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Study on Novel Photochromic Systems Based on Chromophores with

Six-membered Ring as Central Ethene Bridge

Abstract

Photochromism 1s defined as a light-induced reversible transformation of chemical
species between two forms that have different absorption spectra. Molecules that are capable
to interconvert reversibly interconverting between two isomers that differ in color are termed
as photochromic compounds. Up to date, photochromic systems have become of increasing
interest due to their applications in ophthalmic lenses and smart molecular materials acting as
photoresponsive self-assemblies, molecular switches, logic gates and information storage.
Particularly, bisthienylethenes (BTEs) are one of the most promising families due to their
thermal irreversibility and outstanding fatigue resistance among various photochromic
systems, in which the 1,3,5-hexatriene section can adopt an appropriate conformation to
undergo the conrotatory 6m-electron photocyclization, yielding a closed isomer.

Up to date, the rational design of symmetric or asymmetric BTEs have been mainly
carried out on the right and left sides of aryl groups. In contrast, the central ethene bridges for
the versatility in BTE architectures reported so far have been mostly confined to the
cyclopentene unit or its strong electron-withdrawing analogs such as perfluoro-cyclopentene,
maleic anhydride or maleic imide. As alternatives to this, several research groups have
investigated the use of six-membered ethenes as BTE central bridge. However, due to the
strong aromaticity of six-membered ring, thermal back reaction could be observed at room
temperature and at dark. Since the ethene bridge with six-membered ring has its own
advantages such as higher quantum yield in ring closure and longer absorption wavelength,
we envision that the six-membered ring with non-aromaticity as the central ethene bridge
might widely extend the diversity in the thermally irreversible photochromic systems.

In chapter 1, general introduction to the main parameters and definitions of organic
photochromic compounds are given, such as photochromic reaction, isobestic point, ring
closure reaction and ring opening reaction under the irradiation of UV and Visible light,
photostationary state and fatigue resistance. Photochromic reactions can be divided into the
two following catalogues: cis-trans isomerization and electrocyclic ring cyclizations.
Cis-trans 1somerization include azo-benzene and sterically crowded alkenes. Electrocyclic
ring cyclizations include fulgides, spiropyran, spirooxazine and diarylethene. The

photochromic performance and development of diarylethene photochromic system will be
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discussed in detail as it is the major component of this thesis.

Chapter 2 mainly deals with BTTE with benzobisthiadiazole as central ethene bridge.
Impressively, c-BTTE (the closed isomer of BTTE) exhibits excellent thermal stability and
photochromic performance in various solvents. No obvious thermal back reaction could be
observed even at elevated temperature in toluene at 80 °C. BTTE forms a typical D-m-A
system due to the strong electron accepting capability of benzobisthiadiazole and moderate
donating ability of thiophene rings. Hence, the fluorescence of BTTE could be modulated by
both solvato- and photochromism. Furthermore, BTTE shows excellent photochromic
performance and thermal stability in single crystal state. By the introduction of strong electron
withdrawing group of benzobisthiadiazole, high bistability and fluorescence switches could
be achieved both in solution and crystal state, distinctly eliminating the bias against
six-membered ethene bridge with thermal back reaction. This provides a new route to the
bistable photochromic system based on six-membered ethene bridge.

Up to now, an insight into photochromic compounds with six-membered ring has seldom
been involved. Accordingly, in chapter3, we systematically report the synthesis and
photochromic properties of three ethene bridges with different degrees in aromaticity
(BTE-NA, BTA and BTTA). The relationship between aromaticity of the central ethene
bridge and thermal stability has been well studied. The fluorescence of these three compounds
can be well modulated by both solvato- and photo-chromism due to the strong internal charge
transfer character. As demonstrated, an extremely low aromatic property of the central ethene
bridge with benzobisthiadiazole unit finally leads to the thermally irreversible photochromic
system (BTTA). Moreover, the small energy barrier between the parallel and anti-parallel
conformers and great difference in absorption between BTTA and ¢-BTTA allow the full
conversion from BTTA to c-BTTA.

A current challenge is the development in efficient strategies for the design of switchable
nonlinear optical (NLO) materials. Accordingly, in chapter 4, benzothiadiazole was
introduced as photoswitchable unit to modulate the changes of second harmonic generation,
reflecting NLO properties. Most molecules with large first hyperpolarizability values S
comprise mt systems that are asymmetrically endcapped with donor and acceptor moieties.
However, it costs tedious and hard manipulation of organic synthesis. To circumvent this,
donor groups were directly linked to benzothiadiazole. Due to the difference in D-m-A
structure before and after irradiation, NLO signal is expected to change.

Keywords: Photochromism, bisthienylethene, chromophore, benzothiadiazole,

benzobisthiadiazole, aromaticity
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Chapter I  General Introduction to Organic Photochromic Compounds

1.1 Molecular devices

A device is a tool or machine that is designed for a particular purpose to perform a
specific task or function!!. A molecular device, as the name implies, is composed of
molecules that are designed to accomplish a specific function. Although the construction of
molecular-scale devices might seem unthinkable, they already exist. The human body is a
collection of molecular devices or machines that work together to power our motions (i.e.
muscles), repair damage, and control our senses, thoughts and emotions'”. Molecular devices
have been fabricated on the molecular scale that mimics rotorsm, gears[4], shuttles”! and
ratchets'®. Molecular devices can also be used as sensors, logic gates and switches. !’

Recently, the area of molecular electronics has attracted much attention.””! The forces
driving the miniaturization of electronic devices include cost, reliability and performance
speed. Silicon-based microelectronic devices have revolutionized our world over the past
several decades.'”’ Advances in lithographic techniques used to fabricate the circuits on these
silicon-based devices have led to the development of faster processors and computer chips
with smaller device features making them more sophisticated. However, the “scaling down”
approach to manufacture these miniaturized integrated devices, which involves engineers,
chemists and physicists to manipulate smaller and smaller pieces of matter, has intrinsic
limitations. An alternative approach to make micro- or nanoscale devices is to start at the
bottom, using molecules and atoms, and “build up”. Manufacturing devices at the molecular
or atomic level will circumvent the limitations encountered when attempting to construct
nanoscale materials mechanically. Incorporating highly functionalized molecules into specific
devices will lead to advantages in both size and efficiency.!'”

Chemists are able to design and synthesize large molecules and supramolecules using
processes such as self-assembly''"). However, a more important issue than just being able
construct the molecular architecture of the device is the ability to control the functions that the
molecular device performs, or the properties that they display. Therefore, elements must be
programmed within the molecular framework that allows the properties and functions of the

molecules to be turned “on” or turned “off” when desired.
1.2 Molecular switches

The ability to modulate or regulate the molecular shape and electronic properties using

an external trigger is of central importance to the development of molecular scale devices.'”

Molecular switches are compounds that reversibly interconvert between two different states
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using an external stimulus such as heat, chemical reagents, photons or electrons.!*! Inducing
changes in molecular systems by introducing chemical substances are the least appealing of
these external stimuli since waste is produced upon their consumption and byproducts may be
difficult to remove. Photons (light) and electrons (electricity) are the most desirable stimuli to
trigger changes in molecular systems since they can be introduced in a more controllable
fashion and generally do not result in the production of undesirable byproducts, when
properly designed and handled.

Molecules which experience a color change upon exposure to external light, heat or
electrical stimuli are termed photochromic, thermochromic and electrochromic compounds,
respectively.!'* The main focus of this thesis is the design of novel photochromic molecules
based on six-membered ring with bistable states. Therefore, the next section will discuss the
processes that occur in photochromic systems, outline the important desirable properties of
photochromic molecules as well as highlight examples of existing photochromic system with

different ethene bridges, in the case of bisthienylethenes(BTEs)
1.3 Photochromism

Photochromism is defined as a light-induced reversible transformation of a chemical
species between two forms that have different absorption spectra.'”'® Molecules that are
capable to interconvert reversibly interconverting between two isomers that differ in color are
termed as photochromic compounds. For example, the two isomers A and B can reversibly
interconvert between the two forms by irradiating with appropriate wavelength of light.
Irradiation of isomer A with one wavelength of light (4v;) results in a photoisomerization
reaction producing isomer B. The reverse reaction is carried out by irradiation of isomer B

with a different wavelength of light (hv>).

Equation 1.1

The wavelength of light used to interconvert between the two states is dependent on the
absorption spectra of each isomer. A desirable property of photochromic molecules is the
possiblity to independently address each state. Therefore, each isomer should have
well-separated absorption bands. Figure 1.1 shows a typical absorption spectrum of a
photoinduced transformation between two isomers, A and B, which differ in color. Upon
irradiation of A at hv, the absorption band in the UV region decreases and an absorption
band appears in the visible region due to the formation of isomer B. Irradiation of B at a

wavelength in the visible spectra region (hv,) results in the reverse isomerization back to
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isomer A.

The wavelength at which the absorption spectra intersect in the photochemical
isomerization reaction is called the isobestic point (Figure 1.1). The isobestic point
corresponds to a wavelength in the absorption spectra where the molar absorptivities of A and
B are equal. Consequently, the absorbance remains at a constant value during all the course of
the photoreaction. Photochemical isomerization is always accompanied by the rearrangement
of chemical bonds. During the photoisomerization processes, undesirable side-reactions may
occur. The presence of an isobestic point during the photochemical reaction implies that there
is only photoisomerization between two forms. However, this is only true if there are not
other species generated in photoreaction that do not absorb at the wavelength of light where
the isobestic point is present. In this thesis, when an isobestic point is present in the UV-Vis
absorption spectra, it refers to the photochemical transformation as a “clean” conversion

between the two isomers.

hu, hu,
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Fig. 1.1 UV-Vis absorption spectrum of a photochromic compound before and after irradiation

Ideally, the two isomers, A and B, of a photochromic system should absorb in
well-separated regions so that each isomer can be irradiated independently. However, the two
1somers of organic photochromic compounds frequently have absorption bands in the same
region where light is used to induce one of the photochemical transformations. In Figure 1.1,
both isomers, A and B, absorb light at wavelengths in the region labeled Av,. Therefore, upon
irradiating with a wavelength of light in that region, a photochemical equilibrium is set up
where there are competing photoisomerization (i.e. A — B, and B — A). The point at which
the equilibrium is reached is called the photostationary state (PSS). The photostationary state
is indicated by the quantum yields (@) of the competing photoisomerization reactions at the
irradiation wavelength and the concentrations and molar absorptivities (¢) of the species in

solution (Equation 1.2).

¢A_)B[A]8A :¢A_)B[B]SB Equation 1.2
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The PSS can be calculated by determining the ratio of the amount of isomer B at the
equilibrium (Bg) to the initial amount of isomer A (A;). The PSS is usually reported as a
percentage of the isomer formed associated with the wavelength of light used to induce the
transformation. Therefore, upon irradiating isomer A with a wavelength of light (hv)

producing isomer B, the photostationary state would be:

PSS(%) = (Bi/A;) X 100% Equation 1.3

If a wavelength of light is used to induce the photoisomerization reaction where only one
of the isomers absorbs (form B in Figure 1.1), irradiation results in complete isomerization to
the other form and a PSS corresponding to 100% A isomer.

Since the two isomers of photochromic compounds have different color, they are
promising candidates to be incorporated into device applications such as variable transmission
filters, optical memory media and display."”) However, the property changes that occur
between the two isomers or photochromic compounds is not only limited to color. Changes in
other chemical or physical properties such as refractive index, electrical conductivity,
viscosity and fluorescence may also accompany the photoisomerization reactions. Therefore,
photochromic compounds have the potential to be used in a variety of different optoelectronic
device applications such as light-emitting diodes, waveguides, liquid crystal displays and

optical memory media.
1.4 Classfications of photochromic systems

Considering practical use in device applications such as optical storage systems,

photochromic compounds should meet certain requirements as follows: !'*""!

1. Thermal stability: interconversion of the isomers must not occur at the temperature of
operation.

2. Photofatigue resistance: photochemical integrity over repetitive cycles must be
maintained to allow for multiple write-erase cycles.

3. High efficiency of the photoreaction: both forward and reverse photoreactions must
proceed with high yield.

4. Detectability: the two 1somers must differ in properties that are easily measured for
reading and differentiation purposes.

5. Synthetic modification: there must be the ability to readily incorporate a variety of
functional groups without compromising the molecular photochromism.

The following section will highlight several known photochromic compounds, especially
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focusing on the advantages and disadvantages with respect to the above mentioned properties.

Generally, there are two general classes of photochromic systems based on the
photoinduced transformations: (1) cis-frans isomerization and (2) eletrocyclic
photocyclization.
1.4.1 Cis-Trans isomerization

Azobenzene are a member of photochromes that reversibly undergo light-induced
cis-trans isomerization (Figure 1.2). """ The frans to cis isomerization of the N=N double
bond in azobenzenes is induced by irradiation with light. The reverse isomerization reaction
from the cis to trans isomer occurs by either irradiation with light or by thermal reversion.
The thermal instability of the cis isomer is a severe drawback of this photochromic system,
especially for applications that hinge on the bistability of both isomers such as optical data
storage. Also, the difference in the UV-Vis absorption spectra of the two forms do not differ
significantly, which lowers the ability to both address and detect each isomer upon the
photoreaction. However, an appealing quality of azobenzenes is that synthetic modifications
can be made to the system by introducing a variety of substituents onto the benzene ring of

the molecular scaffold.

trans-isomer cis-isomer

Fig. 1.2 Photoisomerization and thermal back reaction of azobenzene triggered by light and heat

Another class member of photochromic systems relying on cis-trans isomerization is
sterically crowded alkenes. ** These molecules are unique with respect to the fact that they
adopt a non-planer helical shape due to the steric interactions between the groups that are
attached to the central double bond. Upon irradiation with light, they undergo not only the
cis-trans isomerization, but also the simultaneous inversion of the helical structure (Figure
1.3). This has made them particularly appealing for use as chiroptical molecular switches.
These molecules show favorable properties of fatigue resistance and thermal stability. The
drawbacks of this photochromic system are that the synthesis of such sterically crowded

molecules tends to be tedious, and the photoreactions exhibit slow response times.

M-cis



-6- ECOLE NORMALE SUPERIEURE DE CACHAN

Fig. 1.3 Photoisomerization of bulky alkene triggered by alternation of UV and Vis light
1.4.2 Electrocyclization reactions
A second class of photochromic systems is molecules, which undergo reversible
eletrocylization reactions. In general, the systems that will be discussed here contain
6m-electrons arranged as a 1,3,5-hexatriene. Irradiation with an appropriate wavelength results
in a ring-closing reaction that produces a 1,3-cyclohexadiene derivative (Figure 1.4). The

reverse ring-opening reaction occurs by irradiation with another wavelength of light.

o hv
;\ /2 _— <; >
hV2
1,3 5-hexatriene 1,3-cyclohexadiene

Fig. 1.4 Ring closure reaction of 1,3,5-hextriene under irradiation of UV light

Fulgides undergo reversible ring-opening and ring-closing reaction upon irradiation with
light of appropriate wavelengths.*! Irradiation of the colorless ring-open (E-isomer) with UV
light produces the colored ring-closed (C-isomer). This process is reversible since irradiation
of the ring-closed C-isomer with visible light regenerates the original E-isomer (Scheme 1.1).
Both ring-open and ring-closed isomers are thermally stable, making this class of
photochromic molecules appealing for use in device applications such as optical memory
media where bistability is a necessity to maintain the integrity of the data stored. Both isomers
are easily addressed and detected due to the large differences in their UV-Vis absorption

profiles.

Z-isomer E-isomer C-isomer
non-productive for productive for cyclized
cyclization cyclization

Scheme. 1.1 Ring closure reaction of fulgide irradiated at 365 nm with the side reaction of E-Z

isomerization causes a decrease of the fatigue resistance

The major problem associated with fulgides is that in addition to the two
photochemically active forms (colorless E-form and colored C-form), photochemical E-Z
isomerization also occurs when irradiated with UV light. The Z-form is a non-productive
isomer for photocyclization, and is subject to photofatigue. Cyclization of the same solution
of fulgide results in the increase of the Z-isomer which cannot undergo the ring-cyclization

Process.
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Spiropyran derivatives also undergo a reversible photoisomerization process between a
closed (colorless) spiropyran form and an open (colored) merocyanine form (Figure 1.5).%*!
Specifically, the spiropyrans have several drawbacks such as low thermal stability of the
merocyanine (open) form and low fatigue resistance. Spiropyran were originally used as the
coloring agent in ophthalmic lenses, however, these compounds are photodegraded over time
in the presence of sunlight, a serious shortcoming for the use in this application. The lack of
thermal stability for spiropyrans accompanied by the low fatigue resistance severely limits

their application to any optical device applications.

NO,
N a'e w0
—_— /
N 0O O NO, Vis or heat N+ 0
R R
closed open
colorless colored

Fig. 1.5 Photoisomerization of spiropyran under UV irradiation due to the breaking of C-O bond

1.5 Diarylalkenes

Diarylalkenes interconvert between their colorless ring-open isomer and colored
ring-closed isomer by alternate irradiation with UV and visible light (Figure 1.6)*>2°! These
compounds, like the fulgides and spiropyrans, are members of photochromic compounds that
undergo a 6m-electrocyclization reaction. However, the photofatigue resistant properties of
diarylalkenes are far superior to that of both fulgides and spiropyrans. Along with fatigue
resistance, the thermal stability of both ring-open and ring-closed isomers makes them
particularly appealing for use in optoelectronic devices and optical memory media. The
research presented in this thesis is primarily focused on the photochromic diarylalkene.

Therefore, the next sections discuss in detail the photochromism of diarylethene.

open closed
colorless colored
X=ForH

Fig. 1.6  Photofatigue resistance of perfluorocyclopentene or cyclopentene bisthiophenes under alternative

irradiation of UV and visible light

1.5.1 Ring closing reaction
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The ring-open form of the photochromic bisthienylethenes (BTEs) can exist in two
conformations: (1) the parallel conformation with two rings in mirror symmetry and (2) the

antiparallel conformation where the molecule has a C, axis of symmetry (Figure 1.7). The

photoisomerization of BTE occurs via a conrotatory ring-closing reaction of the photoexcited
[18-19]

anti-parallel ring-open form.

parallel anti-parallel

Fig. 1.7 Photochromic compounds using cyclopentene as central ethene bridge have two conformers

(parallel and anti-parallel conformers). Pericyclic reaction can only happen in anti-parallel conformer under

the irradiation of UV light

Conrotatory Ring Closure

L R

iy L
4
i

LUMO

Ring-closed product
HOMO

s fee= |
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233
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Fig. 1.8 Frontier theory and reaction pathway of 1,3,5-hextriene

The frontier molecular orbital diagram of the 1,3,5-hexatriene system, which is the
simplest molecular framework of BTE, is shown in Figure 1.8. Upon light-activation of the
ring-open form, an electron is promoted from the ground state HOMO into the LUMO. To
preserve the m-orbital symmetry, the ring-closure can only occur via a conrotatory process,
where both reacting orbitals turn in the same direction.””) The disrotatory ring-closing
reaction (reacting orbitals turn in the opposite direction), which would occur through the
parallel conformation, is thermally allowed from the ground state. However, it does not occur
practically due to steric hindrance of the central methyl substituent. Additionally, the ground

state energy of the ring-closed isomer that would be produced upon disrotatory ring-closure is
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higher in energy that the ground state energy of the ring-open form, and thus, would not be
stable!'™.

Since the photoinduced cyclization reactions of systems containing a 1,3,5-hexatriene
only practically occur in a conrotatory fashion, these electrocyclization reactions are highly
stereospecific. However, since the conrotatory ring closure can occur in either a clockwise or
counterclockwise direction with equal probability, ring closure of BTEs produces both RR

and S stereoisomers (Figure 1.9)

R.R S8

Fig. 1.9  Chiral structure of 1,3,5-hextriene after ring closure reaction

1.5.2 Quantum yield

The efficiencies of photochemical isomerization reactions of BTEs are measured by
determination of the photoreaction quantum yield (®).” The photoreaction quantum yield is
the fraction of molecules that undergo the isomerization reaction after excitation using light.
Since the BTEs requires only a single photon absorption to undergo the
ring-closing/ring-opening reactions, the general equation for calculation the quantum yield for

the isomerization reactions of BTEs is :
&= number of molecules that isomerize / number of photons absorbed Equation 1.4

As mentioned previously, the BTEs can adopt both parallel and anti-parallel
conformations. In general, the ratio of the two conformational isomers is 1:1. The
interconversion rate between the two conformations was estimated to be slower than their
excited state lifetimes. Therefore, excitation of both isomers occur simultaneously, and only
the anti-parallel conformer photocyclizes. As a result, assuming that there is an equal ratio of
the two conformations, the quantum yield of BTEs does not exceed 0.5. Increasing the ratio of
anti-parallel conformation of the ring-open isomer has resulted in an increase in the quantum
yield of the ring-closing reaction. This has been accomplished by (1) introducing bulky
substituent at the reactive carbon centers of the thiophene heterocycles (2- and 2’- position)™*”
or (2) inclusion of a bisthienyl inside the cavity of a cyclodextrin".

When bulky isopropyl groups were incorporated at the 2- and 2’-position of the
thiophene ring instead of methyl groups, an increase in the anti-parallel conformation was

observed and the cyclization quantum yield increased from 0.35 to 0.52. However, the
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ring-closed isomer was found to be thermally unstable. The cyclization quantum yield of a
BTEs in the presence of S-cyclodextrin was 1.5 times larger than without the cyclodextrin.
This was attributed to the inclusion of only the reactive anti-parallel conformer inside the
cyclodextrin cavity.
1.5.3 Thermal stability

Thermal stability is of great importance in commercial application. A key property that
controls the thermal stability of the ring-closed isomer of diarylethene is the type of aromatic
ring employed.""” Upon ring-closure, the aromaticity of aryl rings is lost. The major driving
force for the thermal reversion back to the ring-open isomer is the rearomatization of the aryl
rings. The ring-closed forms of diarylethene possessing pyrrole rings, which have high
aromatic stabilization, are thermally unstable, and return back to the ring-open form in the
dark. Diarylethene possessing thiophene rings have shown to exhibit extreme thermal stability
over extended periods of time (>3 months at 80 °C). This is due to the low aromatic
stabilization energy of the thiophene ring (4.7 kcal/mol). As demonstrated, BTEs are excellent
photochromic systems due to the high thermal stability, which have become the leading
candidates for application in optoelectronics and optical storage.
1.5.4 Fatigue resistance

For pratical application in devices, photochromic compounds must reversibly
interconvert between the two isomers over multiple cycles. During the photo-reactions,
however, undesirable side-reactions may take place, resulting in a degradation in chemical
structures over numerous ring-closing/ring-opening cycles.!"”! Capability to undergo a high
cycle numbers is termed as photo-fatigue resistance. The repeatable cycle number for BTEs is
defined as the performed number of ring-closing/ring-opening cycles when the corresponding
absorbance of the ring-open isomer has decreased to 80% of the first cycle. BTEs have shown
to exhibit exceptional fatigue resistance. In particular, BTEs containing benzothiophene rings
can undergo more than 13000 cycles (in methylcyclohexane) without significant degradation
(Figure 1.10).%) In comparison, the bis(phenylthiophene)dithienylperfluorocyclopentene
derivative can only be cycled less than 500 times (in hexane) in the presence of air due to the
formation of oxidized products. Although the bis(phenylthiophene) derivative was not as
robust as the bis(benzothiophene) derivative, the fatigue resistance is still greater than other

systems, such as fulgides.

fatigue resistance >13000 <500
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Fig. 1.10 Fatigue resistance of benzothiophene and 2-phenyl-thiophene substituted photochromic

compounds using perfluorocyclopentene as central ethene bridge

1.6 Bisthienylethenes with different ethene bridges

Concerning the fatigue resistance and thermal stability, BTEs are the most promising
candidates for the commercial application. However, up to date, the modification of BTEs
mainly focused on the symmetric and asymmetric synthesis of the organic framework. In
contrast, the center ethene bridges for the versatility in BTE architectures reported so far have
been mostly confined to the cyclopentene unit or its strong electron-withdrawing analogs,
such as perfluoro-cyclopentene, maleic anhydride or maleic imide (Figure 1.11).°"" The
introduction of the strong electron withdrawing groups guarantees the photochromic property,

and fatigue resistance as well as thermal stability.

0920
_ uv
—_
I\ I\ Vis
R S S R
maleic anhydride
R4
0=N~20
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— —_————
B Vi
R S S R
maleic imide

Fig. 1.11  Photochromic compounds utilizing cyclopentene or strong electron withdrawing groups such as

perfluorocyclopentene, maleic anhydride and maleimide as central ethene bridge

1.6.1 Bisthienylethenes based on five-membered ethene bridge

Generally speaking, BTE compounds utilize heterocyclic rings as central ethene bridge.
When a 1,3,5-hexatriene structure without such a ring is adopted, electrocyclization occurs
with Z-E transformation when excited with UV irradiation (Figure 1.12),"* thus suppressing
the fatigue resistance and the photocyclization. When heterocyclic rings are introduced, the

undesirable photo-generated byproduct can be completely eliminated.
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Fig. 1.12  Decreased fatigue resistance of non-cyclic ethene bridge due to the Z-E isomerization after UV

irradiation

The absorption peaks of the closed-ring isomers are shifted to longer wavelengths upon
decreasing the center bridge ring size. The closed-ring form without center ring structure has
an absorption maximum at 449 nm. The maximum at 510 nm for the closed-ring form of
center six-membered center ring derivative is shifted to 526 nm for the center five-membered
center ring derivative, and further to 532 nm for the center four-membered ring derivative
(Figure 1.13)."") Consequently, it is suggested that the ring size controls the planarity, thus
affecting the extent of m-conjugation in the closed-ring isomers. Obviously, the cyclization
quantum yield was dependent on the ring size, and the highest value was observed for the
six-membered ring derivative. Taking the two factors into account, the absorption maximum
of the closed-ring form and the cyclization quantum yield, the five-membered ring is the most
appropriate cycloalkene structure. Up to now, the central ethene bridge of BTEs has been
mostly confined to perfluoro-cyclopentene due to the excellent fatigue resistance and thermal

stability.

RF

Maximum absorption band
532 nm 526 nm 510 nm
Fig. 1.13  Maximum UV-Vis absorption of photochromic compounds using cyclic rings as central ethene

bridge in hexane

1.6.2 Photochromic system based on tetraazaporphyrin and phthalocyanine

Tian and coworkers reported a photochromic compound based on tetraazaporphyrin
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(Figure 1.14),°] which exhibits excellent photochromic property in CHCl;. The
photochromic units at opposite position could undergo cyclization reaction at the same time
upon excitation at 365 nm. Even after prolonged UV irradiation, additional cyclization was
not observed until complete photo-damage of the compounds. Excitation energy from the
excited open-ring unit to the closed-ring through the macrocycle is considered to suppress the
further photocyclization. The conversion yield from ring-open to ring-closed form is close to
unity as deduced from percentage of quenched fluorescence. Interestingly, the compound
exhibits excellent photochromic reaction in CHCI; while no UV-Vis absorption changes
could be recorded in ethanol under prolonged irradiation, indicating that the photochromic
reaction could be modulated by the polarity of solvents. One of the drawbacks in this system

is the slower responding time with respect to other systems.

Open form Closed form

Fig. 1.14 Photochromic compounds using tetraazaporphyrin ring as central ethene bridge

Similarly, Tian and coworkers reported a series of photochromic compounds based on
phthalocyanine (Figure 1.15).°*! In contrast, the photochromic reaction was barely affected by
the solvent polarity (DMSO, CHCl;, CH,Cl,, EtOH). However, the central coordinated metal
ions in phthalocyanine unit have a great effect on the modulation of photochromic behavior. It
takes 9 h and 1.5 h to reach the PSS with Mg and Zn as central metal ions, respectively.
Interestingly, no obvious UV-Vis absorption changes could be recorded for compounds
without metal ion after prolonged irradiation. Excitation energy from the excited open-ring
unit to the closed-ring through the macrocycle is considered to suppress further
photocyclization. The drawbacks for this system are the difficulties in the manipulation of

organic synthesis along with the slow responding time.
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Fig. 1.15 Photochromic system based on phthalocyanine. The photochromic properties can be tuned by

chelating with different metals

1.6.3 Benzothiophene as central ethene bridge

Recently, Kawai and coworker™™ reported a triangular dithiazolyl-azaindole derivative
with high sensitivity. Benzothiophene derivative 1a, benzopyrrole derivative 2a, both showed
photochromism with quantum yields of 98 and 90% in hexane, respectively, and 54 and 90%
in methanol, respectively. Because both molecules are composed of similar molecular units,
and display dual non-covalent intramolecular interactions, one may expect similar
photochromic reactivity. Indeed, the photochromic quantum yield of 2a was similar to that of
la in hexane (90% for 2a and 98% for 1a), whereas that of 1a was significantly suppressed in
methanol. The difference between @, . of the two compounds in methanol suggests that the
CH/N interaction in 2a might be stronger than the S/N interaction in la, and that the reactive
C2-symmetric conformation of 2a persists even in methanol. In methanolic solution, la
showed no marked temperature-dependent '"H NMR shifts, and almost no specific regulation
of conformation with the intramolecular interaction. In hexane, both 2a and la are mostly in
the reactive conformation, and show high @, .. Here, the slight difference in @, . of 2a (P,
=0.90) and of 1a (P, = 0.98), may thus be explained, not from the viewpoint of population

ratio of the reactive and non-reactive conformations, but by the reactivity of the reactive
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conformation (Figure 1.16).
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Fig. 1.16  Photochromic systems based on benzothiophene and benzopyrrole. Through the intramolecular
hydrogen bonding, the increased fraction of the photo-active conformer enhances the photocyclization

reaction quantum yield.

Similarly, Li and coworkers synthesized and investigated a photochemical active triangle

1 Tts photochromic reactivity can be strongly

terarylene based on benzothiophene.!
suppressed by selected oxidization of the sulfur atoms in the molecules by mCPBA.
Reactivated photochromic reactivity was obtained by deoxidization of the S,S-dioxide
moieties by NaBH4. The suppressed photoactivity of the oxidation state was attributed to the
stronger intramolecular hydrogen bonding interactions (Figure 1.17). Accordingly, A gated

photochromism could be achieved before and after oxidation of the bridge.

Fig. 1.17  Photochromic compounds using benzothiophene as central ethene bridge. A gated

photochromism could be achieved before and after oxidation of the bridge

Kwang-Hyun Ahn and coworkers”” found a photochromic terarylene derivative 3a,
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which has a readily synthesized sulfone group at the upper benzothiophene ring using Suzuki
coupling reaction (Figure 1.18), with good photochromic properties. Interestingly, the closed
form of the compound 5a shows a good photostability as well as a thermal stability with
respect to its reduced analog, providing a method to enhance the photostability of versatile
photochromic terarylenes. From the calculation, it was found that the energy difference
between open- and closed-ring isomers of the oxidized terarylene 5a (11.55 kcal/mol) is
similar to that of diarylethene 6a (11.64 kcal/mol). One of the drawbacks of this system is the

difficulties in asymmetric synthesis that limits the application in nonlinear optics (NLO)..

6a Ground state energy difference =11.64 Kcal/mol

Fig. 1.18 Excellent photo-fatigue resistance and thermal stability of photochromic system by utilizing the
oxidation state of benzothiophene (benzo[b]thiophene-1,1-dioxide unit) as central ethene bridge,

comparable with perfluorocyclopentene analogues.

Recently, Zhu and coworkers reported a photochromic terarylene (BTO) containing
benzo[b]thiophene-1,1-dioxide unit as central ethene bridge, exhibiting good thermal stability
and fatigue resistance both in solution and bulk crystals (Figure 1.19)."® When triggered by
chemical ions, protons or light, BTO can behave as absorbance and fluorescence switch,
leading to a multi-addressable system. The color changes of BTO upon adding Cu®" and Hg*"
ions with different competition are arisen from their relative binding stoichiometry and
association affinities. Moreover, the conversion yield of BTO can be modulated by chemical
ions. Impressively, an increase in conversion yield was observed by adding Hg®" to the
solution of BTO, that is, the conversion yield and cyclization quantum yield are increased
from 77.6% and 28.5% (for BTO only) to 99.8% and 43.1% (BTO-Hg”"), respectively.
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Fig. 1.19 Photochromic properties of BTO in solution and crystal state with different response to the
metal ions in THF

Photochromic systems based on benzothiophene as central ethene bridge show excellent
fatigue resistance as well as thermal stability. Wide occurrence of intra- or intermolecular
interactions could be observed when the bridge was selectively oxidized or the side aryl was
replaced by thiazole, which could greatly affect the photochromic behaviors and UV-Vis or
fluorescence response. However, the asymmetric nature of the central ethene bridge causes
difficulties in the manipulations on organic modifications.

1.6.4 Imidazole based central ethene bridge

Imidazole group has outstanding complexing abilities. So far, imidazole ring has only
been used as side aryl substituent in photochromic systems due to its good affinity with
proton and reactivity with base. However, few groups reported utilization of imidazole as
central ethene bridge, and further complexation between metal ions.

Recently, Chen and coworkers explored a new class of diarylethenes with a imidazole
bridge unit, showing outstanding photochromic properties under the alternation of UV/Vis
irradiation (Figure 1.20).°% It is found that electronic properties of substituent in the
imidazole bridge unit have a great effect on both photochromism and fluorescence of
diarylethenes because of intramolecular charge transfer. Both “turn-on” and ‘“turn-off”
fluorescent diarylethenes systems can be achieved by simple modification with different
substitutents, which provides an accessable strategy for fluorescence switchers. Up to now,
the fluorescence turn-on photochromic compounds are extremely rare in diarylethene system,

especially for the closed forms.
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Fig. 1.20 Fluorescence increase after UV irradiation of a photochromic compound using imidazole as
central ethene bridge

Yam and coworkers synthesized a series of chelating N-pyridyl-imidazol-2-ylidene
tetracyanoruthenates (II), achieved through the use of the pyridylimidazolium ligand
precursors under acidic condition (Figure 1.21). "% The lowest-energy excited state of these
complexes has been assigned as the *MLCT state in both room-temperature solution and the
low-temperature glass state. The N-heterocyclic carbene ligands are found to be more
o-donating and less m-accepting than their bipyridyl analogues, as revealed by photophysical
and electrochemical studies. Substituents on the pyridine ring have been found to affect the
electronic absorption and emission spectra of the complexes remarkably, whereas
introduction of the dithienylethene moiety on the imidazolium ring had little effect on the
energy of the transitions, but would offer an additional competing pathway for the
deactivation of the *MLCT excited state. With the incorporation of the metal center, the
photochromic reaction has been accomplished by means of a sensitizing mechanism that
involves the triplet excited state, which would extend the excitation source to lower-energy
visible light. Such cordination with a metal center further provides the tuning of the center

ethene bridge.
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Fig. 1.21 Tunable photochromic reaction pathway through a triplet state using imidazole complex as

central ethene bridge

Moreover, Yam and coworkers synthesized a series of BTEs-containing imidazolium

salts utilizing ring-closing or C-N cross-coupling reactions (Figure 1.22).*" These
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imidazolium salts and imidazoles undergo a photocyclization reaction upon photoirradiation
in the UV region, and the reverse reaction takes place upon excitation at the visible region.
The closed form of the imidazolium salt undergoes nucleophilic addition with anionic
nucleophiles at 2-position of the five-membered ring to generate the neutral product, whereas
the open form is found to be essentially inert towards nucleophiles. This significant difference
between the open and closed forms has been attributed to their differences in aromaticity. As
a result, a reversible photogated switch in reactivity can be obtained in these systems.

A series of half-sandwich type N-heterocyclic carbine-ruthenium(Il) complexes
[(n°-mesitylene)Ru(NHC-L)CI]PFs containing the BTEs moiety (Figure 1.23) was also

developed.*”!

These complexes show photochromic properties upon photo-irradiation.
However, they exhibit a low quantum yield in the photochromic reaction, which is attributed

to an efficient deactivation of the excited state.
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Fig. 1.22  Behavior of a photochromic system bearing an imidozole central bridge towards a nucleophile:

reaction scheme and spectral response.

Different attempts have been made to design photochromic compounds that show



-20 - ECOLE NORMALE SUPERIEURE DE CACHAN

absorption and reactivity in the near-infrared (NIR) region in order to enhance the
semiconductor diode laser susceptibility for applications in optical memory storage. One
commonly employed approach to achieve NIR absorption is to increase the extent of
mt-conjugation of the thiophene moiety so as to red-shift the absorption maxima. However, the
synthesis is usually tedious and non-trivial, and the wavelength shift would eventually reach
its convergence limit. Recently, Yam and coworkers reported diarylethene derivatives that
function as ligands for incorporation into transition metal complexes, in which photochromic
perturbation of the diarylethene moiety upon coordination to the metal center has been
observed (Figure 1.24)."*! Indeed, the incorporation of diarylethene derivatives as ligands into
transition metal complex systems can extend the absorption peak to longer wavelength
through a planarity enhancement of the t-conjugated system, thus realizing an alternative and
versatile route toward NIR photochromic materials. Furthermore, in this way, the the
photochromic behavior can also be sensitized through indirect excitation into the relevant
excited state of metal complex unit.
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Fig.  1.23  Photochromic  reaction of  N-heterocyclic  carbine-ruthenium(Il)  complexes

[(né—mesitylene)Ru(NHC—L)Cl]PF6 containing BTEs moiety
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Fig. 1.24 (a) UV-vis absorption and (b) corrected emission spectral changes of 8a in chloroform upon IL
excitation at 320 nm at 298 K. (¢) UV-vis absorption and (d) corrected emission spectral changes of 9a in

chloroform upon MLCT excitation at 410 nm at 298 K.

Yam and coworkers also reported a series of diarylethene-containing nitrogen-containing
heterocyclic carbine (NHC) complexes of Au(I), Ag(I) and Pd(Il) and their imidazolium salt
precursors (Figure 1.25).**) Incorporation of the diarylethene moiety into the core of
imidazolium salt generates ionic liquids and novel NHC complexes with photoswitchable
functional properties, such as switchable catalytic, regio-, or enantioselective activities, as

well as physical and optical properties, giving rise to electronic and conformational/steric

changes.

Fig. 1.25 Photochromic system based on carbine
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1.6.5 Thiazole as central ethene bridge

The attachment of thiazole to the ethene bridge could result in the thermal reversible
reaction due to the comparatively large aromaticity in the heterocyclic ring. However, the
wide occurrence of intra- or intermolecular interactions between thiazole and hydrogen
provides extra force to fix the conformation, which could to some extent increase the amount
of anti-parallel conformer and thus enhance the photochromic behavior as well as the
cyclization quantum yield.

Kawai and coworkers firstly reported novel photochromic triangle terarylenes based on
thiazole bridged unit (Figure 1.26).*”! Fairly high photochemical coloration reactivity is
observed with photochemical quantum yield as high as 0.6 for a 4,5-dithienyl thiazole
derivative. Introduction of phenylethynyl groups into the molecular structure allows
systematic control of thermal cycloreversion time constant over 105 times, and a half-lifetime
shorter than 2 s is achieved at 303 K. Thus, a novel molecular engineering concept for
systematic control of thermal bleaching reaction rate is presented without taking bulky

functional groups on reaction center.
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Fig. 1.26 Top: Photochromic compound based on a thiazole bridged unit; Left: Arrhemus plots of the
thermal cycloreversion rate constant of TA-1, TA-2, TA-3, and TA-4 in toluene; Right: Photochromic

coloration and spontaneous bleaching of TA-4 dispersed in PMMA film at room temperature
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To further investigate the different in side aryl substituents, Kawai and coworkers
developed triangle terarylenes with the substitution of one or three thiazole groups as aryl
units (Figure 1.27).1*°) The thiazole-containing compounds 10 and 11 show relatively high
photocyclization quantum yields. Interestingly, the monothiazolyl-substituted terarylene 10
exhibited reversible photochromism even in the crystalline phase, whereas terthiazole 11 did
not. This difference was explained in terms of conformational differences in the crystalline
phase as revealed by X-ray crystallographic analyses. The thermal stabilities of the
ring-closed isomers were greatly enhanced by the introduction of thiazole groups, which
possess smaller aromatic stabilization energy than that of thiophene. Mono- and tri-thiazolyl
substituted compounds (10 and 11) had half-lifetimes 30 times and 2600 times longer,
respectively, than that of trithiophene-substituted.
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Fig. 1.27 Thiazole bridged photochromic compounds with different aryl substituents showing different

photochromic behavior in both solution and bulky crystal state.

Recently, Kawai and coworkers reported a photochromic compound where the reactivity
of terarylenes is controlled through a host—guest interaction, and involves a molecular folding
process (Figure 1.28).1*"" A thieno-[3,2,b]pyridine unit is introduced into a photochromic
terarylene structure as an aryl unit to form a guest-interacting site. Thienopyridine-containing
terarylenes showed solvent-dependent photochromic reactivity in solution. A terarylene
moiety that contains two thienopyridyl units showed a significantly high photocoloration
reactivity as high as 88% of photocyclization quantum yield in methanol, whereas that value
was only 24% in hexane. A temperature-dependent 'H NMR spectroscopic study in different
solvents indicated an interconversion between photochromic-reactive and unreactive

conformations. In methanol, the intermolecular interaction between terarylene species and
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solvent molecules slows the rate of interconversion, and increases the population of the
photochromic-active form, whereas the unreactive conformation is dominant in hexane.
Structural studies of crystals structural studies demonstrated the perfect regulation of
molecular folding between a photochromic-active form and an unreactive conformation by
changing recrystallization solvents. Single crystals obtained from solutions in methanol
showed reversible photochromic reactivity, whereas recrystallization from solutions in hexane
lead to unactive crystals. X-ray crystallographic studies of single crystals from solutions in
methanol demonstrated that the photochromic molecules bind a solvent methanol molecule at
the guest-interacting site to regulate the molecular conformation into a photochromic-active
form in collaboration with specific intramolecular interactions, whereas crystals from hexane

are in the unreactive conformation.

parallel conformer anti-parallel conformer

c) d)

Fig. 1.28 Thiazole bridged photochromic compounds with modulated behavior in solvent and crystal state

To further extend the application of photochromism, Kawai and coworkers studied a
photoresponsive molecule containing a terarylene type structure and a methoxy group as a
leaving unit, which shows a relatively high fluorescence quantum yield after UV-light
irradiation, indicating the possibility of future application as an active material in write-once

type optical data-storage systems (Figure 1.29).[*"]
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=

Fig. 1.29 Photochromic terarylene having a methoxy group and hydrogen as the leaving units at the

photochemical reaction center carbon atoms

1.6.6 Oligothienoacene and thiophene bridged photochromic system

Thiophene unit is well known for its conductivity and electron donating ability
potentially utilized in optoelectronic materials. Due to the lower aromaticity of thiophene, it
has been selected and widely used as side aryl. However, the introduction of thiophene
heterocyclic ring as central ethene bridge has rarely been considered.

Unlike the commonly encountered poor processability of the fused thiophene systems,
compounds 12-14 have good solubility in common organic solvents, which is attributed to the
presence of the solubilizing 2,5-dimethylthiophene substituents (Figure 1.30).*) Compared
with 12 and 13, the lower absorption energy for 14 is in line with the more extended
n-conjugation for dithienothiophene. However, for compounds 13 and 14, which consist of
two diarylethene moieties, photocyclization could only take place at one of the diarylethene
moieties even upon prolonged irradiation. This could be reflected in the '"H NMR spectra as
well as the observation of the very well defined isosbestic point and the close resemblance of
the UV-Vis absorption spectral changes of 13 and 14 on UV excitation. This may be
attributed to the presence of the lower-lying excited state in  the
8a,8b-dimethyl-1,8-dithia-as-indacene moiety (closed form moiety), which quenches the

reactive excited state via an effective intramolecular pathway.
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Fig. 1.30 Oligothienoacene bridged photochromic system

Due to the insolubility of oligothienoacene in various organic solvents, Yam and
coworkers recently introduced dithieno[3,2-5:2°,3’-d]|pyrroles as central ethene bridge (Figure
1.31).°%" All 15-19 show excellent photochromic behavior in benzene. Interestingly, the
crystal of 17a exhibits both parallel and anti-parallel conformers. The photochromic reaction

could only occur from one side of the system due to the intramolecular energy transfer.

o E - B(OH),
YA N [Pd(PPhs)4]
Br 3 g7 B S Na,CO3

THF

15 R = CgHs
16 R = CgHaCHsp
17 R= CgHaOCHg-p
18 R = CgHaCl-p
19R = nCHe

Fig. 1.31 Photochromic diarylethene-containing dithieno[3,2-b:2’,3’-d]pyrroles

p-diketonate is well-known as O,0-donor ligands for transition-metal centers and
lanthanides. Yam and coworkers recently reported a series of p-diketonate
diarylethenefunctionalized ligands (Figure 1.32). "' The "H NMR spectrum of 20a shows that
the enol form predominates in both CD,Cl, and C¢Ds, with a population of ca. 95% in the
enol form, which is stabilized by an intramolecular hydrogen bond. 20a in its open form was

found to dissolve in benzene to give a pale-yellow solution with an intense absorption band at

ca. 368 nm, corresponding to the intraligand (IL) w — =w* transition of

1-(2-thiophenyl)-1,3-butanedione moiety, with mixing of the =m — m* transitions of

dimethylthiophene moieties. Upon coordination to the boron(Ill) center, the IL absorption
band was red-shifted from 368 nm to 415-434 nm. The red shift is attributed to the strong
electron-accepting ability of boron, which decreases both the HOMO and LUMO energy
levels, with the LUMO being lowered by a greater amount because it is more localized on the
p-diketone core; the result is a decrease in the transition energy. UV excitation of 20a
produced a new absorption band at ca. 630 nm, which is ascribed to the absorption of the
closed form. Both 21a and 22a show NIR photochromic behavior upon excitation at 1<420

nm, with four absorption bands at ca. 298, 355, 506, and 758 nm in 2a, and three absorption
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bands at ca. 297, 543, and 810 nm in 3a. 4a showed no photochromic behavior, with only

photodegradation after prolonged UV irradiation.

Acetone

—_—
NaNH,
THF
X=F 21a
Cefs 22a
CeHs 23a

X=F  21a
Cefs 22a

Fig. 1.32  Photochromic system based on $-diketonate diarylethenefunctionalized ligands

Yam and coworkers studied the electrochemical, photophysical and photochromic

behavior of cyclometalated platinum(II) complexes [Pt(C'N)(O"0)] (24a28a and 24b28b),
where C"N is a cyclometalating 2-(20-thienyl)pyridyl (thpy) or 2-(20-thienothienyl)pyridyl

(tthpy) ligand containing the photochromic BTEs unit and OO is a S-diketonato ligand of
g

acetylacetonato (acac) or hexafluoroacetylacetonato (hfac) (Figure 1.33).°% The
electrochemical studies reveal that the first quasi-reversible reduction couple, the nature of

lowest unoccupied molecular orbital (LUMO) of the complexes, is sensitive to the nature of
the ancillary O"O ligands. Upon photoexcitation, complexes 24a26a and 24b26b exhibit
drastic color changes, ascribed to the reversible photochromic behavior, which is found to be
sensitive to the substituents on pyridyl ring and the extent of n-conjugation of the C"N ligand

as well as the nature of the ancillary ligand. The thermal bleaching kinetics of complex 24a
has been studied in toluene at various temperatures, and the activation barrier for the thermal
cycloreversion of the complexes has been determined. Density functional theory (DFT)
calculations have been performed to provide an insight into the -electrochemical,

photophysical and photochromic properties.
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Fig. 1.33 Diarylethene-containing cyclometalated platinum(Il) complexes: tunable photochromism via
metal coordination and rational ligand design

Recently, Chen and coworkers reported a series photochromic compounds based on
2,5-dihydrothiophene (Figure 1.34).°*! The authors focus mainly on the organic synthesis,
and the study of UV-Vis and fluorescence is not very much described in detail. The UV-Vis
absorption of closed form corresponding to 2,5-dihydrothiophene bridged compounds are
approximately 40 nm shorter than that of thiophene derivatives. The absorption wavelengths

and the molar absorptivity can be modulated with different substituents.

Ri g s Rz Ri™ s s” Ra

Fig. 1.34 Photochromic system based on 2,5-dihydrothiophene

Photochromic materials with gated properties serve as an important development in
nondestructive readout and for practical applications. In gated photochromism, the
photochromic property is suppressed or blocked by controlling multiphoton excitation,
intramolecular hydrogen bonds, oxidation/reduction, acid/base, and chemical reactions, and
temperature, or an external stimulus, which is required to “unlock™ or reactivate the
photochromic reactivity. Recently, Yam and coworkers developed triarylborane-based
materials for potential applications in optoelectronic and anion-sensing.”*! The vacant p,

orbital of boron in triarylborane allows for conjugation with an organic m system, and serves
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as a strong Lewis acid. After binding with a Lewis base, the trigonal planar geometry of the
boron center is changed to tetrahedral, thus interrupting the electron delocalization and the

n-conjugation with a significant change in photochromic behavior.

B(CGF5)3 TBAF

B(CgF
(Cq S)ﬁ TBAF or MeOH

or Me

Fig. 1.35 Gated photochromism in triarylborane-containing dithienylethenes utilizing thiophene as central

ethene bridge

1.6.7 Miscellaneous photochromic systems
Chen and coworkers recently reported symmetric and nonsymmetric diarylethenes with a

2,5-dihydropyrrole bridging unit (Figure 1.36).°!

Both symmetric and nonsymmetric
diarylethenes with 2,5-dihydropyrrole bridging units undergo reversible ring-opening and
ring-closing photoisomerization in nonpolar solvents with UV/vis light, and some of them
exhibit good fatigue resistance, and no marked degradation is detected after 10 cycles of
on/off switching. In polar solvents, however, photochromic diarylethenes with
2,5-dihydropyrrole bridging units produce 3,4-diarylpyrrole derivatives instead of the
ring-closing isomer of diarylethenes with UV light irradiation. A class of N-substituted
3,4-diphenylethenes with 2,5-dihydropyrrole bridging units were prepared and used as

templates to investigate the conversion reactions.
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Fig. 1.36  Photochromic systems based on 2,5-dihydropyrrole
Belser and coworkers reported on BTEs derivatives containing a cyclobutene-1,2-dione
skeleton. No photochromic reaction could be observed when both ketone are not protected or
when only one of them is pretected. The system could undergo a 6m electrocyclization

reaction upon excitation when both ketone functions are protected. However, fatigue is

noticeably detected after 10 cycles of alternative irradiation with UV and Vis light (Figure

1.37).5¢
deprotectmn
S
uv%< Vis % Vis

(\oo
protectlon
protectlon
deprotectlon 7 I ] \
deprotectlon
Ph S S Ph

Fig. 1.37 Gated photochromism based on cyclobutene-1,2-dione skeleton

Yokoyama and coworkers have synthesized a novel thermally irreversible photochromic
system based on 6m-electrocyclization with three easily modifiable functional groups (Figure
1.38)P"], Bisarylindenone 30a with thiazole as side aryl showed photochromic back-and-forth
reactions with visible light of different wavelengths. The photochromic and absorption
spectral properties can be switched by its acetalization. Significantly, the photocyclization
quantum yield of acetal 3la, ie., 0.81 in hexane, is extremely appealing for
6m-electrocyclization in solution. Achievement of the large quantum yield may be explained
by the intramolecular interactions of nitrogen and hydrogen atoms to fix the conformation in
favor of photochemical cyclization. Interesting, 29a did not show any photochromic behavior

even under prolonged reaction.
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Fig. 1.38 Photochromic bisarylindenone and its acetal

1.7 Photochromic diarylethene based on six-membered ring

Up to date, photochromic systems have been mainly confined to five-membered
heterocyclic rings. However, the exploitation of six-membered ethene bridges has been
limited and scarcely reported. However, six-membered ethene bridges have their own
advantages such as longer absorption wavelength of the closed isomer and a higher quantum
yield. Unfortunately, most of the six-membered ethene bridges exhibit some aromaticity,
which limit the commercial application due to the lack of bistable state.

Although a number of photochromic compounds are known, most of the studies are
directed toward the molecular design and synthesis of the organic framework of the
diarylethenes, while studies on the exploitation of these diarylethenes as ligands to form metal
complexes are extremely rare. The combination of the diarylethene ligands and metal
complex systems has shown novel properties. Recently, Yam and coworkers reported the
syntheses, crystal structure, and sensitized photochromic properties of a versatile diarylethene
containing 1,10-phenanthroline ligand (32a) and its rhenium(I) complex, [Re(CO);(L1)Cl]
(33a) (Figure 1.39)*), which unlike most other studies in which the diarylethene ligands are
derived from the attachment of donor atoms or groups as pendants to the
bis(thienyl)perfluorocyclopentene core, the present design involves the ligand itself directly
forming part of the diarylethene framework, which is extremely rare. Both 32a and 33a show

two well-resolved sets of '"H NMR signals, corresponding to the parallel and antiparallel
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conformations, commonly found in diarylethene systems. The cyclization quantum yield for
32a and 33a in benzene are 33% and 65%, respectively. Due to the strong aromaticity of the
central ethene bridge, both 32b and 33b show some thermal back reaction with half life of 143

h and 78 h. The complexation with metal ions greatly enhanced the photochromic behavior.

33a 33b

Fig. 1.39 Diarylethene-containing 1,10-phenanthroline ligand and its rhenium(I) complex

Recently, Branda and coworkers reported a novel molecular switching system showing
reactivity-gated photochromism. Based on butadiene, it undergoes a [4 + 2] cycloaddition
reaction with a dienophile to produce the photoresponsive 1,2-bisthienylethene backbone
(Figure 1.40).°"! The reversible change in color, when samples are irradiated with appropriate
wavelengths of light, occurs only after the Diels-Alder cycloaddition reaction takes place. An
improved system is based on cyclic diene 35, which eliminates the rotational freedom in the
butadiene fragment and is more suitable for developing dosimetry applications. This novel
example of reactivity-gated photochromism has the potential to significantly impact

dosimetry applications and the concept of controlled release of chemical species.

@] (6] 0 ] (6]
H3PPhsBr ﬁ
| A\ 7 \ nBuli, THF | \ )/ \
S S S S
34

Fig. 1.40 Reactivity-gated photochromism of 1,2-bisthienylethenes



ECOLE NORMALE SUPERIEURE DE CACHAN - 33-

Yokoyama and coworkers recently synthesized three dual mode fluorescence switching
molecules based on 3,4-bisthiazolylcoumarins (Figure 1.41). ") Among them, under the basic
conditions, 7-hydroxy-3,4-bis(5-methyl-2-phenyl-4-thiazolyl)coumarin ~ changed  its
fluorescence intensity (quantum yield of 0.25 at pH 9.48 in buffered aqueous solution
containing methanol) by photochromism as well as by changes of the pH of the medium. The
fluorescence intensity ratio of the photostationary state compared to the open form was 1.5%
at pH 9.48, while the fluorescence intensity of the open form at pH 7.58 was 14-fold that at
pH 6.05. These results show that the fluorescence intensity can be modulated by both the

photochromic reactions and the medium's pH.

uv
Vis

— uv

[\/j \ ) N Vis
O 0

strong fluorescence

N N

I \
@S S)\@

weak fluorescence
Fig. 1.41 3,4-Bisthiazolylcoumarin based photochromic compound modulated by pH and photochromic
reaction

Liebeskind and coworkers recently reported a novel photochromic system based on

benzoquinone (Figure 1.42).1°"

la isomerized slowly under the irradiation of UV light.
Usually, the conversion yield for this series will not exceed 5-30%. When Lewis acid was
introduced, the open ring form was converted to intermediate 2, which could be fully
converted to the closed ring form when treated with triethylamine. The closed ring form could

be fully reverted with irradiation at visible light.

Low conversion yield 5%
uv

Vis
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Fig. 1.42 Benzoquinone bridged photochromism and mechanism of color changes

1.8 Preview

As demonstrated above, up to date, the reported photochromic systems with
six-membered ring as central ethene bridge are limited. Thus, the work presented in this thesis
will mainly focus on the tailoring and the modifications of central ethene bridge with different
functionalized groups.

In chapter 2, we incorporated high polar and electron-withdrawing chromophores of
benzobisthiadiazole units as a novel family of six-membered ethene bridge to realize good
photochromic performances with excellent fatigue resistance in solution as well as in crystal
state. The fluorescence can be modulated by both solvato- and photochromism due to the
strong electron mobilization before and after irradiation. Additionally, a lower aromaticity of
the center ethene moiety in BTEs leads to a higher thermal stability of the closed form.

In chapter 3, we systematically reported the synthesis and photochromic properties of
three ethene bridges with different degrees in aromaticity (BTE-NA, BTA and BTTA).
Obvious thermal stability evolution and fluorescence modulation by solvato- and
photo-chromism were observed in six-membered ethene bridged photochromic systems. An

extremely low aromatic property of the center ethene bridge with benzobisthiadiazole unit



ECOLE NORMALE SUPERIEURE DE CACHAN - 35-

finally leads to the unexpected thermally irreversible photochromic system (BTTA). Small
energy barrier between the parallel and anti-parallel conformers allows the full conversion
from BTTA to ¢-BTTA. For the first time, the three ethene bridges with different degrees in
aromaticity give a systematical comparison in the thermal stability evolution for their
corresponding closed forms.

In chapter 4, benzothiadiazole was introduced directly as central ethene bridge as well as
acceptor to form a D-n-A structure and to achieve efficient photoswitchable nonlinear optical
(NLO) materials. The strategy for the designing of NLO switchable system was based on the

difference in efficiency in D-m-A structure before and after irradiation caused by the
coplanarity between the donor and the benzothiadiazole ring. However, due to the strong m---

7 interaction and planarity of benzothidiazole ring, the compounds the adopt centrosymmetric
packing in single crystal state, thus resulting in the absence of any bulk second harmonic
generation..

In chapter 5, photochromic molecules based on 2,1,3-benzothiadiazole as ethene bridge
are developed. New molecule bearing such a six-membered ethene bridge, and end groups
such as pyridine or triphenylamine were synthesized. They were designed respectively for
complexation and NLO properties. The compounds obtained are photochromic, however

neither complexation nor NLO activity were evidenced.
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Chapter 2 Unprecedented Stability of a Photochromic Bisthienylethene Based

on Benzobisthiadiazole as Six-membered Ethene Bridge

2.1 Introduction

Photochromic systems are of increasing interest due to their applications in ophthalmic

2] and smart molecular materials acting as photoresponsive self-assemblies, molecular

lenses
switches, logic gates and information storage./”’"! Particularly, bisthienylethenes (BTEs)!"' "
have become one of the most promising families due to their thermal irreversibility and
outstanding fatigue resistance among various photochromic systems, in which the
1,3,5-hexatriene section can adopt an appropriate conformation to undergo the conrotatory
6m-electron photocyclization. Up to date, the rational design of symmetric or asymmetric

7081 contrast,

BTEs have been mainly carried out on the right and left sides of aryl groups.|
the center ethene bridges for the versatility in BTE architectures reported so far have been
mostly confined to the cyclopentene unit or its strong electron-withdrawing analogs such as
perfluoro-cyclopentene, maleic anhydride or maleic imide. As alternatives to this, a few
research groups have investigated the use of six-membered ethenes as BTE center bridge,

%5] and cyclohexene obtained via a [4 + 2] cycloaddition of

such as 1,10-phenanthroline!
butadiene with a dienophile”™, to perform photochromism. Recently, we have incorporated
highly polar and electron-withdrawing chromophores like 2,1,3-benzothiadiazole (Figure 2.1)
or naphthalimide units to build novel series of six-membered ethene bridge and to realize
good photochromic performance with moderate fatigue resistance in solution or in organogel

(834 Moreover, their fluorescence can be modulated by solvato- and photochromism,

systems.
eventually leading to a combined NOR and INHIBIT logic operation system. However, the
two building blocks bear aromaticity to some extent, which can facilitate the undesirable
thermal back reaction at dark due to the large loss of aromatic stabilization energy upon

photocyclization from the open to the closed form.

BTB

Fig. 2.1 Photochromic compound BTB based on 2,1,3-benzothiadiazole as central ethene bridge
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Accordingly, a lower aromaticity of the center ethene moiety in BTEs is expected to lead
to a higher thermal stability of the closed form. Since the ethene bridge with a six-membered
ring has its own advantages such as higher quantum yield in ring closure and longer
absorption wavelength, we envision that the six-membered ring with non-aromaticity as the
center ethene bridge might widely extend the diversity in the thermally irreversible
photochromic systems. With this in mind, and following up the preceding molecule (BTB,
Figure 2.1), we report herein on an original BTE photochromic system (BTTE, Figure 1)
based on benzo[1,2-c:3,4-c’]bis[1,2,5]thiadiazole (abbreviated as benzobisthiadiazole)
chromophore as a novel six-membered center ethene bridging unit, which is expected to have

a low aromaticity, and yield a thermally stable closed form c-BTTE (Figure 2.2).

BTTE

Fig. 2.2 Photochromic compound BTTE based on benzobisthiadiazole as central ethene bridge

2.2 Experiment section

2.2.1 Instruments and Reagents

'H NMR and "“C NMR spectra were recorded on JEOL spectrometers. MS were
recorded on a Waters ESI mass spectroscopy. Absorption and fluorescence spectra were
recorded on UVIKON 933 (Kontron instruments) and FluoroMax-3 (Horiba Jobin-Yvon),
respectively. Fluorescence lifetime measurements were measured (see Appendix I for detailed
information). The photochromic property was evidenced and characterized by following in
situ the absorption spectra under continuous irradiation (see Appendix [ for detailed
information).

2.2.2  Synthetic route to the target and intermediate molecules

_ |
/@ | / oo NHaH, \Lf 1, HIO, n-BuLi
S B-oH

POCl, B(OBu)g HO'
1 n 5

.S, /
HoSO4_ NN NH,0H HCL NazSzO4
@ e S
7

8 NH, 9 NH»
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Fig 2.3 Synthetic routes of novel BTEs with Benzobisthiadiazole as ethene bridges

2.2.3 Preparation of target and intermediate molecules

2.2.3.1 5-Methyl-thiophene-2-carbaldehyde
\. _DMF s
/Q POCI3 UC ne

In a 100 mL two necked flask were added (49 g, 0.5 mol) 2-methylthiophene and dried
DMF (47 g, 0.625 mol). POCl; (98 g, 0.625 mol) was introduced slowly in an ice bath. The
resulting mixture was allowed to stir at room temperature for 3 h until the solution turn red.
After refluxing for another 1 h, the resulting mixture was then poured into crushed ice (500
mL). The solution was neutralized with K,COs and extracted with Dichloromethane. The

solvent was removed under vacuum and distilled under reduced pressure (1 mmHg) to yield
62 g yellow liquid. Yield: 99%

2.2.3.2 2,5-Dimethyl-thiophene

s NHNH, 7S
| p—cHO — = & /

To a 100 mL two necked flask were added 5-Methyl-thiophene-2-carbaldehyde (11.7 g,
0.093 mol), 85% Hydrazine hydrate (11.4 mL) and 35 mL ethylene glycol. The mixture was
refluxed for 30 min. The residual amount of water and Hydrazine hydrate were removed
under vacuum. KOH (15.4 g, 0.28 mol) were introduced by portion. Then, the resulting
mixture was allowed to reflux for 30 min. The crude product was distilled under reduced
pressure to give mixture of oil and water. The oil phase was separated from water and dried
with Na,SOq to yield a transparent liquid 5.04 g. Yield: 50%.

2.2.3.3 2,5-Dimethyl-3-iodo-thiophene
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S
15, HIO! S

To a 100 mL two necked flask were added 2,5-Dimethyl-thiophene (4.1 g, 0.036 mol),
Acetic acid (12 mL), water (4.45 mL), CCl4(2.0 mL), H,SO4(0.21 mL), (3.3 g, 0.065 mol)
and HIO;. The mixture was reacted at 80 °C for 3 h. After reaction, the mixture was poured
into water and treated with Na,S,;0s. The oil phase was separated from water and further dried
with Na;SOs. The crude product was purified under reduced pressure to give
2,5-Dimethyl-3-iodo-thiophene 6.2 g. Yield: 73%. "H NMR (400 MHz, CDCl): 6.60 (s, 1 H),
2.39 (s, 3 H), 2.36 (s, 3 H).

2.2.3.4 2,5-Dimethyl-thiophyl-boric acid

s
\‘/\% n-BuLi v
B
| B(OBU)s B~0H
HO

To a 100 mL fire dried Schlenk tube was added 2,5-Dimethyl-3-iodo-thiophene (2.0 g,
8.4 mmol) and dried THF (25 mL). The solution was cooled to -78 °C. 1.6 M BuLi (5.6 mL,
8.9 mmol) was introduced dropwise through syringe. After 30 min, B(OBu); (2.2 g, 9.6 mmol)
was added. The resulting mixture was kept at -78 °C for 2 h. After reaction, 3 M HCI 12 mL
were added to quench the reaction. The water phase was extracted with ether for three times.
The ether phase was extracted with 10% NaOH (15 mL) for three times. The resulting base
solution was neutralized by 10% HCI to give a white solid 0.8 g. Yield: 60%

2.2.3.5BTTE
S\/N\ /N\§ B(OH),
N= =N N Pd(PPhs)4
+ | —_—
WS g Na,COgz 2M

parallel conformer anti-parallel conformer

To a 100 mL two necked flask charged with nitrogen was added
Benzo[1,2-¢:3,4-c’]bis[1,2,5]thiadiazole (0.19 g, 0.54 mmol), 2 M Na,CO; 30 mL, 15 mL
dioxane, Pd(PPh3)s (0.1 g). The mixture was allowed to reflux for 15 min, then,
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2,5-dimethylthiophen-3-ylboronic acid (0.69 g, 4.42 mmol) dissolved in 20 mL dioxane was
introduced. The resulting mixture was allowed to reflux under the protection of nitrogen at
dark for 40 h. Then, the reactive mixture was poured into H;O and extracted with ethyl
acetate. The organic layer was separated and dried (Na,SO,4). After concentration, the
compound was purified by column chromatography on silica (petroluem: dichloromethane =
130:80 v/v) to give a pale yellow solid 0.14 g. Yield: 66.7%. '"H NMR (400 MHz, CDCl;,
ppm): 1.96 (s, 3 H, -CHj3, anti-parallel conformer), 2.09 (s, 3 H, -CHj3, parallel conformer),
2.42 (s, 3 H, -CH3, parallel conformer), 2.46 (s, 3 H, -CH3, anti-parallel conformer), 6.42 (s, 1
H, thiophene-H, parallel conformer), 6.69 (s, 1 H, thiophene-H, anti-parallel conformer). *C
NMR (CDCls, 75 MHz): 14.59, 14.70, 15.39, 127.49, 131.07, 131.22, 131.37, 131.59, 135.76,
135.95, 136.06, 136.70, 147.53, 157.20, 157.51. HRMS (TOF MS ES" for [M + H]"): calcd.
for CisH5N4S4, 415.0180; found 415.0186.

Pure closed form: 'H NMR (400 MHz, CDCls, ppm): 2.18 (s, 6 H, -CH3), 2.29 (s, 6 H, -CH3),
7.45 (s, 2 H, thiophene-H).

2.3 Results and Discussion

2.3.1 Molecule design and synthesis

Figure 2.3 illustrate the synthetic route to the intermediate and target molecules. The
important ethene bridge BBT was obtained through 5 steps starting from 2-methylthiophene.
Generally speaking, all 5 steps were classic organic reaction with cheap starting materials and
reagents, mild conditions and comparative high yields. Actually, it’s difficult to obtain BBT
due to the mixture of reagent, mono-substituted and fully substituted
benzo[1,2-¢:3,4-c’]bis[1,2,5] thiadiazole as a result of short reaction time at the beginning.
The ratio between reagent and mono substituted benzo[1,2-¢:3,4-¢’|bis[1,2,5] thiadiazole was
found to be 1: 20 after 16 h monitored by "H NMR. After prolonged reaction for 80 h and
addition of another portion of Br,, BBT was easily obtained by removing extra Br, with water,
and recrystallized from CHCIl;. The target molecule could be obtained by typical Suzuki
coupling. Mono substituted BBT could be suppressed by controlling the ratio between BBT
and 2,5-dimethyl-thiophyl-boric acid, which finally facilitate the separation process. Dioxane
was used for the Suzuki coupling instead of THF in order to increase the reactivity and
temperature.

As a matter of fact, the greatly enhanced ground-state energy difference (Hiickel rule)
between the open and closed forms finally results in the thermal instability of the closed form
in BTEs due to the strong aromaticities of six-membered ethene bridges.!'® Considering that
benzobisthiadiazole is a highly electro-withdrawing group, we herein synthesized a novel

photochromic BTTE system based on the benzobisthiadiazole unit, showing excellent thermal
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stability for the closed form in various solvents from nonpolar to polar, and even at elevated
temperatures. Since the ethene bridge with six-membered ring has its own advantages such as
higher quantum yield in ring closure and longer absorption wavelength, we envision that the
six-membered ring with low or non-aromaticity as the center ethene bridge might widely
extend the diversity in the thermally irreversible photochromic systems.
232 'H NMR, 3C NMR and Mass characterization
The following are the characterizations of important intermediates and target molecule:
Interestingly, BTTE shows two well-resolved sets of methyl proton signals in 'H NMR,
corresponding to the parallel (2.09, 2.42 ppm) and anti-parallel (1.96, 2.46 ppm)

conformations, commonly found in BTE systems (Figure 2.4).*”

In general, the two
conformations, parallel (photochromic inactive) and antiparallel (photochromic active)
conformations in most BTEs would undergo very fast single bond rotation resulting in only
one set of time-averaged 'H NMR signals. Only for those diarylethenes bearing substituents,
the rotation of aryl groups can be slowed down, resulting in two sets of 'H NMR signals. As
integrated from "H NMR, the ratio between parallel and antiparallel conformations of BTTE
in CDCls is 55 to 45 (Figure 2.5). Due to the different conformers, the °C NMR of BTTE
appears to be quite complicated. The carbon atom of methyl groups give three signals
corresponding to parallel and anti-parallel conformers and a mixture of the signal coming

from both conformers.
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Fig. 2.4 'H NMR spectrum of BTTE in CDCl;
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Fig. 2.5 "C NMR spectrum of BTTE in CDCl;

HRMS of BTTE (Figure 2.6) shows an apparent molecular ion peak corresponding to [M
+ H]". The calculated value for [M + H]" is 415.0180, which is in accordance with an
observed value of 415.0186

Single Mass Analysis

Tolerance = 5.0 mDa / DBE: min = -1.5, max = 100.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 2

Monoisotopic Mass, Even Electron lons

19 formula(e) evaluated with 1 results within limits (up to 1 best isotopic matches for each mass)
Elements Used:

C:0-20 H:0-15 N:0-4 S:0-4

ZHU-WH
ZWH-YYH-6 60 (1.921) Cm (57:60) 1: TOF MS ES+
3.52e+003
15 5
100+ 415.0186
%
416.0204
1358.3584 4140117
3743643 381 2008 ‘ 437.1949
| | m'z
1, SRS (L ) G ) O L 5 U 1 0 e v
360.0 3700 380.0 3400 400.0 4100 4200 4300
Minimum: =15
Maximum: 5:0 50:0 100.0
Mass Calc. Mass mDa PPM DBE i-FIT i=FIT (Norxm) Formula
415.0186 415.0180 0.8 1.4 13:5 Bl 0.0 Ci8 H1S N4 84

Fig. 2.6 HRMS of BTTE
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Under the condition of elevated temperature, the two sets of the signals disappeared and
a time averaged signal was created (Figure 2.7). Only when the temperature reaches 160 °C

could the signal be fully converted by extrapolation of the NMR data.
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Fig. 2.7 Influence of the temperature on 'H NMR of BTTE in CD;CN (numbers are temperature in °C)

Further investigation reveals that the ratio between parallel conformer and anti-parallel
conformer is scarcely affected by the variation of temperature (Table 2.1). No intra- or
inter-molecular hydrogen bonding could be observed in o-BTTE evidence by 'H NMR at

elevated temperature and in CD;OD.

Table 2.1 Variation of the molar fractions of parallel and anti-parallel conformers affected by the increase

of the temperature in CD;CN

Temparture Molar fractions of parallel (left) and anti-parallel (right) conformers

20°C 45.6 /54.4

25°C 44.8/55.2

30°C 44.05/55.95
35°C 45.24 /1 54.76
40 °C 44.24 /5576
45°C 45.66 / 54.34
50°C 43.86 /56.14

2.2.4 UV-Vis spectra of BTTE
BTTE exhibits a colourless solution with an intense absorption band at ca. 288 nm and

another moderate absorption band at ca. 361 nm in various solvents (Table 2.5). The
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absorption band at 361 nm is composed of HOMO—LUMO =n-n*, HOMO-1—-LUMO n-m*,
HOMO-2—LUMO n-n* transitions through the comparison of UV-Vis absorption and
calculated spectra by TD-DTF (Gaussian03, B3LYP, 6-31g(d,p)) (Tables 2.2 and 2.3). As
expected, upon light irradiation at 365 nm, the solution of BTTE quickly turns brown with an
intense absorption band at 382 nm (HOMO—LUMO+2 transition) and two moderate low
lying bands at 455 (HOMO—LUMO+1 transition) and 585 nm (HOMO—LUMO transition)
(Figure 2.9 B and Table 2.4), indicative of the appearance of the closed form (c-BTTE)
produced by the characteristic photocyclization (Figure 2.9 A). The significant bathochromic
shift in absorption bands of the closed forms relative to their open forms is mainly due to the
extended m-conjugation across the whole moiety. The clear isobestic point strongly indicates
that the photochromic reaction through excited state is simply composed of open and closed
isomers. Upon absorption of photons, the transition occurs within 10" s, thus its rate is three
magnitudes faster than the rotation and reorientation of chromophore. Hence, the transition is
recognized to be vertical, and the absorption should be barely affected by the solvent polarity
(Figure 2.9 B-F). Moreover, the absorption bands in the visible region are gradually bleached
as a result of the photochromic back reaction upon irradiation at 575 nm. The typical
photochromic properties of BTTE and ¢-BTTE are summarized in Table 2.6. Particularly,

BTTE exhibits comparatively larger ring-closure quantum yields in polar solvents than that in

low polar solvents (from 14.5% in toluene to 42.1% in acetonitrile), which is rarely observed
[

in diarylethene photochromic systems."**"! Detailed mechanism will be discussed in the

following section.

Opened-form
(anti-parallel)

Opened-form
(parallel)

Oscillator strength

Closed-form

0.4

0.2+

0.0 T T T T
300 400 500 600 700

A (nm)

Fig. 2.8 Franck-Condon electronic transitions of BTTE calculated by TD-DFT (using 3000 cm™ gaussian
bandwidth)
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Table 2.2 Composition of main electronic transitions of BTTE, open form (anti-parallel conformer)

Open form (anti-parallel conformer) Character

(HOMO =107 / LUMO = 108)

Transition 1: (HOMO)—(LUMO) 100% n-m* transition, charge-transfer character
Transition 2: (HOMO-1)—(LUMO) 100%  m-n* transition, charge-transfer character
Transition 3: (HOMO-2)—(LUMO) 91% n-* transition, charge-transfer character

Transition 4: (HOMO-3)—(LUMO) 98% n-* transition, charge-transfer character

Table 2.3  Composition of main electronic transitions of BTTE open form (parallel conformer)

Open form (parallel conformer) Character

(HOMO =107 / LUMO = 108)

Transition 1: (HOMO)—(LUMO) 95% n-w* transition, charge-transfer character
Transition 2: (HOMO-2)—(LUMO) 100%  n-m* transition, charge-transfer character

Transition 3: (HOMO-3)—(LUMO) 91% n-* transition, charge-transfer character

Table 2.4 Composition of the main electronic transitions of BTTE, closed form (c-BTTE)

Closed form Character

(HOMO =107 / LUMO = 108)

Transition 1: (HOMO)—(LUMO) 100% n-m* transition, almost no charge-transfer

Transition 2: (HOMO)—(LUMO+1) 100% n-* transition, slight charge-transfer

Transition 3: (HOMO)—(LUMO+2) 81% n-w* transition, slight charge-transfer
(HOMO-1)—(LUMO) 19%

Transition 4: (HOMO)—(LUMO+2) 12% n-w* transition, slight charge-transfer
(HOMO-1)—(LUMO) 88%

Transition 5: (HOMO-1)—(LUMO+1) 78%  =m-mn* transition, slight charge-transfer
(HOMO)—(LUMO+3) 22% n-w* transition, no charge-transfer

Table 2.5 Absorption of BTTE and ¢-BTTE in various solvents with the cyclization quantum yields

Solvents BTTE c-BTTE™ Do.c (%)™
(4max, NM) (Amax, NM)
Cyclohexane 287, 375 284, 387, 453, 485, 575 15.0
Toluene 293, 366 284, 380, 455, 581 14.5
THF 288, 361 289, 382, 455, 585 26.4
Ethanol 285, 364 284, 382, 458, 587 27.5

Acetonitrile 285, 357 284,379,454, 576 42.1
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[pure closed form was separated on silica gel eluted with petroleum ether: dichloromethane = 130:80 v/v.

[b]Cyclization quantum yield was measured for 365 nm UV irradiation in various solvents.
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Fig. 2.9 (A) Photographic images and structural changes of BTTE under the alternate irradiation of UV
and visible light in THF (2.09 x 10 mol-L™"); UV absorption spectra changes of BTTE upon irradiation at
365 nm in B) cyclohexane (2.10 x 10” mol-L™); C) toluene (2.69 x 10 mol-L™"); D) THF (2.09 x 107
mol-L'l); E) ethanol (2.49 x 107 mol-L'l); F) acetonitrile (2.31 x10” mol-L"l).
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2.2.5 'HNMR changes of BTTE before and after irradiation

Generally speaking, there are great differences in '"H NMR before and after irradiation at
365 nm due to the structure change after isomerization. Thus, 'H NMR is an important tool to
study the photochromic reaction.***"

The existence of ¢-BTTE is evidenced by 'H NMR signals. The two sets of
well-resolved signals were converted into one set of methyl proton signals on thiophene rings
(moved from 1.96 and 2.09 ppm, 2.42 and 2.46 ppm to 2.29 and 2.18 ppm, respectively). The
simultaneous disappearance of the two sets of signals indicates that a slow interconversion
between parallel and anti-parallel conformations takes place in the system, and that the
chemical environment of the two sets of methyl groups becomes identical after the cyclization
reaction. Interestingly, in contrast to the two thiophene protons (6.42, 6.69 ppm) in the open
form of BTTE, the thiophene protons shifted downfield to 7.45 ppm in the closed form, which
can be attributed to the possible formation of intramolecular hydrogen bonding between the
proton on thiophene and nitrogen atom on the benzobisthiadiazole unit upon photocyclization
(Figure 2.10).

hn

365 nm
575 nm

parallel conformer anti-parallel conformer ring-closed form

B)
Before irradiation I ‘
L
. After irradiation =%
o S A
80 75 7.0 6.5 3.0 2.5 2.0

ppm
Fig. 2.10  (A) Photographic images and structural changes of BTTE under the alternate irradiation of UV
and visible light in THF (2.09 x 10 mol~L'l), and (B) 'H NMR signal changes of BTTE upon UV

irradiation in CDCls.
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2.2.6  Emission spectra of BTTE before and after irradiation

According to the parameters listed in Table 2.5, the absorption of BTTE is barely
affected by the solvent polarity. The absorption band of 0o-BTTE and ¢-BTTE remain at 375
nm and 575, 587 nm, respectively, from nonpolar (hexane) to polar solvent (acetonitrile).
However, BTTE shows noticeable fluorescence in various solvents, the emission wavelength
and intensity of which could be modulated through both solvato- and photochromism. As a
matter of fact, pure c-BTTE was separated successfully. Upon irradiation at the maximum
absorption band of ¢c-BTTE at 585 nm, no obvious fluorescence could be recorded (Figure
2.11), indicating that c-BTTE is a non-fluorescent compound. The fluorescence of BTTE was
quenched by 48% excited at the isobestic point of 347 nm after irradiation at 365 nm in THF
until the photostationary state was reached. The percentage of quenched fluorescence is fully
compatible with the conversion yield 53% (Table 2.6). Thus, it could be concluded that the
quenched fluorescence is simply due to the disappearance of 0-BTTE and non-fluorescent

property of c-BTTE.
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Fig. 2.11 Spectral changes of fluorescence (A, B, C, D) of the pure open and closed forms in cyclohexane
(3.20 x 10™ mol'L™), toluene (2.69 x 10™ mol-L™"), THF (2.35 x 10” mol-L"), and ethanol (1.26 x 10~
mol-L™"). Excitation for fluorescence at the isosbestic point (respectively 348, 351, 357, 346 nm). The PSS
were obtained by irradiating solutions with 365 nm light until no further spectral changes were observed.
Pure closed form was separated by column chromatography eluted with petroleum ether:dichloromethane =

130:80 v/v.
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Table 2.6 Photochromic and fluorescent properties of BTTE in various solvents

Cyclohexane Toluene THF Ethanol Acetonitrile

BTTE: Jem (nm) 449 475 504 553 542
D, 15.0 14.5 26.4 275 42.1
D, 7.7 5.9 7.4 6.2 6.8
apss (%) 36.2 43.0 53.0 51.1 58.1

71 (ns) / f; ™ - 0.24/0.76 0.60 / 0.92 1.22/0.90 1.39/0.97

o (ns)/ fo ™ - 0.12/0.24 0.22/0.08  0.07/0.10 0.17/0.03
D (%) 0.36 0.51 0.80 1.04 1.33

Rl@,.., Do and apss are depicted as the ring-closure quantum yield at 365nm, the ring-opening quantum
yield at 575nm and the conversion yield at 365nm, respectively.

*JThe decay curves were analyzed by a two-exponential function: /r(f) = A% exp(-#/t1) + Ay x exp(-t/T2).
The fractions of intensity f; corresponding to the time-constants 7, and 7, were calculated by the following
equation: f; = AiTi/ZA;T,.

[lg is the fluorescence quantum yield.
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Fig. 2.12 Jablonski diagram for fluorescence with solvent relaxation'””’.

Emission from fluorophores generally occurs at wavelengths that are longer than those at
which absorption occurs. This loss of energy is due to a variety of dynamic processes that
occur following light absorption (Figure 2.12). The fluorophore is typically excited to the first
singlet state (S)), usually to an excited vibrational level within S;. The excess vibrational
energy is rapidly lost to the solvent. If the fluorophore is excited to the second singlet state

(S5), it rapidly decays to the S state in 10™'* s due to internal conversion. Solvent effects shift
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the emission to still lower energy due to stabilization of the excited state by the polar solvent
molecules. Typically, the fluorophore has a larger dipole moment in the excited state (ug) than
in the ground state (ug). Following excitation the solvent dipoles can reorient or relax around
ue, which lowers the energy of the excited state. As the solvent polarity is increased, this
effect becomes larger, resulting in emission at lower energies or longer wavelengths. In
general, only high polar fluorophores display a large sensitivity to solvent polarity. Nonpolar
molecules, such as unsubstituted aromatic hydrocarbons, are much less sensitive to solvent
polarity. Fluorescence lifetimes (1-10 ns) are usually much longer than the time required for
solvent relaxation. For fluid solvents at room temperature, solvent relaxation occurs in
10-100 ps. For this reason, the emission spectra of fluorophores are representative of the
solvent relaxed state. Examination of Figure 2.12 and Figure 2.13 reveals why absorption
spectra are less sensitive to solvent polarity than emission spectra. Absorption of light occurs
in about 107" s, a time too short for the fluorophore or solvent to move. Absorption spectra
are less sensitive to solvent polarity because the molecule is exposed to the same local
environment in the ground and excited states. In contrast, the emitting fluorophore is exposed
to the relaxed environment, which contains solvent molecules oriented around the dipole

moment of the excited state.
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Fig. 2.13  Effects of the electronic interactions and orientation reaction fields on the energy of a dipole in
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#‘Qs

a dielectric medium, ug > ug. The smaller circles represent the solvent molecules and their dipole

moments[93].

Table 2.7 Molecular orbitals of BTTE involved in the main electronic transitions
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Note: Molecular orbitals were drawn with an iso-coefficient of 0.03

According to the DFT calculation listed in Table 2.7, a large charge transfer exists
between the HOMO-LUMO orbital of BTTE. When excited from the ground state to the
excited state, the dipole moment was greatly enhanced. As mentioned above, the enhanced
dipole moment can be stabilized in polar solvents; hence, the energy gap between

HOMO-LUMO is lowered to a longer emission wavelength. On the other hand, in nonpolar

solvent, the enhanced dipole moment cannot be stabilized, thus, the emission wavelength is

shorter (Figure 2.14).

A) Polarity increase

420 480 540 600 660
Wavelength (nm)

I

Fig. 2.14 A) Normalized fluorescence spectra in various solvents (from left to right, cyclohexane,
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chloroform, THF, acetonitrile, DMF, and ethanol); B) Photographic fluorescence images of BTTE in

different solvents (2.0 X 10° m01~L'1). From left to right: hexane, toluene, THF, ethanol, and acetonitrile.

To further investigate the effect of solvatochromism on the excited state of BTTE, we
studied the Lippert-Mataga plots of BTTE in various solvents. The interaction between BTTE
and solvents can affect the energy gap between HOMO-LUMO, which can be expressed in
wavenumber (cm’') as a function of dielectric constant (¢) and refractive index (n), and

described by Lippert-Mataga equation””'*';

Vy—Vr =Av=

2 (8—1 n® -1

2
- - + const
hea’ | 2e +1  2n* +1 ) (Me He )

_ 2Af
hea’

In this equation 4 (= 6.6256 x 1077 erg) is Planck's constant, ¢ (= 2.9979 x 10" cm/s) is
the speed of light, and a is the radius of the cavity in which the fluorophore resides (this

Equation 2.1

Au’ + const

parameter could be obtained through DFT calculation or averaged crystal radius). va and vg
are the wavenumbers (cm™') of the absorption and emission, respectively. Equation 2.1 is only
an approximation, but there is reasonable correlation between the observed and calculated
energy losses in non-protic solvents. By non-protic solvents we mean those without hydroxyl
groups, or other groups capable of hydrogen bonding. The Lippert-Mataga equation is an
approximation in which the polarizability of the fluorophore and higher-order terms are
neglected. These terms would account for second order effects, such as the dipole moments

induced in the solvent molecules resulting by the excited fluorophore, and vice versa.

Table 2.8  Spectral Properties of BTTE in various solvents

Solvents A7 () AP e (nm) Stokes shift (cm™) Af
Cyclohexane 375 449 4395 0.001
Chloroform 365 497 7374 0.185
THF 361 504 7860 0.209
DMF 363 549 8931 0.276
Ethanol 364 553 9389 0.298
Acetonitrile 357 542 9500 0.304

From the values shown in Table 2.8, we obtained the Lippert-Mataga plot of BTTE
(Figure 2.15). It could be evidenced that the excited BTTE has a higher dipole moment than
the ground state BTTE, which is probably due to the photoinduced charge transfer from

electron rich thiophene rings to the electron deficient benzobisthiadiazole moiety. Hence,
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BTTE exhibits different emission spectra in various solvents'””.
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Fig. 2.15 Lippert-Mataga plot of BTTE

2.2.7 The fluorescence decay of BTTE in various solvents

In order to gain further insight into the photochromic and fluorescent properties of BTTE,
fluorescence decays were acquired in several solvents by the time-correlated single photon
counting technique. In all investigated solvents (toluene, THF, ethanol and acetonitrile), the
fluorescence decay curves were successfully analyzed by means of a biexponential function
(x2" < 1.2). In these solvents, the long time-constant 7; increases together with the solvent
polarity (from 0.24 ns in toluene to 1.39 ns in acetonitrile), whereas the short time-constant 7,
remains almost unchanged, in the range of 0.07-0.22 ns (Table 2.6). The corresponding
fractions of intensity (f;) show that the emission arises predominantly from the long lifetime,
with an increasing contribution for the more polar solvents. It may be concluded that the long
decay-time corresponds to a population of molecules in their parallel conformation, known to
be non-photochromic, but noticeably fluorescent. By increasing the solvent polarity, the
fluorescence quantum yield of BTTE becomes higher, the fluorescence spectrum shows a
red-shift (vide supra) and the lifetime 7; becomes longer. These observations are consistent
with a mostly fluorescent parallel conformation bearing perpendicular thiophene rings with
respect to the benzobisthiadiazole moiety, which could significantly enhance the
intramolecular charge transfer (ICT) efficiency in excited states. On the other hand, the short
decay-time 7, may correspond to the photochromic but weakly fluorescent anti-parallel
conformation. Its fluorescence contribution (f;) decreases with an increase in the solvent
polarity, which is fully compatible with the increasing ring-closure quantum yield (®,.., Table
2.6). Indeed, for the photochromic-active conformation, it is reasonable to assert that the
ring-closure reaction occurring from the excited state is in competition with the radiative

pathway to the ground state.
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Fig. 2.16 Fluorescence decay of BTTE in various solvents (From top to bottom: toluene, THF, ethanol

and acetonitrile)

2.2.8 Thermal stability of BTTE in various solvents

Generally in BTE derivatives, an aromatic character of six-membered ethene favors the
undesirable thermal back reaction at dark due to the large loss of aromatic stabilization energy
upon photocyclization. In contrast, c-BTTE preserves very promising thermal stability with
almost flat decays, and does not show any thermal back reaction in various solvents like
cyclohexane, THF and even in ethanol at dark and room temperature (Figures 2.17). Actually,
the pure closed form was successfully separated on silica gel eluted with petroleum ether:
dichloromethane. At elevated temperature (80 °C) in toluene, c-BTTE shows only 5.4%
decrease of its absorbance at 457 nm after 800 min (Figures 2.17). In contrast with c-BTB
(Figure 2.1) containing benzothiadiazole unit as the bridge, *! the thermal stability of
c-BTTE is not affected by solvent polarity: c-BTB is stable at room temperature only in low
polar solvents such as cyclohexane and hexane, showing first-order decay in polar solvents
such as THF (k= 3.17 x 10° min™) and acetonitrile (k = 2.95 x 10 min"). Moreover, the
fatigue resistance of BTTE was also studied: upon alternating UV (365 nm) and visible light
(575 nm) irradiation in degassed THF, BTTE can be repeatedly toggled between the
open-form and closed-form, keeping intact without any obvious degradation. Thus, by the
introduction of the uncommon benzobisthiadiazole six-membered ring as ethene bridge,
BTTE can provide the photochromic performances of parent BTEs, such as the widely known

five-membered hexafluorocyclopentene-based counterparts.
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Fig. 2.17 Absorbance monitoring at room temperature of BTTE after reaching the PSS by UV irradiation
A, B) in THF, 2.09 x 10 mol-L"; C, D) in ethanol, 2.49 x 10 mol-L™"; E, F) in toluene at 80 °C. The
noise on the data is due to the evaporation and the condensation of the solvent. No obvious back reaction

was observed at 457nm, 500nm, 575nm and 800nm after 800 min

To gain insight into the geometry, the molecular orbitals and eventually the role of the
highly polar and remarkably electron-withdrawing benzobisthiadiazole unit on the previously
mentioned properties, quantum chemical calculations (DFT) were performed with Gaussian

I The geometries were

09 program and compared to the reference compound BTB."*
optimized with PBEO functional” and 6-31G(d,p) basis set. On the basis of optimized
structures, more accurate energy determination can be achieved by performing single-point

calculations with the larger basis set 6-311+g(d,p). The solvent effect is taken into account
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within the polarizable continuum model”™ in the single-point calculations (Table 2.9 and
Figure 2.18). For instance, the energy of the open-ring isomer corresponding to the reference
of BTB is -8.768 kcal/mol lower than the closed-ring isomer in THF. While for BTTE, the
open-ring isomer is more stable only by -4.607 kcal/mol as opposed to the closed-ring isomer
in THF. Accordingly, during the course of photocyclization, the destabilization energy of
BTTE destruct aromaticity is lower than for BTB.””) Here, such relative low energy
difference between the open form and closed form preserves excellent thermal stability, and

does not show any thermal back reaction at dark at room temperature in a variety of solvents.

Fig. 2.18 The optimized ground state geometries for the open-ring and closed-ring isomers of BTB and

BTTE.

Table 2.9 The optimized ground state energies for the open-ring and closed-ring isomers of BTB and

BTTE
THF

BTB -1998.4856915 a.u.
¢-BTB -1998.4717193 a.u.

AE -8.768 kcal/mol
BTTE -2504.7519347 a.u.
¢-BTTE -2504.7445946 a.u.

AE -4.607 kcal/mol

2.2.9 Photochromism of BTTE in crystal state
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Single crystals of BTTE were grown by slow evaporation from THF-H,O solution and
the X-ray crystallographic data of the open form were collected. Only the anti-parallel
conformer exists in the single crystals (Figure 2.19A), although BTTE adopts both
anti-parallel and parallel configurations in solution as evidenced by 'H NMR. The resolved
structure reveals that no intramolecular hydrogen bonding interaction exists in the crystal
lattice. In contrast, the benzobisthiadiazole rings are assembled into a 1D chain by m--x
stacking interactions and intermolecular hydrogen bonds (Figure 2.19B). Notably, in the

%89 the distance between the photoactive carbon atoms (C2:C16) is

single crystal state,!
3.451 A, the shortest among reported BTE systems and meeting the prerequisites for a
molecule to undergo photochromic reaction in crystalline phase.!"”'"" Indeed, bulk crystals
of BTTE can be easily colored with typical photochromic behaviors, and the reaction is fully
reversible (Figure 2.19C). In addition, the bond lengths of C11-C12 (1.491 A) and C7-C8
(1.483 A) are indicative of a single bond character, while the C7-C12 distance (1.395 A) is
clearly a double bond. Apparently, the benzobisthiadiazole chromophore shows almost no
aromaticity, and the center bridge linking the two thiophene units is typical of a double bond,
ensuring the 1,3,5-hexatriene section to adopt an appropriate conformation to undergo the
conrotatory 6m-electron photocyclization. As Irie et al.””) have demonstrated that a low
aromaticity correlates well with the thermal stability of the closed form, these features of

BTTE explain the excellent thermal stability of the closed-ring isomer.

UV light
—
Vis light

Fig. 2.19 A) ORTEP representation of the crystal structure of BTTE with displacement ellipsoids shown
at the 50% probability level. Selected bond lengths (A): C11-C12, 1.491(3); C7-C8, 1.483(3); C7-C12,
1.395(3); C2---C16, 3.451(6). B) View of one-dimensional structure of BTTE formed by cooperative
hydrogen bonding and n--m stacking interactions. Methyl groups and non-hydrogen-bonded hydrogen
atoms are omitted for clarity. Selected bond lengths and bond angles: N---H, 2.65 A; S---H-C, 151° N--C,
3.488(6) A. Interplane (m--m) angle, 0° S--centroid (benzene), 3.55 A; centroid (thiadiazole)--centroid
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(thiadiazole), 3.43 A. C) Photographic color changes of BTTE in single crystal state by alternate 365 and

575 nm irradiations.

Table 2.10  Crystal and Structure Determinations Data of BTTE

Compounds BTTE
Empirical formula CigH4N4S4
Formula weight 414.61
Temp, K —173(1)
Crystal system triclinic
Space group P-1
a, A 7.679(2)
b, A 8.799(2)
¢ A 14.555(4)
a, deg 99.149(7)
B, deg 99.196(7)
y, deg 109.666(7)
Volume, A’ 890.0(4)
4 2
density(calc), 1.547
mg/mm’
crystal size,mm’ 0.10 x 0.07 x 0.01
index ranges -11<h<10,-13<k<9,-18<1<21
reflections collected 13351
independent reflections 4947 [Rin = 0.0727]
GOF on F~ 1.139
final R indices Ry =0.0943, wR, =0.2451
[I>=20 (D]
Largest diff. peak and hole / ¢ A™ 1.19 and -0.96

2.3 Conclusions

In conclusion, a novel photochromic BTEs BTTE based on benzobisthiadiazole as
six-membered ethene bridge has been synthesized and studied. This compound possesses
several merits as: 1) an excellent photochromic performance in both solution and single
crystals; i) an extremely low aromatic property of the center ethene bridging unit of

benzobisthiadiazole arising from the high polarity and electron-withdrawing tendency of the
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benzobisthiadiazole unit; ii1) an unprecedented thermal stability in a variety of solvents from
nonpolar cyclohexane to polar ethanol among BTE bearing a six-membered ethene bridge,
correlated to the limited loss of aromatic stabilization energy upon photocyclization, and iv) a
convenient fluorescence modulation of BTTE with photochromism and solvatochromism.

This compound opens up a new way in the molecular design of BTE-based bistable systems.
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Chapter 3  Aromaticity-Controlled Thermal Stability of Photochromic Systems
Based on Six-Membered Ring as Ethene Bridges: Photochemical and Kinetic

Studies

3.1 Introduction

Due to the strong aromaticities of six-membered ethene bridges, the greatly enhanced
ground-state energy difference (Hiickel rule) between the open and closed forms finally
results in the thermal instability of the closed form in BTEs”” which could limit the

102197} 1y Chapter 2, we studied a novel photochromic BTE

commercial application of BTEs.!
system based on the specific benzobisthiadiazole unit, showing excellent thermal stability for
the closed form in various solvents from nonpolar to polar, and even at elevated

(1161 Since the ethene bridge with six-membered ring has its own advantages such

temperature.
as higher quantum yield in ring closure and longer absorption wavelength compared to
five-membered analogues, we envision that the six-membered ring with low or
non-aromaticity as the center ethene bridge might widely extend the diversity in the thermally

10811 However, up to now, a deep insight into the ethene

irreversible photochromic systems.
bridges has seldom been given. Accordingly, herein we systematically report the synthesis
and photochromic properties of three ethene bridges with different degree in aromaticity
(BTE-NA, BTA and BTTA, Scheme 1), which is expected to achieve obvious thermal
stability evolution, and realize the fluorescence modulation by solvato- and photo-chromism
in the six-membered ethene bridged photochromic systems. As expected, an extremely low
aromatic property of the center ethene bridge with benzobisthiadiazole unit finally leads to the
unexpected thermally irreversible photochromic system (BTTA). Moreover, the small energy
barrier between the parallel and anti-parallel conformers allows the full conversion from
BTTA to c-BTTA. For the first time, three ethene bridges with different degrees in
aromaticity give a systematical comparison in the thermal stability evolution for their
corresponding closed forms. This work contributes to the understanding of
aromaticity-controlled thermal stability of photochromic systems based on six-membered ring

as ethene bridges, and broadening novel building blocks for the photochromic BTE systems
(Figure 3.1).
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BTE-NA BTA

Fig. 3.1 Naphthalimide, benzothiadiazole, benzobisthiadiazole with different degree of aromaticities were

utilized as central ethene bridge.

3.2 Experimental Section

3.2.1 Instruments and Reagents

'"H NMR and “C NMR spectra were recorded on Bruker Avance III 400 MHz
spectrometers with tetramethylsilane (TMS) as an internal reference recorded at room
temperature. CDCl3 and dg-benzene were used as solvents. HRMS were recorded on a Waters
LCT Premier XE spectrometer with methanol or acetonitrile as solvents. Absorption and
fluorescence spectra were recorded on Varian Cary 500 and FluoroMax-3 (Horiba
Jobin-Yvon), respectively. The photochromic property was evidenced and characterized by

following in situ the absorption spectra under continuous irradiation (see Appendix I for

detailed information). 4-bromo-N-butyl-3-iodo-1,8-naphthalimide,™
4,5-dibromo-2,1,3-benzothiadiazole,*"
4,5-dibromobenzo[1,2-c:3,4-c’]bis| 1 ,2,5]thiadiazole[1 16] and

5-(4-methoxyphenyl)-2-methylthiophen-3-ylboronic acid were prepared according to
established method.™™ All other reagents were of analytical purity and dried before use.

3.2.2  Synthetic route to the target and intermediate molecules
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Fig. 3.2 Synthetic routes to Naphthalimide, benzothiadiazole, benzobisthiadiazole as central ethene
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Fig. 3.3  Synthetic route to 5-(4-methoxyphenyl)-2-methylthiophen-3-ylboronic acid.

bridge.
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Fig. 3.4 Synthetic routes to BTE-NA, BTA and BTTA.

3.2.3 Preparation of target and intermediate molecules

3.2.3.1 3,5-Dibromo-2-methylthiophene

Br
i P
S S

To a 500 mL single necked flask was added 2-methylthiophene (10.0 g, 10.2 mmol) and
230 mL acetic acid. Br, (33.2 g, 20.8 mmol) was introduced slowly in an ice bath. The
resulting mixture was allowed to stand overnight (15 h) at room temperature. The solution
was poured into 1000 mL of water and extracted with dichloromethane and neutralized with
NaHCOs (aq) until the organic layer turned yellow. The solvent was removed under vacuum
and the crude product was distilled under reduced pressure 54-56°C/1 mm Hg to yield an
orange liquid 19.2 g. Yield: 73.5%

3.2.3.2 4-bromo-5-methyl-2-thiophenyl boric acid

Br Br Br
I&m M, mMgBr — I\>*B(OH)2
IS S S

To a fire dried three necked flask was added Mg (0.3 g, 12.12 mmol), a piece of I, and
10 mL THF. 3,5-Dibromo-2-methylthiophene dissolved in 10 mL THF was introduced slowly
to initiate the reaction. After initiation, the remaining solution was added within 1 h. The
reaction is exothermic and the mixture was allowed to stand at room temperature for 3 h. The
resulting mixture was introduced to a Schlenk tube through syringe and cooled to -78 °C.
Trimethyl borate (2 mL 17.84 mmol) was introduced and the resulting mixture was kept at
-78 °C for another 2 h. Then the mixture was warmed to room temperature to stay overnight. 1
M HCI was added to quench the reaction. The water phase was extracted with ether for three
times. The ether phase was extracted with 10% NaOH for three times. The resulting base

solution was neutralized by 10% HCI to give a white solid 1.8 g. Yield: 83.4%
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3.2.3.3 3-Bromo-5-(4-methoxyphenyl)-2-methylthiophene

o
s
<> + jE/fB(OH)2 —
Br
|

Br

To a 100 mL single necked flask was added 4-Bromo-5-methyl-2-thiophenyl boric acid
(1.50 g, 6.80 mmol), 4-iodoanisole (1.59 g, 6.80 mmol), Pd(PPh;)4 (0.15 g), THF 30 mL, 2 M
Na,CO3 20 mL. The reaction was refluxed for 15 h under the protection of argon. The mixture
was poured into water and extracted with dichloromethane. The organic phase was separated
and dried with Na;SOy4. The crude product was purified by chromatographer eluted by (ether:
ethyl acetate = 5: 1 v/v). The resulting solid was further purified by recrystallization with
methanol to give a white solid 1.29 g. Yield: 67.1% "H NMR (400 MHz, CDCls): 2.40 (s, 3 H,
-CH3), 3.83 (s, 3 H, -OCH3), 6.89 (d, J = 8.8 Hz, 2 H, -Ph-H), 6.98 (s, 1 H, Thiophene-H),
7.42 (d, J = 8.8 Hz, 2 H, -Ph-H). °C NMR (100 MHz, CDCls, ppm): 14.77, 55.38, 109.62,
114.35, 124.48, 126.40, 126.68, 132.57, 141.10, 159.41.

3.2.3.4 5-(4-methoxyphenyl)-2-methylthiophen-3-ylboronic acid

\O \O
n-BuLi
—_—
PN B(OBu); g
Br (HO),B
To a fire dried Schlenk tube was added

3-Bromo-5-(4-methoxyphenyl)-2-methylthiophene (0.21 g, 0.74 mmol) and 20 mL dried THF.
The mixture was cooled to -78 °C and 1.6 M BuLi (0.3 mL, 2.9 mmol) was introduced
dropwise. After 1 h, tributyl borate 0.27 mL was introduced. The resulting mixture was kept
at -78 °C for another 3 h. After the reaction, the solvent was removed under vacuum and crude

product was used directly without further treatment.

3.2.3.5 3-Nitro-4-bromo-1,8-naphthalic anhydride
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Ox -0~ 0 Ox-0-0
NaNO4

O H,SO. OO
2504 NO,

Br Br

To a 250 mL three necked flask was added 4-bromo-1,8-naphthalic anhydride (6.41 g,
23.2 mmol) dissolved in 45 mL concentrated sulfuric acid kept at an ice bath. NaNO; (2.1 g,
24.7 mmol) was added by portion within 1 h. The reactive mixture was stirred at 0-5 °C for
2.5 h and another 30 min at room temperature. The resulting mixture was poured into crushed

ice to yield 6.8 g of a yellow solid. The crude product was recrystallized from acetic acid to
give needle like crystal 5.42 g. Yield: 73%.

3.2.3.6 3-Amino-4-bromo-1,8-naphthalic anhydride hydrochloric acid salt

0x 00 000
OO -
CH3COOH OO
NO, 8 NH, H,S04

Br Br

To a 100 mL single necked flask was added 3-Nitro-4-bromo-1,8-naphthalic anhydride (5
g, 15.6 mmol), Fe powder (5.6, 0.1 mol) as reducing agent and acetic acid (50 mL). The
mixture was refluxed for 6 h under the protection of argon. The reactive mixture was poured
into diluted sulfuric acid to yield bright yellow solid 4.0g. The crude product was used
without further treatment. Yield: 95%.

3.2.3.7 4-Bromo-3-iodo-1,8-naphthalic anhydride

0w 0o 0 0500
NaNO, K
oINS ®

[
NH, H,SO
2 112 4 Br

Br

To a three necked flask equipped with mechanical stirrer was added
3-Amino-4-bromo-1,8-naphthalic anhydride hydrochloric acid salt (5.0 g, 18 mmol), sulfuric
acid 40 mL, water 80 mL. The mixture was stirred for 3 h to ensure well the suspension of the
reactant. NaNO, (1.6 g, 23 mmol) in 33 mL water was added slowly in an ice bath. The
reactive mixture was stirred at 0 °C for another 3 h. Subsequently, KI in 50 mL water (12.4 g,
75 mmol) was introduced slowly and the mixture was further stirred for 2 h. Then, the solid

was filtered and washed with NaHSO; (aq). The crude product was refluxed in a mixture of
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acetonitrile 15 mL and triethylamine 1 mL for 4 h to give a white solid 2.5 g. Yield: 40%.

3.2.3.8 4-Bromo-n-butyl-3-iodo-1,8-naphthalimide

Ox0-0 Os N0
BuNH,
l [ l [

Br Br

To a 100 mL single necked flask was added 4-Bromo-3-iodo-1,8-naphthalic anhydride (1
g, 2.5 mmol), n-butylamine 0.6 mL and dioxane 30 mL. The reactant was refluxed under the
protection of argon for 3 h. The crude product was purified by chromatography eluted by
(CCly: CHaCLy = 20: 1 v/v) to yield a white powder 0.5 g. Yield: 41%. '"H NMR (400 MHz,
CDCl;): 0.96 (t, J = 7.2 Hz, 3 H, -CH,CH3), 1.39 (m, 2 H, -CH,CH3), 1.66 (m, 2 H,
—~NCH,CH»>-), 4.14(t, J = 7.4 Hz, 2 H, -NCHy,-), 7.80 (t, J = 7.7 Hz, 1 H, naphthalene-H),
8.63 (m, 2 H, naphthalene-H), 8.93 (s, 1 H, naphthalene-H). *C NMR (100 MHz, CDCls,
ppm): 13.84, 20.34, 30.12, 40.48, 101.79, 122.53, 123.25, 127.71, 129.08, 131.75, 131.79,
134.85, 137.02, 140.81, 162.53, 163.23.

3.2.3.9 5-Bromo-2,1,3-benzothiadiazole

H,N. NH, NN
SOCl, <t>
Br Br

To a 500 mL single necked flask was added 4-bromobenzene-1,2-diamine (5.0 g, 26.7
mmol), dried dichloromethane 150 mL and triethylamine (11 g, 109 mmol). SOCl, (6.4 g, 54
mmol) was introduced slowly in an ice bath. Subsequently, the reactive mixture was refluxed
for 4 h. The solvent was removed under vacuum to give a black solid. The crude product was
purified by chromatography eluted with ether: ethyl acetate = 6: 1 to give a white solid 4.2 g.
Yield: 73%.

3.2.3.10 4,5-Dibromo-2,1,3-benzothiadiazole!®’
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PN .S.
NN
NN Br, \ S/
Qe G
Br Br

To a single necked flask was added 5-Bromo-2,1,3-benzothiadiazole (4.2 g, 19.5 mmol),
hydrobromic acid 30 mL. Br, (1.2 mL, 23.3 mmol) was added within 2 h when heated.

Another portion of 1.2 mL Br; was introduced and then the reactive mixture was refluxed for
another 5 h. The reaction should be stopped immediately to avoid the formation of
tri-substituted by-product. The reactive mixture was poured into crushed ice and filtered. The
crude product was recrystallized from methanol to give 2.1 g of a white powder. Yield: 36%.
'H NMR (400 MHz, CDCls): 7.80 (d, J = 9.2 Hz, 1 H, -Ph-H), 7.85 (d, / = 9.2 Hz, 1 H,
-Ph-H).

3.2.3.11 BTE-NA

4-bromo-N-butyl-3-i0do-1,8-naphthalimide (0.68 g, 1.5 mmol) was dissolved in dioxane
(100 mL), Pd(PPhs)4 (0.35 g) was added, and the resulting mixture was stirred for 15 min at
room temperature. Then aqueous Na,CO; (100 mL, 2.0 mol L") was added. The reactive
mixture was heated and refluxed at a temperature of 60 °C and the solution of
5-(4-methoxyphenyl)-2-methylthiophen-3-ylboronic acid (0.74 g, 3.0 mmol) was added
dropwise via a syringe. Subsequently the mixture was refluxed for 24 h, and cooled to room
temperature. The reactive mixture was poured in HO and extracted with ether. The organic
layer was separated and dried with Na,SO4. After concentration, the compound was purified
by column chromatography on silica gel (CCly : ethyl acetate = 20: 1 v/v) to yield a yellow
solid (340 mg, yield 35%). '"H NMR (400 MHz, CDCl;, ppm): 0.98 (t, J = 7.6 Hz, 3 H,
-CH,CH3), 1.44 (m, 2 H, -CH,CH3), 1.72 (m, 2 H, -NCH»CH>-), 1.99 (s, 3 H, -CH3), 2.34 (s,
3 H, -CHs), 3.80 (s, 3 H, -OCH3), 3.84 (s, 3 H, -OCH3), 4.21 (t, J = 7.6 Hz, 2 H, -NCHa-),
6.72 (s, 1 H, thiophene-H), 6.81 (d, /= 8.8 Hz, 1 H, -Ph-H), 6.89 (d, J= 8.8 Hz, 1 H, -Ph-H),
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6.97 (s, 1 H, Thiophene-H), 7.30 (d, /= 8.8 Hz, 2 H, -Ph-H), 7.44 (d, /= 8.8 Hz, 2 H, -Ph-H),
7.70 (t, J= 7.6 Hz, 1 H, naphthalene-H), 8.17 (d, /= 8.4 Hz, 1 H, naphthalene-H), 8.62 (d, J =
7.2 Hz, 1 H, naphthalene-H), 8.67 (s, 1 H, naphthalene-H). "H NMR (400 MHz, ds-benzene,
ppm): 0.90 (t, /= 7.6 Hz, 3 H, -CH,CH3), 1.39 (m, 2 H, -CH>CH3), 1.82 (s, 3 H, -CH3), 1.87
(m, 2 H, -NCH,CH>-), 2.13 (s, 3 H, -CH3), 3.22 (s, 3 H, -OCH3), 3.26 (s, 3 H, -OCH3), 4.36 (t,
J=17.2Hz, 2 H, -NCH>»-), 6.69 (d, J, = 8.4 Hz, 2 H, -Ph-H), 6.73 (d, J; = 8.8 Hz, 2 H, -Ph-H),
6.84 (s, 1 H, Thiophene-H), 6.94 (s, 1 H, Thiophene-H), 7.40 (d, /= 8.4 Hz, 2 H, -Ph-H), 7.45
(d, J=8.8 Hz, 2 H, -Ph-H), 7.99 (d, J = 8.4 Hz, 1 H, naphthalene-H), 8.63 (d, /= 6.8 Hz, 1 H,
naphthalene-H), 8.91 (s, 1 H, naphthalene-H). *C NMR (100 MHz, CDCls;, ppm): 13.91,
14.06, 14.17, 20.45, 30.29, 40.33, 55.36, 55.41, 114.21, 114.35, 121.83, 122.83, 124.29,
125.09, 126.84, 126.93, 127.17, 127.21, 127.56, 130.92, 131.72, 133.07, 133.46, 134.57,
134.94, 135.73, 136.46, 137.38, 139.73, 139.94, 140.72, 158.98, 159.23, 164.08, 164.34.
HRMS (TOF MS ESI" for M+ H]+): caled. for C4H36NO4S,, 658.2086; found 658.2089.

3.2.3.12 BTA

4,5-Dibromo-2,1,3-benzothiadiazole (0.238 g, 0.81 mmol) was dissolved in dioxane (60
mL), Pd(PPh;3)4 (0.20 g) was added, and the resulting mixture was stirred for 15 min at room
temperature. Then aqueous Na;CO;3 (40 mL, 2.0 mol L) was added. The reactive mixture
was heated and refluxed at a temperature of 60 °C and the solution of
5-(4-methoxyphenyl)-2-methylthiophen-3-ylboronic acid (0.595 g, 2.40 mmol) was added
dropwise via a syringe. Subsequently the mixture was refluxed for 24 h, and cooled to room
temperature. The reactive mixture was poured in HO and extracted with ether. The organic
layer was separated and dried with Na,SO4. After concentration, the compound was purified
by column chromatography on silica gel (CCly : ethyl acetate = 40: 1 v/v) to yield a yellow
solid (250 mg, yield 57%). '"H NMR (400 MHz, CDCls, ppm): 2.07 (s, 3 H, -CH3), 2.23 (s, 3
H, -CH3), 3.81 (s, 3 H, -OCH3), 3.82 (s, 3 H, -OCH3), 6.85 (m, 5 H, -Ph-H), 7.04 (s, 1H,
Thiophene-H), 7.36 (d, J = 8.8 Hz, 2 H, -Ph-H), 7.42 (d, /= 8.8 Hz, 2 H, -Ph-H), 7.71 (d, J =
9.2 Hz, 1 H, -Ph-H), 8.02 (d, /= 8.8 Hz, 1 H, -Ph-H). "H NMR (400 MHz, ds-benzene, ppm):
1.98 (s, 3 H, -CH3), 2.03 (s, 3 H, -CH3), 3.22 (s, 3 H, -OCH3), 3.23 (s, 3 H, -OCH3), 6.68 (d, J
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=6.0 Hz, 2 H, -Ph-H), 6.71 (d, J= 6.0 Hz, 2 H, -Ph-H), 6.95 (s, 1 H, Thiophene-H), 7.34 (d, J
=8.8 Hz, 1 H, -Ph-H), 7.44 (d, J = 8.8 Hz, 2 H, -Ph-H), 7.47 (d, J = 8.8 Hz, 2 H, -Ph-H), 7.79
(d, J= 8.8 Hz, 1 H, -Ph-H). *C NMR (100 MHz, CDCl;, ppm): 14.23, 14.53, 55.37, 114.18,
114.27, 119.95, 124.30, 124.98, 126.83, 126.94, 127.10, 127.41, 128.27, 133.25, 133.76,
135.17, 136.59, 136.66, 137.46, 140.00, 140.16, 154.26, 155.16, 158.93, 159.06. HRMS
(TOF MS ESI" for [M + H]"): calcd. for C30H2sN,0,S3, 541.1078; found 541.1078.

3.2.3.13 BTTA
(HO),B
S/N\ /N\S
N= =N ®
+ S
Br Br

BBT (0.369 g, 1.05 mmol) was dissolved in dioxane (60 mL), Pd(PPhs)s (0.20 g) was
added, and the resulting mixture was stirred for 15 min at room temperature. Then aqueous
Na,COj3 (40 mL, 2.0 mol L") was added. The reactive mixture was heated and refluxed at a
temperature of 60 °C and the solution of 5-(4-methoxyphenyl)-2-methylthiophen-3-ylboronic
acid (0.78 g, 3.15 mmol) was added dropwise via a syringe. Subsequently the mixture was
refluxed for 24 h, and cooled to room temperature. The reactive mixture was poured in H,O
and extracted with ether. The organic layer was separated and dried with Na,SO4. After
concentration, the compound was purified by column chromatography on silica gel (CCly :
ethyl acetate = 4: 1 v/v) to yield a yellow solid (270 mg, yield 43%). '"H NMR (400 MHz,
CDCls, ppm): 2.10 (s, 3 H, -CHs, anti-parallel conformer), 2.20 (s, 3 H, -CHs, parallel
conformer), 3.81 (s, 3 H, -OCH3s, parallel conformer), 3.83 (s, 3 H, -OCH3;, anti-parallel
conformer), 6.84 (d, J = 8.4 Hz, 2 H, -Ph-H, parallel conformer), 6.88 (d, J = 8.8 Hz, 2 H,
-Ph-H, anti-parallel conformer), 6.92 (s, 1 H, Thiophene-H, parallel conformer), 7.13 (s, 1 H,
Thiophene-H, anti-parallel conformer), 7.38 (d, J = 8.8 Hz, 2 H, -Ph-H, parallel conformer),
7.44 (d, J = 8.4 Hz, 2 H, -Ph-H, anti-parallel conformer). "H NMR (400 MHz, ds-benzene,
ppm): 1.98 (s, 3 H, -CHj3, anti-parallel conformer), 2.04 (s, 3 H, -CHj3, parallel conformer),
3.22 (s, 3 H, -OCH3;, parallel conformer), 3.26 (s, 3 H, -OCH3, anti-parallel conformer), 6.69
(d, J= 8.4 Hz, 2 H, -Ph-H, parallel conformer), 6.74 (d, J = 8.4 Hz, 2 H, -Ph-H, anti-parallel
conformer), 7.05 (s, 1 H, Thiophene-H, parallel conformer), 7.25 (s, 1 H, Thiophene-H,
anti-parallel conformer), 7.48 (d, J = 8.4 Hz, 2 H, -Ph-H, parallel conformer), 7.51 (d, J = 8.8
Hz, 2 H, -Ph-H, anti-parallel conformer). >*C NMR (100 MHz, CDCls, ppm): 14.85, 55.37,
114.24, 124.43, 124.57, 126.93, 127.03, 127.09, 130.75, 130.91, 132.42, 132.57, 137.07,
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137.85, 140.33, 140.54, 147.48, 156.85, 157.15, 159.09. HRMS (TOF MS ESI" for [M]"):
caled. for C30H2oN40,S4, 598.0626; found 598.0626.

3.2.3.14 ¢-BTTA

365 nm

BTTA (150 mg, 0.25 mmol) was dissolved in 30 mL benzene and irradiated
continuously at 365 nm with an input power of 0.54 mW for 7 h. After the reaction, the
solvent was removed under vaccum and separated by chromatograhpy on aluminum oxide
eluted with CCly: dicloromethane = 4: 1 to yield ¢-BTTA 140 mg. Yield: 93.3%. '"H NMR
(400 MHz, ds-benzene, ppm): 2.50 (s, 6 H, -CH3), 3.19 (s, 6 H, -OCH3), 6.66 (d, J = 8.8 Hz, 4
H, -Ph-H), 7.64 (d, J= 8.8 Hz, 4 H, -Ph-H), 8.48 (s, 2 H, Thiophene-H).

3.3 Results and discussion

3.3.1 Molecular design and synthesis

Figure 3.4 illustrates the synthetic route to the three target molecules. BTE-NA, BTA
and BTTA were obtained via 4-bromo-1,8-naphthalic anhydride,
4-bromobenzene-1,2-diamine and benzothiadiazole as starting materials by four, two and five
steps, respectively. Generally speaking, all the synthetic routes were classic organic reactions
with cheap starting materials and reagents, mild conditions and comparatively high yields. It
is difficult to obtain and purify 4-bromo-3-iodo-l,8-naphthalic anhydride during the organic
manipulation as the reaction was carried out in solid phase. Thus, pre-process of raw material
to have a well suspended mixture could to some extent guarantee the reaction to proceed
smoothly with a considerable yield. 4,5-dibromo-2,1,3-benzothiadiazole was easily
synthesized by conventional bromination. However, the reaction span has to been controlled
preciously to avoid the appearance of 4,5,7-tribromo-2,1,3-benzothiadiazole. The target
molecules were obtained through classic Suzuki coupling between
5-(4-methoxyphenyl)-2-methylthiophen-3-ylboronic acid and
4-bromo-N-butyl-3-i0odo-1,8-naphthalimide, 4,5-dibromo-2,1,3-benzothiadiazole and BBT,
respectively. The mono-substituted byproduct could be suppressed by controlling the ratio.
Dioxane was used for the Suzuki coupling instead of THF in order to increase the reactivity

and temperature, which finally facilitates the separation process.
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Naphthalimide, benzothiadiazole and benzobisthiadiazole are excellent candidates for the
acceptor moieties due to their attractive photo-physical property and their strong electron
withdrawing capability. As shown in Figure 3.1, we designed novel BTE derivatives with
these building blocks based on the following points: 1) considering similar strong
electron-withdrawing properties of perfluoro-cyclopentene, maleic anhydride or maleic imide,
the remarkably electron-withdrawing wunits of naphthalimide, benzothiadiazole and
benzobisthiadiazole are supposed to assure good photochromism with considerable bistability,
high cyclization quantum yield and fatigue resistance; i1) naphthalimide, benzothiadiazole and
benzobisthiadiazole are essentially well-known fluorescent building blocks in the design of
functional materials such as sensors, OLEDs, NLO materials and solar cells. 1171231 Thus, the
electron-withdrawing groups and the electron-donating anisole can form an efficient
Donor-n-Acceptor (D-n-A) system with significant charge transfer between HOMO and
LUMO upon excitation to realize the fluorescence modulation by both photochromism and
solvatochromism;”*! iii) the three ethene bridges with different degrees in aromaticity can
give a systematical comparison in the thermal stability evolution for their corresponding
closed forms.

332 'H NMR, 3C NMR and Mass characterization

The followings are the characterizations of important intermediates and target molecule.

Figure 3.5 illustrates the 'H NMR spectrum of
4-bromo-N-butyl-3-i0odo-1,8-naphthalimide. The chemical shift at 0.97 ppm corresponds to
the hydrogen atoms of the end methyl groups of butyl. The multipeak was the result of
coupling between neighbouring proton. The chemical shift on butyl depends on the distance
from the naphthalimide ring. The closer to the ring, the lower the field of the signal. The
signal of methylene directly connected with anhydrid was even at 4.14 ppm. The signal at

8.93 ppm is the proton on the side of iodine both affect by the ring and iodine substituent.
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Fig. 3.5 'H NMR spectrum of 4-bromo-n-butyl-3-iodo-1,8-naphthalimide in CDCl;
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Fig. 3.6 "C NMR spectrum of 4-bromo-n-butyl-3-iodo-1,8-naphthalimide in CDCl;

Figure 3.6 shows the ?C NMR of 4-bromo-N-butyl-3-iodo-1,8-naphthalimide. Four are
at high field and others are at low field. The total number of the signal is 16, which is in

accordance with total carbon species within the molecule.
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Fig. 3.7 'H NMR spectrum of BTE-NA in CDCl;

Figure 3.7 illustrates the '"H NMR spectrum of BTE-NA in CDCls. The signals of the
protons of the butyl group exhibit the same behavior as those of
4-bromo-N-butyl-3-i0odo-1,8-naphthalimide. The donating groups were introduced, all the
signals on naphthalimide shifted upfield due to the shielding effect. The parallel and
anti-parallel conformers in BTE-NA change quickly so that time-averaged signals of both are
seen. The methyl on thiophene rings at (1.99, 2.34 ppm) are due to the asymmetric nature of
the ethene bridge.
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Fig. 3.8 'H NMR spectrum of BTE-NA in dg-benzene. Note: Hy overlaps with the residual peaks of
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Fig. 3.9 "C NMR spectrum of BTE-NA in CDCl;

Figure 3.9 illustrates the °C NMR of BTE-NA. Eight are at high field and others are at
low field. The total number of the signals is 35, which is in accordance with the total number

of carbon species within the molecule.
Elemental Composition Report Page 1

Single Mass Analysis
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Fig. 3.10 High resolution mass spectra of BTE-NA

RMS of BTE-NA shows an apparent molecular ion peak corresponding to [M + H]". The

calculated value for [M + H]" is 658.2086, which is in accordance with the observed value of
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Fig.3.11 "H NMR spectrum of BTA in CDCl;

Figure 3.11 illustrates the "H NMR of BTA in CDCls. The chemical shift difference of

the protons (at 7.71 and 8.02 respectively) on 2,1,3-benzothiadiazole become large after

introduction of electron donating groups. Due to the interaction between the two protons, the

signal of these two proton exhibit typical d peaks. Due to the far distance of methoxy groups

away from 2,1,3-benzothiadiazole, the chemical shifts are almost the same at 3.813 and 3.815

ppm, respectively. The parallel and anti-parallel conformers in BTA change quickly so that

time-averaged signals of both are seen. The methyl signals on the thiophene rings at 2.07 and

2.23 ppm are due to the asymmetric nature of the ethene bridge.
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Fig. 3.12 'H NMR spectrum of BTA in dg-benzene. Note: H, overlaps with the residual peaks

dg-benzene.
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Fig.3.13 “C NMR spectrum of BTA in CDCl;

Figure 3.13 illustrates the >°C NMR of BTA. Three are at high field and others are at low

field. The total number of the signal is 25, which is in accordance with total carbon species

within the molecule.
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Elements Used:
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Fig. 3.14 High resolution mass spectra of BTA

HRMS of BTA shows an apparent molecular ion peak corresponding to [M + H]". The

calculated value for [M +

H]" is 541.1078, which is in accordance with the observed value of
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Fig. 3.15 'H NMR spectrum of BTTA in CDCl;
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Fig. 3.16 '"H NMR spectrum of BTTA in d¢-benzene.

Figure 3.16 illustrates the '"H NMR spectrum of BTTA in de-benzene. It shows two
well-resolved sets of signals for the methyl protons which correspond to the parallel (6 = 2.04
ppm) and antiparallel (6 = 1.98ppm) conformers. In fact, the two conformations, parallel
(photochromic inactive) and antiparallel (photochromic active) conformers, undergo very fast

single-bond rotation in BTE-NA and BTA, thereby resulting in only one set of time-averaged
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signals in the "H NMR spectra. Only in the cases of BTEs with large energy barrier between
two conformers can the rotation of the aryl groups be slowed down sufficiently to give two

158821 As found by the area integration in "H NMR spectra, the ratio between the

sets of signals.
parallel and antiparallel conformers of BTTA in de-benzene is 64:36 while the ratio is 58:42

in CDCl;, indicating that the solvent has a great effect on the equilibrium between the

conformers.
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Fig. 3.17 "°C NMR spectrum of BTTA in CDCl;

Figure 3.17 illustrates the °C NMR of BTTA. Two signals are at high field and others
are at low field. The total number of the signals is 20, which is in accordance with the total

carbon species within the molecule.
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Fig. 3.18 High resolution mass spectra of BTTA
HRMS of BTTA shows an apparent molecular ion peak corresponding to [M]". The
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calculated value for [M]" is 598.0626, which is in accordance with the observed value of
598.0626.

Figure 3.19 illustrates the '"H NMR spectrum of ¢-BTTA in dg¢-benzene. Due to the lack
of different conformers, and to the symmetric nature of central ethene bridge, only one set of
signal was observed. Furthermore, due to the different structure between c-BTTA and BTTA,

the corresponding protons are all shifted to some extend.
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Fig. 3.19 '"H NMR spectrum of ¢-BTTA in dg-benzene.

3.3.3 UV-Vis absorption of BTE-NA, BTA and BTTA

All three compounds are found to easily dissolve in toluene to give a colorless solution
without any absorption bands in the visible range. In general, the electronic absorption spectra
for the open forms of BTE-NA, BTA and BTTA in toluene at 298 K show an intense
absorption band in the range of 290-350 nm and a moderately intense band at 378-430 nm
(Figure 3.20-3.22). Upon UV irradiation at 365 nm, the corresponding closed forms
(c-BTE-NA, ¢-BTA and ¢-BTTA) were produced by the typical photocyclization as the
colorless solution changed to yellow green, bright green and dark green, respectively,
resulting in broad absorption bands centered at 719 nm (c-BTE-NA), 657 nm (c-BTA), 655
nm (c-BTTA), in addition to bands in the 300-500 nm region. The significant bathochromic
shift in absorption bands of the closed forms relative to their open forms is mainly due to the
extended m-conjugation across the whole moiety. The longer wavelength of c-BTE-NA at the
visible region than that of c-BTTA strongly indicates that the energy gap between the HOMO
and LUMO orbitals of ¢c-BTE-NA is smaller than that of ¢c-BTTA, which results from the
strong conjugation between 2-(4-methoxyphenyl)-5-methylthiophene and
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N-butyl-1,8-naphthalimide units. The typical photochromic properties of BTE-NA, BTA,
BTTA and their corresponding closed forms (c-BTE-NA, ¢-BTA and c¢-BTTA) are
summarized in Table 3.1. Notably, the ring closure quantum yield of these molecules
decreased with the loss of aromaticity of the ethene bridge. The ring closure quantum yields
for BTE-NA, BTA and BTTA are 43.13%, 38.21% and 10.96% in cyclohexane, respectively.
This may be ascribed to the difference in the competition between the photocyclization

reaction from the excited state and the radiative pathway to the ground state.

Table 3.1 Spectral data of open and closed form of BTE-NA, BTA and BTTA in various solvents

Compounds cyclohexane toluene THF acetonitrile
BTE-NA 281/36.27 288/39.84 289/38.61 -
e(10° M em™) 392/3.91 396/4.31 392/3.99
¢-BTE-NA 349/28.83 355/31.38 353/28.03 -
e (10° M em™) 424/22.58 428/26.06 427/21.13
447/27.91 453/32.60 450/25.62
709/12.14 717/14.50 716/11.33

Do | Do/ apss (%) 43.13/2.61/82.1 35.11/3.22/76.8 26.98/1.19/88.4 -

BTA 251/27.42 309/36.34 251/27.43 246/30.08
e (10° M em™) 306/29.98 392/4.30 308/34.14 305/39.72
384/3.65 391/3.68 380/3.93

¢-BTA 333/30.60 338/33.48 336/31.13 329/32.64

e (10° M em™) 414/20.22 416/21.86 413/20.07 407/20.26
650/13.68 657/15.13 655/14.01 648/14.50

Doe | Doy | apss (Y0) 38.21/1.94/89.4 29.43/0.932/91.9 38.87/1.07/91.6 6.46/0.39/84.8

BTTA 293/63.47 298/57.4 294/59.5 290/50.8
e(10° M em™) 388/4.57 392/5.27 381/4.15 370/3.88
¢-BTTA 276/29.12 329/29.4 277/23.8 280/22.3
e(10°M" cm™) 328/36.9 400/28.9 326/29.1 322/28.2
400/36.2 420/55.7 397/31.1 393/26.6
419/73.8 497/9.10 416/57.9 414/43 .4
485/11.2 655/10.5 495/9.27 492/7.61
516/10.4 655/12.0 649/10.5

655/12.8

Do | Doy | apss (Y0) 10.96/0.43/93.2 14.03/0.97/99.2 16.62/0.47/91.7 14.95/0.14/98.8

@, Do and apss are depicted as the ring-closure quantum yield at 365nm, the ring-opening quantum

yield at 575nm and the conversion yield at 365nm, respectively.
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Fig. 3.20 A) Structure and color variation of BTE-NA (2.31 x 10 mol L'l) in toluene before and after
irradiation at 365 nm. Spectral changes of UV-Vis absorption of BTE-NA in B) cyclohexane (2.0 x 10~
mol L™); C) toluene (2.31 x 10” mol L™") and D) THF (1.89 x 10~ mol L") upon irradiation at 365 nm. The

photostationary states (PSS) were obtained by irradiating solutions with 365 nm light until no further

4

:I'HI uv I ‘
Vis / heat ”
= O
—0

spectral changes were observed.
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Fig. 3.21 A) Structure and color variation of BTA (1.85 x 10 mol L'l) in toluene before and after

irradiation at 365 nm. Spectral changes of UV—Vis absorption of BTA in B) cyclohexane (1.26 x 10” mol

L™"); C) toluene (1.85 x 10” mol L™); D) THF (1.78 x 10” mol L") and E) acetonitrile (2.07 x 10” mol L™")

upon irradiation at 365 nm. The photostationary states (PSS) were obtained by irradiating solutions with

365 nm light until no further spectral changes were observed.
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Fig. 3.22 A) Structure and color variation of BTTA (1.14 x 10* mol L']) in toluene before and after
irradiation at 365 nm. Spectral changes of UV—Vis absorption of BTTA in B) cyclohexane (1.14 x 10~ mol
L™); C) toluene (1.14 x 10° mol L™); D) THF (2.14 x 10” mol L) and E) acetonitrile (8.65 x 10” mol L™")
upon irradiation at 365 nm. The photostationary states (PSS) were obtained by irradiating solutions with

365 nm light until no further spectral changes were observed.

334 'HNMR changes of BTE-NA, BTA and BTTA before and after irradiation

In fact, great '"H NMR modifications can be observed in photochromic systems due to
the large chemical environment changes between the open and closed forms. The '"H NMR
spectra of BTE-NA and BTA show only one set of signals for the methyl protons on
thiophene rings located at (1.82 and 2.13 ppm for BTE-NA; 1.98 and 2.03 ppm for BTA) in
de-benzene (Figures 3.23-3.24). The different chemical shifts of two methyl protons are only
due to the asymmetric organic framework of the central ethene bridge, while the '"H NMR
spectrum of BTTA in ds-benzene shows two well-resolved sets of signals for the methyl
protons which correspond to the parallel (6 = 2.04 ppm) and antiparallel (6 = 1.98ppm)
conformers (Figure 3.25). In fact, the two conformations, parallel (photochromic inactive) and
antiparallel (photochromic active) conformers, undergo very fast single-bond rotation in
BTE-NA and BTA, thereby resulting in only one set of time-averaged signals in the "H NMR
spectra. Only in the cases of BTEs with large energy barrier between two conformers, the
rotation of the aryl groups can be slowed down sufficiently to give two sets of signals.!"®! As
found by the area integration in "H NMR spectra (Figure 3.25), the ratio between the parallel
and antiparallel conformers of BTTA in dg-benzene is 64:36. When irradiated at 365 nm, the
open form was converted to the closed form (c-BTTA) with absorption bands in the visible
region. The existence of ¢-BTE-NA, ¢-BTA and ¢-BTTA could also be evidenced by 'H
NMR. For BTE-NA (Figure 3.23), the signals of H,, H, and H. on butyl group after
photocyclization (in ds-benzene) does not show any obvious changes with respect to the open
form due to the distance from the m-delocalization of naphthalimide, while the methylene

hydrogen signals (Hy) attached to imide nitrogen shift by 0.07 ppm from 4.37 to 4.30 ppm.
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The two groups of methyl protons (#,, H,) on thiophene ring in BTE-NA shift from 1.82 and
2.13 ppm to 2.37 and 2.50 ppm, respectively. The case is similar for the two methyl protons
(Hi, H;) on thiophene group of BTA (in ds-benzene), which shifted from 1.98 and 2.03 ppm to
the downfield at 2.46 and 2.50 ppm, respectively (Figure 3.24).

Generally speaking, the proton resonances on the thiophene heterocycles and

(1241 Which is due

six-membered ethene bridges shift upfield upon ring-closure of diarylethene,
to the aromaticity loss of heterocycles in the ring-closure reaction. In the ring-open form, the
resonances of the protons attached onto thiophene units and six-membered rings appear in the
'H NMR aromatic region. In contrast, the resonances for these protons in the ring-closed form
appear in the region of alkenes characteristics. As expected, after the ring-closure of BTE-NA
upon irradiation at 365 nm, the aromaticity of the naphthalimide and thiophene groups are
disturbed, the protons (H., Hy, H,, and Hy) on the naphthalimide moiety shift remarkably to
the high field upon photocyclization (Figure 3.23). A typical triplet peak corresponding to Hr
moves from 7.14 to 6.98 ppm. The singlet peak of H}, shifts greatly from 8.91 to 8.24 ppm.
Additionally, the two protons (H; and H,) located on thiophene are 6.94 and 6.84 ppm for
BTE-NA, while they shift to 6.86 and 6.61 ppm after photocyclization. Similarly in case of
BTA, the chemical shifts of H, and H, on the benzothiadiazole (BTA) and H, move to high
field (Figure 3.24). Interestingly, in contrast to the two protons (/. and /) located on
thiophene (6.95 and 7.16 ppm) for BTA, H’. shifts upfield to 6.39 ppm while H’, shifts
downfield to 8.43 ppm for c-BTA. Also in the system of BTTA, the protons of H, and H, on
thiophene rings of BTTA shift downfield from 7.05 and 7.25 ppm in the open form to 8.48
ppm after photocyclization (Figure 3.25). The dramatic downfield shifts of /°;, for BTA could
be attributed to the possible formation of intramolecular hydrogen bond between H’, and the
N atom on benzothiadiazole moiety (Figure 3.24). Similarly, the intramolecular hydrogen
bonds between H,, H’, and the N atom on benzobisthiadiazole units finally lead to the
downfield shift of A, and H’, upon photocyclization (Figure 3.25).

Interestingly, in case of BTTA (in ds-benzene), the two sets of well-resolved proton
signals on thiophene and methyl groups of methoxy on the phenyl rings were converted into
one set of protons signals (moved from 1.98 and 2.04 ppm to 2.50 ppm; 3.22 and 3.26 ppm to
3.19 ppm, respectively). It is the same case for the protons on phenyl rings after
photocyclization. The simultaneous disappearance of the two sets of signals indicates that a
slow interconversion between parallel and anti-parallel conformations takes place in the
system, and that the chemical environment of the two sets of methyl groups becomes identical
after photo-cyclization. It might be due to the small energy barrier between parallel and
anti-parallel conformers between BTTA and c-BTTA that allows the full conversion from
BTTA to ¢-BTTA as demonstrated by '"H NMR (Figure 3.25).
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Fig. 3.23 'H NMR changes of BTE-NA in dg-benzene. The signal of proton Hyoverlaps with the solvent
residual peak signals of ds-benzene. Note: The corresponding inset photographic images of BTE-NA were

taken at the concentration of 2.31 x 10" mol L™ in toluene upon irradiation at 365 nm.
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Fig. 3.24 'H NMR changes of BTA in dg-benzene. The signal of proton H, overlaps with the solvent
residual peak signals of ds-benzene. Note: The corresponding inset photographic images of BTA were

taken at the concentration of 1.85 x 10" mol L™ in toluene upon irradiation at 365 nm.
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ppm

Fig. 3.25 'H NMR changes of BTTA in de-benzene. Note: the inset photographic images of BTTA were

taken in toluene (1.14 x 10 mol L") upon irradiation at 365 nm.

3.3.5 Fluorescence changes of BTE-NA, BTA and BTTA before and after irradiation

As shown in Table 3.1, the absorption bands of the open and closed forms of BTE-NA,
BTA and BTTA in various solvents remain in the range of 378-430 nm and 650-719 nm, thus
indicating that the solvent dependence of the absorption band is rather small. All three
compounds show noticeable fluorescence, which could be well modulated by solvato- and
photo-chromism. Indeed, upon excitation at 719 nm (BTE-NA), 657 nm (BTA) and 655 nm
(BTTA), no significant fluorescence signals could be recorded from the closed form. The
fluorescence quenched at photostationary state (PSS) in toluene is 77% for BTE-NA, 92% for
BTA, and 94% for BTTA (excitated at the isobestic points of 329, 324 and 324 nm,
respectively), which are fully compatible with the conversion yield (Table 3.1). Thus, the
fluorescence quenching of BTE-NA, BTA and BTTA is simply due to the disappearance of
the open form upon photocyclization and non-fluorescent property of corresponding closed
form (Figure 3.26-3.28).
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Fig. 3.26  Spectral changes of fluorescence of BTE-NA excited at isobestic points of 324, 329 and 331 nm
in A) cyclohexane (2.0 x 10 mol L™); B) toluene (2.31 x 10” mol L™); C) THF (1.89 x 10” mol L") upon
irradiation at 365 nm. The photostationary states (PSS) were obtained by irradiating solutions with 365 nm

light until no further spectral changes were observed.
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Fig. 3.27 Spectral changes of fluorescence of BTA excited at isobestic points of 320, 324, 323 and 321
nm in A) cyclohexane (1.26 x 10™ mol L™); B) toluene (1.85 x 10™ mol L™"); C) THF (1.78 x 10” mol L™);
D) acetonitrile (2.07 x 10™ mol L™) upon irradiation at 365 nm. The photostationary states (PSS) were

obtained by irradiating solutions with 365 nm light until no further spectral changes were observed.
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Fig. 3.28 Spectral changes of fluorescence of BTTA excited at isobestic points of 317, 324, 323 and 321
nm in A) cyclohexane (1.14 x 10™ mol L™); B) toluene (1.14 x 10” mol L™"); C) THF (2.14 x 10” mol L™);
D) acetonitrile (8.65 x 10™ mol L™) upon irradiation at 365 nm. The photostationary states (PSS) were

obtained by irradiating solutions with 365 nm light until no further spectral changes were observed.

In general, emission from fluorophores generally occurs at wavelengths that are longer
than those at which absorption occurs'.

Moreover, the solvent polarity is decisive in the emission wavelength due to the strong
electron withdrawing nature of naphthalimide, benzothiadiazole and benzobisthiadiazole, and
moderate donating ability of anisole rings. As illustrated in Table 3.2, the electronic densities
of BTE-NA, BTA and BTTA are completely different between the HOMO and the LUMO,
indicating a strong electron mobilization after excitation. When the three compounds are
excited, the dipole moment is largely enhanced for all of them. In nonpolar solvents like
cyclohexane, the dipole moments could not be stabilized, and hence, the emission wavelength

was shorter. While in polar solvents like acetonitrile, the stabilized dipole moment yields
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small energy gap between HOMO and LUMO, thus, longer emission wavelength was
observed (Figure 3.29). The peak of the emission bands appear at 464 and 601 nm in
cyclohexane and THF for BTE-NA, 494 and 670 nm in cyclohexane and acetonitrile for BTA,
488 and 636 nm in cyclohexane and acetonitrile for BTTA, respectively (Tables 3.3-3.5).
Obviously, the solvatochromism of all three compounds is arisen from the possible
photoinduced charge transfer from the donor anisole group to the electronegative central

ethene bridge. The positive linearity of the Lippert—Mataga plots also illustrates that there is a

higher dipole moment in the excited state than in the ground state (Figure 3.30).

Table 3.2 Molecular orbitals of BTE-NA, BTA and BTTA involved in the main electronic transitions

HOMO

LUMO

BTTA

c-BTTA

BTA

c-BTA

BTE-NA

Y
& ;° gﬁ

-2.26 eV

IS
3P0,

Q.
N X o6 .’0‘
9

¢
}'3.‘

-2.62 eV
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Fig. 3.29 A) Normalized fluorescence spectra of BTA in various solvents (from left to right, cyclohexane,

toluene, THF, chloroform, acetone and acetonitrile)

To further investigate the effect of solvatochromism on the excited state of BTE-NA,
BTA and BTTA, we studied the Lippert-Mataga plots of three compounds in various solvents.
The interaction between BTE-NA, BTA and BTTA and solvents can affect the energy gap
between HOMO-LUMO, which could be expressed in wavenumber (cm™) as a function of
dielectric constant (¢) and refractive index (n) and described by Lippert-Mataga equation
(Equation 2.1).

From the values reported in Table 3.3-3.5, the Lippert-Mataga plot of BTE-NA, BTA
and BTTA was obtained (Figure 3.30). It could be evidenced from the plot that the excited
BTE-NA, BTA and BTTA has a higher dipole moment than that of ground state BTTE, which
is probably due to the photoinduced charge transfer from electron rich anisole rings to the
electron deficient benzobisthiadiazole moiety. Hence, BTTE exhibits different emission

spectra in various solvents.
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Table 3.3 Spectral Properties of BTE-NA in Various solvents

Absorption Emission
Stokes shift
Solvents maximum maximum | Af
(cm™)
(nm) (nm)
Cyclohexane 379 464 4833 0.001
Toluene 415 530 5228 0.015
THF 395 601 8678 0.209
Chloroform 394 585 8287 0.185
Table 3.4 Spectral Properties of BTA in Various solvents
Absorption Emission
Stokes shift
Solvents maximum maximum | Af
(cm™)
(nm) (nm)

cyclohexane 379 494 6142 0.001
Toluene 400 539 6447 0.015
THF 374 577 9406 0.209
Chloroform 390 601 9002 0.185
Acetone 382 634 10405 0.287
Acetonitrile 389 670 10781 0.304

Table 3.5 Spectral Properties of BTTA in Various solvents
Absorption Emission
Stokes shift
Solvents maximum maximum | Af
(cm™)
(nm) (nm)

Cyclohexane 362 488 7132 0.001
Toluene 379 527 7410 0.015
Chloroform 375 570 9122 0.185
THF 367 558 9327 0.209
Acetone 381 618 10075 0.287
Acetonitrile 385 636 10260 0.304
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Fig. 3.30 Lippert-Mataga plots: A) BTE-NA, B) BTA and C) BTTA.
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3.3.5 Thermal stability of BTE-NA, BTA and BTTA in various solvents

The energy barrier, which correlates with the ground-state energy difference between the
open and the closed forms, contributes to the stability of the photogenerated closed-ring
isomers. In fact, the change in aromatic character of six-membered ethene from open to
closed form during the course of photocyclization can control the ground-state energy
difference. With the strong aromaticity of the central ethene bridge, the energy barrier for the
cyclo-reversion thus becomes smaller. Hence, the thermal back reaction is ready to take
place.”” As expected, c-BTE-NA is unstable even at 293 K due to the large difference in
ground state energy before and after irradiation. As illustrated in Table 3.6, the absorbance at
around 710 nm for BTE-NA could be completely bleached within 35 min, indicating the great
loss of aromaticity after photocyclization reaction. The thermal back reaction rates for
¢-BTE-NA are 1.01 x 107 ,1.27 x 10° ,3.10 % 102 and 3.71 x 10> s in cyclohexane, toluene,
THF and acetonitrile, respectively, monitored by CCD camera mounted on a spectrometer and
CARY in kinetic mode (Figure 3.31). More impressively, the decay becomes much faster in
chloroform (1.80 x 10" s™, Table 3.7). The experimental data were fitted with Equation
3.2

kr = -In[(A- Ax)/( Ao~ Ax)] Equation 3.2
where A, A and 4 are the initial, infinite absorbance and absorbance at z(s), respectively.
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Fig. 3.31 The monoexponential (first order) decay model and experimental thermal fading kinetics

monitored at 708, 717, 716, 719 nm in: A) cyclohexane (8.67 x 10” mol L), B) toluene (8.26 x 10~ mol
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L'l), C) THF (6.23 x 10~ mol L'l), and D) acetonitrile (1.43 x 10 mol L'l) at 293 K, respectively (black
line: data measured; cyan line: the first order decay model fitted; red line: the absorbance residuals at
testing time). Inset: the first order decay model parameters. Note: Due to the fast bleaching rate of BTE-NA
in acetonitirle and low signal to noise ratio, the experiment of picture D was carried out on an absorption
spectrophotometer (CARY) in scanning kinetic mode. Thus, the residuals were omitted due to the small

amount of data points.

Table 3.6 Spectrokinetic data of thermal bleaching for BTE-NA in various solvents at 293 K

Solvents Amax (nM) i (3) k(107 s™ Ao

cyclohexane 708 647.5 1.01 0.863
toluene 717 581.4 1.27 0.919
THF 716 2153 3.10 0.660
acetonitrile 719 182.2 3.71 0.150

[a] k and A, are the fitted parameters from Equation 1; Anax, 712 and 4y are obtained from the experimental

data.

Table 3.7 Spectrokinetic data of thermal bleaching for BTE-NA, BTA and BTTA in chloroform at 293 K

Jimax(nm) 712 (5) k(s Ao
BTE-NA 719 3.89 1.80 x 10 0.28
BTA 657 458 x 10* 1.52 x 107 1.63
BTTA 655 ] el 0.87

[a] Data could not be obtained.

Generally, the decrease in aromaticity can greatly increase the bistability of BTE system.
Due to the decrease of aromaticity, c-BTA shows no obvious thermal back reaction in
non-polar solvents like toluene even at 328 K. However, ¢-BTA is not stable in polar solvents
such as chloroform, which was found to follow similar first order decay with a constant of
1.52 x 10° s (Figure 3.32), four orders of magnitude slower than that of BTE-NA (1.80 x
10" s™). As shown in Figure 3.36 and Table 3.7, BTA exhibits first order decay in chloroform
with a half-life (z)2) of 4.58 x 10” s, much slower than that of BTE-NA (3.89 s). The different
thermal back rates in the system of BTE-NA and BTA are apparently due to the difference in

activation energy of the thermal cyclo-reversion in various solvents.
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Fig. 3.32 Thermal stability of BTA in chloroform (1.67 x 10 mol L) at 293 K. The thermal back

reaction rate was

found to be 1.52 x 107 s™!

by fitting the time profile into the first order decay.
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Fig. 3.33 A, B) Thermal stability of BTTA in cyclohexane (7.35 x 10” mol L™ at 293 K; C) Thermal
stability of BTTA in toluene (6.12 x 10” mol L") at 328 K; D) Thermal stability of BTTA in chloroform
(1.27 x 10 mol L") at 293 K; E, F) Thermal stability of BTTA in acetonitrile (3.67 x 10 mol L) at 293
K.
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Fig. 3.34 Thermal back reaction of BTE-NA, BTA and BTTA in chloroform at 293 K. Inset: the enlarged

graph is the thermal back reaction of BTE-NA in chloroform at 293 K.

In contrast, no obvious thermal back reaction could be observed for BTTA at dark and
273 K for a prolonged time. As a matter of fact, BTTA preserves very promising thermal
stability with almost flat decays, and does not show any thermal back reaction in various
solvents like cyclohexane, toluene, chloroform and even in acetonitrile at dark and 293 K
(Figures 3.33). Even, the pure closed form was successfully separated on aluminum oxide
eluted with CCly and dichloromethane (volume ratio = 4:1, Figure 3.19). At elevated
temperature (328 K) in toluene, BTTA does not show any obvious decrease in its absorbance
at 655 nm after 800 min (Figures 3.33 C).

Furthermore, the absorption bands of BTTA in the visible region could be gradually
bleached as a result of the photochromic back reaction upon irradiation at 575 nm, showing a
typical photo-responsive back reaction. However, for BTE-NA and BTA, the photochromic
reaction could be reverted either by thermal back reaction at dark in polar solvents or on
irradiation at 575 nm. Thus, considering the high polarity and electron-withdrawing tendency
of the benzobisthiadiazole unit, the incorporation of an extremely high polar, low aromatic
unit with benzobisthiadiazole as the center ethene bridging unit can finally lead to the
thermally irreversible photochromic system, which can even be comparable to the
photochromic performances of parent BTEs, such as the widely known five-membered
hexafluorocyclopentene-based counterparts.

3.3.6 DFT calculation of BTE-NA, BTA and BTTA
To gain further insight into the aromaticity-controlled thermal stability, the calculations

were performed with the Gaussian 09 program.”” The geometries were optimized with PBEO
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functional®’ and 6-31G(d,p) basis set. The energies obtained from the small basis set
optimizations are not accurate enough. On the basis of the optimized structures, more accurate
energy determinations can be achieved by performing single-point calculations with the larger
basis set 6-311+G(d,p). The solvent effect is taken into account within the polarizable
continuum model®® in the single-point calculations.

For BTTA, BTA and BTE-NA, the open-ring isomers are more stable than the
closed-ring isomers in both vacuum and solvents. Destabilization due to the destruction of the
aromatic thiophene rings and central ethene bridges during the course of cyclization increases
the ground-state energy of the closed-ring isomers.””) Generally in BTE derivatives, the
cyclo-reversion reaction in the ground states has to overcome the energy barriers correlating
with the ground-state energy differences. The calculated values of ground-state energy
difference between the open and closed isomers for BTTA, BTA and BTE-NA are -4.93,
-10.16, and -20.44 kcal/mol in vacuum, respectively (Tables 3.2 and Table 3.8). When the
ground-state energy difference is large, the energy barrier becomes small and the
cyclo-reversion reaction readily takes place. On the other hand, the reaction barrier becomes
large when the ground-state energy difference is small. In the case of c¢-BTTA, the
cyclo-reversion reaction could not occur easily in the ground state compared to c-BTE-NA
and c-BTA. Accordingly, the destabilization energy, which correlates with the decrease in
aromaticity during the course of photocyclization, is lower in BTTA than in BTA, and much
lower than in BTE-NA. The small energy difference between the open and closed forms

results in excellent thermal stability of c-BTTA in a variety of solvents.

Table 3.8 Optimized ground state energies for the ring-open and ring-closed isomers of BTE-NA, BTA

and BTTA
vacuum
BTTA -3116.7960 a.u.
c-BTTA -3116.7881 a.u.
AE" -4.93 kcal/mol
BTA -2610.5194 a.u.
c-BTA -2610.5033 a.u.
AE" -10.16 kcal/mol
BTE-NA -2695.5039 a.u.
c-BTE-NA -2695.4713 a.u.

AE" -20.44 kcal/mol
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3.3.7 Photochromic behavior of BTE-NA, BTA and BTTA in bulky crystal and sol-gel
system

Single crystals of the open forms of BTE-NA, BTA and BTTA were grown by slow
evaporation of the corresponding solutions in mixed solvents of THF-MeOH, THF-H,0 and
CHCI3-MeOH, respectively. X-ray crystal structure analyses revealed that in all these crystals
only parallel conformations are observed, indicating that all these three systems cannot
undergo photocyclization in the single crystal state!*. For the crystal of BTE-NA (Figure
3.35), two molecules are arranged in a head-to-tail fashion to afford a dimeric moiety by the
intermolecular C-H--O hydrogen bonds with H---O distances of 2.43 A, and C-H--O angles of
174°. Interestingly, weak O---C interactions are observed between naphthalimide and methoxy
units, with the O--C distances of 3.120(2) A, which is smaller than the sum of the van der
Waals Radii for O and C atoms. These interactions may be understood as electrostatic
interactions between the electron-rich O atom and the electron-deficient naphthalimide carbon
atom. For the crystal of BTA (Figure 3.36), multiple intermolecular C-H---O hydrogen bonds
are found involving the methoxy O atoms and phenyl C-H moieties, with H---O distances of
2.48 A, and C-H--O angles of 160°. Thus, the interesting supramolecular linear structures are
formed by these interactions.

For the crystal of BTTA (Figure 3.37), S---m interactions are observed with the shortest
S--C distances of 3.412(5) A. Similar to that observed in the crystal of BTE-NA, weak O--C
interactions are also observed between benzobisthiadiazole and methoxy units, with the O---C
distances of 3.12(5) A. Thus, a linear structure is formed by these interactions (Figure 3.37).
From these observations, it is reasonable to assert that the multiple intermolecular interactions
stabilize and fix the conformations of the molecules. Thus, only the parallel conformations are
observed. In contrast, the previously reported BTTE without methoxy groups adopt
anti-parallel conformation due to the lack of wide occurrence of intermolecular
interactions.!"'®) Obviously, the methoxy group plays an important role in these crystals due to
the presence of the electron-rich O atoms. Moreover, BTTA forms a twin crystal. The
asymmetric nature of the twin crystal and cooperative intermolecular interactions finally lead
BTTA to form a three dimensional tube-like structure. Apparently, the variation in the
six-membered ethene bridges from naphthalimide and benzothiadiazole to
benzobisthiadiazole plays a key role in modulating intermolecular interactions, thus affecting
the packing of these molecules.

Furthermore, the distance of the double bonds for central ethene bridges within
naphthalimide (C3-C4), benzothiadiazole (C6-C11) and benzobisthiadiazole (C4-C5) are
1.398(2), 1.383(4) and 1.371(5) A, respectively (Figure 3.35-3.37). Generally, the typical
bond length is ca.1.54 A for C-C single bond and 1.33 A for double bond. Exactly, among



ECOLE NORMALE SUPERIEURE DE CACHAN - 101 -

three compounds, the relative short bond length indicates that the C4-C5 bond in BTTA is
closer to a typical double bond. It is consistent with the aromaticity tendency:

benzobisthiadiazole < benzothiadiazole < naphthalimide.
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Fig. 3.35 Left) ORTEP representation of the crystal structure of BTE-NA with displacement ellipsoids
shown at the 25% probability level. Selected bond lengths (A): C2-C3, 1.426(2); C4-C5, 1.411(2); C3-C4,
1.398(2). Right) View of a dimeric unit in the crystal of BTE-NA, formed by C-H--O hydrogen bonds and

O---C interactions.
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Fig. 3.36 Top) ORTEP representation of the crystal structure of BTA with displacement ellipsoids shown
at the 25% probability level. Selected bond lengths (A): C6-C7, 1.442(4); C10-C11, 1.435(4); C6-Cl1,
1.383(4). Down) View of a linear structure formed by multiple C-H--O hydrogen bonds in the crystal of
BTA.

Fig. 3.37 Top) ORTEP representation of the crystal structure of BTTA with displacement ellipsoids
shown at the 25% probability level. Selected bond lengths (A): C5-C6, 1.452(5); C3-C4, 1.454(5); C4-C5,
1.371(5). Down) Side view of the linear structure of BTTA. Hydrogen atoms are omitted for clarity.
Selected atom distances: S--C, 3.412(5) A; O--C, 3.121(5) A.
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Table 3.24  Crystal Structure Determinations of BTE-NA, BTA and BTTA

Compounds BTE-NA BTA BTTA
Empirical formula C4oH35N04S, C30H24N>0,S5 C30H2oN40,S4
Formula weight 657.81 540.69 598.76
Temp, K 133(2) 133(2) 293(2)
Crystal system triclinic monoclinic triclinic
Space group P-1 P2i/n P-1
a, A 11.4898(12) 7.5004(9) 12.301(4)
b, A 11.9884(13) 28.647(3) 12.559(4)
c, A 14.1549(15) 12.1653(14) 19.099(6)
a, deg 106.272(2) 90.00 91.007(6)
B, deg 111.923(2) 92.673(2) 103.522(6)
vy, deg 101.837(2) 90.00 102.920(7)
Volume, A’ 1627.9(3) 2611.0(5) 2788.6(15)
V4 2 4 4
density(calc), 1.342 1.375 1.426
mg/mm’

. 3
crystal size,mm

index ranges

reflections collected

independent 7033[R(int) = 0.0296]  5698[R(int) = 0.0307] 9518 [R(int) = 0.0306]
reflections
GOF on F° 1.088 1.158 1.011
final R indices R;=0.0416, wR;, = R;=0.0533, wR;, = R;=0.0518, wR,=0.1098
[>=2c ()] 0.1260 0.1374
Largest diff. peak 0.43 and -0.35 0.574 and -0.448 0.216 and -0.220

and hole / e A~

0.35 x 0.15 x 0.05
-14<h<14,-15<k<
13,-17<1< 18
12582

0.40 x0.20 x0.18
-9<h<9,-36<k<
35,-14<1<15
19898

0.23 x0.11 x0.09
-14<h<14,-14<k<7,-22

<1<22
13570

However, considering the good photochromic performance of BTE-NA, BTA and BTTA
in organic solvents, it is expected that the parallel arrangements in the single-crystal state can
shift to the anti-parallel conformation in solution due to the loss of the above-mentioned
cooperative interactions in the well-ordered crystal state. Therefore, it is reasonable that the
photochromic behavior can be distinctively different between the crystalline and solution
phases. As a further case illustrated (Figure 3.38-3.40), BTE-NA, BTA and BTTA also

exhibit excellent photochromic properties and defined thermoreversible properties in an
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organogel system.!'””"** A stable gel with BTE-NA (1.66 x 10° wt%), BTA (1.28 x 10~
wt%), BTTA (1.59 x 10° wt%) dopants were formed around 20 w/w% Poloxamer 407
(Boluoshamu 407 with the molecular distribution of 9840-14600) in water, and showed an
extraordinary sol-gel phase transition temperature around 28 °C. Irradiation of the
thermoreversible organogel with UV 365 nm leads to the appearance of a new absorbance
band around 719 nm for BTE-NA, 655 nm for BTA, and 497 and 655 nm for BTTA, which
could be bleached by irradiating with visible light at 575 nm.

Fig. 3.38 Photography images of color changes and sol-gel phase transition of BTE-NA doped in

thermosensitive organogel (1.66 X 107 wt%) upon irradiation at UV (365 nm) and visible light (575 nm).

<28°C
>28°C

Fig. 3.39 Photography images of color changes and sol-gel phase transition of BTA doped in

thermosensitive organogel (1.28 x 107 wt%) upon irradiation at UV (365 nm) and visible light (575 nm).
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<28°C
>28°C

<28°C
>28°C

Fig. 3.40 Photography images of color changes and sol-gel phase transition of BTTA doped in

thermosensitive organogel (1.59 x 10~ wt%) upon irradiation at UV (365 nm) and visible light (575 nm).
3.4 Conclusions

Three compounds BTE-NA, BTA and BTTA, containing electron withdrawing groups of
naphthalimide, benzothiadiazole and benzobisthiadiazole as six-membered ring bridges, were
specifically designed and synthesized. The three ethene bridges with different degree in
aromaticity can give a systematical comparison in the thermal stability evolution for their
corresponding closed forms. They show typical photochromic performance with considerably
high cyclization quantum yields and high fatigue resistance in solution. The decrease of the
aromaticity in ethene bridges can increase the thermal stability of closed form at room
temperature. c-BTE-NA shows first order decay in various solvents, while ¢-BTA is only
stable in nonpolar solvents. The less aromatic property of BTTA gives rise to the
unprecedented thermal stability in various solvents even at elevated temperature in toluene. In
well ordered crystal state, all three compounds adopt parallel conformer, and BTTA forms a
three dimensional tube like structure due to the strong 7 - © stacking interactions and weak
electrostatic interactions between the electron-rich oxygen atom on methoxy and carbon atom
on the electron-deficient benzobisthiadiazole moiety. Furthermore, the fluorescence of
BTE-NA, BTA and BTTA could be modulated by photochromism and solvatochromism. This
work contributes to the understanding of aromaticity controlled thermal stability of the ethene

bridge and novel building blocks for the photochromic BTE systems.
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Chapter 4 Nonlinear Optical Materials Based on Benzothiadiazole

4.1 Introduction

A current challenge is the development of efficient strategies for the design of switchable
nonlinear optical (NLO) materials.'”"** As most molecules with large first
hyperpolarizability values f comprise m systems that are asymmetrically endcapped with
donor and acceptor moieties, various strategies have been explored to alter the electron-donor
(or acceptor) capacity of the end groups using external stimuli such as redox methods and

protonation/deprotonation reactions.!'**'*

Another elegant approach to the reversible
switching of NLO properties is the use of photochromic compounds.!*”"'* Among them,
BTEs derivatives are the most promising because of their good fatigue resistance, the
remarkable thermal stability of both isomers, and the rapid response time, which are
prerequisite conditions for practical applications. The design of the photoresponsive NLO
switch has been mainly focused on the asymmetric synthesis by introducing donor and
acceptor on the two sides of the aryl substituent to form a typical D-n-A system after
photocyclization. Thus, we introduced directly the acceptor of benzothiadiazole as central
ethene bridge to form D-m-A structure to circumvent the possible difficulty in organic
synthesis, providing a new concept to the designing of the photoswitchable NLO materials

(Figure 4.1).

BTA

Fig. 4.1 Photochromic systems based on benzothiadiazole substituted by carbozole, triphenylamine and

anisole. The blue, green and red parts are donor, © system and acceptor, respectively.
4.2 Experiment section

4.2.1 Instruments and Reagents
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'H NMR and ">C NMR spectra were recorded on Bruker Avance IIT 400 or 500 MHz
with tetramethylsilane (TMS) as an internal reference recorded at room temperature. MS were
recorded on a Waters ESI mass spectroscopy. Absorption and fluorescence spectra were
recorded on UVIKON 933 (Kontron instruments) and FluoroMax-3 (Horiba Jobin-Yvon),
respectively. Fluorescence lifetime measurements were measured (see Appendix I for detailed
information). The photochromic property was evidenced and characterized by following in
situ the absorption spectra under continuous irradiation (see Appendix [ for detailed
information).

4.2.2 Synthetic route to the target and intermediate molecules

(HO).B

Pd(PPhs)s Na,C Oy

1,4-dioxane

N\ |
d(PPhy) Na2003@

1,4-dioxane

Fig. 4.2  Synthetic routes to novel BTEs with benzothiadiazole as ethene bridges, carbozole,
triphenylamine and anisole as substituent.

4.2.3 Preparation of target and intermediate molecules

4.2.3.1 3-(4-bromo-5-methylthiophen-2-yl)-9-ethyl-9H-carbazole

Br Br
0 () oy ) B
" &~ “B(OH), g O s

In a 100 mL single necked flask, 3-bromo-9-ethyl-9H-carbazole (1.52 g, 5.56 mmol),
4-bromo-5-methylthiophen-2-ylboronic acid (1.23 g, 5.56 mmol), 45 mL of THF, 30 mL of 2
M Na,COs (aq), and Pd(PPhs)s (0.1 g) were introduced. The reactive mixture was refluxed
under protection of argon for 12 h. The resulting mixture was poured into water and extracted
with dichloromethane. The organic layer was separated and dried with Na,SO4. The solvent
was removed under vacuum. The crude product was purified by chromatography eluted with
petroleum ether to give a white solid 0.5 g. Yield: 25%. '"H NMR (500 MHz, CDCls, ppm):



-108 - ECOLE NORMALE SUPERIEURE DE CACHAN

1.44 (t, J = 7.2 Hz, 3 H, -CHj3), 2.44 (s, 3 H, -CH3), 4.38 (m, 2 H, -CHy-), 7.13 (s, 1 H,
Thiophene-H), 7.26 (m, 1 H, carbozole-H), 7.38 (m, 2 H, carbozole-H), 7.49 (m, 1 H,
carbozole-H), 7.62 (dd, J, = 8.48 Hz, J,= 1.6 Hz, 1 H, carbozole-H), 8.11 (d, /J=7.7 Hz, 1 H,
carbozole-H), 8.22 (d, /= 1.38 Hz, 1 H, carbozole-H).

4232 BTC

(HO)2B
\\s S=N
Ny ! Br
+ E—
O Br
- )

In a single necked flask, 4,5-dibromobenzo[c][1,2,5]thiadiazole (54 mg, 0.18 mmol),
5-(9-ethyl-9H-carbazol-3-yl)-2-methylthiophen-3-ylboronic acid (0.2 g, 0.59 mmol), 20 mL
of dioxane, 20 mL of 2 M Na,COs(aq), and Pd(PPhs3)4 (0.1 g) were introduced. The reactive

mixture was allowed to reflux for 20 h. The resulting mixture was poured into water and

extracted with dichloromethane. The organic layer was separated and dried with Na,SO4. The
solvent was removed under vacuum. The crude product was purified by chromatography
eluted with CCly: ethyl acetate = 75:1 to give a yellow solid 20 mg. '"H NMR (500 MHz,
CDClIs, ppm): 1.41 (m, 6 H, -CH3), 2.14 (s, 3 H, -CH3), 2.33 (s, 3 H, -CH3), 4.33 (m, 4 H,
-CHy-), 6.93 (m, 1 H, carbazole-H), 7.04 (m, 2 H, carbazole-H), 7.36 (m, 8 H, carbazole-H),
7.59 (dd, J,= 8.5 Hz, J,= 1.6 Hz, 1 H, carbazole-H), 7.67 (dd, J,= 8.47 Hz, J,= 1.6 Hz, 1 H,
carbazole-H), 7.81 (s, 1 H, Thiophene-H), 7.83 (s, 1 H, Thiophene-H), 7.93 (d, J=7.71 Hz, 1
H, carbozole-H), 8.06 (d, J = 9.01 Hz, 1 H, carbazole-H), 8.16 (d, J = 1.4 Hz, 1 H,
carbazole-H), 8.25 (d, J = 1.4 Hz, 1 H, carbazole-H). >°C NMR (CDCls;, 100 MHz): 13.83,
13.87, 14.29, 14.57, 37.64, 108.50, 108.71, 108.73, 117.65, 117.73, 118.93, 119.91, 120.60,
120.63, 122.80, 122.91, 123.36, 123.38, 123.98, 124.17, 124.45, 124.98, 125.52, 125.83,
125.86, 128.49, 133.26, 133.93, 135.06, 136.60, 136.81, 137.53, 139.37, 140.32, 140.35,
141.56, 154.32, 155.26. HRMS (TOF EI for M+): caled. for C44H34N4S3Na, 737.1843; found
737.1840.

4.2.3.3 4-bromo-N,N-diphenylaniline

a0 | o0
O O
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In a three necked flask, triphenylamine (2 g, 8.16 mmol) dissolved in 25 mL of DMF in
an ice bath was introduced. NBS (1.45 g, 8.16 mmol) was then added by portion. The reactive
mixture was allowed to warm to room temperature and stirred for 12 h. The resulting mixture
was poured into water and recrystallized with hexane for several times until the purity is
satisfactory evidenced by HPLC to yield a white solid 1.8 g. Yield: 68%.

4.2.3.5 4-(4-bromo-5-methylthiophen-2-yl)-N,N-diphenylaniline

Br
I\

Br
QLY . QL s
N + / \ . N
@ (Ho)zB/@\ @

In a 250 mL single necked flask, 4-bromo-N,N-diphenylaniline (3 g, 9.28 mmol),
4-bromo-5-methylthiophen-2-ylboronic acid (2.05 g, 9.28 mmol), 70 mL of THF and 70 mL
of 2 M Na,COs (aq), Pd(PPhs)4 (0.25 g) were introduced. The reactive mixture was refluxed
under protection of argon for 24 h. The resulting mixture was poured into water and extracted
with dichloromethane. The organic layer was separated and dried with Na,SO4. The solvent
was removed under vacuum. The crude product was purified by chromatography eluted with

petroleum ether to give a white solid 1.6 g. Yield: 44.8%.

4.2.3.6 BTT

In a single necked flask, 4,5-dibromobenzo[c][1,2,5]thiadiazole (100 mg, 0.34 mmol),
5-(4-(diphenylamino)phenyl)-2-methylthiophen-3-ylboronic acid (0.3 g, 0.77 mmol), 40 mL
of dioxane, 35 mL of 2 M Na,COs(aq), and Pd(PPhs3)4 (0.1 g) were introduced. The reactive
mixture was allowed to reflux for 15 h. The resulting mixture was poured into water and
extracted with dichloromethane. The organic layer was separated and dried with Na,SO4. The

solvent was removed under vacuum. The crude product was purified by chromatography
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eluted with petroleum ether: ethyl acetate = 100:1 to give a yellow solid 150 mg. '"H NMR
(500 MHz, CDCl3, ppm): 2.06 (s, 3 H, -CH3), 2.22 (s, 3 H, -CH3), 6.88 (s, 1 H, Thiophene-H),
7.02 (m, 8 H, -Ph-H), 7.11 (m, 10 H, -Ph-H), 7.25 (m, 7 H, -Ph-H), 7.31 (d, /= 8.6 Hz, 2 H,
-Ph-H), 7.35 (d, /= 8.6 Hz, 2 H, -Ph-H), 7.71 (d, /=9 Hz, 1 H, -Ph-H), 8.02 (d, /=9 Hz, 1 H,
-Ph-H). °C NMR (CDCls;, 100 MHz): 13.27, 13.57, 118.93, 121.90, 122.00, 122.70, 122.74,
123.33, 123.40, 124.13, 125.30, 125.40, 127.16, 127.25, 127.63, 128.23, 128.26, 132.24,
132.79, 134.31, 135.47, 135.78, 136.52, 138.90, 139.15, 145.85, 146.04, 146.43, 146.49,
153.21, 154.11. HRMS (TOF EI for M+): caled. for CspH33N4S3Na, 837.2156; found
837.2153.

4.3 Results and discussion

4.3.1 Molecular design and synthesis

Figure 4.2 illustrates the synthetic route to the three target molecules. BTC, BTT and
BTA were obtained via typical Suzuki coupling between 4,5-dibromo-2,1,3-benzothiadiazole
and the corresponding boronic acid. The mono-substituted byproduct could be suppressed by
controlling the ratio between 4,5-dibromo-2,1,3-benzothiadiazole and boronic acid. Dioxane
was used for the Suzuki coupling instead of THF in order to increase the reactivity and
temperature, which finally facilitates the separation process. Generally speaking, all the
synthetic routes were classic organic reactions with cheap starting materials and reagents,
mild conditions and comparatively high yields.
4-(4-bromo-5-methylthiophen-2-yl)-N,N-diphenylaniline has to be purified several times to
remove the  byproducts of  4-bromo-N-(4-bromophenyl)-N-phenylaniline  and
tris(4-bromophenyl)amine. The introduction of carbazole into the side aryl groups could
greatly decrease the solubility of the target molecule BTC, thus, CCly was used instead of
petroleum ether due to the excellent solubility and low polarity.

2,1,3-benzothiadiazole has been proven to be an excellent acceptor due to its wide

71230y general, the designing principle has been

application in solar cells and in sensors.
mainly confined to the asymmetric synthesis of the side aryl substituted by electron donor and
acceptor respectively. The whole system should generate a relatively small f value before
irradiation as the interruption of D-m-A structure. The interrupted D-m-A structure was
restored after irradiation at 365 nm to yield an increased first hyperpolarizability values
p. The principle has been proven to be effective in several cases, however, it costs tedious
organic synthesis and steps. Hence, we directly link the donor to the central ethene bridge
2,1,3-benzothiadiazole due to its strong electron withdrawing ability, which could
intrinsically form a D-n-A structure. Usually, there exists parallel and anti-parallel conformer

in the ring open form. The perpendicular conformer of thiophene rings to the central ethene
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bridge could make the D-n-A system less effective as evidenced by its strong ICT character.
Thus, we anticipate the increased f after cyclization reaction due to the restored D-m-A
system.
432 'H NMR, 3C NMR and Mass characterization

Figure 4.3-4.4 and Figure 4.6-4.7 illustrate the 'H NMR spectrum of BTC and BTT. The
chemical shifts of methyl groups on thiopene rings are similarly located at 2-2.5 ppm. The
two signals corresponding to methyl groups are the result of asymmetric nature of
2,1,3-benzothiadiazole. No parallel and anti-parallel conformers are observable due to the fast
rotation of single bond. The multipeaks were the result of coupling between neibouring
protons. The chemical shift on ethyl of BTC was decided by the distance away from the
cabazole ring. The closer to the ring, the lower field of the signal is. The signal of methylene
directly connected with nitrogen was even at 4.30 ppm. Figure 4.5 and Figure 4.8 demonstrate
the >C NMR of BTC and BTT. For BTC, five are at high field and others are at low field.
The total number of the signal is 38, which is in accordance with total carbon species within
the molecule. For BTT, two are at high field and others are at low field. The total number of

the signal is 31, which is in accordance with total carbon species within the molecule.
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'H NMR of BTC in CDCl; (low field)

Fig. 4.4
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HRMS spectrum of BTC
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Fig. 4.10 HRMS spectrum of BTT

4.3.3 UV-Vis absorption spectra of BTC, BTT and BTA

All three compounds can easily dissolve in a solvent mixture of hexane:THF = 4:1 to
yield a pale yellow solution with an intense absorption band at ca.300-350 nm and another
moderate absorption band at ca. 380-490 nm in various solvents (Table 4.4 and Figure 4.11).
From the comparison between TD-DFT calculation (Gaussian03, B3LYP, 6-31g(d,p)) and
UV-Vis spectra, we could deduce that the UV absorption at ca. 300 nm for BTC is mainly
composed of HOMO-2—LUMO, HOMO-3—-LUMO, HOMO-4—LUMO,
HOMO-4—LUMO, HOMO-3—LUMO; the absorption at ca. 400 nm is mainly composed of
HOMO—LUMO, HOMO-1—LUMO transitions. The UV-Vis absorption of BTT at ca. 350

nm is mainly composed of HOMO—LUMO+1, HOMO-1—-LUMO+1, HOMO—LUMO+2;

ca. 425 nm is mainly composed of HOMO—LUMO, HOMO-1—-LUMO, HOMO-2—LUMO.
The UV-Vis absorption of BTT at ca. 300 nm is mainly composed of HOMO-2—LUMO; ca.
400 nm is mainly composed of HOMO—LUMO, HOMO-1—LUMO (Figure 4.10 and Table
4.1-4.3, Table 4.5). As expected, upon light irradiation at 365 nm, the solution of BTC, BTT
and BTA quickly turns green with moderate low lying bands at 670 nm (c-BTC), 687 nm
(c-BTT), 652 nm (c-BTA) (Figure 4.11), indicative of the appearance of the corresponding
closed form produced by the characteristic photocyclization. The significant bathochromic
shift in absorption bands of the closed forms relative to their open forms is mainly due to the
extended m-conjugation across the whole moiety. The clear isobestic point strongly indicates

that the photochromic reaction through excited state is simply composed of open and closed
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1somers. The typical photochromic properties of BTC, BTT, BTA and their corresponding
closed forms (c-BTC, ¢-BTT and ¢-BTA) are summarized in Table 4.4. Notably, the ring
closure quantum yield of BTC, BTT and BTA increased with the increase of bulky substituent.
The ring closure quantum yields for BTC, BTT and BTA in mixture solvents hexane: THF =
4:1 are 52.6%, 67.5% and 48.4% respectively. This may be ascribed to the dominance of

anti-parallel conformer after the introduction of a large substituent.
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Fig. 4.11 Franck-Condon electronic transitions of BTC, BTT and BTA calculated by TD-DFT (using
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3000 cm™ gaussian bandwidth)

Table 4.1 Composition of the main electronic transitions of the open and closed forms of BTC

Open form

HOMO =187/ LUMO = 188

Closed form

HOMO =187 / LUMO = 188

Transition 1

Transition 2

Transition 3

Transition 4

Transition 5

HOMO—-LUMO 100%
HOMO-1—-LUMO 100%

HOMO-2—-LUMO 95%

HOMO-3—LUMO 79%
HOMO-4—LUMO 17%
HOMO-4—LUMO 70%
HOMO-3—LUMO 24%

HOMO—LUMO 100%
HOMO—LUMO+1 90%

HOMO-1—LUMO 7%
HOMO—LUMO+2 78%
HOMO-1—-LUMO 18%
HOMO-1—-LUMO 63%
HOMO—LUMO+2 24%
HOMO—LUMO+3 97%

Table 4.2 Composition of the main electronic transitions of the open and closed forms of BTT

Open form

HOMO =213 /LUMO =214

Closed form

HOMO =213 /LUMO =214

Transition 1

Transition 2

Transition 3

Transition 4

Transition 5

HOMO—LUMO 100%
HOMO-1—-LUMO 100%

HOMO-2—-LUMO 98%

HOMO-3—=LUMO 92%
HOMO—LUMO+1 46%
HOMO-1—=LUMO+1 21%
HOMO—LUMO+2 18%

HOMO—LUMO 100%
HOMO—LUMO+1 83%
HOMO-1—-LUMO 10%
HOMO-1—-LUMO 87%
HOMO—LUMO+1 6%
HOMO-2—LUMO 100%

Table 4.3 Composition of the main electronic transitions of the open and closed forms of BTA

Open form

HOMO =141/ LUMO = 142

Closed form

HOMO = 141/ LUMO = 142

Transition 1

Transition 2

Transition 3

HOMO—LUMO 100%
HOMO-1—LUMO 100%

HOMO-2—=LUMO 100%

HOMO—LUMO 100%
HOMO—LUMO+1 88%
HOMO-1—-LUMO 12%
HOMO-1—-LUMO 70%
HOMO—LUMO+2 26%
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Table 4.4  Absorption properties of the open and closed forms of BTC, BTT and BTA in THF:Hexane =

1:4 and the reaction quantum yields

/Lnax(nm)/g(lo3 M cm'])

D, D" Conversion at PSS(%) Open ring Closed ring

BTC 52.6 0.347 95.23 303/66.1 373/28.9
430/20.4
670/14.6
BTT 67.5 0.085 99.76 345/52.7 407/31.3
687/19.6
BTA 48.4 0.196 96.13 308/57.8 330/44.9
411/26.1
652/18.4

*Reaction quantum yields and conversion, measured under irradiation at 365 nm in THF:Hexane = 1:4.

°Ring opening quantum yield in THF : Hexane = 1:4, measured at Ay of closed-ring isomer.
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Fig. 4.12  Spectral changes of UV—-Vis absorption of A) BTC; B) BTT; C) BTA upon irradiation at 365
nm (in a mixture solvent of THF : Hexane =1 : 4, 2.12 % 107 mol~L'1, 2.06 x 107 m01~L'1, 2.09 x 107
mol-L™"). The photostationary states were obtained by irradiating solutions with 365 nm light until no

further spectral changes were observed.
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4.3.4 Emission spectra of BTC, BTT and BTA before and after irradiation

Generally speaking, the fluorescence quenching of photochromic compounds at low
concentration is due to the disappearance of the fluorescent open form and the
non-fluorescent property of the closed form. Thus, the conversion yield is usually compatible
with the percentage of quenched fluorescence. Interestingly, the fluorescence of BTC and
BTT were slightly quenched after photocyclization reaction, which is probably due to the
existence of multi emission components. The emission peak at 400 nm for BTC is coming
from the local excitation of carbazole due to the non co-planarity of carbazole with the central
ethene bridge, while the emission at 528 nm is due to the typical ICT emission. To further
investigate the origin of the fluorescence, TCSPC (Time-correlated single photon counting)
method was used to measure the lifetime. As deduced from Figure 4.13, the lifetime analysis
of BTC and BTT are both multi-exponential, indicating the existence of multi emission
components. Interestingly, the lifetime decreased dynamically, indicating a possible energy

transfer within the system.

350 400 450 500 550 600 650 45 500 550 600 650 700
Wavelength (nm) Wavelength (hm)

Wavelength (nm)

Fig. 4.13 Fluorescence changes of A) BTC; B) BTT; C) BTA excited at the isobestic point of 344 nm,
375 nm, 320nm upon irradiation at 365 nm (in a mixture solvent of THF : Hexane =1 : 4, 2.12 x 10°
mol'L™", 2.06 x 10 mol-L™", 2.09 x 10” mol-L™"). The photostationary states were obtained by irradiating

solutions with 365 nm light until no further spectral changes were observed.
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Fig. 4.14 The fluorescence decay of BTC in (A) THF excited at 360 nm and monitored at 587nm (B)

CCly: hexane = 1: 9 excited at 360 nm and monitored at 500nm. The optical density was controlled below

0.1.

Table 4.5 Molecular orbitals of BTC and BTT involved in the main electronic transitions

BTC, open form BTC, closed form
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HOMO-3 HOMO-3

Note: Molecular orbitals were drawn with an iso-coefficient of 0.03

4.3.5 Second harmonic generation (SHG) signal changes of BTC, BTT and BTA before and
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after irradiation
4.3.5.1 General introduction to SHG

A) ) second harmonic wave

( ~<
original photon
("pump wave”)

—— D d a,

laser light source .
- nornineer crystal prism residual wave

Fig.4.15 A) Generation of SHG signal; B) Energy-level diagram describing second-harmonic generation

Nonlinear optics (NLO) is the study of optical phenomena that occur in the presence of a
strong perturbation, for example light. In such a situation, the intensity of the response of a
material system does not follow a linear law vs. the intensity of the light. Only laser light is
sufficiently intense to induce such a response. The beginning of NLO is often taken to be the

discovery of second-harmonic generation (SHG) by Franken et al. (1961),"'*

shortly after the
demonstration of the first laser by Maiman in 1960. As illustrated in Figure 4.14A, when an
intense incident light goes through a nonlinear crystal, w, is frequency-doubled to generate

w,, in which w, = 2w,. SHG is modeled as follows equation 4.1:
P"(w, +w,) = Ng, E E B, +w,,0,,0)E*(®,)E (®, Equation 4.1

Biik 1s second-order hyperpolarizability of the molecules in the material, and PM is the
polarization. In the case of SHG, m = n. In addition, nonlinear susceptibility x*; can be
represented as follows equation 4.2:

(2)

x3 (0, +0,0,0)=¢?(0,+0,0,0)NB (0, +0,0,0) Equation 4.2

In addition, we shall notice that second-order nonlinear optical interactions can
practically occur only in non-centrosymmetric crystals: that is, in crystals that do not display
inversion symmetry. Otherwise, x®;;=0. !'**

Under proper experimental conditions, the process of SHG can be so efficient that a
large proprotion of the power in the incident beam at frequency w, is converted to radiation at
the second-harmonic frequency 2w,. One common use of second-harmonic generation is to
convert the output of a fixed-frequency laser to a different spectral region. For example, the
Nd:YAG laser operates in the near infrared at a wavelength of 1.06 um. SHG is routinely
used to convert the wavelength of the radiation to 0.53 um, in the middle of the visible
spectrum. SHG can be visualized by considering the interaction in terms of the exchange of
photons between the various frequency components of the field. According to this picture,
which is illustrated in part (B) of Fig. 4.14, two photons of frequency w, are converted to one

photon of frequency 2w, in a single quantum mechanical process. The solid line in the figure
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represents the atomic ground state, and the dashed lines represent what are known as virtual
levels. These levels are not energy eigenlevels of the free atom but rather represent the energy
of one or more photons of the radiation.
4.3.5.2 SHG signals of BTC, BTT and BTA before and after irradiation

EFISH (Electric-Field Induced Second Harmonic Generation)'*”) and HRS
(Hyper-Rayleigh Scattering)!'**! are common methods to determine the value of 8 and S. As
illustrated in Figure 4.15, the values of uf for the chromophores are measured using the
electric-field induced second harmonic generation (EFISH) technique. The amplified
nanosecond Nd*":YAG laser at 1.06 um and 10 Hz repetition rate pumps a hydrogen Raman
cell so as to obtain a larger wavelength (1.907 um) for which both the fundamental and
harmonic frequencies are far away from the resonance of the investigated molecule. A Schott
RG 1000 filter is used to filter out any remaining visible light from the laser flash lamp.
Suitable neutral density filters are used to control the power of the incident beam and a half
wave plate and polarizer are used to set the incident polarisation along the direction of the
applied electric field. In addition, a band pass filter is mounted in front of the detection
photomultiplier (PMT) along with a filter to remove any remaining radiation at the
fundamental wavelength. A high voltage (5 kV), synchronized with the 1.907 um laser pulse,
is applied across the EFISH cell containing the solution. The EFISH cell consists of a
stainless steel container with two quartz optical windows, which are fixed to form a wedge
shaped cavity within the cell. The interelectrode distance is 2 mm, giving a static electric field
around 25 kV-em™. The cell is mounted on an electrically isolated translation stage. The
whole cell is then translated horizontally relative to the incident beam to produce Maker
fringes. Every measurement is referenced separately to the Maker fringes of the pure
reference solvent (Hexane:THF = 13:12) used to dissolve the chromophores. A home made
computer program is used to calculate the interfringe distance and the fringe amplitude. These

data are then used to calculate the yf value of the chromophore.

PMT for EFISH
—] Detector
_| control oltage control High voltage
T |

‘ |
m@\,/

cell

computer

/ {  Laser power

Fig. 4.16 Measurement of SHG signal. The red frame contains the setup of HRS, while the green frame
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contains the setup of EFISH.

As illustrated in Figure 4.16, the SHG signal of BTA was recorded in Hexane:THF =
13:12 by EFISH. We can clearly find the Maker fringes from pure dicloromethane (Figure
4.16A. However, no Maker fringes could be distinguished from pure Hexane:THF = 13:12
and BTA in dissolved in Hexane:THF = 13:12 before and after irradiation at 365 nm for 16 h.
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Fig. 4.17 EFISH measurement of A) signals of pure DCM; B) signals from a solvent mixture of
THF:Hexane = 13:12; C) BTA (1.03x% 107 mol-L']) in a solvent mixture of THF: Hexane = 13: 12; D) PSS
of BTA (1.03x 10 mol-L™") in a solvent mixture of THF:Hexane = 13:12 after irradiation at 365 nm for 16
h.

To further investigate the SHG signals of BTA before and after irradiation, we obtained
the single crystal of BTA from a solvent mixture of THF and water (Figure 4.17). BTA adopts
a centrosymmetric packing form due to the strong m-..m interaction between
benzothiadiazole rings. According to the abovementioned theory, second-order NLO
phenomena can occur only in non-centrosymmetric crystals, that is, in crystals that do not
display inversion symmetry. The centrosymmetric packing of BTA in crystal state provides a

possible explanation to the absence of SHG signal of BTA in the bulk crystal state.
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Fig. 4.18 Crystal structure of BTA obtained from the mixture solvents of THF and H,O. The crystal
analysis reveals that BTA adopts a centrosymmetric packing, which makes it impossible to generate any

SHG signals in crystal state. The methyl group was omitted for clarity.
4.4 Conclusions

A novel photoswitchable NLO material has been synthesized based on
2,1,3-benzothiadiazole. The strategy for the designing of NLO switchable system was based

on the difference in efficiency in D-n-A structure before and after irradiation caused by the
coplanarity between donor and benzothiadiazole ring. However, due to the strong m--*

w interaction and planarity of benzothidiazole ring, the compounds adopt central symmetric

packing form in single crystal state. Thus, no signals could be recorded from powder test.
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Chapter 5 Photochromic System Based on 2,1,3-Benzothiadiazole

5.1 Iridium complex utilizing a 2,1,3-benzothiadiazole based photochromic unit as

ligand

Nowadays, to improve photochromic properties and photoswitching functionality,
exploitation of molecules involving the diarylethene moiety as ligand to form metal
complexes has drawn much more attention, especially efforts on the investigation on
phosphorescence involving triplet-excitation of the metal complexes.""*’ These metal complex
systems have shown novel properties that can be potentially applied as photosensitizers for
the photochromic activity, since the perturbation of the photochromic properties of the

diarylethene moiety upon coordination to the metal center has been observed.

Fig. 5.1 2,1,3-benzothiadiazole based photochromic unit as complex ligand

5.1.1 Instruments and Reagents

'"H NMR and “C NMR spectra were recorded on Bruker Avance III 400 MHz
spectrometers with tetramethylsilane (TMS) as an internal reference recorded at room
temperature. CDCl; was used as solvents. HRMS were recorded on a Waters LCT Premier
XE spectrometer with methanol or acetonitrile as solvents. Absorption and fluorescence
spectra were recorded on Varian Cary 500 and FluoroMax-3 (Horiba Jobin-Yvon),
respectively. The photochromic property was evidenced and characterized by following in
situ the absorption spectra under continuous irradiation (see Appendix [ for detailed
information).

5.1.2  Synthetic route to the target and intermediate molecules

5.1.2.1 BTP
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4,5-dibromo-2,1,3-benzothiadiazole (0.2 g, 0.7 mmol) was dissolved in dioxane (35 mL),
Pd(PPhs)s (0.10 g) was added, and the resulting mixture was stirred for 15 min at room
temperature. Then aqueous Na;CO;3 (30 mL, 2.0 mol L) was added. The reactive mixture
was heated and refluxed at a temperature of 60 °C and a solution of
2-methyl-5-(pyridin-2-yl)thiophen-3-ylboronic acid (0.6 g, 2.70 mmol) dissolved in 5 mL
dioxane was added dropwise via a syringe. Subsequently the mixture was refluxed for 15 h,
and cooled to room temperature. The reactive mixture was poured in H,O and extracted with
ether. The organic layer was separated and dried with Na,SO4. After concentration, the
compound was purified by column chromatography on silica gel (Petroleum ether: ethyl
acetate = 5: 1 v/v) to yield a yellow solid (70 mg, yield 57%). '"H NMR (500 MHz, CDCls,
ppm): 2.10 (s, 3 H, -CHj3), 2.26 (s, 3 H, -CH3), 7.11 (m, 2 H, -Pyridine-H), 7.29 (s, 1 H,
Thiophene-H),7.50 (m, 1 H, -Pyridine-H), 7.62 (m, 2 H, -Pyridine-H), 7.73 (d, /=10 Hz, 2 H,
-Ph-H), 8.04 (d, /=10 Hz, 1 H, -Ph-H), 8.54 (m, 2 H, -Ph-H)

5.1.2.2 BTP-Ir complex

Iridium comple x

A Schlenk flask was charged with anhydrous IrCls (10 mg, 0.033 mmol) and
2-ethoxyethanol (6 mL). The mixture was stirred at room temperature for 12h. Then BTP (50
mg, 0.103 mmol) was added to the flask. The mixture was refluxed for 24 h and cooled to
room temperature. To the reaction mixture were added acetylacetone (3 mL, 0.072 mmol) and
Na,CO; (10 mg, 0.096 mmol). The mixture was heated at 80 °C for 15 h. Then, after cooling
to room temperature, the reaction mixture was poured into H,O (5 mL) and extracted with
dichloromethane. The TLC plate shows no products except for the two starting materials. The

resulting reaction solution was diluted to the measurable concentration of UV, and the
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resulting spectrum shows no difference compared to the BTP photochromic compound.

5.2 NLO photoswitchable system based on 2,1,3-benzothiadiazole as central ethene

bridge with extended r system

5.2.1 Molecule design and synthesis

Previouly, we reported a novel NLO photoswitchable system based on
2,1,3-benzothiadiazole as central ethene bridge in Chapter 4. However, no obvious maker
fringe could be recorded by EFISH method due to the centrosymmtric property of BTA in the
crystal state. To further exploit the intrinsic acceptor property of 2,1,3-benzothiadiazole in a

D-m-A system, herein, we synthesized a photochromic compound with an extended w system
and a large substituent, hoping to avoid the centrosymmetric property caused by strong 7=+

7 interaction between benzothiadiazole rings as well as to increase the NLO efficiency of
D-m-A structure.

5.2.2  Synthetic route to the target molecule

PPh,Br ~
<l o ALY
HBr — = N 0 >
Br B(OH)2
B 2
S

S \

SN
| BuLl ( j N Br
©\ Trlmethyl borate *
Br

Fig. 5.2 Synthetic routel to the target molecule

The target molecule DTPA was synthesized through two routes. As found during the
synthetic manipulation, direct Suzuki coupling between 2,1,3-benzothiadizole and

(E)-5-(4-(diphenylamino)styryl)-2-methylthiophen-3-ylboronic acid as illustrated in synthetic
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routel could not yield any product due to the vulnerable property of the double bond between
thiophene and triphenylamine when treated with BuLi. To circumvent the formation of double
bond before the treatment of BuLi, 5-formyl-2-methylthiophen-3-ylboronic acid was prepared
to couple with the ethene bridge. Unfortunately, the conversion yield is pretty low. However,
after the protection of aldehyde as well as boronic acid before Suzuki coupling, the
conversion yield could be greatly enhanced. Further Wittig reaction between
4,4'-(benzo[c][1,2,5]thiadiazole-4,5-diyl)bis(5-methylthiophene-2-carbaldehyde) and
triphenylamine could give DTPA with a considerable yield.

Br ﬁ Br B(OH), ﬁ O/\B/’Q
B OH OH BT oH OH
S 0 —_— B
q Trimeth yI borate (¢ S o S
o 0

f} 9'/“ A

—_—
PPh,Br >

Fig. 5.3 Synthetic route2 to the target molecule

5.2.3.1 Triphenylphosphine hydrobromide
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In a 100 mL flask with condenser, hydrobromic acid (13 mL, 48% wt aqueous) and
triphenylphosphine (4 g, 15.26 mmol) were introduced. The temperature was slowly increased
to 70 °C and then kept at the same condition for 5 min. Then, the reaction was cooled and
extracted with chloroform. The solvent was removed under vacuum and the liquid was then

solidified with EtOAc to yield 3.8 g of the product. M.p. 180°C.

5.2.3.2 Witting reagent

Q0™ QD Qe
Q O Q

(4-(diphenylamino)phenyl)methanol (1.05 g, 3.8 mmol) and PPh;.HBr (1.37 g, 4 mmol)
were dissolved in 20 mL chloroform and refluxed for 2 h. After removing the solvent, the
residue was solidified with ether and filtrated to obtain 2.25 g of a white solid of
TPA-PPh;3.Br, yield 98.7%. M. p. > 250 °C.

5.2.3.3 5-formyl-2-methylthiophen-3-ylboronic acid

Br

B(OH
gag ™
LO/ s T o ‘S

0o

In a 250 mL schlenk tube, 2-(4-bromo-5-methylthiophen-2-yl)-1,3-dioxane (2.5 g, 9.5
mmol) and dried THF (40 mL) were introduced. Then, the mixture was cooled to -78 °C in an
acetone-liquid nitrogen bath. n-butyllithium (7 mL, 1.6 mol'L" in hexane) was added
dropwise within few minutes. After an hour, trimethyl borate (2 mL) was added. The resulting
mixture was allowed to react for another 2 h at -78 °C and 1 h at room temperature. The
reaction was then quenched by 3 N HCI and stirred for another 2 h. The mixture was then
extracted with ethyl acetate and separated by column chromatography (acetone: petroleum
ether = 1: 1) to give a pale brown solid 0.9 g. Yield: 55.7%. 'H NMR (400 MHz, DMSO,
ppm): 2.66 (s, 3 H, -CHs), 8.08 (s, 1 H, Thiophene-H), 8.17 (s, 2 H, -OH), 9.78 (s, 1 H,
-CHO). *C NMR (DMSO, 75 MHz): 16.72, 139.87, 145.11, 159.83, 183.62

5.2.3.4 2-(5-(1,3-dioxan-2-yl)-2-methylthiophen-3-yl)-1,3,2-dioxaborinane
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To a 50 mL single necked flask was added 5-formyl-2-methylthiophen-3-ylboronic acid
(0.68 g, 4 mmol), 1, 3-propanediol (0.63 g, 8.4 mmol) dissolved in 25 mL toluene. The
mixture was allowed to reflux for 3.5 h. After the reaction, toluene was removed by rotary
evaporator to give pale yellow oil like product. The product was pure enough according to the

TLC and was used directly without any purification and characterization.

5.2.3.5 Synthesis of
4,4'-(benzo[c][1,2,5]thiadiazole-4,5-diyl)bis(5-methylthiophene-2-carbaldehyde)

,O \
B N
B +
0 S Br

L/O Br

To 100 mL rounded flask was added boronic acid (1.4 g, 5.22 mmol),
4,5-dibromobenzothiadiazole (0.58 g, 2 mmol), Pd(PPhs)s (60 mg), dioxane (30 mL), 2 M
Na,COs (aq) (30 mL). The mixture was refluxed for 25 h. Then, the reactant was poured into
3N HCI and stirred for 3h. Subsequently, the resulting water phase was extracted with ethyl
acetate, separated by column with a mixture of petroleum de ether: ethyl acetate = 2:1 to give
570 mg of the product. Yield: 57%. '"H NMR (400 MHz, CDCl;, ppm): 2.14 (s, 3 H, -CHs),
2.29 (s, 3 H, -CH3), 7.37 (s, 1 H, Thiophene-H), 7.56 (s, 1 H, Thiophene-H), 7.63 (d, J=9.2
Hz, 1 H, -Ph-H), 8.10 (d, 1 H, J=9.2 Hz, -Ph-H), 9.73 (s, 1 H, -CHO), 9.78 (s, 1 H, -CHO)

5.2.3.6 DTPA
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To a 100 mL rounded flask was added aldehyde (100 mg, 0.26 mmol), 10 mL DMF and
10 mg 18-crown-6. TPA (0.45 mg, 0.78 mmol) dissolved in 10 mL DMF was added dropwise
to the flask. After 6 h reaction at room temperature, the reactant was poured into water to give
a mixture orange solid of £ and Z form. The collected solid was dried in vacuum and
dissolved in 40 mL THF with catalyst amount of iodine to be refluxed for 6 h. The reactant
was poured into water, extracted with ethyl acetate, separated by column with a mixture of
(petroleum ether: ethyl acetate = 15: 1 v/v)to give 36 mg. '"H NMR (400 MHz, DMSO, ppm):
1.97 (s, 3 H, -CHs), 2.15 (s, 3 H, -CH3), 6.68 (d, /=4 Hz, 1 H, -CH=CH-), 6.72 (d, /=4 Hz,
1 H, -CH=CH-), 6.81 (s, 1 H, Thiophene-H), 6.86 (dd, J1=9 Hz, J,=2 Hz, 4 H, -Ph-H), 6.95
(s, 1 H, Thiophene-H), 6.98 (m, 12 H, -Ph-H), 7.10 (d, /= 16 Hz, 1 H, -CH=CH-), 7.16 (d, J
=16 Hz, 1 H, -CH=CH-), 7.28 (t, J = 8 Hz, 8 H, -Ph-H), 7.38 (dd, J,= 8 Hz, J/,= 6 Hz, 4 H,
-Ph-H), 7.74 (d, /=9 Hz, 1 H, -Ph-H), 8.11 (d, /=9 Hz, 1 H, -Ph-H)

5.3 Optical properties and photochromism

BTP in hexane:THF = 4:1 and DTPA appeared to be pale yellow, which have absorption
bands at 400 nm and 374 nm before irradiation, respectively. Upon UV irradiation at 365nm,
the solution of BTP and DTPA quickly turned deep green and green yellow with new bands
appearing in the visible region around 680 nm and 720 nm (Figures 5.4 and 5.7), which
correspond to the intramolecular charge transfer (ICT) transition band of the closed form
produced by photocyclization. Moreover, the ¢c-BTP and ¢-DTPA can be bleached on
irradiation of visible light (4 >575 nm, Figures 5.5 and 5.8). No obvious back reaction was
observed for a prolonged time in the dark monitored at different wavelengths (Figure 5.6), but
a slight thermal back reaction was observed for DTPA in hexane (Figure 5.9). The fatigue
resistance test was carried out in the solvent ratio of hexane:THF = 4:1 for BTP and in hexane
for DTPA. The compound can be toggled between the open form and closed form by
alternating the UV lamp (365 nm) and visible lamp (575 nm) for at least ten cycles but ca.
12% and 5% degradation were observed for BTP and DTPA, respectively (Figures 5.5 and
5.8).
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Fig. 5.4 Spectral changes of UV-Vis absorption of BTP upon irradiation at 365 nm. (in a mixture solvent

of hexane:THF = 4:1, 2 x 10™ mol-L™") The photostationary state was obtained by irradiating BTP with 365

nm light until no spectral changes were observed.
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Fig. 5.5 Modulation of absorbance at 675 nm of BTP in a solvent mixture of hexane: THF = 4: 1 upon

alternating illumination between UV (365 nm, shaded regions) and visible (575 nm, unshaded regions)

light. Obvious degradation was observed within ten cycles.
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Fig. 5.6 Evolution of the absorbance (kinetic mode on CARY absorption spectrophotometer) overnight of

BTP (in a mixture solvent of hexane: THF = 4:1, 2 x 10 mol-L™) after stopping UV irradiation.
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Absorption spectra upon UV irradiation: immediately after stopping the irradiation (before), and after

leaving the sample in the dark for 800 min (after).
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Fig. 5.7 Spectral changes of UV-Vis absorption of DTPA upon irradiation at 365 nm (in hexane, 2.07 x

10° mol-L™"). The photostationary state was obtained by irradiating DTPA with 365 nm light until no

spectral changes were observed.
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Fig. 5.8 Modulation of absorbance signals at 730 nm of DTPA in hexane upon alternating irradiation by
UV lamp (365 nm, 3.02mW, shaded regions) and visible laser (730 nm with the input power of 900 mW

for 25 min for each cycle, unshaded regions).
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Fig. 5.9 Evolution of the absorbance (kinetic mode running on CARY absorption spectrophotometer)
overnight of DTPA (in hexane, 2.07 x 10” mol-L™") after stopping UV irradiation. Absorption spectra upon

UV irradiation: immediately after stopping the irradiation (before), and after leaving the sample in the dark

for 800 min (after).

5.4 Conclusions

The main purpose of this chapter was to develop the photochromic compounds utilizing
2,1,3-benzothiadiazole to form photochromic complex and photoswtichable NLO materials.
However, the complexation reaction could not be achieved in abovementioned conditions and

the extended mt system does not show any SHG before and after irradiation.
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Chapter 6 Conclusions

The dissertation is focused on the synthesis and study of novel BTEs with different
central ethene bridges. The systems designed were carefully selected according to their
difference in aromaticity realizing the evolution of thermal stability, thus demonstrating how
the aromaticity of central ethene bridge affects the thermal stability of corresponding closed
form.

In chapter 2, we incorporated high polar and electron-withdrawing chromophores of
benzobisthiadiazole units as a novel family of six-membered ethene bridge to realize good
photochromic performance with excellent fatigue resistance in solution as well as in crystal
state. The fluorescence can be modulated by solvato- and photochromism due to the strong
electron mobilization before and after irradiation. Additionally, a lower aromaticity of the
central ethene moiety in BTEs leads to a higher thermal stability of the closed form. Since the
ethene bridge with six-membered ring has its own advantages such as higher quantum yield in
ring closure and longer absorption wavelength, we demonstrated that the six-membered ring
with non-aromaticity as the center ethene bridge might widely extend the diversity in the
thermally irreversible photochromic systems.

In chapter 3, we systematically reported the synthesis and photochromic properties of
three ethene bridges with different degrees in aromaticity (BTE-NA, BTA and BTTA), which
achieved obvious thermal stability evolution, and realizes the fluorescence modulation by
solvato- and photo-chromism in the six-membered ethene bridged photochromic systems. An
extremely low aromatic property of the central ethene bridge with benzobisthiadiazole unit
finally leads to an unexpected thermally irreversible photochromic system (BTTA). Moreover,
the small energy barrier between the parallel and anti-parallel conformers allows the full
conversion from BTTA to c-BTTA. For the first time, the three ethene bridges with different
degrees in aromaticity give a systematical comparison in the thermal stability evolution for
their corresponding closed forms. This work contributes to the understanding of
aromaticity-controlled thermal stability of photochromic systems based on six-membered
rings as ethene bridges, and broadening novel building blocks for the photochromic BTE
systems.

In chapter 4, benzothiadiazole was introduced directly as central ethene bridge as well as
acceptor to form D-n-A structure to achieve efficient photoswitchable nonlinear optical (NLO)
materials. The strategy for the design of NLO switchable systems was based on the difference

in efficiency in D-mt-A structure before and after irradiation caused by the coplanarity between
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donor and benzothiadiazole ring. However, due to the strong 7t-+m interaction and planarity of

benzothidiazole ring, the compounds adopt a centrosymmetric packing in single crystal state.
In chapter 5, photochromic complex and photoswitchable NLO materials based on
2,1,3-benzothiadiazole were developed. However, the complexation reaction could not be
finished in conventional conditions and the extended m system does not realize controllable
Maker fringes before and after irradiation probably due to the centrosymmetric properties of

DTPA.
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Appendix I

Fluorescence lifetimes were measured by the time-correlated single-photon counting
(TCSPC) method with femtosecond laser excitation using a Spectra-Physics set-up composed
of a Titanium Sapphire Tsunami laser pumped by a doubled YAG laser Millennia, pumped
itself by two laser diode arrays. Light pulses at 700 nm were selected by optoacoustic crystals
at a repetition rate of 4 MHz, and then frequency-doubled at 350 nm. Fluorescence photons
were detected through a monochromator by means of a Hamamatsu MCP R3809U
photomultiplier, connected to a constant-fraction discriminator. The time-to-amplitude
converter was purchased from Tennelec. The fluorescence data were analyzed by a nonlinear
least-squares global method using the Globals software package developed at the Laboratory
for Fluorescence Dynamics at the University of Illinois at Urbana-Champaign. POPOP was
used as reference compound for lifetime measurements.

Photochromic reaction was induced in situ by a continuous wavelength irradiation
Hg/Xe lamp (Hamamatsu, LC6 Lightningcure, 200 W) equipped with narrow band
interference filters of appropriate wavelengths (Semrock HgO1 for Ai, = 365 nm, Semrock
BrightLine FF01-575/25-25 for Air = 575 nm). The irradiation power was measured using a
photodiode from Ophir (PD300-UV). The photochromic quantum yields were determined by
probing the sample with a xenon lamp during the photochromic reaction. Absorption changes
were monitored by a CCD camera mounted on a spectrometer (Princeton Instruments).
Kinetic profiles were analyzed by an Igor-implemented home-made software. All chemicals
are commercially available and analytical grade. All solvents used in organic synthesis were

dried before use.
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Appendix 1I

Table 11 1 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters

(A*x10%) for BTTE. Ugq is defined as 1/3 of of the trace of the orthogonalised Uyy tensor.

Atom x y z U(eq)
S 7346(4) 6073(3) 4541.4(16) 19.4(5)
S2 8573(3) 6128(3) 188.2(18) 20.0(5)
S3 2013(3) 1553(3) -995.5(16) 19.9(5)
S4 947(3) 734(3) 3310.2(16) 17.3(5)
NI 7077(10) 4422(10) -499(6) 19.9(16)
N2 8029(11) 5906(9) 1202(6) 19.4(16)
N3 3741(11) 1006(10) 1113(5) 20.1(16)
N4 2226(11) -115(9) 156(5) 17.3(15)
c1 7124(14) 2902(11) 3722(7) 20.1(18)
C2 6856(13) 4425(11) 3569(6) 17.117)
c3 6282(13) 4862(11) 2743(6) 16.9(17)
C4 6246(13) 6518(11) 2893(6) 16.5(17)
Cs 6764(12) 7319(10) 3844(6) 15.7(16)
C6 6820(14) 9021(11) 4247(7) 23(2)
C7 5654(12) 3792(10) 1775(6) 14.1(11)
C8 6601(13) 4424(11) 1025(7) 17.9(17)
9 6093(13) 3578(11) 56(7) 16.4(17)
C10 4558(12) 1966(11) 2226(6) 15.0(16)
cll 3690(13) 1340(11) 485(6) 15.4(16)
C12 4204(12) 2227(10) 1510(6) 14.1(11)
Ci13 3097(13) 1459(11) 2152(6) 17.6(17)
Cl4 2950(13) -176(11) 2291(6) 18.8(18)
15 1851(13) 2725(11) 2909(7) 19.5(18)
C16 2083(12) 2089(10) 2673(6) 14.2(16)
c17 1473(14) 22308(11) 3236(7) 21.1(19)
Cig 1869(13) 3743(11) 2727(7) 18.9(18)

Table Il 2 Anisotropic Displacement Parameters (A°x10%) for BTTE. The Anisotropic displacement

factor exponent takes the form: —2n2[hza*2U1 1+...+2hkaxbxUj;]
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Atom Usy Un Uss Usn Uss Un,
S1 28.1(12) 11.2(10) 14.7(10) 1.7(7) 2.6(8) 3.7(9)
S2 18.6(11) 15.7(11) 28.3(12) 10.4(9) 9.9(9) 5.1(9)
S3 19.8(11) 17.9(11) 14.7(11) 22.4(8) -1.3(8) 3.1(9)
sS4 20.1(11) 12.9(10) 18.5(11) 4.5(7) 7.5(8) 4.0(8)
N1 11(3) 24(4) 27(4) 12(3) 8(3) 6(3)
N2 21(4) 12(4) 23(4) 4(3) 7(3) 3(3)
N3 18(4) 28(4) 10(3) 13) 2(3) 5(3)
N4 18(4) 15(4) 16(4) 3(3) 3(3) 4(3)
Cl 22(4) 13(4) 21(5) 0(3) 3(3) 6(3)
C2 21(4) 10(4) 18(4) 4(3) 2(3) 3(3)
c3 23(4) 13(4) 14(4) 3(3) 3(3) 6(3)
C4 19(4) 15(4) 15(4) 13) 2(3) 7(3)
Cs 18(4) 8(4) 18(4) 3(3) 2(3) 3(3)
C6 26(5) 11(4) 25(5) 3(3) 5(4) 1(4)
c7 193) 5(2) 17(3) 4.1(18) 3(2) 2(2)
Cs 16(4) 18(4) 22(4) 7(3) 7(3) 5(3)
C9 18(4) 13(4) 22(4) 9(3) 9(3) 6(3)
C10 133) 15(4) 17(4) 4(3) 7(3) 3(3)
Cl1 19(4) 11(4) 17(4) 5(3) 4(3) 5(3)
C12 193) 5(2) 173) 4.1(18) 3(2) 2(2)
C13 25(4) 12(4) 16(4) 5(3) 11(3) 4(3)
Cl4 21(4) 9(4) 17(4) 2(3) -1(3) 3(3)
Cl15 19(4) 14(4) 22(5) 2(3) 5(3) 3(3)
Cl16 18(4) 12(4) 10(4) 0(3) 0(3) 6(3)
C17 27(5) 11(4) 22(5) 3(3) 4(4) 6(4)
CI8 22(4) 11(4) 22(5) 5(3) 10(4) 1(3)

Table II 3 Bond Lengths for BTTE.

Atom Atom Length/A Atom Atom Length/A
S1 Cs5 1.723(9) C5 Cé6 1.503(12)
S1 C2 1.748(9) C5 C4 1.377(12)
S2 N2 1.620(8) C7 C12 1.395(11)
S2 N1 1.603(9) C7 C3 1.470(12)

S3 N4 1.628(8) C8 C7 1.483(12)
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S3 N3 1.610(8) C8 C9 1.411(13)

S4 Cl15 1.721(10) C10 C9 1.451(12)

S4 Cl6 1.719(09) C10 Cl1 1.405(12)

N1 C9 1.336(11) C12 C11 1.491(12)

N2 C8 1.346(12) C12 C13 1.457(12)

N3 C10 1.346(11) Cl4 C13 1.454(13)

N4 Cl1 1.340(11) C15 C17 1.495(13)

C2 Cl1 1.468(12) C15 Cl4 1.364(13)

C3 C2 1.371(12) Cl6 C13 1.354(12)

C3 Cc4 1.449(12) Clé6 C18 1.511(12)

Table II 4 Bond Angles for BTTE.

Atom Atom Atom Angle/* Atom Atom Atom Angle/*
N1 S2 N2 100.3(4) Cc7 C12 C13 124.3(8)
N1 C9 C8 114.2(8) C8 N2 S2 106.4(6)
N1 C9 C10 128.0(8) C8 C9 C10 117.8(8)
N2 C8 Cc7 122.8(8) C9 N1 S2 106.5(7)
N2 C8 C9 112.6(8) C9 C8 Cc7 124.6(8)
N3 S3 N4 100.9(4) C10 N3 S3 105.7(6)
N3 C10 C9 128.0(8) C10 Cl1 C12 124.8(8)
N3 C10 Cl1 113.9(8) Cl11 N4 S3 105.4(6)
N4 Cl1 C10 114.1(8) Cl11 C10 C9 117.9(8)
N4 Cl1 C12 121.0(8) C12 C7 C8 117.7(8)
Cl1 C2 S1 120.2(7) C12 C7 C3 124.2(8)
C2 C3 Cc7 125.9(8) C13 C12 Cl1 118.4(7)
C2 C3 Cc4 113.9(8) C13 Cl6 S4 111.6(6)
C3 Cc7 C8 118.0(7) C13 Cl16 C18 127.8(8)
C3 C2 S1 109.0(7) Cl4 C15 S4 109.5(7)
C3 C2 Cl 130.8(8) Cl4 C15 C17 127.6(9)
C4 C5 S1 110.1(6) Cl4 C13 C12 121.3(8)
C4 C5 Coé 126.6(8) C15 Cl4 C13 114.1(9)
C4 C3 Cc7 120.2(8) Clé6 S4 CI15 93.5(4)
Cs5 S1 C2 94.1(4) Clé6 C13 C12 127.3(8)
Cs Cc4 C3 113.0(8) Clé6 C13 Cl4 111.4(8)
Coé C5 S1 123.4(7) C17 C15 S4 122.9(7)
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C7 C12 Cl1 117.2(8) C18 Cle6 S4 120.6(6)

Table 11 5 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A*x<10%) for

BTTE.
Atom x y z U(eq)
HIA 6020 2194 3887 30
H1B 8217 3179 4233 30
HI1C 7311 2338 3147 30
H4 5909 6990 2399 20
H6A 8111 9795 4417 35
H6B 6302 9007 4806 35
H6C 6082 9349 3777 35
H14 3551 -794 1985 23
H17A 1970 -3001 2869 32
H17B 128 -2871 3148 32
H17C 2078 -2069 3900 32
H18A 2612 4482 3327 28
H18B 557 3593 2675 28
H18C 2302 4206 2213 28

Table 11 6 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters

(A*x10%) for BTE-NA. Ugq is defined as 1/3 of of the trace of the orthogonalised Uyy tensor.

Atom x y z U(eq)
S1 22753.1(4) 3442.8(4) 1322.0(4) 20.62(13)
S2 158.9(4) 1471.3(4) -267.9(4) 19.58(13)
NI 5086.4(15) 8070.6(14) 6320.9(12) 20.3(3)
o1 2973.2(14) 7976.7(13) 6011.6(11) 26.7(3)
02 7189.2(13) 8167.9(14) 6610.2(12) 30.903)
03 -5238.4(14) 1216.4(13) -4224.9(11) 28.3(3)
04 1087.4(16) 2470.7(15) L4466.7(12) 32.903)
Ci 4037.8(17) 6049.4(16) 4262.1(14) 16.73)
2 3505.6(17) 5049.8(15) 3218.4(14) 16.5(3)
C3 2094.8(17) 4538.9(15) 2524.5(14) 16.23)
C4 1245.3(17) 5026.7(16) 2865.4(14) 16.5(3)
cs 1795.5(17) 6003.8(16) 3912.1(14) 17.13)
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Co
C7
C8
C9
C10
Cl1
Cl12
C13
Cl4
C15
Cleé
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40

3160.7(17)
3699.3(18)
5993.5(18)
5432.6(18)
6285.5(18)
5771.0(19)
4413.8(18)
5644.8(19)
5939(2)
6446(2)
6687(2)
-1013(2)
-1179.2(18)
-225.4(17)
-796.2(18)
2147.1(18)
-2998.4(18)
2414.3(18)
-3187.5(19)
-4574.5(19)
-5187.1(19)
-4391.8(19)
-6648(2)
113.7(19)
678.1(18)
1556.1(17)
1821.8(18)
1116.5(18)
1089.7(18)
2173.3(19)
2140(2)
1022(2)
-49(2)
-7.8(19)
13(2)

6514.5(16)
7560.2(16)
7646.3(17)
6571.9(16)
6101.4(17)
5094.6(18)
4584.7(16)
9135.2(16)
8748.3(17)
9852.6(18)
9476(2)
4241(2)
4158.4(17)
4528.1(16)
4262.3(16)
3654.3(16)
3105.6(16)
2882.3(17)
2282.2(16)
1861.0(16)
2093.7(18)
2717.0(18)
609(2)
1856.0(16)
2357.5(16)
3507.8(16)
3668.9(16)
2655.0(16)
2528.6(16)
3281.6(18)
3237.8(19)
2432.9(18)
1671.6(19)
1721.7(18)
1600(2)

4601.1(14)
5679.7(15)
6016.2(15)
4951.1(15)
4635.1(16)
3617.3(16)
2921.8(15)
7387.1(15)
8360.9(16)
9446.0(16)
10425.8(17)
3569.6(16)
2446.8(15)
2131.4(14)
972.7(14)
407.6(14)
-798.1(15)
-1511.7(15)
-2643.7(15)
-3103.0(15)
2422.5(16)
-1280.1(16)
-4707.4(18)
1763.0(15)
1110.1(15)
1425.0(14)
553.3(15)
-427.9(15)
-1500.8(15)
-1534.0(16)
-2531.7(17)
-3526.2(16)
-3513.7(16)
-2505.6(16)
-5509.6(17)

17.0(3)
18.9(4)
20.7(4)
18.5(4)
21.7(4)
22.6(4)
19.3(4)
23.7(4)
24.3(4)
27.0(4)
32.8(5)
25.7(4)
19.2(4)
17.3(3)
18.4(4)
18.6(4)
18.4(4)
20.8(4)
21.4(4)
21.8(4)
24.5(4)
23.3(4)
34.3(5)
19.9(4)
17.7(3)
17.1(3)
19.0(4)
18.8(4)
18.9(4)
23.6(4)
25.7(4)
23.7(4)
25.0(4)
23.2(4)
32.5(5)




- 158 - ECOLE NORMALE SUPERIEURE DE CACHAN

Table 11 7 Anisotropic Displacement Parameters (A°x10”) for BTE-NA. The Anisotropic displacement

factor exponent takes the form: —2n2[hza*2U1 1+...+2hkaxbxUj;]

Atom Uy Un Uss Un Uss Up
S1 14.7(2) 25.3(2) 17.02) 6.31(18) 5.84(18) 3.21(17)
S2 22.5(2) 15.8(2) 16.7(2) 3.39(16) 9.27(18) 3.03(17)
N1 19.7(8) 16.3(7) 14.4(7) 2.4(6) 2.5(6) 1.5(6)
ol 24.4(7) 23.7(7) 23.2(7) 0.5(5) 9.8(6) 5.8(6)
02 17.7(7) 32.2(8) 25.4(8) 4.4(6) 1.3(6) 1.7(6)
03 28.9(7) 24.0(7) 15.3(7) 3.8(5) 0.3(6) 1.8(6)
04 37.3(8) 42.1(9) 21.6(7) 13.5(6) 17.6(7) 8.6(7)
Cl 16.7(8) 16.8(8) 16.0(8) 8.6(7) 6.4(7) 4.1(6)
C2 17.1(8) 16.4(8) 16.1(8) 8.3(7) 7.0(7) 4.7(6)
C3 18.2(8) 15.3(8) 13.6(8) 6.2(6) 6.5(7) 4.0(6)
C4 14.9(8) 16.6(8) 14.7(8) 6.4(6) 4.5(7) 3.3(6)
Cs 16.7(8) 18.1(8) 15.9(8) 6.9(7) 6.8(7) 5.8(7)
C6 17.4(8) 15.0(8) 15.3(8) 5.7(6) 5.6(7) 3.4(6)
C7 19.2(9) 17.1(8) 17.0(9) 6.8(7) 6.0(7) 4.2(7)
C8 19.09) 20.6(9) 17.409) 8.4(7) 4.3(7) 3.5(7)
C9 17.3(8) 19.0(8) 16.7(8) 9.0(7) 5.0(7) 4.0(7)

C10 14.9(8) 25.3(9) 22.7(9) 12.0(8) 5.8(7) 4.5(7)
Cl1 21.3(9) 25.7(9) 26.7(10) 13.3(8) 13.5(8) 10.8(7)
C12 21.1(9) 18.7(8) 19.1(9) 8.3(7) 10.3(7) 5.4(7)
C13 23.5(9) 15.0(8) 19.1(9) 1.5(7) 2.7(8) 1.7(7)
Cld  26.4(10) 19.5(9) 21.3(9) 5.0(7) 8.7(8) 5.5(7)
Cl5  26.8(10) 23.4(9) 21.5(10) 2.9(8) 8.2(8) 5.2(8)
Cl6  30.5(11) 39.8(12) 23.2(10) 8.4(9) 12.4(9) 8.1(9)
C17 21.9(9) 34(1) 16.7(9) 8.1(8) 8.2(7) 4.9(8)
C18 16.3(8) 20.8(8) 15.8(8) 4.8(7) 5.4(7) 4.6(7)
C19 16.9(8) 15.7(8) 16.4(8) 4.5(6) 6.3(7) 5.4(6)
C20 17.7(8) 17.3(8) 16.1(8) 5.5(7) 6.0(7) 3.5(7)
c21 17.8(8) 18.4(8) 15.8(8) 5.5(7) 5.6(7) 5.0(7)
C22 18.5(8) 15.6(8) 17.0(9) 6.5(7) 4.9(7) 4.0(7)
C23 18.4(8) 19.3(8) 20.7(9) 8.0(7) 6.4(7) 3.7(7)
C24 25.7(9) 19.1(9) 17.109) 8.0(7) 8.0(8) 5.9(7)
€25 25.1(9) 16.2(8) 15.6(9) 6.8(7) 2.1(7) 3.9(7)

C26 18.5(9) 24.4(9) 21.6(9) 8.2(7) 2.2(7) 4.4(7)
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27 21409 24.6(9) 21.809) 8.4(7) 8.5(8) 7.5(7)
C28 27.9(11) 30.0(11) 21.8(10) 10.2(8) -3.8(8) -4.8(8)

29 22409 17.9(8) 17.2(9) 6.5(7) 8.9(7) 3.8(7)

C30 18.0(8) 18.9(8) 16.4(8) 6.6(7) 8.3(7) 6.5(7)

C31 16.2(8) 18.4(8) 15.7(8) 5.9(7) 6.8(7) 6.0(7)

C32 18.7(8) 18.3(8) 19.1(9) 7.2(7) 9.3(7) 4.9(7)

33 19.2(8) 19.7(8) 18.3(9) 7.4(7) 9.9(7) 6.1(7)

C34 22.009) 18.9(8) 17.2(9) 6.5(7) 10.3(7) 7.9(7)

C35  22.8(9) 22.9(9) 20.7(9) 5.1(7) 10.1(8) 3.8(7)

C36 27(1) 26.8(10) 26.1(10) 10.4(8) 16.5(8) 6.5(8)
C37  28.6(10) 28.2(10) 20.6(9) 10.6(8) 15.5(8) 12.5(8)

C38 23309 29.6(10) 16.6(9) 5.3(7) 8.4(8) 5.6(8)

C39 21.4(9) 26.5(9) 18.9(9) 6.4(7) 10.2(8) 4.3(7)
C40 41.6(12) 40.8(12) 19.9(10) 13.7(9) 16.4(9) 16.6(10)

Table II 8 Bond Lengths for BTE-NA.

Atom Atom Length/A Atom Atom Length/A

S1 C18 1.7290(18) Cll Cl12 1.378(3)

S1 C21 1.7347(19) C13 Cl4 1.518(3)

S2 C30 1.7318(18) Cl4 C15 1.525(3)

S2 C33 1.7325(18) C15 Cl6 1.523(3)

N1 Cc7 1.395(2) C17 C18 1.500(3)

N1 C8 1.400(3) C18 C19 1.369(3)

N1 C13 1.476(2) C19 C20 1.428(2)

01 c7 1.224(2) €20 C21 1.365(2)

02 8 1215(2) 21 22 1.471(2)

03 25 1366(2) c22 23 1.404(3)

03 28 1.425(2) c22 27 1.395(3)

04 C37 1.374(2) 23 C24 1.380(3)

04 C40 1.428(3) C24 25 1.389(3)

cl 2 1.423(2) 25 26 1392(3)

ci 6 1.414(3) €26 27 1.396(3)

Cl C9 1.411(2) C29 C30 1.495(2)

C2 C3 1.426(2) C30 C31 1.366(2)

C2 C12 1.418(3) C31 C32 1.429(2)

C3 C4 1.398(2) C32 C33 1.368(2)
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C3 C31 1.491(2) C33 C34 1.471(2)
c4 Cs 1.411(2) C34 C35 1.405(3)
c4 C19 1.490(2) C34 C39 1.392(3)
cs C6 1.384(2) C35 C36 1.384(3)
C6 c7 1.480(2) C36 C37 1.394(3)
cs C9 1.481(2) C37 C38 1.382(3)
C9 C10 1.375(3) C38 C39 1.394(3)

C10 Cl1 1.407(3)

Table II 9 Bond Angles for BTE-NA.

Atom  Atom Atom Angle/* Atom Atom Atom Angle/*
N1 Cc7 Co 117.49(16) C18 S1 C21 92.72(9)
N1 C8 C9 117.39(15) C18 C19 C4 124.92(16)
N1 C13 Cl4 112.57(15) C18 C19 C20 111.90(16)
01 Cc7 N1 120.26(16) C19 C18 S1 111.14(14)
01 Cc7 Co 122.25(16) C19 C18 C17 129.28(17)
02 C8 N1 119.98(17) C20 C19 C4 122.89(16)
02 C8 C9 122.61(18) C20 C21 S1 109.63(13)
03 C25 C24 115.30(17) C20 C21 C22 127.80(17)
03 C25 C26 124.84(17) C21 C20 C19 114.55(16)
04 C37 C36 115.34(17) C22 C21 S1 122.21(13)
04 C37 C38 124.82(18) C22 C27 C26 121.88(18)
Cl C2 C3 119.50(16) C23 C22 C21 119.77(16)
Cl Coé Cc7 120.22(15) C23 C24 C25 120.29(18)
Cl Cc9 C8 120.18(16) C24 C23 C22 121.36(17)
C2 C3 C31 118.80(15) C24 C25 C26 119.85(17)
C3 Cc4 C5 119.33(15) C25 03 C28 117.05(17)
C3 Cc4 C19 120.54(15) C25 C26 C27 119.17(18)
C4 C3 C2 120.09(15) C27 C22 C21 122.74(17)
C4 C3 C31 121.10(15) C27 C22 C23 117.37(17)
Cs Cc4 C19 120.13(15) C29 C30 S2 120.44(13)
Cs Coé Cl 119.82(16) C30 S2 C33 92.87(8)
Cs Coé Cc7 119.95(16) C30 C31 C3 124.27(16)
Co Cl C2 119.57(15) C30 C31 C32 113.04(15)
Co Cs C4 121.67(16) C31 C30 S2 110.47(13)

C7 N1 C8 124.28(15) C31 C30 C29 129.01(16)
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C7 N1 Cl13 118.30(15) C32 C31 C3 122.46(15)
C8 N1 Cl13 117.41(15) C32 C33 S2 110.09(13)
C9 Cl C2 120.05(16) C32 C33 C34 127.80(17)
C9 Cl Co6 120.37(16) C33 C32 C31 113.49(16)
C9 C10 Cl1 120.08(17) C34 C33 S2 122.08(13)
C10 C9 Cl 120.47(17) C34 C39 C38 121.52(18)
C10 C9 C8 119.34(16) C35 C34 C33 119.83(16)
Cl1 C12 C2 121.02(17) C35 C36 C37 120.06(18)
C12 C2 Cl 117.92(16) C36 C35 C34 121.10(18)
C12 C2 C3 122.57(16) C37 04 C40 117.63(16)
C12 Cl1 C10 120.43(17) C37 C38 C39 119.76(18)
C13 Cl4 CI15 111.76(16) C38 C37 C36 119.84(18)
Cleé C15 Cl4 112.56(17) C39 C34 C33 122.38(17)
C17 C18 S1 119.50(14) C39 C34 C35 117.72(17)

Table II 10 Hydrogen Atom Coordinates (Ax10* and Isotropic Displacement Parameters (A*x10°) for

BTE-NA.

Atom x y z U(eq)
H5 1214 6319 4150 20
H10 7223 6457 5105 26
H11 6363 4764 3408 27
H12 4082 3911 2233 23

H13A 5002 9578 7355 28

HI13B 6482 9717 7504 28

H14A 6620 8346 8420 29

H14B 5114 8134 8229 29

HI15A 7293 10448 9592 32

H15B 5783 10278 9371 32

H16A 5852 8885 10286 49

H16B 6991 10212 11098 49

H16C 7371 9087 10524 49

H17A -128 4223 4002 39

H17B -1707 3538 3488 39

H17C -1096 5017 3952 39
H20 -278 4490 624 22

H23 -1467 3150 -1209 25
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H24 -2769 2156 -3111 26
H26 -6135 1831 -2732 29
H27 -4811 2881 -817 28
H28A -6840 80 -4329 51
H28B -6992 99 -5494 51
H28C -7081 1230 -4631 51
H29A 656 2385 2553 30
H29B 124 1012 1638 30
H29C -809 1841 1526 30
H32 2429 4408 646 23
H35 2942 3830 -861 28
H36 2880 3757 -2539 31
H38 -809 1116 -4190 30
H39 -746 1193 -2504 28
H40A -98 758 -5536 49
H40B 214 1681 -6107 49
H40C -815 1765 -5602 49

Table 11 11 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters

(A*x10%) for BTA. Ugq is defined as 1/3 of of the trace of the orthogonalised Uyy tensor.

Atom x y z U(eq)
Si 11593.3(9) 2564.8(2) 331.7(5) 31.48(17)
S2 12204.9(11) L447.5(3) 1047.9(7) 432(2)
s3 10158.3(9) 1441.1(2) 3946.7(5) 31.92(17)
NI 12740(3) -252.6(9) -140(2) 42.2(6)
N2 11645(3) 31.2(8) 1657(2) 36.5(5)
o1 3037(3) 502.1(7) 6221.5(17) 37.7(4)
02 4306(3) 3456.6(6) 2525.3(16) 35.5(4)
Ci 9710(3) 2319.6(9) 880.7(19) 27.1(5)
2 9800(3) 1843.7(9) 815.4(19) 27.1(5)
C3 11376(3) 1670.1(9) 340.6(19) 28.2(5)
C4 12478(4) 2026.1(10) 332) 31.05)
cs 14273(4) 2005.7(11) 1452(2) 39.3(6)
6 11787(3) 1164.5(9) 250(2) 30.5(5)
C7 12436(4) 994.1(10) I73(2) 34.4(6)

C8 12769(4) 537.1(11) -967(2) 36.9(6)
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C9 12485(3) 214.1(9) -106(2) 32.7(6)
C10 11846(3) 375.7(9) 917(2) 30.7(5)
Cl1 11491(3) 860.6(9) 1105(2) 29.2(5)
C12 10761(3) 1005.1(8) 2168(2) 27.6(5)
C13 9141(3) 817.5(8) 2563(2) 27.8(5)
Cl4 8626(3) 1018.4(8) 3511(2) 28.9(5)
Cl15 11493(4) 1341.9(9) 2853(2) 30.9(5)
Cl16 13150(4) 1622.3(10) 2747(2) 39.9(7)
C17 7112(3) 900.9(8) 4186(2) 27.3(5)
C18 5600(4) 670.7(9) 3731(2) 31.8(6)
C19 4209(4) 535.0(9) 4372(2) 32.5(6)
C20 4307(3) 624.3(8) 5497(2) 30.3(5)
c21 5787(4) 855.1(9) 5963(2) 33.7(6)
C22 7158(4) 993.1(9) 5315(2) 31.6(5)
C23 1439(4) 292.5(10) 5767(3) 40.2(7)
C24 8324(3) 2612.1(9) 1337.5(19) 26.6(5)
€25 7027(3) 2417.2(9) 1991(2) 30.4(5)
C26 5672(3) 2685.1(9) 2398(2) 29.6(5)
C27 5601(3) 3161.9(9) 2179(2) 28.5(5)
C28 6926(4) 3364.9(9) 1578(2) 32.7(6)
C29 8247(4) 3094.8(9) 1158(2) 31.0(5)
C30 2847(4) 3252.2(10) 3066(2) 34.6(6)

Table 11 12 Anisotropic Displacement Parameters (A°x10°) for BTA. The Anisotropic displacement

factor exponent takes the form: —2n2[hza*2U1 1+...+2hkaxbxUj;]

Atom Uy Un Uss Uz Uss Up
S1 37.1(4) 32.13) 25.2(3) 2.7(2) 0.7(2) -8.8(3)
S2 44.7(4) 29.7(4) 54.6(5) -0.1(3) 2.903) 5.5(3)
S3 42.2(4) 24.9(3) 27.9(3) 0.0(2) -6.6(3) -6.0(3)
N1 37.3(13) 38.7(13) 49.9(15) 8.6(11)  -6.0(11) 7.4(10)
N2 36.6(12) 29.8(11) 42.6(13) 4.5(10) -3.3(10) 1.8(9)
ol 36.3(10) 33(1) 44.4(11) -3.0(8) 7.7(8) 0.5(8)
02 40.2(11) 28.9(9) 37.5(10) 3.2(8) 1.2(8) 0.5(8)
Cl 30.8(13) 29.9(12) 20.0(11) 4.5(9) -4.5(9) -5.1(10)
C2 29.1(12) 30.3(12) 21.5(11) 4.2(9) -3.1(9) -3.5(10)

C3 30.1(13) 31.6(13) 22.2(11) 2.4(9) -4.6(10) -1.5(10)
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C4 33.8(13) 37.3(14) 21.6(11) 3.3(10) -2.4(10) -4.5(11)
Cs 35.2(15) 48.3(17) 34.5(14) 2.7(12) 4.7(12) -5.1(12)
C6 27.9(12) 32.6(13) 30.5(13) 2.4(10) -3.5(10) -0.1(10)
c7 29.6(13) 43.5(15) 29.6(13) 3.6(11) -2.6(10) 0.1(11)
cs 31.6(14) 47.6(16) 31.2(14) -5.4(12) 0.0(11) 1.9(12)
C9 25.5(12) 34.1(14) 38.2(14) 43(11)  -4.4(11) 2.4(10)
Cl0  26.1(12) 31.5(13) 34.2(13) 1.3(10) -2.9(10) -0.2(10)
Cl1 27.2(12) 28.3(12) 31.4(13) 0.9(10) -5.5(10) -0.6(10)
Cl2  32.6(13) 22.2(11) 27.6(12) 5.1(9) -3.3(10) -0.4(9)
Cl13  324(13) 21.2(11) 29.3(12) 0.7(9) -2.9(10) -1.5(9)
Cl4  31.8(13) 21.8(11) 32.3(13) 2.3(9) -7(1) 0.0(9)
Cl5  36.6(14) 26.4(12) 28.9(13) 6.2(10) -6.9(10) -2.3(10)
Cl6  43.9(16) 38.8(15) 35.7(15) 72(12)  -11.1(12)  -14.1(13)
Cl7  32.1(12) 19.0(11) 30.6(12) -1.3(9) -2.7(10) 6.5(9)
Cl8  37.2(14) 27.8(13) 29.7(13) -0.7(10)  -5.9(11) 4.9(10)
Cl19  31.0(13) 23.6(12) 42.2(15) L1(10)  -5.2(11) 2(1)
C20  31.0(13) 19.8(11) 40.3(14) -1.5(10) 4.5(11) 6.4(10)
C21 36.5(14) 32.7(14) 31.9(13) -7.6(11) 1.8(11) 5.4(11)
22 29.8(13) 28.0(12) 36.6(14) -6.2(10)  -2.1(10) 3.5(10)
C23 35.2(15) 28.1(13) 57.5(18) 3.7(12) 3.8(13) 0.6(11)
C24  31.7(13) 29.0(12) 18.4(11) 2.5(9) -6.1(9) -6(1)
C25  34.7(13) 25.8(12) 30.0(13) 4.7(10) -3.6(10) “7(1)
C26  30.0(13) 28.4(12) 30.0(13) 4.9(10) -2.6(10) -7.6(10)
C27  34.4(13) 28.1(12) 22.4(11) 0.5(9) -5.9(10) -3.3(10)
C28  48.1(16) 22.6(12) 27.0(12) 4.5(9) 3.1(11) -4.4(11)
C29  40.5(14) 29.9(13) 22.5(12) 5.0(9) -0.8(10) 7.2(11)
C30  35.2(14) 37.4(14) 30.9(13) L6(11)  -1.3(11) 0.5(11)

Table II 13 Bond Lengths for BTA.

Atom Atom Length/A Atom Atom Length/A
Si CI 1.73803) 8 9 1.421(4)
Si C4 1.72503) 9 10 1.431(4)
2 NI 1.61703) C10 cil 1.435(4)
$2 N2 1.623(2) Cl1 C12 1.487(4)
S3 Cl4 1.73503) c12 c13 1.432(4)

s3 Cls 1.725(3) C12 Cls 1.373(4)
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N1 C9 1.351(4) C13 C14 1.361(4)
N2 C10 1.349(3) Cl4 C17 1.472(4)
01 C20 1.373(3) Cl15 Cl6 1.491(4)
0Ol C23 1.429(4) C17 C18 1.403(4)
02 C27 1.368(3) C17 C22 1.398(4)
02 C30 1.428(3) C18 C19 1.387(4)
Cl1 C2 1.367(4) C19 C20 1.391(4)
Cl C24 1.465(4) C20 C21 1.390(4)
C2 C3 1.429(4) C21 C22 1.382(4)
C3 C4 1.375(4) C24 C25 1.401(4)
C3 Coé 1.486(4) C24 C29 1.401(3)
Cc4 C5 1.496(4) C25 C26 1.383(4)
Cé Cc7 1.442(4) C26 C27 1.392(4)
Cé C11 1.383(4) C27 C28 1.389(4)
Cc7 C8 1.355(4) C28 C29 1.374(4)
Table II 14 Bond Angles for BTA.

Atom Atom  Atom Angle/* Atom  Atom  Atom Angle/*
N1 S2 N2 101.32(13) C12 C15 S3 110.7(2)
N1 C9 C8 126.5(3) C12 C15 Cle6 129.6(3)
N1 C9 C10 113.6(3) C13 C12 Cl1 122.7(2)
N2 C10 C9 113.3(2) C13 C14 S3 110.1(2)
N2 C10 Cl1 125.0(2) C13 Cl4 C17 129.3(2)
01 C20 C19 125.3(2) Cl4 C13 C12 113.8(2)
01 C20 C21 115.1(2) C15 S3 C14 92.81(13)
02 C27 C26 124.6(2) C15 C12 Cl1 124.8(2)
02 C27 C28 116.1(2) C15 C12 C13 112.5(2)
Cl C2 C3 114.5(2) Clé6 C15 S3 119.6(2)
C2 Cl S1 109.74(19) C17 C14 S3 120.41(19)
C2 Cl C24 129.0(2) C18 C17 Cl4 121.2(2)
C2 C3 Co6 123.2(2) C18 C19 C20 119.7(2)
C3 C4 S1 111.3(2) C19 C18 C17 121.7(2)
C3 C4 Cs 129.9(3) C20 0Ol C23 117.0(2)
C4 S1 Cl1 92.68(12) C21 C20 C19 119.6(2)
C4 C3 C2 111.8(2) C21 C22 C17 121.4(2)
Cc4 C3 Co6 125.0(2) C22 C17 Cl4 121.4(2)
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C5 C4 S1 118.7(2) C22 C17 C18 117.3(2)
Co6 Cl1 C10 116.9(2) C22 C21 C20 120.3(2)
Co6 Cl1 Cl12 123.9(2) C24 Cl S1 121.23(18)
C7 Cé6 C3 118.3(2) C25 C24 Cl 120.8(2)
C7 C8 C9 117.7(3) C25 C24 C29 117.2(2)
C8 C7 C6 123.3(3) C25 C26 C27 119.9(2)
C8 C9 C10 119.9(2) C26 C25 C24 121.5(2)
(O N1 S2 105.8(2) C27 02 C30 117.3(2)
C9 C10 Cl1 121.6(2) C28 C27 C26 119.3(2)
C10 N2 S2 105.9(2) C28 C29 C24 121.5(2)
C10 Cl1 Cl12 119.1(2) C29 C24 Cl 122.0(2)
Cll1 Cé6 C3 121.1(2) C29 C28 C27 120.4(2)
Cll1 Co6 C7 120.6(2)

Table II 15 Hydrogen Atom Coordinates (Ax10* and Isotropic Displacement Parameters (A*x10°) for

BTA.
Atom x y z U(eq)
H2 8889 1645 1065 33
H5A 14883 1718 -214 59
H5B 14983 2276 -202 59
H5C 14128 2010 -1256 59
H7 12640 1213 -1340 41
H8 13179 436 -1655 44
H13 8485 575 2196 33
H16A 13932 1465 2241 60
H16B 13770 1653 3471 60
H16C 12838 1933 2461 60
H18 5527 606 2965 38
H19 3194 382 4044 39
H21 5857 918 6730 40
H22 8154 1154 5645 38
H23A 882 501 5212 60
H23B 611 239 6354 60
H23C 1728 -6 5423 60
H25 7079 2093 2159 36

H26 4792 2544 2825 36
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H28

H29
H30A
H30B
H30C

6919
9129
2256
1992
3293

3692
3239
3021
3496
3099

1456
736
2580
3245
3745

39
37
52
52
52

Table 11 16 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters

(A*x10%) for BTTA. Ugq is defined as 1/3 of of the trace of the orthogonalised Uy; tensor.

Atom x y z U(eq)
Ci 8465(3) 10818(3) 3947.0(18) 43.3(9)
2 9165(3) 10026(3) 4045.5(19) 46.2(9)
C3 8628(3) 8925(3) 4160.4(17) 39.8(9)
C4 7426(3) 8572(3) 4166.9(17) 38.7(8)
Cs 6756(3) 9336(3) 4061.2(17) 37.1(8)
6 7279(3) 10453(3) 3952.8(17) 38.6(8)
C7 5501(3) 9031(3) 4024.6(17) 36.9(8)
C8 4651(3) 8993(3) 3375.1(18) 42.3(9)
9 3550(3) 8537(3) 3422.1(18) 41.7(9)

10 5060(3) 8667(3) 4592.7(18) 41.6(9)
Cll1 5679(3) 8585(3) 5362.3(18) 54.2(11)
c12 2492(3) 8235(3) 2843.0(19) 42.8(9)
c13 2301(3) 8347(3) 2231(2) 51.8(10)
Cl4 1358(3) 8496(3) 1660(2) 50.2(10)
Ccis 550(3) 7519(3) 1672(2) 46.0(9)
Cl6 701(3) 6927(3) 2276.4(18) 44.5(9)
c17 1648(3) 7284(3) 2843.7(19) 45.7(9)
C18 -1125(3) 6178(3) 1032(2) 59.0(11)
C19 8275(3) 7093(3) 5438(2) 58.0(11)
€20 7303(3) 6778(3) 4775.6(19) 44.0(9)
21 6898(3) 7387(3) 4223.4(19) 40.1(9)
22 5900(3) 6785(3) 3715.7(19) 40.7(9)
23 5544(3) 5734(3) 3867.8(19) 43.6(9)
C24 4505(3) 4903(3) 3474.6(19) 45.0(9)
25 3513(4) 5207(3) 3123(2) 51.9(10)
26 2535(4) 4451(3) 2771(2) 55.3(10)
27 2503(4) 3342(3) 2767(2) 51.4(10)
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C28 3490(4) 3015(3) 3108(2) 57.4(11)
C29 4469(4) 3787(3) 3454(2) 55.3(11)
C30 1374(5) 1503(4) 2486(3) 92.7(17)
C31 1674(3) 4662(3) 941(2) 49.5(10)
C32 881(3) 3610(3) 810(2) 48.8(10)
€33 1328(3) 2666(3) 760.8(18) 43.7(9)
C34 2542(3) 2720(3) 829.7(18) 43.4(9)
C35 3297(3) 3727(3) 970.4(18) 41.3(9)
C36 2868(3) 4702(3) 1036.5(19) 45.4(9)
C37 4563(3) 3882(3) 1056.4(19) 41.7(9)
C38 5387(3) 4231(3) 1718(2) 45.0(9)
C39 6485(3) 4202(3) 1702(2) 44.2(9)
C40 5039(3) 3623(3) 509(2) 47.7(10)
C41 4439(4) 3231(4) -259(2) 65.9(13)
C42 7536(3) 4444(3) 2293(2) 44.1(9)
C43 7660(3) 5178(3) 2880(2) 51.8(10)
C44 8634(4) 5418(3) 3446(2) 54.8(11)
C45 9528(3) 4915(3) 3444(2) 49.7(10)
C46 9419(3) 4162(3) 2879(2) 52.4(10)
c47 8452(3) 3945(3) 2313(2) 51.4(10)
C48 10785(4) 5978(4) 4505(2) 75.8(14)
C49 2949(3) 1704(3) 772.1(19) 43.7(9)
C50 3928(3) 1499(3) 1291.3(19) 47(1)
Cs1 4257(3) 586(3) 1117(2) 47.9(10)
C52 2527(3) 907(3) 208(2) 47.2(10)
C53 1587(4) 830(4) -464(2) 62.4(12)
C54 5241(3) 173(3) 1481.9(19) 46.7(10)
Cs5 6313(4) 896(4) 1800(2) 59.3(11)
C56 7255(4) 509(4) 2106(2) 60.7(12)
Cs7 7191(4) -590(4) 2118(2) 61.3(13)
C58 6151(4) -1337(4) 1817(2) 64.2(13)
C59 5208(4) -936(3) 1495(2) 57.5(11)
C60 8194(5) -1999(5) 2390(3) 113(2)
N1 8794(3) 11874(3) 3831.2(18) 58.0(9)
N2 6717(3) 11256(2) 3843.8(16) 48.9(8)

N3 10268(3) 10188(3) 4031.2(17) 55.4(9)
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N4
N5
N6
N7
N8
o1
02
03
04
S1
S2
S3
S4
S5
S6
S7
S8

9358(3)
3535(3)
1435(3)
-255(3)
505(3)
-336(2)
1470(3)
10539(3)
8208(3)
7640.9(10)
10581.2(9)
3576.1(8)
6430.1(9)
2663.6(12)
~700.6(10)
6501.7(9)
3352.1(10)

8262(3)
5717(3)
5637(3)
3405(3)
1734(3)
7219(2)
2651(2)
5100(2)
-881(3)

12345.9(9)

9000.4(10)

8233.8(9)
5471.0(8)
6520.9(10)
2084.7(11)
3790.8(9)
-52.9(9)

4215.2(16)
1184.5(19)
1012(2)
743(2)
668.0(18)
1067.6(13)
2430.8(15)
3974.0(16)
2425.6(16)
3734.5(6)
4137.8(6)
4311.2(5)
4661.5(5)
1195.8(8)
634.8(8)
830.0(6)
306.9(6)

49.9(8)
61.3(10)
67.9(10)
64.1(10)
56.8(9)
57.0(7)
71.3(9)
68.2(8)
85.7(11)
61.3(3)
60.3(3)
48.9(3)
51.5(3)
80.5(4)
76.5(4)
53.8(3)
56.3(3)

Table 11 17 Anisotropic Displacement Parameters (A*<10%) for BTTA. The Anisotropic displacement

factor exponent takes the form: —2n2[hza*2U1 1+...+2hkaxbxUj;]

Atom Uy Un Uss Un Uss Un,
Cl 41(2) 44(2) 43(2) 6.9(17) 8.8(18) 5.9(19)
C2 41(2) 51(2) 46(2) 5.2(18) 15.1(19) 5(2)
C3 39(2) 43(2) 36.7(19) 2.2(16) 10.3(17) 7.3(18)
C4 39(2) 40(2) 42(2) 7.6(16) 16.4(17) 12.3(18)
Cs 36(2) 45(2) 31.9(18) 4.8(16) 9.5(16) 10.9(18)
C6 40(2) 40(2) 35.4(19) 2.3(16) 10.1(17) 8.4(18)
c7 38(2) 34(2) 41.0(19) 3.9(16) 11.4(17) 13.1(17)
c8 43(2) 47(2) 39(2) 6.7(17) 12.1(18) 13.3(19)
C9 39(2) 43(2) 44(2) 0.2(17) 11.0(18) 11.7(18)
C10 45(2) 39(2) 43(2) 5.0(17) 11.5(18) 14.1(18)
Cl1 55(3) 72(3) 41(2) 8(2) 16.1(19) 21(2)
C12 43(2) 44(2) 47(2) -0.1(18) 17.8(18) 14(2)
C13 49(3) 42(2) 65(3) 12(2) 15(2) 12(2)
Cl4 45(3) 48(3) 56(2) 16.8(19) 4(2) 14(2)
Cl15 42(2) 47(2) 53(2) 2.6(19) 10.8(19) 20(2)
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Cl16 37(2) 48(2) 49(2) 8.1(18) 11.8(19) 10.4(19)
C17 43(2) 55(3) 45(2) 10.2(18) 14.4(19) 18(2)
C18 46(3) 60(3) 63(3) 1(2) 6(2) 5(2)
C19 57(3) 61(3) 55(2) 12(2) 13(2) 13(2)
C20 45(2) 45(2) 49(2) 6.9(18) 19.3(19) 15.7(19)
C21 41(2) 39(2) 47(2) 6.2(17) 19.3(18) 14.6(18)
C22 43(2) 38(2) 47(2) 7.4(17) 17.6(18) 15.0(19)
€23 45(2) 44(2) 49(2) 5.4(18) 21.7(19) 13.5(19)
C24 53(3) 36(2) 49(2) 6.1(17) 20(2) 9(2)
C25 56(3) 41(2) 65(3) 6(2) 24(2) 14(2)
C26 47(3) 55(3) 59(2) 5(2) 7(2) 9(2)
C27 59(3) 50(3) 44(2) 2.7(19) 18(2) 4(2)
C28 74(3) 37(2) 57(2) 5(2) 19(2) 2(2)
C29 64(3) 46(3) 58(2) 9(2) 16(2) 16(2)
C30 107(5) 54(3) 86(3) 3(3) 303) -19(3)
C31 50(3) 51(3) 53(2) -0.8(19) 22(2) 16(2)
C32 43(3) 55(3) 51(2) 0.3(19) 14.1(19) 15(2)
C33 43(2) 49(2) 41(2) -0.6(18) 14.5(18) 9(2)
C34 46(2) 46(2) 42(2) 2.2(17) 14.5(18) 13(2)
C35 40(2) 44(2) 43(2) -0.2(17) 17.6(18) 9.8(19)
C36 48(2) 41(2) 48(2) 0.0(18) 18.9(19) 6(2)
C37 41(2) 37(2) 49(2) 0.3(17) 17.2(19) 6.6(18)
C38 48(3) 44(2) 46(2) -5.8(17) 19.2(19) 9.5(19)
C39 43(2) 40(2) 53(2) 0.0(18) 17.9(19) 11.6(19)
C40 44(2) 46(2) 54(2) 0.2(19) 20(2) 5(2)
C41 66(3) 81(3) 51(2) -8(2) 25(2) 9(3)
C42 45(2) 39(2) 53(2) 3.7(18) 19(2) 10.0(19)
C43 50(3) 49(3) 64(3) 1(2) 20(2) 20(2)
C44 56(3) 51(3) 59(3) -7(2) 15(2) 16(2)
C45 46(3) 45(2) 59(2) 12(2) 18(2) 7(2)
C46 44(3) 45(2) 76(3) 8(2) 25(2) 15(2)
C47 49(3) 44(2) 64(3) 3(2) 21(2) 11(2)
C48 80(4) 69(3) 69(3) 2(3) 13(3) 5(3)
C49 46(2) 37(2) 49(2) 5.4(18) 17.2(19) 7.5(19)
C50 54(3) 44(2) 45(2) 2.7(18) 14(2) 13(2)

Cs1 47(2) 43(2) 53(2) 3.4(19) 13(2) 8(2)
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C52 45(2) 43(2) 50(2) 0.0(19) 8.6(19) 8(2)
Cs3 68(3) 58(3) 61(3) 3(2) 7(2) 25(2)
C54 52(3) 45(2) 47(2) 2.1(18) 15(2) 14(2)
Cs5 62(3) 49(3) 61(3) 3(2) 4(2) 13(2)
C56 56(3) 68(3) 54(2) 3(2) 5(2) 15(3)
Cs7 61(3) 93(4) 41(2) 4(2) 7(2) 46(3)
C58 87(4) 56(3) 55(3) 2(2) 13(3) 34(3)
C59 60(3) 51(3) 60(3) 2(2) 10(2) 14(2)
C60 153(6) 145(6) 72(3) -10(3) 8(4) 120(5)
N1 54(2) 46(2) 70(2) 15.8(17) 12.0(18) 5.6(18)
N2 53(2) 42.2(19) 56.4(19) 8.8(15) 18.8(17) 14.6(17)
N3 40(2) 56(2) 70(2) 12.7(17) 15.3(17) 7.8(17)
N4 42(2) 54(2) 60(2) 5.3(16) 21.0(16) 15.5(17)
N5 60(2) 45(2) 87(3) -4.3(18) 38(2) 11.3(19)
N6 54(2) 55(2) 101(3) -5(2) 25(2) 21(2)
N7 39(2) 68(3) 86(3) -7(2) 16.4(19) 12.8(19)
N8 42(2) 54(2) 73(2) -1.5(18) 16.4(18) 4.5(18)
ol 45.5(17) 61.9(19) 55.0(16) 12.6(14) -1.6(14) 8.5(15)
02 70(2) 59(2) 67.8(18) -6.8(15) 4.4(16) -7.3(17)
03 58(2) 66(2) 75(2) 1.3(17) 1.5(17) 19.0(17)
04 92(3) 103(3) 70(2) 6.1(19) 4.4(19) 54(2)
S1 59.7(7) 41.5(6) 81.8(8) 13.0(5) 16.9(6) 9.9(6)
S2 42.0(6) 67.1(8) 78.0(7) 8.0(6) 23.7(6) 15.8(6)
S3 38.9(6) 63.5(7) 48.3(6) 9.0(5) 18.0(5) 11.9(5)
sS4 54.0(7) 43.5(6) 58.5(6) 14.2(5) 16.0(5) 11.2(5)
S5 73.5(9) 44.2(7) 136.6(12) -4.7(7) 47.99) 17.3(7)
S6 43.9(7) 74.8(9) 107(1) -9.8(7) 21.4(7) 4.1(6)
7 45.0(6) 59.7(7) 59.4(6) 9.3(5) 24.8(5) 6.1(5)
S8 61.5(7) 44.4(6) 61.0(6) -5.8(5) 7.1(6) 17.2(6)

Table II 18 Bond Lengths for BTTA.

Atom Atom Length/A Atom Atom Length/A
Cl N1 1.335(5) C32 C33 1.425(5)
ci 6 1.431(5) €33 N 1.343(5)
ci 2 1.442(5) 33 C34 1.454(5)

C2 N3 1.333(5) C34 C35 1.372(5)
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C2 C3 1.438(5) C34 C49 1.483(5)
C3 N4 1.343(4) C35 C36 1.452(5)
C3 C4 1.449(5) C35 C37 1.494(5)
c4 Cs 1.387(4) C36 N5 1.337(5)
C4 C21 1.501(5) C37 C40 1.378(5)
cs C6 1.447(5) C37 C38 1.414(5)
cs c7 1.489(5) C38 C39 1.367(5)
C6 N2 1.338(4) C39 C42 1.473(5)
c7 C10 1.365(4) C39 7 1.740(4)
c7 C8 1.416(5) C40 C41 1.498(5)
cs C9 1.371(5) C40 7 1.723(4)
C9 C12 1.467(5) C42 C43 1.397(5)
C9 s3 1.741(4) C42 C47 1.401(5)
C10 Cl1 1.506(5) C43 C44 1.385(5)
C10 s3 1.733(4) C44 C45 1.385(5)
C12 C17 1.396(5) C45 03 1.378(5)
C12 C13 1.413(5) C45 C46 1.384(5)
C13 Cl4 1.375(5) C46 C47 1.379(5)
Cl4 Cl15 1.400(5) C48 03 1.415(5)
C15 ol 1.369(4) C49 C52 1.378(5)
Cl15 Cl16 1.383(5) C49 C50 1.445(5)
Cl16 Cl17 1.375(5) C50 Csl1 1.359(5)
C18 ol 1.433(5) Cs1 C54 1.455(5)
C19 C20 1.500(5) Cs1 S8 1.741(4)
€20 C21 1.378(5) C52 C53 1.500(5)
€20 sS4 1.728(4) C52 S8 1.728(4)
C21 C22 1.422(5) C54 C59 1.385(5)
22 €23 1.353(5) C54 Cs5 1.415(6)
23 C24 1.487(5) Cs5 C56 1.366(5)
23 sS4 1.732(4) C56 C57 1.366(6)
C24 C25 1.385(5) C57 04 1.383(5)
C24 C29 1.393(5) C57 C58 1.395(6)
C25 C26 1.374(5) C58 C59 1.384(5)
C26 C27 1.384(5) C60 04 1.400(6)
C27 02 1.374(5) N1 S1 1.630(3)

C27 C28 1.389(6) N2 S1 1.623(3)
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C28 C29 1.381(6) N3 S2 1.627(3)

C30 02 1.428(5) N4 S2 1.622(3)

C31 N6 1.334(5) N5 S5 1.632(3)

C31 C36 1.426(5) N6 S5 1.621(4)

C31 C32 1.434(5) N7 S6 1.619(4)

C32 N7 1.339(5) N8 S6 1.626(3)
Table II 19 Bond Angles for BTTA.

Atom Atom  Atom Angle/* Atom Atom Atom Angle/*
N1 Cl Co6 114.9(3) C35 C34 C49 121.2(3)
N1 Cl C2 127.0(3) C33 C34 C49 120.4(3)
Co6 Cl C2 118.1(3) C34 C35 C36 119.6(3)
N3 C2 C3 115.0(3) C34 C35 C37 123.1(3)
N3 C2 Cl1 127.5(4) C36 C35 C37 117.3(3)
C3 C2 Cl1 117.6(3) N5 C36 C31 113.3(3)
N4 C3 C2 111.6(3) N5 C36 C35 124.2(4)
N4 C3 Cc4 124.7(3) C31 C36 C35 122.5(4)
C2 C3 Cc4 123.5(3) C40 C37 C38 113.1(3)
Cs C4 C3 118.4(3) C40 C37 C35 123.2(3)
C5 C4 C21 120.8(3) C38 C37 C35 123.6(3)
C3 C4 C21 120.5(3) C39 C38 C37 114.4(3)
C4 C5 Co 119.2(3) C38 C39 C42 129.2(3)
C4 C5 Cc7 121.93) C38 C39 S7 109.1(3)
Coé C5 Cc7 118.9(3) C42 C39 S7 121.7(3)
N2 C6 Cl1 112.5(3) C37 C40 C41 128.1(4)
N2 C6 C5 124.3(3) C37 C40 S7 110.03)
Cl1 C6 C5 123.2(3) C41 C40 S7 121.9(3)
C10 Cc7 C8 113.5(3) C43 C42 Cc47 116.1(4)
C10 Cc7 Cs 123.5(3) C43 C42 C39 121.2(3)
C8 Cc7 Cs 122.8(3) C47 C42 C39 122.8(3)
C9 C8 C7 114.4(3) C44 C43 C42 122.5(3)
C8 C9 C12 129.0(3) C43 C44 C45 119.8(4)
C8 C9 S3 108.8(3) 03 C45 C46 116.2(3)
C12 C9 S3 122.0(3) 03 C45 C44 124.7(4)
Cc7 C10 Cl1 129.2(3) C46 C45 C44 119.1(4)
Cc7 C10 S3 109.9(3) C47 C46 C45 120.5(4)
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Cl1 C10 S3 120.93) C46 C47 C42 122.0(4)
C17 C12 C13 116.1(4) Cs2 C49 C50 112.43)
C17 C12 C9 121.7(3) C52 C49 C34 125.5(3)
C13 C12 C9 122.1(4) C50 C49 C34 121.9(3)
Cl4 C13 C12 121.4(4) Cs1 C50 C49 114.1(3)
C13 Cl4 Cl15 120.7(4) C50 cs1 C54 129.2(4)
01 Cl15 Cl16 124.9(4) C50 cs1 S8 109.6(3)
01 Cl15 Cl4 116.3(3) C54 cs1 S8 121.1(3)
C16 C15 Cl4 118.8(4) C49 C52 C53 130.43)
C17 C16 Cl15 120.1(4) C49 C52 S8 110.2(3)
C16 C17 C12 122.9(3) C53 C52 S8 119.1(3)
c21 C20 C19 131.0(4) C59 C54 Cs5 116.4(4)
c21 C20 S4 109.8(3) C59 C54 Csl1 122.3(4)
C19 C20 S4 119.0(3) Cs55 C54 Cs1 121.1(4)
C20 c21 C22 113.0(3) C56 Cs55 C54 121.2(4)
C20 c21 C4 124.1(3) cs57 C56 Cs5 121.0(4)
C22 C21 C4 122.9(3) C56 c57 04 115.7(5)
C23 C22 c21 114.03) C56 cs57 C58 120.0(4)
C22 C23 C24 127.9(3) 04 Cs57 C58 124.3(4)
C22 C23 S4 110.1(3) C59 Cs8 C57 118.5(4)
C24 C23 S4 121.8(3) Cs8 C59 C54 122.9(4)
C25 C24 C29 116.7(4) Cl N1 S1 105.23)
C25 C24 C23 121.2(3) c6 N2 S1 106.7(3)
C29 C24 C23 122.1(4) C2 N3 S2 105.7(3)
26 C25 C24 122.2(4) c3 N4 S2 107.3(3)
C25 C26 C27 120.5(4) C36 N5 S5 105.8(3)
02 27 C26 116.1(4) C31 N6 S5 105.8(3)
02 C27 C28 125.4(4) C32 N7 S6 105.5(3)
C26 C27 C28 118.5(4) C33 N8 S6 106.8(3)
C29 C28 C27 120.2(4) Cl15 01 C18 118.1(3)
C28 C29 C24 121.9(4) C27 02 C30 117.3(4)
N6 C31 C36 114.3(4) C45 03 C48 119.0(3)
N6 C31 C32 127.4(4) cs57 04 C60 117.0(4)
C36 C31 C32 118.2(3) N2 S1 N1 100.73(17)
N7 C32 C33 115.0(4) N4 S2 N3 100.43(17)

N7 C32 C31 126.9(4) C10 S3 C9 93.32(17)
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C33 C32 C31 118.1(3) C20 S4 C23 93.06(18)
N8 C33 C32 112.0(3) N6 S5 N5 100.74(18)
N8 C33 C34 124.7(3) N7 S6 N8 100.52(18)
C32 C33 C34 123.2(4) C40 S7 C39 93.34(18)
C35 C34 C33 118.3(3) C52 S8 Csl1 93.54(18)

Table II 20 Hydrogen Atom Coordinates (Ax10* and Isotropic Displacement Parameters (A*x10°) for

BTTA.
Atom X y z U(eq)
HS 4824 9255 2952 51
HI11A 5228 8744 5681 81
HI11B 6411 9102 5475 81
H11C 5793 7858 5422 81
H13 2825 9501 2213 62
H14 1256 8912 1262 60
H16 162 6287 2299 53
H17 1730 6875 3246 55
HI18A -1717 6084 592 88
H18B -1466 6149 1437 88
H18C =722 5605 1042 88
HI19A 8089 6667 5825 87
H19B 8397 7857 5576 87
H19C 8963 6955 5337 87
H22 5525 7086 3315 49
H25 3509 5946 3124 62
H26 1889 4687 2534 66
H28 3491 2275 3105 69
H29 5123 3554 3679 66
H30A 1911 1275 2259 139
H30B 607 1111 2250 139
H30C 1539 1352 2985 139
H38 5197 4460 2130 54
H41A 4925 3527 -569 99
H41B 3734 3469 -390 99
H41C 4273 2445 -309 99

H43 7065 5519 2892 62



- 176 -

ECOLE NORMALE SUPERIEURE DE CACHAN

H44
H46
H47

H48A

H48B

H48C
H50

H53A

H53B

H53C
H55
H56
H58
H59

H60A

H60B

H60C

8689
10002
8407
10818
11511
10191
4300
1777
1504
877
6378
7951
6093
4523
8008
7627
8938

5915
3801
3451
6655
6003
5872
1952
481
1553
409
1648
1001
-2086
-1433
-2273
-2388
-2101

3827
2882
1933
4275
4835
4763
1708
-855
-582
-386
1800
2310
1833
1277
1894
2622
2630

66
63
62
114
114
114
56
94
94
94
71
73
77
69
170
170
170
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