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The experimental charge density method has been employed to provide a more detailed description of the
hydrogen bond in terms of the location of the bond critical point and the geometry of the lone pair of electrons.
On the basis of a study of 7 different-@---O hydrogen-bonded systems with 19 hydrogen bonds covering

a wide range of hydrogen bond distances and angles, it has been possible to arrive at a generalization of the
topological descriptors. In all of the hydrogen bonds studied, the electron density at the bond critical point
(BCP) and its Laplacian fall in the range of 0:08.39 eA2 and 0.7-6.0 eA™5, respectively. The bond paths
deviate, in some instances widely, from the 4@ bond axis, and the resultimge values (vertical displacement

of the bond critical point from the internuclear line) range from 0.036 to 0.418 A. The origin of suchidigh
values has been related to the constellation of the various interaction eethiedene pairs and the atom

cores of the donor and the acceptor oxygens and the hydrogen atom. This study provides a useful classification
of the hydrogen bonds in terms of a new interaction ling;, lconnecting the various centers i and j. A
nearness parametat,, that represents the perpendicular distance of the critical point from the interaction
line, Li-j, justifies the classification. Thé_ values are found to be much smaller than the corresporuding

values.

Introduction pecp along the internuclear axi$;. These workers have shown

The experimnial charge densiy method based on X-rey "2 1€ POSILE sUrvalre of e eleetion dencty fotes
crystallography has been employed successfully during the IastShell interactions, the kinetic energy densi6(cs), and the

two decades to understand the bonding and properties of otential energy density(rcr), at the critical point depend
molecular system5For instance, the biomolecular functionality P . 9y W CPy 0 P P
exponentially on the H-O distanceé® These workers have also

of amino acids and oligopeptides has been extensively StlJOIIeoldescribed relationships between the kinetic and potential energy

by analyzing their electrostatic potentidls-crystal molecular " : -
: . - -3 densities and the curvatures of the electron density at the critical
properties related to nonlinear optical activityand pyroelec point (CP)2L Wozniak et al?? have analyzed the charge density

o ; :
tricity® have been evaluated by employing experimental charge distribution in the N-H-+O and G-H--O bonds of dipicryl-

density. The extent of conjugation in ring systems such as amine and have shown a linear relationship between the charge

benzené, imidazole, triazole, pyrimidine derivativésand . !
annulené as well as in the cubane cdgeas been examined. dens!ty at the CPs and the'-I\D contact d|§tance. A charge
density study of symmetric and asymmetrie-B---O bonds

An analysis of the squarate and croconate dianions in compari-. 4 . .
son to many other aromatic and nonaromatic cyclic systemsIn dimethylammonium hydrobis(squarate) by Lin efahas

was reported recenth?. There have been several experimental rea\;r(.asaﬁc’js ??r:i:g% ilsgrrgggt'\a/\?eseltg tﬁ;g&z%raogmgxﬁz?gone
charge density studies on hydrogen-bonded systems, mosgre also theoretical efforts to relate distancesyand fhe electron
pertaining to G-H:++O N—H-++-0,12 and N-H-+-N13 bonds,

whereas weak €H-+-O,** N—H-+-7,'5 and C-H---71¢ inter- density parameters at the bond critical pémt. .
actions have been explored only recently. There are also electron We have been mtere.sted in understandln.g. thg topological
density investigations on crystals that host combinations of properties of _the ex_penmental charge den_smes n hydf‘?ge”
strong and weak hydrogen borfdd? In general, the total density bonds, especially with respect to the location of the critical
at the bond critical points of the hydrogen bonds in all such points and bond paths as well as the relqtlon between the critical
systems is generally in the range of 0-016 eA 3, and the points and the geometry qf the lone pairs on the donor and the
Laplacians are positive and fall in the range of-9630 eAS. accept_or atoms. In thls article, we report_t_he results of a careful

Systematic correlations between the electron density paralm-""r'ab's'S of the expenmental cha_rge densme_s 6H>-O bonds
eters and the hydrogen bond geometry have been reported by gt different geometries present in the following hydrogen bond
few workersi® Thus, Lecomte and co-workéfsrelated the  SYSIems: a piperazinedxalate complex |1, the o form of

structural parameters and the topological properties at the bondethoxy_cinnamic glcidl(),_adipic E’.‘gid ( lh)' disodium salts of

critical points such as the electron densjiyecp, the Laplacian croconic (V). an squa_rlc\() acids. These systems possess

of the electron densityy2oscr, and the positive curvature of linear, bifurcated, and.trn‘urcated hygrogen bonds with a range
of angles and H-O distances. Besides enabling a complete

*To whom correspondence should be addressed. E-mail: cnrrao@ Charge density description of the hydrogen bond, the present
jncasr.ac.in. study provides new and important insights with respect to the
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Figure 1. Diagrammatic representation of the hydrogen bonds chosen for the $futhg oxalate ion of the piperazine oxalate complix;
o-ethoxy cinnamic acidlll , adipic acid;lV, the croconate dianior/, the squarate dianion.

TABLE 1: Refinement Parameters for Compounds +V

| 1l 1l v \Y
Crystallographic information CCDC 203885 CCDC 205456 ADIPACO05 CCDC 171699 CCDC 171698
may be obtained from the
deposition numbers in the
Cambridge Crystallographic
Data Centre (CCDC).
after multipole refinement
weighting scheme 0.051, 0.095 0.070, 0.123 0.063,0.113 0.057,0.114 0.047,0.094
R{F} 0.0310 0.0426 0.0493 0.0392 0.0366
R{F%} 0.0501 0.0467 0.0868 0.064 0.07
S 1.024 0.9808 0.9685 1.196 1.0496
no. of variables 253 272 100 263 245
Nrei/ Ny 20.5099 14.3382 24.5100 23.0342 25.8122

TABLE 2: Bond Distances and Angles of the Various

location of the critical point and its relation to the lone pairs Hydrogen Bonds

involved in the formation of the hydrogen bonds and is therefore

useful for a better understanding of the hydrogen bond, in . 3’%9 0(‘; OXH HXO O0-H--0

general. Being entirely based on an experimental charge density. System ; G;m n 0(15)(10) n 23)2(9) 17(4) 116)
H H ifi Inear . . .
analysis, the results reported here are of significance. ! linear () 0.97(3) 168(2) 172.1(6)
1} linear () 0.958(19) 1.72(2) 173(3)

Experimental Section \ linear (1) 0.960(3) 1.841(5) 166.9(17)
linear (») 0.960(7)  1.998(7)  164.5(15)
X-ray diffraction data were collected at low temperature (130 bifurcated b))  0.959(7)  1.829(7)  171.9(17)
K) using a Siemens three-circle diffractometer attached to a E:Hggtgg glzg 8'8212%) i'ggggﬁ) 1177%312((11?)
CCD area detector and a graphite monochromator for Mo K bifurcated bzi) 0961(8)  1.817(6)  170.9(17)
radiation. Thdl 25 andV10 systems crystallize in a triclinic space \Y; linear () 0.959(9) 1.912(8) 166.4(12)
group P-1); therefore, to increase the redundancy in the data, bifurcated b.a)  0.961(18)  1.871(19)  163.8(19)
full-sphere data were collected in two shells with differeéit 2 Prﬁﬂ:ﬁittig (()a)Z) 8'828823 f;‘?ﬁﬁg %ggg
settings of the detectqr_(28 and°JOHowever, hemisphere data trifurcated é) 0961(12) 1.873(12) 172.5(10)
were found to be sufficient fdr,26 11l ,2” andIV 10 because they trifurcated (3) 0.960(9) 1.938(10)  163.9(14)

belonged to monoclinic space groups. Data reduction was

performed using the SAINT program (Siemens, U.S.A., 1995). All of the hydrogen atoms were held constant throughout the
Data with sind/4 up to~1.1 A~ were thus obtained. The phase refinement along with their isotropic temperature factors.
problem was solved by direct methods, and the non-hydrogenHydrogen bonds were analyzed using the PLATON pack&ge.
atoms were refined anisotropically by means of the full-matrix The molecular diagrams of the chosen set depicting the various
least-squares procedure using the SHELXTL program (Siemens,hydrogen bond patterns are shown in Figure 1. Crystallographic
U.S.A,, 1995). The H-atom positions were found using the information may be obtained using CCDC access codes listed
difference Fourier method and were adjusted to average neutrorin Table 1. The geometrical parameters of the hydrogen-bonded
value$8 as a routine pretreatment to the multipole refinement. systems are listed in Table 2.
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Charge Density Analysis
(@) -

The charge density was modeled using the standard approach,
the details of which may be found elsewhé?dn brief, the
analysis was carried out on the basis of a multipole expansion
of the electron density centered at the nucleus of the atom.
Accordingly, the aspherical atomic density can be described in
terms of spherical harmonics,

paton{r) = pcore(r) + pvalence(r) + Pdef(r)

Thus, for each atom,

— 3
patom(r) - pcore(r) + PVK pvalenc&’(r) +

;103 R(«'ér) n;p;|lep Yinp(0: @)

with the origin at the atomic nucleus. The population coef-
ficients, Pimp, were refined along with the and«' parameters
that control the radial dependence of the valence shell density.
The XDLSM routine of the XD package was used for this
purpose®? The atomic coordinates and the thermal parameters
obtained from a high-order refinement (i > 0.6 A-1) were
used as input to XD refinement. The Hirshfeld criterion was
satisfied in all case¥.

The deformation density was obtained by subtracting the
spherical atomic densities (the promolecular density) from the
total charge density Sp(r) = p©@(r) — pP(r)).323% The
important bond parameters are the total density at the bond
critical point (ogcp) and its Laplacian ¥2oscrp), Which is the s
arithmetic sum of the three eigenvaluds ¢ 1> + 13) along \% | S
the principal axes. Another important property of the bonded S
interaction is the bond path (BP), which is a topological g e 2. static deformation density plots (at contour intervals of 0.1
expression for the line of maximum charge density linking two  eA=3) in the hydrogen bond plane. D, H, and A stand for the donor,
nuclei via the bond critical point (BCPY. The geometrical  hydrogen, and acceptor atoms. (&), (b) I(11), (c) I(V), (d) Io(IV).
parameterdcp, is the perpendicular distance of the BCP from
the internuclear axis. It gives a measure of the strain or the bent2). The water molecule engaged irforms anl, hydrogen bond
nature of the bonds. The nature of the nonbonded density canwith a neighboring croconate ion. This results in a network of
be analyzed by a CP search in the deformation delisitythe croconate ions linked by bifurcated and linear bonds from the
Laplacian of the total density where the lone-pair electrons occur surrounding water molecules. A unique feature of the squarate
as (3,—3) CPs¢ The XDPROP routine was used for all of the jon (V) is the presence of the trifurcated hydrogen bond
above purposes. (designated af in the squarate ion, where the acceptor oxygen

atom makes contact with three water donor groups. The squarate
Results and Discussion ion also exhibits a bifurcated bond,, that is highly asym-

Before discussing the results of the critical point analysis, a Metrical (Table 2). Thus, the chosen set of hydrogen bonds is
brief geometrical description of the hydrogen-bonded systems truly representative of the broad range of 0 distances (1.53
is provided. As shown in Figure 1, piperazinexalate () forms to 2.50 A) and angles (176 to 130The O-H distance is close
a linear O-H-+-O bond (designated &swith an H++O distance to 0.96 A in all cases except twd éndll), vyhere the bonds
of 1.532(9) A and an angle of 174.1(26-Ethoxy cinnamic  are slightly elongated and the corresponding-@ distances
acid (1) and adipic acidl{l ) form centrosymmetric dimers)( are shorter (Table 2).
of comparable geometries (Figure 1 and Table 2). The croconate In Figure 2, the static deformation density maps in the
ion (IV), in the monoclinic form of the disodium salt, forms hydrogen bond (&H---O) plane are shown for four examples.
four O—H---O bonds with the surrounding water molecules The maps reveal chemically significant features such as bonding
grouped into two bifurcated systems (designatel imsFigure regions and lone-pair (honbonding) regions. Concentric contours
1). In each case, an acceptor oxygen atom makes contacts witthetween the atom cores typify the bonding regions, and localized
two hydrogen atoms from different water donor gro@p$he lobes attached to the oxygen core represent the lone pairs. From

(d) 1aV) _
{ (1

other hydrogen on water is involved in a bifurcated bond
originating from a neighboring croconate ion (not shown in the
Figure). Thus);; andbp; bonds share a common donor, and
so does théy;, and by, pair. As shown in Table 2, the-HO
bond lengths are spread between 1.8 and 1.9 A, wit©-0O
angles between 170 and X76he bifurcation angles (angle
between the two ©H---O bonds) are 88.6 and 85.1or b;
and by, respectively. The croconate ion also forms two linear
bonds (1 andly) with the water molecules (Figure 1 and Table

Figure 2a-d, we see that there is an accumulation of charge
density in the G-H regions, which is typical of a shared
interaction. However, there is a depletion of the charge density
in the H--O region. This is taken to represent a closed-shell
interaction between the hydrogen and the acceptor. The distribu-
tion of electron density is so varied among the different bonds
that it brings out the diverse nature of the hydrogen bond. The
positions of the lone-pair CPs relative to the donor and the
acceptor cores are shown in Figure 3. The values of the total
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TABLE 3: Geometries of the Lone Pairs on the Donor and Acceptor Atoms of the @H---O Bonds

type of dp-i da-i @b, YA Wp, WA
system H bond A A @) @)

| linear () 0.261 0.332 0.265 0.263 94.7 145.6 134.3 135.1

1] linear () 0.249 0.256 0.254 0.240 140.6 134.7 49.3 48.2

1] linear () 0.262 0.238 0.256 0.260 171.3 165.5 123.6 38,5

\% linear (1) 0.268 0.290 0.279 0.280 159.8 159.2 55.8 176.3
linear () 0.268 0.290 0.290 0.295 159.8 154.2 107.6 168.8
bifurcated b11) 0.284 0.287 0.279 0.280 148.5 159.1 75.1 144.0
bifurcated b12) 0.287 0.276 0.279 0.280 162.4 159.1 124.1 70.2
bifurcated b,1) 0.284 0.287 0.280 0.280 148.5 159.1 153.5 104.0
bifurcated bs) 0.287 0.276 0.280 0.280 162.4 159.1 70.2 80.4

\% linear () 0.344 0.513 0.336 0.333 116.0 133.3 110.4 162.9
bifurcated ba1) 0.339 0.330 0.352 0.348 146.7 131.4 40.9 28.7
bifurcated ba2) 0.323 0.321 0.352 0.348 142.1 131.4 87.0 52.9
trifurcated ;) 0.323 0.321 0.337 0.333 142.1 133.2 55.9 142.3
trifurcated ;) 0.344 0.513 0.337 0.333 116.0 133.2 95.7 127.3
trifurcated (3) 0.339 0.330 0.337 0.333 146.7 133.2 80.2 82.1

@ 1) V2 3 core (pp andga) are usually in the range of 130 to 1%6@uch
( P V7P P, Vip high angles can be attributed to the lone p&ime pair
do.n dy..o repulsion. We observe smaller angles (at 94 and)libGa few
L0264 1.88,-23.2 039, 5.95 s cases, especially with respect to the donors. We also estimated
94:}@ 1.A  H 3 the angle subtended by the plane formed by the core of the

0334 D

dep 0.014A 0.036A

(b) /(IT)

dp 00134 0.0494
© I(V) 0.07, 2.31
A 283 ‘;'2 H 1.91A
Q0SIA 096A -~
g Cp 1664
NST°N2 4 0008A e )
om4A/D o
3 \/ cp
0377A
0.09, 1.94 0.30A
166k 4154.2°
1.994
e
CP
0.172A

Figure 3. Charge density parameters of the-B---O bonds: large
hatched circles, donor (D) and acceptor (A) cores; open circles,
hydrogen (H); small hatched circles, lone-pair electrons; small filled
circles, D-H and H--A critical points (CP). The values q@f and V?p

are given in eA% and eA, respectively. The ©H and H--O distances
(do-n anddh...o) are shown above the bonds. The valuégfis shown
below the CP symbol. The distance of the lone-pair lobe to the donor
or the acceptor atom core is indicated adjacent to the lone-pair circles.
Values of pp and ¢a (see text) are shown close to the donor and
acceptor atoms.

density at the lone-pair CPs are around 7 &#ith Laplacians

of ca.—115 e&A5, in agreement with those reported for oxygen

lone pairste Table 3 lists the geometrical parameters of the (3,
—3) lone-pair CPs for all of the hydrogen bonds obtained using
the XDPROP routine. The distance from the eye of the lone-
pair lobe (the CP) to the atomic (donor or acceptor) core is

donor and its lone pairs with the hydrogen bond plang,and

the corresponding angle at the acceptor sitg, The values

are similar (134.3 and 135)lin the case of the linear hydrogen
bondlI(l). This is also the case for th@l ) and thetz(V) bonds.

For the rest of the hydrogen bonds, the two angles are different
(Table 3).

The linear bond(l) exhibits electron densities of 1.88(6) and
0.39(4) eA3 at the O-H and H--O BCPs, respectively (Figure
3a and Table 4). The corresponding Laplacian values-2&2-

(4) and 5.95(8) eAS, respectively. The small and positive
Laplacian of the H-O bond is typical of a closed-shell
interaction, and a highly negative Laplacian of the l@®bond

is due to the shared interaction. THep value for the H--O
bond is slightly higher (0.036 A) than that for the-® bond
(0.014 A). Accordingly, the bond path (BP) in the-HD region

is displaced slightly from the line joining the two atoms. This
is also the case with the linear bolt ) (Figure 3b). Thd(V)
bond (Figure 3c) carries much less density (0.07(3y®And
Laplacian of 2.31(1) e, and the BP is noticeably curved with
a dcp value of 0.377 A. This is indeed surprising because its
geometry is not so unfavorable (HO, 1.912(8)A, 166.4(12).
Similar values have been obtained for thgV ) bond (Figure
3d). As expected, hydrogen bonds with relatively short@&
distances and angles close to 18fenerally exhibit higher
densities and Laplacians at the BCP$he BPs are less curved
in such cases and are associated with suohallvalues. From
Table 4, we notice that thécp values of the H-O bonds are
often 1 order higher than the correspondikg values of the
O—H bonds. On the basis of a study of a variety of hydrogen
bonds, Lecomte and co-workers have reported®idcp values

zf up to 0.12 A for H--O distances ranging from 1.22 to 1.97

19

The dcp values of the H-O bonds are indeed unusual and
do not occur in normal shared interactions. If a covalent bond
has a slightly highedcp value, say~0.05 A, then the bond is
considered to be strained. One comes across such situations in
strained ring systems. For instance, the mégnvalue of the
C—C bonds in the squarate ring is 0.058'®Rwhich is
comparable to that in the cyclobutyl ring oftruxillic acid
(0.046 A)19aA highly strained cyclopropyl ring exhibits a value

around 0.3 A, except in a few cases where the distance extendof 0.06 A3° The cage bonds in a 1,2-difluorinated cubane

to 0.5 A. The distances agree well with the reported values in
the literature:'>hThe angles between the lone pairs at the atomic

derivative have an averaglkp value of 0.14 A? Because the
hydrogen bond interaction is mainly electrostatic (closed shell),
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TABLE 4: Charge Density Parameters for the O—H and H---O Bonds of the Chosen Hydrogen-Bonded Systerhs

J. Phys. Chem. A, Vol. 107, No. 31, 2008077

O—H H---O

type of P Vzp dep x 107 P Vzp dep x 1C?

system H bond (eA3) (eA5) A (eA3) (eA™d) A
I linear () 1.88(6) —23.2(4) 1.4 0.39(4) 5.95(8) 3.6
I linear () 2.3(1) —23.8(8) 1.3 0.28(7) 5.13(8) 4.9
I linear () 2.6(1) —54.0(9) 0.6 0.21(7) 6.17(9) 12.8
\Y, linear (1) 2.77(9) —29.5(7) 1.5 0.21(3) 3.02(1) 6.0
linear (,) 2.55(10) —32.1(6) 1.4 0.09(3) 1.94(1) 17.2
bifurcated b;1) 2.70(9) —25.5(6) 15 0.21(3) 3.00(1) 8.4
bifurcated b;) 2.92(9) —42.2(7) 0.7 0.18(3) 2.97(1) 5.4
bifurcated ba1) 2.90(9) —30.2(5) 0.9 0.09(3) 2.52(1) 18.3
bifurcated ba) 2.93(9) —26.4(6) 0.9 0.20(3) 3.32(1) 4.3
\Y linear () 2.62(9) —41.2(5) 0.8 0.07(3) 2.31(1) 37.7
bifurcated bai) 2.64(8) —39.6(5) 2.4 0.14(3) 2.95(1) 24.0
bifurcated bay) 2.65(8) —32.7(4) 1.8 0.03(1) 0.647(3) 41.8
trifurcated ¢y) 2.40(7) —33.5(4) 2.1 0.23(3) 4.44(3) 14.6
trifurcated ) 2.35(7) —36.0(5) 1.3 0.11(3) 3.56(3) 10.1
trifurcated () 2.36(7) —23.3(4) 1.5 0.14(3) 2.75(1) 9.7

aHere,p (eA3) is the electron density at the bond critical poifito (eA5) is the Laplacian of the electron density at the bond critical point,
anddcp is the perpendicular distance of the critical point from the bond axis.

from its mean plane are usually observed close to the atom cores.
We have presented the BPs of the various-@ bonds in a
single normalized plot in Figure 5. Each BP starts at the
hydrogen core with a characteristic takeoff, bends inwardly after
covering nearly one-third of the ‘HO distance, and then
approaches the acceptor core with no appreciable curvature. The
bond CP is located close to where the BP bends, giving rise to
a highdcp value (Table 4). We find that the takeoff angle is
related to thedcp value as shown in the inset of Figure 5. The
Figure reveals that high valuesafp are associated with unusual
BP takeoff angles. An exact description of the bond path would,
however, require an analysis of the various contributions to the
hydrogen bond interaction not only from the donor and acceptor
cores and hydrogen but also from the lone pairs. Here, we resort
to a simpler method to determine how the lone pairs on the
donor and acceptor atoms, as distinct from their cores, participate
in the formation of hydrogen bonds and influence the location
of the CP in the H-O region.

Taking the example of a typical hydrogen bond, $@¥)
(Figure 2b), we see that one of its lone-pair lobes is inclined
toward the hydrogen, the distance from its CP to hydrogen being
shorter (1.43 A) than the +O distance (1.68 A). The lone
pair under consideration would certainly affect the--®
density. By considering the lone pairs distinctly (apart from the
atomic cores of the D and A), we are able to obtain useful
insights. We have paid attention to the location of the-@

CP with respect to a new interaction line (distinct from the
atomic interaction line) connecting the hydrogen and the CP of
the lone pair. Similar considerations involving the A and D
atomic cores and the lone pairs;(@nd D) on the donor and
acceptor oxygens give rise to a unique set of possibilities termed
a simple “bent-bond” description would not be adequate, Li-j, as depicted in Figure 6. In this Figure, the-#D CP is
especially in situations where tlalep values are high. We have  shown to lie on the interaction line L joining i and j objects,
therefore attempted to relatiep values of the H-O bonds to the latter corresponding to A, D,;AD;, or H. In the linear

the H--O distance, G-H---O angle,pgcp, andV 2pgcp (Figure hydrogen bond shown in Figure 6a, the-#D CP lies on the

4). The plot in Figure 4a shows how short-HD distances and line joining the proton and the core of the acceptor. Here, i and
angles close to 180are generally associated with sméjp j correspond to H and A, respectively, and we assign the symbol
values. The bond inlll andl, andby; bonds inlV seem to be Ly-a to the description of the line. Thi¢l) bond belongs to
exceptions. The data points jizcp and V2pgcp are somewhat  this category. BesidesLa, we find another category involving
spread (Figure 4b), but it appears that smdde values the proton, ly—a, (Figure 6b), where the CP lies on the line
accompany high values of the density and the Laplacian. joining a lone pair on the acceptor and the hydrogen. fithe

We have found it instructive to examine the bond paths of andb;, bonds oflV andI(ll) belong to this category. Figure
the H--O bonds. The BP essentially lies in a plane that is 6c—f depicts other possibilities. ThusplLa (Figure 6¢) implies
different from the G-H---O plane. Small deviations of the BP  that the CP lies on the line joining the donor and the acceptor.

Figure 4. Histograms depictinglce against (top) the ©H---O angle
and theds...o (bottom) total density and its Laplacian at the © CP.
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Figure 5. H---O bond paths normalized with respect to the-B distance. The dark circles depict the-#D critical points. The type of hydrogen
bond is shown above the bond path. The inset shows the variation dighalues of the H-O bond with the corresponding bond path takeoff
angle at the donor.

(e) Lp.a¢ () Lppa,

Figure 6. Schematic diagram showing connective relations. The open circles depict the hydrogen atoms:H'hadH--O CPs are shown as
tiny dark spheres. Six types of hydrogen bonds are depicted with differgntelations, where L is the line joining i and j objects, the latter
corresponding to the atomic cores (A and D), their lone pairsa(d 0), or H. The L relation is established such that the-#® CP lies close
to line L. (a) Lh-a, (b) LH—A,, (C) Lp-a, (d) LleA, (e) LofA‘, (f) LD‘—A|-

An example of this kind i3 in systemV. Lp,—a (Figure 6d) is Let us consider in detalil the simple case of the linear hydrogen
the line joining a lone pair on the donor with the acceptor core. bondI(I) shown in Figure 7a. Here, the-H CP essentially
Bonds| of Ill and by of V are examples of this category. lies on the internuclear axiglép, 0.014 A), and that in the ++O
Similarly, Lp—p, (Figure 6e) stands for the line connecting the region with adcp value of 0.036 A is well within that allowed
donor core with a lone pair on the acceptor, examples of this for a bent bond. This hydrogen bond can be considered to belong
kind beingbs andt; of V. The Lp—x, category (Figure 6f) where  to class lu—a. The lone pairs on the donor are pointing in a
the CP lies in the line of sight of the lone pair on the donor and direction opposite to that of the-HO bond with an angle of

the lone pair on the acceptor finds many examples i tHe, 94.7, and those on the acceptor are more spread out with an
b,1, andb,, hydrogen bonds ofv as well ad andt, of V. angle of 145.8. Figure 7b contains the linear boridJl ). The
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Figure 7. Connective relations in linear hydrogen bonds. The small
gray spheres depict the lone pairs. ThelDand H--O CPs are shown
as tiny dark spheres. (&) bond exhibiting relation Lx; (b) I(1ll')
bond of class b,-a.

v

by

Figure 8. Connective relations in bifurcated hydrogen bond$\n
The small gray spheres depict the lone pairs. TheHOand H--O

CPs are shown as tiny dark spheres. Note that both of the lone pairs

on the acceptor (A) are involved in bonding, but only one lone pair on

each water donor (D) is engaged. The bond symbol and its class ar

shown alongside each bond.

O—H CP is on the internuclear lineldp, 0.006 A), but the H-
O CP is significantly away from the respective line witldg
of 0.128 A. It is striking, however, that the:HO CP lies close

J. Phys. Chem. A, Vol. 107, No. 31, 2008079

Figure 9. Connective relations in trifurcated and bifurcated hydrogen
bonds inV. The small gray spheres depict the lone pairs. TheHO
and H--O CPs are shown as tiny dark spheres. The bond symbol and
its class are shown alongside each bond.

to a bifurcated system tend to exhibit similar relations because
of the suitable orientation of the acceptor lone pairs. The lone
pair—core—lone pair (A —A—A)) angle in both cases is 159,1
which is also reflected in similar bifurcation angles (88.6 and
85.71°) of the hydrogen bonds. Whereas one lone pair from each
donor water molecule is involved in establishing am-h, or
Lp—a, relation, the other lone pair orients itself in a manner
that minimizes the lone paitlone pair repulsion. The corre-
spondinggp angles forb; andb, pairs of bonds are 148.5 and
162.2, respectively (Table 3).

Cooperative effects are not found in bifurcated bdgdf
V, which is shown in Figure 9. Here, the two bonds belong to
two different relations, perhaps because of the asymmetric nature
of the bifurcation. The longer ++O bond pa) follows an Lp—a,
relation, and the shorter boni.{) obeys an k-4 relation. The
dy values are small at 0.017 and 0.053 A comparatttoalues
of 0.418 and 0.240 A, respectively. The trifurcated bonds
provide examples of b, Lp-a,, and Lp,—a, relations, where
water molecules also act as common donors.

In Table 5, we list the various hydrogen bonds studied by us
along with their descriptions and respectijevalues. Besides

ethe examples discussed above, we have added some more

examples to the listthree from a low-temperature form of
adipic acid” (VI) and one from thes polymorph of ethoxy
cinnamic acié® (V11 ). Thed, values for the listed L; relations
are below 0.04 A, and the corresponditigs were as high as
0.12 A. From Tables 4 and 5, we notice that whenevehe

to the line joining a lone pair on the donor and the acceptor value is higher than permissible (say, up to 0.04 A) a new

core. Thus, thel(lll ) bond belongs to classpla. It is

connective relation (L;) is generally obtained with the smallest

convenient to define the perpendicular distance of the CP from possibled, value. For example, thi€V) bond belonging to the

line L as “the nearness parametery, dhat characterizes the
different hydrogen bonds. The value qffor (11l ) is 0.018 A,
which is remarkably smaller than itizp value (0.128 A).

In Figure 8, we show the new connective relations in the
two bifurcated bonds ofV where the same donor water
molecules are shared by the two bonds. Bheandb;, bonds
of bifurcated systen; exhibit Ly—a, relations engaging both
of the lone pairs of the acceptor. Thewdlues are similar (0.007
A) and lower than the corresponding-HD dcp values (Table
4). However, thédx, andby, bonds ofb, exhibit Lp,—a, relations
involving both of the lone pairs of the acceptor withwhlues

Lp-a, Class exhibits a, value of 0.043 A compared to dep
value of 0.377 A. However, one can obtain a whole spectrum
of d. values that are considerably larger by assuming that this
bond belongs to the other classes depicted in Figure 6. Thus,
the next-nearest, value forl(V) is 0.153 A. Although most of

the hydrogen bonds may permit a clear-cut assignment of the
Li-j type, it may prove difficult in certain situations. THog;
andbi, bonds oflV with the smallest, values (0.007 A) in
Lny-a, have the next-nearesdt values at 0.019 A (b-a) and
0.047 A (Lp,-a) with average values of 0.143 and 0.135 A,
respectively. Because ttd values in ly-a, are so low, the

of 0.042 and 0.014 A, respectively. There seems to be someoriginal assignments are still justifiable. Another example is the
sort of cooperative effect in that the hydrogen bonds belonging I5(IV) bond where thel, values from the b4, Lpo-a, and
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TABLE 5: Classification of the Hydrogen Bonds on the
Basis of the Critical Point Position with Their Respective
Nearness Parametetr

type of d x 17

system H bond class A
| linear () Ly-a

Il linear () Lh-a, 3.3

1l linear () Lo-a 1.8

v linear 01) LD|—A‘ 4.4

linear (2) Lp-a, 7.0

bifurcated b11) Li-a 0.7

bifurcated b12) Li-a, 0.7

bifurcated b21) Lo-a, 4.2

bifurcated b.2) Lo-a, 14

\% linear () Lo-a, 43

bifurcated ba1) Lo-a 5.3

bifurcated ba2) Lo-a 1.7

trifurcated ;) Lo-a 3.0

trifurcated ¢,) Lo-a, 3.6

trifurcated (3) Lo-a 8.5

VI linear () Lo-a 3.9
linear () Lh-a

linear () Lo-a 3.7

Wi linear () Lo-a 1.0

aFor a description of class, see Figure 6 and the t&kt. low-
temperature form of adipic aci¥ll : y form of ethoxy cinnamic acid.
Li-j stands for the class, where the-HD BCP lies close to the line
joining i and j objects. D and A stand for the donor and the acceptor
atom cores, and Dand A, for the lone pairs on the donor and the
acceptor atom cores, respectively. Ferh, d. = dcp.

Ln-a, relations are similar (0.069, 0.073, and 0.070 A, respec-
tively), but all of them are considerably lower than the value
(0.172 A). Such situations reflect only the complex nature of

interactions in the hydrogen-bonded system and may require

Ranganathan et al.

and 1.9-6.2 e&A5, respectively, but the bond paths are often
highly curved and displaced away from the-¥D axis by as
much as 0.4 A dcp value) at the critical point. All such
properties have been compiled in the present study. To explain
the highdcp values, the geometry of the lone pairs on the donor
and the acceptor oxygen atoms has been specifically employed
for the first time. The location of the critical point can be
usefully related to a new interaction ling,-}, connecting i and

j objects, representing the hydrogen (H) as well as the acceptor
core (A), the donor core (D), and their lone pairs,(®). This
enables a classification of hydrogen bond interactions in terms
of Ly-a, LH—A|, Lp-a, LD|—A1 LD—A|1 and LD|—A| relations.
Furthermore, it is possible to define a nearness parantgter,
representing the perpendicular distance of the CP from line L.
In general, thal_ values are much smaller than the correspond-
ing dcp values. The present study clearly shows how the charge
density distribution (location of bond CP) in the hydrogen bond
is related to the lone pairs as well as the cores of the donor and
the acceptor atoms.

Supporting Information Available: Rigid-body model
libration corrections for bond distances and the Hirshfeld rigid-
bond test. Multipole populations. This material is available free
of charge via the Internet at http://pubs.acs.org.
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