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Infrared Spectra of Protonated Neurotransmitters: Serotonin
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The gas-phase IR spectrum of the protonated neurotransmitter serotonin (5-hydroxytryptamine) was measured
in the fingerprint range by means of IR multiple photon dissociation (IRMPD) spectroscopy. The IRMPD
spectrum was recorded in a Fourier transform ion cyclotron resonance mass spectrometer coupled to an
electrospray ionization source and an IR free electron laser. Quantum chemical calculations at the B3LYP
and MP2 levels of theory using the cc-pVDZ basis set yield six low-energy isomers in the energy range up
to 40 kJ/mol, all of which are protonated at the amino group. Protonation at the indole N atom or the hydroxyl
group is substantially less favorable. The IRMPD spectrum is rich in structure and exhibits 22 distinguishable
features in the spectral range investigated (530—1885 cm™!). The best agreement between the measured IRMPD
spectrum and the calculated linear IR absorption spectra is observed for the conformer lowest in energy at
both levels of theory, denoted g—1. In this structure, one of the three protons of the ammonium group points
toward the indole subunit, thereby maximizing the intramolecular NH— interaction between the positive
charge of the ammonium ion and the aromatic indole ring. This mainly electrostatic cation—s interaction is
further stabilized by significant dispersion forces, as suggested by the substantial differences between the
DFT and MP2 energies. The IRMPD bands are assigned to individual normal modes of the g—1 conformer,
with frequency deviations of less than 29 cm™! (average <13 cm™"). The effects of protonation on the geometric
and electronic structure are revealed by comparison with the corresponding structural, energetic, electronic,

and spectroscopic properties of neutral serotonin.

1. Introduction

5-hydroxytryptamine (5-HT), also known as serotonin (Fig-
ures 1 and 2), is a representative of the group of biogenic
monoamine neurotransmitters. Neurotransmitters are endogenous
chemical messenger compounds, which are responsible for
signal transmission, enhancement, and modulation in the central
and sympathetic nervous systems. Serotonin is biochemically
derived from L-tryptophan and is found in the non-neuronal
tissues of the gastrointestinal tract, in blood platelets, in the
cardiovascular system, and in the nervous system of humans
and animals. Serotonin possesses a complex pharmacology, and
at least seven different serotonin-receptor families (denoted
5-HT, with n = 1—7) with various subtypes are known. The
diversity of the many different serotonin receptors leads to
control and regulation of a large variety of physiological and
behavioral processes.' Thus, serotonin plays an important role
in the regulation of body temperature, blood pressure, regulation
of smooth muscle functions in cardiovascular and gastrointes-
tinal tissue, sleep, mood, appetite, aggression, anger, and
sexuality. Low serotonin levels or improper serotonin receptor
functionalities are considered to lead to aggressive behavior,
depression, obsessive-compulsive disorders,? migraine, bipolar
disorder, anxiety, and borderline personality disorder.’> Abnor-
malities in several serotonergic brainstems are suspected to play
a role in sudden infant death syndrome.*
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The conformational flexibility of ethylamine neurotransmit-
ters, mainly arising from facile rotations around the C—N and
two C—C bonds of the ethylamine side chain, is expected to be
highly relevant for the drug—receptor interaction and molecular
recognition.’ At physiological pH values, serotonin occurs in
its protonated form,’” denoted serotoninH™, with strong prefer-
ence for protonation at the terminal amino group of the
alkylamine side chain (Figure 2). The high-affinity binding
site of the various 5-HT receptors is expected to involve a
strong interaction between the positively charged amino group
of serotoninH™ and the matching recognition site, often via
intermolecular cation—s interactions.>’™ Binding of
serotoninH™ to the receptor induces a conformational change,
which in turn triggers the signal transduction. Thus, in order to
understand these processes at the molecular level and to support
drug design of targeting serotonergic systems, it is of funda-
mental interest to evaluate the possible conformations of isolated
serotonin and its protonated form, as well as their interaction
with an environment (e.g., solvation).’

Neutral'®~'2 and protonated>®!>~!5 serotonin has been inves-
tigated theoretically with respect to its conformations in the gas
phase and in aqueous solution. Calculations for isolated sero-
tonin yield a large number of isomers within a narrow energy
range. For example, Van Mourik and Emson found 23 low-
energy isomers for serotonin within 11 kJ/mol at the B3LYP/
6-31+G* level.!” These results were confirmed by Le Greeve
et al., who also report energies obtained at the MP2 level.'?
Protonation significantly reduces the number of low-lying
isomers. Most studies consider six low-energy isomers (plus
their equivalent mirror images).>®!3715 Alagona and Ghio
provide a detailed structural, energetic, and IR spectroscopic

10.1021/jp109337a  © 2010 American Chemical Society
Published on Web 11/22/2010



IR Spectra of Protonated Serotonin

.
o o
o
.
g-1
E  0.0(0.0) 3.1 (4.6)
G 0.0(0.0) 2.2 (3.1)
(W™
o
o C
g+2 g-2
7.7 (8.5) 7.9 (6.8)
7.1(7.1) 7.7 (6.7)
o
[
t1 t2
23.6 (30.7) 30.5 (37.3)
21.3 (28.5) 27.9 (34.8)

Figure 1. Structures and relative energies (AE, top) and free energies
(AG, bottom) of the six most stable isomers of serotoninH™ derived at
the B3LYP/cc-pVDZ level. Relative energies obtained at the MP2/cc-
pVDZ level are given in parentheses. All values in kJ/mol.

analysis of three main isomers of serotoninH™ (two gauche and
one trans isomer), all with the extra proton located at the amino
group (for the definition of gauche and trans, see Figures 1 and
2 and vide infra)."> The gauche isomers are clearly favored with
respect to the trans isomer by up to 30 kJ/mol at all theoretical
levels considered due to intramolecular cation—u interactions.
However, when solvation effects are taken into account, the
trans isomer experiences stronger stabilization by the solvent
than the gauche isomers, leading to comparable energies of both
the gauche and trans isomers in solution. In a further quantum
chemical study, Manivet and co-workers find the same low
energy isomers for isolated serotoninH™ (in total, six within 31.5
kJ/mol at the B3LYP/6-31+G(d,p) level), again with a clear
preference for gauche over trans conformers due to the intramo-
lecular cation—s interactions of the positively charged am-
monium group with the aromatic st electron system.'*
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Figure 2. Definition of torsional angles defining the conformation of
the various possible isomers of serotoninH*. Positions/angles of ¢, and
¢» are responsible for the differentiation between gauche (here also +
or —) and trans isomers. ¢; describes the relative orientation of the
hydroxyl group and the indole nitrogen atom, leading to a further index
describing the conformers with 1 (syn) or 2 (anti).

So far, spectroscopic gas-phase approaches have been limited
to neutral serotonin. The conformational preferences of the
isolated molecule have been elucidated in supersonic jets by
LeGreve et al.,'>!® using a variety of spectroscopic techniques,
including resonant two-photon ionization, laser-induced fluo-
rescence, and UV—UYV and IR—UV hole-burning techniques.
They identified a set of eight isomers present in the cold
molecular beam expansion. Bayari et al. presented Fourier
transform infrared (FT-IR) spectra of serotonin in KBr films as
well as in aqueous solution.!! However, these spectra display
low resolution, and it is unclear at present whether they
correspond to the neutral or the protonated form. Experiments
on serotoninH™ were mainly limited to the condensed phase,>~ 71718
due to the inherent problem of the low number densities of
charged species in the gas phase. All of these experiments show
that serotoninH® occurs in trans configuration in crystal
structures'®! and also in solution,”!” due to effective stabiliza-
tion of the ammonium group by counterions and solvent
molecules. For example, Beene et al. describe the in situ
identification of intermolecular cation—s binding between
serotonin and Trp183 of the serotonin channel 5-HT;,R.7
Experimental information on the structure of isolated
serotoninH™ is restricted to mass spectrometric data,’**' which
mainly provide fragmentation pathways observed after colli-
sional activation and thus only very indirect information about
the geometry. Although the facile elimination of NH; upon
collision-induced dissociation is consistent with the predicted
preferential protonation at the terminal amino group of the ethyl
side chain, no unambiguous spectroscopic confirmation of the
protonation site is available. Thus, the present IR spectroscopic
study of isolated serotoninH"' provides the first experimental
information about the conformation and protonation site of this
fundamental biogenic amine neurotransmitter in the gas phase.

Only a few protonated neurotransmitters have been investi-
gated spectroscopically so far. Recent pioneering IR spectro-
scopic studies on protonated neurotransmitters and analogues
by Simons and co-workers include ethanolamineH", ephe-
drineH*, pseudoephedrineH™, 1-phenylethylamineH™, and 2-amino-
1-phenylethanolH'.?> In these experiments, protonation is
accomplished by ionization-induced intracluster proton transfer
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occurring in a hydrogen-bonded phenol-neurotransmitter cluster.
This approach produces a phenoxy-neurotransmitterH™ dimer,
the structure of which is subsequently probed by IR photodis-
sociation spectroscopy monitoring the loss of the phenoxy
radical. Alternatively, the neurotransmitterH* can directly be
produced upon postionization fragmentation and then probed
by IR multiple photon dissociation (IRMPD). Owing to this
complex photochemical production mechanism, the observed
protonation site may not necessarily correspond to the energeti-
cally most favorable one of the isolated neurotransmitterH, in
particular because barriers for proton migration can be substan-
tial in bio-organic molecules. Moreover, this approach is limited
to neurotransmitters and other biomolecules, which can be
transferred into the gas phase by thermal heating. As an alter-
native, electrospray ionization (ESI) offers a more general route
to efficiently generate isolated protonated biomolecules in the
gas phase. In particular, IR photodissociation spectroscopy
coupled with ESI sources and tandem mass spectrometry, in
fruitful combination with quantum chemical calculations, has
proven to be an efficient tool to characterize the structure of
isolated protonated (bio)organic molecules in the gas phase, with
a particular focus on the determination of the preferred site of
protonation.”?* Alternative techniques to unravel the protonation
sites and conformations of protonated biomolecules and their
clusters include IR hole-burning spectroscopy of ESI-prepared
ions in cryogenic ion traps.?’ For bare protonated ions, often
IRMPD is required to overcome the high dissociation thresholds
of these strongly bound ions. IRMPD spectroscopy is commonly
realized through the successful coupling of tandem mass
spectrometers and ion traps with intense IR free electron lasers
(IR-FELs) providing tunable IR radiation in the informative
fingerprint spectral range (50—2500 cm™"). The structures of a
plethora of (bio)organic and metal—organic ions and their
complexes have been characterized recently by IRMPD using
this strategy.>>+2¢

In a recent campaign, IRMPD spectra of a series of ESI-
generated protonated neurotransmitters (dopamine, histamine,
serotonin) were recorded in the fingerprint range in a Fourier
transform ion cyclotron resonance mass spectrometer (FT-ICR-
MS), which was coupled to the IR beamline of the Free Electron
Laser for Infrared eXperiments (FELIX).?” A detailed account
of the results for dopamineH™ has been given elsewhere.?® The
present work provides a detailed analysis of the IRMPD
spectrum of serotoninH™ utilizing quantum chemical calculations
at the B3LYP and MP2 levels of theory.

2. Experimental and Theoretical Techniques

The IRMPD spectrum of serotoninH™ was recorded in the
fingerprint range (530—1885 cm™!) in a FT-ICR-MS equipped
with an ESI source and coupled to the IR beamline of
FELIX.**? Serotonin was purchased from Sigma-Aldrich as
solid serotonin hydrochloride in analytical reagent grade and
used without further purification. SerotoninH' ions were
produced by spraying a ~1 x 107> molar solution of serotonin
hydrochloride dissolved in water/methanol (1:4) at a flow rate
of ~10 uL min~!. After accumulation in a hexapole ion trap
for 4 s, the ESI-generated ions were transferred into the ICR
trap via an octopole ion guide. Subsequently, serotoninH" ions
were mass selected in the ion trap and irradiated for 2 s with
10 macropulses from FELIX operating at a repetition rate of 5
Hz. The average macropulse energy was measured to be around
40 mJ. The bandwidth of the FELIX radiation is ~0.5% of the
central wavelength (full width at half-maximum (fwhm)), which
corresponds to 5 cm™! at 1000 cm™'. Calibration of the laser
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Figure 3. Upper panel: Ion currents of the protonated serotonin parent
ion (m = 177 u) and the fragment channel (m = 160 u). Lower panel:
IRMPD spectrum of protonated serotonin recorded in the fingerprint
range (530—1885 cm™!). The IRMPD yield is normalized linearly for
IR laser power (dashed line).

wavelength was achieved using a grating spectrometer with an
accuracy of 4-0.02 um, which corresponds to £0.5 and =8 cm™!
at frequencies of 500 and 2000 cm™!, respectively. Depending
on the laser frequency, the step size varied between 2 and 7
cm™ L. The single fragmentation channel observed upon IRMPD
of serotoninH" (m = 177 u) was m = 160 u. Parent and
fragment ion intensities were monitored as a function of the
laser frequency, and the IRMPD yield was then calculated as
the integrated intensity of the fragment ions divided by the sum
of parent and fragment ion intensities. The IRMPD yield was
linearly normalized for variations in the laser intensity.

Quantum chemical calculations at the B3LYP and MP2 levels
of theory using the cc-pVDZ basis set’® were performed for
serotonin and serotoninH™ in order to identify various low-lying
isomers on the potential energy surface and to evaluate their
structure, energetics, and IR spectral properties.>! Harmonic
vibrational frequencies were scaled by 0.98 (B3LYP) and 0.97
(MP2).28 All reported energies are corrected for scaled zero point
energies. For all minima, harmonic frequency analysis ensured
their nature as local or global minima on the potential energy
surface. Theoretical IR stick spectra are convoluted with a width
(fwhm) of 30 cm™! to facilitate convenient comparison with
the experimental spectrum. A natural bond order (NBO) analysis
was performed in order to derive atomic charge distributions
of the isomers of interest.

3. Results and Discussion

The IRMPD spectrum of serotoninH* reproduced in Figure
3 is highly structured and reveals 22 major transitions in the
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TABLE 1: Experimental Vibrational Frequencies of SerotoninH" (IRMPD Spectrum, Figure 5) Compared to Frequencies of
the g—1 Isomer Calculated at the B3LYP/cc-pVDZ Level of Theory

serotoninH™ ¢ v ,,/cm™! —12¢ p/em™!
P

vibration?

1624 (—) W 1650 (29)
1583 (58) V 1595 (84)
1592 (87)
1582 (37)
1542 (47) U 1552 (10)
1499 (=) T 1508 (19)
1454 (60) S 1465 (68)
1445 (51)
1439 (48)
1417 (5)R 1426 (9)
1419 (13)
1342 (39) Q 1371 (85)
1365 (8)
1345 (30)
1331 (18)
1304 (40) P 1316 (57)
1288 (14)
1263 (41) O 1253 (44)
1240 (6)
1220 (42) N 1213 (30)
1209 (5)
1170 (49) M 1166 (120)
1129 (8)
1094 (29) L 1098 (19)
1066 (54) K 1074 (13)
1060 (19)
1027 (37) 1 1016 (14)
961 (38) H 964 (4)
936 (28) G 936 (27)
928 (0)
894 (5)
840 (30) F 845 (28)
808 (40) E 821 (3)
817 (16)
810 (35)
804 (8)
797 (24)
751 (34) D 754 (3)
748 (0)
678 (22) C 671 (5)
640 (17) B 648 (4)
595 (20) A 608 (16)
573 (4)

arom. occ (Vga)

arom. occ (Vgp)

Pnus asym.

Pnus asym.

arom. Occ

arom. occ (Vigy)

arom. gcc (V19a)

Prus sym. coupled to CH, (scissor, C11) out-of-phase
Pus sym. coupled to CH, (scissor, C11) in-phase
Occ coupled to oen

Pema (scissor, C10)

arom. gcc (V1)

Bena (wagging, C11)

Benz (wagging, C10)

arom. fScy

Oco

Tcyp (torsion, C11)

arom. fScy

arom. fScy

Tcyp (torsion, C10)

arom. fScy

don

arom. Scy (C6/C7)

arom. Bxgcu (N1/C2)

CH, twist (CH,/CH,/NH3) C10
CH, twist (CH,/CH,/NH3) C11
aliph. occ (C3—C10)

aliph. ocen (C10—C11—N2, asym.)
ring

arom. ycy (C6/CT)

CH, twist (CH,/CH,/NH3) NH;
aliph. ocen (C10—C11—N2, sym.)
arom. ycy (out-of-phase C2/C4)
arom. ycy (in-phase C2/C4)
arom. Ycy

arom. Ycy

arom. Ycy

arom. ycc (V4)

ring (Ve,)

ring

arom. Ycc

arom. Ycc

ring

@ Peak positions taken from the IRMPD spectrum; the fwhm is given in parentheses (see Figure 5 for labels of the transitions). ” IR
intensities in km/mol are given in parentheses. ¢ Harmonic frequencies are scaled by 0.98. ¢ The notation g, y, 8, and 7 refers to stretch,
out-of-plane bend, in-plane bend, and torsional modes, respectively. The notation v, is adopted from the Wilson notation for substituted

benzene molecules.?

spectral range between 530 and 1885 cm™!, labeled A—W (Table
1). The IRMPD spectrum was extracted from the fragment
channel with m = 160 u. No other significant fragment channel
was observed. The depletion spectrum of the parent ion (m =
177 u) is also shown for comparison in Figure 3, along with
the appearance spectrum observed in the daughter ion channel.
The depletion signal exceeds 50% for many resonances,
indicating efficient IRMPD under the present experimental
conditions. As the IRMPD yield is normalized for variations
of the parent ion production in the ESI source, the IRMPD
spectrum displays better signal-to-noise ratio than the depletion
signal of the parent ion. Thus, the IRMPD yield is used for
comparison with the IR spectra calculated for the various
serotoninH* isomers. The minimal width of transitions observed
in the IRMPD spectrum is about 20 ¢cm™' and attributed to
several factors, including the finite laser bandwidth of 0.5% (Av
=2.5-10 cm™! for v = 500—2000 cm '), spectral congestion
due to overlapping vibrational transitions and possible contribu-

tions from several isomers, unresolved rotational substructure
(T = 300 K for ions in the ICR cell), and spectral broadening
arising from the multiple photon absorption process.*?
Quantum chemical calculations were performed to establish
the vibrational and isomer assignment of the transitions observed
in the IRMPD spectrum. Previous calculations reported six low-
lying isomers of serotoninH™ with protonation at the N atom
of the terminal amino group.®'* These isomers were also
identified in the current study (Figure 1). Further isomers with
the excess proton attached to the N atom of the indole ring or
to the O atom of the hydroxyl group were also considered
(Figure F1 in the Supporting Information). As these protonation
sites are much higher in energy (100—170 kJ/mol), these isomers
are not discussed in detail here. Conformers which are mirror
images of the structures shown in Figure 1 are also omitted, as
they are symmetry-equivalent and have the same properties. The
nomenclature to distinguish the individual serotoninH* con-
formers in Figure 1 is adapted from that used previously for
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dopamineH™".?® This nomenclature describes the relative orienta-
tion of the ethylamine side chain and the hydroxyl group to the
aromatic indole ring for the N-protonated serotoninH™ isomers.
The atom numbering and relevant angular coordinates are
indicated in Figure 2. The notation g and t describes isomers,
in which the ammonium group of the ethylamine unit is oriented
gauche or trans with respect to the indole moiety. In the g
isomers the ammonium group is pointing toward the indole ring
(—90° < ¢p; < +90°), while in the t isomers it points away from
it (¢1 > 90° or < —90°). The gauche isomers are further divided
into those with positive and negative ¢, values, as indicated by
g+ and g—, respectively. All gauche and trans isomers can
further be classified by the orientation of the hydroxyl group
described by ¢s. The notation 1 and 2 differentiates isomers, in
which the hydroxyl group is either in syn (1) or in anti (2)
orientation with respect to the indole N atom.

In general, there is good agreement between the relative
energies (AE) and free energies (AG) of the serotoninH™ isomers
calculated at the B3ALYP and MP2 levels of theory (Figure 1).
For example, for the four lowest-energy structures lying below
10 kJ/mol (all g isomers), the agreement is better than +1.5
kJ/mol. Both theoretical levels predict the g—1 isomer to be
the global minimum on the potential energy surface. In this
isomer, the ammonium group interacts preferentially with the
phenol ring via NH"— interaction. The g+1 isomer is slightly
less stable than g—1, with an energy gap of 3.1 (4.6) kJ/mol at
the B3ALYP (MP2) level. In this isomer, the ammonium group
interacts with the pyrrole ring via NH'—z interaction. The two
isomers are separated by a substantial barrier of 4.8 kJ/mol
(B3LYP) for g+1 — g—1 (i.e., 7.9 kJ/mol for g+1 ~— g—1),
indicating that the internal rotation of the ammonium group
above the indole plane is strongly hindered. Similar barrier
heights have been reported previously, e.g. 5.3 kJ/mol for g+1
— g—1 at the B3LYP/6-31+G(d,p) level.'* As a general trend,
the g+2 structures are less stable than the g+1 isomers by 5—10
kJ/mol. Apparently, the ion—dipole interaction between the
positively charged ammonium group and the polar OH bond
favors an orientation in which the hydroxyl group points away
from the NH;" unit. Interestingly, the energetic order predicted
by B3LYP and MP2 differs for the g+2 and g—2 structures,
which are, however, close in energy. B3LYP prefers g+2
slightly over g—2 by 0.2 kJ/mol, whereas MP2 yields an
energetic preference for g—2 over g+2 by 1.7 kJ/mol. The two
t isomers, t1 and t2, are considerably less stable than the
corresponding g isomers by ~20—30 kJ/mol, because they lack
the cation—ur interaction of the ammonium group with the indole
ring. The barrier between the t1 isomer and g—1 is appreciable
and amounts to 10.1 kJ/mol for t1 — g—1 at the B3LYP level
(i.e., 33.7 kJ/mol for t1 < g—1). A similar barrier of 9.0 kJ/
mol was previously obtained at the B3LYP/6-314+G(d,p) level.'*
Although there is in general good agreement between the relative
energies of the various isomers calculated at the MP2 and
B3LYP levels, there is a systematically larger energy difference
between corresponding g and t isomers at the MP2 level. The
relative energies of the t isomers are higher by 7 kJ/mol at the
MP2 level than at the B3LYP level. This additional relative
stabilization of the g isomers with respect to the t isomers at
the MP2 level is attributed to dispersion interactions of the
ammonium group with the aromatic indole ring, which are
relevant only for the g isomers and are neglected in the B3LYP
calculations."® These additional dispersion forces of the in-
tramolecular NH—s bond also lead to a shorter distance between
the proton donor of the ammonium group and the aromatic ring
at the MP2 level (by ~0.09 A for g—1). Similar effects have
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TABLE 2: Selected Bond Distances (in 10&), Dihedral Angles
(in Degrees), and Relative Energies and Free Energies (in
kJ/mol) of the Protonated Serotonin Isomers g—1 and t1
Calculated at the B3LYP and MP2 Levels (Figures 1 and 2)*

g—1 t1
B3LYP MP2 B3LYP MP2

1 —54.7 —52.8 —173.5 —173.3
fo3s —94.2 —91.6 —107.4 —107.6
@3 175.4 173.8 178.3 177.3
Ryme-c3 2.430 2.322

Ryne--ca 2.468 2.485

Ryn---co 2.312 2.220

AE 0.0 0.0 23.6 30.7
AG 0.0 0.0 21.3 28.5

“¢; = dihedral angle C3CIOCIIN2, ¢, = dihedral angle
C2C3C10C11, ¢3 = dihedral angle C4C501H.

previously been noted for dopamineH™,?® and to a lesser extent
for neutral serotonin,'? demonstrating the substantial contribu-
tion of dispersion for these intramolecular cation—s interac-
tions. Density functional calculations using functionals
neglecting (B3LYP, B2LYP) and including dispersion (B3LYP-
D, B2LYP-D, M06-2X) confirm that the additional stabilization
of 7 kJ/mol for the g isomers predicted at the MP2 level is
indeed due to dispersion and not due to intramolecular basis
set superposition error or possible overestimation of dispersion
energy at the MP2 level (Table T1 in the Supporting Informa-
tion). Further serotoninH™ structures with the excess proton
attached to the N atom of the indole ring or at the O atom of
the hydroxyl group are less stable by ~100 and ~170 kJ/mol
than the g—1 isomer, respectively, at both levels of theory
(Figure F1 in the Supporting Information). Protonation of
primary amines at the amino group is clearly favored in the
gas phase.

Table 2 summarizes selected structural and energetic
parameters for the most stable gauche and trans isomers of
serotoninH™, g—1 and t1. The dihedral angles (¢ —¢3) describ-
ing the conformation of the alkyl side chain and the orientation
of the hydroxyl group are listed along with selected bond lengths
and relative energies. The corresponding data for all other
calculated isomers are provided in Table T2 in the Supporting
Information. All bond lengths of g—1 are given in Figure F2 in
the Supporting Information. As mentioned above, the g—1
global minimum is significantly stabilized by the NH™—zx
cation—u interaction between the positively charged ammonium
group and the aromatic indole ring, which involves a short
intramolecular NH—C9 bond length of 2.312 (2.220) A at the
B3LYP (MP2) level. As a consequence of the substantial
NH"—x interaction, the N—H bond of the proton donor of the
ammonium group is substantially elongated (1.042 A, B3LYP)
as compared to the corresponding free N—H bond lengths (1.028
A). The most stable isomer of neutral serotonin, denoted g+2(n)
and shown in Figure F2 in the Supporting Information, has a
structure in which one of the H atoms of the nearly neutral
amino group interacts with the C2 atom of the pyrrole ring. It
exhibits a much weaker NH—u interaction as compared to the
g—1 isomer of serotoninH™, as evidenced by the relatively long
NH—C3 bond lengths of 2.767 (2.629) A.

The IRMPD spectrum of serotoninH* is compared in Figure
4 to the calculated linear IR absorption spectra of all considered
isomers obtained at the B3LYP level. The spectra calculated at
the MP2 level are similar in appearance and thus not discussed
further here. This comparison reveals a single isomer to be
mainly responsible for the observed IRMPD spectrum (Figure
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Figure 4. IRMPD spectrum of serotoninH* and B3LYP/cc-pVDZ
spectra of calculated isomers of serotoninH™ in energetic order (scaled
by 0.98 with a fwhm of 30 cm™"). The calculated intensities are all on
the same scale.

4), namely the most stable g—1 structure. Both the band
positions and relative intensities of this isomer provide the
closest match to the experimental spectrum. The other gauche
isomers, namely g+1, g+2, and g—2, although close in energy
and therefore potentially present in the ion cloud at room
temperature, have a very intense transition predicted near 1400
cm™ !, which is nearly absent in the IRMPD spectrum. This mode
arises from a bending mode of the ammonium group (Bxmu3)
slightly coupled to CH, bending modes. Similarly, these three
gauche isomers feature a relatively intense transition near 1050
cm™!, which is also not prominent in the IRMPD spectrum.
Thus, significant contributions from gauche isomers other than
g—1 can be excluded as major carriers of the IRMPD spectrum.
This scenario is consistent with thermodynamic considerations.
Assuming thermodynamic equilibrium at 300 K, the relative
energies AE (AG) calculated at the B3LYP level suggest a
population ratio of 1:0.29:0.045:0.042 (1:0.41:0.058:0.045) for
g—1, g+1, g+2, and g—2, which also yields a clear preference
for the g—1 isomer (>65%). As the t2 isomer exhibits very weak
activity in the 1300—1350 cm™! range, in which strong
resonances are detected in the IRMPD spectrum (bands P and
Q), this structure can also be excluded as major carrier. The t1
isomer has in fact a spectrum similar to that of the g—1 isomer
in the fingerprint range and can thus not be excluded by
spectroscopic arguments. Nonetheless, on the basis of its high
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Figure 5. Comparison of the IRMPD spectrum of serotoninH™ with
the linear IR absorption spectra for the most stable gauche isomers of
serotoninH*, g—1, and neutral serotonin, g+2(n), calculated at the
B3LYP/cc-pVDZ level. Corresponding transitions are connected by
dotted lines.

energy (20—30 kJ/mol above g—1) and the at most minor
contributions of the lower-lying g+1, g+2, and g—2 isomers,
it may be excluded for thermodynamic reasons. Comparison of
the IRMPD spectrum with the calculated spectra may indeed
suggest minor contributions from t2, g+1, and g+2, which
would explain the enhanced intensities of bands S, P, and N,
respectively. However, small discrepancies between experimen-
tal IRMPD intensities and linear IR absorption cross sections
may also arise from deficiencies of the computational approach
and/or deviations of IRMPD signals from a linear behavior.
Finally, the isomers with protonation at the indole N atom and
the O atom of the hydroxyl group can be eliminated from the
list of major carriers both from spectroscopic and energetic
points of view, as their predicted IR spectra are clearly different
from the measured IRMPD spectrum, and their relative energies
are more than 100 kJ/mol above that of the g—1 isomer.

The comparison between experimental and theoretical spectra
(Table 1 and Figure 5) is clearly in favor of attributing the
IRMPD spectrum largely to the g—1 isomer. Several bands in
the IRMPD spectrum correspond to single relatively intense
calculated transitions of the g—1 isomer (e.g., bands A—D, F—1,
L—0O, T, U, and W in Figures 4 and 5), whereas other bands
are due to more than one significant vibrational mode. The
maximum deviation of the positions of the experimental band
maxima from the calculated frequencies is 29 cm™!, with an
average deviation of 13 ¢cm™!, confirming the vibrational and
isomer assignments given in Table 1. In addition, all modes
with calculated oscillator strengths larger than ~10 km/mol are
visible in the experimental spectrum.

The weak bands A and B at 595 and 640 cm™! in the IRMPD
spectrum of serotoninH™ are assigned to aromatic y¢c vibrations
of the g—1 isomer (see footnote d of Table 1 for the notation
employed for vibrational modes). The weak feature C at 678
cm™! corresponds to a ring mode, whereas band D is again
attributed to a low-intensity aromatic ycc mode. The high-
intensity band E is composed of five closely overlapping
aromatic ycy vibrations. The feature F at 840 cm™! is assigned
to an isolated aliphatic symmetric occy mode. However, the
stretching modes within the ethylamine side chain strongly
couple with each other and with twisting, wagging and torsional
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modes of the ethylamine side chain. Band G at 936 cm™!' is

attributed to a further isolated ring mode, whereas band H at
961 cm™! again is an aliphatic occy mode of the ethylamine
side chain. The intensity of band H in the IRMPD spectrum
appears somewhat enhanced compared to the calculated value.
Band I at 1027 cm™! arises from an aliphatic CC stretch mode
between C3 of the indole ring and C10 of the side chain. The
feature K at 1066 cm™! is composed of the two close lying CH,
twisting vibrations located at C10 and C11 of the ethylamine
side chain with nearly equal weight. Band L at 1094 cm™! is
described as a coupled aromatic Sxycy mode of the indole ring.
The intense band M is assigned to the isolated dop mode of the
hydroxyl group. Band N at 1220 cm ™! is dominated by the tcu,
torsional mode located at C10 of the ethylamine side chain,
with very weak contributions of an overlapping aromatic Scy
vibration. Band O at 1263 cm™! is assigned to a single aromatic
Bce mode. In contrast, band P at 1304 cm™' consists of two
overlapping modes, the more intense being the oco vibration
and the less intense being the ¢y, torsional mode at C11 of
the ethylamine side chain. Four different vibrational modes
produce band Q at 1342 cm™!. Two of them are the Bcy,
wagging modes at C10 and C11, and the third one is attributed
to a further aromatic Scy vibration. However, the by far strongest
contribution comes from an aromatic CC stretch (corresponding
to v14 in Wilson notation)*® predicted at 1371 cm™! with high
intensity. The somewhat larger red shift of about —30 cm™!
observed for this intense mode between the IRMPD and
calculated frequency is ascribed to the IRMPD process, which
shifts intense modes to lower frequency if other vibrations with
significant intensity occur in the spectrum at slightly lower
frequency.’ The weak shoulder R at 1417 ¢cm™! is probably
the most prominent indicator for the assignment of g—1 to the
IRMPD spectrum. As mentioned above, this band should be
the most intense feature in this spectral range, in the case of
significant contributions from other gauche isomers (in disagree-
ment with the experimental observation). On the basis of the
g—1 isomer, band R is assigned to two overlapping vibrations,
namely a coupled occ and ocy mode of the indole ring and the
B scissoring mode at C10 of the side chain. The broad band
S at 1454 cm™! is a prominent feature in the IRMPD spectrum
and also in the spectrum calculated for g—1. It consists of three
almost equally intense fundamental transitions, namely, the in-
phase and out-of-phase fnys; symmetric bending modes (um-
brella mode) coupled with the Bcus scissoring mode at Cl1,
and an aromatic occ mode located at the phenol ring (v9,). The
shoulder T at 1499 cm™! arises from a similar aromatic occ
mode (v;9p) also located at the phenol ring. In contrast, band U
at 1542 cm™! is due to an aromatic occ mode of the pyrrole
ring. The intense band V at 1583 cm™! is assigned to three
overlapping transitions: the two asymmetric Syy; bending modes
of the ammonium group and one aromatic occ mode located at
the phenol ring (vs,). The highest-frequency band in the
measured spectral range is W at 1624 cm™! and is attributed to
a further aromatic occ mode of the phenol ring (vg,).

Comparison of the properties of neutral serotonin with those
of serotoninH™ establishes the effects of protonation on its
geometric and electronic structure. The calculations predict an
energetic preference for gauche isomers for both neutral and
protonated serotonin, because they are stabilized through the
intramolecular NH—7 interaction with the aromatic indole
ring. The major difference is that the neutral species prefers
NH—z bonding to the pyrrole ring, whereas the protonated
species interacts more effectively via NHT—z bonding with the
phenol ring (Figure F2 in the Supporting Information). In the
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condensed phase, the preferential configuration of (protonated)
serotonin changes drastically due to the effects of the environ-
ment. The interaction with solvent molecules and counterions
is stronger than the intramolecular NH— interaction and leads
for both species to a preferential stabilization of trans conformers
via intermolecular NH hydrogen bonding, although the gauche
isomers are clearly calculated to be the global minima on the
potential energy surface of the isolated species.

Interestingly, the present calculations at the B3LYP and MP2
level using the cc-pVDZ basis set yield a global minimum
structure for neutral serotonin, denoted g—2(n), which slightly
differs from the global minimum derived previously at lower
level calculations.'®!? Calculations at the B3LYP/6-31G* and
MP2/6-31G* yield a global minimum, denoted Gpy(out), which
is 0.7 or 2.5 kJ/mol more stable than the Gpy(up) conformation,
which corresponds to g—2(n). At the B3LYP/cc-pVDZ and
MP2/cc-pVDZ level, the g—2(n) isomer is lower in energy than
the Gpy(out) structure by 2.7 and 0.5 kJ/mol, respectively.
These subtle differences illustrate the difficulties in predicting
the energetic order of close lying isomers of these flexible
molecules. Experimental evidence for the relative stability of
the neutral serotonin isomers has been obtained from fluores-
cence and ionization yields,'> which may, however, slightly
depend on the conformation and ionization efficiency of the
molecule and thus do not provide quantitative information about
their stability.

In the following, we compare the properties of the most stable
gauche structures of isolated serotonin(H), g—1 and g-+2(n),
as obtained by the present quantum chemical calculations.
Detailed structural parameters for both species are given in
Figure F2 in the Supporting Information. The energy difference
between both structures corresponds to the proton affinity of
967.6 (972.85) kJ/mol at the BALYP (MP2) level. No experi-
mental value appears to be available for comparison. As already
mentioned, protonation drastically enhances the strength of the
intramolecular NH— interaction leading to substantially shorter
contacts between the NH proton and the aromatic carbon atoms.
Protonation at the N-terminus also leads to a small average
elongation of the N—H bonds and simultaneously to an
elongation of the neighboring N—C bond. All other bond length
changes are less significant.

The structural changes induced by protonation of serotonin
translate directly into the vibrational properties and the corre-
sponding IR spectra, which are compared in Figure 5 in the
fingerprint range. Clearly, protonation has a profound effect on
both the positions and the IR intensities of the vibrational modes.
The vibrational frequencies and IR intensities of g+2(n) and
g—1 obtained at the B3LYP level are compared in Table T3 in
the Supporting Information, along with the assignment of the
normal modes. As expected, the N—H bending modes experi-
ence the largest impact upon protonation in the frequency range
investigated. All three N—H bend fundamentals have much
larger IR intensities for the protonated species (band V) due to
the large positive partial charge of the NH;™* group. In particular,
the intense symmetric N—H umbrella modes (here split into
two modes due to coupling with CH, scissoring modes) at 1439
and 1445 cm™! are characteristic for the charged g—1 species
(band S), whereas the IR spectrum of the neutral g+2(n)
molecule has no intense absorption in this spectral range. On
the other hand, the large intensity of the aromatic C—C stretch
mode of g+2(n) at 1499 cm™! (vy9p, 103 km/mol) is largely
reduced upon protonation (1508 cm™!, 19 km/mol, band T). As
there is no IR spectrum of isolated serotonin available in the
literature in the fingerprint range, comparison of the IR spectrum
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calculated for g+2(n) with experiment is not possible at the
present stage.

The NBO population analysis for g+2(n) and g—1, is detailed
in Figure F3 in the Supporting Information. As expected, the
ethylamine side chain carries only little charge (0.03 e, B3LYP)
in neutral serotonin and nearly the total positive charge (+0.97
e) in serotoninH™. The latter one is mainly localized on the
ammonium group (+0.62 e) and to lesser extent in the adjacent
CH; units (+0.30 and +0.05 e). The charge on the aromatic
ring is not affected upon protonation, consistent with the lack
of hyperconjugation in aromatic alkane derivatives. The large
positive partial charge on the NH;" group gives rise to the
substantial charge-enhancement of the NH™— interaction in
the g—1 isomer of serotoninH™ as compared to the neutral
molecule.

Finally, the fragmentation process of serotoninH" is consid-
ered. The observed IRMPD fragment of serotoninH* is m =
160 u, corresponding to the loss of NHj;. In contrast to
dopamineH™,?® for which fragmentation upon IRMPD occurs
in a sequential fashion into various fragment channels, IRMPD
of serotoninH™ yields only one single fragment. Predominant
loss of NH;3 upon collisional activation of serotoninH' has
previously been observed by other groups.”® Interestingly, Chang
and Yeung report the elimination of the methylamine group
(CH,NH,) to be the dominant fragmentation channel (m =
146 u).>* However, it is likely that, due to their insufficient mass
resolution, they were indeed observing the fragmentation of the
serotonin® radical cation rather than serotoninH", which was
shown to eliminate CH,NH,, with n = 1 and 2.**> A variety of
possible structures for the m = 160 u fragment ion observed
upon IRMPD of g—1 is shown in Figure F4 of the Supporting
Information, along with their relative energies and dissociation
energies for NH; elimination. However, it is difficult at the
present stage to identify the actual structure of the fragment
ion observed in the experiment.

4. Concluding Remarks

The conformation and intramolecular cation—s interactions
of isolated serotoninH* were investigated by IRMPD spectros-
copy and quantum chemical calculations. Comparison of the
linear IR absorption spectra calculated for various gauche and
trans conformers of serotoninH™ and the experimental IRMPD
spectrum in the fingerprint region yields the best agreement for
the gauche conformer g—1, which is calculated to be the lowest-
energy isomer at the B3LYP and MP2 level. In the g—1 isomer,
protonation occurs at the N-terminus of the ethylamine side
chain, allowing for an efficient intramolecular NH™—zr cation—z
interaction of the ammonium group and the phenol moiety of
the aromatic indole ring. Other isomers are higher in energy
and have predicted IR spectra, which differ from the observed
IRMPD spectrum, suggesting that g—1 is the major carrier of
the experimental spectrum. Although the cation—s interaction
in the gauche isomers of serotoninH™ are largely governed by
electrostatic and inductive contributions arising from the
substantial positive charge localized mainly at the NH;* group
(~20—30 kJ/mol), dispersion contributions to the NH™—zx
interaction (~7 kJ/mol) are inferred from the different stabiliza-
tion energies obtained at the B3LYP and MP2 energies.
Interestingly, this difference is only ~5 kJ/mol for dopamineH™,
suggesting that the dispersion forces are larger in serotoninH™*
due to the interaction with the more extended aromatic
m-electron system. The major differences between serotonin and
its protonated form are that the excess charge strongly enhances
the NH™™—x interaction and that protonation changes the
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preferred binding motif from NH—z bonding to the pyrrole ring
to NH"—z bonding to the phenol ring. Clearly, further
experimental information about the strength of the NH™—x
interaction could come from IR spectra of serotoninH* recorded
in the NH stretch range using optical parametric oscillator
lasers.*
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