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Theory Meets Experiment for Elucidating the Structure and
Stability of Non-covalent Complexes: Water-Amine Interaction as
a Proof of Concept

Junhua Chen,™ Yang Zheng,™ Alessio Melli,™ Lorenzo Spada,™ Tao Lu,® Gang
Feng,® Qian Gou,** Vincenzo Barone,*® and Cristina Puzzarini*®

Severa gas phase spectroscop ¢ nvest gat ons have focused on a better understand ng of the nature of weak,
non cova ent nteractons n mode systems. However, the r character zat on and nterpretaton are st far from
be ng sat sfactory. A promsng route to f ths gap s offered by strateges n whch h gh resouton rotat ona
spectroscopy s deepy ntegrated wth state of the art quantum chem ca methodo ogy to accuratey determ ne
ntermo ecu ar parameters and nteracton energes, wth the atter nterpreted by means of powerfu energy
decompos t on anayses (EDAs). As a proof of concept of th s approach, we have se ected the adducts formed by
n propy am ne (PA) and so propy am ne (IPA) w th water. Among the stab e structures computat ona y pred cted,
four (out of fve) somers of the PA water comp ex and two somers (frans and gauche) of the IPA water adduct
have been characterzed wth supersonc jet Fourer transform m crowave spectroscopy. Startng from the
exper menta rotatona constants for dfferent sotopc speces, computat on of the correspond ng v bratona
correctons a owed a sem exper menta determ nat on of the ntermo ecu ar parameters. D fferent EDAs po nt out
that n a cases a strong O H--*N hydrogen bond s the prmary nteracton. Accurate computat ons nd cate that
the ength and ram f cat on of the aky chan do not s gn f canty affect the water am ne nteract ons, whch on the

contrary mod fy the stab ty order of so ated PA conformers.

Introduction

Non-covalent molecular complexes, in addition to their intrinsic
interest, provide the unique opportunity to gain insights on the
interactions of a given molecule with the environment and, in
particular, in condensed phases. Indeed, the first step toward
their understanding is a complete characterization of the basic
interactions occurring between one target molecule and one
“environmental” species, with water being that of greatest
interest. As a matter of fact, gas-phase investigations of non-
covalent molecular complexes provide structural and dynamical
information that is seldom straightforward to be derived from
measurements in condensed phases. To exploit such
investigations at best, a powerful strategy relies on high-
resolution rotational spectroscopy supported and
complemented by state-of-the-art quantum-chemical (QC)
computations (see, e.g., refs. 1-4). Although a large number of
spectroscopic studies of molecular complexes also reporting
some QC calculations can be found in the literature (see, e.g.,
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refs. 1,5-9), there is still a lack of full integration between
experiment and theory, thus preventing a full reconciliation of
accuracy and interpretation. lllustrative in this respect is the fact
that the usual practice for deriving structural information from
rotational spectra of different isotopic species is to rely on
questionable, “old-fashioned” approximations such as the so-
called substitution structure. On the other hand, the semi-
experimental approach,'® well-tested for isolated molecules
(see, e.g., refs. 11-14), allows the determination of not only
equilibrium  intramolecular, but also intermolecular,
parameters with great accuracy (0.001 A for distances and 0.1
degrees for angles) by combining experimental rotational
constants with computed vibrational corrections. A further
aspect of this strong interplay of experiment and theory is the
derivation of interaction energies with uncertainties as low as a
fraction of k)] mol-l combined with their interpretation in terms
of chemically meaningful concepts by means of energy
decomposition analyses (EDAs).

As a proof of concept of this approach, we have chosen the
interaction between the primary amino group (-NH;) and water,
which plays a key role in several fields ranging from biology to
atmospheric chemistry and astrochemistry. Despite the fact
that several spectroscopic studies of water adducts with
ammonia and amines have been previously reported, the
number of investigations involving primary amines is quite
limited (see, e.g., refs. 15-20). Hydrogen bonds (HBs) are
ubiquitous in organic or biological molecules involving either
oxygen or nitrogen, their topologies and strengths being
significantly tuned by the functional groups bonded to the



interacting atoms. In this respect, the tuning of amine-water
interaction by the length and/or ramification of the alkyl chain
has not been fully characterized yet and any generalization from
small to large alkyl amines is completely missing.

Alkyl amines have been detected systematically
atmosphere?l2> and represent one important
compounds involved in the complex organic fraction of ambient
aerosol and play a pivotal role in aerosol growth processes (see,
e.g., refs. 21-23) and in determining the hygroscopic properties
of particles.2* Although intermolecular complexes are not of
direct astrophysical interest, ices, hydrates, and clathrates are
formed from ammonia and other amines. The coexistence of a
number of hydrate-clathrate systems26.27 might determine, in
part, the volatile inventories of comets, icy satellites, and other
objects.2829 Last but not least, the fine tuning of amine
properties has significant implications for their increasing
employment in nano-engineering.3%31 These examples point
out that a deeper understanding of how amines interact with
water warrants a thorough investigation. As a matter of fact, the
development of amine-water intermolecular parameters is an
area of active development,3233 which —however— suffers from
the lack of accurate structures and interaction energies for
reference amine-water complexes.

The above considerations prompted us to undertake a
comprehensive study of the molecular complexes formed by n-
propylamine (PA) and iso-propylamine (IPA) with one water
molecule (W) by means of an integrated computational-
experimental approach, which has already provided remarkable
results in some recent studies.3434 PA and IPA have been
selected because they represent a good compromise: on the
one hand, they are systems with an alkyl chain sufficiently long
to lead to significant effects; on the other hand, the sizes of their
water complexes are such that they are still amenable to high-
level QC calculations. To complement such investigation, the
molecular complexes involving smaller primary amines, namely
methylamine (MA) and ethylamine (both trans, ET, and gauche,
EG), with one water molecule have also been characterized
from a computational point of view in order to unveil general
trends related to the lengthening of the alkyl chain.

in the
class of

Computational Methods

The conformational potential energy surfaces (PESs) of both the
PA-W and IPA-W adducts have been investigated using the
B2PLYP-D3(BJ) double-hybrid functional3> (with D3(BJ) denoting
the correction for dispersion effects according to the Grimme’s
DFT-D336 scheme employing the Becke-Johnson damping
function3’) in conjunction with the maug-cc-pVTZ-dH basis set,38
where “-dH” denotes that d functions on hydrogen atoms have
been removed.3? Geometry optimizations have been performed
by both including and neglecting the counterpoise correction
(CP)4° to recover the basis set superposition error (BSSE), thus
leading to two levels of theory shortly denoted as B2-CP and B2,
respectively. While CP corrections are mandatory in order to
obtain reliable and accurate interaction energies, their inclusion
in geometry optimizations might lead to a potential
improvement of the results, as recently demonstrated in ref. 41.
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All stationary points have been confirmed and characterized by
evaluating the corresponding Hessian matrix (harmonic force
field in a normal mode representation) at the B2 level by means
of analytical second derivatives.*2 Subsequently, energetics has
been improved using the so-called “cheap” composite scheme
(hereafter, simply referred to as ChS).43-4> In this approach, the
energy obtained using the coupled-cluster singles and doubles
approach with perturbative inclusion of triple excitations,
CCSD(T),%¢ in conjunction with the cc-pVTZ47 basis set and within
the frozen-core (fc) approximation, is corrected for the
contributions due to the extrapolation to the complete basis set
(CBS) limit and to the core-valence (CV) correlation effects,
evaluated using second-order Mgller-Plesset theory (MP2):48

E(ChS) = E (fc-CCSD(T)/cc-pVTZ) + AE(CBS) + AE(CV) (1)

i AE(CBS) accounts for the extrapolation to the CBS
limit; this term is computed by means of the two-point
n-3 extrapolation formula of ref. 49, with n = 3 (cc-
pVTZ), 4 (cc-pVQZ).

ii. AE(CV) recovers the CV contribution. This term is
calculated as the difference between all-electrons and
fc-MP2 calculations, both with the same cc-pCVTZ
basis set.>0

Electronic energies need to be further corrected for the BSSE
error using the CP method, thus leading to the final ChS-CP
energies. Zero-point energy (ZPE) corrections have been
incorporated within the harmonic approximation at the B2 level
(ChS-CP-ZPE).

Analogously, the equilibrium structures of methylamine-water
(MAW) and of the two isomers of ethylamine-water complexes
(ETW and EGW) have been optimized at the B2 and B2-CP level,
and their interaction energy at the B2-CP level.

To spectroscopically characterize all PA-/IPA-W isomers,
anharmonic force field calculations have been performed at the
B3LYP-D3(BJ)/SNSD level3152 (hereafter denoted as B3). Within
vibrational perturbation theory to second order>3>4, these allow
for the derivation of the vibrational corrections to rotational
constants (ABL;,), which have been used to correct the
equilibrium rotational constants (BL) straightforwardly derived
from the equilibrium structure evaluations:>3

B} = Bl (B2-CP) + AB},(B3) = Bi —> ¥,at  (2)

where the a;"s are the vibration-rotation interaction constants,
i refers to the inertial axes (a, b and c), and the sum runs over
the r vibrational normal modes. Bi’s denote the vibrational
ground-state rotational constants. At the same time, the B2
harmonic force field provides, as a byproduct, predictions for
quartic centrifugal distortion constants.

Because of the presence of a nitrogen atom (nuclear spin / = 1),
the corresponding nuclear quadrupole coupling constants
represent additional important spectroscopic parameters. To
evaluate the corresponding tensor, the components of the
electric field gradient tensor at the nitrogen nucleus have been
computed at the B2 level. From them, the components of the
nitrogen quadrupole coupling constants have then been
obtained by means of the following expression:

This journal is © The Royal Society of Chemistry 20xx
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Xij(MHz) = 234.9647 x Q(barn) X q;;(a.u.) (3)

where the first term on the right-hand side is a conversion
factor. Q (barn) is the N quadrupole moment (20.44(3) barn>5)
and g;;’s (a.u.) are the components of the electric field gradient
tensor, with i, j denoting the inertial axes.

Dipole moment components along the inertial axes, which in
turn determine the type and the intensity of transitions
observable in the rotational spectra, have been evaluated at the
B2 level.

All computations have been performed using the Gaussian 16°°
program package.

Experimental Section

Samples of PA (299%) and IPA (299%), both purchased from
Adamas, were used without any further purification. A gas
mixture of 1% PA (or IPA) in helium at a stagnation pressure of
0.2 MPa was streamed over water (main isotopologue, with
H,!80 and HOD also considered), and supersonically expanded
through a solenoid valve (Parker-General Valve, Series 9, nozzle
diameter 0.5 mm) into the Fabry-Pérot cavity of the
spectrometer.

Rotational spectra of the PA-W and IPA-W adducts were
recorded in the 2.0-20.0 GHz frequency range using a highly
integrated supersonic-jet  Fourier-Transform  Microwave

ARTICLE

(FTMW) spectrometer,®” with a coaxially oriented beam-
resonator arrangement (COBRA-type®8), which has been
described in detail elsewhere.>® The spectral line positions were
determined after Fourier transformation of the time-domain
signal with 8k data points, recorded with 100 ns sample
intervals. Each transition appears split into a Doppler doublet
due to the coaxial resonator arrangement of the supersonic jet,
the line position being obtained as the arithmetic mean of the
frequencies of the two Doppler components. The estimated
accuracy for frequency measurements is better than 3 kHz and
the resolution better than 6 kHz.

Figure 1. Stable isomers of the IPA-W and PA-W adducts. The isomers within the
frames (green for IPA-W, light blue for PA-W) have been experimentally observed.

&) (&)l
& 3| SF
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Table 1. Spectroscopic parameters and relative energies of the PA-W and IPA-W adducts.?

PA-W IPA-W
TGW GG'W TTW GTW GGW | TW GW
. theo. | 5378.9 4963.8 9895.1 11290.1 4818.3 | 4805.5 7239.2
exp. | 5466.2596(9)° 5003.9028(9) 9977.1499(8) 11477.9594(7) _ 4880.478(2)  7271.1043(1)
5o/ theo. | 2180.5 2450.3 1452.8 14716 2608.0 | 2520.2 21013
exp. | 2172.6407(3)  2411.8257(3) 1467.3249(3) 1478.4918(2)  _ 2496.0733(8)  2102.8262(3)
- theo. | 1686.2 1995.4 1307.6 1418.1 1835.9 | 2425.5 1799.2
exp. | 1688.9887(2)  1979.0333(3) 1319.2830(2) 1427.6159(2)  _ 2401.5471(7)  1805.9597(3)
theo. | -0.35 161 3.27 -4.10 098 | -2.88 3.95
XaoMHz exp. | -0.400(3) -1.626(2) -3.195(5) -3.963(5) _ -2.730(3) -3.825(8)
theo. | -3.52 2.74 -0.31 0.60 312 | 075 -0.10
OKec)/MHz exp. | -3.232(4) -2.387(3) -0.198(6) 0.627(6) _ 0.731(7) -0.131(9)
A&/l mol ?O.IG)C ?6.9868) (16?9 (21.2.;276) (3i.9125) ?0) (Zi.3()12)
AEo/K) mol 0 1.35 0.94 2.45 400 |0 1.91

2 Ground-state rotational constants (Ao, Bo, Co) from B2-CP equilibrium rotational constants augmented by vibrational corrections at the B3LYP-D3(BJ)/SNSD

level (for details, see the SI). Nitrogen quadrupole coupling constants (xi, with i=a,b,c) at the B2 level. Equilibrium (AE) and ZPE-corrected (AEo) relative

energies at the ChS-CP and ChS-CP-ZPE level, respectively. ® Standard errors within parentheses are expressed in units of the last digit. ¢ Values in parentheses

are the relative energies of the isolated amine conformers at the ChS level.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Isomerization profile for the PA-W (left panel) and IPA-W (right panel) adducts: ChS-CP and ChS-CP-ZPE (within parentheses) relative energies in k) mol=.

Results and Discussion

All possible isomers of the PA/IPA-W systems obtained from the
computational search are depicted in Figure 1. Two stable
isomers have been identified for the IPA-W adduct, where IPA
adopts trans (TW) or gauche (GW) conformation. As far as PA-
W is concerned, five stable isomers have been located on the
PES, which are labelled as TGW, GG’'W, TTW, GTW and GGW,
where the first two letters denote the PA conformer involved in
the molecular complex with water. The notation used for the PA
conformers is based on the t(CCCN) dihedral angle of the
skeletal frame and the orientation of the lone pair in amino
group (T(CCN-Ip)). The relative stability of the minima together
with that of the transition states ruling their interconversion are
shown in Figure 2 (left panel for PA-W, right panel for IPA-W).
As already noted for n-propanol,5062 the water cluster
formation modifies the relative stability of the different isomers
with respect to the corresponding isolated amine. In the case of
PA, the complexation with water leads —in relative terms—to a
destabilization of the TT, GT and GG conformers and to a
stabilization of TG and GG' (see Table 1).

Computed spectroscopic parameters and relative energies of all
PA-/IPA-W isomers are collected in Table 1, with a more
extended version of this table reported in the Supporting
Information (SI). Spectral searches using simulations based on
the spectroscopic parameters reported in Table 1 have been
performed following the stability order. For PA-W, TGW was
firstly observed and assigned. After its frequencies were
removed from the spectrum, rotational transitions of the GG'W,
TTW and GTW isomers have been then easily assigned thanks
to their characteristic 1*N quadrupole hyperfine patterns (see
Figure 3). In agreement with its relative stability (and thus its
low population), no lines belonging to GGW have been found.
The experimental outcomes are in line with the computed
stabilities and the barrier heights ruling the interconversion
(Figure 2). For the IPA-W adduct, the assignment of the
rotational spectra of both isomers was straightforward thanks

4| J. Name., 2012, 00, 1-3

again to the characteristic hyperfine structure due to the
nitrogen quadrupole coupling (see Figure 3).

For all molecular complexes, the measured transition
frequencies have been fitted, using Pickett’s SPFIT program,® to
Watson’s semirigid-rotor Hamiltonian® (/" representation, S-
reduction). Selected spectroscopic parameters are listed in
Table 1 for the main isotopic species, while all measured
transition frequencies as well as the complete list of the
spectroscopic constants are available in the Sl. In all cases, the
standard deviation of the fit is small and on the order of the
measurement accuracy (i.e. 2-4 kHz). In addition to the main
isotopic species, water isotopologues were also investigated. As
far as the PA-W isomers are concerned, the rotational spectra
of the molecular complexes with 180-enriched water and DOH
(with D involved in the HB) have been assigned. For the IPA-W
isomers, transitions belonging to the IPA-H2!¥0/DOH/HOD
isotopologoues could be successfully identified. The
spectroscopic parameters for all isotopic species are
summarized in the SI.

The comparison between experimental and computed
spectroscopic parameters points out an overall good
agreement. For rotational constants, the differences —in relative
terms— range between 0.1% and 1.6%, which can be considered
a very good result in view of the high flexibility of the systems
under consideration. Analogously, the nuclear quadrupole
coupling constants are well predicted. The good agreement
noted for these two sets of spectroscopic parameters, which are
strongly related to the molecular structure, suggests that the
B2(-CP) level is suitable for describing flexible intermolecular
complexes.

For each isomer observed, the investigation of different
isotopologues has opened the way to the determination of a
partial semi-experimental (SE) equilibrium structure (rF). This
approach is based on a least-squares fit of the experimental
ground-state rotational constants computationally corrected
for vibrational contributions.1°

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Left panel: the 4,,<-3,; rotational transition for the TGW, GG’'W, TTW and GTW isomers. Right panel: the 3,342, rotational transition of the TW and GW
isomers. All spectra show the characteristic hyperfine structure and Doppler doubling. Hyperfine components are labelled using the F quantum number coming from
the F =1+ J coupling scheme, with | being the nuclear spin of *N and J the rotational quantum number.

As shown in eq. (2), equilibrium rotational constants BL’s differ
from the vibrational ground-state ones B}’s —derived from the
spectral analysis— for a contribution that can be reliably
computed (ABL;, = —1/23, al).1165 The resulting equilibrium
rotational constants are thus defined as semi-experimental
because of the mixed contributions. Although the number of
isotopologues investigated in the present work is not sufficient
for a complete structural characterization, they anyway allow
the determination of the intermolecular parameters with an
experimental-quality accuracy.11.65.66

The intramolecular bond lengths and angles have been kept
fixed at their scaled values, which were obtained by means of
the template approach.1! While we refer the reader to ref. 11
for a detailed account, in the following the key aspects of this
methodology are summarized. The structural parameters that
cannot be determined in the fit are corrected by using high-level
calculations performed for a smaller system, referred to as
templating model (TM), which contains a similar structural
frame:

Te = 1.7+ ATM . (4)

182 is the geometrical parameter obtained at the B2 level for the
system under investigation, while ATM is the difference
between the B2 equilibrium parameter and the corresponding
reference value (in the present case, at the ChS+AUG level) for

the TM molecule:
ATM = rMSHYE(TV) — 122(TM) . (5)

“ChS+AUG” denotes the ChS approach for geometries, which is
analogous to the ChS model for energies, but it also includes a
contribution for incorporating the effects of diffuse functions in
the basis set (Ar(aug)):43

r(ChS+AUG) = r(CC/VTZ) + Ar(CBS) + Ar(core) + Ar(aug) (6)

This journal is © The Royal Society of Chemistry 20xx

where Ar(aug) is calculated as the difference between MP2
calculations with the aug-cc-pVTZ¢” and cc-pVTZ basis sets,
within the frozen-core approximation.

In egs. (4) and (5), TMs are the two monomers, the PA or IPA
isolated isomer and the water molecule. The MSR software®®
has been used for the structural determinations above, with all
rotational constants being equally weighted.

The SE intermolecular parameters obtained from the fit are
collected in Table 2 and compared with their QC counterparts.
It is noted that the two sets of values are in a reasonably good
agreement, with the largest discrepancies noted for the ZHON
angle (with H being the hydrogen atom involved in the HB),
which is —however— the worse determined parameter. It is
noteworthy that exclusion of the ZHON angle from the fit
affects only negligibly the final values of the other two
parameters.

Comparison of the computed intermolecular parameters of the
PA- and IPA-W isomers with those of MAW, ETW and EGW
shows that the O---N intermolecular distance remains nearly
unchanged along the series, this ranging from 2.87 A to 2.89 A
at the B2 level and from 2.89 A to0 2.90 A at the B2-CP level. This
comparison suggests that the length of the alkyl chain and also
its ramification do not have a relevant effect on the
intermolecular interactions.

To shed light on the intermolecular interactions taking place in
the molecular complexes investigated, different analyses have
been carried out. The first one considered is the Johnson’s non-
covalent interaction (NCI) analysis,®%70 which has been
performed using the Multiwfn program.’! The results are
graphically shown in Figure 4, where the iso-surfaces of the
reduced density gradient are shown together with a color
legend box for the interaction strength. It is first of all noted that
all molecular complexes present one strong O-H:-:N HB as
primary interaction, which is —in the case of the TGW, GGW and
GW isomers— associated with one weaker C-H---O HB.

J. Name., 2013, 00,1-3 | 5



Table 2. SE¢ (first row) and B2-CP (second row; B2 given in parentheses underneath) intermolecular parameters in the alkyl amine-water complexes.

MAW ETW EGW W GW TGW GG'W TTW GTW
2.9135(4) 2.894(1) 2.88134(3) 2.895(1) 2.88586(6) 2.8830(6)
Ro-n/A
o-n/ 2.890 2.893 2.890 2.903 2.887 2.888 2.897 2.893 2.892
(2.877) (2879) (2.876) (2.889) (2.872) (2.873) (2.882) (2.879) (2.879)
102.35(2) 98.61(6) 97 9754(2) 101.34(3) 96 6001(8) 97.44(4)
ZONC/°
96.06 96.69 97.96 101.29 98.66 97.58 102.06 96 90 96.69
(95.76) (96.37) (97.33) (100.75) (98.05) (96.95) (100.40) (96.53) (96.29)
3.08(28) 5.78(83) 7.63(2) 4.48(93) 8.06(6) 7.39(13)
£HON®/°
9.22 8.96 9.31 8.54 9.18 9.42 7.87 8.80 8.76
(9.33) (9.08) (9.61) (8.74) (9.47) (9.74) (8.33) (8.91) (8.88)
175.36¢ 171.30¢ 168.50¢ 173.24¢ 167.86¢ 168.86¢
LOHN®/°
166.14 166.52 166.00 167.17 166.17 165.82 168.16 166.77 166.82
(165.94) (166.31) (165.51) | (166.83) (165.70) (165.30) (167.44) (166.56) (166.61)

a The uncertainty reported is one standard deviation of the fit. » The H atom is the one involved in the HB. ¢ Derived parameter.
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Figure 4. Color-filled (color scale given in the inset) NCl isosurfaces of the reduced
elbectronddensity gradient (s = 0.5). Isomers in bold have been experimentally
observed.

For the TW isomer, two weak C-H---O HBs are present together
with the primary interaction, while in the case of the TTW
isomer no additional interactions are found. The GTW
conformer shows, instead of an additional intermolecular HB, a
weak intramolecular N-H---C interaction. Finally, the terminal
methyl group of the GG’W conformer is able to form both
intramolecular (N-H-:-C) and intermolecular (C-H---O) weak HBs.
To go deeper into the analysis of non-covalent interactions and
to unravel their nature, the Symmetry-Adapted Perturbation
theory (SAPT)7273 EDA has been carried out at the
SAPT2+3(CCD)/aug-cc-pVDZ-RI level using the PSI4 program.’4

The results are sketched in Figure 5 and tabulated in the SI
(Table S25), where the values for the water dimer as well as for
MAW, ETW and EGW have been reported for comparison
purposes. Focusing on PA-/IPA-W complexes, the interaction
energies range between 29 and 32 kJ mol! for all isomers
(between 31.2 and 33.5 kJ mol! and between 31.5 and 34.1 kJ
mol-1 at the B2-CP and ChS level, respectively; see Table S25)
and also the individual contributions are similar. Inspection of
the various contributions (see Table S25 and Figure 5) makes it
clear that the largest contribution is the repulsive exchange
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term, which
contribution. The induction and dispersion terms, which are

is nearly compensated by the electrostatic

rather similar to one another, amount together to about two-
thirds of the electrostatic contribution. For MAW as well as ETW
and EGW, the situation is very similar both in terms of the single
contributions and the overall interaction energy (ranging from
~29 to 31 kJ mol?). It is interesting to note that the interaction
energies of all these complexes are about 50% larger than that
of the water dimer, thus indicating that the primary interaction
(O-H-:N) occurring in the alkyl amine-water complexes is
stronger than the O-H:--O HB in the water dimer, as expected in
view of the greater basicity of amines with respect to water.
Overall, the data suggest that the lengthening of the alkyl chain
and its ramification have a limited
interaction, its strength only marginally
increasing along the series. This outcome confirms the overall

influence on the
intermolecular

conclusion drawn from the analysis of the intermolecular
parameters.

The SAPT results point out that the interaction between PA and
water is stronger in the case of the TG and GG’ conformers with
respect to TT, GT and GG by about 2 kJ mol-t. On the contrary,
the strength of the interaction is nearly the same for the two
IPA conformers. This explains the above-mentioned change of
the stability order for the PA conformers when going from the
isolate amine to the corresponding water complex, and also
why the relative stability remains unchanged for the two IPA
conformers.

The results of the natural bond order (NBO) analysis’>
(performed at the B3LYP-D3(BJ)/maug-cc-pVTZ-dH level of
theory and detailed in the SI) point out that the strength of the
O-H--:N HB, i.e. the interaction between the nitrogen lone pair
and the antibonding O-H orbital, is very similar for all the
complexes, with the second-order perturbation contribution to
the complex stabilization ranging between 12.5 and 13.5 kJ mol-
1. This contribution is accompanied, except for TTW and GTW,
by weaker interactions between the oxygen lone-pair(s) and CH
antibonding orbital(s).

This journal is © The Royal Society of Chemistry 20xx



Figure 5. Summary of the SAPT energy contributions (in k} mol?) for the methylamine-water (MAW), ethylamine-water (EGW), iso-propylamine-water (TW), and n-
propylamine-water (TGW) complexes. When applies, the most stable isomer is considered.

Finally, starting from the interaction energy (Eint), the inclusion
of the deformation contribution (Aqef) leads to the evaluation of
the dissociation energy (D. = Eint — Agef; See e.g. ref. 76). For the
most stable isomers, i.e. TGW and TW, the Ageris-1.48 and -1.56
kJ mol-, respectively. Using the data reported in Table S25, this
results in D, being -32.03 and -32.56 kJ mol! for TGW and TW,
respectively.

Conclusions

In the present work, state-of-the-art quantum-chemical
methodologies have been combined with rotational
spectroscopy in supersonic expansion to the
intermolecular interactions established in alkyl amines-water
complexes. While the joint experimental-computational
approach has been applied to the characterization of the PA-W
and IPA-W adducts, the theoretical investigation has been
extended to smaller amines, here considering the complexes
formed by methylamine and ethylamine (both gauche and trans
conformers) with water. The comparison of the intermolecular
parameters and interaction energies pointed out that the length
of the alkyl chain has a very limited effect. This result thus
suggests the transferability of the outcomes of the present work
to larger alkyl amines, possibly of biological interest.

For all the PA-/IPA-W isomers experimentally observed, the
recording and assignment of the rotational spectra of different
isotopic species allowed the semi-experimental determination
of the intermolecular parameters, which also pointed out the
reliability and accuracy of B2(-CP) calculations for structural
investigations. Therefore, this work proves that state-of-the-art
QC methods coupled to rotational spectroscopy experiments
can be confidently employed to obtain equilibrium structures of

unveil

This journal is © The Royal Society of Chemistry 20xx

unprecedented accuracy for non-covalent complexes in the gas
phase.

Different energy decomposition analyses, namely NBO and
SAPT, agreed in pointing out that the primary interaction is a
strong O-H---N HB: the repulsive exchange contribution is nearly
compensated by the electrostatic term, while those due to
induction and dispersion amount together to two-thirds of the
latter contribution, thus leading to an overall interaction energy
ranging from ~29 to 32 kI moll. This picture has been
complemented by the NCI analysis, which allowed for better
visualizing the number of non-covalent interactions occurring
and their strength.

In summary, together with the remarkable intrinsic interest of
the studied systems, this work confirms the effectiveness and
reliability of combined quantum chemistry — rotational
spectroscopy investigations to unveil the role of different
physical-chemical factors in tuning the structural and energetic
features of non-covalent molecular complexes.
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