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The O–H···N hydrogen-bonded dimer of serotonin is shown to be more stable than the stacked dimer in its ground electronic
state, by using the Møller–Plesset second-order perturbation theory (MP2) and the 6–31g∗∗ basis set. The vertical excitation
energy for the lowest π → π∗ transition for the monomer as well as the dimer is predicted by time-dependent density
functional theory. The experimentally observed red shift of excitation wavelength on oligomerisation is explained in terms
of the change in the HOMO–LUMO energy gap due to complex formation. The impact of dimer formation on the proton
magnetic resonance spectrum of serotonin monomer is also examined.

Keywords: serotonin dimer; conformer stability; hydrogen bond and stacking; absorption maxima; proton NMR
chemical shift

1. Introduction

Serotonin (5-hydrxoytryptamine) is a neurotransmitter of
immense biological importance [1]. It plays a vital role in
the regulation of mood, sleep and appetite [2–4]. It plays
a key role in heart disease and asthma [3] as well. Im-
balances of serotonin in the body can result in migraine,
depression and exhaustion. Hence, the study of the most
stable monomer of serotonin and its oligomers has been of
interest in the past few decades.

Serotonin in its monomeric form is expected to react
with the receptors in the postsynaptic cell [5]. It is present
in hundreds of millimoles/litre concentration in neurotrans-
mitter vesicles. At this high concentration, serotonin is
thought to undergo oligomerisation. Mourik and Emson
[6] explored the conformational landscape of serotonin at
the density functional theory (DFT) level using the B3LYP
functional and the 6−31 + G∗ basis set by varying the three
dihedral angles and the position of the OH group. The three
dihedral angles define the position of the side chain, amino
group and the orientation of the amino group lone pair.
They assigned the vibrational frequencies for all twenty
three conformers. There has been a controversy in the lit-
erature regarding the orientation of the side chain of sero-
tonin. While there are studies that show that the side chain
prefers to be out of plane of the molecule, some semi-
empirical studies on tryptamine derivatives [7] and mela-
tonin [8] show a preference for the side chain to be in the
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plane of the molecule. The conformational flexibility of the
ethyl amine side chain plays a vital role in its binding to
receptor sites and is important in drug design. The structure
and vibrational spectra of serotonin have been investigated
by Bayari et al. [9] by molecular mechanics, semi-empirical
(PM3), Hartree–Fock (HF) and DFT methods. The resonant
two photon ionisation (R2PI), laser-induced fluorescence
(LIF), UV–UV hole-burning and resonant ion-dip infrared
(RIDIR) spectra of isolated serotonin cooled in a supersonic
expansion have been studied by LeGreve et al. [10]

Maiti and co-workers investigated the fluorescence and
the proton nuclear magnetic resonance (NMR) spectrum of
serotonin at intravesicular concentrations [11]. They inves-
tigated the spectra of serotonin at different concentrations
and found that the monomer exhibits two absorption peaks
(270 and 340 nm) [12]. An excitation scan at larger con-
centrations, where oligomers are expected to be formed,
shows a considerable red shift in the vertical excitation
wavelength maxima. This helps in the multiphoton imag-
ing of the serotonin vesicle and is important in recognition
of the oligomers in cell conditions [13,14]. Therefore, in
the present work a detailed investigation of the structure
and stability of serotonin monomer and dimer has been
undertaken. A time-dependent density functional theoretic
(TDDFT) [15,16] study has been carried out to examine the
vertical excitation of serotonin monomer and dimer in their
ground electronic states. A detailed investigation involving
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the orbital energies accounts for the observed red shift of
the absorption maximum.

2. Methodology

The ground electronic state geometry of the monomer and
different configurations of the dimer, stacked conformer A
with the OH groups anti-parallel to each other, conformer
B with a hydrogen bond between the pyrrole N and H of
the amino group and conformer C with a hydrogen bond
between the pyrrole N and H of the hydroxyl group was
optimised at the Møller–Plesset second-order perturbation
theory (MP2/6–31g(d, p)) level using the 6–31G(d, p) ba-
sis set. The moderate-sized basis set was chosen to keep
the calculations manageable with the available computa-
tional resources. Frequency calculations at the same level
of theory with the same basis set were not possible for
the dimer. The stabilisation energy (�Es) of the dimer is
defined as �Es = Edimer − 2Emonomer. The resulting �Es

values were corrected for basis set superposition error coun-
terpoise correction using the counterpoise method of Boys
and Bernardi [17]. Vertical excitation energy values for the
monomer and the dimer were calculated using the TDDFT
methodology for the MP2/6–31g(d, p) optimised geometry.
All MP2 and TDDFT calculations were carried out using
the GAUSSIAN 03 suite of programmes [18]. For visuali-
sation purposes, GaussView was used [19].

Proton NMR shielding tensors (σ ) were calculated us-
ing the Gauge Independent Atomic Orbital (GIAO) method
[20] at the same level of theory as mentioned above. A re-
cent study [21] has made it clear that changes in chemical
shift can be predicted reliably in a basis set independent
fashion. Therefore, a medium size basis set like 6–31G(d,
p) is considered adequate to predict the chemical shift val-
ues for larger systems with a reasonable accuracy. The 1H
NMR shielding tensor of the reference compound tetram-
ethylsilane (TMS) was also calculated at the same level of
theory (MP2/6–31G (d, p)) using the GIAO method. The
proton chemical shift was computed by taking the differ-
ence between the isotropic shielding value for the proton in
TMS and that in the compound under investigation.

3. Results and discussion

3.1. Molecular electrostatic potential map

The most stable geometry of the ground electronic state of
serotonin monomer along with the molecular electrostatic
potential (MEP) map obtained with the self-consistent-field
(SCF) electron density with an isosurface value of 0.01
e/au3 is plotted in Figure 1. The blue colour denotes re-
gions of strong positive potential and the red colour denotes
regions of negative potential. The yellow colour represents
an intermediate potential. It becomes obvious that serotonin
dimer may not prefer a T-shaped geometry as the central
part of the molecule shows a weak electrostatic potential.

Figure 1. The most stable geometry of the ground electronic
state of serotonin monomer at the MP2/6–31g∗∗ level of theory
along with the molecular electrostatic potential map from total
MP2 density mapped with the SCF electron density (isosurface
value = 0.01 e/au3). The red and blue regions indicate the negative
and positive parts of the electrostatic potential, respectively, while
the yellow and green regions show an intermediate potential.

An attempt to form a T-shaped dimer geometry with two H
atoms of the NH2 group of one serotonin molecule pointing
towards the benzene ring of the other ended up in a more sta-
ble in-plane hydrogen-bonded geometry. The MEP map of
serotonin explains its tendency to form a hydrogen-bonded
dimer in which the N atom of the amino group behaves as
an acceptor and the pyrrole nitrogen or the hydroxyl oxygen
acts as the donor.

3.2. Monomer

Selected geometrical parameters of serotonin monomer are
listed and compared with the experimental results in the
supplementary Table 1 (ESI). The bond length values for
indole N–H and C-O are overestimated by 0.095 Å and
0.007 Å, respectively while the O–H bond length is under-
estimated by 0.045 Å. The theoretically computed bond an-
gles are close to the experimental values. The dihedral plane
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Figure 2. Optimised geometry of (a) the stacked dimer A in which the benzene rings are slipped from each other and the two hydroxyl
groups are antiparallel to each other, (b) the T-shaped hydrogen-bonded dimer B, where the pyrrole NH makes a hydrogen bond with the
amine NH2, and (c) the T-shaped hydrogen-bonded dimer C, where the hydroxyl OH makes a hydrogen bond with the amine NH2. The
numbering in this figure is different from that in Figure 1.

(DC13C15C17N18), which determines the position of the amino
group and DC6C13C15C17 (◦), which determines the position
of the side chain are also very close to the experimentally
obtained values. The crystal structure of serotonin picrate
monohydrate reveals the dihedral angle (DC13C15C17N18) to
be –67◦ [9]. An analysis of the potential energy curve for
this dihedral angle shows that serotonin can be crystallised
in different conformations. The ethyl amine side chain is
in an extended transplanar conformation. The all positive
vibrational frequencies of the structure were an added evi-
dence for the geometry to be a true minimum.

3.3. Dimer

The MEP map for serotonin monomer shows that the H
atom of the pyrrole N–H and the hydrogen atom of O–H
are electropositive, while the O atom of the O–H and the
N atom of the amino group are negative sites. Hydrogen-

bonded dimers involving N–H (pyrrole)···NH2 (amino) (B)
and O–H···NH2 (amino) (C) were considered along with
the stacked dimer geometry (A). The optimised geometry
of different dimers is shown in Figure 2.

3.3.1. Dimer A

Efforts to optimise the geometry of serotonin dimer, keep-
ing the O–H groups in the two monomers parallel to each
other in a stacked configuration was not successful because
of the unfavourable interaction between the dipole moment
vectors. The other stacked geometry, where the two OH
groups are anti-parallel to each other showed a very slow
rate of convergence due to the shallow potential energy sur-
face. In the stable configuration, the monomers are slipped
from each other. The distance between the centres of the two
benzene rings is 3.40 Å and the centre-to-centre line makes
an angle of 81.92◦ with C14. Furthermore, the monomers
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are not exactly parallel to each other; they are a bit tilted,
making an angle of ∼27◦. The striking feature of this con-
former is the non-planarity of the hydrogen atom of the
O–H group with respect to the plane of the benzene ring
as it makes a weak hydrogen bond with the N atom of the
pyrrole ring. This is confirmed by a ∼0.003 Å increase in
the O–H bond length in the dimer when compared to the
monomer. The ∠C14O26H49 is 106.56◦ and ∠C1O13H50 is
106.36◦. The ∠O26H49···N9 is 131.39◦ and ∠O13H50···N22

is 146.07◦. The H49···N9 and H50···N22 distances are 2.42
and 2.43 Å, respectively. Conformer A is found to be stable
by 5.10 kcal/mole relative to the monomer.

3.3.2. Dimer B

The MEP of serotonin suggests the possibility of forma-
tion of a dimer with the pyrrole NH···N (amine) hydrogen
bond. The BSSE corrected stabilisation energy of such a
structure (conformer B) is found to be 10.41 kcal/mole.
Clearly, the hydrogen-bonded dimer B is more stable than
the stacked dimer A, at least in the gas phase. The con-
former B has a nearly T-shaped geometry with a hydrogen
bond between the pyrrole NH and the amine NH2 (N12H13

and N42). The NH···N distance is 2.003 Å and the ∠NH···N
is 149.85◦. The pyrrole H atom goes out of plane with an
angle of 124.68◦ (∠C1N12H13). The bond length of N12–
H13 increases by ∼0.02 Å in going from the monomer to
the dimer indicating the formation of a hydrogen bond. The
H36 atom faces towards the benzene ring and the C34H36···R
distance is 2.45 Å with an angle of 158.18◦. Therefore, a
weak CH···π interaction can be considered to exist in this
structure.

3.3.3. Dimer C

Another hydrogen-bonded dimer (C) was found to be sta-
ble with a hydrogen bond between the OH in one monomer
and the NH2 group in the other (O33H37 and N18). It has
a T-shaped geometry. The OH···N distance is 1.826 Å and
∠OH···N is 171.46◦. The O33H37 bond length increases
by 0.025 Å, while the O10H11 distance shows an increase
of 0.008 Å suggesting a weak interaction. The H atom of
the hydroxyl group is nearly in the molecular plane. The
H9 and H11 atoms face towards the benzene and the pyr-
role rings with H9···R and H11···R distances of 3.16 Å and
2.53 Å, respectively. The corresponding angles are 165.96◦

and 170.37◦. Therefore, two weak interactions exist in this
conformer. The stabilisation energy for the conformer C is
−16.13 kcal/mole, the largest among the three conformers
considered.

3.4. Vertical excitation energy

Serotonin monomer is known to have an absorption maxi-
mum at 270 nm. Maiti and co-workers examined the exci-
tation wavelengths at different concentrations of serotonin.

Table 1. Vertical excitation wavelength computed by the
TDDFT/B3LYP method using the 6–31g∗∗ basis set for the sero-
tonin monomer and three different conformers of the dimer A, B
and C.

Excitation
wavelength Absorption

Excited (nm) maximum Oscillator
System states TDDFT/B3LYP (nm) strength (f)

Monomer S1 285.6 270 [11] 0.0562
S2 268.4 0.0882

Dimer A S1 317.8 0.0008
S2 294.9 0.0445
S3 285.3 0.0157

Dimer B S1 294.8 0.0043
S2 291.3 0.0197
S3 288.8 0.0643

Dimer C S1 293.9 nm 0.0713
S2 290.1 nm 0.0249
S3 288.5 nm 0.0211

At higher concentrations, where serotonin is expected to
form oligomers a new excitation peak at ∼340 nm has been
located [12]. This red shift in the vertical excitation wave-
length with an increase in the concentration due to possible
oligomerisation has been rationalised from a molecular or-
bital energy analysis. The red shift in the absorption peak
becomes an important signature of the oligomers in the UV
region.

The optimised geometry of the monomer was used to
calculate the excitation wavelength by the TDDFT method
using the B3LYP functional. The first excited state (S1)
of serotonin arises from the HOMO → LUMO (π → π∗)
excitation. The computed vertical excitation wavelength is
in reasonable agreement with the experimentally observed
value as illustrated in Table 1.

A TDDFT calculation for the stacked dimer indicates
that the absorption maximum is red shifted in going from
the monomer to the dimer. That the hydrogen-bonded dimer
also exhibits a red shift in the vertical excitation wavelength
can be explained by the change in the HOMO–LUMO en-
ergy gap. The doubly degenerate HOMO of the monomer
splits into two due to the monomer-monomer interaction
while forming the dimer. The HOMO of the dimer shows
a destabilisation effect, while the LUMO shows a negligi-
ble stabilisation effect. Therefore, there is a decrease in the
HOMO–LUMO energy gap on dimer formation.

HF calculations are known to overestimate the HOMO–
LUMO energy gap. However, they can provide an insight
into the factors influencing the energy gap. The energy dif-
ference between the HOMO and the LUMO in the monomer
of serotonin is 10.94 eV. This decreases to 10.36 eV in dimer
A and 10.62 eV and 10.71 eV in dimers B and C, respec-
tively. The decrease is clearly the largest for the stacked
dimer A. This decrease in the HOMO–LUMO energy gap
is expected to be more pronounced in the solution phase
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due to the stabilisation of the LUMO by solvation. This de-
crease in the LUMO energy level will cause the absorption
peak to shift to a longer wave length and the resulting red
shift in the absorption maximum can help in detecting the
oligomers at higher concentrations.

3.5. NMR analysis

The effect of stacking interaction and the CH···π interaction
on the 1H NMR spectra of aromatic systems has been in-
vestigated both theoretically [22] and experimentally [23].

3.5.1. Serotonin monomer

The serotonin molecule contains five aromatic protons, four
aliphatic protons, two aliphatic amine protons and one aro-
matic hydroxyl proton as shown in Figure 3. The proton
NMR isotropic shielding tensor of TMS is computed to be
31.95 ppm at the MP2/6–31G(d, p) level of theory. In com-
parison, the computed chemical shift values of aromatic
protons lie in the range 7.40–6.78 ppm. The aromatic –NH
proton and the -OH proton labelled as ‘4H’ and ‘9H’ in
Figure 3 show peaks at 7.40 and 3.49 ppm, respectively.
Four alkyl protons (–CH2) and two aliphatic amine (–NH2)
protons are found to lie in the lower chemical shift value re-
gion, i.e. 2.59–3.17 ppm and 0.22–0.79 ppm, respectively.
The proton NMR isotropic chemical shift values are listed

in Table 2. In an experimental NMR spectrum recorded by
Nag et al. [11], only seven protons gave a clear signature.

3.5.2. Serotonin dimer

As discussed earlier, three conformers have been consid-
ered for the dimer, of which one is stacked and other two
are hydrogen bonded. In the stacked dimer (A) of serotonin,
the –NH proton (proton 4) is shifted upfield by ∼0.47 ppm.
The isotropic proton chemical shift values of the stacked
serotonin dimer are listed in Table 2. The aromatic protons
(2, 3 and 5) are upfield shifted, i.e. lower chemical shift
values but the proton in the pyrrole ring (proton 1) is down-
field shifted (larger chemical shift value). Changes in the
chemical shift values are relatively more for the aromatic
protons attached to the benzene ring than for the protons
in the pyrrole ring. This could be explained on the basis of
the benzene parts being stacked over each other and show-
ing upfield shifts. The alkyl proton ‘6H’ shows a downfield
shift, whereas the ‘7H’ proton shows an upfield shift.

In the hydrogen-bonded dimer B, the 4H proton (pyr-
role –NH) of one serotonin shows a downfield shift with
�σ = 4.71 ppm. The amine protons of the other serotonin
moiety show an increment with �σ = 0.73 and 0.34 ppm.
The 1H proton of the latter moiety is involved in the NH···π
interaction and is upfield shifted with �σ = 2.64 ppm. In-
terestingly, the aromatic and alkyl protons of one serotonin
moiety move to larger chemical shift values, whereas the

Figure 3. Labelling of protons in the optimised geometry of serotonin monomer and the dimer. The numbering in this figure is different
from that in Figures 1 and 2.
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Table 2. Values of proton chemical shift (δ) for serotonin monomer and three different conformers of the dimer.

Aromatic Alkyl Hydroxyl NH2

Protons 1H 4H 2H 3H 5H 6H 7H 8H 9H 10H

Monomer 6.78 7.39 7.31 7.16 6.94 2.98, 2.59 3.05, 3.17 3.49 0.22 0.79
2.79 3.11

Dimer A Aromatic Alkyl Hydroxyl NH2

Protons 1H 4H 2H 3H 5H 6H 7H 8H 9H 10H

Moiety 1 6.94 6.73 7.1 6.92 4.98 2.64, 2.94 2.82, 2.29 3.68 0.26 0.63
Moiety 2 7.1 7.1 6.74 5.79 7.16 2.97, 3.30 3.31, 2.42 2.43 0.41 0.73
Averaged Chemical Shift 7.02 6.92 6.92 6.35 6.07 2.81, 2.97 3.07, 2.36 3.06 0.34 0.68

2.89 2.72

Dimer B Aromatic Alkyl Hydroxyl NH2

Protons 1H 4H 2H 3H 5H 6H 7H 8H 9H 10H

Moiety 1 7.06 12.1 7.73 7.27 7.07 2.61, 2.84 3.16, 2.41 3.53 0.2 0.68
Moiety 2 4.14 6.87 6.98 6.44 7.17 2.62, 2.66 3.29, 1.81 3.21 0.95 1.13
Averaged Chemical Shift 5.6 9.48 7.36 6.86 7.12 2.62, 2.75 3.23, 2.11 3.37 0.58 0.91

2.69 2.67

Dimer C Aromatic Alkyl Hydroxyl NH2

Protons 1H 4H 2H 3H 5H 6H 7H 8H 9H 10H

Moiety 1 6.86 7.25 7.13 6.91 6.92 3.38, 2.52 3.53, 2.81 4.26 1.53 1.04
Moiety 2 7.07 7.66 7.44 7.33 7.57 3.02, 2.71 2.97, 3.54 10.78 0.64 0.01
Averaged Chemical Shift 6.96 7.46 7.29 7.12 7.25 3.20, 2.62 3.25, 3.18 7.52 1.09 0.53

2.91 3.22

Note: The numbers in bold font refer to average values, when there are more than one proton of the same label.

same protons in the other moiety move to lower chemical
shift values. Chemical shift values for the individual moi-
eties and the average chemical shift values are reported in
Table 2.

In the hydrogen-bonded dimer C, a significant down-
field shift occurs for the aromatic hydroxyl proton (�σ =
7.29 ppm) of one moiety and the aliphatic –NH2 proton of
the other moiety (�σ = 1.31 and 0.25 ppm). As pointed out
earlier, the proton involved in hydrogen bonding exhibits a
larger chemical shift. The isotropic proton chemical shift
values are listed in Table 3. Comparing the average chem-
ical shift values reported in Table 2 for alkyl protons with
those of the monomer, a significant increment in the chem-
ical shift values is observed in the dimer. The 5H proton
of one moiety participates in a CH···π interaction. As a re-
sult, the 5H proton and other aromatic protons of the same
moiety are upfield shifted. It is worth mentioning that ex-
cept for the 1H and 5H protons, the variation in the average
chemical shift values of the aromatic protons is nearly zero
in conformer C. Computed 1H NMR spectra for serotonin
monomer and dimers are shown in Figure 4.

The experimentally observed chemical shift values for
moderate to large concentrations of serotonin [11] suggest
the presence of the dimer and larger oligomers. To compare
with the experimental result, one needs to consider thermal

averaging, i.e. Boltzmann distribution of all the conformers
for a particular system. Understandably, the lowest energy
conformer makes the maximum contribution toward the
observed NMR spectrum. The average chemical shift of a
system with three conformers can be defined as

δavg = [δ1 + δ2 exp(−�E2/kBT )

+ δ3 exp(−�E3/kBT ) ]/[ 1 + exp(−�E2/kBT )

+ exp(−�E3/kBT )], (1)

Table 3. 1H NMR chemical shift (δ) values (in ppm) for the
different conformers (A, B and C) of the dimer and the Boltzmann
weighted average chemical shift values computed at 298 K at the
MP2/6–31G (d, p) level of theory.

δ1(C) δ2 (B) δ3 (A) δavg

1H 6.96 5.6 7.02 6.96
2H 7.29 7.36 6.92 7.29
3H 7.12 6.86 6.35 7.12
4H 7.46 9.48 6.92 7.46
5H 7.25 7.12 6.07 7.25
6H 2.91 2.69 2.89 2.91
7H 3.22 2.67 2.72 3.22
8H 7.52 3.37 3.06 7.52
9H 1.09 0.58 0.34 1.09

10H 0.53 0.91 0.68 0.53
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Figure 4. Computed 1H NMR spectra for (a) serotonin monomer,
(b) stacked dimer A, and (c) –NH···N– hydrogen-bonded dimer B
and (d) –OH···N– hydrogen-bonded dimer C.

where δ1, δ2 and δ3 are the average chemical shift values
of the conformers C, B and A, respectively, and �E2 and
�E3 are the relative energy values for the dimers B and A,
relative to the most stable dimer C. The average chemical
shift values estimated at room temperature (298 K) for
serotonin are listed in Table 3. It becomes clear that the
average values are dominated by the conformer C.

The variation of the average chemical shift values in go-
ing from the monomer to the dimer is illustrated in Figure 5.
This is a qualitative way to illustrate the effect of concen-
tration of serotonin on its chemical shift values. It can be
assumed reasonably well that with an increase in concen-
tration, the % of dimers and larger oligomers would in-
crease. As shown in Figure 5, protons 2H, 3H and 10H move
to lower chemical shift values (upfield shifted) and others
move to larger chemical shift values (downfield shifted) on
dimer formation. The extent of variation in the chemical
shift values is not the same for the ten different protons of
serotonin. As a matter of fact, there is a crossover in the
chemical shift values for certain protons in going from the
monomer to the dimer. Although, experimentally, all pro-
tons 1H–7H are known to be upfield shifted, the selective
formation of the stacked conformer was inferred at higher
concentrations [11].

Figure 5. Variation in the Boltzmann averaged proton NMR
chemical shift values in going from the monomer to the dimer of
serotonin.

The difference between the theoretical results reported
in this paper and the experimental results could also arise
from the fact that our calculations pertain to molecules in
the gas phase, while the experiments were carried out in
solution phase.

3.6. Energy analysis

The stacked dimer of serotonin is found to be energetically
less stable than the hydrogen-bonded dimers (Table 4). The
energy of a system computed at the MP2 level of theory
is generally expressed as a sum of the HF and correlation
energies. The stabilisation energy can also be decomposed
along these two factors. Therefore, we obtain

�E = �EHF + �ECOR. (2)

The first term in the right-hand side of Equation (2)
involves Columbic interaction, induction and exchange
energy terms, while the second term can be decomposed
into intra-system and intersystem correlation energies
and a small coupling term. The intra-system correlation
energy adds a correction factor to the Columbic and
exchange energies and is important if the dipole moment
values for the monomer at the HF and the correlated level
differ considerably. The intersystem term corresponds to
dispersion energy [24]. Serotonin monomer has almost

Table 4. Energy decomposition analysis for serotonin monomer and the conformers A, B and C of the dimer.

System Dipole moment(D) �E(kcal/mole) �EHF (kcal/mole) �ECOR (kcal/mole)

Monomer 3.40(HF), 3.39(MP2)
3.39 (MP2)

Dimer A 1.74 (MP2) −5.10 (−14.30) 12.55 (8.36) −17.66 (−22.66)
N−H···N (B) 1.43(MP2) −10.41 (−16.11) −0.175 (−2.50) −10.23 (−13.60)
O−H···N (C) 3.15(MP2) −16.13 (−25.40) −3.81 (−7.97) −12.32 (−17.44)

Note: The values in parentheses are without BSSE corrections.
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identical dipole moment values at the HF and MP2 levels
of theory (Table 4). Therefore, the �ECOR value can be a
measure of the dispersion energy of the system.

An energy decomposition analysis indicates clearly that
the stacked dimer is stabilised due to correlation energy.
Dispersion energy plays a very important role in all the
dimers. The hydrogen-bonded dimers have a HF stabilisa-
tion energy that originates from purely electrostatic inter-
actions or the classical hydrogen bonding. Dimer C has a
stronger hydrogen bond than the dimer B. In addition to the
classical hydrogen bond, a weak CH···π and a OH···π type
interactions also exist in the dimer C. They also contribute
to the �EHF term.

4. Summary and conclusion

Experimental studies had suggested possible formation of
oligomers of serotonin in solution state at large concentra-
tions [11]. From the upfield shift of the observed chemi-
cal shift, stacking interaction between monomers was sug-
gested [25]. In the theoretical NMR study that pertains
to molecules in the gas phase, we have observed both
upfield and downfield shifts of protons. In addition to
that, a crossover and overlapping of the proton signals are
also observed in going from the monomer to the dimer.
The present study shows that the hydrogen-bonded con-
formers are much more stable than the stacked geometry.
TDDFT calculations predict the absorption maximum for
the monomer nearly quantitatively and suggest that it would
undergo a red shift on dimer formation.
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