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Abstract

In this work, we examined the ground and low-lying excited states of the serotonin (SERO)
molecule and of four of its water hydrogen-bonded complexes (SERO-(H20),, with n = 1 and
2). Density functional theory (DFT) and its time-dependent variant (TD-DFT) were used for
determining, respectively, ground state properties (such as equilibrium structures and relative
energetics, when applicable) and excited state parameters (vertical excitation energies, generalized
oscillator strengths (GOS), and structures). The CAM-B3LYP exchange-correlation functional
with the def2-TZVP basis set was used and all the computations were performed in the gas-
phase and in water (through the use of the integral equation formalism polarizable continuum
model, IEF-PCM). The main focus was to evaluate the role that hydrogen-bonding interactions
play on various aspects (such as the stabilization of the whole system as well as the effects on the
excitation energies when existing at different sites) of the SERO molecule. Comparison between
the present findings and previous results available in the literature provided interesting physical-
chemical insights, suggesting that hydrogen-bond interactions between solvent (water) molecules
and SERO play marked effects on the ground and excited state properties, which may influence their
relative stability and photoabsorption. In terms of ground-state, the existence of the H--- O—H--- N
interaction in one of the SERO-HsO conformations contributed to the stabilization of the system
when compared to its corresponding counterpart, with solvation decreasing (from 3.43 kcal/mol at
the CAM-B3LYP/def2-TZVP level in the gas-phase to 1.75 kcal/mol at the CAM-B3LYP /def2-
TZVP level in water) the differences regarding their relative energies. While no major differences
regarding the excitation energies associated to an accessible state are suggested from the comparison
between the results obtained for a given system through the consideration of solvation and those
corresponding determined in the gas-phase, the hydrogen-bond interactions (originating from the
explicit water molecules) combined with the implicit (water) solvation may be responsible for
providing synergic effects in terms of increasing both the GOS related to a given open state as
well as the number of excited states accessible, suggesting an enhancement in the photoabsorption.
Taking one of the SERO-(H20)2 conformations as instance, all the five lowest-lying excited singlets
of the system were determined as being accessible (having GOS from 0.1036 to 0.5664) in water
while only a single excited state (the second lowest-lying singlet, with GOS = 0.1150) is expected

to be open in the gas-phase environment.



I. INTRODUCTION

Intramolecular and /or intermolecular hydrogen-bonding interactions (e.g. O—H---O) are
of pivotal importance for explaining several physical, chemical, and biological functions'™.
For example, the O—H---O interactions are important in assessing the reactivity of com-
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pounds associated to photochemistry>® and atmospheric chemistry”®. These interactions

are essential for ranking the antioxidant potential of polyphenols that are governed by the

hydrogen-atom transfer mechanism!%!!

. In addition, various structural features (e.g. stabil-
ities and biological functions) presented by proteins and amino acids can also be explained
by the presence of hydrogen-bonding interactions (as well as van der Waals interactions) in
these systems'?. Hence, investigations tackling systems that may undergo such interactions
are prevalent in the literature, specially in terms of research involving fundamental areas of

sciencel!® 22

5-hydroxytryptamine, also known (and hereafter to be referred to) as serotonin (SERO),
is a neurotransmitter related to a variety of processes within the body of mammals? 25,

being able to interact with more than fifteen different receptors for accomplishing its bi-
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ological functions For instance, very recently, Sbrini et al.*® reported the absence of
SEROQO in rats brain as having strong correlation to alteration in acute stress responsiveness
by interfering with the genomic function of the glucocorticoid receptors. The ethylamine
(—CH2CH2NH;) and hydroxyl (—OH) groups in SERO - see Figure 1 for its chemical struc-
ture - are constantly assigned as the responsible for the molecule for being able to bind to
several different receptor sites, specially due to their high degree of flexibility. In this vein,
probing the existence of different structural conformations as well as investigating the in-
teractions that these (and other) groups of SERO may undergo with neighboring molecules
from the chemical surroundings are a matter of clear interest and, thus, several studies have

been accomplished throughout the years?® 32

. From a fundamental perspective, the SERO
molecule and its hydrogen-bonded complexes (SERO-(H20),,, with n = 1 and 2) have been
widely studied over the years in regards to properties and chemical process related to their
ground-state®337. For example, Mondal®® investigated the SERO—receptor binding mecha-
nism and allosteric effect through a computational work with different (quantum chemistry

and molecular dynamics based) methodologies. The author identified relevant long-range

conformational changes which induce allostery and can be applied to any protein-ligand or



protein-drug system®. On the other hand, studies involving the excited states of SERO

containing systems are considerably more scarce3* 4!,

NH

HO

FIG. 1. The chemical structure of the SERO molecule.

In recent work, Zhang et al.*? presented an investigation on both the ground and electronic
excited states of the SERO molecule and two of the SERO-(H;0),, (with n = 1 and 2)
complexes. The authors employed density functional theory (DFT) using the B3LYP*34
exchange-correlation functional along with the def-TZVP?* basis set in order to probe all the
ground-state structures; the time-dependent version of the DFT (TD-DFT) was used with
the same B3LYP /def-TZVP approach for computing excited-state properties. As no solvent
environment is mentioned by the authors in that work?? (not even in the section entitled
theoretical method), it is more than reasonable to infer that all the computations were
performed considering the isolated systems (i.e., considering the gas-phase environment). In
this sense, although results determined in the gas-phase can provide interesting insights in
terms of electronic transitions and stabilization of the excited states, probing the influence
that solvation will have on such processes is quite necessary, specially given that SERO is
found in a water-rich environment when at the human brain. Therefore, in the present work,
we took the ideias presented by Zhang et al.*?> (particularly the use of the B3LYP /def-TZVP
approach for performing the computations) further and performed an investigation focusing
on (i) evaluating the ground and excited state properties beyond the level of theory employed
by the authors and (ii) probing the role that hydrogen-bonding interactions play on other
aspects (such as the stabilization of the whole system as well as the effects on the excitation
energies when existing at different sites) of the SERO molecule.

In this work, we investigated the ground and low-lying excited states of the SERO
molecule and of four of its hydrogen-bonded complexes (SERO-(H20),,, with n = 1 and
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2) considering the gas-phase and a solvent environment. All the ground state properties
(structures, relative energies when applicable, and vibrational frequencies) were determined
using DFT in combination with the CAM-B3LYP*® exchange-correlation functional and the
def-TZVP? basis set. TD-DFT*5! using the same CAM-B3LYP/def2-TZVP approach
was employed for probing the excited states. Comparison between the present findings and
previous results determined by Zhang et al.*? (at the B3LYP/def-TZVP level) provided
interesting physical-chemical insights, suggesting that hydrogen-bond interactions between
solvent (water) molecules and SERO play marked effects on the ground and excited state

properties, which may influence their relative stability and photoabsorption.

II. METHODOLOGY

The ground state properties for the SERO molecule and for its SERO-(H50),, (with n
= 1 and 2) complexes were probed through the use of DFT. The CAM-B3LYP*® exchange-
correlation functional was used along with the def2-TZVP? basis set. Harmonic vibrational
frequencies were determined to confirm the structures as minima in the potential energy
surfaces and for evaluating the zero-point corrections to the electronic energies. Relative
(electronic + zero point) energies for different conformations of the SERO-H,O and SERO-
(H20), systems were computed using this same approach. Regarding the excited states,
vertical excitation energies (VEs), corresponding generalized oscillator strengths (GOS), and
structures for all the species investigated here were determined using time dependent DF'T
(TD-DFT)*®! at the CAM-B3LYP/def2-TZVP level of theory. The functional was chosen
due to providing considerably accurate results of structures and energetics regarding both
ground and excited states of mid-sized molecules at a reasonable computational cost??™58
while the def2-TZVP basis set was selected for presenting updated redefinitions of the set
used previously by Zhang et al.*2. All the computations were carried out considering both
the gas-phase as well as a (water) solvent environment by means of the integral equation
formalism polarizable continuum model (IEF-PCM)*». Regarding the SERO-(H,0),, (with
n = 1 and 2) complexes, the use of the IEF-PCM provided a combined explicit-implicit
solvation in similar manner to that performed (very recently) by Santos and de Souza®® in
the investigation of the ground and low-lying excited states of a series of dipyridyl isomers,

by Mendes et al.%! regarding the decomposition of the herbicides diquat and paraquat, by
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Filho and de Souza® for examining the degradation of per- and poly-fluoroalkyl substances,
and by Filho et al.% about the photoinduced degradation of the indigo carmine molecule.
All the electronic structure computations were accomplished with the Gaussian 09 suite of

software®* .

III. RESULTS AND DISCUSSION

In Figure 2, the structures obtained for the SERO monomer and for its SERO-(H50),,
(with n = 1 and 2) complexes as optimized at the CAM-B3LYP /def2-TZVP level of theory
in the gas-phase and water are presented. The Cartesian coordinates are available in the
Supplementary Material. Structural results determined at the B3LYP /def2-TZVP level by
Zhang et al.*? are also shown for comparison purposes. In addition, the relative energet-
ics (considering different sites for the hydrogen-bond interactions to happen) regarding the
SERO-H,0 and SERO-(H50), complexes determined at the CAM-B3LYP /def2-TZVP are
available in Figure 2. In general, present bond lengths and hydrogen-bond interactions deter-
mined in the gas-phase and water are in fairly good agreement to those computed by Zhang

122, with all the results being within 0.1 A; the angles obtained also agree to those ob-

et a
tained previously by the authors. Interestingly, the HyO- - - H—=N hydrogen-bond interaction
in SERO-H,0" (determined as being 1.966 A and 1.903 A at the CAM-B3LYP/def2-TZVP
level in the gas-phase and water, respectively) are suggested to be slightly stronger than
the H---O—H--- N interaction in SERO-H,0%, as can be inferred from the comparison be-
tween the distances; this observation may be originating from the fact that multiple atoms
are participating in (and, thus, competing for) the interactions in the later case. On the
other hand, the existence of the H---O—H--- N interaction in SERO-H,0O% as well as the
H---O—H:---O—H---N interactions in SERO-(H20),¢ contributed to the stabilization of
these systems when compared to their corresponding counterparts SERO-H,O% and SERO-
(H20).4. SERO-H,0% was found to be 3.43 kcal/mol more stable than HyO® (at CAM-
B3LYP/def2-TZVP in the gas-phase) while SERO-(H50)5¢ is 8.09 kcal/mol more stable
than SERO-(H,0),? at the same approach. Solvation is suggested to decrease the differ-
ences regarding the relative energetics of the counterparts. For instance, HoO? were probed

to be only 1.75 kcal/mol less stable than HyO® at the CAM-B3LYP/def2-TZVP level in

water.
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In Table I, previously existent results of VEs and corresponding GOS regarding the four
lowest-lying singlet excited states as computed at the B3LYP/def-TZVP level of theory

142 are presented. It is possible to notice that the excitation energy for

by Zhang et a
the lowest-lying singlet excited state of the hydrogen-bonded SERO-H;O (computed to be
4.349 eV) and SERO-(H,0), (4.287 V) are very close to the result obtained for the SERO
monomer (4.394 eV), which can suggest the electronically excited states of the hydrogen-
bonded SERO-H;0 and SERO-(H20)s complexes as being localized at the SERO moiety.
Overall, the excitation energy regarding the lowest-lying state was observed to have the
following relative order: SERO > SERO-H;O > SERO-(H50),, suggesting a red-shifting
induced by the intermolecular hydrogen-bond interactions; both the third and fourth lowest-
lying excited singlets were found to follow the same pattern, however, the second lowest-lying
excited singlet is an outlier, for which the order is SERO-(H;0); > SERO-H,O > SERO.
Moreover, as suggested by the GOS obtained, no excited state (among those probed) was

found to be likely accessible as all presented considerably small oscillator strengths (i.e.,

GOS < 0.1).

TABLE 1. Previous existent results of VEs (in eV) and GOS for the four lowest-lying singlet
excited states of the SERO monomer, SERO-H20, and SERO-(H20)s complexes as determined at
the TD-DFT/B3LYP/def-TZVP level by Zhang et al.*2.

SERO SERO-H,O  SERO-(H20)2

Excited State Energy GOS Energy GOS Energy GOS

1 4.394 0.067 4.349 0.077 4.287 0.084
2 4.727  0.095 4.785 0.092 4.787 0.091
3 5.333 0.0015 5.074 0.0032 4.858 0.0065
4 5.402 0.00019 5.334 0.00079 5.244 0.00054

Table II presents the VEs and corresponding GOS for the five lowest-lying singlet excited
states of the SERO monomer, SERO-H,0, and SERO-(H30), complexes as determined at
the TD-DFT/CAM-B3LYP /def2-TZVP level of theory in the gas-phase. From a general
perspective, the VEs were probed to be slightly higher than those obtained by Zhang et
al.*?, with differences ranging from 0.263 eV (regarding the lowest-lying excited singlet) up to
0.982 eV (in the case of the excitation to the third lowest-lying excited singlet) of the SERO-
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(H20)2 complex. The H---O—H--- N hydrogen-bond interaction presented minor effects on
the VEs, given that the results obtained for SERO-H;0b are in fairly good agreement to the
corresponding computed for the SERO-H,;0® complex, with the third lowest-lying excited
singlets presenting the most deviant behavior (differing by 0.43 eV); the same pattern is

seen regarding Ho0),¢ and Hy0)y%.

Interestingly, all the systems investigated were found
to have GOS > 0.1 in terms of their lowest-lying excited singlets, suggesting such states as
being open. This observation is in contrast to the findings reported by Zhang et al.*?> and
may be assign due to the use of the more sophisticated CAM-B3LYP exchange-correlation
functional. The lowest-lying open states probed in the gas-phase were found to be associated

to transitions originating from the highest occupied molecular orbital (HOMO) -1 to the
lowest unoccupied molecular orbital (LUMO) and LUMO +1.

TABLE II. VEs (in eV) and GOS for the five lowest-lying singlet excited states of the SERO
monomer, SERO-H20, and SERO-(H20)y complexes as determined at the TD-DFT/CAM-
B3LYP/def2-TZVP level in the gas-phase.

SERO SERO-H,0° SERO-H,0°

Excited Energy GOS  Transition FEnergy GOS  Transition Energy GOS  Transition
State
1 4.67 0.0798 H — L 4.62 0.0880 H—L 4.64 0.0774 H — L +1
503 0.1193 H-1—-L 509 01163 H-1—-L 497 0.1187H-1 - L +1
598 0.0000l H—-L+1 592 00029 H—L+2 549 0.0001 H-—L
6.07 0.0013 H—L+3 6.02 0.0065 H—L+4+1 578 0.00001 H-1—L

[ B " \V]

6.30 04049 H—-L+2 624 01277 H-1—-L+2 595 0.0012 H — L +2
SERO-(H20)5¢ SERO-(H50),?
Excited Energy GOS  Transition FEnergy GOS  Transition
State
1 4.55 0.0972 H—-L 4.60 0.0870 H—L +1
5.09 0.1150 H-1—-L 5.02 0.1150H-1 — L +1
584 0.0064 H—L+1 539 0.0002 H-—L
594 0.0041 H—L+2 571 0.0002 H-1—-L

Tt o= W N

6.15 0.0271 H-1 - L +2 5.88 0.0083 H— L +2




In Table III, the VEs and corresponding GOS for the five lowest-lying singlet excited
states of the SERO monomer, SERO-H50, and SERO-(H;0), complexes as determined at
the TD-DFT/CAM-B3LYP/def2-TZVP level of theory in water are presented.

TABLE III. VEs (in eV) and GOS for the five lowest-lying singlet excited states of the SERO
monomer, SERO-HyO, and SERO-(H20)2 complexes as determined at the TD-DFT/CAM-
B3LYP/def2-TZVP level in water.

SERO SERO-H,0° SERO-H,0°

Excited Energy GOS  Transition Energy GOS Transition Energy GOS Transition
State
1 4.64 00910 H-—-L 462 0.094 H— L 4.61 0.0892 H — L
2 493 0.1673 H-1—L 496 01602 H-1—-L 489 0.1660 H-1 - L
3 6.18 07042 H—L+1 6.15 06933 H—L+2 6.16 0.7038 H— L +2
4 6.30 0.0258 H—L+2 6.22 00146 H—L+1 6.22 0.0343 H — L 43
5 6.37 01060 H-1 - L +1 6.38 0.1384 H-1 - L +2 6.33 0.0167TH — L +1
SERO-(H50),¢ SERO-(H,0),?
Excited Energy GOS  Transition FEnergy GOS  Transition
State
1 4.58 0.1036 H — L 4.60 0.09383 H — L
495 0.1660 H-1—-L 492 0.1576 H-1—>L
6.15 05664 H—L+2 6.10 03413 H— L +3
6.23 0.1118 H—L+1 6.14 03693 H — L 42

Tt W N

6.36 0.1546 H-1 - L +2 6.36 0.1274 H-1 - L +3

In general, no major differences regarding the VEs associated to an accessible state (those
with GOS > 0.1) are suggested from the comparison between the results obtained for a given
system through the consideration of solvation and those corresponding determined in the
gas-phase. However and more importantly, the hydrogen-bond interactions (originating
from the explicit water molecules) combined with the implicit (water) solvation may be
responsible for providing synergic effects in terms of increasing: i) the GOS related to a
given state that was previously probed as open in the gas-phase environment and ii) the

number of excited states accessible, suggesting an enhancement in the photoabsorption.
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Taking SERO-(H0),¢ as instance, it is possible to notice that all the five lowest-lying
excited singlets were determined as being accessible (having GOS from 0.1036 to 0.5664)
in water while a single excited state (the second lowest-lying singlet, with GOS = 0.1150)
is expected to be accessible in the gas-phase environment. Different from the panorama
observed for the gas-phase, the lowest-lying open states probed in water were found to be

associated to transitions originating from the HOMO -1 to the LUMO.

To provide further insights regarding the excited states, particularly in terms of the role
that hydrogen-bonding advent from solute-solvent interactions may play on the structural
properties, the geometries of the lowest-lying singlets (S;) of all the systems studied here
were obtained at the TD-DFT/CAM-B3LYP /def2-TZVP level of theory in the gas-phase and
water and are shown in Figure 3; results determined for the second lowest-lying singlets (Sz)
using the same approaches are presented in Figure 4. The comparison between the excited
state structures obtained for a given system and its corresponding ground state geometry
may provide additional information on the stabilization of the species when excited. S; and
So were optimized due to the fact that these states were probed to be considerably close in all
cases studied. From a general perspective, no major changes in the excited state structure
of the SERO molecule are noticed when compared to its ground state counterpart in the
gas-phase and water. On the other hand, the hydrogen-bond interactions are suggested
to be (practically in all cases) strengthened when the lowest-lying excited singlets of both
SERO-H,0 and SERO-(H50), complexes are accessed; this is in agreement to the results
reported by Zhang et al.*?. Considering the results computed in the gas-phase as instance,
the O—H- - - O interaction presented the most significant change, being shortened by 0.197
A in the case of the S; SERO-H,0% and by 0.212 A in S; SERO-(H,0)y¢ (which represent
a decrease of ~10% in both cases). Moreover, solvation is suggested to yield enhanced

hydrogen-bonding interactions in S; and Sy of all systems.

The plots of the frontier orbitals connected to the most contributing transitions for all
the accessible excited states of the systems investigated here as generated at the CAM-
B3LYP/def2-TZVP level of theory in the gas-phase and water are presented in Figures
5 and 6, respectively. Similarly to what was observed by Zhang et al.*? for the cases of
SERO, SERO-H,0%, and SERO-(H50)¢, present results suggested the HOMO (as well as
the HOMO -1 when applicable) as being concentrated solely along the SERO moiety in both
the gas-phase and water; this behavior is not affected by the presence of the HyO--- H—N
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FIG. 3. Optimized structures for the lowest-lying excited singlet state (S1) of the SERO monomer,
SERO-H»0, and SERO-(H20)2 complexes.

hydrogen-bond interactions in SERO-H,0® and SERO—(HgO)gd. All the unoccupied orbitals
related to transitions in the complexes were found to be also located at the SERO moiety

when the gas-phase was considered while the LUMO +1 and LUMO +2 in SERO-(H,0),¢
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FIG. 4. Optimized structures for the second lowest-lying excited singlet state (S2) of the SERO

monomer, SERO-H,0, and SERO-(H20)2 complexes.

and LUMO +2 in SERO-(H;0),¢ were found to have contributions from the explicit water
molecules when IEF-PCM solvation is taken into account, a behavior that is in contrast to

the previous findings to date and may be arising from the use of different methodological
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approaches. Based on this observation, we expect to motive other future investigations (e.g.,
through the use of high-level wave function based methods) to be accomplished in order to
address eventual discrepancies as well as to contribute to the panorama regarding the excited

states for the SERO molecule.

SERO SERO-H.0"  SERO-H;0"  SERO-(H:0);  SERO-(H:0)}

LUMO+1

FIG. 5. Frontier orbitals obtained at the CAM-B3LYP/def2-TZVP level in the gas-phase for the
SERO monomer, SERO-H0, and SERO-(H20)2 complexes.
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SERO-H0' SERO-H:0”  SERO-(H0)5  SERO-(H:0)}

LUMO+3

LUMO+2

LUMO+1

LUMO

HOMO

HOMO-1

FIG. 6. Frontier orbitals obtained at the CAM-B3LYP /def2-TZVP level in water for the SERO
monomer, SERO-H0, and SERO-(H20)2 complexes.
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IV. CONCLUSIONS

In summary, we performed a computational investigation regarding the water hydrogen-
bonding effects on the ground and low-lying excited states of SERO through the use of
DFT and TD-DFT, respectively. The CAM-B3LYP/def2-TZVP level of theory was em-
ployed for determining structures and energetics of the SERO molecule and of four of its
hydrogen-bonded complexes (SERO-(H50),, with n = 1 and 2) considering the gas-phase
and a (water) solvent environment. The main focus of the work was to evaluate the role
that hydrogen-bonding interactions play on various aspects (such as the stabilization of the
whole system as well as the effects on the excitation energies when existing at different
sites) of the SERO molecule. Comparison between the present findings and previous results
available in the literature provided interesting physical-chemical insights, suggesting that
hydrogen-bond interactions between solvent (water) molecules and SERO play marked ef-
fects on the ground and excited state properties, which may influence their relative stability
and photoabsorption. In terms of ground-state, the existence of the H---O—H--- N inter-
action in SERO-H,0% as well as the H--- O—H---O—H--- N interactions in SERO-(H50)5¢
contributed to the stabilization of these systems when compared to their corresponding
counterparts SERO-H,O? and SERO-(HQO)Qd, with solvation decreasing the differences re-
garding the relative energies of the systems. For instance, SERO-H,0O" was probed to be
only 1.75 kcal/mol less stable than SERO-H,0® at the CAM-B3LYP/def2-TZVP level in
water (versus 3.43 kcal/mol in the gas-phase). While no major differences regarding the VEs
associated to an accessible state (those with GOS > 0.1) are suggested from the comparison
between the results obtained for a given system through the consideration of solvation and
those corresponding determined in the gas-phase, the hydrogen-bond interactions (originat-
ing from the explicit water molecules) combined with the implicit (water) solvation may be
responsible for providing synergic effects in terms of increasing both the GOS related to a
given open state and the number of excited states accessible, suggesting an enhancement in
the photoabsorption. For instance, all the five lowest-lying excited singlets of the SERO-
(H20)5° system were determined as being accessible (having GOS up to 0.5664) in water

while only a single excited state is expected to be open in the gas-phase environment.
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