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Structural properties of the chelating agent 2,6-
bis(1-(3-hydroxypropyl)-1,2,3-triazol-4-yl)pyridine:
a combined XRD and DFT structural studyt
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The conformational isomerism of the chelating agent 2,6-bis(1-(3-hydroxypropyl)-1,2,3-triazol-4-yl)
pyridine (PTD), exploited in fuel reprocessing in spent nuclear waste, has been studied by single crystal
X-ray diffraction analysis in combination with an extensive DFT conformational investigation. In the
solid-state, the elucidated crystal structure (i.e., not yet published) shows that by thermal treatment
(DSC) no other phases are observed upon crystallization from the melt, indicating that the conformation
observed by X-ray data is rather stable. Mapping of intermolecular and intramolecular noncovalent
interactions has been used to elucidate the unusual arrangement of the asymmetric unit. Considerations
relating to the stability of different conformational isomers in aqueous and non-aqueous solutions are
also presented. The accurate structural description reported here might open various research topics
such as the potential of PTD to act as an outer sphere ligand in the formation of second sphere
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Introduction

In recent decades, great effort has been devoted to the reduction
of the environmental impact of spent fuel produced by nuclear
power plants, both in terms of quantity and radiotoxicity.'” In
this regard, combination of metal ions and organic ligands
using crystal engineering methods and supramolecular princi-
ples is among the most promising approaches towards selective
separation of metals.*™® These rely on removal of metal ions
such as lanthanides and actinides from aqueous or non-
aqueous solutions via the formation of metal organic
complexes by addition of chelating agents (i.e. extractants). A
large number of extractants have been proposed and tested in
the past decades, with the ultimate goal of selectively extracting
actinide ions from the mixed actinide/lanthanide-containing
aqueous nitric acid solutions produced as high level waste.*>**
Such ligands must meet several criteria in order to qualify as
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coordination complexes and their interconversion by mechanochemical means.

effective extractants for nuclear waste reprocessing, including
selectivity towards actinides,” chemical stability in strong
acidic conditions, radiolytic stability,"* and fast (de)complexa-
tion kinetics."

In this regard, the flexible ligand 2,6-bis(1-(3-hydroxypropyl)-
1,2,3-triazol-4-yl)pyridine (PyTri-Diol, hereafter PTD), proposed
and tested by Macerata and co-workers'® (Scheme 1), is an
appealing candidate. PTD also features sought-after character-
istics which make it suitable for industrial application: water
solubility and complete incinerability."””" In addition, PTD has
been intensively studied as terdentate chelating agent for
different applications such as catalysis or biomedical applica-
tion*® both in supramolecular and coordination chemistry.*
From a fundamental point of view, the full three-dimensional
characterization of PTD, despite its important role in complex
formation, remains still unpublished. Moreover, studies
regarding the solid-state structure of PTD are of fundamental
importance to understand its chelating potential. Additionally,
in view of its functional applications, not only in solution but
also in the solid-state, PTD might be used in the formation of
second sphere coordination adducts which can be further
transformed in complexes via mechanochemical reactions (i.e.,
dehydrochlorination reactions).**>® Thus, a full understanding
of the structural aspects of PTD such as conformational
behavior are necessary to fully exploit its coordination chem-
istry abilities.

Here, we report for the first time, and thoroughly discuss, the
solid-state structure of PTD by means of single crystal X-ray
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Scheme 1 Molecular structure of 2,6-bis(1-(3-hydroxypropyl)-1,2,3-
triazol-4-yl)pyridine (PTD) showing the torsion angles among the tri-
azole and pyridine rings.

diffraction and dispersion-corrected DFT calculations. A
comprehensive analysis of weak electrostatic interactions OH- -+
X, 7-+-1, CH---7t, and CH---X (X = O, N) among PTD molecules
within the experimental crystal lattice is presented. Differential
scanning calorimetry (DSC) shows that no other phases are
obtained at higher temperatures, and that upon melt PTD
crystallizes in the same phase, indicating the rather stable
periodic solid-state conformation of PTD. Simplified structural
models were also exploited to assess conformational isomerism
of both the bis-(triazolyl)pyridine core and the (hydroxypropyl)
triazole subunit, with interesting results in the context of PTD
isomerism in aqueous solution in views of its applications as
chelating agent.

Results and discussion
Single crystal X-ray diffraction of PTD

PTD was synthesized following the procedure reported by Gel-
inas et al.*® A suitable specimen for single crystal X-ray diffrac-
tion (SC-XRD) experiments was obtained by slow evaporation of
a solution of PTD in chloroform. Room-temperature SC-XRD
measurements reveal that PTD crystallizes in an ortho-
rhombic cell in the Pbca space group with lattice parameters:
a =19.985(3) A, b = 7.6989(10) A, ¢ = 21.093(4) A; V = 3245.42
A,

The simulated powder XRD pattern is comparable to that of
the bulk powder sample, suggesting the same crystal structure
was observed in both cases (Fig. 1). Differential scanning calo-
rimetry showed that PTD melts at ca. 111 °C while further
heating results in the decomposition of the ligand (see ESIT).
Upon cooling to room temperature and reheating, no new solid
phase was observed (i.e., polymorph), as the melting point of
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Fig.1 Experimental (a) and simulated (b) powder XRD pattern of PTD.
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Fig. 2 ORTEP representation of the SC-XRD structure of PTD.

the re-crystallized sample was the same as that measured
during the first heating cycle.

PTD crystal structure description: a combined SC-XRD and
DFT analysis

The asymmetric unit consists of one molecule of PTD (Fig. 2).
Despite two identical side chains in 2 and 6 positions on pyri-
dine, the PTD unit in the bulk crystal is highly asymmetric. The
two triazole rings are found in opposite arrangements, one in
syn and one in anti to pyridine's heteroatom. Hydroxypropyl
chains also feature different conformations. As such, PTD units
are not neatly aligned along crystallographic directions, and
there is no segregation between aromatic and aliphatic moieties
at the nanoscale.

This combination of syn- and anti-arranged triazole rings is
rather unusual, at least based on a survey of the Cambridge
Structural Database. In fact, out of 30 deposited crystal struc-
tures (excluding cyclic and cationic species, see ESIt for details)
comprising a 2,6-bis(1,2,3-triazol-4-yl)pyridine subunit whose N
centres are not partaking in metal ion complexation, only one
(refcode PEQGEA)* features a similar configuration. It should
be noted, however, that, in a few entries, an electron-rich moiety
interacting with the C-H groups of both triazole rings likely
drives the common anti/anti arrangement (e.g. refcodes IPE-
ZAF*' LITJUU,* XUYBAV*?).

In order to better understand both crystal packing and the
intermolecular interactions involved into it, the noncovalent

B OH-X

Fig. 3 Map of the intermolecular interactions of one reference PTD
molecule with its neighbours. Colour-coding was used to distinguish
‘islands’ representing strong hydrogen bonds (purple), = -7 (orange),
CH---1t interactions (cyan), and weak CH---O and CH---N interactions
(green).

This journal is © The Royal Society of Chemistry 2020
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interactions (NCI) descriptor by Johnson and co-workers* was
used. This allows the visualization of noncovalent interactions
as small objects separating interacting moieties and provides
a semi-quantitative estimate of the strength of the corre-
sponding interaction by highlighting specific features of these
objects' surface. Pairs of neighboring PTD molecules were thus
extracted from the bulk of the crystal structure, their charge
density simulated by DFT means at fixed experimental geom-
etry, and finally used to carry out NCI calculations. Overall, 54
interactions of widely different magnitude and spatial extent
were detected, only half of which unique due to symmetry.
Technical details on the NCI descriptor, as well as a full eval-
uation of all these interactions, are provided in the ESLf
Meanwhile, Fig. 3 shows a map of the interactions of a refer-
ence PTD unit with its neighbour images. Each irregular object
depicted around the reference molecule represents one inter-
action or a group of interactions. Rather than the usual NCI
colour-mapping showing interaction magnitude, crystal
packing information were colour-coded instead, as to distin-
guish between different kinds of interactions such as strong
OH---X hydrogen bonds (purple), m---7 (orange), CH--7
(cyan), or weak CH:--X hydrogen bonds (green), with X = N, O.
PTD molecules within the bulk crystal are organized in linear
stacks of PTD dimers, aligned along the b direction as depicted
in Fig. 4a and b. The tilt angle between units in a dimer favours
CH:- 7 interactions over 7t---7 ones. This accounts for most of
the cyan islands in Fig. 3, and for orange islands around the left-
hand triazole ring. Along a stack, adjacent units are also con-
nected via a rather strong hydrogen bond through the terminal
hydroxyl groups (purple disks in Fig. 3 and 4¢; dogy..o = 2.717 A;
175.43°). The hydroxypropyl chain extending outwards (left-
hand chain in Fig. 2 and 3) acts as a hydrogen bond donor,
while the folded one (right-hand chain in Fig. 2 and 3) reaches
out to the following unit in the stack to accept the hydrogen.
Inter-stack interactions along the a crystallographic direc-
tion are rather poor due to aliphatic spacers. Instead, stacks are
interlinked in the ¢ direction via additional hydrogen bonds as
it is depicted in Fig. 4c and 5. While already engaging in the

Fig. 4 Different details of PTD crystal structure. Bright colours are
used as visual aid to distinguish between superimposed molecules.
Chemical detail is retained where necessary. Dashed purple lines are
used to represent hydrogen bonds. (a) View of a stacked dimer along
the b axis. (b) View of a stack of hydrogen-bonded PTD units along the
c axis. (c) View of the linking region between neighbouring stacks (see
caption of Fig. 2 for color-coding).

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

Fig. 5 Representation of interlinked stacks within ac (a) and bc (b)
crystallographic planes. Bright colours are used as visual aid to
distinguish between adjacent lamellae. Dashed purple lines are used to
represent strong hydrogen bonds. For clarity, one PTD dimer is
highlighted in green.

intra-stack OH---O interaction described previously, both
hydroxyl groups interact with a PTD unit belonging to
a different stack opposite to the first in ¢ direction, and slipped
by half a unit cell along the a direction. This configuration
allows one OH group to engage in an additional hydrogen bond
with a triazole ring acting as hydrogen acceptor (purple disks in
Fig. 3 and 4c; doy...y = 2.803 A; 166.09°), and another to engage
in weaker CH:--O interactions (green islands around hydroxyl
groups in Fig. 3 and 4c).

Fig. 4c highlights the N---HO---HO---HC chain of non-
covalent interactions which ultimately drives the uncommon
syn/anti configuration of triazole rings observed for PTD in the
solid state. A similar network of hydrogen bonds, N---HOC=
O---H(triazole), drives the same syn/anti arrangement in the
PTD congener featured in CSD entry PEQGEA, with a carboxylic
group forming a bridge between the two triazole units. These
two 2,6-bis(1,2,3-triazol-4-yl)pyridine derivatives' crystal struc-
tures, however, are not the only ones containing electrophilic
groups such as acidic or alcoholic protons. Among the 30 crystal
structures mentioned earlier, a few include either CHCI; solvent
molecules, -NH, or —-C(O)OH groups, or iodine substituents,
which qualify as potential halogen-bond donors. However, what
distinguishes these electrophilic groups from those in PTD and
PEQGEA derivatives is the inability to simultaneously interact
with both triazole rings of another molecule as both electron
donor and electron acceptor, either due to geometrical/steric
constraints, or due to the availability of stronger or more
bonding motifs discouraging such bridged
arrangements.

Interlinked stacks form rather rigid lamellae extending in
2D, parallel to the ac plane. Fig. 5 shows packed lamellae as
seen along a and b crystallographic axes. Inter-lamellae inter-
actions consist of slipped 7t- - interactions and extended CH:--

convenient

7 networks, as PTD spacing within a stack allows for a certain
degree of interdigitation, most evident in Fig. 5b (orange
islands on pyridine and right-hand triazole and surrounding
green/cyan islands in Fig. 3).

RSC Adv, 2020, 10, 19629-19635 | 19631
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Fig. 6 Torsional potential energy surface for a PTD congener with
truncated side chains. Conformers A through D are signaled by circles,
squares, diamonds, and triangles, respectively. Labels and corre-
sponding relative electronic energies (kJ mol™) are reported only
once per symmetry-related minimum. Optimized geometries and
dihedral angles are reported for quick reference.

PTD conformational study

Now we turn to the study of PTD in its free form, either in gas
phase or solvated state. PTD is in fact soluble in water, such that
most of its technological applications take place in aqueous
solution. Due to the inherent flexibility of its side chains,
however, a full conformational study of PTD could potentially
lead to a few hundreds of stable isomers. As such, a piece-wise
approach was adopted instead.

The extent of PTD's conformational space was assessed at
first via a relaxed scan of the torsional potential of triazole rings
about bridging bonds connecting to pyridine, in the gas phase.
For this purpose, a simplified model congener of PTD was used,
obtained by replacing side chains on triazole units with methyl
groups. This is a reasonable approximation because of the
modest length of the aliphatic —-(CH,);- side chain, which
negates any hydroxyl/pyridine interaction and hampers
hydroxyl/triazole ones significantly. Degrees of freedom 6, and
0, were defined as Ng~C)~Cipy)~N(py) dihedral angles of the
two non-equivalent triazole units, with a 0° reference chosen to
correspond to syn configuration (see Scheme 1). The resulting
potential energy surface (PES) is reported in Fig. 6.

Four conformational isomers were obtained, hereafter labelled
A through D from the most to the least stable, all featuring 6, and
0, angles in the neighborhood of either 0° or 180°. Regarding
Fig. 6, conformer A is characterized by triazole units in anti
arrangement to pyridine, conformer B by one triazole in anti and
one in syn arrangements, and conformers C and D by both triazole
units in syn position. As it is immediately evident upon compar-
ison between Fig. 2 and 6, the geometry of PTD in the single

19632 | RSC Adv, 2020, 10, 19629-19635
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Table 1 Conformational isomers of 1-(3-hydroxypropyl)-1,2,3-tri-
azole. Notes include a list of intramolecular interactions detected

Isomer” AE/K] mol ™! Notes

gg g 0.0 OH:--w, CH-T,
CH---O

g g'g” 6.9 OHT

g'g'a 7.4 CH:--7t, CH---O (x2)

g'g'e’ 8.8 CH--w, CH---O (x2)

ag a 13.4 CH---O

g'g g 14.7 OH--'T

ag g 14.7 CH---O

g aa 15.0 CH--7

ag'g" 15.1 CH---O

grag” 17.0 CH---7t (x2)

ag'a 17.1 CH:--O

ggg 17.2 CH:--r, CH---O

g ag 17.4 CH:-7

g ag" 17.4 CH--

g'g g 17.7 OH--T

g'aa 18.4 CH--

glag” 19.4 CH---

g'gTa 19.4 CH---O

aag 19.5 —

aaa 20.6 —

ag'g” 21.1 CH:---O

aag" 21.3 —

g g'e" 24.3 OH:-T

¢ Symbols represent sequences of dihedral angles in the side chain, in
order: N—C(l)—C(Z)—C(3], C(l]—C(Z)—C(3)—O, and C[Z]—C(3]—O—H (see Scheme
1), whereas a stands for anti (about 180°) and g~ stands for gauche
(about £+60°).

crystal relates most closely to that of conformer B rather than to
that of the more stable conformer A. This is a rather common
occurrence, since higher energy conformers can oftentimes crys-
tallize more readily than absolute minimum energy ones due to
the ability to strike a better balance between intramolecular and
intermolecular interactions.* Furthermore, typical arrangements
relevant to metal ion complexation, i.e. with 6, and 6, both in syn
position (C and D), appear to be inaccessibly high in energy, at
least in the gas phase. However, solvation effects in practical
applications are likely to mitigate the issue (vide infra).

The soundness of the approximation introduced by
neglecting hydroxypropyl side chains was assessed next by
a separate conformational investigation on an isolated 1-(3-
hydroxypropyl)-1,2,3-triazole unit. All permutations of anti (a,
180°), gauche” (g, 60°), and gauche™ (g, —60°) arrangements of
the side chain were explored, starting from the same orientation
of the triazole ring, and relaxing the dihedral angle between the
ring and the chain. The resulting 23 unique conformational
isomers are listed in Table 1. Details on dihedral angles series,
along with an account of intramolecular interactions within the
NCI framework, are collected in the ESI.{ It should be noted
that each unique conformational isomer listed in Table 1 exists
alongside another representing its mirror image. The propyl
spacer is only long enough to provide OH groups with limited
access to T electrons on triazole. Nonetheless, aliphatic chains
bound to aromatic rings are known to allow for stabilizing CH:--

This journal is © The Royal Society of Chemistry 2020
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T interactions.**** These, however weak compared to an
hydrogen bond, can control the conformational space of the
aliphatic chain in the absence of heteroatoms. Furthermore,
bent aliphatic chains bearing an electron-rich groups such as
OH are also able to produce weak CH---O interactions.*
However, donor-acceptor locking due to a strong interaction
can sometimes generate mechanical strain in the short
aliphatic spacer, so that the stabilization due to that interaction
is negated. As such, despite the weak stabilizing interactions,
most isomers are 6 kT or higher in energy than the absolute
minimum at room temperature.

It is interesting to note that hydroxypropyl chains within the
asymmetric unit of the PTD single crystal show g'g'¢" and ag'a
conformations, both rather far from the absolute minimum
obtained for the isolated alkyltriazole unit, at g g g'. These
conformations, evidently, allow them to engage in the two
strong intermolecular OH---O and OH---N hydrogen bonds
mentioned above, so that their higher energy is likely to be
handsomely compensated in the process.

In hindsight, with regard to the choice of a piece-wise confor-
mational study, we note that the results presented so far suggest
that PTD's full conformational space might potentially comprise
about 46 (hydroxypropyl arrangements including mirror images)
squared (because of the two independent hydroxypropyl chains)
times 4 (bis(triazolyl)pyridine arrangements) isomers, which
justifies the approximation used in the first place. Within this
framework, then, PTD isomers featuring a combination of rela-
tively optimal bis(triazolyl)pyridine (i.e. A) and hydroxypropyl (i.e.
g g ¢g" g g'g) conformations are likely to be more stable than
isomers featuring subunits in higher energy conformations. In
turn, the more stable an isomer, the larger the relative population
of that isomer will be, in compliance with a Maxwell-Boltzmann
distribution.

Exploring the chelating ability of PTD in typical solvents
involved in the reprocessing of spent nuclear fuel

Finally, in order to investigate the ability of PTD to act as a ter-
dentate ligand for metal ion chelation in solution, a further
elaboration into the relative stability of conformers C and D of
truncated PTD was attempted. In particular, the relative free
energy of all four conformers was re-evaluated in the presence
of an implicit solvent, modelled as a continuum dielectric
medium with an aptly-shaped cavity in which the solute is
lodged. While handling of explicit solvent molecules is

Table 2 Relative free energy of truncated PTD conformers in
common solvents

AG (298 K)/kJ mol "

Conf. CgHig CgH;,OH H,0
A 0.00 0.00 0.00
B 13.4 7.2 2.8
C 42.3 24.4 12.6
D 41.8 22.2 10.1

This journal is © The Royal Society of Chemistry 2020
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problematic*™** (e.g. added degrees of freedom, shallow inter-
molecular potential energy wells, multiplicity of spatial
arrangements), implicit solvation models have been proven in
numerous occasions to provide a reliable description of short-
range and long-range solute-solvent interactions.**** Thermal
corrections to free energy were computed within the rigid-rotor-
harmonic-oscillator (RRHO) formalism,*** and manually
adjusted for standard state (1 mol L™ " was adopted),* rotational
symmetry,*” and low-frequency vibrational normal modes.>***
Typical solvents involved in the reprocessing of spent nuclear
fuel include kerosene and water, the former often in combina-
tion with small amounts of fatty alcohols.'® Accordingly, n-
octane, n-octanol, and water, were chosen as model solvents,
the former two representing kerosene and its alcohol additives,
respectively.

With reference to Table 2, although A remains the most
stable conformer, the relative free energy (AG) of other
conformers decreases significantly from gas phase to octane,
then to octanol, and finally to water. However, in aqueous
solution, all four conformers are rather accessible, all lying
roughly within a 5 kT range at room temperature. The marked
difference between CgH,g and CgH,;OH suggests that the latter
can stabilize syn/syn arrangements of PTD (conformers C and D)
beyond the capabilities of the former, hence enhancing PTD
chelating activity in mixed alcohol/kerosene solvents compared
to kerosene alone.

Conclusions

A detailed structural analysis of the chelating agent PTD has
been carried out combining single crystal X-ray diffraction and
dispersion-corrected DFT calculations. PTD crystallizes in linear
stacks, inter-locked in loosely-interdigitated lamellae by strong
hydrogen bonds. Powder X-ray diffraction and calorimetric
analysis are presented as evidence of the absence of poly-
morphism above room temperature. An unusual asymmetric
syn/anti arrangement of the two otherwise symmetric substitu-
ents on pyridine was successfully elucidated as the result of
hydrogen bonds involving three separate molecules. Only one
example of a similar arrangement was detected in literature,
involving however multiple hydrogen bonds between just two
separate molecules. Because the relative populations of
different PTD isomers in solution can relate to its efficacy and
efficiency in metal ion complexation, extensive exploration of
the PTD conformational space has been done by a piece-wise
approach.

Relative Gibbs free energies comprising implicit solvation
effects and free-rotor corrections suggest PTD conformational
space in aqueous solution to express a rather shallow PES,
implying lower reorganization energies associated with the
transition from free to bound ligand, thus favouring metal ion
chelation. A similar stabilizing effect, although weaker, is ob-
tained for n-octanol solutions, hinting to a stabilization of syn/
syn arrangements of PTD in kerosene/alcohol mixed solvent
solutions compared to kerosene alone.

The thorough PTD structural description presented here
might be useful in various research fields such polymorphism
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in PTD or to evaluate the potential of PTD to act as outer sphere
ligand in the formation of super-complexes (i.e., second sphere
coordination complexes) which is another approach to extract
metals from contaminated solutions. The interconversion from
second-to-first coordination spheres by mechanochemical
means via dehydrohalogenation reactions in the solid-state is
certainly an intriguing research topic that deserves to be
explored.

Experimental details

Single-crystal XRD data were collected on a Bruker X8 Pros-
pector APEX-II/CCD diffractometer equipped with a micro-
focusing mirror (Cu-K, radiation, A = 1.54178 A) at room
temperature. The structure was determined using direct
methods (SHELXTL 97) and refined (based on F2 using all
independent data) by full-matrix least-squares methods (SHELX
2014). All non-hydrogen atoms were located from different
Fourier maps and refined with anisotropic displacement
parameters. Hydrogen atoms were added in riding positions.

Powder XRD experiments were carried out at room temper-
ature using a Bruker D2-Phaser diffractometer equipped with
Cu radiation (A = 1.54184 A) using Bragg-Brentano geometry.

DSC measurements were performed in air using a Perki-
nElmer DSC7 differential scanning calorimeter. Samples, sliced
off from corks and weighing 10.79 + 0.10 mg, were fitted in an
aluminium capsule. Heat flow variations were determined over
a temperature range from 20 to 200 °C at a heating rate of
10 °C min ™.

Geometry optimizations and normal modes analyses (within
the rigid-rotor-harmonic-oscillator approximation, RRHO)>"**
were performed without symmetry restraints at wB97X-D/cc-
PVTZ level using Gaussian16.*” NCI analyses were carried
out using the Multiwfn 3.6 code.”® The SMD variant of the
IEFPCM formalism was used to simulate implicit solvation.*®
Free energies were recomputed at 298.15 K considering a 10~°
m® mol " standard state (corresponding to 1 mol L ').%
Symmetry-related corrections to rotational entropy were
considered.” Vibrational frequencies were corrected by a factor
of 0.956 based on the combination of density functional and
basis set used.®® Enthalpic and entropic vibrational contribu-
tions from low-frequency modes were corrected by weighted
interpolation between rigid-rotor and free-rotor terms accord-
ing to Head-Gordon and co-workers® and Grimme,** respec-
tively. A threshold vibrational frequency of 100 cm ™" (about 0.5
kT at room temperature) and an average molecular moment of
inertia of 10~** kg m” were used throughout as suggested by the
authors.
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