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CHAPTER I

INTRODUCTION

1.1 Overview

Optical brighteners (OBs) or fluorescent brightening agents (FBAs) are

additives that can improve visual properties of materials by absorbing ultraviolet light

and re-emitting most of the absorbed energy as blue fluorescent light between 400 and

500 nm. Materials that evenly reflect most of the light at all wavelengths striking their

surface appear white to the human eyes [1-2]. For applications in thermoplastic, the

brightener should not only have long-lasting stability under UV light (high photo

stability), but it also possess high thermal stability in order to retain the desired

properties upon high temperature processing. According to a patented information [3],

the thermal stabilities of 1,8-naphthalimide fluorescent brighteners can be tuned by

incorporating various phenoxy and alkoxy groups into the structure. Most

importantly, the brighteners which are derivatives of cumyl phenol usually exhibit a

high glass transition temperature (Tg).

This project focused on the design and synthesis of fluorescent brighteners

based on phenol substituted 1,8-naphthalimides. For the collaborative research with

the PTT Phenol Public Company Limited, this study aims to incorporate cumyl

phenol on to the 1,8-naphthalimides in order to enhance their thermal properties. On

the other hands, the critical part involves an investigation of the substitution effect on

quantum efficiencies of 1,8-naphthalimides.

1.2. Fluorescent Brightening Agents (FBAs)

Fluorescent brightening agents (FBAs) are colorless to weakly colored organic

compounds that, in solution or applied to a substrate, absorb ultraviolet light, and re-

emit most of the absorbed energy as blue fluorescent light between 400 and 500 nm.

The blue fluorescent light at any surface appears white to the human eye. Natural
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fibers, for example, generally absorb more light in the blue region of the visible

spectrum (‘blue defect’) than in others because of impurities (natural pigments) they

contain. As a result, natural fibers take on an unwanted yellowish cast (Figure 1.1 a).

Some synthetic fibers also have this yellowish cast, although not as pronounced. In

principle, whiteness in substrates can be improved by increasing of reflection

(reflectance) and compensating of the blue defect. Before the advent of FBAs,

common practice was to apply small amounts of blue or violet dyes (called ‘bluing’)

to boost the visual impression of whiteness. These dyes absorb light in the green-

yellow region of the spectrum, thereby reducing lightness. However, since they shift

simultaneously the shade of the yellowish material towards blue, the human eye

perceives an increase of whiteness (Figure 1.1 b). Unlike dyes, FBAs offset the

yellowish cast and at the same time improve lightness because their bluing effect is

not based on subtracting yellow-green light, but rather on adding blue light (Figure

1.1 c). FBAs are virtually colorless compounds which, when present on a substrate,

absorb primarily invisible ultraviolet light in the 300-400 nanometer (nm) range and

re-emit in the visible violet-to-blue fluorescent light. This ability of FBAs to absorb

invisible short wavelength radiation and re-emit in the visible blue light, which

imparts a brilliant whiteness to the light reflected by a substrate, is the key to FBAs

effectiveness.

Figure 1.1 Principles of whiteness improvement [2]
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Based on their chemical structures, there are several classes of FBAs available

commercially. A review of related literatures are summarized below.

In 2003, Daniel A. Jervis [1] reported the use of a bis-benzoxazolyl-stilbene

and a bis-benzoxazolyl-thiophene (Figure 1.2) as optical brighteners for

thermoplastics due to their good stabilities at high-temperature of polymer processing.

Moreover, this report suggested that the bis-benzoxazolyl-thiophene with flexible

chain showed a better compatibility with polymer and dissolved more easily in

common solvents than the bis-benzoxazolyl-stilbene.

N

O
N

O

Bis-benzoxazolyl-stilbene
melting point 359 oC
TGA 90 % remaining at 378 oC

O

N S

O

N

Bis-benzoxazolyl-thiophene
melting point 200 oC
TGA 90 % remaining at 336 oC

Figure 1.2 Commercial FBAs [1]

In 2005, Joon-Kyun Lee and co-workers [4] prepared 4,4'-bis(1,3,5-triazin-6-

yl)diaminostilbene-2,2'-disulfonic acid derivatives, via a 7-step asymmetric synthesis

in 75-89% yield from CI86. All products were used as water-soluble fluorescent

brighteners and could performed better than CI86 itself.

Figure 1.3 CI86 structure (top) and example of synthesized compound R = 4-

OMe-phenyl-NH- (bottom) [4]
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Titanium dioxide (TiO2) and zinc oxide (ZnO) can also be used as brighteners

but the mechanism is different from FBAs because TiO2 and ZnO only reflect the

light. Therefore, they are often used together with FBAs to enhance whitening

efficiency [5]. Organic brighteners generally contain several aromatic rings or double

bond conjugation (Figure 1.4), for example Tinopal CBS [6], benzenesulfonic acid

derivatives [7] and stilbene derivatives [8]. Recently, stilbene derivatives [8] were

coupled with 3-aminopropyltrimethoxy silane which can be applied easily as coating

material. They compounds could convert harmful UV light into harmless visible light.

H
C

SO3Na

C
H

C
H

C
H

NaO3SBRI

N N

NPhNH

Cl

H
N

SO3Na

NaO3S

NH

N
N

N
NHPh

Cl
Bri

N N

NNH

NH

H
N

SO3Na

NaO3S

NH

N
N

N
NH

HN

4a R = SO3Na
4b R = H

R

Si
HO OH

OH
R

Si
OH

OH
OH

O

N S

O

N

Tinopal OB

Figure 1.4 Example FBAs organic compounds BRI [6]  Bri [7] hybrid material [8]

Tinopal OB
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1.3 Basic fluorescence principle

To elaborate how FBAs work, Jablonski's diagram is used to demonstrate how

the fluorescence process occurs (Figure 1.5). First of all, the high-energy photon from

ultraviolet radiation is absorbed by fluorophore, for instance FBAs and other

conjugated molecules. Subsequently, the electron of fluorophore is excited to a higher

electronic state as governed by the selection rule. The excitons or the exciting

electrons thus relax to the first excitation state (S1) by internal conversion and

vibrational relaxation. If the excitons relax from S1 to ground state (S0) and emit the

light or photon energy, this process is called “fluorescence” and it usually occurs in a

short period of time (around 10-9 – 10-7 s). However, several non-radiative processes

can occur which called “quenching” due to the intensity of emitted light are usually

lowered. On the other hand, the excitons at the S1 state might flip their spins to reside

in the excited triplet state (T1) by a phenomena called “intersystem crossing”. When

the triplet excitons relax their energy to ground state, this process is called

“phosphorescence”, which has an emissive life-time longer than fluorescence process.

For both fluorescence and phosphorescence, the emissive intensity is inversely

proportional to the degree of vibrational and rotational relaxation. Therefore,

compounds with higher molecular rigidity usually exhibit greater emissive efficiency

[9-10].

Figure 1.5 Jablonski energy diagram [10]
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Nevertheless, the emissive efficiency can be altered by other factors such as

electron donor and acceptor that leads to internal charge transfer (ICT) or photo-

induced electron transfer (PET). Both processes are described below.

1.4.  Internal Charge Transfer (ICT)

ICT process can subsequently occur in the fluorescence process as described

by the Jablonski diagram in Figure 1.6. In this ICT process, the excited fluorophore

changes from its first geometry (S1) or locally excited state (LE) to ICT state by

means of thermodynamic preference. After that, ICT excited state relaxes to the ICT

ground state, then transform to the ground state (S0). Since there are several steps

occurring in the ICT process, the emissive photon or brightening efficiency will be

reduced. In addition, the emissive wavelength after ICT process is usually longer  or

red shifted compared to the fluorescence emission because the ICT relaxation gap is

narrower than that of fluorescence [11-12].

Figure 1.6 ICT process mechanism via Frank condon principle

Typically, the ICT process occurs in molecules with prominent electron

delocalization from electron-donor to electron-acceptor moiety via conjugated π-

system. In accordance with literature [13], this process is customarily used in

fluorescent sensor application in which the fluorophore is adapted as auxochrome.
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Besides, the review mentioned that the ICT process is boosted in polar solvent since

the molecule can be converted into di-polar molecule which prefers the polar

stabilization from solvent (Figure 1.7) [13-14]. As for application, Zhaochao Xu [15]

synthesized compound 1 that can be moved its emissive radiation from green to red

by Cu(II) ions (Figure 1.8). They proposed that 1 might be deprotonated by Cu(II)

which the 4-N atom is converted to N-, promoted its electron donating ability. Thus,

the stabilization is increased; the emission shifts to red region by increasing ICT.

Figure 1.7 Example of electron delocalization [14]

Figure 1.8 1,8-Naphthalimide sensor via ICT process [15]

1.5.  Photo-induced Electron Transfer (PET)

The PET process usually befalls in the molecule that contains electron-rich receptor,

such as N lone pair (Figure 1.9). The electron-poor moiety (usually the excited

fluorophore) can be granted the electron through space. As a result, the fluorescence
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quantum efficiency is decreased because the relaxation of the PET exciton to the

ground state is a more dominant process [16-17].

Figure 1.9 De-excitation route by PET mechanism [16]

To explain the PET process by molecular orbital energy diagram, the electron

rich receptor provides HOMO (Highest Occupied Molecular Orbital) of the receptor

is higher energy than HOMO of fluorophore; as a result, the PET process can occur

due to its smaller gap compared with HOMO-LUMO gap of fluorophore. As seen in

the Figure 1.10, the fluorescent emission can be salvaged by decreasing HOMO

receptor when the receptor interacts with electron deficient analyte in sensor

application.

Figure 1.10 The description of PET process by energy diagram in case (a) free (b)

coupled with analyte [16]

Regarding to the PET process, it is required that the spacer between receptor

and fluorophore should be short so that the electron can migrate easily. To inhibit the
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PET process, the electron rich receptor must twist so that the electron could not be

granted. Unlike the ICT, PET process does not shift the emissive wavelength due to

the absence of geometrical change. Interestingly, the covalent bond between the

receptor and fluorophore is not necessary. For instance, fluorophore 2 and receptor 3

were linked together by a supramolecular interaction to obtain PET process as shown

in Figure 1.11.

Figure 1.11 The relative energy diagram of compounds 2 and 3 [16]

From the Figure 1.11, another mechanism of PET process can be proposed as

the exciton migration to the LUMO of the receptor first, then moves to the HOMO of

the fluorophore. Thus, the fluorescent pathway is interrupted; and, the quantum

efficiency is decreased.

Li-Juan Fan and coworkers [18] found that the quantum yield could be tuned

by receptor moiety. N, N, N’-trimethylethyleanediamino (TMEDA) moiety has a

higher energy level than diethylamino moiety (DEA); as a result, DEA polymer

quantum efficiency is higher than TMEDA polymer because DEA polymer has larger

PET gap than that of TMEDA.

Figure 1.12 Structures of tmeda-PPETE and dea-PPETE  [18]

The PET process is a versatile tool for the design and synthesis of new optical-

chemosensors [19]. Recently, Balaraman and Danaboyina reported a series of
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napthalimide-based chemosensors [20]. They found that the long spacer provided

poor binding constant; fortunately, it could clearly distinguish between Cu(II) and

Zn(II) ions.

Figure 1.13 Synthesized sensor structures 1 and 2 with of the interference study,

M(II): Pb2+, Hg2+, Co2+, Fe2+, Cd2+, Mg2+, Ba2+ at excitation 339 nm.

In 2012, Tsun-Wei Shive and co-workers [21] synthesized a nitric oxide

sensor (Scheme 1.1). When the amino group on the sensor reacted with NO and O2 to

yield the deamination product, the PET process was then inhibited. This mechanism

of fluorescent change was also confirmed by Density Functional Theory (DFT)

calculation.

Scheme 1.1 Concept of nitric oxide sensor and proposed enhancing mechanism  [21]
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1.6.  Fluorescent compounds from naphthalimides and their derivatives

1,8-Naphthalimide (Figure 1.14) can be obtained from the imidation of 1,8-

naphthalic anhydride with a primary amine. This type of compound is usually called

N-imide. In addition, the substituent can be placed using various coupling agents at

the 4-position, for example, when an amine is used, 4-amino-1,8-naphthalimide which

exhibit an ICT process can be obtained [22].

NO O
R

Z

4

8 1

Figure 1.14 1,8-Naphthalimide structure

In past decade, a number of research on 1,8-naphthalimide were published. In

2000, Ivo Grabchev and Vladimir Bojinov [23] prepared a 1,8-naphthalimide

fluorescent dye containing an isolated double bond and used it in a co-polymerization

with acrylonitrile. The resulted copolymer could emit blue-green light, similar to the

original fluorophores. Furthermore, the photo stability of the copolymers was found to

be better than that of the blended polyacrylonitrile and 1,8-naphthalimide [23].

Figure 1.15 Poly(acrylonitrile)-co-1,8-naphthalimide dyes [23]
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In 2012, Ugir Hossain Sk and co-workers [24] synthesized 1,8-naphthalimide

consisting of thiourea, isothiocyanate or 3-nitro moiety that can be used as anti-

melanoma tumor creation. Especially 3-nitro moiety and isothiocyanate group

increased dramatically anti-tumor effect.

Figure 1.16 Anti-tumor 1,8-naphthalimide drugs [24]

Additionally, 3-nitro naphthalimide derivatives [25] and 4-amino

naphthalimide derivative [26] were investigated and used as anti-hepato cellular

carcinoma (HCC) agents. Both Shasha Li [27] and Xiaolian Li [28] found that

naphthalimides containing triazole moiety can be used as anti-cancer drug.

NO O
2

N

Cl

Cl

NO2

N

O

O
H2N

HN HN NH2

NO O
R

N
N
N

Ph

Triazole derivatives

ANISpmNNM-25

Figure 1.17 1,8-Naphthalimde drugs, such as NNM-25 [25], ANISpm [26] and

triazole derivatives [28]
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Interestingly, 1,8-naphthalimide derivative could be used as a UV-initiated

precursor of sulfonic acid. Jean-Pierre Malval [29] found that fluorinated

naphthalimide could generate sulfonic acid via 2 pathways as shown in Figure 1.18.

Figure 1.18 Acid generation of 1,8-naphthalimide derivatives [29]

In 2011, Nikolai I. Georgiev et al. [30] prepared 1,8-naphthalimide

polyamidoamine and used as light harvesting material. They came across the fact that

this compound could not show the expected FRET process (Forster Resonance

Energy Transfer), in which the photon energy in the blue region is transferred to the

4-amino-1,8-naphthalimide. In fact, a PET process took place and the emission

occurred less than expected. However, the photo stability was highly satisfied because

of photostabilizing moiety, hindered amine light stabilizer.

Figure 1.19 Expected mechanism (left) quenching mechanism (right) [30]
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In 2009, Rita Ferreira and co-workers [31] synthesized 1,8-naphthalimide

logic gate. When the F- was added, the emission efficiency of 4-amino-1,8-

naphthalimide could decrease, and showed NOR logic gate (Fig 1.20).

Figure 1.20 Proposed mechanism of in the presence of F- [31]

1,8-Naphthalimide is also a very attractive building block for chemosensors.

For instance, Lihua Jia et al. [32] have synthesized 4,5-diamino-1,8-naphthalimide

derivatives. From the tested metal ions, the absorption wavelength shifted to red

region when Ag(I) ion was added, and the emission efficiency decreased when Cu(II)

ion was added.

Figure 1.21 The color response of sensor [32]

Chen Hou et al. [33] synthesized 1,8-naphthalimide containing an aza-15-

crown-5 ether. Its emission signal could be quenched and blue-shifted in the presence

of Hg2+. For the anion sensor, Veale and Laugsson [34] reported a thiourea derivative
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that showed selective fluorescent quenching by F-, CH3COO- and H2PO4
- (Figure

1.22).

Figure 1.22 Anion sensor (F-) from 1,8-naphthalimides [34].

Recently, a sensor based on dual process between PET and FRET for

detection of Hg2+ and H+ had been reported [35-36]. This concept improved the

emission efficiency by compensated energy. (Figure 1.23)

Figure 1.23 Hg2+ naphthalimide sensor [35] and H+ [36]

Not only PET and FRET concept, Nikolai I. Georgiev and co-workers [37]

designed a sensor based on a dual process between PET and ICT (Figure 1.24). A
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devoid PET upon addition of acid caused the enhanced emission signal and the ICT

process caused the absorption wavelength shift.

Figure 1.24 The color change from A to B when the acid was added [37].

In 2012, there was an investigation on quantum efficiency as results from PET

process (Figure 1.25). It was found that 6 has higher quantum efficiency than 5 which

indicated PET process is more pronounced in 5. It was also reported that both 3 and 5

showed selective Cu2+sensing by suppression of PET process [38].

Figure 1.25 Compound 3, 5 and 6 [38], their photophysical properties and proposed

PET pathway [38]
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Apart from chemosensor, 1,8-naphthalimide was widely used as LCD (Liquid

Crystal Display) [39] and OLED (Organic Light-Emitting Diode) [40-41].

In 2010, Y. Wang and co-workers [40] synthesized 4-phenoxy-1,8-

naphthalimide containing various position of t-butyl and found that the position of t-

butyl slightly affect electrochemical property (Figure 1.26). However, the amount of

t-butyl affect on both electrochemical property and quantum efficiency. The result

noted that the aggregation occurs in thin film; fortunately, t-butyl group can solve this

problem.

Figure 1.26 Structures of 1,8-naphthalimides prepared by Y. Wang et al. [40]

Literature reports on the use of 1,8-naphthalimides as fluorescent brighteners

are very few. In 2001, 4-allyloxy-1,8-naphthalimide fluorescent brighteners were

prepared with phase transfer catalyst (PTC) [42] (Figure 1.27). The suitability of the

monomeric fluorescent brighteners for copolymerization with styrene was also

demonstrated. The content of the chemically bound fluorescent brightener in the

polymer chain was estimated.

Figure 1.27 Synthesis of substituted 1,8-naphthalimide [42]
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Ivo Grabchev et al. [43] prepared blue emissive polymer by copolymerization.

Both 4-alkoxy and 4-allyloxy-1,8-naphthalimide showed high photo stability because

blue emission of FBAs prevented the damage from harmful UV by changing to

harmless blue emission.

Figure 1.28 Blue emissive polymer [43]

1.7 Thermal stability

For applications with thermoplastic polymer, it is usually required that the

FBA possesses high melting point in order to endure their photophysical properties

under high temperature process such as molting process. Figure 1.29 shows some

examples of FBAs reported by Liu and co-workers [44]. These compounds absorb

light of wavelength around 300-400 nm and emit blue light (400-500 nm.) with high

quantum efficiencies. They are thermally stable as their 5% weight loss temperatures

are well above 300 oC. These FBAs can be used in thermoplastic processing.

Figure 1.29 Structures of various FBAs reported by Liu and coworkers [44]
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EXPERIMENTAL

2.1. Materials and chemicals

4-Bromo-1,8-naphthalic anhydride, 4-cumylphenol, 4Å molecular sieve, 2,6-

diisopropyl aniline, acenaphthene, N-bromosuccinamide (NBS), 18-crown-6 were

purchased from Sigma-Aldrich (USA) and used without purification. Phenol, 1-

butanol, potassium hydroxide, potassium carbonate, and 4-methoxyaniline were

purchased from Fluka (Switzerland) and used without purification. Tinopal OB - a

standard commercial fluorescent brightener - was supplied by the PTT phenol

company. Acetic acid and DMF were reagent grade purchased from Aldrich (USA).

They were stored over 4Å molecular sieve with N2 bubbling for 1 hour prior to use.

Aniline was distilled under reduced pressure before use. Commercial n-hexane, ethyl

acetate and methanol were fractionally distilled before use. The 1H NMR was

determined on Varian Mercury NMR spectrophotometer (Varian, USA) at 400 MHz

with chemical shifts reported as ppm in CDCl3. The 13C NMR was measured on

Bruker Mercury NMR spectrophotometer (Bruker, Germany, which equipped at 100

MHz with chemical shifts reported as ppm in CDCl3. To investigate their thermal

properties, differential scanning calorimeter (DSC) 204 F1 Phoenix (Netzsch) was

used to determine their glass transition temperature (Tg), melting temperature (Tm),

and crystal temperature (Tc). UV-2550 UV-visible spectrophotometer (SHIMADZU,

Japan) was used for absorption study. The fluorescence or emission spectra were

acquired by Carry Eclipse Fluorescence Spectrophotometer (Agilent Technologies).

Cyclic voltammograms were conducted on cyclic voltammetry instrument (Autolab).

The thermal gravimetric analysis (TGA) experiments were conducted at the PTT

Company in Wang-Noi, Ayutthaya.
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2.2. Synthesis

2.2.1. 4-Bromo-N-(phenyl)-1,8-naphthalimide (2a)

According to literature review [3], 4-bromo-1,8-naphthalic anhydride (1) (1.0

g, 1.07 mmol), 6 mL glacial acetic acid, and 4Å Molecular sieve (4Å MS) (10 g) were

added into a round bottom flask. Then, aniline (0.16 mL, 0.16 g, 1.76 mmol) was

added. The mixture was stirred and heated under refluxing conditions overnight. After

the reaction mixture was allowed to cool to room temperature, the mixture was poured

into 30 g of ice and the resulting precipitate was filtered, washed with cool water, and

dried over a steam bath. The white powder was next purified by column

chromatography using hexane/ethyl acetate (10:1) as the eluent to obtain 2a as white

crystalline solid (77%). 1H NMR (CDCl3) δ (ppm) 7.35 (d, J = 7.2 Hz, 2H), 7.50-7.64

(m, 3H), 7.90 (t, J = 8.0 Hz, 1H), 8.10 (d, J = 8.0 Hz, 1H), 8.48 (d, J = 8.0 Hz, 1H),

8.66 (d, J = 8.0 Hz, 1H), 8.73 (d, J = 8.0 Hz, 1H).

2.2.2. 4-Bromo-N-(2-acethoxy-phenyl)-1,8-naphthalimide (2b)

NO O

Br

NO O

Br

O

OMe
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To prepare in a small scale [3], 4-bromo-1,8-naphthalic anhydride (1) (0.3 g,

1.20 mmol), 6 mL glacial acetic acid, 4Å Molecular sieve (4Å MS) (1 g) and methyl

anthranilate (0.3 mL, 0.35 g, 2.32 mmol) were used. The synthesis of 2b was

conducted using the procedure described for 2a. After a purification by column

chromatography using hexane/ethyl acetate (4:1) as the eluent, 2b was obtained as an

off-white powder (53%). 1H NMR (CDCl3) δ (ppm): 3.70 (s, 3H), 7.40 (d, J = 8.0 Hz,

1H), 7.60 (t, J = 7.6 Hz, 1H), 7.75 (t, J = 7.6 Hz, 1H), 7.85 (t, J = 8.4 Hz, 1H), 8.08

(d, J = 7.6 Hz, 1H), 8.25 (d, J = 7.6 Hz, 1H), 8.45 (d, J = 8.0 Hz, 1H), 8.63 (d, J = 8.4

Hz, 1H), 8.69 (d, J = 8.4 Hz, 1H).

Scheme 2.1 Synthesis methods: (a) appropriate aniline, glacial acetic acid, reflux;

(b) appropriate phenol or alcohol, KOH, 18-crown-6, DMF, 70 oC; (c) appropriate

phenol or alcohol, K2CO3, DMF, 110 oC

OO O

Br

NO O

Br

Ar

NO O

O

Ar

R

2a: Ar = phenyl
2b: Ar = 2-acethoxy-phenyl
2c: Ar = 4-methoxy-phenyl
2d: Ar = 2,6-diisopropyl-phenyl

1

a. b. or c.

3a: Ar = phenyl
R = phenyl

3b: Ar = phenyl
R = cumylphenyl

3c: Ar = 2-acethoxy-phenyl
R = cumylphenyl

3d: Ar = 4-methoxyl-phenyl
R = cumylphenyl

3e: Ar = 2,6-diisopropyl-phenyl
R = cumylphenyl

3f : Ar = 2,6-diisopropyl-phenyl
R = phenyl

3g: Ar = 2,6-diisopropyl-phenyl
R = 4-t-butyl-phenyl

3h: Ar = 2,6-diisopropyl-phenyl
R = 4-methoxy-phenyl

3i: Ar = 2,6-diisopropyl-phenyl
R = 4-chloro-phenyl

3j: Ar = 2,6-diisopropyl-phenyl
R = 4-acethoxy-phenyl

3k: Ar = 2,6-diisopropyl-phenyl
R = 4-nitro-phenyl

3l: Ar = 2,6-diisopropyl-phenyl
R = butyl
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2.2.3. 4-Bromo-N-(4-methoxy-phenyl)-1,8-naphthalimide (2c)

The synthesis of 2c was conducted using the procedure described for 2b. After

a purification by column chromatography using hexane/ethyl acetate (4:1) as the

eluent, 2c was obtained as an off-white powder (56%). 1H NMR (CDCl3) δ (ppm):

3.80 (s, 3H), 7.00 (d, J = 8.8 Hz, 2H), 7.15 (d, J = 8.8 Hz, 2H), 7.80 (t, J = 8.0 Hz,

1H), 8.01 (d, J = 8.0 Hz, 1H), 8.39 (d, J = 8.0 Hz, 1H), 8.57 (d, J = 8.0 Hz, 1H), 8.64

(d, J = 8.0 Hz, 1H).

2.2.4. 4-Bromo-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide (2d)

The synthesis of 2d was conducted using the procedure described for 2b. After

a purification by column chromatography using hexane/ethyl acetate (10:1) as the

eluent, 2d was obtained as an off-white powder (81%). 1H NMR (CDCl3) δ (ppm):

1.05 (d, 12H), 2.65 (m, 2H), 7.25 (d, J = 7.6 Hz, 2H), 7.42 (t, J = 7.6 Hz, 1H), 7.85 (t,

NO O

Br

OMe

NO O

Br



23

J = 7.8 Hz, 1H), 8.05 (d, J = 8.0 Hz, 1H), 8.40 (d, J = 8.0 Hz, 1H), 8.59 (d, J = 7.8

Hz, 1H), 8.66 (d, J = 7.8 Hz, 1H).

2.2.5. 4-Phenoxy-N-phenyl-1,8-naphthalimide (3a)

A mixture of 2a (4.6 g, 12.99 mmol), phenol (2.5 g, 26.67 mmol), anhydrous

potassium carbonate (5.4 g, 39.32 mmol) in DMF (200 mL) was heated and stirred at

120 oC 8 hours. The mixture was then poured into ice/water and the crude precipitate

was collected by vacuum filtration and washed with water. After purification by

column chromatography using hexane/ethyl acetate (10:1) as the eluent, 3a was

obtained as a pale powder solid (87%). 1H NMR (CDCl3) δ (ppm): 6.90 (d, J = 8.4

Hz, 1H), 7.16 (d, J = 8.4 Hz, 2H), 7.23 – 7.29 (m, 3H), 7.40 – 7.52 (m, 5H), 7.75 (t, J

= 8.4 Hz, 1H), 8.45 (d, J = 8.4 Hz, 1H), 8.64 (d, J = 8.4 Hz, 1H), 8.72 (d, J = 8.4 Hz,

1H) . 13C NMR (CDCl3) δ (ppm): 110.7, 116.7, 120.8, 122.8, 124.1, 125.7, 126.6,

128.6, 128.9, 129.3, 130.4, 132.3, 133.2, 135.6, 154.8, 160.2, 163.9, 164.6

2.2.6. 4-Cumylphenoxy-N-(phenyl)-1,8-naphthalimide (3b): Method A

NO O

O

NO O

O
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From patent [3], a mixture of 2a (0.21 g, 0.59 mmol), 4-cumylphenol (0.25 g,

1.19 mmol), potassium hydroxide (0.05 g, 0.91 mmol), and 18-crown-6 (catalytic

amount) in DMF (2 mL) was heated and stirred at 70oC overnight. The mixture was

then poured into ice/water and the crude precipitate was collected by vacuum

filtration and washed with water. After purification by column chromatography using

hexane/ethyl acetate (4:1) as the eluent, 3b was obtained as a pale powder solid

(16%). 1H NMR (CDCl3) δ (ppm): 1.67 (s, 6H), 6.89 (dd, J = 7.6 Hz and 8.4 Hz, 1H),

7.04 (d, J = 8.4 Hz, 2H), 7.12 – 7.34 (m, 9H), 7.39 – 7.48 (m, 3H), 7.74  (t, J = 8.0

Hz, 1H), 8.42 (d, J = 8.0 Hz, 1H), 8.63(d, J = 8.0 Hz, 1H), 8.70 (d, J = 8.0 Hz, 1H).
13C NMR (CDCl3) δ (ppm): 30.7, 42.8, 110.5, 116.5, 120.2, 122.7, 124.1, 125.9,

126.5, 126.8, 128.5, 128.6, 128.7, 129.3, 129.5, 130.0, 130.1, 130.3, 133.3, 148.4,

150.3, 152.4, 160.3, 164.6.

2.2.7. 4-Cumylphenoxy-N-(phenyl)-1,8-naphthalimide (3b): Method B

(General procedure)

A mixture of 2a (2.6 g, 7.39 mmol), 4-cumylphenol (3.24 g, 15.26 mmol),

anhydrous potassium carbonate (3.03 g, 21.91 mmol) in DMF (120 mL) was heated

and stirred at 110 oC overnight. The mixture was then poured into ice/water and the

crude precipitate was collected by vacuum filtration and washed with water. After

purification by column chromatography using hexane/ethyl acetate (10:1) as the

eluent, 3b was obtained as a pale powder solid (66%).

2.2.8. 4-Cumylphenoxy-N-(2-acethoxy-phenyl)-1,8-naphthalimide (3c)

NO O

O

O

OMe
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2b (0.26 g, 0.64 mmol), 4-cumylphenol (0.37 g, 1.76 mmol), anhydrous

potassium carbonate (0.53 g, 3.82 mmol) in DMF (10 mL) was heated and stirred to

obtain 3c was obtained as a pale powder solid (20%). 1H NMR (CDCl3) δ (ppm): 1.75

(s, 6H), 3.70 (s, 3H), 6.95 (d, J = 8.0 Hz, 1H), 7.10 (d, J = 8.0 Hz, 2H), 7.20 – 7.40

(m, 9H), 7.57 (t, J = 8.0 Hz, 1H), 7.73 (t, J = 8.0 Hz, 1H), 7.80 (t, J = 8.0 Hz, 1H),

8.24 (d, J = 8.0 Hz, 1H), 8.49 (d, J = 8.0 Hz, 1H), 8.68 (d, J = 8.0 Hz, 1H), 8.76 (d, J

= 8.0 Hz, 1H). 13C NMR (CDCl3) δ (ppm): 30.9, 42.8, 52.1, 110.5, 116.6, 120.2,

122.8, 124.2, 125.9, 126.4, 128.2, 128.7, 128.9, 130.3, 130.7, 131.9, 132.1, 133.1,

133.6, 136.7, 148.3, 150.2, 152.5, 160.4, 164.8

2.2.9. 4-Cumylphenoxy-N-(4-methoxy-phenyl)-1,8-naphthalimide (3d)

4-bromo-N-(4-methoxy-phenyl)-1,8-naphthalimide (2c) was used instead of

2b to obtain 3d was obtained as a yellow powder solid (91%). 1H NMR (CDCl3) δ

(ppm): 1.74 (s, 6H), 3.87 (s, 3H), 6.95 (d, J = 8.4 Hz, 1H), 7.06 (d, J = 8.8 Hz, 2H),

7.11 (d, J = 8.8 Hz, 2H), 7.20 – 7.40 (m, 9H), 7.82 (t, J = 8.4 Hz, 1H), 8.50(d, J = 8.4

Hz, 1H), 8.70 (d, J = 8.4 Hz, 1H), 8.76 (d, J = 8.4 Hz, 1H). 13C NMR (CDCl3) δ

(ppm): 30.9, 55.5, 110.5, 114.7, 120.2, 125.9, 126.5, 126.7, 128.2, 128.8, 128.9,

129.6, 132.3, 133.2, 148.4, 152.5, 159.5.

NO O

O

OMe
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2.2.10. 4-Cumylphenoxy-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide

(3e)

4-bromo-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide (2d) was used instead

of 2b to obtain 3e was obtained as a white powder solid (89%). 1H NMR (CDCl3) δ

(ppm): 1.08 (d, 12H), 1.67 (s, 6H), 2.67 (m, 2H), 6.80 - 7.30 (m, 12H), 7.39 (t, J = 8.4

Hz, 1H), 7.75 (t, J = 8.4 Hz, 1H), 8.45 (d, J = 8.4 Hz, 1H), 8.64 (d, J = 8.4 Hz, 1H),

8.70 (d, J = 8.4 Hz, 1H), 13C NMR (CDCl3) δ (ppm): 24.0, 29.2, 30.9, 42.9 110.7,

114.8, 120.2, 125.9, 126.8, 128.2, 128.9, 129.4, 132.4, 133.4, 145.8, 148.4, 150.3,

152.6, 160.3, 163.8, 164.5.

2.2.11. 4-Phenoxy-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide (3f)

NO O

O

NO O

O
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Use phenol instead of 4-cumylphenol. And, 4-bromo-N-(2,6-diisopropyl-

phenyl)-1,8-naphthalimide (2d) was used instead of 2b to obtain 3f was obtained as a

white powder solid (79%). 1H NMR (CDCl3) δ (ppm): 1.20 (d, 12H), 2.80 (m, 2H),

7.00 (d, J = 8.0 Hz, 1H), 7.25 (d, J = 7.6 Hz, 2H), 7.36 (d, J = 7.6 Hz, 3H), 7.53 (dd, J

= 6.4 Hz and 7.6 Hz, 3H), 7.85 (t, J = 8.0 Hz, 1H), 8.57 (d, J = 8.0 Hz ,1H), 8.77 (d, J

= 8.0 Hz, 1H), 8.83 (d, J = 8.0 Hz, 1H). 13C NMR (CDCl3) δ (ppm): 14.2, 24.0, 29.3,

110.9, 115.4, 116.7, 120.8, 122.8, 124.3, 125.7, 126.7, 128.9, 129.5, 130.5, 131.1,

132.5, 133.4, 145.8, 155.0, 160.2, 163.8, 164.5.

2.2.12. 4-(4-tert-butyl-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3g)

A mixture of 2d (0.11 g, 0.25 mmol), 4-tert-butyl-phenol (0.09 g, 0.57 mmol),

anhydrous potassium carbonate (0.14 g, 0.99 mmol) in DMF (6 mL) was heated and

stirred to obtain 3g was obtained as a pale powder solid (78%). 1H NMR (CDCl3) δ

(ppm): 1.16 (d, 12H), 1.39 (s, 9H), 2.75 (m, 2H), 7.00 (d, J = 8.4 Hz, 1H), 7.25 (d, J =

8.0 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.45 – 7.55 (m, 3H), 7.85 (t, J = 8.4 Hz, 1H),

8.52 (d, J = 8.4 Hz, 1H), 8.73 (d, J = 8.4 Hz, 1H), 8.80 (d, J = 8.4 Hz, 1H). 13C NMR

(CDCl3) δ (ppm): 24.0, 29.1, 31.5, 34.6, 110.5, 116.4, 120.2, 122.7, 124.0, 124.2,

126.5, 127.3, 128.9, 129.4, 130.4, 131.0, 132.4, 133.4, 133.6, 145.7, 148.7, 152.4,

160.4, 163.8, 164.4

NO O

O
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2.2.13. 4-(4-methoxy-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3h)

3h was collected as a pale powder (81%). 1H NMR (CDCl3) δ (ppm): 1.15 (m,

12H), 2.74 (m, 2H), 3.88 (s, 3H), 6.90 (d, J = 8.4 Hz, 1H), 7.00 (d, J = 9.2 Hz, 2H),

7.15 (d, J = 9.2 Hz, 2H), 7.32 (d, J = 7.6 Hz, 2H), 7.45 (t, J = 7.6 Hz, 1H), 7.83 (t, J =

8.4 Hz, 1H), 8.50 (d, J = 8.4 Hz, 1H), 8.70 (d, J = 8.4 Hz, 1H), 8.80 (d, J = 8.4 Hz,

1H). 13C NMR (CDCl3) δ (ppm): 24.0, 29.1, 55.7, 109.8, 115.5, 116.2, 122.0, 122.7,

123.9, 126.5, 128.9, 129.4, 130.4, 131.1, 132.4, 133.4, 145.7, 147.9, 157.4, 161.0,

163.8, 164.4

2.2.14. 4-(4-chloro-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3i)

NO O

O

OMe

NO O

O

Cl
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Use 4-chlorophenol instead of 4-tert-butyl-phenol to obtain 3i was obtained as

a white powder solid (96%). 1H NMR (CDCl3) δ (ppm): 1.13 (s, 12H), 2.72 (m, 2H),

6.95 (d, J = 8.0 Hz, 1H), 7.16 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 7.46 (d, J

= 8.4 Hz, 3H), 7.84 (t, J = 8.0 Hz, 1H), 8.50 (d, J = 8.0 Hz, 1H), 8.65 – 8.75 (m, 2H).
13C NMR (CDCl3) δ (ppm): 24.0, 29.1, 111.0, 117.2, 121.9, 122.8, 124.0, 124.2,

126.8, 128.6, 129.4, 130.4, 130.5, 130.9, 132.5, 133.1, 145.7, 153.6, 159.6, 163.6,

164.3

2.2.15. Methyl 4-hydroxybenzoate (4)

The 4-hydroxybenzoic acid (0.3 g, 2.38 mmol) was dissolved in methanol (13

mL). And then, concentrated sulfuric acid was added as catalyst. Next, the solution

mixture was refluxed and mixed for 2 days. After that, the solution was evaporated

and dispersed in ethyl acetate. And, saturated sodium carbonate was added into the

reaction mixture. The organic solvent was evaporated. 4 was obtained. 1H NMR

(CDCl3) δ (ppm): 3.90 (s, 3H), 6.50 (br, 1H), 6.90 (d, 2H), 7.95 (d, 2H).

2.2.16. 4-(4-acethoxy-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3j)

OH

O OMe

NO O

O

O

OMe
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Use methyl 4-hydroxybenzoate instead of 4-tert-butyl-phenol to obtain 3j was

obtained as a yellow powder solid (19%). 1H NMR (CDCl3) δ (ppm): 1.15 (d, 12H),

2.74 (m, 2H), 3.95 (s, 3H), 7.10 (d, J = 8.4 Hz, 1H), 7.20 (d, J = 8.8 Hz, 2H), 7.33 (d,

J = 7.6 Hz, 2H), 7.48 (t, J = 7.6 Hz, 1H), 7.85 (t, J = 8.4 Hz, 1H), 8.15 (d, J = 8.8 Hz,

2H), 8.57 (d, J = 8.4 Hz, 1H), 8.70 (d, J = 8.4 Hz, 1H), 8.74 (d, J = 8.4 Hz, 1H). 13C

NMR (CDCl3) δ (ppm): 24.0, 29.1, 52.3, 112.8, 117.9, 119.5, 122.9, 124.0, 124.6,

127.0, 128.6, 129.5, 130.4, 130.8, 132.2, 132.6, 133.0, 145.7, 158.5, 159.5, 163.6,

164.2, 166.2

2.2.17. 4-(4-nitro-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide

(3k)

Use methyl 4-nitrophenol instead of 4-tert-butyl-phenol to obtain 3k was

obtained as a yellow powder solid (8%). 1H NMR (CDCl3) δ (ppm): 1.10 (d, 12H),

2.68 (m, 2H), 7.10 (d, J = 8.0 Hz, 1H), 7.27 (d, J = 7.6 Hz, 2H), 7.40 (t, J = 8.0 Hz,

1H), 7.80 (t, J = 7.6 Hz, 1H), 8.20 – 8.30 (m, 4H), 8.52 (d, J = 8.0 Hz, 1H), 8.56 (d, J

= 8.0 Hz, 1H), 8.68 (d, J = 8.0 Hz, 1H). 13C NMR (CDCl3) δ (ppm): 24.0, 29.2, 114.4,

119.1, 119.2, 119.3, 123.0, 124.0, 124.8, 126.2, 126.4, 127.4, 128.3, 129.6, 130.5,

130.7, 132.7, 132.8, 145.7, 157.1, 161.3, 163.4, 164.0

2.2.18. 4-Butoxy-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide (3l)

NO O

O

NO2
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A mixture of 2c (0.14 g, 0.38 mmol) and K2CO3 (0.40 g, 2.92 mmol) was

refluxed in n-butanol (7.0 mL, 5.67 g, 76.5 mmol). After the evaporation of solvent

and purification by column chromatography, 3e was obtained as white solid in 76%.
1H NMR (CDCl3) δ (ppm): 1.07 (t, 3H), 1.15 (d, 12H), 1.65 (m, 2H), 2.00 (m, 2H),

2.75 (m, 2H), 4.43 (m, 2H), 7.08 (d, J = 8.0 Hz, 1H), 7.26 – 7.33 (m, 2H), 7.49 (t, J =

7.4 Hz, 1H), 7.50 (t, J = 7.6 Hz, 1H), 8.61 (d, J = 8.0 Hz, 1H), 8.67 (d, J = 7.6 Hz,

2H). 13C NMR (CDCl3) δ (ppm): 13.8, 19.4, 24.0, 29.1, 31.0, 105.9, 114.8, 122.5,

123.9, 125.9, 129.0, 129.3, 130.1, 132.0, 134.1, 145.8, 160.7, 164.0, 164.6

2.2.19. 5,6-dibromoacenaphthene (5)

First of all, acenaphthene (4.2 g, 26.94 mmol) was dissolved completely in

DMF. Next, N-bromosuccinamide (NBS) (16.5 g, 92.87 mmol) was put in small flask

and dissolved in DMF. Then, acenaphthene solution and NBS solution was cooled in

ice bath that its temperature did not above 5 oC. When the both solutions was cold,

NBS solution had been added in acenaphthene solution for 5 hours. After that, the

reaction mixture had been stirred at the same temperature for 6 hours. To precipitate

crude product, mixture was kept at room temperature. Crude product was filtered and

refluxed in ethanol 4 hours. Ethanol suspension was filtered. The solid (5) was

collected (17%). 1H NMR (CDCl3) δ (ppm): 3.30 (t, 4H), 7.10 (d, 2H), 7.80 (d, 2H)

[45].

NO O

O

Br Br
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2.2.20. 4,5-dibromo-1,8-naphthalic anhydride (6)

5,6-dibromoacenaphthene (0.4 g, 1.24 mmol) and potassium dichromate (2.4

g, 7.99 mmol) was added in sealed tube [46]. Acetic acid (15 mL) was poured and

refluxed in the tube. To oxidize at the benzylic carbon, the solution color was changed

from orange to dark green [47-48]. Then, iced was added and green precipitate was

filtered. Because of contaminating chromate salt, precipitate was dispersed in warm 1

M sodium hydroxide (60 mL). To dissolve contaminating salt, dilute hydrochloric

acid was added until acidic condition was detected [49-50]. The resulting solid was

filtered, dried on stream bath and used without purification. FTIR (cm-1): 1219.8,

1310.4, 1312.3, 1355.7, 1451.2, 1547.6, 1592.9, 1718.3, 1765.9

2.2.21. 4,5-dibromo-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide (2e)

5,6-Dibromo-1,8-naphthalic anhydride (6) (0.4 g, 1.24 mmol), 6 mL glacial

acetic acid, and 4Å Molecular sieve (4Å MS) (1 g) were added into a round bottom

flask. Then, 2,6-diisopropylaniline (0.35 mL, 0.33 g, 1.85 mmol) was added. The

mixture was stirred and heated under refluxing conditions overnight. After the

reaction mixture was allowed to cool to room temperature, the mixture was poured

into 30 g of ice and the black precipitate was filtered, washed with cool water, and

dried over a steam bath. The black powder was next purified by column

chromatography that used hexane/dichloromethane (1:1) as the eluent to obtain 2e as

OO O

BrBr

NO O

BrBr
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black crystalline solid (11%). 1H NMR (CDCl3) δ (ppm): 1.14 (d, 12H), 2.65 (m, 2H),

7.30 (d, J = 8.0 Hz, 2H), 7.50 (t, J = 7.6 Hz, 1H), 8.30 (d, J = 7.6 Hz, 2H), 8.48 (d, J =

8.0 Hz, 2H).

2.2.22. 4,5-dicumylphenoxy-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide

(3m)

2e (0.07 g, 0.14 mmol), cumylphenol (0.25 g, 1.18 mmol), anhydrous

potassium carbonate (0.12 g, 0.90 mmol) in DMF (3 mL) was heated and stirred at

110 oC overnight. The ice was then poured into mixture and the crude precipitate was

obtained by vacuum filtration and washed with water. After purification by column

chromatography using hexane/ethyl acetate (10:1) as the eluent, 3m was obtained as a

yellow solid (52%). 1H NMR (CDCl3) δ (ppm): 1.15 (d, 12H), 1.68 (s, 12H), 2.75 (m,

2H), 6.80 (d, J = 8.4 Hz, 4H), 7.10 (d, J = 8.4 Hz, 2H), 7.20 - 7.35 (m, 16H), 7.48 (t, J

= 8.4 Hz, 1H), 8.60 (d, J = 8.4 Hz, 2H). [M+Na] 800.3678

2.3. Photophysical test

2.3.1. Absorption

The stock solutions of each compound were prepared in CH2Cl2 at 10-3 – 10-5

M, then diluted to more than 5 different concentrations. To obtain the accurate result,

all absorbance should not exceed 1.0 arbitrary unit (a.u.) because it gives non-linear

effect that belong to Beer’s law, A= εbc which A is absorbance, ε is absorption

coefficient and c is concentration. The molar absorptivity (ε) was obtained from the

NO O

OO
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slope of the calibration curve between concentration and absorbance. The λmax was

chosen from the wavelength that provides the highest absorbance.

2.3.2. Emission or Fluorescence

To collect the complete fluorescent spectra, all compounds were excited at 364

nm and started to collect at each 10 nm interval with a slit width of 5 nm to prevent

the residual absorption band. In this work, the PMT was controlled at 595 volts.

2.3.3. Quantum yield

The quantum yield is the ratio of absorbed photons and emissive photons. In

the other word, the quantum yield is the value that relates to their emission efficiency.

In procedure, the quantum yield was measured between the absorbance of λmax

absorption and the sum of all fluorescent intensity at the same absorbance. Then, the

gradient or slope from the plot of sum fluorescence intensity and absorbance of all

compounds were calculated following the equation below, where Φx is quantum yield

of the tested compound, Φst is quantum yield of standard compound, and η is the

refractive index of solvent. Quinine sulfate in 0.1 M H2SO4 with a quantum yield of

0.54 was used as the standard [51].

2.4. Photostability test

The photostability of these compounds were tested under irradiation of the

DMSO solutions by a UVA sunset (Hostalux, USA, 200 W/m2) for 4, 8, 24, and 48

hr.

2.5. Thermal stability test
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The thermal stability was examined by differential scanning calorimeter

(DSC) 204 F1 Phoenix (Netzsch) and a thermogravimetric analyzer available at the

PTT Company in Wang-Noi, Ayutthaya.

2.6. Electronic test

To obtain cyclic voltammogram, the experiment was set up by utilizing

Ag/0.01 M AgNO3 as reference electrode, glassy carbon as working electrode and Pt

wire electrode as counter electrode under nitrogen atmosphere. About sample

preparation, all synthesized compounds and ferrocene (external standard) were

dissolved in 0.1 M TBAPF6 in acetronitrile, supporting electrolyte, to get the sample

solutions whose concentration were controlled at 1 mM. All determinations of cyclic

voltammograms were managed at 50 mV per second scan rate [44].

EHOMO (eV) = -(Eonset oxidation at cathode – E1/2 ferrocence + 4.8)

EHOMO (eV) = - 4.8 - Eonset oxidation at cathode + E1/2 ferrocence

ELUMO =  EHOMO +  Egap

Egap =  hc/onset wavelength

h  =  plank’s constant = 6.626 x 10-34 J.s

c  =  3 x 108 m/s

onset wavelength is the first longest absorption wavelength which molecule can

absorb.

1 eV = 1.602 x 10-19 J



CHAPTER III

RESULTS AND DISCUSSION

3.1. Synthesis and characterization

The synthesis of fluorescent brighteners was successfully conducted as shown

in Scheme 3.1. The commercially available 4-bromo-1,8-naphthalic anhydride (1)

was first reacted with appropriate anilines in glacial acetic acid to obtain 4-bromo-1,8-

naphthalimides 2a-2d, which were then treated with n-butyl alcohol or various phenol

derivatives in the presence of base and DMF to obtain 3a-3m.

OO O

Br

NO O

Br

NO O

O
R1

2a-d1

a. b. or c.

3a-m

53 - 81 % 8 - 96 %

Ar Ar

R2R2R2

Scheme 3.1 Synthetic methods: (a) appropriate aniline, glacial acetic acid, reflux;

(b) appropriate phenol or alcohol, KOH, 18-crown-6, DMF, 70 oC; (c) appropriate

phenol or alcohol, K2CO3, DMF, 110 oC

The NMR characterizations of the synthesized compounds in this series are

demonstrated using 3g as the representative example (Figure 3.1). Starting from 4-

bromo-1,8-naphthalic anhydride, reaction with excess 2,6-diisopropyl aniline gave

rise to naphthalimide 2d, and nucleophilic replacement of bromine afforded 3g in

good yield.
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Figure 3.1 1H NMR spectra of 4-bromo-1,8-naphthalic anhydride or 1 (top), 4-

bromo-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide (2d) (middle) 4-(4-t-butyl-

phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide (3g) (bottom) in CDCl3

From the 1H NMR spectra, the reaction between 2,6-diisopropylaniline and 4-

bromonaphthalic anhydride was successfully conducted as the signals of the aromatic

proton on 2,6-diisopropylaniline moved upfield. Upon a substitution of the bromo

group with a 4-tert-butylphenoxy group, the signal of the proton at the 3-position of

naphthalimide moved from 8.05 (Hf of 2d) to 7.00 ppm (Hd of 3g) as a result of

dramatic shielding by the aryloxy group.

It is worth noting that the substitution of the bromo group by phenoxyl group

using the patented condition [3] did not yield appreciable amount of the expected

product. In many cases, the hydroxyl substituted was the major product. For

examples, the reaction of 2a and 2c under the patented condition (Method A in the

experimental part) exclusively resulted in the hydroxyl substituted products as shown

a   c   d  b
a ab

x c
de aabcd

e
a

abi h g    f  e    d c
c
d e f

gh i
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in Figure 3.2. This transformation had been reported by Parvizi and co-workers in the

synthesis of 4-hydroxy-1,8-naphthalimide derivatives using hydroxide as the

nucleophile [52-53].

NO O

OH

NO O

OH

i -Pr i-Pr

Figure 3.2 Structures of side products

To overcome this undesired result, KOH was replaced by a weaker and non-

nucleophilic base – potassium carbonate. The use of weaker non-nucleophilic base

required a higher reaction temperature, which resulted in a much greater yield of

phenoxyl substituted products (3a-m). The % yields show in Table 3.1.
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Table 3.1 Structure of target naphthalimides

NO O

O
R1

3a-m

Ar

R2

Compound Ar R1 R2 % Yield

3a C6H5 C6H5 H 91

3b C6H5 4-Me2PhC-C6H4 H 66

3c 2-MeOOC-C6H4 4-Me2PhC-C6H4 H 20

3d 4-MeO-C6H4 4-Me2PhC-C6H4 H 91

3e 2,6-(i-Pr)2-C6H3 4-Me2PhC-C6H4 H 69

3f 2,6-(i-Pr)2-C6H3 C6H5 H 79

3g 2,6-(i-Pr)2-C6H3 4-Me3C-C6H4 H 78

3h 2,6-(i-Pr)2-C6H3 4-MeO-C6H4 H 81

3i 2,6-(i-Pr)2-C6H3 4-Cl-C6H4 H 85

3j 2,6-(i-Pr)2-C6H3 4-MeOOC-C6H4 H 19

3k 2,6-(i-Pr)2-C6H3 4-O2N-C6H4 H 8

3l 2,6-(i-Pr)2-C6H3 C4H9 H 76

3m 2,6-(i-Pr)2-C6H3 4-Me2PhC-C6H4 O-4-Me2PhC-C6H4 52
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In the case of reaction with electron withdrawing groups (3c, 3j and 3k)

obtained low % yields because this groups generated poor nucleophile such as poor

electron of phenoxide of 3j and 3k. So, the substitution of bromine occurred hardly

that assumed this substitution reactions are poor.

3.2. Photophysical study

The photophysical properties of all compounds were investigated and

described in terms of maxima absorption (λmax absorption) and emission wavelengths

(λmax emission), absorption coefficient (ε) and fluorescent quantum yield (). It was

found that ε and λmax of all compounds except 3m are relatively similar as

summarized in Table 3.2. Therefore, it could be implied that the Ar, R1 and R2

substitutents did not significantly affected the π-conjugated system. The λmax of 3m

appeared at a significantly longer wavelength of 380 nm. This may be rationalized by

the effect of two electron-donating aryloxy groups present in 3m which narrows the

HOMO-LUMO gap of the compound as evident by the highest onset absorption

wavelength at 450 nm.

For the emission properties, all compounds with the exception of 3m could

emit blue light (411-436 nm) upon excitation at their own maximum absorption

wavelengths. In the other words, all of the synthesized compounds thus have the right

emission wavelength to be used as fluorescent brightener.

To evaluate their emission efficiencies, the quantum yield experiments were

conducted using solutions of each compound in CH2Cl2 with the absorbance below

0.1 to prevent concentration quenching. The gradients or slopes from the plots

between sum of fluorescence intensity and absorbance were calculated by the

equation below, where Φx is quantum yield of the tested compound, Φst is quantum

yield of the standard compound, and η is the refractive index of solution. Quinine

sulfate in 0.1 M H2SO4 with a quantum yield of 0.54 was used as the standard [51].
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The quantum yields of all synthesized compounds were summarized in Table

3.2. Of all compounds synthesized in this study, 3l exhibits the highest quantum yield

of 0.95 indicating that the linear alkoxy group is a good substituent to be used on the

naphthalimide fluorophore. Compound 3a and 3f displays quantum efficiencies of

higher than 0.75 while 3i and 3j possess moderate efficiencies of higher 0.50.

Interestingly, other compounds generally have poor quantum yields of 0.1 or below.

The drastic differences in quantum yields for compounds in this class has been

previously reported [40], but detailed explanation or supporting experiments has not

yet been published.

Table 3.2 The photophysical properties of 3a-3h

Compound

Absorption Emission Appearance

under black

light

λmax

(nm)a

λonset

(nm)a

log ε

(M-1 cm-1 )a

λmax

(nm)b

Φc

3a 362 411 4.33 426 0.76

3b 364 411 4.19 433 0.12

3c 364 411 4.07 432 0.10

3d 364 415 4.15 436 0.005

3e 365 410 4.11 435 0.11

3f 364 404 4.18 425 0.84

3g 364 410 4.27 434 0.11

3h 364 414 4.32 435 0.002

3i 360 405 4.20 423 0.64

3j 359 401 4.30 421 0.55

3k 355 396 3.81 411 0.002

3l 368 415 4.22 431 0.95

3m 380 450 4.38 445 0.09 NA
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[a] measured in diluted CH2Cl2 solution.[b] excited at 364 nm.

[c] determined by using quinine sulfate in 0.1 M H2SO4 as standard reference.

Scheme 3.2 The relative energy level of 1,8-naphthalimide with various

substituents at the 4-position-aryloxy-1,8-naphthalimide

The Photo-induced Electron Transfer (PET) is postulated to be responsible for

the variation in quantum efficiencies of this class of compounds. Scheme 3.2

illustrates the relative energy level of 1,8-naphthalimide with various substituents at

the 4-position-aryloxy-1,8-naphthalimide. In case 3l, the energy gap of fluorophore

lies between the large HOMO-LUMO gap of the alkoxy group (σ-σ*). So, the PET

process should not be possible. This situation should be similar in the case of

unactivated aryloxy group (3f); although, the HOMO-LUMO gap of the unactivated

aryloxy group (π-π*) is much narrower because of resonance energy in conjugate

compound.

In the case of electron rich substituents, the HOMO level of the aryloxy group

is in between HOMO and LUMO of the fluorophore. Thus, the electron from HOMO

level of the aryloxy group could transfer to HOMO of the fluorophore; and then,

excited
1,8-naphthalimide

(fluorophore)

HOMO

LUMO

HOMO
LUMO

electron rich
aryloxy group

(3e, 3g)

electron poor
aryloxy group

(3i, 3j)

eT

eT

phenoxy group
(unactivated)

(3f)

HOMO

LUMO

LUMO

HOMO

alkoxy group
(3l)

HOMO

LUMO
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follow by the migration from LUMO of the fluorophore to HOMO. In the other

words, PET could occur which resulted in low quantum yield.

In contrast, the HOMO level of electron poor aryloxy group may not be in the

HOMO-LUMO gap of the fluorophore, but the LUMO level of the aryloxy group

might lie between HOMO-LUMO gap instead. The excited fluorophore can transfer

electron to the LUMO of the aryloxy group, then back to the HOMO of the

fluorophore. The above energy level diagram shows that the gap between LUMOaryloxy

and HOMOfluorophore is larger than HOMOaryloxy and HOMOfluorophore. Therefore, PET

could occur strongly in the later case because the smaller energy gap could allow the

process to take place easier [18].

For 3d, 3h and 3k which exhibit extremely low quantum yields, it might be

possible that Internal Charge Transfer (ICT) process also take place. Generally, ICT

process can occur in 1,8-naphthalimide derivatives as depicted in Figure 3.3.

However, the methoxy group could strongly donate electron through bond resulting in

mediocre quantum yield [33]. Zhaochao Xu and co-workers [15] proposed that the

increasing of donating power could enhance the ICT process. The resonance effect in

compounds with a methoxy group (3d and 3h) and a nitro group (3k) could promote

the ICT process as described in Figure 3.4.

Figure 3.3 General ICT process in 1,8-naphthalimides
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Figure 3.4 Proposed electron donating mechanism in 3d and 3h for synergistic

ICT process

On the other hand, the ICT mechanism could also take place in 3k which

contains a nitro group at the 4-position. Its electron-withdrawing ability could

facilitate the ICT process via mechanism shown in Figure 3.5.
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Figure 3.5 Proposed electron withdrawing mechanism in 3k for synergistic ICT

process

3.3. Photostability test

To demonstrate about photo stability (light fastness), the stability of

compounds were tested by exposing 200 W/m2 of UVA; and then, measured their

absorbance in DMSO. After measuring, the absorbance of each time interval was

divided with the absorbance of non exposing UVA (0 hours) and calculated into

percentage to tabulate Figure 3.6 as shown. The order of photostability or light

fastness was 3l > 3b > 3e > 3d > 3f. To explain this phenomenon, we have known that

the order of quantum yield of sample compounds. The photostability trend is similar

trend of quantum yield. Therefore, the bathochromic emission can reduce the harmful

UV energy because it was changed into harmless blue region.

Figure 3.6 The remaining percentage of each compounds upon exposure to UVA
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3.4. Thermal stability test

The Differential Scaning Calorimetry (DSC) was equipped for measuring their

glass transition temperature (Tg), melting temperature (Tm), and crystal temperature

(Tc). Td of all compounds were obtained by PTT phenol research unit. In this case, our

staff used 3b, 3d, 3e, 3f and 3l to demonstrate their thermal stabilities. The results

show in Table 3.3 which represents 4-cumylphenoxy derivatives show excellent

thermal stability due to their high pi-stack, hydrophobic interaction and aromaticity.

So, the less pi-stacking molecules as 3f and 3l exhibit moderate and poor thermal

stability from DSC measurement, respectively. 3e is interesting compound because of

its thermal stability. Only 3l’s Tg did not observe due to their excellent decreasing pi-

stack. So, 3l form into glass transition hardly which it has poor dispersibility in plastic

and polymer when prepared molten plastic and then the plastic was not good to use. In

conclusion of this topic, the phenol moiety assists to enhance the decomposition

temperature that the molecule hardly decompose when the compound was used in

thermoplastic process [54-64].

Table 3.3 Thermal properties

Compound Td (oC)c Tm (oC)a Tg (oC)b Tc (oC)a

3b 430 177 72 142

3d 430 242 72 112

3e 430 192 82 -

3f 375 218 83 -

3l 340 212 - 147

3m 425 90 75 -
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[a] and [b] obtained from DSC measurements on the first and second heating cycle with

a heating rate of 10 oC per minute under N2.

[c] 10% decomposition temperature obtained from TGA measurement with a heat rate

of 10 oC per minute under N2.

3.5. Electrochemical analysis

For cyclic voltammogram, an electrochemical cell composed of a Ag/0.01 M

AgNO3 (reference electrode), glassy carbon (working electrode), and Pt wire

electrode (counter electrode) was configured under nitrogen atmosphere. The tested

compounds or ferrocene (external standard) were dissolved to 1 mM concentration in

a solution of TBAPF6 (0.1 M) in acetonitrile (supporting electrolyte). All

determinations of cyclic voltammograms were managed at a scan rate of 50 mV per

second [44]. Upon calculation methods described in the experimental part, the

resulted energy levels of seven derivatives are shown in Figure 3.7.

Figure 3.7 HOMO (bottom) and LUMO (top) energy levels of naphthalimides
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The data verified that the seven naphthalimide derivatives have similar

HOMO-LUMO energy levels, which corresponded to the fact that all of them could

emit fluorescent signal in the 425-435 nm ranges. Thus, it could be implied that the

substituents at the 4-position could slightly alter this energy level or the emission

wavelength. However, they could affect the quantum efficiency by means of PET

phenomenon.



CHAPTER IV

CONCLUSIONS

4.1. Conclusion

13 derivatives of N-aryl-1,8-naphthalimides were successfully synthesized

from the commercially available 4-bromo-1,8-naphthalic anhydride. They were then

subjected to a comparative evaluation of the photophysical properties, which revealed

that all compounds could function as optical brightening agents since their absorption

and emission wavelengths were in the range of 364 nm and 425 nm, respectively. All

compounds exhibited good thermal stability as their glass transition temperatures

were well above 350 oC, especially for those with the cumylphenoxy groups. For the

photostability evaluation, all compounds could tolerate 200 watt per square meter of

UVA light, relatively similar to that of commercial OBA Tinopal. Interestingly, the

quantum efficiencies of these fluorophores exclusively depended on the substituents

at the 4-positions, in which the alkoxy and phenoxy groups caused molecules to have

high quantum yields, while the substituted aryloxy groups diminished the fluorescent

intensity. Photo-induced electron transfer process

Figure 4.1 Fluorescence of all synthesized compounds under black light (a to l)
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4.2 Suggestion for future works

To focus on PET process, we should do experiment about molecular

calculation to confirm proposed PET process.
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Fig A. 1 1H NMR of 4-bromo-N-(phenyl)-1,8-naphthalimide (2a) in CDCl3
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Fig A. 7 1H NMR of 4-cumylphenoxy-N-(phenyl)-1,8-naphthalimide (3b) by

KOH in CDCl3
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Fig A. 8 13C NMR of 4-cumylphenoxy-N-(phenyl)-1,8-naphthalimide (3b) by

KOH in CDCl3
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Fig A. 9 1H NMR of 4-cumylphenoxy-N-(phenyl)-1,8-naphthalimide (3b) by

K2CO3 in CDCl3
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Fig A. 11 13C NMR of 4-cumylphenoxy-N-(2-acethoxy-phenyl)-1,8-

naphthalimide (3c) in CDCl3
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Fig A. 13 13C NMR of 4-cumylphenoxy-N-(4-methoxy-phenyl)-1,8-

naphthalimide (3d) in CDCl3
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Fig A. 14 1H NMR of 4-cumylphenoxy-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3e) in CDCl3
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Fig A. 15 13C NMR of 4-cumylphenoxy-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3e) in CDCl3
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Fig A. 16 1H NMR of 4-phenoxy-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide
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Fig A. 17 13C NMR of 4-phenoxy-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide

(3f) in CDCl3
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Fig A. 18 1H NMR of 4-(4-tert-butyl-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3g) in CDCl3
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Fig A. 19 13C NMR of 4-(4-tert-butyl-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3g) in CDCl3
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Fig A. 20 1H NMR of 4-(4-methoxy-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3h) in CDCl3
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Fig A. 21 13C NMR of 4-(4-methoxy-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3h) in CDCl3
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Fig A. 22 1H NMR of 4-(4-chloro-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3i) in CDCl3
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Fig A. 23 13C NMR of 4-(4-chloro-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3i) in CDCl3
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Fig A. 24 1H NMR of methyl 4-hydroxybenzoate (4) in CDCl3
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Fig A. 25 1H NMR of 4-(4-acethoxy-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3j) in CDCl3
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Fig A. 26 13C NMR of 4-(4-acethoxy-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3j) in CDCl3
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Fig A. 27 1H NMR of 4-(4-nitro-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3k) in CDCl3
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Fig A. 28 13C NMR of 4-(4-nitro-phenoxy)-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3k) in CDCl3
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Fig A. 29 1H NMR of 4-butoxy-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide

(3l) in CDCl3
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Fig A. 30 13C NMR of 4-butoxy-N-(2,6-diisopropyl--phenyl)-1,8-naphthalimide

(3l) in CDCl3
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Fig A. 31 1H NMR of 5,6-dibromoacenaphthene (5) in CDCl3

Fig A. 32 FT-IR spectrum of 4,5-dibromo-1,8-naphthalic anhydride (6)
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Fig A. 33 1H NMR of 4,5-dibromo-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (2e) in CDCl3
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Fig A. 34 1H NMR of 4,5-dicumylphenoxy-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3m) in CDCl3
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Fig A. 35 Mass spectrum of 4,5-dicumylphenoxy-N-(2,6-diisopropyl-phenyl)-

1,8-naphthalimide (3m) in EtOAc

Fig A. 36 Molar absorption coefficient plot of 4-phenoxy-N-(phenyl)-1,8-

naphthalimide (3a) in CH2Cl2
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Fig A. 37 Molar absorption coefficient plot of 4-cumylphenoxy-N-(phenyl)-1,8-

naphthalimide (3b) in CH2Cl2

Fig A. 38 Molar absorption coefficient plot of 4-cumylphenoxy-N-(2-acethoxy-

phenyl)-1,8-naphthalimide (3c) in CH2Cl2
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Fig A. 39 Molar absorption coefficient plot of 4-cumylphenoxy-N-(4-methoxy-

phenyl)-1,8-naphthalimide (3d) in CH2Cl2

Fig A. 40 Molar absorption coefficient plot of 4-cumylphenoxy-N-(2,6-

diisopropyl-phenyl)-1,8-naphthalimide (3e) in CH2Cl2
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Fig A. 41 Molar absorption coefficient plot of 4-phenoxy-N-(2,6-diisopropyl-

phenyl)-1,8-naphthalimide (3f) in CH2Cl2

Fig A. 42 Molar absorption coefficient plot of 4-(4-tert-butyl-phenoxy)-N-(2,6-

diisopropyl-phenyl)-1,8-naphthalimide (3g) in CH2Cl2
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Fig A. 43 Molar absorption coefficient plot of 4-(4-methoxy-phenoxy)-N-(2,6-

diisopropyl-phenyl)-1,8-naphthalimide (3h) in CH2Cl2

Fig A. 44 Molar absorption coefficient plot of 4-(4-chloro-phenoxy)-N-(2,6-

diisopropyl-phenyl)-1,8-naphthalimide (3i) in CH2Cl2
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Fig A. 45 Molar absorption coefficient plot of 4-(4-acethoxy-phenoxy)-N-(2,6-

diisopropyl-phenyl)-1,8-naphthalimide (3j) in CH2Cl2

Fig A. 46 Molar absorption coefficient plot of 4-(4-nitro-phenoxy)-N-(2,6-

diisopropyl-phenyl)-1,8-naphthalimide (3k) in CH2Cl2
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Fig A. 47 Molar absorption coefficient plot of 4-butoxy-N-(2,6-diisopropyl--

phenyl)-1,8-naphthalimide (3l) in CH2Cl2

Fig A. 48 Molar absorption coefficient plot of 4,5-dicumylphenoxy-N-(2,6-

diisopropyl-phenyl)-1,8-naphthalimide (3m) in CH2Cl2
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Fig A. 49 Molar absorption coefficient plot of Tinopal OB (7) in CH2Cl2

Fig A. 50 Quantum yield plot of 4-phenoxy-N-(phenyl)-1,8-naphthalimide (3a)

in CH2Cl2 at PMT 540
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Fig A. 51 Quantum yield plot of 4-cumylphenoxy-N-(phenyl)-1,8-naphthalimide

(3b) in CH2Cl2 at PMT 595

Fig A. 52 Quantum yield plot of 4-cumylphenoxy-N-(2-acethoxy-phenyl)-1,8-

naphthalimide (3c) in CH2Cl2 at PMT 595
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Fig A. 53 Quantum yield plot of 4-cumylphenoxy-N-(4-methoxy-phenyl)-1,8-

naphthalimide (3d) in CH2Cl2 at PMT 595

Fig A. 54 Quantum yield plot of 4-cumylphenoxy-N-(2,6-diisopropyl-phenyl)-

1,8-naphthalimide (3e) in CH2Cl2 at PMT 595
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Fig A. 55 Quantum yield plot of 4-phenoxy-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3f) in CH2Cl2 at PMT 540

Fig A. 56 Quantum yield plot of 4-(4-tert-butyl-phenoxy)-N-(2,6-diisopropyl-

phenyl)-1,8-naphthalimide (3g) in CH2Cl2 at PMT 595
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Fig A. 57 Quantum yield plot of 4-(4-methoxy-phenoxy)-N-(2,6-diisopropyl-

phenyl)-1,8-naphthalimide (3h) in CH2Cl2 at PMT 595

Fig A. 58 Quantum yield plot of 4-(4-chloro-phenoxy)-N-(2,6-diisopropyl-

phenyl)-1,8-naphthalimide (3i) in CH2Cl2 at PMT 540
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Fig A. 59 Quantum yield plot of 4-(4-acethoxy-phenoxy)-N-(2,6-diisopropyl-

phenyl)-1,8-naphthalimide (3j) in CH2Cl2 at PMT 540

Fig A. 60 Quantum yield plot of 4-(4-nitro-phenoxy)-N-(2,6-diisopropyl-

phenyl)-1,8-naphthalimide (3k) in CH2Cl2 at PMT 595
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Fig A. 61 Quantum yield plot of 4-butoxy-N-(2,6-diisopropyl--phenyl)-1,8-

naphthalimide (3l) in CH2Cl2 at PMT 540

Fig A. 62 Quantum yield plot of 4,5-dicumylphenoxy-N-(2,6-diisopropyl-

phenyl)-1,8-naphthalimide (3m) in CH2Cl2 at PMT 595
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Fig A. 63 Quantum yield plot of Tinopal OB (7) in CH2Cl2 at PMT 540

Fig A. 64 Quantum yield plot of Quinine sulfate in 0.1 M H2SO4 at PMT 540

Fig A. 65 Quantum yield plot of Quinine sulfate in 0.1 M H2SO4 at PMT 595
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Fig A. 66 DSC measurement of 4-cumylphenoxy-N-(phenyl)-1,8-naphthalimide

(3b) on the first heating cycle with a heating rate of 10 oC per minute under N2
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Fig A. 67 DSC measurement of 4-cumylphenoxy-N-(phenyl)-1,8-naphthalimide

(3b) on the second heating cycle with a heating rate of 10 oC per minute under N2
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Fig A. 68 DSC measurement of 4-cumylphenoxy-N-(4-methoxy-phenyl)-1,8-

naphthalimide (3d) on the first heating cycle with a heating rate of 10 oC per minute

under N2
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Fig A. 69 DSC measurement of 4-cumylphenoxy-N-(4-methoxy-phenyl)-1,8-

naphthalimide (3d) on the second heating cycle with a heating rate of 10 oC per

minute under N2
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Fig A. 70 DSC measurement of 4-cumylphenoxy-N-(2,6-diisopropyl-phenyl)-

1,8-naphthalimide (3e) on the first heating cycle with a heating rate of 10 oC per

minute under N2
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Fig A. 71 DSC measurement of 4-cumylphenoxy-N-(2,6-diisopropyl-phenyl)-

1,8-naphthalimide (3e) on the second heating cycle with a heating rate of 10 oC per

minute under N2
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Fig A. 72 DSC measurement of 4-phenoxy-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3f) on the first heating cycle with a heating rate of 10 oC per minute

under N2
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Fig A. 73 DSC measurement of 4-phenoxy-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3f) on the second heating cycle with a heating rate of 10 oC per

minute under N2
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Fig A. 74 DSC measurement of 4-butoxy-N-(2,6-diisopropyl--phenyl)-1,8-

naphthalimide (3l) on the first heating cycle with a heating rate of 10 oC per minute

under N2
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Fig A. 75 DSC measurement of 4-butoxy-N-(2,6-diisopropyl--phenyl)-1,8-

naphthalimide (3l) on the second heating cycle with a heating rate of 10 oC per minute

under N2
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Fig A. 76 DSC measurement of 4,5-dicumylphenoxy-N-(2,6-diisopropyl-

phenyl)-1,8-naphthalimide (3m) on the first heating cycle with a heating rate of 10 oC

per minute under N2
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Fig A. 77 DSC measurement of 4,5-dicumylphenoxy-N-(2,6-diisopropyl-

phenyl)-1,8-naphthalimide (3m) on the second heating cycle with a heating rate of 10
oC per minute under N2
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Fig A. 78 TGA measurement of 4-cumylphenoxy-N-(phenyl)-1,8-naphthalimide

(3b) with a heating rate of 10 oC per minute under N2

Fig A. 79 TGA measurement of 4-cumylphenoxy-N-(4-methoxy-phenyl)-1,8-

naphthalimide (3d) with a heating rate of 10 oC per minute under N2

Fig A. 80 TGA measurement of 4-cumylphenoxy-N-(2,6-diisopropyl-phenyl)-

1,8-naphthalimide (3e) with a heating rate of 10 oC per minute under N2
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Fig A. 81 TGA measurement of 4-phenoxy-N-(2,6-diisopropyl-phenyl)-1,8-

naphthalimide (3f) with a heating rate of 10 oC per minute under N2

Fig A. 82 TGA measurement of 4-butoxy-N-(2,6-diisopropyl--phenyl)-1,8-

naphthalimide (3l) with a heating rate of 10 oC per minute under N2

Fig A. 83 TGA measurement of 4,5-dicumylphenoxy-N-(2,6-diisopropyl-

phenyl)-1,8-naphthalimide (3m) with a heating rate of 10 oC per minute under N2
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Fig A. 84 TGA measurement of Tinopal OB (7) with a heating rate of 10 oC per

minute under N2
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Photostability calculation

All compounds were exposed 200 W per sq. m. by UVA lamp in DMSO.

% remained = abst hr * 100

abso hr

4-cumylphenoxy-N-(phenyl)-1,8-naphthalimide (3b) (λmax 364 nm)

abs 1 % 1 abs  2 % 2 abs 3 % 3 % AVE SD

o hr 0.626 100 0.623 100 0.608 100 100 0

4 hr 0.577 92.17252 0.579 92.9374 0.572 94.07895 93.06296 0.959394

12 hr 0.543 86.74121 0.534 85.71429 0.531 87.33553 86.59701 0.820184

24 hr 0.495 79.07348 0.502 80.57785 0.504 82.89474 80.84869 1.924971

48 hr 0.464 74.12141 0.453 72.71268 0.463 76.15132 74.32847 1.728644

4-cumylphenoxy-N-(4-methoxy-phenyl)-1,8-naphthalimide (3d) (λmax 364 nm)

abs 1 % 1 abs  2 % 2 abs 3 % 3 % AVE SD

o hr 0.466 100 0.517 100 0.502 100 100 0

4 hr 0.412 88.41202 0.469 90.71567 0.46 91.63347 90.25372 1.659663

12 hr 0.377 80.90129 0.409 79.11025 0.419 83.46614 81.15922 2.189368

24 hr 0.352 75.53648 0.385 74.46809 0.395 78.68526 76.22994 2.192443

48 hr 0.324 69.5279 0.345 66.73114 0.348 69.32271 68.52725 1.558855

4-cumylphenoxy-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide (3e) (λmax 365 nm)

abs 1 % 1 abs  2 % 2 abs 3 % 3 % AVE SD

o hr 0.72 100 0.724 100 0.706 100 100 0

4 hr 0.612 85 0.649 89.64088 0.643 91.07649 88.57246 3.176016

12 hr 0.592 82.22222 0.589 81.35359 0.605 85.69405 83.08995 2.296654

24 hr 0.55 76.38889 0.542 74.86188 0.567 80.31161 77.18746 2.811262

48 hr 0.491 68.19444 0.476 65.74586 0.519 73.51275 69.15102 3.970821
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4-phenoxy-N-(2,6-diisopropyl-phenyl)-1,8-naphthalimide (3f) (λmax 364 nm)

abs 1 % 1 abs  2 % 2 abs 3 % 3 % AVE SD

o hr 0.733 100 0.742 100 0.715 100 100 0

4 hr 0.645 87.99454 0.656 88.4097 0.646 90.34965 88.91797 1.257132

12 hr 0.596 81.30969 0.598 80.59299 0.589 82.37762 81.42677 0.898058

24 hr 0.535 72.98772 0.547 73.71968 0.534 74.68531 73.79757 0.851473

48 hr 0.451 61.52797 0.462 62.26415 0.457 63.91608 62.5694 1.222971

4-butoxy-N-(2,6-diisopropyl--phenyl)-1,8-naphthalimide (3l) (λmax 368 nm)

abs 1 % 1 abs  2 % 2 abs 3 % 3 % AVE SD

o hr 0.688 100 0.741 100 0.699 100 100 0

4 hr 0.655 95.20349 0.723 97.57085 0.694 99.28469 97.35301 2.049304

12 hr 0.65 94.47674 0.704 95.00675 0.689 98.56938 96.01763 2.225721

24 hr 0.636 92.44186 0.692 93.38731 0.682 97.56795 94.46571 2.727895

48 hr 0.635 92.29651 0.684 92.30769 0.666 95.27897 93.29439 1.718705

Tinopal OB (7) (λmax 375 nm)

abs 1 % 1 abs  2 % 2 abs 3 % 3 % AVE SD

o hr 1.117 100 1.088 100 1.194 100 100 0

4 hr 1.02 91.31603 0.999 91.81985 1.116 93.46734 92.20107 1.12518

12 hr 0.97 86.83975 0.923 84.83456 1.064 89.11223 86.92885 2.140226

24 hr 0.913 81.73679 0.867 79.6875 1.003 84.00335 81.80922 2.158836

48 hr 0.865 77.43957 0.79 72.61029 0.942 78.89447 76.31478 3.289619
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