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ABSTRACT
The chirped-pulse Fourier transform microwave spectrum of 2′-aminoacetophenone, an aromatic chemical species with odorant properties,
has been recorded in the 2–8 GHz frequency range and analyzed, obtaining precise information on the structure of the monomer and its neon
and water complexes. The conformation of the monomer is determined by the formation of a resonance-assisted hydrogen bond (RAHB)
between the carbonyl and amino groups, which leads to the formation of a bicyclic-like aromatic structure. Accordingly, the cycle formed by
the non-covalent bond is preferred to the phenyl ring as the interaction site for neon. In the 1:1 complex, water lies in the molecular plane
and forms a strong hydrogen bond with the carbonyl group coupled to an ancillary interaction with the methyl group, leaving the intramolec-
ular RAHB unchanged. The experimental findings are supported by atoms in molecules and symmetry-adapted perturbation theory, which
allowed for determining the hydrogen bond and intermolecular interaction energies, respectively.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0117516

I. INTRODUCTION

The consciousness of the pivotal role played by non-covalent
interactions (NCIs) in chemistry, material science, and biological
processes, such as drug–receptor and protein–ligand recognition
interactions, and protein folding, has increased in the scientific
community over time. Indeed, modern chemistry is now highly
focused on the understanding of these kinds of interactions. A
chemical interaction is driven by a specific molecular shape and
charge distribution, and such properties can be determined in
the isolated gas phase by microwave spectroscopy, complemented

by quantum chemical calculations. In this work, we report the
rotational spectrum of 2′-aminoacetophenone (2AA from now on)
and its weakly bound complexes with neon (2AA⋅Ne) and water
(2AA⋅W), recorded by means of the chirped-pulse-Fourier trans-
form microwave (CP-FTMW) spectrometer1 and analyzed with the
support of quantum mechanical calculations.

2AA is a volatile, naturally occurring compound with a strong
grape-like odor as its main feature. It is the key odorant of some
kinds of grapes,2 and, over a threshold, it is responsible for the
“untypical aging flavor” in white wines.3,4 It is also present in sev-
eral other food compounds, such as milk.5 Its strong odor plays an
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important role in animals’ social behavior as well: for instance, it
has been found in urine and fecal material of both mammals (i.e.,
foxes6 and ferrets7) and not mammals (i.e., honeybees8), where it
contributes to sex and individual recognition, and regulates aggres-
sive behaviors inside the social group. Another interesting aspect
is its nature as a metabolite of Pseudomonas aeruginosa—a ubiq-
uitous, opportunistic human pathogen. The release of 2AA in the
food where the bacterium is present enhances the odor of the food
and facilitates attraction for several species of flies; this way the bac-
terium disseminates into other organisms.9 This aspect makes 2AA
a promising breath biomarker for the detection of the Pseudomonas
aeruginosa infections in human lungs cystic fibrosis for which the
bacterium is responsible.10 Since olfaction is a very mysterious
sense, and even today the mechanism of chemical identification
of odorants by olfactory receptors is a matter of intense debate,11

disclosing odorants’ structure, flexibility, and ability to form intra-
and inter-molecular NCIs could be an important starting point in
understanding, modeling and clarifying the unknown aspects of the
structure–odor relationship.

From the physical and chemical points of view, 2AA offers a
great opportunity to probe NCIs of different nature, since it has
three different sites that could be involved in non-covalent interac-
tions: the acetyl group, the amino group, and the aromatic electron
π cloud. The acetyl and amino groups can be involved in hydro-
gen bond (HB) interactions, acting mainly as proton withdrawing
sites, and also as proton donors, whereas the aromatic ring can be
involved in different NCIs, such as the π–π stacking, OH–π, NH–π,
cation or anion–π interactions,12 as well as rare gas–π interactions.13

By choosing water and neon as ligands, we investigate the intrinsic
ability of 2AA to coordinate through both HB and van der Waals
interactions.

II. EXPERIMENTAL DETAILS
Commercial samples of 2AA (C8H9NO, IUPAC 1-(2-

aminophenyl)ethan-1-one, melting point 293 K and boiling point
343–341 K) and H2

18O were used without further purification.
The spectrum was recorded in the frequency range of 2–8 GHz
using a chirped-pulse-Fourier transform microwave spectrom-
eter (CP-FTMW)1 described elsewhere.14 The supersonic jet
was generated by the expansion of Ne at backing pressure Pb
≃ 2–5 bar through a 0.8 mm diameter, pulsed heating nozzle, with
molecular pulses of 900 μs duration. 2AA was held in a reservoir
placed at the nozzle and heated at 343 K. When needed, a reservoir
with water was inserted in the gas line just before the nozzle. The
spectra were recorded in steps of 2 GHz. Chirp pulses of 4 μs were
created by an arbitrary waveform generator and amplified to 20 W.
The polarization signal was radiated from a horn antenna in a
direction perpendicular to that of the expanding gas. A molecular
transient emission spanning 40 μs is then detected through a
second horn antenna, recorded with a digital oscilloscope and
Fourier-transformed to the frequency domain. The accuracy of
frequency measurements is estimated to be better than 10 kHz,
but given the signal-to-noise ratio of some of the observed lines in
the fits, these were given estimated measurement errors of 15 kHz,
except for overlapped lines for which it was increased to 30 kHz.
Measurements of the spectra were done using the AABS package15

available, as well as many other useful applications, on the PROSPE

website.16 The rotational transition lines have been assigned and
fitted using the CALPGM program suite.17

III. COMPUTATIONAL DETAILS
Minima on the conformational potential energy surface (PES)

were determined by geometry optimization and subsequent eval-
uation of the Hessian matrix using the GAUSSIAN 16 R⃝ software
package (G16, Rev. A.03).18 Preliminary calculations applied den-
sity functional theory (DFT) through the Becke, three-parameter,
Lee–Yang–Parr (B3LYP) hybrid density functional theory, 19,20

corrected by the D3 version of Grimme’s empirical dispersion
with Becke–Johnson damping D3(BJ)21,22 and combined with
the valence triple-zeta quality Karlsruhe polarized type basis set
(def2-TZVP).23 Subsequently, selected cases were further investi-
gated at the ab initio level through Møller–Plesset second order
perturbation theory (MP2),24 in combination with the valence triple-
zeta quality Dunning’s correlation-consistent, polarized type basis
set, augmented with diffuse functions (aug-cc-pVTZ).25 The the-
oretical electron density distributions were analyzed by means of
Bader’s quantum theory of atoms in molecules implemented in
MULTIWFN program.26 The intermolecular interaction energy
has been evaluated through symmetry-adapted perturbation theory
(SAPT)27 using a higher order approach (DF-SAPT2+(3)δMP2/aug-
cc-pVTZ//MP2/aug-cc-pVTZ) implemented in the PSI4 package.28

A distributed polarizability model,29 in the form of the computer
program RGDMIN,16 was used to depict the conformational poten-
tial energy surface of the complex in spherical coordinates. The 2AA
geometry was fixed to the ab initio one and the distance (Rcm)
between the center of mass (cm) of the two subunits was opti-
mized in the full range θ = 0○–180○ and ϕ = 0○–360○, with steps
Δθ = Δϕ = 10○.

IV. CONFORMATIONAL SPACE
A preliminary DFT investigation of the conformational space

of 2AA, performed at the B3LYP–D3(BJ)/def2-TZVP level of cal-
culation, evidenced that two non-equivalent structures of 2AA are
possible, depending on the torsion of the acetyl group, as shown
in Fig. 1 and reported in Tables S1 and S2 of the supplementary
material. The arrangement with the carbonyl group directed toward

FIG. 1. Sketch and numbering of 2AA’s conformers.
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the amino group (conformer I), which allows for a CO⋅HN HB, is by
far more stable (33 kJ mol−1) than the one with the methyl group fac-
ing the amino group (conformer II). Subsequent ab initio optimiza-
tions, performed at the MP2/aug-cc-pVTZ level of calculation, con-
firmed this landscape, lowering the relative energy to 28 kJ mol−1.
Due to the sterical hindrance between the methyl and amino
groups, conformer II (2AA(II)) is not planar, being the acetyl frame
rotated by 162/154○ (DFT/MP2), with respect to the phenyl ring
and the pyramidalization of the amino group HNHC = 137/131○

(DFT/MP2). Differently, due to the HB between the carbonyl and
amino groups, an almost planar arrangement is found for conformer
I (2AA(I)). In particular, the DFT structure has a perfect Cs sym-
metry, whereas the ab initio data show a slight pyramidalization of
the amino group (HNHC = 151○) coupled to a torsion of the acetyl
frame (OC7C1C2 = 1.5○), being the barrier to planarity, 0.4 kJ mol−1.

The binding between water and 2AA can take place in sev-
eral ways due to the presence of hydrogen donor and acceptor

FIG. 2. Structure and relative energy of the most stable conformers of 2AA⋅H2O
calculated at the B3LYP–D3(BJ)/def2-TZVP level of theory.

sites in both molecules. However, focusing on the most stable form
of 2AA, and considering that the stabilization contribution of two
inter-molecular interactions should be greater than that of a sin-
gle interaction, we can hypothesize that the best binding sites are
the acetyl basin and the region between the carbonyl and the amino
groups. Indeed, both sites allow for a C=O⋅HOH HB and a secondary
interaction involving the water oxygen atom and the hydrogen of the
acetyl (conformer I) or amino group (conformer II), respectively.
Actually, among all the structures optimized with DFT and shown
in Fig. 2, they are the most stable; the acetyl–water arrangement

FIG. 3. Conformational potential energy surface of 2AA(I)⋅Ne. The position of Ne
with respect to the center of mass of 2AA is described with spherical coordinates:
R is the distance of the Ne atom from the center of mass of the 2AA, θ is the
angle that R vector makes with the c-axis of 2AA, and ϕ is the angle between the
projection of R in the ab-plane and the a-axis of 2AA. Due to the Cs symmetry of
2AA, the PES is symmetric with respect to θ = 90○.
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being favored by about 2.6 kJ mol−1. These two geometries were fur-
ther optimized at the MP2/aug-cc-pVTZ level of calculation, finding
ΔEe ≃ 2.4 kJ mol−1.

The calculated structures are given in Tables S3 and S4 of the
supplementary material. As for the water complexes of the less stable
form of 2AA (conformers VII and VIII), since the intermolecu-
lar interactions are the same, the relative energy values reflect the
energy difference of the monomers. However, because of the high
energy of 2AA (II) and consequently its low concentration in the
pre-expansion mixture, low quantities of this form are expected to
be formed in the jet, as has been shown in ortho-anisic acid⋅water30

and ortho-anisic acid⋅formic acid.31

With regard to complexation with neon, previous studies show
that rare gas atoms tend to lie above the molecular ring plane, dis-
placed toward the higher electron density regions.32,33 The same
trend has been found using a simple distributed polarizability
model,29 which allowed to depict a map describing the interaction
energy between the neon atom and the most stable form of 2AA. The
PES reported in Fig. 3, shows that two non-equivalent and almost
isoenergetic minima exist, corresponding to the Ne atom lying above
the phenyl ring (conformer II) and above the ring-like structure aris-
ing from the intramolecular CO⋅NH hydrogen bonding (conformer
I). Quantum mechanical optimizations suggest a slight preference
for the Ne position on the hydrogen bonded ring: ΔEe(DFT) = 0.14
kJ mol−1 and ΔEe(MP2) = 0.09 kJ mol−1. The calculated structures
are given in Tables S5 and S6 of the supplementary material.

V. ROTATIONAL SPECTRUM
The broadband spectrum of 2AA, recorded in the Ne expan-

sion in the 2–8 GHz frequency range, detected about a thousand
transition lines (with a signal-to-noise ratio of at least 3:1). This rich
information was disentangled with the support of quantum mechan-
ical computations aimed at the determination of the most stable

molecular structures and their spectroscopic parameters, allowing
identifying a plethora of molecular systems. Based on the theoret-
ical spectroscopic constants (reported in Tables I and II), it has
been found that the most intense signals of the spectrum belong to
the predicted lowest energy conformers of the 2AA monomer and
its 1:1 complexes with water and neon. The rotational transition
lines have been assigned by direct diagonalization of the following
Hamiltonian using the Watson S-reduction and Ir representation:34

Ĥ = ĤR + ĤCD + ĤQ, (1)

where ĤR represents the rigid rotor related to the A, B, and C
rotational constants, ĤCD takes into account the centrifugal distor-
tion effect, and ĤQ is the operator associated with the quadrupole
interaction of the 14N nuclear spin (I = 1) with the overall rota-
tion, which leads to a hyperfine structure of the rotational transition
lines. The fitted constants are summarized in Table III, whereas
the 433 measured transition lines are listed in Tables S7–S9 of the
supplementary material. Focusing on the weaker features of the
spectrum, several monosubstituted isotopologues were observed in
natural abundance, including 2AA(13C), 2AA(15N), 2AA(13C)⋅H2O,
and 2AA ⋅22Ne. Moreover, additional measurements conducted in
the 4–6 GHz region using 18O enriched water allowed detection
of 2AA⋅H18

2 O. The 247 assigned lines are listed in the SM (Tables
S10–S28), whereas the derived spectroscopic constants are reported
in Tables III–V. Several weak lines of the spectrum remained unas-
signed. Some of them showed a quadrupole hyperfine structure,
suggesting that they are related to some 2AA species. Unfortunately,
we could not recognize any reliable pattern, even using the HS-
AUTOFIT tool, which is appositely designed for automatic fit of
crowded spectra.35

TABLE I. Theoretical energy values and spectroscopic parameters at the B3LYP–D3(BJ)/def2-TZVP level of calculation.

2AA(I) 2AA(II) 2AA⋅H2O(I) 2AA⋅H2O(II) 2AA⋅Ne(I) 2AA⋅Ne(II)

A/MHz 2250.0 2235.5 2211.0 1588.7 1285.1 1276.3
B/MHz 1211.7 1186.7 603.6 761.4 873.0 824.3
C/MHz 791.4 791.1 476.2 517.4 729.3 761.8
κ −0.42 −0.45 −0.85 −0.54 −0.48 −0.76
χaa/MHz 1.36 1.71 1.37 1.68 1.17 1.14
χbb/MHz 2.80 2.33 2.74 2.30 1.74 2.79
χcc/MHz −4.16 −4.04 −4.12 −3.99 −2.91 −3.93
Maa/uÅ2 415.51 419.31 835.04 661.20 439.30 440.25
Mbb/uÅ2 223.05 219.50 226.31 315.57 253.67 223.14
Mcc/uÅ2 1.56 6.57 2.26 2.54 139.60 172.83
μa/D 1.74 1.59 3.76 −1.96 1.71 −1.72
μb/D 0.35 −3.70 0.61 0.55 0.03 −0.33
μc/D 0.00 0.25 −1.25 −1.18 0.44 0.31
μtot/D 1.78 4.03 4.01 2.36 1.77 1.78
Ee/a.u. −440.467 968 −440.455 433 −516.943 581 −516.942 579 −569.442 189 −569.442 137
ΔEe/kJ mol−1 0 32.90 0 2.63 0 0.14
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TABLE II. Theoretical energy values and spectroscopic parameters at the MP2/aug-cc-pVTZ level of calculation.

2AA(I) 2AA(II) 2AA⋅H2O(I) 2AA⋅H2O(II) 2AA⋅Ne(I) 2AA⋅Ne(II)

A/MHz 2236.5 2230.6 2206.9 1591.3 1303.4 1302.5
B/MHz 1213.4 1181.0 605.7 756.9 887.3 840.5
C/MHz 790.9 800.5 477.0 516.9 735.2 763.6
κ −0.42 −0.47 −0.85 −0.55 −0.46 −0.71
χaa/MHz 1.16 1.38 1.21 1.70 1.05 0.95
χbb/MHz 2.59 2.07 2.54 2.04 2.12 2.62
χcc/MHz −3.75 −3.45 −3.75 −3.73 −3.17 −3.57
Maa/uÅ2 414.79 416.34 832.49 663.94 434.61 437.55
Mbb/uÅ2 224.24 214.99 227.10 313.82 252.79 224.30
Mcc/uÅ2 1.73 11.58 1.89 3.77 134.94 163.70
μa/D 1.54 1.49 3.04 −1.51 1.50 −1.44
μb/D 0.70 −3.13 0.90 0.73 −0.24 −0.67
μc/D 0.43 0.08 0.05 −0.78 0.87 0.72
μtot/D 1.75 3.47 3.17 1.85 1.75 1.76
Ee/a.u. −439.408 902 −439.398 332 −515.748 514 −515.747 614 −568.216 184 −568.216 148
ΔEe/kJ mol−1 0 27.75 0 2.36 0 0.09

TABLE III. Experimental spectroscopic parameters, S-reduction, and Ir -representation.

2AA 2AA(15N) 2AA⋅H2O 2AA⋅H18
2 O 2AA⋅Ne 2AA⋅22Ne

A/MHz 2234.131 01(8)a 2187.546(2) 2196.2855(2) 2195.89(1) 1246.0073(3) 1207.6786(4)
B/MHz 1204.7082(5) 1204.7111(4) 595.930 07(5) 567.8397(1) 835.0648(2) 818.5575(3)
C/MHz 787.067 85(4) 781.2105(3) 470.724 34(5) 453.0133(1) 729.7712(2) 719.1824(3)
DJ/kHz ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0.0218(6) [0.0218]b 3.072(3) 3.233(3)
DJK /kHz ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0.318(6) [0.318] 6.18(2) 3.85(2)
d1/kHz ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ −0.340(3) 0.461(4)
d2/kHz ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ −0.130(2) 0.241(2)
3
2 χaa/MHz 1.79(1) ⋅ ⋅ ⋅ 1.856(1) [1.856] 1.469(3) 1.362(3)
χbb−χcc

4 /MHz 1.6023(4) ⋅ ⋅ ⋅ 1.5879(5) [1.5879] 0.9244(9) 0.730(1)
σc/kHz 4.1 4.5 4.6 3.5 6.3 4.8
Nd 168 ⋅ ⋅ ⋅ 192 35 73 60
Nrot

e 44 9 59 14 24 23

μa/D Y, J = 2–5f Y, J = 2–4 Y, J = 2–8 Y, J = 4–6 Y, J = 2–5 Y, J = 2–5
μb/D Y, J = 1–6 N Y, J = 1–7 N N N
μc/D N N N N Y, J = 2–4 Y, J = 2–3
κ −0.423 −0.398 −0.855 −0.868 −0.592 −0.593
Maa/uÅ2 417.6993(1) 417.6973(6) 845.7823(1) 887.725(1) 446.0579(2) 450.8219(3)
Mbb/uÅ2 224.4043(1) 229.2206(6) 227.8377(1) 227.869(1) 246.4593(2) 251.8914(3)
Mcc/uÅ2 1.8040(1) 1.8050(6) 2.2686(1) 2.278(1) 159.1395(2) 166.5801(3)
χaa/MHz 1.192(8) ⋅ ⋅ ⋅ 1.237(1) [1.237] 0.979(2) 2.044(2)
χbb/MHz 2.608(5) ⋅ ⋅ ⋅ 2.557(3) [2.557] 1.359(3) 0.438(5)
χcc/MHz −3.800(5) ⋅ ⋅ ⋅ −3.794(3) [−3.794] −2.338(3) −2.482(3)

aError in units of the last digit.
bValues in square brackets are fixed to those of the parent species.
cStandard deviation of the fit.
dNumber of hyperfine components in the fit.
eNumber of rotational components.
fY/N denotes that such transition type has/has not been observed. Following, the upper J values of the observed transition lines are given.
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TABLE IV. Experimental rotational constants of 2AA(13C). S-reduction and
Ir -representation. Nuclear quadrupole coupling constants fixed to the values of the
parent species.

A/MHz B/MHz C/MHz σ/kHza Nb

C1 2233.701(6)c 1204.6435(4) 786.9872(2) 3.4 14
C2 2224.933(5) 1203.8521(3) 785.5645(2) 4.7 20
C3 2226.733(5) 1193.7312(3) 781.4629(2) 4.4 20
C4 2233.045(6) 1185.6530(3) 778.7506(2) 4.2 19
C5 2211.466(5) 1194.8180(3) 780.0314(2) 5.7 18
C6 2213.398(6) 1204.081(3) 784.2114(2) 3.9 16
C7 2233.810(6) 1196.7034(3) 783.6047(2) 6.7 19
C8 2212.969(6) 1187.5288(3) 777.106(2) 3.0 17
aRoot-mean-square deviation of the fit.
bNumber of transition lines in the fit.
cError in units of the last digit.

TABLE V. Experimental rotational constants of 2AA(13C)⋅H2O. S-reduction and
Ir -representation. Nuclear quadrupole coupling constants and quartic centrifugal
distortion constants fixed to the values of the parent species.

A/MHz B/MHz C/MHz σ/kHza Nb

C1 2195.77(2)c 595.8252(2) 470.6299(2) 4.8 15
C2 2186.88(2) 595.1309(2) 469.8010(2) 6.4 18
C3 2186.25(3) 591.6318(2) 467.5867(3) 5.1 15
C4 2196.04(2) 588.7033(2) 466.1995(2) 7.0 20
C5 2178.36(2) 591.2192(2) 466.9611(2) 8.6 23
C6 2176.87(2) 594.8974(2) 469.1846(2) 3.8 20
C7 2194.92(2) 595.1857(2) 470.2002(2) 4.8 17
C8 2167.87(2) 593.9326(2) 468.1633(2) 5.5 17
aRoot-mean-square deviation of the fit.
bNumber of transition lines in the fit.
cError in units of the last digit.

VI. STRUCTURE
Straightforward information on the distribution of the N

atomic masses (mi) along the axes of the principal axes system (PAS:
a, b, c) is provided by the planar moments of inertia, which are
related to the rotational constants as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Maa =
N

∑
i=1

mi ⋅ a2
i =

h̵
8 ⋅ π ⋅ c ⋅ (−

1
A
+ 1

B
+ 1

C
),

Mbb =
N

∑
i=1

mi ⋅ b2
i =

h̵
8 ⋅ π ⋅ c ⋅ (+

1
A
− 1

B
+ 1

C
),

Mcc =
N

∑
i=1

mi ⋅ c2
i =

h̵
8 ⋅ π ⋅ c ⋅ (+

1
A
+ 1

B
− 1

C
),

(2)

where h is the reduced Planck’s constant, and c is the speed of light
in vacuum. The experimental and theoretical values are reported
in Table I–III, respectively, where the Ray asymmetry parameter
(κ = 2B−A−C

A−C )36 is also given.
With regard to 2AA, in agreement with the small value of

Mcc = 1.8040(1) uÅ2, the atomic masses are mainly located on the ab
inertial plane. Thus, a Cs symmetry can be hypothesized, where ab is
the symmetry plane, and only the methyl hydrogen atoms lie out of

plane. However, for such an arrangement a Mcc = 1.59 uÅ2 value is
expected. The discrepancy between the observed and expected val-
ues (Mobs.

cc −Mcalc.
cc = 0.21 uÅ2) suggests the presence of a further out

of plane contribution, whose origin can be structural or dynamic.
The structural contribution is related to a non-planar distribution
of the masses, implying the loss of the symmetry plane. Interest-
ingly, the Mcc = 0.20 uÅ2 of aniline (Ph-NH2),37 whose amino
group is not planar, matches quite well the (Mobs.

cc −Mcalc.
cc ) value

of 2AA, suggesting a possible non-planar arrangement of 2AA’s
amino group. However, molecules are not rigid bodies, and the pres-
ence of large amplitude motions can increase or decrease the values
of the planar moments of inertia. For instance, despite acetophe-
none (Ph-COCH3) being characterized by a Cs geometry,38,39 its
Mcc = 1.79 uÅ2 and Mobs.

cc −Mcalc.
cc = 0.20 uÅ2 values, very similar to

those of 2AA, are ascribable to the low torsion energy of the acetyl
group, whose fundamental wavenumber determined by far infrared
spectroscopy is ν̃01 = 49.5 cm−1.40 Taking into account both the
amino and acetyl contributions, a Mcc = 0.20+ 1.79 = 1.99 uÅ2 can be
empirically estimated. The lower observed value indicates an over-
all planarization and stiffening of the bifunctionalized compound.
This can intuitively be attributed to the proximity of the acetyl and
amino groups, which allows for the formation of a HB between the
oxygen and the hydrogen atoms (CO⋅HN). Upon hydrogen bond-
ing, a weakening of the NH covalent bond is usually observed,
which corresponds to a lowering of the corresponding stretching
frequency. Accordingly, gas phase infrared data (publicly avail-
able at the NIST Chemistry WebBook website)41 show a 55 cm−1

red shift of the NH stretching fundamental in going from aniline
(3413 cm−1) to 2AA (3358 cm−1). The lack of observation of μc-type
transition lines in the rotational spectrum further supports a planar
geometrical arrangement of the heavy atoms—thus a Cs molecular
symmetry. Moreover, we notice that the out of plane quadrupole
coupling constant of 2AA (χcc = −3.800(5) MHz) is very close to
that of formamide (χcc = −3.8413(6) MHz42 or −3.854(5) MHz43).
Interestingly, the planar structure of amide groups is explained
by a resonance mechanism between the neutral and the zwitteri-
onic forms.44 Despite the fact that in 2AA the amine group is not
connected to the carbonyl C7 atom (as in amides), thanks to the
presence of the phenyl group, a zwitterionic resonant structure can
be written also for 2AA (Fig. 4). Considering the ring arising from
the formation of the CO⋅HN HB and, thus, the presence of six p-
type electrons (the N lone pair and the C1 = C2 and C7 = O π-type
electrons, see Fig. 1 for numbering), an additional stabilizing contri-
bution due to the delocalization of the system of conjugated double
bonds can be hypothesized. This mechanism of synergistic interplay

FIG. 4. Neutral and zwitterionic forms of 2AA.
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of resonance and HB formation has been defined resonance-assisted
hydrogen bonding (RAHB) by Gilli et al.45 It is worth noting that
for the analogous molecule anthranilic acid or ortho-aminobenzoic
acid, electronic and infrared spectroscopy studies evidenced that an
intramolecular hydrogen-atom dislocation from nitrogen to oxygen
takes place upon electronic excitation.46–48

As concerns the molecular complexes, looking at the planar
moments of inertia, it is evident that the main variations concern
Maa (+428 uÅ2) for the water complex and Mcc (+157 uÅ2) for the
neon one, consistent with a water molecule lying along the a axis
of 2AA and the neon atom above the ab symmetry plane of the
monomer. A more precise information on the atoms’ positions from
rotational constants is achieved using Kraitchman’s equations,49

which, based on the assumption that different isotopologues share
the same geometry, yield the absolute values of the coordinates of
the substituted atom in the PAS of the unsubstituted species. The
substitution atom coordinates (rs), derived by Kraitchman’s method
for the three species, are reported in Table VI and visualized in
Fig. 5 in the form of small spheres superimposed onto the theoretical
structures. The sign of the rs coordinates (not directly determinable
from the method) was inferred by comparison with the theoreti-
cal equilibrium coordinates (re, Tables S1–S6 of the supplementary
material). A good agreement between the re and rs structures is evi-
dent, and the binding of the water molecule to the acetyl group is
confirmed.

It is important to point out that the position of the neon atom
can be determined by comparison of the two sets of coordinates
obtained by substitution of a dummy atom of zero mass with 20Ne
and substitution of 20Ne with 22Ne. Use of the first set provides the
coordinates of Ne in the 2AA’s PAS, whereas use of the second set
provides the coordinates of Ne in the 2AA⋅Ne’s PAS. Based on the
different combinations’ signs, eight positions are possible for each
set, but only in one case they overlap (see Fig. 5). This overlapping
provides a direct indication of the position of the Ne atom above the
hydrogen bonded, ring-like structure of 2AA. With regard to other
complexes with rare gases, a similar behavior has been observed in
the argon complex of guaiacol (or 2-methoxyphenol),33 where the
Ar atom is located above the five membered ring closed by the OH⋅O
HB, instead of the aromatic ring. The distance of neon from the ring
plane, given by the cs coordinate in the PAS of 2AA, is 3.2569(5)
Å—a value smaller than those determined for the complexes of other
planar compounds such as benzene 3.408 Å,50 2,5-dihydrofuran
3.305 Å,51 and pentafluoropyridine 3.277 Å.13

The nuclear quadrupole coupling constants provide additional
independent information on the molecular geometry of the com-
plexes. We see that the χcc component of 2AA and 2AA⋅W are equal
within the standard errors quoted, and that by rotating the nuclear
quadrupole tensor of 2AA by 10.5○ around the c axis, we can repro-
duce the values of 2AA⋅W, achieving χaa = 1.24 and χbb = 2.56 MHz.
This finding, together with the absence of μc-type transition lines

TABLE VI. Experimental substitution coordinates (rs/Å) and theoretical equilibrium coordinates (re/Å, B3LYP–D3(BJ)/def2-TZVP and MP2/aug-cc-pVTZ).

2AA(I) ∣as∣ ∣bs∣ ∣cs∣ aB3LYP
e bB3LYP

e cB3LYP
e aMP2

e bMP2
e cMP2

e

C1 0.1499(101)a 0.2089(72) 0.01(13) −0.2085 −0.2271 0.0000 −0.2042 −0.2242 −0.0113
C2 0.5438(28) 0.9685(16) 0.05(3) 0.5584 0.9750 0.0000 0.5532 0.9758 −0.0084
C3 1.9638(8) 0.8762(17) 0.04(3) 1.9652 0.8741 0.0000 1.9569 0.8784 0.0117
C4 2.6016(6) 0.3425(44) i0.05(3)b 2.5931 −0.3500 0.0000 2.5980 −0.3475 0.0199
C5 1.8562(8) 1.5396(10) i0.03(6) 1.8505 −1.5355 0.0000 1.8555 −1.5322 0.0052
C6 0.4666(33) 1.4597(11) i0.03(6) 0.4750 −1.4557 0.0000 0.4734 −1.4571 −0.0097
C7 1.6783(9) 0.1809(84) 0.02(8) −1.6772 −0.1903 0.0000 −1.6790 −0.1977 0.0065
C8 2.4546(6) 1.4966(11) 0.02(8) −2.4486 −1.4953 0.0000 −2.4322 −1.5073 −0.0235
N10 i0.0438(344) 2.2060(7) 0.03(5) −0.0280 2.1946 0.0000 −0.0361 2.2082 −0.0663

2AA⋅H2O(I) ∣as∣ ∣bs∣ ∣cs∣ aB3LYP
e bB3LYP

e cB3LYP
e aMP2

e bMP2
e cMP2

e

C1 0.3948(40) 0.2454(64) i0.08(2) 0.4156 −0.2710 −0.0108 0.4147 −0.2597 −0.0209
C2 1.0636(15) 0.9928(16) 0.10(2) 1.0693 0.9973 −0.0020 1.0789 0.9949 −0.0095
C3 2.4827(7) 1.0312(17) 0.08(2) 2.4798 1.0254 0.0135 2.4860 1.0037 0.0274
C4 3.2304(5) 0.1342(119) 0.09(2) 3.2168 −0.1352 0.0169 3.2176 −0.1695 0.0449
C5 2.5998(6) 1.3860(11) i0.03(6) 2.5863 −1.3848 0.0053 2.5672 −1.4076 0.0232
C6 1.2130(13) 1.4363(11) 0.02(7) 1.2110 −1.4327 −0.0075 1.1848 −1.4384 −0.0086
C7 1.0297(15) 0.3746(42) 0.06(3) −1.0438 −0.3771 −0.0148 −1.0530 −0.3522 −0.0244
C8 1.6880(9) 1.7443(9) i0.05(3) −1.6926 −1.7431 −0.0108 −1.7039 −1.7122 −0.0551
Owater 4.6043(3) 0.1304(116) 0.07(2) −4.5764 0.1615 0.0771 −4.5501 0.0971 0.0743

2AA⋅Ne(I) ∣as∣ ∣bs∣ ∣cs∣ aB3LYP
e bB3LYP

e cB3LYP
e aMP2

e bMP2
e cMP2

e

Ne (PAS complex) 1.5124(10) 1.6057(9) 2.0177(7) −1.3295 1.6044 2.0118 −1.2049 1.5367 2.0259
Ne (PAS monomer) 0.9470(16) 0.6526(23) 3.2569(5) −0.8757 0.8634 3.0893 −0.8119 0.8529 3.0080
aCostain error68 is reported in units of the last digit.
bDue to the contribution of the large amplitude motions, coordinates close to zero can assume an imaginary value.
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FIG. 5. Computed structures (MP2/aug-cc-pVTZ, ball and stick representation, col-
ored according to the CPK scheme),67 principal inertial axes, and intermolecular
bond critical points (small green spheres) of 2AA, 2AA⋅W, and 2AA⋅Ne. The exper-
imental atoms’ positions determined by the isotope substitution method are shown
as superimposed black spheres. For the Ne atom, all possible positions are shown
for both the PAS of the complex and the monomer (purple spheres), evidencing
that the matching position corresponds to the Ne atom above the hydrogen bonded
ring.

in the spectrum, suggests that water lies in the symmetry plane of
2AA. This deduction seems to be contradicted by the experimen-
tal value of Mcc = 2.2686(1) uÅ2 for the complex, which is higher
than that of the monomer (Mcc = 1.8040(1) uÅ2), and the theo-
retical results, which locate the free H atom of water definitely out
of plane in the case of DFT (HOHC8 = ±114.5○, Mcc = 2.26 uÅ2)
and slightly out of plane (HOHC8 = ±164.4○, Mcc = 1.89 uÅ2) in
the case of MP2. However, all this information is coherent if we
hypothesize that the hydroxyl group undergoes a large amplitude
motion above and below the symmetry plane, with the barrier to pla-
narity being so small that the vibrational ground state lies above it.

Actually, the hypothesis is confirmed by the calculated DFT barrier
(54.4 cm−1) and the zero point energy related to the hydroxyl tor-
sion (53.7 cm−1), which are of the same magnitude. Moreover, the
Mcc value is similar to that of monohydrated acetophenone (2.212(1)
uÅ2),39 where the Cs symmetry was definitively ascertained by the
unchanged value for Mcc under substitution of the water free pro-
ton with deuterium. All the observations are in agreement with a
structure where the intramolecular HB is conserved, and the water
molecule lies on the ab plane, keeping the system at the Cs sym-
metry. Finally, the same planar arrangement has been observed in
several monohydrated bidentate complexes, for instance: trifluo-
roacetophenone,52 acrolein,53 trifluoroacetone,54 acrylonitrile,55 and
pyridine analog (diazines,56–58 triazine,59 3-fluoropyridine,60 and
2-(trifluoromethyl)pyridine61).

According to the above considerations, the C–C bond distances
were derived from the substitution coordinates of 2AA and 2AA⋅W,
setting the cs-coordinate to zero. The obtained values are compared
to the theoretical ones in Table VII. Regardless of the presence of
water, the values obtained for the two species are similar, with dif-
ferences lying below 1 pm, except for the distances involving the C1
atom. This can reasonably be ascribed to the large uncertainty of the
very small C1 as coordinate in the PAS of 2AA (∣as∣ = 0.15(1) Å).
However, when water binds to the acetyl group, the center of mass
shifts, resulting in a more reliable position of C1 in the PAS of
2AA⋅W (∣as∣ = 0.395(4) Å). Neglecting the coordinates of C1 in 2AA,
we find that, according to the existence of a resonant zwitterionic
structure (Fig. 4), the C3–C4 and C5–C6 bonds are shorter (about
1.39 Å) than the other aromatic C–C bonds (1.40–1.45 Å), and
C7–C1 (1.43 Å) is shorter than C8–C7 (1.52 Å) in the alkyl chain.

As for the neon complex, upon complexation, the PAS of 2AA
is completely rotated. Nevertheless, it is possible to transform the
nuclear quadrupole coupling constants of the monomer into those
of 2AA⋅Ne through the following intrinsic rotation matrix:

R =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

cos γ − sin γ 0

sin γ cos γ 0

0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

⋅

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

cos β 0 sin β

0 1 0

− sin β 0 cos β

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

⋅

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 0

0 cos α − sin α

0 sin α cos α

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(3)

TABLE VII. Experimental (rs) and theoretical (re, B3LYP–D3(BJ)/def2-TZVP and
MP2/aug-cc-pVTZ) C–C bond distances (Å).

rs rB3LYP
e rMP2

e

2AA 2AA⋅W 2AA 2AA⋅W 2AA 2AA⋅W

C1–C2 1.367 1.407 1.426 1.427 1.419 1.420
C2–C3 1.422 1.420 1.410 1.411 1.407 1.408
C3–C4 1.376 1.385 1.376 1.375 1.383 1.383
C4–C5 1.410 1.402 1.399 1.400 1.398 1.399
C5–C6 1.392 1.388 1.378 1.376 1.384 1.383
C1–C6 1.394 1.445 1.406 1.408 1.407 1.408
C1–C7 1.528 1.430 1.469 1.463 1.475 1.471
C7–C8 1.528 1.520 1.516 1.512 1.511 1.508
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where α = 27○, β = 13○, and γ = 10○ are the Euler angles62 related to a,
b, and c, respectively. The achieved values, χaa = 0.98, χbb = 1.35, and
χcc = 2.33 MHz, are in very good agreement with those experimen-
tally determined for 2AA⋅Ne, suggesting that, despite the fact that
neon lies on the ring containing the nitrogen atom, the interaction
between the two moieties does not alter the electric field gradient,
and thus the electron distribution around the nitrogen atom, in
agreement with an overall weakness of the interaction itself. Consis-
tently, the values of the centrifugal distortion constants of 2AA⋅Ne
are quite large, one or two orders of magnitude larger than those of
2AA⋅W.

VII. NON-COVALENT INTERACTIONS
Nowadays, rotational spectroscopy exploits the developments

and successes of computational chemistry for a correct interpreta-
tion of results. At the same time, spectroscopic data act as a bench-
mark for the assessment of quantum chemical theories, resulting in
a fruitful synergy.

In the present work, 2AA and its complexes are modeled at the
B3LYP–D3(BJ)/def2-TZVP and MP2/aug-cc-pVTZ levels of calcu-
lation, and the obtained spectroscopic parameters have been suc-
cessfully used as a starting point for the fitting procedure. Moreover,
the predicted geometries are in good agreement with the experimen-
tal structures, if we take into account the large amplitude motion
effects. Thus, assuming that the chosen methods properly describe
our systems, further theoretical analyses can be carried out in order
to gain information on the NCIs.

Bader’s quantum theory of atoms in molecules (QTAIM) was
applied using the MULTIWFN program.26 According to QTAIM,
molecular structure is revealed by the stationary points of the elec-
tron density function (ρ(r)), together with the gradient paths of
the electron density that originate and terminate at these points.
Since ρ(r) has a maximum at the nuclei, the localization of max-
ima enables the identification of atomic positions, whereas chemical
bonds are defined as saddle points between the maxima; such sad-
dle points are known as bond critical points (BCPs). The intra-
and inter-molecular, non-covalent BCPs for 2AA and its water and
neon complexes, are shown in Fig. 5, whereas the correspond-
ing ρ(r) values and the bond distances (d) obtained both at the
B3LYP–D3(BJ)/def2-TZVP and MP2/aug-cc-pVTZ levels of calcu-
lation are given in Table VIII. Assuming that the ρ(r) at a BCP
reflects the strength of the bond, Emamian et al.63 proposed the fol-
lowing linear relationship between the interaction energy (Eint) and
ρ(r) at the corresponding BCPs for HBs in neutral compounds:

Eint/kcal ⋅mol−1 = −223.08 ⋅ ρ + 0.7423. (4)

The resulting values from this equation are also given in Table VIII.
The intramolecular HB (NH⋅OC) seems to be not altered upon com-
plexation with neon, and only slightly affected by the interaction of
water with the acetyl group. On the contrary, more evident weaken-
ing takes place when water interacts with the OC7C1C2NH frame
(conformer II). In both cases, the intermolecular OH⋅OC HB is
weaker than the intramolecular HB. With regard to the secondary
stabilizing interaction involving the water oxygen, it is more effective
toward the amino hydrogen atoms (conformer II, HO⋅HN) instead
of the methyl ones (conformer I, HO⋅HC).

TABLE VIII. Theoretical (B3LYP–D3(BJ)/def2-TZVP and MP2/aug-cc-pVTZ) HB dis-
tances (d/Å), electron density at the corresponding BCPs (ρ/me⋅a−3

0 ), and interaction
energies (Eint/kJ⋅mol−1).

dB3LYP ρB3LYP EB3LYP
int dMP2 ρMP2 EMP2

int

2AA(I) NH⋅OC 1.873 33.8 −28.4 1.888 31.2 −26.0
2AA⋅Ne(I) NH⋅OC 1.872 33.8 −28.4 1.886 31.3 −26.1
2AA⋅Ne(II) NH⋅OC 1.873 33.8 −28.4 1.888 31.2 −26.1
2AA⋅W(I) NH⋅OC 1.882 33.0 −27.7 1.896 30.6 −25.7
2AA⋅W(II) NH⋅OC 2.009 25.5 −20.7 1.999 24.6 −19.9
2AA⋅W(I) OH⋅OC 1.884 28.9 −23.9 1.889 27.2 −22.3
2AA⋅W(II) OH⋅OC 1.942 22.5 −17.9 1.951 20.6 −16.1
2AA⋅W(I) HO⋅HC 2.540 8.7 −5.0 2.449 8.1 −4.5
2AA⋅W(II) HO⋅HN 2.260 12.5 −8.5 2.282 10.5 −6.7

Super-molecular methods can be used to quantify the energy
involved in the NCIs. The simplest approach is subtractive, the
intermolecular binding energy (De) is estimated as the difference
between the energy of the binary molecular complex (A–B) and the
energy of the two constituting units (A and B) in their minimum
configuration,

De = (EA−B) − (EA + EB). (5)

In a similar way, the interaction energy is achieved as the difference
between the energy of the molecular complex and the energy of the
isolated monomers in the geometry of the complex (A∗ and B∗),

Eint = (EA−B) − (EA∗ + EB∗). (6)

The resulting values given in Table IX, show that the De for the
dissociation of the 2AA⋅W complex is about ten times that of the
dissociation of the 2AA⋅Ne one. Moreover, the De values are higher
for species I than species II, in agreement with the observed con-
formational preference for conformer I. For neon complexes, Eint
and De are equal, whereas for water complexes, Eint is larger than
De. This further confirms that a structural relaxation upon com-
plexation occurs in water complexes, not in neon complexes. The
difference between De and Eint is proportional to the extent of struc-
tural changes, being 0.7–0.8 kJ mol−1 in the case of conformer I,
where water inserts into the acetyl group without disrupting the
intramolecular HB, and 2.2 kJ mol−1 in conformer II, where water
interferes with the intramolecular HB.

A different approach is provided by SAPT, which considers
the total interaction energy as a perturbation to the total system
energy.27 An advantage of this method with respect to the subtrac-
tive one is that the interaction energy is made free of the basis set
superposition error in a natural way. We used a higher order SAPT
approach (DF-SAPT2+(3)δMP2/aug-cc-pVTZ) implemented in the
PSI4 package,28 obtaining the Eint values given in Table IX, with their
electrostatic, exchange–repulsion, induction, and dispersion com-
ponents. Compared to the subtractive method, the SAPT interaction
energies of water complexes, are similar to the MP2/aug-cc-pVTZ
and smaller than the B3LYP–D3(BJ)/def2-TZVP values. We also
note that the main stabilizing contribution is electrostatic. Differ-
ently, for what concerns the neon complexes, the SAPT estimated
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TABLE IX. Theoretical binding and interaction energies (kJ⋅mol−1). The
exchange–repulsion, induction and dispersion components obtained with the
SAPT approach are also given.

2AA⋅W(I) 2AA⋅W(II) 2AA⋅Ne(I) 2AA⋅Ne(II)

B3LYP-D3(BJ)/def2-TZVP

De −31.62 −28.99 −3.13 −2.99
Eint −32.37 −31.21 −3.13 −2.98

MP2/aug-cc-pVTZ

De −27.88 −25.52 −3.91 −3.82
Eint −28.56 −27.19 −3.92 −3.83

DF-SAPT2+(3)δMP2/aug-cc-pVTZ//MP2/aug-cc-pVTZ

Eint −27.45 −25.24 −2.03 −1.79
Electrostatic −44.58 −37.64 −1.05 −1.53
Exch.–repulsion +51.93 +41.43 +3.56 +4.97
Induction −16.43 −11.54 −0.09 −0.13
Dispersion −18.37 −17.49 −4.45 −5.10

interaction energies are the smallest ones and the main stabilizing
contribution is dispersion.

VIII. CONCLUSIONS
To our knowledge, this is the first rotational spectroscopy study

on 2AA. It clearly indicates that, for the isolated system in the
gas phase, the strong intramolecular RAHB interaction between the
carbonyl and the amino groups dominates the structural features.
Indeed, an overall stiffening of the torsional modes of the phenyl
substituents is produced, leading to a Cs geometry, which is consis-
tent with the formation of an aromatic bicyclic-like system, not easily
breakable. Accordingly, complexation with water takes place at the
acetyl end, preventing the weakening of the intramolecular HB, and
the Ne atom binds to the NCI closed ring. An analogous behavior
was found in the anthranilic acid, where water binds to the carboxyl
group, having little effect on the NH⋅O bond.47 Differently, in the
condensed phase, the participation of other interaction forces can
lead to a non-planar shape of the molecule. This has been found in
the x-ray crystal structure of kynurenine formamidase from Bacil-
lus anthracis complexed with 2AA,64 where the OC7C1C2 torsion
angle is 35○. Generally speaking, it is well known that the interac-
tions with receptors are a balance between the cost of disrupting the
isolated structure and the gain from the intermolecular NCIs. In this
sense, the behavior of 2AA can be considered opposite to that of 2-
aminoethanol. Indeed, due to the reduced length of the alkyl chain,
the intramolecular hydrogen bond constrains 2-aminoethanol to a
high energy, folded arrangement. In this case, the insertion of a
bridged ligand between the hydroxyl and amino groups allows for
a structural relaxation, as has been shown by the rotational spec-
troscopy studies on water65 and ammonia66 complexes. Overall,
this study, together with the cited examples, shows that the stabil-
ity of a molecular system is determined by the balance of several
forces, whose effects can be disentangled combining spectroscopic
and quantum mechanical methods.

SUPPLEMENTARY MATERIAL

See the supplementary material for the theoretical molecular
coordinates and the experimental rotational transition frequencies.
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