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DFT calculations on the hydrogen
bonding interactions between adrenaline
and trimethoxysilylpropylamine
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Abstract. The hydrogen bonding interactions between adrenaline (Drug) and 3-(trimethoxysilyl)-1-propanamine (TMSA) have
been calculated using Gaussian 98 software. Ten possible forms (1–10) for the hydrogen bonding interactions were computed
at HF and B3LYP levels of theory with 6-31 G(d) and 6-31 + G(d,p) standard basis sets. The binding energies, �E(binding),
were obtained from the equation �E(binding) = E(complex) – [E(Drug) + E(TMSA)] + BSSE. The most stable forms (complexes 4 and
5) interact through O–H . . . N hydrogen bond, with calculated binding energies at B3LYP/6-31G* level equal to –10.93 and
–12.84 kcal mol–1, respectively. Other compounds containing N–H . . . N (1), N–H . . . O (2, 3, 6, 9) and O–H . . . O (7, 8 and 10)
hydrogen bonds show lower �E(binding) values. The nuclear quadrupole coupling constants (NQCCs or χs) were calculated for 17O,
14N and 2H nuclei about 10.0, 4.0–5.0 MHz and 180.0–360.0 kHz, respectively, that are in agreement with the experimental data.
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1. Introduction

Hydrogen bonds play a vital role in biological systems [1–3] and the biological properties are certainly
affected by these linkages [4, 5]. Several computational and experimental studies have been performed
to estimate the hydrogen bonding energies [6–8]. Ab initio calculations predicted the nuclear quadrupole
coupling constants (χ) of some amide groups and the NQCCs for the 14N and 2H atoms were computed
about 5.0 MHz and 200 kHz, respectively [9]. Adrenaline (or Epinephrine, Fig. 1) is a hormone and neu-
rotransmitter [10] that increases heart rate, contracts blood vessels, dilates air passages and participates
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Scheme 1. The chemical structures of Drug, TMSA and compounds 1, 2 with atom labeling scheme.

in the “fight or flight” response of the sympathetic nervous system [11]. The hydrogen bonding interac-
tions of this hormone in biological systems are important. One of these systems is molecularly imprinted
polymers (MIPs) that are of great interest due to their significant applications in separations, sensing
and analysis [12–16]. The sol-gel synthesis of a molecular imprinted ormosil (MIS) for solid-phase
extraction of methylxanthines was reported [17]. Computational design of molecularly imprinted silica
xerogels was performed by Azenha et al. [18]. In these compounds, the H-bonds play significant role. The
molecularly imprinted polymers bearing epinephrine as a template have been prepared in order to substi-
tute with antibodies and receptors [12, 19]. Recently, a chemiluminescence sensor has been introduced
for determination of epinephrine using graphene oxide–magnetite-molecularly imprinted polymers [20].
Interestingly, Matsui et al. have designed a composite of Au nanoparticles and molecularly imprinted
polymer for sensing adrenaline [21].

Herein, the hydrogen bonding interactions between adrenaline (Drug) and trimethoxysilylpropylamine
(TMSA) have been studied using DFT quantum chemical calculations with Gaussian 98 program suite
[22]. Moreover, the nuclear quadrupole coupling constants (χ) for 17O, 14N and 2H nuclei were calculated
by NQR computations.
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Scheme 2. The chemical structures of compounds 3–6 with atom labeling scheme.

2. Results and discussion

In order to study the hydrogen bonding interactions, the geometries of trimethoxysilyl propylamine
(TMSA) and adrenaline (Drug) as well as ten possible H-bonded forms among them (compounds 1–10)
were fully optimized at HF and B3LYP methods with 6-31G* and 6-31 + G** standard basis sets. The
optimized structures of TMSA, Drug and compounds 1–10 are represented in Schemes 1–3.

The binding energies for H-bond interactions, �E(binding), are obtained from the equation
�E(binding) = E(complex) – [E(Drug) + E(TMSA)] + BSSE, Table 1. The basis sets superposition errors (BSSE)
using counterpoise correction was developed by Boys and Bernardi [23]. Among complexes 1–10,
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Scheme 3. The chemical structures of compounds 7–10 with atom labeling scheme.

compounds 4 and 5 (containing O–H . . . N hydrogen bond) yield the highest binding energies at
B3LYP/6-31G* level equal to –10.93 and –12.84 kcal mol–1, respectively. Other compounds containing
N–H . . . N (1), N–H . . . O (2, 3, 6, 9) and O–H . . . O (7, 8 and 10) hydrogen bonds indicate smaller
�E(binding) values. Figure 2 indicates the optimized structure of the most stable form at B3LYP/6-31 + G**
level (compound 5).

Huang et al. studied the hydrogen bonding interactions between adrenaline, protonated adrenaline and
12-crown-4 (12C4) [24]. They indicated that the most stable complex between adrenaline and 12C4
contains one O–H . . . O hydrogen bond. Also, the most stable complex between protonated adrenaline
and 12C4 contains one O–H . . . O and one N–H . . . O hydrogen bonds. They obtained the hydrogen
bonding interaction energies, �E(binding), in the range of –4.99 to –18.99 kcal/mol at B3LYP/6-31 G(d)
level for eight possible H-bonded forms. It has been shown that �E(binding) for the hydrogen bonded forms
of protonated adrenaline and formate anion can be as great as 119.99 kcal/mol in the gas phase [25].
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Fig. 1. The structure of adrenaline (Epinephrine) with atom labeling scheme.

Table 1
The corrected binding energies with BSSE, �ECP, (kcal mole–1) for compounds 1–10

Method Compound

1 2 3 4 5 6 7 8 9 10

HF/6-31G* –2.19 –0.42 –0.04 –7.71 –5.68 0.42 –4.66 –4.66 –0.22 –0.80
HF/6-31 + G** –1.68 –0.16 0.24 –7.78 –4.53 0.65 –4.66 –4.66 –0.12 –2.87
B3LYP/6-31G* –5.11 –2.20 –0.50 –10.93 –12.84 –1.38 –5.55 –3.24 –1.92 –2.72
B3LYP/6-31 + G** –2.63 –1.12 –0.32 –10.34 –10.11 0.23 –5.20 –3.10 –0.34 –3.67

Another investigation revealed the molecular recognition of protonated adrenaline by supramolecular
complexation with crown ethers [26] in which the �E(binding) were measured in the range of –28.98 (in
I) to –48.62 (in II) kcal/mol in the gas phase. The �E(binding) values reported for the hydrogen bonding
interactions between adrenaline and 15-crown-5 at B3LYP/6-31 + G(d) level were in the range of –4.27 to
–32.18 kcal/mol [27] while they vary from –2.41 to –9.19 kcal/mol for the interaction between adrenaline
and formamide at B3LYP/6-311 + G(d,p) level [28].

The hydrogen bonding data and dipole moments of these complexes are represented in Table 2 where
the D, H, and A introduce the donor, bridging hydrogen and acceptor atoms, respectively. Acceptable
values result for the D–H, H . . . A, D–H . . . A distances and ∠DHA about 1.0, 2.0–2.5 and 3.0–3.5 Å
and 150–170◦, respectively. The dipole moments of compounds 1–10 are affected by H-bonds and vary
in the range of ∼1.0 D in 6 to ∼7.5 D in 5. It is interesting that the most stable compound (5) has the
greatest dipole moment. The dipole moments of TMSA and Drug were measured as 0.668 and 3.222
D at B3LYP/6-31 + G** level, respectively. In fact, when a hydrogen bond is formed, the polarity of the
resulting compound is changed due to varying the electron cloud distribution. The effects of hydrogen
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Fig. 2. The optimized structure of the most stable compound 5 at B3LYP/6-31 + G** level with atom labeling scheme.

Table 2
Hydrogen bonding data (Å, ◦) and dipole moments (Debye) for compounds 1–10 at B3LYP/6-31 + G** level

Compound D–H . . . A d(D–H) d(H . . . A) d(D . . . A) ∠DHA Dipole moment

1 N(3)–H(2) . . . N(1) 1.023 2.228 3.240 169.64 4.259
2 N(1)–H(2) . . . O(3) 1.017 2.252 3.190 152.52 3.056
3 N(1)–H(2) . . . O(3) 1.018 2.270 3.262 164.35 2.928
4 O(3)–H(2) . . . N(1) 1.005 1.742 2.733 167.92 2.860
5 O(3)–H(2) . . . N(1) 1.003 1.766 2.762 171.54 7.628
6 N(1)–H(2) . . . O(3) 1.018 2.246 3.257 171.89 0.905
7 O(3)–H(2) . . . O(1) 0.976 1.960 2.841 148.97 4.026
8 O(3)–H(2) . . . O(1) 0.974 1.864 2.836 174.69 4.032
9 N(3)–H(2) . . . O(1) 1.020 2.193 3.209 174.19 4.079
10 O(3)–H(2) . . . O(1) 0.977 1.879 2.850 172.66 4.028

bonding on the dipole moments have been indicated [29–31]. It has been even shown that different
conformations of a H-bonded structure affects the dipole moment values [32]. Similarly, various dipole
moments were obtained for three conformers (rotamers) of thiodiglycol [33].

Calculation of nuclear quadrupole coupling constants (χs) of nuclei with spin ≥1 is a powerful tool
to estimate the electronic and structural properties [34, 35]. For instance, it has been shown that the
nuclear quadrupole coupling constants of van der Waals complexes contain valuable information on
intermolecular forces [36]. Moreover, the numbers and energies of electronic transitions from ground to
excited states can be evaluated from NQCCs [37]. Oxygen-17, nitrogen-14 and deuterium are quadrupolar
nuclei with nuclear spin angular moments of I = 5/2, 1 and 1, respectively, and electric quadrupole
moments, eQ, which interact with electric field gradient, EFG, tensors. The computed nuclear quadrupole
coupling constants (χ) for 17O, 14N (MHz) and 2H (kHz) atoms of Drug, TMSA and compounds 1–10
at different levels of theory are given in Table 3. The χ values for 17O, and 14N atoms are about 10.0,
4.0–5.0 MHz, and for 2H nuclei differ from about 180.0–260.0 kHz to approximately 360.0 kHz. Previous
investigations have reported the χ value for 2H nucleus about to 200 kHz [9]. The B3LYP method yields
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Table 3

The selected calculated NQCCs (χs) for 17O, 14N (MHz) and 2H (kHz) atoms of TMSA,
Drug and compounds 1–6 at B3LYP/6-31 + G** level

Compound/Atom NQCC Compound/Atom NQCC

TMSA 4
N1 4.737 N1 4.100
H2 258.6 H2 179.1
H3 256.1 O3 9.000
O5 9.362
O6 9.417 5
O7 9.501 N1 4.021

H2 180.5
Drug O3 8.773
N1 5.268
H2 253.8 6
H7 138.7 N1 4.601
H9 155.3 H2 242.7
H11 195.3 O3 9.168
O6 10.509
O8 9.601 7
O10 9.257 O1 9.089

H2 258.6
1 O3 9.061
N1 4.468
H2 217.9 8
N3 5.070 O1 8.622

H2 257.0
O3 9.314

2
N1 4.570 9
H2 257.6 O1 9.222
O3 10.559 H2 230.9

N3 5.012

3 10
N1 4.568 O1 9.003
H2 242.8 H2 251.7
O3 9.166 O3 9.766

smaller values for χs, but there are not considerable differences between the outcomes of 6-31G* and
6-31 + G** levels. Moreover, comparing the NQCCs of donor, hydrogen and acceptor atoms in the H-
bonded forms 3–6 and 9 with those of their corresponding atoms in Drug and TMSA exhibits smaller
NQCC values upon hydrogen bonding. For the H-bonded form in 2, the NQCCs are reduced for donor
and H atoms but it is increased for the acceptor atom. The NQCCs of donor and acceptor atoms have been
reduced in 7, 8, 10 while that of H atom are increased. In fact, the reduction in the NQCCs of the atoms
contributing in the hydrogen bonding formation reveals the effect of this interaction on the EFG tensors.
This subject has been also studied for the H-bond interaction in sulfamerazine by DFT calculations [38].
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3. Conclusions

DFT computations at HF and B3LYP levels of theory with 6-31G* and 6-31 + G** basis sets were
conducted by Gaussian 98 software to fully optimize the structures of adrenaline (Drug) and trimethoxysi-
lylpropylamine (TMSA) as well as the ten possible complexes formed due to the hydrogen bonding
interactions. Among compounds 1–10, compounds 4 and 5 each containing one O–H . . . N hydrogen
bond indicate the most negative �E(binding). This reveals that the O–H . . . N is more preferred than
other hydrogen bonds (i.e. N–H . . . N, N–H . . . O and O–H . . . O). Nuclear quadrupole coupling con-
stants (χ) were calculated about 10.0, 4.0–5.0 MHz and 180.0–260.0 kHz for 17O, 14N and 2H atoms,
respectively.

4. Computational details

The structures of TMSA, Drug, and hydrogen bonded compounds 1–10 were drawn and optimized in
Hyperchem 7.0 program suite. DFT calculations were performed to fully optimize the geometry of the
structures using Gaussian 98 program [22] at HF and B3LYP levels of theory and standard 6-31G*,
6-31 + G** basis sets. The optimizations were followed by computations of the harmonic and the
vibrational frequencies. Nuclear quadruple coupling constants (χ) were calculated from the equation
χ = e2qzzQ/h [39], supposing that the electric quadrupole moments (Q) of 2H, 17O and 14N nuclei are 2.860,
–25.58, and 20.44 mb, respectively [40]. The principal components of the EFG tensor, qii , are computed
in atomic unit (1 au = 9.717365×1021 V m–2), with |qzz| ≥ |qyy| ≥ |qxx| and qxx + qyy + qzz = 0. These
diagonal elements relate to each other by the asymmetry parameter: ηQ = |qyy – qxx|/|qzz|, 0≤ηQ ≤ 1,
which measures the EFG tensor deviation from axial symmetry. The computed qzz component of EFG
tensor is used to obtain the nuclear quadrupole coupling constants NQCCs (χs).
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