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In the context of drug—drug interactions, the combination of benzodiazepine (BDZ) or benzothiazepine
(BTZ) antidepressant/hypnotics with commonly used analgesics, including over-the-counter nonsteroidal
anti-inflammatory drugs (NSAIDs), has been reported to decrease the effectiveness of analgesics. This study
aimed to analyze the diffusion behavior of analgesics and diltiazem (DTZ), which was used as a structural
model of BDZ/BTZ, in solution using NMR diffusion-ordered spectroscopy (DOSY) and electrochemical
impedance spectroscopy (EIS). Analgesics and DTZ were dispersed as free entities in deuterated dimethyl
sulfoxide (an aprotic solvent), whereas oligomeric clathrates were observed in heavy water (a protic
solvent). These findings suggest that the hydrophobic hydration of the complex formed by acidic and basic
drugs may involve intermolecular electrostatic interactions embedded within the hydrogen-bonding

rsc.li/pccp network in water.

1. Introduction

The aging global population and the increasing prevalence of
cancer and lifestyle-related diseases have led to greater reliance
on the combined use of multiple drugs.™” This practice, known
as polypharmacy, is generally defined as the concurrent use of
five or more medications.>* It is common among patients with
complex chronic diseases and cancer.>® Although polypharmacy
aims to achieve therapeutic effects that surpass those of a single
active pharmaceutical ingredient (API) by leveraging the benefits
of multiple APIs and minimizing adverse effects, it presents
significant challenges.”® Drug-drug interactions, which can
either enhance or reduce API efficacy or cause adverse reactions,
are often underexplored in randomized controlled trials (RCTs)."

Pharmacokinetic and pharmacodynamic interactions, such
as those mediated by drug-metabolizing enzymes (e.g,
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cytochromes) and drug-binding proteins (e.g., serum albumin),
have been reported in studies assessing the side effects and
changes in API efficacy."™ However, the physicochemical
interactions that influence drug properties such as water solu-
bility and API bioavailability remain unclear.**'*> Understanding
these interactions is crucial, as they directly affect a drug’s
clinical performance and warrant further investigation.'®>°
Knowledge sharing among contemporary research institutions
and enterprises has optimized API development, with a focus on
enhancing bioavailability and clinical efficacy. While improving
administrative efficiency and drug delivery is valuable, it is also
crucial to consider the deductive proposition and inevitability of
reaching the site of action. Pharmaceutical companies often
prioritize assessing the dissolved states of APIs as an effective
strategy for delivering them to their intended therapeutic
targets.

Regarding the solubility of acidic analgesics—classified as
nonsteroidal anti-inflammatory drugs (NSAIDs, Scheme 1)—and
the basic benzodiazepine derivative diltiazem (DTZ, Scheme 1),
Kinoshita et al.’® reported that the presence of DTZ reduced the
water solubility of these analgesics. Changes in "H-NMR chemical
shifts indicated that interactions between analgesics and DTZ
varied depending on the solvent used: methanol-d, (a protic
solvent that can dissolve apolar associated complexes due to
hydrophobic hydration, consuming the entropy) and dimethyl
sulfoxide-ds (DMSO-ds) (an aprotic polar solvent that separately
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Scheme 1 Chemical structures and physicochemical properties of APIs. Strictly, aspirin is not classified as an NSAID. While the pK, and logP were
referred to Avdeef's Gold Standard,?>~2° those of LXP were from the Loxonin® interview form, Daiichi Sankyo Co., Ltd.

disperses solutes, producing the entropy).'® This suggests that
solvent effects have a clear, dominant impact on intermolecular
interactions."**°

The use of NSAIDs in patients with cardiac conditions is
clinically discouraged because of their adverse effects on the
cardiovascular system. To investigate the drug interaction
between the daily and frequently (sometimes excessively) used
acidic and basic drugs, i.e., analgesics and benzodiazepine or
benzothiazepine drugs, respectively, their derivative DTZ (used
as an antianginal and antihypertensive drug) is a more avail-
able reagent than psychotropic drugs under domestic legal
regulations. The present authors considered that DTZ corre-
sponds to a model derivative of such heptacyclic aza-aliphatic
antidepressants/hypnotics,”** which impose a considerable
environmental load owing to their psychotropic effects on
humans (prescribed for children), and other animals.>® Clinical
doses of these antidepressants cannot be within the essential
minimum, and analgesics are commonly and frequently used
(which could be used excessively and lead to drug abuse).**
Their drug interactions are a prominent issue for patients.

Intermolecular interactions between acidic and basic drugs
suggested that enthalpy-entropy compensation, which governs
solvation and dissolution, primarily affects the solubility of these
mixtures.>® Although the prevailing opinion is that acid-base
intermolecular interactions involve the formation of a single
acid-base pair, at temperatures above room temperature, a basic
anesthetic lidocaine (LDC) reduced the solubility of an acidic
analgesic indomethacin (INM) without causing precipitation, sug-
gesting that suspended flocculation may occur instead of the
formation of poorly soluble acid-base pairs.'® Hydrophobic coun-
terions can shield the charges of these solutes, thereby promoting
direct contact between the solutes and counterions. Furthermore,
concentration-dependent changes in the fluorescent spectra of
analgesic molecules indicated monomeric, dimeric, and polymeric
aggregations.”® These processes disrupt the hydration shell,
increasing entropy. Consequently, the dissolution enthalpy and
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entropy are balanced, allowing for adjustments in the solubility of
hydrophobic solutes. Subsequently, hydrophobic electrolytes can
lead to liquid-liquid phase separation (LLPS).**"**

On the other hand, for solid or amorphous medicinal
resources, the mechanism of solubility enhancement for certain
drugs has been studied in ionic liquids (ILs) and deep eutectic
solvents (DESs),>**° which form supramolecular assemblies
through supramolecular synthons (often involving hydrogen-
bonding acceptors and donors).*°** Drugs in the DES state were
considered innovative for their ability to solubilize and regulate
API crystal growth at room temperature, with the added
potential to control polymorphism.** A theoretical study on
the dissolution of LDC in DES focused on the dissolution of
heteroaromatic drugs in DES.** The supramolecular synthons
that equilibrate in cocrystals or the amorphous phase might not
be preserved upon dissolution. Generally, well-dissolving solids
create a supersaturation in solution, but their solubility should
be temporary.*®™*® Therefore, we should focus on maintaining
suspension in solution or dispersion to maintain concentration
rather than on the release of the API from the solid. The authors
cannot believe that all intermolecular interactions between a
drug and its solubilizing agent form a soluble complex.

In this study, we developed a method to measure the
diffusion coefficient to investigate the dissolution behavior of
hydrophobic drugs in aqueous solutions and to track their
intermolecular interactions.*®*”*°

2. Materials and methods
2.1.

Aspirin (ASP, CAS RN 50-78-2), diclofenac (DCF) sodium salt
(15307-79-6), INM (53-86-1), and naproxen (NPX, 22204-53-1) were
purchased from Fujifilm Wako Pure Chemical Industries Ltd
(Osaka, Japan). DCF acid (15307-86-5), DTZ (42399-41-7) hydro-
chloride (33286-22-5), ibuprofen (IBP, 15687-27-1), loxoprofen

Materials

This journal is © the Owner Societies 2026
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(LXP) acid (68767-14-6), and LXP sodium salt dihydrate (226721-
96-6) were obtained from Tokyo Kasei Industry Co., Ltd (Tokyo,
Japan). Simultaneously, (S)-(+)-ketoprofen (KTP, 22071-15-4) was
sourced from Combi-Blocks Inc. (San Diego, CA, USA). Special-
grade reagents were used in all cases. Distilled deionized water
generated by the Milli-Q ultrapure water purification system
(Millipore Billerica, MA, USA), with a resistivity exceeding
18 MQ, was used.

2.2. Electrochemical impedance spectroscopy (EIS)

To determine the single impedance of a drug, 1.0, 3.3, 6.7, and
10.0 mmol dm  aqueous solutions of ASP, DCF, IBP, KTP, LXP,
NPX, and DTZ sodium salts were prepared by adding equivalent
moles of 1 M aqueous sodium hydroxide as needed. Cyclic
voltammetry (CV) and EIS measurements were performed by
adding 5.0 mL of these solutions to a triode cell consisting of a
glass cell (HX-111), with a glassy carbon working electrode
(HX-W8), platinum counter electrode (HX-C13), and silver-silver
chloride reference electrode (HX-R14) (Hokuto Denko Co., Ltd,
Tokyo, Japan) at a measurement temperature of 295 K using the
Vertex 1A (Ivium Technologies B. V., A] Eindhoven, The Nether-
lands), as shown in Fig. S1. The AC frequency ranged from
500 kHz to 1.0 Hz, and the applied voltage was within 200 mV of
the reference voltage. For the mixed solution of ASP and DTZ, a
sample solution adjusted to 10 mmol dm™> was prepared at
constant volume and diluted to obtain uniformly measured
0.50, 1.7, 3.3, and 5.0 mmol dm ™ solutions. The cell constants
were determined by calibration using a 10 mmol dm* KCI
aqueous solution for each measurement. Fig. 1a shows the Bode
plot analysis used to obtain the solution resistance, Ry, (Q2),
which represents the flattening of the impedance on the high-
frequency side. The molar electrical conductivity 4 (S m* mol ™)
is expressed by the following equation using the solution
resistance Ry, obtained from the Bode plot:
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where x (m™") is the cell constant obtained from calibration
with 10 mmol dm ™ potassium chloride, and C (mol m™?) is the
molar concentration of the sample. As can be observed from the
flattened Bode plot, with sufficiently high AC frequencies, charging
and discharging did not occur on the electrode surface. Only the
solution resistance, Ry, (Q2), was observed as impedance.’>>" The
limiting molar conductivity 4, (S m> mol™ ") and transference
number of cations and anions, 2* and 2~ (S m® mol '), were
calculated from A obtained using the following equation:

A=Ay — kC, ®)

Ao ="+ 1.

3)

Using the 4 of each drug ion, each diffusion coefficient Dgs (m* s ")
was calculated using the following Nernst-Einstein equation:

RT /.

[Z[F% (4)

Dgis =
where R, T, z, and F represent the gas constant (8.314 ] mol " K™ ),
temperature (K), valence of the drug ion, and Faraday constant
(9.649 x 10* C mol "), respectively.

2.3. Differential scanning calorimetry (DSC)

Thermal analyses were conducted using a DSC 8230 instrument
(Rigaku Co., Ltd, Tokyo, Japan) with the analgesics or DTZ
(5.0 mg) in an aluminum pan. Alumina of equal weight as the
sample served as the reference material for the heat flow. Once
the pan was sealed, the temperature was scanned from 300 K
under a nitrogen gas flow (30 mL min~') at a rate of 5.0 K
min~ " until an endothermic peak, indicating the melting of the
crystals, was observed."™

2.4. Diffusion-ordered spectroscopy (DOSY)

NMR DOSY spectra were measured using a 400 MHz NMR
spectrometer (JNM-ECZ 400 S, Japan Electronics Co., Ltd,
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Fig. 1 Results of electrochemical measurements of an aqueous solution of a simple drug. (a) Bode plot of a 1 mol dm™ LXP aqueous solution. (b)
Relationship between the molar electrical conductivity, calculated from the solution resistance obtained from the Bode plot, and the square root of each

sample concentration (cf. Fig. S3).
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Tokyo, Japan), which showed that bipolar pulse pairs stimulated
the echo longitudinal eddy-current delay (BPPLED).>> A solution
was prepared using heavy water (D,O) as the protic solvent and
dimethyl sulfoxide-ds (DMSO-d;) as the aprotic solvent, yielding a
sample concentration of 1.5 w/v% or higher.”® The molecular
forms of analgesics dissolved in D,O were dispersed in an
equivalent molar amount of aqueous sodium hydroxide solution
and in sufficient ethanol. The mixture was then dried under
reduced pressure in a rotary evaporator and heated to dryness at
a temperature below the melting point of the analgesic sodium
salts. The formation of sodium salts was assessed by measuring
their melting points using DSC."

When the DTZ hydrochloride salt was dissolved in DMSO-d,
a small amount of water was added, followed by a few drops of
trimethylamine. The crystals were dried overnight in a desicca-
tor at 298 K to adjust their molecular form.'”> The DOSY
measurements were conducted at 303 K, and the relaxation
time was optimized to 7.0-14 s. The duration of the pulsed-field
gradient and the diffusion time were adjusted to achieve a
residual signal with a maximum field strength of 10%.%* The
Stokes radius of the solute was calculated from the diffusion
coefficient obtained using the Stokes-Einstein equation.

kg T
xmna’

Dposy = (5)
where kg, T, and n represent the Boltzmann’s constant (1.381 x
1072 J K1), measuring temperature, and viscosity (1.992 x
107 Pa s for DMSO-dg and 1.250 x 10~% Pa s for D,0),
respectively.>>* Solvent parameters y were derived from the
Stokes resistance constant 6 times the Hiickel electrophoretic
mobility constant 2/3 for heavy water, and derived from the
Stokes resistance constant 6 times the Smoluchowski electro-
phoretic mobility constant 1 for deuterated DMSO.>’

3. Results

3.1. Diffusion coefficients determined using EIS experiments

Electrochemical impedance spectroscopy (EIS) is a technique
that measures the impedance of an object by applying a small
alternating current (AC) voltage while controlling the oxidation-
reduction reaction and AC frequency.’®®® EIS is commonly used
to study ionic liquids and innovative battery materials in
solution.>®" However, its application in the pharmaceutical
industry remains limited.®>®> As the drugs we studied are
organic electrolytes, their diffusion coefficients and viscosities
in an electric field can be determined using the Nernst-Einstein
equation.** This requires measuring the electrical resistance at a
voltage range where redox reactions do not occur, thereby
reflecting the mobility of the solute ions.>*®*°°

To investigate the electrochemical behaviors of the analge-
sics and DTZ, the impedance (|Z|) of the aqueous drug solu-
tions was measured using the setup shown in Fig. S1. The
acidic and analgesics analyzed included ASP, DCF, IBP, KTP,
LXP, and NPX, whereas the basic drug used was DTZ. The drugs
were dissolved in water as their sodium or hydrochloride salts.
CV measurements were conducted to determine whether redox

162 | Phys. Chem. Chem. Phys., 2026, 28, 1159-1172
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Table 1 Transference numbers, 4, and diffusion coefficients, Dgs and
Dposy. of each drug ion

Dpys/ Dposy/
APIs /S em? mol™? 10 " m?*s! 10 °m?s™!
ASP 81.840 2.156 0.713
DCF 28.926 0.762 0.586
IBP 61.862 1.629 0.577
INM n.d.? n.d.® 0.432
KTP 67.416 1.776 0.584
LXP 50.780 1.337 0.506
NPX 37.040 0.976 0.518
DTZ 12.586 0.332 0.322
Mean (u) 56.644 + 24.004 1.439 + 0.632 0.527 £+ 0.116
s.d. (0)

“ An EIS measurement for INM acid failed because of its poor solubility,
which prevents obtaining linearity on the A — C*? diagram.

reactions occurred within the applied voltage range for each
sample (Fig. S2). As shown in Fig. 1a, no redox peaks were
observed, indicating that the pure solution resistance solely
contributed to the impedance measurements.

Fig. 1b presents the molar electrical conductivity (4, S cm?
mol ") plotted against the square root of LXP concentration (see
Fig. S4 for references and other APIs). According to Kohlrausch’s
square root law, the data confirmed the electrochemical behavior
of all drugs. The limiting molar conductivity (4o, S cm® mol )
was calculated, representing the sum of the transference num-
bers (1) of analgesic anions, DTZ cations, and their respective
counterions. The individual 4 values for ionic species were
derived from the net 4 values and are displayed in Table 1.

The transference numbers of the sodium cations and chloride
anions were determined in advance using EIS measurements of
their respective inorganic salts. A deviation from linearity was
observed only for hydrochloric acid, which was attributed to the
proton jump mechanism,”” in which hydrogen ions rapidly
transfer charge through the aqueous solvent. The calculated
transference numbers for the inorganic salts are consistent with
literature values.®®”° Using the Nernst-Einstein equation and the
transference numbers, the diffusion coefficients of the drug ions

(Dg1s) were calculated and represented in units of m* s~ .

3.2. Diffusion coefficients determined using NMR DOSY
experiments

Pulsed-field gradient nuclear magnetic resonance (PFG-NMR) is
another technique for determining diffusion coefficients. This was
achieved by analyzing the attenuation of NMR signals arising
from self-diffusion due to Brownian motion.”® Diffusion-
ordered spectroscopy (DOSY), which utilizes PFG-NMR, sepa-
rates "H-NMR peaks based on their respective diffusion coeffi-
cients. Unlike EIS, DOSY is not limited to electrolytes, making it
an ideal method for studying the solvent effects in both protic
and aprotic solvents.®>*

To evaluate the impact of the solvent environment on drug
interactions, diffusion coefficients were measured using NMR
DOSY in an aprotic solvent (DMSO-ds) and a protic solvent
(D,0). The diffusion coefficients of the drugs in D,O (Dposy, m”
s~') are presented in Table 1.

This journal is © the Owner Societies 2026
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Fig. 2 DOSY spectra of LXP/DTZ equal mixture samples measured in (a) DMSO-dj, (b) D,O.

Fig. 2 shows the DOSY spectra for LXP/DTZ mixtures in
DMSO-ds and D,O, with signal assignments available in Fig. S6.
Distinct diffusion peaks corresponding to the LXP-enriched
and DTZ-enriched signal sets were observed in DMSO-d, while
only one diffusion peak was detected in D,O (excluding the
solvent peak). Fig. S7-S11 present comparable results for
mixtures of other analgesics. The diffusion constants of the
DLZ-enriched signals in DMSO-d; exhibited variations, indicat-
ing that the hydrodynamic radius of the DLZ-enriched particles
changed depending on the coexistence of the acidic drugs.

Table 2 presents the hydrodynamic radii (e/nm) and hydro-
dynamic volumes (V/nm?®) for each drug, calculated from Dpogy
of neat APIS and analgesic/DTZ complexes using the Stokes—
Einstein equation. Because D,0O and DMSO-ds have relatively
high viscosities, it was assumed that convection in the sample
tube could be neglected in the comparative study of the

complex of acidic analgesics and basic DTZ, which exhibits a
strong attractive interaction.

Fig. S5a shows the correlation between hydrodynamic
volume and molecular weight for the analgesics. Fig. S5b shows
the correlation between these and the Corey-Pauling-Koltun
(CPK) volumes of the analgesics. These illustrate the partial
linearity, [hydrodynamic volume] = 1.171 [CPK volume] —
0.1334 (r* = 0.983, n = 5, except for KTP and DCF). The slope
of this regression line suggests that the hydrophobic hydration
shell compresses the analgesic molecules. The estimated
hydrodynamic volumes, based on the M, of KTP, DCF, and
LXP, as well as on the CPK volumes of KPT and DCF, were
insufficient. LXP has a considerable molecular weight, but a
small CPK volume, suggesting that its particles in D,O can be
condensed to a high density. The compressed conformation of
LPX results in a small hydrodynamic volume. As the CPK

Table 2 Diffusion coefficients and Stokes diameters of solutes obtained by the DOSY measurements of isolated analgesics, DTZ, and their mixtures.

Their particle volumes are based on approximating a sphere

Dposy/10° m”> s~ Radius?/nm Volume/nm®

DMSO-dg D,O DMSO-dg D,O

Analgesic DTZ Complex Analgesic DTZ Complex DMSO-dg D,0 Ratio”
DTZ 0.190 0.322° 0.595 0.595 0.210 0.539
ASP 0.233 0.713° 0.470 0.368 0.104 0.050
ASP/DTZ 0.917 0.669 0.445 0.119 0.164 0.589 0.004 0.204 4.11
DCF 0.233 0.586° 0.470 0.447 0.104 0.089
DCF/DTZ 0.722 0.559 0.395 0.152 0.196 0.663 0.007 0.292 3.27
IBP 1.010 0.557¢ 0.108 0.470 0.001 0.104
IBP/DTZ 0.613 0.882 0.474 0.178 0.124 0.553 0.002 0.169 1.62
INM 0.349 0.432° 0.313 0.607 0.031 0.223
INM/DTZ 0.738 0.611 0.437 0.148 0.179 0.600 0.006 0.126 0.97
KTP 0.604 0.584° 0.181 0.449 0.006 0.090
KTP/DTZ 0.643 0.786 0.458 0.170 0.139 0.572 0.003 0.187 2.07
LXP 0.506° 0.518 0.139
LXP/DTZ 0.849 0.638 0.372 0.129 0.171 0.704 0.005 0.350 2.52
NPX 0.261 0.518° 0.419 0.506 0.074 0.129
NPX/DTZ 0.435 0.535 0.448 0.252 0.205 0.585 0.009 0.200 1.55

“ Hydrodynamic radii a were calculated using eqn (5), with the solvent parameters Ip,0 = 4 and ypmso = 6- b

Particle volume ratios represent

the hydrodynamic volumes of the complexes divided by those of neat analgesics in D,0. © Reposted from Table 1.
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volumes of KTP and DCF were not small, we speculated that
intermolecular interactions caused the keto- or imine-linked
aromatic rings to be packed in the dissolved particles, unlike
those of ASP, IBP, NPX, and INM.

The hydrodynamic volumes of the complex in D,O were
once four times larger than those of the neat analgesics,
indicating the ability to form high- or low-density complexes
between analgesics and DTZ in protic solvents. This unique
intermolecular interaction between the analgesics and DTZ
occurs in D,O, indicating that solute ionization and solvent
effects are confined to the protic environment. These findings
suggest the potential for liquid-liquid phase separation (LLPS)
particles stabilized by the hydrophobic hydration shell of the
water-molecule network.*'®

3.3. Diffusion coefficient analysis using regression models

The EIS and DOSY experiments provided the diffusion coeffi-
cients of the analgesics and DTZ; however, they were not
identical. In the AC electrochemical experiments, the analytes
were exposed to an electric field that polarized them. In pulsed-
field gradient DOSY experiments, the magnetic field is assumed
to influence electrons rather than the molecular-size dipole
moments. Consequently, the Dgg values (with a mean of
1.4391 + 0.632) were overestimated more than the Dpogy (With
a mean of 0.527 + 0.116), as shown in Table 1. Although this
systematic tendency would be rational, as mentioned above, we
focused on the properties of the drugs based on their values
determined in the same experiments. Therefore, the observed
diffusion coefficients were normalized to nDg and nDpogy
using eqn (6), with the average value adjusted to zero.

D—p

D—
" 25’ (©)

where the y and o represent the mean and standard deviation.

Fig. 3a illustrates the positive correlation between the nor-
malized diffusion coefficients, nDgs and nDposy, indicating that
DCF and NPX are outliers. Subsequently, regression analyses for
nDygs and nDpogy were conducted as a function of the molecular
weight (M,,, g mol~") of APIs, as shown in Fig. S5¢ and d. Except
for NPZ and DCF, a strong correlation between nDgs and
molecular weight was demonstrated, whereas the relationship
between nDposy and molecular weight posed challenges for IBP
and NPX. These findings differ from those of previous regression
analyses for the hydrodynamic volume, suggesting that a causal
relationship between the diffusion coefficient or hydrodynamic
volume and molecular weight may not be necessary, but rather a
coincidental correlation. Next, we examined the differences
between nDgs and nDpogy-

Previously, we reported the melting temperatures (T, K)
and fusion enthalpies (AH, k] mol™') of analgesics.'> The
fusion entropy (AS, ] K~* mol ') can be approximated using
the Clausius definition, AS = AH/T,,,.”"”* Fig. 3d illustrates the
enthalpy-entropy compensation,”®”* indicating a linear corre-
lation, except for KTP, which exhibited a high entropy of fusion.
According to Walden’s rule for the fusion entropy of organic
compounds, the fusion entropies of analgesics would increase
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with their conformational flexibility in the liquid phase. In
particular, KTP has tight packing in the crystalline state or high
diversity in the liquid state.

Fig. 3e and f illustrate the difference in the diffusion
coefficients as a function of the fusion enthalpy and fusion
entropy. Their linear correlations were confirmed; however, KTP
exhibited a high enthalpy of fusion and fusion entropy. Further-
more, IBP was found to have low fusion enthalpy and entropy.
Moritake et al.*® reported flocculation of KTP, NPX, and IBP, as
indicated by bathochromic shifts in the fluorescence excitation
wavelengths with increasing concentration.”"”> The comparison
of these analgesics suggests that they tend to flocculate at low
concentrations, whereas KTP is less easily flocculated.

However, we recognize the differences between nDgs and
nDposy as invariants of IBP, KTP, LXP, and DTZ. Fig. 3g shows the
molecular weights corresponding to the differences between
nDgs and nDposy, indicating that this approach is ineffective.
Fig. 3h shows a melting temperature diagram comparing 7Dgs
and nDpogsy- APIs with high melting temperatures exhibited low
diffusion coefficients, resulting in reduced mobility due to floc-
culation. In the EIS experiments, a single anion species moved
within an alternating electric field. In DOSY experiments, APIs
with strong intermolecular associations may form flocculants.
Therefore, nDposy was positioned higher than the correlation line
in Fig. 3a. This perspective appears to be rational. We attempted
to analyze the relationship between the nDy;s — nDposy difference
and reciprocal temperature using a saturation curve, specifically
a hyperbolic function (eqn (7)),”> as shown in Fig. 3i.

k
X — Xy

y=yo- @)
Consequently, the parameters y, = 0.178, k = 0.119, and x, = 2.07
were optimized using a curve-fitting procedure, resulting in a
sum of squares of 0.0114. Simultaneously, the converted curve
was superimposed on the original curve, as shown in Fig. 3h.
This approximation, which uses a saturation curve, is superficial
and lacks theoretical significance. It is empirical that APIs with
high melting temperatures tend to exhibit low diffusion coeffi-
cients in protic solvents.

Fig. 4a presents a diagram of the plain Dpogy values for the
analgesic/DTZ complex in D,0, along with the molecular weights
of the neat analgesics, confirming the absence of discernible
correlations. Screening was unable to identify any suitable struc-
tural descriptors (Hansch-Fujita parameters, log P, CPK volume,
polar surface area, pK,, and dipole moment). Fig. 4b shows the
Dposy values of the complexes and the pure analgesics in D,O.
The diagram shows the two linear correlations. Although the
quantitative gradients remain unclear (> = 0.6407), the difference
between the regression lines indicates an intensity of approxi-
mately 20% (0.08 x 10~° m* s™') on the ordinate. The upper
group includes IBP, KTP, NPX, and INM (represented by trian-
gles), whereas the lower group comprises ASP, DCF, and LXP
(represented by rhombuses).

DSC experiments yielded no evidence or relevant data to
distinguish the analgesic/DTZ complex groups.'® In the empiri-
cal data, the individual hydrodynamic volume ratios of the
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Fig. 3 Correlations of normalized diffusion coefficients observed with EIS (nDgs) to those observed with DOSY (nDposy) (a) Correlations of nDgs and
nDposy to molecular weight M,, (b) and (c). Enthalpy—entropy compensation of fusion (d), in which the plot for KTP was an outlier. Difference of nDg s and
NDposy correlated to AgsH (e) and AqsS (f). The molecular weights corresponding to the differences between nDgs and nDposy (g). The melting

temperature diagram comparing nDg;s and nDposy (h). The relationship
saturation curve of Equation 7 (i).

complexes to the pure analgesics exceeded 2.5 in ASP, DCF, and
LXP, resulting in notably low diffusion coefficients for the com-
plexes. This suggests that these low coefficients were due to the
affinities of ASP, DCF, and LXP for DTZ. In the previous section, it
was noted that pure ASP, NPX, and DCF exhibited high flocculat-
ing abilities. In cases involving analgesics and DTZ, LXP was used
instead of NPX. There are multiple hydrogen-bond acceptors and
donors in ASP (acetyl group), DCF (imine and chloride), KTP
(linking keto), and LXP (endocyclic keto), in addition to their
COOH groups, which may facilitate intermolecular interactions

This journal is © the Owner Societies 2026

between the nDgs-nDposy difference and reciprocal temperature using a

among themselves and with DTZ. We propose that ASP, DCF, and
LXP can form aggregate particles that contain DTZ and them-
selves within the hydrophobic hydration shells.

3.4. Hydrodynamic and electrochemical behavior of
analgesic/DTZ mixtures

Diffusion coefficients were used to explore further interactions
aimed at estimating solute ion radii and changes in particle
size, reflecting intermolecular interactions in the analgesic/
DTZ systems. Turbidity was observed when aqueous solutions

Phys. Chem. Chem. Phys., 2026, 28, 1159-1172 | 1165


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03960f

Open Access Article. Published on 02 January 2026. Downloaded on 2/8/2026 1:21:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
0.5
IBP ( )

<

A'0.45
£
X
)
o
£
o
(8]
%

8 04

) °
LXP
y=-0.0004x +0.5283 o
R? = 0.4831
0.35
150 250 350 450

Mw

View Article Online

PCCP
(b)
v = 0.1897x + 0.3551
2=
—_— R2 = 0.6407
Q
a ASP
< INM
3
S04 ¥ = 0.3564x + 0.1896
5 R? = 0.9936
o
%
8
q
0.35
0.3
0.4 05 06 0.7 0.8

Dposy neat NSAIDs in D,O

Fig. 4 Single correlation of the diffusion coefficients observed for analgesics to molecular weights (a), and the diffusion coefficients for analgesics (b).

of analgesics and DTZ were mixed, as illustrated in Fig. 5a with
a 5.0 mmol dm® DCF/DTZ solution. The insoluble complex
required extensive mixing and time to dissolve, consistent with
earlier findings that analgesic solubility decreases in the
presence of DTZ. EIS revealed that DTZ significantly altered
the electrochemical behavior of analgesics (Fig. 5b).

Fig. S3 shows the molar electrical conductivities of inorganic
electrolytes. Although the A values of inorganic electrolytes
correlate linearly with the square root of their concentration as
stated in the Kohlrausch expression, the value for acetic acid
(AcOH) demonstrates a downward convex curve concerning the
square root of its concentration. This classic interpretation
suggests that the A value depends on the activity of acetic acid.
Acetic acid can be considered a weak electrolyte because
carboxylic acids are only slightly dissociated at neutral pH.

Fig. 5 Electrochemical measurement of NSAID/DTZ equimolar mixed aqueous solution. (a) 10 mmol dm~ DCF aqueous solution and 10 mmol dm™

However, in a dilute solution, approximated as an ideal
solution, acetic acid dissociates readily under an electric field.

Fig. S4 shows the A values for analgesics, illustrating a linear
correlation with the square root of concentration over the
examined range (excluding sufficiently diluted concentrations).
By contrast, Fig. 5b shows that ASP in the DTZ solution did not
exhibit the typical electrochemical behavior, indicating charge
loss due to electrolyte aggregation at high concentrations.
These findings support the idea that analgesics and DTZ form
intermolecular complexes in water, influencing their hydrody-
namic and electrochemical behaviors while reducing their
solubility.

Although DOSY and EIS experiments with single APIs
demonstrated the universality of diffusion, the EIS method
cannot be used to determine the apparent diffusion coefficients

(b)

0.05
C'2 /mol'2 dm-3/2

0.10

3

DTZ aqueous solution immediately after mixing. (b) Molar conductivity transition concerning the concentration of an equimolar aqueous solution of ASP/

DTZ.
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of the analgesic/DTZ complexes. The effect of complexation on
the drug dispersion was examined using DOSY.

4. Discussion

Our previous empirical study indicated that acidic and basic
drugs interact in aqueous solutions through ionization of these
electrolyte solutes and the solvent effects of water."*'®*° In the
Schréder-van Laar plot (van’t Hoff plot) of the aqueous solubi-
lity of acidic analgesics and basic drugs (DTZ and LDC), a linear
relationship was observed between the intercepts (representing
melting entropy) and the slopes (indicating melting enthalpy).*®
It was proposed that the analgesics and DTZ displayed sufficient
hydrophobicity and were encapsulated within the hydrogen-
bonding networks of the hydrophobic hydration shell. When
the neutralization of acidic and basic drugs forms the analgesic/
DTZ complex, the individual hydrated water networks in the
surrounding area cannot be maintained and reorganize around
the complex.>’ The enthalpy of molecular interactions and the
entropy of water network reorganization are balanced, leading
to enthalpy-entropy compensation.”*”*

Moritake et al.*® found that propionic acid- and acetic acid-
type NSAIDs form dimeric and polymeric clathrates at acidic pH,
emitting fluorescence with bathochromically shifted excitation
wavelengths that depend on concentration (which was not
observed in oxicam-type NSAIDs without a COOH group). The
intermolecular interactions of dimerization and oligomerization,
along with the rearrangement of the surrounding hydrogen-
bonding network, proceed via enthalpy-entropy compensation.

In general, it is well known that apolar gas molecules, such
as oxygen and carbon dioxide, dissolve readily in water at low
temperatures (as in pond water with fish or in carbonated
beverages such as cold beer). As water molecules are perturbed
by thermodynamic motion, which increases the dissolution
entropy, the dissolution of gas molecules is exothermic. Frank
and Evans™ stated that water adhered to hydrophobic solutes
like microscopic icebergs. It is now still considered to correspond
to a clathrate (e.g.,, methane hydrate).”® The gas molecules dis-
perse as clathrates, which are wrapped in hydrophobic hydration
shells (cages) consisting of hydrogen-bonding networks of the
protic solvents.”” Based on these mechanisms, locally ordered
protic solvents produce entropy when the clathrate is formed.

Theoretically, van der Waals’ interaction energy between two
contacting methane molecules in free space is —2.5 x 10*' J,
while it is —14 x 10*' J in water.”® The hydrophobic hydration
shell of hydrophobic solutes plays a significant role in this
process in water. No intermolecular interactions are involved in
this primarily entropic phenomenon, which arises primarily
from the rearrangement of hydrogen-bond configurations
within the overlapping solvation zones as the two hydrophobic
species combine. Three statistical thermodynamic approaches
have been proposed for hydrophobic interactions. (i) The vapor
bridge model is based on the attractive capillary force between
the bridging nanoscopic bubbles. (ii) The water structure model
suggests that an attractive hydration force is linked to changes
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in the density or ordering of water between two approaching
hydrophobic surfaces. (iii) The electrostatic model is based on
the attractive electrostatic forces between charges or dipoles at
the surface.”®

Based on our previous study mentioned above, we pondered
that nanoscopic bubbles or ordered water shells (cages) around
hydrophobic surfaces could not be maintained. They tend to
reorganize into a new hydrogen-bonding network surrounding
the solute complex. The fusion process resembles Ostwald ripening
of bubbles but would reach thermodynamic equilibrium, balancing
monomeric and oligomeric states for hydrophobic solutes. We
emphasize that this equilibrium determines the apparent solubility
of drugs and their acidic and basic drug complexes.

To verify this hypothesis, hydrodynamic experiments utiliz-
ing DOSY and EIS methods explored the relationship between
the diffusion coefficients of individual drugs. Table 1 lists the
observed Dgis and Dposy values along with their means and
standard deviations. The difference between the normalized
Dgis and Dpogy values resulted in a hyperbolic curve plotted
against the reciprocal of the melting temperature, suggesting
that ASP, NPX, and DCF exhibit low diffusion coefficients in
D,0. EIS was used to determine the mobility of the dissociated
ions in an alternating electric field. By contrast, the DOSY
measurements reflected the self-diffusion of the APIs, and the
low diffusion coefficients of ASP, NPX, and DCF indicated
flocculation, which corresponded to their high melting tem-
peratures (probably reflecting their potent intermolecular inter-
actions that can be maintained in the aqueous solution phase).
These APIs are expected to form complexes comprising several
molecules within the hydrophobic hydration shell of the protic
solvent.

DOSY experiments were used to investigate analgesic/DLZ
complexes, yielding self-diffusion coefficients in aprotic sol-
vents (for isolated drugs) and in protic solvents (for complexed
analgesics). In Table 2, the particle volume ratios of the com-
plexes and the pure analgesics were determined from their self-
diffusion coefficients. The ratios of the complexes with ASP,
DCF, and LXP were large at 4.11, 3.27, and 2.52, respectively. In
this work, we cannot provide rational evidence for why ASP,
DCF, and LXP attenuate the diffusion coefficients of these
complexes in the presence of DTZ. The chemical structures of
ASP, DCF, and LXP contain rotatable bonds that can be altered
through intermolecular hydrogen bonding with DTZ. Conver-
sely, the bridge between the aromatic rings in KTP is a keto
group conjugated with aryl groups, which may prevent the
formation of rotamers via intermolecular hydrogen bonding
with DTZ. In ASP, DCF, and LXP, the interaction could entangle
the analgesics and DTZ molecules. We interpreted structural
flexibility to lead to the formation of condensed particle aggre-
gates, such as those observed in LLPS.”

Moritake et al.? confirmed a bathochromic shift in emis-
sion and fluorescence wavelengths with increasing NSAID
concentration, although DOSY spectroscopy and EIS experi-
ments were unsuccessful. Fluorescence spectrometry is speci-
fic, highly accurate, and has a wide concentration range,
provided the sample exhibits its own fluorescence, which is a
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strict requirement. Meanwhile, the EIS experiment’s require-
ment that the sample be charged is not stringent: few drugs
without acid dissociation or basification are generally found,
except for nifedipine, carbamazepine, and other compounds.
DOSY spectroscopy is available for the appropriate deuterated
solvent. A limitation of these approaches is their narrow,
detectable concentration range. The present study would be
pioneering in the investigation of drug nano- and microscale
aggregation in complementary ways.

5. Conclusion

EIS was used to study the electrochemical behavior of the
analgesics and DTZ in aqueous solutions. The drugs show no
redox activity in their salt form, with solution resistance being the
only factor affecting impedance. Molar conductivity followed
Kohlrausch’s law, allowing the calculation of limiting molar
conductivity (4,) and transference numbers (4). The diffusion
coefficients (Dgys) were determined using the Nernst-Einstein
equation. NMR DOSY measurements in DMSO-dg (aprotic) and
D, O (protic) solvents showed separate diffusion peaks for analge-
sics and DTZ in DMSO-de, but a single peak in D,0, indicating
complex formation. Stokes radii and hydrodynamic volumes in
D,O were larger, suggesting that analgesic/DTZ complexes form
in water due to solute ionization and solvent effects, resulting in
particles similar to ionic liquids or deep eutectic solvents stabi-
lized by hydrophobic hydration. The normalized diffusion coeffi-
cients (nDggs and nDpogy) showed positive correlation with ASP,
DCF, and NPX, although outliers weakened these correlations.
Their high melting points enhance their ability to aggregate,
increasing nDposy. DOSY experiments were performed to inves-
tigate analgesic/DTZ complexes, providing self-diffusion coeffi-
cients in both aprotic and protic solvents. The particle volume
ratios of the complexes relative to pure ASP, DCF, and LXP were
high at 4.11, 3.27, and 2.52, respectively. The chemical structures
of ASP, DCF, and LXP contain rotatable bonds that can be
modified via intermolecular hydrogen bonding with DTZ. Such
interactions may entangle analgesic and DTZ molecules, promot-
ing hydrophobic hydration.
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Abbreviations

AC Alternating current

AcOH Acetic acid

API Active pharmaceutical ingredient

ASP aspirin

BPPLED Bipolar pulse pairs stimulated echo longitudinal
eddy current delay

Ccv Cyclic voltammetry

DCF Diclofenac

DMSO Dimethyl sulfoxide

DOSY Diffusion-ordered spectroscopy

DSC Differential scanning calorimetry

DTZ Diltiazem

EIS Electrochemical impedance spectroscopy

IBP Ibuprofen

INM Indomethacin

KTP (S)-(+)-Ketoprofen

LLPS Liquid-liquid phase separation

LDC Lidocaine

LXP rac-Loxoprofen

NMR Nuclear magnetic resonance

NPX (S)-(+)-Naproxen

NPT Constant particle number-isobaric-isothermal
ensemble

NSAID Non-steroidal anti-inflammatory drug

PFG Pulsed-field gradient

QOL Quality of life, and

RCT Randomized controlled trial
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