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The relationship between tligH---A) distance (A= O, N) and the topological properties at the-+A bond

critical point of 37 strong (short) hydrogen bonds occurring in 26 molecular crystals are analyzed using the
quantum theory of atoms in molecules (QTAIM). Ground-state wave functions of the three-dimensional
periodical structures representing the accurate experimental geometries calculated at the B3LYP/6-31G**
level of approximation were used to obtain the QTAIM electron density characteristics. The use of an electron-
correlated method allowed us to reach the quantitatively correct values of electron ggreditthe H--A

bond critical point. However, quite significant differences can appear for small absolute values of the Laplacian
(<0.5 au). The difference between the-#0 and H--N interactions is described using thg versus
d(H---A) dependence. It is demonstrated that the values of parameters in this dependence are defined by the
nature of the heavy atom forming the-HA bond. An intermediate (or transit) region separating the shared
and closed-shell interactions is observed for the H-bonded crystals in which the bridging proton can move
from one heavy atom to another. The crystalline environment changes the location of the bridging proton in
strong H-bonded systems; however, t{®—H)/d(H---O) ratio is approximately the same for both the gas-
phase complexes and molecular crystals with a linear or near-line&t-@O bond.

Introduction geometrical and spectroscopic properties of theHx:-A
) . fragment with the distance between the heavy atomsAX
According to Bader's quantum theory of atoms in molecules ¢qrming the H-bond. These correlations were established for
(QTAIM),* the chemical bonds in both isolated species and \\,ecylar crystalé 16 and are widely used for correlations of
molecular crystals can be classified and quantified in terms of different experimental properties of H-bonded crysfal&24

Iﬁaturetfs Olfl the b dond cr|t!cal ptO'ITtS |_|r_1hthe elgcttronfdte;]nsn)f[, bqth or computed characteristics of the gas-phase complexes (models)
coretically and expenmentatly. Ine variely ot the atomic presenting H-bonds of different strengt28 These correlations

Icnc:\?;?g::gnisnfeargc?i% :spp:ﬁzlnfrifg%gé\fﬁid (lnet‘?ti:q”e s?:\::g rsgr often do not hold for strong (short) H-bonds having interaction
’ P y energies in the range of15—40 kcal/mot® partly due to

interactions, and closed-shell (van der Waals, ionic, metal, etc.) bility of the bridai ¢ d by the sh f
interaction® 12 The fundamental difference between the two OPNY OF the Dbridging proton caused Dy the shape of a
potential along the proton coordin&te®® and coupling of the

limiting extremes in the interactions, i.e., the closed-shell " tion t low-f de41A all
interactions and shared ones, is the electron density features aProton motion to some low-irequency modes:A crystatiine

the bond critical point. They are the value of electron density, environment may change stro_ngly the geometry of H-bonded
py, and the sign of the Laplacian of electron densi#ps, as systems as well as the potential energy surface of théiX
well as the energy density, = gy + b, whereu, andg, are -A fragment36:37.42-45 As a result, completely different forms

the potential and kinetic energy densities, respecti¥éhThe of th_e strong H-bond potentials in molecular crystals are
shared interactions exhikit, = 0.14 au,V2p, < 0, andhe, < possible, e.g., see refs 4@9.

0, while the closed-shell interactions shpw= 0.05 au,V2py, Electron density features of the gas-phase complexes with
> 0, andhe p > 0.114In the intermediate (or transit) regicop the strong H-bonds were studied in several wéris.0.12.28.50,51

> 0 andhep < 0. However, no systematic (either experimental or theoretical)

An important aspect of the QTAIM application consists of QTAIM studies of molecular crystals with strong H-bonds have
the development of the models, which correlagand the bond ~ been published yet. Only a limited number of experimental
distancé In particular, Espinosa et &lapplied the QTAIM to charge-density analyses for a few molecular crystals with strong
the study of hydrogen bonds (H-bonds) in the gas-phask X H-bonds in the G-H-:-O fragment are availabf§:30.52-59 A
--F—Y complexes and revealed the correspondence between thdarge number of the earlier considered molecular crystéls
H--+F distance and the specific bonding regime. They demon- exhibit d(H::-O) > 1.65 A, i.e., correspond to the moderate
strated that consideration of the dimensionlesggs, ratio as a and weak H-bonds. This is why several important problems have
function of the H--F distance is useful for the quantification not been solved so far; in particular, neither was the difference
of the atomic interactions within the intermediate rediovhere in the electron density parameters describing the ® and
1 < upllgp < 2. H-+-N interactions in molecular crystals characterized quanti-

Classification of the H-bonds as weak, moderate, strong, andtatively”* nor was the change in the strong H-bond character-
very strong ones is based on the correlations of different istics due to effects of the crystalline environment considered.
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The aim of the present study is threefold: (i) we aim to
perform the QTAIM study of a set of strong H-bonded molecular
crystals that provides statistically significant correlations of the
bond critical point properties of the -€H---O fragment fp,
V20p, he b, and|vp|/gp) with the O—H/H-++O and G--O distances;

(i) we intend to investigate carefully the region around the point
wereV2p, = 0 in crystals with strong H-bonds in order to reveal
the quantitative difference between the-#d and H--N

interactions; (iii) we also purpose to reach the quantitative
description of the crystalline environment effects on the

Vener et al.

electron density values (Table 1); the relative difference in these
guantities is less than 10%. This confirms that the B3LYP/6-
31G** level of approximation is suitable for study of theg
values in 3D periodical crystals with strong H-bonds. Agreement
between the experimental and computed values of the Laplacian
is also reasonable; at the same time, a quite significant difference
is observed for small absolute values Gfp,| < 0.5 au (Table

1). This difference partially originates from the restricted ability
of the multiple model to describe the experimental (X-ray
diffraction) electron density Laplacian for the bonds having a

geometrical structure and topological electron density properties covalent componerit.

of the O-H---O fragment by comparison of the computed

Relatively large values ¢dy (= 0.13 au), the negative values

features of the gas-phase complexes presenting the strongf the Laplacian, and values ofy|/g, > 2 indicate that the

H-bonds with their molecular crystal counterparts. The essential
feature of our approach consists of consideration of the

H---O interactions in several crystals, such as imidazolium,
potassium H maleate,8,7CIO,~, and quinolinic acid, have

equilibrium gas-phase complexes and the use of the electrona significant covalent component. The-8---O fragment in

density computed for the three-dimensional periodical crystals.

Computational Details
The experimentally derived structures of the three-dimen-

sional (3D) periodical crystals under consideration were obtained

from the literature; corresponding references will be given in
the next section. Periodical electronic wave functions were
computed by the CRYSTAL®8 program at the B3LYP/6-
31G** level of approximation. The basis sets for|.Na", and

K+ ions were 6-11G, 8-5-11G, and 8-6-5-11G, respecti®&y.
The QTAIM analysis of the crystalline electron density was
performed by the TOPOND computer progr&m.

The structures of the gas-phase complexes with strong
H-bonds were optimized at the B3LYP/6-31G** level of
approximation with the PC versiéhof the GAMESS(US)
program packag® The minimum-energy state of all the
optimized complexes has been confirmed by calculation of the
harmonic frequencies. Topological electron density properties
were evaluated by the AIMPAC computer program siit€he

equilibrium geometries and wave functions of several gas-phase

complexes were also recalculated at the MP2/643tG(d,p)
level of approximation; this allowed us to be sure that we
reached a satisfactory description of the topological electron

density properties of the gas-phase complexes with strong and

moderate H-bond®

Results

these crystals is characterized by the following geometrical
parametersD(0-+-0) < 2.45 A, d(O—H) < 1.10 A, andd(H-

-0) =< 1.35 A; these values are typical for the so-called very
short (or very strong) H-bonds. According to Table 1, the
Laplacian changes its sign d{H:-O) ~ 1.35 A, i.e,, it is
reasonably close to the extrapolated value of 1.33 A predicted
in ref 3.

In the other 3D periodical crystals, small positive values of
the Laplacian, 0.13< pp < 0.05 au, and the energy-density
characteristics 2 |upl/gpb > 1 and—0.1 < hep < 0 au are
observed. They indicate all together that the-B interactions
in these crystals can be treated as intermediate-type interactions.
The value of|wp|/gp = 1 was suggestéd*® to define the
boundary of the closed-shell interactions. According to our
results (Table 1), it is located B{O-+-O) ~ 2.6 A, d(O—H) ~
1.0 A, andd(H---O) ~ 1.65 A. These distances are often
considered as a boundary between the strong and moderate
H-bonds!6:19.69.90|t should be noted that the -HO distance
corresponding tdwy|/gy = 1 was already estimated tifH---

0) = 1.64 A in ref 91.

Thus, the intermediate region separating the ideal shared and
closed-shell interactions in crystals with the-8---O fragment
is characterized by the following geometrical parameter
ranges: 2.4% D(O--+0) < 2.6 A, 1.35 A< d(H---0) < 1.65
A, and 1.0 A< d(O—H) =< 1.10 A. For many crystals with
these O--O distances, the neutron diffraction reveals the
existence of two proton positions separated by distance from
0.1 to 0.7 A% This phenomenon is usually explained in terms

In the present study, we considered the molecular crystalsof a double-minimum potential energy surface with a first

for which the atomic structures derived by the neutron or high-
resolution X-ray diffraction methods are available. We limited
ourselves to the normal (or “two center”) H-bonds in which
the donor X:H interacts with an acceptor :A. The so-called
“pifurcated” and “trifurcated” H-bond8 as well as the new
multiform unconventional H-bond%are beyond the scope of
the present study. We did not also consider the crystals with
strongly nonlinear fragments, likg-dicarbonyl compounds,
which often exhibit a large scattering of the points in structure
property correlations, e.g., see ref 22.

Topological Electron Density Properties of the G-H---O
Fragment in the 3D Periodical Crystals.We selected for our
study molecular crystals with linear or near-linear-B---O
fragments ¢O—H---O > 16(C°). The unit cells of these

vibration level of the bridging proton below the central
barrier334593Mobility of the bridging proton on such surfaces
can be presented as

O—H++-O < O---H-0

As a result of the proton shift from one heavy atom to another,
the hydrogen H-O bond (intermediate type of the atomic
interactions) switches to the covalent-® bond (the shared
interactions) and vice versa. This is why the effective structure
of the O—H---O fragment in molecular crystals with strong
(short) H-bonds may be considered as a superposition of two
structures with the bridging proton near the left or right heavy
atom. Thus, the intermediate region mainly can be associated

compounds contained up to 130 atoms; it allowed one to performwith the H-bonded systems in which the bridging proton can

the calculations in the moderately large basis set like 6-31G**.
The p, values in the 3D periodical crystals of urea
phosphoric acidd(H-+-0) = 1.259 A,D(O---0) = 2.41 A) and
KHC,0, computed at the B3LYP/6-31G** level of approxima-
tion are in good agreement with the experimentally derived

move from one heavy atom to another.

The set of the considered molecular crystals enables one to
investigate the smooth continuity of the dependence on the
interaction distance of a given pair of atoms simultaneously
for O—H and H--O bonds®?4 It is well-known that electron
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TABLE 1: Topological Electron Density Properties at the Bond Critical Points of the O—H---O Fragment Computed Using the
Experimental Structures of the 3D Periodical Crystal$

H-bonded system distance Pb V200 he.»

(reference for the geometry source) contact A au au au [vbl/Gb
imidazolium H O-H 1.195 0.181 —0.449 —0.207 4.37
maleate (ref 72) H-O 1.203 0.177 —-0.420 —0.199 3.12
quinolinic acid (ref 73) O-H 1.163 0.197 —0.593 —0.242 3.59
H:--O 1.238 0.160 —0.270 —0.160 3.73
LiH phthalate G-H 1.195 0.179 —0.454 —0.206 3.23
monohydrate (ref 74) H-O 1.205 0.174 —0.410 —0.195 3.11

UPA (ref 30), O-H 1.159 0.194 (0.178) —0.612 (-0.702) —0.238 3.8
D(O---0)=2.41 A H---O 1.259 0.143 (0.151) —0.175 0.402) —0.130 251
potassium H maleate (ref 46) -H/H---O 1.215 0.171 —0.404 —0.188 3.16
Hs0,"ClO,~ ¢ O—H 1.161 0.191 —0.59 —0.232 3.75
H:--O 1.265 0.144 —0.204 —0.132 2.63
KH(HCOOY, (ref 76) O-H 1.165 0.195 —0.610 —0.239 3.76
H---O 1.270 0.145 —0.188 —0.13 2.56
KHO(CH,COOY, (ref 77) O-H 1.151 0.202 —0.703 —0.255 4.22
H:--O 1.328 0.123 —0.0553 —0.0867 2.18
NaH maleate3H,O (ref 78) O-H 1.079 0.251 —1.05 —0.489 4.99
H:--O 1.367 0.111 0.063 —0.062 1.81
2,3,5,6-pyrazinetetracarboxylic - 1.072 0.250 —1.107 —0.277 4.53
acid dihydrate (ref 79) H-O 1411 0.0964 0.0986 —0.041 1.63
picolinic acidN-oxide O-H 1.04 0.282 —-1.322 —0.423 5.56
(ref 80) H--O 1.424 0.100 0.122 —0.0418 1.58
KHC,0, (ref 58) O-H 1.06 0.264 (0.28) —1.23 (-1.16) —0.385 5.96
H:--O 1.457 0.085 (0.080) 0.129 (0.077) —0.027 145
monomethylammonium ©H 1.032 0.284 —1.445 —0.440 6.58
H oxalate (ref 81) H-O 1.486 0.0784 0.148 —0.0192 1.34
o-oxalic acid (ref 82) O-H 1.026 0.285 —1.470 —0.446 6.65
H:--O 1.478 0.0806 0.142 —0.022 1.38
NaHGO,4 H,0 (ref 83) O-H 1.036 0.281 —1.432 —0.430 6.94
H:--O 1.531 0.0694 0.141 —0.0129 1.27
PDA (ref 31), O-H 1.025 0.291 —1.553 —0.459 7.52
15 K¢ H:--O 1.558 0.0625 0.149 —0.008 1.18
dimethylammonium GH 0.988 0.321 —1.90 —0.558 7.72
H oxalate (ref 84) -0 1.545 0.0675 0.156 —0.0104 1.21
L-glutamic acid (ref 85) OH 1.024 0.295 —1.56 —0.463 7.34
H:--O 1.568 0.0634 0.145 —0.0085 1.19
KHCO; (ref 86) O-H 1.005 0.311 —-1.737 —0.511 7.66
H:--O 1.587 0.0606 0.149 —0.0062 1.14
UPA (ref 30), O-H 1.005 0.302 —1.68 —0.493 7.73
D(O-++0)=2.589 A H--O 1.585 0.0583 0.150 —0.061 1.14
PDA (ref 31), O-H 1.004 0.310 —-1.776 —0.514 8.32
296 K H:--O 1.608 0.0541 0.148 —0.0032 1.08
L-tyrosine (ref 87) G-H 1.018 0.302 —1.646 —0.480 8.00
H:--O 1.610 0.0555 0.143 —0.004 1.10
L-glutamic acid HCI G-H 1.017 0.303 —-1.671 —0.484 8.33
(ref 88) H--O 1.624 0.0506 0.144 —0.0014 1.04
UPA (ref 30), O-H 1.000 0.31 —-1.77 —0.515 8.11
D(O-++0)=2.649 A H--O 1.642 0.0516 0.137 —0.0037 1.09

2 Experimental values qf, and V2, are given in parenthesesUrea-phosphoric acid; the three H-bonds with different<O distances exist
in this crystal (ref 30)¢ Positions of the H atoms in theB,"ClO,~ crystal are not available (ref 75); therefore, the computed geometry (ref 36)
was used instead.Pyridine-3,5-dicarboxylic acid.

density at the bond critical points varies exponentially with that topological electron density peculiarities of H-bonds are

interaction distanc’1011.28For the sake of simplicity, this  practically the same for both inter- and intramolecular interac-

nonlinear regression function is replaced by its logarithmic tions, in accord with the observation in ref 10.

versior?’ To interpret eq 1, it should be noted that the distances in the
O—H---0O fragment are interrelated (Figure 1). The dependence

In p, = (1.676+ 0.017)— (2.840+ 0.013); R*=0.999, d(O—H) d (H:+-O) = constant was discussed elsewh&.%*

n=47 (1) It is caused by the dependence of the both values on th©0O

distance, see Figure 2. As the-eéD and H--O separations are

In contrast with the work in ref 6, where only tivgermolecular shortened, the ©H bond length increases. Distances of the

strong H-bonds were considered, eq 1 spans bu#r- and two bonds become equal to each other for very short (strong)

intramolecularstrong H-bonds. Such generality of eq 1 implies H-bonds 2.39< D(O---O) < 2.45 A. Due to thed(O—H) d
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Figure 1. d(O—H) vs d(H---O) distances obtained from the neutron
and high-resolution X-ray diffraction crystal structures (black boxes)
and computed for the gas-phase models (empty boxes).
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Figure 2. d(O—H)/d(H---O) vsD(O---O) distances in the 3D periodical
crystals.

" -~ .
0,30 " ]
[ L] l.
n
0,25- - [ ]
020{ g u @
g 5 m J(O-H)
o 0 O dH...O
& 0,154 o oo ( )
0,104 o "”
od —
0,054 B o0 go
T T T
24 2,5 2,6
D..0), A

Figure 3. Computedp, values vsD(O---O) distances in the 3D
periodical crystals.

Vener et al.

etc.), |vbl/go &~ 8 for d(O—H) ~ 1.0 A (dimethylammonium H
oxalate crystals), whiléu|/g, ~ 10 for d(O—H) ~ 0.991 A
(the O—H groups of the water molecules, involved in moderate
H-bonds with the CI@ ions in HsO,"CIO,~ crystals, see Figure

1 in ref 36). We conclude that they|/g, index, which is a useful
tool for defining the intermediate region boundaries, deserves
an additional consideration as a descriptor of the covaleriiO
bonds involved in H-bonding.

H---O versus H--N Strong H-Bonds: the V?p, = 0
Region. The atomic structures of a set of molecular crystals
with strong O-H---N bonds have been studied recently by
neutron and high-resolution X-ray diffractiéh329 9 Wwe used
these structural data to perform the electron density calculations
for the 3D periodical crystals and to investigate carefully the
region around the poir¥¥?p, = 0. Computed values ¢, V2pp,
he n, and|up|/gy are given in Table 2. Special attention should
be paid to the pentachlorophenol complex with 4-methylpuridine
(4-MePy), which is characterized at very low (20 K) and room
temperature by the asymmetric bridge, while~e80 K the
bridging proton locates approximately at the midpoint between
the O and N atom&-34The O-+H and H--N distances at 80
100 K are close to each other; however, their topological electron
density properties differ strongly (Table 2). The difference
between the &-H and H--N interactions was described by
comparison of the parameter values in thhe= py(d) depend-
ences that were evaluated using Table 2:

In p, = (1.682+ 0.060)— (2.829-+ 0.048)
d(O—H/H---O interactions); R* = 0.997, n=13 (2a)

In p, = (1.611+ 0.014)— (2.677=+ 0.010)
d(N—H/H-+-N interactions); RZ = 0.999, n= 13 (2b)

Particular values of the parameters entering eq 2b are very close
to the corresponding ones, 1.640 au and 2.704 Balculated

for N—H/H---N interactions in the gas-phase systems with the
N—H---O fragment® On the other hand, they differ from those

in eq 2a in accord with ref 28. This means that the particular
values of the parameters in thg = py(d) dependence are
defined by the nature of the heavy A atom forming the-H
bond.

According to our computations, the Laplacian changes its sign
at d(H---0) ~ 1.35 A andd(H--*N) ~ 1.42 A. Theoretical
QTAIM analysis of the gas-phase H-bonded systems with the
N—H---O fragment has showétthat the pointv2p, = 0 falls
in the region of 1.34< d(H+-*N) < 1.42 A. This is very close
to the value found in the present study dealing with the 3D
periodical crystals. The obtained results imply that the value of
the H--A distance, at whichv?p, = 0, is defined by the nature
of the heavy atom A. Indeed, the boundary of the shared

(H---O) = constant dependence and the fact that the two interactions for the X-H---F fragment locates al(H---F) ~
distances are going to coincide with each other for the very 1.62 A8 To interpret this observation, one has to consider the

strong H-bonds, thd(O—H)/d(H---O) separations can be treated
simultaneously and used as the “controlling param&terhich
defines the electron density properties of thekd--O fragment

dependence of the - XH/H---A distances on the X-A separa-
tion, e.g., see Figure 2. The point is that the shortestAX
distancePmin(X---A), is specified by the sort of X and A atoms

in H-bonded crystals. It should be noted that the dependenceforming the H-bond: Dyin(O:++0) ~ 2.39 A2188.99D, ; (N:-+

of pp on the G--O distance is characterized by a strong
scattering of the electron density values @(O---O) < 2.45
A. Figure 3 illustrates the well-known fdé€éthat the structure
property correlations often do not hold for very strong H-bonds.
Special attention should be paid to tlagl/g, values computed
for the O—-H bond forming the G-H---O fragment (Table 1).
We found that it increases monotonously with thel®distance
decrease, i.e., increaséH---O):(|vp|/gp) &~ 3 for very strong
H-bonds (imidazolium and potassium H maleateQHCIO,™,

0) ~ 2.52 A 34 andDpin(F-+*F) ~ 2.23 A0 This is why the
d values defining the boundaries of the intermediate region are
different for various heavy atoms forming the -H---A
fragment. According to the present study, this region is placed
in the range of 1.35% d(H+--O) < 1.65 A for the G-H-::O
fragment, while it is located in the range 1.62d(H---F) <
1.96 A for the X-H-:-F fragmen#

Environmental Influence on Strong H-Bonds: Molecular
Crystals versus Gas-Phase ModelsMost of the strong
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TABLE 2: Topological Electron Density Properties at Critical Points of the N—H---O/N--*H—0O Fragment Computed Using the
Experimental Structure of the 3D Periodical Crystals with the Strong H-Bonds

O--*H/H-0O Pb Vzpb he b N—H/H--*N Ob Vzpb he b

crystal A au au au [vol/Go A au au au [vol/gb
3-MePy 1.440 0.0907 0.123 —0.032 1.51 1.141 0.238 —1.08 —0.321 5.31
BT—BIPy 20 K° 1.326 0.127 —0.04 —0.087 2.13 1.206 0.198 —0.720 —0.238 5.11
PDA 15 K® 1.311 0.133 —0.081 —0.0996 2.26 1.213 0.195 -—0.688 —0.232 4.88
4-MePy 20 K 1.309 0.132 —0.0643 —0.0974 2.20 1.206 0.197 -0.704 —0.236 4.93
4-MePy 80 K 1.266 0.148 —0.202 —0.134 2.61 1.256 0.173 —0.493 —0.183 4.07
4-MePy 100 K 1.258 0.152 —-0.232 —0.142 2.69 1.265 0.169 —0.455 —-0.173 3.91
4-MePy 125 K 1.241 0.159 —-0.300 —0.159 2.89 1.288 0.159 -0.371 —0.151 3.57
4-MePy 200 K 1.229 0.164 —0.349 —0.171 3.05 1.304 0.152 —-0.318 —0.138 3.37
PDA 298 K 1.218 0.171 -0.41 —0.187 3.22 1.307 0.151 —0.308 —0.137 3.29
2NIPe 1.203 0.186 —0.522 —0.216 3.54 1.325 0.145 —0.208 —0.119 2.78
1.145 0.216 —-0.773 —0.280 4.24 1.383 0.124 —-0.0613 —0.0798 2.23

2-MePy 1.068 0.257 —1.132 —0.365 551 1.535 0.0821 0.0739 —0.0265 1.59
BT—BIPy 20 K 1.069 0.259 —1.163 —0.369 5.71 1.551 0.0789 0.0771 —0.0237 1.55

a 3-Methylpyridine 2,6-dichloro-nitrophenol (ref 98)The 1:2 cocrystal of benzene-1,2,4,5-tetracarboxylic acid andbipsridyl (ref 97).
¢ Pyridine-3,5-dicarboxylic acid (ref 31y.4-Methylpyridine-pentachlorophenol (ref 322-(N-methyl-a-imioethyl)-phenol (ref 98)f 2-Methylpyridine-
pentachlorophenol (ref 32).

TABLE 3: Comparison of the O—H---O Fragment Distances Computed for the Gas-Phase Models Presenting the Strong
H-Bonds with the Experimental Values in Their Molecular Crystal Counterparts?

gas-phase model

molecular crystal distance Ob V2pp he b
system contact (source for structure) A au au au [vol/Gb
H phthalate ion ©-0 2.394 (ref 46) 2.378
H[CgH404]~ H---O 1.205 1.189 0.182 —0.453 -0.212 3.16
O—H 1.195
HsO," O---0 2.426 2.396 (2.381)
H---O 1.265 1.200 (1.192) 0.168(0.161)-0.418 (-0.428) —0.190 (-0.195) 3.24(3.22)
O—H 1.116
H maleate ion ©-0 2.397 (2.437 2.406
H[C4H204]~ H---O 1.203 (1.22) 1.250 0.155 —0.234 —0.150 2.65
O—H 1.195 (1.22) 1.156 0.201 —0.626 —0.250 3.66
[H(HCOO)Y]~ O---0 2.437 (ref 76) 2.428
H---O 1.270 1.215 0.167 —0.394 —0.184 3.16
O—H 1.165
quinolinic acid O--0 2.398 (ref 73) 2.476
C7HsNO4 H---O 1.238 1.433 0.092 0.136 —0.033 151
O—H 1.163 1.045 0.277 —1.329 —0.416 6.01
urea—phosphoric acid  ©:0O 2.41 (ref 30) 2.536
(NH),CO/PO(OH} H:--O 1.259 1.509 0.071 0.157 —-0.013 1.25
O—H 1.160 1.029 0.283 —1.454 —0.439 6.78
picolinic acidN-oxide  O--O 2.425 (ref 80) 2.513 (2.515)
CsHsNO3 H---O 1.42 1.572 (1.572) 0.067 (0.063) 0.167 (0.181) —0.009 (-0.013) 1.18(1.24)
O—H 1.04 1.010 (1.001) 0.314(0.316)—1.715(2.320) —0.507 (-0.639) 7.49(11.83)

2The values ofop, V2op, he, and|up|/g, at the O-H/H--+O bond critical points, computed for the gas-phase models, are also giVkea.
distances angy,, V2pp, he, and|up|/gs values, computed using the MP2/6-31£G(d,p) level, are given in parentheséSee footnote to Table
1. 9Imidazolium H maleate (ref 72); the data for KH maleate are given in the parentheses (ref 46).

H-bonded systems listed in Table 1 cannot be observed in thesystems in the gas phase have been published yet. To our
gas-phase. Some of them (such as KHO4CEO), and mono- knowledge, the ED," ion is the only gas-phase system with a
and dimethylammonium H oxalates, KHQ;) form polymeric very strong H-bond and near-linear-®l-:-O fragment whose
chains or planar sheets (pyridine-3,5-dicarboxylic acid) in the IR spectrum was measured in the different frequency re-
crystal phase, of which naturally no analogues exist in the gas gions°31%4This is why thecomputedgeometries of the gas-
phase. The strong intermolecular H-bond in 2,3,5,6-pyrazine- phase models with strong H-bonds are compared with the
tetracarboxylic acid dihydrate crystals is broken in the gas phase.experimental structuresf their molecular crystal counterparts
Charged H-bonded dimers, e.g., (H§& in KHCOs, can in Table 3. The H-bonded systems in molecular crystals given
indeed be associated with the gas-phase dimers under somé the Table 3 represent three different classes of strong
limitations58191.102whjch however make problematic a direct H-bonds!% negative charge-assisted (potassium hydrogen di-
comparison with their molecular crystal counterparts. Zwitter- formate, H maleate, and H phthalate ions), positive charge-
ions (such as the molecular crystals wflutamic acid and  assisted (50;"), and resonance-assisted (quinolinic and trea
L-tyrosine) are usually nonstable in the gas phase. The H maleatehosphoric acids, picolinic acid-oxide).

and H phthalate ions, 40,", quinolinic and ureaphosphoric In accord with the early reported da® the crystalline
acids, KH(HCOO), and picolinic acidN-oxide can exist as the  environment practically does not change the-O distance in
gas-phase systems. No experimental investigations of thesethe charge-assisted H-bonds (Table 3). The situation is different
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in the case of the resonance-assisted H-bonds. TheDO
distances computed for the gas-phase models of picolinic acid
N-oxide!%® and urea-phosphoric aci#l are found to be much
longer than the values in their molecular crystal counterparts
(Table 3). The present results for quinolinic acid support this
observation. Table 3 shows that the crystalline environment
strongly changes the location of the bridging proton in the

considered models of the resonance-assisted and charge-assisted

H-bonds. The point is that thé(O—H)/d(H---O) relationship
established fomolecular crystalswith strong H-bonds is also
valid for the gas-phase modelsee Figure 1.

According to Table 3, the geometrical parameters of the
O—H---O fragment and electron density at the-B/H---O bond
critical points computed for the 4@,* ion and picolinic acid
N-oxide using B3LYP/6-31G** are close to the corresponding
values obtained using the MP2/6-3t21G(d,p) level of ap-
proximation. This supports the use of the B3LYP/6-31G**
method for computation of the electron density in the k)
H---O bond critical points for the gas-phase models employed
in Table 3. These values were added to the set,ofalues
calculated for the 3D periodical crystals (Tables 1 and 2), and
the logarithmic regression function g versusd for all O—H/

Vener et al.
1.0 m  intermolecular H-bond
-qq‘j O  intramolecular H-bond
1,5 %
3 2,04 "
o o
2 "
-2,54 ™
-
L]
5" .
-3,01 un
1.0 12 14 1.6
d(O-H) d(H..0), A

Figure 4. Computed Inop values vs thel(O—H)/d(H---O) distances
for the intermolecular (black boxes) and intramolecular (empty boxes)
H-bonds.

different heavy atoms forming the-HA fragment, cf., egs 2a
and 2b. This difference may be negligible for the moderate and
weak H-bonds; however, it is significant for the strong and very
strong H-bonds. To illustrate this statement, consider the values
of the parameters entering eq 3 as evaluated in refs 6 and 10.

H---O bonds, considered in the present study, was recalculated:According to ref 6, they equal 1.29 au and 2.51&or the

In p, = (1.673+ 0.018)— (2.8344+ 0.014); R*=0.998,
n=71 (3)

Discussion

A unique exponential dependence has been used to fit the
computedpy, values coming from both intra- and intermolecular
interactions (egs 1, 2a, and 3). This contrasts with the analysis
carried out by other authors, pointing to the occurrence of two
different exponential dependences for those interacfions.
clarify this problem, a loglinear plot for the 3D periodical
crystals and gas-phase models is given in Figure 4. One can
see that intra- and intermolecular H-bonds do fit a unique line.
This is possible due to consideration of thear-linear
intramolecular G-H-:-O fragments { O—H---O > 16(°), most
of which occur in seven-membered pseudocycles. A large
number of intramolecular ©H---A (A = O, N) bonds occur
insix-membered pseudocycles and are strongly nonliéa#é-5357

e

gas-phase complexes with strong intermolecular H-bonds and
the X—H---O fragment X= C, F, Cl. These values differ from
the corresponding ones, 1.04 au and 2.394, Astimated from

the available experimentaj, values for molecular crystals with

Comparison of the parameter values entering eq 3 and eq 1the X~H-+O fragment In the case of the XH---A fragment,

shows that topological features of the-@---O fragment in
the gas-phase models and the 3D periodical crystals are
described by thesame pp(d) dependence. This observation
suggests that the computed QTAIM properties of the gas-phas
H-bonded complexes may be used for interpretation of the
experimental electron densities of their molecular counterparts.
According to Table 3, theV?p,, hep and |up|/gs values
computed using the MP2/6-31+H1-G(d,p) level of approxima-
tion can differ from the B3LYP/6-31G** values. In particular,
quite significant differences in tHé?p, and|uy|/g, values appear
for the covalent ©-H bond in picolinic acidN-oxide. This
implies that the B3LYP/6-31G** level of approximation should
be used with caution for general QTAIM discussions involving
H-bond features either in 3D periodical crystals or in the gas
phase.

where X= O, N, F, C and A= O, N, F, theoretical values
were 2.61 au and 2.38 A see ref 10. Summing up, the
exponential dependence of electron density at the bond critical
point for the H--A interaction can be considered as a universal
one. However, the particular values of the parameters in this
dependence are defined by the nature of the heavy atom forming
the H--A bond.

To conclude, we like to note that Espinosa and Mdfins
developed an approach that enables one to retrieve the atomic
interaction potentials from the topology of electron density for
moderate and weak H-bond¥(fi-+-O) > 1.65 A) which belong
to the pure closed-shell interactions. Unfortunately, this approach
is of limited applicability for strong H-bonded systems because
an account for the partial covalent character of the interaction
is needed. In addition, the H-bond potential energy surface is,
at least, two-dimensional in the latter case, e.g., see refs 19, 35,
41, and 43. A modetwo-dimensionapotential of the quasi-
symmetric G-H---O fragment in the molecular crystals was
developed some time atjoand was successfully applied for
interpretation of spectroscopfet®”and dynamit®® peculiarities
of strong H-bonded systems in condensed phases. The problem
of retrieving two-dimensional potential energy surfaces in
molecular crystals with strong H-bonds in the—@&---N
fragment is a challenging task. It has not been solved yet;
corresponding work is in progress now.

Conclusions

An intermediate (transit) region separating the shared and
closed-shell interactions is observed for H-bonded crystals in
which the bridging proton can move from one heavy atom to

This set of strong H-bonded systems requires the use of a speciaéinother. In the case of the-®---O fragment this region is

exponential dependence.

We demonstrated that the-+A distance corresponding to
the boundaries of the intermediate region is defined by the nature
of the A atom. This means that the particular values of the
parameters in thep = pp(d) dependence are different for

characterized by the following geometrical parameter ranges:
2.45< D(0-++0) < 2.6 A, 1.35< d(H---0) < 1.65 A, and 1.0
< d(O—H) < 1.10 A.

Exponential dependence of the electron density at the bond
critical point on the H--A (A = O, N) distance can be
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considered as a “universal” one. The particular values of the
parameters in this dependence are defined by the nature of th

heavy atom forming the ++A bond. According to our
computations, the value of the-+A distance, at whichv?py,
= 0, equals~1.35 A for H+-O and~1.42 A for H-+-N.

The crystalline environment changes the location of the
bridging proton in strong H-bonded systems; howeverdike-
H)/d(H---O) ratio is approximately theamein the gas-phase

complexes and their molecular crystal counterparts with linear

or near-linear G-H---O bonds ¢ O—H---O > 160).
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