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formation will correspond to the most stable in the pure condensed liquid phase. Within the same context, a set
of NSpd-NH3 molecular adducts were simulated in order to determine the relevance of intermolecular hydrogen
bonding on the overall stability and relative positioning of the respective vibrational frequencies.

The calculations presently performed allowed a reassessment of the vibrational assignments for NSpd. A full as-
signment of the NSpd vibrational spectra is presented, with special emphasis being given to the vibrational
modes that proved to be most affected by hydrogen bonding. The various inconsistencies of a prior study
found in the literature were identified and rectified.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Polyamines, such as putrescine [H,N(CH;)4NH,, Put], spermidine
[HzN(CH2)3NH(CH2)4NH2, Spd] and Spermine [HzN(CHz)gNH(CH2)4
NH(CH,)3NH,, Spm], are found in most living cells in millimolar con-
centrations. At physiological pH conditions these systems are N-
protonated, thus behaving as intrinsic polycations. A bewildering
maze of cellular functions has been ascribed to these important biogenic
compounds. They were shown to be essential in eukaryotic cell growth
and differentiation, as well as in the maintenance of the native structure
of different biological macromolecules [1-5]. Since deregulated poly-
amine metabolism is recognized as a characteristic of animal cancers
[4,6-8], interference with the polyamine biosynthetic pathways seems
to be a very promising therapeutical approach against proliferative dis-
eases [9-11].

The accidental discovery of the antitumor properties of cisplatin (cis-
diamminedichloroplatinum(Il), hereafter named as cDDP; Scheme 1)
by Rosenberg et al. [12-14], prompted a growing interest towards the
development of new metal-based anticancer drugs. The finding led to
a renewed interest in the field of polyamines, which have become po-
tential substituent groups for the replacement of the cDDP NH; ligands
in cDDP aiming at the design of new cisplatin-like anticancer drug can-
didates [15,16].

In recent years, the authors have been interested in the understand-
ing of the structure-activity relationships (SARs) that underline the
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antineoplastic activity of some platinum(II) and palladium(II) com-
plexes with linear alkylpolyamines. The structural characterization of
both polyamine ligands and metal complexes has been mainly per-
formed by vibrational spectroscopy (Raman, inelastic neutron scatter-
ing (INS) and infrared) coupled to quantum chemical calculations
[17-30]. One of the polyamines that has been considered is
norspermidine (bis(3-aminopropyl)amine, H,N(CH;)3sNH(CH;)3NH,,
NSpd; Scheme 2), a modified polyamine structurally related to the bio-
genic polyamine spermidine (N-(3-aminopropyl)-1,4-butanediamine),
Spd; Scheme 2). The cytotoxic potential of NSpd and of its Pt(II)- and
Pd(II)-complexes has been evaluated [31], with quite promising results.

Regarding the vibrational characterization of NSpd, to the best of our
knowledge only one attempt has been reported [23]. However, the vi-
brational assignments performed in that work are based on computa-
tional results obtained from calculations that, besides considering the
incorrect form of NSpd form (the fully protonated one, which is defi-
nitely not the species occurring in pure condensed liquid phase), evi-
dence significant inconsistencies. Hence, the herein reported work
presents a comprehensive conformational study on NSpd, based on cal-
culations that consider the non-protonated NSpd form and use the cor-
rect combination between molecular charge and multiplicity. The
report culminates in a thorough reassessment of the vibrational assign-
ment of the experimental FT-Raman and FTIR spectra.

2. Experimental and computational details

NSpd was purchased from Sigma-Aldrich Chemical Co (Sintra,
Portugal) and used without further purification.
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Scheme 1. Molecular structure of cisplatin.
2.1. FTIR spectroscopy

The Attenuated Total Reflection Infrared (ATR-FTIR) spectra were
recorded on an IFS 55 spectrometer, using a Golden Gate single reflec-
tion diamond ATR system, with no need for sample preparation. All
spectra are the average of two counts of 128 scans each. A spectral res-
olution of 2 cm™ ! was used in all cases.

2.2. FT-Raman spectroscopy

The FT-Raman spectra were recorded on a RFS-100 Bruker FT-
spectrometer, using a Nd:YAG laser with excitation wavelength of
1064 nm. The laser power was set to 150 mW. Each spectrum is the av-
eraging of two repeated measurements of 100 scans each at 2 cm™'
resolution.

2.3. Quantum chemical calculations

Optimization and vibrational gas-phase calculations were per-
formed using the Gaussian 09w program (G09w) [32], installed in a
PC machine. The hybrid DFT functional denoted by mPW1PW was
used combined with the widely used 6-31G* electron basis set. The au-
thors are aware of the smallness of the all electron basis set used. Its use
is, nevertheless, justified for two main reasons. First, this work is
enclosed within a wide project that aims to study polyamines, of pro-
gressively greater size and complexity, and the corresponding metal
complexes. Given that comparisons are intended, it is desirable to main-
tain uniform the theoretical level considered. Moreover, an increase of
the theoretical level complexity can quickly make quantum chemical
calculations prohibitive, as the number of electrons of the system in-
creases. On the other hand, the mPW1PW/6-31G* theory level has prov-
en to yield reliable results for different amines and corresponding metal
complexes, at the expense of an acceptable level of computational de-
mands [18,20,22,26,28,29,33].

All geometries were submitted to full geometry optimization with-
out any symmetry constraints, and subsequently to a vibrational fre-
quency calculation to confirm its correspondence to a real minimum
in the NSpd potential energy surface (no negative eigenvalue) and to
quantify the zero-point vibrational energy correction (zpve).

In order to infer on the effects of the dielectric constant on the con-
formational preferences of NSpd, SCRF calculations (optimization and
frequency) were performed within the PCM formalism (polarized con-
tinuum model). All default parameters were used except the radii
model which was set as UAHF (for more details see [26]). This combina-
tion between Gaussian program version, SCRF formalism and atomic
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Scheme 2. Molecular structures of Norspermidine and Spermidine.

radii model has proven to yield good results for isopropylamine
(iPram) [26]. In the current study a wide variety of common solvents
were selected in order to contemplate a broad range of dielectric con-
stant values (at 25 °C). The full list of solvents considered and the corre-
sponding dielectric constants [32,34] are given in Table S1
(Supplementary Material).

NBO analyses [35-37], as implemented in GO9W [32], were also car-
ried out for the optimized geometries, at selected dielectric constant
values, in order to get a deeper insight into their electronic structures.
Special attention was given to NBO Wiberg bond orders, dipole mo-
ments and second-order stabilization energies.

3. Results and discussion
3.1. Conformational analysis

Similarly to other linear alkylpolyamines, NSpd presents a high skel-
etal flexibility due to free rotation around the six skeletal dihedral an-
gles, thus allowing a huge variety of possible molecular geometries.
The most common values observed for the skeletal dihedral angles are
60° (gauche, G), 180° (trans, T) and — 60° (gauche’, G’). An identical var-
iability (60° (g), 180° (t) and —60° (g’)) is found for the three LpN-CC
torsional angles, Lp standing for nitrogen lone pair.

Theoretically, regarding only the skeletal torsional angles variability,
there are 729 possibilities for the NSpd core structure. Due to
centrosymmetry of NSpd and conformational degenerescence, the
number of distinct possibilities is significantly reduced. From the 361
distinct molecular geometries assembled and submitted to optimiza-
tion, a total of 270 were found to correspond to stable conformers (no
negative eigenvalue) within the potential energy surface of NSpd. The
remaining molecular structures either converged to one of the former
or proved to be a saddle point (one negative eigenvalue). It should be
noted that the variability of the LpN-CC torsional angles was not explic-
itly evaluated since it is hypothesised that, as no constraint is imposed,
they will adopt the conformation leading to the greatest stability in the
view of the overall skeleton configuration.

The gas-phase (isolated molecule) conformational study predicts
the 270 conformers of NSpd to be distributed within a relative stability
range of ca. 39 k] mol ™!, after zpve correction. Fig. 1 presents the varia-
tion of the relative stability (AE,e ) of the 13 most stable conformers
which are found to lie within a range of 10 kJ mol ™. The relative posi-
tion of the almost-fully trans conformation (tTTTg'TTTt), which oc-
cupies the 22nd position of the ranking (AE;e ~ 12 k] mol™') is
included for the reason referred above. The molecular structures of the
14 conformers are presented in Fig. S1 (Supplementary Material) to-
gether with the conformational profile of both skeletal and LpN-CC tor-
sional angles, and the H--N distances of the potentially stabilizing
intramolecular N-H---N hydrogen bonds. The LpN-CC torsional angle
concerning the central amine group (NH) is not indicated from now
on, as the definition of the two skeletal torsional angles on both sides re-
strict the possibilities to g or g'.

The higher stability seems to be guaranteed by the occurrence of a
t-g’-g’ profile of the three LpN-CC torsional angles and a GG'T (or G’
GT) skeletal configuration for at least one side of NSpd, taking the
NH-group at the molecular middle (Fig. 1). The most stable conform-
er presents the GG'T skeletal conformation on both molecular sides
(tGG'T-TG’Gg’). The higher stability is ensured by two intramolecu-
lar N-H---N contacts, namely Ny-H---N (222.7 pm) and N.-H---N’
(214.8 pm), where Ny and N, stand for the terminal and central nitro-
gen atoms, respectively (Fig. S1). The coexistence of the two hydro-
gen bonds assures a higher stability for the tGG'T-TG'Gg’
conformation of over 4.5 k] mol ™!, relatively to the second most sta-
ble conformer, tTG'T-TG'Gg’ (Fig. 1).

One property known to affect the relative stability of conformers is
the medium dielectric constant. NSpd solutions with a variety of sol-
vents (Table S1 of the Supplementary Material) were simulated, by
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Fig. 1. Variation of the gas-phase relative stability (AE,) of the 13 most stable conformers (AE,¢ within the range of 10 k] mol ~!). The tTTT-TTTt conformer, expected to be the most stable

in the condensed phase, is also included for comparison.

considering medium dielectric constant (&) values ranging from 1 (vac-
uum; calculations for the isolated molecule) to 186 (N-methyl-formam-
ide as solvent). The variation of the relative stabilities of two selected
NSpd conformations (tTTT-TTTt and tGG'T-TG’'Gg) was thus analysed
as a function of the € values. The tTTT-TTTt conformation was consid-
ered alongside with the tGG'T-TG'Gg, as it corresponds to the most sta-
ble conformation in the condensed liquid phase [17,19,38-41].

Fig. 2 presents the variation profile of the relative stability of the
tTTT-TTTt conformer with respect to the tGG'T-TG’Gg’ one (AE,., in
kJ mol™1), as a function of the ¢ value. By definition, positive AE, values
indicate a higher stability of the tGG'T-TG'Gg’ conformer whereas a
negative value corresponds to a tTTT-TTTt greater stability. Curve fitting
attempts showed that the best global adjustment is achieved with a sec-
ond order exponential decay curve described as:

AE, = —11.190 + 8.097 x e~ (¢/14553) | 25 967 x e~(¢/1910)

The associated R? is 0.9995, meaning that about 99.95% of the ob-
served AE,¢ decay (i.e., tTTT-TTTt stability increment relatively to tGG’
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Fig. 2. Variation of relative stability (AEe) of the tTTT-TTTt conformer with respect to the
conformer found to be the most stable in the gas-phase (tGG'T-TG'Gg’) as a function of
dielectric constant (g).

T-TG'Gg’) is explained by variation in medium dielectric constant. Ac-
cording to the fitting equation, an inversion of the relative stability be-
tween the two conformers is expected to occur at a g-value of
~3.258. This value will be referred to as the threshold value from
now on.

In an attempt to understand the loss of stability of the tGG'T-TG’
Gg’ conformer in relation to the tTTT-TTTt one, the length variations
of the two stabilizing intramolecular interactions (N¢-H---N. and N~
H---N,') were assessed as a function of the dielectric constant. The
distances in the isolated state (vacuum phase) were used as refer-
ence, being the length variations (Ay..n; pm) determined as
Ay..n=dy...n(vacuum) — dy...n(€). Therefore, a negative value of
Ay..ny means an increase of the H---N distance on passing from the
vacuum to a medium with a dielectric constant value € > 1.

Fig. 3 presents the plots of Ay---N values of both N-H--N interac-
tions, as a function of ¢ value. The effect of the dielectric constant is
found to be significantly more pronounced for the N.-H---N{’ interac-
tion than for the Ni-H---N, (Fig. 3). As for the AE,e, in both cases the
best fitting was achieved considering second-order exponential decay
relationships. The fitting equations determined for the N.-H---N and

B (NOH-N,
® (NH-N;

AH--*N/ pm

T
150 200

Fig. 3. Variation of the H---N distance (AH---N, pm) of the N-H:-N. and N.-H---N{
hydrogen bonds in conformer tGG'T-TG’Gg’ as a function of dielectric constant (¢). The
H---N distance predicted in the vacuum (¢ = 1) is considered as reference.
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Nc-H---N’ interactions are

AN = —14.290 + 2.531 x e(6/323616) | 15 33) x @~ (&/3.978) R2
= 0.9998

and

AN = —21.657 + 2.553 x e~(#/19863) 4 50,011 x e~ /1113 R? = 0.9807,
respectively. Considering the threshold e-value, the Ay...y values for the
N¢-H--Nc and N.-H---N{ interactions are predicted to assume values of
ca. —5.24 and — 16.81 pm, respectively. In other words, at a e-value of
3.258 the N-H-N. and N.-H---N¢’ hydrogen bond distances are ex-
pected to be lengthened from about 223 and 215 pm (in the vacuum,
Fig.S1) to ca. 228 and 232 pm, respectively. SCRF calculation performed
for the tGG'T-TG'Gg’ conformation at € = 3.258 retrieved (N—)H---N.
and (N-)H---N¢ distances of 227.7 and 231.9 pm, respectively, clearly
validating the fitting equations found.

Attempting to rationalize the effects underlying the lengthening
predicted for the stabilizing hydrogen bonds with dielectric constant in-
crease, NBO calculations were performed considering different values of
€. Special attention was given to the most significant second-order sta-
bilization energies, dipole moments and Wiberg bond orders. Table 1
compiles the selected results as a function of conformer (tGG'T-TG'Gg’
and tTTT-TTTt) and dielectric constant (Table S1).

Starting with the second-order stabilization energies, the most rele-
vant difference between the two conformers is the absence of the stabi-
lizing delocalization between nitrogen electron lone pair and N-H
antibonding sigma orbital LpN. — 0*N-H and LpN; — 0*N-H in the
tTTT-TTTt, regardless of the g-value. In the vacuum, these orbital
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interactions contribute with a stabilization of 24 and 33 k] mol ™, re-
spectively, in the tGG'T-TG'Gg" conformation. Increasing dielectric con-
stant promotes a gradual decrease of this stabilizing effect. At
threshold e-value the contribution of those orbital delocalizations are
predicted to be reduced by over 12 and 39%, respectively. The relevance
of these orbital interactions for conformer stability has already been
stressed out for other kind of aliphatic amines [25,42].

A similar behaviour is observed for the variation of the Wiberg bond
indexes related to the (N-)H-N. and (N.-)H---N{’ interactions. In-
crease of dielectric constant from 1.00 (vacuum) to 3.258 reduces the
H--N. and H---Ny’ Wiberg indexes by ca. 3% and ca. 25%, respectively.
The sharper decrease predicted for both 2nd-order stabilization energy
and Wiberg index of the N.-H---N{’ interaction in comparison to the N~
H---N. interaction is in line with the relative effects observed for the
Ay...n. (Fig. 3).

Regarding the dipole moments, increasing dielectric constant leads
to an increase of the net dipole moment and delocalization contribu-
tions, regardless of the conformer. In both cases, the largest delocaliza-
tion contribution to the dipole moment relates to the electron lone
pairs of the nitrogen atoms. There is, however, a clear difference be-
tween the two conformers with respect to the variation profile of the
delocalization contribution to the total dipole moment. In the case of
the tTTT-TTTt conformer, the delocalization contribution gradually in-
creases with dielectric constant, leading to an enhancement of the
total dipole moment. In the case of the tGG'T-TG’Gg’ the opposite is
predicted.

The delocalization contributions tend to decrease as the medium di-
electric constant increases. This leads to a smoothing of dipole moment
increase with g, as evidenced by the increasing proximity between net
and total values of dipole moment. This distinct behaviour can at least

Table 1

Comparison of selected NBO results for the tTTTg'TTTt and tGG'Tg'TG'Gg’ conformers.
NBO €

a

Parameter 1.00 2228 3.0473 3.258" 47113 10125 32,613 46,826 783553 186.0
Second-order stabilization energies® tTTTg' TTTt
LpN; - 0*C;-C; 37 35 35 35 34 34 33 33 33 33
LpN; — 0*C;-H¢ 5/5 4/4 4/4 4/4 4/4 4/4 4/4 4/4 4/4 4/4
LpN. — 0" C3-H 36 35 34 34 34 33 33 33 33 33
LpN. —» 0*C3-H 36 35 34 34 34 33 33 33 33 33
LpN: — 0"N-H — — — — — — — — — —
LpN — 0*Cy/-Cy’ 37 35 35 35 34 34 33 33 33 33
LpN¢ — 0*Cy’-H¢ 5/5 4/4 4/4 4/4 4/4 4/4 4/4 4/4 4/4 4/4
LpN{ = 0*N~H — — — — — — — — — —
Dipole moment
Net 1.50 1.74 1.83 1.85 1.95 212 2.25 2.27 2.29 231
Delocalization correction 0.78 0.79 0.80 0.80 0.81 0.82 0.84 0.84 0.84 0.85
Total 1.87 217 2.28 231 243 2.63 2.79 2.82 2.84 2.86
Second-order stabilization energies® tGG'Tg'TG'Gg’
LpN; - 0*C;-C, 38 37 36 36 36 36 35 35 35 35
LpN. — 0" C3-H 34/5 33/5 32/5 32/5 32/5 32/5 31/5 31/5 31/5 31/5
LpN. — 0*C3’-H 36/7 35/6 34/6 34/6 34/6 33/6 33/5 33/5 33/5 33/5
LpN; —» 0*N-H 24 22 21 21 20 18 16 16 16 16
LpNy - 0*C;’-H 31/3 31/3 31/3 31/3 31/3 30/3 30/3 30/3 30/3 30/3
LpN{ — 0*Cy'-Cy/ 5 4 4 4 4 4 4 4 4 3
LpNy — 0*N-H 33 21 20 20 19 18 17 17 17 17
Dipole moment
Net 3.89 412 420 421 429 4.40 447 447 4.48 4.49
Delocalization correction 1.00 0.93 091 0.91 0.91 0.90 0.89 0.89 0.89 0.89
Total 3.72 3.99 4.09 411 420 434 4.42 443 4.45 4.45
Wiberg index
(Ng=)H--N¢ 0.0235 0.0234 0.0230 0.0229 0.0222 0.0210 0.0203 0.0203 0.0202 0.0201
(Ne—)H-N¢ 0.0275 0.0212 0.0205 0.0205 0.0203 0.0201 0.0200 0.0199 0.0199 0.0199

Lp and o™ stand for lone pair and antibonding sigma orbital, respectively.

2 N and Ny stand for terminal nitrogen atoms that act as donor and acceptor, respectively in the tGG'Tg'TG'Gg’ conformer (Fig. S1); for conformer tTTTg'TTTt they are equivalent.

b Critical e-value.
¢ Inkj mol .
9 The two H-atoms linked to C-atom.
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partially explain the stability increase predicted for conformer tTTT-
TTTt, relative to conformer tGG'T-TG'Gg’, as dielectric constant
increases.

3.1.1. Intermolecular hydrogen bonding effects

In the condensed pure liquid phase, the likelihood of establishing in-
termolecular contacts is very high. In the case of amines, the NH, and
NH groups are particularly prone to the establishment of intermolecular
N-H---N hydrogen bonds. The relevance of these stabilizing interactions
on the overall stability most likely overwhelms that of potential intramo-
lecular interactions. In the case of NSpd, this would translate into a rela-
tive stability increase of the almost-fully trans conformation (tTTT-TTTt)
which, in the limit, would become the more stable conformer. Therefore,
it is important to evaluate the influence of the potential intermolecular N-
H---N contacts on the forecasts of the NSpd vibrational frequencies.

In order to evaluate the preferences of the NH, and NH groups of
NSpd for establishing intermolecular hydrogen bonding, six distinct
molecular adduct models, based on the tTTT-TTTt conformation, were
assembled and fully optimized. In all those models, the NSpd partners
in the hydrogen bonding are ammonia molecules, in order to maintain
the computational demands low. In the two smallest adduct models,

each terminal NH,-group is involved in two N-H---N interactions,
with two distinct NH3 molecules, acting simultaneously as donors and
acceptors (d-a H-bond profile), while the central NH group is involved
in one N-H---N interaction, acting either as a donor (model 1) or as an
acceptor (model 2). All the attempts made to optimize adducts with the
terminal NH,-group acting as double donors (d—d H-bond profile)
failed, always converging to a d-a H-bond profile. This inability to opti-
mize the d-d H-bond profile evidences the preference of the NH,
groups for a d-a arrangement, in line with the results previously report-
ed for iPram [28].

Model 3 differs from the preceding insofar as the central NH group
also presents a d—a H-bonding profile. In the next two models, the hy-
drogen bonding capacities of the NH, groups are fully satisfied (d-a-d
H-bond profile), wherein the NH group acts either as acceptor (model
4) or donor (model 5). Finally, in the larger adduct model (model 6),
the maximum H-bonding capacities of both NH, and NH groups are
completely contemplated. Fig. 4 presents the optimized geometries de-
termined all six NSpd-NH3 adduct models, along with the distances
characterizing the N-H---N intermolecular interactions established.

In view of getting insights on the stabilizing effects of the distinct hy-
drogen bonding patterns considered, two energetic parameters were

P &N @c H
*J oJ J ) o9
I{ <
' 208 208’ e
f‘) 9 29 2292 J/‘J model 1
210 “Q‘-‘ 210 (d-ald/d-a)
I 2IIIIII
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205,"J ‘; 207,"‘ ‘
1216 N J'J model 2
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) 9 J Jd
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Fig. 4. Optimized geometries achieved for the six molecular NSpd-NH, adducts simulating all potential hydrogen bonding acceptor/donor patterns possible for the NSpd NH, and NH
groups. The H-bond distances between NSpd and surrounding NH; molecules are indicated (in pm).
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Fig.4 (continued).

evaluated, namely the adduct formation energy (AE.gqquct) and the
cooperativity effect between multiple H-bonds (CEHB). These energetic
parameters were quantified as previously for iPram [28], using expres-
sions (1) and (2), respectively

AEaqduct = — [Eaddua_ (ENSpd +nx ENH;)] (1)

CEHBadduCt = AEadduct_((i X AE(NHz)d +j X AE(NHz)a +k x AE(NH)d +1x AE(NH)a)-,

)

where n stands for the number of NH; molecules of the adduct, i and j
stand for the number of times the terminal NH; groups act as donor
and acceptor, respectively, and k and 1 stand for the number of times
the central NH group acts as donor or acceptor, respectively. The values
of AE(nw,)a» AE(NH,)a» AE(NH)a and AE(np), were determined following
Eq. (1), considering the energies obtained in the calculations performed
for adducts presenting a NSpd-to-NHj5 stoichiometry of 1:1 with the H-
bond style indicated in subscript (involving either the NH; or the NH
group, as acceptor, a, or as donor, d).

According to the calculations performed for the 1:1 NSpd-to-NHj3
adducts, a donor involvement of the NH, groups provides a greater ad-
duct stability by ca. 1.2 k] mol !, with respect to the acceptor involve-
ment. Regarding the NH group, no preference is highlighted, the
predicted energy difference between the two types of adducts

(AE(NH)a VS. AE(np)q) being less than 0.05 k] mol ™ !, This independence
of the NH group with regard to the type of participation in hydrogen
bonding does not stand when the more complex adduct models are
considered (Fig. 4).

Fig. 5 shows the variation of both AE,4qucc and CEHB parameters as a
function of adduct model (Fig. 4). Opposing to what was observed for
the 1:1 adducts, the preference of the NH group for an acceptor H-

200 L] AEadduct

® CEHB

-

@

=]
f

120 A

Energetic parameter / kJ mol!
(=]
o
L

5

//W

M1 M2 M3 M4 M5 Mé
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Fig. 5. Variation of the AE,4qucr and CEHB values as a function of adduct model (for
definition of the AE,qqucc and CEHB values see text).
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bond involvement is evident. This stands regardless of whether the
maximum engagement capacities of the terminal NH, groups are ful-
filled or not. Comparing the AE.qquct Values determined for the two
smaller adduct models, the acceptor involvement of the NH group
(model 2) is predicted to be stabilized by more than 7 k] mol ! with re-
spect to a donor-type participation (model 1). This stabilization effect of
the NH acceptor-like involvement is significantly accentuated when the
hydrogen bonding capacities of the terminal NH; are fulfilled (model 4
vs. model 5).

Usually, increasing the number of molecules within the adducts is
expected to increase AE,qquct [28,43,44]. This general rule is observed
in the present work with only one exception, when passing from adduct
model 3 to adduct model 5, in which case, the calculations predict a
AE.qduet Teduction of about 13 k] mol™!. This result evidences a
destabilizing effect of the NH involvement as a donor, thus emphasizing
the preference of the of an acceptor-like involvement.

Fulfilling the hydrogen bonding capacity of both primary and sec-
ondary amine groups (model 6) increases the adduct formation energy
(116 k] mol ™! in model 2 vs. 166 k] mol~! in model 6). However, this
effect is clearly not due to an enhancement of the positive cooperative
effect between the multiple H-bonds. As seen in Fig. 5, a maximum
CEHB is achieved in adduct model 3. Passing from adduct model 3
(CEHB = 55 k] mol~ 1) to adduct models 4 to 6 leads to CEHB drops of
3,21 and 3 k] mol ™!, respectively. This means that maximum positive
H-bond cooperativity in NSpd is expected if two premises are met:
(i) the H-bonding capacity of the NH group is fulfilled (d-a pattern)
and (ii) the NH, H-bond involvement is also a d-a pattern (i.e., H-
bond involvement capacity not fully satisfied). Te later is in accordance
with the results previously reported for the hydrogen bonding prefer-
ences of the NH, group in iPram [28].

3.2. Vibrational analysis

NSpd presents a total of 72 vibrational modes. The 13 lowest fre-
quency vibrations correspond to the skeletal deformations, namely 7
longitudinal and 6 transversal acoustic modes (LAMs and TAMs, respec-
tively). The assignment of these low frequency vibrations exclusively
based on the Raman spectra can be rather arguable, their identification
being more surest using the complementary INS technique [17,19].
Moreover, these low-frequency vibrational modes are highly over-
lapped by the lattice vibrations in the molecular adducts. Therefore,
they are not addressed in the present study.

The remaining 59 vibrational modes correspond to 25 stretchings (4
VNH,, 12 vCH,, 1 vNH, 2 vC-NH,, 2 vC-NH and 4 vC-C), 8 scissorings (2
S8NH, and 6 6CH,), 8 waggings (2 ®NH, and 6 ®CH,), 8 twistings (2
tNH; and 6 tCH;) and 8 rockings (2 pNH, and 6 pCHy), and 1 in-plane
and 1 out-of-plane N-H deformations (3NH and yNH, respectively).

The effects of the involvement of amine groups in hydrogen bonding
on the predictions of the corresponding vibrational frequencies have
been extensively assessed, both experimentally and theoretically [18,
28,33,45-48]. A recent quantum chemical study performed on iPram
[28], for instance, showed that the NH, involvement in intermolecular
N-H--N interactions has a pronounced effect on the NH; stretching,
wagging and rocking modes. The remaining vibrational modes were
found to be comparatively much less affected, with those ascribed to
the CH,-groups remaining almost unaffected. Concordant results were
recently reported regarding the effects of the interactions with counter-
ions on the vibrational frequencies of o,w-diamines hydrochloride salts
[33]

Table 2 presents and compares the non-scaled vibrational frequen-
cies calculated for NSpd in the isolated form and within the six molecu-
lar adducts tested. The deviations promoted by the distinct hydrogen
bonding patterns on each NSpd vibrational mode, relative to the isolat-
ed state (A = Wadduct — Onspd), are also presented. Assignments were
made on the basis of the atomic displacements predicted and visualized
using the GaussView program package [49].

In line with other reported works [18,28,33,50,51], the effects of the
intermolecular N-H---N interactions are particularly noticed on the
VsNH3, v,sNH,, ®NH,, pNH,, vNH and yNH. While the stretching
modes (VsNH,, v,sNH; and vNH) are pronouncedly red-shifted, all re-
maining modes are blue-shifted. The magnitude of the deviations is
clearly dependent on the degree (number of established interactions)
and type (acceptor vs. donor) of participation of the NH and NH, groups
within the overall hydrogen bonding network.

Regarding the H-bonding of the central NH group, its involve-
ment as an acceptor was found to have a relatively small effect on
any of the three related vibrational modes, vNH, BNH and yNH (iso-
lated NSpd vs. adduct models 2 and 4). In contrast, its donor-like in-
volvement leads to significant downward and upward shifts of the
vNH and yNH modes, respectively. The effect of cooperativity be-
tween the hydrogen bonds involving the NH group and the hydrogen
bonds involving the NH, groups seems to be negligible. In fact, the
deviations predicted for the vNH and yNH modes for the 1:1
NSpd-NH3 molecular adduct (presenting the NH group involved in
a H-bond with NHj3 as a donor; not shown) are of the same magni-
tude as those predicted for adduct models 1 and 5 (vNH:
—92cm~'vs. =90 cm™ ! (model 1) and —94 cm™! (model 5);
YNH: 132 cm ™! vs. 127 cm ™! (model 1) and 139 cm~! (model 5)).
However, the same is not observed when the effect of cooperativity
between two hydrogen bonds centred at the NH group (d-a profile)
is evaluated. In this case, H-bonding cooperativity enhances the fre-
quency deviations, as evidenced by the change of model 1 to model 3
or of model 5 to model 6. Interestingly, the maximum effect of H-
bonding cooperativity on the magnitude of the deviations is ob-
served when model 1 is transformed into model 3, which corre-
sponds to the adduct model displaying the highest CEHB value.

Considering the NH, most affected vibrational modes (vsNH,,
v,sNHa, ®NH;, and pNH,), the calculations performed for the 1:1
NSpd-NH3 molecular adduct presenting the NH, group engaged in the
H-bond to the NH3 molecule (results not shown) suggest that, as for
the NH vibrations, acceptor involvement has in general a very smooth
effect. The only exception is observed for the pNH, mode, for which
an acceptor-like involvement of the NH, group leads to a blue-shift of
192 cm™'. On the other hand, the donor involvement of the NH,
group in a 1:1 NSpd- NH3 molecular adduct leads to slightly larger devi-
ations, though only the pNH, mode is shifted by more than 100 cm™'
(results not shown).

Enhancing the NH, participation in the H-bonding pattern, while
keeping the NH involvement (1:1 — model 1 — model 5 or
1:1 — model 2 — model 4), progressively accentuates the deviation of
the v,sNH,, ®NH; and pNH,. The vsNH,, in turn, shows pronounced de-
viation that increases when going from adduct 1:1 to either models 1 or
2, but evidence the opposite when comparing models 1 and 2 with
models 4 and 5, respectively. Fulfilling the hydrogen bonding capacity
of the NH group (model 5 — model 6) does not change the variation
trends described.

In short, the results currently presented reinforce the idea, vastly re-
ported in the literature, intermolecular interactions, as hydrogen bond-
ing, may significantly affect the spectral position of certain vibrational
modes. Therefore, it is extremely important that those effects are
taken into account when allocating experimentally observed spectral
features based on the theoretical spectral forecasts. Therefore, the next
section presents a reassessment of the vibrational assignments already
reported in the literature, given that the energy assessment made in
this work pointed adduct model 3 as ensuring a higher overall stability,
judging by the greater H-bonding cooperativity predicted (larger CEHB
value).

3.2.1. Assignment of the experimental vibrational spectra

Fig. 6 shows the vibrational spectra (FT-Raman and FTIR) of pure lig-
uid NSpd, in the 100-1750 cm™ ! and 2250-3750 cm™ ! spectral regions.
Table 3 presents the vibrational assignments for NSpd, based on the
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Table 2

Non-scaled vibrational frequencies calculated for NSpd considering the isolated molecule and the six molecular adducts tested for each vibrational mode the forecasted deviations upon
formation of the N-H---N interactions that hold the adduct structure are presented. The assignments made are based on the atomic displacements predicted and visualized using the
GaussView program [49].

NSpd Molecular adducts® Vibrational assignment®
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
o AC o° AC o° AC o° AC o° AC ° AC
3599 3554 —45 3555 —44 3554 —45 3480 —119 3488 —111 3490 —109 Vas NH3
3599 3552 —47 3555 —44 3554 —45 3472 —127 3486 —113 3487 —112
3509 3387 —122 3372 —137 3376 —133 3394 —115 3406 —103 3400 —109 vs NHy
3509 3378 —131 3315 —194 3376 —133 3390 —119 3404 —105 3399 —110
1713 1747 34 1748 35 1746 33 1762 49 1761 48 1762 49 6 NH,
1713 1746 33 1732 19 1746 33 1754 41 1761 48 1758 45
898 1000 102 1005 107 1023 125 1030 132 1024 126 1028 130 ® NH,
896 992 96 993 97 998 102 1007 111 1014 118 1020 124
1055 1078 23 1074 19 1066 11 1090 35 1093 38 1091 36 t NH,
1035 1056 21 1045 10 1054 19 1056 21 1076 41 1075 40
306 629 323 650 344 628 322 693 387 681 375 684 378 p NH,
306 626 320 630 324 626 320 687 381 678 372 661 355
3520 3430 —-90 3519 —1 3349 —171 3515 -5 3426 —94 3402 —118 v NH
1524 1592 68 1514 —10 1601 77 1514 —10 1592 68 1583 59 3 NH
809 936 127 833 24 980 171 846 37 948 139 971 162 vy NH
3120 3119 —1 3138 18 3118 -2 3145 15 3116 —4 3137 17 Vas CHa
3120 3117 -3 3116 —4 3117 -3 3114 —6 3114 —6 3114 —6
3095 3093 -2 3096 1 3092 -3 3090 -5 3083 —12 3092 -3
3095 3091 —4 3091 —4 3092 -3 3084 —11 3081 —14 3081 —14
3077 3064 —13 3076 -1 3056 —21 3075 —2 3063 —14 3055 —22
3074 3059 —15 3074 0 3055 —19 3073 —1 3061 —13 3052 —22
3067 3055 —12 3060 -7 3062 -5 3055 —12 3049 —18 3070 3 vs CH,
3067 3053 —14 3054 —13 3061 —6 3053 —14 3048 —19 3063 —4
3040 3051 11 3051 11 3053 13 3047 7 3046 6 3050 10
3040 3044 4 3045 5 3052 12 3047 7 3045 5 3045 5
2952 2927 —25 2975 23 2953 1 2975 23 2925 —27 2966 14
2947 2920 —27 2968 21 2946 1 2968 21 2919 —28 2955 8
1559 1559 0 1558 —1 1557 —2 1558 —1 1559 0 1558 —1 6 CH,
1547 1546 -1 1547 0 1545 -2 1547 0 1546 -1 1547 0
1532 1533 1 1532 0 1532 0 1532 0 1532 0 1534 2
1530 1530 0 1530 0 1529 -1 1530 0 1530 0 1530 0
1518 1520 2 1521 3 1519 1 1521 3 1519 1 1522 4
1517 1519 2 1519 2 1518 1 1519 2 1518 1 1519 2
1458 1457 -1 1455 -3 1456 -2 1452 —6 1454 —4 1453 -5 o CH,
1431 1428 -3 1430 —1 1427 —4 1430 —1 1427 —4 1430 —1
1418 1415 -3 1417 -1 1414 —4 1417 -1 1414 —4 1414 —4
1396 1397 1 1394 -2 1398 2 1392 —4 1396 0 1393 -3
1311 1311 0 1326 15 1314 3 1319 8 1310 —1 1321 10
1284 1287 3 1288 4 1291 7 1292 8 1287 3 1292 8
1418 1437 19 1449 31 1437 19 1463 45 1453 5 1454 36 t CH,
1417 1434 17 1440 23 1434 17 1458 41 1452 35 1450 33
1347 1344 -3 1354 7 1345 -2 1353 6 1344 -3 1349 2
1341 1340 -1 1348 7 1341 0 1345 4 1340 -1 1323 —18
1336 1339 3 1341 5 1340 4 1341 5 1338 2 1335 —1
1308 1315 7 1313 5 1313 5 1315 7 1315 7 1312 4
1253 1267 14 1257 4 1278 25 1252 —1 1275 22 1251 -2 p CHy
1159 1169 10 1166 7 1167 8 1173 14 1172 13 1174 15
879 874 -5 890 11 875 —4 899 20 878 -1 887 8
854 860 6 863 9 859 5 867 13 865 11 869 15
762 766 4 765 3 764 2 766 4 764 2 767 5
761 764 3 762 1 761 0 762 1 762 1 764 3
1193 1200 7 1182 —11 1190 -3 1184 -9 1198 5 1188 -5 Va5 C-NH
1035 1090 55 1125 90 1092 57 1074 39 1076 41 1074 39 vs C-NH
1133 1152 19 1154 21 1154 21 1127 —6 1127 —6 1128 -5 v C-NH,
1119 1122 3 1099 —20 1132 13 1102 —17 1099 —-20 1100 —19
1170 1185 15 1194 24 1181 11 1199 29 1193 23 1198 28 v C-C
1087 1100 13 1094 7 1103 16 1160 73 1161 74 1164 77
1081 1094 13 1083 2 1099 18 1097 16 1098 17 1103 22
1054 1053 -1 1054 0 1055 1 1075 21 1058 4 1060 6

¢ In accord to Fig. 2.

" Non-scaled theoretical vibrational frequency.

¢ Shifts promoted on the NSpd vibrational modes upon adduct formation (A; = w;(adduct) — w;(NSpd)).

4 v = stretching, & = scissoring, » = wagging, p = rocking, t = twisting, (> = in-plane deformation and y = out-of-plane deformation; as and s stand for asymmetric and symmetric,
respectively.

vibrational frequency calculations performed in this work. The calculat- level. Moreover, as stated above, the account for the effects of hydrogen
ed theoretical frequencies were corrected for anharmonicity and incom- bonding was accounted for by considering adduct model 3 (Fig. 4). For
plete electron correlation treatment, by using the scaling factor of the reasons already pointed, the LAM and TAM vibrational modes are
0.9499 proposed by Merrick et al. [52] for the mPW1PW/6-31G* theory not discriminated.
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Fig. 6. Experimental vibrational spectra of NSpd in the 100-1750 cm™" and 2250-3750 cm™ ' spectral regions: (A) FT-Raman and (B) FTIR.

On the whole, the assignments performed are in good agreement
with the standard assignments gathered in the literature for this kind
of systems [50,53-55]. The v,sNH, are significantly blue-shifted rela-
tively to the v{NH,, while the vNH is predicted to be mixed with these
later. A shoulder observed around 3200 cm™ ! has been appointed as a
fingerprint of primary amines, being to an overtone of the 5NH, mode
observed at ca. 1600 cm ™! [53,55]. Therefore, it is reasonably to ascribe
the shoulder observed at 3189 cm™ ! in the FTIR spectrum (Fig. 6) to an
overtone of the 6NH, mode ascribed to the spectral feature at
1603 cm™ 1.

Three vibrational modes that deserve a special reference are the
tNH,, the ®NH, and the yNH modes. Benchmark literature [50,53-55]
point tNH,, the ®NH; and the yNH modes as being highly mixed within
the 850-700 cm ™! spectral region. The calculations performed on ad-
duct model 3 confirm the marked mixing between the ®NH, and yNH
modes. These vibrational modes are referred to as giving rise to intense
and broad bands [50,53,55]. Ascribing the spectral features observed at
825 and 862 cm™ ! to a mixture of both ®NH, and YNH modes is in line
with the information available in the literature. With respect to the YNH
mode the data available positioning it around 740 cm™ ! [40,41,56], i.e.,
at a significantly lower frequency than proposed herein. This is most
likely related to more significant hydrogen bonding effects in NSpd,
which is a triamine, compared to the monoamines regarded in those
reports.

With regard to tNH, modes, the calculations predict them at higher
frequency values than the ®NH, and YNH modes, turning them mixed
with the skeleton elongation modes vC-C and vsC-NH. These trends
are also observed considering the calculations performed for the isolat-
ed NSpd molecule.

The pNH, are, beyond doubt, the NSpd vibrational modes whose be-
haviour as a result of the NH, involvement in hydrogen bonds are worth
to be scrutinized. Unfortunately, the pNH, modes give rise to very weak
spectral features in both Raman and occur mid-IR spectra.

Calculations on the isolated NSpd molecule predict the pNH, modes
at 306 cm™~ L. Accounting for the effects of N-H--N interactions leads to
a significant blue-shifting of the pNH, vibrations, placing them at
597 cm™ ! after scaling. Such an effect has been widely reported in the
literature for systems containing amine groups involved in strong inter-
molecular N-H---N interactions [ 18,28,51]. Based on the proximity prin-
ciple, we ascribe the pNH, vibrational modes to the weak Raman feature
around 557 cm™ !, A more reliable allocation would be achieved using

INS. The INS studies performed on several di- and triamines, for exam-
ple, allocate the pNH, vibrational modes in the spectral region 530-
550 cm™ ! [17], in agreement with the assignment herein proposed.

4. Conclusions

The present study presents a thorough conformational study on
NSpd. The most stable conformation in the condensed phase was in-
ferred based on SCRF calculations and discussed on the light of the con-
formational preferences predicted for the isolated state (gas-phase).
The study culminates with a full assignment of the NSpd vibrational
spectra, which reassessment justifies as the prior report [23] besides
being incomplete presents outstanding inconsistencies.

On the whole, it was found that the most stable conformation in the
gas-phase corresponds to the tGG'T-TG'Gg’ geometry, which is stabi-
lized by two intramolecular N-H---N hydrogen bonds. The overall stabi-
lizing relevance of the two H-bonds does not seem to be the same,
judging by the distances H---N that characterize them. In addition,
they are affected differently by the dielectric constant.

Assuming that in the condensed phase the stabilizing effect of inter-
molecular N-H---N hydrogen bonds eventually overwhelm those of the
intramolecular N-H---N ones, distinct NSpd-NH3 adducts were simulat-
ed in order to evaluate the relevance of considering different hydrogen
bonding patterns on the overall stability and on the vibrational frequen-
cies of NSpd. It was found that the highest CEHB is achieved by consid-
ering an adduct presenting all three amine groups engaged in two H-
bonds to distinct NH3 molecules, in all cases with an overall d-a pattern
(model 3). This result was used to infer the effects of hydrogen bonding
on the relative positioning of the NSpd vibrational modes. Special atten-
tion was given to the vNH,, ®NH,, pNH,, vNH and YNH modes as they
are particularly affected.

To finalize only a word of precaution, the present report clearly
evidences that an accurate prediction of the vibrational frequencies
requires at the outset a correct description of the molecular entity
being studied. Otherwise, an incorrect description of the molecular
structure and/or electronic distribution will lead to erroneous fore-
casts of the vibrational frequencies, culminating in inaccurate
assignments.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.saa.2016.01.003.
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Table 3
Assignment of the vibrational spectra (Raman and FTIR) of pure liquid NSpd.
Experimental Isolated NSpd Model 3 Assignment®
Raman FTIR ®* scal.” ®* scal.”
3367 3359 3599 3419 3554 3376 v,sNH,
3311 3599 3419 3554 3376
3281 3509 3333 3376 3207 vNH,
3509 3333 3207 3046
3216 3520 3344 3349 3181 vNH
3189 FR (2x5NH,)
2957 3120 2964 3118 2962 v,sCH,
3120 2964 3117 2961
2927 3095 2940 3092 2937
3095 2940 3092 2937
2900 3067 2913 3062 2909 vsCH;
3067 2913 3061 2908
2849 2854 3077 2923 3056 2903 V,sCHy
3074 2920 3055 2902
3040 2888 3053 2900 vsCH,
3040 2888 3052 2899
2802 2815 2952 2804 2953 2805
2755 2763 2947 2799 2946 2798
2688 2689
1667
1609 1603 1713 1627 1746 1659 SNH,

1713 1627 1746 1659
1524 1448 1601 1521 PNH

1474 1559 1481 1557 1479 6CH,
1461 1547 1469 1545 1468
1441 1440 1532 1455 1532 1455

1530 1453 1529 1452
1389 1518 1442 1519 1443
1517 1441 1518 1442

1458 1385 1456 1383 ®CH,

1369 1418 1347 1437 1365 tCH,
1418 1347 1434 1362

1355 1353 1431 1359 1427 1356 ®CH,
1417 1346 1414 1343
1396 1326 1398 1328

1307 1347 1280 1345 1278 tCH,
1341 1274 1341 1274
1336 1269 1340 1273

1293 1311 1245 1314 1248 ®CH,
1308 1242 1313 1247 tCH,
1284 1220 1291 1226 ®CH,
1253 1190 1278 1214 pCH,
1122 1124 1193 1133 1190 1130 V,sC-NH
1170 1111 1181 1122 vC-C
1159 1101 1167 1109 pCH,
1095 1133 1076 1154 1096 vC-NH,
1070 1068 1119 1063 1132 1075
1044 1037 1087 1033 1103 1048 vC-C
1081 1027 1099 1044 vC-C
1035 983 1092 1037 vsC-NH
980 1055 1002 1066 1013 tNH,
915 1054 1001 1055 1002
1035 983 1054 1001 vC-C
862 898 853 1023 972 ®NH,
896 851 998 948
825 809 768 980 931 YNH
764 753 879 835 875 831 pCH,
854 811 859 816
762 724 764 726
761 723 761 723
557 306¢ 628 597 PNH,
306¢ 628 597

2 Calculated frequency value.

b Scaled values in accord to Merrick et al. [52] (\ = 0.9499).

¢ v = stretching, 5 = scissoring, ® = wagging, p = rocking, t = twisting, 3 = in-plane
deformation and y = out-of-plane deformation; as and s stand for asymmetric and sym-
metric, respectively.

4 Not scaled as suggested by Merrick et al. [52].
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