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Molecular geometry as a source of chemical information.
Part 2—An attempt to estimate the H-bond strength:
the case of p-nitrophenol complexes with bases'*
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ABSTRACT: B3LYP/6-311+4G** optimizations were carried out for p-nitrophenol interacting with the flouride with
the only constraints for O---F distance in the range 4.0-2.601 A (for 19 computational data points) with an
assumption of planarity of the system and linearity of OH- - - F. The monotonic dependences of interaction energies on
C—O0 bond lengths led us to propose the C—O bond length as an approximate parameter to measure the H-bond
strength. Experimental geometries showed that the C—O bond length is very sensitive, and also that it is the most
variable structural parameter in these complexes. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Hydrogen bonding is among the most important non-
covalent chemical interactions. It appears in a wide range
phenomena being a subject of scientific and practical
interest."™ On the basis of ISI data (Institute for Scien-
tific Information, Philadelphia (1981-99); retrieved in
February 2000) it is known” that in the last two decades a
paper dealing with H-bonding has statistically been
published every half hour! Despite such huge efforts in
research, it is not an easy task to estimate the energy of H-
bonding. General definition and rules are well known,>>°
but practical applications are accessible mostly to a set of
relatively simple cases or, in other words, for a limited
number of systems.>’ Hence despite the enormous devel-
opment of theory” and computational facilities, there is
still a place for empirical approaches.

The energy of the H-bond or, a much more frequently
used although less precise term, its strength, is often
estimated from some physicochemical properties. Appli-
cations of various spectroscopic methods are most often
encountered® but almost equally often the geometry
parameters of H-bond are in use.”*""!

Almost half a century ago, Lippincott and Schroeder'?
introduced a geometry-based potential for OH---O
bonds allowing one to estimate their energy. Refinement
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and extension of this approach to other kinds of H-
bonded systems then followed.'? Simpler geometry-
based approaches, based on Pauling’s bond number'*
combined with a relation between the bond number and
bond energy,'” led to a fairly effective estimation of the
energy of —H.- - - B (base) interactions.”'*'® Some spec-
ulations on H-bonding strength were based directly on
the geometry patterns.'® ' Geometry-based analysis was
one of the most important developments for the concept
of resonance-assisted hydrogen bonds (RAHB).?**?
To our knowledge, apart from the Gilli approach,?***
the geometry patterns of more distant parts of a molecule
involved in H-bond complexes have not been taken into
systematic consideration. The aim of this work was to
apply the changes in geometry to estimate the H-bond
strength of p-nitrophenol-base complexes.

THEORETICAL
The motivation (of the title problem)

In the case of para-substituted phenols in which X is an
electron-accepting group, the charge transfer from the
hydroxyl group to the substituent X is essential as it
results from a simple Hammett-like reasoning.”* The
nitro group is strongly electron accepting, particularly
when interacting with electron-donating counter sub-
stituents. The appropriate substituent constants for the
NO, group, para to OH, a,,:0.78,25 para to O,
0, =1.27; assuming a strong positive charge on the
nitrogen of the NO, group in the para position, for OH
of =—0.92 and for O o, =—2.3.%°
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Figure 1. Labelling of geometric parameters and the
scheme of the process leading to the intramolecular charge
transfer described by the canonical structures on the right

Upon H-bond formation, the electron-donating ability
of the hydroxyl group increases, because the process of
proton removal from the oxygen atom correlates with an
increase in negative charge at the oxygen atom. In con-
sequence, an increase of a quinoid-like structure follows,
as shown in Fig 1.

Obviously, the stronger the H-bonding, the more the
proton is shifted towards the base, B, and the more
negative charge appears on the oxygen atom. In conse-
quence, an increase in quinoid structure weight is ob-
served, caused by the intramolecular charge transfer. This
obviously results in changes in geometry: the C—O bond
becomes shorter, a-bonds become longer and the ipso
angle o becomes sharper. These parameters are mutually
related and this kind of observation was found for a very
small set of H-bonded complexes between pentachlo-
rophenol and various bases.?’ It has recently been sup-
ported as general relationships for 635 H-bonding
complexes of differently substituted phenol derivatives
interacting with different bases.”® The most directly
involved and experimentally easily accessible structural

parameter of the H-bond donor is the C—O bond length,
but two other parameters are also involved in the process
of structural changes due to the H-bond formation.

Modelling and computational procedures

Table 1 presents geometric data for 13 p-nitrophenol
complexes with different bases retrieved from the
CSD.? 1t should be mentioned that in almost all these
cases, apart from the main interactions being the H-
bonding of the hydroxyl group with the bases, there are
numerous additional interactions in the crystal lattice.
Most often these are the interactions in which oxygen
atoms either in the hydroxyl group or in the nitro group
are involved in some weak H-bonding with H-donors of
the neighbouring molecules. Such interactions clearly
obscure the picture of the H-bonding that is the subject
of our study.

It is shown that the values of all structural parameters
mentioned above vary over a wide range. The most closely
related structural parameter involved in H-bonding is the
C—O bond length. This parameter varies most, as is seen
in the values of variance (Table 1), and therefore it was
chosen for further study. To relate these data to the energy
of the H-bond, the following simplified model process
was set up in which the approach of fluoride along the
OH bond direction in p-nitrophenol (the constraint) was
followed by an optimization procedure (Fig. 2).

The Becke-style three-parameter density functional
theory using the Lee—Yang—Parr correlation functional
and the 6-311+G** basis set (B3LYP/6-311+G**) were
used to optimize the geometries of the molecules and
complexes and to calculate vibrational frequencies. Only

Table 1. Geometric parameters (for Iabelllng see Fig. 1; bond lengths in the ring are taken as the mean values, &, b, ©),

statistical descriptors of the distributions, CSD?°
different bases (H-donors are in bold face)

reference codes and names of the H-bond complexes of p-nitrophenol with

Compound name RefCode  dco (A)  a(A) b(A a-b@A) «a(
4-Nitrophenol 4-methylpyridine®® CAXNOE 1.344 1.387 1.375 0.012 119.5
1,4,10,13-Tetraoxa-7,16- dlazacyclooctadecane GOBYOL 1.345 1.381 1.371 0.010 119.5
bis(p-nitrophenyl) clathrate®
4-Nitropyridine N-oxide 4- nltrophenol32 JUDNAX 1.347 1.391 1.370 0.021 119.9
Pyridine N- 0x1de 4-nitrophenol?3 NILZOX 1.336 1.396 1.370 0.026 119.5
4- Nltrophenol NITPOLO2 1.349 1.404 1.387 0.017 120.2
4-Nitrophenol** NITPOLO3 1.359 1.410 1.392 0.018 120.3
2-(N, N—Dlethylammo)methyl -4-nitrophenol NUDLON 1.330 1.404 1.381 0.023 119.1
4-nitrophenol™
1,5,7-Triazabicyclo[4.4.0]dec-5-ene OFECAD 1.292 1416 1.371 0.045 117.4
bis(4-nitrophenol)3¢
cis, trans-Diacetamide 4-nitrophenol clathrate VIVYUU 1.351 1.391 1.380 0.011 120.4
N-Butyrylbenzamide 4-nitrophenol clathrate®’ VIVZAB 1.355 1.394 1.383 0.011 120.5
2-Picoline N-oxide 4-nitrophenol WIRWID 1.363 1.381 1.386 —0.005 120.7
2-Pyridone 4-nitrophenol®® OFUGUR 1.348 1.389 1.368 0.021 119.6
Piperazinediium bis(4-nitrophenolate) d1hydrate XUTCAQ 1.310 1.409 1.368 0.041 117.1
Variance  4.0x 107*1.3x 107" 0.7x 107" 1.7x10™* 1.240
ESD 0.020 0.011 0.008 0.013 1.1

ESD: estimated standard deviation.

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 2. Structural scheme of the computational model.
The geometry optimization was carried out for various O - - -F
distances within the range 4.0-2.601 A

one negative frequency was found, indicating the proper
route of proton on the path realized by H-bonding of the
system under consideration.

Partial geometry optimization was performed in all
cases of complexes of p-nitrophenol with fluoride; all the
dihedral angles (a planar structure was assumed) and the
distance between the oxygen atom in the hydroxyl group
and fluoride (for each step within the range 4.0-2.601 A)
were frozen. Moreover, the angle between fluoride and
the hydroxyl group was kept equal to 180.0°.

With respect to the calculations of the energies of
the molecules and complexes, in order to estimate the
p-nitrophenol-fluoride interactions, the use of the coun-
terpoise correction method eliminated basis set super-
position errors. Two energy terms were calculated: (a)
the interaction energy Ej, between p-nitrophenol and
fluoride that was calculated according to Eqn (1); (b) the
deformation energy Eg.¢ that is due to the geometry
change of the p-nitrophenol molecule caused by the
interactions with fluoride was calculated according to
Eqn (2). All calculations were performed using the
Gaussian 98 series of programs.*!

Eint = Eap (basisAB; OplAB) — Ep (basisAB; OplAB)

— Eg(basisap; optap)

(1)

Eqer = EA(basisA; Op[AB) — EA(baSiSA; (Jpl‘A) (2)

where A is p-nitrophenol and B is F~. Ex(basisa; optag)
means that the energy of molecule A, E,, was calculated
using internal coordinates of the A molecule, basisa,
and for the geometry obtained during optimization of
complex A-B, optag. The other terms in Eqns (1) and (2)
should be understood in the same way.

The total interaction energy E., i, was calculated
as the difference between the electronic energy of the
p-nitrophenol-fluoride complex and the energies of p-
nitrophenol and fluoride.

RESULTS AND DISCUSSION

Following the procedure described above, it was found
that the geometry and energy patterns for the full range of

Copyright © 2004 John Wiley & Sons, Ltd.

O- - -F distances shows two kinds of interactions. First,
the hydroxyl group undergoes a deformation, character-
ized by elongation of the O—H bond. At an O---F
distance of 2.601 A, the proton transfers to fluoride and
the HF molecule is formed. We still have the H-bonding
but at this geometry we have another kind of interaction.
The HF molecule interacts with the phenolate anion
(see Fig. 3). Only the first kind of interaction is the
subject of our further consideration. Table 2 presents
the data for the above-presented model calculations.

Figures 4 and 5 present the dependence of the interac-
tion energy E inc and Ej,, respectively, on the C—O
bond length. In most cases of the experimentally studied
H-bonds in p-nitrophenol complexes, the base is a neutral
molecule. The triangles in Fig. 4 represent the ex-
perimental values of C—O bond lengths realized in
H-bonding complexes (Table 1). However, some experi-
mental data (for dco > 1.346 A) are outside the range
of the model curve. These deviations from the model
curve are due to the simplified character of the model.
However, the nature of interactions is much more com-
plex. In addition to the electrostatic component of the
interaction energy, which dominates in our model, in the
real system substantial contributions from other forces
are also present.

In the case of the dependence presented in Fig. 4, the
distribution of the data points follows approximately an
exponential curve [see Eqn (3)] based on Pauling’s bond
number'* combined with a relation between the bond
number and bond energy: "

1
d—dco c
Eiotine = Do (e 037 — 1) (3)

where Dy, d; and ¢ are —100.876, 1.3479 and 3.7320,
respectively, and lead to a correlation coefficient R = 0.9998.
This analysis follows the ideas presented by Biirgi and
Dunitz.*?

Since the interaction energy described by Eqn (1) does
not fit an exponential relationship with the C—O bond
length, a polynomial approximation was used.

For stronger H-bonds, the deformation energy [Eqn (2)]
increases faster than the interaction energy decreases.
Therefore, there is a more complex dependence of the
interaction energy on C—O bond lengths, because Eg.¢
[Egn (2)] is a component of the total interaction energy

-F ~F

H
H
(0] (0]

O...F distance = 2.601A

NO, NO,

Figure 3. Scheme of the change in the type of H-bond at an
O---F distance of 2.601 A
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Table 2. Geometric parameters, energies and statistical descriptors of p-nitrophenol complexes with F~ for constrained

distances O- - -F

Fixed O- 'O'F OH o Elol int Eint Edcf o o e e

distance (A) distance (A) (kcalmol™!) (kcalmol™!) (kcalmol™!) dco (A) a(A) b(A) a—-b@A) a(®
4.000 0.980 —24.12 —23.66 0.92 1.346 1.406 1.384 0.022 1204
3.800 0.984 —26.91 —26.74 1.21 1.345 1.406 1.383 0.023 120.4
3.600 0.989 —30.19 —30.41 1.60 1.343 1.407 1.383 0.024 1204
3.400 0.996 —34.01 —34.73 2.10 1.341 1.408 1.383 0.026 1204
3.200 1.005 —38.43 —39.61 2.56 1.338 1.409 1.382 0.027 1203
3.000 1.020 —43.44 —4531 3.26 1.333 1411 1.381 0.030  120.0
2.800 1.048 —49.11 —52.75 5.03 1.325 1.414 1.381 0.034  119.5
2.750 1.058 —50.64 —55.12 5.87 1.322 1415 1.380 0.035 1193
2.700 1.072 —52.22 —57.98 7.16 1.319 1.417 1.380 0.037  119.1
2.650 1.094 —53.87 —61.78 9.31 1.315 1.418 1.379 0.039  118.8
2.640 1.100 —54.21 —62.78 9.96 1.314 1.419 1.379 0.040  118.8
2.630 1.108 —54.57 —63.94 10.77 1.313 1.419 1.379 0.040 1187
2.620 1.117 —54.92 —65.32 11.80 1.312 1.420 1.379 0.041 118.6
2.610 1.131 —55.29 —67.31 13.42 1.310 1.421 1.379 0.042 1185
2.609 1.131 —55.32 —67.37 13.44 1.310 1.421 1.379 0.042 1185
2.607 1.131 —55.40 —67.49 13.48 1.310 1.421 1.379 0.042 1185
2.605 1.146 —55.48 —69.30 15.21 1.308 1.421 1.378 0.043 1184
2.603 1.146 —55.56 —69.43 15.27 1.308 1.421 1.378 0.043 1184
2.601 1.620 — — — 1.271 1.443 1.373 0.070  115.8
Variance 0.004 122.49 250.61 27.03 200x 107> 3.0x 10> 03x107° 6.0x10™° 0.7
ESD 0.061 11.07 15.83 5.20 0.014 0.006 0.002 0.008 0.8

(Etot int)- Figure 6 shows this very clearly. It is immedi-
ately clear from both the experimental data in Table 1 and
computational data in Table 2 that a great variation of
structural parameters is observed. It is given by variances,
but for easier viewing estimated standard deviations are
also given (which are in the same units as the observa-
bles). Computational data presented in Figs 4 and 5
clearly show that the changes in dco may be related
to the energy of interactions. This result allows us to
suggest C—O bond length changes as a reliable measure
of H-bonding strength. Unfortunately, the curves in Figs 4
and 5 cannot be used as the calibration equations, since
the modelling presented in this paper refers to the special
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Figure 4. Calculated values of total interaction energy
(Etot inp) @s a function of dcg (circles); the triangles represent
experimental C—O bond lengths (Table 1). Approximation
was made by use of Egn (3). The data outside the range of
the model curve are put on the line of Eyot ing=0

Copyright © 2004 John Wiley & Sons, Ltd.

and very simplified case of the H-bond systems. In our
model, the H-bond acceptor is the anion and hence the
calculated energies consist of too large a contribution of
the electrostatic component of the interaction energy.
If the experimental C—O bond lengths are used to
estimate the energy of interactions, the values obtained
are too high, as shown in Table 3, in the range 20-
55kcal mol ! (1 kcal =4.184 kJ). These results are much
larger than the interaction energy for p-nitrophenol with,
for example, ammonia (11.03 kcal molfl), obtained at
similar level of theory.”> This is the most reasonable
explanation for why so many experimental C—O bond
lengths are situated outside the range of C—O variations
estimated by the computational model (Fig. 4). Table 3
presents some estimations from the experimental data.
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Figure 5. Calculated values of interaction energy [Eint,
Egn (1)] as a function of C—O bond lengths (circles) with
polynomial approximation curve
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Figure 6. Calculated values of Ei, [Eqn (1)], Eger [EQn (2)]
and the sum of these terms vs C—O bond lengths for the
variation of O---F

Table 3. Estimation of the H-bond energy from experimen-
tal data when Eqgn (3) and polynomial approximations are
taken as calibration curves

o Edef 1 Eint 1 Elot int |
RefCode  dco (A) (kcalmol ") (kcalmol ") (kcalmol™ ')

CAXNOE 1.344 1.50 —29.54 —29.88
GOBYOL 1.345 1.23 —27.41 —27.60
JUDNAX 1.347 0.60 —22.73 —20.25
NILZOX  1.336 293 —42.57 —40.36
NUDLON 1.330 3.74 —48.94 —45.11
XUTCAQ 1.310 13.39 —67.60 —55.55

Because both dependences of the energy of interac-
tions (Ej, and E, in) on the C—O bond lengths are
nicely monotonic, we suggest that the C—O bond length
can be used as a qualitative measure of the strength of
—OH- - -B interactions. In this way, easily accessible
experimental data may serve for a qualitative estimation
of H-bond strength. The general conclusion is that the
shorter the C—O bond, the stronger is the OH---B
interaction.
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