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In this study, the hydration process of the triazole heterocycle is explored, considering different isomers
of triazole—(H,0), (n = 1-8) clusters. Among the used (28) density functional (DFT) exchange—correla-
tion functionals, the M11 functional exhibits the lowest mean absolute deviation (MAD) with respect to
the high-level DLPNO-CCSD(T)/CBS method used as reference. Subsequently, we analyzed the relative
stabilities of these clusters over a temperature range of 20-400 K. Results indicate that triazole—water
clusters are stabilized by strong hydrogen-bond interactions, and that the most stable configurations
adopt compact, folded, cage-like structures. The hydration free energies per water molecule (AG) and
hydration enthalpies per water molecule (AH) at room temperature and over the 20-400 K have been

Received 25th August 2025, obtained in the framework of the cluster-continuum solvation approach (SMD). Results show that the

Accepted 17th September 2025 hydration free energy follows a linear dependence on temperature, while the enthalpy remains nearly
constant. For the TZ(H,O)g cluster, the estimated hydration free energy is computed to be 0.56 kcal mol™2,

which is in good agreement with the available experimental counterpart (~0.48 kcal mol™), supporting the
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1. Introduction

The five-ring aromatic compound triazole contains three nitro-
gen atoms that allow it to act as both a hydrogen bond donor
and acceptor, forming directional interactions with polar sol-
vents such as water. Among the various biologically active
heterocycles, triazole has attracted increasing interest due to
its multiple applications in chemical,"? biological®* and phar-
maceutical sciences, including its antifungal,® antiviral,®’
anticancer,®® anti-inflammatory®'® and antidepressant'"'?
properties. For these reasons, understanding its solvation
mechanism in aqueous solutions and, in particular, the knowl-
edge of its interaction mechanisms with water molecules, is of
considerable importance. For this reason, some theoretical*~°
and experimental'’?”? investigations have appeared in the
literature. These studies have focused on the possible hydrogen
bonds, possible structures and solvation energies, in particular.
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reliability of the used computational approach.

The evaluation of the solvation free energy (AG) has been
previously reported both in the gas phase'®!%16718:20:22,25,26,29
and in aqueous solutions.**%21:3°

Recent theoretical studies®® on triazole-(H,0),-;_5 clusters,
in the gas phase and aqueous solutions (PCM, SMD, CPCM), at
both MP2/aug-cc-pVDZ and DFT (B3LYP/6-311++G*) levels of
theory, suggest that the B3LYP functional performs comparably
well with the MP2 results, supporting the earlier DFT findings
of Abboud et al.'” A comparative analysis of solvation free
energies (AG), derived from gas-phase microsolvation with
explicit water molecules, and those obtained via continuum
solvation models (PCM, SMD, and CPCM) demonstrated
that the latter approaches yielded results that are close to
the experimental counterpart (4.1 kcal mol " ref. 29 and
0.48 kecal mol ™" in gas phase and aqueous solution,* respec-
tively). In order to achieve good agreement with experimental
data, these studies also underline the importance of including
a sufficient number of water molecules around the triazole in
the computation. This finding underscores the critical role
played by the intermolecular interactions and, in particular,
hydrogen bonding between the solvent and solute, which allow
accurate solvation energy values to be obtained. Although there
are studies in the literature in which few water molecules
surround the triazole,"*™'7?12%2% detailed investigations on
the role of the hydrogen-bond (HB) networks in the triazole-
(H,0),, clusters are rare. Furthermore, in these small cluster
studies, a comprehensive exploration of the global minimum
on the potential energy surface (PES) has not been performed.

This journal is © the Owner Societies 2025
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Based on the previous studies concerning the reliability of
density functional theory (DFT) in accurately predicting solva-
tion free energies,*”*® we have chosen to employ this method to
study the hydration process of triazole, considering a higher
number of water molecules. For this purpose, we were inter-
ested in verifying which exchange and correlation potential to
use for this type of system and phenomenon. We therefore used
26 different exchange-correlation functionals available in the
literature to predict the structural parameters and the binding
energies of TZ(H,0), (n = 1-8) clusters of hydrated triazole.
In order to identify the best-performing functional, the results
have been benchmarked against DLPNO-CCSD(T)/CBS calcula-
tions. The most suitable ones have been used to study the
geometrical structures and energetic behaviors of the consid-
ered clusters. Additionally, a temperature dependence of the
isomeric distribution of triazole-(H,0),, clusters has been stu-
died theoretically in a temperature range of T = 20-400 K.
Solvation enthalpies (AH) and solvation free energies (AG) for
the most stable configurations of the triazole-water clusters in
both gas and water solution have been computed and com-
pared with the available experimental data.

2. Methodology
2.1 Geometry sampling

As a first step, we searched for the most stable conformations of
the TZ(H,0),, (n = 1-8) triazole-water clusters. For each cluster
size, a systematic exploration of possible geometries was con-
ducted using the ABCluster (artificial bee colony algorithm for
cluster global optimization) algorithm developed by Zhang
and Dolg.’>?* This algorithm employs an energy model that
combines the Lennard-Jones and electrostatic potentials, with
parameters taken from the CHARMM force field,* and ranks
the generated structures from the most to the least stable based
on their classical interaction energies. More details on the used
structural sampling procedure are in the original publications
of Zhang and Dolg**”** and in some of our recent works.**™*?

2.2 Temperature dependence

To assess the relative stability of isomers corresponding to a
given cluster size, at a given temperature, we computed their
canonical probabilities, defined as follows:

(k)
exp *ﬁGu (T)

PO(T) = ————
@) S exp A6 (1)
k

n

where f8 = 1/kyT (kg, is the Boltzmann constant, and G(T) is the
free energy of the kth isomer of cluster size n at temperature 7,
as obtained from the Tempo code.** Only temperatures equal to
or above 25 K have been considered, since quantum effects
become non-negligible at lower temperatures, and the canonical
ensemble remains valid above this threshold.
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2.3 Solvation free energy and enthalpy

The solvation free energy (AG) and solvation enthalpy (AH) of
triazole clusters were computed both in the gas phase and in
aqueous solution using the SMD continuum solvation model
that combines explicit solvation, where the triazole molecule is
directly coordinated by a limited number of water molecules,
with an implicit bulk solvent modeled as a polarizable dielec-
tric continuum. This hybrid approach takes into account the
hydrogen bonding interactions in the first hydration shell and
the long-range electrostatic effects due to the surrounding
solvent environment.

The solvation of triazole can be represented by the following
equilibrium reaction:

Triazole (g) + (H,0), (s) — triazole (H,0), (s) (2)

The corresponding solvation free energy (AG) and enthalpy
(AH) per water molecule are calculated as follows:

AG(triazole),, = AG4[triazole(H,0),] — AG[(H,0),]

— AGg,(triazole)/n (3)
AH((triazole),, = AH[triazole(H,0),] — AH[(H,0),]
— AHg,(triazole)/n (@)

where the subscript s denotes the aqueous solvent phase and
¢ the gas phase. The convergence of solvation energies is assumed
once the calculated values of AG(triazole), and AH(triazole),
stabilize with increasing cluster size n, and the saturation of the
first solvation.

2.4 Computational details

As is well known, the performance of the DFT method is strictly
related to the use of a specific exchange-correlation functional.
Due to the lack of information in the literature on which of the
proposed functionals is the most suitable to give reliable results
for our studied properties, we made a benchmark using 28
different exchange-correlation functionals and compared the
results obtained with those coming from the high-level DLPNO-
CCSD(T)/CBS reference method. All the most stable isomers
of the TZ(H,0), (n = 1-8) clusters coming from the use of
the ABCluster algorithm have been considered. In particular,
the following 26 DFT functionals have been tested: APFD,*’
B3LYP-D3,*® B3PW91-D3,%® B97D3,*” BLYP-D3,***° BMK-D3,°
BP86-D3,>' BPBE-D3,°? CAM-B3LYP-D3,’® LC-0PBE-D3,’* M05-
2X-D3,%® M05-D3,>> M06-2X-D3,”® M06-HF-D3,”® M06-2X-D3,°°
MO06-D3,°® M08-HX,*” M11,°® MN12-SX,>> MN15,%° N12-SX,*°
PBE0-D3,°" PBE-D3,°> PW6B95-D3,%® TPSS-D3,°* ©B97X-D.%*
The Def2-TZVPP basis set, originally described by Weigend and
Ahlrichs,®*°® was employed throughout this study due to its
proven accuracy in describing non-covalent interactions and its
suitability for benchmarking DFT functionals against high-level
ab initio methods, as reported by Malloum et al.®®

Vibrational analysis was performed to ensure that the
characterized geometries are real minima. These frequencies
were also employed to derive the free energies and enthalpies of
the micro-solvated triazole clusters. All geometry optimizations
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and frequency calculations were carried out using the Gaussian
16 suite of programs.”® To enhance the accuracy of the results,
the ‘tight’ optimization criterion and an ultrafine integration
grid were consistently applied.

All optimizations were initially conducted in the gas phase.
For each cluster size (n = 1-8), only the global minimum
structure was subsequently re-optimized using the solvent
model density (SMD) approach.”

As described in the previous section, the cluster-continuum
solvation model is intrinsically temperature dependent. Among
the various isomers located, only those with significant Boltzmann
populations contribute meaningfully to the ensemble average and,
hence, to the computed solvation free energies and enthalpies.

3. Results and discussion

We begin this section by evaluating the performance of 26 density
functional theory (DFT) functionals, analyzing the mean absolute
deviations (MADs) against the DLPNO-CCSD(T)/CBS reference
data (see Section 3.1). The most accurate functional was subse-
quently employed to explore the potential energy surface of
TZ(H,0),, for n = 1-8 clusters (Section 3.2). The effects of tem-
perature on the relative stability of the various isomers were then
examined for each cluster size over the temperature range of 20—
400 K (Section 3.3). In the last part of the section, the solvation
free energy and enthalpy in both gas phase and aqueous environ-
ment are reported at room temperature as well as across the
considered temperature range (20-400 K).

3.1 DFT benchmarking

The computed binding energy data of solvated triazole for each
cluster size (n = 1-8) are provided in Table S1. The mean
absolute deviations (MADs) of the 26 functionals employed
are shown in Fig. 1 and Table S2. The MAD values of the tested
hybrid functionals range from 0.7 to 7.5 kcal mol %, and the

Binding energies (kcal/mol)
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Fig. 1 Mean absolute deviations (kcal mol™) of DFT binding energies with
respect to CCSD(T)/CBS used as the reference.
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three most suitable DFT functionals follow the order M11 >
MN15 > B97D3. Therefore, the M11 functional was found to
be the most appropriate for our study on the triazole-(H,0),
clusters.

Interestingly, the M11/def2-TZVPP functional (MAD =
0.7 keal mol ™) provides more accurate binding energies than
B3LYP, which had previously been suggested as a good com-
promise between accuracy and computational cost for predict-
ing molecular structures and solvation energies.”® It is worth
noting that the improved performance of the M11 functional
may be mainly attributed to its range-separated hybrid meta-
GGA design, which incorporates a higher percentage of exact
exchange at long range, enhancing the description of non-
covalent interactions, such as bonding networks and disper-
sion forces.

It is worth noting that the calculated binding energies (see
Table S1 in the SI section) for all density functionals increase
with the cluster size n, indicating that the stability of the
solvated system improves as more water molecules are added.
This trend reflects the cumulative stabilization arising from
additional hydrogen bonding interactions and enhanced solute-
solvent cooperativity within the cluster.

3.2 Structures of hydrated triazole

The initial configurations, generated using ABCluster, were
subsequently optimized at the M11/def2-TZVPP level of theory.
The optimized structures of the hydrated triazole monomer and
dimer are shown in Fig. 2. For the solvated triazole monomer,
TZ(H,0),, the water molecule forms a strong hydrogen bond
(HB) with the triazole, with the water acting as a proton
acceptor. In the case of TZ(H,0),, the most stable minimum,
TZW2_1, showed four hydrogen bonds, forming a cyclic struc-
ture (see Fig. 2). Water molecules are directly connected with
the nitrogen sites, acting as hydrogen bond donors and accep-
tors. This result is consistent with a previous study of neutral
water clusters, which highlights the strong stability of cyclic
configurations for small clusters.”> The TZW2_2 isomer is 6.9
kecal mol™" higher in energy than the most stable one. This
structure is characterized by only two hydrogen bonds: one
OH-N bond resulting from the interaction between the first
water molecule and the nitrogen site of the triazole ring, and
one OH-O bond due to the interaction between water mole-
cules. The lower stability of TZW2_2 can be attributed to the
reduced number of hydrogen bonds** within the network,
previously identified as a key factor influencing the stability
of solvated triazole molecules.

Ten initial geometries of TZ(H,0); have been optimized,
resulting in five distinct stable structures (Fig. 2). These con-
figurations all lie in a range of 7.6 kcal mol ™', and the most
stable is the TZW3_1, characterized by a folded cyclic configu-
ration and a network of six hydrogen bonds (HBs). The stability
of this isomer can be attributed to both the cyclic structure and
the higher number of hydrogen bonds. Notably, the presence of
hydrogen bonds that encapsulate the triazole sensibly stabilizes
the cluster topology. This finding is consistent with a recent
study by Neha Chopra et al.,”> which demonstrates that the

This journal is © the Owner Societies 2025
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Fig. 2 M11/def2-TZVPP-calculated structures of the TZ—(H,0),-1, TZ-(H>0),-2 and TZ-(H,0),-3 complexes. Zero-point-corrected relative energies

(kcal mol™) with respect to the most stable isomer are indicated in blue.

stability of azole-water complexes increases as the azole mole-
cules become more embedded within extended hydrogen-
bonded networks. The second and third most stable isomers,
TZW3_2 and TZW3_3, are located at 0.6 and 1.1 kcal mol™*
above the global minimum, and both structures are chara-
cterized by cyclic configurations. In TZW3_2 and TZW3_3
structures, five and four hydrogen bonds (HBs) are present,
respectively, and two water molecules directly interact with
the triazole, establishing only three HBs. In the TZW3_4 and
TZW3_5 isomers, located at 1.8 and 7.6 kcal mol ! above the
global minimum, only one water molecule interacts with the
nitrogen site of the triazole ring.

Concerning the solvated triazole tetramer, TZ(H,0), eleven
stable configurations have been identified on its potential
energy surface (PES); the energies range from 0.1 to 3.6 kcal mol "
(see Fig. 2). As for TZW, and TZWs3, in this case, the most stable
structure adopts a cyclic configuration, forming a chain of water
that interacts with the triazole ring (see TZW4_1 to TZW4_6 in
Fig. 2). The two lowest-energy isomers, TZW4_1 and TZW4_2, are
nearly isoenergetic and are stabilized by a network of eight hydro-
gen bonds: four involve only the water molecules and the other
act between water and the triazole ring. Moreover, four nearly

This journal is © the Owner Societies 2025

degenerate isomers, TZW4_3, TZW4_4, TZW4_5, and TZW4_6,
lie 0.2, 0.4, 0.5, and 0.6 kcal mol " above the global minimum,
respectively. Each of these structures exhibits seven hydrogen
bonds. Two additional branched cyclic isomers, TZW4_7 and
TZW4_8, were located at 0.6 and 1.1 kcal mol ' above the
minimum, respectively. As shown in Fig. 2, higher-energy
structures such as TZW4_9, TZW4_10, and TZW4_11 adopt
more branched topologies and are stabilized by only six and
five hydrogen bonds, respectively.

Starting from 20 geometries for the solvated triazole-water
pentamer, the geometry optimization returns 17 stable ones
(see Fig. 3) in an energy range of up to 4.6 kcal mol~*. The most
stable isomer, TZW5_1, adopts a double cyclic configuration
with a robust hydrogen-bonding network involving water-water
interactions, and interactions between water molecules and the
triazole ring. A detailed analysis of the TZWS5 series reveals that
the most stable isomers (TZW5_1 to TZW5_15) are charac-
terized by a compact, cage-like topology. In contrast, higher-
energy structures (TZW5_16 and TZW5_17) adopt more open
geometries.

For the TZ-(H,0),-, we retained 18 low-energy struc-
tures from the 25 initially optimized conformers (see Fig. 4).

Phys. Chem. Chem. Phys., 2025, 27, 21752-21761 | 21755
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The most stable isomers (from TZW6_1 to TZW6_1) are stabi-
lized by a three-dimensional hydrogen-bonded network, in
which six water molecules form a distorted cubic cage-like
geometry interconnected by hydrogen bonds with the triazole
ring. Despite their structural similarities, some differences in
their relative stability arise from the spatial arrangement and

21756 | Phys. Chem. Chem. Phys., 2025, 27, 21752-21761

connectivity between water molecules, as well as from their
interactions with the triazole ring. In fact, TZW6_1 and TZW6_2
exhibit a compact hydrogen-bonded cage in which all six water
molecules are strongly interconnected and tightly attached to
the triazole ring via directional hydrogen bonds. In contrast,
isomers from TZW6_3 to TZW6_6 show increasing geometric

This journal is © the Owner Societies 2025
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distortion, with the triazole ring becoming partially excluded
from the hydrogen-bonding network. The fewer direct interac-
tions between the triazole and the surrounding water molecules
can contribute to the slightly reduced stability. In the TZW6_6
configurations, which lie more than 1.0 kcal mol™" above the
global minimum, we note that they exhibit more open and
fewer or weaker hydrogen-bond networks. This behavior again
underlines the critical role of both the hydrogen-bond network
and the incorporation of the triazole within the water cage
in determining the overall stability of the hydrated triazole
clusters.

For the TZ-(H,0), cluster, 25 different isomers were located
on the potential energy surface. Among them, 15 structures
within a relative energy cutoff of 5.8 kcal mol " are presented in
Fig. 5. As shown in this figure, nearly all isomers adopt
compact, folded cage structures. The structural differences
mainly arise from the spatial orientation and arrangement of
the surrounding water molecules. The less stable isomers
feature fewer and weaker hydrogen-bond interactions between
the water molecules and the triazole ring. This observation
highlights a clear correlation: the greater the number and

o

.

TZW83 1.0

e
TZWS8_1 0.0 TZW82 0.6

Fig. 6 M11/def2-TZVPP structures of the TZ—(H,0),,—.g complexes. Zero-poi
isomer are indicated in blue.
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strength of hydrogen bonds involving the triazole ring, the
higher the stability of the corresponding isomer. This behavior
is consistent with previous works on microsolvated hetero-
cycles, where the cooperative hydrogen bonding plays a crucial
role in the geometry stabilization.”*”®

For the TZ-(H,0); cluster, only the five most stable isomers
were reported. The complete list of located TZ-(H,0)s isomers
is provided in the SI (see Fig. S1). Also, in these systems, the
overall stability of the hydrated triazole clusters is primarily
governed by the number and strength of hydrogen-bond inter-
actions between the water molecules and the triazole ring.
Furthermore, the spatial arrangement of the triazole within
the three-dimensional water framework plays a crucial role in
stabilizing folded cage structures (Fig. 6).

3.3 Temperature effects on the relative stability

The effects of temperature on the stability of the treated
systems have been evaluated by using the Boltzmann distribu-
tion, as expressed in eqn (1). The probabilities of the different
isomers of TZ-(H,0),, have been computed over a temperature
range from 20 to 400 K. Results for the cluster dimensions

V]

b
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nt-corrected relative energies (kcal mol™) with respect to the most stable
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Fig. 7 Calculated relative populations for the solvated triazole clusters, TZ(H,0); and TZ(H,O)g in water at the M11/def2-TZVPP level of theory.
Populations are determined from Boltzmann distributions according to egn (1).

ranging from 7 = 2 to n = 6 are reported in Fig. S2, while those
for n = 7 and n = 8 are shown in Fig. 7. For the di-hydrated
complex, the relative population at all considered temperatures
is exclusively due to the most stable TZW2_1 isomer. The
computations for the tri-hydrated complex (n = 3) (Fig. S2)
indicate that the probability of the most stable triazole-water
trimer, TZW3_1, decreases slightly with increasing temperature,
while it remains the most favored isomer across all temperature
range investigated. Isomers TZW3_2 and TZW3_5 contribute only
marginally to the population at elevated temperatures (>150 K).
Overall, the population analysis shows that isomers TZW3_2 and
TZW3_5 make a negligible contribution (less than 15% to the total
population of the trimer). For the n = 4 water molecules, competi-
tion was observed between TZW4_1 and TZW4_2. TZW4_1
dominates at T < 50 K, while TZW4_2 becomes the most
populated isomer from 50 K to 340 K, peaking at approximately
50% around 70 K before gradually decreasing (Fig. S2). Above
340 K, TZW4_4 becomes the most probable one, with a popula-
tion of around 25%. At higher temperatures, the other isomers
(Tzw4_3, TZW4_5, and TZW4_6) contribute negligibly to the
overall population of the cluster. We note that all the isomers
contributing to the relative population of solvated triazole possess
cyclic configurations, suggesting that the compact structures are
energetically favored at lower temperatures. This agrees well with
previous studies.””

For the penta-hydrated system TZW5, the most stable folded
cage-like isomers, TZW5_1 and TZW5_2, dominate the cluster
population. In particular, TZW5_1 prevails at temperatures
below 115 K, while TZW5_2 becomes the most populated
above this threshold. TZW5_3 and TZW5_4 clusters, with
relative energies within approximately 1.0 kcal mol ™, make
a smaller contribution to the population of the triazole-
water pentamer. As illustrated in Fig. S2(c), TZW5_3
appears at temperatures below 60 K with a population not
exceeding 15%, whereas TZW5_4 starts contributing above

21758 | Phys. Chem. Chem. Phys., 2025, 27, 21752-21761

120 K and maintains a probability of up to 20% at high
temperatures.

As for the population of penta-hydrated clusters, the tem-
perature dependence of the TZW6, TZW7, and TZW8 clusters
follows similar trends (Fig. S2 and S7). The most stable folded
cage-like structures, with relative energy differences lower than
1.0 kecal mol™', compete with each other, with some being
favored at low temperatures while others are favored at high
temperatures. In this case, we can also underline that closed
cage-like hydrogen-bonded interactions are a key factor influ-
encing the stability of solvated triazole systems.

In conclusion, the stability of triazole-water -clusters
depends on several factors: firstly, increasing the number of
water molecules enhances cluster stability due to the formation
of additional hydrogen bonds; secondly, compact structures,
which maximize interactions between water molecules and
the triazole ring, tend to be more stable, especially at lower
temperatures. Furthermore, the orientation of water molecules
relative to the positions of hydrogen bond donor and acceptor
sites influences the nature and strength of these interactions,
thereby affecting the overall stability of the system.

3.4 Hydration free energy and enthalpy

The knowledge of the free energy and enthalpy provides pre-
cious insight into the solvation mechanisms, intermolecular
interactions, and the overall stability of solute-solvent systems.
Previous studies®®’®”° have shown that the micro-solvation
phenomena, such as the solvation free energies, can be repro-
duced theoretically, in good agreement with the experiment, if
a sufficient number of water molecules are explicitly considered
in the computations. For this reason, we have computed the
hydration free energies including up to eight water molecules
around the triazole molecule (see eqn (2)). The absolute values
obtained for cluster sizes ranging from n =1 to 8 at 298.15 K are
summarized in Table 1.
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Table 1 Solvation free energy of hydrated triazole in the gas phase as a
function of the water molecules in the clusters. AGr-298.15k

Solvation free energy AGr—95.15x

Cluster formula Gas phase (kcal mol™) Experimental data®

View Article Online

PCCP

predictions was observed. To overcome this problem, and follow-
ing previous suggestions,* we also considered the bulk contribu-
tions in our computation, employing the solvation density model
(SMD). Following this hybrid approach (more details are given in
the Methods section), the hydration free energies and enthalpies
were computed using eqn (3) and (4). For each cluster size n, only

the global minimum of the TZ(H,0), complex has been consid-
ered. Geometry optimizations have been redone at the M11/def2-
TZVPP level of theory, and thermodynamic quantities have been
evaluated at room temperature and in the range of 20-400 K.

TZ(H,0), —1.26631
TZ(H,0), 3.50212
TZ(H,0), 4.04365
TZ(H,0), 1.7156 4.1
TZ(H,0)s 1.36483
TZ(H,0), 3.67343
TZ(H,0), 4.00098
TZ(H,0)g 2.46798

As shown in this table, the AG values fluctuate, indicating the
limited accuracy of the model in which only solute-water inter-
actions are considered. On adding more water molecules,”® no
significant improvement in the accuracy of hydration free energy

Solvation energies per water molecule (kcal/mol)

%

Experimental value (AG

1 2 3 4 5 6 7 8
Cluster size (n)

Fig. 8 Variations in the hydration free energy and enthalpy as a function
of the cluster size at room temperature (298.15 K).

25 ——— ; ;

Solvation enthalpy per water molecule (kcal/mol)

05—

T T
200 300

Temperature (K)

T
100 400

Fig. 9
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The variations in hydration free energy (AG) and enthalpy
(AH) at 298.15 K per water molecule for the TZ(H,O), and
TZ(H,0)s clusters are reported in Fig. 8, while the behaviors
for TZ(H,0), (n = 2-6) clusters are given in Fig. S3. Both
properties exhibit oscillations around their respective mean
values. The estimated average AG and AH for triazole are
approximately 0.6 kcal mol~" and 1.0 kcal mol ™", respectively.
Notably, at n = 8, AG converges toward the experimental value™°
(0.48 kcal mol ") versus (0.56 kcal mol™'). This suggests that a
significant number of explicit water molecules are needed to
closely approximate experimental data. These findings under-
score the importance of accounting for both local (explicit)
and long-range (continuum) electrostatic interactions when
modeling solvation.

The impact of temperature on hydration thermodynamics
can be obtained by studying the temperature dependence of
hydration free energy and enthalpy over the 20-400 K range.
The results for AG and AH across cluster sizes from n = 1 to
8 are shown in Fig. 9. Our analysis reveals that the hydration
enthalpy remains nearly constant across the temperature
range for a given cluster size, suggesting a weak temperature
dependence. In contrast, the hydration free energy exhibits
an almost linear increase with temperature (see Fig. 9), indi-
cating that this behavior is mainly driven by entropy, as
reflected in the slope of the free energy curves. This trend is
consistent with our previous findings on the microsolvation
of phenol in water,*® where similar temperature behavior
was observed: a linear increase in hydration free energy, and

Experimental value®®

Solvation free energy per water molecule (kcal/mol)

T T T
200 300 400

Temperature (K)

T
100

Variations in the hydration enthalpy and solvation free energies as a function of the number of water molecules for the triazole micro-solvation.

Phys. Chem. Chem. Phys., 2025, 27, 21752-21761 | 21759


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp03255e

Open Access Article. Published on 18 September 2025. Downloaded on 4/11/2026 3:27:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

a nearly constant enthalpy. These consistent observations
reinforce the conclusion that the entropy contribution plays
a dominant role in the temperature dependence of hydration
thermodynamics, while the enthalpic contribution remains
largely invariant.

4. Conclusion

In this work, we have explored the potential energy surfaces of
triazole-(H,0),, clusters (n = 1-8) to investigate the solvation of
triazole in water. To assess the performance of various density
functional theory (DFT) methods in predicting the structural
and energetic parameters of hydrated triazole clusters, we have
tested 26 DFT exchange-correlation functionals. We have
found that the M11 functional yields the smallest mean abso-
lute deviation (MAD) compared to the other functionals tested,
when benchmarked against DLPNO-CCSD(T)/CBS results.
Thus, the M11 method was adopted for the detailed study of
the triazole-water clusters.

The analysis of the relative stability of the triazole-(H,0),
isomers shows that a more extensive hydrogen-bonded network
around the triazole, together with a more compact structure
and an optimal orientation of hydrogen bonds, enhanced the
overall stability of the system. The isomeric distribution as a
function of temperature (20-400 K) shows that folded cage-like
conformers are favored at lower temperatures.

An accurate reproduction of the experimental hydration free
energy requires a cluster with a sufficiently large number of
explicit water molecules and the consideration of the conti-
nuum solvation contribution.

The hydration free energy (AG) and the hydration enthalpy
(AH) per water molecule in the range of 20-400 K indicate that
AG decreases linearly with increasing temperature, while AH
remains nearly constant.

For the TZ(HO); cluster, the estimated hydration free energy
is approximately 0.56 kcal mol ™', which agrees well with the
reported experimental value (~0.48 keal mol™).
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