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Abstract: Ab initio and hybrid density functional techniques
were employed to characterize a surprising new class of H-
bonded complexes between ions of like charge. Representative
H-bonded complexes of both anion—anion and cation—cation
type exhibit appreciable kinetic stability and the characteristic
theoretical, structural, and spectroscopic signatures of hydro-
gen bonding, despite the powerful opposition of Coulomb
electrostatic forces. All such “anti-electrostatic” H-bond
(AEHB) species confirm the dominance of resonance-type
covalency (“charge transfer”) interactions over the inessential
(secondary or opposing) “ionic” or “dipole-dipole” forces that
are often presumed to be essential for numerical modeling or
conceptual explanation of the H-bonding phenomenon.

Contentious disputes over the electronic origin of hydrogen
bonding can be traced back to earliest recognition of the H-
bonding phenomenon in the 1920s However, current
introductory textbooks,? the online Wikipedia compen-
dium,® and the (still posted) online “Gold Book” definition™!
of the International Union of Pure and Applied Chemistry
(IUPAC) are all essentially unanimous in attributing H-
bonding to “dipole—dipole forces” or other manifestations of
“essentially electrostatic” character, “not to be confused”
with covalent bonding, and so forth. Contemporary molecular
dynamics methods for “simulating” H-bonding phenomena
are similarly uniform in their dependence on empirical force
fields of point charge, distributed multipole, and related
“electrostatic potential” forms.”! Electrostatic conceptions of
H-bonding therefore remain the persistent paradigm for
many educators, numerical modelers, and other researchers in
the chemical, biochemical, and materials sciences.

Despite such apparent consensus, a broad variety of
experimental and theoretical evidence challenges plausible
rationalization in classical electrostatic terms and supports
the alternative “charge transfer”, “partial covalency”, or
“fractional chemical bonding” conception of H-bonding.!
Such evidence recently prompted the adoption of a signifi-
cantly revised TUPAC definition of H-bonding!™ that explic-
itly acknowledges the important role of covalency factors,
based on operational criteria of mutually consistent correla-
tions with established experimental signatures. More direct
application of such regression-based criteria,®® has further
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established the primacy of quantum mechanical covalency
over classical-type electrostatic factors in characterizing the
H-bonding phenomenon. Herein, we present still stronger
evidence for the essential irrelevance of electrostatic contri-
butions to H-bonding by documenting a previously unknown
class of H-bond complexes between closed-shell ions of like
charge, where dominant “electrostatic factors” must be
strongly antagonistic to H-bond formation.

In the simplest classical perspective, attempted formation
of a hydrogen bonded [B--H—A]** complex between closed-
shell ions of like charge would confront an insurmountable
Coulombic barrier to any stable form of association. Indeed,
for typical R,. separations of main-group H-bonded com-
plexes (i.e., Ro.o~2.9 A in the water dimer), the Coulombic
¢/R potential barrier might be expected to range up to
100 kcalmol ™! or more, well beyond the strength of even the
strongest known H-bonds."? However, deeper quantum
mechanical considerations suggest that the long-range oppo-
sition of classical-type electrostatic forces may still be over-
come by the exponential onset of exchange-type covalency
effects (intermolecular “resonance” or “charge transfer”
forces). Herein, we characterize a variety of such H-bonded
anion-anion and cation—cation complexes that explicitly
demonstrate how the short-range donor-acceptor covalency
forces overcome the powerful long-range electrostatic oppo-
sition to be expected between ions of like charge. Character-
istic covalency features of H-bonding can be readily recog-
nized and quantified in the framework of natural bond orbital
(NBO) analysis!"! as the distinctive n; —0* ,;; donor—acceptor
interactions (or associated bg.y fractional bond orders) that
appear common to B--H—A hydrogen bonding in all known
species.?

Detection of such experimentally unknown “anti-electro-
static” H-bond (AEHB) complexes may be complicated by
the long-range Coulomb barrier, which practically forces
thermodynamic instability with respect to dissociated ions.
Nevertheless, kinetic trapping in a sufficiently deep H-bonded
well should allow such species to be experimentally detected
and characterized, with help from predicted theoretical
properties to be described below. For this purpose, we
primarily employed B3LYP/aug-cc-pVTZ calculations
(hybrid density functional theory in augmented correlation-
consistent triple-zeta basis level) performed with the Gaus-
sian 09 program!'® and analyzed with the NBO 6.0 program.**!
However, the salient properties of AEHB complexes seem to
be robustly calculated with both higher and lower levels of
ab initio and density functional theory, in accordance with
experience on other H-bonded species.

As a simple prototype of possible H-bonding between
familiar inorganic ions, we first considered the interaction of
fluoride (F~) and bicarbonate (HCO;") anions. As shown in
Figure 1, the calculated B3LYP/aug-cc-pVTZ potential curve
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Figure 1. Relaxed-scan potential energy curves for [F--HCO,]*~ H-bond-
ing (all at aug-cc-pVTZ basis level), as calculated with ab initio MP2
(heavy dots; squares), hybrid density functional B3LYP (solid line;
circles), and uncorrelated HF (light dots; triangles) methods.

for [F--HCO;]*~ (solid line; circles) exhibits the expected
Coulombic repulsion barrier at long-range Rg.j; separation,
but then undergoes pronounced downward curvature that
leads to a shallow attractive well at Rp.;=1.81 A. The
calculated positive harmonic frequencies (71, 91, 152, ...
cm™') establish the local-minimum character of the equilib-
rium species, and the short Re.y equilibrium distance, near-
linear F---HO geometry, and pronounced vy vibrational red-
shift are recognizable signatures of H-bonding. [For compar-
ison, the corresponding MP2/aug-cc-pVTZ level treatment
(heavy dots; squares) gives similar energetics (AE =
0.08 kcalmol ™, AG®*,;=0.59 kcalmol™') and geometry
(Re.y=1.79 A), whereas uncorrelated HF/aug-cc-pVTZ
level (light dots; triangles) gives only a strong inflection
feature in this region.]

As shown in Figure 2, the NBO ng— 0%,y donor—acceptor
interaction is also of expected form,"™ with estimated second-
order interaction energy E@, .=13.25 kcalmol™'. The asso-
ciated charge transfer (CT) from formal F~ to HOCO,~
(Qcr=0.038¢, similar to that in neutral species such as
H,O--HF) is of the expected magnitude, as is the reduced
Natural Resonance Theory (NRT) bond order for the
covalent OH bond (boy=0.972). However, the “missing”
boy valency of the three-center F---H—O bonding triad is
partitioned rather surprisingly into the usual hydrogen bond
component (bp.y=0.011) and an unexpectedly large “long
bond " component (br..o = 0.014), presumably reflecting the
altered relative electronegativities in the highly ionic A—H--B
triad. Aside from this feature, the shallow minimum of
Figure 1 (AE*y=0.05kcalmol™, AG®*;;=0.61 kcal
mol ') appears in all significant respects to represent
a rather typical hydrogen bond that can be adequately
characterized with simple density functional methods as
employed below.

Other popular theoretical signatures of H-bonding based
on Bader’s “quantum theory of atoms in molecules”
(QTAIM)!'" descriptors are also exhibited by this species.
The F--H interaction exhibits a typical QTAIM-type bond
path and bond critical point (BCP) with associated density
Pscp=0.0314 and Laplacian density </’opcp=0.0928, in
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Figure 2. NBO 2d contour and 3d overlap diagrams for n;—o0%qy,
donor-acceptor interaction in [F--HCO;]*~ equilibrium geometry, with
estimated second-order E, ¥ =13.25 kcal mol ™" interaction.

sensible proximity to the corresponding natural bond critical
point (NBCP)!™® properties (oxpcp = 0.0361, /’0npcp=
0.0970) as typically found for H-bonded species. Thus, the
weak [F-+-HCO;]*~ complex and stronger AEHB species to be
described below apparently satisfy all commonly accepted
theoretical criteria for authentic H-bonding, despite the
paradoxically “anti-electrostatic” charge characteristics.

Although only a small well depth remains in this case, the
ability of the underlying H-bonding forces to overcome the
substantial repulsive penalty at equilibrium geometry
(AEys =+ 56.75 kcalmol !, AG©y; =+ 63.39 kcalmol ') is
quite impressive. Important in this respect is evidently the
resonance-assisted H-bond (RAHB)!" coupling to the car-
boxylate group, which cooperatively strengthens ng—o0*gy
interaction while efficiently redistributing charge to minimize
Coulombic and steric repulsions in the challenged H-bond
geometry.
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(a) [F--HOCO,]* (b) [F--HOCH,CO,]*

AE ;= 3.64 (1.61A)

(d) [HCO,J?

9
B0 :

AE ;= 0.92 (1.68 A) AE i = 2.06 (1.81 A)

(e) [HC,0,] > (f) [CO,CH,COOH];

~ ‘.ﬂ_ o

. » ¢ .

AE ;s = 5.56 (1.74 A)

AE s = 12.44 (1.70 A)

Figure 3. Optimized structures (with leading ng— 0%, NBO interac-
tion), H-bond well depths (4E*,;, kcal mol™'), and equilibrium Rg..4
separations (in parentheses) for each AEHB species (a)—(f) discussed
in the text.

More robust variants of the F~+-- HOCO,™ complex are
easily envisioned (Figure 3). For example, bicarbonate can be
replaced by the analogous HOCH,CO,  (glycolate) anion
that includes an alkyl “spacer” to better insulate the H-
bonded F---H—O triad from the anionic carboxylate group,
yielding the [F--HOCH,CO,]*" complex with AE*; ;=
3.64 kcalmol™, as shown in Figure 3b. Cation—cation H-
bonded complexes are also feasible, such as the hydronium
complex with protonated aminomethanol
([H,OH--OHCH,NH,]*", AE*;;5=0.92 kcalmol™") of Fig-
ure 3c. However, the contracted distribution of cationic
charge tends to increase Coulombic opposition and reduce
H-bond well-depth relative to diffuse anionic species. A more
productive anion-anion motif is to pair two carboxylate
groups in self-complementary C,-symmetric interaction
geometry to give antiparallel-bridging H-bonds that benefit
from the powerful cooperativity of coupled donor—acceptor
interactions,” as shown in the bicarbonate dimer complex
([HCO;],>~, AE* 5 =2.06 kcalmol™!) of Figure 3d or bioxa-
late dimer complex ([HC,0,]*", AE* 5 =5.56 kcalmol ') of
Figure 3e. Such cooperativity and RAHB coupling effects
have no counterpart in the classical electrostatic framework
of pairwise-additive Coulombic interactions, but are ubiqui-
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tous features of intra- and intermolecular resonance phenom-
ena including H-bonding,!"”!

Still stronger anion—anion H-bonding is exhibited in the
dimer of p-biphthalate (mono acid of terephthalic acid, p-
HOOCCH,COO™), where the phenyl spacer maintains
RAHB enhancement and disperses excess charge to the
conjugatively coupled p-carboxylate groups (Figure 3 f). In
this case, the smaller 6-31+ G* Pople-style basis was
employed?®! to perform relaxed forward and backward
scans with respect to one of the two H-bonded R distances
(equivalent in the lowest-energy C,, equilibrium geometry),
leading to prospective stationary points HB1, HB2 (minima)
and TS1, TS2 (first-order transition states) that were sub-
sequently fully optimized to give the energetic and structural
features shown in Figures 3 f and 4.

As shown in Figure 4, the HB2 species is calculated to be
kinetically trapped by 12.44 kcalmol' with respect to the
final TS1 dissociation to anions, significantly surpassing the
binding energy of the water dimer and many other well-

30 -‘1I1I1III|IIIlllllllllllllllI!!llll1llllllll!llll[lllllllll-
Al ]
.‘ -
25 Ty 7
n ]
E TSI ]
20__| e ]
L TS2 - ]
AE 1 :_| /*\-o—’/ ]
(kcal/mol) [ “ ) HB1 ]
- / «
10F ‘| / 2
L / J
I ]
s[ HB2 h
; (p-HOOCC4H,C00),?- 1
i B3LYP/6-31+G* ]
0 IRERERRETI IR FRRRRRRARI AN SRR URT AN NN AUNET)
2 3 4 5 6 7 8
Roo Q)

TS1

Figure 4. Stationary points of H-bonded biphthalate dimer potential
energy surface (B3LYP/6-31+ G* level, relative to anions at infinite
separation), corresponding to the equilibrium (HB1, HB2) and tran-
sition state (TS1, TS2) structures at the right (with asterisks marking
atoms of the Ry separation coordinate).
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known neutral or singly ionic H-bond complexes. Each H-
bond of HB2 exhibits typical strong ny—0*gy donor—
acceptor interaction, corresponding to estimated total
charge transfer of 0.067e and second-order stabilization
E®, .=33.13 kcalmol™!, and local NRT analysis of each O—
H--O triad gives bond orders (boy=0.851, bg.;y=0.128,,
bo..0=0.021) that similarly reflect strong resonance mixing,
in line with the trend of previous species.

It is noteworthy that “hydrogen-bond-like” inter-anion
arrangements have been recognized?® in the crystal struc-
tures of KHC,0, and other bioxalates, but with chain-like
0O,CCOOH--O,CCOOH:~ linkages rather than the cyclic
dibridged topology of the bioxalate dimer studied here. Note
that both patterns have the distinctive Grotthuss-ordering
that is expected to confer high cooperativity.”” Braga and co-
workers discussed the paradoxical O—H --O~ interaction
from molecular electrostatic potential (MEP) considerations
and concluded that it is a “tugboat interaction” that “cannot
be considered a bond because the ionic chains (or dimers)
would ‘fall apart’ if the cations were removed”, but instead is
merely “conferring directionality to anion—-anion electrostatic
interactions”.”” We believe the present results call such
conclusions into question.

The long failure to recognize the important AEHB class
of H-bond complexes bears testimony to the subtle leverage
exerted by a widely accepted paradigm to sway inquiry into
self-fulfilling directions. Full recognition of the AEHB
phenomenon should therefore prompt critical re-examination
and reform of many aspects of current pedagogy® and
numerical modeling of intermolecular forces,”! including
skeptical reassessment of many varieties of “energy decom-
position analysis” methods™! that have offered apparent
theoretical support for electrostatics-based conceptions of H-
bonding. Beyond arcane discussions of mathematical overlap
artifacts® or the trail of experimental evidence! that
eventually proved persuasive to TUPAC,"! AEHB complexes
may finally put to rest the superficial quasi-classical con-
ceptions of H-bonding and other resonance-type phenomena
that have too long held sway in the molecular and supra-
molecular sciences.

Received: June 12, 2014
Revised: July 3, 2014
Published online: September 1, 2014

Keywords: natural bond orbitals - bond theory -
computational chemistry - hydrogen bonds - resonance

[1] D. Quane, Bull. Hist. Chem. 1990, 7, 3-13; Lewis’s early
suggestion of the “bivalent” character in H-bonding was
variously supported by Coulson, Pimentel, Herzberg, Rataczak,
Kutzelnigg, and other quantum theorists, but Pauling’s contrary
“ionic” picture was adopted by most textbook writers.

[2] For samples and further discussion of current “textbook
definitions” of H-bonding, see Refs. [8,9].

[3] The current Wikipedia entry for “hydrogen bond” (accessed
April 16, 2014) includes firm statements such as: “The hydrogen

Angewandte
itermationalediion. CHEIMIIE

bond is the electromagnetic attractive interaction between polar
molecules... it is not a true bond but a particularly strong dipole—
dipole attraction, and should not be confused with a covalent
bond.”

[4] A.D. McNaught, A. Wilkinson, (compilers) IUPAC Compen-
dium of Chemical Terminology, 2ednd edRoyal Society of
Chemistry, Cambridge, UK, 1997. The H-bond definition from
1997 (http://goldbook.iupac.org/H02899.html; accessed April
16, 2014) is essentially identical to Pauling’s 1931 definition: L.
Pauling, J. Am. Chem. Soc. 1931, 53, 1367 —1400.

[5] A. Leach, Molecular Modelling: Principles and Applications,
2ednd edPrentice-Hall, Upper Saddle River, NJ, 2001.

[6] For a full account of the IUPAC deliberations, see E. Arunan,
et al., Pure Appl. Chem. 2011, 83, 1619-1636.

[7] E. Arunan, et al., Pure Appl. Chem. 2011, 83, 1637 -1641.

[8] F. Weinhold, R. A. Klein, Mol. Phys. 2012, 110, 565-579.

[9] F. Weinhold, R. A. Klein, Chem. Educ. Res. Pract. 2014, 15,276 —
285.

[10] J. Emsley, Chem. Soc. Rev. 1980, 9, 91 -124.

[11] E. Weinhold, C. R. Landis, Discovering Chemistry with Natural
Bond Orbitals, Wiley, Hoboken, 2012.

[12] A.E. Reed, et al., Chem. Rev. 1988, 88, 899 —926.

[13] Gaussian09 RevisionRev. D.01, Frisch, M. J. et al., Gaussian,
Inc., Wallingford CT, 2009.

[14] NBO6.0. E. D. Glendening, et al., Theoretical Chemistry Insti-
tute, University of Wisconsin, Madison WI, 2013; E. D. Glend-
ening, et al., NBO6.0: Natural Bond Orbital Analysis Program,
J. Comput. Chem. 2013, 34, 1429 —1437; http://nbo6.chem.wisc.
edu.

[15] F. Weinhold, C. R. Landis, Valency and Bonding: A Natural
Bond Orbital Donor— Acceptor Perspective, Cambridge Univer-
sity Press, Cambridge UK, 2005.

[16] C.R. Landis, F. Weinhold, Inorg. Chem. 2013, 52, 5154 -5166.

[17] R. F. W. Bader, Atoms in Molecules: A Quantum Theory, Oxford
University Press, London, 1990.

[18] F. Weinhold, J. Comput. Chem. 2012, 33, 2440 —2449.

[19] G. Gilli, et al., J. Am. Chem. Soc. 1989, 111, 1023 -1028.

[20] F. Weinhold, J. Mol. Struct. (THEOCHEM) 1997, 398-399,
181-197; F. Weinhold, Adv. Protein Chem. 2006, 72, 121 -155.

[21] As a check in this case, we also performed full counterpoise
(CP)-corrected reoptimizations to verify that possible basis-set
superposition errors (i.e., values of 1.29 kcalmol " and 0.13 kcal
mol ™' at the key stationary points HB2 and TS1, respectively)
are insignificant compared to computed well depth. Note that
thorough convergence studies of H-bonded clusters (e.g., S.S.
Xantheas, J. Chem. Phys. 1996, 104, 8821 —-8824, and references
therein) have indicated that the CP procedure often tends to
degrade (rather than “correct”) direct results from the well-
balanced aug-cc-pVTZ Dunning-style basis, as used elsewhere in
this work.

[22] D. Braga, et al., Chem. Commun. 1998, 1959 —1960.

[23] As representative examples, see H. Umeyama, K. Morokuma, J.
Am. Chem. Soc. 1977, 99, 1316-1332; F. M. Bickelhaupt, E. J.
Baerends, Rev. Comput. Chem. 2000, 15, 1-86; M. v. Hopff-
garten, G. Frenking, WIREs Comp. Mol. Sci. 2012, 2, 43-62;
A.J. Stone, 1. C. Hayes, Faraday Discuss. Chem. Soc. 1982, 73,
19-31; Y. Mo, J. Gao, S. D. Peyerimhoff, J. Chem. Phys. 2000,
112, 5530-5538; R. Z. Khaliulin, R. Lochan, E. Cobar, A.T.
Bell, M. Head-Gordon, J. Phys. Chem. A 2007, 111, 8753 —8765.

[24] F. Weinhold, J. E. Carpenter, J. Mol. Struct. (THEOCHEM)
1988, 165, 189-202; F. Weinhold, Angew. Chem. Int. Ed. 2003,
42, 4188-4194; Angew. Chem. 2003, 115, 4320-4326.

Angew. Chem. Int. Ed. 2014, 53, 1121411217

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

1217


http://dx.doi.org/10.1021/ja01355a027
http://dx.doi.org/10.1021/ja01355a027
http://dx.doi.org/10.1080/00268976.2012.661478
http://dx.doi.org/10.1039/C4RP00030G
http://dx.doi.org/10.1039/C4RP00030G
http://dx.doi.org/10.1039/cs9800900091
http://dx.doi.org/10.1021/cr00088a005
http://dx.doi.org/10.1021/ic4000395
http://dx.doi.org/10.1021/ic4000395
http://dx.doi.org/10.1021/ic4000395
http://dx.doi.org/10.1002/jcc.23057
http://dx.doi.org/10.1021/ja00185a035
http://dx.doi.org/10.1063/1.471605
http://dx.doi.org/10.1039/a804392b
http://dx.doi.org/10.1021/ja00447a007
http://dx.doi.org/10.1021/ja00447a007
http://dx.doi.org/10.1002/9780470125922.ch1
http://dx.doi.org/10.1002/wcms.71
http://dx.doi.org/10.1039/dc9827300019
http://dx.doi.org/10.1039/dc9827300019
http://dx.doi.org/10.1063/1.481185
http://dx.doi.org/10.1063/1.481185
http://dx.doi.org/10.1002/anie.200351777
http://dx.doi.org/10.1002/anie.200351777
http://dx.doi.org/10.1002/ange.200351777
http://www.angewandte.org

