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Abstract
Detailed concentration-dependent measurements of sound absorption and velocity have been performed in dexamethasone 
sodium phosphate (DSP) aqueous solutions in the MHz frequency range. A single well-resolved relaxation process dominates 
the experimental acoustic spectra following a Debye-type distribution function. The analysis of the temperature-dependent 
ultrasonic relaxation data also revealed analogous effect with concentration on the relaxation spectra. All acoustic parameters 
were estimated by means of a fitting procedure. The behavior of the relaxation frequency and amplitude with concentration 
allowed us to assign the observed process to self-association mechanism. Combining the ultrasonic and electric conductivity 
data, the self-association scheme has been established. The thermodynamic constants and the rate of the aggregation due to 
hydrophobic interactions have been estimated in view of the Eyring’s theory. The concentration dependence of relaxation 
amplitude and characteristic frequency revealed that the presence of additional relaxation processes in the spectra related 
to additional mechanisms, such as conformational changes and proton-transfer reaction is excluded and the self-association 
process considered here was found to dominate in this frequency range. The results have been discussed in view of the fair 
ability of DSP for hydrophobic interactions and aggregate formation in aqueous environment.
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Introduction

Dexamethasone sodium phosphate (DSP) is used in the 
treatment of emetic effects of cancer therapy and epicon-
dylitis and it has anti-inflammatory action (Cassileth et al. 
1983; Grunwald et al. 1984). On the other hand, dexameth-
asone is a synthetic pregnane corticosteroid and derivative 
of hydrocortisone (cortisol), while it is one of the most 
essential medicines of the World Health Organization’s 
List (World Health Organization 2019). Dexamethasone 
belongs to the corticosteroids and is used for the treat-
ment of rheumatic problems, several skin diseases, a vari-
ety of allergies, asthma and other lung diseases and brain 
swelling (National Institutes of Health 1995; Cohen et al. 
2013). It is also used to improve outcomes in the baby 
after a preterm labor (National Institutes of Health 1995; 
Cohen et al. 2013). Cancer patients receiving undergoing 
chemotherapy are often given dexamethasone to coun-
teract certain side effects of their antitumor treatments. 
It is also used as a direct chemotherapeutic agent or in 
combination with other chemotherapeutic drugs in certain 
hematological malignancies, especially in the treatment 
of multiple myeloma (Roila et al. 2000). Furthermore, in 
primary and metastatic brain tumors, dexamethasone can 
counteract the development of edema, which could sooner 
or later compress other structures of brain (Roila et al. 
2000). Recently, dexamethasone is recommended by sev-
eral institutions, such as the National Health Service in the 
UK and the National Institutes of Health (NIH) in the US, 
for patients with COVID-19 who need either mechanical 
ventilation or supplemental oxygen (without ventilation) 
(Sterne et al. 2020).

The molecular and crystal structure of dexamethasone 
and its stereochemistry have been determined in detail 
crystallographycally (Antignac et al. 2002; Raynor et al. 
2007). This characteristic structure consisting of rigid aro-
matic fused rings exhibits a continuous association above a 
critical aggregation concentration (cac). Deep understand-
ing of the DSP self-association and its thermodynamic 
profile is crucial for predicting the docking properties of 
this molecule, which has important implications in effec-
tive drug design. Ultrasonic relaxation spectroscopy has 
been proved as an effective tool in studying association-
dissociation mechanisms (Nishikawa et al. 1991), proton-
transfer reactions (Nishikawa et al. 1973a, b, 1996; Nishi-
kawa and Kamimura 2011; Huang et al. 1999; Tsigoias 
et al. 2020a), conformational changes (Bae et al. 2001; Bae 
et al. 2002; Kalampounias 2020; Stogiannidis et al. 2020), 
complexation (Tamm 1961; Petrucci 1971), backbone seg-
mental motion and normal mode relaxation in polymers 
(Kouderis et al. 2021; Siafarika et al. 2021) and reaction 
engineering in general (Bernasconi 1976). Furthermore, 

in several cases systematic analysis of the acoustic spectra 
permits disentangling between different processes taking 
place in close time scales (Kouderis et al. 2021).

In this work, we conducted a comprehensive temperature- 
and concentration-dependent study by means of ultrasonic 
relaxation spectroscopy of aqueous DSP solutions in an 
effort to comprehend on the molecular relaxation dynamics. 
The acoustic spectra have been used to expose the relaxation 
process and clarify the underlying processes occurring in 
the system suggesting the possibility of a self-association 
scheme. The thermodynamic parameters of the self-asso-
ciation have also been determined. Computational method-
ologies have been utilized to evaluate the properties of the 
isolated molecule and aggregate in gaseous state where no 
interactions are present and in solvation state with water 
as solvent. Furthermore, the thermodynamic characteristics 
of the self-association have been estimated in an effort to 
elucidate the proposed mechanism.

Experimental procedure

Solutions

Dexamethasone sodium phosphate (percent purity 98.0%, 
Alfa Aesar) is a white hygroscopic powder, incompat-
ible with oxidizing agents and it has molecular formula 
C22H28FNa2O8P. DSP was used as received to prepare solu-
tions with the desired concentration ranging from 1.71 to 
6.45 mM. Crystalline solid was dissolved to triply distilled 
water at ambient pressure and temperature. The final solu-
tions were clear and colorless. Only fresh solutions were 
used for conducting the complete set of measurements.

Measurement principles of sound absorption 
and velocity

The measurement setup utilized for the simultaneous detec-
tion of sound absorption and velocity has been described in 
(Mpourazanis et al. 2019; Kalampounias 2020; Stogiannidis 
et al. 2020). The apparatus consists of two identical broad 
band piezoelectric transducers (Olympus, nominal center 
frequency 10 MHz) and a cylindrical thermostated acous-
tic cell with parallel phases. The ultrasonic transducers are 
mounted on opposite parallel sides of the sample container 
serving as signal transmitter and detector of the transmitted 
signal after traveling through the sample. The length of the 
acoustic path is fixed at L = 1 cm. The transducer diameter 
is 0.5 inch. An RF signal generator (TTi, Model: TGR 1040) 
is utilized for the excitation of the transducer by a sinusoidal 
burst consisting of 1 cycle with a 5 ms repetition-rate and 
frequency ranging between 1 and 50 MHz. The output sig-
nal is sent to a digital oscilloscope (TEKTRONIX, Model: 
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TBS1152B) for monitoring the signal in the time-domain. 
The excitation signal from the signal generator is used to 
trigger the oscilloscope.

In an effort to determine experimentally the excess 
absorption coefficient αexcess(f) as a function of frequency, 
one should measure the transmitted wave through solvent 
(water) Ssolvent(t) and the transmitting wave through solution 
Ssolution(t) for a specific ultrasound frequency in the time-
domain. Then, the excess absorption coefficient αexcess(f) is 
estimated as a function of frequency in Np/cm through the 
equation:

The excess absorption coefficient αexcess(f) is the absorp-
tion of the solution after subtracting the absorption of the 
solvent for the specific ultrasound frequency and L is the 
length of the acoustic travelling path that was fixed for the 
acoustic cell used in this study. In our case, the solvent 
absorption is constant in the frequencies covered here exhib-
iting a non-relaxing behavior. FFT denotes the Fast Fourier 
Transform of the corresponding signals after appropriate 
zero padding. The experimental error in sound absorption 
measurements is ± 5%.

The sound velocity is estimated for all concentrations 
studied by determining the time required for the ultrasound 
to travel the fixed path length (Mpourazanis et al. 2019; 
Kouderis et al. 2021). The experimental error in velocity 
measurements is ± 0.01%. It is expected velocity to exhibit 
dispersion with frequency. For this reason, velocity has been 
measured in a wide frequency range. The velocity dispersion 
with frequency is not experimentally observed when the cri-
terion 𝛼u0

2𝜋f
≪ 1 is satisfied (Lee et al. 2017). For the lowest 

and highest concentrations studied, the ratio was calculated 
between 6.20 × 10–4 and 2.62 × 10–3 that is far below unity 
and velocity dispersion is not likely to arise in the frequen-
cies covered here. Indeed, our experimental velocities were 
found frequency independent within experimental error. In 
the following sections, we present only the experimental 
values corresponding to 10 MHz. The measurements of the 
acoustic parameters have been performed in the 16–36 °C 
temperature range within ± 0.01 °C.

The experimental setup developed in our laboratory is 
appropriate for measuring both sound absorption and speed 
in liquids and solutions at selected temperature under con-
stant pressure conditions. For validation and calibration 
reasons, we measured the sound absorption and velocity of 
several liquids and pure solvents (Stogiannidis et al. 2020). 
The satisfying agreement between our experimental and lit-
erature values reveals that our methodology is reliable for 

(1)aexcess(f ) =
1

L
ln

⎧
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Ssolution(t)
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�
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simultaneous measurements of sound absorption and sound 
speed in liquids.

Conductivity and density measurements

Experimental densities of the solutions were measured by 
means of a density-measuring cell (Anton Paar, DMA 60). 
The uncertainty of the measurements was ± 0.0001 g/cm3. 
Conductivity was estimated using conductivity meter (Orion 
Research, Model 101) allowing temperature compensation, 
% temperature coefficient settings, cell constant and ranges 
adjustment, backing off potentiometer and frequency selec-
tion with accuracy better than 1% of the full scale. Both 
density and conductivity measurements were thermostated 
at the desired temperature using a water circulator.

Theoretical calculations

Quantum–mechanical calculations for dexamethasone 
sodium phosphate and for the system resulting from the 
aggregation of two dexamethasone sodium phosphate 
molecules were carried out with the Gaussian 09 W Revi-
sion D.01 package of programs (Lee et al. 1988; Becke 
1993; Frisch et al. 2013). Density functional theory (DFT) 
using Becke’s three parameter exchange functional with 
the Lee–Yang–Parr correlation functional (B3LYP) and 
6-31G(d) basis set was used for structure optimization and 
molar volume estimation under tight optimization conver-
gence criteria (Lee et al. 1988; Becke 1993; Frisch et al. 
2013). The calculations of the reaction volume change ΔV 
were performed both in the gaseous phase and in the pres-
ence of water solvent. Molecular volume was estimated 
theoretically by considering the space included in a contour 
of a particular electron density (0.001electrons/Bohr3). The 
volume of each atom existing in the molecule was estimated 
by performing a quantum calculation in order to receive the 
corresponding wavefunction, which is further integrated to 
obtain volume. The sum of all individual volumes provides 
the molecular one. The 6-31G(d) is a split-valance basis 
set which includes also d-type polarization functions. The 
structure of dexamethasone sodium phosphate was obtained 
from the Pubchem electronic database as SDF file. The study 
of the aggregation was performed in AutoDock Tools-1.5.6 
software. The optimized geometries of the structures after 
minimizing energy emerged from AutoDockTools-1.5.6 
program with respect to the coordinates of atoms and no 
restrictions on symmetry. A grid box was defined containing 
all potential interacting units. Molecular interaction study of 
each aggregation species was performed and the correspond-
ing energies of the various poses during their interaction 
were received from the calculation. These interactions and 
bond distances for their best pose were analyzed utilizing 
Pymol software. Following the typical molecular docking 
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procedure, for each calculation 9 total poses were retained 
after clustering and subsequently the most stable single pose 
was received corresponding to binding energy of a few kcal/
mol. Enthalpy difference was estimated by means of sem-
iempirical methods to reduce calculation cost, which is rela-
tive excessive for a chemical system as DSP dimer, which 
is composed of 124 atoms including phosphate, –OH, –F 
and C=O functional groups. More specifically, the popular 
MNDO-type PM6 D3 method was used for the calculation of 
the enthalpy difference related to the dimerization reaction.

Results and discussion

Dynamic and structural processes in DSP aqueous 
solutions

The molecular structure of dexamethasone sodium phos-
phate after optimization is shown in Fig. 1a. The structure 
of dexamethasone is also shown in Fig. 1b for comparison. 
Close examination of the DSP structure reveals that it is 
dominated by the presence of fused aromatic rings, the phos-
phate group and additional functional groups, such as –OH, 
–F, C=O. It seems that the specific structure may demon-
strate not only a molecular self-aggregation reaction, but 
also conformational changes. Additional processes, such as 
a proton-transfer reaction of DSP with the solvent may also 
be present.

The self-aggregation reaction of DSP is described as:

The above equation considers the usual stepwise aggrega-
tion reaction as a mean mechanism, which is valid for low n 
values, where n is the aggregation number and (DSP)n is the 
aggregate. At intermediate concentrations of DSP aqueous 
solutions, the solute–solvent interactions are stronger and an 

(2)nDSP ⇄ (DSP)n

association scheme with mixed water and DSP molecules is 
also possible. This interaction is given by:

Complexes 
(
H2O

)
m
 and DSP ⋅

(
H2O

)
m
 represent the water 

aggregate and the mixed aggregate of water and DSP, respec-
tively. Both complexes are formed by hydrogen-bonding.

The equilibrium between different conformers may be pre-
sented as:

where DSP* represents a possible conformer of DSP.
Finally, the proton-transfer reaction is generally described 

as:

Analysis of the relaxation behavior—Concentration 
effect

The dynamic and structural properties of DSP aqueous solu-
tions can be clarified by ultrasonic relaxation spectroscopy. In 
Fig. 2 are presented the excess experimental α/f2 values and 
the corresponding fitting curves as a function of frequency for 
all concentrations studied. The solvent absorption coefficient 
is frequency independent in the MHz range and is subtracted 
from the absorption coefficient value of the solution providing 
thus the excess α/f2 values.

Solid lines correspond to individual relaxation curves mod-
eled by Debye-type equation:

(3)
(
H2O

)
m
+ DSP ⇄ DSP ⋅

(
H2O

)
m

(4)DSP ⇄ DSP∗

(5)DSP + H2O ⇄ DSPH+ …OH−
⇄ DSPH+ + OH−

(6)
a

f 2
=

A

1 +
(

f

fr

)2
+ B

Fig. 1   Representations of molecular structure of a Dexamethasone sodium phosphate (DSP) and b Dexamethasone molecule
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where fr, A and B is the characteristic relaxation frequency, 
the relaxation amplitude and the background absorption, 
respectively. The characteristic frequency is defined as the 
sagmatic point of the sigmoidal function in the frequency-
domain. In order to stress out the frequency shift of the 
curves, the y-axis is zero to one normalized through the 
equation 

((
�

f 2

)
excess

− B
)
∕A . The spectra of Fig. 2 evidently 

expose the presence of only one relaxation process with its 
characteristic frequency shifting to lower frequencies with 
increasing concentration. The presence of an additional 
relaxation process would be observed as a second sagmatic 
point in the sigmoidal function with lower or higher charac-
teristic frequency. The relaxation frequency variation with 
increasing solution concentration indicates that the mecha-
nism behind the observed relaxation process involves coop-
erative motion of molecule assembles.

As stated above, at least three distinct mechanisms 
(aggregation, conformational changes, proton-transfer) are 
expected in the acoustic spectra of DSP aqueous solutions. 
Nevertheless, only one relaxation mechanism is evident in 
the recorded spectra, which lies in the 7–11 MHz frequency 
region. In order to elucidate the origin of the observed 
mechanism, we examined the concentration dependent of 
the acoustic parameters as obtained from the iterative fit-
ting procedure based on the nonlinear regression Leven-
berg–Marquardt algorithm (Kalampounias et  al. 2013). 
The validation of the fitting using methodologies other 
than Levenberg–Marquardt’s method did not provide better 
goodness of fit. The outcome of the analysis may lead us to 

draw conclusions concerning the assignment of the observed 
relaxation mechanism. Indeed, the relaxation frequency and 
relaxation amplitude seem to follow a rather non-monotonic 
variation with concentration as observed in Figs. 3 and 4, 
respectively. If a conformational change was attributed to 
the observed relaxation in the spectra, then the relaxation 
frequency would be independent of concentration and the 
relaxation amplitude would linearly increase with increas-
ing DSP concentration, as it has been recently reported for 
methyl acetate-ethanol solutions (Stogiannidis et al. 2020) 
and pure n-propyl formate liquid (Kalampounias 2020). 
Thus, the assignment of the present relaxation to confor-
mational changes is excluded. Furthermore, both fr and A 
fitting parameters seem to follow different trends below and 
above ~ 2.82 mM, which corresponds to x = 0.08 mol frac-
tion. On the other hand, if the observed relaxation was attrib-
uted to proton-transfer reaction, the characteristic frequency 
and relaxation amplitude would follow a rather monotonic 
increase with solution concentration, as observed in the case 
of aqueous polyamine solutions (Siafarika et al. 2021) and 
aqueous poly-vinyl-alcohol solutions (Kouderis et al. 2021). 
Thus, the assignment of the present relaxation to proton-
transfer reaction is questionable. Furthermore, a relaxation 
attributed to proton-transfer mechanism would be expected 
in a frequency range much higher than that observed here, 
since the proton exchange process is much faster than the 
making-breaking of hydrogen-bonds, which is probably the 
dominating mechanism. All these arguments led us to the 
conclusion that the dominant interactions taking place in 
this system are mainly intermolecular, such as the aggrega-
tion reaction. The theoretical molecular interaction study of 
the aggregation species revealed the formation of a stable 

106 107

0.0

0.2

0.4

0.6

0.8

1.0
[(

α/
f2 ) ex

ce
ss

 - 
B

] /
A

frequency [Hz]

1.71
1.96
2.31
2.83
3.64

C [mM]

Fig. 2   Normalized excess ultrasonic absorption values versus ultra-
sound frequency for all concentrations studied. Symbols represent 
experimental values, while lines denote the corresponding curves 
after the fitting procedure. The constant and non-relaxing ultrasonic 
absorption of the solvent (water) was evaluated equal to 2.2 × 10–16 s2/
cm and is subtracted from the ultrasonic absorption of solutions

1.5 2.0 2.5 3.0 3.5 4.0 4.5

7

8

9

10

11

fr
eq

ue
nc

y 
[M

H
z]

concentration [mM]

Fig. 3   Concentration dependence of the characteristic relaxation fre-
quency for all concentrations studied at ambient conditions. Symbols 
represent experimental values and line is used as a visual guide



6120	 Chemical Papers (2021) 75:6115–6125

1 3

aggregate composed of two monomers with binding energy 
of 2.91 kcal/mol. The transition to a more compact structure 
with aggregates should be reflected in the sound velocity 
variation with concentration. Indeed, the sound speed versus 
DSP concentration exhibits a characteristic non-monotonous 
trend with a break near ~ 2.55 mM.

The maxima observed in the relaxation amplitude or in 
sound speed plots versus solution concentration are a univer-
sal characteristic that has been noticed in the past in binary 
and ternary aqueous alcoholic (Verall et al. 1977 and ref-
erences therein) and amine (Barfield and Schneider 1959; 
Tsigoias et al. 2020, 2021) solutions that are typical hydro-
gen-bonding systems. The concentration corresponding to 
the peak, the so-called peak sound absorption concentration 
(P.S.A.C.), is frequency dependent. If the excess absorption 
mechanism in DSP aqueous solutions was due to associa-
tion scheme expressed by Eq. (2), then the PSAC would be 
expected near 0.5 mol fraction of the DSP. Though, the peak 
concentration is observed at 2.82 mM, which corresponds to 
x = 0.08 mol fraction. Therefore, the scheme designated by 
Eq. (2) must be ruled out and the cause of the excess absorp-
tion is the mechanism presented in Eq. (1).

The concentration dependence of the relaxation ampli-
tude (excess absorption) and sound velocity is presented 
in Fig. 4 allowing direct comparison. It seems that the 
concentration where both quantities exhibit their maxima 
is somewhat different. This experimental finding has been 
observed in the past in other binary systems (see e.g. Tsi-
goias et al. 2020). The experimental determination of the 
specific conductivity of the DSP solutions may provide 
further insights into association mechanism by estimat-
ing the critical aggregation concentration (cac), which 
can be determined as the cross point of two straight lines 
passing through the specific conductivity data below and 

above this characteristic concentration. In order to increase 
the precision in the estimation of cac, a large number of 
experimental points in the specific concentration range is 
necessary. Indeed, the specific conductivities of a large 
amount of DSP solutions were measured and the results 
are presented in Fig. 5a. A typical for aggregation mecha-
nism variation of conductivity is observed below and 
above cac. The data for lower and higher concentrations 
than cac were linearly fitted and the cross point is observed 
at 2.82 mM, which perfectly matches the PSAC value. In 
addition, the adiabatic compressibility values as a function 
of concentration for the same solutions were calculated 
and the results are presented in Fig. 5b. Adiabatic com-
pressibility exhibits a minimum and can also be used to 
determine analogous structural effects. By comparing the 
specific conductivity and adiabatic compressibility data, a 
coincidence between their respective characteristic points 
(cross point and minimum, respectively) is evident further 
supporting our assumption that the dominating process is 
the molecular self-association of DSP and not a relaxation 
process due to internal vibrational modes.

It is more than clear that hydrogen-bonding between 
molecules is the driving force behind this relaxation. For-
mation and braking of hydrogen-bonds causes a perturba-
tion in the propagation of the acoustic waves with a parallel 
total volume change and thus a compressional relaxation. 
A quantitative description of a mechanism behind a relaxa-
tion process like this one, cannot be easily provided due 
difficulties related to the inherent intermolecular complex-
ity of hydrogen-bonded aqueous solutions. Considering that 
Eq. (1) describes the above mechanism in one mean stage, 
we can express the relation between the relaxation frequency 
fr in MHz and the reactant concentration [DSP] as (Nishi-
kawa et al. 1991; Nishikawa and Kamimura 2011):

Fig. 4   Left axis: Concentration 
dependence of the relaxation 
amplitude as received from 
the fitting procedure for all 
concentrations studied. Right 
axis: Ultrasound velocity as a 
function of concentration for 
the same solutions. Symbols 
represent experimental values 
and curves correspond to 
polynomial fittings and are used 
as guide to the eye. A four-
order polynomial has been used 
for relaxation amplitude data 
(R2 = 0.946) and a third-order 
polynomial has been used for 
sound velocity data (R2 = 0.991)

1.5 2.0 2.5 3.0 3.5 4.0 4.5

1644

1656

1668

1680

1692

1704

1716

1.5 2.0 2.5 3.0 3.5 4.0 4.5
0.0

5.0x10 -15

1.0x10 -14

1.5x10 -14

so
un

d 
sp

ee
d 

[m
/s

]

f=10MHz

concentration [mM]

A
 [s

2 /c
m

]



6121Chemical Papers (2021) 75:6115–6125	

1 3

where n is the aggregation number, while constants kf and kb 
represent the forward and backward rate constants, respec-
tively. Several values on n were tested in order to receive the 
least error of plots of 2�fr vs [DSP]n−1 . Values higher than 
2 provided continuously increasing errors and thus the most 
favorable value of the aggregation number is equal to n = 2. 
Subsequently, the values of the forward and backward rate 
constants were found equal to kf = 6.65 × 107 M−1 s−1 and 
kb = 4.52 × 107 s−1. The main outcome from the theoretical 
calculations performed is that dimer species reveals as the 
most thermodynamically favorable. From the experimental 
values of relaxation frequency, maximum excess absorption 
per wave length and forward constant, the volume change of 
the reaction can be evaluated from the following equation 
(Nishikawa et al. 1973b):

(7)2�fr = n2kf [DSP]
n−1 + kb

where �max =
1

2
Aufr is the maximum value of the absorp-

tion per wavelength at the relaxation frequency fr. ΔV is the 
standard volume change given by ΔV = V2 − nV1 with V1 and 
V2 designating the partial molar volumes of DSP monomer 
and (DSP)n aggregate, respectively. R, T, ρ and u correspond 
to the gas constant, absolute temperature, solution density 
and sound velocity, respectively. Finally, Γ is the concentra-
tion term given by (Kaatze et al. 2000):

where cj are the molar concentrations corresponding to equi-
librium state and Δνj is the difference of the stoichiometric 
coefficients of the reactants and products. Parameter j des-
ignates the number of the species involved in the studied 
reaction.

Using the experimental values of the parameters involved 
in Eq. (7), the volume change of the reaction has been esti-
mated as ΔV = (30.6 ± 1.5) × 10–6 m3/mol. The theoretically 
calculated values of volume change in the vapor state is 
ΔVth = 49.3 × 10–6 m3/mol, while in solution state with water 
is ΔVth,H2O = 43.3 × 10–6 m3/mol. The observed discrepancy 
in the experimental and theoretical values are expected since 
in the theoretical calculation intermolecular interactions 
between neighboring species where not taken into account 
in the calculation. It is interesting to note that the theoreti-
cal value of the volume change is closer to the experimen-
tal ΔV when solvent effect is considered in the calculation. 
Nevertheless, the comparison between the experimental data 
and the outcome of the theoretical calculations evidenced 
that the present mechanism is related with the aggregation 
scheme proposed. Volume changes associated with confor-
mational changes would be negligible.

Analysis of the relaxation behavior—Temperature 
effect

In an effort to examine the thermodynamic characteristics 
of the aggregation mechanism, we measured the acoustic 
spectra as a function of temperature for a DSP aqueous solu-
tion with concentration 3.87 mM, which is above the criti-
cal aggregation concentration and representative results are 
presented in Fig. 6 for three selected temperatures.

It seems that temperature affects significantly the acoustic 
spectra and the characteristic relaxation frequency exhibits 
a blue shift with increasing temperature. The relaxation fre-
quency is associated to the kinetic parameters of relaxation 
in the context of the Eyring’s theory as (Herzfeld and Lito-
vitz 1959; Blandamer 1973; Ensminger et al. 2011):

(8)�max =
��u2
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ΔG* is the activation free energy given by 
ΔG* = ΔH* − T·ΔS* and τ = (2π·fr)−1 the relaxation time. 
Constants kB and h have their usual meanings, namely the 
Boltzmann and Planck constants. The above equation can be 
written in linear form as:

Parameters ΔΗ* and ΔS* are the activation enthalpy and 
the corresponding activation entropy, respectively. By plot-
ting the ratio ln(fr/T) as a function of reciprocal temperature, 
one is able to determine the activation enthalpy from the 
slope and the activation entropy from the intercept of the 
graph. The ln(fr/T) versus 1/T dependency is presented in 
Fig. 7 for all temperatures studied revealing a clear linear 
behavior. The activation enthalpy, estimated from the slope, 
was found equal to ΔH* = 4.23 ± 0.34 kcal/mol, while the 
corresponding activation entropy was determined from the 
intercept equal to ΔS* = − 20.1 ± 1.6 cal/molK. It seems that 
the ΔS* contribution to the change of free energy is insig-
nificant, indeed ΔS*/ΔH* ≈0.48%.

The relaxation strength is given by (Lamb 1965):

All parameters appearing in the above equation have 
been evaluated experimentally and the resulting relaxa-
tion strengths varies between 0.00134 and 0.00629 for the 
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concentration range studied here. It seems that r < < 1 as 
expected for the majority of thermal relaxations in chemi-
cal reactions perturbated by the application of a compres-
sional wave. In the case where r < < 1, the following equa-
tion holds (Lamb 1965):

where CP is the specific heat under constant pressure and γ 
is the ratio CP/CV. The rest of the symbols have their usual 
meanings. ΔΗ0 is the difference enthalpy that can be directly 
estimated from the acoustic data through the temperature 
dependence of the relaxation amplitude. Since the values 
of CP and γ are not known for the DSP aqueous solutions 
in the temperature range studied here, we will use the two 
following equations in order to be able to estimate the ΔΗ0 
value (Lamb 1965):

where θ is the thermal expansion coefficient and J = 4.187 
Joule/cal is the Joule to calory conversion factor. Further-
more, we have:

By combining the last three equations and since the 
ratio 
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 is not temperature dependent in the narrow 
temperature range studied here, we are able to estimate the 
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Fig. 6   Temperature dependence of the excess ultrasonic absorption 
values of DSP aqueous solution with concentration C = 3.87  mM. 
Symbols represent experimental values and curves correspond to 
Debye-type fittings
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The activation enthalpy ΔH* required for aggregation mechanism 
is obtained from the slope of the linear graph and found equal to 
ΔH* = 4.23 ± 0.34 kcal/mol



6123Chemical Papers (2021) 75:6115–6125	

1 3

enthalpy difference ΔΗ0 from the slope and intercept of 
the ln(Tμmax/u2)−1/T plot, which is presented in Fig. 8.

The difference of enthalpy was found equal to 
ΔH0 = 6.62 ± 0.14  kcal/mol. A criterion for the valid-
ity of the calculation is to check whether the condition 
ΔΗ0 > 2.4RT holds (Lamb 1965). Indeed, in our case this 
condition is fulfilled and our calculation is valid. The fact 
that ΔH0 was assumed independent of temperature in the 

temperature range studied here is further supported by the 
observed linearity of the ln(Tμmax/u2)−1/T plot. Semiem-
pirical PM6 D3 method was used to calculate theoreti-
cally the enthalpy difference for the mechanism of Eq. (1). 
Recently it has clearly shown that other semiempirical 
quantum-chemical (SQC) methods, such as the OMx and 
OMx-Dn methods can be recommended in most cases for 
C, H, N, O, and F elements. Nevertheless, PM6 remain a 
valuable alternative for molecules containing other ele-
ments, such as P (Dral et al. 2016). The calculated value 
was found ΔH0

th = 6.56 kcal/mol, which is close to the 
experimental value (ΔH0 = 6.62 ± 0.14 kcal/mol). These 
values are slightly different probably due to the fact that 
the calculation was performed in a vacuum environment 
without any interactions. The energy diagram for the DSP 
self-aggregation reaction is presented in Fig. 9. The two 
configurations shown are the monomer and dimer species 
and correspond to optimized structures. The calculations 
revealed that the aggregate is the most thermodynamically 
stable. The energy barrier ΔΕ shown in Fig. 9 can be esti-
mated as the sum of the activation enthalpy ΔH* and the 
difference of enthalpy ΔH0 related to the self-association 
mechanism as ΔE = ΔH* + ΔH0 = 4.23 + 6.62 = 10.85 ± 0.
37 kcal/mol. The error in ΔΕ value has been estimated by 
applying the standard error propagation procedure.
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the two states of the reaction is estimated from the slope and found 
equal to ΔH0 = 6.62 ± 0.14 kcal/mol

Fig. 9   Energy diagram for the 
self-association reaction and 
the two configurations (left: 
monomer, right: dimer) as 
predicted from the theoretical 
calculations. ΔH*, ΔH0 and 
ΔΕ are the activation enthalpy, 
the enthalpy difference and the 
total energy barrier equal to 
ΔΕ = ΔH* + ΔH0
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Conclusions

Aqueous dexamethasone sodium phosphate solutions were 
studied in the relatively dilute region by means of ultrasonic 
relaxation spectroscopy in the MHz frequency range. Tem-
perature- and concentration-dependent measurements of the 
excess absorption coefficient were performed to elucidate 
the single relaxation observed in acoustic spectra, which is 
best fitted with a Debye-type function. The dominating pro-
cess behind the relaxation is the self-association mechanism. 
The concentration dependence of the relaxation frequency 
and amplitude allowed us to exclude the presence of addi-
tional mechanisms in the frequency range studied. The con-
centration dependence of the specific conductivity exhibits 
an inflection point which is characteristic of self-aggregation 
process. The inflection point is observed at 2.82 mM, which 
is perfectly matches the concentration of the relaxation 
amplitude maximum. Analogous results have been observed 
for adiabatic compressibility further supporting the assign-
ment of the experimentally detected relaxation to self-asso-
ciation. The aggregation number was expected to be low and 
experimentally determined equal to 2. From the tempera-
ture dependence of the acoustic parameters, we were able to 
evaluate the thermodynamic characteristics of the self-asso-
ciation mechanism. The experimental activation enthalpy 
was found equal to ΔH* = 4.23 ± 0.34 kcal/mol, while the 
enthalpy difference equal to ΔH0 = 6.62 ± 0.14 kcal/mol. The 
experimental results were compared with complementary 
theoretical calculations. The enthalpy difference was cal-
culated theoretically by means of semiempirical PM6 D3 
method equal to ΔH0

th = 6.56 kcal/mol, which is close to the 
experimental value. Theoretical calculations revealed that 
the aggregate is the most thermodynamically stable. The 
theoretical molecular interaction study of the aggregation 
species revealed the formation of a stable aggregate com-
posed of two monomers with binding energy of 2.91 kcal/
mol. The theoretical and experimental values of the vol-
ume change associated to the reaction further support our 
assumption that the present mechanism is related with the 
aggregation scheme.
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