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Abstract: Experimental and theoretical results are presented based on vibrational spectra and motional
dynamics of 1,8-bis(dimethylamino)naphthalene (DMAN) and its protonated forms (DMANH™ and
the DMANH™" HSO,;~ complex). The studies of these compounds have been performed in the gas
phase and solid-state. Spectroscopic investigations were carried out by infrared spectroscopy (IR),
Raman, and incoherent inelastic neutron scattering (IINS) experimental methods. Density functional
theory (DFT) and Car—Parrinello molecular dynamics (CPMD) methods were applied to support
our experimental findings. The fundamental investigations of hydrogen bridge vibrations were
accomplished on the basis of isotopic substitutions (NH — ND). Special attention was paid to the
bridged proton dynamics in the DMANH™ complex, which was found to be affected by interactions
with the HSO,4™ anion.
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1. Introduction

In the last few years, considerable attention has been devoted to the symmetry of hydrogen
bonding [1-10]. Hydrogen maleate, hydrogen phthalate anions, and proton sponges have been
studied intensively due to their physicochemical features that are derived from the presence of an
intramolecular hydrogen bond [2,4,5,7,8,11-14]. The significance of proton sponges, the main object of
the current study, is demonstrated by their high presence in the literature (e.g., [15-21]). The discussion
concerning the symmetry of the hydrogen bridge has been the subject of many experimental and
theoretical studies. The X-ray, neutron diffraction, incoherent inelastic neutron scattering (IINS),
infrared spectroscopy (IR), and nuclear magnetic resonance (NMR) methods of Limbach et al. [22-25]
and Perrin et al. [1,7] have been applied to investigate the isotopic perturbation of the equilibrium [26]
to distinguish between symmetric and asymmetric intramolecular hydrogen bonds.

Starting with the paper by Alder [27], where the first synthesis of
1,8-bis(dimethylamino)naphthalene (DMAN; naphthalene proton sponges) was published, proton
sponges have raised a great interest on the side of researchers [28-33]. The most promising feature of
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proton sponges is their significant basicity, which has been investigated in a series of papers [34-39].
The next unique trait of proton sponges is their extremely strong hydrogen bonding, already analyzed
by structural and spectroscopic methods [40-50]. Remarkably, the protonation process can occur by
the direct proton transfer from a strong acid to between two nitrogen atoms. However, in [51-54],
an elaborate out—in protonation mechanism is outlined. Such rotational mechanism rests upon the
intermolecular protonation of one of the amino groups by a strong acid, with the following reorientation
(isomerization) of this group, and formation of the intramolecular hydrogen bond NHN. The scientific
value/attractiveness of proton sponges also lies in the possibility of double protonation of the hydrogen
bridge [37,55].

The localization of the proton in a very short hydrogen bridge in proton sponges seems to be a
very interesting scientific challenge. A solution to such a challenge has been suggested in a number of
structural as well as spectroscopic studies [38—45]. Theoretical studies of proton dynamics in a hydrogen
bridge are of particular interest [55-61] because they provide information on the time-evolution of metric
parameters involved in hydrogen bridge formation, therefore giving an insight into the dynamical
features of the studied system. It is very hard to get similar information only by the construction
and analysis of standard/static models. These papers show the dynamics of the bridged proton in
proton sponges by the Car-Parrinello molecular dynamics (CPMD) method. In [62-67], the authors
investigated a strong influence of steric squeezing of bulky groups in Positions 2 and 7 on the hydrogen
bridge in proton sponges. In the recent paper by Pozharskii et al. [68], the authors opened up a synthetic
route to new proton sponges, exhibiting the strong buttressing effect mentioned above. The expected
result, which is currently being verified experimentally, is an extremely low energy barrier on proton
transfer (AE ~ 0.1 kcal/mol, which effectively means the barrier’s absence) in these new proton sponges,
which are also expected to possess extremely short NHN bridges [68].

It should be noted that proton sponges are interesting not only in the area of fundamental research.
Studies have shown the potential use of the investigated proton sponges in cardiology and dye
fields [69,70].

The main aim of this study is the experimental and computational investigation of the
symmetry/asymmetry of the NHN hydrogen bridge in proton sponges (Figure 1). This requires
a detailed structural and spectroscopic insight into hydrogen bridge properties. For this purpose,
the paper presents two synthesized complexes—DMANH* HSO,~ and DMAND™" DSO,~—for the
consequent studies of the isotopic effects on spectral parameters. As a part of these studies, IINS and
IR spectra have been measured in the wide spectral range of the synthesized complexes. Here, for
the first time, we present the IINS results for the discussed complex and their comparison with data
obtained by Car-Parrinello molecular dynamics [71]. The analysis of the experimental and calculated
vibrational spectra was completed; the studies of the bridged proton dynamics and molecular skeleton
symmetry were performed using the Car—Parrinello molecular dynamics (CPMD) method [71].
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Figure 1. Chemical structures of studied molecules DMAN and DMANH* and complexes DMANH*
HSO, and DMAND™ DSO,".
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2. Materials and Methods

2.1. Compound and Synthesis

The studied compound and solvents were purchased from Sigma-Aldrich and used without
further purification. Melting points were determined in glass capillaries on a Stuart SMP30 device and
are uncorrected.

Bis(dimethylamino)naphthalene Sulfate

To the vigorously stirred solution of 1,8-bis(dimethylamino)naphthalene (10 g, 47 mmol) in 200 mL
of diethyl ether, a 98% aqueous solution of HySOj4 (2.7 mL, 50 mmol) was added dropwise. The resulting
suspension was additionally stirred for 15 min and filtrated. The precipitate was dried over P,O5
in vacuo (2 torr) for 2 h to turn the product into white crystalline powder with a 90% yield (13.2 g);
melting point (mp) 177-178 °C. "H NMR (400 MHz, DMSO-d) & 18.30 (s, 1H), 8.15-8.07 (m, 4H), 7.74
(t, ] =7.9 Hz, 2H), 3.15 (d, ] = 2.6 Hz, 12H). '3C NMR (100 MHz, DMSO-ds) 6 145.17, 135.29, 129.33,
127.43,122.29,119.45, 46.23.

8-Bis(dimethylamino)naphthalene Sulfate-d,

To the vigorously stirred solution of 1,8-bis(dimethylamino)naphthalene (10 g, 47 mmol) in 200 mL
of absolute diethyl ether, a 98% solution of D,SO4 in DO (2.8 mL, 50 mmol) was added dropwise.
The resulting suspension was additionally stirred for 15 min and filtrated. The precipitate was dried
over P,Os in vacuo (2 torr) for 2 h to turn the product into white crystalline powder with a 95% yield
(14 g); mp 178-179 °C. 'H NMR (400 MHz, D,0) 6 7.84-7.74 (m, 4H), 7.55 (t, ] = 8.0 Hz, 2H), 3.00 (s, 12H).
13C NMR (100 MHz, D,0) 6§ 143.79, 135.04, 129.08, 126.89, 121.20, 118.63, 45.58. 2H NMR (500 MHz,
solid-state) 5 19.47, 14.20. The solid-state magic angle spinning (MAS) ?H NMR (76.7 MHz, 18 kHz
spinning, 3.2 mm rotor) confirmed the successful deuteration: two isotropic signals were observed at
ca. 19.5 ppm (the NDN bridging deuterons) and ca. 14.2 ppm (the remaining DSO4~ deuterons; see
Figure AS8).

2.2. Infrared Spectra Measurements

Fourier transform far- and middle-infrared (FT-FIR and FT-MIR) absorption measurements were
performed using a Bruker Vertex 70v vacuum Fourier transform spectrometer. The transmission spectra
were collected with a resolution of 2 cm™! with 64 scans. The FT-FIR spectra (500-50 cm ') were collected
for the samples suspended in Apiezon N grease and placed on a polyethylene disc. The FT-MIR spectra
were collected for the samples in a KBr pellet.

2.3. Incoherent Inelastic Neutron Scattering (IINS) Measurements

Inelastic neutron scattering spectra were measured using the time-of-flight inverted geometry
spectrometer NERA (pulsed IBR-2 reactor in JINR (Dubna, Russia)) at 5 K temperature in the
5-1600 cm™! spectral region. The spectra were converted from neutron per channel to S(Q, w) function
per energy transfer according to the scattering law [72].

The IINS and IR spectra of DMAN are presented in Figure A1.

2.4. NMR Measurements

Liquid-state NMR experiments were performed using a Bruker Avance III 400 spectrometer
(400.13 MHz for 'H and 100.61 MHz for 13C) at the Centre for Magnetic Resonance, St. Petersburg
State University Research Park. 'H and *C NMR chemical shifts were referenced to tetramethylsilane
(TMS) using the unified scale, according to IUPAC recommendations [73]. The number of scans varied
between 128 and 256. The corresponding spectra are presented in Figures A2—-A8. The NMR spectra
and the line shape analysis were performed using MestReNova 8.1 software [74].
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2.5. Static DFT and D3-DFT Calculations

The static density functional theory (DFT) calculations were accomplished for DMANH* and
the DMANH" HSO,~ complex using the Gaussian 16 Rev. C01 program [75], with the correlation of
the Lee—Yang-Parr formula (B3LYP) [76,77]. The 6-311++G(d,p) basis set [78-80] was used. The atom
pair-wise correction method for dispersion forces (DFT-D3) was applied [81]. The potential curves of
proton transfer within the NHN intramolecular hydrogen bond were calculated using the stepwise
elongation of the N-H distance by 0.05 A gradient, with full optimization of the rest of the structural
parameters. The calculations were performed for the gas phase and acetonitrile (ACN; the polarizable
continuum model (PCM) approach [82] in an IEF-PCM formulation). The computed structures were
shown using the MOLDEN program [83].

2.6. Symmetry-Adapted Perturbation Theory Calculations

Next, the investigation of the interaction energy components in the DMANH" HSO,~ complex was
carried out within the framework of symmetry-adapted perturbation theory (SAPT) [84]. The simulations
were performed at the SAPT?2 level of theory [85] for the B3LYP/6-311++G(d,p) structure. The SAPT2
calculations for the DFT-optimized structures were carried out with the aug-cc-pVDZ basis set [86],
employed for atomic orbital expansion. The interaction energy calculated at the SAPT2/aug-cc-pVDZ
level was corrected for the basis set superposition error using the counterpoise approach, taking
DMANHT as the “monomer” and the HSO,~ anion as the second “monomer” of the “dimer”. The SAPT
calculations were performed using the Psi4 1.2.1 [87] program.

2.7. Car—Parrinello Molecular Dynamics Simulations

The first-principle molecular dynamics (FPMD) simulations were performed on the basis of the
Car-Parrinello method [71]. The DMAN molecule and its protonated complex with HSO4~ were
investigated in the gas phase. The models for CPMD simulations were constructed based on DFT results
for DMAN and the DMANH™* HSO,~ complex. The computations were carried out using the CPMD
3.17.1 program [88]. Molecular dynamics trajectory postprocessing was achieved with the utilities
developed onsite and with the VMD 1.9.3. program [89]. The Gnuplot graphics package [90] and the
VMD 1.9.3. program [89] were used for the results’ graphical presentation. The DMAN molecule and
its protonated complex were placed in cubic boxes with a = 16 A and a = 18 A, respectively. The weak
interactions present in the investigated complex were reproduced with the empirical van der Waals
protocol developed by Grimme [81]. The PBE exchange-correlation DFT functional [91] was used
in both simulations. The Troullier-Martins norm-conserving pseudopotentials [92] substituted the
core electrons, while the plane-wave Kohn-Sham orbitals were set to possess the maximum kinetic
energy value of 80 Ry for DMAN and 100 Ry for the DMANH* HSO,~ complex. Hockney’s scheme of
periodicity removal [93] ensured the simulation in the regime of the isolated system. The translational
and rotational movements of the molecules, resulting from numerical rounding errors, were also
removed at every 20 MD steps during the simulations. The dynamics of the orbital coefficients were
carried out with the fictitious orbital mass of 400 a.u., and the timestep of the nuclear dynamics was
3 a.u. in the case of DMAN and 2 a.u. in the case of the studied complex. The CPMD simulations were
performed with the equilibration of the simulation conditions and the subsequent trajectory collection
for further metric and spectroscopic feature analyses. Equilibration was carried out by thermostatting
the ionic temperature at 300 K for DMAN and 297 K for the complex using a separate Nosé-Hoover
thermostat chain, with default settings for each degree of freedom (“massive” thermostatting) [94,95].
The data collection lasted for 21.8 ps for DMAN and 24.1 ps for the DMANH" HSO4~ complex.
The NVE microcanonical ensemble was used, i.e., the thermostatting was discontinued during the
production run simulations. Then, the obtained trajectories were used to extract information on the
time-evolution of atoms forming the hydrogen bridge and of other metric parameters, e.g., the NC-NC
dihedral angle, as well as to determine the vibrational features from the power spectra of the atomic
velocity of the investigated molecules (Figures A9 and A10).
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3. Results and Discussion

3.1. SAPT Analysis of the DMANH* HSO,~ Complex

The SAPT scheme partitions the interaction energy of a dimer into diverse components [84,85].
For the purpose of this study, however, it is sufficient to use the most general scheme of grouping these
components into electrostatic, exchange, polarization, and dispersion terms. The first one refers to
the Coulombic interaction between the nuclei and electronic densities of the monomers DMANH*
and HSO, ™, with the assumption that these monomers are in their original electronic states, that is,
DMANH" is not perturbed by HSO4~ and vice versa. The same assumption holds for the exchange
(Pauli repulsion) term. The effects of mutual polarization or induction, together with their impact on
Pauli repulsion, are included in the third term. Finally, the last component gathers the instantaneous
multipole attraction (dispersion forces) between the monomers. These four terms are composed of
many contributions, some of them arising as the result of intramonomer electron correlation. Selecting
the noncorrelated terms yields the Hartree-Fock interaction energy. All these contributions for the
DMANH* HSO,4~ complex are summarized in Table 1.

Table 1. Interaction energy components (in kcal/mol) calculated at the SAPT2/aug-cc-pVDZ level of
theory for the B3LYP/6-311++G(d,p) structure of the DMANH* HSO4~ complex in a vacuum.

Electrostatics Exchange Induction Dispersion Total HF Total SAPT2
-87.17 24.98 —14.64 -11.44 -79.25 —-88.28

A striking agreement is found between the electrostatics term and total SAPT2 interaction energy.
The remaining three components of the intermolecular forces are close to zero when summed up.
This fact is the manifestation of the dominant role of electrostatics in an ionic complex. Exchange,
induction, and dispersion are important individually, but their combined effect is just one kcal/mol of
destabilization. Interestingly, even for such a strongly bound complex, electron correlation strengthens
the interaction by 9 kcal/mol, almost 10% of total SAPT2 energy. Nevertheless, the net interaction
strength corresponds strongly to the purely Coulombic picture of the cation—anion pair. The impact of
this strong electrostatic interaction is visible in the modified time scale of bridge proton dynamics,
which is described in the next section.

3.2. Metric Parameter Time-Evolution Analysis Based on Car—Parrinello Molecular Dynamics

The CPMD simulations in the gas phase were carried out by us with a twofold aim: first, to
identify the apparent symmetry of the gas-phase DMAN molecular skeleton, and second, to investigate
in detail the behavior of the intramolecular hydrogen bridge. The timescale of over 20 ps was found
sufficient to cover the characteristic features of the neutral and protonated DMAN. Firstly, we examined
the relative arrangement of the aromatic rings, distorted by the sterically bulky substituents of the
amine moieties. Figure 2 presents the time evolution of the relevant CN-CN dihedral angle between
the C-N bonds (which effectively measures whether the two naphthalene rings are coplanar).

The relatively slow motion of the aromatic rings is rather strongly harmonic in the nonprotonated
DMAN, but the symmetry of the molecular skeleton is broken by the methyl groups, which are bulky
enough to prevent the two rings from being coplanar. The average CN-CN dihedral angle is, for this
case, 152.1°. When the DMANH* HSO,~ complex is studied, the average angle is 181.2°, much closer
to the “ideal coplanarity” value. These findings are determined by the fact that in the nonprotonated
DMAN, the lone pairs of the nitrogen atoms act, in addition to the size of the N(CHs), groups, as
additional “steric-blocking” factors, and they do not allow the substituents of the naphthalene ring to
cross the molecular plane. In effect, the movement of the -N(CHj3), moieties is limited in its amplitude
and centered at a value far from 180°. Additionally, the N--N distance is also larger in DMAN than
in the protonated complex. This brings us to the role of the proton in the NHN hydrogen bridge.
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The proton connects the -N(CH3), moieties closely, bringing about a decrease in the N---N distance
and increasing in the planarity of the compound. Additionally, the HSO4~ group cannot be neglected
while analyzing the results. The intermolecular dynamics of the DMANH" HSO,~ moieties are very
slow in comparison to the intramolecular vibrations, leading to larger and less systematic amplitudes
of the dihedral angle seen in Figure 2. Thus, within the 20 ps time scale, one might conclude that the
cationic DMANH™, with the hydrogen bridge intramolecular linker, is planar but not necessarily more
harmonic. It is visible that the trajectory of the dihedral angle is very harmonic for DMAN but much
more rugged for DMANH™. This suggests that the dynamics of the hydrogen bridge in the complex
might reveal strong anharmonicity (see Figure 3).
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Figure 2. Time evolution of the dihedral angle between the C-N bonds—results of the gas-phase
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Car—Parrinello molecular dynamics (CPMD) simulations for the neutral DMAN (green line) and
DMANH* HSO,~ (red line).

R —
3 3
25 [ puan’ N..N{2.5
// P
3T DMANH* HS0; N.NT 3
= | 2.5
S 25 12,
i N-H
F
1 1
I T S T T B AT G N T A
0 5 10 15 20
t [ps]

Figure 3. Time evolution of selected metric parameters—results of the gas-phase CPMD simulations
for the neutral DMAN (purple line: N---N distance) and DMANH* HSO4™~ (blue line: NN distance;
red and green lines: bridge N-H distances).
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Figure 3 is an example of the proton bridge dynamics studied by first-principle molecular dynamics
methods. Time evolution of the important metric parameters (N-H, H--N, and N---N distances) is
presented. The time scale available for the CPMD simulation is such that we could observe the high
mobility of the bridged proton; the proton moves between the donor and acceptor atoms, which is
indicated by the red and green lines crossing continually. For clarity, the data for the nonprotonated
DMAN (the NN distance) is presented as the inset above the data for the protonated complex.
Figure 3 shows clearly how strongly the bridged proton is able to force the two nitrogen atoms closer.
The N--N distance averaged over the CPMD run is 2.929 A for the neutral DMAN and only 2.646 A for
the DMAN HSO,~ complex. The hydrogen bridge is not totally symmetric within the 20 ps time scale:
the averages of the two N-H distances are 1.346 and 1.396 A. We do not expect this lack of symmetry
in the bridge to result from any significant physical phenomenon because the molecular structure of
DMANH+ does not contain any substituents that could break the symmetry of the proton potential
function. We attribute the imperfect averaging of two N-H distances to the effect of the slow motion
of the heavier HSO,~ anion in the neighborhood of the hydrogen bond. It is visible that the proton
resides at a given nitrogen atom for a period of ca. 1 picosecond, and then it abruptly switches to the
other nitrogen site. This residence period of ca. 1 picosecond is much longer than the time of 0.3 ps that
was observed in the CPMD simulations of gas-phase DMANH™" [56]. SAPT analysis has shown the
absolutely dominant role of the electrostatic interactions, and this fact means that the structures with
localized charges are preferred. In turn, this means that the transfer of the bridged proton over the
hydrogen bond center displaces the location of the positive charge and is accompanied by the motion
of the heavier HSO, anion as well. Moreover, the central-symmetric structures with two equal N-H
distances are not favored because such a structure would have the most symmetric charge distribution
and would provide less than optimal electrostatic interaction.

3.3. DFT and D3-DFT Analysis of PES

Part of the presented studies covers the investigation of the potential curves of the proton transfer
in DMANH+ and DMANH* HSO, . The studies are based on the calculations of the potential curves
by the B3LYP/611++G(d,p) method, with Grimme correction (D3-DFT) [81] and without it (DFT), for the
gas phase and involve the influence of the solvent (acetonitrile; the PCM model). The calculations with
Grimme correction exposed a lower potential barrier of the proton transfer in the studied molecules
in the gas phase and in the polar medium (Figure 4A,B) than the calculation without this correction.
This conclusion is absolutely reliable since it is in accordance with the approximation suggested by
Grimme [96]. Taking into account that dispersive interactions must show a stronger interrelation in the
hydrogen bridge, as a consequence, there is a decrease of the potential barrier.

The analysis of the influence of the polar environment (the transition from the gas phase to
acetonitrile) reveals the difference between DMANH* and DMANH* HSO,~. Notably, the specific
interactions (intermolecular hydrogen bond between DMANH™" and HSO,4 ") increase the value of the
potential barrier for the proton transfer in the intramolecular hydrogen bridge due to its weakening
by bifurcation. In the case of DMANHY, the growth of environment polarity also brings about the
increase of the barrier for proton transfer. This result, obtained by DFT and D3-DFT calculations,
proves that the polarity increase leads to the weakening of the symmetric NHN hydrogen-bonding
in DMANH™ under the absence of outside specific interactions (HSO,~). This trend is consistent
with the generally accepted concepts of hydrogen bonds presented in [97,98]. Nevertheless, reverse
dependence is observed in the presence of such specific interactions. For the complex DMANH*
HSO,4~, the growth of the polar environment evokes the decrease of the barrier for the proton transfer.
It is important to note that the calculation of the complex DMANH' HSO,~ for the gas phase does not
present symmetric potential, which seemed to be expected because of the reorientation of the HSO4~
anion under the proton transfer in the NHN bridge. However, the calculation of the complex DMANH*
HSO,~ involving solvent influence has potential, with two minima of equal depth (Figure 4B).
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Figure 4. Calculated density functional theory (DFT) and atom pair-wise correction method for dispersion
force (DFT-D3) potential energy functions for gradual proton displacement in the intramolecular hydrogen
bond of DMANH™* (A) and DMANH* HSO,~ (B). Left panel: black solid line, DMANH* with Grimme
approach for gas phase; red solid line, DMANH" for gas phase; black dashed line, DMANH* with
Grimme approach for ACN; red dashed line, DMANH" ACN. Right panel: black solid line, DMANH™*
HSO,~ with Grimme approach for gas phase; red solid line, DMANH" HSO,~ for gas phase; black
dashed line, DMANH* HSO,~ with Grimme approach for ACN; red dashed line, DMANH* HSO,~
for ACN.

The whole picture of the calculated potential curves enables us to conclude that the hydrogen
bonding in DMANH* HSO,~ is symmetric but with the height of the barrier for proton transfer equal
to 1.5 kcal/mol.

3.4. Comparison of Experimental IINS, IR, and Calculated CPMD Spectra

The spectroscopic measurements and theoretical calculations of molecular properties are
complementary tools to gain insight into the nature of the studied systems. In particular, static DFT
and dynamical CPMD simulations have determined the symmetry/asymmetry of the proton potential
function in the bridge. There are, however, some points in which the experiment and calculations can be
directly conjugated. Thus, this part of the paper is concerned with the analysis of the spectral bands
assigned to the vibrations of bridged proton and methyl groups, performed by means of CPMD and
DFT calculations (Figures 5 and 6, Tables A1 and A2). Moreover, these studies verify the reliability of
the CPMD simulations. As well-known [99-103], in IINS spectra, the most intensive are the vibration
bands of hydrogen atoms, especially torsional vibrations of the methyl groups [102-110]. Therefore, we
conducted the measurements of IINS spectra and the calculation of the vibrations of all the hydrogen
atoms of the investigated DMAN complex by the CPMD method (Figures A9 and A10). According
to the performed CPMD calculations, the bands of the deformational and torsional vibrations are
located at 1380, 1100, 1030, 970, and 230 cm ™. Notably, the CPMD calculation gives a picture of more
expanded bands, which is closer to reality (see spectra and Figures 5A and 6C,D). There is a very
good agreement between the calculated vibrations of the methyl groups and the measured positions
of the bands in the IINS spectrum <1300 cm~! (red arrows on Figure 5). The bands at 1380, 1100,
1030, and 970 cm™! are assigned to §, y deformational, and T torsional vibrations of the methyl groups,
respectively. Interestingly, only the IINS spectrum features all the mentioned bands; meanwhile, IR and
Raman spectra are characterized by just two bands (1050 and 330 cm™?). This fact clearly points out the
prevalence of the IINS method over traditional IR and Raman methods when it comes to the studies of
the methyl group vibrations.

As for the analysis of the bridged proton (NHN) vibrations, the CPMD calculation revealed the
presence of only one wide intensive band covering a spectral region of 1000-2500 cm~! and centered
at 1500 cm™! (Figure 6C). This calculated band corresponds to the wide band of a weak intensity in
the Raman spectrum (Figure 6B). A weak intensity of the bands in the Raman spectrum, assigned
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to the hydrogen bridge vibrations, is quite reasonable and complies with the commonly accepted
rule [111,112]. However, in the infrared spectrum of the studied complex (Figure 6A), one can observe
a wide band (300-3000 cm™) called Zundel’s continuum absorption, which is an indicator of extra
strong hydrogen bonds [113,114]. The CPMD calculation, which complies with the experimental IR
data, states that 3500, 1100-1000, and 300-80 cm~! bands correspond to hydroxyl group vibrations
(corresponding, respectively, to the v(OH), §(OH), y(OH), and T(OH) modes).

For a more precise analysis of the bands in the IINS spectra of the studied complex, we have also
completed the studies of its deutero-substituted derivative (NHN — NDN). The degree and reliability
of the synthesized deutero-substituted complex are presented by means of NMR measurements
(Figures A5—-A8). The comparison of two IINS spectra of the protonated and deuterated complexes
(Figure A11) showed a decrease of the band intensity at 530 and 262 cm~!. These bands are assigned to
the NHN and NHO vibrations of the hydrogen bridges. A similar interpretation was earlier performed
in [115,116].

arb. units

SQW

intensity

absorbance

0 500 1000
wavenumbers/energy transfer [cm™]

Figure 5. Simulated power spectrum of the torsional methyl group modes by the CPMD method (panel
(A)) and experimental incoherent inelastic neutron scattering (IINS; panel (B)), Raman (panel (C)), and
infrared spectroscopy (IR) spectra (panel (D)) of DMANH®* HSO, ™. The red arrows show the best fit
between the calculated and experimental bands.
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Figure 6. Experimental IR (panel (A)), Raman (panel (B)) and atomic velocity power spectra for the
hydrogen-bonded protons of the DMANH* HSO,~ complex (results of the CPMD simulation in the
gas phase; panels (C) and (D) for NHN and OH protons, respectively).

4. Conclusions

In this study, we present the experimental investigation of 1,8-bis(dimethylamino)naphthalene
sulfate (DMANH" HSO,~, as well as its deuterated isotopolog DMAND™* DSO,"; protonated proton
sponges) in solid-state by means of inelastic incoherent neutron scattering (IINS), IR, and Raman
spectroscopy, supplemented by the theoretical investigation of isolated DMANH* and (DMANH*
HSO,7) salt using DFT, D3-DFT, and CPMD methods.

We show that the strong intramolecular NHN hydrogen bond in DMANH* moiety is asymmetric
and that the bridged proton is moving in a double-well potential. However, the energy barrier for the
proton transfer is very low, ca. 1.5 kcal/mol, which determines the short residence time of the proton
close to one of the nitrogen atoms of about 1 ps or 0.3 ps (depending on whether the presence of the
HSO,4~ anion and its motion are taken into account or not). The HSO,™ anion interacts with the cation
by forming additional intermolecular OH---N hydrogen bonds and occasionally by forming bifurcated
hydrogen bonds with the NHN proton; nevertheless, the energy of the anion—cation interaction remains
predominantly electrostatic.

We show that the polarity of the surrounding medium has an effect on the proton transfer
barrier height: for isolated DMANH®, higher polarity increases the barrier (as it destabilizes the
central-symmetric structure with the most delocalized positive charge); in contrast, for DMANH*
HSO4~, higher polarity decreases the barrier height because of the higher stabilization of the more
isolated HSO4™ anion in the central-symmetric transition state structure.

The shortness of the NHN bridge leads to the extreme broadening of the NH stretching band
in vibrational spectra (a Zundel continuum covering the 300-3000 cm™~! range is observed in the IR
spectra). Thus, the intramolecular hydrogen bond in DMANH™ could be classified as a low-barrier
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hydrogen bond (LBHB) or a short strong hydrogen bond (SSHB), but its symmetry is present only on
average. In the majority of instances, the symmetry is broken due to the asymmetric placement of the
anion, whose motion determines the dynamics and drives the bridged proton transfer.

In conclusion, it is worth emphasizing that the CPMD calculation can quite realistically describe
some aspects of experimental neutron scattering spectra.
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Appendix A
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Figure A1. The IINS and IR spectra for 1,8-bis(dimethylamino)naphthalene.
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Figure A2. 'H NMR spectrum for 1,8-bis(dimethylamino)naphthalene sulfate (400 MHz, DMSO-dg).
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Figure A3. 13C NMR spectrum for 1,8-bis(dimethylamino)naphthalene sulfate (100 MHz, DMSO-dg).
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Figure A5. 'H NMR spectrum for 1,8-bis(dimethylamino)naphthalene sulfate-d, (400 MHz, D,0).
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Figure A7. 13C DEPT135 NMR spectrum for 1,8-bis(dimethylamino)naphthalene sulfate-d, (100 MHz, D,0).
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Figure A11. The IINS spectra of DMANH* HSO4~ (black line) and its derivative DMAND* DSO4~
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Table A1l. Experimental IR, IINS, and calculated (B3LYP/6-311++G(d,p)) spectral data of DMAN.

Intensities
Mode No IR TINS W“Y:I‘I‘I‘ﬂ‘]‘ber kem/anol]

exp. exp. calc. calc.
tr 9,14, 35, 46
1 56 51.74 0.52
2 72
3 84 80
4 93 91 99.49 0.23
5 115.46 3.64
6 124 122 122.23 0.28
7 126.25 1.04
8 135 141 151.23 0.59
9 162 163 172.50 0.95
10 193 190
11 200 211.02 0.02
12 243 222 231.19 0.68
13 263 259 261.03 4.05
14 286 277 295.65 1.52
15 304 296 303.45 1.05
16 310 312.48 4.87
17 334 325.28 0.29
18 351 351 350.55 1.38
19 363 361 367.12 4.21
20 382 385 385.57 3.15
21 443 446 442.71 1.12
22 468 474 478.21 5.77
23 484.85 2.56
24 525 528 535.68 5.75
25 536.21 1.67
26 538.78 0.01
27 577 551.01 1.67
28 643 620 632.15 2.95
29 661 649 654.22 8.74
30 677.28 7.42
31 752 766 766.11 0.11
32 779 771.44 0.69
33 775.50 79.16
34 793.09 3.25
35 818 839.55 27.81
36 870 876.68 0.14
37 887 892.78 1.88
38 897.72 2.49
39 937 947.92 40.51
40 956 971 973.02 0.65
41 980.44 0.31
42 1032 1041.07 95.25
43 1056 1053.03 25.44
44 1072.89 23.97
45 1092 1073.11 9.06
46 1108.97 12.30
47 1113 1112.14 4.67
48 1122.56 0.38
49 1136 1131.23 4.10
50 1152 1158.87 0.66
51 1162.50 44.36
52 1185 1178.07 1.90
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Intensities
Mode No IR TINS W“Y:I‘I‘I‘ﬂ‘]‘ber kem/anol]

exp. exp. calc. calc.
53 1197 1188.05 211
54 1200 b 1205.20 27.08
55 1220.59 6.34
56 1226 1224.03 4.29
57 1242.37 18.36
58 1248.75 14.89
59 1324 1333.17 15.30
60 1343 1348.38 47.07
61 1360.88 23.49
62 1384 1369.77 22.02
63 1420 1407.98 74.73
64 1448 1443.03 0.43
65 1443.45 0.39
66 1456.69 21.91
67 1463 1466 b 1464.24 5.54
68 1473.32 1.03
69 1479 1477.99 0.62
70 1481.23 3.35
71 1485.18 9.10
72 1492.70 20.46
73 1493.08 30.41
74 1500.92 2.48
75 1511 1502.60 16.87
76 1521.37 11.25
77 1524.98 22.79
78 1576 1542.86 22.63
79 1605 1608.92 191.50
80 1722 1632.70 1.17
81 1641.10 11.45
82 2926.35 160.99
83 2777 2926.67 11.27
84 2824 2939.86 267.58
85 2852 2941.71 37.29
86 2928 3051.65 27.31
87 2971 3051.81 17.97
88 3013 3056.51 12.52
89 3048 3057.11 96.53
90 3093 3101.58 16.29
91 3101.61 24.04
92 3158.93 4.96
93 3159.18 17.51
94 3159.31 0.06
95 3161.34 1.11
96 3176.94 10.44
97 3180.00 43.23
98 3204.39 11.51
99 3204.41 8.22
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Table A2. Experimental IR, IINS, Raman, and calculated (B3LYP/6-311++G(d,p)) spectral data of

DMANH* HSO4™.

Wavenumber Intensities
No IR IINS Raman [em-1] [km/mol]
exp. exp. exp. calc. calc.
1 14.57 0.03
2 17.59 1.10
3 36.81 1.37
4 42.72 0.88
5 60.97 1.86
6 83.84 25.22
7 90 90.41 5.08
8 93.29 0.17
9 147.02 43.61
10 152.75 31.05
11 162 161.14 3.03
12 185 185.56 9.32
13 185.81 15.51
14 194 198 198.61 0.12
15 242.02 3.42
16 243.48 2.73
17 249 252.75 10.81
18 256.74 0.23
19 262 262 263.71 0.50
20 274 288.84 3.22
21 325 325.96 0.01
22 329 332.45 8.04
23 378.53 3.30
24 382 383 384.15 6.38
25 399.35 13.15
26 419 422.01 12.28
27 440 439 441.72 3.17
28 466 470 481.60 0.24
29 503 498.35 10.20
30 511 525.17 5.77
31 525.65 52.86
32 533 533 534 536.22 9.97
33 539.01 0.17
34 540.81 3.02
35 545.32 31.75
36 584 585 593 583.61 12.63
37 642 649.80 0.00
38 676 674.12 35.07
39 687 678.86 0.26
40 732.25 299.92
41 776.12 0.93
42 779 781.77 1.30
43 787 789.15 71.35
44 796.76 0.78
45 841 844 853.32 15.88
46 846 877 866.23 13.02
47 908.56 22.33
48 922.62 0.27
49 949 938.58 1.60
50 989.33 3.63
51 995.53 4.04
52 1002.12 1.26
53 1004.20 11591
54 1007 1013 1007 1004.66 102.37
55 1031 1025 1047.32 17.60
56 1049 1049 1047.85 18.21
57 1087 1088.53 0.09
58 1099 1104.66 212.72
59 1108.80 8.72
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Wavenumber Intensities

No IR IINS Raman [em-1] [km/mol]

exp. exp. exp. calc. calc.
60 1112 1110.39 10.96
61 1114 1114.95 4.13
62 1155 1170.56 30.47
63 1173 117517 65.76
64 1181.23 21.65
65 1193 1195.65 20.18
66 1196.71 26.24
67 1199.61 175.54
68 1200.30 166.15
69 1210 1217.08 170.92
70 1223 1228.08 9.32
71 1239.64 13.43
72 1245.05 26.67
73 1264.43 4.50
74 1305.30 11.88
75 1354.70 48.76
76 1365 1365.64 3.30
77 1379 1386.47 15.33
78 1414 1415 1436.10 1.65
79 1431 1438.56 79.01
80 1443 1451.21 3.09
81 1469 1465.77 1.48
82 1480.31 7.45
83 1482.26 0.71
84 1488.20 15.25
85 1488.98 0.97
86 1490 1497.56 0.69
87 1495 1498.85 20.69
88 1503.20 8.53
89 1505.92 5.75
90 1511.50 82.43
91 1518 1514.96 23.30
92 1521.21 24.25
93 1578 1580 1551.47 22.12
94 1603 1612.85 5.43
95 1626 1627 1617.33 8.56
96 1644.36 9.08
97 1664.89 16.75
98 2600 2529.78 977.93
99 2809 2984.75 30.16
100 2940 2866 2989.37 66.45
101 2952 3056.91 10.25
102 3015 3060.71 59.04
103 3065 3081.84 19.34
104 3082.70 19.25
105 3134.13 0.65
106 3137.65 8.34
107 3148.81 1.78
108 3150.19 9.61
109 3154.58 2.99
110 3160.22 69.10
111 3168.92 0.48
112 3172.93 0.06
113 3181.07 9.40
114 3186.35 13.84
115 3192.70 10.19
116 3198.99 4.40
117 3794.06 87.38
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