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Symbols and Abbreviations

Hyperfine coupling constant

Isotropic hyperfine coupling (Fermi contact)
Nitrogen hyperfine coupling

Proton hyperfine coupling

Applied external magnetic field tensor

Peak width (Full width at half maximum)
Curie constant

Zero—field splitting parameter (axial)

Distance between two spins

Zero—field splitting parameter (rhombic)
Singlet—triplet energy difference

Electron g—factor, ge = 2.0023

Observed g—value

Planck’s constant h = h/(2rt) = 1.0545x10734 J's
Spin Hamiltonian

Electron—Zeeman interaction

Hyperfine interaction

Nuclear spin angular momentum
Intra—molecular spin-spin exchange coupling constant
Inter—molecular spin-spin exchange coupling constant
Boltzmann constant

Orbital angular momentum

Magnetization

Magnetic quantum number

Avogadro number

Spin quantum number

Electron—pin operators

Temperature

Curie temperature

Néel temperature

Degree of biradical character

Extinction coefficient (cm~*mol™)

Weiss constant

Bohr magneton (B = eh/(2mec) = 9.2740 x 10724 J-T™2)
Effective magnetic moment

Frequency

Molar magnetic susceptibility
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DEP Dynamic electron polarization

DMF N,N-dimethylformamide

DMSO Dimethylsulfoxide
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DFT Density functional theory
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HF Hartree-Fock

hfc Hyperfine coupling constant

HOMO Highest occupied molecular orbital
HRMS High resolution mass spectrometry
HCI Hydrochloric acid
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LUMO Lowest unoccupied molecular orbital
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M.P. Melting point

NBMOs Non-bonding molecular orbitals
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OFETs Organic field effect transistors
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1.1 Magnetism

Magnetic materials play a significant role in the day—today’s electronic technology. These
materials are used in large number of devices and those are already employed in many
electromagnetic instruments.! The two most common types of magnetism are accounted for the
most of the periodic table of elements at room temperature. These main magnetic properties are
known as diamagnetism and paramagnetism. All the electrons are paired and the overall net spin
is zero in diamagnetic materials. On the other hand, paramagnetic materials have free/unpaired
electrons and the net spin is non—zero.

The magnetic strength of the materials is determined by the magnetic susceptibility ()
using the superconducting quantum interference device (SQUID) susceptometer by applying
variable temperature in the presence of an applied magnetic field.

The susceptibility is represented by the ratio of magnetization M (magnetic moment per
unit volume) to the applied magnetizing field intensity H.

X=M/H (1—1)

The molar susceptibility [xm] of a paramagnetic substance is proportional to the
thermodynamic temperature [T], which is given by,

xm=C/T (1—2)
Where Cis the Curie constant:

C = NaB%g?S (S+1)/ 3ks or C=0.125 g* S(S+1) cm? K /mol? (1—3)
and Na is Avogadro’s number, kg is the Boltzmann constant, B is a constant called the Bohr
magneton (BM). The Curie constant provides the convenient check of the spin concentration of
the sample (C = 0.375 emu K/mol for S = %).

After modification of the Curie law, based on the interactions among the individual
magnetic moments, Curie—Weiss law is obtained, stating that,

xvm =C/(T-0) (1—4)
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where 0 is the Weiss constant in temperature units, a characteristic of the material. It relates the
total dipole—dipole exchange interactions [J] of magnetically active centers with all its magnetic
neighbors’ z (nearest, next nearest, etc.).
0 =[2S(S+1) / 3ks] Z ziJ; (1—5)
When the spins are coupled in a parallel manner x is enhanced i.e. 8 > 0 [ferromagnetic],
and when the spins are coupled in an antiparallel manner x is suppressed i.e. 6 < 0
[antiferromagnetic].
Xm = NaB?g? S (S+1)/ 3ks (T-6) (1—6)
In case substances with interacting magnetic moments, and where the orbital
contribution to the magnetic moment is significant, the molar susceptibility is represented as
Xm = NaB?g? J(J+1)/ 3ks (T-6) (1—7)
Here the resultant total angular momentum [J] becomes,
J(J+1) = L(L+1) + S(S+1) (1—8)
The quantum number L is the resultant orbital angular momentum of the unpaired
electron present in the atom (i.e. L is zero for a completely filled orbital). Such that J = S the
equation is simplified. It can be done by defining effective magnetic moment (nes) as gvS(S+1) or
N2t = g2 S(S+1) and combining all of the constants to give
Xm = NaB?/3ke]n’ete/ (T— 8) = 0.125 n’esr /(T- 6) (1—9)
This eq. 1—9 allows us to calculate the ness of an ion or radical which can be rewritten as
Netr = 2.828 [xu (T-6)]" (1—10)
1.1.1 Type of magnetic materials
Based on their bulk magnetic behavior, the magnetic materials are classified in six
categories in presence of applied external magnetic field (H). The electrons in a magnetic material
are aligned/opposed to the direction of the field and those give rise to the bulk magnetic

properties. These magnetic properties are diamagnetism, paramagnetism, ferromagnetism,
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antiferromagnetism, ferrimagnetism and metamagnetism (canted ferrimagnetism) depending on

their bulk magnetic behavior (figure 1.1.1). Any materials are falling into one of these categories.

()

@

r N
O0OO0O
ONONG®)

00 O,

Diamagnet

t4444)
t4411

t
t

Ry

Ferromagnet

(b)

(®)

4 )
t i1
INY

‘Nixy

Paramagnet

Ban
rv vy

\1‘\1/1‘\1/1‘\1/)

Ferrimagnet

©

®

(N
tLtdty

Ty

Antiferromagnet

r ™
A2

RRKKKK
- J

Canted ferromagnets

Figure 1.1.1: The arrangement of spins for (a) diamagnet, (b) paramagnet, (c) antiferromagnet, (d)
ferromagnet, (e) ferrimagnet and (f) canted ferromagnets.
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Figure 1.1.2: Schematic representation for variation of magnetization in presence of the magnetic
field (H) and variation of susceptibility (x) with respect to temperature (T) for (a), (b) diamagnetic,
(c), (d) paramagnetic, (e), (f) ferromagnetic and (g) ferrimagnetic materials respectively. (h)
Variation of susceptibility and inverse susceptibility with respect to temperature for
antiferromagnetic materials.
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(a) Diamagnetism
The diamagnetic substance contains only spin—paired electrons. However, when this substance is
exposed to an applied magnetic field, all the electrons are opposed to the field (figure 1.1.1.a) and
a magnetization is produced. The magnetic response inside the material opposes in the applied
field, thus susceptibility (x) is small and negative figure 1.1.2.a. There are no magnetic interactions
occur with neighboring units, it tends to exclude a magnetic field from its interior. Note that when
the field is zero the magnetization is also zero. The other characteristic behavior of diamagnetic
material is that the susceptibility is temperature independent (figure 1.1.2.b), thus, there is no
change in susceptibility with variable temperature.
(b) Paramagnetism

In circumstance where the adjacent unpaired electrons have not any effect on each other
and the spins are in random directions, then the corresponding magnetism is known as
paramagnetism (figure 1.1.2.b). In a paramagnetic substance, the individual magnetic moments
do not interact magnetically i.e. J = 0, like diamagnetism. The magnetization is zero in absence of
external magnetic field. Hence, there is no change in the magnification curve due to an unpaired
electron and randomized spin moments not aligned. However, in the presence of a field, there is
a partial alignment of the magnetic moments in the direction of the field, resulting in a net positive
magnetization and positive susceptibility. According to figure 1.1.2.c, for a paramagnetic
substance, y is zero and the magnetic interaction also zero (J/ = 0) at room temperature, upon
further cooling to low temperature, there are changes in y and the magnetization of the substance
is higher than that of empty space. Further, paramagnetic substances have a temperature
dependent susceptibility (figure 1.1.2.d) which obeys the Curie Law. The paramagnetic
susceptibility is small at ordinary temperatures (>>100 K) and in moderate fields, (but larger than
the diamagnetic contribution). On the other hand, when the temperature is very low (<<100 K) or

the field is very high paramagnetic susceptibility is independent of the applied field.
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(c) Ferromagnetism

The spins can be easily switched to a uniform direction with adjacent spins and they are
aligned parallel then they are classified as ferromagnetic. For a ferromagnetic substance, the spins
are spontaneously parallel to one another in microscopic domains leading to a permanent
magnetization. The application of a magnetic field causes the domains to point along the field
even when the field is removed (figure 1.1.1.d). The x is large and positive, dependent on the
magnetic field, temperature, and the nature of the sample. For a substance, that shows bulk
ferromagnetism, a transition occurs at a temperature known as Curie temperature (T.). The
saturation of the magnetization goes to zero at the Curie temperature. A typical plot of
magnetization vs temperature for magnetite is shown figure 1.1.2.f.
(d) Antiferromagnetism

For the antiferromagnetic materials, neighboring spins of equal moments are coupled in
an antiparallel fashion, in other words, neighboring spins are pointing in opposite directions
(figure 1.1.1.c). This type of magnetic ordering is called antiferromagnetism, resulting in a lowering
of the magnetization. The susceptibility of these materials are nearly non—zero at room
temperature, while cooling, the susceptibility is increased. The magnetic interaction J is smaller
than zero (J < 0) i.e. negative or positive, in which is depending on definition of Hamiltonian H =
J.5.S; or H = — J.5.S;. The indication to antiferromagnetic material (AFM) is the characteristic
behavior of susceptibility above a critical temperature, called the Néel temperature (Ty). The
magnetic susceptibility is a maximum at Ty. Thus, above Ty, the susceptibility decreases and obeys
the Curie-Weiss law for paramagnets as shown in the figure 1.1.2.h, a negative intercept indicating
negative exchange interactions.
(e) Ferrimagnetism

The ferrimagnetism occurs when unequal spin moments couple with opposite signs in a
way to leave a net magnetization of the materials. The spins are aligned in an antiparallel

arrangement, but the spins in each direction have different magnitudes (figure 1.1.1.e) and thus
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the substances have an overall magnetic moment, in which case the substance is known as
ferrimagnet. These materials follow a temperature dependence of magnetization and
susceptibility at Curie transition (Néel transition) in a similar behavior as the ferromagnetic
materials shown in figure 1.1.2.g. These materials show significantly large magnetization below
the magnetic transition temperature, like ferromagnetic materials. Hence, the temperature
dependent behavior is clubbed with that of ferromagnetic materials.

(f) Metamagnetism or canted ferrimagnetism

The transformation from the antiferromagnetic state to high spin state, i.e., the spin
alignment showed in figure 1.1.1.c is transformed to that shown in figure 1.1.1.d by the applied
magnetic field. This is called metamagnetism (figure 1.1.1.f).

1.2 General aspects of molecular design of organic magnetic materials

During the past few decades, organic chemistry has been playing a major role in the design
and synthesis of potentially useful magnetic materials.>® To achieve, novel properties of these
materials one requires a combination of multidisciplinary expertise in the areas of chemistry,
physics, and engineering. Different approaches are used to obtain relevant magnetic properties
of these materials. For examples, inter— and intra—molecular magnetic exchange interactions are
essentially considered to analyze ground state spin multiplicities of the organic molecules.

At the beginning of the 1930's, mostly the neutral conjugated open—shell molecules,
known as non—Kekulé molecules were a focused for the organic magnetic materials.” Hund's rule
was applied for open—shell organic molecules to analyze atomic ground state of the spin
multiplicities.® ° Based on the number of unpaired electrons, the triplet ground state is expected
for all the diradical system. In accord with to Hund's rule, the spin multiplicities were expected to
be spin equivalent to afford the highest spin state, but this model was applied to only few stable
diradical systems. Further, Hiickel proposed® in 1936, that the ground state multiplicities of the
non—Kekulé molecules are not necessarily governed by Hund's rule. He explained by an equivalent

of modern fragment molecular orbital (FMO) approach. The triphenylmethyl radical is taken into
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account for the Schlenk—Brauns hydrocarbon, where it is possible to isolate the two unpaired spins

in non—interacting portions of the molecule leading to a singlet ground state or near degeneracy

of triplet and singlet states of the molecule (figure 1.2.1).1

Figure 1.2.1: Schlenk—Brauns hydrocarbon (a) molecular structures and (b) molecular orbital
modeled by weak interaction of triphenylmethyl radical of singly—occupied molecular orbitals.

In the 1950's Longuet—Higgins reported®? parity (electron pairing into pi~bonds) models
which described a connectivity—based approach for predicting the ground state multiplicity of
alternant conjugated organic molecules given in equation 1.2—1, 1.2—2 and figure 1.2.2.

NBMOs = N-2T (1.2—1)

$=0.5(n*-n°)=1 (1.2—2)

0 L
™M, 1 >—/< Z>—< ; .

S=0.5 (n*-n°) = 1 °
TME, 2 .
S=0.5(n*-n%=0 C E @(
SOMO

s 4 5

(0] * o
Nasikee
* (o] 0* (o]

Figure 1.2.2: Structure and spin state of TMM, (1), TME, (2), The SOMO distribution in 1 and 2 are

given as illustration of disjoint and non-disjoint scaffolds, diradical of 4 and 5 vs. quinoid for p- and
o—xylylene.
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For example, the trimethylenemethane (TMM, 1), tetramethyleneethane (TME, 2) and m-
xylylene, 3 are expected to have triplet high—spin ground states, (figure 1.2.2) while p— and o—
xylyene 4, 5 should prefer the quinoid spin paired structure, being much lower in energy than the
open shell geometry.

Mataga reported in 1968 that the m—phenylene linkage of unpaired spin acts as a universal
ferromagnetic (FM) exchange unit. In 1977-1978 Ovchinnikov,® described a model for alternant
conjugated non— Kekulé molecules that is based on a reorganization of the Pariser—Parr—Pople
Hamiltonian describing electron exchange. He went beyond simple non—Kekulé molecules as
putative targets of his model. Using this approach, both TMM and m—xylylene are expected to
have triplet high—spin ground states, but TME is expected to have a singlet ground state. In 1982
Klein illustrated a model for alternant conjugated non— Kekulé molecules that is similar in principle

14,15 extended the parity approach to

to that of Ovchinnikov.®® In 1983 Tyutyulkov and coworkers
non-alternant systems, which they termed as non-—classical polymers. In 1977 Borden and
Davidson first described?® the joint vs. non—disjoint classification of non—Kekulé molecules. They
pointed out that linkage across inactive sites results in very small exchange interactions, a near—
degeneracy of spin states, and the possibility of a low spin ground state. The TME is similarly

treated by fragment analysis but it is predicted by equation 1.2—2 to have a low spin ground state,

while pentamethylenepropane (PMP) is predicted to have a high spin ground state.

n*-n =0 n*-n =0
. disjoint . disjoint
singlet singlet triplet singlet
TME PMP

Figure 1.2.3: Structure and spin state of TME, and PMP
The spin polarization (SP) model proposed by McConnell and Ovchinnikov® ¥, these

arguments are used for non—Kekulé molecules. The predictions of the SP models are related in
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most cases to those of equation 1.2—2. However, the SP model allows generalization beyond
radicals and alternant systems. One may incorporate atoms with two electrons in a single n—
orbital center (2e/Ic) such as oxygen and nitrogen, to give super exchange coupling between the
connected sites. One may treat non-alternant systems; if one considers that any two connected
sites with the same sign of electron spin will have near-zero spin density. One may also treat
systems with more than one type of exchange, such as carbenes and nitrenes, in which a large
localized sigma spin density site polarizes the m—spin density on the same atom to have the same
sign. [toh!® ° has shown that a valence bond SP approach is quantitatively successful in describing
ground state spin multiplicities and spin density distributions for polycarbenes.® Initially Lahti, 2*
23 and lwamura %*2° have proved the qualitative success of the SP model for a variety of dinitrenes.
Hence, the SP model is simple and intuitive to apply, and successfully describes the qualitative
ground state of the large majority of conjugated non- Kekulé molecules examined up to date.
1.3 Molecular design for stable organic radical for magnetic materials

Stable organic molecules which have one or more "unpaired" electrons are known as
organic free radicals. These molecules can be used to obtain magnetic materials with different
approaches. The unpaired electron spins can be delocalized onto multiple atoms, particularly for
organic m—conjugated aromatic molecules and poly—radical systems. In some cases, the electrons
are localized on only N—O units, for example TEMPO based materials. Several examples of the
radical spin units are shown in the figure 1.3.1.%°

In order to achieve desired magnetic properties of the organic radical molecules, the
cooperative interactions between their unpaired electrons is very important. The control of such
long—range spin—spin interactions turned out to be extremely hard to achieve in the magnetic
materials. It is therefore not surprising that three decades passed by since high—spin molecules
with parallel spin alignment in the bulk materials were developed. In the year 1963, McConnell
suggested the theoretical possibility of organic based magnetic materials. According to this, the

spin carrier interaction occurs by through—space models to build up the bulk magnetization of

10



INTRODUCTION CHAPTER 1

ferromagnetic materials. The assembling of the long-range interactions among spin carriers
consist of the following sequence of steps: (1) the design of the isolated molecular unit with one
or two interacting entities; (2) a large molecule with several interacting entities; (3) mesoscopic—
size molecules with added complexities; and (4) assembly of molecules to supramolecular clusters,

monomolecular layers, or bulk solids.

) _ Ar
: qué S
A N
R__<\N j< R)'\R R™R A A
9' ketyl TPM TPA
NN .
i x ]
S—N’ N : @\/ N~ \f
{ |
S R - _N.
‘N/)\R R‘@ R R)\N R <
dithiadiazol nitrene carbene vz
X=0,S ArO
“ ) 8
@ O . 2
N
aromatic
cation, anion Ph,NO' alvmoxyl
Blatter

Figure 1.3.1: Some examples of organic stable radicals (NN = nitronyl nitroxides, IN = Imino
nitroxides, TBN = tert—butyl-nitroxides, TPM = triphenylmethyl, TPA = triphenylamine, VZ =
Verdazyl, ArO' = Phenoxyl radical, and Blatter = benzotriazinyl radicals.

The purposes of such a methodology over rational design and synthesis of molecules and
molecular assemblies are to prepare either materials with superior properties compared to their
existing “natural” or artificial counterparts, or to gain better insight to more complex systems.
From the synthetic organic chemist’s viewpoint, the first point is crucial. This suggests the research

of novel spin—containing building blocks (i.e. free radicals and radical ions) and the definition of

their intra— and Inter—molecular magnetic exchange coupling. Henceforth, among the several

11
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radical spin carriers, we focus on the work to nitroxides based radicals due to their stability,
liability of the spin and easiness to handle.?”
1.4 Nitroxides radicals

A nitrogen atom attached to an oxygen atom with one free electron (>N—Qe) is called
nitroxide radical. These molecules are stabilized by two resonance structures shown in figure

1.4.1, where the Ry and R; are attributed to the stability of the molecular systems.?®

R1\N/R2 R1\+’;1/R2
. # I—
(0]
(a) (b)

Figure 1.4.1: Resonance structures of nitroxide radicals

Most of the nitroxide derivatives are stable under ambient conditions. The steric factor and the
conjugation are responsible for the stability of the molecules. Steric effect helps to avoid the
dimerization, polymerization, or some other side reaction of the molecules. Furthermore, the free
electron is stabilized by conjugation in the molecules. Hence, both are crucial to stabilize the
nitroxides radical molecules. Most of the nitroxides derivatives of the radical are easily purified by
column chromatography and crystallization methods. The nitroxide radical material chemistry is
described in several books and reviews.?®
1.4.1 Type of nitroxides radicals

Nitroxides radical are classified into various types based on substituents present in the
molecule and these are explained below.

(a) tert—butyl-nitroxides (NO)

n-BulLi .
diethyl ether (I)H Ag,0 o 9
-78to -10 N 1 N
RBr — » R” _— R’N Or A \|<
tort, DCM \ﬁ
t-BuNO

Figure 1.4.2: Synthetic route and structure of the NO radicals
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The NO structure is carrying a radical (>N—0O°) moiety with tert—butyl group and different
substituents of R groups. The R groups may vary with different aliphatic and aromatic units. They
have been extensively studied in spin probes and spin traps. The synthetic path way and structure
is given in the figure 1.4.2. The synthesis involved mainly two steps reaction, such as alkyl or aryl
bromides treated with n-butyllithium followed by t—BuNO. The molecules have enough stability,
easiness to synthesis and ability to delocalize over m—spacer on the aryl groups.

(b) Nitronyl nitroxides radicals (NN)

Ullmann first synthesized nitronyl-nitroxides (NN) in 1972.% Generally NN is synthesized
from saturated aldehydes. The synthesis route and structure of the NN is given the figure 1.4.3.
Synthesis involves condensation of aldehyde with bishydroxylamine followed by oxidation. The R

group varies with different substituents.30-33

on ; 5
NHOH ! NalO N N+
N 4
+ RCHO — >_R—> />—R -— \>—R
NHOH N DCMHzo N\+ N\
b o o
—_— [ )
NN

Figure 1.4.3: Synthesis of organic stable nitronyl nitroxides (NN) radicals

,O_ t-Bu
N+

S SR S S o
N

or

t-Bu
Figure 1.4.4: Structure of the benzannelated derivatives nitronyl nitroxides (NN) radicals
The two >N—O units connected by carbon atom in the five membered ring occupied by
one free electron with Zwitterion structure is known to be NN radicals. The electronic structure of
NN is well described previously. Most of the NN derivatives are more stable at room temperature.
Similarly other structural NN radicals are also known, for example, Rey has synthesized pyrimidinyl

based NN molecules and benzannelated derivatives. The electronic structures are nearly similar

13
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to those of NN radical structure. These building blocks are used for the organic magnetic materials

and several other applications.3* 3
(c) Imino nitroxides (IN)

The synthesis and structure of the imino nitroxides (IN) is given in figure 1.4.5. In this, >SN—
O group is conjugated to a C=N moiety, in the five membered ring. The IN is generally more stable
compared to the corresponding nitronyl nitroxides.?® determined by EPR spectroscopy, neutron
diffraction, and computational studies indicate that spin on the nitroxide nitrogen is substantially
larger than on the imino nitrogen, though the latter nitrogen does possess substantial spin density.
In contrast to the NN in the imino nitroxides the carbon atom of the NCNO moiety is not

necessarily a node of the SOMO, but experimentally negative spin population is observed on this

carbon atom.?’

. MnO,
o OH NalO, 9 EtOH p'

N MnO, N DCM: N Or N
j: />—R - >—R — i />—R — />—R
N MeNO, N H,O N+ NaNO, N

OH 0°C DCM+
NN AcOH IN

Figure 1.4.5: Organic synthesis and structure of the stable imino nitroxide radicals

1.5 Application of organic radicals

Quantum
magnets

Spin-labeling,
-trapping

OFETs,
OLEDs,
Batteries,
DSSC,
OPV

conducting
materials

Applications

Photo excited
Spin systems

Catalysis
Sensors

Figure 1.5.1. Some of the applications of organic radicals.
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Organic materials are suitable for numerous applications, because of a number of
advantages such as, the versatile molecular designs, adaptable synthetic procedures, soluble in
organic solvents, ease of processing, optical transparent, possessing controllable electronic
properties, lightweight, and low-cost manufacturing. Besides having the above merits for organic
radical materials and possess an additional advantage, which is that they are powerful spin probe
of the unpaired electrons in the system. They are used for variety of specific application, some of
them represented in figure 1.5.1 and explained below.3&4°
1.5.1 Quantum computers

The potentially most fascinating applications of organic radicals are employed in the
development of quantum computers.* 42 This is one of the very recent advanced topics in
information technology which gives all the advantages of quantum computing and quantum
information processing (QC/QIP) in quantum science-related fields. The main important core of
the quantum computer is the quantum bit, or qubit, as a two—level system that not only can access
the two states |0) and |1), but also can be arranged in any superposition of these two states @ =
a/0)+8/1). Qubits can be atoms, ions, photons and electrons. They can be used as both computer
memory and processor. Because a quantum computer can access multiple qubit states

simultaneously, it has the potential to be millions of times more powerful than today's most

powerful supercomputers.

(a) (b)
Qo

@1
Classic bit Quantum bit (qubit)

Figure 1.5.2. Diagrammatic representation of classic bit and quantum bit
The quantum algorithms reduce the CPU time by many orders of magnitude. Preparation

and propagation of the quantum state occur within the quantum hardware framework (or QPU).*
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The optimization of the parameters of the quantum state is achieved on the CPU by minimizing

an objective function (Guerreschi and Smelyanskiy, 2017). The same scheme is applied to other

algorithms such as quantum autoencoders.* 4°

(a) TEMPO based molecule c) Methylphenyl based radicals

3 - O S NGN
o o : Cls
(b) TTF based NN radical molecules

=X, O

)

REHT R RIHIR

Figure 1.5.3: (a) TEMPO based molecule, (b) TTF based NN radicals and (c) Methylphenyl based
molecules for spin qubit systems.

The currently available qubits face the drawback of stability and scalability. The electron
spin qubits are a beneficial over nuclear spin qubits in the preparation of initialized states. This is
due to the gyromagnetic ratio for the nuclear spin which is 103 times smaller than that of electron
spin. This contributes to the low polarization of spin on the system.*® 4 Takui and co-workers
reported in 2012 that a weakly coupled biradical might act as a qubit. Such qubit forms a
constructing QC providing the possibility of building controlled—NOT (CNOT) gate operations.*®
The CNOT gate operations are essentially important gates to constitute a universal set of quantum
gates together with well-defined single qubit operation. Other examples of the spin qubits are
organic electron donors or acceptors such as tetrathiafulvalene (TTF) which can fulfil the same

role, given in the figure 1.7.3.b.%°
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1.5.2 Organic field effect transistors (OFETSs)

Organic field-effect transistors (OFETs) are extensively studied due to their potential
application in integrated circuits. Most of the research works are primarily focused on improving
the fundamental electrical properties of the organic semiconductors and on developing the device

fabrication techniques. Further radical substituted organic molecules are also used for the

semiconducting materials (figure 1.7.5).5>*

w OMe . HoS
- 181137
: : N+
< CqgH37S S S =
/N N N
0 TTFBz-NN C.
OMe
MeO OMe o-Nx N-o,

TPA-NN TPA-NO

Py-NN PyPz-NN NN-TPA-NO

Figure 1.5.4: Organic radical molecules for organic field-effect transistor (OFETs) applications
1.5.3 Organic light-emitting diodes
Organic light-emitting diodes (OLEDs) are one of the very active research areas in organic

electronics.>>*’ This is being expected for the next generation flat panel displays and light sources.
Most of the research work focuses on the fluorescent and phosphorescent materials using closed—
shell molecules. Recently, the open—shell organic molecules are used as an emitter of OLEDs
device.>®0

Moreover, radical substituted organic molecules are used for the novel method to

suppress polaron pair recombination at the donor—acceptor domain interfaces. Due to that, the

efficiency was improved in the organic bulk heterojunction photovoltaic solar cells (BH/—OPV) by

17



INTRODUCTION CHAPTER 1

doping the device active layer with galvinoxyl spin 1/2 radical.’> 52 In addition, the radical
containing molecules are used in dye sensitized solar cells DSSC,%*%> a cathode and/or anode

70-72

materials in batteries.®® ®” Further, organic radical are used in catalysis,® ® sensors,’®’> magneto

73-75

conducting materials,”>”° photo excited spin systems,”®”” spintronics.> 77 And they were finding

8, 81 gpin—labeling,® spin—trapping,®® magnetoconducting

in quantum molecular magnets,
materials,”® 7 magnetic resonance imaging,®* biomedicine,® organic photo excited spin systems,”®
potential use in bio-applications.®® They also have been used as a ligand to form metal-organic
complexes with transition metals and observed ferromagnetism, ferrimagnetism or anti—
ferromagnetism.?
1.6 Magnetic exchange interaction

The exchange between two or more unpaired electrons is known as the magnetic

exchange interactions.®®

Mostly, these interactions are occurred among the neighboring spins,
which might be ferromagnetic or antiferromagnetic interactions. The exchange interactions are
mediated by different kind of mechanisms, which are depending on the nature of the materials.
For the magnetic materials, magnetic exchange interactions are typically determined in the
Heisenberg spin Hamiltonian.®® According to this, the exchange energy of the two magnetically
interacting atoms/molecules i and j are bearing electron spins S;and S; (eq. 1.6.1) is given by
H=-2JS.S; (1.6.1)
where J is the magnitude of the magnetic exchange interaction. The spin distribution of a system
depends on whether the two spins are parallel or antiparallel. The Pauli principle excludes two
electrons of the same spin are being at the same place at the same time. It does not exclude two
electrons of opposite spin. Thus, the electrostatic energy of a system is depending on the relative
orientation of spins. If there are direct coupling between the direction of the two electrons, and

the exchange energy of the two electrons is 2J S.S;. This approximation is suitable for

ferromagnetism to treat as classical angular momentum vectors.
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Most of the organic molecules have closed shell electronic structure. Hence, they possess
singlet ground state with an equal number of electrons having aand B spin. They are the therefore
diamagnetic nature. Some of the organic molecules have open—shell structures where the
electrons are not paired. These molecules have one odd electron and therefore doublet ground
state. These free radicals are paramagnetic compounds. The arrangement of spins in organic
molecular systems becomes an issue when there is an interaction between two doublet centers
as in diradicals/biradicals and radical pairs. Then Coulombic repulsion between electrons lifts the
zeroth—order degeneracy and gives rise to singlet and triplet states of different total energy for
these chemical pieces. The doublet radical center pair's state have the lower in energy. The
conditions for having the ground triplet states and the importance of the singlet—triplet radical
pairs in free radical reactions are sufficiently discussed in the literature.®

Most of the research groups are working for the high spin molecules, which is known as
ferromagnetic material prospered on the basis of McConnell's theory on the basis of on two
approaches. First, for the advantage of a weak hyper conjugative interaction of a short chain is
considered facilitating high—spin molecules. The other approach focuses on a design of molecular
stacking of spin—distributed aromatic rings leading to intermolecular spin alignment. Hence, the
molecular self-assembly is significantly important in designing AFM coupled spin dimer systems.
Through the self-assembly and molecular interactions of the materials are converted to
ferrimagnets in the macroscopic scale. The design of molecular stacking of spin—distributed
aromatic rings could lead to intermolecular spin alignment. Very recently, a summary of the basic
understanding of the molecular design and the importance of the high spin organic molecules was

published.?®
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1.6.1 Intramolecular antiferromagnetic (AFM) exchange interactions in the nitroxides biradicals
Intramolecular AFM exchange interaction arises between two or more spins within the
same molecule. Hence, let us consider the two spins a and 8 which are connected through a n—

bridge (figure 1.6.1.1) and are interacting in the AFM manner.

Intra
D—Gsyste®D—P
o AFM 8

Figure 1.6.1.1: Intramolecular AFM exchange interaction
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Figure 1.6.1.2: Some examples of intramolecular AFM coupled spin dimer molecules.

Normally, these n—bridges are associated with an aromatic conjugated core in organic
molecules. The AFM interactions occur when the two spins are polarized through a conjugated n—
electron between the two magnetic centers. In the AFM materials, the neighboring spins oppose
to each other, and they are aligned anti—parallel (1 d,) with one another. These coupling forces

are responsible for the alignment of the magnetic spins. Spontaneous alignment of the magnetic
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dipoles in antiferromagnetic states needs some positive energy of interaction between the
neighboring spins. Several examples of these types’ of molecules are reported, and some of the
molecules are given in the figure 1.6.1.2 (these references are cited in chapter 2 and 3).

1.6.2 Intermolecular interactions

Figure 1.6.2.1: Intermolecular exchange interaction

Intermolecular exchange interaction occurs between two or more magnetic centers
within different molecules in a crystal lattice. Conjugated n—bridge linked to nitroxides biradicals
are known to mediate intermolecular interactions (figure 1.6.2.1). This interaction arises through
n—Tt interaction of the aromatic core. These interactions may be ferromagnetic or AFM based on
the nature of the molecular arrangement in the crystal lattice. A weak intermolecular
antiferromagnetic coupling happens in many nitroxides biradicals. However, the intermolecular
interaction is formed by aggregation under certain conditions with antiferromagnetic manner. It
seems to be the rule rather than exception that the intermolecular interaction between open—
shell organic molecules should be antiferromagnetic. Therefore, it is necessary for obtaining the
spin alignment in macroscopic scale throughout the molecular assembly to design systems in
which molecular interaction could become 3D ordering.
1.6.3. Self-assembly of the radicals systems
Self—assembly is a process in which organization of molecular components of the materials in a
crystal lattice takes place. As already described, the intermolecular interactions are responsible

for the formation of structures or patterns between the molecules. The interaction may be
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hydrogen bonding, Vander Waals forces, or m—m interactions. Further, self—assembly plays an
important role in deciding the state of the magnetic materials in the crystal lattice.
1.7 Objective and motivation

The unpaired electron acts as a spin carrying units. Some of the organic spin units were
already presented in figure 1.3.1. These organic radicals are used in magnetic materials. In this
thesis, we focused on the NN and IN as spin caring units because these radical spins are capable
being handled at the laboratory bench, allows their isolation and purification as stable materials.
The aromatic conjugated n—bridged connected organic spins have more opportunities to form n—
stacking, H-bonding, and mixed organic—inorganic hybrid structures. In addition, the chelating
properties of both NN and IN moieties are readily providing coordination sites to metal
acetylacetonates.

1.7.1 Weakly antiferromagnetic (AFM) coupled spin—dimers for Bose-Einstein condensation
(BEC) in the solid state organic magnetic materials

The Bose—Einstein condensation (BEC) in the solid state property is current interest for
future application. Varies approaches were applied to achieve BEC phenomena. For the organic

material, it is essential to control intra— and —inter—-molecular magnetic exchange interactions.
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Figure 1.7.1.1: Graphic picture of magnetic field induced quantum phase transition (Reprinted
with permission from Prince Ravat, thesis 2014).

The n-bridges provide to tune the intra—molecular magnetic interactions over
appropriate design of a spacer between the radicals and type of the radical units. The inter—
molecular magnetic exchange interactions, highly depends on the crystal packing of the molecules
which is operated by hydrogen bond or other short inter—-molecular contacts and they are quite

difficult to predict or control.
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We are interested in a weakly coupled organic spin—dimer system with singlet ground
state molecules. It is believed that in such spin networks the few triplet state molecules can be
formed which can move in the crystal lattice upon influence of an external magnetic field (figure
1.7.1.1). To afford through space spin—spin interactions within the network the intramolecular
exchange interactions should be roughly double the size of the intermolecular interactions and in
the range of 5-15 K to be suitable for the laboratory magnet application.

The n—bridge coupled spin—dimers were considered as a source of interacting bosons.
Mainly, preliminary small triplet state population in weakly AF coupled biradicals can be switched
into larger in the presence of applied magnetic field. Such biradical systems are favorable

molecular models for studying BEC properties.

B(T)

Figure 1.7.1.2: Magnetization M(B) of (solid red line, left scale) at 28 mK normalized to the
saturation magnetization together with the magnetic AC—susceptibility x.c(B) (orange full circles,
right scale). Inset: Molecular structure of biradical. (Reprinted with permission from J. Mater.
Chem. C, 2017, 5, 9053-9065).

The main motivation is very recently our group demonstrated magnetic field induced Bose
Einstein condensate (BEC) of triplons in tolane bridged bis(imino nitroxide) molecules (figure
1.7.1.2). This field induced ordered state are observed between 1.8 to 4.3 T in AC—susceptibility
measurements. This result is highlight a more pronounced double—peak feature in .., an evidence
of a field—induced ordered state between B.; =1.8 T and Bc; =4.3 T at 0.028 K. Such field—induced
phases are anticipated for a coupled—dimer system where the lower edge of a band of magnetic

excitations crosses the ground state at Bc1. Here, B, corresponds to the saturation field Bs where

the full magnetization of the system is obtained. The differences at the critical fields B.; and B.; are
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much sharper than the one found in a quasi-2D system.!! Therefore, the inter—dimer coupling
in tolane bridged bis(imino nitroxide) molecules has a 3D character, and therefore, this field-
induced ordered phase can be defined in terms of a BEC of triplons.

Therefore, we would like to extend our work to synthesis and investigation of the similar
kind of the molecule. Such as where the weakly antiferromagnetic interacting two spins are linked
by conjugated aromatic m—bridges. The intra—molecular interaction can be tuned by with different
ni—bridges and radical units. Heterocyclic compounds are known to be best intermolecular
interaction behavior by hydrogen bonding and other intermolecular forces.

Thus, this above aspect were consider in chapter 2 and 3. In chapter—2, we were focused
on mixed phenyl and thiophene oligomer as n—bridge linked with NN biradicals systems. In
chapter-3, planar n—bridges were introduced for best self-assembly and better intermolecular
interaction.

1.7.2. Organic high spin molecules

Organic high spin molecules were focused in chapter 4. These high spin molecules have
been more interesting because of the future application in the molecular spintronic application,
MRI contrast agents and molecular magnets. Different kind of the approaches were used to
getting high spin molecules. Among them cations mixed with stable radical molecules are more
familiar. Especially easily oxidizable amines combined with stable radical entities were more
focused due to the strong exchange interaction was found between oxidized ammonium cation
radical and stable radical unit.

Hence, we were interested in high spin molecules, where planar conjugated aromatic
amine have been linked with stable radical molecules. The dithieno[3,2-b:2',3'—d]pyrrole (DTP) is
one of the easily oxidized planar amine, thus three novel molecules of NN substituted with DTP
derivatives were designed and synthesized. Further, these molecules were oxidized and have been
demonstrated formation of the high spin molecules by CV, UV—Vis, EPR spectroscopy. In addition,

the magnetic interactions were calculated by DFT (chapter 4).
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1.7.3. Metal-organic radical approach for magnetic materials

The metal-radical approach was used in the chapter 5. Nitroxide radicals can interact with
paramagnetic metal {Cu(ll), Mn(ll), Ni(ll), and Co(ll)} ions, and form a variety of molecular
structures, depending on the nature of the metal ions, ligands and reaction conditions. These
molecular structures might be monomeric, 1-D liner chain, 2-D sheet and 3-D structures.
Additionally, the magnetic behaviors are also depending on the molecular arrangement in the
solid state. It is believed that the investigation of the exchange interaction in such metal—radical
complexes are open up new opportunities to design and develop new low dimensional molecular
compounds through appropriate choice of ligands, and metals. Thus, the investigations of the
crystal structures, both theoretical and experimental magnetic exchange interactions are a more
importance in the field of molecular magnetism.

Therefore, we were motivated to complete study of the metal-radical interactions.
Particularly formation of the metal— radical complexes and interaction between organic radical
and transition metal ions of the Co(ll), and Mn(ll). Thus, NN substituted benzene (R1) and
thiophene (R2) molecules were synthesized. Further, four metal complexes (R1Co, R2Co, R1Mn
and R2Mn), using M(hfac),, (where M = Co(ll) or Mn(ll), hfac: hexafluroacetylacetonate) were
prepared. The single crystal structures analysis, and magnetic properties, particularly exchange
interactions have been investigated both experimentally and theoretically.

The description of the detailed work were documented in chapters 2 to 5, followed by
appendixes, list of the publication, curriculum vitae and acknowledgements.

The appendix-l (A-1) is given for the experimental section, analytical techniques,

conversion chart for EPR units and energy conversion chart.
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CHAPTER 2

Mixed Phenyl and Thiophene Oligomers
for Bridging Nitronyl Nitroxides
Abstract: The four m—bridges conjugatively linked with nitronyl nitroxide (NN) biradicals (PPP-NN,
TTT-NN, TPT-NN, and PTP-NN) are described and synthesized. To synthesize these (NN) molecules,
we first utilized Suzuki and Stille coupling reactions through protection and deprotection protocols.
The intra—molecular magnetic exchange interactions are adjusted through using different n—bridges
such as p—ter—phenyl (PPP), ter—thiophene (TTT) and alternating phenylene (P) and thiophene (T)
units as PTP and TPT. Thereby much smaller torsions between the NN and thiophene units (~10°) in
TTT-NN and TPT-NN than for NN and phenyl units (~29°) in PPP-NN were observed due to smaller
hindrance for a five vs. a six membered ring. All four biradicals were examined by EPR and optical
spectroscopy. The magnetic susceptibility was studied by SQUID measurements for TTT-NN and TPT-
NN. Single crystals were efficiently grown for radical precursors of 3, 5, 6, PPP-NNSi, PTP-NNSi and
final biradicals of TTT-NN, TPT-NN, and PPP-NN, of which structures and their molecular packing
were examined by X-ray diffraction studies. The intra—molecular exchange interactions were
calculated by broken symmetry DFT calculations for all biradicals using x—ray crystal structures and
optimized structures. Among all the calculation, using x—ray crystal structure with UBLYP functional

and 6-31G(d) basis gives best results.

olecular bridge

u-&_) t

PPP-NN: A,B=© TPT-NN : A= D ©
TTT-NN: A,B=[| Y, PTP-NN :A=©,B=@
S

Note: This chapter was published in J. Org. Chem., 2017, 82, 7764 —7773.
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2.1 Introduction

The Bose—Einstein Condensation (BEC) of magnetic excitations has gained recent interest in
the field of magnetic materials. It was first obtained in supercooled dilute atomic vapor so called
ultracold gases.’® Some of the molecular examples of copper dimer based materials were found to
reveal intriguing phenomena related to interacting Bosons in reduced dimensions where a Berezinski—
Kosterlitz—Thouless scenario was observed.* Weakly antiferromagnetically (AFM) coupled spin—
dimers with singlet ground state molecules can be switched into a triplet state by the application of a
magnetic field and a gas of triplet excitations (triplons) is formed which shows critical properties
similar to those of a BEC as described by Tchernyshyov.>®

Our fundamental interest focused on the development of novel organic magnetic materials.
Recently the focus was transformed on the aromatic conjugated molecules linked with spin (S = %)
dimer system.”’® The BEC properties of spin dimer systems mainly depend on the spin—spin
interactions where usually it is differentiated between intra— and inter—-molecular exchange
interactions.”!! Hence, intra—molecular interaction can be controlled by varying distance, topology
and torsion between the radical centers connected to the n—bridges.”*® The magnetic interaction
between the stable free radicals such as nitronylnitroxides (NN), tert—butylnitroxides, iminonitroxides
(IN), and verdazyl (VZ) can be fine—tuned by their combination with conjugated oligomers.}”-28
Previously reported NN biradicals where built upon biphenyl?, terpyridine?, pyrene®3, and tolane® as
a m—bridge and their optical, electrochemical, EPR, and magnetic properties were studied.

The spin—dimer molecules are used for the development of solid—state BEC materials* > 39,
where two guiding principles should hold: (1) The intra molecular exchange coupling should dominate
and exceed the intermolecular coupling. (2) The intramolecular coupling should be small enough for
laboratory—scaled magnets to switch the spin state (ground state singlet into the triplet state).

Recently we found that tolane bridged NN biradicals undergo quasi two dimensional magnetic field
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induced quantum phase transition at very low temperatures in the routine laboratory magnetic field

d3¥ 32, mixed

up to 11 T.” ° While thiophene extension with NN biradical entities were explore
thiophene and phenylene oligomers with NN radicals are not reported to the best of our knowledge
to tune the magnetic and electronic properties of biradical systems. From our previous observations,
the aromatic m—bridges are important tool to control both inter and intra—magnetic interaction.

Therefore, it is a necessary to better—understand the effect of the aromatic bridge on the spin—spin

interaction between the radical units.

LUMO -1.32 eV LUMO =-1.39 eV

LUMO =-1.58 eV

Eg=4.75eV Eg=4.10eV Eg=4.04eV
Eg=3.64eV

HOMO=-542eV  HOMO =-5.43eV HOMO = -5.22 eV
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Figure 2.1: Optimized structure of (a) PPP, (b) PTP, (c) TPT and (d) TTT by using the B3LYP functional
and 6—31G(d) basis set and HOMO, LUMO and energy gap (Eg) of the bridging oligomers.

Hence we designed four molecular bridges, p—ter-phenyl, (PPP), ter—thiophene, (TTT) and two
mixed thiophene and phenylene oligomers (TPT and PTP) (figure 2.1) and investigated the molecular
length and torsion angles as well as their HOMO, LUMO, electron density distribution and the energy

gap (Eg) by density functional theory (DFT). The Eg of TTT is 3.64 eV which is much lower than for PPP
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(4.75 eV), TPT (4.10 eV) and PTP (4.04 eV). Based on these n—units (PPP, TTT, TPT and PTP), four (NN)
biradicals (TPT-NN, PPP=NN, TTT-NN, and PTP-NN) were designed (figure 2.2). The NN radical units
are attached to para—position of the phenyl unit for PPP=NN, and PTP-NN. And the NN are attached
to the 5"—position of the thiophene ring for TTT-NN, and for TPT-NN. In the molecular design, we

predicted by spin polarization rule that the spins on the NN groups are AFM coupled to each other.

o ON
i:’/\l s A \__s
N \/ S\

N
TTT-NN; 13.10 A * ‘O TPT-NN:13.51 A
N+
iﬁ jf N
PTP-NN; 13.84 A PPP-NN; 14.44 A

Figure 2.2: Structures of TTT-NN, TPT-NN, PTP-NN and PPP-NN; distance between C2—C2’ of NN
(labeled as black dot).

In this chapter reported that, four biradicals (TTT-NN, TPT-NN, PTP-NN and PPP-NN) were
designed, synthesized and characterized by EPR, UV—-vis spectrometry, single crystal X—ray structural
analysis and their magnetic properties were investigated by SQUID magnetometry for (TTT-NN, TPT—
NN). The intra—molecular magnetic interaction were calculated for the all the biradicals by the
guantum chemical density functional theory (DFT) calculations.

Results and discussion
2.2 Synthesis of biradicals

The dialdehydes are important precursors for the synthesis of nitronyl nitroxide biradicals.?’” The
dialdehyde of 5,5'—(1,4—phenylene)bis(thiophene—2—carbaldehyde), (Di—-CHO), was prepared by
reaction between 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene and 5-

bromothiophene-2-carbaldehyde.
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Scheme 2.1: Synthesis of Di-NNOH.
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Then the (Di—~CHO) was reacted with 2,3-bis(hydroxyamino)-2,3-dimethylbutane (BHA). The

reaction failed (scheme 2.1) although often announced in the literature as suitable step.?” In addition,
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the PPP-NN was also synthesised from di—aldehydes with low (5.2%) yield.* This was mainly because
of the poor solubility of the corresponding di—aldehyde precursor in common organic solvents.
Moreover, the tert—butyldimethylsilyl (TBDMS) protected bromothiophene mono radical
moiety 3 was introduced by Suzuki coupling reaction with 1,4—benzenediboronic acid bis(pinacol)
ester and deprotection to obtain TPT-NN (scheme 2.2). Later a similar synthetic protocol was applied
to synthesize the other three biradicals. Reaction of the 5-bromo-2-thiophenecarboxaldehyde or 4-
bromobenzaldehyde with BHA at room temperature in methanol yielded compounds 2 and 4 with
good vyields (>80 %). Then the N—OH groups were protected with TBDMS by tert-butyldimethylsilyl
chloride (t-BuMe;,SiCl) in the presence of imidazole in DMF as solvent to afford 3 and 5 with excellent
yields (>90 %). The highly stable biradical precursors TPT-NNSi and PPP-NNSi were obtained by
Suzuki coupling reactions between 3 or 5 with 1,4-benzenediboronic acid bis(pinacol) ester in
moderate to good (>60 %) yield. The preparation of PTP-NNSi from 5 either by Suzuki coupling
between 5 and thiophene-2,5-diboronic- bis(pinacol) ester,(6) or Stille coupling of 5 and 2,5-
bis(trimethylstannyl)thiophene,(7) were unsuccessful. Therefore boronic-bis(pinacol)ester,(8) was
prepared from 5 by its treatment with n-Buli, followed by 2-isopropylboronic acid, pinacol ester. The
Suzuki coupling of 2,5-dibromothiophene and 8 successfully yielded PTP=NNSi in 66 % yield. An
attempt to synthesize TTT-NNSi by Suzuki coupling with 3 and thiophene-2,5-diboronic-
bis(pinacol)ester provided only 18 % along with 51 % mono substituted side product obtained. The
yield of TTT-NNSi could be highly improved by Stille coupling reaction between 3 and 2,5-
bis(trimethylstannyl)thiophene, (74%). All the precursors were characterized by NMR and mass
spectra, and the precursors 3, 5, 8, PPP-NNSi and PTP-NNSi were also verified by single crystal X—ray

structure analysis in appendix—(A-Il).
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Scheme 2.3: Synthetic of biradical by deprotection.
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OSTBDM THF rt L |
OSTBDM O
TPT-NNSi, PPP-NNSi, PTP-NNSi and TTT-NNSi PPP-NN, PTP-NN and TTT-NN

All biradicals (TPT-NN TTT-NN, PTP-NN, and PPP-NN) were obtained by subsequent cleavages of
the (TBDMS) protecting groups in one step with tetrabutylammonium fluoride (TBAF) in THF (scheme
2.3). The reaction was carefully monitored by TLC to get best yield of NN biradicals, which were
purified by column chromatography. These biradicals were characterized ESI-HRMS mass
spectrometry.

2.3 Optical properties
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Figure 2.3: (a) UV-vis absorption spectra of PPP-NN PTP-NN, TPT-NN, and TTT-NN (~10° M in
toluene), and (b-e) compared absorption spectra of the biradicals with their precursors.

The UV-vis absorption spectra of the biradicals (TTT-NN, TPT-NN, PTP-NN, and PPP-NN)
were measured in toluene (c@10° M) at room temperature and are depicted in figure 2.3(a). The
absorption data of biradicals (Amax, € and optical gap Eg) are given in table 2.1. The absorption spectra
of the biradicals are compared with their precursors (figure 2.3(b-e)) together with their data

summarized in table 2.1. Only one absorption band was observed for all precursors (TPT-NNSi, PPP—
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NNSi, PTP-NNSi and TTT-NNSi) due to the m—mt* transition of the m-bridge. All the four biradicals
exhibited two absorption bands, around 280-500 nm due to the m—mt* transition of the conjugated
backbone, and the characteristic n—mt* transition of the NN radical moieties around 510-840 nm. The
UV-vis spectra clearly indicate the presence of pure NN biradicals, without contamination by imino—
nitroxide. The effect of the n—bridge on the absorption spectra for NN biradicals were investigated
previously®*. The m—mt* transitions of the radicals are red shifted compared to their protected
precursors by 40-50 nm demonstrating the conjugation enhancement upon radical formation (figure
2.3(b-e)).

Table 2.1: Optical properties of protected precursors, optical and EPR, properties of biradicals (TTT—
NN, TPT-NN, PPP-NN, and PTP-NN).

b

Precursors  Amax (nm), Radicals Amax(nm), 2Eg(eV)°? ban/2/mT g
3Eg (eV)°? (e em™M?) (+0.03)

TTT-NNSi 375 (2.84) TTT-NN 427 (47315), 1.46 0.375 2.0067
709 (956)

TPT-NNSi 338 (3.22) TPT-NN 390 (64795), 1.45 0.370 2.0065
695 (1267)

PTP-NNSi 337 (3.22) PTP-NN 384 (37885), 1.63 0.381 2.0065
669 (468)

PPP-NNSi 291 (3.73) PPP-NN 331 (50757), 1.64 0.371 2.0066
651 (680)

20ptical energy gap calculated according to the absorption edge; ®calculated from EPR spectra.

Differences between the n—mt* transitions can be traced back to better conjugation between
a thiophene unit with NN than a phenylene with NN unit (larger torsion). The optical gaps Eg derived
from the onset of the absorption edge of the n—n* transition for TPT-NN and TTT-NN are 1.45 and
1.46 eV which are smaller than for PPP-NN (1.64 eV) and PTP-NN (1.63 eV), respectively. The optical
properties are thus tuned by enhancing the number and position of thiophenes in the molecular

bridge.
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2.4 EPR studies

EPR spectra of the all four biradicals were recorded in argon saturated toluene solutions. The room

temperature along with simulated EPR spectra’s are displayed in figure 2.4.
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Figure 2.4: EPR spectra’s of the biradicals (a) TTT-NN, (b) TPT-NN, (c) PTP-NN and (d) PPP-NN in
toluene (~107* M in toluene) at room temperature, experimental (black), and simulated (red).

All the m—bridged nitronyl nitroxides (NN) biradicals exhibited nine line spectra at room
temperature due to effective through—bond coupling via spin—polarization effects of the nitronyl
nitroxides, indicating that exchange interactions J are much larger than the hyperfine coupling
constants (J >> an). The calculated g factors and hyperfine coupling constants (an/2) for all biradicals
are summarized in table 2.1. These values are in agreement with those typically observed in the NN

biradicals found in the literature.
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The frozen solution spectra of biradicals (TTT-NN, TPT-NN and PPP-NN) were recorded at 130 K
(figure 2.5). The different kind of the shoulders (left more up and right more down) were observed
for TTT-NN and TPT-NN in the outermost region while PPP—=NN shows symmetric nature. We verified
the anisotropic nature by comparison with thiophene mono radical (Th—NN) frozen solution spectra
at 130 K demonstrated in (figure 2.5d). The half field AMs = 2 transition although weak due to small

zero field splitting, however, is clear evidence for the biradical nature of TPT-NN.
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Figure 2.5: The AMs = 1, EPR transition of spectra of the biradicals (a) TTT-NN, (b) TPT-NN, inset: half
field AMs = 2 transition, (c) PPP-NN, (d) Th=NN in (~10™ M in toluene).

2.5 Crystal structure analysis

The magnetic interactions highly depend on the geometry and packing of the molecules in the
crystal lattice. Therefore crystal structure analysis is a vital requirement to understand magnetic

interactions operating in synthesized biradical systems. While the crystals suitable for single crystal
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X—ray analysis were obtained by slow evaporation of DCM solution of biradicals for the TPT-NN and

TTT-NN, the crystals of PPP-NN were grown by slow diffusion of hexane to its solution in DCM.

Table 2.2: Crystal data and structure refinement details of TPT-NN, TTT-NN, and PPP-NN.

TPT-NN TTT-NN PPP-NN
Formula CasH32N404S; C26H30N204S3 C32H36N404
Formula weight[g/mol] 552.20 558.74 540.65
Crystal system monoclinic monoclinic monoclinic
Space group P21/c P21/n P21/n
a/A 10.9341(19) 12.5445(12) 11.5064(9)
b/A 11.8693(18) 11.1792(7) 9.9143(10)
c/A 11.054(2) 20.4146(21) 12.9226(12)
B° 104.497(7) 107.466(8) 112.061(7)
z 2 4 2
wR2 0.1100 0.2159 0.2959
R1 0.0776 0.0709 0.0963
Density 1.322 1.359 1.314
u/mm 0.23 0.31 0.70
no. independent 3331 6703 2446
reflections
no. of refined parameter 176 342 186
Goodness of fit 1.140 1.013 0.961
CCDC 1501331 1501330 1501332

The green needle of TPT-NN crystallized in monoclinic, P2;/c space group, which has an inversion

center of C2 symmetry and thus is symmetric to the central phenyl ring (figure 2.6a). There is an

intramolecular contact between thiophene sulfur (S) and the radical oxygen atom 2.85 A (S9...015)

and the torsions between the radical moiety and thiophene unit are very small, such as 9.5° for (59—

C7-C10-N11) and 11.1° (C6—C7—C10-N14), thus the average (10°) is given in the figure 2.5.a. The

torsions between the central phenyl ring and the thiophene unit is 25° obtained from the average of

25.7° for (C1-C2—C4-C5) and 24.2° for (C3—C2—C4-S9). The molecular packing of the TPT-NN is

displayed in figure 2.6b and the molecules are arranged in two different directions. The TPT-NN

molecules are networking over radical (N-0) unit through adjacent molecules of thiophene carbon as
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3.2 A for (015—C5) and at the same time the nearest molecule of N-O units also interact with first
molecule of thiophene 3.2 A (C5-015). The m—mt distance between two TPT-NN as edge—to—edge
(between thiophene and thiophene) approach of the molecules is 3.5 A. The slipped n—stacked

structures are shown in figure 2.6c.

M@WJH I
M%W ”“W;f syely i

L

Figure 2.6: X—ray crystal structure of TPT-NN (a) molecule, (b) edge-to—edge packing model, (c) face—
to—face model of crystal packing, hydrogen atoms are omitted for clarity.

The green plate of TTT-NN crystallized in monoclinic, P21/n space group and the X-ray single
crystal structure is displayed in figure 2.7a. The crystal data and refinement details are listed in the
table 2.2. From the single crystal X—ray structure analysis, the slightly different bond lengths are
observed among thiophene and radical (NN) units, which are 1.434 A for (C1-C12) and 1.426 A for
(C24-C27). Further investigation of crystal structure of the TTT-NN shows that both terminal

thiophene and radical moiety (NN) are linked with different torsions which are 9.7° (N2-C1-C12-C16),
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12.0° (N5-C1-C12-S13) and 3.3° (523—-C24—-C27-N28) and 3.2° (C25—C24—-C27—-N31). Also all the three
thiophenes are connected with different torsions 10.6° (S13—-C14-C17-C21), 11.1° (C15-C14-C17-
$18), 7.3° (C20—C19-C22-S23), 9.1° (518—C19-C22—C26). The molecular packing of the TTT-NN is

given in the figure 2.7.b.

Figure 2.7: X—ray crystal structure of TTT-NN (a) molecule, (b) crystal packing 2D mode (c) crystal
packing 3D mode, hydrogen atoms are omitted for clarity.

Further analysis of molecular packing revealed that the molecules interact through N—O unit
with neighboring molecules of thiophene as 3.19 A (011-C26) at the same time second molecule N—
O interact with first molecule 3.12 A (C21-037).

The single crystal structure of PPP-NN is provided in figure 2.8.a and crystallographic

parameters are listed in table 2.2. The dark blue plate of PPP-NN crystallized in monoclinic, P2:/n
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space group and C; symmetry. The radical NN unit was connected with phenyl ring with torsion of 29°
and the phenyl rings are linked with the torsion of 27°. The molecular packing of the PPP=NN is shown
in figure 2.8.b. The molecules are extended through hydrogen bonding with adjacent molecules. There
is no direct intermolecular m electron contact between molecules but the intermolecular distance
between molecules (edge to edge) is 3.42 A for (N-015...C1) and (face to face) molecular distance is

4.66 A for (C10-C10).

Figure 2.8: X—ray crystal structure of PPP=NN (a) molecule, (b) crystal packing.
2.6 DFT calculations

The DFT calculations (Gaussian 09 program package)®® were carried out to find the influence of the
n—bridge on the electronic properties and especially the intra—molecular exchange interactions of the

biradicals. The geometries were optimized by UB3LYP/6—31G(d) level. The optimized structures of
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TPT-NN, TTT-NN, PTP-NN, and PPP-NN are shown in figure 2.9. The simplest Hamiltonian for the
molecule with two exchange coupled unpaired electrons is given by H = —2/1,5:S,. The calculations
were carried out by the broken-symmetry (BS) approach where the exchange interaction J becomes,
J/ks = (E(BS)—E(T)) / (S*(T) — S?(BS)), with E(BS) energy of broken symmetry and E(T) the triplet energy.
S? are the eigenvalues of the spin operator and for S%(BS) close to 1 and S*(T) close to 2 the direct

exchange becomes J/ks = E(BS) — E(T). Thus we applied Heisenberg-Dirac-Van Vleck (HDVV)

Hamiltonian.36-40
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Figure 2.9: The structure of (a) PPP-NN, (b) TTT-NN, (c) TPT-NN and (d) PTP-NN obtained by
optimized by DFT UB3LYP/6-31G(d) level.

The UBLYP functional and 6—31G(d) basis set was used to elucidate Jeic from optimised structure
and compared with those from X—ray structure of TPT-NN, TTT-NN and PPP-NN (first two columns
table 2.3). The large deviation here is mainly due to different geometries from optimization versus X—
ray structures differing mainly in the torsional angles between the radical unit NN and the n-bridge.
The Jeaie from X-ray structure provided very close values to the ones obtained from magnetization
measurements Jey, (table 2.3) as found also in other cases before.**> The UBLYP functional and 6—
31G(d) basis set is necessary since when calculating J values with UB3LYP functional and 6—-31G(d)

basis set, it is well known, that over estimation of Jiwafcalc) occurs, due to the spin contamination

47



Mixed Phenyl and Thiophene Oligomers for Bridging Nitronyl Nitroxides

from Hartree—Fock contributions.*! This was also found here (table 2.3). The theoretical exchange
interaction of the TTT-NN was studied previously with UB3LYP functional,*? leading to stronger
exchange than with BLYP functional.

Table 2.3: The intra—dimer magnetic exchange coupling calculated Jei, and experimental Jex, values.

The Tax denotes the position of the maximum in xmo(T), (cm3/mol) as a function of temperature and
@/K represents the Weiss temperature.

Radicals Jcalc/Ka Jca/c/Kb ./calc/Kc ./calc/Kd @/Ke Tmax/Kf Jexp/Kg
TTT-NN -99.8 -54.4 -23.9 -14.7 -25.7 10.0 -11.9
TPT-NN -44.1 -20.1 -11.1 -5.3 -32.4 3.8 -6.2
PTP-NN -29.1 — =2.7 - — — —
PPP-NN -10.9 -9.1 -2.1 -2.5 — — —

The magnetic exchange coupling calculated J..ic by 2optimized structure using U3BLYP/6-31G(d), °X—
ray structure using U3BLYP/6-31G(d), “Calculated from optimized structure using UBLYP/6-31G(d),
dCalculated from X-ray structure using UBLYP/6—31G(d), °Estimated from Curie—~Weiss model,
feCalculated from molar magnetic susceptibility, xmo (cm™mol™) as function of temperature, "not
determined.

From the triplet state the spin density distributions were derived for TPT-NN, TTT-NN, PPP-NN
and PTP-NN. The spin density is delocalized most on the O-N-C-N-O fragment of NN with small spin
density distribution into the connected thiophenes and very minor spin found at the central phenyl

ring in TPT=NN and the central thiophene unit in TTT-NN and PTP-NN (figure 2.10).

Figure 2.10: Calculated spin density distribution of the triplet state of (a) TTT-NN, (b) TPT-NN, and
(c) PPP-NN from X—ray structure, and (d) for PTP-NN used for optimized structure using UBLYP/6—
31G(d).
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2.7 Magnetic properties

The molar magnetic susceptibility, (xmor) of polycrystalline sample for TTT-NN and TPT-NN were
recorded by Artem S. Bogomyakov in the group of Victor |. Ovcharenko at International Tomography
Center, Siberian Branch, Russian Academy of Sciences, Institutskaya Str. Novosibirsk, Russian
Federation using a SQUID magnetometer in the temperature range 2 K < T < 300 K to elucidate

magnetizations and magnetic exchange interaction as shown in figure 2.11.
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Figure 2.11: Molar magnetic susceptibility xmo/(cm3mol™) of TPT-NN and TTT-NN and Inset: Effective
magnetic moment, L.s, as function of temperature.

The data reveal that both the samples behave almost temperature independent in the range from
about 100 K to 300 K. The molar magnetic susceptibility (xmos) initially increased by decreasing the
temperature with the Curie—Weiss behaviour at higher temperature region (~150-10 K for TTT-NN
and 150-3.8 K for TPT-NN). Moreover, decreased by decreasing the temperature at lower
temperature (< 10 + 0.5 K for TTT-NN and < 3.8 + 0.5 K for TPT-NN) mainly caused by intramolecular
antiferromagnetic (AF) interactions, which means that the biradicals switch from a thermally

populated magnetic spin triplet state to a non—magnetic spin singlet ground state.
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Figure 2.12: Curie—Weiss model straight line of (a) TPT-NN and (b) TTT-NN.

The mean value for the magnetic exchange coupling at high—temperature regime can be obtained
by fitting the curve with inverse magnetic susceptibility 1/Xmol by a Curie—Weiss model straight line
(figure 2.12). The fitting gave negative Weiss temperatures are QW =-32.4 + 0.5 Kand -25.7 £ 0.5 K
for TTT-NN and TPT-NN respectively. These negative Weiss constants are indicating that there are
intramolecular antiferromagnetic coupling interaction between NN radical units through the ni-bridge.
For a more precise determination of the intradimer coupling constant Jintra of TTT=-NN and TPT-NN
was estimated by the temperature dependence of the molar magnetic susceptibility over the
temperature range 2 K > T < 300 K using the Bleaney—Bowers equation for isolated dimer model.*
The intra-dimer magnetic exchange coupling constant Jina between two S = 1/2 spins used in this
expression refers to a Hamiltonian of the form H = —2/1,5:S,, which was taken also for the DFT
calculations. These coupling constants are J/ks = —6.2 K for TPT-NN and J/ks = —=11.9 K for TTT-NN,
respectively. The observed effective magnetic moment (Uess) values for TTT-NN and TPT-NN are
calculated from temperature dependence of magnetic susceptibility as a function of temperature
(inset of figure 2.11).

At room temperature the magnetic moments are close to the theoretical value 2.45 uB for

magnetically uncorrelated spins of biradicals. The theoretical exchange coupling constants, as J/ks

50

Chapter 2



Mixed Phenyl and Thiophene Oligomers for Bridging Nitronyl Nitroxides Chapter 2

calculated from optimized structure using UBLYP/6—31G(d) which are listed in the table 2.3. We did
not further inspect the susceptibility experiment for PPP=NN and PTP-NN because the calculated
coupling constant from DFT are very low as J/ks = —2.1 K for PPP-NN and J/ks = —2.7 K for PTP-NN
which are less interesting for the molecular quantum magnets.

2.8 Conclusions

In summary, we have designed and synthesized four nitronyl nitroxide biradicals with different
numbers of phenyl and thiophene units as molecular bridge. The intramolecular magnetic interaction
were predicted by spin polarization rule, the NN groups are AFM coupled to each other. All the
precursors were characterised by NMR spectroscopy, mass spectrometry and 3, 5, 6, PPP-NNSi and
PTP-NNSi were confirmed by single crystal X-ray studies. The structure of biradicals (TPT-NN, TTT—
NN, and PPP-NN) were confirmed by single crystal X-ray studies and their intra and inter molecular
packing were investigated. All the biradicals were characterised by EPR spectroscopy and compared
with computer simulation. A variable temperature and low temperature EPR studies as AMs = 1 and
AMs = 2 were carried out. The biradicals were examined by UV—-Vis spectroscopy. The thiophene
containing biradicals demonstrated more red shifted absorption than the p-ter-phenyl based
biradicals.

The strength of intra molecular magnetic interactions depends on the distance of the n-bridges and
torsion between the aromatic rings in the m—bridge and among n—bridge and NN unit. The distance
between the radical centers follows the trend PPP-NN > PTP-NN > TPT-NN > TTT-NN and the order
of the planarity of the m—bridges were PPP < PTP < TPT < TTT. The torsion of the thiophene and NN
are smaller than for the neighboring phenyl and NN units due to smaller steric hindrance of five vs six
membered rings. The calculated magnetic interactions for the optimized structures deviated more
than those estimated from single crystal X—ray structure with experimental values. This deviation may

be due to optimized structures are more planar than single crystal X—ray structures. The calculated
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magnetic interactions from single crystal X—ray structure are quite similar with experimental values
for TTT-NN and TPT-NN. The biradicals (TPT-NN and TTT-NN) are promising molecules for further
assessment because the magnetic coupling constants are —6.2 K for TPT-NN and —11.9 K for TPT-NN
respectively.

2.9 Experimental section

2-(5-Bromothiophen-2-yl)-4,4,5,5-tetramethylimidazolidine-1,3-diol (2).

HQ
N
rt24 hr Br- S N
HO
1 BHA 2

A mixture of 2,3-bis(hydroxylamino)-2,3-dimethylbutane, (1.02 g, 6.75 mmol) and of 5-bromo-2-
thiophenecarboxaldehyde (1.31 g, 6.75 mmol) in 10 mL of methanol was taken in the 50 mL round
bottom flask and the reaction mixture was stirred for 24 h at room temperature under argon
atmosphere. The solution was filtered to obtain 2 as white powder (1.73 g, 80%). *H NMR (300 MHz,
DMSO-ds) 6: 1.02 (s, 6H), 1.04 (s, 6 H) 4.69 (s, 1 H), 6.9 (d, J = 3.9 Hz, 1H), 7.04 (d, / = 3.91 Hz, 1 H),
8.02 (s, 2 H). 3C NMR (75 MHz, CDCls), 6: 17.2, 24.1, 66.4, 86.6, 110.6, 126.4, 129.5, 149.4. ESI HRMS
calculated for Cy;H17BrN20,SNa: 343.0092; found 343.0090, [M+Na]*.

2-(5-Bromothiophen-2-yl)-1,3-bis((tert-butyldimethylsilyl)oxy)-4,4,5,5-tetramethylimidazolidine
(3).

HO\ t-BuMe,SiCl, TBDMSQ
N imidazole, N\ N
|
N DMF, 50 °C, Br” S N
HO TBDMSO
3

A DMF solution (10 ml) of 2 (1.01 g, 3.11 mmol), t-butyldimethylsilyl chloride (2.34 g, 5.56 mmol),
and imidazole (2.14 g, 31.44 mmol) in 50 mL Schlenk flask and the reaction mixture was stirred for 24

h at 50 °C under argon atmosphere. Solvent was removed under reduced pressure then the crude
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product was extracted with ether, and washed with water. The ether layer was dried over magnesium
sulfate, and concentrated under reduced pressure. The residue was chromatographed on silica gel
with hexane as the eluant to give 3 (1.60 g, 93%). mp 69-70 °C, *H (300 MHz, CD,Cl,) &: -0.52 (s, 6 H,
SiCHs), -0.04 (s, 6 H, SiCH3), 0.83 (s, 18 H, Si-t-Bu), 1.13 (s, 12 H, CCHs), 4.87 (s, 1 H, CH), 6.75 (d, 2 H, J
= 4.0 Hz, Ar), 6.84 (d, 2 H, J = 4 Hz). 3C NMR (75 MHz, CDCl3) 6: -4.6, -3.7, 17.5, 18.5, 24.6, 26.6, 68.7,
90.6, 113.9, 128.7, 129.9, 149.2. ESI HRMS calculated for C;3sHasBrN,O,SSi>: 549.2002; found:
549.2000, [M+H]".

Synthesis of the TPT-NNSi.

TBDMSQ K»COs,

\ / Pd(pph3)4 TBDMSQ R 7] OSTBDM
£>_< & & NEPZ STNAN
THF H,0, N N
TBDMSO ~OSTBDM TBDMSO”
3 TPT-NNSi

1,4-Benzenediboronic acid bis(pinacol) ester, (0.15 g, 0.45 mmol), 3 (0.59 g, 1.08 mmol), K,COs
(0.38 g, 2.71 mmol) and Pd(PPhs), (0.105 g, 0.09 mmol) were taken in 50 mL Schlenk tube and argon
purged THF (15 mL) and water (3 mL) were added then the mixture was stirred for 24 h at 60 °C under
argon atmosphere. The mixture was poured into water and extracted with ether. The ether layer was
dried over magnesium sulfate, and the solution was concentrated under reduced pressure. The
residue was chromatographed on silica gel with hexane as eluant to obtain TPT-NNSi (0.37 g, 81%).
mp 236-237 °C, *H NMR (300 MHz, CD,Cly) &: -0.51 (s, 12 H, SiCHs), -0.05 (s, 12 H, SiCH3), 0.83 (s, 36
H, Si-t-Bu), 1.16 (s, 24 H, CCHs), 4.92 (s, 2 H, CH), 6.96 (d, 2 H, J =4 Hz, Ar), 7.15 (d, 2 H, J =4 Hz), 7.62
(s, 4 H). *C NMR (175 MHz; CDCls) 6: -4.8, -3.7, 17.6, 18.5, 25.2, 26.6, 30.3, 68.7, 91.0, 121.9, 126.3,
130.6, 134.4, 145.4, 147.4. ESI HRMS calculated for Cs;HgsN404S2Sis: 1015.5872; found: 1015.5897,

[M+H]*.
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Synthesis of the TPT-NN.

TBDMSQ [N 7 OSTBDM Nai0 o I 7] o
\ I 4 \ 1
N S S N > +Nx S S N
N N DCM: H,0, NI - N'
“OSTBDM TBDMSO” rt Ne) o+
TPT-NNSi TPT-NN A

precursor TPT-NNSi (0.20 g, 0.21 mmol) was dissolved in dry THF (15 mL) in the round bottom flask
and (4.7 mL) BusNF, 1 M solution in THF was added then the mixture was stirred for 16 h at room
temperature and while the reaction was monitored by TLC. The product was concentrated under
reduced pressure and the mixture was purified by column chromatography, DCM and MeOH (0-2 %)
as eluant to provide TPT-NN as green solid (90 mg, 83%). mp, decompd. 245-246 °C, ESI HRMS
calculated for CysH32N404NaS;: 575.1763; found: 575.1759 [M+Na]*.

2-(4-Bromophenyl)-4,4,5,5-tetramethylimidazolidine-1,3-diol, (4).

or HQ
NH MeOH N
——» &
rt, 24 hr I\l
HO
BHA

A mixture of 2,3-bis(hydroxylamino)-2,3-dimethylbutane (2.9 g, 19.6 mmol) and of 4-
bromobenzaldehyde (3.6 g, 19.6 mmol) in 30 mL of methanol in 50 mL round bottom flask was stirred
for 24 h at room temperature under argon atmosphere. The solution was filtered to obtain 4 as a
white powder (5.3 g, 86%). *H NMR (300 MHz, DMSO-ds) 6: 1.03 (s, 6 H, CH3), 1.06 (s, 6 H, CHs), 4.47
(s, 1H,CH), 7.41(d, 2 H,J= 9.0 Hz, Ar), 7.50 (d, 2 H, J = 8.0 Hz, Ar), 7.81 (s, 2 H, OH). 3C NMR (75 MHz,
DMSO-d®) 6: 17.2, 24.4, 66.2, 89.6, 120.4, 130.5, 130.6,141.4. ESI HRMS calculated for Ci3H,0BrN,0,

315.0703 found 315.10694 [M+H]".
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2-(4-Bromophenyl)-1,3-bis((tert-butyldimethylsilyl)oxy)-4,4,5,5-tetramethylimidazolidine, (5).

HQ t-BuMe,SiCl, TBDMSQ
N imidazole, N
Br > Br
N DMF, 50 °C, N
HO TBDMSO
4 5

The 2-(4-Bromophenyl)-4,4,5,5-tetramethylimidazolidine-1,3-diol, 4 (3.0 g, 9.5 mmol), t-
butyldimethylsilyl chloride (7.2 g, 47.6 mmol), and imidazole (6.5 g, 95.2 mmol) were dissolved in dry
DMF (45 mL) in 100 mL Schlenk flask and the mixture was stirred for 24 h at 50 °C under argon
atmosphere. DMF was removed under reduced pressure and extracted with diethyl ether and washed
with water. The organic layer was dried over magnesium sulfate, and concentrated under reduced
pressure. The residue was purified by column chromatography on silica gel with hexane as the eluant
to give 5 as white powder (4.8 g, 92%). *H NMR (300 MHz, CD,Cl,) 6:-0.84 (s, 6 H, SiCHs), -0.04 (s, 6 H,
SiCHs), 0.79 (s, 18 H, Si-t-Bu), 1.16 (s, 12 H, CCH3), 4.59 (s, 1 H, CH), 7.26 (d, 2 H, J = 10 Hz, Ar), 7.40 (d,
2 H,J=10 Hz). 8: 3C NMR (125 MHz, CD,Cl,) 6:-19.1, -17.6, —-3.2,-3.9,10.52, 12.1, 54.2, 79.5, 107.8,
116.7, 118.8. ESI HRMS calculated for CasHasBrN,O,Siz: 543.2438; found 543.2419, [M+H]".

Synthesis of the PPP-NNSi.

TBDMSO K2COs, OSTBDM TBDMSO
Pd(PPh3 7 \
N N
) L I~
THF H,0, N N
TBDMSO 60 °C OSTBDM TBDMSO

5 PPP-NNSi

A mixture of 1,4-benzenediboronic acid bis(pinacol) ester, (0.15 g, 0.45 mmol), 2-(4-Bromophenyl)-
1,3-bis((tert-butyldimethylsilyl)oxy)-4,4,5,5-tetramethylimidazolidine, 5, (0.50 g, 0.91 mmol), K2CO3
(0.19 g, 1.38 mmol), and Pd(PPhs)4 (0.05 g, 0.09 mmol), was taken in a 50 mL Schlenk tube and argon

purged THF (20 mL) and water (5 mL) were added. Then the mixture was stirred for 24 h at 60 °C under
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argon atmosphere. The mixture was poured into water and filtered to give PPP-NNSi as white solid
(0.34 g, 74%). mp 248-249 °C, *H NMR (300 MHz, CD,Cly) 6: -0.77 (s, 12 H, SiCH3), -0.02 (s, 12 H, SiCH3),
0.82 (s, 36 H, Si-t-Bu), 1.22 (s, 24 H, CCHs), 4.71 (s, 1 H, CH), 7.49 (d, 2 H, /= 10 Hz, Ar), 7.65 (d, 2 H, J
=10 Hz), 7.71 (s, 4 H). 3C NMR (125 MHz, CD,Cls) 6: -4.5, -3.3, 17.8, 18.8, 25.9, 26.9, 30.7, 69.3, 95.0,
126.9, 128.0, 132.2, 140.7, 141.6. ESI HRMS calculated for CseHogN4Oa4Sis: 1003.6743; found
1003.6768, [M+H]".

Synthesis of the PPP-NN.

OSTBDM TBDMSO o Q

NaIO4 N N

OO0, O~

N DCM H20, N +N

OSTBDM TBDMSO o} o
PPP-NNSi PPP-NN

PPP-NNSi (0.10 g, 0.10 mmol) was dissolved in dry THF (10 mL) and (2.4 mL,) and 1 M solution of
BusNF in THF was added then the mixture was stirred for 3 h at room temperature, while the
reaction was monitored by TLC. The reaction mixture was concentrated under reduced pressure,
and then the crude product was purified by column chromatography, DCM and MeOH (0-2 %) as
eluant to obtain PPP-NN as a blue solid (0.037 g, 68%). mp, decompd. 260-261 °C, ESI HRMS
calculated for C3;H3sN4sO4Na: 563.2634; found 563.2650, [M+Na]*.
1,3-Bis((tert-butyldimethylsilyl)oxy)-4,4,5,5-tetramethyl-2-(4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl)imidazolidine, (8).

TBDMSO\ TBDMSO
N o, n- BULI .
Br—< >—< + ;t ,B‘O —< >—<
Ni o] THF, j: y :@

TBDMSO -78 °C, TBDMSO

5 8

The compound 5 (4.80 g, 8.83 mmol), was dissolved in dry THF (50 mL) in the 100 mL Schlenk tube

and cooled to -78 °C then n- butyllithium (1.6 M solution) in hexane (6.7 mL, 10.56 mmol) was added
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and the mixture was stirred at same temperature for 1 h, then 2-isopropylboronic acid, pinacol ester
(1.97 g, 2.16 mL, 10.59 mmol), was added and the reaction mixture was stirred at same temperature
for further 1 h then quenched with water (10 mL), and extracted with ether. The ether layer was dried
over magnesium sulfate, and concentrated under reduced pressure. The residue was
chromatographed on silica gel with hexane as eluant to obtain 8 (4.9 g, 94%). mp 132-133 °C, *H NMR
(300 MHz, CD,Cly) 6:-0.90 (s, 6 H, SiCH3), -0.04 (s, 6 H, SiCH3), 0.79 (s, 18 H, t-Bu), 1.17 (s, 12 H, CCH3),
4.62 (s, 1H, CH),7.39(d, 2 H, J= 6 Hz), 7.65 (d, 2 H, J = 9 Hz). 3C NMR (125 MHz; CD,Cl,) §; -4.7, -3.5,
17.7, 18.4, 25.1, 25.4, 26.6, 68.7, 84.3, 94.9, 129.2, 130.9, 134.5, 145.2. ESI HRMS calculated for
C31HgoBN,04Siz: 590.4215; found: 590.4205 [M+H]".

Synthesis of the PTP—NNSi.

THF H,0,

TBDMSO K,COs3, MDBTSO / \ OSTBDM

TBDMSO
8

60 °C OSTBDM TBDMSO

PTP-NNSi

2,5-Dibromothiophene, (0.10 g, 0.42 mmol), 8(0.50 g, 0.85 mmol), K,CO5 (0.35 g, 2.53 mmol), and
Pd(PPhs)4 (0.11 g, 0.09 mmol) were taken in 50 mL Schlenk tube. And then argon purged THF (15 mL),
and water (5 mL) was added then the mixture was stirred for 24 h at 60 °C under argon atmosphere.
Then the mixture was poured into water and extracted with ether. The ether layer was dried over
magnesium sulfate, and concentrated under reduced pressure. The residue was chromatographed on
silica gel with hexane to obtain PTP-NNSi (0.28 g, 66%). mp 210-211 °C, *H NMR (250 MHz, CD,Cl,) &:
-0.78 (s, 12 H, SiCHs), -0.01 (s, 12 H, SiCHs), 0.81 (s, 36 H, Si-t-Bu), 1.19 (s, 24 H, CCH3), 4.65 (s, 1 H, CH),
7.35(s,2 H),7.42(d,2H,J=7.5Hz),7.60 (d, 4 H, J = 7.5 Hz). **C NMR (125 MHz; CD,Cl;) &: -4.6, -3.5,
17.6, 18.4, 25.1, 26.6, 68.6, 94.1, 124.3, 125.1, 132.1, 134.3, 141.7, 143.9. ESI HRMS calculated for

Cs4H97N404Si4S: 1009.6308; found 1009.6298 [M+H]".
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Synthesis of the PTP-NN.

N+ N
(0]

DCM: H20,
OSTBDM TBDMSO rt

N —

PTP-NNSi
PTP-NN; 13.84 A

PTP-NNSi (0.05 g, 0.05 mmol) was dissolved in dry THF and (1.19 mL) and BusNF, 1 M solution in THF
was added then the mixture was stirred for 16 h at room temperature, while the reaction was
monitored by TLC. The reaction mixture was concentrated under reduced pressure and the mixture
was purified by column chromatography, DCM and MeOH (0-2 %) as eluant to obtain PTP-NN (18 mg,
70%). mp, decompd. mp 206-207 °C, MALDI-TOF calculated for CsoH3aN40.S; 546.6900; found:
546.2100 [M]*.

Synthesis of the TTT-NNSi.

TBDMSQ K2COs, TBDMSO OSTBDM
/(_)\ 0 Pd(PPh3
D%
THF: HZO
TBDMSO 60 °C OSTBDM TBDMSO
3
TTT-NNSi

Thiophene-2,5-diboronic acid bis(pinacol) ester (0.20 g, 0.59 mmol), 3 (0.72 g, 1.31 mmol), K,CO3
(0.49 g, 3.57 mmol) and Pd(PPhs)4 (0.07 g, 0.06 mmol) were taken in a Schlenk tube and argon purged
THF (30 mL) and water (10 mL) were added then the mixture was stirred for 24 h at 60 °C under argon
atmosphere. Then the mixture was poured into water and extracted with diethyl ether. The ether
layer was dried over magnesium sulfate, concentrated under reduced pressure. The residues were
chromatographed on silica gel with hexane as an eluent, and to TTT-NNSi obtain (0.11 g, 18 %). 'H
NMR (300 MHz, CD,Cl,) &: -0.51 (s, 12 H, SiCH3), -0.05 (s, 12 H, SiCHs), 0.83 (s, 36 H, Si-t-Bu), 1.16 (s,
24 H, CCH3), 4.92 (s, 1 H, CH), 6.96 (d, 2 H, J = 4 Hz, Ar), 7.15 (d, 2 H, J = 4 Hz), 7.62 (s, 4 H). *C NMR

(125 MHz, CDCl5) &: -4.7,-3.7, 17.5, 18.5, 25.1, 26.5, 30.3, 68.7, 122.4, 124.3, 130.1, 137.1, 138.7,
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146.9. ES| HRMS calculated for CsoHesN4O4SsSia: 1021.5436; found 1021.5461, [M+H].* Mono coupled
product. 0.171 g, 51 %; *H NMR (300 MHz, CD,Cl,) 6: -0.51 (s, 12 H, SiCHs), -0.05 (s, 12 H, SiCHs), 0.83
(s, 36 H, Si-t-Bu), 1.16 (s, 24 H, CCH3), 4.92 (s, 1 H, CH), 6.96 (d, 2 H, J = 4 Hz, Ar), 7.15 (d, 2 H, J = 4 Hz),
7.62 (s, 4 H).

Synthesis of the TTT-NNSi.

TBDMSO TBDMSO OSTBDM
PPh3
__Sn D_<
toluene DMF,
TBDMSO 60 °C. OSTBDM TBDMSO
7
3 .
TTT-NNSi

By Stile coupling. 2,5-bis(trimethylstannyl)thiophene (0.10 g, 0.23 mmol), 3 (0.33 g, 0.61 mmol), and
Pd(PPhs)4 (0.06 g, 0.05 mmol), were taken in 50 mL Schleck tube and argon purged dry DMF (10 mL),
was added then the mixture was stirred for 30 h at 60 °C. Then DMF was removed under reduced
pressure. The residue was extracted with diethyl ether (2 X 50 mL). The ether layer was dried over
magnesium sulfate, and concentrated under reduced pressure. The residue was chromatographed on
silica gel with hexane to obtain TTT-NNSi (0.18 g, 79 %).

Synthesis of the TTT-NN.

TBDMSO OSTBDM Jol o}

Ne U N sl N N NalO4 i"“ s. I\ s N‘?
?N\ >y ,N‘ﬁ DCM: H20, N \ /S \ N
OSTBDM TBDMSO rt
TTT-NNSi TTT-NN
TTT-NNSi (0.10 mg, 0.10 mmol) was dissolved in dry THF (7 mL) and (2.4 mL) BusNF, 1 M solution in
THF was added then the mixture was stirred for 16 h at room temperature, while the reaction was
monitored by TLC. The solution was concentrated under reduced pressure and the mixture was
purified by column chromatography, DCM and MeOH (0-2 %) as eluant to obtain TTT-NN as green
solid (36 mg, 66%). mp, decompd. 219-220 °C, ESI calculated for CiH30N404Ss:

558.14, found: 558.16 [M]*.
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The appendix-1l (A-ll) is given for chapter—2.

Structures, refinement details of 3, 5, 6, PPP-NNSi, PTP-NNSi, structures of the TPT-NN, TTT-NN,
and PPP-NN, variable temperature (290-210 K) EPR spectra of the biradicals for PPP-NN and TTT-NN
in toluene (=10-4 M in toluene), NMR spectra of new compounds for PPP-NNSi, TPT-NNSi TTT-NNSi
and PTP-NNSi, and details of the DFT calculations using Gaussian 09.
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CHAPTER 3

Planar Benzo[1,2-b:4,5-b ]ldithiophene Derivatives
Decorated with Nitronyl- and Imino—Nitroxides
Abstract: Four weakly antiferromagnetic interacting biradicals of benzo[1,2—-b:4,5—-b']dithiophene
(BDT), and BDT extended with two thiophene (BDTTh,) linked with nitronyl—and imino—nitroxides
(NN and IN) as (BDT-NN, BDT-IN, BDTTh,—NN and BDTTh—IN) were designed and synthesized.
They were characterized by mass, UV-Vis, EPR, single crystal X—ray diffraction, DFT calculations,
and SQUID studies. In all molecules, the radical units were linked to a thiophene of the planar n—
bridges resulting in small torsions. The BDT-NN and BDT-IN crystallized in dimeric forms, while
BDTTh-NN was found as monomeric structure. The short inter—molecular n—m distance found
(3.42 A) for BDT-NN whereas the larger m—n distance for BDT—-IN (3.83 A) and BDTTh~NN (3.67
R), respectively. The intra—molecular magnetic interaction (Jinrgexs/ks) of the BDT-NN (—26 K) is
much larger than for BDT-IN (-5.3 K), while it is reduced for the dithiophene extended molecule
BDTTh,~NN (-2.3 K). The inter—molecular interactions (Jinter,exp/ks) of BDT-NN (—6.5 K) and BDT—
IN (—6.0 K) are stronger than for BDTTh,—NN (—4.6 K). Such large intermolecular couplings resulting
from good m-stacking and marks BDT-IN a highlight for well promising crystalline materials with
similar sized Jintra and Jiner. In addition, we also extracted a coupling within the chain of Jengin/ks = —
2.2 K and a coupling between the chains of ZJint.chain = —1.5 K for BDTTh,—NN by Heisenberg chain
model. Further, the intra— and inter—molecular interactions and spin densities were examined by

density functional theory (DFT) studies to understand the magnetic properties.

Note: This chapter was published in J. Org. Chem., 2018, DOI: 10.1021/acs.joc.8b02499
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3.1 Introduction

As mentioned in the chapter two before, our fundamental interest is focused on to
develop novel organic magnetic materials. Recently reported molecules were promising
molecules, which are aromatic conjugated n—bridge linked with spin (S = %) dimer systems.’* The
intra— and inter—molecular exchange interactions are fundamental tool in the spin dimer systems
for BEC properties.’™ > Hence, intra—molecular interactions are tuned by varying n—bridge
distance, topology and torsion between the radical centers.Y>1° The inter-molecular interaction
is controlled by supra—molecular approaches as the n—stacking of the molecules and or hydrogen
bonding.® Planar n—bridges are thus better candidates than twisted ones for good self-assembly
properties.t> &1 Therefore, the structure of n—bridges plays a major role in determining both the

intra and inter spin—spin exchange interactions.
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Chart 3.1: Structures of BDT-NN, BDTTh2>-NN, BDT-IN, and BDTTh,-IN.

The current work is concerned with stable conjugated organic radicals as spin units (NN and IN)
linked to m—conjugated bridges. Here, two planar benzodithiophene containing m—bridges such as
4,8—dimethoxybenzo[1,2—b:4,5-b'ldithiophene (BDT) and 4,8—dimethoxy—2,6—di(thiophen—2—
yl)benzo[1,2-b:4,5-b']dithiophene (BDTTh,) were connected with nitronyl nitroxide (NN) and
imino nitroxide (IN) radical units (Chart1). The BDT is a symmetric and planar conjugated n—bridge
structure which can easily realize ordered n—n stacking and thereby facilitate also inter—molecular

interactions. Furthermore, the BDT core provides two positions on the central benzene core for
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attaching different substituents where methoxy groups were introduced to ensure good solubility
and tune the energy levels of n—bridge in a kind of donor acceptor manner.??* |n the other
derivative (BDTThy), the m—bridge is extended with thiophenes on each side of BDT towards more
extended biradicals which clearly should change the electronic properties and the exchange
interactions.

Result and discussion

3.2 Synthesis

Scheme 3.1: Synthesis of BDT-NN, BDT-IN, BDTTh.—-NN, and BDTTh>—IN.

o o~
s @) S (b) —> BDT-NN
4 ) —> 4 ——>» OHC / / CHO ——>
s s H —» BDT-IN
o oL
1 2

N
!
HO
l ®
y-OTBDMS

OTBDMS
. Sl N — > BDTTh,NN
/s TBDMSd OTBDMS
TBDMSO""

— . BDTThyN
\ 27!
Br-T-NNSi

it BDTTh,-NNSi Teomso™

Reaction conditions: (a) Zn dust, NaOH, H,O, Mel and BusNBr,100 °C, 18h, (b) n—BulLi, THF, =78 °C,
1 h, -10°C, 30 min, and —=78 °C, DMF, 30 min, and rt, 30 min, H,0, (c) BHA, DMF, 65 °C,16 h, (d)
NalO4, DCM/H,0, (e) MeNO,, MnO,, (f) n—BulLi, THF, 0 °C, MesSnCl, (g) Pd(PPhs)4, toluene:DMF, (h)
TBAF, THF and (i) TBAF, THF followed by excess MnO, in MeNO,.

The syntheses of the biradicals are described in scheme 1. The key precursor BDT (2) was
prepared by reduction of benzo[1,2—b:4,5-b']dithiophene—4,8—dione with Zn dust in presence of
NaOH followed by treatment with Mel and BusNBr in 81 % yield. The dialdehyde 3 was synthesized
by treating 2 with n—butyllithium followed by addition of DMF (70%). Ullman condensation of 3
with 2,3-bis(hydroxyamino)-2,3—dimethylbutane (BHA) yielded 4 (65%). The oxidation of 4, by
NalO4 led to BDT-NN (62%) and BDT-IN was obtained with excess of MnO; in MeNO; (67%).
Compound 2 reacted with n—Buli, followed by MesSnCl to achieve 5 (91%). Then stable biradical
precursor BDTTh,—NNSi was prepared by Stille coupling between 5 and BrTh—NNSi in 82% yield.

The BDTTh~NN was gained by subsequent cleavages of TBDMS protecting groups in one step by
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tetrabutylammonium fluoride, (TBAF) in THF (71%).2 The BDTTh,—IN was obtained by cleavages of
TBDMS protecting groups followed by oxidation with MnO;in MeNO; (68%). All the precursors
were characterized by NMR spectroscopy and mass spectrometry. All biradicals were
characterized by EPR and UV-vis spectroscopy and mass spectrometry. The structures of
compounds (BDT, BDTTh,—NNSi, BDT-NN, BDT-IN, and BDTTh,-NN) and molecular packing were
investigated by single crystal X—ray structure analysis and thermal ellipsoid plot are placed in

appendix (A-111).
3.3 Optical absorption studies

The UV-vis absorption spectra of biradicals BDT-NN, —IN, and BDTTh,—NN, -IN were
measured in toluene (c ~ 10~ M) solution at room temperature (figure 3.1). Two principal

absorption bands were obtained for NN biradicals (BDT-NN and BDTTh,—NN).

5%10% ——BDT-NN
——BDTTh-NN
——BDT-IN
4x10% BDTTh,IN
T 3x10%
=
F 1
! = 2x10% -
o
~
w  1x10*-
0 .

300 400 500 600 700 800 900
Wavelength / nm

Figure 3.1: UV-vis absorption spectra for BDT-NN (black), BDTTh,—NN (red), BDT-IN (blue), and
BDTTh—IN (green) in toluene (~10™ M) solution at room temperature.

The high energy band covers from ~ 320 to 500 nm due to —mt* transition of m—bridge and
the low energy band between 550 to 800 nm for n—t* transitions of radical moieties very similar
with those earlier reported nitronyl nitroxides.® The m—mt* transition for BDTTh,~NN was slightly
broadened in comparison with BDT-NN due to the extended bridge conjugation. The BDT-IN and

BDTTh,—IN showed broad absorption bands around ~ 350 to 500 nm for n—n* and weak band
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around 550 nm for the n—mt* transitions. The absorption data of biradicals (Amax, and extinction €)

are summarized in table 1.

Table 3.1: UV—vis, EPR and calculated exchange interactions of BDT-NN, BDT-IN, BDTTh—NN and
BDTTh.-IN.

Amax(nm)? g(cm™M™1)P an/2(mT)® gb Jintra,cale/ KE Jinter,cale/K°
BDT-NN 422,712 41295, 674 0.37 2.0068 -61.5 9.4
BDT-IN 407, 550 45435 0.44,0.24 2.0062 -3.7 -5.7
BDTTh2-NN 437,711 47855, 815 0.37 2.0067 -5.5 —4.2
BDTTh2-IN 390, 550 46882 0.45,2.3 2.0064 -1.3 —

3Calculated from UV-vis absorption spectra, °calculated from EPR spectra. ‘calculated from X-ray
structure using UBLYP/6—31G(d) by DFT.

3.4 EPR studies

The EPR spectra of all four biradicals were recorded in argon saturated toluene (~10* M)
solution. The room temperature EPR spectra of biradicals (BDT-NN, BDT—IN, BDTTh,—NN and
BDTTh,—-IN) associated with computer simulated spectra are displayed in figures 3.2(a-d). The
BDT-NN and BDTTh,-NN biradicals exhibited nine line and BDT-IN and BDTTh,—IN showed 13
line spectra due to effective through—bond coupling of radicals via spin—polarization effects over
the molecular bridges. These spectra indicated that the exchange interactions J are much larger

than the hyperfine coupling constants (J >>ay) in the limit of EPR spectroscopy.t® 78

The EPR spectra of the biradicals in frozen (toluene) solution for BDT-NN (figure 3.2(e),
BDT-IN and BDTTh—NN are given in figure 3.2(f). A zero—field—splitting |D| (zfs) is detected for
BDT-NN (38.0 +0.5G) and BDT-IN (37.5, +0.5 G) whereas a fine coupling was not resolved for
BDTTh,—-NN. This is due to large intramolecular radical distances leading to a strong decrease in
the magnitude of the zfs component. Further, the forbidden half-field transition, AMs =2, is found
for the BDT-NN and not detectable for other molecules. Therefore, the | D| value in axial systems
is associated with the averaged radical distances according to the point—dipole approximation.*™
16 For BDT-NN, the carbon—carbon (C2—C2°) distance is equal to 9.87 A, which is related to the D
~¢/r*=77924 (g/g.)/r*= 78095.2/961.5 = 81 MHz ~ 29 G. Similarly | D| calculated for BDTTh,~NN
(C2—C2’) = 17.22 A) is D = 5.5 G. The calculated D value for BDT-NN is slightly smaller (29 G) than
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the experimentally deduced one (38 G), which is assumed to be due to spin delocalization into the

bridge. Vide infra a decent match was found.
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Figure 3.2: The EPR spectra for in toluene (107#) solution (a) BDT-NN, (b) BDT-IN, (c) BDTTh—NN
and (d) BDTTh—IN, room temperature (black) and simulated (red). (e) AMs =1 and (inset) half
field AMs = 2 transition at 130 K for BDT-NN and (f) AMs = 1 transition for BDT-IN and BDTTh—

NN at 130 K.

3.5 Single crystal x-ray structure studies

The single crystals of BDT-NN, BDT-IN, and BDTTh,—NN were grown by slow evaporation
in DCM solution whereas BDT and BDTTh—NNSi crystallized from CD,Cl, solution. The

crystallographic parameters are listed in table 2. The single crystal X—ray diffraction analysis
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revealed that colorless BDT crystallizes in monoclinic system with P 21/, space group and molecule
has center of symmetry (Ci) (figure 3.3(a—b)). The molecular packing is given in the figure 3.3(c).
The conjugated aromatic n—unit was nearly planar and two methyl groups of methoxy were bent
out of the m—plane (113°). The two sulfur atoms at thiophenes showed anti conformation to each
other.

Table 3.2. Crystal data and structure refinement details of BDT, BDTTh,~NNSi BDT-NN, BDT-IN,
and BDTTh—-NN

BDT BDTTh,-NNSi BDT-NN BDT-IN BDTTh,-NN
formula C12H1002S;  CsgHogN4O6SaSia CeH32N406S2  CagH32N404S; C34H36N4O6S4
formula weight 250.32 1188.00 560.67 528.67 724.91
[g/mol]

Crystal system monoclinic monoclinic monoclinic triclinic monoclinic
Space group P 2i/n C2/c P 2i/c P-1 P2i/c
a(A) 7.9063(9) 48.0321(15)  7.368(2) 10.3012(7) 16.173(8)
b (A) 8.9584(7)  10.6191(2) 19.751(6) 11.4840(9) 6.265(3)
c(A) 7.9434(10) 14.3112(5) 19.406(6) 12.6110(9) 16.682(8)
o — — — 81.906(6) -

Voa 99.907(9)  98.054(3) 98.020(9) 107.466(8) 102.457(9)
y - — - 68.197(6) -

VA 2 4 4 4 2
temperature °C -80° -80 -100 -80 -100

wR2 0.0788 0.1077 0.3472 0.1643 0.1724

R1 0.0286 0.0401 0.1178 0.0528 0.0768
density gcm™ 1.500 1.092 1.332 1.335 1.459
absorption p (mm™) 0.46 0.242 0.237 0.242 0.34

no. of independent 1337 9067 6148 6481 3864
reflections

no. of refined 91 383 390 363 230
parameter

goodness of fit, S 1.049 0.969 1.027 1.017 0.998
CCDC 1862382 1862542 1862543 1862544 1862545
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The yellow needle of the BDTTh,~NNSi crystallized in monoclinic C,/c space group with Ci
symmetry and solvent molecules were included (probably what else could be CD,Cl;) which are
not being refined. The X—ray structure is displayed in the figure 3.3(d—e). The aromatic core
possesses planar structure and the methyl groups in the imidazolidine were disordered in nature.
Due to the bulky protection groups, the n—bridge and imidazolidine parts are strongly twisted

relative to each other figure 3.3(d).

(a)

(c)

Figure 3.3: Single crystal X—ray structure of (a) and (b) for BDT, (c) molecular packing, (d), and (e)
structure of BDTTh,-NNSi; Hydrogen atoms are omitted for clarity.

The black needle of BDT-NN single crystal structure is provided in figure 3.4. The dimeric
structures of the molecules (BDT-NN-A and BDT-NN-B) were crystallized together with inversion
symmetry (Ci), monoclinic and P21/c space group. The shortest m—mt distance (3.423 A) found
between two molecules of BDT-NN—A and BDT-NN-B (C2A—C2B). This short distance between
dimer molecules are extremely important for intermolecular interactions to increase the
dimensionality of triplet excitations in the solid. The BDT-NN-B structure has disorder at methyl
groups. The molecular structure of BDT-NN-A is provided in figure 3.4(c) and the molecular
packing of BDT-NN is given in figure 3.4(d). In BDT, (2) molecule (figure 3.3), the two OMe groups
bent out of plane of the aromatic n—unit but in BDT-NN methyl groups are nearly parallel to the
n—bridge. The investigation of torsions angles are mandatory because those have a strong

influence on the magnetic exchange interactions in biradicals.2® & & The planar BDT n—unit
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connected with NN units with torsions of BDT-NN-A 4.2° for NSA—C7A—C5A—-C4A, 10.0° for N11A-
C7A-C5A-S6A (figure 3.4c), and BDT-NN-B, 10.9°, for N8B—C7B—C5B—C4B, and 9.4° for N11B—
C7B—C5B-S6B (appendix A-lll). There are several intermolecular short contacts and hydrogen

bonds found between the molecules in molecular packing.

Figure 3.4: Single crystal X—ray structure of (a) dimeric structures of (BDT-NN-A (blue), (b) BDT-
NN-B (green), disordered atoms (red), (c) single molecule (BDT-NN-A) structure and (d)
molecular packing along the crystallographic a axes; Hydrogen atoms are omitted for clarity.

The brown plate dimeric molecules of BDT-IN—A and BDT-IN-B were crystallized together
in triclinic with P-1 space group. The X-ray single crystal structure and packing of BDT-IN are
depicted in figure 3.5. The molecule has almost a planar structure. The n—n stacking distance
between the two molecules is (C5A and C7B) 3.832 A and those are stacked nearly perpendicular
to each other along the crystallographic c axes. The torsions of the NN and aromatic core are 6.59°
for SIA-C6A-C7A-N11A, 4.37° for C5A-C6A—-C7A-N8A, 2.40° for S1B—C6B—-C7B-N11B, and 1.49°

for C5B—C6B—C7B—N8B (appendix A-lll) respectively. The crystal packing of the BDT-IN is given in

figure 3.5(c) demonstrating that three molecules are placed nearly orthogonal to each other
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forming a star like structure with crystallographic ¢ axes. The molecules are further extended

forming a helical structure (figure 3.5e).

Figure 3.5: Single crystal X—ray structure of (a) dimeric structures of (BDT-IN-A (blue), (b) BDT—
IN-B (green), disordered atoms (red), (c) single molecule (BDT-NN-A) structure and (d) and (e)
molecular packing along the crystallographic a axes; Hydrogen atoms are omitted for clarity.

Figure 3.6: (a) and (b) are single crystal X—ray structure of BDTTh,—NN, (c) Molecular packing
along the crystallographic c axes; Hydrogen atom are omitted for clarity.

The brown/green plate of BDTTh,~NN was crystalized in monoclinic crystal system with P
21/c space group. The molecule has Ci symmetry and the central ring system is rotated around
180° with respect to site occupancy factor (SOF) due to that BDTTh,—NN has the disorder structure
in center. The X—ray structure of BDTTh—=NN is displayed in figure 3.6. The molecule is nearly
planar. The radical units and n—bridge were placed in nearly same plane with extremely low

torsions (< 1°) for (C11-C12-C-14-N15) and (S13—C12-C14-N18). The molecular packing is given
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in the figure 3.6¢. The shortest m—n distance is (3.67 A) is found between the two neighboring

molecules for C3-S5 in the molecular packing.

3.6 Computational investigations of n—bridges

The role of delocalized p—electrons in aromatic m—bridges have contributed significantly

to singlet—triplet energy gap in diradicals systems.*” Misra and coworkers theoretically predicted

that magnetic interactions of diradicals are influenced through the HOMO, LUMO and energy gap

(Eg) of the n—bridges.?* 8
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Figure 3.7: The energy levels (HOMO and LUMO) with electron density, and energy gap (Eg) of the
BDT and BDTTh; were calculated by DFT using B3LYP as hybrid functional and 6-31g(d) basis set.

Therefor we calculated the energy levels and Eg of the m—bridge. The structure

optimisation was carried out by density functional theory (DFT) calculations using B3LYP/6—31G(d)

level with the Gaussian 09 program set.? The chosen ni—bridges differ mainly by C—C distances of

terminal thiophenes (7.01 A for BDT and 14.82 A for BDTTh,), HOMO, LUMO and Eg which are

shown in figure 3.7. The calculated energy levels of the BDT are HOMO (-4.69 eV), LUMO (-0.81

eV) and Eg (—3.88 eV). For BDTTh; lower HOMO (-5.08 eV), LUMO (-1.81 eV) and Eg (-3.27 eV)

were found. For BDT and BDTTh,, the electron densities are delocalized through the n—bridges

(both HOMO and LUMO).
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3.7 Calculation of exchange interaction by DFT studies

The X-ray structures were taken to compute the exchange interactions by DFT calculation.
They were required for best estimation due to large error obtained by optimized structures.’>2
The geometry for BDT-NN, BDT-IN, and BDTTh—NN were directly applied for the calculations
while for BDTTh—=IN, the two oxygen atoms were deleted from BDTTh,—NN on NN radical part to

get IN, further the computation was executed. All calculations were performed by Gaussian09

package.®

Figure 3.8: Spin density distributions of the triplet state for (a) BDT-NN, (b) BDT-IN, (c) BDTTh,—
NN and (d) BDTTh—IN.

The simplest Hamiltonian for the molecule with two exchange coupled unpaired electrons
is given by H =—-2J1,5:5, The calculations were carried out by the broken-symmetry (BS) approach
where the exchange interaction J becomes, J/ks = (E(BS) — E(T)) / (S*(T) — S?(BS)), with E(BS) energy
of broken symmetry and E(T) the triplet energy. S? are the eigenvalues of the spin operator and
for S?(BS) close to 1 and S*(T) close to 2 the direct exchange becomes J/ks = E(BS) — E(T). Thus we
applied Heisenberg—Dirac-Van Vleck (HDVV) Hamiltonian.?°2* The singlet and triplet energy were
calculated by BLYP hybrid function and 6-31G basic set (to avoid Hartree—Fock contamination)
whereas B3LYP hybrid function with 6-31G basic set is over estimating. The calculated exchange

interactions for all the biradicals (Jintra,cai/ks) are given in table 3.1. The Jintra,ca/ks for BDT-NN, (—
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61.5 K) is much higher than for BDTTh,—NN (-5.5K), BDT=IN (-3.7 K), and BDTTh,=IN. Spin density
distributions for biradicals of triplet states were calculated by using single crystal geometries with

DFT by UBLYP hybrid function and 6-31G/d basis set (figure 3.8).

The intermolecular magnetic interactions (Jinter.ca/ks) Were calculated to explain the effect
of the molecular packing for BDT-NN, BDT-IN and BDTTh~NN of dimer structures. For
calculation, the X—ray dimer structures geometry was selected and the one more distant NNs on
each diradical was deleted (figure 3.9). Furthermore, the singlet and triplet energy levels

calculations were carried out by UBLYP hybrid function with 6-31G basic set.

Figure 3.9: Spin density distributions of the triplet state for (a) BDT-NN, (b) BDT-IN, (c) BDTTh,—
NN and (d) BDTTh—IN.

The calculated Jinter,ca/ks of BDT-NN, BDT—IN and BDTTh,—NN were —9.4 K, —5.7 K and —
4.2 K respectively. These results suggest that shorter n—mn distances correspond to higher Jinter, cai/ks
values. The spin density distributions of the triplet state for mono radical of dimer structures are
given in figure 3.9. The spins were mainly located on the NN radical part with some delocalization
on the n—bridge for BDT-NN, BDT-IN, and BDTTh>=NN. Especially for BDT-IN this intermolecular

exchange interaction was even a little larger than the intramolecular exchange.
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3.8 Magnetic susceptibility measurements

To gain further inside to the magnetic exchange interactions the molar magnetic
susceptibility, (xmo) of the polycrystalline samples BDT-NN, BDT-IN and BDTTNh~NN were
measured in a temperature range of 2 K < T £ 270 K at a field of B = 1 T using a SQUID
magnetometer. These measurements and their analysis were done by Lars Postulka, Dr. Wolf

Bernd in the group of Lang, Michael in Physikalisches Institut, J.W. Goethe—Universitat Frankfurt,

and Frankfurt, Germany.

15
_ @ I
[} 2
= e 0.5 -
= §
e 101 g
S :
b B3
205+ T 00 10 o ————
™ T(K) . (C) 5
= £
E 205
o= E
0.0 T T T g ~
10 100 1000 o 3
T (K) 2 51 A
g
(b) B -
3 41 e
'g = 0 T T — T
) -~
10 100
§ 2 T (K)
E=
= 24
K
a2
0

T T
10 T K) 100

Figure 3.10: The main panels shows the measured molar susceptibility xmo (cm3/mol) vs.
temperature in a semi logarithmic representation together with a theoretical fit for weakly
coupled spin—dimers, were inter—dimer coupling has been taken under account within a mean—
field approximation (red solid line) for (a) BDT-NN, (b) BDT-IN and (c) BDTTh,—NN (cyan green
circles). The straight blue line in 6c represents a description of the data as a AFM coupled
Heisenberg chain. (See text for more details). Inset: The temperature dependence of ymol T (cm?3

K/mol) vs T (K) together with theoretically expected value of 0.75 (cm? K/mol) for two uncoupled
spin S =% per molecule.

The obtained data were corrected for the temperature independent diamagnetic core
contribution as well as magnetic contribution of the sample holder, which had been determined
by an independent measurement of the empty sample holder. The results are shown in the form

78



Planar BDT Derivatives Decorated with Nitronyl- and Imino—Nitroxides  Chapter3

of as Ymo vs. T in the main panel, and Ymo T vs. T in the insets of figures 3.10. All investigated
biradicals show similar magnetic behavior. As displayed in the insets of figures 3.10(a—c), Xmoi T
levels of at a value above 0.6 (cm*K/mol) for high temperatures (~ 150 K — 270 K) while for lower
temperature a rapid drop of this value can be observed. The expected value at high temperature
for two uncoupled S = % units would be 0.75 (cm3 K/mol). We address this reduced magnetic
moment additional nonmagnetic material in the sample, probably rest of solvents. For this
nonmagnetic contribution a weight percentage of x = 0.12 for BDT-NN, x = 0.17 for BDT-IN and x
= 0.14 for BDTTNh—-NN was obtained. The drop for low temperatures can be attributed to the

dominant antiferromagnetic intra—dimer coupling Jintra.

This dominant coupling within a molecule leads to a formation of dimers and as it is typical
for weakly coupled spin dimers, all measured radicals reveal a characteristic maximum in the
susceptibility as clearly visible in the main panels of figure 3.10. In order to derive the dominant
intra-dimer Ji.tra coupling constant, these curves are fitted (red solid line) to the Bleany—Bowers
equation® which models the susceptibility for isolated dimer yio.. As shown in eq. (3—1), the
weight percentage x of nonmagnetic material was taken and a small contribution x” of S = %
paramagnetic impurities considered. Weak inter—dimer couplings Jirter are taken under account by
applying a mean-field correction. From this fitting, the value of dominant coupling inside the dimer

Jintra and between the dimers Jinter multiplied by the number of nearest neighbors z can be derived.
smol = (1= x)[(1-X)yziso /[1 — (2 Jinter-- ke/(NaG?18?) (1-X)xisol ] + x* C/T (3—1)

Here x is the weight percentage of nonmagnetic material, calculated form the high temperature
Xmot T values, x” the concentration of S = /4 paramagnetic impurities and C the Curie constant.
Further constants are kg, the Boltzmann, N,, the Avogardro constant, g, the g—factor, and s, the

Bohr magneton.
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The results for BDT-NN are presented in figure 3.10(a). For this compound the magnetic
susceptibility xmor increases with decreasing temperature till it reaches a maximum at T=32 K £1
K. On further decreasing the temperature a minimum at T =5 K £0.5 K can be observed. We
address the upturn at temperatures T < 5K to paramagnetic impurities. From the best fitting it
could be concluded that the concentration x” of these impurities are below 0.01. Further on we
obtain a dominant coupling constant of Jinra/ks=—26 + 1 K and an antiferromagnetic inter dimer

coupling of ZJinter /ks =—6.5+ 2 K.

For BDT-IN the position of the maximum in ymo vs. T has shifted to lower temperatures
(Tmax = 6 K) compared to BDT-NN as it can be seen in figure 3.10(b). From the fit we obtain a
dominant coupling constant Jintro/ks = —5.3 £ 0.5 K and zJinter /ks = —6 * 2 K. Here the paramagnetic
impurities are about x’= 0.04 + 0.02. Assuming a small amount of nearest neighbors z the inter
dimer coupling is only slightly weaker than the dominant coupling. Therefor the description of the
data as isolated dimer with mean field corrections due to nearest neighbor interaction can only
be a first approach and consequently a deviation between the calculated curve and the measured

data occurred.

Table 3.3: Position of the maximum in the susceptibility Tmax as well as the intra dimer coupling
Jintra @and the inter dimer coupling Jinter which is multiplied by the amount of nearest neighbours z.
For BDTTh2-NN a model assuming an AFM Heisenberg chain has been additionally used, obtaining
a coupling within the chain Jenain and coupling zJint-chain between the chains. z denotes the number
of nearest neighbour chains.

Tmax (K) -Iintra/ kB (K) Z-Iinter,exp/ kB (K) -/chain/ kB (K) Z-Iint—chain/ kB (K)
BDT-NN 32 (+1) -26.0 (+1) —6.5 (+2)
BDT-IN 6 (+0.5) —-5.3 (£0.5) —6 (£2)
BDTTh,-NN 2.6 (£0.5) —2.3 (£0.5) —4.6 (£1) —2.2 (£0.3) —-1.5 (£0.5)

For BDTTh,—NN this effect is even more pronounced as can be seen in figure 3.10(c). The
susceptibility measured for BDTTh,—NN shows a maximum T = 2.6 K £ 0.5 K. Fitting the previously
described dimer model, an inter-dimer coupling of Jixro/ks = —=2.3 K £ 0.5 K and an inter-dimer

coupling of zJinter/ks =—4.6 £ 1 K was derived. The concentration of paramagnetic S = % impurities
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x" is less than x” = 0.01. Assuming an amount of nearest neighbor z = 2, would mean that the
coupling between the dimer is of the same size than within the dimer. Consequently another
magnetic model e. g the description as AFM coupled Heisenberg chain is also be possible.
Therefore, we performed a second fit which combines a parametrization of the Bonner—Fischer
curve done by Johnson et al.? with the mean—field approach (blue straight line). For this model
we extracted a coupling within the chain of Jein/ks = —2.2 K + 0.3K and a coupling between the
chains of ZJint.chain = —1.5 £ 0.5 K. As it can be observed in Fig.6¢c such a model describes the
experimental data below 6 K (~ 3 Jintrs) more accurate compared to the dimer model. Nevertheless,
even at the lowest measured at temperature of T = 2K, the extracted coupling constants for both
scenarios are of the same order compared to the thermal energy. Consequently a proper
discrimination of these scenarios is not possible. Therefore, measurements to temperatures at T
<< 2K are necessary. In table 3 we summarize all results obtained by the measurement of the
magnetic susceptibility. It should be emphasized here that the significant magnetic inter—dimer
interaction zlinter,exp / kB of a few Kelvin is due to the m—m stacking of the planar benzo[1,2—
b:4,5-b'ldithiophene bridging units. Note that an antiferromagnetic coupling of strength of a few
tens of Kelvin resulting from a m—m stacking has been reported for 1,3,7-triphenyl-1,4-

dihydrothiazolo[5*,4:4,5]benzo[1,2-e][1,2,4]triazin-4-yl molecule.?’
3.9 Summary

Four weakly AFM coupled spin dimer molecules were designed, synthesized and characterized.
The inter— and intra—molecular interactions were tuned by altering the m—bridge and varying the
radical units. The molecular structures and packing behavior were explained through X-—ray
structure analysis. The magnetic properties were studied by SQUID and the experimentally
obtained magnetic coupling constants of the biradicals were —26 + 1 K, -5.3 + 0.5 Kand -2.3+0.5
K, for BDT-NN, BDT-IN and BDTTh,—NN. From the X—ray structure geometries, inter— and intra—

molecular interactions, electronic resonances and spin distribution were analyzed by DFT
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calculation. The calculated intramolecular interactions were —61.5 K, =5.5 K, —=3.7 K, and —1.3 K for
BDT-NN, BDTTh>-NN, BDT-IN and BDTTh,-IN, respectively. The calculated intramolecular
interactions are very close to experimental values for BDT-IN and BDTTh,—NN while there was
some deviation for BDT-NN due to shorter intermolecular interaction found between the
molecules. The calculated intermolecular interaction of the dimeric mono radical of BDT-NN,
BDT-IN, and BDTTh.—NN were -9.4 K, 5.7 K and —4.2 K. Especially for BDT=IN a very similar sized
Jintra and Jinter Wwere determined both experimentally and theoretically, making this molecule a
fantastique probe for determining the dimensionality of triplet excitations at ultracold

temperatures. Therefore, AC magnetic susceptibility properties investigations are in progress.
3.10 Experimental section

The Br=T-NNSi was synthesized by reported procedure.?

X-ray crystallography.

The X—ray crystallographic data were collected on a STOE IPDS 2T diffractometer using a graphite
monochromator Mo—Ka as a radiation source for BDT, BDT-IN and BDTTh,—NNSi at —80 °C. And
Smart CCD diffractometer using a graphite monochromator, Mo—Ka as a radiation source was
used for BDT-NN and BDTTh,—NN at —100 °C. The structures were solved by direct methods (SIR-
2004) and refined by SHELXL—2014 (full matrix), 91 refined parameters for BDT, 390 for BDT-NN,

366 for BDT-IN 383 for BDTTh,—NNSi and 230 for BDTTh,-NN were used.

Synthesis of 4,8-bis(methoxy)benzo[1,2-b:4,5-b']dithiophene, (2 or BDT).??°

1 Zn dust, NaOH, o~
% S/ H,0, Mel and _/ S/
S BuyNBr, S
o) 100 °C, 18h, N
1 2
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In the two neck round bottom flask charged with benzo[1,2-b:4,5-b’]dithiophene-4,8-dione, (1),
(1.00 g, 4.54 mmol), zinc dust (0.65 g, 9.94 mmol), NaOH (2.72 g, 68.00 mmol) and then
deoxygenated water (30 mL) was added and the mixture was refluxed for 2 h. Then the reaction
mixture was cool down to room temperature and tetrabutylammoniumbromide (0.15 g, 0.47
mmol), and Mel (1.93 g, 1.2 mL, 3.62 mmol) were added to the reaction mixture. The mixture was
refluxed further 16 h under nitrogen atmosphere, then cool down to room temperature and
further extracted with DCM. The organic layers was dried over anhydrous Na;SO4, then solution
was concentrated under reduced pressure and purified by column chromatography (SiO,) by using
dichloromethane (0-20%) and hexane as the eluent to afford the required compound as a white
solid, yield, 0.93 g, 3.71 mmol, 82 %. *H NMR (CD,Cl,, 300 MHz): §, 7.52 (d, J = 6 Hz, 2H), 7.42 (d, J
= 6 Hz, 2H), 4.13 (s, 6H); *C NMR (CD.Cl,, 75 MHz): 6, 145.9, 131.7, 130.3, 126.9, 120.6, 61.5;
HRMS (ESI-TOF) m/z: [M+H]* calculated for C1,H110,S,: 251.0200, found: 251.0196.

Synthesis of 4,8-dimethoxybenzo[1,2-b:4,5-b']dithiophene-2,6-dicarbaldehyde, (3).%

O/ n-BuLi, THF, O/
78 °C, 1 h,
% S, -10°C, 30 min, s
¢ / » oHCc—’ )—CHO
and -78 °C, DMF, S
0\ 30 min, and rt, O\
30 min, H50,
2 3

n-Butyl lithium (5.5 mL, 8.9 mmol, 1.6 M solution in hexane,) was added drop wise to a stirred
solution of 2 (1. 00 g, 3.99 mmol) in anhydrous THF (30 mL) maintained at 0 °C for 15 min and the
mixture was stirred for 1 h, at the same temperature. Then anhydrous DMF (10 mL) was added at
0°C, the reaction mixture was brought to room temperature and stirred for overnight at room
temperature. The reaction mixture was poured into ice cooled water and extracted with diethyl
ether (3x100 mL).The combined organic phases was washed with water (2x100 mL), dried over
anhydrous Na,SO, and evaporated to dryness in vacuum. Recrystallization of the residue from

dichloromethane afforded the compound 3 as orange yellow powder (0.94 g, 3.06 mmol, 77%).
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'H NMR (CD,Cl, 250 MHz): §, 10.13 (s, 2H), 8.26 (s, 2H), 4.22 (s, 6H); HRMS (ESI-TOF) m/z: [M+H]*

calculated for C14H11045,:307.0093, found: 307.0093.

Synthesis of 2,2'-(4,8-dimethoxybenzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(4,4,5,5-

tetramethylimidazolidine-1,3-diol), (4).

~N
o” oH 9 Mo
4 S, BHA, DMF, A[N /4 S/ N]L
OHC CHO >
S Z 65 °C,16 h, /N S N\
OH o HO
O ~
3 4

A mixture of 3 (0.290 g, 0.947 mmol) and 2,3-bis(hydroxylamino)-2,3-dimethylbutane (0.420 g,
2.839 mmol) in 30 mL of DMF were stirred at 65 C, for 16 h. The solution was concentrated and
obtained red residue was washed with ethyl acetate to yield 4, as yellow solid (0.302 g, 56%).'H
NMR (DMSO-ds, 300 MHz): &, 8.12 (s, 4 H, N-OH), 7.49 (s, 2 H), 4.85 (s, 2 H), 4.03 (s, 6 H), 1.10 (s,
24 H).3C NMR (75 MHz, DMSO-de) 6, 148.3, 144.2, 130.2, 128.9, 118.2, 87.0 66.6, 60.8, 24.3, 17.2;

HRMS (ESI-TOF) m/z: calculated for Cy6H3sN4O6S,, 566,7320 found:[M]*, 566.7323.

Synthesis of BDT-NN.

OH HO o) o o
N s N/ Nalo,, N s +N_
< I~ 1= —— " »< )~ ]
7 s N oowre 7 s N
OH o HO o) o o
4 BDT-NN

A mixture of 2,2'-(4,8-dimethoxybenzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(4,4,5,5-
tetramethylimidazolidine-1,3-diol), 4 (0.150 g, 0.264 mmol) and 0.5 M, NalO, solution in water
was added and mixture was stirred for 6 h, at 0 °C, mean time reaction was monitored by TLC.
After the reaction was completed, the dark green organic phase extracted by dichloromethane

and washed with water, brine and dried over MgSO4 and the residue was chromatographed over
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silica gel using hexane: and ethylacetate as eluent to obtain green crystalline product yielded
(0.095 g) 64 %; EPR (298 K, ~10™* M in toluene): nine lines, giso = 2.0066, ani12= 0.373 mT; HRMS
(ESI-TOF) m/z: [M+H]* calculated for CysH33N40eS,: 561.1842, found: 561.1828.

Synthesis of BDT-IN.

N

OH o HQ o o
_\EN ; i N]L MeNO,, AEN’ ; s /N][_
—/ N S N\ Mno,, , r\f S Z N\
OH HO !
N O o
4 BDT-IN

A mixture of 2,2'-(4,8-dimethoxybenzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(4,4,5,5-
tetramethylimidazolidine-1,3-diol), 4 (0.150 g, 0.264 mmol) and MnO; (0.32 mmol) were
suspended in MeNO; (20 mL) the reaction mixture was stirred for 6 h, mean time reaction was
monitored by TLC. The MeNO; was removed under reduced pressure. The organic phase was
extracted with dichloromethane, washed with water, brine and dried over MgSQ,. The residue
was chromatographed over silica gel using hexane: ethylacetate as eluent to obtain brown
crystalline product (0.091 g) in 65 %; EPR (298 K, ~10™* M in toluene): 13 lines, giso = 2.0062, an,, =
0.44, 0.24 mT; HRMS (ESI-TOF) m/z: [M+H]* calculated forCysH33N404S,: 529.1938, found:

529.1936.

Synthesis of 5, 2,6-bis(trimethyltin)-4,8-bis(methoxy)benzo[1,2-b:4,5-b']dithiophene, (5).3°

o~ o~
/ s  n-Buli, THF, \ v S /
/ » —Sn / Sn—
S 0 °C, Me3SnCl, / s \
N O\
2 5

n-butyl lithium (5.5 mL, 8.9 mmol, 1.6 M solution in hexane,) was added drop wise to a stirred

solution of 2 (1.00 g, 3.99 mmol) in anhydrous THF (30 mL) maintained at 0 °C. The mixture was

85



Planar BDT Derivatives Decorated with Nitronyl- and Imino—Nitroxides Chapter 3

stirred for 1 h, at same temperature. Then trimethyltinchloride (2.39 g, 11.98 mmol) in anhydrous
THF (10 mL) solution was added at 0 °C. The reaction mixture was brought to room temperature
and stirred for overnight. The reaction mixture was poured into ice cooled water and extracted
with diethyl ether (3x50 mL). The combined organic phases was washed with water (2x100 mL),
dried over anhydrous MgS0, and evaporated to dryness in vacuum. Recrystallization of the
residue from DCM and isopropanol afforded the compound 5 as colorless needles (1.85 g, 3.21
mmol, 80 %). *H NMR (CD,Cl,, 300 MHz): &, 7.57 (s, 2H), 4.13 (s, 6H), 0.47 (s, 18H); 3C NMR, (CDCls,
75 MHz): §, 144.5, 141.9, 134.2, 133.2, 128.3, 61.3, -8.1. HRMS (ESI-TOF) m/z: [M+H]* calculated
for CigH270,5:[**8Sn],: 574.9479, found: 574.9469. Also found HRMS (ESI-TOF) m/z: [M+H]*

calculated for C1gH270,5,[*2°Sn] [**8Sn]: 576.9485, found: 576.9467.

Synthesis of BDTTh,—NNSi.

LOTBDMS _
5 N o
Br—{ | OTBDMS

Pd(PPh3)y, N S S
) N
| > tBOMSO [, {s / /s I N,OTBDMS
TBDMSO’ toluene:DMF
o\ zN
TBDMSO
Br-T-NNSi
d ! BDTTh,-NNSi

A mixture of 5 (0.10 g, 0.23 mmol), Br—T-NNSi (0.33 g, 0.61 mmol), and Pd(PPhs)s (0.06 g, 0.05
mmol), were taken in Schleck tube and argon purged dry DMF (10 mL), was added then the
mixture was stirred for 24 h at 60 °C, then the DMF was removed under reduced pressure. The
residue was extracted with diethyl ether (2 X 50 mL) and washed with water. The ether layer was
dried over magnesium sulfate, and concentrated under reduced pressure. The residue was
chromatographed on silica gel with hexane to obtain light brown solid as BDTTh,—NNSi (0.18 g, 79
%). 'H NMR (CD,Cl,, 300 MHz): 8, 7.57 (s, 2H), 7.17 (d, 2H), 6.98 (d, 2H), 4.97 (s, 2H), 1.20 (s, 24H),
0.87 (s, 36H), 0.10 (s, 12H), 0.44 (s, 12H). 3C NMR, (CDCls, 75 MHz): 8, 144.7, 138.3, 137.4, 132.2,
129.9,128.8,123.7,115.3,90.3, 68.2, 60.9, 29.6, 26.1, 25.9, 17.9, 4.1, -5.2. HRMS (ESI-TOF) m/z:

[M+H]* calculated for CsgHggN4OgS4Sis: 1187.5525, found: 1187.5552.
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Synthesis of BDTTh,—NN.

0 N
- ; 7{<
BDTTh,-NN

The BDTTh,-NNSi (0.10 mg, 0.084 mmol) was dissolved in dry THF (7 mL) and (2.4 mL) BusNF, 1
M solution in THF was added then the mixture was stirred for 16 h at room temperature, reaction
monitored by TLC. The mixture was concentrated under reduced pressure and purified column
chromatography, green solid of BDTTh2-NN (42 mg, 67%). EPR (298 K, ~10™* M in toluene): nine
lines, giso = 2.0065, aniz = 0.373 mT; HRMS (ESI-TOF) m/z: [M]* calculated for Cs4H3sN4O6S4:
724.1518 found: 724.1489.

Synthesis of BDTTh—IN.

BDTTh,-IN

Compound BDTTh,—NNSi (0.10 g, 0.084 mmol) was dissolved in dry THF (10 mL) and (1 mL) BusNF,
1 M solution in THF was added then the mixture was stirred for 1 h at room temperature. The
solution was concentrated under reduced pressure. The mixture was taken in to nitromethane (5
mL) and excess MnO, (150 mg) was added. After ~30 minutes stirring at room temperature the
solution filtered off and washed carefully with small portions of ethyl acetate on filtered. The
filtrate was diluted with toluene (100 mL) and concentrated. The residue was purified by column

chromatography with ethyl acetate/hexane as eluents to obtain BDTTh~IN as orange—red solid,
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(39 mg, 0.056 mmol, (67%). EPR (298 K, ~10™* M in toluene): 13 lines, giso = 2.0064, ani/z = 0.45,

2.3 mT; HRMS (ESI-TOF) m/z: [M+H]" calculated for C34H37N404S4: 693.1692, found: 693.1692.
The appendix-1ll (A-lll) is given for chapter-3.

Structures, refinement details of BDT and BDTTh,-NNSi, structures of the BDT-NN, BDT-IN, and

BDTTh,-NN, NMR spectra of new compounds for 4 and BDTTh-NNSi, and DFT calculations details

using Gaussian 09.
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Chapter 4

Nitronyl Nitroxide Substituted 4—Phenyl-4H-
dithieno[3,2—-b:2',3'-d]pyrrole (DTP-Ph) Derivatives and Their Radical
Cationic High Spin Molecules

Abstract: Triplet ground state high spin organic molecules are special attention due to their future
application. Three nitronyl nitroxide (NN) substituted radical cationic molecules have been
designed and the exchange interactions, J/ks were calculated by DFT studies which offered triplet
ground state high spin molecules with J/ks of 5000 K, and + 965.4 K for (Ph,DTP—Ph—NN)-* and
(Th,DTP-Ph-NN)* while —3580 K, for (DTP-Ph—NN)*, respectively. According to these molecular
design, neutral NN substituted 4—phenyl-4H-dithieno[3,2—b:2',3'-d]pyrrole derivatives (R,DTP-
Ph—NN, R = H, Ph and MeSTh) were synthesized, and characterized by mass spectrometry, UV—
Vis, EPR spectroscopy and x-ray structure study. The electrochemical properties were studied by
CV. It turned out that all these compounds were exhibited two main oxidation potentials, first for
radical cation and next for dication formation. Then cation and di—cation formation were also
confirmed through UV-Vis absorption spectroscopy by R.DTP—Ph—NN titrated with tris(4—
bromophenyl)aminiumhexachloroantimonate (magic blue). During first oxidation two new peaks
formed at 521 and 805 nm for Ph,DTP-Ph—NN and 539 and 945 nm to Th,DTP-Ph—NN, those are
assigned to radical cation formation. In addition, the cation and di—cation formation were verified
by EPR spectroscopy.
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Chart 4.1: Structure of the R, DTP-Ph—NN and R,DTP-Ph—NN-*
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4.1 Introduction

Organic high spin molecules have been attractive due to their flexible and controllable
electronic properties and those were obtained by varies strategies which are summarized in the
book chapters and literatures.’* The high spin molecules have been used for various applications
such as spintronic device, and molecular magnets.*® The spin carrying units are very important in
the high spin molecules, because of the kinetic stability issues of materials for the further
application. To enhance kinetic stability, nitronylnitroxide (NN) iminonitroxide (IN) were the most
recognized spin units for the high spin organic molecules.”® In addition, organic radical linked with
conjugated triarylaminium radical cations are also of interest.’2 The mixed stable radical and one
electron oxidized cation—radical systems are more popular, because of their fair kinetic stability
and synthetic accessibility. While the parent triphenylaminium radical cation is not stable and
quickly reacts via the para positions to form benzidines. The introduction of electron donating
para substitutents eliminates this problem. Stable radical units linked with easily oxidizable
aromatic amines are the particular interest in triplet ground state high spin molecules.® 1% 13 Thus,
the mixed stable radical with radical cation molecules were provided for high spin triplet ground
state molecules.* ** 15 A series of NN substituted triarylamine (TAA-NN)*® Y7, fused arylamine
(FTAA-NN), pyrazine (PZ-NN)® 1, thianthrene (TA-NN)%, tetrathiafulvalene (TTF-NN) and
pyrrole derivative (P-NN) molecules® and there radical cationic molecules were reported (figure
4.1), most of them afforded ground—state triplet diradical upon one electron oxidation. Especially
2,4—dithienylpyrrole based molecule (N-TPN) type molecules were highly interesting for our
studies.?*

The five-membered heteroaromatics such as thiophene and pyrrole units as the repeating
ni—conjugated oligomers have been more advantage than oligomers composed of six-membered
aromatics. Because of the five-membered heteroaromatic oligomers exhibit better
environmental stability and more effective m—conjugation due to the lower level of steric repulsion

between neighboring units in planar conformations. Several examples of oligothiophenes are
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reported in the literature?? but limited amount of the linear oligopyrroles are known?*?2° because
of the limited synthetic access. Therefore, a pyrrole unit is frequently combined with thiophene

rings in oligomer chemistry.?6-38
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Figure 4.1: The known nitroxide radical substituted radical cationic molecules.

Fused aromatic conjugative molecules are better candidate for good electron transport
properties due to their planarity than non—fused/non—planar molecules. Hence, our interest is
focused on the synthesis of new stable radical species substituted with planar nm—conjugated

electron donor systems and their radical cations for high spin molecules. The planar molecules are
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more beneficial for better self-assembly***?, due to that enhanced inter— and intra—molecular

electron transfer properties are possible than non—planar molecules.

Dithieno([3,2—-b:2,3—d]-pyrrole (DTP) derivatives are interesting planar structure, since
they possess better m—conjugation and lower ionization potential by their electron—donating
nature of the molecules. They also have active two position on the thiophene, which serve to
modify the energy levels to substitute different donor and or accepter units which can assistant
to control the HOMO and LUMO energy level of the molecules. In our molecular design, DTP were

substituted by different aryl groups for tune the electronic properties of the molecules.*-2

In this chapter, we report the design, synthesis, and structural, characterization of the
three new NN substituted 4—Phenyl-4H-dithieno[3,2—b:2',3'-d]pyrrole (DTP—Ph) derivatives
(R.DTP-Ph-NN) and formation of their radical cationic (R,DTP-Ph-NN-*) molecules. In addition, the

exchange interactions were examined by DFT calculation.

Results and discussion

4.2 Molecular design using DFT calculations

The computations were carried out to understand the electronic structure of the
molecules. All the DFT calculations were performed using the Gaussian09 package.> The full
geometry optimizations were carried out by UB3LYP/6-31G(d) level for all the neutral radical
molecules. The optimized structures and spin density distribution of the neutral radical molecules
of DTP-PhNN, Ph,DTP-PhNN, and Th,DTP-PhNN are shown in figure 4.2. The bond distance
between NN and Ph unit is 1.461 A and between Ph and DTP-backbone is 1.412, these values are
same for all the derivatives. The torsion between NN and its attached phenyl is slightly varies for
different derivatives such as 7.2°, 1.4°, and 1.7°, similarly between phenyl and DTP—backbone also
varies as 39.9, 48.9, 41.1 for DTP-PhNN, Ph,DTP-PhNN, and Th,DTP-PhNN respectively. In order
to rationalize the ground state spin multiplicity of the molecules, the optimization was carried out

for one electron oxidized molecular structures of (DTP-PhNN)*, (Ph.DTP-PhNN)*, and (Th.DTP-
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PhNN)* and the structures are shown in figure 4.3. The cation—diradicals have two singly occupied
molecular orbitals, SOMO and SOMOQ’, the latter resulting from the HOMO through one electron
oxidation. Since the torsions are important for spin—spin interaction, thus the torsional analysis is
mandatory. The torsions of the NN attached phenyl for neutral molecules are mentioned figures

4.2 for all the three derivatives.
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Figure 4.2: Optimized structures (a), (b), and (c), spin density distributions (d), (e) and (f) for DTP-
PhNN, Ph,DTP-PhNN, and Th,DTP-PhNN), respectively, calculated by DFT using ublyp/6-31g(d)
basis set.

From optimized structure, the spin density distribution was calculated by DFT using
ublyp/6-31g(d) basis set. For neutral radical molecules of Ph,DTP-PhNN, Th,DTP-PhNN and
DTP-PhNN, the spin densities are mostly distributed on NN unit and Ph part (figure 4.2d-2f). For
the one electron oxidized molecules, the NN radical spin are more distributed on phenyl unit while
extending the DTP n—bridge the spin have decreased in the Ph part. The positive charges are
distributed nearly equally over the entire molecule for Ph,DTP-PhNN and Th,DTP-PhNN while
the positive charge and the spin may be better delocalized over the extended n—unit. Less spin is

on central phenyl for (figure 4.3d—f). Further, brokensymmetry (BS) approach calculations were
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applied to calculate exchange interaction because B3LYP hybrid function was over estimated.>*>®
The spin contaminations errors were corrected by Heisenberg-Dirac-Van Vleck (HDVV)
Hamiltonian.>”®! The Jinuo/ks was calculated from the optimized structure. The singlet and triplet
energy were calculated by UBLYP hybrid function using 6—31G(d) basic set (to avoid Hartree-Fock
contamination).

Table 4.1: Calculated triplet—, singlet—energy and exchange interactions (Jinro/kB) of the donor
radicals cation (R, DTP—Ph—NN)-*

HF (triplet) HF ( singlet) Jintra/ks (K)
(DTP-PhNN)* —1922.5149694 —1922.528097 —-3580
(Ph:DTP-PhNN)*  —2384.45220 —2384.4363728 +5000
(Th2DTP-PhNN)*  —3900.9501544 —-3900.947097 +965.4
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Figure 4.3: Optimized structures (a), (b), and (c) and spin density distributions (d), (e) and (f) for
the (DTP-PhNN)*, (Ph.DTP-PhNN)*, and (Th,DTP-PhNN)“*respectively. These were calculated by
DFT using broken symmetry (BS) approach calculations.

The calculated exchange interactions (Jintro/kB) are +5000 K, and +965.4 K for (Ph,DTP-
PhNN)* and (Th,DTP-PhNN)* whereas —3580 K for (DTP—PhNN)* respectively. The calculated

exchange interactions (Jintro/kB) are also given in table 4.1. For the all the molecules, the singlet —
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triplet energy gap is much higher and the energy level of the triplet is lower than the singlet state
for (Ph.DTP-PhNN)* and (Th,DTP-PhNN)*which mean that these molecules are predicted as high
spin with triplet species while singlet grout state for (DTP—PhNN)* . The Jint-o/kB values are also
positive for (Ph.DTP-PhNN).+ and (Th,DTP-PhNN).+ , it means that interaction between two
spins is ferromagnetic, although for (DTP-PhNN)* negative, which means that the magnetic

interaction is antiferromagnetic between the NN and radical cation.

4.3 Synthesis

Scheme 4.1: Synthesis of nitronyl nitroxide substituted 4—Phenyl—4H-
dithieno[3,2—b:2',3'-d]pyrrole derivatives of R,DTP-Ph—NN (R = R = H, Ph and MeSTh)
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From the basic molecular design by DFT, the neutral radical molecules of R,DTP-PhNN (R

= H, Ph and MeSTh) were synthesized. The syntheses of R,DTP-PhNN are demonstrated in
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scheme 4.1. Compound 1°% ®3 and 2% were prepared by reported procedure and 3 obtained by
modified procedure with improved vyield.®®> Ullman condensation for 3 with 2,3—
bis(hydroxyamino)-2,3-dimethylbutane (BHA) yielded 4.%¢ Oxidation of 4 by NalO, offered DTP-
Ph—NN. The N—OH groups were protected with TBDMS by tert—butyldimethylsilyl chloride
(t—-BuMe,SiCl) in the presence of imidazole in DMF as solvent to afford 5.3 Further, the compound
5 reacted with n—butyllithium solution followed by tri-methyltinchloride (MesSnCl) yielding 6.
Stille coupling was carried out between 6 and bromobenzene, or 2-bromo-5-
(methylthio)thiophene®” vyields 7a, 7b. Further 7a or 7b were reacted with
tetrabutylammoniumfluoride (TBAF) to yield Ph,DTP-PhNN and Th,DTP-PhNN.>* All the
precursors were characterized NMR spectroscopy (appendix A-IV) and HRMS mass spectrometry.

4.4 Electrochemical studies
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Figure 4.4: Cyclic voltammograms of (a), (b) DTP—Ph—NN, (c) Ph,DTP-Ph—NN in PhCN and (d)
Th,DTP-Ph—NN in AcCN solution with 0.1M (n-C4Hs)sNBF, with scan rate = 0.1 V/s, Pt electrode.

A prerequisite for generating a radical cation molecule is that the arylamine of DPT moiety

has a lower oxidation potential than those of the NN radical. Therefore, the electrochemical
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properties of all the molecules were investigated by the cyclic voltammetry in acetonitrile for
R:DTP-Ph-NN, (R = H, and Th), and benzonitrile for Ph,DTP-PhNN at room temperature. The
cyclic voltammograms are given in figure 4.4 for R,DTP-Ph-NN, (R = H, Ph and Th). The oxidation
potentials are summarized versus ferrocene/ferrocenium (Fc/Fc*) in table 4.2. All the compounds
exhibit two chemically reversible one—electron waves and another irreversible. The first oxidation
occurs at +0.36, +0.34, and +0.24 (+0.02) V vs Fc/Fc+, for DTP-Ph—NN, Ph,DTP-Ph—NN and
Tho.DTP-Ph—NN, respectively. The first oxidation potentials were apparently lower than those of
the NN unit,® 2 and similar compounds of DTP—Ph, Ph,DTP—Ph, and Th,DTP—Ph reported in the

literature.>%->?

Table 4.2: Oxidation potentials of donor radicals (R,DTP—Ph—NN) and the g factor and Ay,
values.

Eq0% [a] E 50X [a] E3o [a] g[b] bAN/z/mT [b]
DTP-PhNN +0.36 +0.79 +1.14 2.006 0.37
Ph.DTP-PhNN +0.34 +0.49 +1.01 2.006 0.37
ThDTP-PhNN +0.24 +0.42 +1.12 2.006 0.37

[a] oxidation values given in onset potential versus Fc/Fc* in eV with (£ 0.02 eV), [b] obtained from
EPR spectra with (£ 0.02 mT).

The DTP-Ph—NN was polymerized at about 1.1 V (figure 4.4b) which was not our current
interest. Hence, to avoid polymerization the other two molecules were protected through end—
capping with phenyl and methylthio groups for Pho,DTP-Ph—-NN and Th,DTP-Ph—NN. The
extension of the m—bridge benefits better donor ability to the m—core. The first oxidation occurs
by removal of one electron from the DTP—core, which is assigned for radical cation formation. The
first oxidation potentials were lower for m—extended structures of Th,DTP-Ph—NN than Ph.DTP-
Ph—NN and DTP-Ph—-NN. The remaining two other oxidation peaks probably correspond to the
oxidation process of the NN groups and/or the second oxidation process of the DTP core which
allotted for the dication formation. Note that for Ph,DTP-Ph—NN and ThoDTP-Ph—NN, both the

first and second oxidation potentials seem to be lower than those of the NN unit. It means that
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first and second steps were radical cation and dication formations in the oligomer moieties,
respectively.

4.6 Crystal structure analysis

The structure, geometry and molecular packing of the molecules are powerful tool to
analysis structure properties relationships. Therefore, crystal structure analysis is important to
understand magnetic interactions in the solid state. The crystals were obtained by slow
evaporation of DCM solution for Th,DTP-Ph—NN and mixture of DCM and PhCN solution for
Ph,DTP-Ph-NN which were suitable for single crystal X—ray analysis. The blue plate
Ph,DTP—-PhNN was crystallized with PhCN solvent molecule in orthorhombic, Pbcn space group.
The structure of the molecules is given in the figure 4.5. The torsions between the radical NN and
phenyl are 14.0°, which is slightly higher than for obtained from the optimized structure (1.14°)

(figure 4.2.b).

Figure 4.5: X—ray crystal structure of Ph,DTP-PhNN, hydrogen atoms and PhCN are omitted for

clarity.

The torsions between the central phenyl and ni—unit is 48.5°, which is somewhat lower
than 52.0° from optimized structure. Further, a molecular packing is displayed in figure 4.5.b. In

the molecular packing a short intermolecular distance was found (3.24 A) between two oxygen
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atoms, in addition, the other short m—m intermolecular distances are found as 3.45 A for (S11...C5)
and 3.48 for (S11...C4) between the molecules in the molecular packing.

Table 4.3: The inter—-molecular interaction DFT calculation details.

HF (triplet) HF ( singlet) Jinter/ks
(Ph2DTP—PhNN)2 —4768.4743803 -4768.4743794 +0.28K
(Th2DTP-PhNN)2 —7801.4748581 —7801.474857 -0.35K

The calculation was carried out by using UBLYP/6-31g(d) basic set in DFT

Hence, we have taken those two molecules for the inter—-molecular interaction calculation
as mentioned previously. The singlet and triplet energies were calculated using BLYP hybrid
function and 6-31G basic set. The calculated intermolecular interaction of Ph,DTP-Ph-NN is
Jinter/ks = + 0.281 K, which is weak ferromagnetic interaction between two molecules. The
calculation details are given in table 4.3 and the inter molecular spin distribution of the molecules

is shown in figure 4.6, in which the spins were shared between the molecules through space.

Figure 4.6: (a) dimer structure of the (Ph.DTP-PhNN), and (b) (Th.DTP-PhNN), for the inter
molecular interaction calculation with spin distribution of the molecules.

The green block Th,DTP—PhNN was crystallized in dimeric triclinic form with P-1 space
group. The structure of the molecules are given in the figure 4.7. The molecular structures have
two independent molecules with different orientation of the thiophene unit. In the molecule
Th,DTP—PhNN-A, the sulfur atoms are arranged as S5 and S13 in syn—orientations, S8 and S20 in
anti—orientations while in molecule Th,DTP-PhNN-B, both S5 and S13, then S8 and S20 are
arranged in anti—orientations. The torsions between the radical NN and Ph are also different in
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both molecules 34.0° and 15.1° for Th,DTP—PhNN-A, and Th,DTP—PhNN-B, respectively. Similarly
slightly different torsion angles were found between the center Ph and DTP core as 30.2° and 27.6°
for Th,DTP—PhNN-A, and Th,DTP—PhNN-B, correspondingly. These variations are due to some
intermolecular interaction present between the molecules and molecular arrangements in
packing. In addition, we have taken dimer molecules and intermolecular interaction Jintr/ks was
calculated by DFT. The obtained Jintr/ks is —0.35 K, however, which is very weak and indicates

antiferromagnetic interaction.

Figure 4.7: X—ray crystal structure of Th,DTP-PhNN (a) dimeric structure, (b) crystal packing (c)
molecular structure Th,DTP-PhNN —A (d) molecular structure Th,DTP—PhNN -B, hydrogen atoms
are omitted for clarity.
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4.6 Optical properties

The optical properties were studied by UV-Vis spectroscopy. The UV—-Vis absorption
spectra of the R,DTP-Ph—NN (R = Ph and MeSTh) is displayed in figure 4.8. There are two main
absorption bands appeared, one around 280-450 nm for m—mt* transitions of the donor n—unit and
another about 500-750 nm for n—mt* transitions of NN radical unit which is similar to typically

reported nitronylnitroxide molecules.>
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Figure 4.8: UV-Vis absorption spectra of Ph,DTP-PhNN and Th,DTP—PhNN in toluene (~107® M)
solution. Inset zoom range (480-810 nm).
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Figure 4.9. UV-Vis absorption spectra of Ph,DTP-PhNN in toluene (~10™* M) solution (—solid
green line) and its oxidation by addition of magic blue in CH,Cl, at room temperature. Note:
(....broken lines) are formation of intermediates, (— solid blue line) monoradical cation, and (—
solid red line) dication.
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The chemical oxidation reactions were conducted by tris(4—
bromophenyl)aminiumhexachloroantimonate (magic blue), ((BrCesHa)sN**SbCls") as the oxidant at
room temperature in air, and these reactions were monitored by UV—Vis absorption spectroscopy.
During first oxidation two new peaks were formed at 521 and 805 nm for Ph,DTP-PhNN 539 and
945 nm for Th,DTP-PhNN due to production of radical cation, at the mean time absorption band
at 380 for PhoDTP-PhNN and 425 for Th,DTP-PhNN were superseded. The absorption in the
longer wavelength regions was assigned as the HOMO-SOMO and shorter for SOMO-LUMO
transition, respectively. For second oxidation, another new peak appeared at 730 nm for Ph,DTP-

PhNN and 887 nm for Th,DTP-PhNN and former peaks decreased (figure 4.9 and 4.10).
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Figure 4.10. UV-Vis absorption spectra of Th,DTP-PhNN in toluene (~10™* M) solution (—solid
green line) and its oxidation by addition of magic blue in CH,Cl, at room temperature. Note:
(....broken lines) are formation of intermediates, (— solid blue line) monoradical cation, and (—
solid red line) dication.

4.7 EPR studies

The EPR spectra of neutral radicals of DTP-Ph—NN, Ph,DTP—Ph—NN and Th,DTP-Ph—NN in toluene
(~10™* M) in argon—saturated solution were measured at room temperature and the frozen
solution at 130K. The spectra’s are displayed in figure 4.11. All the molecules showed equally

separated five lines at room temperature assigned to hyperfine coupling of two equivalent

104



NN Substituted (DTP-Ph) Derivatives and Their Radical Cationic Molecules Chapter 4

nitrogen nuclei of the NN unit. The isotropic hyperfine coupling constants Ay, = 0.37 (x0.01) mT
and g factor g = 2.006 are nearly same for the all three radicals, this are also summarized in the
table 4.2. Moreover, frozen solution spectra’s are asymmetric with an anisotropic component in

the spectra, which gives the different number of the shoulders in both the side of the outermost

region.
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Figure 4.11: EPR spectra of the (a) DTP-Ph—NN at rt, (d) for at 130K, (b) Ph.DTP-Ph—NN at rt, (e)
for at 130K, (c) Th,DTP-Ph—NN at rt, (f) for at 130K in toluene (~10™* M) solution; (black)
experimental, and (red) simulated.

Initially, we were tried to oxidize by magic blue while oxidation process, the reaction
cannot monitor clearly by EPR spectroscopy. It might be the unreacted magic blue interfered
resolutions of the spectra. Further, the chemical oxidation reaction was carried for all the neutral
radicals by the silver hexafluoroantimonate (AgSbFs) and the reaction was monitored by the EPR
spectroscopy. For DTP—Ph—NN in DCM (blue solution) was titrated with AgSbFsas an oxidant and
the spectra are given the figure 4.12.a. During addition of the oxidant to the blue solution become
green and the intensity of the five line spectra is decreased, finally the all the EPR lines were
diapered, this is due to decomposition of the NN, polymerisation of the molecules or some other
side reaction occurred. The Ph,DTP-Ph—NN in DCM (blue solution) become brown during addition
of the AgSbFe, in which the EPR spectra was recorded, there is a clear change in the spectra given
in figure 4.11(b—c). After addition of one equivalent oxidant, 28 line EPR spectra were obtained
and the spectrum is given in the figure 4.11(c). For Th,DTP-Ph—-NN in DCM (light blue/green
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solution) become dark green during addition of the AgSbFs, and formed dark green precipitate.
The poor soluble materials might be dimerized radical cations. The new EPR line appeared during
addition of AgSbFs along with Th,DTP-Ph—-NN (5 line) but the spectra is not resolved as
demonstrated in figure 4.11.e. The n—dimerization of dithienylpyrrole radical cation molecules is
known from the literature.®® % Further addition of one more equivalent of the AgSbFs, kept at low
temperature at —10 for 6 hours, five lines EPR spectra was retained aging for Ph,DTP-Ph—NN and
Th,DTP-Ph—NN, the spectra are given the figure 4.11.(e and f). These results indicate the di—cation

formation on the DTP core without decomposition of the NN radical.
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Figure 4.12: EPR spectra for during chemical oxidation reaction of (a) DTP-Ph—NN, (b), (c) Ph,DTP-
Ph-NN, (d) ThoDTP-Ph-NN, (e) (Ph,DTP-Ph—NN)*?, and (f) (Th.DTP-Ph—NN)*2.

The proposed one electron oxidation mechanism is described in figure 4.13 for spin
polarized donor radicals. A similar mechanism was also reported using molecular orbital theory to
analysis one electron oxidation of the ammine—based spin-polarized donors radical and pyrrole
derivatives molecules.® The energy level for the HOMO of the donor radical is higher than that the
SOMO. Upon one electron oxidation, the one electron was removed from the HOMO of the donor

radical and forms the high spin radical cationic molecule.

106



NN Substituted (DTP-Ph) Derivatives and Their Radical Cationic Molecules Chapter 4

. SOMO

HOMO —Hg;j) —e-
N AE

+
o T | 4 o
somo . V.| e nomo

NN Y ] 4 nHOMO (DTP—P"I—NN)'*

DTP-Ph
R,DTP—Ph—NN

Figure 4.13: Proposed one electron oxidation mechanism for R,DTP-Ph—NN.
4.8 Conclusions

Thus, three NN substituted donor m—core of (DTP-Ph) derivatives (R;DTP-Ph—NN)
molecules were prepared and characterized. The molecular structures and packing of Ph,DTP-
Ph—NN and Th,DTP-Ph—NN were examined by single crystal x—ray structure analysis. The Th,DTP-
Ph—NN is crystalized in the dimeric form with shorter intermolecular distance of N—0...C—Ph (3.31
A), while Ph,DTP-Ph—-NN crystalized in monomeric structure with smaller intermolecular distance
found between two oxygen atoms for N=0...N-0O (3.24 A) in molecular packing. Upon one electron
oxidation, these molecules offered triplet ground state radical cationic high spin molecules.
Further charged molecules will be isolated and analyzed for magnetic properties by magnetic
susceptibility. Syntheses of similar radical cationic molecules are under way. The Ph,DTP-Ph—NN
and Th,DTP-Ph—-NN molecules are suitable for spintronic and molecular based magnetic materials
application.

4.9 Experimental section

Synthesis of 2-(4-nitrophenyl)-1,3-dioxolane.®> The 4-nitrobenzaldehyde (3.30 g, 21.83 mmol)
and p-toluenesulfonic acid monohydrate (76.5 mg, 0.402 mmol) were dissolved (75 mL) toluene

in 250 mL round bottom flask. Then ethylene glycol (2.5 mL) was added, and the solution was
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refluxed with a Dean-Stark trap to azeotropically remove water. After 1 hour, the solution was
allowed to cool to ambient temperature and 100 mL of Et,O was added. The solution was washed
twice with saturated NaHCO; solution and then with saturated NaCl solution. The solution was
dried over MgS0, and evaporated to yield a pale yellow solid (4 g, 94% yield). *H NMR (250 MHz,

CD,Cl, 6, ppm): 8.20 (d, 2H), 7.65 (d, 2H), 5.87 (s, 1H), 4.07 (m, 4H).

CHO

1. p-TsOH.H,0 1. PtO,, o0 °
toluene 2. MgSOQy,
—\ o e 9 4
HO OH
reflux, 1 h 3. THF, H2
NO, 110 psi, 12h U
2
1

4-(1,3-Dioxolan-2-yl)aniline (1).°®* A pressure vessel was charged with 2-(4-nitrophenyl)-1,3-
dioxolane (2.00 g, 10.25 mmol), PtO, (0.1 g, 0.40 mmol), MgS04 (2.5 g, 20.75 mmol), and THF (15
mL). The reaction vessel was purged with N, and subsequently charged with H; (110 psi). The
reaction was stirred for 12 hr at room temperature while maintaining the H, pressure by
periodically recharging the vessel. The reaction mixture was filtered through a fritted glass funnel,
and washed with dry THF. The filtrates were combined and volatile fractions were removed to
afford 1 (1.6 g, > 98%). 'H NMR (250 MHz, CD,Cl,, &, ppm): 7.22 (d, 2H), 6.64 (d, 2H), 5.63 (s, 1H),
4.03 (m, 4H).

3,3'-diiodo-2,2'-bithiophene (2).%*

Br 1. n-BulLi I
s [S\ 2.1, Et,0 s /IR
S
\ 78 °C \/
Br | 2

A 3,3’-dibromo-2,2’-bithiophene (3.01 g, 16.6 mmol) was dissolved in anhydrous Et,0 (90 mL)
under a Nx-atmosphere In a flame-dried round bottom flask. Moreover, n-Buli (1.6 M in hexanes,

13 mL, 18.56 mmol, 2.2 equiv.) was added dropwise at —78 °C. The reaction mixture was stirred
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about 1 h. A solution of I; (5.17 g, 18.56 mmol, 2.2 equiv.) in Et,0 (18 mL) was added dropwise,
the mixture was warmed to r.t. and was stirred for another hour. The reaction was quenched by
addition of saturated Na;S;03 (60 mL) and the layers were separated. The aqueous layer was
extracted with Et,0 (2x60 mL). The combined organic layer was washed with brine, dried over
MgS0O, and the solvent was evaporated. The residue was recrystallized from hexanes/toluene 2:1.
The 2 was isolated as an off-white crystalline solid (2.7 g, 70%).*H NMR (300 MHz, CD,Cly, §, ppm):

7.46 (d, 2H), 7.18 (d, 2H).

4-(4H-dithieno[3,2-b:2',3'-d]pyrrol-4-yl)benzaldehyde, (3).5°

M\ Pdj(dba)s, ¢HO
0 0 t-BuzONa,
t-BusP,
+ B
toluene, N
125°C,3h, I\ / \
NH, S S
1 2 3

Under nitrogen atmosphere, the 500 mL round bottom flask connected with condenser and
charged with 3,3'-diiodo-2,2'-bithiophene, (2), (8.0 g, 19.14 mmol), Pd,(dba); (0.887 g, 0.97 mmol)
and sodium tert-butoxide (2.23 g, 23.20 mmol) in toluene (200 mL), and ( 2.9 mL) P(*Bu)s in 1 M
toluene solution was added. Then, the mixture was stirred at 35 °C for 15 mints. Further, freshly
prepared 4-(1,3-dioxolan-2-yl)aniline, (1)% (4.5 g, 27.24 mmol) in THF was added and the mixture
was refluxed at 125 °C another 2.5 h and the reaction mixture was cooled to room temperature.
The reaction mixture was filtered, extracted with diethyl ether, washed with brine solution and
concentered. The residue was dissolved in THF and 1 M HCl was added and then the mixture was
stirred for 2 h. Further, the reaction mixture was extracted with diethyl ether washed with brine
solution. The crude mixture purified by column chromatography, yielded yellow solid (2.5 g, 46 %).
IH NMR (250 MHz, CD,Cl,, §, ppm): 10.03 (s, 1H), 8.06 (d, J = 7.5 Hz, 2H, Ph-H), 7.79 (d, J = 7.5 Hz,

2H, Ph-H), 7.27 (s, 4H, Th-H). 3C NMR (62.90 MHz,CD,Cl,, 6, ppm): 191.3, 145.2, 143.9, 134.1,
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132.0, 124.7, 122.5, 118.8, 113.1. HRMS m/z: calcd for CisHsNOS,, 283.0126, ion formula for
[M+H]*, C1sH10NOS,, 284.0126; found, 284.0188.

2-(4-(4H-dithieno[3,2-b:2',3'-d]pyrrol-4-yl)phenyl)-4,4,5,5-tetramethylimidazolidine-1,3-diol

(4).
ra

H
GHO Ho~N<N~oH
© \)—P BHA, DMF,
—_—
+
N HO’NH HN\OH 65 °C, 24 h,
14 \S /Z \) N
S S I\ \
3 S S

4
A mixture of 3 (0.290 g, 1.02 mmol) and 2,3-bis(hydroxylamino)-2,3-dimethylbutane (0.18 g, 1.22
mmol) in 15 mL of DMF was stirred at 65 C, for 24 h. The solution was concentrated and obtained
residue was washed with ethyl acetate, obtained 4 as yellow solid (0.22 g, 52%). *H NMR (300
MHz, DMSO-d®, & ppm): 7.84 (s, 2 H, N-OH), 7.66 (m, 4 H), 7.47 (d, 2 H), 7.29 (d, 2 H), 4.58 (s, 1
H), 1.10 (s, 12 H. 23C NMR (75 MHz, DMSO-d®, § ppm): 143.4, 139.9, 138.1, 130.2, 124.7, 121.4,
116.1,112.6,90.1, 66.2, 24.5, 17.2; ESI calculated for C;1H23N30.S;, 413.12, found: 414.6, [M+H]".

Synthesis of the DTP-Ph-NN.

S R

Ho-N<N~oH o-Ny N0
Na|O4,
— >
DCM,H,0,
0°C, 3h,
N

N

4 DTP-Ph-NN

The compound 4 (0.101 g, 0.244 mmol) was dissolved in DCM and water, then NalO,4 (0.057 g, O.
267 mmol) in water was added at 0 C. The reaction mixture was stirred for 3 h at 0 C, mean time
reaction was monitored by TLC. After the reaction was completed green organic phase was
extracted by dichloromethane, and then washed with water and brine. The organic phase dried
over MgS0. and concentrated. The residue was chromatographed over silica gel using DCM as

eluent to obtain green product, 62 mg, 62 % yield; EPR (298 K, ~10™* M in toluene): five lines, giso
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= 2.0066, an1/2 = 0.37 £0.002 mT. HRMS m/z: caled for CisHsNOS,, 283.0126, ion formula for
[M+H]*, C15H10NOS;, 284.0126; found, 284.0188.HRMS m/z: calcd for C1H20N30,S,, 410.0997, ion
formula for [M+H]*, C21H21N30,S;, 411.1070; found, 411.1069.

Synthesis of  4-(4-(1,3-bis((tert-butyldimethylsilyl)oxy)-4,4,5,5-tetramethylimidazolidin-2-

yl)phenyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole, (5).

R e

Ho-N<N~oH MpBTSO-N\ N~0sTBDM
t-BuMe,SiCl,
imidazole,
—_—
N 55 °C, DMF
14 \§ /Z \) 14 S\ 2/ \
S S
4

A mixture of 4, (1.01 g, 2.44 mmol), t-butyldimethylsilyl chloride 1.90, 12.61 mmol), and imidazole
(1.66 g, 24.42 mmol) taken in 100 mL Schlenk flask and dissolved in DMF (30 mL) and the mixture
was stirred for 24 h at 55 °C under argon atmosphere. The solvent was removed under reduced
pressure, and then the crude product was extracted with ether and washed with water. The ether
layer was dried over magnesium sulfate and concentrated under reduced pressure. The residue
was chromatographed on silica gel with hexane as the eluent to give 5, colorless solid (1.3 g,
83%).'H NMR (CD,Cl,, 250 MHz): 8, 7.54 (m, 4 H), 7.20 (d, 2 H), 7.12 (d, 2 H), 4.71 (s, 1 H), 1.20 (s,
12 H), 0.81 (s, 18 H), 0.01 (s, 6 H), -0.76 (s, 6 H). 3C NMR (75 MHz, CD,Cl,,) §, 144.8, 139.9, 132.9,
132.9, 123.9, 122.7, 116.9, 112.7, 89.9, 68.5, 27.4, 18.4, 17.5, -3.5, -4.7; HRMS m/z: calcd. for
Cs3Hs1N30,SSi,, 641.2961, ion formula for [M+H]*, C33Hs2N30,SSi;, 642.3034; found, 642.3037.

Synthesis of 2,6-distannyl DTP, 6.

e o

mpBTS0~N ~N~0sTBDM mDBTs0-N\ ~N~0sTBDM
n-Buli,
THF, -20 °C,
EEa——
N

Me3SnCl, THF,

N
{
YA ’\?nws\(\
6

S S

The compound 5 (1.02 g, 1.588 mmol) was dissolved in dry hexane (50 mL) and the solution was

cooled to 0°C. Then tetramethylethylenediamine (TMEDA) (0.553 g, 0.72 mL, 4.759 mmol) was
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added, followed by BulLi (1.6 M in hexanes, 2.2 mL, 3.49 mmol) and the mixture stirred for 2 h at
0°C, MesSnCl (0.799 g, 3.97 mmol) was then added and the solution stirred overnight at rt. This
mixture was poured over EtsN-treated silica gel, filtered, and rinsed with hexane. The filtrate was
concentrated via rotary evaporation and then dried overnight. The product was stored under N,
in the freezer until further use. give 5, colorless solid (1.4 g, 91 %).*H NMR (CDCl,, 700 MHz): §,
7.56 (d, 2 H), 7.52 (d, 2 H), 7.11 (s, 2 H), 4.72 (s, 1 H), 1.20 (s, 12 H), 0.82 (s, 18 H), 0.39 (s, 18 H),
0.02 (s, 6 H), -0.74 (s, 6 H). 3C NMR (176 MHz, CD,Cl,,) 6, 147.7, 140.4, 140.1, 137.3, 123.6, 122.9,
122.5, 119.6, 93.02, 68.5, 26.5, 24.5, 17.4, -4.1 (Si(Me), -7.9 (Sn(Me3); HRMS m/z: calcd for
Ca9He7N30,5,5i25n3, 969.2257, ion formula for [M+H]*, C3sHssN3025,5i,5n, 970.2335; found, 970.2.

2-bromo-5-(methylthio)thiophene.”

1. n-Buli,
Et,0, -78 °C, 1h
Br"@ »/s—@
ST BT 5 Me,S,, it 8h S” TBr

A 2,5-Dibromothiophene (4.0 g, 16.53 mmol) was dissolved in diethyl ether (30 mL) and then
cooled to —78°C. A solution of n-butyl lithium (1.6 M in hexanes, (11.8 mL, 19.01 mmol, 1.15 eq)
was slowly added while maintaining the temperature at less than —65°C. After complete mono-
exchange, a solution of dimethyldisulfide (1.4 mL, 16.53, 1 eq.) in diethyl ether (2.0 mL) was added
and the cooling bath was removed while stirring, allowing the mixture to warm to ambient
temperature. After the addition was complete, the mixture was diluted with water (50.0 mL) and
then separated. The organic layer was washed with water (2x50 mL), washed with brine (1x50
mL), dried over MgSQ,, and concentrated to form a black residue. The residue was passed through
a silica gel plug and eluted with hexanes. Evaporation of the organics afforded the desired
compound as a tan oil (3.4 g, 98 % yield). Some non-substituted thiophene was produced during
the reaction and co-eluted with the product. *H NMR (CD,Cl,, 250 MHz): §, 6.91 (s, 2 H), 2.472 (s,
6 H).

General procedure for Stille Coupling.
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bromobenzene, \)_P

Pd,dbas MDBTsO~N\N~0sTBDM
P(o-tolyl);

MDBTSO~N\-N~0STBDM

toluene,
N 90°C,24 h

5 AI D¢
6

The desired intermediate 6 (0.1 mmol, 1 eq) and bromobenzene or 2-bromo-5-
(methylthio)thiophene (0.25 mmol, 2.5 eq) were taken in 50 mL a Schlenk tube. The mixture was
evacuated and backfilled with Ar; three times. And then Pdx(dba); (0.01 mmol, 0.1 eq), P(o-tolyl)s
(0.03 mmol, 0.3 eq), and degassed toluene (20 mL) were added. The reaction was heated with
stirring at 60 °C until completion (ca. 30 h).

7a, 62 %,: *H NMR (CD,Cl,, 700 MHz): 8, 7.65 (d, 4 H), 7.62 (d, 2 H), 7.59 (d, 2 H), 7.40 (t, 4 H), 7.37
(s,2H),7.29(t,2 H),4.75 (s, 1 H), 1.22 (s, 12 H), 0.84 (s, 18 H), 0.04 (s, 6 H), -0.70 (s, 6 H). 3C NMR
(176 MHz, CD.Cl,, &, ppm): 147.8, 144.9, 143.0, 139.6, 135.8, 129.5, 137.9, 125.8, 123.1, 122.5,
116.6, 108.6, 93.6, 68.5, 26.7, 24.5, 17.1, -4.1; HRMS m/z: calcd for CasHseN30,S,Si,, 793.3587, ion
formula for [M+H]*, CasHsoN3025,Si,, 794.3665; found, 794.3.

7b, 69 %:

R

MDBTSO~ N ~N~0sTBDM MDBTSO-N_ _N-OSTBDM

Pd,dbag

a P(o-tolyl)
S 3
/ _QB _—

"
r
N toluene,

N
e /s\ /s\ st o s S, A MU N s, s
I . \ SN Y\

7b
1H NMR (CD,Cl,, 300 MHz): 6, 7.61 (d, 2 H), 7.52 (d, 2 H), 7.11 (s, 2 H), 7.06 (d, 2 H), 6.99 (d, 2 H),
4.75 (s, 1 H), 2.52 (s, 6 H), 1.21 (s, 12 H), 0.83 (s, 18 H), 0.03 (s, 6 H), -0.71 (s, 6 H). *C NMR (176
MHz, CD,Cl,, 6, ppm): 147.8, 144.68, 140.9, 139.3, 136.9, 135.7, 132.5, 132.2, 123.8, 123.1, 116.1,
108.9, 93.4, 68.6, 30.26, 25.5, 22.4, 18.4, -3.46; HRMS calculated for Ca3HsoN30,Ss, 898.2543,
found: 898.2522, [M+H]*.

General procedure for preparation for Ph,DTP-Ph-NN and th,DTP-Ph-NN.
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H +

mpBTSo-N\ N~0sTBDM &N N0
TBAF, é
THF
—
( BYA
S S’
o0
Ph,DTP-Ph-NN
The compound 7a, or 7b (1 eq.) was dissolved in THF and TBAF (2 eq.) was added to the reaction
mixture at room temperature. The reaction mixture was stirred for 6 h, mean time reaction was
monitored by TLC. After the reaction was completed, a green solution was concentrated. The
residue was chromatographed over silica gel using DCM:MeOH (99:1) as eluent.
Ph,DTP-Ph-NN. Yield (72 %), EPR (298 K, ~10™* M in toluene): five lines, giso = 2.0066, an1/2 = 0.37
mT. HRMS m/z: calcd for Cs3H2sN30,S,, 562.1623, ion formula for [M+H]*, Ca3sH29N30,S,, 563.1696,
found, 563.1692.

Synthesis of the ThoDTP-Ph-NN.

e

MDBTSO-N.__N-OSTBDM ONN-0 -

N
TBAF, é
— =

N THF \N
A\ s A I \__s
/S \S/ S S \S/ N S \ / S s” 1\ J S\

7b Th,DTP-Ph-NN
Obtain green crystalline product yield (69 % ), EPR (298 K, ~10™* M in toluene): five lines, gis =
2.0066, an1/2 = 0.37 mT. HRMS m/z: calcd for C31H2sN30,Ss, 666.9440, ion formula for [M+H]*,
C31H29N30,S6, 667.0584, found, 667.0.

The appendix-1V (A-1V) is given for chapter—3. NMR spectra of new compounds.
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Chapter 5

Magnetic Exchange Interaction in Nitronyl Nitroxide
Radical Based Single Crystals of 3d Metal Complexes:
A Combined Experimental and Theoretical Study

Abstract:

Four metal—organic complexes, such as Co(hfac),(NNPhOMe),; 1, Co(hfac),(NNT),.(H,0);
2, Mn(hfac)2(NNPhOMe)-x(C7H16); 3 and, Mn(hfac),(NNT),; 4 are successfully synthesized using
two stable nitronyl nitroxide radicals and two metal ions in the form of M(hfac),, (where M = Co
or Mn, hfac: hexafluoroacetylacetone). These complexes are investigated by single crystal x—ray
diffraction, dc magnetization, infrared (IR) and electron paramagnetic resonance (EPR)
spectroscopies. In addition, magnetic exchange interactions (J/Kz) are derived using isotropic spin
Hamiltonian H = —2JX (SmetaiSradicar) for the model fitting to the magnetic susceptibility data
for 1, 2, 3, and 4. The exchange interaction strengths found to be —328, —1.25, —248, and —256 K,
forthe 1, 2, 3, and 4 metal—organic complexes, respectively. Quantum chemical density functional
theory (DFT) computations carried out on several models of the metal-radical complexes in order
to elucidate the magnetic interactions at molecular level. The calculations show that a small part
of the inorganic spins are delocalized over the oxygen’s from hfac {~0.03 for Co(ll) and ~0.015 for
Mn(Il)}, while a more significant fraction {~0.24 for Mn(ll) and ~0.13 for Co(ll)} of delocalized spins

from the metal ion is transferred to the coordinated oxygen atom(s) of nitronyl nitroxide.
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Note: Large parts of this chapter have been published in collaboration with Pramod

Bhatt at ACS Omega, 2018, 3, 2918-2933.

121



Exchange Interaction in NN-Radical and Metal (M(Il) = Co and Mn) Complexes Chapter 5

5.1 Introduction

|”

The synthesis of “metal-radical” coordination complexes are one of the successful
methods for magnetic materials, those molecules are synthesized by organic radical reacted with
spin active transition metal ions.! The benefit of the metal-radical” coordination complexes is that
it could produce a variety of molecular structures with different magnetic dimensionalities and
with unusual magnetic properties. The nitroxide radicals interact with metal ion and form metal-

radical coordination complexes, the possible mode of the interactions between the magnetic

orbitals of a nitroxide radical and a metal ion are given in the figure 5.1.

@) @ (b)

'
/
/
- “‘
'

(c) (d)

Figure 5.1: Schematic diagram of possible interactions between the magnetic orbitals of a
nitroxide and a metal ion.

The magnetic interactions between metal and radical in coordination complexes are
rationalized by the degree of overlap or orthogonality of the spin—active orbitals of the organic
radicals with those of the metals ions. If the nitroxide radicals bind through its oxygen atom to
paramagnetic metal ion two main cases can occur, in case (i), the spins orient preferentially
parallel to each other resulting in ferromagnetic coupling. In case (ii) the spins orient antiparallel

to each other and the results formation of a strong coordination bond, which are completely pairs
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the spins; otherwise, if the intensities of different total spin multiplicity are thermally populated
results formation of an ferromagnetic coupled system. Moreover, most of the mono nitroxide
radical only form the mononuclear complexes. The molecular chain of the metal-radical
complexes are more interest than the mononuclear complexes. For example, t—butyl nitroxide
ligands can interact with only one metal ion at a time and cannot form extended magnetic
architectures. Therefore, two or more radical units are necessary in the same molecule to form
chain. The nitroxide approach was numerously applied by Katsua Innoue and hiizu Iwamura for bi
and triradical networks with Mn(hfac), those are reviewed.'?

The nitronyl nitroxide— and imino—nitroxide based radicals have received much attention
as building block for molecular magnetic materials.? The nitronyl and imino—nitroxide is a stable
free radical which offers many advantages.®> These nitronyl nitroxide— and imino—nitroxide
contain molecules form a molecular chain with even one radical unit in the molecules. The first

chain complex of the was nitroxide—nitroxide was introduced by Gatteschi and Paul Rey in 1989.1

(a) O—NQN'—O---M
nitronyl nitroxides —
ye R N
ot )\ . M---0—N"N-0,
= - ’d - \ _/ \\ ~
\ N7 N7 O-N"N—0----M
\ / —

N O M===0—NN=0 =M= ~0-N " N—0----M---0
imino—nitroxide / s
1]

R
* M
S --N
’d - ! o~y
NZ N-O. oo NP0, 4P
% — ToNANTT

- N
Figure 5.2: Typical coordination models of nitronyl nitroxide and metal ions.

The nitronyl-nitroxide radical can act as a bridging ligand with a spin center. It has one
unpaired electron delocalized over the coordinating two oxygen atoms and antibonding m*

orbitals in the plane of O—-N-C-N-0 while in imino—nitroxide radicals, oxygen and nitrogen atoms
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are coordinating (N-C-N-0) to the metal ions (figure 5.2.a). In addition, further advantages of the
nitronyl—nitroxide radical can coordinate to suitable metal ions as a bis—monodentate bridging
ligand or as a monodentate ligand resulting in interesting hetero—spin systems j.e., hybrid
complexation of different metal ions with stable free radicals (figure 5.2.b).

However, the suitable choice of transition metal ions and ligands could be another
important criterion to achieve the desired magnetic dimensionality. The nitronyl nitroxides, imino
nitroxides bind with metal ions {metal (ll) bis—hexafluoroacetylacetonate} form a chain (1-D),*
layers (2-D),> and bulk networks (3-D). Very interestingly, a nitronyl nitroxides radical with
different R groups coordinates to metal ions to form variety of the structures. Some of the
coordination models of the metal ions and a nitronyl nitroxides are shown the figure 5.2.b.

In model I, one oxygen atom binds with one metal ion to form mononuclear complexes.
In model Il, one radical oxygen bounds with one metal, while the other oxygen interacts weakly
with one another radical oxygen and forms magnetic chains. In models lll, two oxygen atoms bind
to two different metal ions and the results in formation of chains, these chains either
antiferromagnetic or ferromagnetic, depend on the nature of the metal ions. In model IV, they
bind with one oxygen atom to two different metals ions, and each metal ion is bound to two
radicals, with four spins arranged at vertices of diamond. The second oxygen atom then interacts
with the oxygen atom of another radical, thus forming antiferromagnetic chains.

Moreover, by tailoring the intermolecular spin—spin interaction of the nitronyl nitroxide
radicals (varying intermolecular arrangements), the magnetic exchange between the magnetic
orbital of the transition metal and that of the coordinating nitronyl nitroxide radical can be
rationalized. Such a control can be effectuated by varying the molecular fragment (R) to which the
nitronyl nitroxide radical is attached. Moreover, the properties of the R—group (R may stand for
ancillary functional group) linked to the nitronyl nitroxide ligands not only influence the
intermolecular spin—spin interactions but also affect the coordination mode of the nitronyl

nitroxides with metal ions, thus resulting in change of the magnetic properties of the metal-
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radical complexes. In addition, a slight modification in the synthesis processes could also result in
a different dimensionality of the crystal structures and, hence, of the magnetic properties.

The large amount of work on such compounds has been carried out in the past by the
group of Gatteschi and his coworkers.®*2The various networks using 3d metal ions as cobalt (1),
nickel (I1), manganese (1), copper (ll) etc. with nitronyl nitroxide radicals have been extensively
studied. Apart from the 3d metal ions, many other rare earth/4f/5f based metal ions have also
been investigated for structural and magnetic properties.’®?! The qualitative and quantitative
analysis of the magnetic properties in terms of magnetic interactions has also been investigated
using inelastic neutron scattering, by EPR (Electron Paramagnetic Resonance) spectroscopy and
magnetization measurements. The useful information on the nature of the exchange interaction
and anisotropy, particularly, in the case of one—dimensional cobalt (Il), based chain compound,
had been estimated for designing new molecular magnetic materials with higher blocking
temperatures. The exchange interactions between the nitronyl nitroxide radical and Cu metal ions
have been extensible investigated by Fedin and coworkers using temperature dependent EPR
(Electron Paramagnetic Resonance) for Cu(hfac),L? compound.?>?” The results could explain the
possible models for phase transitions in complexes Cu(hfac),L® on the molecular level. In this
regard, various nitronyl nitroxide (NN) based metal complexes with different coordination species
as pyridyl, bipyridyl, 2-(4-quinolyl) nitronyl nitroxide, etc. have been previously obtained. For
example, four metal-radical complexes based on NNpPy{2-(4-pyridyl)-4,4,5,5-tetramethyl-4,5-
dihydro-1H-imidazolyl-1-oxyl-3-oxide} have recently been synthesized with weak
antiferromagnetic or ferromagnetic interactions and J/Kg in the range of 9.7 K to —0.32 K.%#
Similarly, metal complexation reactions of N-t-butyl-N-oxidanyl-2-amino (nitronyl nitroxide)
diradical with M(hfac), (M = Mn or Cu and hfac = hexafluoroacetylacetone) have lately been
reported with a strong antiferromagnetic interaction (J/Ks = -217 K) between the Mn(ll) spin (S =
5/2) and the diradical (S = 1).° A metal-radical complex using 2,6-NNPy {2,6-bis(3'-oxide-1'-oxyl-
4',4'5'5'-tetramethylimidazolin-2'-yl) pyridine} coordinated to Cu (Il) has been synthesized.®
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Ferromagnetic interaction between the axial radical and the copper center (Jcurad/Ks ™~ 10 K) has
been observed, whereas strong antiferromagnetic coupling (Jeurad ~ —460 K) between this metal
ion and the equatorial nitroxide groups has taken place.® Similarly, the metal complexes made
using 2-(4-quinolyl) nitronyl nitroxide (4-QNNN) and M(hfac), [M = Mn(ll), Co(ll), and Cu(ll)]
exhibit a 1-D alternating chain in which metal and radical are antiferromagnetically coupled, with
magnetic exchange constant of J/Kz= —1.2 K.3! Not only 3d metal complexes have been
synthesized, a series of heterospin complexes based on lanthanides and pyridine biradicals have
also been prepared. Some of them are found to show antiferromagnetic interactions between the
paramagnetic ions {Ln(lll) and radicals}, whereas some other compounds demonstrate
ferromagnetic coupling.3> One example of nitronyl nitroxide free radical 2-(2-pyridyl)-4,4,5,5-
tetramethyl-4,5-dihydrol1H-imidazolyl-1-oxy-3-oxide (NN2Py) complexed with Tb has a slow
relaxation of magnetization at low temperature exhibiting a single molecule magnetic behavior.??
However, detailed studies in terms of experimental and theoretical investigations of magnetic
properties of such metal complexes are limited. Moreover, it is very interesting and desirable to
understand their magnetic properties by varying their spin characteristics in such metal
complexes.

In this chapter, we report synthesis of two nitronyl nitroxide radicals {R! = 2-(4’-

methoxyphenyl)-4,4,5,5,-tetramethylimidazoline-1-oxyl-3—oxide (NNPhOMe), and R? =

1
N
-~
®

Thienyl)-4,4,5,5-tetramethylimidazoline 3-oxide 1-oxyl (NNT)} and their four metal complexes.
The crystal structures and magnetic properties of the all the metal complexes were studied. The
theoretical analysis of magnetic properties using DFT, quantum chemistry, thermodynamic
calculations etc. are commonly used for calculating the exchange interactions and exchange
coupling constant.3**! Different computational methods have been used to elucidate the
mechanism of spin—spin interaction, the magnitude of effective exchange integrals, and the
nature of the participating spin—active M0Os.3” 38 The influence of the used basis set was

emphasized in some of the works. The model systems were excerpts from various experimentally
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obtained nitronyl—nitroxide based complexes with transition metal ions, which contained or did
not contain unpaired electrons. In relation to the applicability of DFT to assess the magnetic
interactions in the studied complexes, this is still one of the most widely applied computational
techniques.*”* However, it may not be the most accurate one but when it is carefully applied DFT
should provide a good balance in the description of both the inorganic and the organic spin. An
additional reason to use this approach is that it enables simulating larger model systems. In our
case, the mechanism of spin—spin interaction depends essentially on the spin polarization along
the entire organic radical and, hence, DFT is computationally more feasible than, for example,
CASSCF based methods. Therefore, density functional calculations on model units of the
complexes was used to supplement the experimental results with microscopic insight into the
magnetic exchange interactions, namely, the relative stability of the spin states is explained with
spin density distribution and delocalization over the organic radicals and with the overlap present
in the singly occupied molecular orbitals (SOMOs).

Results and discussion

5.2 Synthesis of radicals and metal complexes
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Scheme 5.1: General representations of the chemical reactions carried out for the synthesis of the
organic radicals R, R? and their metal complexes 1, 2, 3, and 4.
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Two nitronyl nitroxide radicals (R and R?) were synthesized by condensation of 3-bis
(hydroxyamino)-2,3-dimethylbutane.H,SO, (BHA.H,S0.) with the corresponding aldehydes and
subsequent oxidation of the condensation product (N, N’-dihydroxy imidazoline) with sodium
periodate in a biphasic medium, following the method described by Ullman condensation.*
Subsequently, four metal—-radical complexes were obtained using these two radicals as shown in
scheme 5.1.

5.3 Crystal structure analysis

The x—ray crystallographic analysis revealed that the metal-radical complex 1 crystallizes in

the triclinic crystal system with P—1 space group and Z = 2, as shown in figure 5.3.

Figure 5.3: Crystal structure of the metal complex 1. The single unit of the compound is shown in
figure (a) and intermolecular arrangement for compound 1 along different viewing directions is in
figures (b), (c), and (d). Hydrogen atoms are omitted for clarity of presentation.

The Co(ll) is coordinated to two oxygen atoms (011 and 046) of the two nitronyl nitroxide radicals

and to four oxygen atoms (020, 024, 060, and 064) of the auxiliary compound (hfac) molecule
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forming a distorted octahedral structure. The bond distances between the Co and two O atoms of

the radicals are found to be different. The longer Co(1)—0(11) distance is found to be ~2.1082(15)

A whereas the shorter distance Co(1)-0(46) is found to be ~2.0527(14)A.

Table 5.1: Crystallographic and structure refinement data for single crystals of compounds 1, 2, 3,

and 4.
1 2 3 4
Crystal size  0.19 x0.22 x0.30 0.03 x0.07 x0.42 0.03 x 0.06 x 0.86 0.11x0.18 x0.57
(mm?3)& color Brown Block Blue Needle Blue Needle Green Needle
Formula C33H40COF12N4010 C32H32COF1208N4SZ'2H20 C24H21F12M nN207.X(C7H16) C32H32F12MHN40352
Crystal Triclinic Monoclinic Monoclinic Triclinic
system
Space group P-1 P2:/c C2/c P-1
W (mm-1) 0.51 0.791 0.481 0.54
T1C) -80 -80 -80 -80
A (A)Mo-Kq, 0.71073 0.71073 0.71073 0.71073
Refinement  Full-matrix least Full-matrix least Full-matrix least Full-matrix least square
Method square on F square on F square on F onF
p (gcm3) 1.553 1.721 1.418 1.554
a(A) 10.8399 (5) 11.3018(4) 26.897(13) 12.2023(9)
b (A) 11.4231 (6) 24.0068(6) 13.7633(5) 12.2478(8)
c(A) 19.5609 (10) 11.1192(4) 23.0669(11) 15.0197(10)
o (deg.) 78.030 (4) 80.745(5)
B (deg.) 84.066 (4) 106.831(3) 125.030(3) 67.214(5)
y (deg.) 64.434 (4) 79.499(6)
Vv (A3) 2137.21(19) 2887.63(17) 6992.4(5) 2024.7(2)
Z 2 4 8 2
F(000) 1022 1504 3010 962
0 range 2to 28 21028 2to 28 21028
(deg.)
Index ranges -14<h<14 -15<h<15 -35<h<35 -16<h<16
-15<k<15 -29<k<31 -17<k<18 -16<k<16
-25<1<23 -11<I<14 -30<I<30 -19<1<19
Goodness of 1.032 0.907 1.028 1.054
Fit on F2
Rint 0.0291 0.0343 0.0327 0.0207
Reflections 19665/10296 19303/7111 20051/8574 19573/9918
measured
/unique
R1a, wR? 0.0655, 0.1208 0.0736,0.1238 0.1193,0.2715 0.0606, 0.1524

*R'=5(I [Fol=IFcl [)/SIFol. WR?=[Sw(|Fo|%|Fc|?])*/Zw(Fo*)]"2

These bond lengths are comparable to the reported cobalt(ll) nitronyl nitroxide

complexes. The bond angles O(60)—Co(1)-0(20), O(46)—Co(1)—0(64), and O(24)—Co(1)—0(11) are

found to be ~163.29(6), 173.77(6) and 173.80(6) deg., respectively. The results from the XRD
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measurements are given in table 5.1 and characteristic bond lengths and bond angles of the
complexes are summarized in table 5.2.

Table 5.2: Bond lengths and bond angles of the metal-radical complexes obtained from the XRD
study.

Bond Length (A) Bond angle (deg.)
1 Co(1)-0(60) 2.0267(15) 0(60)-Co(1)-0(20) 163.29(6)
Co(1)-0(20) 2.0409(15) 0(60)-Co(1)-0(46) 98.48(6)
Co(1)-0(46) 2.0527(14) 0(20)-Co(1)-0(46) 97.06(6)
Co(1)-0(24) 2.0684(15) 0(64)-Co(1)-0(11) 101.31(6)
Co(1)-0(64) 2.1045(15) 0(24)-Co(1)-0(11) 173.80(6)
Co(1)-0(11) 2.1082(15) 0(46)-Co(1)-0(64) 173.77(6)
2 Co(1)-0(34) 2.0438(18) 0(34)-Co(1)-0(25) 178.30(7)
Co(1)-0(25) 2.0448(17) 0(21)-Co(1)-0(38) 174.46(8)
Co(1)-0(21) 2.0517(17) 0(2W)-Co(1)-0(1W) 178.15(8)
Co(1)-0(38) 2.0577(18) 0(25)-Co(1)-0(21) 90.86(7)
Co(1)-0(2W) 2.0954(19) 0(25)-Co(1)-0(2W) 92.37(7)
Co(1)-0(1W) 2.096(2) 0(34)-Co(1)-0(38) 90.12(7)
3 Mn(1)-0(11) 2.106(3) 0(11)-Mn(1)-0(34) 166.02(12)
Mn(1)-0(6) 2.126(3) 0(6)-Mn(1)-0(38) 106.78(12)
Mn(1)-0(34) 2.148(3) 0(11)-Mn(1)-0(20) 106.48(11)
Mn(1)-0(38) 2.151(3) 0(38)-Mn(1)-0(20) 156.29(11)
Mn(1)-0(20) 2.158(3) 0(6)-Mn(1)-0(24) 169.54(12)
Mn(1)-0(24) 2.165(3) 0(6)-Mn(1)-0(20) 92.32(12)
4 Mn(1)-0(6) 2.1259(16) 0(6)-Mn(1)-0(21) 101.15(7)
Mn(1)-O(21) 2.1279(16) 0(21)-Mn(1)-0(34) 168.88(6)
Mn(1)-0(34) 2.1293(16) 0(61)-Mn(1)-0(25) 169.48(6)
Mn(1)-0(61) 2.1298(15) 0(6)-Mn(1)-0(38) 168.79(6)
Mn(1)-0(25) 2.1734(17) 0(61)-Mn(1)-0(38) 96.30(7)
Mn(1)-0(38) 2.1794(17) 0(25)-Mn(1)-0(38) 82.82(7)

The metal-radical complex 2 crystallizes in the monoclinic symmetry with space group
P2:/cand Z = 4 (figure 5.4). It is interesting to note that the Co metal ion is not coordinated to the
nitronyl nitroxide ligand in complex 2 as metal and ligands are separated to each other as shown
in figure 5.5. However, Co(ll) is connected to two oxygen atoms of the two water molecules and
four oxygen atoms of the auxiliary compound (hfac) molecule forming a distorted octahedral

structure. The distances between Co and Doubled water O atoms of the water molecule are found
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to be ~2.097 and 2.094 A, respectively. The average bond length of Co—0 is ~2.0 A, whereas the
bond angles O(34)—Co(1)-0(25) and O(21)—Co(1)—0(38) are found to be ~178.29(7) and 174.48(9)
deg., respectively. Since, Co(ll) ion is six—coordinated by four oxygen atoms from two hfac ions
and two oxygen atoms from two H,0 molecules, the Intermolecular hydrogen bonds are found in
the crystal of complex 2. The molecular arrangement of complex 2 is shown in figure. 5.4 (b, c and
d). The hydrogen bonding interactions occur between two oxygen atoms from one coordinated
water molecule and one uncoordinated nitronyl nitroxide. As a result, molecules are linked by

weak interactions to form chain like structure as depicted in figure. 5.4.

Figure 5.4: Crystal structure of single repeating unit of compound 2. The interaction through water
molecules form a chain like structure as shown along different viewing directions in figures b, c,
and d. Hydrogen atoms are omitted for clarity of presenation.

The metal-radical complex 3 forms a linear chain—like structure (shown in figure 5.5),
which crystallizes in the monoclinic crystal structure with space group C 2/c and Z = 8. The chain

lies along the C axis, in which the Mn(Il) metal ions are connected to two oxygen atoms of the two
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nitronyl nitroxide radicals and four oxygen atoms of the auxiliary compound (hfac) molecule in a
distorted octahedral structure. The heptane molecule is also present in the crystal. The shortest
intra— and inter—chain Mn—Mn distances are found to be ~12.05 and 26.13 A, respectively. There
are four chains per unit cell in the molecular packing. The average bond length of the Mn—0 bond
is ~2.1 A. The bond angles 0(11)-Mn(1)-0(34), 0(38)-Mn(1)-0(20) and O(6)-Mn(1)-0(24) are

found to be ~166.02(12), 156.29(11) and, 169.54(12) deg., respectively.

Figure 5.5: Molecular crystal structure of the metal complex 3. The heptane molecule present in
the compound is shown in (a). The formation of chain like structure using Mn atoms and radical
are shown along different viewing directions in (b), (c) and (d). Hydrogen atoms are omitted for
clarity of presenatation.

The metal-radical complex 4 crystallizes in the triclinic crystal structure with space group
P-1 and Z=2 (figure 5.6). The Mn(ll) metal ions are connected to two oxygen atoms of the two
nitronyl nitroxide radicals and four oxygen atoms of the auxiliary compound (hfac) molecule in a

distorted octahedral structure. The average bond length of the Mn-0 bond is found to be ~2.100
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A.The average bond lengths of the bonds Mn(1)-O(6) and Mn(1)-O(61) are found to be ~2.125(16),
and 2.129(15) A, respectively. The bond angles O(6)-Mn(1)-0(21), 0(21)-Mn(1)-O(34) and, O(61)-

Mn(1)-O(25) are found to be ~101.15(7), 168.88(6), and 169.48(6) deg., respectively.

Figure 5.6: Crystal structure of the metal complex 4. The single unit of the metal complex is shown
in figure (a), whereas the formations of intermolecular structures are shown along different
viewing directions in (b), (c) and (d). Hydrogen atoms are omvitted for clarity of presentation.

5.4 EPR (electron paramagnetic resonance) study

The X—band EPR spectra of the randomly oriented crystals of the metal complexes and
radicals are shown in figure 5.7. The insets of figures 5.7.a. and b presented for the EPR spectra of
the radicals R' and R? respectively. The radical R! shows a single symmetric line at room
temperature, with a peak-to-peak line width ABpp ~ 1.32 mT. The value of g can be calculated

from v (in GHz) and B, (in gauss) using the following equation:
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h?9
BBy
where h is Planck’s constant, 8 is a conversion constant called the Bohr magneton, v is frequency

g G-1)

and B is magnetic field. The measured average g-value is ~2.0065 for R™. A single asymmetric line
at room temperature, with a peak—to—peak line width ABpp ~ 1.81 mT is observed for the complex
1 at room temperature. It is therefore evident that after the synthesis of metal radical complexes,

the peak—to—peak line width ABpp increases.
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Figure 5.7: EPR spectra of randomly oriented single crystals of radicals and metal complexes 1 (a)
at 300 and 130 K, 2 (b) at 300 K, 3 (c) at 300 and 130 K, and 4 (d) at 300 K. The inset of figure (a)
and (b) shows the EPR spectra of the radicals R; and R, respectively.

The measured average g—value is found to be ~2.0009 and ~2.0002 for 1, and 2,
respectively. In the case of 3 metal complex, a broad and asymmetric single line is observed with
a peak—to—peak line width ABpp ~14.08 mT. The g—value is found to be ~2.0076 for the 3
compound. However, g—value is found to be ~2.001 for the compound 4 along with a broad line
with a peak-to—peak line width AB,, ~64.3 mT. Since, room temperature EPR measurements
sometimes not enough to fully characterize transition metal complexes, where e.g. for cobalt high

spin d7 (5=3/2), usually the relaxation times are much too fast to see the cobalt response. Even

EPR data at 130 K {figures 5.7. (a) and (c)} does only show signal from the radical not metal ions.
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Very low temperature (= 4 K) is needed to get the signals of metal (Coll) ion for high spin fast
relaxation. Thus, we mainly see the free radical contribution and would need helium temperatures
to find cobalt resonances. This also leads to the large difference of reported g—value and the one
used to fit the magnetic measurements for the cobalt cases, for example, in magnetic Mn and Co
complexes with a large polycyclic aromatic substituted nitronyl nitroxide *. Next, while discrete
complexes in dilute matrix (c = 10°3M solvent liquid or frozen) more precise characterization can
sometimes be made, in concentrated solid state with neighboring spin carrying units such spectra
are rarely to be analyzed, since too many effects contribute. For 3, which gives, a broadened line
can only be explained with radical Mn interaction and not only from the radical. Even more for 4,
another signal at nearly half field (160 mT) provides a g=4 value.

5.5 IR (infra-red) spectra study

The IR spectra of the radicals R! and R? and their respective metal complexes are shown in figure
5.8. The vibrational spectra of the nitroxides are not much exploited, thus the exact group
frequency of the N-O° bond is not very well known.*® Moreover, the earlier reported group
frequencies of the N-O° stretching vibration, v(N—0°), have large variations which state that v(N—
0°) lies near 1350 cm™ (1380 —1310 cm™?),%¢ %7 between 1380 —1340 cm™*, or 1370 -1340 cm™* or
1380 -1339 cm™. In the present case, the radicals show strong signals at 1351 cm™ and 1365 cm
for the R! and R? radicals, respectively. These are arise from the v(N-Oe) stretching of the nitronyl
nitroxide moiety conforming the formation of nitronyl nitroxide radicals. Other more intense lines
are observed at 1025, 1126, 1253, 1299 and 1604 cm™for the radical RL. Similarly, intense lines at
1041, 1079, 1132, 1172, 1326, 1398, 1450, and 1548 cm™ are observed for R% In the metal
complexes, the v(N-Oe) stretching frequencies are found to shift for all compounds. This is
expected since the metal ion coordinate to nitroxide group directly in the complexes except 2
where nitroxide group form H-bond with water molecules. As a result, the N-Oe bond weakens

and the vibrational peak appears at lower wave number. However, the frequencies ~1600 cm?
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and ~1548 cm™ of the radical R! and R%respectively shifts to higher values after formation of the

metal complexes.
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Figure 5.8: The FT—IR spectra of the radicals (R and R?) and their metal complexes (1, 2, 3, and 4).
5.6 Magnetic properties

Figure 5.9(a and b) shows the temperature dependence of the molar magnetic susceptibility under
magnetic field of 1000 Oe for the metal complexes 1 and 2, respectively. The temperature—
dependent magnetic susceptibility was measured by Pramod Bhatt and Gerhard Jakob at the
University of Mainz in the range of 5-300 K and the plot of y versus T is provided in figure. 5.9(a)
for 1. The room temperature value of XT for complex 1 and 2 was found to be ~2.68 and ~ 2.86
emu-K-mol? respectively, which is above from the theoretically expected value (~2.625

emu-K-mol?) of xT for high spin Co(ll). The higher value of xT than the expected value for a system
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of one cobalt (I1) ion (S = 3/2) and two radicals (S = 1/2), is due to the orbital contribution of the
cobalt (I1) ion.

In the temperature range ~50-300 K (paramagnetic region), the susceptibility can be

C
X

fitted by a straight line (shown in the inset of both figures) using the Curie—Weiss law

= 5-2)
T -6,
where, Cis the Curie constant and 8, is the paramagnetic Curie temperature. The values
of B,are found to be =7 and —12 K for the 1 and 2, respectively.
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Figure 5.9: Temperature dependent molar magnetic susceptibility of randomly oriented crystals
of 1 (a) and 2 (b) under magnetic field of 1000 Oe. The red lines show the fit of the magnetic data

using the equation 4 given in the text for 1 and 2 metal complexes. The inset shows the Curie—
Weiss law fitting of the inverse of the magnetic susceptibility data with respect to temperature
using equation 5-2.
The experimentally observed effective paramagnetic moments, pcsare found to be ~ 4.41
us/f.u. for 1. These values are derived using the formula peg = (3CKa/Na)Y?ps ™~ (8C)Y/?us, where Na
is the Avogadro’s number, and Kgis the Boltzmann constant. The experimentally observed value
of Uest is consistent with the theoretically calculated spin only values (4.58 pg/f.u.) for 1. The Co(ll)
i,e. S = 3/2, ions are assumed to be in their high spin states, in accordance with the EPR
measurements. Here, the theoretically expected (spin only) value of pesis calculated using the
formula (uer)? = 2[g¥{n.S(S+1)}] us?, where g is the gyromagnetic ratio (~2), n is the number of

magnetic ions with spin S in the formula unit, and the summation X runs over all magnetic ions in
the formula unit.
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In order to understand the exchange interaction between Co(ll) and nitronyl nitroxide
radicals in 1, we have used a simple isotropic Hamiltonian model to fit the temperature dependent
molar magnetic susceptibility data in the paramagnetic state from 300 to 50 K . As obtained from
the x—ray diffraction data, there exists a direct bonding of a spin—bearing oxygen atom of nitronyl
nitroxide radicals to Co(ll) which would lead to a spin—spin interaction between the metal ions and
the radicals. The magnetic data also suggest that the interaction is antiferromagnetic in nature.
The Hamiltonian used for the model, fitted to the magnetization data of the metal—radical
interactions looks like that:

H = —2J2(ScoSraa) — DS? (5-3)
Where, J represents the magnetic coupling for the Co-radical. S is the average value of projection
of the total spin of the cluster on the z axis; D, is the zero—field splitting parameter of the Co(ll)
ion. Consider the above Hamiltonian, fitting the magnetic susceptibility*> ° data in the

paramagnetic temperature range 300—30 K has been used for compound 1.

_ <2Ng2ﬁ2> exp(4,) + 4 exp(A3) + 4 exp(4s) -4

kT 2exp(A;) +exp(Ay)+2 exp(Az) + exp(A,) +2 exp( 4s)
5D
Ay =4+ - (4J% — 2D] + D®)Y/?2] /kT
D
9D
A; = (6] +T)/kT
D
Ay = (6] + /KT
5D
As =4 +—+ ((4J? — 2D] + D?)Y/2) /kT
Where J stands for the exchange interaction between Co(ll) and the nitronyl nitroxide radicals, g
is Lande’s constant, Kz is the Boltzmann constant, g is the Bohr magneton, and Na is Avogadro’s
number. The best fit parameters J/Kz=—-328 K, and g = 2.02, D =—2.39 K with with R =1.57 x 1074,
where R is defined as R = Z[(ym)" -(xm)*1%/Z[(xm)*]>. The negative value of J indicates an

antiferromagnetic coupling between an octahedral high spin Co(ll) and coordinated nitronyl

nitroxide radicals. The previously reported data on the nitronyl nitroxide based metal complexes
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using Co(hfac); also indicates that the oxygen atoms of the radicals are strongly
antiferromagnetically coupled to Co(ll) ions.>**3 Since, the bond lengths and bond angles are
comparable to those of the previously reported compounds, the antifrromagnetic interaction
between metal and radicals in the 1 dimer complex is verified and quantified.

The compound 2 is not coordinated to N-O unit of the radical, however, Co ion is
coordinated through the hydrogen bonding of a water molecule (model shown below). The
structural analysis of the compound allows us to select exchange interaction in the following

way>?,

: N
....... N—"—Oseere-H O—Co(I)——O0——H e N——0
e

Where, each Co(ll) ion interacts via OH groups of water molecules with N—O groups of two
neighboring molecules. Irrespective of the method of selecting an exchange interaction, the
theoretical description of its magnetic properties may be treated like a magnetic systems of Co(ll)
ion plus two nitroxide radicals®* {Co(ll) ion + two nitroxide radicals}. The strict analysis of the
magnetic data of Co(ll) complexes needs to consider the effects of spin—orbit coupling and zero—
field splitting. A more elaborate model, taking into account all of these factors, may be
constructed, but it will be then over parameterized. The Hamiltonian used in this case is therefore
same as in the case of compound 1. For compound 2, the equation (5—4) has been used for fitting
the magnetization data in the paramagnetic temperature range 300— 30 K. The best fit parameters
J/Kg=—-1.25K, and g = 2.21, D = —0.31 K with R = 1.1x 107*, where R is defined as R = [(ym)°
=) PP/ Z[(xm)

Figure 5.10 (a and b) shows x vs T curves for the metal complexes 3 and 4 respectively
under the field of 1000 Oe. The compound 3 form a chain—like structure. The room temperature
value of xT for 3 is found to be ~4.98 emu-K-mol?, which is close to the theoretically expected

value (~5.125 emu-K-mol?) of xT for Mn(ll). Similarly, xT is found to be ~ 4.64 emu-K- mol*- Qe
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for the 4 compound, well in agreement with the theoretically expected value of xT~ 5.125 emu-K-
mol?- Oe for the spins of Mn(ll), S =5/2, and two nitronyl nitroxide radicals of spins S = 1/2 at
300 K. The paramagnetic region is fitted by a straight line (shown in the inset of figure 5.10) using

the Curie-Weiss law. The values of 8, are found to be —16 and -9 K for the 3 and 4, respectively.
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Figure 5.10: Temperature dependent magnetic susceptibility data of randomly oriented crystals
of 3 (a) and 4 (b) under the magnetic field of 1000 Oe. The red line shows the fit of the magnetic
susceptibility data in the temperature range of 300-20K using the equation 6 for compound 3 and
equation 5-8 for compound 4 given in the text. The inset of figure shows the Curie—-Weiss law

fitting of the inverse of the magnetic susceptibility data with respect to temperature using
equation 5-2.

The negative values of 8, indicate that the interaction between metal ions and the organic
radicals is antiferromagnetic in nature. The experimentally observed effective paramagnetic
moments, s are found to be 6.37 ps/f.u. for 3. The experimentally observed value of e is
consistent with the theoretically calculated spin only values (6.40 ps/f.u.) of the compounds. The
Mn(ll) i.e. S=5/2 ions are assumed to be in their high spin states.

For metal-complex 3, the experimental susceptibility has been analyzed using the
nearest—neighbor spin of the radical and the spin of Mn (ll). The Hamiltonian is therefore defined
for 3 as

H = —2]%(SunSraa) (5-5)

Where J is the exchange interaction between Mn(ll) and the nitronyl nitroxide radicals.
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Since, the x—ray diffraction provides chain—like structure for complex 3, the exchange
interaction between Mn(ll) (Swn = 5/2) and the two nitronyl nitroxide radicals (Sraq = 1/2) in this
chain-like structure has been calculated using the following susceptibility equation® to fit the

magnetic susceptibility data.

_g° [4.75—1.62370X+2.05042X2—4.52588X3—8.64256X4]
Achain = 37| 750.77968X-1.56527X2—1.57333X°—0:11666X+5

(5-6)

Where x = J/kT

The best—fitted parameters are J/Kzg=—-248 K, g =2.4,R=1.17x10"*.
Since, the compound 4 exhibit a three spin model, two nitronyl nitroxide radicals plus the
Mn(ll) ion, and the magnetic susceptibility data of the metal complex 4 analyzed using three spin

Hamiltonian®®

H = _ZJZ(SMnSradl + SMnSradZ) G-=7)

The following equation derived for fitting of the magnetic susceptibility data®® >’

-] =7] 5]
_ NAgzuf; 35+35 exp(kB—T)+10 exp(kB—T)+84exp(2kBT)
“ \4kg(D) - 7]

ol o) 6

Where J is the exchange interaction integral between Mn(ll) and the nitronyl nitroxide radicals.
The best-fit parameters are obtained with 2J/Kg=—-512 K (J/Ks= —256 K) and, g = 2.23, R = 1.08x10
4

The negative values of J indicate an antiferromagnetic coupling between an octahedral
high spin of metal ions and coordinated nitronyl nitroxide radicals. The previously reported
findings3Y 52 58 59 for similar metal-radical complexes also specify either antiferromagnetic or
ferromagnetic type of interactions between the metal and nitronyl nitroxide radicals, depending
on the nature of the radicals. Moreover, the reported values of magnetic exchange interactions

are also in agreement with the present magnitude of J for the studied metal complexes. For
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example, Mn(hfac), complexes with isoindoline nitroxide radical exhibit a ferrimagnetic nature of
the compound with the value of J/Kg in the range of —162 to —214 K.®® In another example, a
ferrimagnetic chain—like structure has been observed involving Mn and nitronyl nitroxide radicals
with J/Kgin the range of —329.8 to —208.2 K.8 Similarly, Mn(hfac), bridged [2—(3-pyridyl)(nitrony!
nitoxide)—Mn(hfac),]> chain complex exhibits a large antiferromagnetic interaction of J/Kgs =
—185 K.

In order to rationalize further the observed behavior of the four complexes, the magnetic
exchange interactions for 1, 2, 3, and 4 compounds are calculated theoretically and discussed.

5.7 Molecular models and computational protocol

(€ /

Figure 5.11: Geometry of the modelled metal—-radical complexes: (A) 1, (B) 3, (C) 3, (D) 2, and (E)
4; color code: cobalt — violet, manganese — brown, carbon — grey, nitrogen — blue, oxygen — red,
fluorine — light blue, sulfur — yellow; hydrogen atoms are omitted for clarity.)

The quantum chemical calculations were carried out by Prof. Anela Ivanova from Sofia
University on several models of the metal-radical complexes. The advantage of using B3LYP
functional in DFT over the years that a certain amount of the exact exchange should be present in

the functional if quantitative reproduction of the metal-organic spin exchange coupling is sought.
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B3LYP is often employed in hybrid—spin organic—inorganic complexes®® ! and previous study of

similar manganese(ll)-nitroxide complexes®? shown to be able to properly reproduce

experimental data for the exchange coupling constant with very good accuracy and allowed

clarification of the mechanism of spin—spin interaction (including reversal of the ground state

multiplicity).
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Figure 5.12: Atomic spin densities of the key atoms responsible for the spin-spin interaction in the
most stable state of the modelled structures. The complete set of values of all multiplets is given
in figure 5.7.2 and 5.7.3 of the supporting information.
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The geometry as shown in figure 5.11 is extracted from the x—ray structures. The repeating
unit of the crystals is used as a model structure in all cases. For one of the complexes (3), an
extended geometry (figure 5.11, C) is also tested to mimic more correctly the molecular
environment around the inorganic spins.

Table 5.3: Spin configurations and total energy of the spin states of the model metal-radical
structures. Exchange integrals estimated from the energy difference between the most stable and
the second most stable multiplet are given. Organic spins are denoted in blue in the spin

configurations revealing that doublet for 1, triplet for 2, quintet for 3 and quartet for 4 represent
the magnetic ground state.

Model Multipﬁcityr Spin Energy, a.u. [J/ks, K| Model [Multiplicity Spin Energy, |J/ks, K
configuration configuration a.u.
Doublet [ T 11! [3785.40314| -330 B |Quintet [T T1TT1 |l (2940.7252| -244
A lquartet [T T 11! [3785.39806 (3) lseptet [t T 1111 |2940.7205
w Sextet TTTTT |3785.39530 ¢ fuintet |TtT1T1T] -3744.6488| -336
(3) leptet [Tt T T 11T 37446424
Triplet TTTl 13264.58696| -1 Quartet |4 T T 1 11| -4156.7109| -259
D |quintet |TT11 -3264.58696 E  lsextet Tt 111! ra156.7060
(2) @) octet TT1T1T1T1T1 41567003

There, the second organic ‘radical’ bears no spin (eliminated by adding a hydrogen atom
to one of the nitroxide groups) in order to have identical spin—spin coupling to model B, but at the
same time it allows the same intermolecular interactions as in the x—ray structure. Even though
model Cis a rather artificial construct, it serves the purpose to represent properly the coordination
sphere of the metal ion and allows taking into account all other interactions, e.g., electrostatic,
donor—acceptor, etc., except for the spin exchange with the second radical.

It should be noted that any of the two models for complex 3 will capture only the nearest—
neighbor exchange interactions and may not be quantitative for the entire spin chain. The latter
would require periodic calculations, which extend beyond the scope of the study. A complete first
coordination sphere of the metal ion is maintained in all models. The energy of the spin states and
the exchange integrals calculated there from®? are summarized in table 5.3. The derivation of the

relationship between the energy differences and J/Ks is given in the Supporting Information. It
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should be noted that all the theoretical calculations are carried out at T = 0 K for all the
compounds.

In all complexes, the inorganic spins are antiferromagnetically coupled to the organic ones, which
coincides with the experimental measurements. The ferromagnetic states are unlikely because
they lie at least 2.5 kcal/mol higher in energy than the low—spin ones (except for 2). As could be
expected, the magnitude of spin exchange depends on the local environment. In 2, where Co(ll)
has no direct contact to the organic radical, the two spin states are practically degenerate because
the two types of spins are isolated. In the other three systems, the exchange interaction is more
appreciable, leading to J/Kg of ca. =300 K. The numerical estimates for the four complexes are very
close to those obtained from the experimental data. Taking into account the proper coordination
sphere of the metal, however, is more important. Inclusion of the additional organic molecule in
model C, even though it has no spin itself, results in increase of the exchange by almost 100 K
compared to model B. If the second radical in model C is included with its spin (the total energy
values are given in the figure 5.13) then the antiferromagnetic interaction is weakened by ca. 30
K compared to the value provided by the repeating unit model. There is also some influence of
the type of the organic radical on the size of spin-spin coupling: it is slightly greater in R! based
metal complexes than in RZones (model A vs. model E).

The atomic spin density distribution (figure 5.13 and 5.14) provides a clue towards the
observed specificities. The qualitative patterns arising due to the spin—spin interaction in models
A, C, and E are identical. Almost equal amount of spin (~ 0.03 for Co(ll), and ~0.015 for Mn(ll)) is
delocalized on the coordinated oxygen atoms of hexafluoroacetylacetonate, and the remaining
fraction (~0.24 for Mn(ll), and ~0.13 for Co(ll)) of delocalized spins from the metal ion is
transferred to the coordinated oxygen atom(s) from nitronyl nitroxide. In model B, the single
coordinated radical acquires less spin (0.183) from manganese and, hence, the smaller exchange
integral. Another common feature of models A, C, and E is the spin redistribution that takes place

upon coordination of the nitronyl nitroxide radicals. In all directly coordinated nitroxide fragments
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the spin from the metal ion is delocalized primarily on the oxygen atom, which possesses less spin
density than its adjacent nitrogen, while the situation is reverse in the non-coordinated nitroxide

group and in free nitronyl nitroxide radicals. Such an effect, but much less pronounced, is seen

also in model D.
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Figure 5.13: Natural singly occupied molecular orbitals (SOMOs) of the most stable spin state of
the studied models.

There, the spin on the oxygen atom, which is closer to the metal ion, is reduced and that
of the nitrogen is increased due to minor spin transfer along a hydrogen bond formed with the
bridging water molecule. The spinless ligand in model C remains such. Only some miniscule spin
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delocalization/polarization is observed. The isolated nature of the organic radical in model D is
confirmed by the total spin density distributed on the m-conjugated part of the nitronyl nitroxide
ring. It is -0.89 to -0.95 in models A, C, and E, whereas in model D, it extends to -1.03. It should be
noted that the remaining fraction of the unpaired electrons in the organic molecules is spin
polarized on the phenoxy/thiophene fragment (Appendix A-V).

Although being reasonable and corresponding well to the structural characteristics of the
investigated models, the sole picture of spin transfer in the hybrid systems cannot explain the
specific strength of antiferromagnetic coupling in the various models. Therefore, the overlap
between the inorganic ion and the organic counterpart illustrated by the natural molecular
orbitals (figure 5.15) is analyzed next.

Table 5.4: Occupation numbers (Nocc) of the SOMOs of the modelled hybrid systems.

Model Orbital Nocc Model Orbital Nocc
SOMO1 1.285 SOMO1 1.336
SOMO2 1.169 SOMO2 1.000
SOMO3 1.000 SOMO3 1.000

A somo4 0831 ¢ somos4 1.000
SOMO5 0.715 SOMO5 1.000
SOMO6 0.664

SOMO1 1.018 SOMO1 1.337

D SOMO2 1.000 E SOMO02 1.221
SOMO3 1.000 SOMO3 1.000
SOMO4 0.982 SOMO4 1.000
SOMO5 1.000

SOMO6 0.779

SOMO7 0.663

The antiferromagnetic nature of the spin exchange becomes evident from the natural
orbitals plots. In models A and E, two d—orbitals of the metal ions mix with the SOMOs of the
organic radicals, yielding two linear combinations with bonding overlap, and two linear
combinations with antibonding. Similar type of overlap takes place in model C, but only one of the

d—orbitals of Mn(ll) is involved because the model includes only one organic radical. Nevertheless,
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the bonding overlap seems to be the most efficient, giving rise to the strongest antiferromagnetic
coupling. Model D features a different SOMO pattern. Once more, linear combinations between
orbitals located on M(hfac), and on the organic radical are formed. However, there is just a tiny
bonding overlap between the hydrogen atom of a water molecule and one of the nitronyl
nitroxide oxygen atoms in SOMO1, which gives rise to the small spin transfer discussed above. All
these observations are confirmed by the occupation numbers of SOMOs summarized in table 5.4.

5.8 Conclusions

The crystal structure and magnetic properties of 4-methoxy phenyl and thiophene substituted
nitronyl nitroxide based four metal complexes (1, 2, 3, and 4) have been investigated. The
magnetic measurement confirms the presence of antiferromagnetic type of interactions between
the transition metal ions and the nitronyl nitroxide radicals. DFT quantum chemical calculations
of the metal-radical complexes confirm antiferromagnetic spin-spin interaction, due to bonding
overlap between the metal and the nitroxide contributions in the singly occupied molecular
orbitals. The calculations also indicate spin delocalization from the metal ions to the organic

radical in metal-radical complexes.

5.9 Synthesis, experimental and calculation details

For the synthesis of the complex 1, Co(hfac),.2H,0 (96 mg, 0.18 mmol) and R* (50 mg, 0.18
mmol) are dissolved in a mixture of acetone and heptane (10/10 mL), then the resulting solution is
heated to 75°C for 1hr, and then cooled down to room temperature. Well-shaped, brown colored
block-like crystals of complex 1 are obtained, which are separated out for single crystal x—ray
diffraction measurements; yield, ~36 %, Anal. Calcd. for CssHa0CoF12N4010: C, 45.66; H, 4.03; N, 5.60;
Co, 5.90 %; Found: C, 45.79; H, 3.99; N, 5.52 %.

For the synthesis of 2, Co(hfac),.xH,0 (105.02 mg, 0.20mmol) and R%(50 mg, 0.20 mmol)
are dissolved in a mixture of acetone and heptane (10/10 mL), and then the resulting solution is
stirred for 1hr. The filtrated solution is left at room temperature for crystallization. Well-shaped,

blue needle-like crystals are obtained after 3 days, yield, ~29 %, Anal. Calcd. for
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Cs2H32CoF1,05N4S,-2H,0: C, 33.70; H, 2.83; N, 3.74; S, 4.28; Co, 7.87 %: Found: C, 33.63; H, 2.92; N,
3.68; S, 5.29 %; For complex 3, Mn(hfac),.xH,0 (89 mg, 0.18 mmol) and R? (50 mg, 0.18 mmol) Anal.
Calcd. for Ca4H21F12MnN,07-x(C7H16): C, 39.36; H, 2.89; N, 3.82; Mn, 7.51 %; Found: C, 40.20; H, 2.48;
N, 4.00 %; yield, ~40 %. For complex 4, Mn(hfac),.xH,0 (96.7 mg, 0.20mmol) and R?(50 mg, 0.20
mmol) are dissolved in a mixture of acetone and heptane (10/10 mL) at room temperature. After
3 days, well-shaped, blue and, green needle—like crystals of complexes 4 in millimeter of size are
obtained. Anal. Calcd. for C3;H32F12MnN4OsS,; C, 40.55; H, 3.40; N, 5.91; S, 6.77; Mn, 5.80 %; Found:
C,40.51; H,3.20; N, 5.79; S, 6.28 %; yield, ~33 %.

The single crystal X-ray diffraction (XRD) measurements are performed on a STOE IPDS 2T
diffractometer over an angular (28) range of 2°-28° using a Mo K, radiation. A detailed structural
analysis is performed on the XRD data by SHELXL-2014 (full matrix) program. The EPR measurement
is carried out using a Bruker EMaxPlus A/P/W spectrometer equipped with an NMR gauss meter
and a variable-temperature-control continuous-flow-N; cryostat (Bruker B-VT 2000). The Infrared
spectra (IR) are recorded using KBr pressed pellets on a Nicolet 730 FT-IR spectrometer (Supporting
information, Figure S1). The temperature dependent magnetization data are recoded using a
commercial Superconducting Quantum Interference Device (SQUID, Quantum Design, USA) in the
temperature range 2-300 K. Yield, ~33 %. Anal. Calcd. for Cs;H32,F12MnN4OsS;; C, 40.55; H, 3.40; N,
5.91; S, 6.77; Mn, 5.80 %; Found: C, 40.51; H, 3.20; N, 5.79; S, 6.28%.

Single point computations on the X-ray geometry of each complex are performed with
the DFT functional B3LYP®*®¢ and basis set 6-31G*.®” The core electrons of the metal ions are
replaced by a RSC Stuttgart—Dresden ECP.%8 Unrestricted open shell wave functions are generated
for all feasible spin states of the complexes (with the spins of the metal ions kept at their
experimental values: S = 3/2 for Co(ll) and S = 5/2 for Mn(ll)). Mulliken spin densities and natural
molecular orbitals are calculated to estimate the amount of spin transfer and the nature of

electron exchange. All simulations are done with the program package Gaussian 09.%°
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The appendix-V (A-V) is given for chapter—5.
Atomic spin densities of all multiplets of models A, B, C, D and E.
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Experimental section and analytical techniques
Materials and methods

Oven-dried glassware were used for all the reactions and experiments. All manipulations
were performed under a dry argon atmosphere using a standard technique. All reagents and
chemicals were purchased from commercial sources and used as received, unless otherwise
specified.

Column chromatography

The column chromatography was performed using by silica gel (60-120, 100-200 and
230-400 mesh). For thin layer chromatography, aluminium sheets pre-coated with silica
gel (Merck, Kieselgel 60, F254) were employed.

NMR spectroscopy

Proton (*H NMR) and carbon (**C NMR) nuclear magnetic resonance spectra were recorded
using 250, 300, 500, or 700 MHz Bruker spectrometers. Chemical shifts are reported for *H NMR
and 13C NMR relative to residual proton or carbon resonances of the deuterated solvents.

Mass spectrometry

The high-resolution electrospray ionization mass spectrometry (HR-ESI-MS) was performed
at the Institute for Organic Chemistry, Johannes-Gutenberg-University of Mainz, on an ESI-Q-TOF
system (maXis, Bruker Daltonics, Germany).

EPR spectroscopy

EPR spectra were recorded in diluted and argon-purged solutions of toluene or DCM with

the concentration of 10* molar unless otherwise stated by using a using a Bruker EMX-plus

spectrometer equipped with the gauss meter and a variable-temperature control continuous-flow-

158



Appendix-I A-l

N2 cryostat (Bruker B-VT 2000). The g-factor corrections were obtained by using DPPH (g = 2.0037)
as standard. The spectral simulation carried out using Bruker Win EPR Sim Fonia software.
Melting point

Melting points were measured on Blichi B-545 apparatus (uncorrected) by using open-
ended capillaries.
UV-Vis absorption spectroscopy

UV-Vis spectra were recorded in toluene or DCM with Perkin Elmer Spectrometer
(UV/Vis/NIR Lambda 900) by using 1 cm optical—path quartz cell at room temperature. The baseline
was corrected by subtracting a measurement of the cuvette filled with pure solvent used for the

measurement. The optical bandgap was calculated based on the onset absorption band.

Single-crystal X-ray measurements

The single crystal X-ray data were collected by Dr. Dieter Schollmeyer at Institute for
Organic Chemistry, Johannes-Gutenberg-University of Mainz. The single crystal X-ray
crystallographic data were collected on a Smart CCD diffractometer using a graphite
monochromator Mo—Ka as a radiation source and a STOE IPDS 2T diffractometer using a graphite
monochromator Mo—Ka as a radiation source and Cu—Kq IS mirror system as a radiation source.

The structures were solved by direct methods (SIR-2004) and refined by SHELXL—-2014 (full matrix).

DFT Calculations

The DFT calculations were performed using either Gaussian 09. The broken-symmetry
approach proposed by Noodlemanet al.employed to elucidate the magnetic properties of the
biradical species under study. The exchange coupling constant (J) was calculated by the generalized
spin projection method suggested by Yamaguchi et al. For the molecule with two exchange coupled
unpaired electrons, the Heisenberg-Dirac-Van Vleck (HDVV) Hamiltonian,

H= —2]1,5:5,,
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S;: and S; are the spin angular momentum operators.
_ (E(BS) = E(T))

Exchange interaction, ] =
(§2(T) — S2(BS))

where, E(BS) is the energy of the broken-symmetry (BS) approach, this approach uses the
guess=mix keyword to build up, as initial guess, a 1:1 mixture of singlet and triplet states with S? =
1, E(T) is the energy of the triplet state with S*(T) = 2, and S? are the eigen values of the spin
operator for these states.

Thus direct exchange yields | = E(BS) — E(T)

Magnetic measurement

The magnetic susceptibility of the polycrystalline samples were measured by Artem S.
Bogomyakov in the group of Victor I. Ovcharenko at International Tomography Center, Siberian
Branch, Russian Academy of Sciences, Institutskaya Str. Novosibirsk, Russian Federation for
chapter-2. Lars Postulka, Dr. Wolf Bernd in the group of Lang, Michael in Physikalisches Institut,
JW. Goethe—Universitdt Frankfurt, and Frankfurt, Germany for chapter-3. Dr. Gerhard
Jakob, Institute of Physics, University of Mainz, Mainz, Germany for SQUID measurements for
chapter-5 with a superconducting quantum interference device in the temperature range 2 to 300
K under magnetic field. Background signals of sample holder and diamagnetic correction were

subtracted.

Cyclic voltammetry (CV)

CV measurements were carried out on a computer-controlled GSTAT12 in a three-electrode
cell in anhydrous PhCN, acetonitrile or DCM solution of n-Bu4NPF6 (0.1 M) with a scan rate of 100
mV/s at room temperature. A Pt wire, a silver wire, and a glassy carbon electrode were used as the

counter electrode, the reference electrode, and the working electrode, respectively.
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The chemical structure and reaction scheme were drawn using ChemBioDraw Ultra 16.0.

Molecular structures, crystal packing diagram, and high quality graphics were generated from

Mercury 3.10.2 software using cif files.

Table A-1.1: Conversion chart for EPR units

dB MWatt vV uWatt dB uWatt vV uWatt
40 20.1 4.4833 23 1010 31.7805
39 25.3 5.02991 22 1270 35.63706
38 31.9 5.64801 21 1600 40
37 40 6.32456 20 2000 44.72136
36 50.4 7.0993 19 2530 50.29911
35 63.6 7.97496 18 3180 56.39149
34 80 8.94427 17 4000 63.24555
33 101 10.04988 16 5040 70.99296
32 127 11.26943 15 6350 79.68689
31 160 12.64911 14 8010 89.4986
30 201 14.17745 13 10100 100.49876
29 250 15.81139 12 12700 35.63706
28 320 17.88854 11 16000 126.49111
27 400 20 10 20100 141.77447
26 510 22.58318 9 25300 159.05974
25 640 25.29822 8 31800 178.32555
24 800 28.28427 7 40100 200.24984
- 6 50400 224.49944
dB MWatt VvV p\Watt dB UWatt VvV puWatt

1 hartree (h) =27.2114 eV

1cm™ =1.07 x 10> mT = 1.07 x 10* Gauss

1 Gauss~ 2.8 MHz=1.39967 x g

To convert D,E from Gauss to cm™ multiply by 4.6686-10°- 2.0023 cm!

1cm™=29979.25 MHz = 10697.5 G for g=2.0023

Free electron g value: g. = 2.0023193

Boltzmann Constant: ks = 0.69504 cm™

Calculating the g value from the frequency and magnetic field:

g =(h/us) v/ B =714.4775 y[GHz] / B[G]
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hartree
eV

cm?
kcal/mol
kJ/mol

K

Hz

hartree
1
0.0367502
4.556 33 x 10°®
0.001 593 62
0.000 380 88
0.000 003 166
78
2.294 x 10V

1.51983 x 1016

eV
27.2107
1

1.239 81 x
10

0.043 363
4

0.010 364
10

0.000 086
1705
6.241 81 x
10+18
4.135 58 x
10—15
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Table A-1.2: Energy conversion chart

cm?
219474.63
8 065.73

349.757
83.593
0.695 028
5.034 45 x
10+22

3.335 65 x
10—11

kcal/mol
627.503
23.0609

0.002 859
11
1

0.239001
0.001 987
17

1.44 x 10*%°

9.537 02 x
1014

kJ/mol
26255
96.486 9

0.011 962
7
4.18400

0.008 314
35

6.02 x
10+20

K
315777.
11 604.9

1.428 79

503.228

120.274

7.243 54 x
10+22
4.799 30 x
10—11

J
43.60x 101°
1.602 10 x
10-19
1.986 30 x
10-23
6.95 x 10!

1.66 x 1021
1.380 54 x
10-23

1

6.625 61 x
1034

Hz
6.57966 x 10*1>
2.418 04 x 10714
2.997 93 x 10*10
1.048 54 x 10*13
2.506 07 x 10712

2.083 64 x 10*1°

1.509 30 x 10*33

Fundamental Physical Constants from NIST Most of these numbers have been taken from an old book by Karplus and Porter. [1]

[1] http://physics.nist.gov/cuu/Constants/index.html.
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X-ray Crystallography

The X-ray crystallographic data were collected on a Smart CCD diffractometer using a graphite
monochromator Mo-Ka as a radiation source for 3 at -100 °C for PTP-NNSi at -100°C and STOE IPDS 2T
diffractometer using a graphite monochromator Mo-Ka as a radiation source for 5 and PPP-NNSi at -
153 °C and for 6 at -80 °C. The structures were solved by direct methods (SIR-2004) and refined by
SHELXL-2014 (full matrix).

Table A-ll.1 Crystal data and structure refinement details of 3, 5, 6, PPP-NNSi and PTP-NNSi.

3 5 6 PPP-NNsi PTP-NNSi
Formula C23H45BFN20255i C25H47Berozsi C31H595N204Si C56H98N404Si4 C54H95N404SSi4

2 2 2
Formula weight 549.76 543.73 590.79 1003.74 1009.76
[g/mol]
Crystal system  monoclinic triclinic monoclinic  triclinic triclinic
Space group P21/c P-1 P21/c P-1 P-1
a/A 19.907(2) 7.1928(3) 14.8434(4) 7.1802(5)  7.3684(8)
b/A 11.6503(9) 11.2760(5) 20.1222(7) 11.4369(8) 10.9640(11)
c/A 12.8343(12) 19.2222(9) 12.9937(4) 19.3529(16) 40.733(4)
a’ - 92.856(4) - 98.727(6) 84.629(2)
B° 99.370(4)° 94.940(4) 111.258(2) 90.143(6) 88.353(3)
v’ - 103.966(4)° - 104.044(6) 73.129(3)
z 4 2 4 1 2
wR2 0.1151 0.078 0.1143 0.1173 0.1891
R1 0.0465 0.033 0.0406 0.045 0.0753
Density gcm™3 1.243 1.201 1.085 1.095 1.070
u/mm 1.57 1.469 0.132 0.14 0.17
no. independen 7030 7340 8873 7385 14872
t reflections
no. of refined 249 303 418 321 632
parameter
Goodness of fit  0.943 1.039 1.034 0.922 1.043
CCDC 1501333 1501334 1501335 1507250 1507249
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Figure A-ll.1: The X-ray crystal structure of the 3 and thermal ellipsoids are drawn at 50% probability
level.

Figure A-Il.2: The X-ray crystal structure of the 5 and thermal ellipsoids are drawn at 50% probability
level.
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Figure A-ll.3: The X-ray crystal structure of the 6 and thermal ellipsoids are drawn at 50% probability
level.

Figure A-ll.4. The X-ray crystal structure of the PPP-NNSi and thermal ellipsoids are drawn at 50%
probability level.
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Figure A-lIl.5: The X-ray crystal structure of the PTP-NNSi and thermal ellipsoids are drawn at 50%
probability level.

Figure A-ll.6: The X-ray crystal structure of the TPT-NN and thermal ellipsoids are drawn at 50%
probability level.

Figure A-I.7: The X-ray crystal structure of the TTT-NN and thermal ellipsoids are drawn at 50%
probability level.
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Figure A-1.8: The X-ray crystal structure of the TPT-NN and thermal ellipsoids are drawn at 50%
probability level.

Figure A-I1.9: Single crystal molecular packing of (a) TPT-NN, along the crystallographic a axis and (b)
TTT-NN, along the crystallographic b axis; hydrogen atoms are omitted for clarity.

(a) (b)
2x10°
PPP-NN
— 290K 1108
6 | —— 250K X 1
1x10 510K
= =
2 o 2 o
i) 2
s £
-1x10° 1 5
-1x10°
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T T T T T T T T T T T T
329 330 331 332 329 330 331 332 333
Magnetic field/ mT I
< Magnetic field / mT

Figure A-11.10: EPR spectra of the biradicals (a) for PPP-NN and (b) for TTT-NN in toluene (=10™* M in
toluene) variable temperature (290-210 K).
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13.Calculational Details for DFT calculations using Gaussian 09 (refA-Il)

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

PPP coordinates of optimized geometry by ub3lyp/6-31g(d)

PTP coordinates of optimized geometry by ub3lyp/6-31g(d)

TPT coordinates of optimized geometry by ub3lyp/6-31g(d)

TTT coordinates of optimized geometry by ub3lyp/6-31g(d)

PPP-NN coordinates of optimized geometry by ub3lyp/6-31g(d)

A triplet energy of PPP-NN obtained from optimized structure by using ub3lyp/6-31g(d)
A singlet energy of PPP-NN obtained from optimized structure by using ub3lyp/6-31g(d)
A triplet energy of PPP-NN obtained from optimized structure by using ublyp/6-31g(d)
A singlet energy of PPP-NN obtained from optimized structure by using ublyp/6-31g(d)
PPP-NN coordinates obtained from X-ray structure

A triplet energy of PPP-NN obtained from X-ray structure by using ub3lyp/6-31g(d)

A singlet energy of PPP-NN obtained from X-ray structure by using ub3lyp/6-31g(d)

A triplet energy of PPP-NN obtained from X-ray structure by using ublyp/6-31g(d)

A singlet energy of PPP-NN obtained from X-ray structure by using ublyp/6-31g(d)
PTP-NN coordinates of optimized geometry by ub3lyp/6-31g(d)

A triplet energy of PTP-NN obtained from optimized structure by using ub3lyp/6-31g(d)
A singlet energy of PTP-NN obtained from optimized structure by using ub3lyp/6-31g(d)
A triplet energy of PTP-NN obtained from optimized structure by using ublyp/6-31g(d)
A singlet energy of PTP-NN obtained from optimized structure by using ublyp/6-31g(d)
TPT-NN coordinates of optimized geometry by ub3lyp/6-31g(d)

A triplet energy of TPT-NN obtained from optimized structure by using ub3lyp/6-31g(d)
A singlet energy of TPT-NN obtained from optimized structure by using ub3lyp/6-31g(d)
A triplet energy of TPT-NN obtained from optimized structure by using ublyp/6-31g(d)
A singlet energy of TPT-NN obtained from optimized structure by using ublyp/6-31g(d)
TPT-NN coordinates from X-ray structure

A triplet energy of TPT-NN obtained from X-ray structure by using ub3lyp/6-31g(d)
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27. A singlet energy of TPT-NN obtained from X-ray structure by using ub3lyp/6-31g(d)
28. Atriplet energy of TPT-NN obtained from X-ray structure by using ublyp/6-31g(d)
29. A singlet energy of TPT-NN obtained from X-ray structure by using ublyp/6-31g(d)
30. TTT-NN coordinates of optimized geometry by ub3lyp/6-31g(d)
31. Atriplet energy of TTT-NN obtained from optimized structure by using ub3lyp/6-31g(d)
32. Assinglet energy of TTT-NN obtained from optimized structure by using ub3lyp/6-31g(d)
33. Atriplet energy of TTT-NN obtained from optimized structure by using ublyp/6-31g(d)
34. Asinglet energy of TTT-NN obtained from optimized structure by using ublyp/6-31g(d)
35. TTT-NN coordinates from X-ray structure
36. Atriplet energy of TTT-NN obtained from X-ray structure by using ub3lyp/6-31g(d)
37. Assinglet energy of TTT-NN obtained from X-ray structure by using ub3lyp/6-31g(d)
38. Atriplet energy of TTT-NN obtained from X-ray structure by using ublyp/6-31g(d)
39. Assinglet energy of TTT-NN obtained from X-ray structure by using ublyp/6-31g(d)

1 PPP coordinates of optimized by ub3lyp/6-31g(d)

HF =-694.363745 a.u.

Symbolic Z-matrix: Charge = 0, Multiplicity = 1

2 PTP coordinates of optimized geometry by ub3lyp/6-31g(d)

HF=-1015.121263 a.u.

Symbolic Z-matrix: Charge = 0, Multiplicity =1

3 TPT coordinates of optimized geometry by ub3lyp/6-31g(d)

HF=-1335.8750761 a.u.

Symbolic Z-matrix: Charge = 0 Multiplicity = 1

4 TTT coordinates of optimized geometry by ub3lyp/6-31g(d)

HF=-1656.6316032 a.u.

Symbolic Z-matrix:

Charge = 0 Multiplicity =1

5 PPP-NN coordinates of optimized geometry by ub3lyp/6-31g(d)
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Charge = 0, multiplicity = 3
6 A triplet energy of PPP-NN obtained from optimized structure by using ub3lyp/6-31g(d)
HF=-1760.7887371 a.u.
Charge = 0 Multiplicity = 3
7. A broken symmetry energy of PPP-NN obtained from optimized structure by using ub3lyp/6-
31g(d)/ guess=mix
HF=-1760.7887719 a.u.
Charge = 0 Multiplicity =1
8. A triplet energy of PPP-NN obtained from optimized structure by using ublyp/6-31g(d)
HF =-1760.0752756 a.u.
Charge = 0 Multiplicity = 3
9. A broken symmetry energy of PPP-NN obtained from optimized structure by using ublyp/6-31g(d)/
guess=mix
HF=-1760.075285 a.u.
Charge = 0 Multiplicity =1
10. PPP-NN coordinates obtained from X-ray structure
11. A triplet energy of PPP-NN obtained from X-ray structure by using ub3lyp/6-31g(d)
HF=-1760.3465866 a.u.
Charge = 0 Multiplicity = 3
12. A broken symmetry energy of PPP-NN obtained from X-ray structure by using ub3lyp/6-31g(d)/
guess=mix
HF=-1760.3466155 a.u.
Charge = 0 Multiplicity =1
13. A triplet energy of PPP-NN obtained from X-ray structure by using ublyp/6-31g(d)
HF=-1759.5943813 a.u.

Charge = 0 Multiplicity = 3
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14. A broken symmetry energy of PPP-NN obtained from X-ray structure by using ublyp/6-
31g(d)/guess=mix

HF=-1759.5943894 a.u.

Charge = 0 Multiplicity =1

15. PTP-NN optimized geometry by ub3lyp/6-31g(d)

16. A triplet energy of PTP-NN obtained from optimized structure by using ub3lyp/6-31g(d)
HF=-2081.5467692 a.u.

Charge = 0 Multiplicity =3

17. A broken symmetry energy of PTP-NN obtained from optimized structure by using ub3lyp/6-
31g(d)/ guess=mix

HF=-2081.5468615 a.u.

Charge = 0 Multiplicity =1

18. A triplet energy of PTP-NN obtained from optimized structure by using ublyp/6-31g(d)
HF=-2080.8586481 a.u.

Charge = 0 Multiplicity = 3

19. A boken symmetry energy of PTP-NN obtained from optimized structure by using ublyp/6-
31g(d)/guess=mix

HF=-2080.8586717 a.u.

Charge = 0 Multiplicity =1

20. TPT-NN obtained from optimized structure ub3lyp/6-31g(d)

21. A triplet energy of TPT-NN obtained from optimized structure by using ub3lyp/6-31g(d)
HF=-2402.3108758 a.u.

Symbolic Z-matrix:

Charge = 0 Multiplicity =3

22. A broken symmetry energy of TPT-NN obtained from optimized structure by using ub3lyp/6-
31g(d)/guess=mix

HF=-2402.3110155 a.u.
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Charge = 0 Multiplicity =1

23. A triplet energy of TPT-NN obtained from optimized structure by using ublyp/6-31g(d)
HF=-2401.6482346 a.u.

Charge = 0 Multiplicity = 3

24. A broken symmetry energy of TPT-NN obtained from optimized structure by using ublyp/6-
31g(d)/guess=mix

HF=-2401.6482693 a.u.

Charge = 0 Multiplicity = 1

25. TPT-NN coordinates obtained from X-ray structure

26. A triplet energy of TPT-NN obtained from X-ray structure by using ub3lyp/6-31g(d)
HF=-2401.7695769 a.u.

Charge = 0 Multiplicity = 3

27. A broken symmetry energy of TPT-NN obtained from X-ray structure by using ub3lyp/6-
31g(d)/guess=mix

HF=-2401.7696401 a.u.

Charge = 0 Multiplicity = 1

28. A triplet energy of TPT-NN obtained from X-ray structure by using ublyp/6-31g(d)
HF=-2401.0605098 a.u.

29. A broken symmetry energy of TPT-NN obtained from X-ray structure by using ublyp/6-
31g(d)/guess=mix

HF=-2401.0605266 a.u.

30. TTT-NN optimized geometry by using ub3lyp/6-31g(d)

31. A triplet energy of TTT-NN obtained from optimized structure by using ub3lyp/6-31g(d)
HF=-2723.0685795 a.u.

Charge = 0 Multiplicity =3

32. A broken symmetry energy of TTT-NN obtained from optimized structure by using ub3lyp/6-

31g(d)/guess=mix
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HF=-2723.0688954 a.u.

Charge = 0 Multiplicity =1

33. A triplet energy of TTT-NN obtained from optimized structure by using ublyp/6-31g(d)
HF=-2722.4314504 a.u.

Charge = 0 Multiplicity = 3

34. A broken symmetry energy of TTT-NN obtained from optimized structure by using ublyp/6-
31g(d)/guess=mix

HF=-2722.4315208 a.u.

Charge = 0 Multiplicity =1

35. TTT-NN coordinates obtained from X-ray structure

36. A triplet energy of TTT-NN obtained from X-ray structure by using ub3lyp/6-31g(d)
HF=-2722.7224882 a.u.

Charge = 0 Multiplicity = 3

37. A broken symmetry energy of TTT-NN obtained from X-ray structure by using ub3lyp/6-
31g(d)/guess=mix

HF=-2722.7226605 a.u.

Charge = 0 Multiplicity =1

38. A triplet energy of TTT-NN obtained from X-ray structure by using ublyp/6-31g(d)
HF=-2721.5401807 a.u.

39. A broken symmetry energy of TTT-NN obtained from X-ray structure by using ublyp/6-
31g(d)/guess=mix

HF=-2721.5402271 a.u.

Reference A-ll

Gaussian 09, Revision D.01: M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H.
P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery,
Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith,
R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi,
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N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli J. W. Ochterski,
R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A.
D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford
CT, 2013.
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Table A-lll.1: Crystal data for BDT

formula

CCDC

molecular weight
absorption
transmission
crystal size

space group
lattice parameters
(calculate from
5977 reflections with
2.6°<0<28.1°)
temperature
density

diffractometer
radiation

Scan —type
Scan — width
scan range

number of reflections:

measured
unique
observed

corrections
Structure solution
refinement

R-values

goodness of fit
maximum deviation
of parameters

maximum peak height in

diff. Fourier synthesis
remark

Appendix-lll for chapter 3 A-lll

C12H10025;
1862382
250.32 gmol™
i =0.46 mm™ corrected with 7 crystal faces
Tmin = 0.835, Tmax = 0.9449
0.12x0.26 x 0.80 mm? colourless block
P 21/n(monoclinic)
a=7.9063(9)A

b =8.9584(7)A R =99.907(9)°

c =7.9434(10)A

V = 554.23(10)A3 z2=2 F(000) = 260.0
-80°C

dxray = 1.500 gcm’®

data collection

STOE IPDS 2T
Mo-Kq Graphitmonochromator

w scans

1°

2°<06<28°

-10ch<10 -11<k<11 -10<I1<10

3411
1337 (Rine = 0.0143 )
1233 (|F|/o(F) > 4.0)

data correction, structure solution and refinement

Lorentz and polarisation correction.

Program: SIR-2004 (Direct methods)

Program: SHELXL-2014 (full matrix). 91 refined parameters,
weighting scheme:

w=1/[c%(F,?) + (0.0492*P)?+0.18*P]

with (Max(F.2,0)+2*F.2)/3. H-atoms refined with isotropic
displacement parameters, non H- atoms refined
anisotropically.

wR2 =0.0788 (R1=0.0286 for observed reflections, 0.0313
for all reflections)

$=1.049

0.001 * e.s.d

0.42,-0.29 eA?
molecule has C; symmetry.
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Table A-lll.2: Crystal data for BDTTha—NNSi

formula C58H98N40654Si4

CCDC 1862542

molecular weight 1188.00 gmol?

absorption i =0.242 mm™ corrected with 7 crystal faces
transmission Tmin = 0.8354, Trmax = 0.9739

crystal size 0.07 x 0.16 x 0.740 mm? yellow needle

space group
lattice parameters
(calculate from

17282 reflections with
2.3°<0<28.5°)
temperature

density

diffractometer
radiation

Scan —type
Scan — width

scan range

number of reflections:
measured

unique

observed

corrections
Structure solution
refinement

R-values

goodness of fit
maximum deviation
of parameters

maximum peak height in

diff. Fourier synthesis
remark

C 2/c(monoclinic)
a=48.0321(15)A

b =10.6191(2)A R =98.054(3)°
c=14.3112(5)A

V =7227.5(4)A3 z=4 F(000) = 2568
-80°C

dyray = 1.092 gcm’3
data collection

STOE IPDS 2T
Mo-Kq Graphitmonochromator

W scans
10

2°<0<28°
-64<h<64 -13<k<13 -19<1<15

23614
9067 (Rint = 0.0308)
6185 (|F|/o(F) > 4.0)

data correction, structure solution and refinement

Lorentz and polarisation correction.

Program: SIR-2004 (Direct methods)

Program: SHELXL-2014 (full matrix). 383 refined
parameters, weighting scheme:

w=1/[0?(F.2) + (0.0614*P)?]

with (Max(F.2,0)+2*F.2)/3. H-atoms at calculated positions
and refined with isotropic displacement parameters, non H-
atoms refined anisotropically.

wR2 =0.1077 (R1=0.0401 for observed reflections, 0.0660
for all reflections)

$=0.969

0.001 * e.s.d
0.29,-0.33 eA?
molecule has C; symmetry, crystal contains solvens

(probably CHCl,) which could not be refined, SQUEEZE was
used. Some CHs are disordered.
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Figure A-lll.1: The X-ray structure of thermal ellipsoid plot for BDT.
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Figure A-lIl.11: HSQC, 2D-NMR spectrum of BDTTh2NNSi

10. DETAILS FOR DFT CALCULATIONS USING GAUSSIAN 09
BDT coordinates of optimized geometry by ub3lyp/6-31g(d)
HF =-1410.0847611 a.u.

Symbolic Z-matrix: Charge = 0 Multiplicity = 1

BDTTh, coordinates of optimized geometry by ub3lyp/6-31g(d)
HF =-2513.7215829 a.u.

Symbolic Z-matrix: Charge = 0 Multiplicity =3

BDT-NN coordinates obtained from X-ray structure

A triplet energy of BDT-NN obtained from X-ray structure by using
ublyp/6-31g(d) for intra molecular magnetic interaction.

HF =-2474.9270168 a.u.
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Symbolic Z-matrix: Charge = 0 Multiplicity =3

A singlet energy of BDT-NN obtained from X-ray structure by using
ublyp/6-31g(d) for intra molecular magnetic interaction.

HF =-2474.9272117 a.u.
Symbolic Z-matrix: Charge = 0 Multiplicity = 1
BDT-IN coordinates obtained from X-ray structure

A triplet energy of BDT-IN obtained from X-ray structure by using
ublyp/6-31g(d) for intra molecular magnetic interaction

HF = - 2325.134789 a.u.
Symbolic Z-matrix: Charge = 0 Multiplicity =3

A singlet energy of BDT-IN obtained from X-ray structure by using
ublyp/6-31g(d) for intra molecular magnetic interaction

HF =-2325.1348008 a.u.
Symbolic Z-matrix: Charge = 0 Multiplicity = 1
BDTTh,-NN coordinates obtained from X-ray structure

A triplet energy of BDTTh2-NN obtained from X-ray structure by using
ublyp/6-31g(d) for intra molecular magnetic interaction

HF=-3578.8089823 a.u.
Symbolic Z-matrix: Charge = 0 Multiplicity =3

A singlet energy of BDTTh2-NN obtained from X-ray structure by using
ublyp/6-31g(d) for intra molecular magnetic interaction.

HF =-3578.8089998 a.u.
Symbolic Z-matrix: Charge = 0 Multiplicity = 1

BDTTh,-IN coordinates obtained from X-ray structure

A triplet energy of BDTTh2-IN obtained from X-ray structure by using
ublyp/6-31g(d) for intra molecular magnetic interaction

HF =-3428.4454084 a.u.
Symbolic Z-matrix: Charge = 0 Multiplicity =3

A singlet energy of BDTTh2-IN obtained from X-ray structure by using
ublyp/6-31g(d) for intra molecular magnetic interaction.
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HF = -3428.4454126 a.u.
Symbolic Z-matrix: Charge = 0 Multiplicity = 1

BDT-NN dimer structure coordinates obtained from X-ray structure

A triplet energy of BDT-NN of dimer structure obtained from X-ray structure by using
ublyp/6-31g(d) for intermolecular magnetic interaction.

HF =-3885.1135234 a.u.
Symbolic Z-matrix: Charge = 0 Multiplicity = 3

A singlet energy of BDT-NN of dimer structures obtained from X-ray structure by using
ublyp/6-31g(d) for intermolecular magnetic interaction.

HF =-3885.1135539 a.u.
Symbolic Z-matrix: Charge = 0 Multiplicity =3
BDT-IN dimer structure coordinates obtained from X-ray structure

A triplet energy of BDT-IN of dimer structures obtained from X-ray structure by using
ublyp/6-31g(d) for intermolecular magnetic interaction.

Symbolic Z-matrix: Charge = 0 Multiplicity =3
HF =-3734.8356343 a.u.

A singlet energy of BDT-IN of dimer structures obtained from X-ray structure by using
ublyp/6-31g(d) for intermolecular magnetic interaction.

HF =-3734.8356525 a.u.

Symbolic Z-matrix: Charge = 0 Multiplicity = 1

BDTTh,-NN dimer structure coordinates obtained from X-ray structure
A triplet energy of BDTTh>-NN obtained from X-ray structure by using
ublyp/6-31g(d) for intermolecular magnetic interaction.

HF =-6091.8092971 a.u.

Symbolic Z-matrix: Charge = 0 Multiplicity = 3

A singlet energy of BDTTh,-NN obtained from X-ray structure by using
ublyp/6-31g(d) for intermolecular magnetic interaction.

HF =-6091.8093104 a.u.
Symbolic Z-matrix: Charge = 0 Multiplicity = 1
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Figure A—-1V.12: 13C NMR spectrum of 7b
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Figure A-V.1: Atomic spin densities of all multiplets of models D and Eand of the unbound radicals
(with geometry taken from the X-ray structure of the complexes); hydrogen atoms are omitted
because they bear negligible spin density.
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Figure A-V.2: Atomic spin densities of all multiplets of models A, B, and C and of the unbound
radicals (with geometry taken from the X—ray structure of the complexes); hydrogen atoms are
omitted because they bear negligible spin density.
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