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ABSTRACT

In the last decade, by integrating experimental and computational analyses, it was demonstrated that halogen bond (HaB) may
contribute to binding and enantiorecognition mechanisms underlying the HPLC enantioseparation of halogenated chiral analytes
by using cellulose tris(3,5-dimethylphenylcarbamate) (CDMPC)-based chiral columns and n-hexane-based mixtures as mobile
phases. When used as a pivotal component of the mobile phase in supercritical fluid chromatography (SFC), carbon dioxide is
often considered as an n-hexane-like nonpolar solvent because of its low dielectric constant and zero molecular dipole moment.
On the other hand, carbon dioxide may also serve as hydrogen bond (HB) and HaB acceptor due to the presence of nonbonding
electrons on the two oxygen atoms, interacting with analyte enantiomers, chiral selectors, and co-solvents. On this basis, we
report herein the results of a study aiming at evaluating the impact of using carbon dioxide in SFC in place of n-hexane in HPLC
on halogen-dependent enantioseparations by using atropisomeric halogenated 4,4’-bipyridines as analytes and Lux Cellulose-1
as CDMPC-based chiral column. The experimental investigation was complemented by a computational study performed using
(a) quantum mechanics (QM) calculations to map and quantify noncovalent interactions possibly underlying the contact of the
analytes with carbon dioxide and with the distinctive pendant groups of the CDMPC and (b) molecular dynamics (MD) simulations
to visualize noncovalent interactions acting in the analyte 1/CDMPC chromatographic system in different media. The use of MD
simulations to model enantioseparations performed in carbon dioxide-based media was not reported in the literature so far.

Abbreviations: 2-PrOH, propan-2-ol; CAM-B3LYP, Coulomb-attenuating method-Becke’s three-parameter exchange functional with the Lee-Yang-Parr correlation functional; CDMPC, cellulose
tris(3,5-dimethylphenylcarbamate); DFT, density functional theory; EEO, enantiomer elution order; gd3, D3 version of Grimme’s dispersion correction; HaB, halogen bond; HB, hydrogen bond;
LanL2DZ, Los Alamos National Laboratory 2 double-{; MD, molecular dynamics; MDMPC, methyl tris(3,5-dimethylphenylcarbamate); MeOH, methanol; QM, quantum mechanics; SFC, supercritical
fluid chromatography.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
© 2025 The Author(s). Electrophoresis published by Wiley-VCH GmbH.

702 Electrophoresis, 2025; 46:702-715
https://doi.org/10.1002/elps.8156


https://doi.org/10.1002/elps.8156
https://orcid.org/0000-0002-9120-963X
https://orcid.org/0000-0001-8996-7880
https://orcid.org/0000-0003-3489-3428
mailto:vmamane@unistra.fr
mailto:paola.peluso@cnr.it
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/elps.8156
http://crossmark.crossref.org/dialog/?doi=10.1002%2Felps.8156&domain=pdf&date_stamp=2025-05-31

1 | Introduction

Noncovalent interactions play a key role in separation and
enantioseparation sciences [1]. In most chromatographic enan-
tioseparations, a chiral selector linked to a stationary phase
binds the enantiomers, recognizes the differences in their three-
dimensional structure, and makes them thermodynamically and
kinetically differentiated through the formation of transient
diastereomeric complexes. In liquid-phase chromatography, this
process occurs in the presence of the mobile phase, and enan-
tioselective and nonenantioselective inter- and intramolecular
[2, 3] noncovalent interactions may contribute to the binding
and recognition processes resulting in analytical enantiosepa-
ration [1, 4]. All components of the enantioseparation system,
chiral analyte, chiral selector, and mobile phase, are involved in
noncovalent interactions, and the mobile phase may finely mod-
ulate the strength of these interactions. Furthermore, changing
the nature of mobile phase may induce remarkable modifica-
tions of chiral selector conformation. This is particularly true
for polysaccharide-based selectors [5, 6]. Although hydrogen
bond (HB) and 7—r interactions have exerted a pivotal role
in enantioseparation science [1, 7, 8], and HB-based design
strongly contributed to advance chirotechnology and method
development in this field [1, 8, 9], over time other noncovalent
interactions like halogen bond (HaB) [10-12] and chalcogen
bond [13], along with dispersion and hydrophobic forces [14],
attracted interest enlarging the scenario of the noncovalent forces
potentially acting in chromatographic enantioseparations.

Chromatographic techniques proved to be very sensitive to detect
weak noncovalent interactions compared to other analytical
techniques [15] because they are based on reiterative adsorption-
desorption steps which amplify the effect of noncovalent interac-
tions and, consequently, their detectability [1]. Furthermore, this
feature makes chromatographic parameters suitable as bench-
mark data to validate computational tools and approaches used
to explain and understand the enantioseparation processes at the
molecular level [16-19].

On the basis of the recommendations of the International Union
of Pure and Applied Chemistry [20, 21], a HaB occurs when there
is evidence of a net attractive interaction between an electrophilic
region associated with a halogen atom in a molecular entity
and a nucleophilic region in another, or the same, molecular
entity. The strength of these directional noncovalent interactions
depends on the nature of the halogen atom (HaB donor) as
electron charge density acceptor and of the Lewis base (HaB
acceptor) as electron charge density donor [21], and it increases
in the order Cl < Br < I. On this basis, iodine is considered a
powerful HaB donor due to its high polarizability and to the
presence of a large region of electron density depletion on the
elongation of the covalent bond involving the iodine atom. HaBs
may be of van der Waals type, weak, strong, or very strong, with
binding energies ranging between —0.01 and —100 kcal mol™ [22].
The energy range of HaBs between interacting neutral molecular
entities is often between —0.01 and —8.0 kcal mol~. Although
they were identified in the early 19th century [23], HaBs continue
to attract great interest in crystal engineering and supramolecular
chemistry and to be identified in many chemical and biological
systems [23-25].

Studied in several fields of analytical chemistry for 20 years [9,
26, 27], HaBs were identified in liquid-phase chromatography
enantioseparation 10 years ago [28, 29]. By using n-hexane/2-
PrOH 90:10 v/v as mobile phase and a cellulose tris(3,5-
dimethylphenylcarbamate) (CDMPC)-based chiral column, the
HPLC technique was very sensitive to detect HaBs as non-
covalent interactions contributing to the enantioseparation of
axially chiral 2,2’,3,3',5,5'-hexahalogenated 4,4’-bipyridines like
1-3 (Figure 1A). In these cases, the enantioselectivity degree
was clearly dependent on the electrophilic properties of chlorine,
bromine, and iodine atoms featuring the analytes used as test
probes and HaB donors, with the carbonyl oxygens of the CDMPC
functioning as HaB acceptors on the other side (Figure 1B).
As a result, HaBs were found to contribute to binding and
enantiorecognition mechanisms underlying these enantiosepara-
tions (Figure 1C), observing that retention and selectivity values
increased following the order Cl < Br < I (Figure 1D, black bars).
It was also observed that retention and selectivity obtained for
the enantioseparation of the halogenated 4,4’-bipyridines were
strongly reduced by introducing MeOH in the mobile phase
(Figure 1D, grey bars). The effect was reasonably due to the
competitive HBs between MeOH and the carbonyl oxygen atoms
of the chiral selectors also functioning as HB acceptors, resulting
in a reduced availability of these sites as HaB acceptors.

Nonpolar pressurized carbon dioxide, used as the basic compo-
nent of the mobile phases in supercritical fluid chromatography
(SFC), is often considered a n-hexane-like solvent with respect
to its elution strength [30]. However, at molecular level, carbon
dioxide is not really like n-hexane because it has local dipoles,
7 electrons, and nonbonding electrons [31]. Furthermore, theo-
retical calculations and related experimental data confirmed that
carbon dioxide can participate in conventional and nonconven-
tional HBs [32] and form HaBs (O=C=0---X, X=Cl, Br, I) where
it acts as HaB acceptor [33, 34].

On this basis, we report herein the results of an investigation on
the SFC enantioseparation of polyhalogenated 4,4'-bipyridines
1-3 on a CDMPC-based chiral column. We aimed at evaluating
the impact of changing n-hexane to carbon dioxide as the major
component of the mobile phase on the enantioseparation of 1-
3 when SFC is used as chromatographic technique in place of
HPLC. In other words, we used the SFC technique to evaluate
(a) if retention and selectivity values obtained in SFC by using
CO,/2-PrOH mixtures as mobile phases could be correlated to
the electrophilic properties of the halogen substituents increas-
ing following the order Cl < Br < I, as already observed in
HPLC by using n-hexane/2-PrOH 90:10 v/v as mobile phase,
(b) the impact of changing n-hexane to carbon dioxide on
the enantioseparations of halogenated 4,4’-bipyridines 1-3, and
(c) the impact of adding MeOH to the mobile phase on the
SFC enantioseparations of 4,4’-bipyridines 1-3. Furthermore,
quantum mechanics (QM) and molecular dynamics (MD) were
used as computational techniques in a complementary manner to
explain the experimental data at the molecular level. Indeed, QM
calculations allowed for quantifying noncovalent interactions
with higher accuracy compared to MD simulations. On the other
hand, the MD technique is more suitable to describe explicit
solvent effects and the dynamic features of the enantioseparation
process.
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FIGURE 1 | Structures of 2,2",3,3,5,5"-hexahalogenated 4,4'-bipyridines 1-3 (A) and of cellulose tris(3,5-dimethylphenylcarbamate) (CDMPC) (B),
description of halogen bond (HaB) between analyte 1 and the 3,5-dimethylphenylcarbamate framework (C), and comparison of separation factors (c)
obtained for 4,4'-bipyridines 1-3 with Lux Cellulose-1 (CDMPC) by using n-hexane/2-PrOH 90:10 v/v (black bars) and n-hexane/2-PrOH/MeOH 90:5:5
v/v/v (grey bars) as mobile phases (D) (Table SI for numerical data [15]) (flow rate = 0.8 mL min~!, T = 25°C).

2 | Computationals

2.1 | Quantum Mechanics

The 3D structures of the (M)- and (P)-enantiomers of
4,4'-bipyridines 1-3, of carbon dioxide, of the methyl 3,5-
dimethylphenylcarbamate (MDMPC), and of related complexes
were generated by using the build function and model kits
and tools provided by GaussView 6.1 [35] for building and
editing organic molecules. All structures used in this study were
optimized at density functional theory (DFT) level in gas phase by
using Gaussian 16W [36], with the hybrid exchange-correlation
functional using the Coulomb-attenuating method CAM-B3LYP,
the LanL2DZ (Los Alamos National Laboratory 2 double-{)
as effective core potential type basis set, and the D3 version
of Grimme’s dispersion correction (gd3). For each structure,
the vibrational frequencies were also calculated to validate the
optimization processes. For complexes of (P)-1-3 with carbon
dioxide and with MDMPC, the basis set superposition error
(BSSE) was corrected by the standard counterpoise method
of Boys and Bernardi [37]. Interaction energies (AE;,) are
reported in kcal mol™. Geometrical parameters, distances [A],
and angles (°) were measured by using the tools provided by
GaussView 6.1 [35]. The strengths of HaBs and of HBs were
evaluated by considering the percentage penetration degree of
the van der Waals spheres of the interacting atoms [penetration
parameter, pp% electrophile - nucleophile =100 X {(dg; o )/(Fyaw
El + rygw Nu) — 1}, where dp; y, is the interatomic distance
between the interacting atoms with properties as electrophile
and nucleophile, and r.qy the corresponding van der Waals
radii]. For the r4y of Br, Cl, H, I, N, and O, the values given by
Bondi were considered [r,qy: 1.85 A (Br), 1.75 A (C), 1.20 A (H),
1.98 A (1), 1.55 A (N), 1.52 A (0)] [38].

2.2 | Molecular Dynamics

The AMBER24 software [39] was used to carry out 100 ns MD
simulations, and the Chimera software (UCSF, San Francisco,
USA) was used for visualization and analysis of the MD trajecto-
ries [40]. MD details are reported in the Supporting Information
section.

3 | Materials and Methods

3.1 | Chemicals and Chiral Stationary Phase
2,2',3,3',5,5'-Hexahalogenated 4,4'-bipyridines 1-3 were prepared
and characterized as previously reported [41]. Lux Cellulose-
1 (CDMPC, 3 um) (Phenomenex Inc., Torrance, CA, USA)
was used as chiral column (250 X 4.6 mm). HPLC-grade
n-hexane was purchased from Sigma-Aldrich (Taufkirchen,
Germany). Methanol (MeOH) and 2-propanol (2-PrOH)
were purchased from Carlo-Erba (Val-de-Reuil, France)
and carbon dioxide (CO,, 99.995% purity) from Air Liquide
(Loos, France).

3.2 | Chromatographic Systems

An Agilent Technologies (Waldbronn, Germany) 1100 Series
HPLC system (high-pressure binary gradient system equipped
with a diode array detector [DAD] operating at multiple wave-
lengths [220, 254, 280, and 360 nm ], a programmable autosampler
with a 20-uL loop, and a thermostated column compartment)
was employed. Data acquisition and analyses were carried
out with Agilent Technologies ChemStation Version B.04.03
chromatographic data software.
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The chromatographic system used for SFC analyses was a
SFC-PICLAB hybrid 10-20 apparatus (PIC Solution, Avignon,
France) equipped with an autosampler comprising a 48-vials
plate (model Alias, Emmen, the Netherlands), three model 40
P pumps: two for CO, and a third for the modifier (Knauer,
Berlin, Germany), a column oven with a Valco ten-position
column selection valve, and a Valco six-position solvent switching
valve. The system was also composed of a Knauer Smartline
2600 DAD (Berlin, Germany). Detection wavelength was set at
254 nm. The system was controlled, and the data were acquired
with the SFC-PICLAB Analytic Online v.3.1.2 software (PIC
Solution, Avignon, France). Retention times were average values
of two replicate determinations. The data were processed by
SFC New Data Manager V.1.8.0 software (PIC Solution, Avignon,
France).

3.3 | Chromatographic Conditions and Samples
Preparation

For SFC analyses, the injected volume was 20 pL, the used
flow rate was 1.5 mL min~!, and the mobile phase was always
CO,-modifier mixture with various percentages of MeOH or 2-
PrOH as modifiers. All analyses were run in isocratic mode. The
column oven temperature was 40°C, and the outlet pressure was
maintained at 120 bar for all experiments. The samples were
prepared at 1 mg mL™ in MeOH. The solutions were filtered
through a 0.45 um PTFE syringe-filter (15 mm diameter) prior to
use. HPLC analyses were performed in isocratic mode at 22°C.
The flow rate was set at 0.8 mL min~'. The enantiomer elution
order (EEO) for the enantioseparations of compounds 1-3 was
determined by injecting pure enantiomers of known (M) or (P)
absolute configuration [41].

4 | Results and Discussion

4.1 | SFC Enantioseparations of Halogenated
4,4'-Bipyridines 1-3

The SFC enantioseparation of compounds 1-3 was performed by
using Lux Cellulose-1 as chiral column with carbon dioxide/2-
PrOH mixtures as mobile phases with alcoholic additive content
ranging from 50% to 10% (Figure 2, black lines). In agreement
with the results obtained in the HPLC enantioseparation of 1-3
on the Lux Cellulose-1 [29], in SFC both retention and selectivity
also showed to be halogen-dependent, increasing following the
order Cl < Br < I. Thus, iodine-based interactions seemed to
contribute significantly to both binding and enantiorecognition
mechanisms. This was evident even by using a mixture rich in
alcoholic additive like carbon dioxide/2-PrOH 50:50 v/v as mobile
phase (Figure 3). Very high retention times were obtained for
1 by using carbon dioxide/2-PrOH 70:30 v/v as mobile phase
(t, = 66.99 min; t, = 126.54 min) compared to 2 and 3. The elution
of the iodinated analyte 1 was not obtained within 120 min by
using mixtures with lower content of 2-PrOH as mobile phases,
like carbon dioxide/2-PrOH 80:20 or 90:10 v/v.

Retention factors (k) increased significantly as the content of 2-
PrOH in the mobile phase decreased (and the carbon dioxide
content increased) to an extent dependent on the distinctive

halogen atoms. Indeed, by decreasing the content of 2-PrOH in
the mobile phase from 50% to 30%, the percentage increases for
retention factors of the first and the second eluted enantiomers
were 278-254, 130-135, and 42.6-51.8 for 1, 2, and 3, respectively.
Thus, increasing carbon dioxide content in the mobile phase
had higher impact on retention of the iodinated 1 compared to
4,4'-bipyridines 2 and 3.

All compounds 1-3 showed (M)—(P) as EEO, suggesting that
the same binding mechanism could be expected to underlie the
affinity of each analyte to the chiral stationary phase, with differ-
ence related to the stereoelectronic properties of the distinctive
analytes.

Separation factors (a) showed a negligible dependence on alcohol
content in the mobile phase. However, a subtle difference could
be observed between the selectivity trends of compounds 1 and
3. Indeed, by increasing the content of 2-PrOH from 30% to 50%,
the separation factor of compound 1 also increased from 1.92 to
2.05, whereas an opposite trend could be observed for 3 with the
separation factor slightly decreasing from 1.06 to 1.00.

Analytes 1-3 were also enantioseparated in HPLC by using
the same CDMPC-based chiral column and n-hexane/2-PrOH
mixtures (20 < 2-PrOH% < 50) as reference for comparison
(Figure 2, orange lines). Higher retention factors were obtained
in SFC compared to HPLC analysis. On this basis, carbon
dioxide was shown to impact the affinity of the halogenated
4,4'-bipyridines toward the polysaccharide-based selector in a
different way compared to n-hexane and to an extent again
dependent on the type of the distinctive halogen atoms. Indeed,
by changing the analysis conditions from HPLC (n-hexane/2-
PrOH 70:30, T = 22°C) to SFC (carbon dioxide/2-PrOH 70:30,
T = 40°C), the following percentage increases and decreases of
retention factors of the first eluted enantiomers and selectivity
values, respectively, could be observed: +586% and —30.4% for 1,
+178.2% and —12.5% for 2, and +92.5% and —3.6% for 3.

On the basis of the hypothesis that, in CDMPC-based chiral
stationary phases, the carbonyl oxygen atoms are acceptors for
both HaB and HB donors, our results are consistent with the
observation reported by West and co-authors that the interaction
ability of CDMPC toward HB donors is stronger in SFC compared
to NPLC [42]. On the other hand, carbon dioxide/alcohol mix-
tures were reported to be heterogeneous, with alcohol molecules
clustering around analytes [42], and the elution strength under
heterogeneous conditions is higher than the strength expected
for a homogeneous mixture. Furthermore, both carbon dioxide
and alcohol as co-solvent are adsorbed on the stationary phase,
contributing to modifying its polarity and three-dimensional
structure [42-44].

The reduction of selectivity observed in SFC compared to HPLC
was due to the different effects of changing n-hexane to carbon
dioxide on the retention of the second eluted enantiomers
compared to the first eluted. For instance, considering mobile
phases containing 30%, 40%, and 50% of 2-PrOH, the average
retention factor of the first eluted (M)-enantiomer of 1 is five
times higher in SFC than that in HPLC, whereas the average
value for the second eluted enantiomer is 3.6 times higher. This
effect is higher for 1 compared to 2 (2 times for k, and 1.8 times
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FIGURE 2 | Dependence of retention (k) and separation (c) factors of rac-1, rac-2, and rac-3 on the content of 2-PrOH in carbon dioxide/2-PrOH

-1

(black lines) and n-hexane/2-PrOH (orange lines) mixtures used as mobile phases with Lux Cellulose-1 as chiral column in SFC (flow rate =1.5mL min™",
T = 40°C) and HPLC (flow rate = 0.8 mL min~!, T = 22°C), respectively (for numerical data, Tables S2 and S3).
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FIGURE 3 | Separation and enantioseparation of rac-1 (A), rac-2 (B), and rac-3 (C) on Lux Cellulose-1, carbon dioxide/2-PrOH 50:50, flow

rate = 1.5 mL min~!, T = 40°C, 150 bar, 1 = 254 nm.

for k,) and 3 (1.6 times for k, and 1.5 times for k,), resulting
in a higher decrease of selectivity by changing HPLC to SFC.
At the molecular level, the same effect on both enantiomers
could be expected if carbon dioxide would work as n-hexane,
functioning as a noninteracting solvent. On the contrary, an
“enantioselective” effect of carbon dioxide may be envisaged if
this medium exerts a different impact on the diastereomeric
complexes between the halogenated analytes and the chiral
selector. Furthermore, the different extents of the retention time
increments dependent on halogen type (I > Br > Cl) could
be related to the formation of HaB-based O=C=O...halogen
solvation clusters. On the other hand, the difference observed by
changing n-hexane to carbon dioxide may also originate from the
interaction of carbon dioxide with the amidic N—H groups of the
CDMPC affecting both selectivity and retention.

We also investigated the impact of changing 2-PrOH to MeOH
in carbon dioxide-based mobile phases used in SFC (Table 1) by
using content of MeOH ranging from 10% to 50%. Also in this
case, retention times increased as the content of the alcoholic
additive decreased, whereas the dependence of selectivity values
on MeOH content was negligible. By using MeOH-containing
mobile phases, selectivity values decreased in all cases compared
to those obtained with carbon dioxide/2-PrOH mixtures to an
extent following the order I > Br > ClL This trend was also
observed in HaB-driven enantioseparations performed in HPLC
[29].

Differently, in most cases, retention factors increased by using
MeOH as alcoholic component of the mobile phase likely due to
the contribution of hydrophobic or dispersion forces to retention.
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TABLE 1 | Retention times (f), retention factors (k), and separation factors («) of 4,4’-bipyridines 1-3 on Lux Cellulose-1 [cellulose tris(3,5-
dimethylphenylcarbamate)] with carbon dioxide/2-MeOH mixtures as mobile phases (flow rate = 1.5 mL min~!, T = 40°C).

44'-

Bipyridine MeOH% t, (min) t, (min) k, k, a

1 50 25.98 34.93 10.39 14.32 1.38
45 38.36 54.11 15.53 22.32 1.44
40 47.15 65.57 19.68 27.76 1.41
35 64.33 89.18 26.14 36.63 1.40
30 84.38 116.03 30.37 42.13 1.39

2 50 5.64 1.47 1.86 1.26
45 6.42 1.77 2.22 1.26
40 7.03 8.30 2.08 2.64 1.27
35 8.16 2.44 3.13 1.28
30 10.36 12.43 2.85 3.62 1.27
20 15.76 19.47 7.25 9.19 1.27
10 33.54 41.97 13.09 16.63 1.27

3 50 3.51 0.54 0.54 1
40 3.87 0.70 0.70 1
30 4.36 4.36 0.62 0.62 1
20 5.49 5.49 1.87 1.87 1
10 7.78 2.27 2.27 1

Note: Retention factors lower with MeOH-containing mobile phases compared to 2-PrOH-containing media (Table S2) are reported in bold.

Indeed, hydrophobic interactions are favored in MeOH more than
in 2-PrOH [45]. On the other hand, the polarizability of a chemical
system may be correlated with its ability to exert dispersion-
based interactions given the higher mobility of the electrons
[46]. Thus, the polarizability of MeOH being lower than that
of 2-PrOH, MeOH could exert lower competition for dispersion
interactions than 2-PrOH, enhancing selector-analyte dispersion-
type interactions. Otherwise, in a few cases (highlighted in
bold in Table 1), especially for the second eluted enantiomer of
compound 1, retention factors with the MeOH-containing mobile
phases decreased compared to mobile phases containing 2-PrOH
as cosolvent, likely due to the contribution of polar interactions
that are weakened by using MeOH as csolvent.

All the subtle differences observed by changing n-hexane to
carbon dioxide in the mobile phases confirmed that carbon
dioxide, as interacting solvent, behaves differently compared
to the noninteracting n-hexane and suggested that halogen-
dependent interactions occurred between carbon dioxide and
analytes 1-3 in the SFC environment.

4.2 | Computational Analysis

Halogen substituents can contribute to molecular recogni-
tion by playing multiple roles. Thus, possible formation of
O=C=0halogen noncovalent interactions required a theo-
retical confirmation. On this basis, QM methods applied in
gas phase were used to identify and quantify O=C=01
HaBs and other possible noncovalent interactions underly-
ing the contact between analytes 1-3 and the methyl 3,5-

dimethylphenylcarbamate (MDMPC) framework as a model of
the distinctive pendant group of the CDMPC chiral selector.
Furthermore, MD simulations were also used to evaluate the
impact of using carbon dioxide on the dynamic interactions
between analyte 1 and a virtual nonamer of CDMPC by using
explicit parametrization for solvent virtualization. In this regard,
it is worth mentioning that MD simulations of SFC enantiosep-
arations treating carbon dioxide explicitly were not reported so
far.

In a previous study, the electrophilic properties of the halogen
atoms featuring analytes 1-3 were evaluated as a prerequisite
for HaB formation and quantified through electrostatic poten-
tial analysis, confirming an electrophilic character increasing
following the order Cl < Br < I [15, 26].

In all computations, no energy constraint was applied to the
interacting partners to force them to be in a specific position.

4.2.1 | QM Quantification of Noncovalent Interactions

To map possible noncovalent interactions between analytes 1-
3 and carbon dioxide as interacting counterparts, we computed
DFT-optimized structures of nine carbon dioxide/analyte com-
plexes (Figure S1) starting from nine input structures built by
manually docking one molecule of carbon dioxide in proximity
to each halogen atom at the 2-, 3-, and 5-positions of the
4,4'-bipyridyl scaffold. Given the symmetry of the analyte sub-
stitution pattern, 2’-, 3’-, and 5’-positions were not considered.
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TABLE 2 | Noncovalent interactions in density functional theory (DFT) optimized complexes between 4,4'-bipyridines 1-3 and CO, (color legend:
carbon, gray; hydrogen, pale grey; nitrogen, blue; oxygen, red) (three-dimensional structures of the optimized complexes are reported in Figure SI1).

Xz Ny
|
X3 7 Xy
X__x PIL,O
) co,
X N
X = Halogen
Noncovalent
Halogen E,,; (kcal mol™!) interaction®
2-1(1) -1.81 2-1...0=C=0
(d=3.284A,
pp% = —6.17%)
2-Br (2) —-4.17 Ny --CO, (d =2.889 A)
2-C1(3) —-3.39 m-hole,, O=C=0
(d=3178 A)
3-1(1) —2.28 3-I+0=C=0 (d = 3.231 A,
pp% = —7.69%)
3-Br (2) —417 N,y CO, (d =2.889 A)
3-C1(3) —3.46 m-hole,,, - O=C=0
(d=3174 A)
5-1(1) —2.20 5-I-0O=C=0 (d = 3.243 A,
pp% = —7.34%)
5-Br (2) -2.78 m-hole,, - O=C=0
(d=3.062 A)
5-C1(3) -3.32 m-hole, - O=C=0
(d=3.061A)

2pp% =100 X {(da...0)/(rvaw Ha + rygw O) — 1}), where dy, o is the interatomic distance between Ha and O atoms and rqy the corresponding van der Waals

radii.

This approach aimed at providing just an estimate of the type
and strength of noncovalent interactions involved in complex
formation. On the other hand, cooperative or anti-cooperative
noncovalent effects may act in a real chromatographic system at
the molecular level due to possible simultaneous interactions of
the analyte with multiple solvent molecules and pendant groups
and with the polymer backbone.

To obtain reliable interaction energies and noncovalent interac-
tion maps, and considering the presence of the highly polarizable
iodine atoms featuring analyte 1, we used a computational
method based on (a) the CAM-B3LYP functional which includes
a correction for long-range interactions like dispersion forces,
(b) D3 version of Grimme’s dispersion correction (gd3), (c) the
LanL2DZ as an effective core potential type basis set to replace
the core electrons with an effective potential and, consequently,
to avoid the use of the core basis functions which would have
increased computational time, and (d) the standard counterpoise
method of Boys and Bernardi to correct the BSSE which would
have affected interaction energies.

In Table 2, the noncovalent interactions underlying complex
formation are reported. HaBs were observed in the carbon

dioxide/1 complexes, exclusively, with penetration degree of the
van der Waals spheres ranging from —6.17% to —7.69%.

For the complexes of carbon dioxide with 2 and 3, other types
of noncovalent interactions could be observed with no direct
involvement of bromine or chlorine atoms as electrophiles. For
these two analytes, the oxygen atoms of carbon dioxide are rather
involved in noncovalent interactions involving the electron-
poor pyridyl z-cloud as electrophile. These results may suggest
that the formation of O=C=0halogen HaBs may really be
responsible for the high elution times and the lower selectivity
observed for analyte 1 in SFC compared to HPLC, affecting
the enantioseparation process in multiple possible ways. For
instance, carbon dioxide/analyte clusters based on HaBs could
be formed, which may slow the elution of the analyte along the
surface of the CDMPC-based chiral stationary phase. Moreover,
in carbon dioxide-based mobile phases, clusters could be also
formed around the analyte/chiral selector complexes, which may
reduce the stereoelectronic capability of the two enantiomers
to be differentiated compared to the noninteracting n-hexane
used as the main component of the mobile phase in HPLC. On
the other hand, the formation of HBs between carbon dioxide
and the amidic hydrogen of the CDMPC (O=C=0...H—N<)
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TABLE 3 | Noncovalent interactions in density functional theory (DFT) optimized complexes between 4,4'-bipyridines 1-3 and methyl 3,5-
dimethylphenylcarbamate (MDMPC) (color legend: carbon, grey; hydrogen, pale grey; nitrogen, blue; oxygen, red) (three-dimensional structures of

the optimized complexes are reported in Figures S2-S4).

Xz Ny G o
| 2 R‘ & Methyl 3,5-dimethylphenylcarbamate
X3 Xs : & (MDMPC)
X ot X €@ © $
X N ¢
& ¢
X = Halogen
Halogen MDMPC (C=0 or N—H) E,,; (kcal mol™?) Noncovalent interaction®
Set 1
2-1(1) =0 -8.09 2-1...0=C< (d = 3.285 A, pp% = —6.14%)
3-I...ArMe, (d = 3.636 A)
2-Br (2) =0 —6.34 2-Br...0=C< (d = 3.297 A, pp% = —2.17%)
3-Br...ArMe, (d = 3.659 A)
2-C1(3) =0 -10.37 2-Cl...0=C< (d =3.022 A, pp% = —7.58%)
ArMe,...Pyr -7 stacking
3-1(1) =0 —12.69 3-1....0=C< (d = 3.055 A, pp% = —12.71%)
Nyyr... HC-Ar (d = 2.821 A, pp% > 0)
ArMe,...Pyr -7 stacking
3-Br (2) =0 —11.37 3-Br...0=C< (d = 3.031 A, pp% = —10.06%)
ArMe,...Pyr -7 stacking
3-C1(3) =0 —11.47 ArMe,...Pyr -7 stacking
5-1(1) =0 -12.56 5-1...0=C< (d = 3172 A, pp% = —9.37%)
ArMe,...Pyr -7 stacking
5-Br (2) =0 —8.94 7-hole,,...0=C< (d = 3.004 A)
Ny HC-Ar (d = 2.560 A, pp% = —6.91%)
5-C1(3) =0 —-9.75 m-hole,,...0=C< (d = 3.061 A)
Set 2
2-1(1) N—H -7.51 2-1...H—N< (d = 3.482 A, pp% > 0)
2-Br (2) N—H —-9.99 —
2-C1(3) N—H -10.27 2-Cl...H—N< (d =3.023 A, pp% > 0)
5-Cl...0=C< (d = 3.045 A, pp% = —6.88%)
ArMe,...Pyr -7 stacking
3-1(1) N—H —-9.26 3-1...H—N< (d = 3.280 A, pp% > 0)
Npy:...HC-Ar (d = 2.645 A, pp% = —2.80%)
3-Br (2) N—H -7.71 3-Br...H—N< (d = 3.286 A, pp% > 0)
Ny HC-Ar (d = 2.673 A, pp% = —2.80%)
3-C1(3) N—H —8.89 3-Cl...0=C< (d = 3.119 A, pp% = —4.60%)
Ny .. HC-Ar (d = 2.784 A, pp% > 0)
5-1(1) N—H -9.36 ArMe,... Pyr -7 stacking
5-Br (2) N—H —-9.70 5-Br...H—N< (d = 2.912 A, pp% = —4.52%)
Ny .. HC-Ar (d = 2.776 A, pp% > 0)
ArMe,...Pyr -7 stacking
5-C1(3) N—-H -10.93 ArMe,... Pyr -7 stacking
Set 3
Ny @) N—H -13.11 Ny H=N< (d = 2.474 A, pp% = —10%)
Nyy: () N—H -9.16 Nypyr. .. H=N< (d = 2.014 A, pp% = —26.76%)
Ny 3) N-H -8.57 Nipyr- .. H-N< (d = 2.060 A, pp% = —25.09%)

2pp% = 100 X {(dgy.. nu)/(Fvaw El + rygw Nu) — 1}), where dg; _ n, is the interatomic distance between the interacting atoms with properties as electrophile and

nucleophile and r.4y the corresponding van der Waals radii.
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FIGURE 4 | Correlation of the interaction energies (AEjy,
kcal mol™!) between the enantiomers of analyte 1 and a nonamer
of CDMPC, computed by MD [solvent box: n-hexane/2-PrOH 70:30 ({));
carbon dioxide/2-PrOH 70:30 (4)], with the experimental k of the first and
the second eluted enantiomers of analyte 1 [Lux Cellulose-1: n-hexane/2-
PrOH 70:30, T = 22°C, 0.8 mL min~! ({); carbon dioxide/2-PrOH 70:30,
T =40°C, 1.5 mL min~! (§)].

may enhance the HB acceptor ability of the chiral selector
and, consequently, the strength of noncovalent interactions
involving the carbonyl oxygen atoms as HB or HaB acceptors
and, in turn, the affinity of the analytes toward the stationary
phase.

We also computed DFT-optimized structures of three sets of
complexes between each analyte and the MDMPC, with input
structures built as follows: (set I) The carbonyl group of MDMPC
was located in proximity to each halogen atom at the 2-, 3-,
and 5-positions (Figure S2); (set 2) the amidic N—H group of
MDMPC was located in proximity to the nucleophilic belt of
each halogen atom at the 2-, 3-, and 5-positions (Figure S3);
(set 3) the amidic N—H group was located in proximity to the
pyridyl nitrogen of each analyte as HB acceptor (Figure S4).
Multiple noncovalent interactions were found to underlie most
analyte/MDMPC complexes (Table 3).

Itis worth noting that in the real system, noncovalent interactions
may be affected by the stereoelectronic constraints acting on
the analyte in the polymeric groove and by solvation effects.
For instance, possible HBs involving the halogen atoms of
analytes 1-3 as HB acceptors are expected to be rather weak and
disfavored due to the low accessibility of the nucleophilic belt
of these halogen atoms for a possible electrophile as HB donor
(Figure S5). The same consideration may concern possible 7-
interactions involving the pyridyl rings of the analytes. Despite
that, the QM computations could provide an estimate of the
noncovalent interactions acting in the chromatographic system
under investigation. Thirty-five noncovalent interactions were
found in the 21 optimized complexes (n. 7 for each analyte) with
the following frequency: HaBs (n. 10) > -7 stacking interactions
(n. 9) > HBs with pp% < 0 (n. 7) and weak HBs with pp% > 0 (n.
7) > m-hole bonds (n. 2). This frequency agreed with the results
of MD simulations reported previously for the complexes 4,4'-
bipyridine/CDMPC [15] where HaBs, 7—7 stacking interactions,
and HBs were clearly detected. Furthermore, experimental data
had evidenced the key contribution of the carbonyl oxygen
atoms of the carbamate pendant groups compared to the amidic
hydrogen atoms for halogen-dependent enantioseparations per-

formed by using CDMPC-based chiral columns [15]. The average
energy computed for the complexes of each distinctive analytes
decreased following the order I > CI > Br. The HaB (I...O=C<
and ... ArMe,) was the most frequent interaction identified in
the seven iodine-containing complexes.

The most stable complexes involved the pyridyl nitrogen
(Ny,...HN HB, —13.11 kcal mol™) and the iodine at the 3-
and 5-positions (—12.69 and —12.56 kcal mol™!, respectively).
Previous studies demonstrated that interactions involving sites
located at the 3,3',5,5’-positions, close to the chiral axis, contribute
significantly to the enantiorecognition [47]. On the contrary,
complexes underlain by I'-H—N< HBs, thus involving the amidic
hydrogen of MDMPC and the electron-rich belt of the iodine
atoms as HB acceptors, showed lower interaction energies.
Otherwise, - stacking interactions were found to be the most
frequent interactions in the seven chlorine-containing complexes,
and the most stable complexes of analyte 3 were underlain
by ArMe,...pyridyl -7 stacking. For the complexes involving
analyte 2, a widespread distribution between the five types of
noncovalent interactions was obtained, with a prevalence of HaBs
and HBs over -7 stacking interactions.

These QM calculations clearly showed that the iodine atoms
of analyte 1 can form HaBs with both carbon dioxide and
the pendant group of the CDMPC. In this regard, more
negative average energies were computed for the MDMPC/1
complexes (—10.37 kcal mol™) compared to those computed
for the MDMPC/2 (-9.03 kcal mol™') and MDMPC/3
(-10.04 kcal mol™) complexes. Thus, these observations
confirmed, on QM bases, the contribution of HaBs in analyte-
selector contact, the higher affinity of analyte 1 toward the
CDMPC, and the interactive properties of carbon dioxide toward
analytes 1-3.

4.2.2 | MD Simulations

The enantioseparations of 1 on Lux Cellulose-1 with n-hexane/2-
PrOH and carbon dioxide/2-PrOH 70:30 v/v as mobile phases
were considered, modeled by MD, and the computed results
compared with the benchmark experimental data. These MD
simulations were performed with the main aim to model the
CDMPC in carbon dioxide-based media, a type of simulations
not reported so far in the field of enantioselective chromatog-
raphy. Furthermore, our interest was also to confirm if and
how HaBs participate in binding and enantioselective recog-
nition in a dynamic perspective in the domain of molecular
mechanics and to explore the noncovalent interaction pat-
tern underlying the contact of CDMPC with analyte 1. The
100 ns MD simulations in the AMBER force field [48] were
performed by using a CDMPC nonamer as a virtual model
of the polysaccharide-based selector, DFT-optimized structures
computed for the (M)- and (P)-enantiomers of 1, and explicit
virtual solvent mixtures in accord with the experimental condi-
tions used in the chromatographic analyses. The explicit o-hole
(ESH) parametrization [49, 50] was used to model the elec-
trophilic electron charge density depletion on the iodine atoms
[51] (see the Supporting Information section for details and
Table S4).
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In Figure 4, the correlation between the total interaction energies
computed for the (M)-1/CDMPC and (P)-1/CDMPC complexes
with the experimental retention factors is reported. Although
the limitation of not considering the differences between the
two environments (carbon dioxide vs. n-hexane) related to the
entropic effects, a satisfactory linear trendline (r* = 0.8841) was
obtained.

The reported energies are mean values that were calculated
from 5000 complexes obtained by snapshots taken every 20 ps
from the 100 ns MD trajectories. The interaction energy (Ei,)
between enantiomer and selector was calculated based on the
energies of the selector-enantiomer complex, the selector, and the

enantiomer (Eint = Elotal - Eenantiomer - Epolysaccharide - based selector)'

The computed EEOs [(M)—(P)] were in accordance with the
experimental elution order, and more negative interaction
energy values for the analyte-CDMPC complexes were
computed by using the carbon dioxide-containing virtual
mixture (AE,, (M) = -4122 + 396 kcal mol™; AE,
(P) = —43.68 + 5.59 kcal mol™) compared to the n-hexane-
based solvent (AE;,, (M) = —36.92 + 596 kcal mol™; AE;,

(P) = —40.04 + 7.47 kcal mol™).

In Tables S5-S8, lifetimes of HBs and HaBs extracted from the
simulated MD trajectories of the (M)- and (P)-1 complexes with
CDMPC in n-hexane- and carbon dioxide-based media are listed
and compared. Furthermore, intramolecular 7—7 interactions
within the CDMPC as well as I 7, , analyte-CDMPC HaBs
were also observed. By examining the noncovalent interaction
patterns occurring in the two selected media, the following
remarks emerged:

1. In the simulations performed with carbon dioxide/2-PrOH
70:30, HBs between 2-PrOH molecules (0.02 < lifetime
(ns) < 8) stronger than those between carbon dioxide and 2-
PrOH (0.02 < lifetime (ns) < 0.2) were observed, confirming

the heterogeneity of the carbon dioxide-based medium.

2. In all simulations, in accordance with the pivotal feature of
the highly ordered structure of polysaccharide carbamate-
based chiral selectors [5, 9], intramolecular >C=0...H—N<
HBs could be observed during 100 ns MD with lifetime
ranging from 63 to 0.02 ns.

3. In n-hexane/2-PrOH 70:30, CDMPC was solvated by 2-PrOH
molecules through HBs where solvent molecules acted as HB
donors and acceptors interacting with carbonyl oxygen and
the amidic hydrogen atoms, with lifetime ranging from 34
to 0.02 ns. In carbon dioxide/2-PrOH 70:30, stronger HBs
between 2-PrOH and CDMPC were found with lifetimes
ranging from 77 to 0.02 ns, but carbon dioxide molecules also
solvated the polymer through several weaker HBs featuring
lifetimes ranging from 2 to 0.02 ns. This confirmed that both
carbon dioxide and 2-PrOH adsorb on the stationary phase.

4. In n-hexane/2-PrOH 70:30, analyte enantiomers were sol-
vated by 2-PrOH molecules through weaker HBs between
the hydroxyl hydrogen atoms of 2-PrOH and the pyridyl
nitrogen of the analyte (0.02 < lifetime (ns) < 3), and through
stronger HaBs between the hydroxyl oxygen atoms of 2-
PrOH and the iodine atoms of the analyte (0.02 < lifetime

(ns) < 10). In carbon dioxide/2-PrOH 70:30, carbon dioxide
molecules also solvated analyte enantiomers through several
weaker HaBs featuring lifetimes ranging from 0.02 to 0.4 ns,
whereas HBs (0.02 < lifetime (ns) < 2) and stronger HaBs
(0.02 < lifetime (ns) < 35) between 2-PrOH and the analyte
could be also observed, confirming the presence of alcohol
molecules clustering the analyte.

5. In all cases, the interaction between (M)- and (P)-1 enan-
tiomers and the CDMPC was dominated by HaBs between
iodine and the carbonyl oxygen atoms of the polymer with the
number of observed HaBs and related penetration degrees in
agreement with the experimental EEO [(M)—(P)] (Table 4).
Furthermore, HBs between the pyridyl nitrogen atom of
the analyte and the amidic hydrogen atom of the CDMPC
also contribute to analyte-chiral selector contact for the (P)-
enantiomers (0.6 ns) in n-hexane/2-PrOH 70:30 and for both
(M)- and (P)-enantiomers (0.1 and 9 ns, respectively) in
carbon dioxide/2-PrOH 70:30.

6. Interestingly, MD simulations performed by using carbon
dioxide as medium showed strong intramolecular HBs within
the CDMPC (0.02 < lifetime (ns) < 74) and intermolecular
analyte-CDMPC HaBs (0.4 < lifetime (ns) < 91) (Table 4 and
Tables S9 and S10).

7. In all simulations involving carbon dioxide, solvent
molecules were observed to preferentially coordinate
the (M)-enantiomer (0.02 < lifetime (ns) < 0.4) of the
analyte compared to the most retained (P)-enantiomer
(0.02 < lifetime (ns) < 0.3). This preference could explain
the higher retention increase observed experimentally for
the first eluted enantiomer by changing HPLC to SFC
conditions compared to the second eluted enantiomer. This
behavior may be considered rather logical. Indeed, the
second eluted (P)-enantiomer exerts stronger interactions
with the CDMPC. This reduces the electrophilic character
of the other noninteracting iodine atoms and, consequently,
their capability to coordinate carbon dioxide. The opposite
occurs for the first eluted (M)-enantiomer, which exerts less
strong interactions with the CDMPC.

Representative snapshots of (M)- and (P)-1/CDMPC complexes
computed by MD and some related noncovalent interactions are
reported in Tables S11 and S12 and Figure S6.

5 | Concluding Remarks

The enantioseparation of three chiral 2,2°,3,3',5,5'-
hexahalogenated 4,4'-bipyridines was investigated by using
a CDMPC-based chiral column under SFC conditions. Each
analyte features distinctive halogen atoms, iodine, bromine, and
chlorine, as substituents of the 4,4’-bipyridyl moiety. Given that
polarizability and electrophilic properties of the series increase
following the order Cl < Br < I, the three analytes were selected as
test probes to explore the possibility that HaBs may contribute to
binding and enantioselective recognition mechanisms in carbon
dioxide media. The analyses were also performed by using
the HPLC technique with n-hexane-based mobile phases as
reference for comparison. Indeed, previous studies demonstrated
that the enantioseparation of halogenated 4,4'-bipyridines is
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TABLE 4 | Lifetime, penetration parameter%, and site location of the halogen bonds (HaBs) observed between (M)- and (P)-enantiomers of 1 and
the cellulose tris(3,5-dimethylphenylcarbamate) (CDMPC) in 100 ns molecular dynamics (MDs) performed by using n-hexane/2-PrOH 70:30, CO,/2-
PrOH 70:30, and CO, as virtual media. For the carbonyl groups of the CDMPC, the position of the corresponding pendant group in the glucopyranose

unit is reported (2, 3, or 6).

Enantiomer Lifetime (ns) pp%* Distance (A) Site location

n-Hexane/2-PrOH

M1 78 —11.40 3.10 2'-1...0=C< (6)
51 -12.60 3.06 5'-1...0=C< (6)
43 -10.90 312 5-1...0=C< (2)

(P)1 70 —12.60 3.06 5-I1...0=C< (6)
33 -10.90 312 2'-1...0=C< (6)
1 -11.71 3.09 3'-1...0=C< (6)
8 —6.60 3.27 5-1...0=C< (3)
6.3 -13.43 3.03 2-1...0=C< (6)
13 -1.10 3.46 2-1...0=C< (2)

CO,/2-PrOH

(M)-1 99 —12.00 3.08 2'-1...0=C< (6)
55 -13.43 3.03 5'-1...0=C< (6)
2.8 —7.43 3.24 5-1...0=C< (2)

(P)1 73 —12.00 3.08 5-1...0=C< (6)
46 -11.71 3.09 3'-1...0=C< (6)
18 —-11.41 3.1 2-1...0=C< (6)

Co,

(M)-1 83 —12.86 3.05 2-1...0=C< (6)
66 3.23 5-1...0=C< (6)
15 —12.29 3.07 5'-I...0=C< (6)

(P)-1 91 ~12.57 3.06 5-1...0=C< (6)
85 -12.57 3.06 3/-1...0=C< (2)
5.8 -10.00 3.15 2-1...0=C< (6)

5 —12.00 3.08 5'-1...0=C< (6)

0.4 -8.57 3.20 2-1...0=C< (2)

2pp% =100 X {(dy,...0)/(ryaw Ha + ryqw O) — 1}), where dy, o is the interatomic distance between Ha and O atoms and rqyw the corresponding van der Waals

radii.

controlled and modulated by HaBs in HPLC conditions, to a
degree dependent on the electrophilic properties of the halogen
substituents and on their capability as HaB donors, and on the
nucleophilic properties of the polysaccharide-based selector
as HaB acceptor. By using carbon dioxide/2-PrOH and carbon
dioxide/MeOH mixtures with different contents of alcoholic
co-solvent, retention and separation factors increased following
the order Cl < Br < I in all cases. Compared to n-hexane-based
mobile phases used in HPLC, higher retention factors but lower
selectivity values were obtained in SFC in all the studied cases.
On the basis of the experimental results, carbon dioxide appeared
to work as an interacting solvent compared to the noninteracting
n-hexane used in HPLC. Given the capability of carbon dioxide as
HaB acceptor and the properties of iodine atoms as powerful HaB
donors, QM calculations and MD simulations were performed
to confirm that O=C=O~1 noncovalent interactions could

contribute to the huge affinity of the iodinated analyte toward
the CDMPC. The computational QM analysis confirmed that
only the iodinated analyte 1 can form HaBs with the carbon
dioxide oxygen atoms which, differently, form other types of
interactions with the brominated and chlorinated analytes 2
and 3. Furthermore, the MD simulations showed that with a
content of 30% of 2-PrOH in the carbon dioxide-based mobile
phase, the solvation shell around the analyte/selector complexes
is formed by 2-PrOH and carbon dioxide molecules. By using
carbon dioxide as virtual solvent, molecules of this solvent were
found to participate in the solvation shell of the analyte/chiral
selector complexes, also interacting with the CDMPC polymers
by HBs. The results of this experimental/computational study
suggest that the presence of carbon dioxide may increase the
elution times of the iodinated analyte by forming HaB-based
clusters which slow the advancement of the analyte along the
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column. On the other hand, by using mobile phases containing
carbon dioxide, the oxygen atoms of this solvent can coordinate
CDMPC through the amidic hydrogen atoms, functioning as an
activator of the carbonyl oxygen atoms of the chiral selector as
HaB acceptors, thus increasing the affinity of the CDMPC toward
HaB donors.
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