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C O N S P E C T U S

Unlike normal chemical bonds, hydrogen bonds (H-bonds) characteristically feature binding energies and contact dis-
tances that do not simply depend on the donor (D) and acceptor (:A) nature. Instead, their chemical context can lead

to large variations even for a same donor-acceptor couple. As a striking example, the weak HO-H · · · OH2 bond in neu-
tral water changes, in acidic or basic medium, to the 6-fold stronger and 15% shorter [H2O · · · H · · · OH2]+ or
[HO · · · H · · · OH]- bonds. This surprising behavior, sometimes called the H-bond puzzle, practically prevents prediction of
H-bond strengths from the properties of the interacting molecules. Explaining this puzzle has been the main research inter-
est of our laboratory in the last 20 years. Our first contribution was the proposal of RAHB (resonance-assisted H-bond), a
new type of strong H-bond where donor and acceptor are linked by a short π-conjugated fragment. The RAHB discovery
prompted new studies on strong H-bonds, finally leading to a general H-bond classification in six classes, called the six chem-
ical leitmotifs, four of which include all known types of strong bonds. These studies attested to the covalent nature of the
strong H-bond showing, by a formal valence-bond treatment, that weak H-bonds are basically electrostatic while stronger
ones are mixtures of electrostatic and covalent contributions. The covalent component gradually increases as the differ-
ence of donor-acceptor proton affinities, ∆PA, or acidic constants, ∆pKa, approaches zero. At this limit, the strong and sym-
metrical D · · · H · · · A bonds formed can be viewed as true three-center-four-electron covalent bonds.

These results emphasize the role PA/pKa equalization plays in strengthening the H-bond, a hypothesis often invoked in
the past but never fully verified. In this Account, this hypothesis is reconsidered by using a new instrument, the pKa slide
rule, a bar chart that reports in separate scales the pKa’s of the D-H proton donors and :A proton acceptors most fre-
quently involved in D-H · · · :A bond formation. Allowing the two scales to shift so to bring selected donor and acceptor mol-
ecules into coincidence, the ruler permits graphical evaluation of ∆pKa and then empirical appreciation of the D-H · · · :A
bond strength according to the pKa equalization principle. Reliability of pKa slide rule predictions has been verified by exten-
sive comparison with two classical sources of H-bond strengths: (i) the gas-phase dissociation enthalpies of charged
[X · · · H · · · X]- and [X · · · H · · · X]+ bonds derived from the thermodynamic NIST Database and (ii) the geometries of more
than 9500 H-bonds retrieved from the Cambridge Structural Database. The results attest that the pKa slide rule provides a
reliable solution for the long-standing problem of H-bond-strength prediction and represents an efficient and practical tool
for making such predictions directly accessible to all scientists.
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Introduction
The principle of PA/pKa equalization (or PA/pKa matching) is

the hypothesis that the driving force of H-bond strengthen-

ing is to be identified in the progressive reduction of the dif-

ference of proton affinities, ∆PA ) PA(D-) - PA(A), or acidic

constants, ∆pKa ) pKAH(D-H) - pKBH+(A-H+), of the donor

and acceptor groups. This idea is not new, having been

invoked in many older thermodynamic1-4 or spectroscopic5-7

studies and more recently revived in view of its possible appli-

cations to the rational design of molecular cocrystals8 and in

connection with the ongoing controversy on the role it may

play in enzymatic catalysis,9-17 though no generalization to

the whole of H-bonds has been so far achieved. We have suc-

cessfully applied such an empirical equalization rule to the

analysis of chemical leitmotifs (CLs), the six classes in which

all H-bonds can be partitioned,18-26 and a further verifica-

tion has come from the recent treatment27-29 of the H-bond

as a proton-transfer (PT) chemical reaction D-H · · · :A a

D: · · · H · · · :A a D: · · · H-A whose potential energy profile

changes according to the PA/pKa difference between the

donor and acceptor groups. This model, called transition-state

H-bond theory (TSHBT), was applied to the DFT-simulated PT

pathways of the tautomeric ketohydrazone-azoenol system

yielding a substantial support of the assumptions done in

terms of classical kinetic tools, such as Leffler-Hammond pos-

tulate, Marcus treatment, and LFER correlations.

Now, it is clear that we could go on to study ever new par-

ticular cases obtaining ever new partial verifications of the

same PA/pKa equalization principle. New more general meth-

ods are needed, to be applied with confidence to all H-bonds

normally occurring in most chemical and biochemical systems.

Accordingly, this paper is intended to develop a practical tool

for predicting H-bond strengths from the acid-base parame-

ters of the interacting molecules and to verify these predic-

tions by comparing them with some comprehensive and

reliable sources of experimental strengths. A choice between

PA and pKa was required and pKa values in water30-34 were

chosen as suitable acid-base indicators, while H-bond geom-

etries from crystallographic databases35,36 and gas-phase

bond dissociation enthalpies from the thermodynamic NIST

Database37,38 were used as principal sources of bond-strength

estimates. The reasons supporting these choices are detailed

in a recent thermodynamic analysis of the problem, which has

shown that ∆pKa values can be computed for more H-bond

classes than the ∆PA ones.39

Definitions and Methods
pKa Definitions. H-bond donors (D-H) are acids (A-H) with

dissociation constant Ka ) K°AH, and H-bond acceptors (:A) are

bases (B) with dissociation constant Ka ) K°BH+, according to

AH(H2O) + H2O y\z
K◦AH

H3O
+(H2O) + A-(H2O) (1a)

∆AHG° )-RTlnK◦AH ) ∆AHH° - T∆AHS°

)2.303RTpKAH ) 1.364pKAH

(kcal mol-1 at 25 °C)
(1b)

BH+(H2O) + H2O y\z
K◦BH+

H3O
+(H2O) + B(H2O) (2a)

∆BH+G° )-RTlnK◦BH+ ) ∆BH+H° - T∆BH+S°

)2.303RTpKBH+ ) 1.364pKBH+

(kcal mol-1 at 25 °C)
(2b)

The ∆pKa associated with any D-H · · · :A bond takes the form

∆pKa(D-H · · · :A) ) pKAH(D-H) - pKBH+(A-H+) (3)

and is negative or positive according to whether or not the

D:- · · · H-A+ proton transfer occured.

These definitions refer to the pKa scale in water and have

exact meaning only within its autoprotolysis range (0 e pKa

e 14). This range can be extended by using solvents more

acidic or more basic than water, though the pKa’s measured

become less accurate the farther from the water range they

are.30,31 The expansion is needed, however, to cover the

exceedingly wide pKa range of common H-bond donors and

acceptors (-14 e pKa e 53). Values were taken from previ-

ous compilations31-34 and arranged for chemical functional-

ity in Tables S1 and S2 of the Supporting Information.

H-Bond Definitions. The H-bond is a D-H · · · :A interac-

tion between a proton donor D (an electronegative atom) and

a proton acceptor or lone-pair carrier :A (another electroneg-

ative atom or a multiple π-bond).40,41 Availability of pKa val-

ues determines the choice of donors (C, N, O, S, and halogens)

and acceptors (N, P, O, S, and Se) that can be treated. Since the

pKa’s of π-bond acceptors are unknown, D-H · · · π-bonds are

neglected.

The convention is adopted that, in any acid-base

D-H · · · :A bond, the donor is a neutral acid D-H (and not a

protonated A-H+ cation) and the acceptor a neutral base :A

(and not a deprotonated :D- anion). Therefore, both

R-COO-H · · · :NR3 and R-COO- · · · H-N+R3 bonds are con-

sidered to derive from R-COO-H (an acid) and :NR3 (a base),
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whether or not the proton transfer occurred. In this way, pro-

ton-transfer information remains included in the sign of ∆pKa.

Chemical Leitmotif Definitions. H-bonds are named after

the classification in chemical leitmotifs (CLs),18-21 which are

illustrated in Chart 1 by some significant examples and can be

described as follows:

CL#1. OHB or ordinary H-bond, including normal D-H · · · :A

bonds which are neither charge- nor resonance-assisted

and, for this reason, are weak, dissymmetric, and elec-

trostatic in nature; they encompass, by far, the largest

number of H-bonds.

CL#2. (()CAHB or double charge-assisted H-bond, including

strong 1/2-D · · · H+ · · · A1/2- bonds deriving from the

acid-base D-H · · · :A a D:- · · · H-A+ equilibrium in

conditions of close donor-acceptor pKa matching.

CL#3. (-)CAHB or negative charge-assisted H-bond, including

strong [D · · · H · · · D]- bonds deriving from the associa-

tion of an acid with its conjugated base (such as

[R-COO · · · H · · · OOC-R]- hydrogen dicarboxylates).

CL#4. (+)CAHB or positive charge-assisted H-bond, including

strong [A: · · · H · · · :A]+ bonds formed by two bases cap-

turing a proton (such as the [H2O · · · H · · · OH2]+ ion).

CL#5. Rn-RAHB or resonance-assisted H-bond,22-26 occur-

ring when the donor (acid) and the acceptor (base)

are connected by a short π-conjugated Rn fragment of

n atoms (typically, R3-RAHBs include the strong

O-H · · · O bonds formed by · · · OdC-CdC-OH · · ·

�-diketone enols and R1-RAHBs the dimers or chains

of carboxylic acids).

CL#6. PAHB or polarization-assisted H-bond, first proposed by

Jeffrey42 with the name σ-bond cooperative H-bond to

represent the class of moderate H-bonds associated

with chains of · · · O-H · · · O-H · · · hydroxyl groups

occurring, for example, in water and in alcohol and phe-

nol crystals. Because σ-bonds are only weakly polariz-

able, these bonds are not much stronger than ordinary

ones and, for the aims of this paper, can be associated

with them.

CHART 1
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This classification is important because practically all leit-

motifs entertain different relationships with the pKa equaliza-

tion principle.39 In fact,

(i) RAHBs cannot be treated by pKa equalization methods

because of the impossibility of computing their ∆pKa val-

ues. This is because RAHB formation affects the π-delocal-

ization of the resonant fragment (e.g., OdC-CdC-OH

becomes · · · O · · · C · · · C · · · C · · · OH · · · ) with consequent

large perturbations of the pKa’s of the two interacting moi-

eties (in this example, the CdC-OH enol and CdO carbo-

nyl groups)

(ii) Only OHBs and (()CAHBs are associated with a true pro-
ton transfer equilibrium

R1-D-H · · · :A-R2 a R1-
1⁄2-D · · · H+ · · · A1⁄2--R2 a

R1-
-D: · · · H-A+-R2 (4)

whose properties can be easily related to the acid-base dif-

ference ∆pKa ) pKAH(R1-D-H) - pKBH+(R2-A-H+)

(iii) The other two CAHBs are more properly classified as pro-
ton sharing equilibria because (-)CAHBs derive from the

sharing of a proton between two H-bond donors (two acids)

R1-D1-H · · · :D2
--R2 a [R1-D1 · · · H · · · D2-R2]

- a

R1-
-D1: · · · H - D2 - R2 (5)

and (+)CAHBs from the proton sharing between two H-bond

acceptors (two bases)

R1-
+A1-H · · · :A2 - R2 a [R1-A1 · · · H · · · A2-R2]

+ a

R1-A1: · · · H-A2
+-R2 (6)

whose ∆pKa becomes the pKa difference of two acids [∆pKa )
pKAH(R2-D2-H) - pKAH(R1-D1-H)] or two bases [∆pKa )
pKBH+(R2-A2-H+) - pKBH+(R1-A1-H+)], respectively.

This leads to an important consequence: whenever the

H-bond is both homonuclear (D1 ) D2 or :A1 ) :A2) and

homomolecular (R1 ) R2) the matching condition ∆pKa ) 0 will
hold irrespective of the actual pKa’s of the two interacting moi-
eties. This makes these complexes ideal for the study of strong

H-bonds also because, being charged, they are the only ones

for which gas-phase dissociation enthalpies can be

measured.3,4,37,38

Crystal and Energy Data. Crystal data were retrieved

from crystallographic databases.35,36 For each D-H · · · A bond,

values of dD · · · A, dD-H, and dH · · · A distances and D-H-A

angles were registered. H-bond strengths were estimated from

D · · · A distances corrected for the D-H-A angle to account for

the energy decrease caused by linearity loss.43,44 Two strat-

egies were applied. In Table 1, where the search was limited

to strong and mostly linear H-bonds, the simple dD · · · A val-

ues were used within the limit D-H-A > 160°. For Figure 4,

where H-bonds of any strength were compared, the quantity

d′D · · · A ) dD-H + dH · · · A was computed, which naturally

accounts for the angle and reduces to dD· · ·A when D-H-A )
180°. Lists of crystal structures and histograms of H-bond

geometries are given as Tables S3-S4 of the Supporting Infor-

mation. Gas-phase dissociation enthalpies, EHB’s, for homo-

molecular [X · · · H · · · X]- and [X · · · H · · · X]+ complexes are

taken from the NIST Database.37,38

Results and Discussion
Description of the pKa Slide Rule. The pKa’s retrieved are

ordered for chemical class in the bar chart of Figure 1 (called

hereafter the pKa slide rule). Data are arranged in two columns

D-H donors (or A-H acids) on the right and :A acceptors (or

B bases) on the left, different colors indicating the atoms

involved: green and red for inorganic hydracids and oxyac-

ids, black for C-H acids, blue, cyan, red, and magenta for N,

P, O and S atoms, respectively. Figure 1 is in a form particu-

larly suited for comparing the pKa values of the most com-

mon H-bond donors and acceptors (as done below) but can be

easily redrawn as a true slide rule by allowing the donor and

acceptor scales to shift reciprocally so to bring into coincidence

the donor and acceptor molecules. This is shown in the fig-

ure of the Conspectus, where the slide rule is set in such a way

to permit graphical ∆pKa evaluation and empirical strength

appreciation for the O-H · · · :O bond in the water dimer.

C-H acids display the greatest spreading of values, -11 e

pKa e 53, practically covering the full range of H-bond phe-

nomena. C-H · · · :A bonds are not treated here because they

have already been considered by Pedireddi and Desiraju45 in

a wide correlation between pKa values (in DMSO) and

C-H · · · O bond lengths of 551 CSD35 crystal structures.

Though these bonds are considerably weaker than conven-

tional O-H · · · :A or N-H · · · :A ones, the role played by the

pKa matching is very similar, as confirmed by the structure of

the C-H · · · :O adduct of trinitromethane (pKa) 0.0) with diox-

ane (pKa) 2.1), reporting the shortest C · · · O distance (2.936

Å) ever observed.46

Organic H-bond donors lie in the interval -1 e pKa e 40,

the strongest acids being trinitrophenols (-0.7 e pKa e 0.33)

and the weakest ones organic amines (pKa around 39). The

order of decreasing acidity is carboxylic acids > phenols >
alcohols and amides > anilines > amines, and in each class

of compounds, acidity is enhanced by halogenation or nitra-

tion. Thioles (6.5 e pKa e 11), enols (8.5 e pKa e 12), and
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oximes (10 e pKa e 12) are significantly more acidic than the

corresponding alcohols (15 e pKa e 18).

The pKa range of organic H-bond acceptors (-12 e pKa e

16) is shifted upward with respect to that of H-bond donors.

In consequence, a large group of acceptors (nitro and carbo-

nyl compounds, nitriles, ethers, alcohols, and sulfoxides) fall

in a region facing a few inorganic acids but no organic donors

and are then expected to form only rather weak H-bonds with

the latter. The same happens for the weakest H-bond donors

(amines, anilines, and alcohols), which do not face any known

acceptor.

Maximum overlap between donors and acceptors occurs in

the interval 0 e pKa e 14 (the same as the pKa’s measurable

in water) where the greatest number of strong H-bonds is

therefore expected. In theory, these short bonds should occur

for ∆pKa ) 0. In practice, the pKa matching does not need to

be so perfect and a variety of data suggest that misfits of (2.5

pKa units are still compatible with strong H-bond formation.

There are indications, moreover, that the ∆pKa(critical) (the

∆pKa for which the proton transfer amounts to 50%) is not

always zero but may assume small negative values depend-

ing on the environment.6,39,47-49 This is because our predic-

tions are based on the pKa’s in water, a solvent of high

dielectric constant, which stabilizes ionic against neutral

H-bonds.1 Sobczyk49 has suggested that for diffraction exper-

iments in the solid state, the ∆pKa(critical) is shifted by nearly

-1.5 pKa units. In interpreting crystal structures, we must then

assume that proton transfer occurs only for ∆pKa e -1.5 and

that the best interval of close pKa matching has to be shifted

to some -4.0 e pKa e 1.0.

These few considerations indicate that the pKa slide rule

may have important applications in predicting the occurrence

of strong H-bonds, which remain defined as the bonds formed

by two molecular partners lying on a same horizontal line in

the slide rule itself. This, of course, is just a hypothesis, which

needs to be validated by accurate comparisons with the exper-

imental findings, and this is what is done in the next sections.

Two Projects for Verifying the pKa Equalization
Principle. Full verification of the pKa equalization principle is

clearly impracticable in front of tens of thousands of H-bonded

crystal structures and thousands of combining molecules with

often unknown or uncertain pKa values. We must fall back on

smaller projects that, though retaining good diagnostic capa-

bilities, can handle more limited sets of structures and circum-

vent the chronic lack of accurate pKa values. Accordingly, we

have selected two projects intended to show that (i) all strong

(short) H-bonds have null or very small ∆pKa values and (ii) in

any selected D-H · · · :A system (here the N-H · · ·O/O-H · · ·N

one) H-bond strengths (lengths) are modulated by the ∆pKa

over the full ∆pKa range.

First Project. All Strong (Short) H-Bonds Have Null or
Very Small ∆pKa Values. Homomolecular (-)CAHBs and

(+)CAHBs, having ∆pKa ) 0 by definition, as well as the

(()CAHBs endowed with very small ∆pKa values, should give

rise to remarkably shorter and more energetic H-bonds than

OHBs, which are normally associated with rather large ∆pKa

values (for instance, 21-25 and 14-19 pKa units for the

common alcohol-ketone and amide-amide couples). Table

1 collects the crystallographic and thermodynamic data

needed to verify this hypothesis and Figure 2 displays some

TABLE 1. Comparison of D · · · A Contact Distances (dD· · ·A in Å) and H-Bond Energies (EHB in kcal mol-1) in CAHBs (Charge-Assisted H-Bonds)
with Those in OHBs (Ordinary H-Bonds)a

(OHB,min) (CAHB,min) (CAHB,mean)

D-H · · · A �P dD · · · A(vdW) dD · · · A SHR% EHB dD · · · A SHR% EHB dD · · · A n

[F · · · H · · · F]- 3.98 3.59 2.49 -31 e6 2.207 -38 42(3) 2.27(3) 17
[O · · · H · · · O]- 3.44 3.70 2.70 -27 e5 2.402 -35 27(1) 2.45(2) 225
[Cl · · · H · · · Cl]- 3.16 4.22 3.69 -13 e2 3.093 -30 24(3) 3.13(3) 15
[N · · · H · · · N]- 3.04 3.76 3.05 -19 e3 2.669 -29 12(-) 2.72(3) 7
[Br · · · H · · · Br]- 2.96 4.46 3.91 -12 e2 3.377 -24 19(3) 1
[S · · · H · · · S]- 2.58 4.24 4.00 -6 e1 3.454 -18 13(1) 1
[F · · · H · · · F]+ 3.98 3.59 2.49 -31 e6 2.284 -36 25(2) 2.292(3) 2
[O · · · H · · · O]+ 3.44 3.70 2.70 -27 e5 2.360 -36 32(2) 2.42(2) 91
[N · · · H · · · N]+ 3.04 3.76 3.05 -19 e3 2.592 -31 26(2) 2.70(5) 85
[O · · · H · · · O]( 3.44 3.70 2.70 -27 e5 2.381 -36 28.7 141
[N · · · H · · · O]( 〈3.24〉 3.73 2.87 -23 e4 2.506 -33 (15.2) 305
[N · · · H · · · N]( 3.04 3.76 3.05 -19 e3 2.682 -29 16.4 27

a �P ) Pauling’s electronegativity; dD · · · A(vdW) ) van der Waals D · · · A distance without H-bond; dD · · · A(OHB,min) and dD · · · A(CAHB,min) ) minimum D · · · A
distances observed in OHBs and CAHBs, respectively; dD· · ·A(CAHB,mean)) average D · · · A distances for the current samples of n elements (samples deposited as
Tables S3.1-12, Supporting Information); SHR% ) percent dD· · ·A shrinking with respect to dD· · ·A(vdW); standard deviations in parentheses. EHB’s for OHBs are
averaged from a variety of traditional sources; EHB’s for (-)CAHBs and (+)CAHBs are the gas-phase dissociation enthalpies of the homomolecular complexes
[X · · · H · · · X]- (X ) F, Cl, Br), [HY · · · H · · · YH]- (Y ) O, S), [H2N · · · H · · · NH2]-, [HF · · · H · · · FH]+, [H2O · · · H · · · OH2]+ and [H3N · · · H · · · NH3]+ derived from the NIST
Database;37,38 since gas-phase EHB’s cannot be measured for (()CAHBs, they have been interpolated by eq 7 (in italics) or calculated by the Lippincott and
Schroeder method43,44 (in parentheses).
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FIGURE 1. The pKa slide rule. The figure represents, in the form of bar chart, the pKa values of the most important classes of H-bond donors
(right) and acceptors (left). Different colors indicate the atoms involved: green and red for inorganic hydracids and oxyacids; black for C-H
acids; blue, cyan, red, and magenta for N, P, O and S atoms, respectively. Strong H-bonds with strict pKa matching are to be formed by two
molecular partners that lie on a same horizontal line.
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of the most characteristic examples of molecules forming such

strong charge-assisted H-bonds.

Data of Table 1 show that the transition from OHB to

(-)CAHB or (+)CAHB (that is, from large to null ∆pKa) causes

an important shortening of the D · · · A distances together with

a much more important increase of the H-bond energies, so

confirming the validity of the pKa equalization principle and

the reliability of the pKa slide rule as a tool for H-bond anal-

FIGURE 2. Some of the most characteristic examples of molecules forming strong homomolecular (-)CAHBs and (+)CAHBs with ∆pKa ) 0,
together with a number of (()CAHBs selected for their small ∆pKa values. Each structure is identified by the following string: CSD/ICSD
Refcode, X-rays/neutron-temperature; dD· · ·A (Å), ∆pKa. [D · · · H · · · D]-: (I) hydrogen difluoride (FEDDOH, X-295K; 2.238, 0.0); (II) hydrogen
dichloride (CERVAW, X-295K; 3.108, 0.0); (III) hydrogen dibromide (KEGXUP, X-295K; 3.377, 0.0); (IV) 3-thiapentane-1-thiol-5-thiolate
(YAJHEW, X-171K; 3.454, 0.0); (V) hydrogen dinitrate (AFUZAC, X-295K; 2.439, 0.0); (VI) hydrogen bis(trifluoroacetate) (KHFLAC01, N-295K;
2.419, 0.0); (VII) trihydrogen 1-hydroxyethane-1,1-diphosphate (SATHIE01, N-295K; 2.433, 0.0); (VIII) hydrogen bis(pyridinium-2-hydroxylate)
(GOHHOA, X-143K; 2.418, 0.0); (IX) hydrogen dipyrrolide (YAKXIS, X-153K; 2.697, 0.0); (X) hydrogen bis(bis(methylsulfonyl) amidate (RUJDAB,
X-173K; 2.669, 0.0). [A · · · H · · · A]+: (XI) fluoronium ion (71453-ICSD, X-295K; 2.284, 0.0); (XII) hydron-bis(water) (COLNUM01, N-20K; 2.430,
0.0); (XIII) hydron-bis(urea) (BADCIS10, X-295K; 2.424, 0.0); (XIV) hydron-bis(N,N-dimethylacetamide) (HDMAAU01, N-295K; 2.432, 0.0); (XV)
hydron-bis(pyridine-N-oxide) (BALGUQ10, X-295K; 2.410, 0.0); (XVI) hydron-bis(dimethylsulfoxide) (JIMKAR01, X-295K, 2.414, 0.0); (XVII)
hydron-bis(diethylether) (DIDTIT, X-203K; 2.394, 0.0); (XVIII) hydron-bis(triphenylphosphineoxide) (TPOPHX01, X-153K; 2.416, 0.0); (XIX)
hydron-bis(methylamine) (ROHTIR, X-200K; 2.620, 0.0); (XX) hydron-bis(pyridine) (PYDMPS, X-295K; 2.656, 0.0); (XXI) hydron-bis(quinuclidine)
(YERLOW, X-200K; 2.637, 0.0); (XXII) hydron-bis(4-tetrazolopyridine) (AYADOT, X-90K; 2.631, 0.0). [D · · · H · · · A](: (XXIII) pyridine-N-
oxide-trichloroacetic acid (PYOTCA01, N-120K; 2.430, -1.3); (XXIV) HMTA-N-oxide-formic acid (HMTOFA07, N-123K; 2.428, -0.9); (XXV)
1,1-hydroxyethane-1,1-diphosphoric acid-water (ETHDPH01, N-293K; 2.437, 3.3); (XXVI) urea-phosphoric acid (CRBAMP01, N-100K; 2.409,
2.1); (XXVII) pyridine-bis(methylsulfonyl)amide (QUSLEV, X-143K; 2.797, -2.4); (XXVIII) 1,1-dimethylhydrazine-hydrazoic acid (CORRUW, X-
173K; 2.762, -3.4); (XXIX) 4,4′-bipyridine-benzene-1,2,4,5-tetracarboxylic acid (WISNAN01, N-20K; 2.522, -1.6); (XXX) 4-
methypyridine-pentachlorophenol (RAKQAV, N-20K; 2.506, -0.7); (XXXI) dinicotinic acid (DINICA11, N-15K; 2.523, 1.0); (XXXII) 1,2-dipyrid-
4-ylethane-3,5-dinitrobenzoic acid (QIBSOJ, X-150K; 2.521, -2.2); (XXXIII) 3,5-dimethylpyridine-3,5-dinitrobenzoic acid (PUHROZ, X-80K;
2.529, -3.4).
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ysis. These data are better illustrated in the form of a bar chart

(Figure 3), where EHB bond energies of OHBs, marked as (b),

and CAHBs, marked as (-) or (+), are reported as colored ver-

tical bars at their proper D · · · A distances, whose full range of

variation is indicated by the colored horizontal lines on the

bottom. Energies increase steeply with the D · · · A shrinking,

and the functional form of this dependence can be modeled

according to Lippincott and Schroeder’s treatment of the lin-

ear O-H · · · O bond.43,44 Here, energies and distances are

found to be linked by the regression equation

EHB ) EHB,MAX exp[-k(dD · · · A - dD · · · A,min)] (7)

where EHB,MAX is the highest energy associated with the min-

imum dD· · ·A,min distance and k is a least-squares constant. This

equation fits reasonably well all data of Table 1 (dashed

curves of Figure 3) providing a unified insight into the rela-

tionships between energies and distances in the H-bonds

treated and allowing interpolation of the energies of bonds for

which linear D · · · A distances are available but gas-phase ener-

gies cannot be measured (typically OHBs and (()CAHBs). By

this method, energies around 28.7 and 16.4 kcal mol-1 (in

italics in Table 1) are calculated for the shortest [O · · · H · · ·O](

and [N · · · H · · · N]( bonds.

Second Project. N-H · · · O/O-H · · · N Bond Strengths

(Lengths) Are Modulated by the ∆pKa over the Full ∆pKa

Range. The ∆pKa range where the H-bond is defined is enor-

mous, -30 e ∆pKa e 65, when evaluated from the pKa slide

rule of Figure 1. Having already verified that the pKa equal-

ization principle holds in the restricted interval around zero,

the problem is now whether and how such a rule can be

extended to the full ∆pKa range.

Verification of this hypothesis has been accomplished through

a CSD35 analysis of the N-H· · ·O/O-H· · ·N bond, a system cho-

sen for its outstanding chemical and biological importance. First,

functional groups more frequently involved in these interactions

were identified. Next, 10 classes of donors and 11 of acceptors

were selected, and the search was restarted for each separate

donor-acceptor couple. Altogether, 8681 bonds were analyzed

(3968 N-H · · ·O, 2295 O-H · · ·N, and 2418 +N-H · · ·O-).

N · · ·O distances were evaluated as d′N· · ·O ) dN-H + dH-O to

account for the variability of the N-H-O angle, and for each

group, the minimum and average distances [dN· · ·O(min) and

dN· · ·O(mean)] were registered.50 These values are compared in

Figure 4 with the acid-base features of the donors (pKAH range),

acceptors (pKBH+ range), and their combinations (∆pKa range).

Each box is divided in two parts to account for neutral (N-H· · ·O

FIGURE 3. Full range of H-bond energies and D · · · A distances spanned by the most common homonuclear H-bonds, which do or do not
fulfill the pKa equalization condition (CAHBs and OHBs, respectively) based on data from Table 1. EHB bond energies (in kcal mol-1) of OHBs,
marked as (b), and CAHBs, marked as (-) or (+), are reported as colored vertical bars occurring at their proper D · · · A distances (in Å);
colored horizontal lines on the bottom show the full ranges of variation of the D · · · A distances for each type of bond from dD· · ·A(vdW) to
the shortest value dD· · ·A,min having EHB ) EHB,MAX. The dashed curves represent the exponential dependence of EHB on dD· · ·A according to eq
7 with k ) 5.1 for all bonds except F · · · H · · · F, for which k ) 7.0.
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or O-H· · ·N; on the left) or charged (+N-H· · ·O-; dashed on

the right) H-bonds. Bond lengths are divided in the five color-

coded groups shown in the right top of the figure together with

the corresponding H-bond energies estimated by the Lippincott

and Schroeder method.43,44 The information obtained is statis-

tical because individual pKa’s are unknown and, accordingly,

D · · ·A distances can only be compared with the average ∆pKa

intervals of each donor-acceptor group. Notwithstanding, a

number of regularities are observed supporting the idea that

H-bond strengths are essentially ∆pKa-driven in the complete

range of ∆pKa values.

All N-H· · ·O bonds (upper left rectangle of Figure 4) are weak

because the donors (amines and anilines) are exceedingly weak

acids (25 e pKa e 40) not facing acceptors of comparable acid-

ity in the pKa slide rule. Only pyrroles and amides start to be

acidic enough (15 e pKa e 17) to make moderately strong

bonds with less acidic protonated acceptors, such as amides

themselves (-2 e pKa e 1). The resulting amide-amide ∆pKa

range (19-14) remains, however, too far from zero to permit

strong H-bond formation.

All strong H-bonds gather in the lower right rectangle of the

figure because, here, the ∆pKa domain (-11 e ∆pKa e 29)

encompasses positive, zero, and negative values, so making it

possible to produce weak O-H· · ·N, strong 1/2-N· · ·H+ · · ·O1/

2-, and weak +N-H· · ·O- bonds. Since donors and acceptors

are plotted in decreasing and increasing pKa order, respectively,

the ∆pKa intervals of the different classes decrease from posi-

tive to negative along the main diagonal of the rectangle, con-

centrating nearly zero values near the center. According to

expectation, along the diagonal we move from weak O-H· · ·N

FIGURE 4. Minimum and average N · · ·O distances [dN· · ·O(min) and dN· · ·O(mean), in Å] obtained from a CSD35 search of the N-H· · ·O/O-H· · ·N
bonds formed between common O-H and N-H donors and :O and :N acceptors. dN· · ·O is calculated as d′N· · ·O ) dN-H + dH-O to account for the
variability of the N-H-O angle. Bond lengths are divided in the five color-coded groups shown in the right top of the figure together with the
corresponding H-bond energy values estimated by the Lippincott and Schroeder method.43,44 Observed distances are compared with the
acid-base properties of donors (pKAH range) and acceptors (pKBH+ range) and of their combinations (∆pKa range). Each box is divided in two parts
to account for neutral (N-H· · ·O or O-H· · ·N; on the left) or charged (+N-H· · ·O-; dashed on the right) H-bonds.
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alcohol-nitrile bonds (∆pKa ) 29-19; dN· · ·O(min) ) 2.77 Å;

dN· · ·O(mean) ) 2.94[1] Å; n ) 52) to equally weak +N-H· · ·O-

sulfonic acid-amine bonds (∆pKa ) -5 to -11; dN· · ·O(min) )
2.70 Å; dN· · ·O(mean) ) 2.97[1] Å; n ) 167), while the center is

occupied by a block of bonds (marked in red) associated with the

complexes of phenols and carboxylic acids with azines, azoles,

and second aminic moieties of monoprotonated diamines, which

are much stronger (dN· · ·O(min) down to 2.52 Å) because their

global ∆pKa range of 11 to -8 encompasses the zero, and a

consistent fraction of them is expected to fall within the interval

of true pKa matching.

A last property that appears to change with regularity along

the main diagonal of Figure 4 is the ratio between ionized

(+N-H· · ·O-) and neutral (N-H· · ·O or O-H· · ·N) H-bonds. Out

of the 56 donor-acceptor couples considered, only the 15

located in the lower right angle actually form ionized bonds, so

showing that the N-H· · ·O/O-H· · ·N system is strongly dissym-

metric with respect to proton transfer. This dissymmetry is a gen-

eral feature of the H-bond phenomenon and reflects an even

more basic dissymmetry between proton donors, covering the

full range of accessible pKa values, and proton acceptors, which

span less than one-half of it, as evident from the donor-acceptor

misfit in the pKa slide rule of Figure 1.

Summary and Conclusions
The pKa equalization principle states that the strength of the

D-H· · · :A bond increases with decreasing ∆pKa ) pKa(D-H) -
pKa(A-H+), the difference of acidic constants of the H-bond

donor and acceptor, and that such a strength reaches a maxi-

mum when ∆pKa approaches zero. The principle has never been

verified in its generality for lack of a congruous coverage of the

full pKa ladder of the H-bond partners.

By extensive bibliographic search, such a ladder has been

built up as a comprehensive list of pKa values reduced to water

and found to span the impressive ranges of -14e pKa e 53 for

donors and -12 e pKa e 16 for acceptors. These data are now

made available as deposited pKa tables and in the form of the

“pKa slide rule”, which is a bar chart reporting, in separate col-

umns, the pKa’s of the most common classes of D-H donors and

:A acceptors (globally 103 entries) and permits approximate

graphical evaluation of ∆pKa for any donor-acceptor couple, so

allowing empirical prediction of the H-bond strengths in terms of

pKa matching.

Extended comparison of these predictions with the H-bond

strengths derived from crystal structure geometries and gas-

phase dissociation enthalpies has led to substantiation of the pKa

equalization principle over the full range of ∆pKa values (-30 e

∆pKa e 65) for all the H-bond chemical leitmotifs for which the

∆pKa can be computed. These accessible classes include all pro-

ton-transfer (acid-base) H-bonds [OHBs, PAHBs, and (()CAHBs]

and two out of three proton-sharing ones [(-)CAHBs and

(+)CAHBs], RAHBs remaining however excluded because of the

practical impossibility of evaluating the proper value of ∆pKa. All

this suggests that ∆pKa-based methods may play a prominent

diagnostic role for approximate but quick evaluation of the

strengths of the great majority of H-bonds, particularly if the pKa

slide rule will be completed, in the future, by inclusion of the

many chemical groups for which acid-base constants are still

missing.

Most of the concepts developed in this Account, in particular

the PA/pKa equalization principle and the practical applications of

the pKa slide rule, will be reconsidered in a wider context in a

forthcoming book51 on the nature of the H-bond.
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the University of Ferrara with local research funds (FAR).

Supporting Information Available. pKa lists used for compil-

ing the bar chart of Figure 1; tables and histograms of H-bond

geometries summarized in Table 1; CSD Refcodes of the 8681

crystal structures used as input for Figure 4. This material is avail-

able free of charge via the Internet at http://pubs.acs.org.
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