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Abstract: Raman scattering has been employed to study in detail the concentration dependence of
the vibrational modes for hexamethylenetetramine (HMTA) aqueous solutions. The formation of
protonated and/or aggregated species has been clarified by comparing the experimental with the the-
oretically predicted vibrational spectra by means of quantum mechanical calculations. The analysis
has shown that the vibrational modes of the solutions arise from a contribution of the vibrational
modes of the HMTA self-aggregates and hetero-aggregates of HMTA with water molecules that are
formed in the low- and intermediate-concentration regions, respectively. The protonation of HMTA
is ruled out due to the large differences between the experimental and the theoretically calculated
spectra of the protonated molecules of HTMA in the fingerprint region. In the low-concentration
solutions, the hetero-aggregation reaction of HMTA with water is the dominant mechanism, while
at higher concentrations, a self-aggregation mechanism occurs. Ultrasonic absorption and velocity
measurements were carried out for hexamethylenetetramine aqueous solutions. The acoustic spectra
reveal the presence of only one single Debye-type relaxation process that is assigned to the aggre-
gation mechanism of HMTA. The sound absorption data follow two different dependencies on the
HMTA mole fraction. The crossover 0.018 mole fraction signifies two separate regions with distinct
structural characteristics. The relaxation mechanism observed in dilute solutions was attributed to
hetero-association of HMTA with water molecules, while at higher concentrations, the observed
relaxation process was assigned to the self-association reaction of HMTA molecules. This structural
transformation is also reflected in several physicochemical properties of the system, including the
kinematic viscosity, the mass density, the sound speed and the adiabatic compressibility of the HMTA
aqueous solutions. The combination of vibrational and acoustic spectroscopies with molecular or-
bital calculations allowed us to disentangle the underlying processes and to elucidate the observed
relaxation mechanism in the HMTA aqueous solutions.

Keywords: Raman; ultrasonic relaxation spectroscopy; molecular orbital calculations; hexamethyle-
netetramine; aggregation mechanism

1. Introduction

Hexamethylenetetramine (HMTA) is a tertiary polyamine, whose structure resembles
that of a cage. HMTA is also known as methenamine, hexamine or urotropine. Hexam-
ethylenetetramine is used in medicine for the treatment of urinary tract infections (UTIs)
and it is effective as a daily low-dose antibiotics at preventing UTIs [1]. It is also used
for heating camping food or military rations, since it burns without smoke and it has
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a high energy density, it does not liquify while burning and leaves no ashes (although
its fumes are toxic) [2]. The wide range of applications also includes its use as a food
additive/preservative corresponding to the International Numbering System for Food Ad-
ditives (INS number) 239 [3]. HMTA is used as the base component to produce a variety of
highly explosive organic compound including RDX (abbreviation of Research Department
eXplosive), C-4, octogen, HMTD (Hexamethylene Triperoxide Diamine) and others [4].
Finally, HMTA is a versatile reagent in organic synthesis [5], while its dominant use is in
the production of powdery or liquid preparations of phenolic resins, where it is added as a
hardening component [4].

Hexamethylenetetramine is a heterocyclic organic compound with a tetrahedral cage-
like structure similar to adamantane. Four vertices are occupied by nitrogen atoms that are
connected by methylene groups. Despite the molecular cage-like shape of HTMA, at the
interior of the molecule no void space is available to incorporate other atoms or smaller
molecules. The HMTA molecule behaves like an amine base, undergoing protonation and
molecular self- and hetero-aggregation reactions with solvent molecules. Its rigid molecular
structure does not permit any conformational change.

A deep understanding of HMTA’s structural and dynamical properties is essential for
predicting several macroscopic properties of this amine that may have important impli-
cations in its already wide range of applications. The combination of vibrational (Raman)
spectroscopy with acoustic relaxational spectroscopy has been proven to be a powerful tool
in investigating the association—-dissociation [6,7] and the proton-transfer [8,9] mechanisms,
and generally in reaction engineering [10]. Ultrasonic relaxation spectroscopy may provide
dynamical and structural information about the studied system in the frequency domain
covering a wide range from 10 kHz to ~10 GHz that corresponds to relaxation times
between 107> and 10~ !! s, without any restriction on the type of process studied [11-14].
Additionally, Raman spectroscopy provides vibrational relaxation and structural informa-
tion at the molecular level in a time scale of 10712 to 10~ !4 s. By combining Raman with
ultrasonic relaxation spectroscopy, one can provide a complete and frank account for the
physicochemical behavior of the system. On the other hand, Density Functional Theory
(DFT) calculations can be used to help us disentangle the underlying processes and to
elucidate the observed relaxation mechanism in the acoustic spectra.

Our aim in this study was to provide insights on the structure and dynamics of aque-
ous solutions of HMTA by performing vibrational and acoustic concentration-dependent
measurements. The possibility of formation of protonated and/or aggregated species was
clarified by comparing the experimental spectroscopic data with quantum mechanical
calculations on isolated species in the gas phase free of any interactions.

2. Results and Discussion
2.1. Structural Processes in HMTA Aqueous Solutions

The HMTA molecule acts as an amine base, and thus, it may undergo protonation
reactions with solvent molecules. The proton-transfer mechanism can be described as:

HMTA + zH,O = HMTA % 4+ zOH ™ 1)

The possible proton-transfer reactions that may occur in HMTA aqueous solutions are
shown in Figure 1. Each reaction corresponds to a subsequent protonation step.

The molecular structure of HMTA permits not only a molecular hetero-aggregation,
but also a self-aggregation reaction. In addition, other processes such as a proton transfer
reaction of HMTA with the solvent (water) may also occur. Processes related to conforma-
tional changes are unlikely to occur due to the rigid molecular structure of HMTA.
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Figure 1. Possible proton-transfer reactions that may occur in HMTA aqueous solutions. Each reaction
corresponds to a subsequent protonation step. The protonation constant of HMTA is pKa = 4.89.
HMTA is a weak base and only one of its nitrogen atoms tends to be protonated, while the rest are
expected to be hydrogen bonded with water molecules as shown in [5].

The hetero-aggregation reaction of HMTA with water is likely to occur at low concen-
trations of amine, where the solute—solvent interactions are expected to be stronger, and
can be described through the following scheme:

(H,0),, + HMTA = HMTA-mH,0 @)

The (H,0)y, and HMTA - mH,O complexes denote the corresponding water clathrate
and the mixed aggregate between water and HMTA molecules, respectively, and both
are constituted through hydrogen bonds [15-18]. Parameter m is the number of water
molecules that are associated in the formation of the water clathrate and mixed aggre-
gate. The possible hetero-aggregation reactions that may occur in HMTA aqueous solu-
tions are presented schematically in Figure 2. Each reaction corresponds to a subsequent
aggregation step.

At intermediate concentrations of HMTA aqueous solutions, a self-aggregation reac-
tion of HMTA may occur, which can be described as:

nHMTA = (HMTA),, 3)

with n designating the aggregation number and (HMTA),, the HMTA aggregate. The self-
aggregation mechanism is usually a stepwise reaction [19]. Nevertheless, for low values of
the aggregation number, this reaction can be approximated as a mean mechanism that is
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described by Equation (3). The possible self-aggregation reactions that may occur in HMTA
aqueous solutions are illustrated in Figure 3.
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Figure 2. Possible hetero-aggregation reactions that may occur in HMTA aqueous solutions. Each
reaction corresponds to a subsequent aggregation step.
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Figure 3. Possible self-aggregation reactions that may occur in HMTA aqueous solutions. The
second reaction corresponds to a mean reaction of the usually stepwise aggregation mechanism. This
hypothesis is valid for relatively low values of the aggregation number n.

In an effort to verify which mechanism occurs upon dilution of HMTA in water, we
recorded the Raman spectra of solutions in the dense concentration region at 20 °C. The
polarized (VV) spectra in the 0.00018 to 0.083 mole fraction region are presented in Figure 4.
The depolarized (VH) spectrum is shown only for the solution with a 0.083 mole fraction
of HMTA. No significant spectral changes were observed with varying the HMTA mole
fraction in the solutions. At mole fractions below 0.0018, the spectra were dominated by
the presence of the solvent bands, especially in the frequency range above 3000 cm~!.

The bands observed in the fingerprint region, that is below 1500 cm~!, are due to CNC
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deformation and stretching, CN stretching and CH, deformation, twisting and wagging
vibrations [20,21]. In the 2800-3000 cm ! region, the high-intensity bands were assigned
to the symmetric and asymmetric C-H stretching modes, while above 3000 cm~!, the
spectrum was dominated by the presence of broad and strongly overlapping bands that
were attributed to the O-H stretching modes of the hydroxyl functional groups that belong
to water molecules. We also detected a relatively sharp band near ~3636 cm !, which was
assigned to the O-H stretching modes of the hydroxyl of water molecules that are hydrogen
bonded with HMTA molecules. As the solutions became more concentrated with the amine,
the intensity of the ~3636 cm™! peak decreased, but it continued to exist. This means that
even in the concentrated amine solutions, HMTA complexation with water takes place.
From the depolarized spectrum, it seems that the 785 cm ! band, assigned to the stretching
mode of the CNC with A; symmetry, was strongly polarized. The rest of the bands were
only partially polarized. The experimental and theoretically estimated Raman frequencies
of HMTA in solution and in vacuum, respectively, as well as a tentative assignment are
presented in Table 1. The experimental frequency of the CNC deformation vibration differs
by 4 cm~! with the corresponding frequency of the calculated spectra, which is reasonable
since the calculation was performed in the vapor state and not in solution state where
intermolecular interactions are present.

T T T T T
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0.0018 mf VV /’\L
\ 0.018 mf VV
2z
w2
= ﬁ 0.035mf VV M
&
=
L
2
5 A 0.051 mf VV
©
a4
\ ﬂ» Y 0.067 mf VV
I ' 0.083 mf VV )J'\_/x
| A M 0083mf VH JL/_/\‘_
1 I 1 I 1 I 1
0 1000 2000 3000 4000

Wavenumber [cm™]

Figure 4. Concentration dependence of the experimental polarized (VV) Raman spectra of HMTA
aqueous solutions in the dense concentration region at 20 °C. The depolarized (VH) spectrum is
presented only for one solution corresponding to a 0.083 mole fraction of HMTA. The intensity of the
depolarized spectrum is multiplied by a factor of 2 to facilitate the observation of the bands in the
fingerprint region (<1500 cm™1).
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Table 1. Experimental and theoretical Raman frequencies of HMTA in solution and vacuum, respec-
tively, and band assignments.

Experimental Raman

Theoretical Raman

Frequency (cm~1) in Solution ~ Frequency (cm~1) in Vacuum Assignment Symmetry
459 463 CNC deformation E
515 510 CNC deformation F,
692 680 CNC deformation F,
785 789 CNC stretching Ay
823 821 CHj, rocking Fy
1020 1019 CN stretching F Fﬁ}ielg%gr;tnif%;"“
1056 1048 CNC deformation Aq
1242 1257 CN stretching F
1353 1359 CHj; twisting E
1384 1392 CH; wagging F,
1455 1483 CH,; deformation E
2902 3037
2931 3039 Symmetric and asymmetric C-H C-H region
2959 3052 stretching
2988 3088
3253 - Stretching of O-H of water molecules
3410 - Stretching of O-H of water molecules
Stretching of O-H of water molecules O-H region
3636 - that are hydrogen bonded with
HMTA molecule
3648 - Stretching of O-H of water molecules

Depending on the concentration of HMTA in aqueous solutions, HMTA can strengthen
or destroy the hydrogen bonding network of water. In dilute solutions, HMTA seems to
strengthen the hydrogen bonding network of water by binding with it. In the higher
concentration region of HMTA, the rigidity of the clathrate network of water through
hydrogen bonding tends to collapse, since HMTA starts to aggregate with itself as well as
with water.

In Figure 5, the calculated spectra of HMTA protonated species with one, two, three
and four protons are illustrated. The experimental polarized (VV) Raman spectrum of the
HMTA solution corresponding to a 0.051 mole fraction is also presented for direct compari-
son. The results indicate that we can rule out the protonation of HMTA due to the large
differences between the experimental and the theoretically calculated spectra of the proto-
nated molecules of HTMA. The spectra of the protonated molecules of HMTA yielded many
more peaks compared to the experimental spectrum, especially in the fingerprint region.

In Figure 6, we present the calculated spectra of HMTA aggregated species with one,
two, three and four water molecules. The experimental polarized (VV) Raman spectrum of
an HMTA solution corresponding to a 0.051 mole fraction is again shown for comparison
reasons. Almost all bands coincided in frequency, while they slightly differed only in
their relative intensities in the low-frequency region. The results reveal that the theoretical
findings are in close agreement with the experimental Raman spectrum corresponding to
a 0.051 mole fraction even though the calculation was carried out in the vapor state. In
addition to the very good identification of the experimental spectrum with the theoretically
calculated ones in the range from 250 to 1500 cm !, we also identified a peak at ~3636 cm ™!
of the experimental spectrum, which was attributed to the O-H stretching mode of the
water molecule that is hydrogen bonded to the HMTA amine molecule. The reason why
this peak appeared at higher wavenumbers in the theoretical compared to the experimental



Molecules 2023, 28, 7838

7 of 19

spectrum is because all the theoretical spectra were calculated in the gas phase. This is
also the reason why the C-H vibrations were also shifted to higher wavenumbers in the
theoretical spectra. The CH; groups are in the outer space of the molecule, and as such,
are the most strongly affected by the presence of other neighboring molecules. The peak
observed slightly above 3500 cm ™! in the theoretical spectra was attributed to the N-H
stretching vibration of the hydrogen bond with water. In the experimental spectra, this
peak was not detected probably because it is overwhelmed by the spectrum of water in
that frequency region. The main differences between the experimental Raman spectra
and the calculated spectra of the protonated species can be seen in the 250-1500 cm ™!
spectral range. The theoretically predicted spectra of the protonated species exhibited
many more vibrational modes in the specific spectral range compared to the experimental
spectrum, which leads to the conclusion that the protonated species are not present in the
solutions. Even the spectrum of the monoprotonated molecule of HTMA did not reveal
a close resemblance with the experimental spectra and this is expected considering the
low basicity of HMTA amine. Furthermore, the extra peaks observed in the spectra of the
protonated species were not present in the calculated spectrum of HMTA-20H,0.

/L
I ! I ! I ! 17/ ! I ! I ! I

L

Relative Intensity

I ' W

:

[ ISR ST 17 AN R R
0 500 1000 150/0/ 3000 3500 4000

Wavenumber [cm™]

Figure 5. The calculated spectra of HMTA protonated species with one, two, three and four protons.
See text for details concerning the calculation procedure. The experimental polarized Raman spectrum
of the HMTA solution corresponding to a 0.051 mole fraction is also presented for comparison.
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Figure 6. The calculated spectra of HMTA aggregated species with one, two, three and four water
molecules. See text for details concerning the calculation procedure. The experimental polarized
Raman spectrum of an HMTA solution corresponding to a 0.051 mole fraction is also presented

for comparison.

In Figure 7, the calculated spectrum of the HMTA-20H,O aggregate species with
twenty water molecules is presented. This aggregate was chosen to be studied theoretically
because it closely mimics the experimental solution with a 0.051 mole fraction (molality
equal 3), in which the HMTA:H,O molar ratio is 1:18.5. The experimental polarized Raman
spectra of three HMTA solutions corresponding to 0.051, 0.067 and 0.083 mole fractions are
also presented for comparison.



Molecules 2023, 28, 7838

90f19

/L

0.051 mf

-

0.067 mf

Relative Intensity

0.083 mf

L
L

g

-

HMTA20H,0

c

| L | L // | L |

0 1000 3000 4000

Wavenumber [cm'!]

Figure 7. The calculated spectrum of HMTA aggregated species with twenty water molecules. See
text for details concerning the calculation procedure. The HMTA-20H,0 aggregate closely mimics
the experimental solution with a 0.051 mole fraction (molality equal to 3), in which the HMTA:H,O
molar ratio is 1:18.5. The experimental polarized Raman spectra of three different HMTA solutions
corresponding to 0.051, 0.067 and 0.083 mole fractions are also presented for comparison.

Also in this case, a very good resemblance was observed between the experimental and
theoretical spectrum in the fingerprint region. Furthermore, the intense peak observed in
the highest frequency of the HMTA-20H,O aggregate’s theoretical spectrum was attributed
to the O-H stretching mode of the water molecule that is hydrogen bonded to the HMTA
amine molecule and is related with the peak located at ~3636 cm ™! in the experimental spec-
trum. This peak appeared at higher wavenumbers because the calculation was performed
in the gas phase without considering any intermolecular interactions. The same also holds
for the theoretically predicted frequencies of the C-H vibrations that were also calculated at
higher wavenumbers relative to the experimental frequencies. Based on this more complex
theoretical calculation, we can safely attribute this peak to the hydroxyl groups of the water
molecules that are in the outer part of the aggregate. One hydrogen atom of these water
molecules is bound to another water molecule of the aggregate, while the second hydrogen
atom is free and not bounded to other water molecules of the aggregate.
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Let us now examine if a self-aggregation of HMTA is likely to occur at higher mole
fractions. We present in Figure 8, the calculated spectrum of HMTA self-aggregated
species with aggregation number n equal to one, two, three and four. The experimental
polarized (VV) Raman spectra of two HMTA solutions with 0.00018 and 0.083 mole fractions
corresponding to two limiting concentrations are also presented for comparison. We
observe an adequate matching between the experimental spectrum of the concentrated
amine solution with the theoretically calculated spectra for the self-aggregation reaction
between HMTA molecules (see Table 1). These results indicate that a self-aggregation
mechanism may occur upon dilution of HMTA in an aqueous environment.

/L

0.00018 mf VV
M

0.083 mf VV N k

HMTA

LYW N WY Y S
wou L

[HMTA],

Relative Intensity

| L | L | // | |
//

0 500 1000 1500 3000 3500 4000

Wavenumber [cm™']

Figure 8. The calculated spectrum of HMTA self-aggregated species with aggregation number n
equal to one, two, three and four. See text for details concerning the calculation procedure. The
experimental polarized Raman spectra of two HMTA solution with 0.00018 and 0.083 mole fractions
corresponding to low and intermediate concentrations are also presented for comparison.

From the above discussion, we can conclude that in the dilute solutions, the dominat-
ing mechanism is the hetero-aggregation reaction of HMTA with water, while at higher mole

fractions, a self-aggregation mechanism occurs. Experimental evidence for the protonation
of HMTA was not found.

2.2. Sensing of the Aggregation Processes via Ultrasonic Absorption Measurements

The energy of an acoustic wave travelling in a medium is absorbed and is transformed
to heat when the density and sound pressure fluctuations are out of phase. In the case
of homogeneous liquids, the mechanisms behind this process are known as relaxation
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mechanisms and originate from the time lag observed in the perturbation of a physical or
chemical equilibrium started by a cyclical wave parameter fluctuation. The total energy of
the acoustic wave is distributed among the translational, the vibrational and the structural
states and its redistribution is strongly related to the coupling processes taking place in the
medium that ultrasound propagates. These coupling processes set up the number and the
type of absorption mechanisms observed in every liquid. Ultrasonic relaxation spectroscopy
is one of the most powerful techniques in investigating the aggregation phenomena taking
place not only in neat liquids but also in solutions, providing information concerning
kinetics and thermodynamic properties. In aqueous solutions, the volume change taking
place due to aggregation reactions is the key factor for the coupling between an acoustic
wave and a chemical equilibrium. Aggregation phenomena may occur on a variety of
length scales from tenths of A to nm and time scales from ns to s.
The sound absorption coefficient a for a non-electrolytic system is given by [22,23]:

(7)™ () g™ (7) @
f2 total f2 relaxing part f2 non—relaxing

The first term of the sum is related to the relaxing part that is frequency-dependent
and is associated with the relaxation processes that may be present in the system studied.
The second term is related with the non-relaxing or classical part, which is frequency-
independent, at least in the frequency range where the measurements are performed. The
so-called non-relaxing term is also labeled with B and includes contributions from several
co-existing effects such as the vibrational relaxation, the viscous absorption, the thermal
absorption and the radiation:

5 () s ™ (7)™ (7) s () ®
f2 vibrational f2 viscous f2 thermal f2 radiation

Usually, the contribution of the latter is ignored because it is insignificant relative
to the other three contributions. The sound absorption coefficient due to vibrational
relaxation is a linear function of temperature and appears constant when the system is at a
given temperature under thermodynamic equilibrium. Viscous contribution to the sound
absorption or Stokes term is given by:

2
(;2) = (32;3)(317v+4ns) (6)

with #y and 775 denoting the shear and volume viscosities, respectively. Other symbols
have their usual meanings, that is density p and sound velocity u. The third contribution is
the thermal sound absorption or Kirchhoff term and is a function of several thermodynamic
parameters including thermal conductivity Q of the solution and the specific heats under
constant pressure C, and volume C,/Cy. The equation for the estimation of the thermal

losses is:
() 2528
f2 thermal pug Cp

where 7y is the ratio C,/C,. For most systems, thermal losses may be considered as negligible
relative to the viscous losses and in general B is frequency-independent [22,23].

For simple liquids, the sound absorption coefficient can be fitted in the frequency
domain by a single Debye-type equation through the equation [22-25]:

A
== 4B ®)

o1 (4)
1+ (%
with f, denoting the characteristic relaxation frequency of the process. The corresponding
relaxation time of the process is given by:



Molecules 2023, 28, 7838

12 0of 19

1

K 27ty

©)

In the a/f vs. f semi-log plot, the classical absorption B is observed as a straight line,
while the relaxation process appears as an excess sigmoidal form over this straight line. The
single Debye-type process appears as a simple exponential relaxation in the time-domain.

The absorption spectra in the frequency reduced form (a/f) as a function of frequency
for all concentrations of HMTA aqueous solutions at 20 °C are shown in Figure 9. The
symbols represent experimental points, while the solid sigmoidal lines denote the single
Debye-type relaxation profiles for each concentration. The solvent ultrasound absorption
coefficient was found to be constant in the MHz frequency range studied in this study and
equal to ~20 x 107! s2/cm. The results reveal that the relaxation amplitude increased in
the mole fraction range of 0.035-0.083 and decreased in the range of 1.8 x 10~7-1.8 x 10~2.
The trend of the relaxation amplitude is shown by arrows in the graph. The fitting using
Debye-type profiles was adequate to fit all the experimental spectra as indicated by the
goodness of fit observed in Figure 9. The single relaxation mechanism observed in the
acoustic spectra of the HMTA aqueous solutions was attributed to the aggregation reaction,
which is clearly a structural process. These processes are related to shear (structural)
viscosity and dominate in strongly associated solutions and neat liquids consisting of polar
molecules, such as alcohols, amines, water, etc., that are bonded with hydrogen bonds.

4.0x107"3

3.5x107" 0.083 .
0.067 )
0.051 mole fractions
3.0x101 0.035 _
= 2.5x107"13 .
g
Q
S~

N
L.2.0x101

o~
= F 1.8x107
S sx101 1810 i
1.8x10°° aotions
L mole fractions
1.8x10™
1.0x10°" | 1.8x10°3 .
L 1.8x107
5.0x10™ |-

10 107
Frequency [Hz]

Figure 9. Ultrasound absorption spectra in the frequency reduced form (a/ja) for all concentrations
of HMTA aqueous solutions at 20 °C. Squared symbols represent experimental points and solid
lines denote the single Debye-type relaxation profiles for each concentration. See text for more
details concerning the fitting of the experimental spectra. The ultrasound absorption coefficient of
the solvent (water) was constant in the MHz frequency range studied in this study. Arrows denote
that the relaxation amplitude increases in the range of 0.035-0.083 and decreases in the range of
1.8 x1077-1.8 x 1072,

The characteristic relaxation frequency f;, the amplitude of the relaxation A and the
classical ultrasound absorption B were the only free fitting parameters in the non-linear
least-mean square fitting procedure and their values as a function of the HMTA mole
fraction are presented in Figure 10a,b.
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Figure 10. (a) Characteristic ultrasonic relaxation frequency f; as a function of the mole fraction for
HMTA aqueous solutions at 20 °C. (b) Concentration dependence of the relaxation amplitude A and
classical contribution to a/f* denoted as B.

As already discussed, the association mechanism is two-fold. Amine molecules
form structures with several water molecules in the region of low concentrations and
amine molecules form structures of different sizes ranging from monomers to clusters of
monomers at intermediate concentrations. As is evident from the experimental acoustic
spectra, all steps of the association reaction are detected as one “mean” Debye-type relax-
ation. It is interesting to note that the relaxation frequency experienced a drastic change
below and above a 0.018 mole fraction of HMTA. Initially, the characteristic frequency
slightly increased, while above this mole fraction suddenly decreased. An analogous
behavior was demonstrated by the relaxation amplitude in the same mole fraction. The
only difference between the two acoustic parameters is that they exhibited exactly opposite
trends. Furthermore, for each acoustic parameter, the rates below and above the 0.018 mole
fraction were quite different.

The crossover 0.018 mole fraction signifies two separate regions with distinct struc-
tural characteristics. The relaxation observed in dilute solutions was attributed to the
hetero-association of HMTA with water molecules, while at higher concentrations, the
observed relaxation was assigned to the self-association reaction of HMTA molecules. The
behavior demonstrated in Figure 10 was assigned as a “spectral signature” of the system’s
structural transition from hetero- to self-aggregation of HMTA. Indeed, the amplitude of
the relaxation initially decreased with concentration and then suddenly increased, implying
the enhancement of the self-aggregation of HMTA at the expense of the hetero-aggregation
mechanism of HMTA with water molecules which was stronger in the low concentration
limit. The classical contribution B to the ultrasound absorption coefficient per squared
frequency a/f appeared to be almost constant for all solutions, as expected.

The structural model proposed for the HMTA aqueous solutions considering inter-
molecular interactions is expected to be reflected in several physicochemical properties of
the system. In Figure 11a—d, we present the concentration dependence of the kinematic
viscosity, the mass density, the sound speed and the adiabatic compressibility of all HMTA
aqueous solutions studied. All measurements were performed at 20 °C. Interestingly, all
four properties exhibited the same behavior with relaxation frequency and amplitude (illus-
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trated in Figure 10), revealing two separate regions with distinct characteristics attributed
to the structural variation taking place. These physicochemical properties were not chosen
accidentally. The viscosity of a fluid is a measure of its resistance to deformation at a given
rate and thus, it is a physicochemical parameter that is very sensitive to intermolecular
relaxation due to the molecular associations in these solutions through hydrogen-bonding
interactions. Sound velocity is an important thermo-physical property mirroring the dy-
namic response of the condensed phase. The velocity of sound in a liquid is sensitive to
molecular changes and is dependent on the degree of order of the molecules. On the con-
trary, the sound absorption coefficient is sensitive to changes in particle size and molecular
interactions. Mass density is very important in the investigation of concentration-induced
structural changes in the liquid state. The transitions from a loose to a more rigid structure
and vice versa are related to changes in the coordination and the cross-linking of interstitial
spaces in the overall structure, which is reflected in the concentration dependency of the
mass density. Finally, the adiabatic compressibility provides important information con-
cerning specific interactions between the same and different molecules in the binary liquid
mixtures. The expression for the adiabatic compressibility is:

1 /0V 1
5=y (5) 1o

It is a measure of the instantaneous relative volume change of the fluid as a response
to a pressure change. The results presented in Figure 11 reveal a transition from a more
loosely packed structure to a more rigid one in agreement with the proposed structural
model proposed based on the vibrational and acoustic spectroscopic data. The mass density
and especially the kinematic viscosity data of the HMTA aqueous solutions reveal that
amine molecules exert an influence on the water structural organization.
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Figure 11. Concentration dependence of the kinematic viscosity (a), mass density (b), ultrasound velocity
(c) and adiabatic compressibility (d) for all HMTA aqueous solutions studied. All physical properties
and acoustic parameters were measured at 20 °C. Lines denote the two distinct regions of interest.
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Our results are in line with the reported X-ray data that have revealed a novel type
of clathrate structure, where each amine molecule occupy cavities within water clathrates
constituted by hydrogen-bonded water molecules [26]. Furthermore, HMTA aqueous
solutions exhibited a strong deviation from the ideal behavior suggesting the dominant
role of the solute—solvent interactions [27].

3. Materials and Methods
3.1. Materials

Solid hexamethylene tetramine (HMTA) with the molecular formula (CH2)6N4 and
99% purity was obtained from Alfa Aesar and was used without further treatment or
purification. At room temperature, HMTA is a white solid with ammonia-like odor. HMTA
does not melt, although it sublimes at 260-295 °C. Aqueous solutions of HTMA were
prepared gravimetrically in a wide concentration range using triply distilled water. All
solutions were clear and colorless. Its solubility in water at 20 °C was estimated to be
~0.67 g/mL. The molal concentrations and the corresponding mole fractions are presented
in Table 2. For all measurements, fresh samples were used, while special attention has been
paid due to HMTA's ability to absorb carbon dioxide.

Table 2. Molal concentrations and the corresponding mole fractions.

Molal Concentration Mole Fraction

(mol/Kgsotvent)

1x107° 1.80 x 1077

1x107% 1.80 x 10~

1x1073 1.80 x 1075
0.01 1.80 x 107*
0.1 1.82 x 1073
1.0 0.018
2.0 0.035
3.0 0.051
40 0.067
5.0 0.083

3.2. Raman Spectroscopy

The procedures for acquiring polarized and depolarized Raman spectra have already
reported in the past [28-31]. All samples were excited by a 532 nm continuous-wave and
linearly polarized laser in a backscattering geometry. A fully integrated confocal Raman
microscope instrument (Labram SoleilTM, Horiba Scientific, Palaiseau, France) equipped
with 1800 gratings was used to analyze the scattered light. The analyzed light after the
gratings was detected by a thermoelectrically cooled CCD camera down to —70 °C. The
spectral resolution for all Raman measurements was fixed at 1.5 cm~!. Rayleigh scattering
was reduced by means of a notch filter appropriate for the working laser wavelength. The
incident power on the liquid samples was less than 3 mW to avoid thermal heating. Short
accumulation times near 200 s and a cumulation number equal to 5 were sufficient to achieve
Raman spectra with a high signal-to-noise ratio for all samples. Both vertical-vertical (VV)
and horizontal-vertical (VH) polarization configurations were employed. A reference
CCly sample was used to calibrate the monochromator’s possible drift and polarization.
All Raman spectroscopic measurements were carried out at 20 °C. Quantitative Raman
intensity measurements had an error that was less than 2%.
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3.3. Ultrasonic Relaxation Spectroscopy

Ultrasonic absorption measurements were obtained in the low-frequency region under
isobaric conditions by employing the transmission method [32-34]. A cylindrical acoustic cell
was used to accommodate approximately 2 mL of the liquid sample at the desired tempera-
ture. The cell was made of fused silica glass to provide chemical durability. The temperature
was controlled by an external circulation system with an accuracy of +-0.01 °C. Two identical
broadband transducers (V111, central frequency 10 MHz, Olympus-Evident, Tokyo, Japan)
were attached to the parallel faces of the cylindrical acoustic cell. A common medical cou-
plant was placed between the piezoelectric element and the cell surface to ensure perfect
transmission of the ultrasound. The first piezoelectric element, which acts as transmitter,
was triggered by a pulse generator (TGP3151, TTi, Maisach-Gernlinden, Maisach, Germany)
at the desired frequency. The time duration of the pulse was less than 3.5 microseconds,
and the pulse repetition rate was fixed at 5 milliseconds. The obtained ultrasonic wave
propagated back and forth through the sample many times after multiple reflections in the
parallel faces of the acoustic cell. The transmitted pulse, as well as the consequential echoes,
were detected by the receiving transducer and sent to a digital oscilloscope (Tektronix, TBS
1202B, Tektronix, Beaverton, OR, USA) for further signal analysis. For each frequency, the
attenuation coefficient of the solution sample can be directly estimated from the exponential
decrease of the signal amplitude. The accuracy of the sound absorption measurements was
better than £5%. The ultrasound speed was calculated by the time required for the ultrasonic
wave to travel the fixed path length of the acoustic cell with an accuracy of +0.01% [32-34].
All ultrasonic relaxation spectroscopic measurements were carried out at 20 °C.

The wave velocity was calculated based on the sample thickness inside the acoustic
cell and the time separating two consecutive echoes in the back wall echo train. The
amplitude of the ultrasonic wave decays exponentially with respect to the travel distance
when passing through the liquid medium. The attenuation coefficient ay is calculated from
the amplitudes of the echoes from the time domain trace as:

—20 I
ap = 2m—n)d n)dlog<1n> (11)

where I,; and I, are the maximum amplitudes of the m-th and n-th pulse echoes, respectively.

We performed a series of sound velocity and attenuation measurements for several
non-relaxing reference liquids and the results were presented in [14]. The comparison
between our experimental values with the literature values revealed an adequate agreement
in both velocity and sound attenuation coefficients indicating that our setup is reliable for
accurately measuring the velocity and attenuation of ultrasound in liquids.

3.4. DFT Calculations

Quantum mechanical calculations were carried out for the HMTA and the relevant
aggregated and protonated species in the gas phase using the Gaussian 09 W Revision D.01
package of programs [35]. Density functional theory (DFT) using the B3LYP functional
and 6-311++G(d,p) basis set was employed to optimize the molecular structure of HMTA-
based species and the corresponding vibrational frequencies [36]. Molecular volume was
computed simply as the volume inside a contour of a particular electron density. Gaussian,
for instance, uses the value of 0.001electrons/Bohr?. To determine the molecular volume,
a quantum mechanical calculation is performed to obtain the wave function and then it
is integrated. Finally, all the atomic volumes are summed to obtain the molecular one.
More details concerning the methodology of the theoretical calculations of the reaction
volume change can be found in reference [34]. We restricted our theoretical calculations
in the B3LYP level of theory, which seems to be a sufficient option in terms of accuracy
for the specific system, and we chose the 6-311++g(d,p) basis set due to its effectiveness
when studying the hydrogen bond interactions that are present in a variety of organic
compounds. The molecular structure of HMTA was downloaded as SDF digital file from
the PubChem electronic database and was used for structure optimization and further
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calculations. The theoretically estimated vibrational spectra have been corrected with a
scaling factor corresponding to the B3LYP/6-311++G(d,p) level of theory.

To elucidate the potential protonation reaction of HMTA, we performed theoretical
calculations on the protonated species of HMTA with one, two, three and four protons.
We chose these structures for the evaluation of the protonation reaction. To interpret the
possible self-aggregation of HMTA, we performed calculations on four structures of the
solute associated species (HMTA)n with aggregation number n = 2, 3 and 4. To clarify
the hetero-aggregation mechanism of HMTA with water molecules, we constructed five
aggregates HMTA -xH,O, x = 1-4, 20 that consist of one HMTA molecule and 1, 2, 3, 4 and
20 molecules of HyO, respectively. In all cases, water molecules were aggregated with the
solute through hydrogen bonding between a hydrogen atom from a water molecule and
a nitrogen atom from an HMTA molecule. The theoretical study of the species with the
20 water molecules surrounding the HMTA solute will provide a more realistic simulation of
the dilute region. All theoretically predicted molecular structures of HMTA molecules and
all HMTA protonated and aggregated species can be found in the Supplementary Material.

4. Conclusions

An experimental concentration-dependent Raman and ultrasonic relaxation spectro-
scopic study of HMTA aqueous solutions has been undertaken to study the structural
changes in short- and medium-range order.

By comparing the experimental Raman spectroscopic data with quantum mechanical
calculations on isolated species, the protonation of HMTA was excluded due to the extended
spectral differences in the fingerprint region. In dilute solutions, the dominant mechanism is
the hetero-aggregation reaction of HMTA with water, while in the intermediate concentration
region, a self-aggregation mechanism is also present. Processes related with conformational
changes are unlikely to occur due to the rigid molecular structure of HMTA.

The acoustic spectra of the HMTA aqueous solutions revealed a single relaxation mech-
anism, which was attributed to the aggregation reaction. The concentration dependence
of the relaxation frequency and amplitude exhibited a drastic change below and above
0.018 mole fraction of HMTA, although with the opposite trend. This characteristic mole
fraction signifies two separate regions with distinct structural characteristics. The relaxation
observed in dilute solutions was attributed to the hetero-association of HMTA with water
molecules, while at higher concentrations, the observed relaxation was assigned to the
self-association reaction of HMTA molecules. In the low-concentration region and up to the
crossover mole fraction, the relaxation amplitude decreased, while above this characteristic
concentration suddenly increased indicating the strengthening of the self-aggregation of
HMTA process at the expense of the hetero-aggregation mechanism of HMTA with water
molecules, which is expected to be robust in the low-concentration range.

The concentration dependence of the kinematic viscosity and mass density indicate
the passage from a loosely packed to a more rigid structure composed of HMTA self-
aggregates. An analogous behavior was exhibited by the ultrasound velocity and the
adiabatic compressibility. All four physicochemical properties experienced drastic changes
when approaching the crossover mole fraction, supporting our proposed structural model
proposed based on the vibrational and acoustic spectroscopic data.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28237838 /s1, Figures S1-S9: Theoretically predicted molecular
structures of HMTA molecule and all HMTA protonated and aggregated species.
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