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Abstract

Tryptophan and phenylakylamines (PAAs) are important biomolecules, which are involved in a myriad of processes. These
molecules have been experimentally reported to exhibit N-H*"x interactions in their protonated form; however, this has not
been theoretically investigated in detail. Generally, such interactions are observed in diverse biological systems, and their
evaluation would be useful for understanding protein folding and functioning. Therefore, in this study, we have described
the N-H*x interactions of the abovementioned classes of molecules using the Quantum Theory of Atoms In Molecules
(QTAIM), Natural Bond Orbital (NBO), and Non-Covalent Interaction (NCI) analyses. The results of our N-H*"x interac-
tion energy calculations were consistent with the experimental energies derived from the redshift of the vibrational stretches.
The energy values obtained using the QTAIM-based Espinosa’s approach provided a relatively better result than similar
approaches previously reported in the literature. Furthermore, we observed that the N-H* & interaction energy in trypto-
phan is weaker than the resonance-assisted hydrogen bond energy of the N-H*O=C interactions of its three most stable
conformers accessible at room temperature. In contrast, the strength of the N-H*"~x interaction in PAAs was observed to
increase with increasing alkyl lateral chain length. The increased flexibility of longer chains increases the distance between
nitrogen and the phenyl ring without disturbing the N-H*""'x interaction.
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Tryptophan (Fig. 1) is a ubiquitous biomolecule that par-
ticipates in essential life processes such as cell growth and
maintenance, neurotransmission, and cellular signaling [1].
Owing to its UV and fluorescence properties, this molecule
has been extensively explored by spectroscopists, and there
have been several studies dedicated to the assessment of its
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structure and its derivatives in both solution [2—4] and gas
phases [, 6].

For instance, the infrared spectrum of the gas-phase pro-
tonated tryptophan exhibits a broad band [7-9] that could be
attributed to the intramolecular interaction of the ammonium
group and the indol ring (N-H""'xt) [7, 8]. The protonated
phenylalkylamines (PAAs) containing two to four carbons
in their lateral chain (Fig. 1) exhibit similar behavior, and
their band width and frequency depend on their lateral chain
length [10, 11].

Chiavarino et al. [10] reported that the bands associated
with the N-H* stretches of phenylethylamine (PEA), phe-
nylpropylamine (PPA), and phenylbutylamine (PBA) were
redshifted in comparison with the calculated vibrational
spectra, indicating that these ions also exhibit a N-H* &
interaction. However, in the most stable conformation for
phenylmethylamine (PMA), the protonated amino group
is at an anti orientation with respect to the phenyl group
(Fig. 2b), which prevents not only the N-H*" & interaction
but also the broadening as well as the redshift of the N-H
stretch band.
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Fig.1 Structures of protonated tryptophan and protonated phenyla-
lkylamines (PAAs)

The investigation of these intramolecular interactions
is complicated, especially while evaluating the strength
and magnitude of the interaction energies. The commonly
employed methods to describe such interactions include
the quantum theory of atoms in molecules (QTAIM)
[12], natural bond orbital (NBO) [13] and non-covalent
interaction (NCI) [14] analyses; these have been success-
fully employed over the years to analyze diverse systems
[15-20].

While neutral tryptophan has already been modeled by
QTAIM and NBO—which demonstrate the existence of a
H-bond between the amine and carboxylic acid groups [2,
21], we could not find studies focusing on the intramolecular
interactions of protonated tryptophan. Moreover, although
there have been reported investigations of the N-H™ & inter-
action in PAAs using energy decomposition analysis (EDA)
[22], as well as NCI calculations of PEA and its derivatives
[23, 24], the PAAs and tryptophan have not been evaluated
together using the set of calculations that we have used in
this study.

Therefore, this overview aims to provide a detailed
description of the N-H* " interactions in these model
ions, specifically protonated tryptophan; this is because such
interactions in the gas and solution phases are observed to
be relevant for the cation—n and other similar interactions in
protein structures [25-28]. Furthermore, this characteriza-
tion is also relevant for studies related to other gas-phase
species because the N-H*'r interactions are often invoked
to rationalize experimental spectral features; however, a for-
mal description of such studies is rare. Therefore, we per-
formed QTAIM, NBO, and NCI calculations in this study
to assess the properties of the N-H*~x bond type, evalu-
ate its strength, estimate the H-bond energy, and correlate
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the theoretical results with the gas-phase ion spectroscopy
results and acceptor/donor stabilization energies.

For this purpose, the species were modeled using the
Gaussian 09 (rev. DO1) [29] computational package at the
D3-M06-2X/6-31 + G** level of theory [30, 31].

This methodology is adequate as the choice of the basis
set and method does not substantially affect the descrip-
tion of the weak H-bond interactions in QTAIM analysis,
as reported by Jabloniski and Palusiak [32, 33]. Moreover,
the use of M06-2X, or similar hybrid meta-GGA function-
als for similar studies have also been reported [34-37], and
are considered suitable for the systems reported herein, as
their equilibrium geometries are well characterized [9, 10].

All reported species were subjected to vibrational analy-
sis to confirm their true minima nature. For the PAAs, the
geometries reported in the literature were used as inputs
[10], while the multiple conformers of tryptophan and PBA,
which are accessible at room temperature (298.15 K), were
evaluated (identified as conformers A, B, and C, for each
ion) [9, 10]. The relative free energy values for the con-
formers of tryptophan and PBA were less than 1 kJ/mol, as
detailed in Table S1.

The NBOs were obtained using the NBO 7.0 software
[38]; the topology of the electron density in the interatomic
space was obtained by QTAIM, using AIMALL v. 17.11.14
[39]; and the NCIs were obtained using NCIPLOT v. 3.0
[40]. For the graphical visualization of the ions and cubes,
VMD v. 1.9.3 [41], Chemcraft v. 1.8 [42], and AIMStudio
(as implemented in AIMALL), were used [39].

Although QTAIM is a useful tool for describing the
H-bonds, its interpretation is not straightforward because of
the non-explicit relationship between the diverse parameters
obtained at the bond critical points (BCPs) and the intramo-
lecular H-bond strength.

The increase in the H-bond strength may be evaluated
either by the increase in the electronic density (p(r), where
r stands for the BCP coordinates) and kinetic energy den-
sity (G(r)); or by a decrease in the potential energy density
(V(r)) and total electronic energy density (H(r)), which are
accompanied by the shortening of the distance between the
hydrogen atom and the H-bond BCP (d(H*BCP)). Accord-
ing to Fuster and Grabowski [43] the analysis of H(r) and
d(H~BCP) may be used to estimate the H-bond strength.
Furthermore, Rozas et al. [44] classified the H-bond interac-
tions according to the Laplacian of electronic density of their
BCPs (i.e., V2p(r)) and H(r)): Vp(r) and H(r) >0 indicates a
weak interaction; V>p(r) >0 and H(r) <0 indicates a medium
interaction; and V?p(r) and H(r) <0 indicates a strong inter-
action. Other studies have also evaluated the relationship
between H(r) and G(r) to describe H-bond strengths: as
2G(r)+ V(r) and the ratio IV(r)l/G(r) [45].

Moreover, the H-bond strength can also be determined
from the bond energy: Grabowski suggested that H-bonds
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Fig.2 Plots of the reduced density gradient s(r) against sign(4,)p
and NCI isosurfaces for: a Tryp C, b PMA, ¢ PEA, d PPA, e PBA
A, obtained at the M06-2X/6-31 + G** level of theory for the lowest

could be classified by their H-bond energies (Eyg) as weak
(~4-17 kJ/mol), moderate (~17-63 kJ/mol), and strong
(~63-168 kJ/mol) [46]. However, the estimation of the
intramolecular H-bond energies (Eyg) is not as simple as
that of the intermolecular H-bond energies (Eyg) [22, 47]:
the latter is calculated by the difference between the total
energy of a complex (formed by the H-bond) and its iso-
lated constituents; nevertheless, in case of the former, it is
not possible to entirely separate the residues containing the
hydrogen donors from the hydrogen acceptors. Therefore,
among the existing QTAIM-based strategies for calculating
Eyg, the approaches proposed by Espinosa (E5sp) [48] and
by Afonin (Epig) [47, 491, which correlate Eyyp with the
absolute potential energy density |V(r)l at a given BCP, are
prominent; these are described as follows:

(e) PBA (A)

8 &8 5 8 &5 8§ 8
o o OI o o o o
sign(Ap)p / a.u.

energy conformers; where, s(r)=0.3 (s(r)=0.6 for PPA) and a blue—
green—red color scale from —0.04 <sign(4,)p <+0.06 a.u

EAF

AF — V()| X 0277 — 0.45 )

S,
ESE = V()| x 0.5

1)

In this study, we have compared the abovementioned
approaches with the empirical H-bond energy that can be
estimated using Iogansen’s equation [50], which is described
as follows:

—AH =0.33 X \/(Av — 40)

where AH represents the enthalpy of the H-bond, and Av
is the difference (in cm™") between the free (vy) and bound
(v;) D-H stretch bands (where D represents the proton
donor atom). This equation is valid when the H-bond causes

(I11)
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a redshift in the D-H stretch band and Av is higher than
40 cm™". To determine —AH, we compared the redshifted
N-H*"r stretch bands of PEA and PBA with the free N-H
stretch band of PMA, which was reported by Chiavarino
[10]; meanwhile, for tryptophan, we compared the N-H* &t
stretch band [9] with the free N-H* stretch band of glycine
(Table S2) [51]. While some researchers would consider the
average of the symmetric and asymmetric stretch bands as
v [52, 53], we have used the —AH obtained by both values,
thereby establishing a range for the N-H*"'& interactions.
Although its efficiency in estimating the intramolecular
H-bonds has been demonstrated [47, 54], in reality, Eq.
(IIT) was formulated for intermolecular H-bonds. Hence, its
results must only be considered as an estimate of the of the
H-bond energy range to allow a comparison with the theo-
retical results.

Table 1 lists the QTAIM parameters of the intramolecular
interactions at their corresponding BCPs. An overall analysis
of the QTAIM parameters demonstrates that all H-bonds
identified in this study can be classified as weak, as they
exhibit positive values of Vzp(r) and H(r). This is corrobo-

rated by the Ejjf; values; however, in case of the EL3p values,

Table 1 QTAIM topological parameters at BCP: electronic density
(p(r))*; Laplacian of electronic density (Vzp(r))'“‘, potential energy
density (V(r))% kinetic energy density (G(r))% total electronic energy
density (H(r))%, ellipticity (¢), and distance between hydrogen and
BCP (d(H~BCP))®; distance between hydrogen and H-bond accep-

some interactions are considered as moderate according to
Grabowski’s classification [46].

Almost all identified BCPs obeyed the criteria for
H-bonds proposed by Koch and Popelier [55] (the graphi-
cal visualization of the structure of all studied ions and
their BCPs are presented in Fig. S1); the only exception is
observed in conformer C of tryptophan (Tryp C), wherein a
H-H attractive interaction is observed between the hydrogen
atoms attached to C2 and C10 (Fig. 1). This interaction is
described as a weak Van der Waals interaction, as depicted
by its QTAIM parameters (e.g., low values of p(r) and
IV(r)l). This (controversial) type of interaction has already
been documented in the literature and is considered as a sta-
bilizing interaction [56, 57] of a quantum nature (i.e., higher
contribution of the exchange—correlation term) rather than
of an electrostatic nature [58].

In contrast to the proposition by Fuster and Grabowski
[43], the H(r) and d(HBCP) values were not observed
to be useful in estimating the H-bond strength for the sys-
tems reported herein. This could be because their approach
was focused on moderate and strong H-bonds. Conversely,
the Vzp(r) and G(r) values exhibited a linear relationship

tor (d(HA))®. H-bond energy (Ejjiz)° as proposed by Afonin [47];
H-bond energy (EESR)° as proposed by Espinosa [48]; energy calcu-
lated by energy decomposition analysis (Egp,)®Y; and H-bond inter-
action energy (—AH)® [22]

Interaction p)/  VZp@)/1072 V(E)/1072 G(r)/1072 H@)/1073 & d d Egpa Ei; EER  —AH
1072 (H"BCP) (H"A)

Tryp (A) 171 551 -1.14 1.26 1.21 241 0.837 2260 - 6.38 14.92 20-23

(N-H ")

Tryp (A) 220 9.92 -1.90 2.19 2.88 1.83 0.892 2136 - 11.96 2499 -

(N-H"0)

Tryp (B) 1.68 542 —-1.11 1.23 1.22 232 0.843 2271 - 6.19 14.58 20-23

(N-H"x)

Tryp (B) 240 102 —2.08 232 237 0.84 0.845 2081 - 13.26 2734 -

(H~0)

Tryp (C) 216 636 -1.39 1.49 1.01 0.86 0.832 2221 - 822 1823 20-23

(N-H"x)

Tryp (C) 242 105 —1.94 2.29 3.44 1.75 0.837 2095 - 1225 2552 -

(H-0)

Tryp (C) (HH) 058 1.95 -0.31 0.40 0.89 6.49 1.168 2353 - 037 407 -

PMA - - - - - - - - - - - -

PEA 147 548 —0.99 1.18 1.88 240 0.947 2373  26.90/35.48° 535 13.06 13-17

(N_H 1)

PPA 1.89  5.76 -1.21 1.33 1.13 251 0.822 2280 32.72/4439° 693 1591 -

(N-H"x)

PBA (A) (N-HI"z) 113  3.63 —0.65 0.78 1.28 1.26 0.978 2.533 287 857

PBA (A) (N-H2"m) 1.68  4.67 -1.05 1.11 0.58 0.72 0.836 2.279 576 13.79

PBA (B) (N-H"z) 198  4.80 —-1.18 1.19 0.10 0.78 0.780 2.188  42.51/57.91° 6.69 1548 18-22

PBA (B) (C-H"z) 0.78 251 —-0.41 0.52 1.10 343 1362 2.885 1.08 5.35

PBA (C)(N-H~m) 210 5.84 —1.34 1.40 0.61 2.60 0.770 2.198 7.85 17.57

%n a.u.; in Angstrom; “in kJ/mol; 4B3LYP/0B97D calculated energies (using 6-311++G(d,p))
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with EE3F (R*=0.950 and 0.984, respectively; Fig. S2). In
the case of p(r), the data exhibited a linear trend when the
N-H"O H-bond was not considered (R2=0.982; Fig. S2).

Similarly, d(H*A) exhibited an almost linear relation-
ship with EESE (R*=0.879; Fig. S2) when the H-'H and the
N—-H"O interactions were not considered; a similar lin-
ear trend was also observed while comparing the QTAIM
parameters with the Efjly values (Fig. S2). Nevertheless,
ERE, values are lower than the ESSY values, as shall be dis-
cussed subsequently.

Both Efjj; and E5SE values are observed to be consider-
ably lower than those of Eyp,. Nevertheless, the empiri-
cal H-bond energies (—AH) for tryptophan (20-23 kJ/mol),
PEA (13-17 kJ/mol), and PBA (18-22 kJ/mol) in Table 1
is in better agreement with the respective EL35 values (i.e.,
14-18, 13, and 16-26 kJ/mol, respectively; Table 1).

Therefore, in the context of our study, Eq. (I) yields bet-
ter values than Eq. (I), and EESE is considered as the most
adequate energy scheme to represent the ions of interest of
this study and explain their vibrational features.

Interestingly, the Efjl; value of N-H™x calculated
using Eq. (I) (8 kJ/mol) agrees with the much lower energy
reported by Pereverzev et al. (7 kJ/mol), which they had
calculated as the difference between the electron density of
neutral and protonated tryptophan (Ap = p(TrpH") — p(Trp))
[9]. However, this approach only considers the polarization
effects, as pointed out by previous studies, which may be the
reason for the underestimated Ejyp values.

Conformers A and B of tryptophan form a BCP between
N-H" and C11, but on opposite faces of the ring plane. How-
ever, Tryp C forms a BCP between N-H" and C4. Further-
more, the QTAIM results suggest that N-H" & is weaker
than the N-H™~O=C interaction, which is considered to
be a resonance-assisted hydrogen bond [59, 60]. Nonethe-
less, this behavior is less accentuated in conformer C, where
the difference between the N-H*r (EEE = 18.23 kJ/mol,
Table 1) and N-H*O (EESE =25.52 kJ/mol, Table 1) inter-
action energies is lower than 7.29 kJ/mol. Thus, both inter-
actions contribute similarly to the overall stabilization of
Tryp C.

Furthermore, all PAAs, excluding PMA, exhibit BCPs
corresponding to the N-H" & interactions (Fig. S1). Con-
former C of PBA (PBA C) exhibits only one N-H*xn
interaction, while PBA A exhibits two N-H*" & interac-
tions—promoted by proton H1, which interacts with C6,
and proton H2, which interacts with C2 (Fig. S1). Among all
PAAs, the ellipticity of the PBA H2 & interaction is closer
to zero, indicating that the electron density is concentrated
in a plane containing the bond path in a higher extension
[61, 62], thereby increasing the bond stability. The above-
mentioned interaction between H1 and C6 further increases
the stability of this conformation. On the other hand, PBA B

exhibits only one N-H"x interaction and a weaker C-H &
interaction.

An analysis of the PAAs indicates an increase in G(r),
from 1.18 to 1.33 and 1.89 a.u., and in IV()l, from 0.99 to
1.21 and 1.70 a.u. with increasing side chain length, i.e.,
from PEA to PPA and PBA (corresponding to the total
contributions of the PBA A interactions). Consequently,
EESP increases from 13 to 16 and 22 kJ/mol, respectively
(Table 1). Although PBA A has been considered as an exam-
ple, the same trend is observed in all PBA conformers.

These interactions can be visualized using the NCI cal-
culations and by mapping the space between the atoms to
find the regions where the reduced density gradient (RDG),
s(r), tends to zero. Thus, NCI can be considered to comple-
ment QTAIM, as it presents troughs in s(r) at each critical
point and maps the entire 3D space in addition to the atomic
interaction line, thereby allowing the identification of the
electron depletion zones [14, 40, 63]. The NCI isosurfaces
are represented on a color scale indicating the interaction
strength (the strongly attractive, strongly repulsive, and
weak interactions are represented by the blue, red, and green
colors, respectively). Furthermore, the absolute value of p
increases along with the interaction strength, while the sign
of 1, in the Hessian matrix indicates the type of interac-
tion—i.e., negative for attractive interactions and positive
for repulsive interactions.

To characterize the protonated tryptophan, Fig. 2 shows
the NCI isosurfaces of this species, the protonated PPA
series for comparison, as well as the plots of s(r) against
sign(4,)p; conformers Tryp C and PBA A were chosen to
represent the respective ions. Table S3 lists the troughs in
s(r) for all species, while the NCI isosurfaces of the remain-
ing conformers of tryptophan and PBA are shown in Fig. S4
and Fig. S5, respectively.

As expected, PMA does not exhibit any trough from
the intramolecular HB interactions. The repulsive region
(sign(4,)p =+0.021; Fig. 2b) corresponds to a steric repul-
sion of the non-bonded overlap between the carbon atoms of
the phenyl ring, which is observed in all studied compounds,
including PMA.

The NCI analysis of PEA (Fig. 2¢) is consistent with
the previous analysis described in the literature [24]. The
N-H""r interaction is depicted by the blue region centered
at the BCP (sign(4,)p =—0.015) and an orange region cen-
tered at the ring critical point (RCP) (sign(4,)p =+ 0.015)
of the pseudo-five-membered ring, generated by the lateral
chain and CI.

This repulsive region centered at the RCP is observed
in all PAAs and is weakened by the increase in the dis-
tance between the nitrogen atom and C1, as observed
for PPA (sign(4,)p=+0.011; Fig. 2d) and PBA A
(sign(4,)p =+0.010; Fig. 2e).

@ Springer
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For example, from PEA to PPA, the addition of one
alkyl carbon to the side chain brings the proton closer to
C1, thereby reducing their distance from 2.37 A, in the for-
mer ion, to 2.28 A in the latter; meanwhile, the distance for
nitrogen to C1 increases from 2.90 to 2.95 A. On the other
hand, in PBA A, this distance is 3.07 A, while H1 is further
from the & system (2.5 A from C6) than H2 (2.3 A from C2).

Furthermore, for PBA A (Fig. 2e), two troughs at approxi-
mately sign(4,)p =—0.017 and sign(4,)p=—0.011 can be
observed and assigned to two N-H*"r interactions, as pre-
viously discussed. The other troughs at the positive values
of sign(4,)p correspond to the repulsive interactions from
a pseudo-seven-membered ring formation as well as in
PPA where there is a pseudo-six-membered ring formation.
However, owing to the relatively lower torsional stress in
the former ring than the latter, the repulsive interactions
in PBA are weaker than those in PPA. Moreover, unlike
in QTAIM, the NCI analysis also shows the H"H inter-
actions in PPA and all PBA conformers that were previ-
ously observed in the QTAIM analysis of tryptophan. The
troughs of these interactions are not discernible in the case
of PPA (Fig. 2d), although only PBA A exhibits an attractive
(sign(4,)p=—0.007) and a repulsive (sign(4,)p =—0.006)
character for this interaction (Fig. 2e).

The protonated tryptophan (Fig. 2a) can be compared
to the characterized protonated PAAs—for Tryp C, two
isosurfaces are observed: the first represents the attrac-
tive and repulsive regions, corresponding to the stronger
N-H*O=C intramolecular H-bond (sign(4,)p = —0.024
and sign(4,)p =+0.024); and the second represents
the N-H*r interaction (sign(1,)p=—0.021 and
sign(4,)p =+0.024). Both isosurfaces exhibit an asym-
metric volume with a distinct blue region centered at the
BCP and a distinct orange region centered at the RCP
of the pseudo-rings. Furthermore, the H'H interaction
exhibits an attractive (sign(4,)p =-0.006) and a repul-
sive (sign(4,)p =+ 0.006) region, as observed in PPA and
PBA. The trough at sign(4,)p =+0.051 corresponds to the
repulsive interactions between the carbons of the pyrrolic
ring. The other conformers also exhibited similar results, as
shown in Fig. S3.

The NBO second-order stabilization energy (£2) is gen-
erally used to investigate delocalization and charge-transfer
effects based on the interaction between occupied Lewis-like
orbitals (donors) and unoccupied non-Lewis orbitals (accep-
tors) [64]. The results from the NBO population analysis
of the analyzed species indicate the same trends observed
by the QTAIM and NCI analyses. Table S4 summarizes
all orbital interactions, their hybridization, and calculated
E2 values: Tryp C exhibits a N-H*""x interaction that has
a major contribution from the = orbital donation (C4-C5
n-bond) to the N—-H" anti bond orbital (x — ¢*), and a less
significant backdonation from the NH group to the & system.

@ Springer

The sum of the E2 values of these two contributions for the
N-H*r in protonated tryptophan is —28 kJ/mol, which is
slightly higher than the total E2 energy for the N-H*O=C
interaction (—25 kJ/mol). As the Eyp value of the N-H* &
interaction is lower, the higher E2 value could indicate a
higher charge-transfer character for this interaction than the
N-H*0O=C interaction. The other conformers of trypto-
phan accepts donations from the & orbitals of the C11-C6
and C10-C9 bonds to N-H™" ¢*, and their E2 values (i.e.,
11 kJ/mol for both) are lower than those of the N-H*-O=C
interactions (Tryp A =18 kJ/mol and Tryp B =22 kJ/mol).

The E2 value for the PEA, PPA, and PBA conformers
increases as the number of alkyl carbons increases. The E2
correlated with the donation of the C1-C2 & orbital to the
N-H o* orbital of PEA is —18 kJ/mol (Table S4), while the
N-H o* orbital of PPA receives charge from two & orbitals
of the C1-C2 and C3-C4 bonds, resulting in a total E2 of
—29 kJ/mol.

In PBA A, the N-H1 o* orbital accepts electrons from
two w orbitals (from C1-C6 and C4—C5 n-bonds), contribut-
ing to an E2 value of —9 kJ/mol, while the C2-C3 n-bond
donation to the N-H2 o¢* orbital results in an E2 value of
—24 kJ/mol, which represents a total stabilization energy of
—33 kJ/mol—i.e., almost twice as much as the total stabi-
lization for PEA (Table S4). The E2 values of PBA B and
C are still higher—at 37 and 46 kJ/mol, respectively: in the
former, the proton interacts with the ¢ orbital of the C1-C6
bond and with the = orbitals of the C1-C2 and C5-C6 bonds.
Furthermore, there is a donation from the ¢ orbital of the
C1-C2 bond to the o* orbital of the C10-H bond.

In PBA C, the proton interacts with all atoms participat-
ing in the & system. This observed increase in the E2 value of
the PAAs can be associated with an increase in the degrees
of freedom in the longer chains, which allows them to fold
freely without compromising the N-H*"x interaction.

Thus, in summary, the N-H*-x interactions in trypto-
phan and PAAs (with one to four alkyl carbons) were mod-
eled using QTAIM, NCI, and NBO analyses, and the fol-
lowing observations were made: For PAA, the calculations
indicated an increase in the interaction as the alkyl side chain
length was increased, which can be explained by the more
flexible chain allowing a better proton interaction with the
© system. Moreover, longer chains increase the distance
between nitrogen and the phenyl ring without disturbing the
N-H*x interaction. For tryptophan, the Hn interaction
plays a significant role in the conformation state of the ions:
In conformers A and B, the N-H"'x bond is considerably
weaker than the H*O bond, while in Tryp C, the difference
is not so large, which indicates that both interactions contrib-
ute to the overall stabilization of this conformer. Moreover,
a weak H"H Van der Waals interaction was also identified.

Furthermore, the QTAIM-based Ejy values obtained

using Espinosa’s approach (EL3F) were consistent with the
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experimental values based on the redshift of the vibrational
stretches. By formally describing these N-H*"'x interac-
tions, the results corroborate the observed experimental
features and provide theoretical support for the assumption
that N-H*"'&t is a cause for the band redshift.

The NBO calculations further corroborate the QTAIM
results: The N-H*x interaction exhibits a significant
charge-transfer nature, which is more accentuated in PAAs
than in tryptophan.
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