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Abstract

We designed and synthesized terminal iodinated nitroxide radical liquid crystalline compounds
(NR-LCs) with octyloxy side chain (+)-8-1 and dodecyloxy side chain (+)-12-I to understand the
substitution effects of an iodine atom on the phase transition behavior and on the magnetic properties
in crystalline (Cr), liquid crystalline (LC) and isotopic (Iso) phases. These NR-LCs show monotropic
nematic phases because the iodine atom is too short and apolar as a terminal group to stabilize LC
phases. Furthermore, the SQUID magnetometry and electron paramagnetic resonance (EPR)
spectroscopy indicate that the magnetic properties in Cr phase depend on the length of the alkoxy
side chain; antiferromagnetic interactions occur in (£)-8-I, whereas ferromagnetic interactions occur
in (+)-12-1, and the paramagnetic susceptibility of (+)-8-I slightly decreases (J < 0) and that of
(£)-12-I abruptly increases (J > 0) at each of the Cr-to-Iso phase transitions. These results suggest
that the most frequent type of the magnetic interactions in LC and Iso phases is similar to those in
the Cr phases among the various types of intermolecular magnetic interactions induced by the

inhomogeneous intermolecular contacts.
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Nitroxide radical; Paramagnetic liquid crystal; Magnetic property; Electron paramagnetic resonance

spectroscopy

1. Introduction

Recently, all-organic paramagnetic rod-like liquid crystalline compounds containing a
five-membered ring nitroxide radical (NR) moiety in the molecular core (NR-LCs) have attracted a
great deal of attention because of their fascinating properties in externally applied fields. For
example, some of them show liquid crystalline (LC) phases such as nematic (N), chiral N (N*),
smectic A (SmA), chiral SmA (SmA*), smectic C (SmC) and chiral SmC (SmC¥*) phases [1-3], and
their molecular reorientation occurs in uniform magnetic and electric fields [4-6]. Furthermore, their

magnetic properties can be changed by the electric-field-induced molecular reorientation in their



SmC* phase [5]. In addition, NR droplets are attracted by a magnet [7], and spin glass-like
inhomogeneous ferromagnetic interactions (Magneto-LC effects) occur in the LC phases of rod-like
NR compounds [8]; the magneto-LC effects lead to an abrupt increase of paramagnetic susceptibility
at crystalline (Cr)-to-LC or Cr-to-isotropic (Iso) phase transitions (positive magneto-LC effects, | >
0). In contrast, some of the rod-like NR compounds show averagely weak antiferromagnetic
interactions (negative magneto-LC effects, | <0) [3].

One of the factors to decide the sign and magnitude of the magneto-LC effects is the direction and
distance between each pair of molecules contacting with each other in LC or Iso phases [8]. The
manner of the intermolecular contacts depends both on phases and on molecular structures. In fact,
the modification of a mesogen core and side chains, which are typical components of calamitic LC
compounds, is effective to tune the phase transition behavior; e.g., longer side chains induce a
highly-ordered smectic (Sm) phases than N or N* phases [3]. Moreover, in some cases, a
hydrogen-bonded mesogen core can stabilize the LC phases of NR-LCs [9] because the
hydrogen-bonded core plays the same role as the covalent-bonded one [10]. Furthermore, since the
introduction of the hydrogen-bonding generally decreases the orientational order parameter of the
LC phases [11,12], the inhomogeneity increases and magneto-LC effects become twice as strong as
those of the corresponding covalent-bonded analogue [9]. Furthermore, the molecular chirality also
considerably influences the sign and magnitude of the magneto-LC effects; even if the racemic
sample of a chiral NR compound shows the negative effects, the enantiomerically enriched sample
of the same compound shows the positive effects [3]. To enhance the magneto-LC effects by the
precise design of molecular structures, more detailed understanding of the origin of the magneto-LC
effects is needed.

In this paper, we focus on the correlation between the magnetic interactions in Cr phases and those
in LC or Iso phases. In a Cr phase of an ordinary organic monoradical, there are only one or two
types of intermolecular magnetic interactions. In contrast, in a fluid phase of the same compound,
there should be countless types of the magnetic interactions. However, there could be only
intermolecular magnetic interactions similar to those of the Cr phases in some fluid phases. To
obtain such compounds, we have designed and synthesized compounds (+)-8-1 and (£)-12-I with a
terminal iodine atom, whose bulkiness and ability to form the halogen-bonding could induce the
similarity of the molecular packing manners in LC and Cr phases. Here, we report the synthesis of
(¢)-8-1 and (%)-12-I and discuss the phase transition behaviors and the magneto-LC effects in the LC
phases by means of SQUID magnetometry and electron paramagnetic resonance (EPR) spectroscopy,
which has proved to be an excellent tool to analyze the magnetic interactions operating in the LC

and Iso phases of rod-like NR compounds around ambient temperature [8].



2. Material and methods

Mass spectra were recorded on a JEOL JMS-700. IR spectra were recorded with a SHIMADZU
IRAffinity-1. Elemental analyses (CHN) were obtained on a PerkinElmer 240011. EPR spectra were
recorded with a JEOL JES-FE1XG. Magnetization was recorded with a QUANTUN DESIGN
MPMS-3. Phase transition behaviors were determined by differential scanning calorimetry (DSC)
(SHIMADZU DSC-60), polarized optical microscopy (Olympus BX51) and X-ray diffraction
(XRD) measurement. A hot stage (Japan High Tech, 10083) was used as the temperature control unit
for the microscopy. For variable temperature XRD measurement, the data collections were
performed on a Rigaku RINT2200/PC-LH diffractometer using Cu-Ka radiation with 1.5418 A.
Unless otherwise noted, solvents and reagents were reagent grade and used without further
purification. X-ray crystal structures were analyzed using a Rigaku Osmic VariMax diffractometer
with graphite-monochromated Mo Ka radiation (A = 0.71075 A). Tetrahydrofuran (THF) that was
used for electron paramagnetic resonance (EPR) spectroscopy was distilled from

sodium/benzophenone ketyl under nitrogen.

2.1. Synthesis of (£)-8-I and (£)-12-1

CH,Cl,

(x)-n-l n=8or12

Scheme 1 Synthesis and molecular structures of (+)-8-1 and (£)-12-1.

Racemates of phenolic NR compounds were prepared as a precursor according to the previously
reported procedure [13]. The phenolic NR compounds were esterified with 4-iodobenzoic acid to
afford (£)-8-I and ()-12-I as shown in Scheme 1. Dichloromethane (50 mL) was charged with the
phenolic NR  compound (0.30 mmol), the 4-iodobenzoic acid (0.33 ~mmol),
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCl, 0.45 mmol), and
4-(dimethylamino)pyridine (DMAP, 0.09 mmol). After the mixture was stirred for 12 h at room
temperature, reaction solution was added saturated aqueous NaHCO; (50 mL), and extracted with
diethyl ether (50 mL x 2). The extract was dried over MgSO4 and evaporated. The residue was
purified by column chromatography on silica gel (hexane/ethyl acetate = 9/1) and recrystallized from

hexane to afford the ester (+)-8-I and (+)-12-I as yellow crystals (yield 60—70%).



(+)-8-I: IR v (KBr): 2936, 2853, 1736, 1508, 1261, 1202, 1171, 1005, 748, 600 cm '; HRMS:
Calcd. for C33HzoINO4 [M]": 640.1924, Found 640.1922; Anal. Calcd. for C33H39INO4: C, 61.88; H,
6.14; N, 2.19; Found: C, 61.88; H, 6.24; N, 2.14.

(£)-12-I: IR v (KBr): 2920, 2851, 1734, 1508, 1248, 1175, 1076, 1007, 743, 586 cm™'; HRMS:
Calcd. for C37H47INO4 [M]": 696.2550, Found 696.2549; Anal. Calcd. for C37H47INO4: C, 63.79; H,
6.80; N, 2.01; Found: C, 64.04; H, 6.65; N, 1.98.

2.2. Determination of phase transition behaviors

The phase transition behaviors of (£)-8-1 and (£)-12-1 are characterized by DSC analyses,
polarized optical microscopy and variable temperature XRD analyses. For DSC analyses, each
powder sample of 2-3 mg was put into an aluminum sample pan. Each sample was heated to 130 °C
and cooled to room temperature at a rate of 5 °C/min under a flow of N, gas. For polarized optical
microscopy, each sample was introduced by capillary action into an about 10-um thick handmade
glass sandwich cell in which the inner surfaces of the two glass substrates were untreated. For XRD

analyses, line profiles were recorded in the first heating and cooling processes.

2.3. Evaluation of magnetic properties

The temperature dependence of molar magnetic susceptibility measured on a SQUID
magnetometer at a field of 0.5 T in the temperature range of 2-300 K in the first heating process.
Each sample was enclosed in a DSC aluminum pan to prevent the sign inversion of the total
magnetic susceptibility of samples in high temperature ranges.

The X-band EPR spectra were measured under an applied magnetic field of 0.33 T. Their g values
and hyperfine coupling constants (an) were determined by the measurements of THF solutions at
room temperature. For the evaluation of paramagnetic susceptibility, four measurements of each
powder and melt samples were performed at each temperature. Each sample was sealed in a quartz

tube. Sweep time was 90 s, modulation width was 0.2 mT and time constant was 0.03 s.

2.4 Determination of the crystal structure of (£)-8-1

Crystals of (+)-8-I suitable for XRD studies were prepared by recrystallization from hexane, and
analyzed using an X-ray diffractometer. The X-ray crystal structure of (+)-8-1 was solved by direct
methods and refined using the full-matrix least-squares method. In subsequent refinements, the
function Yw(F2-F2#)? was minimized, where F, and F. are the observed and calculated structure
factor amplitudes, respectively. The positions of non-hydrogen atoms were determined from
difference Fourier electron-density maps and refined anisotropically. All calculations were

performed with the Crystal Structure crystallographic software package.



3. Results and Discussion
3.1. Phase transition behavior

The phase transition behaviors of (+)-8-1 and (%)-12-1 are characterized by DSC analyses at a
scanning rate of 5 °C/min upon heating and cooling processes as shown in Figure 1 and by polarized
optical microscopy as shown in Figure 2. In the heating processes, (+)-8-1 shows a Cr-to-Iso phase
transition at 95.6 °C, whereas (£)-12-1 shows Cr-to-Cr phase transitions at 78.1, 83.1 and 95.5 °C
and a Cr-to-Iso phase transition at 101.9 °C. During the cooling process, both (+)-8-1 and (+)-12-I
exhibit similar phase transition behaviors. Both (#)-8-1 and (%)-12-1 exhibit Iso-to-LC phase
transitions at 74.1 °C and 67.8 °C, respectively; Schlieren textures typical of N phases were
observed at 55 °C in both cases as shown in Figure 2 [14]. These supercooled LC phases remain
stable above around room temperature. Furthermore, variable temperature X-ray diffraction analyses
of (£)-8-1 and (£)-12-I show only halos as shown in Figure 3. These results suggest that the LC

phases are N phases.
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Figure 1 DSC curves of (a) (£)-8-1 and (b) (+)-12-I. Transition temperatures are shown with
standard notation of the phases: crystalline (Cr), nematic (N) and isotropic (Iso) phases.
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Figure 2 Polarized optical micrographs of (+)-8-1 and (#)-12-I in the cooling process. (a) A



Schlieren texture for the N phase at 55 °C of (+)-8-1. (b) A Schlieren texture for the N phase at 55 °C

of (£)-12-1. The orientations of polarizer (P) and analyzer (A) are shown. Scale bars correspond to
100 pm.
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Figure 3 XRD patterns of (a) (£)-8-1 and (b) (£)-12-I in Cr phase at 65 °C, Iso phase at 105 °C in

the heating processes and N phase at 65 °C in the cooling processes.

Although the substituent effects of several groups and atoms on the liquid crystallinity of rod-like
NR compounds have been reported, the effects of large polar groups such as the iodine atom have
not been clear. In fact, a small number of iodinated LC compounds is reported, searching through
one of the database of LC compounds, LiqCryst 5.2 [15]. Racemic 8-I and (+)-12-I show N phase
regardless of large size of the terminal iodine atom. However, iodine atom is poor substituent for
NR-LC compounds compared with alkoxy chains, which are typical side groups of previously
reported NR-LCs [1-3,9]. This is because that the loss of alkyl side chain and the large lateral dipole
moment of NR moiety stabilize Cr phases, and then, N phases become relatively unstable.
Furthermore, in many cases for LCs, long side chains tend to induce Sm phases because of
interactions between alkyl chains. Actually, NR-LCs with two alkoxy chains on both sides longer
than undecyloxy chain also show SmC phases [2]. However, (£)-12-1 with dodecyloxy chain does
not show any Sm phase; it is likely to be because iodine atom is too short to induce Sm phases

compared to linear alkoxy chains.

3.2. Magnetic property in a lower temperature range (2-300 K)
The magnetic properties of compounds (£)-8-1 and (+)-12-1 are summarized in Table 1. The
magnetic susceptibilities y measured on a SQUID magnetometer are shown in Figure 4a and 4b.

The yT-T plots for both compounds obeyed the Curie-Weiss law in the temperature range between



100 and 300 K (C ~ 0.37). These results indicate that the NR moieties of (£)-8-I and (+)-12-I are
chemically stable and the most NO moieties remain paramagnetic.

In the low temperature range, (+)-8-1 shows weak antiferromagnetic intermolecular interactions (6
< 0), whereas (+)-12-1 shows weak ferromagnetic intermolecular interactions (6 > 0). The
temperature dependence of y7 for ()-8-I can be best fitted to a following singlet-triplet model of S =
1/2 with J/kg = —0.691 K and a = 0.99, whereas that of (£)-12-I can be fitted to the same model with
J/ks =0.734 K and a = 0.96 (Table 1 and Figure 4c and 4d),

aNg*ug 1
A = 3 T exp(=2) [kaT)

where a denotes the radical purity of the sample, N is Avogadro constant, g is g-value, ug is Bohr

magneton and kg is Boltzmann constant.
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Figure 4 Temperature (7) dependence of molar magnetic susceptibility (y) and y7-T plots of (a), (c)
(+)-8-1 and (b), (d) (£)-12-I at a field of 0.5 T in the heating process, respectively. Open circles

represent the experimental data and solid lines show Curie-Weiss fitting curves for (a) and (b) and



theoretical singlet-triplet model fitting curves for (c) and (d).

Table 1 Magnetic properties of compounds (£)-8-1 and (£)-12-1

SQUID EPR?
Compound
C “[emu K mol '] 0° K] J/ ks [K] g an [mT]
(&)-8-1 0.373 -0.232 —0.691 2.0058 1.33
()-12-1 0.366 0.219 0.734 2.0059 1.34

“ Curie constant. * Weiss temperature. ¢ Obtained by curve fitting by means of singlet-triplet

model. “ Measured as THF solutions at room temperature.

To gain further insights into the observed antiferromagnetic and ferromagnetic interactions and
those into the origin of the difference between exchange interactions at low temperature, we need to
study the crystal structures of LC compounds (£)-8-1 and (£)-12-1. Although, generally speaking, it
is quite difficult to obtain single crystals of LC compounds large enough to decide the crystal
structures because most of LC compounds show low-crystallinity due to their low symmetry, we
could fortunately obtain a single crystal of (+)-8-I from hexane. The closest contact between the NO
moieties (O1--O1 distance 6.625 A) is shown in Figure 5a, representing that the NO group
approaches a hydrogen atom of the neighboring molecule to give a 1D chain with the
N1-O1--H17-C17 distance 2.611 A. Furthermore, the intermolecular interaction between iodine
atoms with 11---11 distance 3.861 A can also be recognized (Figure 5b). Perhaps, these molecular
contacts and weak peaks in XRD patterns at 26 ~ 6 deg. (Figure 3) indicate the terminal iodine atoms

form the halogen-bonding and induce the weak ordered structure similar to Cr molecular packing.



(b)

Figure 5 Crystal structure of (+)-8-I showing intermolecular interactions between (a) the NO radical

group and the hydrogen atom, and (b) the iodine atoms.

The DFT calculations for the energy difference between the singlet and triplet states (AE =
Eginglet — Etiplet = 2J for a dimer model) were performed on the dimeric coordinates of (+)-8-1
extracted from their 1D chain structure (Figure 5a) using Gaussian 09 program package [16], giving
J/ks values of —0.458 K for UBLYP/6-311G level, which are consistent with the above experimental
values[17,18]. Therefore, we can conclude that this intermolecular interaction between NO moieties
in the geometry shown in Figure 5a is responsible to the observed antiferromagnetic property.
However, the direct O1---O1 contact is may be too distant (6.625 A) to be a source of the observed
antiferromagnetic interaction. Then, we have actually computed the spin densities on N1, O1, H17,
C17 atoms of a molecule in the X-ray crystal structure using Gaussian 09 program package [16] for
UBLYP/6-311G level. As a result, spin density values for N1, O1 H17 and C17 atoms were obtained
to be 0.441791, 0.495112, -0.000083 and 0.003405, respectively. Although the C17 atom is
connected to the aminoxyl group through a lot of atoms and bonds, it has positive spin density
arising from the spin polarization. Because of the negligible spin density in H17, the exchange
interaction between the C17 atom and the O1 atom of the adjacent molecule (3.522 A) renders the

intermolecular exchange of spins on Ol atoms of two adjacent molecules antiferromagnetic [19].



Thus, this intermolecular spin polarization exchange coupling through C17 atom could be the origin

of bulk antiferromagnetic interactions of (£)-8-I in low temperature range.

3.3. Magnetic property in high temperature range

The g-values and hyperfine coupling constants (an) were determined for THF solutions of (%)-8-1
and (+)-12-1 by EPR spectroscopy at a field of 0.33 T at room temperature (Table 1). The spectra
display intense 1:1:1 triplets specific to NR compounds (Figure 6). To discuss the details of the
temperature dependence of the magnetic properties of the condensed phases in higher temperature
ranges (> 300 K), we evaluated the paramagnetic susceptibilities by variable temperature (VT) EPR
spectroscopy using a quartz sample tube (Figure 7), which allows us to ignore the diamagnetic

susceptibility (ydia) and to understand the magnetic interactions in detail [8].
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Figure 6 EPR spectra of (a) (+)-8-1 and (b) (£)-12-1 measured as THF solutions at room

temperature.
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Figure 7 Selected EPR spectra of (a) (£)-8-I and (b) (£)-12-1 measured at various temperatures from
the crystalline phase (top) to the N phase (bottom) through the Iso phase.



Even if the EPR spectra are double-integrated, the paramagnetic susceptibility might not be
accurately estimated because of the potentially presence of temperature dependent background
changes. To accurately evaluate the magnetic properties from the EPR spectra without the
double-integration in such a high temperature region, it is suitable to fit the experimental data with

the derivative Lorentzian curve according to previously reported method [8,9],

- (H - H0>2
AH,,/2

where I'n is the maximum peak height of the differential curve, H is the applied magnetic field, Ho is

H-H
I'(H) = ~16[5 7 /;
14Y

the resonant magnetic field, and AH,, is the peak-to-peak line width. We can easily evaluate the
paramagnetic susceptibility (y) from the parameters I'm, Ho, and AH,, by
_ 2upglnAHZ,
V3hvH,
where /4 is Planck constant, v is the frequency of the absorbed electromagnetic wave, g is the g factor
which is inversely proportional to Ho, and H; is the amplitude of the oscillating magnetic field. The
temperature dependence of relative paramagnetic susceptibility (yr1), which is defined as

Xrel = £
rel Yo

where yo is the standard paramagnetic susceptibility at 40 °C in the heating run, for (+)-8-1 and
(+)-12-I as shown in Figure 8. Although the molecular structures of (+)-8-1 and ()-12-I is almost
the same, the temperature dependence of yri for ()-8-1 is quite different from that for (£)-12-I in the
heating run, as shown in Figure 8a and 8b. The . value of (£)-8-I slightly decreased at Cr-to-Iso
phase transition (5.2% decrease compared with the Curie-Weiss fitting curve at 106 °C, | < 0),
whereas that of (£)-12-I abruptly increased at the Cr-to-Cr polymorphic transition (15.6% increase
from 80 to 86 °C) and Cr-to-Iso phase transition (13.9 % increase from 102 to 106 °C, J > 0); it
decreases with increasing temperature in each phase, as expected from the Curie-Weiss law. In
contrast to heating run, in the cooling run, yr. increases with decreasing temperature in the Iso and N
phases for both samples. Similar to the case of previously reported magneto-LC effects of analogues
[3,8,9], a very small change in the yr value is commonly noted at the Iso-to-LC phase transition in
the cooling run.

The abrupt changes of ywi at the phase transitions should be attributed to the molecular
paramagnetic anisotropy Ay and/or the changes of the intermolecular magnetic interactions J. For
NR compounds, Ay has been reported not to cause the changes of yri; the contribution of Ay can be
expressed in terms of the change in the g value owing to magnetic-field-induced molecular
reorientation, and i is proportional to g* when J is constant [8]. In fact, we examined the
temperature dependence of the g value for (£)-8-I and (£)-12-1 by EPR spectroscopy (Figure 8¢ and

8d). If the changes in g-values were primarily responsible for the changes of ywi at the phase



transitions of (x)-8-1 and (x)-12-I, (i) almost no yr change would be observed at the Cr-to-Cr phase
transition for (£)-12-I because of the very small g increase (0.04%) which is the largest change for
the samples (Figure 8d), (ii) a yr increase should occur at the Cr-to-Iso phase transition for (+)-8-1
because of its g-value increase (Figure 8a and 8c¢) and (iii) a yr decrease should occur at the
Cr-to-Cr and Cr-to-Iso phase transition for (£)-12-I because of its g-value decrease (Figure 8b and
8d). However, we did not observe any of these phenomena. Accordingly, we can conclude that the
Ay does not contribute to the changes of yri at the phase transitions of (+)-8-1 and (£)-12-I and that
the intermolecular magnetic interactions J would attribute to the changes of y value.

The intermolecular negative and positive spin-spin exchange interactions must operate the
changes of yrw1 value for (+)-8-I and (+)-12-1, respectively. To gain an insight into the origin of the
changes of . value, temperature dependences of AH,, (Figure 8e and 8f) were compared with that
of the yw1 (Figure 8a and 8b). Generally, the change in AH,, reflects the following two magnetic
interactions: (a) spin-spin dipole interaction (the stronger the interactions are, the more the AHp,
increases) and (b) spin-spin exchange interaction (the stronger the interactions are, the more the
AH,, decreases). In the heating run, the decreases in AHp, occurred in both (+)-8-I and (+)-12-1. It is
resulted from the increase of spin-spin exchange interactions. In these cases, the sign of magneto-LC
effects is dominated by the molecular packing manner in Cr phases possibly due to the formation of
the halogen-bonding, because the magnetic interactions in the Iso and N phases similar to those in Cr
phases would be statistically frequently induced by the inhomogeneous intermolecular contacts. We
suppose that more strong magnetic interaction could be induced in the mobile phases by transient
contacts because of molecular mobility and inhomogeneous intermolecular contacts unlike the
uniform intermolecular contacts in the crystalline phases. The manner of molecular contacts in Cr
phases showing antiferromagnetic (J < 0) and ferromagnetic (J > 0) interactions is likely to change
in the mobile phases, and it could emphasize the increase and decrease of the magnetic
susceptibilities in the Iso and N phases for (+)-8-1 and (%)-12-1. Therefore, we propose that the
intermolecular contacts in the fluid phases can emphasize the tendency of magnetic interactions in
crystalline phases; strong intermolecular interactions appear more frequently in fluid phases than in

crystalline phases.
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Figure 8 Temperature dependence of (a) and (b) yri, (¢) and (d) g-value and (e) and (f) AH,p for

(£)-8-1 and (£)-12-I, respectively, which are obtained from VT-EPR spectroscopy. Open and filled

circles denote the data in the heating and cooling runs, respectively. Dotted curve shows the

Curie-Weiss fitting curves with temperature range of Cr phase (40-85 °C). Vertical solid and dotted

lines denote the phase transition points obtained by DSC analyses in the heating and cooling runs,



respectively.

4. Conclusions

We designed and synthesized terminally iodinated NR-LCs (£)-8-1 and (£)-12-1 showing
monotropic N phases. The iodine atom is too short and apolar as a terminal group to stabilize the LC
phases of NR compounds. We found that negative magneto-LC effects (J < 0) occur in the fluid
phases of (+)-8-I, whereas positive magneto-LC effects (J > 0) occur in the fluid phases of (+)-12-I.
The experimental results indicate that the intermolecular magnetic interactions in the fluid phases are
similar to those in Cr phases. We can conclude that in some cases there are only intermolecular

magnetic interactions similar to those of the Cr phases in some fluid phases.
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