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Chapter 1

General Introduction

1-1 Nanotechnology

Nanotechnology is a technology conducted at the nanoscale between 1 to 100
nanometers. The nanotechnology is studied and applied for extremely small things, and
the technology can be used across all the scientific fields, including chemistry, biology,
physics, materials science, and engineering.!® There are two general approaches for
synthesizing nanomaterials and/or fabricating nanostructures. The first approach is the
“top-down approach”. This approach uses larger (macroscopic) initial structures, which
can be externally-controlled in processing nanostructures. At the moment, the most
common top-down approach is well known as lithography.”!° It has been used for a while
to manufacture the computer chips and produced the structures smaller than 100 nm.
Gordon Moore, who is the Intel® co-founder, empirically predicted “The number of
transistors incorporated in a chip will approximately double every 24 months.” This
predict is widely known as the Moore’s law.!! In accordance with the Moore’s law, we
have reached the level, at which 50 nm transistors can be mass-produced with the
development of lithography techniques. Although the concept of photolithography is
pretty simple, the actual implementation is very complex and expensive. Furthermore,
this technique is slow and not suitable for a large-scale production by nature.

Another approach is the “bottom-up approach”. This approach includes the

miniaturization of materials components (up to atomic level) with further self-assembly



process leading to the formation of nanostructures.'?"'* During self-assembly, the physical
forces operating at nanoscale are used to combine basic units into larger stable structures.
A typical example is the quantum dot formation during epitaxial growth and formation of
nanoparticles from colloidal dispersion.'>"! Inspiration for bottom-up approaches comes
from biological systems, where nature has harnessed chemical forces to create essentially
all the structures needed by life.?°?? For example, living matters synthesize proteins and
lipid molecules from DNA, and autonomously build cells and organs. This process is
ultimate in the bottom-up approaches. In the bottom-up approaches, we can produce the
desired nano-structures by only mixing the required materials without large scale factories,
complicated machines, and operations. As the component size decreases in
nanofabrication, the bottom-up approaches provide an increasingly important
complement to the top-down techniques. Researchers hope to replicate nature’s ability to

produce small clusters of specific atoms, which can be self-assembled into more-elaborate

structures.
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Figure 1. Limitation of the top-down nanotechnologies and potentials of the bottom-up

nanotechnologies.



1-2 Supramolecular Chemistry

Supramolecular chemistry is one of the key research fields to develop the bottom-up
nanotechnology. In molecular chemistry, strong association forces such as covalent and
ionic bonds are used to assemble atoms into discrete molecules and hold them together.
In contrast, supramolecular chemistry has been defined as a “chemistry beyond the
molecule”. It aims at designing and implementing functional chemical systems based on
molecular components held together by weaker noncovalent intermolecular forces, such
as hydrogen bonding, coordinate bonding, hydrophilic—hydrophobic interactions, and ©
interactions.?**>> Supramolecular chemistry has grown into a major field over the last half
century and fueled numerous developments at the interfaces in biology and physics
between basic knowledge and applications.

The concept of supramolecular chemistry was proposed by Jean-Marie Lehn, who
introduced the cage-shaped molecule “cryptands”.?® He was awarded the Nobel Prize in
Chemistry in 1987 together with Charles J. Pedersen and Donald J. Cram. After their
works, many chemists have made attentions on cavities formed by certain types of
molecules. Cations, anions, or neutral molecules can enter the cavities of specifically
designed compounds and are held there by the intermolecular forces. In this instance, they
are called the host and guest, respectively.?’*? Such a host—guest inclusion has relatively
high stability, providing reliable and robust connection. During past a few decades, a
series of host molecules and their derivatives have been developed for energy storage,>*
34 self-healing materials,*> > drug delivery,?” and bioimaging®®3* (or with simple interest).

As mentioned above, the origin of supramolecular chemistry is the host-guest chemistry.
At present, the research scope of supramolecular chemistry has expanded to complex

structures composed of a certain number of molecules and crystal structures formed by



spontaneous assembly of large number of molecules.**** Furthermore, higher order
structures of biopolymers and ligand recognition of proteins in vivo are also studied in
this field.*> 7 As an important point, these substances and phenomena are related to
molecular recognition. Broadly speaking, supramolecular chemistry is the study of
intermolecular interactions. Therefore, elucidating intermolecular interactions in these
various tissues, crystals, and biomolecules are significant starting points for developing

the bottom-up nanotechnologies.



1-3 Intermolecular Interaction in Molecular Recognition

Typically, molecular recognition is derived from strong intermolecular interaction forces,
such as hydrophobic interaction and hydrogen bonding. For example, cyclodextrins
(CDs) are typical supramolecular hosts, which utilize the hydrophobic interaction. CDs
are cyclic oligosaccharides, in which several molecules of p-glucose are linked by a-1,4-
glycosidic bonds to form a cyclic structure. CDs are used for designing functional
materials, such as in vivo drug, gene delivery, self-healing gels and stimuli-responsive
sol-gel switching materials, because they have the ability to enhance the solubility of
hydrophobic molecules in water by encapsulating hydrophobic molecules inside.*° A
hydrogen bonding is the most common intermolecular noncovalent interactions for
molecular recognition, because the hydrogen bonding has an energy of 25 to 40 kJ/mol,
and other intermolecular interactions have energies lower than 10 kJ/mol.’! 3> The
hydrogen bonding particularly plays an important role in molecular recognition in life
activities, such as assembly of biological macromolecules (RNA and DNA helices),
antigen-antibody reaction and chelation.>*

On the other hand, weak and attractive m interactions recently have received considerable
attention as a principal factor governing molecular recognition and self-assembly, as
accumulated in the database on proximate arrangements in structures of

supramolecular.’%>

7 interactions involve m-orbitals of any compound and are common
in aromatic rings. Depending on the target of the interaction, there are various types in ©
interaction, such as n-m interaction, CH-rn interaction, and halogen-n (X-m) interaction.
These interactions are caused by induced dipole interaction, which is a very weak

attraction resulting from disturbing the arrangement of electrons in the nonpolar

species.®*®? These weak intermolecular interactions are important for precise structure



control because they are highly directional dependent. For example, Qing et al.
successfully synthesized uniform hexamers made of phenylacetylene molecules on an Au
(111) surface and suggested that the CH-m interaction was critical for supramolecular self-
assembly, dictating the number of molecules within the assembly and their relative
orientation.®® Butterfield et al reported that the n-m interaction played an important role in
stabilizing monomeric a-helical structure by circular dichroism analysis of the Ala-Lys
host peptides.®* As can be observed by these and many other reports, a deep understanding

and the ability to control the m interactions will greatly facilitate supramolecular chemistry.



1-4 Evaluation Method of 7 Interactions

Generally, it is challenging to study the n interactions especially in the presence of other
molecular interactions because the © interactions are much weaker than most molecular
interactions, such as the hydrophobic interaction, hydrogen bonding, and electrostatic
bonding. Computer simulation methods, such as Monte Carlo and molecular dynamics,
have proven to be powerful tools for studying intermolecular interactions.®! %7 These
calculations, however, only generate theoretical hypotheses that still need experimental
verification. Also, various molecular spectroscopies, such as UV-Vis spectroscopy,
fluorescence spectroscopy, and nuclear magnetic resonance spectroscopy, have been
successfully applied to study strong molecular interactions, such as the hydrophobic
interaction and hydrogen bonding.®®*”® However, these molecular spectroscopies often
lack sufficient sensitivity to detect the weak & interactions. Therefore, a straightforward
experimental method that can directly determine the & interactions are strongly required.

Liquid chromatography (LC) is a powerful separation technique that is able to
distinguish the partition coefficients of solutes between the mobile and stationary phases
and can sensitively reflect the strength of molecular interactions. By using LC, Kimata et
al. determined the differences of the strength in the n interactions between allotropes by
studying the retention behavior of fullerene allotropes in pyrenylethyl-modified
columns.” In another study, Chen et al. evaluated the influence of metal species on the
strength of the n-m interactions using a metallo protoporphyrins covalently-linked-silica
surface.””> As these studies evaluating the retention behavior in the columns, which
immobilized various aromatic compounds on the stationary phases, the strength of the n
interactions between these compounds and solutes can be directly elucidated.

Nano-carbon materials, e.g., graphene, fullerene, corannulene (Crn) and carbon



nanotubes, have specific properties, such as a high specific surface area, physical strength,
and conductivity.”7® Therefore, a variety of applications had been carried out for

77,78

electronic materials,””> ’® reinforced materials,’”® medicals,®® and others.?!- # Furthermore,

carbon-based nanomaterials have many n-electrons and show strong m interactions.®* 8
In analytical chemistry, they are expected to fabricate a separation medium that exhibits
an unprecedented strong 7 interaction by immobilizing the nanocarbon material onto the
surface of separation substrates.®>®” For example, Kubo et al. have succeeded in
immobilizing C60-fullerene (C60) onto a surface of the silica-monolith in a capillary,
which was effectively interacted with aromatic hydrocarbons.?® 8 They evaluated the
C60-coated column by LC, and then several polycyclic aromatic hydrocarbons (PAHs)
were successfully separated by the effective interaction based on the m-electrons arise

from C60 in the capillary. Therefore, the weak = interaction can be accurately evaluated

by using a new separating media with the immobilized nanocarbon material.



1-5 Application of w Interaction in Separation Science

The © interactions can contribute to the separations of various samples, which are
difficult to be achieved by the existing retention mechanisms. For example, the n-nt
interaction, which is the most famous and a common 7 interaction, is effective for the
separation of aromatic compounds. Kayillo et al. reported that a phenyl group-bonded
silica provided more effective separation of PAHs compared to a typical hydrophobic
adsorbent, octadecylsilyl bonded silica.”® Croes et al. compared the retention selectively
in a phenyl group-bonded silica versus alkyl silica columns, and proved the importance
of the m—m interaction in the phenyl stationary phase.’! In addition, there were some
reports of using the CH-rmt interaction and X-m interaction for the LC mechanism. For
example, Turowski et al. succeeded in the separation of protiated/deuterated (H/D)
1sotopologue pairs with aryl groups-bonded silica-based adsorbents in reversed phase LC
(RPLC).”? In order to explain this phenomenon, they proposed a plausible model that
includes specific contributions from the CH/D-m interactions. Their report provided
important hints on the technology for the purification of the deuterated drugs.
Furthermore, the X-m interaction is seemed to be effective in separating halogenated
aromatic compounds. Gémara et al. succeeded in separating halogenated benzenes, such
as poly chlorinated biphenyls and polybrominated diphenyl ethers by using pyrenylethyl-
modified columns.” Because these solutes have been used mainly as capacitors and flame
retardants, the strict usage regulations are imposed as their high toxicity and
bioconcentration risk, and the separation techniques of these solutes are very important.®*
% Moreover, these LC columns are currently commercially available as m-based columns,
because there are demands for separation media utilizing the n interaction in advanced

chemistry field, in which we handling complex structural organic compounds.



1-6 Purpose and Contents of the Thesis

The & interactions play an important role in the molecular recognition processes in
supramolecular chemistry and the key intermolecular interaction for the bottom-up
nanotechnology. Therefore, there are pressing needs to elucidate the properties of the n
interactions, such as their strength and structural dependence. Furthermore, the =«
interactions are suitable for separating H/D isotopologue pairs and halogenated
compounds, which are difficult to be separated with the existing separation mechanisms.
The aim of this thesis is twofold. The first aim is clarifying the natures of the w interactions
by evaluating various nano-carbon materials-coated columns in LC and applying the ©
interactions to the specific separation analysis. Another aim is applying various 7

interactions to the specific separation analysis.

In Chapter 2, the author developed novel silica-monolithic capillary columns, which
were modified with Cro-fullerene (C70) via a particular thermal reactive molecule, and
evaluated the retention selectivity for PAHs of the columns in LC. Since C70 is an
allotrope of C60 and has more m-electrons, the author expected that the C70-coated
column retains PAHs more effectively. Also, C70 has not spherical as C60 but asymmetric
elliptic sphere, so that the C70-coated column may show a different molecular recognition
ability compared to the C60-coated column. To understand the specific intermolecular
interactions of fullerenes and PAHs, the computational simulations were carried out. Also,
alterations in the absorption spectra during the interaction between C70 and Crn were

examined.

In Chapter 3, the author experimentally evaluated the strength of the X—m interaction

- 10 -



between carbon materials and a variety of halogenated benzenes using normal phase LC
(NPLC). The hydrophobic interaction was completely suppressed in this technique, and
thus the & interactions could be simply examined. Furthermore, the author accurately
evaluated the 7 interactions between halogenated benzenes and C70 using ultraviolet-
visible and '"H NMR spectroscopy. Finally, the one-pot separation of the entirety of the
brominated benzenes (11 analogues) was demonstrated by optimizing the mobile phase

conditions to control the X—m interactions.

In Chapter 4, the author investigated the effect of solvents in the mobile phase and
isotopologues as the solutes in LC evaluations with a variety of columns. He discussed
the contribution of the intramolecular interactions to the separation of isotopologues by
RPLC and evaluated the isotopologic separation based on the hydrogen bonding.
Furthermore, the author examined the effect of the CH-n interaction with the C70 column
to confirm the strength of the CH-= interaction and the effect of the CH-m interaction on

the separation of isotopologues by NPLC.

In Chapter 5, the author evaluated the mechanism of the isotope effect by LC based on
the interactions of isotopologues of aromatic molecules with polar functional groups and
with m-conjugated moieties. Various analytes with a number of stationary phases and
mobile phases were employed in NPLC. The author utilized a few hydrophilic stationary
phases modified with polar functional groups and a C70 column. Based on the isothermal
evaluations from NPLC, the dependence of enthalpy and entropy on the H/D isotope
effects was estimated by the van’t Hoff equations. Furthermore, the influence of the

dielectric constant of the mobile phases on the H/D isotope effects was examined.

- 11 -



Following these experiments, the H/D separations by harnessing the complementary
behaviors of the CH-m interactions with a stationary phase and OH-n interactions with a

mobile phase were demonstrated.

In Chapter 6, the author developed the new Crn-coated silica monoliths for the precise
understanding of the & interactions on the curved n-conjugated surface using LC. Crn is
known to have the convex and concave surfaces, which is expected to lead to different
molecular recognition at each surface. Toward this end, the author developed two kinds
of Crn-functionalized silica monoliths, namely the Crn-ester column and Crn-PFPA
(perfluorophenyl azide) columns. In the Crn-ester column, both surfaces of the Crn
structure can interact with solutes. On the other hand, only concave surface of the Crn
structure can interact with solutes in the Crn-PFPA column. Using these two new columns,
the strength of the  interactions between Crn and several PAHs was evaluated by NPLC.
To further understand the n-m interactions between the Crn structure on the stationary
phase and Crn as a solute, computational simulations were carried out. In addition, 'H
NMR spectroscopy was employed to examine the interaction between Crn and coronene
in detail and found multiple CH-n interactions between bucky bowls and planar =-

conjugated surface.
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Chapter 2

Specific Intermolecular Interactions by the Localized -

Electrons in Cro-fullerene

2-1 Introduction

Based on the unique properties, such as high specific surface area, physical strength, and
conductivity,! nano-carbon materials have been widely applied for a variety of fields,
including electronic materials, reinforced materials, medicines, and so on.*® Additionally,
most of the nano carbon materials show a specific n-stacking property based on their huge
n-conjugated surface. Therefore, the possibility of separating aromatic compounds by
nano carbon materials is expected.”!*> Generally, the n-r interaction, by which a pair of
aromatic rings is stabilized as an overlapping shape, is caused mainly by the London
dispersion.'* The polarizability of certain molecules provides the London dispersion since
the induced dipole interaction works among the dipole moments of the molecules
generated by the momentary electronic fluctuation.!>!” Aromatic compounds with larger
n-conjugation surface provide higher polarity, in fact a simulation was reported that the
strength of the m-m interaction between benzene and polycyclic aromatic hydrocarbon
(PAH) in vacuum depended on the number of carbon atoms in PAHs.'

As previous studies, PAHs can be easily separated by the column modified with aromatic
moiety in liquid chromatography (LC),'® especially Kimata et al. reported the effective
separation of PAHs and fullerenes by the column modified with pyrene.!® These reports

suggested the utility of the m-m interaction for separations of complicated aromatic
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mixtures.’’?? Here, the nano-carbon materials are expected as new separation media for
PAHs. However, we have to overcome the issues of both low solubility and poor reactivity
of nano-carbon materials to realize new separation media. Although some researchers
reported the usefulness of nano-carbon materials as the separation media, complicated
reaction processes and unexpected interactions based on introduced functional groups
should be eliminated. Recently, we have reported a C60-fullerene (C60) bonded silica-
monolithic column via a thermal reactive compound, perfluorophenyl azide (PFPA),
which is effectively reacted with nano-carbon materials generating a covalent bonding.?*-
27 The C60 bonded column allowed the effective separation of PAHs even in a normal
phase mode with n-hexane as a mobile phase by the strong n-r interaction.?*° Also, an
unique retention behavior was revealed®®, in which a hemispherical molecule,

corannulene (Crn),>!-3¢

was selectively retained on the column by the spherical
recognition due to C60.

In this study, we report the development of another column with C70-fullerene (C70)
for further understanding of the intermolecular interaction by fullerenes. As well known,
C70 has a spherical surface and more electrons compared to C60,>”*! therefore we
expected that the different molecular retention ability could be obtained. We prepared a
C70 bonded silica-monolithic column in a capillary and evaluated in LC. To understand
the specific intermolecular interaction of fullerenes and PAHs, the computational
simulations were carried out. Also, alterations in the absorption spectra during the

interaction between C70 and Crn were examined. This is the first report regarding the

evaluation of such a specific interaction ability of C70.

- 26 -



2-2 Experimental Section
2-2-1 Materials

Chlorobenzene, ethyl acetate, n-hexane, methanol, toluene, dichloromethane, acetone,
diethylether, magnesium sulfate, sodium hydroxide, and chloroform were purchased from
Nacalai Tesque (Kyoto, Japan), methyl pentafluorobenzoate, polycyclic aromatic
hydrocarbons (PAHs), alkylbenzenes, diethyl amine, urea, acetic acid, and tetramethyl
orthosilicate (TMOS) from Tokyo Chemical Industry (Tokyo, Japan), sodium azide, N-
hydroxysuccinimide (NHS), and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDAC) from Wako Pure Chemical Industries (Osaka, Japan), 3-
aminopropyltrimethoxysilane (APTMS), polyethylene glycol (PEG) (Mn=10,000), Ceo-
fullerene, and Cro-fullerene from Sigma-Aldrich Japan (Tokyo, Japan), respectively.
Deionized water was obtained from a Milli-Q Direct-Q 3UV system (Merck Millipore,
Tokyo, Japan). A COSMOSIL PYE® was purchased from Nacalai Tesque, and a fused-

silica capillary from Polymicro Technologies Inc. (Phoenix, AZ).

2-2-2 Instruments

A capillary liquid chromatographic system consisted of a DiNa S (KYA Technologies
Co., Tokyo, Japan) as a pump, CE-2070 (JASCO, Tokyo, Japan) as a UV detector,
CHEMINERT (Valco Instruments Co., Huston, TX) as a sample injector, and Chemco
capillary column conditioner Model 380-b (Chemco Co. Osaka, Japan) as a column oven.
An HPLC system consisted of a Prominence series (Shimadzu Co., Kyoto, Japan). FT-
IR, NMR, elemental analysis, and fast atom bombardment mass spectrometry (FABMS)
were carried out by a Nicolet iS5 ATR (Thermo Fisher Scientific K. K., Yokohama,

Japan), JNM-ECA500 spectrometer (JEOL, Tokyo, Japan), Flash EA1112 (Thermo
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Fisher Scientific K. K.), and JIMS-700 (JEOL), respectively.

2-2-3 Synthesis of PFPA conjugated Cro-fullerene
4-azido-2,3,5,6-tetrafluorophenyl succinate (PFPA-NHS)

Methyl pentafluorobenzoate (MPFB, 18.3 mmol) and sodium azide (20 mmol) was
dissolved in water/acetone = 5/12 (v/v), and the mixture was stirred at 120 °C for 20 h
under N> atmosphere. After extraction with diethyl ether and dried over sodium sulfate,
the solvent was evaporated to give PFPA-CO>CHj3. Then, the residue was dissolved in
methanol/10% NaOH aq. =4/1 (v/v), and the mixture was stirred at room temperature for
30 min. After neutralization with 6 M HCI to pH ~1, the solution was extracted with
chloroform, the organic layer was dried over sodium sulfate, and the solvent was removed.
The product (PFPA-CO;H, 17.4 mmol) was dissolved in dichloromethane with EDAC
(17.2 mmol) and NHS (17.2 mmol), and the mixture was stirred at room temperature for
16 h under N> atmosphere. The mixture was washed with water to remove unreacted
EDAC and NHS. The chloroform layer was dried over sodium sulfate and the solvent was
removed. Finally, 4-azido-2,3,5,6-tetrafluorophenyl succinate (PFPA-NHS) was obtained
after purification by silica-gel column chromatography with dichloromethane as the

eluent.

PFPA-NHS conjugated Cro-fullerene

Cro-fullerene (C70) of 0.12 mmol and PFPA-NHS of 0.24 mmol were dispersed into
chlorobenzene. The mixture was reacted at 108 °C in an oil bath for 120 h under N2
atmosphere. After removal of the solvent, the residue was purified by silica-gel column

chromatography using toluene/ethyl acetate =10/1 (v/v) as a solvent to remove excess of
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unreacted compounds. Then, the products were dissolved in small amount of toluene and
add excess of n-hexane for precipitation of a product. The precipitation was washed with
n-hexane and methanol. Finally, the objective product (C70-NHS-PFPA) was isolated

and characterizations were carried out by FT-IR, FABMS and elemental analysis.

. F
NaN3 o NaCH aq. o
N3
H,C-0 120 ‘C,20h HO HsC-0
F F

F, F 4 7 N
0 O ;( L R R
N-Hydroxysuccinimide C70/chrolobenzene N u/ ol
= - EﬁN_O ~a Ltm/"“ﬁ_r
108 C, 120 h ( F F AL
C70-PFPA-NHS E}£ '

Scheme 1. Synthesis of C70-PFPA-NHS.
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2-2-4 Preparation of C70 column
Preparation of silica-monolithic capillary

A fused-silica capillary (2-3 m in length) was treated with a 1.0 M aqueous sodium
hydroxide solution at 40 °C for 3 h. Then, the capillary was washed with water and
acetone, and dried. TMOS (56 mL) was added to a solution of PEG (11.9 g) and urea (9.0
g) in 0.01 M acetic acid (100 mL), and the mixture stirred at 0 °C for 30 min. The resulting
homogeneous solution was charged into the fused-silica capillary and remained at 30 °C
overnight. The resulting monolithic silica column was treated for 3 h at 120 °C to form
mesopores with ammonia generated by the hydrolysis of urea, followed by water and
methanol washes. After drying, a heat treatment was carried out at 330 °C for 25 h,

resulting in the decomposition of the organic moieties in the capillary.

Surface modification of the silica monolith with C70-PFPA-NHS

The silica-monolithic capillary was treated with 1.0 M aqueous sodium hydroxide at 40
°C for 3 h. After washing with water and methanol, APTMS in methanol (10%, v/v) was
passed through the silica-monolithic capillary for 24 h and washed with methanol (NH2-
monolith). C70-PFPA-NHS in toluene (3.0 mg mL ') was charged into the NH2-monolith
for 24 h at room temperature, and washed with toluene and methanol. To evaluate by
elemental analysis, the bulk type silica monolith was also prepared with the same
compositions as the capillary. The bulk monolith was crashed and similar surface

modification was also carried out with C70-PFPA-NHS.
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Scheme 2. Preparation of C70 bonded silica monolithic capillary.

2-2-5 Computational methods

To obtain the initial 3D molecular coordinates of NHS-PFPA-fullerenes, Chem3D
version 7.0 was used. Ab initio calculations using Gaussian 03 were performed on a Linux
Cluster. All geometrical optimizations were carried out by using the RB3LYP/3- 21G
basis set. Calculations of charges based on Merz-Singh-Kollman were carried out by
using the B3LYP/3-21G basis set, which can be applied to large molecules. This method
required no significant calculation time. During ab initio calculations, all internal
coordinates were optimized by means of the Berny algorithm, and convergence was tested
against criteria for the maximum force component, root-mean-square force, maximum

displacement component, and root-mean-square displacement.
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2-3 Results and Discussion
2-3-1 Characterizations of PFPA derivatives and the modified silica monoliths

Since effective protons are not existing in each PFPA derivative and PFPA-NHS
conjugated C70, "H-NMR was not suitable for the qualitative analysis. Therefore, the FT-
IR spectra of each derivative described in Scheme 1 are summarized in Figure 1. Specific
absorbance based on an azide group was obviously confirmed around 2200 cm™! in each
derivative containing the PFPA moiety. Additionally, the peak shifts caused by the
difference of carbonyl groups among PFPA-CO;H, PFPA-NHS and C70-PFPA-NHS
were also confirmed around 1600 to 1700 cm™'. Results of FABMAS and elemental
analysis of the final product (C70-PFPA-NHS) were summarized in Figure 2, and Table
1, respectively. According to these spectroscopic data and elemental analysis, C70-PFPA-
NHS was well identified.

Additionally, to improve the reaction efficiency, the microwave reaction was also
employed. C70 of 20 mg (0.03 mmol) and PFPA-NHS of 15.6 mg (0.047 mmol) were
dissolved in chlorobenzene (8 mL), and then the mixture was treated at 130 °C for 2 h by
microwave (2.45 GHz). As comparison between a typical thermal reaction in an oil bath
and a microwave reaction, the yield against C70 were 18.2% and 24.5%, respectively.
Although the reaction time by the microwave was significantly shorter than that of the oil

bath, the yield was much higher.
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Figure 1. FT-IR spectra of each compounds.

Table 1. Elemental analysis of C70-PFPA-NHS.

C/% H/% N/%
Theoretical 84.9 0.35 2.45
Results 84.1 0.91 2.44
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Figure 2. FABMS spectra of C70-PFPA-NHS. The spectrum was obtained by using
4-nitrobenzylalcohol as a matrix. (a) 1000 to 1300, (b) 500 to 1000 m/z.
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2-3-2 Modification of silica-monoliths with C70

To estimate the immobilized C70, bulk type monoliths were also treated with the same
conditions and evaluated by an elemental analysis. As shown in Table 2, the densities of
C60 and C70 onto the silica monolith were estimated as 0.83 and 0.44 mmol mg',
respectively. The lower density of C70 (almost the half of C60) might be caused by the
steric hindrance of a larger molecular size of C70.

Furthermore, to confirm the immobilization of C70, the prepared capillaries were
evaluated with a typical reversed phase mode in LC. Figure 3 showed the relation between
the logarithms of the retention factor, k& (k=(tr—t0)/t0; fr, retention time of a solute; o,
elution time of non-retained solute (acetone)) toward the water/octanol partition
coefficient (Log Posw) of alkylbenzenes in the capillary columns. The results also
supported the immobilization of C70 because the logarithms of the retention factor of
alkylbenzenes increased along with Log Pow. On the other hand, although the
immobilization density of the C70 bonded monolith was lower than that of the C60, the
absolute retentions obtained in both columns were similar. Additionally, the slope, which
is depended on the hydrophobicity, of the C60 bonded monolith was higher than the C70.
These results suggest that alkylbenzenes were retained in the monoliths by both the n-n
interaction and hydrophobicity. In brief, we predicted that the relative strength of the n-nt
interaction was higher in C70, whereas the hydrophobic interaction was more dominate

in C60 in a reversed phase mode.
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Table 2. Elemental analysis of the prepared monolith.

Density
C/% H/% N/%
(umol mg™)
Silica-monolith 2.07 0.57 0.04 2.45
NH;-modified 6.42 1.41 1.27 2.44
C60 monolith 23.9 1.08 1.14 0.83
C70 monolith 18.1 1.17 1.15 0.44

0.12

[0 C70 column ©N\/\/\

0.1 | & C60 column

0.08 |
ON\ Q;—’:""

= 006 [ o5 9,_..'-;;7"7
0.04 F PO
0.02 | o
0 1 1 ]
2 4 6 8
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Figure 3. Log k vs. log Pow in each column with alkylbenzenes. LC conditions:
columns, C60 column (19.6 cm x 100 pm i.d.), C70 column (15.4 cm X 100 pm i.d.);
mobile phase, water/methanol = 1/9; samples, 72 mM ethylbenzene, 60 mM
butylbenzene, 50 mM hexylbenzene, 42 mM octylbenzene; UV absorption (254 nm).
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2-3-3 Retention behaviors of PAHs with different & electron numbers

To clarify the hypothesis, which the higher n-stacking worked in C70 than C60, the
monoliths were evaluated with a normal phase mode in LC. Under the condition with 7-
hexane as a mobile phase, the hydrophobic interaction can be completely neglected and
the dipole interactions, such as the electrostatic interaction and hydrogen bonding, are
dominant. When nonpolar molecules like alkylbenzenes and PAHs are employed as
solutes in the condition, simplified interactions based on aromatic moieties may be
examined. In fact, all the alkylbenzenes were not retained completely in both the C60 and
C70 bonded monoliths with the n-hexane mobile phase. Then, a variety of PAHs were
evaluated by using the C60 and C70 bonded monoliths. For a comparison, a commercially
available LC column for the effective m-m interaction, PYE® (Nacalai Tesque, Kyoto,
Japan), in which the spherical silica particles modified with pyrene groups are packed,
was employed under the same LC conditions. The typical chromatograms obtained by a
normal phase mode of PAHs, including phenanthrene, pyrene, chrysene, triphenylene,
benzo[a]pyrene, and Crn, are shown in Figure 4.

As unexpected, all the PAHs were barely retained in the PYE column. On the other hand,
the retentions of PAHs in both the fullerene columns were much higher than in the PYE.
As shown in these chromatograms, hemispherical Crn was significantly retained
compared to other PAHs. In our previous study, Kubo, T. et al. concluded that the specific
retention of Crn on C60 was just caused by the special recognition of a buckyball structure
of C60.% Interestingly, the retention of Crn was much higher in C70 even though the
immobilized density of C70 was half of that of C60 as mentioned above. In these

evaluations, the length of each capillary was the same to avoid the effects in length, so
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that an extra interaction other than the spherical recognition should be worked in these
retention behaviors.

To confirm the retention selectivity in the C70 bonded monolith, the retention factor for
each PAH is plotted against the number of © electrons of each PAH. As shown in Figure
5 (a), in the PYE column a linear relation was observed in spite of low retention for all
the PAHs. Similarly, as shown in Figure 2 (b), the retention of most PAHs increased as
higher & electrons in the fullerene bonded monoliths except for Crn. In both the C60 and
C70 bonded monoliths, Crn was significantly retained independently of the number of
electrons. Here, as mentioned above, the estimated density of the immobilized fullerene
was different in each other. Therefore, the corrected retention factors were calculated with
considering each density. As a result, the retention of Crn in C70 was estimated as almost
thrice as that of C60 (see Figure 6). According to these results obtained from the LC
evaluations, we assumed that the significant retention of Crn in C70 was caused by not
only the spherical structural recognition but also the states of the partial electron density

in each molecule.
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2-3-4 Computer simulations of atomic charges in PAHs and C60/C70-PFPA-NHS
Then, in order to understand the atomic charge and polarity of each PAH, a
computational simulation was carried out. Figure 7 shows the atomic charges of
C60/C70-PFPA-NHS. Here, the coordinated number of carbon atoms was defined as
follows; the farthest carbon from an N atom, which is bonded to fullerene, was at number
1. The figure shows the results for the half of carbon atoms from free edge of fullerenes.
Any charge deflection was not observed in C60- and C70-conjugated molecule. The result
supposed that the selective interaction between Crn and fullerenes might be occurred by
induced-dipole interactions. Therefore, the polarity of PAHs and fullerene-PFPA-NHS
was also estimated. As shown in Figure 7 (b), only Crn and fullerene conjugations shows
higher dipole moment, whereas no dipole moment was observed in any other PAHSs.
Especially, the aspect of the dipole moment in Crn was identified at vertical direction as
against the face of Crn, which supported the efficient interaction of Crn and fullerenes by
both the structural recognition and induced-dipole interaction. Consequently, these results
by LC evaluations and the computational calculation suggested that the specific
interaction between Crn and fullerenes were caused by both the structural recognition on
fullerenes and the induced-dipole interaction, especially we anticipated that the induced

interaction was much stronger in C70.
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2-3-5 Absorption spectra changing caused by the intermolecular interaction between
Crn and free fullerenes

An observation of absorption spectra changing caused by the intermolecular interaction
between Crn and free fullerenes was carried out to find the difference of the interaction
strength on C60 or C70. The absorption spectrum of C60 or C70 with/without Crn was
evaluated. The spectrum changing of the C70 solution by alteration of the concentration
of'added Crn is summarized in Figure 8 (a)(b). A significant decrease of the absorption at
468 nm was observed by adding Crn into the C70 solution, while the C60 solutions did
not show any spectrum changing. Furthermore, as shown in Figure 8 (c), the visible color
of the mixture of C70 and Crn was dramatically changed. These results strongly supported
that the significant changing of the polarity based on the electron density on C70 was
occurred by the interaction with Crn. Further investigations including an X-ray structure
analysis and an estimation of the binding energy will allow us to understand the
mechanism of the specific interaction on C70. We believe that the result described in this
study is the first finding for the specific interaction on C70 depending on the localized =-

electrons by the consideration of chromatography, simulation and spectroscopic analysis.
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2-3-6 Separation of the aromatic compounds with C70 column and porous graphite
carbon

As well known, the carbon-based materials are useful for the separation of aromatic
compounds. Porous graphite carbon (PGC) is the best adsorbent for the separation, in

brief, Hypercarb™

has been widely applied for the separation of aromatic compounds,
racemic mixture, and polymers.****® Then, we finally demonstrated the separation of
aromatic compounds with the C70 column comparted to the separation by the PGC
column. The results of chromatographic separation of PAHs and brominated benzenes are
summarized in Figure 9 and Figure 10. As we expected, the PGC column provided the
significantly strong retention ability toward PAH described in Figure 9 (a). Although the
separation of PAHs was also achieved in the C70 column, the absolute retention was much
lower than that of the PGC column (Figure 10 (a)). The PGC column was packed with
the spherical porous graphite carbon, so that the total amount of graphite is much higher
than any other silica-gel based columns. Accordingly, the higher retention was obtained
in the PGC column. On the other hand, similar separations were obtained for brominated
benzenes in both columns (Figure 9 (b), Figure 10 (b)). Comparted to the separation of
PAHs, the relative retention to brominated benzenes in C70 was much higher. In other
words, C70 provided the selective retention ability for the polarized aromatic ring or
bromine atoms. In either case, the weaker induced-dipole interactions seemed to be
contributed the selective retentions. Consequently, we expect that the C70 bonded column
is useful not only for PAHs but also polarized aromatic compounds in non-polar solvents

by LC. Further investigations will contribute the effective separations based on the weak

interaction, such as induced dipole interactions.
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Figure 10. Separations of PAHs and brominated benzenes in the C70 column. (a)
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2-4 Conclusions

In conclusion, we successfully prepared the C70 bonded silica-monolith via PFPA
conjugated compounds. The C70 monolith allowed the strong n-m interaction toward a
variety of PAHs even in a normal phase LC mode with n-hexane as a mobile phase as
well as our previous study using C60. Additionally, the C70 monolith showed the higher
retention ability for Crn than that of C60. The computer simulation and the evaluation of
absorption spectra for the interaction between fullerenes and Crn suggested that C70 was
effectively interacted with Crn by the induced-dipole interaction. Furthermore,
comparison of the LC separations between the C70 and PGC column supposed that the
C70 column showed the unique separation ability for brominated aromatic compounds
by induced-dipole interactions. We expect that this effective induced-dipole interaction
should be utilized as a new separation mechanism for liquid phase separation techniques

including LC as one of dispersion interactions.
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Chapter 3

Separation of Halogenated Benzenes Enabled by Investigation

of Halogen-m Interactions with Carbon Materials

3-1 Introduction

Advances in computational chemistry have enabled investigations of large charge
deflections in halogen atoms. The low electron density region along the ¢ bonding axis
of bonded halogen atoms, known as the “c hole,” interacts propitiously with electron
donor species.! This halogen bonding interaction has attracted interest in many fields,
such as molecular biology? and crystal engineering,’ due to its high molecular selectivity
and linear directionality.* In particular, halogen bonding has been positively applied to
develop new functional materials® since Nguyen et al. first synthesized liquid crystals
designed with halogen bonds in 2004.% An example is the Roxane structure with iodo
groups synthesized by Barendt et al. that selectively recognized nitrogen anions via
halogen bonding, producing drastic color changes.” Another example is the
iodoperfluoroarene-substituted polystyrene synthesized by Vanderkooy et al. that
controlled the self-assembly of nanostructures of polymer aggregates by halogen
bonding.® According to recent reports, halogen bonding greatly contributes to molecular
recognition in vivo and has thus been applied in designing drugs,” such as aldose
reductase inhibitors!® and HIV-1 inhibitors.!! Therefore, fully understanding the
characteristics of halogen bonding may drastically facilitate the advancement of materials

chemistry.
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Notably, halogen bonding between halogen groups and & electrons of aromatic rings or
unsaturated bonds acting as electron donors, i.e., “halogen-n (X-m) interactions,” plays
important roles in biological systems.!? Voth et al. reported the first X-m interactions in
biological systems.!> They found that the interactions between the aromatic rings of
phenyl residues inhibited the protein kinases CDK2 and CK2. Data on X-m interactions
in biological systems rapidly grew following Voth’s report, and the X-m interaction now
occupies about 30% of the current reports on halogen bonding in protein-ligand
complexation.'* The importance of X-m interactions is now recognized, and many
properties (magnitude directionality and origin of the X-m interaction) have been clarified
with high level computational methods based on theoretical chemistry.!?

Despite the progress, additional experimental data on X-m interactions are necessary
because the halogen bond is in physical competition with many other stronger
noncovalent interactions, including the hydrophobic interaction, hydrogen bond, and

electrostatic interaction.'®

High performance liquid chromatography (HPLC) is a
powerful separation technique that utilizes the difference in partition coefficients between
the solutes of the mobile and stationary phases, a factor that sensitively reflects the
strength of the noncovalent interaction.!” In our previous studies, we developed novel
separation media immobilized with carbon materials.'® These media exhibited strong ©
interactions because of their many & electrons. Characteristics of weak interactions from
aromatic rings were clarified by evaluating their retention behaviors with HPLC
measurements. This included the n-m interaction based on the spherical recognition of
Ceo- or Cro-fullerenes (C60/C70), the difference in intensity of the CH or CD-r interaction,

and the strong CH-m interaction between corannulene and planar polycyclic aromatic

hydrocarbons.
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We also uncovered the possibility for the separation of halogenated aromatic compounds
resulting from the efficient halogen-m interactions in HPLC.!" The aromatic halogens,
such as polychlorinated biphenyls (PCBs)*® and polybrominated diphenyl ethers
(PBDEs),?! are widely known to be highly toxic; therefore, we need monitor the
concertation of these pollutions in our environment. Usually, these aromatic halogens are
analyzed by gas-chromatography or reverse-phase liquid chromatography, which involve
complicated preparation processes. Even with these existing methods, the separation of
the full variety of isomers by the direct analysis of the sample in oil or after extraction
with non-polar solvents is difficult because only factors driving the separation are the
differences in vaporization or hydrophobicity between the compounds. In addition, the
halogen-m interaction has never been utilized for the separation of these aromatic halogens.
Thus, we hypothesized that the effective halogen-n interaction would enable the efficient
separation of the isomers of aromatic halogens and that the one-pot separation system
will contribute to the straightforward monitoring of environmental pollutions like PCBs
and PBDEs.

In the present study, we experimentally evaluated the strength of the X-n interaction
between carbon materials and a variety of halogenated benzenes using normal phase
liquid chromatography (NPLC). The hydrophobic interaction was completely suppressed
in this technique, and thus the 7 interactions could be simply examined. Furthermore, we
accurately evaluated the m interactions between halogenated benzenes and C70 using
ultraviolet-visible (UV-Vis) and '"H NMR spectroscopy. Finally, we demonstrate the one-
pot separation of the entirety of the brominated benzenes (11 analogues) by optimizing

the mobile phase conditions to control the X-m interactions.
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3-2 Experimental Section

3-2-1 Materials

Acetone, diethyl ether, magnesium sulfate, sodium hydroxide, dichloromethane,
chlorobenzene, toluene, ethyl acetate, methanol, tetrahydrofuran, n-hexane, n-heptane,
n-octane, n-nonane, n-decane and chloroform were purchased from Nacalai Tesque
(Kyoto, Japan). Methyl pentafluorobenzoate, diethyl amine, urea, acetic acid, 3-
aminopropyltrimethoxysilane (APTMS), 2.6-lutidine and halogenated benzenes were
from Tokyo Chemical Industry (Tokyo, Japan). Sodium azide, N-hydroxysuccinimide
(NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) were acquired from
Wako Pure Chemical Industries (Osaka, Japan). Polyethylene glycol (PEG) (Mn =
10,000), C60-fullerene (C60), C70-fullerene (C70) were purchased from Sigma-Aldrich
Japan (Tokyo, Japan). Deionized water was obtained from a Milli-Q Direct-Q 3UV
system (Merck Millipore, Tokyo, Japan). A COSMOSIL PYE® and nNAP® were
purchased from Nacalai Tesque, and a fused-silica capillary from Polymicro

Technologies Inc. (Phoenix, AZ, USA).

3-2-2 Instruments

A capillary liquid chromatographic system consisted of a DiNa S (KYA Technologies
Co., Tokyo, Japan) as a pump, CE-2070 (JASCO, Tokyo, Japan) as a UV detector,
CHEMINERT (Valco Instruments Co., Huston, TX) as a sample injector, and Chemco
capillary column conditioner Model 380-b (Chemco Co. Osaka, Japan) as a column oven.
An HPLC system consisted of a Prominence series (Shimadzu Co., Kyoto, Japan). UV-
Vis spectroscopy was carried out by a UV-2450 (Shimadzu). FT-IR, NMR, elemental

analysis, and fast atom bombardment mass spectrometry (FABMS) were carried out by a
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Nicolet iS5 ATR (Thermo Fisher Scientific K. K., Yokohama, Japan), JNM-ECA500
spectrometer (JEOL, Tokyo, Japan), Flash EA1112 (Thermo Fisher Scientific K. K.), and

JMS-700 (JEOL), respectively.

3-2-3 Preparation of C70-coated columns and their evaluation

C60 fullerene-coated silica monolithic column (C60 column) and C70 column were
prepared following the protocols in previous chapter (Chapter 2). The silica-monolithic
capillary was treated with 1.0 M aqueous sodium hydroxide at 40 °C for 3 h. After
washing with water and methanol, 3-aminopropyltrimethoxysilane (APTMS) in methanol
(10%, v/v) was passed through the silica-monolithic capillary for 24 h and washed with
methanol. C60/C70-4-azido-2,3,5,6-tetrafluorophenyl succinate (PFPA-NHS) in toluene
(3.0 mg mL™1) was charged into the NHz-monolith for 24 h at room temperature and
washed with toluene and methanol (Scheme 1). A column that was modified with only
the linkers or PFPA column (Scheme 2) was also prepared and used as a control. NH>
groups on the silica-monolith surface and C70-PFPA-NHS were reacted under the
conditions in Table 1. (column 1 is defined as Type-1 and column 4 is defined as Type-

2).
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Table 1. Reaction condition of NH2 group on silica-monolith surface and C70-PFPA-
NHS.

Column 1 | Column2 | Column3 | Column 4

Reaction time with NH> group 1 day 2 day 1 day 2 day

Concentration of
3mg/mL | 3mg/mL | 8 mg/mL | 8 mg/mL
C70-PFPA-NHS

C60-PFPA-NHS

i™~"NH,

i™~"NH,

C70-PFPA-NHS

C70-PFPA column +

Scheme 1. Preparation of C60/C70-coated column.
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Scheme 2. Preparation of PFPA-coated column.

- 58-



3-2-4 Computational methods

To obtain the initial 3D molecular coordinates of each molecule, Chem3D version 7.0
was used. 4b initio calculations using Gaussian 03 were performed on a Linux Cluster.
All geometrical optimizations were carried out by using the RB3LYP/3-21G basis set.
Calculations of charges based on Merz-Singh-Kollman were carried out by using the
B3LYP/3-21G basis set, which can be applied to large molecules. This method required
no significant calculation time. During ab initio calculations, all internal coordinates were
optimized by means of the Berny algorithm, and convergence was tested against criteria
for the maximum force component, root-mean-square force, maximum displacement

component, and root-mean-square displacement.
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3-3 Results and Discussion
3-3-1 Retention of halogenated benzenes on carbon-material coated columns in NPLC

We evaluated the retention of halogenated benzenes on four different carbon-material
(TNAP, SPYE, C60, and C70) coated columns (Figure 1). Figure 1a shows the retention
factors k (k= (tr — t0)/to where fr is the retention time of a solute and 7 is the elution time
of non-retained solute) of brominated benzenes on each carbon-material coated column
against the number of bromo substitutions in the solutes. All the carbon-material coated
columns showed higher retentions as the number of bromo substitutions increased. The
results indicated that the X-m interactions existed between the aromatic rings in the
stationary phases and the bromo substitutions of the solutes. The C70-coated column
showed significantly higher retentions for brominated benzenes. PFPA, the linker of the
C70-coated column, did not provide such high retention, as shown in Table 2; therefore,
we concluded that the C70 moiety was responsible for the high retentions of the
brominated benzenes.

Furthermore, in order to evaluate the impact of the halogen species in the solutes on
retention behaviors, the retention factors of benzenes with various halogens on the C70-
coated column were measured and plotted in Figure 1b against the number of halogen
substitutions in the solutes. The C70-coated column did not retain any fluorinated
benzenes. This result suggested that fluorine substitutions were not capable of meaningful
X-m interactions. Alternatively, the C70-coated column retained chlorinated and
brominated benzenes and showed higher retentions as the number of halogen
substitutions increased. However, the absolute retentions and the retention differences
across the number of halogen substitutions of the chlorinated benzenes were much less

than those of the brominated benzenes.

- 60 -



/fl\ /Si\
TTNAP 5PYE C60-coated column C70-coated column
(a) (b)
BT acro e BT aBr o
_ 11 'DCGO BrzBr _ 11 _.CI XZX
£ 9| o5PYE £ ol eF
8 7 | @ TINAP I
c Br Br [ X X
g 5 BrmBr g 5 F X@X
% Br %B’ Zr qC:e 3 X é—x XA
- 3 - -
& 1 ©Br @2; B,QBF Br ] 2 &;’ . S8 @[i x©x X .
a o & 8 9 s & & 0 . °
1 2 3 4 5 6 1 2 3 4 5 6
Number of bromo substitutions Number of halogen substitutions

Figure 1. Structure of the stationary phases and retention behaviors of halogenated
benzenes with carbon-material coated columns in NPLC. (a) retention factors of
brominated benzenes with each column and the number of brominated substitutions.
(b) retention factors of each halogenated benzene with the C70-coated column and
the number of halogen substitutions.

Conditions: column, C60-coated (28.8 cm x 100 pm i.d.), C70-coated (Type-1, 25.5
cm X 100 pm i.d.), SPYE (150 mm % 4.6 mm i.d.), tINAP (50 mm x 2.0 mm i.d.); flow
rate; 2.0 pL min~! (C70, C60-coated), 1.0 mL min~! (SPYE), 0.5 mL min~! (nNAP);

mobile phase, n-hexane; temperature, 25 °C; detection, UV 228 nm.

- 61-



Table 2. Retention factors of brominated benzenes on C70-coated column and PFPA
column in n-hexane.

C70 column PFPA column
bromobenzene 0.11 0.02
o-dibromobenzene 0.39 0.02
m-dibromobenzene 0.25 0.01
p-dibromobenzene 0.21 0.01
1,2,3-tribromobenzene 0.68 0.04
1,2,4-tribromobenzene 0.54 0.02
1,3,5-ribromobenzene 0.50 0.04
1,2,4,5-tribromobenzene 1.03 0.04
pentabromobenzene 3.36 0.05
hexabromobenzene 9.93 0.11

Conditions: column, C60-coated (28.8 cm x 100 pm i.d.), C70-coated (Type-1, 25.5
cm X 100 pm i.d.), SPYE (150 mm % 4.6 mm i.d.), INAP (50 mm x 2.0 mm i.d.); flow
rate; 2.0 pL min~! (C70, C60-coated), 1.0 mL min~! (SPYE), 0.5 mL min~! (nNAP);

mobile phase, n-hexane; temperature, 25 °C; detection, UV 228 nm.

The chromatograms of chlorinated benzenes (Figure 2a) and brominated benzenes
(Figure 2b) also clearly showed poorer resolution for the chlorinated benzenes. These
results indicated that the X-m interactions of chlorine substitutions were weaker than those
of their bromine counterparts.

Here, we hypothesized that the X-m interaction becomes stronger as the size of the
substituting halogen increases. A few reports in the literature support our hypothesis;
briefly, the size of the o hole increases with the size of the halogen.**->! In order to confirm

our hypothesis, we evaluated the retention behaviors of the hexa-halogenated benzenes
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(CeFs, CsClg, CsBrg, Cols) in NPLC with the C70-coated column. Figure 2¢ shows the
chromatograms of the mixed sample of hexa-halogenated benzenes. In consideration of
the solubility of Cels, tetrahydrofuran (THF) was added to the mobile phase in this
separation. As shown in Fig. 2¢, the elution order in the C70-coated column was C¢Fg <
CeCls < CeBrs < Ceols. As expected, larger halogen atoms enabled higher retentions; the

differences in the X-m interactions should account for this trend.
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Figure 2. Chromatograms of the mixed sample of (a) chlorinated benzenes, (b)
brominated benzenes, and (c) the mixture of hexa-halogenated benzenes with the
C70-coated column.

Conditions: (a)(b) column, C70-coated (Type-1, 25.5 cm % 100 pm i.d.); flow rate;
2.0 pL min~'; mobile phase, n-hexane; temperature, 25 °C; detection, UV 228 nm;
(¢) column, C70-coated (Type-1, 75.0 cm x 100 pm i.d.); flow rate; 2.0 pL min~!;
mobile phase, n-hexane/THF = 7/3; temperature, 25 °C; detection, UV 228 nm.
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3-3-2 Retention selectivity for hemispherical structure

In the interaction between halogenated benzenes and aromatic carbon-materials, typical
n-m interactions could also contribute in addition to the X-m interactions. In order to
evaluate the contributions of w-w interactions to the retention of brominated benzenes, we
focused on the differences in UV-Vis absorption spectra of halogenated benzenes
with/without C70. Several previous studies reported that the n-m interaction attenuated a
certain absorbance region in UV-Vis.*% 52 The absorption spectra of o-dibromobenzene
(10 uM) with/without C70 (10 uM) in n-hexane are shown in Figure 3a. Interestingly, the
spectrum dramatically changed when C70 was added to the solution. Similar spectral
alterations were observed for other brominated benzenes (Figure 4). These results
suggested that the m-m interaction also contributes to the intermolecular interaction
between brominated benzenes and C70. Alternatively, the absorption spectra with larger
numbers of bromine substitutions (n > 3), especially hexabromobenzene, were almost
unchanged. we assumed that the extent of contributions of the n-m interactions to the
intermolecular interaction with C70 was different for these solutes. To evaluate the
difference in detail, we calculated the difference in absorbance at the maximum
wavelength (around 205 nm, typical specific absorption for the n-n* transition®) between
columns with and without C70 (AA). Figure 3b summarizes AA for each solute against
the number of bromine substitutions. Based on this Figure 4, we supposed that fewer
bromine substitutions allowed stronger n-m interactions while higher bromine
substitutions were mainly dominated by the X-r interaction. Briefly, the degree of the
contribution by the n-m interaction between brominated benzenes and C70 followed a
trend opposite to that of retention strength of brominated benzenes on the C70-coated

column (Figure 1). In higher bromine substitutions, the relatively stronger X-mn interaction
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may dominantly contribute to the higher retentions on the C70-coated column. From these
results, we conclude that both the X-m interaction and the n-x interaction are competitively

involved in the intermolecular interaction between halogenated benzenes and C70.
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Figure 3. Absorption spectra of o-dibromobenzene in n-hexane with/without C70
(a) and difference of absorbance in maximum wavelength (205 nm) with/without

C70.
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Figure 4. Absorption spectra of each brominated benzenes in n-hexane with/without

C70.
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3-3-3 Retention behaviors of PAHs with different  electron numbers

As described above, large differences of AA were also observed among the isomers of
dibromo and tribromobenzenes. These absorbance changes were expected to indicate the
strength of the m-m interaction between each structural isomer and C70. Thus, we
anticipated that the C70-coated column could efficiently separate the isomers by
optimizing the LC conditions to exploit the differences in the strength of the interactions.
To achieve such separations, we improved the procedure of preparing a C70-coated
column; in brief, we attempted to increase the concentration of C70-PFPA-NHS in the
reaction solution to improve the immobilization amount of C70. Then, we obtained
another C70-coated column (Type-2), in which a high density of C70 was immobilized.
NH: groups on the silica-monolith surface and C70-PFPA-NHS were reacted under the
conditions in Table 1. For comparing column performances, we evaluated retention
factors and separation factors of phenanthrene and corannulene, which showed specific
intermolecular interaction with C70 due to its spherical recognition. Figure 5 (a) shows
the retention factors of phenanthrene and corannulene obtained and the separation factor
for each column. The chromatograms of the phenathrene and corannulene mixture
obtained with column 1 and column 4 are shown in Figure 5 (b). Column 4 showed the
largest retention factor and separation factor. This result clearly suggested that the
separation performance of the column was successfully improved by increasing the

reaction time and concentration of C70-PFPA-NHS in the reaction solution.

- 67 -



(@) (b)

6 16
¥ Retention factor of phenanthrene 25
) — Column1
&2 Retention factor of corannulene 21 }
= ; — Column 4
o} @ Separation factor
S w @3 I
5] ® > 17 r '90g]
Q4 14 5 O
8 9 S k=0.18 _
c R -~ 13 k=231
o = >
3 2 12 o 8 5
x o £
(] 1
Q
0 10 3 L . . . .
Column1 Column2 Column3 Column4 0 B 10 15 20 25
1 day 2 day 1 day 2 day Elution time / min

3mg/mL 3 mg/mL 8mg/mL 8mg/mL

Figure 5. Improvement of column performance by increasing the reaction time and
concentration of C70-PFPA-NHS in the reaction solution. (a) Retention factors of
phenanthrene and corannulene and corresponding separation factor with each
column. (b) Chromatograms of the mixed sample of phenanthrene and corannulene
with the Column 1 or Column 4. Conditions: column, Column 1, 2, 3, and 4 (75.0 cm
x 100 pm i.d.); flow rate; 2.0 pL. min~!; mobile phase, n-hexane/chloroform = 7/3;
temperature, 25 °C UV absorption (254 nm).
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We then used column 4 to evaluate the separation performance of the structural isomers
of halogenated benzenes. Figure 6 shows chromatograms for the mixture of isomers. As
we expected, the separation of these structural isomers was successfully achieved.
Furthermore, the elution orders on the column, ie., o-dibromobenzene > m-
dibromobenzene > p-dibromobenzene, 1,2,3-tribromobenzene > 1,2,4-tribromobenzene
> 1,3,5-tribromobenzene, followed the trend of m-n interaction contributions (Figure 3Db).
Consequently, we anticipated that the retention differences were a result of the differences

in the strength of the m-n interaction.
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Figure 6. Chromatograms of the mixture of (a) di- or (b) tri-brominated benzenes
with the C70-coated column (the C70-coated, Type-2). Conditions: column, C70-
coated (Type-2, 75.0 cm x 100 pm i.d.); flow rate; 2.0 pL min~!; mobile phase, n-
hexane; temperature, 25 °C; detection, UV 228 nm.
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To investigate the differences in strength of the m-m interactions, we considered the
dipole moments of these structural isomers. The strength of the m interaction is considered
to be determined by the induced dipole—dipole interaction or the induced dipole—induced
dipole interaction.>> >*38 The potential energy of the induced dipole—dipole interaction is
given as follows:

Ginduced dipole—dipole = — 121/ (4mege,)?r® (1)

where, u is the dipole moment of the polar molecule, a is the polarizability of the other
interacting molecule, & is the permittivity of vacuum, & is the relative permittivity of the
solvent, and r is the distance between the molecules. In addition, the potential energy of
the induced dipole—induced dipole interaction is given as follows:

Ginduced dipole-induced dipole = — A1 @2/ (410, )% (2)

where, the polarizabilities of each interacting molecule are involved. Since halogen
atoms have strong withdrawing properties and thus halogenated benzenes have large
dipole moments across the aromatic ring, we could predict that the n-m interaction was a
result of the induced dipole-dipole interaction and that higher dipole moments allowed
stronger m-m interactions in our experiments. We then carried out computer simulations to
calculate the dipole moments of the solutes (Table 3); Figure 7ab shows the retention
factors and A4 against 4% The logarithm of the retention factor was plotted in order to
correspond to the potential energy based on the equation of distribution equilibrium.*
Both di- and tri-brominated structural isomers showed stronger retentions and larger
contributions of the n-m interaction as the dipole moment strength increased. The
theoretical considerations also supported the notion that di- and tri-brominated benzenes
express different strengths of m-m interactions based on the magnitude of their dipole

moments.
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Table 3. Dipole moment in each structural isomer.

Dipole X DipoleY DipoleZ  Total Dipole

o-dichlorobenzene 3.6242 0.0353 0.0000 3.6244
m-dichlorobenzene -0.0079 -2.3155  0.0000 2.3155
p-dichlorobenzene 0.0003 0.0007 0.0015 0.0017
o-dibromobenzene -1.8132 -1.4543  0.0000 2.3244
m-dibromobenzene -0.0007 -1.4871  0.0000 1.4871
p-dibromobenzene 0.0114 -0.0007 0.0000 0.0114
1,2,3-tribromobenzene -0.0004 2.0802 0.0000 2.0802
1,2,4-tribromobenzene 0.1986 1.0204 0.0000 1.0395
1,3,5-tribromobenzene 0.0000 0.0000 0.0000 0.0000
o-diiodobenzene 1.2614 1.6963 0.0000 2.1139
m-diiodobenzene 0.0007 1.4645 0.0000 1.4645

p-diiodobenzene 0.0000 0.0000 0.0000 0.0000
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Figure 7. Logarithm of the retention factor or A4 of (a) di- or (b) tri-brominated
benzenes and (c) di-chlorinated or (d) di-iodinated benzenes with the C70-coated
column against square of dipole moment in each solute. Conditions: column, C70-
coated (Type-2, 75.0 cm x 100 pm i.d.); flow rate; 2.0 pL min~!; mobile phase, n-

hexane; temperature, 25 °C; detection, UV 228 nm.

In a fashion similar to the above experiments, we evaluated the effect of the n-n
interaction for chlorine and iodine substitutions. Figure 8 shows the chromatograms of
di-chlorinated and di-iodinated benzenes. The separation of these structural isomers was
confirmed even though the separation efficiency was poorer than that of the bromine
substitutions. Here, we again evaluated the retention factor and AA of each solute and
calculated their dipole moments (Table 3). The absorption spectra of structural isomers
of di-chloro and di-iodo benzenes (10 uM) with/without C70 (10 uM) in n-hexane are

shown in Figure 9. Figure 7c and 7d show the retention factors and the A4 of di-
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chlorinated and iodinated benzenes against #*. Chlorinated benzenes showed larger
retention factors and A4 as their dipole moments increased in comparison to brominated
benzenes (Figure 7c). The results indicated that structural isomers of chlorinated benzenes
showed the differences in strength of n-n interactions with the magnitudes of their dipole
moments as we expected. Surprisingly, di-iodinated benzenes showed little change in A4,
and no correlation between A4 and their dipole moment was observed. we considered
that the differences in the retentions of di-iodo benzenes were not a result of the n-n
interaction. As mentioned above, the ¢ hole of iodine groups is the largest and shows the
strongest halogen-m interactions amongst the halogen groups. Additionally, Prisang et al.
reported that halogenated compounds showed stronger X-n interactions as the electron
withdrawing functional groups were coordinated to the closed position on the aromatic
rings.® In this case, the X-r interaction strength could be shown in the order of o- > m- >
p-di-iode benzenes. This is because iodine also has an electron withdrawing effect and

the strength of the withdrawing effect follows the order of o- > m- > p-di-iode benzenes.
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Figure 8. Chromatograms of the mixture of (a) di-chlorinated or (b) di-iodinated
benzenes with the C70-coated column. Conditions: column, C70-coated (Type-2,
75.0 cm x 100 pm i.d.); flow rate; 2.0 pL. min~*; mobile phase, n-hexane; temperature,
25 °C; detection, UV 228 nm.
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Figure 9. Absorption spectra of each chlorinated or iodinated benzenes solution in
n-hexane with/without C70.
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3-3-4 Effect of dielectric constants in mobile phases

As shown in equations (1) and (2), the induced-dipole interaction is strongly influenced
by the dielectric constant (¢) of the solvents. Figure 10a shows the chromatograms of the
mixtures of halogenated benzenes in n-hexane or n-octane mobile phases with the C70-
coated column. As expected, the retentions for halogenated benzenes with the C70-coated
column were drastically lower with n-octane than with n-hexane. To consider the effect
of ¢, we evaluated the retention behaviors of halogenated benzenes in several normal
alkanes (NAs), which have different ¢. Figure 10b shows a semilogarithmic plot of the
retention factors for halogenated benzenes obtained with each NA against 1/¢2. The plot
shows that In k increased linearly with 1/£2. This result was consistent with the expected
trend given by equations (1) and (2) and clearly indicated that the retentions of

halogenated benzenes were significantly impacted by the induced-dipole interaction.
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detection, UV 228 nm.
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3-3-5 Possibility of orbital interactions influencing X-z interactions

Because the o hole behaves as an electron acceptor in halogen bonding, the contributions
of the orbital interaction as well as electrostatic interaction have to be considered. Early
in 1950, Mulliken showed experimental evidence of changes in the electronic structure
occur upon formation of a halogen bonding.5! Furthermore, many computational results
have also supported the notion that orbital interactions affect halogen bonding.%2-%°
However, several computational studies suggested an opposing view that the orbital
interaction could not largely contribute to halogen bonding.%6-%8 In order to promote such
a complicated argument, We evaluated the contribution of orbital energy to the X-n
interaction by *H NMR spectroscopy, which sensitively reflects the electronic state of
protons. The No-D *H NMR spectra of o-dibromobenzene and pentabromobenzene in the
presence of C70 in n-hexane were recorded and compared with each other. Peak shifts
were not observed in o-dibromobenzene when o-dibromobenzene and C70 were mixed
(Figure 11). However, when pentabromobenzene was mixed with C70, the peak in the
pentabromobenzene spectrum shifted slightly upfield (Figure 11). These results suggested
that a proton on the pentabromobenzene was placed into a more electron rich (more
shielded) environment and that pentabromobenzene, as an electron acceptor of C70,
might be subjected to the orbital interaction. Briefly, five bromine atoms on
pentabromobenzene became electron rich from the molecular interaction with C70; this
meant that the aromatic ring and its proton were also in electron rich conditions. In
addition, we carried out computer simulations to determine the differences in orbital
energy between the HOMO in C70-PFPA-NHS and the LUMO in each brominated
benzene (Figure 11c). The differences in orbital energies of poly-brominated benzenes (n

> 2) were much lower than that for dibromobenzenes and were more likely to cause orbital
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interactions with C70-PFPA-NHS. Furthermore, the LUMOs of poly-brominated
benzenes (n > 2) extended in the direction of the o bond in the C—Br of the bromine
atoms and matched the positions showing the X-r interactions (Figure 12). These results

also suggested that orbital interactions might contribute to the X-x interaction.

—— o-dibromobenzene —— pentabromobenzene
o-dibromobenzene + C70 pentabromobenzene +C70
(a) (b) 8.732
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hexabromobenzene 0.116
pentabromobenzene | 0.113
1,2,4,5-tetrabromobenzene | 0.110
1,3,5-tribromobenzene | 0.120
1,2, 4-tribromobenzene | 0.108
1,2,3-tribromobenzene | 0.114
p-dibromobenzene | 0.162
m-dibromobenzene | 0.182
o-dibromobenzene | 0.183
bromobenzene | - w0108 .
0.00 0.05 0.10 0.15 0.20 0,25

Difference of orbital energy / a. u.

Figure 11. 'H NMR spectra of o-dibromobenzene (a), pentabromobenzene (b)
with/without C70 in n-hexane and the difference in orbital energy between HOMO
in C70-PFPA-NHS and LUMO in each brominated benzene (c).
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Figure 12. The LUMOs of each brominated benzene. (a) bromobenzene, (b) o-
dibromobenznen, (¢) m-dibromobenznene, (d) p-dibromobenznene, (e) 1,2,3-
tribromobenzene, (f) 1,2,4-tribromobenznene, (g) 1,3,5-tribromobenzene, (h)

1,2,4,5-tetrabromobenzene, (i) pentabromobenzene, (j) hexabromobenznene.
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3-3-6 One-pot separation of the entirety of brominated benzenes

In the above discussions, we clarified the presence of m-m and/or X-m interactions
between halogenated benzenes and carbo-materials. In addition, we revealed the effect of
the mobile phase as being against these © interactions. Finally, we were faced with the
challenge of achieving the separation of halogenated benzenes in NPLC. This
achievement will lead to efficient separations of aromatic halogens in oil. To realize this
goal, we optimized the mobile phase conditions, in consideration of the dielectric effect,
to achieve a one-pot separation of all isomers of brominated benzenes (11 analogues,
Figure 13). The separation of halogenated benzenes in oil samples is a major issue in the
field of environmental chemistry, since many halogenated benzenes are in waste oil and
are highly toxic.®®" Therefore, the LC separation of halogenated benzenes has great
importance in environmental chemistry and shows its potential for separating toxic

aromatic halogens, such as polychlorinated biphenyls and polybrominated biphenyls.

N w B [3,] (]
T T

Intensity / mV

Elution time / min

Figure 13. Chromatogram of all isomers of brominated benzenes with the C70-
coated column in NPLC. Conditions: column, C70-coated (Type-2, 75.0 cm X 100 pm
i.d.); flow rate; 2.0 pL. min~'; mobile phase, n-hexane/n-decane = 8/2; temperature,
25 °C; detection, UV 228 nm.
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3-4 Conclusions

In this study, we experimentally evaluated the strength of the X-r interaction between
carbon-materials and the variety of halogenated benzenes using NPLC, in which the
hydrophobic interaction was completely suppressed. Higher retentions were observed as
the number of Cl, Br, or we substitutions on the benzenes increased, especially for the
C70-coated column, which showed higher retention efficiencies than other carbon
materials. UV absorption spectra of mono- to tri- brominated benzenes were critically
changed in the presence of C70, indicating that these compounds mainly interacted via
the -7 interaction with C70. Furthermore, the number of bromine substitutions affected
the strength of the X-r interaction with C70. The "H NMR spectra of o-dibromobenzene
and pentabromobenzene in the presence of C70 also showed the possibility for orbital
interactions based on the X-m interaction. Thus, we supposed the existence of bimodal
interactions, the n-m and X-m interactions, between the halogenated benzenes and
aromatic materials. Using this new knowledge, we successfully demonstrated the
effective separation of di- or tri-bromo benzene isomers and 11 brominated benzene
analogues with a C70-coated column in NPLC by optimizing the mobile phase conditions.
We believe that this report greatly contributes to elucidation of the X-n interaction and

efficient separations of halogenated environmental pollutants.
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Chapter 4

Isotope Effects on Hydrogen Bonding and CH/CD-n

Interaction

4-1 Introduction

As a simple approach for enhancing pharmacological effects, deuteration of drugs has
attracted interests for more than 50 years.!? Deuteration of drugs can have significant
effects for improving the circulation life time of drugs in vivo and for reducing toxic
substances derived from the metabolism, because deuterated compounds are less
susceptible to metabolism by enzymes such as Cytochrome P450s. So far, a number of
deuterated drugs have been developed,* ° e.g. Venlafaxine for geriatric depression,
Ivacaftor for cystic fibrosis, and Ruxolitinib for alopecia areata. Furthermore, the
competition for the development of deuterated drugs among pharmaceutical companies
might become more intense, as exemplified by the approval of deuterated

Tetrabenazine,® ’

which is a drug for the symptomatic treatment of hyperkinetic
movement disorders and was developed by Teva®, by the Food and Drug administration
(FDA). In order to achieve such isotope effects, it is obviously important to isolate one
isotope analogue from the others so that the deuterated drugs can be obtained in high
concentrations. Therefore, purification techniques of deuterated compounds are
expected to be in high demand.

However, as the chemical properties of isotopologues are exactly alike, it is therefore

difficult to distinguish them. The isotopes have the same number of electrons and there
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is no difference between the wave function and the potential curved surface in the
Born-Oppenheimer approximation. On the other hand, there is a difference in vibration
energy of C—H and C-D bonds due to the difference of the mass number.®'° Here, the
Gibbs free energy can be expressed in the following equations.
Vibration energy : Gyibration=/4v (n + 1)

Stretching frequency : v=(1/2m)V (ks / x)
where, £ is the Planck constant, n is the principal number, ks is the spring constant of
chemical bond, and u is the reduced mass of atoms involved in chemical bond. A
chemical bond with a deuterium is more stable than that with a protium resulting from a
lower vibration energy and deuterium has a larger mass number than protium. Vibration
energy also contributes to intermolecular interactions.!'”!* In a computational study,
Bell et al. reported isotope effects of the hydrogen bonding between formamidine and
solvent molecules using 4b initio calculation.'* In supramolecular chemistry, Tresca et
al. demonstrated isotope effects between chloride ion and deuterated anion receptor
complexes both by calculation and experimentally.'> These studies imply the potential
that the separation techniques of isotopologues might be established by utilizing isotope
effect of intramolecular interactions.

High performance liquid chromatography (HPLC), which is the most used separation
technique and is based on the difference in partition coefficients of the solute between
the mobile and stationary phases, sensitively reflects the strength of intermolecular
interactions. Tanaka et al. succeeded in the separation of compounds containing isotopes
of N and 80 on a recycle HPLC system.!® In another successful example, Tsurowski
et al. reported the separation of isotopologues on reversed phase liquid chromatography

(RPLC)."” They found that the protiated compounds were more hydrophobic than
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1820 was involved in the

deuterated ones, and pointed out the CH-m interaction
separation of the isotopologues by RPLC. However, the effect of the interactions with
the mobile phases was not considered in this study, even though the affinity between the
mobile phases and solutes contributed to the hydrophobic interaction. We hypothesize
that the interaction with hydrophilic solvents cannot be ignored even with hydrophobic
molecules. Our anticipation is also encouraged by a literature, which reported the
presence of hydrogen bonding interaction between benzene and water.?! In addition, the
CH-n interaction deriving from their stationary phases was very weak, and the influence
of the CH-m interaction for the separation of isotopologues has been ambiguous. In
particular, Zhao et al. described that there is no difference in the intensity between the
CH-n and CD-r interactions, and completely contradicted the report by Tsurowski.?
Thus, it is necessary to reconsider the influence of the mobile phase—solute interaction

or CH-m interaction in the separation of isotopologues.

We succeeded in the immobilization of fullerenes onto a silica-monolithic capillary®*

24 25-27

in order to develop a new separation medium providing strong 7 interaction
derived from aromatic structures. We evaluated characteristics of the fullerene-coated
silica monolithic capillaries by normal phase liquid chromatography (NPLC), in which
hydrophobic interaction was completely reduced, and several polycyclic aromatic
hydrocarbons (PAHs) were successfully separated by the effective n—m interaction. %’
In particular, a C7o fullerene-coated silica monolithic capillary (C70 column) showed
the retention of corannulene as a hemispherical molecule based on the n—m interaction
and halogenated benzenes based on halogen-m interaction due to much stronger n
30,31

interaction than any other commercially available columns.

In this article, we investigate the effect of solvents in the mobile phase and
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isotopologues as the solutes in LC evaluations with a variety of columns. We discuss the
contribution of intramolecular interactions to the separation of isotopologues by RPLC
and evaluate the separation of isotopologues due to the hydrogen bonding. Furthermore,
we examined the effect of the CH-n interaction with the C70 column to confirm the
strength of the CH-=m interaction and the effect of the CH-m interaction on the separation

of isotopologues by NPLC.

-04-



4-2 Experimental Section

4-2-1 Materials

Acetone, benzene, diethyl ether, sodium hydroxide, dichloromethane, chlorobenzene,
toluene, ethyl acetate, methanol, acetonitrile and n-hexane were purchased from Nacalai
Tesque (Kyoto, Japan), methyl pentafluorobenzoate, diethyl amine, urea, acetic acid,
and 3-aminopropyltrimethoxysilane (APTMS) from Tokyo Chemical Industry (Tokyo,
Japan), sodium azide, N-hydroxysuccinimide (NHS), and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) from Wako Pure Chemical
Industries (Osaka, Japan), polyethylene glycol (PEG) (Mn=10,000), benzene-d6,
toluene-ds8, naphthalene-d8, o-xylene, 1,2,4-trimethylbenzene,
1,2,4,5-tetramethylbenzene, pentamethylbenzene, C60-fullerene (C60), C70-fullerene
(C70), phenanthrene, phenanthlene-d10, hexamethylbenzene (HMB),
hexamethylbenzene-d18 (HMB-d18) from Sigma-Aldrich Japan (Tokyo, Japan),
respectively. Deionized water was obtained from a Milli-Q Direct-Q 3UV system
(Merck Millipore, Tokyo, Japan). A COSMOSIL PYE® and COSMOSIL PBB-R®
(PBB) was purchased from Nacalai Tesque, Mightysil RP-18GPII® (ODS) was
purchased from KANTO CHEMICAL (Tokyo, Japan), Silica-150 (silica-150) are
purchased from TOSOH Corporation (Tokyo, Japan) and a fused-silica capillary from

Polymicro Technologies Inc. (Phoenix, AZ).

4-2-2 Instruments
A capillary liquid chromatographic system consisted of a DiNa S (KYA Technologies
Co., Tokyo, Japan) as a pump, CE-2070 (JASCO, Tokyo, Japan) as a UV detector,

CHEMINERT (Valco Instruments Co., Huston, TX) as a sample injector, and Chemco
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capillary column conditioner Model 380-b (Chemco Co. Osaka, Japan) as a column
oven. An HPLC system consisted of a Prominence series (Shimadzu Co., Kyoto, Japan).
FT-IR, NMR, elemental analysis, and fast atom bombardment mass spectrometry
(FABMS) were carried out by a Nicolet iS5 ATR (Thermo Fisher Scientific K. K.,
Yokohama, Japan), JINM-ECA500 spectrometer (JEOL, Tokyo, Japan), Flash EA1112

(Thermo Fisher Scientific K. K.), and IMS-700 (JEOL), respectively.

4-2-3 HPLC and nano LC methods

C60 fullerene-coated silica monolithic column (C60 column) and C70 column were
prepared following the protocols in previous chapter (Chapter 2). The commercially
available columns containing 5PYE, PBB, ODS and silica-150 were evaluated by
typical liquid chromatographic system, Prominence series. The capillary columns
containing C60 or C70 columns were evaluated by a home-made nano flow system
consisting of a DiNa S as the pump, CE-2070 as the UV detector, CHEMINERT as the
sample injector, and Chemco capillary column conditioner Model 380-b as the column
oven for isothermal operations. In both systems, we employed normal and reverse phase

modes.
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4-3 Results and Discussion
4-3-1 Effect of mobile phase on isotope effect in RPLC

In order to elucidate the mechanism of the separation of isotopologues in RPLC, we
evaluated the separation behavior of isotopologues on various columns (Figure 1). The
partition coefficient of an isotopologue in chromatography is expressed as the retention
factor, k.

Kn = (tH—to) / to, ko = (to —to) / to
aie = kn / ko

where, t4 and tp are the retention times of protiated and deuterated compounds,
respectively, and to is the retention time of an unretained solute. ae shows the ratio of
kn to kp. The obtained values of kn, kp and aie are summarized in Table 1-3. Comparing
the retention factors, protiated compounds were retained more than deuterated ones.
Additionally, it found that aie increased with the percent of water in the mobile phase
for all columns (Figure 2). These results are consistent with the previous report by
Tsurowski et al. stating that the hydrophobic interaction contributed to the separation of

isotopologues since a protiated compound is more hydrophobic than a deuterated

compound.
\Si/ Br
~A RN
O \Nw S O Bi’
— /\\/\ p \
P
- Br Br N
Br
SPYE oDs PBB Silica-150

Figure 1. Structures of the stationary phases used.
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Table 1. kn, kb, and aie in methanol / water mobile phase on ODS column.

water / methanol
ky kg OIE
(v/v)
2/8 0.609 0.607 1.003
benzene 3/7 1.162 1.150 1.011
4/6 2.172 2.097 1.036
2/8 0.987 0.985 1.002
toluene 3/7 2.038 1.996 1.021
4/6 4.121 3.972 1.037
2/8 1.309 1.263 1.037
naphthalene 3/7 2.965 2.822 1.051
4/6 6.571 6.227 1.055
2/8 2.847 2.670 1.066
phenanthrene 3/7 7.460 6.974 1.070
4/6 19.247 17.878 1.077
2/8 6.896 6.405 1.077
HMB 3/7 19.210 17.668 1.087
4/6 59.327 53.618 1.106

Conditions: column, Conditions: column, ODS (Kanto kagaku, 150 mm x 4.6 mm i.d.);
flow rate, 2.0 mL min'; mobile phase, water / methanol; detection, UV 254 nm

(benzene, naphthalene, phenanthrene), 220 nm (toluene, HMB); temperature, 40.0 °C.

- 08 -



Table 2. kn, kb, and aie in methanol / water mobile phase on PBB column.

water / methanol
ky kg OIE
(v/v)
2/8 0.231 0.230 1.005
benzene 3/7 0.519 0.510 1.017
4/6 1.084 1.046 1.037
2/8 0.398 0.398 1.000
toluene 3/7 0.959 0.950 1.010
4/6 2.106 2.028 1.039
2/8 1.283 1.280 1.003
naphthalene 3/7 3.058 3.027 1.010
4/6 7.225 6.846 1.055
2/8 5.890 5.585 1.055
phenanthrene 3/7 15.853 14.895 1.064
4/6 46.771 43.426 1.077
2/8 7.857 7.299 1.076
HMB 3/7 22.747 20.776 1.095
4/6 68.878 61.852 1.114

Conditions: column, Conditions: column, PBB (Nacalai Tesque, 150 mm x 2.0 mm
i.d.); flow rate, 1.0 mL min~'; mobile phase, water / methanol; detection, UV 254 nm

(benzene, naphthalene, phenanthrene), 220 nm (toluene, HMB); temperature, 40.0 °C.
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Table 3. kn, ko, and aie in methanol / water mobile phase on SPYE column.

water / methanol
ky ky OIE
(v/v)
2/8 0.371 0.370 1.002
benzene 3/7 0.694 0.678 1.024
4/6 1.347 1.292 1.043
2/8 0.544 0.540 1.006
toluene 3/7 1.100 1.077 1.021
4/6 2315 2.200 1.052
2/8 1.058 1.046 1.011
naphthalene 3/7 2.337 2.249 1.039
4/6 5.388 5.105 1.055
2/8 3.300 3.106 1.063
phenanthrene 3/7 8.741 8.177 1.069
4/6 24.717 22.957 1.077
2/8 4916 4.479 1.098
HMB 3/7 13.753 12.400 1.109
4/6 40.025 35.551 1.126

Conditions: column, Conditions: column, SPYE (Nacalai Tesque, 150 mm x 4.6 mm
i.d.); flow rate, 2.0 mL min'; mobile phase, water / methanol; detection, UV 254 nm

(benzene, naphthalene, phenanthrene), 220 nm (toluene, HMB); temperature, 40.0 °C.

- 100 -



(a) (b)

114 ¢ benzene @ phenanthrene 1.14 ¢ benzene e phenanthrene
O toluene o0 HMB © toluene o HMB
A naphthalene 0 A naphthalene O
L 11t -
O
E ° (&) [m} @
L L (0]
bH 1.06 A A 6”5 1.06 ° A
A ] @
1.02 ¢ O 1.02 r
¢
© & e
20 30 40 50 20 30 40
% water % water
(c)
1.14  © benzene o phenanthrene
O toluene 0 HMB O
4 naphthalene 0
1.1 O
(0]
(0]
& 1.06 o A
A <
1.02 + @ ®
20 30 40
% water

Figure 2. Plots of it vs percent water in methanol as the mobile phase.

Conditions: column, (a) ODS (Kanto Chemicals, 150 mm x 4.6 mm i.d.), (b) PBB (Nacalai
Tesque, 150 mm x 2.0 mm i.d.), (c) SPYE (Nacalai Tesque, 150 mm x 4.6 mm i.d.); flow rate, (a),
(¢) 2.0 mL min~', (b) 1.0 mL min~'; mobile phase, water / methanol; detection, UV 254 nm (for

benzene, naphthalene, and phenanthrene), 220 nm (toluene and HMB); temperature, 40 °C.
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We then employed acetonitrile instead of methanol as the mobile phase, and confirmed
the effect of organic solvent in RPLC. The values of ku, ko, and aie in acetonitrile/water
are summarized in Table 4-6. Even in acetonitrile/water, the similar separation pattern of
isotopologues based on the hydrophobic interaction was obtained as in methanol/water.
However, the relation between the retention factor and aie is slightly different in
acetonitrile/water than in methanol/water (Figure 3). In general, the separation factor
becomes higher with increasing retention factor.’? Figure 3 showed that ai in
acetonitrile was relatively lower than that in methanol, thus organic solvents might
affect the retention difference. We hypothesize that the presence of hydroxy groups in
the mobile phase or the separation medium might contribute to the hydrogen bonding
with the hydrogen atoms in solutes, so that the differences of the hydrophobicity could

be observed in protiated and deuterated compounds.
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Table 4. kn, kb, and aie in acetonitrile / water mobile phase on ODS column.

water / acetonitrile
ky kg OIE
(v/v)
4/6 1.210 1.210 1.000
benzene 5/5 2.121 2.117 1.002
6/4 3.994 3.983 1.003
4/6 1.905 1.904 1.000
toluene 5/5 3.598 3.528 1.020
6/4 7.545 7.354 1.026
4/6 2.168 2.169 1.000
naphthalene 5/5 5.172 5.030 1.028
6/4 12.558 11.767 1.067
4/6 5.429 5.191 1.046
phenanthrene 5/5 12.328 11.734 1.051
6/4 35.228 32.979 1.068
4/6 6.879 6.451 1.066
HMB 5/5 12.349 11.560 1.068
6/4 84.352 76.947 1.096

Conditions: column, Conditions: column, ODS (Kanto kagaku, 150 mm x 4.6 mm i.d.);
flow rate, 2.0 mL min'; mobile phase, water / acetonitrile; detection, UV 254 nm

(benzene, naphthalene, phenanthrene), 220 nm (toluene, HMB); temperature, 40.0 °C.
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Table 5. kn, kb, and aie in acetonitrile / water mobile phase on PBB column.

water / acetonitrile
ky kg OIE
(v/v)
4/6 0.231 0.230 1.005
benzene 5/5 0.519 0.510 1.017
6/4 1.084 1.046 1.037
4/6 0.398 0.398 1.000
toluene 5/5 0.959 0.950 1.010
6/4 2.106 2.028 1.039
4/6 1.283 1.280 1.003
naphthalene 5/5 3.058 3.027 1.010
6/4 7.225 6.846 1.055
4/6 5.890 5.585 1.055
phenanthrene 5/5 15.853 14.895 1.064
6/4 46.771 43.426 1.077
4/6 7.857 7.299 1.076
HMB 5/5 22.747 20.776 1.095
6/4 68.878 61.852 1.114

Conditions: column, Conditions: column, PBB (Nacalai Tesque, 150 mm x 2.0 mm
i.d.); flow rate, 1.0 mL min~'; mobile phase, water / acetonitrile; detection, UV 254 nm

(benzene, naphthalene, phenanthrene), 220 nm (toluene, HMB); temperature, 40.0 °C.
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Table 6. kn, kp, and air in acetonitrile / water mobile phase on SPYE column.

water / acetonitrile
ky ky OIE
(v/v)
4/6 0.658 0.659 0.998
benzene 5/5 1.155 1.154 1.001
6/4 1.315 1.313 1.001
4/6 0.918 0914 1.004
toluene 5/5 1.731 1.711 1.012
6/4 3.679 3.565 1.032
4/6 1.517 1.514 1.002
naphthalene 5/5 3.053 2.950 1.035
6/4 5.351 5.081 1.053
4/6 3.617 3.439 1.052
phenanthrene 5/5 8.155 7.729 1.055
6/4 22.980 21.488 1.069
4/6 6.397 5910 1.082
HMB 5/5 17.860 16.421 1.088
6/4 30.666 27.933 1.098

Conditions: column, Conditions: column, SPYE (Nacalai Tesque, 150 mm x 4.6 mm
i.d.); flow rate, 2.0 mL min~'; mobile phase, water / acetonitrile; detection, UV 254 nm

(benzene, naphthalene, phenanthrene), 220 nm (toluene, HMB); temperature, 40.0 °C.
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Figure 3. Plot of aie vs kun for phenanthrene and HMB in methanol / water and

acetonitrile / water as mobile phases. Mobile phase, water / methanol and water /

acetonitrile. Other conditions are the same as in Figure 2.
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4-3-2 Retention behavior of isotopologues on stationary phase having hydroxy groups

As mentioned above, the results in RPLC suggested the possibility that the difference
in the hydrophobicity of protiated and deuterated compounds might be due to the
hydrogen bonding between hydroxy groups and solutes. To test the hypothesis, we
evaluated the retention behavior of isotopologues using a silica column (silica-150)
since silanol groups on the surface of silica gel should contribute the separation of
isotopologues due to hydrogen bonding. LC analyses were carried out under the normal
phase condition to suppress the hydrophobic interaction.

The chromatograms of isotopologues on silica-150 are shown in Figure 4.
Interestingly, all the deuterated compounds eluted later than protiated compounds. In
fact, the elution order was reversed from RPLC. In particular, the difference of retention
time of isotopologues was clearly observed, thus the peak top separations were achieved
for the isotopologues of phenanthrene and HMB. The results strongly suggested that the
deuterated compounds allowed stronger hydrogen bonding than the protiated
compounds. Consequently, it is believed that the separation of isotopologues in RPLC
was caused by the hydrogen bonding between the mobile phase and solutes. In RPLC,
deuterated compounds decreased the affinity toward the hydrophobic stationary phase
because of their stronger hydrogen bonding to hydroxy groups in the mobile phase than

that of protiated compounds.
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Figure 4. Representative chromatograms of isotopologues on silica-150. (a) Mixed
sample of isotopologue pairs of phenanthrene and HMB, (b) single samples of
isotopologues of benzene, toluene, and naphthalene.

Conditions: column, silica-150 (TOSOH, 250 x 2.0 mm i.d.); flow rate, 0.8 mL min~
s mobile phase, n-hexane; detection, UV 254 nm (for benzene, naphthalene, and

phenanthrene), 220 nm (toluene and HMB); temperature, 40 °C.
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4-3-3 Difference in isotope effect due to atmosphere of hydrogen atoms by evaluation
of free energy changes

The retention factor (k) relates to free energy changes (AG) in the chromatographic
partition equilibrium as

AG=-RTIn(Cs/Cm)=-—RTIn(Vmk/Vs)
where, R is gas constant, T is temperature, Cs and Cwm are the concentrations of the
solute in the stationary and mobile phases, respectively, V'm and Vs are the volumes of
the mobile and stationary phases, respectively. The difference in AG between protiated
and deuterated compounds (AAGTie) can be obtained with aie in RPLC as follows.
AGu-AGp = AAGTiE =—R T'In (ku/ kp) =R T In (o1E)
We then calculated the single isotope effect (AAGie), which reflects the average
influence of a single H/D substitution, given by
AAGE =AAGTIE / nED

where, nup 1s the number of D atoms substituted for H. Figure 5 shows AAGig for each
solute obtained by the RPLC evaluation. We found that AAGie of aromatic compounds
without any functional groups (benzene, naphthalene, and phenanthrene) was larger
than that of methyl substituted benzene (toluene and HMB) in every column. In general,
the acidity of hydrogen atoms on sp® carbon (aromatic) is higher than the hydrogen
atoms on sp’ carbon (methyl).>* 3 Thus, aromatic compounds without any functional
groups showed larger isotope effect than methyl substituted benzene by stronger
hydrogen bonding with the mobile phase.

Furthermore, AAGe of benzene, toluene, and HMB decreased for columns in the order
of ODS > PBB > 5PYE, suggesting that the CH/CD-n interactions between aromatic

rings of the stationary phase and hydrogen bonding of solutes contribute to the
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isotopologue separation. On the other hand, naphthalene and phenanthrene, which have
multiple aromatic rings, showed almost no difference in AAGE, regardless of the
column stationary phase. The result might be caused by the m—m interaction to be

dominant over the CH/CD-r interactions in the stationary phase.

0.01 benzene toluene naphthalene phenanthrene HMB
-0.012
-0.014
w
$ _
-0.016
7
-0.018 20DS
# PBBR
#5PYE
-0.02 *

Figure 5. AAGiE of aromatic solutes by RPLC using hydrophobic columns.
Mobile phase, water / methanol = 4 / 6. Other conditions are the same as in Figure
2.

To test this hypothesis, it is nessesary to know the strength of CH-m and CD-n
interactions. To solve this question, we considered a schematic diagram of free energy
among the mobile phases and the stationary phases (Figure 6). This diagram is based on
the assumption that isotopologues are more stable in hydrophobic stationary phases than
in hydrophilic mobile phases since all solutes are hydrophobic, and the free energy of
the hydrogen bonding between the mobile phase and solute for the protiated compound
is lower than for the deuterated one because of stronger hydrogen bonding with

protiated compounds.
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In the case that the CD-rx interaction is stronger than the CH-rx interaction, AAGie
increases by CH/CD-r interactions with the stationary phase, and then AAGE increases
in the order of ODS < PBB < 5PYE. But this model contradicts our experimental results
that AAGe decreased in the order of ODS > PBB > 5PYE. On the other hand, in the
case that the CH-= interaction is stronger than the CD-x interaction (Figure 6), AAGi
decreases by CH/CD-n interactions with the stationary phase and AAGie decreases in
the order of ODS > PBB > 5PYE, which is consistent with the experimental results.
Therefore, we conclude that the CH-m interaction is slightly stronger than the CD-nt

interaction. 3% 36

AG,

10O

|sotope effect of AG
hydrogen bond >
in mobile phase

Gibbs free energy

Isotopeeffect of
CH-—1r interaction
in stationary phase

Interaction coordinate

Figure 6. Schematic diagram of free energy caused by hydrogen bonding and CH-n
interaction due to isotope effect in the case that CH-n is stronger than CD-n.
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4-3-4 Evaluation of CH—rx interaction on fullerene-coated stationary phases

Based on the results in NPLC, we suggest that the CH-x interaction was stronger than
the CD-m interaction. Additionally, as described in our report regarding specific
retention ability of the C70 column, we expect that the separation of isotopologues
based on CH/CD-rn interactions can be achieved with the C70 column. We therefore
evaluated various columns modified with aromatic moieties as well as fullerene-coated
columns. As results of evaluations in NPLC, we confirmed that the C70 column showed
stronger CH-m interaction toward methyl substituted benzenes than any other columns.
Figure 7 (a) shows the relation between the retention factors on each column and the
number of methyl substitution in each solute, and the chromatogram of the mixed
sample of methylbenzenes on the C70 column is shown in Figure 7 (b). These results
clearly indicate that the number of methyl substitutions increased retention factors

especially on the fullerene-modified columns due to effective CH-x interaction.
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Figure 7. Retention of methyl-substituted benzenes by CH-m interaction on
stationary phases immobilized with aromatic compounds. (a) the plots of retention
factors on each column vs number of methyl substitutions in each solute, (b) the
chromatogram of the mixed sample of methyl-substituted benzenes on C70
column.

Conditions: column, PBB (Nacalai Tesque, 150 mm x 2.0 mm i.d.), SPYE (Nacalai
Tesque, 150 mm X 4.6 mm i.d.), C60 (32.0 cm X 100 mm i.d.), C70 (32.0 cm x 100
mm i.d.); flow rate, 2.0mL min~' (PBB, SPYE), 2.0 pL min~! (C70, C60); mobile
phase, n-hexane; detection, UV 220 nm; temperature, 40 °C.
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Furthermore, we carried out NPLC on mixed isotopologue pairs of HMB and
phenanthrene on the C70 column. We successfully confirmed the peak top separation of
isotopologue pairs of HMB as shown in Figure 8 (a), where protiated HMB was eluted
earlier than deuterated one. These results also supported that the CH-n interaction is
stronger than the CD-r interaction. On the other hand, despite the stronger retention of
phenanthrene than HMB, isotopologue separation was not observed as shown in Figure
8 (b). In this case, the n-m interaction was preferentially acted instead of the CH-n
interaction due to the multiple aromatic rings in phenanthrene.
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Figure 8. Chromatograms for H/D isotopologue pairs of (a) HMB and (b)
phenanthrene in NPLC using C70 column.

Conditions: column, C70 column (32.0 cm x 100 mm i.d.); flow rate, 2.0 pL min';

mobile phase, n-hexane; detection, UV (a) 220 nm, (b) 254 nm, temperature, 40 °C.
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4-4 Conclusions

In this report, we studied the contribution of intermolecular interactions to
chromatographic isotope effect on various LC conditions. In particular on RPLC, we
found that the hydrogen bonding between hydrogen atom of isotopologues and hydroxy
groups of the mobile phase was responsible for the separation of isotopologues. In fact,
we succeeded in the peak top separation of isotopologues by the hydrogen bonding with
hydroxy group of the silica stationary phase on NPLC, and found that deuterated
compounds showed stronger hydrogen bonding than protiated compounds. Furthermore,
the stationary phase immobilized with aromatic compounds showed good separation of
the pairs of isotopologues of methyl substituted benzenes, a result which can be
attributed to the fact that the CH-rn interaction was stronger than the CD-n interaction by
considering free energies in chromatographic partition equilibrium. Finally, we
demonstrated the peak top separation of isotopologues of HMB with the C70 column,
which showed extremely strong m interactions, by the isotope effect of CH/CD-n
interactions on NPLC.

Our reports demonstrated the importance of H/D isotope effect in the hydrogen
bonding and CH/CD-rn interactions by simple LC evaluations. The separation of
isotopologues on LC and their strength from the view point of free energy in
chromatographic partition equilibrium were discussed. In particular, this is the first
report to discuss about the separation of isotopologues on NPLC by the isotope effect of
the hydrogen bonding or CH/CD-n interactions. we believe that this report greatly
advanced our understanding of isotope effects based on weak interactions, and

contribute to the development of new separation techniques for deuterated drugs.
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Chapter 5

Tunable Liquid Chromatographic Separation of H/D

Isotopologues Enabled by Aromatic  Interactions

5-1 Introduction

Deuterium (D) is a natural isotope of hydrogen (H) that has an additional neutron and
therefore two times more mass. The chemical and physical properties of deuterated
molecules are nearly identical to those of hydrogenated molecules. However, the
differences between hydrogen and deuterium are easily identified by mass spectrometry
and nuclear magnetic resonance (NMR) techniques, such that deuterium can be used to
label molecules.!* This differentiation is known as the deuterium isotope effect. In
previous literature, deuteration of molecules has been necessary for exploring routes in
organic synthesis, biosynthesis, and metabolism.>*! Thus, deuterated molecules are now
widely applied in various fields because of the deuterium isotope effect. In particular, this
effect aids the design of organic molecules and the development of novel
pharmaceuticals.’?%® In these applications, a deeper understanding of the effects of the
deuterium isotope effect is greatly needed.

In general, the Gibbs free energies of isotopologues differ because the vibration energy
of each bond in the molecules depends on the mass difference of the bonding atoms. This
is shown in the relations for the Gibbs free energy, G, and stretching frequency, v,

G=hv(n+1) 1)

v=(1/2m) (ks / ©)*? (2)
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where h, n, ks, and p are the Planck constant, principal number, spring constant, and
reduced mass of each atom, respectively. The reduced mass of deuterium is slightly larger
than that of hydrogen, and therefore, bonds with deuterium are more stable. 68 This
property is widely known as the kinetic isotope effect and has been widely studied by
theoretical and experimental evaluations.'®2* In contrast, An increased understanding of
the isotope effects related to intermolecular interactions contributes to new theoretical
findings and developments of functional smart materials.?5-%

Liquid chromatography (LC) is a separation method based on the partition of stationary
and mobile phases. Since the retention strength of an analyte in LC is highly sensitive to
intermolecular interactions, the method is suitable for evaluating weak interactions.3!-%
We previously reported the development of novel stationary phases modified with carbon
nanomaterials.®” For example, Ceo-fullerene and Cro-fullerene (C60, C70) molecules
provided effective interactions, such as n-n stacking, spherical recognition, and dipole-
induced dipole interactions.®° Furthermore, we revealed the contributions of hydrogen
bonding and CH-x interactions for the H/D isotopologues in reverse phase LC (RPLC)
and normal phase LC (NPLC).**? However, detailed examinations regarding these
isotope effects were not conducted in these cases.

In this paper, we evaluated the mechanism of the isotope effect by LC based on the
interactions of isotopologues of aromatic molecules with polar functional groups and with
n-conjugated moieties. Various analytes with a number of stationary phases and mobile
phases were employed in NPLC, where the hydrophobic interaction was almost
completely suppressed. We utilized a few hydrophilic stationary phases modified with
polar functional groups and a C70-bonded silica monolithic capillary. Based on the

isothermal evaluations from NPLC, the dependence of enthalpy and entropy on the H/D
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isotope effects was estimated by the van’t Hoff equations. Furthermore, the influence of
the dielectric constant of mobile phases on the H/D isotope effects was examined.
Following these experiments, we demonstrated H/D separations by harnessing the
complementary behaviors of CH-m interactions with a stationary phase and OH-xn

interactions with a mobile phase.
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5-2 Experimental Section

5-2-1 Materials

Acetone, benzene, diethyl ether, sodium hydroxide, dichloromethane, chlorobenzene,
toluene, ethyl acetate, methanol, acetonitrile and n-hexane were purchased from Nacalai
Tesque (Kyoto, Japan), methyl pentafluorobenzoate, diethyl amine, urea, acetic acid, and
3-aminopropyltrimethoxysilane (APTMS) from Tokyo Chemical Industry (Tokyo,
Japan), sodium azide, N-hydroxysuccinimide (NHS), and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDAC) from Wako Pure Chemical Industries
(Osaka, Japan), polyethylene glycol (PEG) (Mn=10,000), benzene-d6, toluene-d8,
naphthalene-d8,  o-xylene, 1,2,4-trimethylbenzene, 1,2,4,5-tetramethylbenzene,
pentamethylbenzene, C70, phenanthrene, phenanthlene-d10, hexamethylbenzene (HMB),
hexamethylbenzene-d18 (HMB-d18) from Sigma-Aldrich Japan (Tokyo, Japan),
respectively. Deionized water was obtained by a Milli-Q Direct-Q 3UV system (Merck
Millipore, Tokyo, Japan). A COSMOSIL PYE® was purchased from Nacalai Tesque,
Mightysil RP-18GPII® (ODS) was purchased from KANTO CHEMICAL (Tokyo,
Japan) and CHEMCOSORB 3-120-Si® (Silica) and 3-NH>® (Amino) were purchased
from CHEMCO PLUS (Osaka, Japan) and fused-silica capillaries from Polymicro

Technologies (Phoenix, AZ).

5-2-2 Instruments

A capillary liquid chromatographic system consisted of a DiNa S (KYA Technologies,
Tokyo, Japan) as a pump, a CE-2070 (JASCO, Tokyo, Japan) as a UV detector, a
CHEMINERT (Valco Instruments, Houston, TX) as a sample injector, and a Chemco

capillary column conditioner Model 380-b (Chemco, Osaka, Japan) as a column oven. As
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an HPL.C system, a Prominence series (Shimadzu, Kyoto, Japan) was used. FT-IR, NMR,
elemental analysis, and fast atom bombardment mass spectrometry (FABMS) were
carried out by a Nicolet iS5 ATR (Thermo Fisher Scientific, Yokohama, Japan), a JNM-
ECAS500 spectrometer (JEOL, Tokyo, Japan), a Flash EA1112 (Thermo Fisher Scientific),

and a JMS-700 (JEOL), respectively.

5-2-3 Preparation of Amide column

3-NH: (3.0 g) was dispersed in acetone (10 mL) and triethylamine (1.0 mL) was added
to the dispersion liquid. Acetyl chloride (1.0 mL) was instilled into the dispersion liquid
at 0 °C and stirred at room temperature for 24 h (Scheme 1). After the reaction, the
particles were collected by centrifugal sedimentation and washed with acetone. After
drying, the particles were packed into an HPLC column by utilization of packing service

in CHEMCO (Amide column).

o)
o}
H Cl)l\
/ A roomtemp.24h  J H

Scheme 1. Preparation of an amide column.

5-2-4 Preparation of C70-coated columns and their evaluation

C70 column were prepared following the protocols in the previous chapter (Chapter 3).
The commercially available columns containing SPYE, ODS, Silica, Amino and Amide
column were evaluated by typical liquid chromatographic system, Prominence series. The
capillary columns containing C70 column was evaluated by a home-made nano flow

system consisting of a DiNa S as the pump, CE-2070 as the UV detector, CHEMINERT
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as the sample injector, and Chemco capillary column conditioner Model 380-b as the
column oven for isothermal operations. In both systems, we employed normal and reverse

phase modes.
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5-3 Results and Discussion
5-3-1 Effect of polar functional groups on the isotope effect in NPLC

In order to evaluate the isotope effect under the interactions of the aromatic molecules
with polar functional groups, we studied the separation behaviour of the isotopologues in
NPLC on various hydrophilic columns containing either silica (Si-OH, Silica column),
amino (NHz, Amino column), or amide (NHCO, Amide column) functional groups. The
density of the functional groups in these columns was estimated by elemental analysis
(Table 1). The immobilisation of amino groups in the Amino column and carbony! groups
in the Amide column was confirmed by alterations of the nitrogen content. These columns
were then evaluated by NPLC. The partition coefficient of an isotopologue in
chromatography is expressed by the retention factor, £.*!**>. The retention factors of the
protiated and deuterated isotopologues are given by,

ki = (th—1to) / to, ko = (to —to) / to (3)
aie = ko / kn 4)

where ty and tp are the retention times of the protiated and deuterated analytes,
respectively, and to is the retention time of a non-retained analyte. The quantity ae is the
ratio of kp to kn.

Comparing the separation factor of phenanthrene and hexamethylbenzene (HMB) for
each column, the deuterated analytes were eluted later than the protiated ones in all the
columns (Figure 1 (a)). The results clearly suggest that the deuterated analytes provided
stronger interactions with the polar functional groups, which is consistent with our
previous report.*? In addition, the absolute strength of the aue values followed the order
of Silica > Amino > Amide for all the analytes. In fact, the effective separation of

isotopologue pairs of phenanthrene was confirmed only in the Silica column; the other
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columns hardly showed separations (Figure 1 (b-d)). In our previous study,* we
considered that the chromatographic isotope effect resulted from hydrogen bonding, in
which the heteroatoms in the polar functional group acted as hydrogen donors. In general,
the oxygen atom of a carbonyl group shows stronger hydrogen bonding than that of a
hydroxyl group.**** In spite of this fact, the Amide column exhibited a worse separation
than the Silica column; therefore, we have reconsidered the interactions that cause the

isotope effect of polar functional groups.

Table 1. Results of elemental analysis of the packed particles.

Silica Amino Amide
C H N C H N C H N
wt% | wt% | wt% | wt% | wt% | wt% | wt% | wt% | wt%

0.04 | 0.00 | 0.00 | 2.59 | 066 | 093 | 0.54 | 099 | 0.96

Amino
group
Carbonyl
group

— 0.67 mmol/g —

— — 1.10 mmol/g
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Figure 1. Separation behavior of the H/D isotopologue pairs on hydrophilic columns.
(@) aie values of phenanthrene and HMB in NPLC with hydrophilic columns.
Chromatograms of the H/D isotopologue pairs of phenanthrene with (b) Silica, (¢)
Amino, and (d) Amide in NPLC.

Conditions: column, Silica (CHEMCO, 150 mm x 2.1 mm i.d.), Amino (CHEMCO,

150 mm x 2.1 mm i.d.), Amide (CHEMCO, 150 mm x 2.1 mm i.d.); flow rate, 2.0 mL

min~'; mobile phase, n-hexane; detection, UV 254 nm (phenanthrene), 220 nm

(HMB); temperature, 25.0 °C.
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Here, to explain the retention differences, we consider that the isotope effect might be
caused by OH- or NH-n interactions, in which the aromatic rings of the analytes act as
donors for hydrogen atoms on the polar functional groups in each stationary phase.*>®
The C-D bond will have more electron density around the carbon atom than the C-H bond
because a shorter bond results in a smaller volume for electrons to reside in, leading to a
higher electron density. To test our hypothesis, we measured '*C NMR spectra of
phenanthrene and HMB H/D isotopologue pairs (Figure 2). According to these spectra,
the carbon atoms bonding with deuterium gave triplet peaks because the spin-spin
coupling between the *C and deuterium atoms was not eliminated during proton
decoupling. Interestingly, the peaks of deuterated compounds appeared at lower magnetic
fields than those of protiated ones. This result suggested that aromatic carbon atoms in
the deuterated analytes have higher electron densities than in the protiated ones. Therefore,
we assumed that the deuterated analytes showed stronger electrostatic interactions
between their aromatic rings and the protons on the OH or NH groups in the columns due
to the higher electron densities around the aromatic carbon atoms. In addition, OH-nt
interactions were stronger than NH-m interactions because OH-m interactions with

hydrogen atoms were weaker than NH-m interactions with hydrogen atoms.?’

Consequently, the Silica column exhibited a better separation than the Amino column.
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Figure 2. 13C NMR spectra of phenanthrene and HMB H/D isotopologue pairs in
chloroform-d. (a) phenanthrene, (b) aromatic ring in HMB, (c) methyl group in
HMB.
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41-42 reported that hydrogen atoms on sp? carbon (aromatic) atoms

Our previous studies
showed greater isotope effects than those on sp® carbon (methyl) atoms in RPLC. Here,
we hypothesize that the difference in the isotope effect between hydrogen atoms on sp?
and sp® carbon atoms can also be observed in NPLC. To verify this hypothesis, we
evaluated the isotope effect for a single hydrogen atom in each analyte using the same
method of our previous reports. The retention factor, %, is related to the free energy change,
AG, in the chromatographic partition equilibrium by,

AG=—RTIn(Cs/Cm)=—RTIn(Vmk/Vs) (5)
where R, T, Cs, Cm, VM, and Vs are the gas constant, temperature, concentration of the
analyte in the stationary or mobile phase, and volume of the mobile or stationary phase,
respectively. The difference in AG between protiated and deuterated analytes, AAGTik,
obtained with an aig is given by the following equation.
AGu—AGp = AAGTiE=—R T |In (kp/ ku)l =—R T |In oug| (6)

The isotope effect for a single hydrogen atom (AAGie) was then calculated by taking the

average of a single H/D substitution, given by,
AAGE =AAGTIE / nHD (7)
where nup is the number of D atoms substituted for H atoms. Figure 3 shows the AAGig
for each analyte obtained in NPLC evaluations with the Silica column. We found that the
AAGig for aromatic compounds without any functional groups (benzene, naphthalene,
and phenanthrene) were smaller than that of methyl-substituted benzene (toluene and
HMB), and the analytes with a higher number of aromatic rings showed smaller AAGie
values (phenanthrene showed the smallest AAGig). The results suggested that the analytes
with hydrogen atoms on sp? carbon atoms showed a greater isotope effect than those on

sp® carbon atoms. Hydrogen atoms bonded to sp® carbon atoms may induct electrons
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directly to the aromatic carbon atoms, while hydrogen atoms bonded to sp* carbon atoms
donate electrons indirectly to aromatic carbon atoms through sp® carbon atoms. Therefore,
hydrogen atoms on sp? carbon atoms could show stronger inductive effects toward
aromatic rings than those on sp> carbon atoms, and thus the aromatic compounds without

methyl groups showed stronger OH-m interactions.

-0.005

w
G)
g -0.015

-0.025

Figure 3. AAGiE of aromatic solutes on Silica column in NPLC. Conditions were the

same as Figure 1.
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5-3-2 Thermodynamic parameters of isotope effects on the OH-x interaction
The OH-m interaction is a kind of & interaction and is caused by dipole-induced dipole
interactions or induced dipole-induced dipole interactions.*” The potential energy of the
dipole-induced dipole interaction (Edipole-induced dipote) iS given by the following equation.*°
Edipole-induced dipole = —2a/167 goer® r° (®)
The potential energy of the induced dipole-induced dipole interaction (Einduced-dipole-induced
dipole) 1S given by,
Einduced-dipole-induced dipole = —Aat1ai2/ 167 eo%er® r° 9)
where A, u, and o are constants that depend on the ionisation energy, the dipole moment
of polar molecules, and the polarisabilities of the molecules, respectively. Both
interactions are based on the electrostatic force. We can derive the temperature
dependence from the application of van’t Hoff’s equation for chromatography,>°->!
Ink=1InVs/ VmM—AG/R T=1InVs/ Vm—AH /R T+AS /R (10)
where AH and AS are alterations of the enthalpy and entropy, respectively, in the
chromatographic partition equilibrium. Thus, the differences in AHTie and ASTie between
protiated and deuterated compounds (AAHTie, AAStig) could be obtained. We then
calculated AAHe and AASig, which reflected the average influence of a single H/D
substitution, with the following equations.
AAHg =AAHTIE / huD (11)
AASiE =AASTIE / nHD (12)
The chromatograms and the plots of the separation factors of phenanthrene and HMB
H/D isotopologue pairs at different temperatures are shown in Figure 4 (a-c). As expected
from Equation 10, the separation factors for the Silica column tended to decrease as the

temperature increased. We prepared the van’t Hoff plots for phenanthrene and HMB
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(Figure 4 (d, e)) and summarised the AAHie and TAASig values (7 = 25 °C) in Table 2.
For both analytes, AAHie and TAASiE were negative values. Furthermore, the AAHg of
phenanthrene was slightly smaller than that of HMB. These results are consistent with
our hypothesis that the hydrogen atoms on sp? carbon atoms show stronger electrostatic
attractions and greater isotope effects than those on sp® carbon atoms. Consequently, we

supposed that the isotope effects on OH-r interactions were due to electrostatic attraction.
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Figure 4. Separation behaviors of H/D isotopologue pairs with the Silica column at
different temperatures. Chromatograms of (a) phenanthrene and (b) HMB; (c) plots
of the separation factors on the Silica column as a function of measured temperature.
Van’t Hoff plots of (d) phenanthrene and (¢) HMB with the Silica column.

Conditions were the same as in Figure 1.

Table 2. Thermodynamic parameters (7 =25 °C) obtained from van’t Hoff plots with
Silica column.

AAHE TAASE
Phenanthrene -43.92 J / mol -0.08 J / mol
HMB -19.24 J / mol -0.03 J/ mol
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5-3-3 Solvent effects on the OH-x interaction

As mentioned above, the OH-n interaction is an electrostatic attraction and can be
described with Equations 8 and 9. From these equations, we developed a hypothesis that
the strength of the OH-m interaction and the isotope effect are strongly affected by the
dielectric constant of the solvents involved. To confirm this hypothesis, we evaluated the
separation behaviour of the H/D isotopologue pairs of phenanthrene and HMB on the
Silica column with normal alkanes (NAs) having dielectric constants different from those
of the mobile phases. The chromatograms of the isotopologues in n-pentane, n-hexane,
and n-octane on the Silica column are shown in Figure 5 (a, b), and the plots of ae for
each analyte against the dielectric constants are shown in Figure 5 (c). As we expected,
both analytes showed decreases in the retention factors with increases to the dielectric
constant of the mobile phase. The results supported the notion that the electrostatic

attraction with the Silica column caused the retention of these analytes.
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Figure 5. Separation behaviors of H/D isotopologue pairs with the Silica column in
various NAs. Chromatograms of (a) phenanthrene and (b) HMB; (c) the plots of ik
on the Silica column as a function of 1/£2. Conditions were the same as in Figure 1.
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In contrast, the aie values of both analytes increased slightly with the increase in the
dielectric constant of the mobile phase. We considered that the increase in the strength of
the isotope effect in these analytes might have been due to the dipole-induced dipole
interactions or the induced dipole-induced dipole interactions between the mobile phase
and analytes. As many reports have shown,>> the dipole-induced dipole interaction and
the induced dipole-induced dipole interaction are caused by the dispersion force. For non-
polar molecules, such as NAs, the induced dipole interaction is similarly affected. These
interactions are enhanced by longer chains in NAs,**°® which explains why induced
dipole interactions occurred partially between the NAs and analytes in our evaluation.
Briefly, when the isotope effect due to the induced dipole interaction between the analytes
and NAs as mobile phases became greater, the separation factor of the H/D isotopologue
pairs also became greater. In this case, NAs with longer chains provide stronger
interactions with protiated analytes. As shown in a schematic energy diagram (Figure 6),
the alteration of the free energy of the analytes between the mobile phases and the Silica
column was higher in NAs with longer chains. Therefore, although the absolute retention

of the analytes decreased, the aie values increased slightly in NAs with longer chains.
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Figure 6. Schematic diagram of free energies caused by the intermolecular

interaction with the Silica column under NAs as mobile phases.
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5-3-4 Evaluation of the isotope effect on CH-x interactions

In this section, we suggested that weak interactions, such as the dipole-induced dipole
interaction and the induced dipole-induced dipole interaction, contributed to the isotope
effect on the hydrophilic columns. Furthermore, we previously succeeded in confirming
the isotope effect of the CH-x interaction in the C70 column.*? Here, we evaluated the
dependence of the isotope effect of the CH-x interaction on the temperature and dielectric
constant in the same way as the previous sections. Figure 7 shows the chromatograms for
the H/D isotopologue pairs on the C70 column. Although the divided peaks were not
observed for benzene, toluene, and naphthalene, separations at the tops of the peaks were
confirmed for phenanthrene and HMB. In agreement with our previous study, the
protiated analytes were strongly retained on the C70 column but not the hydrophilic
columns. The results showed that the CH-n interaction effected the opposite force
compared to the intermolecular interaction with polar functional groups. Here, we
consider the geometric isotope effect (GIE) contributing towards the CH-r interactions.>*-
0 H/D isotope effects in intermolecular interactions are often caused by the GIE, based
on intermolecular distance. Briefly, the longer bonding distance of C-H bonds could
provide a preferable interaction compared to C-D bonds; thus the CH-n interaction is
slightly stronger than the CD-n interaction. Meanwhile, the covalent bond between a
deuterium and a carbon atom was stronger and had a shorter bonding length than that
between a proton and a carbon atom; therefore, the shorter intermolecular distance allows
the CH-m interaction to be stronger than the CD-n interaction (Figure 8 (a)). Furthermore,
we evaluated AAGe to quantify the isotope effect for phenathrene and HMB (Figure 8
(b)). According to Figure 8, the isotope effect of HMB was slightly greater than that of

phenanthrene. In this case, the n-n interactions with HMB were not competitive because
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of the steric hindrance from the methyl groups®!%; the effect from the CH-n interaction

could then be observed.
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Figure 7. Separations of hte H/D isotopologue pairs of (a) benzene, (b) toluene, (¢)
naphthalene (d) phenanthrene, and (¢) HMB on C70 column.

Conditions: column, C70 column (75.0 cm x 100 pm i.d.); flow rate, 2.0 pL min~';
mobile phase, n-hexane; detection, UV (a), (¢), (d) 254 nm, (b), (¢) 220 nm;
temperature, 25 °C.
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interactions (a) and AAGIE of the aromatic analytes on the C70 column in NPLC.
Conditions: column, C70 column (75.0 cm x 100 pm i.d.); flow rate, 2.0 pL min~';
mobile phase, n-hexane; detection, UV 254 nm (phenanthrene), 220 nm (HMB);

temperature, 25 °C.
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5-3-5 Thermodynamic parameters of isotope effects on CH-z interactions

The temperature dependence of the CH-m interaction was evaluated. The chromatograms
and plots of the separation factors are shown in Figure 9 (a, b) and (c), respectively. In
Figure 9 (c), we employed the quantity 1/aie because of the higher retention of protiated
analytes. Similar to the case of the OH-n interaction, a temperature increase caused a
decrease in the separation factors. Considering Equations 8 and 9, the temperature
alteration did not affect the CH-x interaction, so that the typical van’t Hoff equation could
be applied. Figure 9 (d, ) and Table 3 summarise the van’t Hoff plots and each parameter,
respectively. According to these results, negative values were observed for both TAASIE
and AAH. Therefore, the isotope effects on the CH-m interaction were also caused by

the electrostatic attraction.
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Figure 9. Separation of H/D isotopologue pairs with the C70 column at different
temperature. Chromatograms of (a) phenanthrene and (b) HMB; (c¢) the plots of
separation factors in the C70 column as a function of measured temperature. van’t
Hoff plots of (d) phenanthrene and (¢) HMB in C70 column. Conditions: column,
C70 column (75.0 cm x 100 pm i.d.); flow rate, 2.0 pL. min~!; mobile phase, n-hexane;
detection, UV 254 nm (phenanthrene), 220 nm (HMB); temperature, 25, 30, 35, and
40 °C.
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Table 3. Thermodynamic parameters (7 =25 °C) obtained from van’t Hoff plots with

Silica column.

AAHE TAASE
Phenanthrene -34.47 J / mol -0.09 J / mol
HMB -20.07 J / mol -0.03 J/ mol
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5-3-6 Solvent effects on CH-z interactions

As mentioned above, we proposed that the isotope effect on the CH-m interaction was
caused by the GIE. Following from Equations 8 and 9, this interaction is inversely
proportional to the dielectric constant of the mobile phase. Thus, the retention behaviors
of the H/D isotopologue pairs of phenanthrene and HMB were evaluated with the C70
column using various NAs. As shown in Figures 10 and 11 (a), the separations of the H/D
isotopologue pairs worsened and their separation factors decreased as the dielectric
constant increased. In addition, the rate of the decreases in the separation factor as the
dielectric constant increased for the CH-n interaction was steep in comparison to the
interaction with polar functional groups. This result was caused not only by suppression
of the CH-r interactions but also by competition from the isotope effect due to the dipole-
induced dipole or induced dipole-induced dipole interactions from the longer chains of
the NAs. Briefly, stronger isotope effects from these interactions in the mobile phases
allowed stronger affinities toward the protiated analytes; then, the difference in the
stabilizing energy between the mobile phase (NAs) and stationary phase (C70) became

smaller (Figure 11 (b)).
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Figure 10. Chromatograms of (a) phenanthrene and (b) HMB.

Conditions: column, C70 column (75.0 cm x 100 pm i.d.); flow rate, 2.0 pL min~!;
mobile phase, n-pentane, n-hexane, n-heptane, n-octane; detection, UV 254 nm
(phenanthrene), 220 nm (HMB); temperature, 25 °C.
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Figure 11. Separation behaviors of H/D isotopologue pairs on the C70 column in
various NAs.

(a) the plots of separation factors on the C70 column as a function of 1 / &% (b)
schematic diagram of free energies caused by the CH-n interaction with the C70
column under NAs as mobile phases. Conditions: column, C70 column (75.0 cm X
100 pm i.d.); flow rate, 2.0 pL. min~'; mobile phase, n-pentane, n-hexane, n-heptane,
n-octane; detection, UV 254 nm (phenanthrene), 220 nm (HMB); temperature, 25
°C.
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5-3-7 Separation of isotopologues on the C70 column by complementary
intermolecular interactions

As discussed above, the strength of the isotope effects can be controlled by optimising
the intermolecular interactions with polar functional groups and CH-=n interactions. We
were then finally able to demonstrate an effective isotope separation by employing both
interactions. We utilised the intermolecular interaction with the polar mobile phase and
the CH-m interaction with the stationary phase. In brief, methanol was used as a mobile
phase to cause stronger interactions with the deuterated analytes by OH-n interactions,
and the C70 column was used as a stationary phase to cause stronger interactions with
deuterated analytes by CH-r interactions. To find suitable separation conditions, the flow
rate of the mobile phase was optimised according to the van Deemter plots for the C70
column (Figure 12).%* For comparison, an octadecylsilyl column (ODS column) for
confirming the influence of the effective hydrophobic interactions and a commercially
available LC column for confirming the influence of the effective n-m interactions, PYE®,
in which the spherical silica particles modified with pyrene moieties were packed, were
also employed under the same conditions. The chromatograms with the ODS, PYE, and
C70 columns are summarised in Figure 13. For the ODS column, isotope separation was
not observed, whereas PYE provided a slight H/D separation. The C70 column showed
clear H/D separations of phenanthrene that were almost baseline (1.18 > 1 /o) (Figure
13 (c¢)). These results suggested that the H/D separations in the C70 column with methanol
were not due to the hydrophobic interaction, and preferable H/D separation might be
achieved by the complementary actions of the OH-m interactions in the mobile phase and

CH-m interactions with C70.
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Figure 12. van Deemter plot for C70 column.
Conditions: column, C70 column (75.0 cm % 100 pm i.d.); mobile phase, methanol;
detection, UV 254 nm; temperature, 25 °C.
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Figure 13. Separation behaviors of H/D isotopologue pairs in ODS, PYE, and C70
column with methanol as a mobile phase. (a), (b), (¢) Chromatograms of
phenanthrene H/D isotopologue pairs in (a) ODS, (b) PYE®, and (c¢) the C70
columns, (d) separation factors of phenanthrene and HMB in each column.
Conditions: column, (a) Mightysil-C18 column (Kanto Chemicals, 150 mm x 4.6 mm
i.d.), (b) PYE (Nacalai Tesque, 150 mm X 4.6 mm i.d.) and (c) C70 column (75.0 cm
x 100 pm i.d.); flow rate, (a), (b) 0.5 mL min, (¢) 0.8 pL min~!; mobile phase,
methanol; detection, UV 254 nm (phenanthrene), 220 nm (HMB); temperature, 25
°C.
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5-4 Conclusions

In order to understand the H/D isotope effect based on the intermolecular interactions
with polar functional groups and aromatic rings, liquid chromatography experiments were
conducted under various conditions. The intermolecular interaction with polar functional
groups affected the deuterated isotopologues significantly more than the protiated
isotopologues. Furthermore, the 1*C NMR spectra of the H/D isotopologues and the van’t
Hoff evaluations suggested that the isotope effect of the intermolecular interaction with
polar functional groups was based on the electrostatic OH or NH-rx interaction, in which
the aromatic rings of the H/D isotopologues acted as donors to the protons of the polar
functional groups in the hydrophilic stationary phases. Furthermore, NPLC evaluation of
the C70 column suggested that the CH-mt interaction showed an isotope effect opposite to
that based on the GIE. Finally, we successfully demonstrated the effective H/D separation
of phenanthrene by introducing the complementary isotope effect to the OH-x interaction
and CH-m interaction. we believe that the isotope effect based on these weak
intermolecular interactions can be useful for the effective and rapid separation of H/D

isotopologues.
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Chapter 6

Differentiating w Interactions by Constructing
Concave/Convex Surfaces Using a Bucky Bowl Molecule,

Corannulene in Liquid Chromatography

6-1 Introduction

The 7 interaction is a type of non-covalent interaction with aromatic compounds, and
plays an important role in the molecular recognition processes in biological systems and
organic functional materials.X™ For example, Nakagawa et al. revealed an oncogenic
promoter recognition mechanism caused by the CH-x interaction between kinase C and
indole-V derivatives.® Recently, many studies suggest that the m interaction is
profoundly involved in photo and electronic behaviors of organic functional materials.
Okamoto et al. developed organic transistors based on a laminating n-7 interaction,
which exhibited ten times higher electron mobility than conventional transistors.” Wu et
al. developed an organic thin film capable of regulating visible singlet and near infrared
triplet emissive properties by CH-m interaction-assisted self-assembly.® As can be
observed by these and many other reports, a deep understanding and the ability to
control 7 interactions will greatly facilitate the development of new functional
materials.

The bowl-shaped m-conjugated molecule, known as the “bucky bowl” and first
synthesized by Barth and Lawton in 1966, has attracted much interest because of its

many unique properties including hemispherical structure,’® large dipole moment,!!
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high electron acceptability,*>** and bowl to bowl inversion.**® The bucky bowls have
been widely used in the synthesis of new functional materials.’®!" For example, Sygula
et al. designed a clip as a fullerene host, in which two bucky bowl units were connected
through a rigid benzo cyclooctatetraene linker.'® Mack et al. synthesized extended
bucky bowl m-systems having potential applications as blue emitters in OLEDs.®
Despite the outstanding properties of bucky bowls and increased research interest, very
little is known regarding the precise mechanism of the m interactions. A comprehensive
understanding of « interactions from n-conjugated structures is vital to the development
of bucky bowl-based high performance functional materials.

It is challenging to study 7 interactions especially in the presence of other molecular
interactions because © interactions are much weaker than most molecular interactions,
such as hydrophobic interaction, hydrogen bonding, and electrostatic bonding.
Computational approaches to study molecular interactions using quantum mechanical
models have seen much progress in recent years due to the significant improvement in
both algorithms and computing power.?>2 These calculations, however, only generate
theoretical hypotheses that still need experimental verification. Nuclear magnetic
resonance (NMR) spectroscopy, which has been successfully applied to study strong
molecular interactions such as H bonding, often lacks sufficient sensitivity to detect the
weak 7 interaction.?*%" There is still no straightforward experimental methods that can
directly determine 7 interaction.

High performance liquid chromatography (HPLC) is a powerful separation technique
that is able to distinguish the partition coefficients of solutes between the mobile and
stationary phases and can sensitively reflect the strength of molecular interactions.

Using HPLC, Kimata et al. determined the difference of strength in m interactions
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between allotropes by studying the retention behavior of fullerene allotropes in
pyrenylethyl-modified columns 28 In another study, Chen et al. evaluated the influence
of metal species on the strength of m-m interactions using metallo protoporphyrins
covalently-linked silica surface.?® In previous studies, Kubo, T. et al. successfully
immobilized Ceo-fullerene (C60) and Cgro-fullerene (C70) onto a silica-monolithic
capillary and evaluated the characteristics of m interactions of fullerenes.3®34 In these
studies, we succeeded in separating several polycyclic aromatic hydrocarbons (PAHS)
by the effective n—m interactions. We also showed that fullerenes exhibited specific n—n
interaction with corannulene resulting from the hemispherical recognition and induced
dipole of fullerenes.

In this study, we developed new Crn-coated silica monoliths for the precise
understanding of 7 interactions on the curved m-conjugated surface using LC. Crn is
known to have convex and concave surfaces,®>% which is expected to lead to different
molecular recognition at each surface. Towards this end, we developed two kinds of
Crn-functionalized silica monoliths, namely, Crn-ester column and Crn-PFPA
(perfluorophenyl azide) column. The Crn-ester column was prepared from a Crn
derivative that was edge functionalized with a -CH.OH group, which was then
conjugated to a carboxy-functionalized silica monolith. It was anticipated that both
surfaces of the Crn structure could interact with solutes ¥ in the Crn-ester column. The
Crn-PFPA column was prepared from a Crn derivative that was functionalized with
PFPA to form an azridine on a spoke of Crn.*® In this case, the aziridine structure
suppresses the inversion of convex—concave surface by asserting large steric hindrance
on the concave surface, thus only the concave surface of Crn structure could interact

with solutes. Using these two new columns, we evaluated the strength of © interactions
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between Crn and several PAHs by normal phase liquid chromatography (NPLC), in
which hydrophobic interaction was completely reduced and thus & interaction could be
examined *. To further understand the n-7 interactions between Crn structure on the
stationary phase and Crn as a solute, computational simulations were carried out. In
addition, *H-NMR spectroscopy was employed to examine the interaction between Crn
and coronene in details. This represents the first report that evaluates the shape-based
specific interactions on m-conjugated hemispherical surface and multiple CH-n

interactions in bucky bowls.
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6-2 Experimental Section

6-2-1 Materials

Acetone, diethyl ether, magnesium sulfate, sodium hydroxide, dichloromethane,
chlorobenzene, toluene, ethyl acetate, methanol, tetrahydrofuran, n-hexane, and
chloroform were purchased from Nacalai Tesque (Kyoto, Japan). Methyl
pentafluorobenzoate, diethyl amine, urea, acetic acid, 3-aminopropyltrimethoxysilane
(APTMS), [3-(trimethoxysilyl)propyl]succinic anhydride (TMSPSA), 2.6-lutidine,
N,N'-dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP) and
polycyclic aromatic hydrocarbons (PAHs) were from Tokyo Chemical Industry (Tokyo,
Japan). Sodium azide, N-hydroxysuccinimide (NHS),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC), titanium (IV) chloride
(TiCls), dichloromethyl methyl ether and sodium borohydride were acquired from
Wako Pure Chemical Industries (Osaka, Japan). Polyethylene glycol (PEG) (Mn =
10,000), Crn, C60 and C70 were purchased from Sigma-Aldrich Japan (Tokyo, Japan).
Deionized water was obtained from a Milli-Q Direct-Q 3UV system (Merck Millipore,
Tokyo, Japan). A COSMOSIL PYE® and atNAP® was purchased from Nacalai Tesque,

and a fused-silica capillary from Polymicro Technologies Inc. (Phoenix, AZ).

6-2-2 Instruments

The capillary liquid chromatographic system consists of a DiNa S (KYA Technologies
Co., Tokyo, Japan) as the pump, CE-2070 (JASCO, Tokyo, Japan) as the UV detector,
CHEMINERT (Valco Instruments Co., Huston, TX) as the sample injector, and
Chemco capillary column conditioner Model 380-b (Chemco Co. Osaka, Japan) as the

column oven. The HPLC system is a Prominence series (Shimadzu Co., Kyoto, Japan).
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FT-IR, NMR, elemental analysis, and direct analysis in real time mass spectroscopy
(DARTMS) were carried out on a Nicolet iS5 ATR (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), JNM-ECA500 spectrometer (JEOL, Tokyo, Japan), Flash

EA1112 (Thermo Fisher Scientific), and DART (JEOL), respectively.

6-2-3 Synthesis of hydroxymethyl-substituted Crn (Crn-CH>OH)

Derivatization of corannulene with the hydroxymethyl group was carried out according
to the reported procedures (Scheme 1-(a)). Briefly, Crn (100.0 mg, 0.40 mmol) and
dichloromethyl methyl ether (0.20 mL, 2.25 mmol) were dissolved dichloromethane (50
mL). The mixture was added dropwise under N2 atmosphere to a solution of TiCls (0.25
mL, 2.28 mmol) in dichloromethane (5 mL) at 0 °C, stirred at 0 °C for 1 h and then at
room temperature for 20 h. After completion of the reaction, the mixture was poured
into water and extracted with dichloromethane. The organic phase was dried over
sodium sulfate, and the filtrate was concentrated under vacuum. The product, Crn-CHO
(50 mg, 0.18 mmol), was dissolved in THF/methanol 1/3 v/v (100 mL) together with
NaBH4 (18.0 mg, 0.47 mmol), and the mixture was stirred at room temperature for 2 h
under N2 atmosphere. The mixture was poured into water, extracted with
dichloromethane, dried over sodium sulfate, and concentrated under vacuum. The crude
was finally purified by silica-gel column chromatography using toluene/ethyl acetate
4/1 (v/v) as the eluent to give Crn-CH>OH (25.6 mg, 50.6% yield). Crn-CH>OH was

characterized by FT-IR, DARTMS and 'H NMR. '"H NMR (400 MHz, CDCl5).
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6-2-4 Synthesis of Crn-PFPA-NHS
4-azido-2,3,5,6-tetrafluorophenyl succinate (PFPA-NHS)

Methyl pentafluorobenzoate (MPFB, 18.3 mmol) and sodium azide (20 mmol) was
dissolved in water/acetone = 5/12 (v/v), and the mixture was stirred at 120 °C for 20 h
under N> atmosphere. After extraction with diethyl ether and dried over sodium sulfate,
the solvent was evaporated to give PFPA-CO>CHj3. Then, the residue was dissolved in
methanol/10% NaOH aq. = 4/1 (v/v), and the mixture was stirred at room temperature
for 30 min. After neutralization with 6 M HCIl to pH ~1, the solution was extracted with
chloroform, the organic layer was dried over sodium sulfate, and the solvent was
removed. The product (PFPA-CO;H, 17.4 mmol) was dissolved in dichloromethane
with EDAC (17.2 mmol) and NHS (17.2 mmol), and the mixture was stirred at room
temperature for 16 h under N> atmosphere. The mixture was washed with water to
remove unreacted EDAC and NHS. The chloroform layer was dried over sodium sulfate
and the solvent was removed. Finally, 4-azido-2,3,5,6-tetrafluorophenyl succinate
(PFPA-NHS) was obtained after purification by silica-gel column chromatography with

dichloromethane as the eluent.

Synthesis of Crn-PFPA-NHS

Crn was first derivatized with PFPA-NHS, which was then conjugated to silica
monolith by amide coupling. 4-Azido-2,3,5,6-tetrafluorophenyl succinate (PFPA-NHS)
was synthesized as described in Chapter 2. PFPA-derivatized Crn was synthesized
following Scheme 1-b. In brief, Crn 40.0 mg (0.16 mmol) and PFPA-NHS 79.7 mg
(0.24 mmol) were dissolved in chlorobenzene (20 mL). After bubbling with N> for 3

min, the mixture was stirred at 108 °C for 120 h. After silica-gel chromatography using
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hexane/toluene/ethyl acetate =20/20/1 (v/v/v) as the eluent, the title product
(Crn-PFPA-NHS) was isolated (3.20 mg, 5.77 umol, 3.61% yield against Crn). For
structural determination, we prepared Crn derivatized with PFPA-CO,CHj3, which can
be more conveniently synthesized than Crn-PFPA-NHS, according Scheme 1-(b). Crn
(20.0 mg, 0.16 mmol) and PFPA-CO>CH3 (59.8 mg, 0.24 mmol) were dissolved in
chlorobenzene (20 mL). After bubbling in N> for 3 min, the mixture was stirred at 108
°C for 120 h. After column chromatography using hexane/toluene/ethyl acetate
=20/20/1 (v/v/v) as the eluent, the product (Crn-PFPA-CO,CH3) was isolated (5.48 mg

11.6 pmol, 7.27% yield against Crn).
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‘NHS: N-hydroxysuccinimide
“EDAC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

Scheme 1. Synthesis of (a) Crn-CH20OH, (b) Crn-PFPA-CO2CHs and
Crn-PFPA-NHS.

6-2-5 Preparation of carbon material-coated column
Preparation of silica-monolithic capillary

A fused-silica capillary (2-3 m in length) was treated with a 1.0 M aqueous sodium
hydroxide solution at 40 °C for 3 h. Then, the capillary was washed with water and
acetone, and dried. TMOS (56 mL) was added to a solution of PEG (11.9 g) and urea
(9.0 g) in 0.01 M acetic acid (100 mL), and the mixture stirred at 0 °C for 30 min. The
resulting homogeneous solution was charged into the fused-silica capillary and
remained at 30 °C overnight. The resulting monolithic silica column was treated for 3 h
at 120 °C to form mesopores with ammonia generated by the hydrolysis of urea,
followed by water and methanol washes. After drying, a heat treatment was carried out

at 330 °C for 25 h, resulting in the decomposition of the organic moieties in the

capillary.
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Surface modification of silica monolith with Crn-CH20H

The silica-monolithic capillary, which was prepared by the same method as the
previous study, was treated with 1.0 M aqueous HCI at 40 °C for 3 h. After washing
with water, methanol, THF and toluene, [3-(trimethoxysilyl)propyl]succinic anhydride
(TMSPSA) / 2,6-lutidine / toluene = 20/1/100 (v/v/v) was passed through the
silica-monolithic capillary at 40 °C for 24 h, and washed with toluene and THF. Then
THF / water = 1/1 (v/v) was passed through the silica-monolithic capillary for 24 h at
100 °C, and washed with THF and toluene to give carboxy-functionalized
silica-monolith. Afterwards, a mixture of Crn-CH>OH (1.0 mg, 3.58 pumol), DCC (2.0
mg, 9.69 umol) and DMAP (1.2 mg, 9.82 umol) in toluene (1 mL) was charged into the
CO2H-modified silica column for 24 h at room temperature, and washed with toluene to
give the Crn-ester column (see Scheme 2-(a)). A control was also prepared by treating
COzH-modified silica monolith in a similar manner except without Crn-CH2OH to give

the Ester column.

Surface modification of the silica monolith with Crn-PFPA-NHS

The silica-monolithic capillary was treated with 1.0 M aqueous HCI at 40 °C for 3 h,
and washed with water and methanol. It was then filled with APTMS in methanol (10%,
v/v), remained at room temperature for 24 h and then washed with methanol to give
NH,-modified silica monolith. A solution of Crn-PFPA-NHS in toluene (1.0 mg mL™)
was charged into the NH>-modified column. After remaining at room temperature for 24
h, the column was washed with toluene and methanol to give the Crn-PFPA column
(see Scheme 2-(b)). A control was prepared by charging the NH2-modified silica

monolith with PFPA-NHS in toluene (1.0 mg mL™) at room temperature for 24 h, and
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washing with toluene and methanol to give the PFPA column. Additionally, C60
column and C70 column were prepared following the protocols in Chapter 2. The

detailed preparation procedures are described in Scheme 3.

O
B
_TMSPSA ‘QV\%water/THF—1/1 ) \’\fgﬁ? DCC, DMAP J\/\ngﬁ.
e

40024h 100°C, 24 h ,. L ) 40°C,24 h
B T Rty
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40°C, 24 h ) J'V\%LB’

h AR

Ny o.
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'\‘

|'\/\N

room temp. 24 h Ns

o O
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Scheme 2. Preparation of (a) Crn-ester and Ester columns, and (b) Crn-PFPA and
PFPA columns.
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C70-PFPA-NHS

C70-PFPA column -

Scheme 3. Preparation of C60/C70 column.

6-2-6 Computational methods

To obtain the initial 3D molecular coordinates of each molecule, Chem3D version 7.0
was used. 4b initio calculations using Gaussian 03 were performed on a Linux Cluster.
All geometrical optimizations were carried out by using the RB3LYP/3-21G basis set.
Calculations of charges based on Merz-Singh-Kollman were carried out by using the
B3LYP/3-21G basis set, which can be applied to large molecules. This method required
no significant calculation time. During ab initio calculations, all internal coordinates
were optimized by means of the Berny algorithm, and convergence was tested against
criteria for the maximum force component, root-mean-square force, maximum

displacement component, and root-mean-square displacement.
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6-3 Results and Discussion

6-3-1 Preparation of Crn-modified silica monoliths

Two types of Crn derivatives were used to construct the columns: one was edge
functionalized with hydroxymethyl (Crn-CH20H) and the other was functionalized
PFPA-NHS (Crn-PFPA-NHS) (Scheme 1). Crn-CH,OH was synthesized by first
reacting Crn with an excess amount of dichloromethyl methyl ether in the presence of
TiCls at room temperature for 24 hours to give the aldehyde derivative Crn-CHO, which
was then reduced with NaBH4 to give Crn-CH.OH in an overall 51% yield ¥
Crn-CH,OH was characterized by FT-IR, DARTMS and 'H NMR. 'H NMR (400 MHz,
CDCl3): 0 = 8.1 (d, 1 H, OH), 8.20 (m, 9 H, aromatic), 5.3 (s, 2 H, CHz) ppm.

DARTMS: calcd. for C21Hi20 [M]" 280.10, found 280.03 (Figures 1-3).

50 %

Crn

Crn-CHO

Crn-CH,OH

Transmittance / %

3500 2500 1500 500
Wavelength / cm™

Figure 1. FT-IR spectra of Crn-CH20H and its precursors. All spectra were
obtained using an ATR attachment. See Scheme 1 for compound structures.
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Figure 2. DARTMS spectrum of Crn-CH20H.
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Figure 3. TH-NMR spectrum of Crn-CH20OH. The spectrum was obtained in CDClI3
as the solvent.
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PFPA-derivatized Crn, Crn-PFPA-NHS, was synthesized by heating Crn with
PFPA-NHS in chlorobenzene at 108 °C for 5 days. PFPA undergoes cycloaddition with
double bonds to form aziridine structures. Perfluorination of phenyl azide lowers the
LUMO of the azide, facilitating its reaction with dipolarophiles and electrophiles’.

PFPAs have also demonstrated good reactivity towards carbon materials such as

30,40 1 42-44

fullerenes®®*°, carbon nanotubes *' and graphene which are otherwise quite inert
chemically. There are four types of double bonds in Crn, and therefore four different
products are possible from the reaction with PFPA (Figure 4). To facilitate structure
determination of the product, a PFPA methyl ester, PFPA-CO,CHs, was used as a
model compound for its simpler structure than PFPA-NHS. The aliphatic region of the
'H NMR spectrum of the product only showed the methyl peak from PFPA-CO,CHg,
thus ruling out the arizidine products from the addition to the flank and rim of Crn (B

and D, Figure 4).

spoke —

flank -~

Figure 4. Possible products in the reaction between PFPA-NHS and Crn.
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Crn-PFPA-CO>CHj3 was characterized by FT-IR, DARTMS, 'H NMR and '*C NMR. 'H
NMR (400 MHz, CDCl): 6 = 7.9-7.7 (complex, 10 H, aromatic), 4.0 (s, 3 H, CH3) ppm.
13C NMR (101 MHz, CDCls): 6 = 130-115 (CH, aromatic), 52 (CHjs, methyl) ppm.
DARTMS: calcd. for C2sHi3sNO2F4 [M+H]" 472.40, found 472.03 (Figures 5-8). The H
NMR spectrum of the product showed the peak patterns in the aromatic region (Figure
7) that support the structure of spoke addition (A, Figure 4, i.e., Crn-PFPA-CO2CHa)
rather than hub addition (C, Figure 4). The product was furthermore characterized by
DEPT 3C NMR (Figure 8). The structure assignment is additionally confirmed by
simulations. Computation of the orbital energies of PFPA and Crn supports the reaction
between the LUMO of the azide in PFPA and the HOMO (Figure 9, 10). Results of the
stabilization energy computed from the Hartree—Fock (HF) method indicated that the
most stable structure is structure A, which is consistent with our experimental data

(Table 1).
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Figure 5. FT-IR spectra of Crn-PFPA-CO2CH3s and its derivatives. All spectra
were obtained using an ATR attachment. See Scheme 1 for compound structures.
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Figure 6. DARTMS spectrum of Crn-PFPA-CO2CHs.
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Figure 7. *H-NMR spectrum of Crn-PFPA-CO2CHs. The spectrum was obtained
in CDCls as the solvent.
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Figure 8. 13C-NMR spectrum of Crn-PFPA-CO2CHa. The spectrum was obtained
in the DEPT mode using CDCls as the solvent.
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(b)

HOMO: -0.35731 a.u. LUMO: 0.05157 a.u.

Figure 9. HOMO, LUMO and their orbital energies of (a) Crn, (b) PFPA-NHS.

Table 1. Stabilization energy of the possible products from the reaction of Crn and
PFPA. See Figure 4 for structures. SCF, the self-consistent field method, is the
same as the Hartree—Fock (HF) method.

Candidates SFC energy / a. u. A E / kcal mol?
A -1988.4822 21.42
B -1988.4573 37.04
C -1988.4573 37.04
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Figure 10. Orbital energies of Crn and PFPA.
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These Crn derivatives were then conjugated to CO>H- or NHx-functionalized silica
monolith by esterification or amidation to give the Crn-ester column and Crn-PFPA
column, respectively (Scheme 2). Columns that were modified with only the linkers,
Ester column and PFPA column (Scheme 2), were also prepared and used as controls.
Figure 11 (a) shows the surface structure of the stationary phase in Crn-ester column,
Crn-PFPA column, ester column and PFPA column.

Corannulene is highly hydrophobic, and when immobilized on silica monoliths, is
expected to show strong affinity to hydrophobic compounds in hydrophilic solvents. In
order to confirm that the © interaction is present in Crn-immobilized columns and can
change their retention properties, the retention behaviors of alkylbenzenes (ABs) and
PAHs were evaluated with typical reverse phase LC.

Figure 11 (b) plots the retention factor k (k = (tr—to / to; tr, retention time of a solute; to,
elution time of non-retained solute (acetone)) of different AB and PAH in these
columns vs. the water/octanol partition coefficient (Log Pow), which indicates the
hydrophobicity of the molecule. When the columns were modified with Crn (i.e.,
Crn-ester and Crn-PFPA columns), they showed stronger retention of ABs than other
columns. Log k increased linearly with Log Pow. Additionally, Crn-ester column and
Crn-PFPA column showed stronger retention for hydrophobic PAHs, while this was not
observed on the control columns (Ester and PFPA columns) that were not modified with
Crn. The results confirmed the existence of the hydrophobic interaction and =
interaction derived from the Crn structure. Furthermore, these results clearly
demonstrated the successful immobilization of Crn on Crn-ester and Crn-PFPA

columns.
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Figure 11. (a) Surface structure of the stationary phase in Crn-ester column,
Crn-PFPA column and the controls, Ester column and PFPA column. (b) Log k vs.
log Po/w in each column. Condition: Crn-ester column (32.0 cm x 100 mm i.d.),
Crn-PFPA column (32.0 cm x 100 mm i.d.), Ester column (32.0 cm x 100 mm i.d.),
PFPA column (32.0 cm x 100 mm i.d.); flow rate, 2.0 pL. min~!; mobile phase, water
/ methanol =1/ 9; detection, UV 254 nm; temperature 40 °C.
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6-3-2 Retention selectivity for hemispherical structure

In Chapter 2, C60 and C70 showed higher recognition for Crn than typical planar PAH
structures owing to the specific n-n interaction between the spherical m-conjugated
surfaces 3132, We expect that Crn-modified silica monoliths should show similarly
spherical recognition owing to the hemispherical structure of Crn. To test the hypothesis,
we included benzo[a]pyrene, which has the same number of & electrons as Crn but has a
planar structure rather than the hemispherical structure in Crn, and evaluated the elution
behavior of Crn and benzo[a]pyrene using Crn modified silica monoliths. For a
comparison, C60 and C70 columns, and commercially available LC columns that are
known for their effective © interaction (PYE and tNAP (Nacalai Tesque, Kyoto, Japan))
were tested under the same conditions.

Chromatograms of the mixed sample of Crn and benzo[a]pyrene on each column are
shown in Figure 12. On the commercially LC columns PYE and nNAP, there were no
differences in the strength of m interactions between Crn and benzo[a]pyrene, likely due
to the small-planar n-conjugated structure that are used to modify the columns (Figure
12 (a)). On the other hand, fullerene-modified silica monoliths showed stronger
retention for Crn than that of benzo[a]pyrene, which can be attributed to spherical
recognition (Figure 12 (b)). Surprisingly, Crn-modified silica monoliths showed lower
retentions for Crn than benzo[a]pyrene (Figure 12 (c)). This result implies a
significantly lower interaction between Crn structures themselves than their interaction
with fullerene. A previous study showed repulsion of Crn with hemispherical structures
despite its hemispherical structure, which was attributed to the presence of
intramolecular dipole as one of the major differences between fullerene and Crn.!! In

Chapter 2, we confirmed that the effective retention of Crn on C70 column was caused
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by the dipole of Crn inducing dipoles in C70 *2. Hence, we hypothesize that the

repulsion between the hemispherical structure of Crn is caused by the dipole moment.
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Figure 12. Chromatograms of the mixed sample of Crn and benzo[a]pyrene on (a)
nNAP (Nacalai Tesque, 50 mm X 2.0 mm i.d.), SPYE (Nacalai Tesque, 150 mm x 4.6
mm i.d.), (b) C60 column (32.0 cm x 100 mm i.d.), C70 column (32.0 cm x 100 mm
i.d.), (¢) Crn-ester column (32.0 cm x 100 mm i.d.), Crn-PFPA column (32.0 cm x
100 mm i.d.). Condition: flow rate, (a) 2.0 mL min~', (b), (¢c) 2.0 pLmin'; mobile

phase, chloroform / n-hexane = 3 / 7; detection, UV 254 nm; temperature 40 °C.

A computational simulation was carried out in order to understand the charge state of
each carbon atom on Crn and Crn derivatives. Figure 13 shows the charge on each
carbon atom and the charge distribution in Crn and Crn derivatives. The carbon atoms in
Crn exhibited alternating negative and positive charges (Figure 13 (b) and (c¢)). Cm
derivatives exhibited similar trend, with the exception of those carbon atoms that were

functionalized (C3, and to a lesser extent C2 and C4 in Crn-CH,OH; C1 and C2, and to
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a lesser extent C3 and C4 in Crn-PFPA, Fig. 13 (b)). As such, if Crn in the mobile phase
overlaps with the Crn structure on the stationary phase, electrostatic repulsions would
occur between their dipole moments. In this case, Crn-modified silica monoliths would
not be able to interact with Crn in the mobile phase due to the electrostatic repulsion
resulting from the same arrangements of atomic charges in the Crn structures. Similar
result was reported by Wang et al. that neighboring Crn structures were not completely
stacked in the crystal structure, which is consistent with our observation *.
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@ ¢
’; Q{b (@)
cm ° Cm-CH,OH Cr-PFPA-NHS
(b) (c)
0.8 _E' Cm Atomic charge
® [0 Cm-CH,0H Negative EEE———— Positive
° A Crn-PFPA-NHS Color range; —0.2~0.2
% 05 f .
©
<
o
o 02 r
£
)
< 0.1
0.4 cm Cm-CH,0H  Crn-PFPA-NHS

0 5 10 15 20
Coordinated number of carbon atoms

Figure 13. Computer simulations of Crn and Crn derivatives. (a) The numbering
of carbon atoms, (b) atomic charges of carbon atoms, (c¢) charge distribution. The
C atoms are numbered such that they remain the same in all Crn structures.
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Based on the above results, we hypothesize that intramolecular dipoles in aromatic
compounds could decrease the strength of m-m interactions with other polar aromatic
compounds resulting from charge repulsion. To test this, we evaluated separation
behaviors between the non-polar naphthalene and the polar azulene *°, both of which are
of planar structures and have the identical number of & electrons.

The chromatograms of the mixed sample of naphthalene and azulene, together with the
separation factor and retention factor on each column are shown in Figure 14 (a-d) and
Figure 14 (e), respectively. From the chromatograms, it can be seen that the elution
trend was slightly different. The fullerene- modified columns showed higher retention to
azulene, whereas Crn-modified columns showed relatively stronger retention to
naphthalene although the retention order was same in both columns. These data
suggested fullerene interacts stronger with azulene than naphthalene, and Crn interacts
stronger with naphthalene than azulene, a result that implied additional dipole-induced
interactions in addition to n-r interaction. We found that Crn-modified silica monoliths
showed weaker retention and lower selectivity to azulene than the fullerene-modified
columns. On the other hand, Crn-modified silica monoliths exhibited stronger retentions
than fullerene-modified columns for naphthalene due to intramolecular dipoles in Crn
structures and induced dipole in naphthalene. Thus, we suggest that polar aromatic
compounds showed lower affinity to other polar aromatic compounds than nonpolar

compounds regardless of plane or curved structures.
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Figure 14. Chromatograms of the mixed sample of naphthalene and azulene on (a)
C60 column (32.0 cm x 100 mm i.d.), (b) C70 column (32.0 cm x 100 mm i.d.), (¢)
Crn-ester column (32.0 cm x 100 mm i.d.), (d) Crn-PFPA column (32.0 cm x 100
mm i.d.), (e¢) retention factors and separation factors between azulene and
naphtahlene on each column. Condition: flow rate, 2.0 pLmin'; mobile phase,
n-hexane; detection, UV 254 nm; temperature 40 °C. Separation factor on each
column was calculated as follows; Separation factor = Kazutene/Knapthalene.
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6-3-3 Retention behaviors of PAHs with different & electron numbers

In the last section, we clarified the interaction of Crn with polar aromatic compounds
and elucidated the retention behavior based on the nature of charge interactions. In this
section, we evaluate the retention selectivity of non-polar and planar PAHs in
Crn-modified silica monoliths. The typical chromatograms obtained by normal phase
mode of PAHSs, including phenanthrene, pyrene, chrysene, benzo[a]pyrene, and
coronene are shown in Figure 15 (a) and (b). Both Crn-ester and Crn-PFPA columns
strongly retained PAHs. The retention increased with the number of m electrons, and
showed high separation resolution owing to the strong n-m interaction. To demonstrate
the retention selectivity in the Crn-modified silica monoliths, the retention factor for
each PAH is plotted against the number of & electrons. As shown in Figure 15 (c), PAHs
were retained in Crn columns slightly better than other columns, which can be attributed
to the dipole of Crn. Interestingly, in both Crn-ester and Crn-PFPA columns, coronene
was significantly retained compared to other planar PAHs, whereas a linear relation was
observed for all the PAHs in the C60, C70, PYE and aiNAP columns. Especially, the
retention of coronene was much higher in Crn-PFPA column than in Crn-ester column.
In Crn-PFPA, since PFPA derivatization occurs on the spoke of Crn (Scheme 2b), only
the concave surface of Crn structure in Crn-PFPA column could interact with coronene
because of the large steric hindrance of nitrogen atom on the concave surface. In
Crn-ester column, however, because the derivatization occurs at the edge of the
structure, both concave and convex surfaces of the Crn structure could interact with

coronene.
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Figure 15. Retention behaviors of nonpolar and planar PAHs in Crn-modified
silica monoliths. Chromatograms of the mixed sample of PAHs on (a) Crn-ester
column, (b) Crn-PFPA column. (c) Plots of retention factor on each column vs. the
number of 7 electrons in PAH. Condition: column, C60 column (32.0 cm x 100 mm
i.d.), C70 column (32.0 cm x 100 mm i.d.), Crn-ester column (32.0 cm x 100 mm
i.d.), Crn-PFPA column (32.0 cm x 100 mm i.d.), tNAP (Nacalai Tesque, 50 mm x
2.0 mm i.d.), SPYE (Nacalai Tesque, 150 mm x 4.6 mm i.d.); mobile phase,

n-hexane; detection, UV 300 nm; temperature 40 °C.
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To elucidate the additional intramolecular interactions between coronene and Crn
structures, the '"H NMR spectra of Crn-CH>OH or Crn-PFPA-CH>OCH3 in the presence
of coronene were recorded and compared to those of coronene or the Crn derivatives.
No significant peak shifts were observed in either coronene or Crn-CH>OH when the
two molecules were mixed (Figure 16 (a)). However, when coronene was mixed with
Crn-PFPA-CH2OCHs3, the aromatic peaks in Crn-PFPA-CH>OCHj3 shifted upfield and
the width of several peaks were also broadened, while no shift was observed for the

methyl protons.
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Figure 16. "H NMR spectra of coronene, Crn derivatives, or their mixture in
CDCls. (a) Crn-CH:0H with/without coronene, (b) Crn-PFPA-CH20CH3

with/without coronene.
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In general, m interactions can be interfered by polar molecules such as halogenated
compounds, thus the interaction between Crn and coronene may not be fairly evaluated
in chloroform. In fact, the retentions due to & interactions were dramatically decreased
by adding chloroform to the mobile phase in LC 34 Therefore, to better evaluate the
chemical shifts in NMR, we added n-hexane-d14 to chloroform-d because © interactions
appear more strongly in n-hexane, due to its lower dielectric constant, than in
chloroform. As expected, significant shifts of the aromatic protons in both coronene and
Crn-PFPA-CH2OCH3 were observed in n-hexane-d14/chloroform-d. As shown in Figure
17, the aromatic peak in coronene shifted downfield after mixing with
Crn-PFPA-CH,OCH3, whereas all Crn aromatic protons in Crn-PFPA-OCH3 shifted
upfield. In addition, these peaks were bifurcated and broadened. These drastic changes
suggest the presence of extremely strong intermolecular interactions. Thus, the protons
on the Crn structure were placed in a more electron rich environment (i.e., more
shielded), whereas the protons on coronene were placed in a more electron poor
environment (i.e., less shielded). In other words, as the Crn structure approached the ©
conjugated surface of coronene, it attracted the m electrons in coronene making its
aromatic protons more shielded*’.

This is likely mediated by the strong electron-withdrawing PFPA on
Crn-PFPA-CH,OCH3, which pulls the electron density away from Crn, and
subsequently coronene. Briefly, strong CH-m interaction at multiple points working
between the hydrogen atom of Crn and the aromatic ring of coronene was confirmed.
Matsuno et al. recently reported multipoint and strong m interaction between
(P)-(12,8)-[4]cyclo-2,8-chrysenylene, which is a cylindrical molecules made of linked

chrysen structure in a hoop-like structure, and Crn. These results are also strongly
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supported from this report.*s
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Figure 17. '"H NMR spectral comparisons of coronene, Crn-PFPA-CH20CH3 or
their mixture in hexane-d14/chloroform-d = 1/1.
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Figure 18 shows a schematic diagram illustrating the m interaction of coronene with

Cm in Cm-ester or Crn-PFAP column. On the Crn-ester column, Crn was

edge-functionalized and the linker is away from the Cr surface. As such, both concave

and the convex surfaces of Crn can interact with coronene. On the Crn-PFPA column,

because the modification by PFPA occurs on the spoke of Crn, the strong steric

hindrance puts the PFPA group on the convex surface of the Crn structure. This leaves

mainly the concave surface of Crn to interact with coronene. The fact that the Crn-PFPA

column had significantly higher retention for coronene than the Crn-ester column

demonstrate that the CH-n interaction on this concave surface is much stronger than the

interaction from both surfaces in Crn-ester.

Crn-ester

Figure 18. Schematic diagram of m interaction between coronene and Crn in

Crn-ester or Crn-PFPA column.
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6-3-4 Shape recognition

We show in last section that both convex and concave surfaces of the Crn structure
contributed to the molecular recognition in the Crn-ester column, while only the
concave surface of the Crn structure contributed in the Crn-PFPA column. To
investigate whether the shape recognition plays a role, we evaluated the retention
selectivity of naphthacene and triphenylene, which are planar aromatic compounds that
have the same number of « electrons and the only difference is the molecular shape. The
chromatograms obtained by normal phase mode of naphthacene and triphenylene are
shown in Figure 19. Interestingly, the elution order was reversed; triphenylene eluted
faster than naphthacene on the Crn-ester column, while the opposed result was obtained
on the Crn-PFPA column.

To investigate the difference in shape recognition, we consider the difference in the
polarizability of these PAHs. In the case of nonpolar molecules in m interaction, the
strength of & interaction is considered to be due to induced dipole—dipole interaction or
induced dipole—dipole interaction **°. The potential energy of induced dipole—induced
dipole interaction is given as follows:

Ginduced dipole—dipole = — M2t/ (4mege,)?r®
The potential energy of induced dipole—dipole interaction is given as follows:
Ginduced dipole-induced dipole = — A1,/ (41ege,)?r®
where, u is the dipole moment of polar molecules, a are polarizabilities of the molecules,
€o 1s the permittivity of vacuum, & is the permittivity of the solvent, and r is the distance
between the molecules, respectively 2. In this case, the strength of m interaction
increases as the polarizability of the solute increases.

Then, we consider that the difference in shape recognition was caused by the
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polarizability of these PAHs. The polarizability of PAHs was summarized in Table 2,
and the polarizability is plotted against the number of 7 electrons (Figure 20). As shown
in Figure 20, the polarizability of each solute increases roughly with the number of ©
electrons. This trend is consistent with increasing in retention and the stronger m
interaction as the number of m electrons increases (Figure 15). For those PAHs with
identical number of m electrons, small differences in the polarizability were observed;

e.g. naphthacene, benzo[a]anthracene, chrysene, and triphenylene.
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Figure 19. Chromatograms of the mixed sample of naphthacene and triphenylene
on (a) Crn-ester column, (b) Crn-PFPA column. Condition: column, Crn-ester
column (32.0 ecm x 100 mm i.d.), Crn-PFPA column (32.0 cm x 100 mm i.d.);
mobile phase, n-hexane; detection, UV 280 nm; temperature 40 °C.
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Table 2. Polarizability of PAHs.

Compounds Porarizability (C m?> V')
Anthracene 273.359
Phenanthrene 253.655
Pyrene 324.861
Tetracene 410.029
Benzo[a]anthracene 376.997
Chrycene 360.369
Triphenylene 342915
Benzo[a]pyrene 431.079
Coronene 522.719
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Figure 20. Plot of polarizability vs. the number of « electrons in PAH.
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We subsequently calculated the retention factors of naphthacene, benzo[a]anthracene,
chrysene, and triphenylene on different columns from the results of LC, and plotted
them against the polarizability of each PAH (Figure 21 (a)). In commercially available
LC columns, tNAP and SPYE, separation of these solutes could not be realized because
the m conjugated structure of these stationary phases have small numbers of © electrons.
As mentioned earlier, the retention factor increased with the polarizability in the
Crn-PFPA column. However, the trend in the Crn-ester column was completely
reversed that the retention factor decreased with the polarizability. The same is true for
C60/C70 columns. As illustrated in Figure 21 (b), C60 and C70 have the convex face of
Crn as their partial structure. Therefore, this result supports that the convex surface of
Crn contributes to retention in the Crn-ester column in contrast to the Crn-PFPA column
that the concave surface contributed to the retention. In summary, the convex surface of

Crn in Crn-PFPA column dominated the interactions with the solutes.
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Figure 21. (a) Plot of retention factors of naphthacene, benzo[a]anthracene,

C60

chrysene, and triphenylene on different columns. (b) The convex surface of Crn

shown as a partial structure in C60 and C70.
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6-4 Conclusions

In this report, we revealed the molecular recognition of Crn by evaluating the retention
of Crn as well as a number of aromatic compounds on Crn-modified silica monoliths in
LC. We synthesized two kinds of Crn derivatives, Crn-ester by introducing the
functional group on the edge of Crn, and Crn-PFPA by modifying the spoke structure of
corannulene, and successfully prepared the Crn-modified columns Crn-ester and
Crn-PFPA. Both columns showed low retention for Crn, despite its hemispherical
structure. Computer simulation of Crn and Crn derivatives suggested electrostatic
repulsion resulting from the same arrangements of charge and charge distributions in the
Crn structures. On the other hand, both columns exhibited strong interactions with the
planar molecule, coronene, especially Crn-PFPA which showed significantly strong
interactions. The evaluation of 'H-NMR shifts suggested that the specific retention
caused by CH-m interaction at multiple points between the hydrogen atoms of the
concave surface of Crn structure and the planar m conjugated surface of coronene.
Furthermore, we demonstrated that the molecular recognition in Crn-ester was due to n—
7 interaction on the convex surface of Crn. We believe that this report greatly advanced
understanding on the = interactions, which should aid the development of novel

functional materials.
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General Conclusions

In this thesis, the author investigated the strength and natures of the m interactions by
evaluating the properties of the newly developed carbon materials-coated columns in
liquid chromatography (LC) and applied various 7 interactions to specific separation

analyses.

In the Chapter 2, the author developed a new silica-monolithic capillary column, which
was modified with C70-fullerene (C70) via a particular thermal reactive molecule,
perfluorophenyl azide. As a result of LC, the C70-coated column showed specific
retention toward a hemispherical molecule, corannulene (Crn), and the most of PAHs
were more retained in the C70-coated column than in the C60-fullerene (C60)-coated
column. Results of the computer simulation of the molecules suggested that the specific
interaction might be caused by the deflection of the m-electrons-density in C70.
Furthermore, the absorption spectrometry also indicated that the absorption spectra of
C70 with/without Crn were dramatically changed by the specific interaction, whereas no
spectrum differences were observed with C60. This results strongly supported that the
significant changing of the polarity based on the electron density on C70 was occurred

by the interaction with Crn.

The Chapter 3 described the experimental evaluations of the X-n interaction using LC
with various carbon-material coated columns providing strong m interactions in normal
phase LC (NPLC), where the hydrophobic interaction was completely suppressed. The

C70-coated column showed higher retentions for halogenated aromatic compounds as the
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number of halogen substitutions increased by the X-m interactions. In addition, the
strength of the X-m interaction increased in the order of F < CI < Br <. Changes to the
UV absorption of C70 toward the brominated benzenes suggested that the intermolecular
interactions were changed from the n-m interaction to X-m interaction as increasing the
number of bromine substitutions. Computer simulations also showed that the difference
in dipole moments among structural isomers affected the strength of the n-m interaction.
Furthermore, the author concluded that the orbital interaction might contribute to the X-
7 interactions from small peak shifts in 'TH NMR and computer simulations. Finally, the
author succeeded in the one-pot separation of all isomers of brominated benzenes using

the C70-coated column by optimizing the mobile phase conditions.

In the Chapter 4, the author evaluated the isotope effect by LC with variety of separation
media under reversed phase LC (RPLC) and NPLC using the H/D isotopologue pairs as
the solutes. Results of RPLC suggested that the protiated compounds were more
hydrophobic than that of deuterated compounds due to the isotope effect based on the
hydrogen bonding between hydrogen atoms of isotopologues and hydroxy groups in the
mobile phase. The importance of the hydrogen bonding was also supported by the
separation of isotopologues with a silica stationary phase in NPLC, where the deuterated
compounds showed stronger hydrogen bonding to hydroxy groups on silanol.
Furthermore, comparison of free energies of the isotopologues in RPLC suggested that
the CH-m interaction was slightly stronger than the CD-m interaction. Finally, the
separation of a few isotopologues by NPLC using the C70-coated column was

demonstrated according to the effective CH/CD-n interactions.
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In Chapter 5, the author had deeper discussion about the H/D isotope effects in LC.
Various LC experimental with different aromatic analytes, separation media, and non-
polar mobile phases were conducted under NPLC. The separation media that had polar
functional groups, such as a silanol group, allowed higher separation efficiencies for the
pairs of aromatic H/D isotopologues. In comparison of >*C NMR spectra of the protiated
and deuterated aromatic analytes, the electron density on the carbon atoms in the
deuterated analyte was found to be slightly higher than that of the protiated analytes.
According to the results, it seemed that the aromatic rings of the analyte acted as donors
through the OH-m interaction to hydrogen atoms in the silanol groups. Thus, the
deuterated analytes were able to be strongly retained by the stronger OH-=n interactions.
Furthermore, the C70-coated column allowed the opposite isotope effect. Briefly, an
electrostatic attraction based on the dipole-(induced) dipole interaction dominated in the
CH-r interactions, according to the van’t Hoff analysis. Hence, the bonding lengths of
the C-H or D bonds in the analytes were sensitively affected, such that we were able to
conclude the CH-m interaction depended on the geometric effect. Applying these opposing
H/D isotope effects, the author was able to finally demonstrate the effective H/D
isotopologue separations by utilizing the complimentary action of the OH-n and CH-n

interactions.

In Chapter 6, the author revealed the molecular recognition of Crn by evaluating the
retention of Crn as well as a number of aromatic compounds on the Crn-modified silica
monolith in LC. He synthesized two kinds of Crn derivatives, Crn-ester by introducing
the functional group on the edge of Crn, and Crn-PFPA by modifying the spoke structure

of corannulene, and successfully prepared the Crn-modified columns with Crn-ester and
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Crn-PFPA. Both columns showed low retention for Crn, despite its hemispherical
structure. Computer simulation of Crn and the Crn derivatives suggested the electrostatic
repulsion from the same arrangements of charge and charge distributions in the Crn
structures. On the other hand, both columns exhibited strong interactions with the planar
molecule, coronene, especially in Crn-PFPA. The evaluation of "H-NMR shifts suggested
that the specific retention caused by the CH-rt interaction at multiple points between the
hydrogen atoms of the concave surface of Crn structure and the planar n conjugated
surface of coronene. Furthermore, the author demonstrated that the molecular recognition

in the Crn-ester was due to the m—m interaction on the convex surface of Crn.

In conclusion, the obtained findings throughout these studies will be greatly advance for
understanding on the & interactions, which should aid the development of novel functional
materials and the apprehension for bio-systems in our body. Furthermore, the new
separation media developed in these studies allowed the selective and effective
separations based on the various strong m interactions. The author believes that the studies
will be contributing for practical separation science, such as removal of environmental

pollutant and quantitative determination of medicinal compounds in the future.
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