilst the
tensor anisotropy (G, = 0| — 0'') becomes larger on H-
bond formation. Indeed, for a series of X-H---O complexes
the isotropic and anisotropic shielding constants of the proton
engaged in a hydrogen bond have been found to correlate with

the binding energy. '°

The nuclear magnetic shielding can be defined in terms of
the current density tensor,'! then a connection between the
H-bond strength and the strength of the current induced by
a unitary magnetic field somewhere in-between the two H-
bonded subunits can be devised. '? In linear complexes the cur-
rent density induced by a magnetic field parallel to the H-bond
forms a purely diatropic vortex, which elongates all over the
X-H---Y system. Therefore, one can conceive that the closer
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X-H and Y, the greater the parallel proton nuclear magnetic
shielding. When the magnetic field is perpendicular to the
H-bond the picture is a little more complex. Indeed, the pen-
etration of the two—in most of the cases—conrotating diat-
ropic vortices, which enclose X-H and Y-Z respectively, and
the electronic rearrangement occurring during the H-bond for-
mation generate a resulting current density whose effects on
proton shielding are not directly deducible. It might be argued
that the magnetization in Y should provide a proton deshield-
ing, but there are indications that this is not the leading term. °

Since the pronounced proton deshielding that identifies the
presence of the hydrogen bond is determined by Glf, a deeper
understanding of the current density induced by a unitary mag-
netic field perpendicular to the H-bond is highly desirable.
The aim of this work is to show some results that give a clear
representation of the quantum mechanical, first-order, elec-
tronic current density vector field J® = JB(r) generated at
point r by a static, unitary magnetic field of flux B perpen-
dicular to the hydrogen bond for a number of X-H---Y-Z
linear complexes. The study, based on the topological analy-
sis of JB,13-17 with particular emphasis to the H-bond region,
has allowed introducing the breakdown of Glj in physically
sound regional terms. Then, the interpretation of the latter has
spurred us to compare the proton magnetic shielding density
functions of the complexes with those of the parent isolated
monomers.

2 Calculation Methods

The five linear dimers studied by McDowell and Bucking-
ham® plus the CIH---NCH complex have been considered.
According to their study, the two complexes that can be ob-
tained combining the somewhat special FB molecule with CIH
have the smaller and the largest proton deshielding in the set.
Therefore, those two complexes nicely open and close a rather
evenly sampled range of proton magnetic shielding responses,
which is fine for our purposes. Correlation effects on our main
target, i.e., the magnetic response of the systems, have been
taken into account at the DFT level. The same level of ac-
curacy has been kept also during the auxiliary geometry op-
timization step for coherence. Then, equilibrium geometries
were fully optimized with the Gaussian 09 suite of programs '®
at the DFT level, using the B97-2 functional '® and the aug-
cc-pVTZ basis set. 292! Current densities and related magnetic
properties were computed with the CTOCD-DZ2 method 2226
at DFT level,?’~?° using the SYSMO package ** and adopting
the same combination of functional and basis set used for opti-
mizing the structures. The advantages of the CTOCD method
for calculation of currents are well documented.®' As shown
by Flaig and coworkers,>? benchmarking hydrogen and car-
bon NMR chemical shifts, the B97-2 functional provides ac-
curate magnetic properties. Moreover, B97-2 molecular struc-

tures have been found to be comparable to those obtained us-
ing other quite popular functionals.'® The aug-cc-pVTZ basis
set is large enough to partially compensate for the basis set
superposition error (BSSE). 3

3 Results and discussion

Bond lengths, interaction energies and proton magnetic shield-
ing for the B97-2/aug-cc-pVTZ optimized linear structures are
reported in Table 1. The changes in the shielding from the free
CIH molecule upon complexation,

H H H

Ao = O] —0O|xn (1)
H _ _H H

Aoy = o) — O xm> )
H _ _H H

AcFiso = Oj— Giso,XH7 (3)

are also given. As can be observed the variation of the per-
pendicular proton magnetic shielding on H-bond formation is
always negative, ranging from —0.56 ppm for the very weakly
bounded CIH- - -FB complex to the —6.38 ppm for the rather
more stable CIH:--BF dimer. Conversely, the change in the
parallel proton magnetic shielding is always positive and less
sensitive to the sort of complex. The resulting change in the
isotropic component is negative in agreement with criteria
(ES) of the TUPAC recommendation,? with the only excep-
tion of the small positive Acrilfo obtained for the blue-shifted®
complex CIH.--FB, which is clearly a little fault of our cal-
culation, as can be verified considering the negative estimate
reported by McDowell and Buckingham.®

3.1 Topological analysis

In order to appreciate the contribution that different regions of
the molecular space give to ¢, the stagnation graph (SG) '314
of JB induced by a static magnetic field perpendicular to the
H-bond has been determined. The SG shows the lines and
isolated singularities at which the current density vector field
vanishes. These are interpreted via theoretical tools described
elsewhere. %17 Since, neglecting the vector component of JB
parallel to B has no consequence on the computed molecular
magnetic properties, see later, the SG obtained using the two
components of JB perpendicular to B, hereafter referred to as
pseudo-SG, 34 has been considered.

As can be expected for the summation of two distant di-
atropic vortices,> for all examined complexes, the pseudo-
SG in the H-bond region is characterized by a continuous se-
quence of saddles, i.e., a continuous manifold of (2,0) points,
which follows a path almost perpendicular to H--- Y and inter-
sects the hydrogen bond very close to the H-bond critical point
(BCP).3%37 Taking all the asymptotic trajectories originating
and terminating at the saddle points along the stagnation line,
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Table 1 B97-2/aug-cc-pVTZ optimized distances (in A), relaxed interaction energies AE (in kJ mol ') and proton magnetic shielding
components (in ppm)

Species rX-H FH..Y Arx. AE ol GHH o Ao AG‘[‘{ Aoy,
CIH 1.277 24.17 45.72 31.35
CIH---FB 1.277 2.907 0.000 —-0.2 23.61 47.25 31.49 —0.56 1.53 0.14
CIH---OC 1.277 2.630 0.001 -2.3 23.09 47.78 31.32 —1.08 2.05 —0.04
CIH:---N, 1.278 2.559 0.001 -3.0 22.73 48.00 31.15 —1.44 2.27 —0.20
CIH---CO 1.282 2.421 0.005 —6.2 21.36 48.27 30.33 —2.81 2.55 —1.02
CIH---BF 1.296 2.271 0.019 —14.1 17.79 48.30 27.96 —6.38 2.58 —3.40
CIH---NCH 1.288 2.095 0.012 —15.5 18.45 49.21 28.70 —5.72 3.48 —2.65
two surfaces, hereafter called separatrices after Gomes, 14 are r{) =ry+d, one has
found that provide a net separation of the current density in |
three spatial domains of current: a first one enclosing X—H / - g / (rg— / ) By —

-y = r T r—
(hereafter called .77°), a second one enclosing Y-Z (hereafter i 2Py 9 p0p /y
called %), and a third external, delocalized one enclosing the 1 B,
: oo Fi £ = *%y/ (rp —rop —dp) Fy dr =

former two (hereafter called &); see Figure 1 for the CIH- - - BF 2 9

case and the ESI for the full set of complexes.

As can be seen, current trajectories originate from and ter-
minate at the same saddle point. In addition to the saddle line,
Figure 1 shows also a line of centers (green dots) that merges
with the line of saddles at about 6 ay from the molecular axis.
The current above this merging point belongs to the & domain,
as well as the current surrounding the domains .7 and %'.

Since the separatrices are formed by current trajectories in-
finitely close one to each other, each separatrix looks like a
kind of impenetrable wall and no current perpendicular to B
can enter or leave the internal domain, which therefore is a
basin of current confinement—not to be confused with the
atomic basins of the QTAIM.3® In other words, owing to the
lack of any unphysical source or sink of current, an integral
condition for the conservation of the current perpendicular to
B can be written for each domain as 3%

/Jgﬁdrzo — //fﬁBgdr:O:
9 9

Bs ;..
— /@/a dr=0 a6 (4

where [, - - - dr means volume integration over domain & and,

according to a standard notation, *! /5 S = /5 % (r) is the sec-
ond rank current density tensor. Here and after tensor notation
is employed, i.e., the Einstein convention of summing over re-
peated Greek indices is in force and gy, is the Levi-Civita
third-rank pseudotensor.

Condition (4) can be used to define basin contributions to
the diagonal components of the magnetizability tensor that
are origin-independent. Briefly, assuming the supra-molecular
axis aligned with the z Cartesian direction, and the two ori-
gins ry and r(, separated by the vector displacement d, i.e.,

1
EEXBY/_@(rﬁ*r()ﬁ)/fxdrzéxx,@v )

which proves the above assertion; a generalization can be
easily worked out. As a major consequence, the perpen-
dicular magnetizability £, can be decomposed into origin-
independent basin-contributions & 5. The nuclear magnetic
shielding does not depend on any origin and the partition of
Gf in basin contributions comes directly from the current con-
finement. Total components can be recovered as

& =Y¢&¢ 9 (6)
9

o'=Y o', @)
7

In practical application eqn (4) is not exactly fulfilled. This
has no consequence on calculated GE_@, whilst it has some
effect on &, 4 of polar systems only,' which can be largely
reduced using adequate basis sets.>3>2® All the above demon-
strates the possibility to decompose the magnetic properties
in a rather natural way exploiting the topology of the induced
current density field and offers a different point of view from
that given by Bader and Keith with their method of the prop-
erties of atoms in molecules. *?

3.2 Decomposition of magnetic properties

Basin contributions to Glf and &, can be calculated carrying
out separate volume integrations of the perpendicular proton
magnetic shielding density function** £ = ¥H(r) and per-
pendicular magnetizability density function &, = & (r) re-
spectively, one for each domain of current inside a separa-
trix. Since our main target here is the proton magnetic shield-
ing, much of the following discussion will deal with such a

This journal is © The Royal Society of Chemistry [year]
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Table 2 Basin perpendicular magnetizabilities of CIH: - - BF
computed for different choice of the origin (in au)

Origin 8 H & Total
Cl —1.4600 —4.3722 —1.3991 —7.2313
H —1.4478 —4.3863 —1.3987 —7.2328
B —1.4265 —4.4104 —1.3981 —7.2349
F —1.4146 —4.4242 —1.3979 —7.2367
average —1.4372 —4.3983 —1.3985 —7.2339
std.dev. 0.02 0.02 0.001 0.002
Table 3 Decomposition of the perpendicular proton magnetic
shielding into basin contributions (in ppm)

Species Gi v GE_@ GE & Gf
CIH---FB 23.81 —0.44 0.23 23.60
CIH.--0C 23.14 —0.46 0.40 23.08
CHH---N; 22.55 —0.40 0.57 22.72
CIH---CO 20.87 —0.33 0.82 21.35
CIH:--BF 17.03 —0.36 1.12 17.78
CIH---NCH 18.07 —0.79 1.16 18.44

Fig. 1 Two different views of the separatrices of the current density
induced by a magnetic field perpendicular to the H-bond, calculated
at B97-2/aug-cc-pVTZ level of theory using the CTOCD-DZ2
approach for the CIH- - - BF linear complex. Only asymptotic
trajectories originating and terminating at saddle points 0.2 a far
apart along the saddle line (in blue) are shown. The current density
domains, or basins of current, enclosed within the separatrices are
indicated by the symbol .7 and %/, whilst & indicates the external
domain surrounding the former two. Fluorine and chlorine are
green, boron is pink and hydrogen is light gray. A line of centers
(small green dots) passing through chlorine is also reported. The
BCP of the electron density is marked by a small red cross.

The computed O'J}_I values by means of eqn (7) reported in the last
column show a small, irrelevant difference with respect to those in
Table 1, due to the different method of integration.

quantity. However, the origin independence of the computed
basin magnetizabilities, as required by eqn (5), is most im-
portant for the physical interpretation of the breakdown of the
current density field. Therefore, an even brief assessment of
such an origin independence is mandatory. Typical results are
shown in Table 2, which collects the basin magnetizabilities of
CIH- - - BF obtained integrating £, over domains %, ¢ and
& for some rather obvious different origins.

As can be observed, the degree of origin independence of
the computed &,  is rather good, as documented also by
the very small standard deviations. Conversely, for an arbi-
trary dissection of the molecular space, the results are heavily
origin-dependent. This can be best appreciated looking at the
ESI for a couple of arbitrary partitions of the molecular space.

3.2.1 Proton magnetic shielding. Breakdown of the o'
into basin contributions is shown in Table 3.

As can be observed, contributions from domains % and &
are relatively small and opposite in sign. The calculated Gf’@
are fairly constant and show a deshielding effect of the base,
which is, however, insufficient to account for the large de-
crease of O'E on H-bond formation. Our results for O'E@ are

consistent with the Gg(mag) computed by McDowell and Buck-

ingham, who crudely supposed that the magnetic field at the
position of the proton due to the magnetization of Y is that of
the dipole generated by the magnetizability of Y.® Conversely,
the calculated GE o increases the perpendicular proton mag-
netic shielding according to the trend: CIH:--FB < CIH-:--OC

4| Journal Name, 2010, [vol]1-8
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< CIH---Ny < CIH:--CO < CIH: - - BF < CIH: - -NCH, which
is the same trend, in terms of stability, of the relaxed inter-
action energies reported in Table 3. Interaction energies and
o'l . values can be fitted with a linear relation (slope=—16.4
kJ/(mol ppm), R*=0.94) that is particularly interesting if com-
pared with the findings by Fliegl et al.!> The H-bond current
susceptibility (or current strength)*# reported by Fliegl et
al.'? corresponds to the strength of the current flowing in do-
main &. Then, the larger the H-bond current susceptibility,
the larger the contribution to the proton shielding, the larger
the H-bond strength, in a rather nice synchronicity. As a re-
sult, the sum of the two contributions from domains % and
& tends to increase passing from a small proton deshielding
for the less stable complexes to a net proton shielding for the
more stable ones. Therefore, it emerges clearly that the large
proton deshielding caused by the hydrogen bond formation is
mainly a local effect, strictly confined within domain .7. This
implies a non negligible variation of X!, especially close to
the hydrogen nucleus, that seems in contrast with some of the
ideas developed so far modeling weak interactions, in particu-
lar with that of the promolecule model.*’

As a matter of fact, we remark that the shielding caused by
the sum of the local current within domains % and the delocal-
ized current in domain &, which is opposite to the experimen-
tal trend, would be not quantifiable without the topological —
definition of the basins of current represented in Figure 1.

3.3 Density differences

According to the promolecule model, the main features of the | —— v
supramolecular electron densities can be explained overlap- ’
ping the electron densities of the non-interacting subunits.*’
It is not obvious to what extent this argument can be extended
to other property densities. Then, to better understand why the
model does not seem to work here for the perpendicular pro-
ton magnetic shielding density function and to gain a deeper
insight, we have computed and visualized the difference

Fig. 2 The change in the perpendicular component of the proton
shielding density arising from H-bond formation AZIj‘prO for the
CIH-: - - BF complex on a plane containing the supra-molecular axis,
see text for definitions. Negative/positive contours are red/green,
scaled by 4. Minimum value that can be appreciated is

—10 ppm/ aa. Magenta contour corresponds to —0.017 ppm/ ag.

AZE_’pm =3H(XH---YZ) - = (promolecule), 8)

where T (XH---YZ) is the perpendicular proton mag-
netic shielding density function of the complexes and
EI}_ (promolecule) is the sum of the perpendicular magnetic
shielding density functions at the proton position of the two
isolated, non-relaxed monomers, i.e., with exactly the same
bond lengths they have in the complexes. Figure 2 shows
a representative map of AZipm calculated for the CIH- --BF
complex on a plane containing the supra-molecular axis. Sim-
ilar plots have been obtained for all the complexes and are re-
ported in the ESI. Actually, a large decrease of le on H-bond
formation can be observed, fully localized within domain .77’
in agreement to what expected on the basis of the previous
topological analysis. The drop is essentially restricted around

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-8 |5
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Table 4 Breakdown of the perpendicular proton magnetic shielding
change (in ppm) and local contributions, see text for definitions
(Anyg s in e unit)

Species Aof a0 AGEYZ, Acipm AcrﬂloC Anje
CIH---FB —0.00 —0.48 —0.08 —0.10 —0.000
CIH---0C —0.01 —0.57 —0.50 —-0.52 —0.004
CIH---N, —-0.02 —0.55 —0.87 —0.87 —0.006
CIH...CO 009  —058 —2.14 201 —0.010
CIH.--BF 032 —0.64 —542  —493 —0.021
CIH---NCH —-0.20 —1.10 —4.42 —4.49  —0.028

the hydrogen atom, where AZ‘}Y .o Shows a rather deep nega-
tive cone centered almost exactly on the hydrogen atom itself.
The magenta contour in the figure approximates the zero-level
leaving the chlorine atom on the outside. Upon moving to
planes above (and below) the molecular plane, the shape of
AEEpro remains almost the same, while its magnitude goes
quickly to zero within 2 ag for all the complexes here exam-
ined.
Integrating eqn (8) all over the molecular space one has

H _ _H H H
AGY o = O — (GJ_,XH’ +Ao—J.,YZ’) ) C))

where the “prime” indicates the non relaxed monomers. Then,
from the definition

H H

H —
AGJ_,gCO — GJ_XH, - O-J_,XH (10)

and using eqn (1) one obtains

AO-IL_I,pro = AGE - AGil,geo - AGE,YZ" (11)
where Acf’geo is the change in the perpendicular proton mag-
netic shielding of isolated CIH due to the bond length variation
from relaxed to non-relaxed molecule, and AGE vz is the con-
tribution to the perpendicular proton magnetic7 shielding due
to the isolated non-relaxed base. These can be easily evalu-
ated and are reported in second and third columns of Table 4.
As can be observed, both terms provide a proton deshielding;
however, the Cl-H bond variation gives an almost negligible
effect, whilst the base contribution provides only a fraction of
the whole effect, in agreement with the O'Eg] values in Ta-
ble 3 despite the much larger integration domain. The failure
of the promolecule model can now be quantified by means of
eqn (11). Results are given in the fourth column of Table 4
and, clearly, the greater the H-bond strength the larger is the
deviation, which tends to account for the proton deshielding
almost exclusively.

Owing to the 1/ r? scaling factor of the shielding den-
sity function, such a behavior is compatible with a decrease in
current density strength around the hydrogen nucleus, which
can be related, in first approximation, to a decrease of the

4344

Fig. 3 The change in the charge density function arising from
H-bond formation Apyy for the CIH: - - BF complex on a plane
containing the supra-molecular axis. Negative/positive contours are
red/green, scaled by 4. Minimum value that can be appreciated is
—0.01 e/aa. Magenta contour corresponds to —0.7 x 104 e/ag.
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charge density function p = p(r) on the basis of the classic
formula J = pv. In order to see that, we have evaluated the
quantity

APpro = AP — APgeo — APy, (12)

which is the analogous of eqn (11) for the charge density func-
tion. Figure 3 shows a map Apyo for the CIH- - - BF complex,
see the ESI for the other complexes. Indeed, upon H-bond for-
mation, a drop of the charge density centered almost exactly
on the hydrogen nucleus can be observed, which ultimately
furnishes the rationalization searched for.

In order to appreciate the local or non-local character of
the deshielding effect, we have also evaluated the integral of
AZijm inside a volume determined by stacking near-zero-
value contours (magenta in fig. 2) from 2 ay above to —2 ag
below the supra-molecular plane. The result is reported in Ta-
ble 4 under the heading AGflOC. As can be observed, the latter

is always very close to AO'EprO, indicating a very local nature
of the deshielding effect. The integration of App, within the
analogous near-zero-value contours (magenta in fig. 3) gives
the loss of electron Any, in the neighborhood of the hydrogen
reported in the last column of Table 4. Eventually, it can be
appreciated that a drop as small as 2-3% of an electron pro-
duces a proton NMR deshielding as big as 4.5-5 ppm. This
makes the NMR detection of H-bond formation a very sensi-
ble technique.

4 Conclusions

In conclusion, if, on the one hand, 0'"‘{ is basically under-
stood to be increased on H-bond formation by a magnetic ef-
fect due to induced diatropic circulations distributed all along
X—H---Y portion of the complex, on the other hand, GE is
now assessed, on the basis of the results here presented, to
be largely decreased as a consequence of a local loss of elec-
tronic charge density on the hydrogen in the X-H---Y. The
electron depletion on hydrogen, not larger than 3% of an elec-
tron for the complexes studied here, but likely larger for more
tightly hydrogen bonded systems, triggers a local reduction of
the current density that in turn, owing to the 1/r> scaling fac-
tor of the shielding density, produces the final large deshield-
ing effect. The local nature of the effect appears clearly from
the confinement of the current density induced by a magnetic
field perpendicular to the H-bond, as imposed by the presence
of a (pseudo) stagnation line of (2,0) saddle points, which is
suggested to be a common feature of most hydrogen bonded
systems, like the presence of a BCP already accounted in the
theoretical criterion C6 and footnote F9 of the IUPAC 2011
recommendations. 2
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