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Transition from Moderate to Strong Hydrogen Bonds: Its Identification and Physical Bases
in the Case of O-H---O Intramolecular Hydrogen Bonds
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A systematic investigation aimed at identifying the transition from moderate (M) to strong (S) hydrogen
bonds (HBs) and the physical bases of the main geometry-based HB strength classifications reported in the
literature has been undertaken using the quantum theory of atoms in molecules (QTAIM). Correlations between
the Laplacian of the electron densip) @t the G--H hydrogen bond critical points (HBCP$)?pnb, Specifically
between the more intuitive parameteg = —V?pn, and other QTAIM parameters, have also been explored.
The transition from MHBs to SHBs has been identified as the minimum (maximum) in the geometric
dependence dfy, (V?ony). For O—H---O intramolecular (IM) HBs (including resonance-assisted HBs), the
transition is obtained, in a truly remarkable agreement with the existing geometry-based HB strength
classifications, when the ©0 (O---H) distance is~2.51 (~1.55) A and when the ratio of the potential
energy density [Vh|) to the kinetic energy densityGgn) ~ 1.3. Accordingly, the ranges of th&|/Ghp

ratios are>2—1.3 and 1.3-1 for, respectively, SHBs and MHBs. When the-@ distance is not a genuine
indicator of HB strength, théVh,|/Ghp ratio and other parameters should be considered to characterize the
strength of the HBs. Rationalizations have been provided by way of decoding the physical bases of the transition
in terms of the properties gf and the mechanical characteristics of the interactions that created the HBCPs.
Lnp was found to correlate, with a very high degree of fidelity, with at least three parameters (in addition to
O---O and O--H distances and the IMHB energWw/Gns, Hnt/pno (the ratio of the total energy densitylip,

to the electron densityy, (the so-called bond degree parameter)), apflO,H) (the delocalization index),
demonstrating the importance and utility bf, (V2en,) for the study of HB interactions. A new refined
energetics-based classification of-@---O IMHB strengths has been advanced. The approach taken in this
investigation can be extended to other HB systems.

Introduction
classification basis  weak moderate/strong strong/very strong
Numerous reports, reviews, monographs, and books, dating gnergetic (kcal/mol) 14 4—15 15-40
back to the early 1920shave been publishédn the different 15-60
roles the hydrogen bonds (HBs) play in various areas of the energetic (kcal/mol) <5 5-10 >10
sciences including DNA and protein structures and functions, energetic (kcal/mol) 212 12-24 >24

reactivity, and crystal engineering. The role that strong HBs

have been presumed to play in biochemical reaction mechanismghe O-+O distanceD(O-+-0), is shorter than 2.5 A, and a further

and enzyme catalyses has also been pursued with somelecrease ib(O---O) is accompanied by a lengthening of the

fascinatior® The strengths (spanning up to 50 or more kcal/ O—H bond and by a shortening of the-€H bond until a

mol)*® and classifications of HB interactions have been the foci Symmetrical HB may be reached f&(O---O) ~ 2.39-2.40

in most of the studies on HBs. Accordingly, three main

classifications based on energetic (E@gometrical (GCY,and The GC-based classification, which is particularly pertinent

physicochemical (PCE€Xxriteria have been advanced. Because to this report, is the first comprehensive classification of

these classifications are of pertinence to this report, it is useful homonuclear ©H---O HBs; which was advanced by Gilli and

to highlight their essential features. co-workers (referred to as GBFG hereafter) on the basis of a
Different EC-based classifications have been proposed overlarge set of neutron and X-ray crystal-structure evidence. The

the years as can be seen in the summary bélbeedless to classification consists of three major categories Wi{---O)

say, given that the basis for the classifications is solely the (in A) used to delimit the HB strengths: (A) three classes of

energetics of the interactions, it would be desirable to reconcile very strong HBs consisting of negative-charge-assisted HBs ((

them into one single scheme. This has not been done as of yelCAHBS; 2.3-2.5), positive-charge-assisted HBs-JCAHBs;

because the internal border between moderate and strong HB.36—2.43), and resonance-assisted strong HBs (RAHBs:2.39

has not been established. According to one of the key features2.55; for all RAHBs the range is 2.32.7); (B) one class of

of the PCC classificatioh,strong C-H---O HBs exist when moderate HBs, i.e., polarization-assisted HBs (PAHBs; 2.65 to

>2.75); (C) one overall class of weak, isolated HBs (IHBs; 2.7

* Author to whom correspondence should be addressed. Phone: (404)t0 >2.85). GBFG have also advanced the electrostaivalent
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static in nature but become increasing covalent with increasing terms of~0.45 constituted the approximate borderline between

HB strength?

Notwithstanding the types of classifications summarized
above, Desiraju recently advanced the hydrogen-bond-without-
internal-border (HBWIB) concept/mod&.According to this
HBWIB model, the HB is a borderless interaction and is
envisioned as being electrostatic, with variations toward cova-
lency among the so-called very strong HBs, and toward van
der Waals character in the domain of the weak Both the
ECHB® and the HBWIB® models are inherently consistent with
the origins of hydrogen bonding as delineated by Morokuma
decomposition analysid. The HBWIB concept is not, thus,
fundamentally different from the ECHB model except that it
presumes that the transition from weak to medium strong to
strong HBs is too difficult to determine. Parthasarathi €t al.
have recently used the quantum theory of atoms in molecules
(QTAIM) approach? both to understand the HBWIB concept
and to quantify the transition from weak to moderate to strong
hydrogen bonding. But their conclusions suggested that they,
if not tacitly, at least implicitly embraced the HBWIB concépt.
Does this mean then that the various classifications, which were
based on empirical observations, have outlived their utility and

covalent and noncovalent HBs. In both of these studies and in
all other QTAIM-based studies, the internal border between
moderate (M) HBs (MHBs) and strong (S) HBs (SHBs) was

not identified.

One may argue that the delimitations in the GC-based
classificatiorf are not unique HB internal borders, because the
physical bases for the GC classification have not been delineated
yet. In fact, despite the GC-based classification being based on
D(O-+-0) distancesg, physical insights that may be extracted
from a systematic study of the dependence of QTAIM param-
eters onD(O---O) remain unexplored. It therefore seems
reasonable to investigate such dependence so that the physical
bases for the GC classifications may be found. The primary
goal of this work is therefore to establish the transition from
MHBs to SHBs so that the link among the different classifica-
tions can be established thereby paving the way to reformulate
HB classifications that use the same internal borders as
references for demarcation. The Laplaci&id) can provide a
wealth of chemical information in this regard because it is a
sensitive probe for identifying spatial changes of charge
concentration not evident in the electron dengitjtself.26:27

importance? The present study seeks, in part, to reconcile suctHowever, the dependence &% on D(O---0) and the link

competing views by establishing what the physical bases of
particularly the PCCG-and GC-baséttlassifications might be.
QTAIM remains one of the methods of choice for the study

betweenV?p and other QTAIM parameters have not been
investigated systematically when it comes to HB interactions.
A second goal of this work is, therefore, to establish the nature

of HB interactions because it can provide quantitative measuresof such links. Furthermore, a third goal of the research is to

for the interactions. Accordingly, “closed-shell” and “shared”
interaction limits can be considered using the local virial
equation (eq Fp13

(RH4m)V2p(r) = V(ro) + 2G(r,) (1)
whereV2p(r,) is the Laplacian of the electron densip),(G(rc)
(always positive) is the electronic kinetic energy density, and
V(ro) (always negativ¥) is the electronic potential energy
density (all evaluated at bond critical points). To pt;) and
G(r¢) on equal footing, the relation for the total energy density,
H(ro), has been defined as eéf*2

H(ro) = V(ro + G(r) )

In the context of the above relations, shared-shell (SS) interac-
tions are dominated by lowering the potential enes) and

are obtained wheR?p(r¢) < 0 (or when B5(r¢) + V(r¢) < 0;in

this regionH(rc) < 0). In contrast, “purely closed-shell” (PCS)
interactions are obtained when baifr,) > 0 andV2p(r¢) > 0.

The intermediate region between these two limits is the closed-
shell (CS); i.e., interactions withi(r;) < 0 andV2p(r¢) > 0

and may be characterized as partially covaléag.1”

Numerous reports had used QTAIM for the study of HB
interactions'>=2° For the sake of brevity, we make specific
reference here only to two of the reports that are most pertinent
to this report. On the basis of the ratid(r¢)|/G(r¢), Espinosa
et all® recently proposed a classification of HB strengths.
According to this classification, PCS interactions are obtained
when|V(ro)|/G(re) < 1, SS interactions whelV(ro)|/G(rc) > 2,
and CS interactions whepV(ro)|/G(re) is between 1 and 2.
Espinosa et &l° have also advanced the ratit{rc)/p(rc) as a
bond degree parameter to assess the covalent nature of th
interactions. More recently, Grabowski ett&lised a combina-
tion of the QTAIM approach and variatierperturbation
partitioning of the intermolecular interaction energy to charac-
terize the covalent nature of HB interactions. In that study, they
established that the ratio of the delocalization and electrostatic

extend our QTAIM one-electron property studies to two-electron
properties, more specifically, pair-density indices (PB{By
providing authoritative support for the physical bases of the
MBHs-to-SHBs transition, the report will demonstrate that the
classifications of HB strengths deduced from empirical observa-
tions were actually truly remarkable. The investigation will also
establish several cases of intercorrelations betw8grand other
QTAIM parameters as well as advance a refined or more
complete energetics-based classification ofHB3--O IMHB
strengths.

Theoretical Overview and Computational Details

Theoretical Overview. The concepts and terminology of
QTAIM have been reviewed elsewhéfe?’ and for the sake of
brevity no review will be presented in this report. Reviews on
the concepts of electron delocalization (within QTAM? and
various reports on its applications are also avail&béad hence
only an overview will be presented here. Within Hartréeck
theory, the delocalization index (DK(A,B), is defined a¥-34.35

JAB) =4 T §(AS(B) 3)
T T

where§;(A) and S;(B) denote the overlap of a pair of spatial
orbitals over atoms or functional groups A or B. DIs have
contributions of both spins in a closed-shell system. Also, both
AB and BA contributions have to be included. Hence, these
contributions are accounted for by the factor in et Bls are
interpreted as the number of electron pairs delocalized or shared
between atoms A and B(A,B) has a finite value whether atoms
A and B are or are not bonded. In the former case, i.e., if bonded
(or if atoms A and B share an interatomic surface and a bond
@ath), 6(A,B) is used to count the number of electron pairs
shared between the bonded atoth$urthermore, when no
significant charge transfer exists between atoms A and-B,
(A,B) can be interpreted as a bond order or inéex.
Computational Details. For consistency purposes with an
earlier report from our grodpand because the B3LYP metttéd
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CHART 1: Systems Investigated
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has been shown to give good results for the types of systemssimilar rationale®® In all of the DI calculations, the relative and
investigated in the present wotkthe B3LYP/6-313+G(d,p) absolute accuracies of the integration steps were setta 10
model was used for the quantum chemical calculations. Calcula- The radii of spheres for radial integration for H and O were set
tions at the MP2/6-31t+G(d,p) level have also been done on at, respectively, 0.3 and 0.5. The integrated Lapladig),

a majority of the systems both as benchmark calculations andwas checked to assess the numerical accuracy of atomic
for electron-pair-density analysi3. (Details on the model integrationsL (Q) was<1 x 107> for Hand<1 x 103 for O,
chemistry have been provided in our previous communic&fjon.  which were deemed acceptable.

Default options of the Gaussian 98 or Gaussian €B\ite of Systems Investigated.The systems investigated include
programs were used unless specified otherwise. The Spartanntramolecular G-H---O HBs consisting a wide spectrum of
progrant! was also used at both the B3LYP and the MP2 or HB strengths (£)CAHBs, RAHBs, and weak HBs (WHBS)).
resolution image MP2 (RIMP2) levels along with the 6-3H#G- Shown in Chart 1A are CH, F—, and Ck derivatives of
(d,p) basis set. In all cases, frequency (harmonic) calculationsmalonaldehyde and syste¢ andV, which we have previ-
have been performed to ensure that the structures are equilibriunpusly investigated” These systems belong to the class of
geometries. Atoms in molecules topological analyses were RAHBs. The rest of the systems are shown in Chart 1B. A

carried out in accordance with Bader's _apprd&chsing complete listing of the systems is also provided as Supporting
AIM2000.*> The DENSITY = CURRENT option was used to  Information. Limited auxiliary studies were also done on
generate the wavefunction files (for topological analyses). benzoylacetoneBA) and hydrogen oxalatdHQO) (Chart 1B).

Electron-pair-densityp(r,r'), analyses were done at the HF/
6-311H+G(d,p)//IMP2/6-31%+G(d,p) level because the Results and Discussion
AIM2000 progran? that we have used is not suited to calculate
DIs from wavefunctions obtained at the B3LYP and MP2 levels. ~ Notation. QTAIM properties at both the (371) O—H bond
It has been pointed out that because Coulomb correlation reducesritical points (BCPs) and the ‘©H hydrogen bond critical
electron pairing HF results of DI calculations present upper points (HBCPs) will be used in the different analyses to be
limits for the values$®3543 However, DIs calculated using carried out. Hence, parameters at BCPs and HBCPs will be
Kohn—Sham orbitals have been found to be slightly larger than identified by subscripts b and hb, respectively.
those obtained using HF orbitatsThe DI calculations were Hydrogen Bridge Distances: D(O---H), D(O—H), and
limited to atom pairs forming the IMHB, and for such pairs the D(O---O). Because no BCP is observed for the-O interac-
Dls obtained cannot be interpreted as bond indices because ofions, the dependence of QTAIM parameterdf@:--+-O) must
unequal sharing of electrons between the atoms. Hence, becausease parameters obtained at HBCPs and/or BCPs. This is justified
we are interested in establishing the connection between Disbecause changes in-®, O---H, and O--O distances are
and other QTAIM parameters and not in bond indices, we have expected to correlate*6as the nature of the HB (which varies
chosen the use of HF theory for this work as a reasonable as a function of its electrostatic, dispersion, charge transfer, and
compromise. Such a choice has been made by others based onovalent contributiorf$) changes. The expected correlation is
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Figure 1. (A) Dependence obD(O—H) and D(O:+-H) on D(O-+-0O).

(B) Dependence obD(O—H) on D(0O---O) showing the pronounced
elongation of the @H bond whenD(O-+-O) < 2.55 A in agreement
with the PCQ classification. Distances are from B3LYP/6-31+G-

(d,p) calculations. An auxiliary analysis also showed the correlation
of D(O—H) with D(O---H) to be exponential, in agreement with the
exponential behavior reported by several groups from use of experi-
mentat® and theoretical daté¢ Solid curves are the best nonlinear fits
for the data points.
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TABLE 1: Comparison of Results from B3LYP and MP2
Calculations and IMHB Energies and HB Strengths (HBSs)
of Selected Systems

B3LYP/6-31H+G(d,pf MP2/6-311#+G(d,pyf

MS® OO O+H O-H 00 O-H O-H —Enga® HBS
1 2377 1.2279 11493 2.364 11851 1.179 30 S
4 2393 13808 10655 2.3887 1.3764 1.0573 27.9 S
2 24206 13122 1.1093 2407 1.303 1104 249 S
3 24311 13799 1.0811 2.4183 1.3604 1.0812 23.7 S
b 2474 1514 1.04 2436 1441 1052 22 S
HO 2.4897 1.7119 0.999% e e 174 M

b 2496 155 1.028 2492 1539 1.0196 17.2 S
BA" 25069 15751 1.0114 25414 1.6216 0.9991 6.5

lbc 2.544 1634 1003 2549 1633 0.9969 135 M
| 2589 1703 0997 2584 1686 09927 116 M
lic 2678 1.839 0983 2.676 18228 0.979 94 M
llac 2.703 1.878 0.981 e e e 84 W

6 27494 19121 0.9655 2.7499 19029 0.9628 563 W

aDistances are given in angstronisviolecular systems are as given
in Chart 1. IMHB energiesEng 4, are in kcal/mol, and all, other than
those forl—4 and6, were taken from ref 37E4g,4’s for 1—4 and 6
were estimated using a statistical model for estimating IMHB energies
that we previously reportedEfsa = —8.426 x 1C° exp(—4.333
D(O---0)), with D(O---O) obtained at the MP2/6-331G(d,p) level)3”
The reasonableness of the estimates was checked with literature reports
when available. The estimates are, for example, in good agreement
with those reported fa2,*8 4,4 andBA.° 9 HB strengths S, M, and W
denote, respectively, strong, moderate, and weak. It should be noted
thatBA has been reported to have a very strong HB$O andllac
were two of the few systems on which MP2/6-31tG(d,p) calculation
was not done; they are included here for the purpose of consistency

confirmed as displayed in Figure 1. As can be seen in the innerwith Table 2.f The Eqsa entry for BA was taken from ref 9. Our

part of Figure 1AD(0:+-H) ~ D(O—H) ~ 1.2 A atD(O-:-0)
~ 2.37 A, which can also be confirmed from the entries in Table
1 for D(O---H) and D(O—H) of systeml. The AIM data for

selected systems (data on all systems are provided as Supporting('\'f

Information) in Table 2 show th&t?on, < 0 and|Viy|/Ghp > 2
for systeml. Hence, the HB for this system is in the SS regime
as reported previousR?e

The inner part of Figure 1B clearly shows that very significant
elongation of the ®H bond occurs belovD(O---0) ~ 2.55
A. Hence, the data are very consistent with both the P@ad
the GC-based GBF:lassifications.

Electron Density. Figure 2 shows the dependencepgfind
pnb 0N D(O-+-0O) from which one can dedugs ~ pnp ~ 0.18
ea 3 whenD(0---0) ~ 2.37 A. At longD(O-++0) values onp
should be zero, andp can be estimated to be0.36 ea 3.
Hence, overallp, (on,) decreases (increases) by0.18 ea 2
when the G-O contraction reaches the SS limit @{O---O)
~ 2.37 A; see Figure 2 for details). What is almost remarkable
about Figure 2 is the symmetrical nature of the curves with
respect to a horizontal line afeavalue of~0.18ea 3, whereas
such symmetry is not evident in Figure 1A with respect to a
horizontal line atD(O—H) ~ D(O---H) ~ 1.2 A. This means

estimate using the above statistical model &{®---0) of 2.501 A,
which was the experimentally observed vatis,—16.6 kcal/mol. If
theD(O-++0) of 2.5069 A obtained at the B3LYP/6-31#G(d,p) level

is used, then the estimate-s16.1 kcal/mol. The MPD(O---O) entry
2.5414 A forBA is too long as reported in ref 9; hence, this value
is inappropriate to be used in our statistical model.

2 are very consistent with both the PG&nd the GC-based
GBFG classifications, a definitive elucidation of the physical
bases of the underlying process that led to these results cannot
be made here until further analysis of other AIM parameters is
carried out.

Total Energy Density, Hnp. The magnitudes ofn, andHpp
represent the capacity of the system to concentrate electrons at
the HBCPs'2 Figures 3A and 3B show the dependences of,
respectivelyHnp and|Vip|/Ghp on D(O+0). Closer examination
of the plot shows a negative-to-positive cross-oveD@-O)
~ 2.7 A, whereGn, = [V or Hhy = 0, which establishes the
demarcation between the PCS and the CS interactfonke
plot of Figure 3B that showgVny|/Ghy = 1 obtained at
D(0:+-0) ~ 2.69 A supports this finding The plot also
establishes the demarcation between the CS- and the SS-type
interactions at whichVyp|/Gpp = 2 is obtained aD(O-0) ~

that even though there is an almost 1:1 correspondence in the2.38 A5 From an earlier report, we have identified the
loss versus gain of electron density at the, respectively, BCPsD(O-++H) distance at whiclin, = 0 to be 1.86 A at the B3LYP/
and HBCPs, there is no such 1:1 correspondence in the6-311G(d,p) levet’5! Similar analyses at the B3LYP/

elongation versus contraction of, respectively, theHDbond
and O--H HB. It is of interest to note here also that significant
elongation of the @H bond (Figure 1B) occurs below
D(O-++-0) =~ 2.55 A. TheD(O---O) distances of 2.5 and 2.39
2.40 A are key demarcation points for both the ‘Gd the
PCC classifications (vide supra). The fact that the more
precipitous decrease (increase) i3 (on,) and the more
pronounced elongation of the-@4 bond starts to be more
pronounced atD(O-++0) ~ 2.55 A may thus have some
relevance to both the P@@nd the GC (GBFG) classificatiofs.

6-311++G(d,p) and MP2/6-31t+G(d,p) levels have also
been done, and a summary of the findings is included as part
of Table 3.

On the basis of thédy, plot, five systems havingd, > 0
belong to the PCS class, for which the interactions are
destabilizing becaus@n, > |Vhyl; i.e., locally the pressure by
the electrons@yp) is greater than the local pressuié,d) on
the electrond>51Out of those withHy, < 0, systerl has|Vip|/

Gnp (= 2.38) > 2 (and a negative LaplaciaW{on, &~ —0.152
ea >, Table 2) and thus belongs to the SS category. The HBs

However, despite the fact that the inner parts of Figures 1 andfor the remainderwhich includes both MHBs and SHBs
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TABLE 2: Selected QTAIM Topological Parameters for Selected Systenis

Mariam and Musin

Ms?2 O‘“Ob O“'Hb phbb VZ phbb —Vhbb Ghbb —thb |Vhb|/Ghb BDb HBS®

1 2.377 1.2279 0.1619 —0.1518 0.236 0.099 0.137 2.38 0.85

4 2.393 1.3808 0.1111 0.0453 0.1412 0.0763 0.0649 1.85 0.58 S
2 2.4206 1.3122 0.1289 0.0404 0.1657 0.0879 0.0778 1.89 0.6 S
3 2.4311 1.3799 0.1105 0.105 0.1321 0.0792 0.0529 1.67 0.48 S
IIb 2.474 1.514 0.0781 0.1397 0.0845 0.0597 0.0248 1.42 0.32 S
HOd 2.4897 1.7119 0.0509 0.1413 0.0485 0.0419 0.0066 1.16 0.13 M
b 2.496 1.55 0.0711 0.1436 0.0755 0.0557 0.0198 1.36 0.28 S
BAS®f 2.5005 1.5643 0.068 0.1538 0.0728 0.0556 0.0172 1.31 0.25 S
BA 2.5068 1.5751 0.0662 0.1525 0.0728 0.0542 0.0161 1.3 0.24 S
Ibc 2.544 1.634 0.0574 0.1456 0.058 0.0472 0.0108 1.23 0.19 M
| 2.589 1.703 0.0484 0.1341 0.046 0.0398 0.0062 1.16 0.13 M
llc 2.678 1.839 0.0346 0.1127 0.029 0.0286 0.0004 1.02 0.01 M
llac 2.703 1.878 0.0316 0.1056 0.0258 0.0261 —0.0003 0.99 —0.01 w

6 2.7494 1.9121 0.0259 0.1049 0.0216 0.0239 —0.0023 0.9 —0.09 W

aMolecular systems. All results are obtained at the B3LYP/6431G(d,p) level unless otherwise indicatédJnits are: for G--O and G--H
distances in angstroms; fogy, in eay~3; for V2pnp in eay~S; for Ve, Gns, @ndHp, in hartrees per atomic unit volume; for BB (—Hnyonp) in aukayS.
¢HB strengths S, M, and W denote, respectively, strong, moderate, and We@khas been characterized not to be a LBHB even though its
D(0-0) is <2.500 A50 ¢ Results are from B3LYP/6-311G(d,p) calculatiohBA has been characterized as a very strong HB bond on the basis
of experimental and theoretical studfeadditional discussion is given on botiO andBA in a later subsection, entitled the cases of BA and HO.
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Figure 2. Dependence of the electron densitips and pnp ON az.o |
D(O-+-0). As D(O-+-0) contracts fromD(O---0) > 3 to ~2.7 A (a 16
change inD(0:+-0), AD(0-+-0), of >0.3 A), the net loss (gain) ip, =
(pnb) at the BCPs (HBCPs) are, respectively, 0.02 and @84°. A z 1.2
further contraction oD(O-++0) from 2.7 to about 2.55 AXD(O-+-0)
=0.15 A) is accompanied by a net loss (gainpir{ons,) of only ~0.02 X
eay 3. However, in the range of 2.5%2.37 A (AD(O-:-0) = 0.18 A), 23 24 25 26 27 28 29 3.0

the net loss and gain ip, and pny, are, respectively, 0.14 and 0.12
ea 3, indicating that the net loss and gain for this last segment far _
outweigh those for the previous two. This figure is to be compared Figure 3. Dependence of (AHn, and (B) [Viul/Ghy on D(O--+O)

with Figure 1, and the data for both are in agreement with the®PCC Showing the separation of the interatomic interactions into shared-shell

and GC classifications. Solid curves are the best nonlinear Rfs= (SS) (characterized bifn, < 0 and|Vhl/Gny > 2), closed-shell (CS)
0.946 forp, and R2 = 0.956 for pny) for the data points. (characterized bynp <_0 and 1< |Vi|/Ghp < 2), and _purely (_:Iosed-
shell (PCS) (characterized Ibis, > 0 and|Viy|/Gnp < 1) interactions®

. . Solid curves are the best nonlinear fit for the data points. The dashed

belong to the CS type for whidHr, < 0 and thus have varying  yertical line in part A is an internal border that roughly corresponds to

degrees of partial covalency because the accumulation of chargghe delimitation between strong and moderate HBs in accordance with

in the internuclear region is net stabilizing; i.@Vm > the GC and PC@ classifications.

Gnp. 1571937 But, unlike the GC empirically based classification

(Table 3), the CS classification does not distinguish between reminiscent of a “biphasic” behavior (with one phase represent-

MHBs and SHBs. For example, in th¥|/Ghy, plot (Figure ing MHBs and the other representing SHBs). This “biphasic”

3B) a clear transition point from MHBs to SHBs is not observed. behavior, which would be consistent with the GC classification,

However, if one uses the GC (or PCC) demarcation border of is probed more closely in the next subsections.

D(0-+-0) ~ 2.5-2.55 A as indicated by the vertical line in Laplacian of the Electron Density, V2p. The dependence

Figure 3A, an interesting feature of tl, plot is the strong  of V2o on HB distances such a3(0--+H) or D(F---H)15 is

dependence oD(O---0) in the interior part of the figure (Figure  routinely investigated in the literature. In addition to the

3A, left of the vertical dashed line). But, despite this interesting dependence o¥2pn, on D(O-+-H), we have also investigated

feature, the curve does not show a clear demarcation point. the dependence d¥2pn, on D(O-:-O), the first such study to
Bond Degree ParameterHy/pnp. The ratioHny pny has been our knowledge, for the systems investigated in the present work.

rationalized as a bond or covalent degree paraniefEo. see (The plot is not shown here because a plot of the more intuitive

if this parameter would distinguish between MHBs and SHBs, functionL(r) = —V?p(r)?”is presented in the next subsection.)

the plots ofHn, and Hny/ pnp VersusD(O+O) are compared in Two key features of such plots are the positions wher&4o)y

Figure 4. However, thélny/ony plot does not seem to manifest = 0 (denoted byl o) and (i) the maximum ifV2pn, (V2onb,may

any apparent distinctive feature. But, in the focused plot of (which we denote byl(VZpnpmay) are obtained. On the basis

Figure 4B, the data in the range of 2.8.7 can be modeled by  of our analysis, entries fal o andd(V2onb may) are included in

a linear fit, while the data to the left of the vertical dashed line Table 3 (in terms of botiD(O-:-O) andD(O-+-H)).

deviate from the linear plot, suggesting that the plots may be Consistent with our earlier discussions, the internal border

D(0..0) A



Transition from Moderate to Strong HBs J. Phys. Chem. A, Vol. 112, No. 1, 200839

TABLE 3: Compilation of Values of Various Parameters for PCS, CS, and SS Interaction Domains Including a Separation of
the CS Domain into MHBs and SHB$

AIM Classification PCS Cs SS b (V2pnb,mas)
AIM criteria |Vhb|/Ghb< 1 1< |Vhb|/Ghb <2 |V|-|h|/Ghb > 2
th>0;V2p>O th<0;V2p>0 th<O;V2p<O
internal borders dHO =1.84 (269) dHO_dLO dLO =1.3 (238? dL,min
Hw=20 VZpnp =0
D(O-++H) (A)e >1.84 1.84-1.3 1.3(1.3) 1.6 (1.54)
D(O-+-0) (A) >2.69 2.7-2.37 2.37 (2.38) 2.52 (2.5)
GBFG D(0-+-0) (A) >2.85-2.69 >2.75-2.65 (M)
2.55-2.3(S)
EC (this work, on the Oto=7 7to 16 (M) >27.5 ~ 169
basis of—Eug a)? >16 (S)
\Vhb|/Ghbh <1 1-1.3(M)1.3-2 (S) >2 ~1.3
[Vio| — 2Ghy” >-17.5 —17.5t0—23 (M) >0 ~ =23
—23100(S)
—Hny/ong” <0 0-0.23 (M) >0.65 ~0.23
0.23-0.65 (S)
(O, HY 0-0.06 0.06-0.12 (M) >0.2 ~0.11-0.13
0.12-0.2 (S)

2 Results are obtained at the B3LYP/6-311G(d,p) level unless otherwise indicated. M and S denote, respectively, MHBs and SABlaes
are those obtained at the minimum (maximum) in the geometric dependehgg(8Pon). ¢ Values areD(O-+-H) andD(O---O) (in parentheses)
distances?d, is obtained aD(O---H) ~ 1.3 A at both the B3LYP/6-3Ht+G(d,p) and the HF/6-3Ht+G(d,p)//MP2/6-31%+G(d,p) levels.
This value is consistent with that reported (1.33 A) previously from experimental deA&yscomparison, for FH---F—H systems, o anddyo
were shown to be dD(F-+-H) distances of, respectively, 1.2 and 1.96°A72pp, maxWas also shown to be at1.35 A but was not identified as an
internal border between MHBs and SHBs? Ranges oD(O---H) and D(O---O) values for PCS, CS, and SS interaction domains except in the
case ofLyp, Values in parentheses are MP2/6-3HG(d,p) resultsf Values are delimitations for the GC classificatford. A refined energetics-
based classification. Because the very strong HB sy&@nis reported to have Euga value of —16.1 kcal/mol (Table 1) and thé&g o values
of IMHBs may have errors of-21.5 kcal/moF” the value atl min of —17.5 kcal/mol obtained from Figure 8 has been adjusted slightly to correspond
to that of BA. "Ranges of values for PCS, CS, and SS interaction domains except in the ¢agelfits are: for|Viy| — 2Gnp in kcal/mol per
atomic unit volume; for /oy in auka 3. ' DIs in pairs of electrons. Results are obtained at the HF/6+31G(d,p)//MP2/6-31%+G(d,p) level.

0.2 the pronounced elongation of the—® bond sets in (in
0.0 [ accordance with the PCC classificatthanSecond, the ranges
-1 dLo—d(V2onbmay) (2.38-2.51 A) andd(V2pnp,may)—dro (2.51—
& 02 2.69 A) closely mesh, respectively, with the delimitations for
P 04 strong and moderate HBs as advanced by the GBFG GC
5 classificatiori (see Table 3 for details). We therefore propose
£ 06 d(V2orbmay) (~2.51 A) as an internal border that separates the
osl D(0...0) (R) regime of MHBs from that of SHBs. (In the SHB case, we do
’ A T P T not make a distinction in this report between strong low barrier
23 24 25 26 27 2.8 29 3.0 HBs (LBHBs) and short strong HBs (SSHBs)). Aside from the
Y Srr— Tp— consistency ofl(V2pnb may (~2.51 A) with both the PC&and
. the GC classification$,what is proposed here is in fact that
_oabk ° d(V2pnbmay) Should be regarded as a unique internal boundary
< 1, (much like the two unique boundariek anddyo) that separates
r MHBs from SHBs. An important question should however be
59-0-2 B asked here. Are there underlying physical attributes that would
T make the newly proposed internal bordé{™Zonp may) & Unique
03 D(O..0) A transition point that separates MHBs from SHBs? The next three

| — subsections examine this fundamental issue from several vantage
24 25 26 2.7 points

Figure 4. Plots ofHn, andHny/pn, Vs D(O:++O). The figure compares : P
the behavior oHn, and Hny/pno (top and bottom). Solid curves in the Degrees of Charge Depletionin general, ifVZp < 0 at a

top panel are the best nonlinear fits for the data points. The dashed9iven point, then charge is locally concentrated at that point,
vertical lines in both figures are internal borders that roughly correspond and if V2p > 0, then charge is locally depletétiAcross the

to the delimitation between strong and moderate HBs in accordance CS region,V2p > 0 for all of the systems, and hence charge is
with the GC and PCE classifications. In the focused bottom panel, |ocally depleted in all cases. To obtain more insight into the
the solid Iine is a linear fit of the data in the region to the right of the  jifferent degrees of charge depletion in the CS region, we will
dashed vertical line. use the more intuitive functioh(r), i.e., L(r) = —V?o(r),?’

do is atD(O-++O) ~ 2.38 A (Table 3). It is of interest to note  whose dependence dXO---0) is displayed in Figure 5. As
that thisd o value is apparently very close to the distance that the HB strength increases toward the SS lirhjf; decreases

is obtained when (ip, ~ pnp and (ii) D(O—H) ~ D(O---H) until it reaches a minimum ihyp (Lhp,min) at d(O-+-0) ~ 2.51
(see Figures 1 and 2 for details). As indicated in Table 3, the A. This means that the degree of charge depletion (DCD)
D(O-+-0) value ford(V2on, may is ~2.51 A. Two very interesting increases and reaches a maximuna(&::-O) ~ 2.51 A. We
conjectures can be made concerning t¥&onp may Value. First, shall denote thigny, mindistance (which correspondsWpno, may)
the~2.51 A value is very close to the 2.5 A value®(O-+-0) by dimin (= d(V2phbmay). Below d_min, Lnp increases with a
that is often implicated as the distance at which the onset of strong dependence @(O---O). Hence, the DCD decreases in
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Figure 5. Characterization of the internal border for the transition from
MHBs to SHBs from the dependenceloh, = AL (= |41 + 12| — 43)

on D(O---0). The figure models the competition between the perpen-
dicular compressions (represented Py + A.|) and the parallel
expansion (represented by) of p at the HBCPs|4;, + 1,| dominates
whenD(0-0) < 2.38 A) (or, on theD(O-H) scale, aD(0-+-H) < 1.3

A, plot not shown), andA; + A2| > A3 or, AL > 0. In contrastAs
dominates whe(O-++0) > 2.38 A (or, on theD(O-+-H) scale, at
D(O-+-H) > 1.3 A, plot not shown), andA < 0. The minimum inLp,
(Lnomin~ —0.145ea° (at the B3LYP/6-31%+G(d,p) level of theory))

is obtained ad,min (~2.52 A). With O-O contraction, a region of
increasing degree of charge depletion (IDCD) transitions to a region
of decreasing degree of charge depletion (DDCD{iatin. The data
point for BA (Chart 1B) is just to the left ofl_min. Both the MHBs
and the WHBs fall in the IDCD regiorD(O-+-O) > dimin), Whereas
SHBs fall in the DDCD region(0+++0) < dimin). S—CS and M-CS
denote, respectively, the SHB and MHB regions of CS. The internal
bordersd.o anddwo separate, respectively, SS from CS and CS from
PCS. The solid line represents the best nonlinear fit by a sum of a
power law and exponential function with a high degree of fidelRy (

= 0.92).

this range asD(0O---O) approaches the SS limit. The plot,
therefore, models a biphasic behavior in which a region of
increasing DCD (representing MHBs and WHBSs) transitions
to a region of decreasing DCD (representing SHBS) afin.
Competition between Perpendicular Contractions and
Parallel Expansion of p. According to AIM theory, the
formation of a chemical bond and its associated interatomic

surface are the result of a competition between the perpendicula

contractions (characterized by the curvatureanda, (with A,
< A2 < 0)) of p (toward the bond path which leads to a

concentration or compression of charge along this line) and the

parallel expansion (characterized by the curvafsréwith 13

> 0)) of p (away from the surface which leads to its separate
concentration in each of the atomic basits)ence, the
underlying phenomena &k min can be explained in terms of
competition between perpendicular contractions and parallel
expansion ofo. Remembering tha¥?pn, = S4; (i = 1-3), if

we now expresénp, as the difference between the curvatures,
thenLnp = —V2pnp = AL = |41 + 12| — A3. We useAl instead

of Lpp for the discussion in this section to emphasize thgis

r
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Figure 6. Dependence of the energy density differedqe= |Vxp| —

2Gnp (kcal/mol per atomic unit volume) oB(O-+-O), which shows a
biphasic behavior. The figure models the mechanics of the interactions
at the HBCPs, which can be viewed as a competition between the
pressure on\(m,) and by (L) the electrons. This figure is to be
compared with Figure 5 becauagl [0 Ap. With O—O contraction,

Ap decreases (increases) in the IDCD (DDCD) region (cf. Figure 5).
The trend inAp behavior does not show any distinction between MHBs
and WHBSs. The inset shows the dependenckne@{AA) on the ratio
[Vhol/Gho. The position of the minimum iy, occurs whenViy|/Gpp ~

1.3 (which corresponds to the minimum in the plot that is obtained
atD(0-+-0) ~ 2.52 A= dimin); [Vil/Gns has to be greater thanl.3
before the decrease ifip (with O—O contraction) transitions to an
increase inAp at d_min. Arrows point to the data points f@A. The
solid line represents the best nonlinear fit by a power law funcfn (

= 0.892). For the inset, the sum of an exponential and a linear function
was used R = 0.982).

modeling the competition between the perpendicular compres-
sions (represented by thd; + A, term) and the parallel
expansion (represented by the term) of p(r). Accordingly,
d.min represents the “onset” of the eventual dominance of the
perpendicular compressions @bver the parallel expansion of
p as D(O---O) becomes shorter. In other words,datmin the
imbalance between the perpendicular compressions and the
parallel expansion starts to shift in favor of the perpendicular
compressions. Thed; + A, term may be viewed as a
manifestation of the increasingly covalent nature of the interac-
tions because d3(0-+-O) — < dig, O-+*H — O—H. This, in
turn, means that, mi, represents the transition to increasingly
greater covalent contribution to the HB interactions as the
interaction progresses to the SS limitdgg. This being the case,
Lhb (or AZ) should correlate with bond degree parameters
matter to be discussed in later sections. In sumntinyi, is a
unigue transition point that separates the CS regime into two
regions (Figure 5): SCS (SHB region of CS) and MCS
(MHB region of CS).

Mechanical Characteristics of the Interactions Because
V2pnp, Which is a property of the charge density, is related to

in essence a difference in the curvatures. Thus, the dependencéhe local contributions to the energy (i.e., to the mechanics of

of A1 on D(O---O) may be used to examine the competition

the interactions) through the expression of the local virial

between the perpendicular contractions and the parallel expantheorem (eq 1)? it is easy to see thaktn, (= —VZpnp) is

sion using Figure 5 becaugel = Ly, Figure 5 manifests the
biphasic behavior alluded to earlier, because in the range
2.51 A asD(O-0) becomes shorteh] becomes increasingly

proportional to|Vhy| — 2Gnhp. V(r) andG(r) are dimensionally
equivalent to pressure, being, respectively, the pressure exerted
on and by the electrori8.In fact, the Laplacian itself (cf. eq

positive with a strong dependence on distance (emblematic of 1), if multiplied by the constank?4m, may be viewed as a

exponential behavior), while in the range 254y A the
dependence oAl on distance is only modest and is almost
linear. The upward curvature 8(O-0) values<2.51 A is a
manifestation of theél; + 4| term becoming, in relative terms,
increasingly more and more significant until it eventually starts
to dominate at_o. Thus, Figure 5 can be viewed as a way of

measure of pressure exerted on the electron def{ditgnoting
the energy density difference kyp = |Vhp| — 2Gh,, thenAZ

O Ap, and the dependence &p on D(O---O), shown in Figure

6, can be used to examine the competition betwégnand
2Gpp and obtain further insight into the mechanics of the
interactions.
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02 00 02 04 06 08 10 Figure 8. Correlation plot olLy, (= AZ) with the IMHB energy Evs a.
Covalent Degree Parameter An arrow points to the data point f@A. TheExg a’s for some of the
Figure 7. Correlation plot oLy, (= AA) with the redefined bond degree  Systems, obtained as the difference between the energies of the
(BD) parameter, BB= —Hny/pnp. An arrow points to the data point for  equilibrium geometries of the hydrogen-bonded and non-hydrogen-

BA. The inset shows the dependence of the redefined BD(@-- bonded forms at the MP2/6-31H1-G(d,p) level, were taken from our
0). The solid lines represent the best nonlinear fit by the sum of an a previous repot’ For the other system&yga’s were obtained as
exponential and a linear functioR{= 0.974, main figureRR? = 0.981, noted in Table 1. The solid line represents the best nonlinear fit by the
inset). sum of an exponential and a linear functid® & 0.958).

The plot of Figure 6A is clearly biphasic becausp, with (if) when CD > 0.65,AA (= Lnp) > 0, and the HB interaction

O—0 contraction, decreases (increases) at distarcels min is of the SS type. In summary, SHBs and MHBs have CD values
(at distances< d_ min). In the range ofd o—dyo in particular, in the ranges, respectively;0.65-0.23 and 0.230, while

Hnp < 0, and the potential energy density dominates over the WHBs have softening parameters SDO.

kinetic energy density becaupé,,|/Gnp > 1 in this region. As Lno—IMHB Energy Correlation. Figure 8 shows the cor-

can be discerned from Figure 3B/n|/Ghp ~ 1.3 atD(O-+-0) relation ofLn, with IMHB energies Enga’s), with the degree

~ 2.51 A= d_min. This can also be confirmed from the plot of of correlation being excellenR¢ = 0.96). This correlation, to
Lhp versus Vhp|/Ghp shown in the inset of Figure 6. Hend®y|/ our knowledge, is the first covering a wide spectrum of HB
Ghp has to be greater thanl.3 before the decrease Ap (with strengths. We should note, however, that the behavior observed
O—0 contraction) transitions to an increasé\p atd, min. Once here is at variance with the linear behavior reported previ-
this point is reached, the capacity to concentrate charge at theously>52 and the Laplacian is not generally used to estimate
HBCP becomes increasingly significant as can be seen fromHB energies. As is evident from the plot, two values of HB
the strong dependence on distance in the inner part of Figure 6energies can be assigned from a given valu&%pf This finding

as opposed to the linear dependence at distanad&syin. This makes it obvious why the Laplacian alone cannot provide
increasing capacity to concentrate charge at the HBCPs meansinambiguous estimates for HB energies.

a progressive increase in the covalent character of the HB. The minimum in the curve al, mi, corresponds to aBug A
Hence, MHBs belong t¢Vhy|/Gnhp values of +1.3, and SHBs value of approximately-17.5 kcal/mol if B3LYP/6-31%+G-

to [Vhol/Gnp Values of 1.3-2, with some SHBs havinf/np!/Gnp (d,p) Lnp's are used. An auxiliary analysis usiigy, values

> 2. determined at the HF/6-3%H-G(d,p)//MP2/6-31%++G(d,p)
Correlation of L, with Other Parameters. In the preceding level gave an excellent fit (witlik? = 0.997) but still yielded

subsections, we have shown the utilitylo§, (= —VZon,) for —17.5 kcal/mol at,min. This magnitude is reasonably close to

the purposes of separating MHBs from SHBs. To illustrate the maximum (minimum) cut-off values for MHBs (SHBS) in
further the importance of thie(r) function, we will consider accordance with some of the EC classifications (see table in
the correlation of.n, with the bond degree (BD) parameter and the Introduction section). Recognizing thais »’s for IMHBs
the IMHB energy. cannot be determined accuratélyt is very gratifying that the
Lnp,—Covalent Degree Parameter Correlation Espinosa et MHBs-to-SHBs transition identified her&gg o ~ —17.5 kcal/
al*> defined BD as BD= Hpy/pnn, as well as (i) a covalent mol) is in reasonable agreement with the EC-based classification
degree (CD) parameter, CB Hnypn, < O for HBs in the CS of HB strengths$. With these values identified, a more uniform
interaction domain, and (ii) a softening degree (SD) parameter, EC classification consistent with the GC classification can be
SD = Hny/pnp > 0 for the PCS domain. However, BD did not reformulated using the internal borders identified from the
provide any definitive transition point within the CS interaction QTAIM results. Such a juxtaposition is made in Table 3.
regime as discussed in conjunction with Figure 4. Intuitively, = The Cases of BA and HOAs noted in Table 2 (and Table
it is more meaningful to associate bond degree parameters withl), BA has been characterized as a very strong HB sy8tem.
positive values. Hence, much like th&) function, we redefine ~ We have use®A here as a test case to support the validity of
the bond degree parameter as BD—Hnypn,, Which yields the identified internal border between SHBs and MHBs. Hence,
positive values for CDs and negative values for SDs. Further- data orBA were not included in any of the regression analyses;
more, the use of atomic units fét,, and pn, gives CD values they were simply added to the plots in various figures. In most
between 0 and-1 and SD values slightly below zero. A plot  of the figures, the data point correspondingBé has been
of CD and SD computed this way (using atomic units) versus labeled (Figures 58), and in all case8A falls in the SHBs
D(O-0) is shown in the inset of Figure 7 while the main figure category although it is somewhat of a borderline case.HB@e
shows the excellent correlation Aft (= L) with CD and SD, case is a rather interesting one. Its estimdtggls using our
the first of such study to our knowledge. From this figure, one statistical model is on the order 6f17.4 kcal/mol (see Table
can estimate the transition from MHBs to SHBs to occur at a 1 for details). ItsD(O-+O) of 2.4897 A is less than the internal
value of CD~ 0.23. Beyond this point, as the covalent degree borderd.min =~ 2.51 A (Table 2). It ought to, therefore, be
parameter increases, the DCD decreases. Furthermore, (i) thelassified as an SHB system. However,Dtg---H) of 1.7119
value of CD whemAL = 0 can be estimated to be0.65, and A, which is greater than the internal bordéry,in ~ 1.55 A,



142 J. Phys. Chem. A, Vol. 112, No. 1, 2008 Mariam and Musin

TABLE 4: D(O---0), D(O-+-H), and é (O,H) Values

Obtained at the HF/6-311-+G(d,p)//MP2/6-311H+G(d,p) |
Level a:f 0.20
Ms? D(O--0)(A) D(O-+-H)(A) O(OHY 2 osl
c .
1 2.364 1.179 0.2396 g -
4 2.3887 1.0573 0.1606 % 0.10
2 2.407 1.104 0.1945 % I
3 2.4183 1.0812 0.1822 g 0.08 : :
IIb 2.4362 1.052 0.1489 ] 0.00 [
5 2.4501 1.0384 0.142 " 12 14 16 18 20 22
lib 2.4921 1.0196 0.1207 D(O...H) A
Ibc 2.5474 0.9969 0.0993 0.20
Ib 2.562 0.9959 0.0967 i R'= 0.997
la 2.5602 0.9929 0.0936 0.16 |- e
Ic 2.5686 0.9947 0.0928 .
| 2.5839 0.9927 0.0901 o 012 |-
llla 2.6026 0.9879 0.0829 "’2
lla 2.6485 0.9836 0.0742 <008
llic 2.6504 0.9809 0.0696
lic 2.676 0.979 0.0661 0.04 -
6 2.7499 0.9638 0.0468 N Y <
7 2.8244 0.9683 0.0443 7000 0.05 0.10 0.15 020 0.25
g ggg%i gggég 8835(7) Delocalization Index, 8 _(O,H)
aMolecular systems (cf. Chart 19In pairs of electrons. E 025,
< 0.20
would not be consistent with such a classification. Moreover, 3 0.5
the transition from MHBs to SHBs, as shown here, is obtained <
when |Vpp|/Ghp &~ 1.3 and CD~ 0.23. As provided in Table 2, % 0.10
the [Vho|/Ghp and CD values foHO, respectively~1.156 and § 0.05
~0.129 auéa 3, are below the transition valuesO should, s [ Ri=0.935
therefore, belong to the MHB category. This conclusion is in Sooolat ottt 111y

agreement with a previous report in whidl® was characterized -32 28 '24E'2° (I'(g"';il)'s 40

not to be a LBHB systert? We note here that the caseldO _ ' HeA
should not be surprising, and it can serve as a reminder thatFigure 9. Correlation plots betweed,(O,H) and (A)D(O-+-H), (B)
O-++O distances may not always be genuine indicators of the £n> and (C) the IMHB energykys . The solid lines represent the best

. it to the data. For part A, the dependence is exponential. For part B,
HB strength because the O atoms can be sometimes thrus{he best fit was obtained by a sum of polynomial (set a priori to degree

toget_her by steric, electronic, or other Cor_lstra?ﬁ@Moreover, of 2) and exponential model functions. For part C, the dependence is
no single parameter can always effectively reflect all of the Jinear.

nuances of the HB interactions that arise from the interplay of

various subtle modulations_ (whi_ch may in_ principle include one ,5),es ofdns(O,H) at these borders can be estimated from the
or more ofz-electron conjugation superimposed on those of fiqre, the estimates being (in pairs of electrons): for SHBs
o-electron delocalization, dipolar field/inductive and polariz- 35 19: for MHBs 0.19-0.08: and for WHBs<0.06. The results

ability contributions, bond-length and bond-angle deformations, jnicate that there is a significant degree of electron delocal-
bond polarizations, or &0 repulsions). Hence, for questionable j;a¢ion even in the cases of the PCS interactions. However,
cases it is advisable to check several HB strength indicators yocquse the DI calculation at the HF level does not have

before making a conclusion about the HB strength. Coulomb correlatioff and accounts only for the Fermi cor-
Electron Delocalization. Delocalization index calculations  relation3555the values should probably be somewhat lower at
were done at the HF/6-3¥-G(d,p)//MP2/6-31%+G(d,p) correlated levels of theory. Moreover, because the Dis were
level on selected systems (as given in Table 4) representing alldeveloped on the basis of the Fermi hole ded3f§as a
three classes of HB strengths (SHBs, MHBs, and WHBSs). The consequence of the Pauli exclusion principle, the results ought
DI calculations were also limited to atom pairs of the IMHB, not be interpreted in terms of “partia| Cova|ency" in the PCS
i.e., to the O-H, O---H, and O--O cases denoted by, respec- region. However, partial covalency has been predicted for the
tively, 6(O,H), ons(O,H), anddny(O,0). However, the discussion  CS interactiond® But, the fact that considerable electron pairing
that follows will focus onon,(O,H)’'s only (for the sake of s obtained even for the PCS interactions indicates thadke
brevity), and a full report on these calculations is relegated to (O,H) values for the CS (and SS) interactions may not be

a future communicationdn,(O,H) values, all<0.25 (pairs of interpreted as the sole consequence of covalency. This observa-

electrons), are tabulated in Table 4. The correlations betweention is consistent with the argument that DIs should be

0ns(O,H) and the distancB(O-:-H), the electron densitygnp, understood, in the strictest sense, as pair-density indices and

and the HB energyEwg,», are presented in, respectively, Figures  should not always be viewed as bond indié&s.

9A, 9B, and 9C. Similarly, correlations of,,(O,H) with other phb—dnn(O,H) Correlation. Figure 9B displays the depen-

parameters are presented in Figures @A dence ofon, 0n dhp(O,H). The choice of model function for the
0np(0O,H)—D(O-++H) Correlation. The dependence @i~ dependence, an increasepif asons(O,H) increases, was not

(O,H) on D(O-+-H) (Figure 9A) can be represented by an however easy. Nonetheless, the best R? & 0.997) was
exponential model function with an excellent degree of cor- obtained by a sum of power and exponential law model
relation (2 = 0.994). Using théd(O-+-H) internal bordersl, o functions, but the power law had to be set a priori to a
2.3 A),dL,min (1.55 A), anddy (1.84 A),Table 3, the respective  polynomial of degree 2. Using thén,(O,H) values that
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0.5 followed by a very strong dependence 0p,(O,H) as seen
0.4 R=0997 A particularly in Figures 10A and 10B. The biphasic nature
0.3F manifested byV?p(r) or theL(r) function has been discussed
— 0.2F in earlier sections. This biphasic behavior is not apparently
'«f’ 01l unigue to the Laplacian or the differenég = [Vpp| — 2Ghp.
o 0.0k Fuster and Silvi have used the electron localization function to
_lﬁ_ 0' i differentiate between weak, moderate, and strong ¥BHey

found that the weak interaction was not a chemical interaction
because the proton donor and acceptor molecules keep their
individuality. Moderate HBs were found to be similar to the
weak case, while the strong HB case corresponds to the
formation of a new molecule by a chemical reaction. Hence,
the similarity established in that wdkmay explain why no
transition from WHBs to MHBs is observed in several of the
figures alluded to above. In this regard, further work will be
necessary to substantiate this presumption.

It has already been shown that the transition form MHBs to
SHBs occurs atl_min in the case of the Laplacian (Figure 5)
and when|Vpp|/Ghp ~ 1.3 (Figure 6) and CD= —Hpy/php) ~
0.23 (Figure 7). The transition at these demarcation points,
which transition from MHBs to SHBs, occurs é§(0O,H) ~
0.125-0.13 as can be discerned from the plots in Figures-10A
[ C.

F 2 R?=0.993 )
v , Summary and Conclusions

000 005 010 015 020 025 Unlike the simple monotonically decreasing exponential
Delocalization Index, §_(O,H) p y g exp

_ _ F e dependence o®(0-:+0O) andD(O---H) observed forony, the
Figure 10. Correlation plots ofons(O,H) with (A) Lip (= AA), (B) dependence ofV2pn, is a “biphasic” curve with a single
[Viel/Gn, and (C) the bond degree parameter (BD-Hny/pn). The maximum, a transition point from an increase Won, with

solid lines represent the best fit for the data by the sum of an exponential dist ¢ d WP In th ti tigati
and a power law function, in all cases with a high degree of fidelity. 9!Stance 10 a decrease Nronp. I the present investigation,

The approximate position wherk i is obtained in the respective  the geometric dependence of the more intuitive functigr)
figures is indicated by an arrow. = —V?p(r) as well as the functionV(r)] — 2G(r), which is
related toL(r) through the local virial theorem, have been used
correspond to the internal borders as identified from Figure 9A, to decode the chemical and physical bases of the biphasic
the pnp values at the internal bordedso, di min, andduo can be behavior. Accordingly, the minima in the geometric dependence

02F
28 |-

24

IvhbllGhb
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M o o

o
©
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estimated to be, respectively, 0.14, 0.06, and 0e@g3. of Lnp and [Vip| — 2Gnp have been identified as the transition
However, the 0.14a 23 estimate appears to be somewhat low, from MHBs to SHBs. For G-H-:-O IMHBs, this transition is
most probably because the value obtainedifg(~1.3 A) from obtained, in a truly remarkable agreement with existing HB
the geometric D(O---H)) dependence oV?pp, is too low strength classifications, when the--@ (O---H) distance is

because the data in Figures 1 and 2 suggest that it should be on~2.51 (~1.55) A and when the ratiVip//Gns) ~ 1.3. The
the order of 1.2 A. In any case, the excellent degree of known SHB case oBA has been used to provide support for
correlation betweenn, and dnp(O,H) suggests thadp,(O,H) this finding. In rare cases for which the &0 distance is not a
may be estimated from experimental densities, or if reliable genuine indicator of HB strength, théy/Gny, ratio and/or other
densities are available, without the need to carry out integrationsparameters should be considered to characterize the strength of
over atomic basins. the HBs. As to the physical basis of the transition, the behavior
0nb(O,H)—IMHB Energy Correlation. Figure 9C is a plot has been rationalized: (i) in terms of an increase (a decrease)
of dn(O,H) versus IMHB energiesE(js »’s) that displays a  in the DCD to the right (left) of the minimum &} min of the
linear correlation R2 = 0.935). As in the previous figure, this  Lhy—D(O-++O) or Lny—D(O-++H) curve as the ©-O or O+-H
figure can also be used to estimdigs 'S that correspond to  contraction occurs; (i) in terms of the properties gfas a
the onp(O,H) values at the internal borders. From such estimates, competition between the perpendicular compressions (character-
the ranges of th&xg a’s (in kcal/mol) that are obtained for the  ized by|41 + A2[) and the parallel expansion (characterized by
different HB strengths are: less thafl6 for SHBs;—16 < As) of p at the HBCPs; or (iii) in terms the characteristics of

Enga < —7 for MHBs; and between-7 and 0 for WHBSs. the interactions that created the HBCPs, as a competition
Correlations of dpp(O,H) with Other Parameters. The between the pressure on the electrovig)(and the pressure by
correlations ofon,(O,H) with other parameters at HBCRSy, the electrons (@ny). Such analyses revealed the MHBs-to-SHBs

[Viol/Ghp, and BD & —Hny/pny), are presented in, respectively, transition (as G-O contraction occurs) corresponds to the point
Figures 10A, 10B, and 10C. A common feature that is (dimin) Of the onset of the dominance of (g} + 12|) overis
manifested in all three cases is the biphasic nature of the plotsand (b) Vi, over .

(the BD case is somewhat less obvious) even though we have The correlations betwedn,, and other QTAIM parameters
three different classes of HBs. The phase with linear or almost also have been explored in some detail, was found to
linear dependence of the three parametergg(®,H) includes correlate, with a very high degree of fidelity, with at least three
both the MHBs and the WHBs (which is consistent with the such parametersVhGn,, Hnt/pno (the so-called bond degree
absence of clear evidence for a transition from WHBs to MHBs parameter), and the delocalization indéx(O,H). The specific

in the behavior oAl andAp (Figures 5 and 6)). This phase is  values atl, min are, respectively, 1.3, 0.23 aa} 3, and~0.11-
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0.13 (pairs of electrons).n, was also found to correlate with
the IMHB energyEug A, @lso with a very high degree of fidelity.
These findings demonstrate the importance and utility_ypf

(or V2pnp) for the study of HB interactions. For classification

Mariam and Musin

(i) the proton is confined to the potential well near one atom in the case of
weak (normal) HBs; (ii) the zero-point vibrational energy (ZPVE) of the
hydrogen (but not of deuterium) exceeds the proton transfer barrier for strong
LBHBs; (iii) both the proton and the deuterium have sufficient ZPVE to
shuttle between the two hydrogen-bonded atoms for very strong HBs. (b)

purposes, the ranges of values of some of the parameters cafadsen, G. K. H.; Wilson, C.; Nymad, T. M.; Mcintyre, G. J.; Larsen, F.

be summarized as follows: in terms [dp|/Ghp 1.3 to>2 for
SHBs, 1.3 for MHBs, and<1 for WHBs; in terms of BD
(CD/SD): =0.65-0.23 for SHBs, 0.230 for MHBs, and SD
< 0 for WHBSs; in terms ofEpg a (kcal/mol): less than-16
for SHBs; —16 to —7 for MHBs; and between-7 and O for
WHBs. Thus, the study afforded the construction of a new
refined energetics-based classification of IMHB strengths.

Furthermore, the analyses can be extended to other intra- anq:r

intermolecular HB systems of different HB motifs (work in
progress).
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