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ABSTRACT 

 
 
 While entering a technologically advanced world, where inventions of weapons 
occur rapidly, there is a constant need for research leading up to and preventing these 
weapons from being harmful.  The use of lasers as an eye-damaging agent is one such 
weapon that requires the construction of good optical limiting materials that combat the 
harmful effects of these lasers.  Optical power limiting materials should have the 
capability to respond quickly as well as span a large frequency range. 
 Over the last two years, research has been conducted on the synthesis and 
absorption characteristics of new dendrimers incorporating from 3-6 chromophores that 
are capable of optical limiting of laser pulses in the visible region (400-600 nm) of the 
spectrum.  These chromophores have been coupled to two new core molecules based on 
thiophosphoryl and cyclophosphazene derivatives by Wittig methodology yielding G-0 
dendrimers with high chromophore density.  The chromophores incorporated in these 
dendrimers are capable of providing laser protection by two-photon and reverse saturable 
absorption from highly absorbing excited states.  The excited state absorption can be 
modeled by SbCl5 oxidative doping, forming stable bipolaronic dications in solution. 
Convergent approach to dendrimer synthesis was utilized in the preparation of the 
compounds constructed.   
 In order to obtain absorption characteristics for these compounds, an initial 
doping with SbCl5 was mandatory.  The formation of a bipolaron dication in solution 
resulted in large absorbances between 400 nm and 800 nm.  Studies of optical limiting 
capabilities by way of two-photon absorption are currently underway, based on the 
generation of similar photogenerated bipolaronic states. 
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CHAPTER 1

INTRODUCTION

In a world of nuclear threat and the never-ending possibility of war, certain

smaller, more accessible possibilities of weapons are silently being integrated. Hand-

held lasers possess the power of being used as a blinding agent to pilots, as well as any

other human being. They are readily accessible and rather inexpensive, suggesting lasers

as a prime choice as weapons for any poor country. Lasers are available operating at a

wavelength that, when absorbed by the eye, can lead to blindness.

Over the last eight years, the C. Spangler group at Montana State University, has

been conducting research on organic compounds that act as optical limiting

chromophores, which will, hopefully, attenuate harmful laser irradiation from damaging

the eye. These chromophores can transmit light under ambient conditions and once an

external energy reaches a particular level, begin absorbing intense laser light.1 Any

compound that exhibits the ability to provide this function is referred to as an Optical

Power Limiter (OPL).1 Optical Power Limiters can provide high transmittances when the

laser signals are at a low level, yet, at input energies above a certain level, can attenuate

the output below a particular amount.1 Figure 1 displays the general principle of an OPL

in terms of Transmittance Fluence and Input Energy.
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EL INPUT ENERGY ED

Figure 1. The output energy of and ideal optical limiting device, based on the
input energy

The input energy at which the chromophore begins absorbing energy from the laser is

designated as EL, while ED is the energy at which the chromophore is damaged by the

laser. In order for a chromophore to be a good OPL, it needs to possess a high linear

transmittance under normal conditions.1

Optical power limiters can operate via two-photon absorption (TPA), and reverse

saturable absorption (RSA) mechanisms. Two-photon absorption entails the

simultaneous absorption of two photons, as opposed to one-photon excitation, to an

excited-state level. From there, the absorbed energy can either return to the ground state,

or cross over into a transient state, which may be a charged (polaron or bipolaron) or

triplet state, via intersystem crossing (ISC). Once formed, triplet or charged states can

have long lifetimes (sec-msec) before returning to the ground state, and eventually

return to the ground state via non-radiative pathways, thus rendering the absorbed energy
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harmless. It is highly desirable that excited transient states be highly absorbant, which is

possible by using organic chromophores that have large two-photon cross-sections, or

possess highly absorbing transient states.1,2 Figure 2 illustrates the concept of RSA

intersystem crossing from an excited singlet state to an excited transient state.

Sn

S1

S0

TSn

TS1ISC

Figure 2. Energy level diagram illustrating TPA and RSA behavior

Organic chromophores that have been determined to be reverse saturable

absorbers (RSA) can play a dominant role in dendrimers and polymers. Franken et al

describes an RSA chromophore as having a limiting capability from the photogeneration

of highly absorbing charge states.1 When RSA is operative, an increase in incident

energy causes the chromophore to become more absorbing. RSA can be observed when

the chromophore, in the excited state, has an absorption cross-section, due to an optical

excitation, larger than the ground-state cross-section . This occurs only over a specific

spectral range. Figure 2 illustrates these possibilities following two-photon excitation.
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Design of Organic Chromophores for Optical Limiting

Organic chromophores can be altered in order to accommodate a specific

application requirement by a variety of design criteria. One possible change that

affects the photophysical properties of an organic chromophore is extending the effective

conjugation, which will alter the UV/VIS absorption, shifting the absorbance peak to

longer wavelengths. Electron-withdrawing or donating groups can also be incorporated

into a chromophore, in order to change its photonic properties. Donor-donor, acceptor-

acceptor, or donor-acceptor substitution patterns on an extended -sequence will

normally cause a red-shift in the UV/VIS absorption.1,2

There are several ways to increase the multi-photon absorption cross-sections of a

typical chromophore, such as extending the conjugation length, increasing the –donor

strength, increasing the planarity of the chromophore, changing the identity of the

conjugate bridge, and the incorporation of more polarizable double bonds.2-5 Figure 3

illustrates a general structure with increased conjugation.

R

R
R

R

Figure 3. Generic structure for increased conjugation of dendrimers

In the C. Spangler group, chromophores have also been incorporated into

dendrimers based on bis-(diphenylamino) stilbene repeat units and a variety of branching

patterns, illustrated by 3-arm and 4-arm dendrimer models, shown in Figure 4. These

dendrimers have been shown to have some of the highest 2- and 3-photon cross-sections

ever reported.5,6
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4-arm dendrimer core 3-arm dendrimer core

Figure 4. General structure for 3-arm and 4-arm dendrimer cores
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CHAPTER 2

HISTORICAL SECTION

Polymer synthesis dates back all the way to the mid-nineteenth century, spanning

up to the mid-twentieth century, when any branching that occurred during the

polymerization reaction normally resulted from side reactions. It wasn’t until the time

period between 1940 and 1970 that these branched structures were examined

theoretically.7 The first statistical methods used for analysis of polymer problems

occurred in 1930, and were first published by Kuhn.1 During this time, equations were

derived from studying degraded cellulose, describing molecular weight distribution,

followed by polymer properties and interactions being mathematically analyzed. In the

early 1940’s, observations of what appeared to be three-dimensional macromolecules

that were based on AB2 repeat units, were described theoretically and experimentally by

Flory.1 Figure 5 demonstrates the general construct of an AB2 structure. It wasn’t

until 1974, that Flory would receive the Nobel Prize for Chemistry, due to his work on

the design of linear and non-linear polymer chemistry. 1

A

B

B A

A B

B

B

A

B
A

B

B

B

B

A

A
B

B

B

B

Figure 5. General branched architecture for assembly of an AB2-type monomer
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M. Goppert-Mayer described the theoretical possibility of two-photon

absorption in 1931.3 It was approximately three decades later that it would be

experimentally observed in the high photon fluence possible in pulsed lasers.3

Applications of this two-photon process were first utilized by the Rentzepis group for

optical data storage, and the Webb group for microscopy.3,8-12

Precursors of what would soon-be-called dendrimers were created in 1978,

when Vögtle synthesized low molecular weight branched amines using a cascade

method.7 Six years later, the first family of dendrimers were formed and characterized

by Tomalia et al.7,13 It was at this time that the poly(amidoamine) (PAMAM) dendrimers

were synthesized on a commercial scale, with molecular weights ranging to 25,000.

Newkome developed another family of dendrimers around the same time, which were

trisbranched polyamides.7,13 It would take another 15 years for improvements on the

synthesis created by Vögtle to occur, which led to the production of poly(propylene

imine) (PPI). Vögtle is also credited with the methods used today in the synthesis of

dendrimers, which is based on a series of repetitive reactions. Generally, the same

functional groups would be used in the repeating reactions, unless a problem would

become present, in which a new functional group would be incorporated.7

Spanning the last two decades, much interest and research has been dedicated to

the design and synthesis of dendrimers. From linear polymers to multi-branched

dendrimers, the size and shape is often dependent on the proposed application. Replacing

linear polymers with dendrimers provides a chemist with the ability to control the three-

dimensional structure, functionality, and material properties of a molecule. Dendrimers

have a well-defined architecture, a molecular weight that is unique and monodisperse, a
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branching pattern that is highly regular, and a set multiplicity of reactive chain ends.

This means that, by modifying the periphery of the dendrimer, one can control the

properties it exhibits, such as the solubility, hydrodynamic volume, and specific number

of attachments for further coupling. This modification of the periphery of the dendrimer,

in order to change the molecular properties, is a way to tune the core’s photophysical

properties, allowing control by the interior branching units. Dendrimers can also possess

a near-perfect monodisperse nature, and a placement of functionalities that is accurately

controlled. Unlike high molecular weight linear macromolecules, which tend towards

crystal form at higher generations, as the generation of a dendrimer increases, it becomes

more amorphous. Yet another difference between linear and dendritic macromolecules is

the hydrodynamic volume. It has been determined, that as the dendrimer generation

reaches five or higher, the hydrodynamic volume decreases compared to the linear

macromolecules, which are 40-50% higher than the corresponding dendrimer of similar

molecular weight.1,7

There is a wide range of applications where dendrimers have demonstrated utility

such as light-harvesting,7,13,14 amplification and emission,15 drug or gene delivery,3,5,7-

9,11,14,15,17,18 optical limiting,2-5,10-12,15 and optical memory.7-10,12 In terms of drug

delivery, dendrimers must possess certain characteristics such as low polydispersity,

water solubility, lack of toxicity and immunogenicity in order to be useful.17 Derivatized

dendrimers are also gaining attention as protection against possible laser weapons, which

have the potential to be blinding agents over long distances (up to 6 miles).2

Multi-branched dendrimers can be synthesized by two different approaches,

convergent and divergent. Convergent synthesis involves first constructing and



9

synthesizing the “arms”, or exterior of the dendrimer, followed by coupling the arms to a

central core. This can be termed an “outside in” strategy. There are advantages to this

method of synthesis, one being the option to use different core molecules to couple to the

arms. In terms of synthesis, the convergent method is superior for providing more

structural control, which is, in part, due to better purification in the intermediate stages,7

as well as having a choice of altering the functionalities at both the focal point and the

periphery of the dendrimer.7,19-21 However, the synthesis and purification can be

extremely tedious and time-consuming.7

Divergent synthesis of a dendrimer involves a defined core, which can build

outwards by a series of repeating reactions until the desired generation is obtained.

An advantage of this method is that the functionalities used to further initiate coupling are

solely on the periphery of the molecule, with the core of the molecule being inert.1,7 This

can be termed the “inside out” strategy. This prevents uncontrolled hyperbranching or

polymerization. A disadvantage of the divergent method is that, due to an exponential

growth of reactions needed at each new step, it is harder to maintain structural

uniformity, because structural errors start to occur during the middle generations (G>4).

Even though large amounts of reagents are used for the divergent approach, large-scale

synthesis and preparation of high-generation dendrimers are easier than convergent

methods, although commercial samples of higher generations are often polydisperse due

to incomplete reactions.1
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CHAPTER 3

RATIONALE FOR PROPOSED RESEARCH

Over the past two decades, several diphenylamino polyenes have been

synthesized by Spangler et al., and their potential optical limiting properties have been

explored.6 Optical limiting studies have also been conducted on dithienylpolyenes

attached as pendant arms residing on a poly(methyl methacrylate) (PMMA) backbone.2

Optical limiting properties were examined in a collaboration with Laser Photonics

Technology, Inc. on three different species; C60 in solution, the polymer in solution, and a

C60/polymer mixture in solution. The C60/polymer mixture proved to have the best

optical limiting behavior when irradiated with a wavelength of 532 nm.1 Whether the

properties for the two individual limiting effects were simply additive was unclear.

However, the observation of limiting was postulated to occur via intermediate charge

state formation due to electron transfer from the polyene to C60 yielding C60 radical anion

and dithienyl polyene radical cation (polaron).1,2

Fluorescence studies have been examined over the past few years on

dithienylpolyenes at the sub-picosecond level (180 fs), providing evidence that two-

photon absorption can result in optical limiting.1 It has also been demonstrated that

polaronic (+.) or bipolaronic (++) intermediary charge states in these species are much

more highly absorbing than the neutral polyenes, and may be responsible for the optical

limiting of nanosecond laser pulses.1,2

Over the last decade, a proposal by the Spangler group that the synthesis of

photonic-active chromophores, incorporated into dendron and dendrimer structures, may
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possess the capability of optical limiting in highly absorbing polarons or bipolarons has

been explored.1 This can occur with acceptor-assisted photo-generation of these charge

states by optically pumping either donor or acceptor portions of these molecules. A

preference of dendrimers over conventional polymers may be rationalized by several key

considerations.1 First, the use of PMMA for testing purposes with chromophores that are

optical limiting is acceptable, however, damage can occur to PMMA when using high-

powered laser pulses. Second, increased absorption losses, as well as loss of ambient

transparency, can occur from peak broadening and tailing, which is due to pendant

chromophore-chromophore interaction. Another key reason for the use of dendrimers

over polymers is the incorporation of more, and different, photonic-active groups at the

periphery of the dendrimer.1 These key reasons point to the need for a new and different

approach to the design of dendrimers that are surface-functionalized. RSA-OPL

chromophores can be designed and synthesized on the globular monodisperse

macromolecular surface, providing the ability to covalently incorporate chromophores

that are either electron-accepting or electron-donating, which facilitates the formation of

charge states, whether by inter or intra-molecular electron transfer.1 Figure 6 illustrates

the approach previously described.

The C. Spangler group at Northern Illinois and Montana State Universities has

dedicated the last decade to the design and synthesis of unique chromophores and

dendritic macromolecules that posses enhanced optical limiting properties, as well as

unique nonlinear optical and charge transfer properties. A variety of electron-accepting

and electron-donating chromophores have been synthesized and tested for optical limiting

in order to build a detailed structure-property data base that will allow the design of new
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molecules or dendrimers with predictable optical properties.

HO

HO OH

HO

ODDO

HO

HO OD

D

Br

HO

DO OD

K2CO3

A

Br

HO

ODAO

+

D = Donor

A = Acceptor

+

(2 equiv.)

18-C-6

K2CO3

18-C-6

D-Br
(1 equiv.)

Figure 6. General Synthesis of Typical Surface-functionalized Dendrimer with
Donor and Acceptor Groups
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CHAPTER 4

RESULTS AND DISCUSSION

Retro-Synthetic Analysis of Symmetrically Substituted Dendrimer Cores

Polyphosphazenes have been studied for a number of years by Harry Alcock and

his group at Pennsylvania State University,22 and have a number of attractive properties,

not the least of which is their outstanding thermal and photochemical stability.22 There

are no previous reported syntheses of the substituted dendrimers based on

polyphosphazene precursors. However, two attractive potential dendrimer cores have

recently become commercially available with 3 or 6 arms. Based on this availability, the

following dendrimer targets were formulated, which rely on the Wittig methodology for

assembly.
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N

P
N

P

N
P

OO

OO

P

S

O

O O

RR

R

RR

R

OOR R

R

N ,R =

Potential 6-arm dendrimer core

Potential 3-arm dendrimer core

Figure 7. Potential dendrimers based on phosphorous precursors.

These new dendrimer systems, illustrated in Figure 7, are shown incorporating

diphenylaminostilbene branches, and mixed stilbenes incorporating anthracenyl end

caps. These moieties have been shown to form extremely stable charge states.2 Using

the Wittig methodology, a retrosynthetic analysis of these target structures can be

outlined as follows:
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P

S

OO

O RR

R

P S

O

O

O

CH2
+PBu3Br-

CH2
+PBu3Br-

Br-Bu3P+H2C R CHO

R =

+

Route 2

Route 1 was the method of choice, due to the commercial availability of the

starting material, which eliminated one step of the synthesis of the Wittig salt. It was also

apparent that reducing 3 or 6 aldehydes versus one aldehyde might prove to be

synthetically difficult and lead to mixtures difficult to separate.
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Synthesis of 4-(Diphenylamino)Benzyl-Tri-n-Butylphosphonium Bromide (5)

The synthesis of the 4-(diphenylamino)benzyl-tri-butylphosphonium bromide was

one of the critical steps in the proposed dendrimer synthesis. A Vilsmier-Haack reaction

positioned one aldehyde in the para position on one of the phenyl rings in 96% yield.

From there, the aldehyde was reduced to the benzyl alcohol, followed by conversion of

the alcohol to the bromide using phosphorous tribromide. Immediate treatment of the

unstable benzyl bromide (not isolated and purified) with tributylphosphine produced the

Wittig salt in 70% yield overall. Scheme 1 provides the synthetic pathway used to create

the Wittig Salt.

Scheme 1. Synthesis of 4-(Diphenylamino)benzyl-tri-n-butyl phosphonium bromide

N N

CHO

N

CH2OH

N

CH2Br

POCl3 / DMF (94%)

LiAlH4 (90%)
Diethyl Ether

PBr3 / Diethyl Ether PBu3 / Toluene (70% overall)

N

CH2
+PBu3Br-

(1) (2)

(3) (4)

(5)
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Synthesis of 9-Anthracenylmethyl-Tri-n-Butylphosphonium Bromide (9)

The 9-anthracenylmethyl-tri-n-butylphosphonium bromide was prepared using the

same method as the synthesis of the 4-(diphenylamino)benzyl Wittig salt. Upon

formation of the 9-anthracenylmethyl bromide, it was necessary to carry out the next

reaction with tributylphosphine, due to the instability of the anthracenylmethyl bromide.

The anthracenyl Wittig salt was created in 76% yield overall. Scheme 2 illustrates the

synthesis of the anthracenyl Wittig salt.

Scheme 2. Synthesis of 9-Anthracenylmethyl-tri-n-butylphosphonium bromide

CHO CH2OH

CH2Br

CH2
+PBu3Br-

LiAlH4 / Diethyl Ether

PBr3 / Diethyl Ether PBu3 / Toluene

76% overall

(6) (7)

(8)

(9)

0C

Synthesis of 4, 4’, 4’’-Triphenylaminetricarbaldehyde (12)

Triphenylamine was brominated with bromine in glacial acetic acid and

chloroform, yielding the 4, 4’, 4’’-tribromophenylamine in 96% yield. The
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tribromotriphenylamine was dissolved in freshly distilled THF at -78оC and HMPA (0.1

equiv.), followed by dropwise addition of tert-butyl lithium to form the putative trianion.

The reaction temperature was allowed to warm up to -50 оC, and dimethylformamide was

added dropwise, and the reaction was allowed to warm up room temperature overnight.

Aqueous workup provided three compounds, the mono, di, and trialdehydes. These three

compounds were separated using column chromatography, and the trialdehyde was

recovered in 62% yield. Scheme 3 provides the synthesis of triformyl triphenylamine.

Scheme 3. Synthesis of Triphenylaminetricarbaldehyde

N N

Br

Br

Br

N

CHO

OHC

CHO

THF, 62% yield

Br2, glacial acetic acid

Chloroform, 96% yield

t-BuLi , DMF, HMPA

(10)

(11)
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Synthesis of Model G-0 Dendrimers

All dendrimers were constructed using convergent methodology, with all

dendrimers being symmetrical. Three different cores were designed and synthesized, as

well as two different arm structures, providing a total of four symmetrical dendrimers.

The photonic properties for each of the dendrimers were examined, and each dendrimer

oxidized in solution with SbCl5 to form stable bipolaronic (BP) dications. Since the BP

charge state is thought to be one of the major intermediary transient charge states

associated with RSA optical limiting, it was important to determine both the BP max for

each dendrimer, as well as the max and spectral coverage at half-peak height.

Compound 13 was produced by dissolving thiophosphoryl-PMMH-3 in

distilled THF, along with the Wittig salt 9, followed by dropwise addition of potassium

tert-butoxide. The reaction was allowed to reflux for 72 hours, followed by aqueous

workup and purification by column chromatography. Compound 13 was obtained in

68% yield. The reaction scheme for the synthesis is illustrated in Scheme 4.

Compounds 15 and 16 were synthesized by dissolving cyclophosphazene-

PMMH-6 and Wittig salts 5 and 9, in separate reactions, in distilled THF, followed by

dropwise addition of potassium tert-butoxide, and refluxing for 3 days. After the first 24

hours of refluxing, there was a need to add dimethylformamide, due to insolubility of the

partially reacted species. Workup and column chromatography provided compounds 15

and 16 in 76% and 70% yields, respectively. Scheme 5 illustrates the reaction scheme

for compounds 15 and 16.
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Scheme 4. Synthesis of Thiophosphoryl G-0 3-arm Dendrimers

P

O

S

OOOHC CHO

CHO

THF

P

O

S

OO

(R)(R)

(R)

(9) , K+-Ot-Bu

R =

(13)

68% yield
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Scheme 5. Synthesis of Cyclophosphazene G-0 6-arm Dendrimers

N

P
N

P

N
P

O O

O

O

O

O

OHC CHO

CHO

CHOOHC

OHC THF

(5) or (9) , K+-Ot-Bu

N

P
N

P

N
P

O O

O

O

O

O

(R) (R)

(R)

(R)(R)

(R)

N
,

R =

(15) (16)

76% yield 70% yield

Synthesis of Compound 17

The design and synthesis of dendrimer 17 was carried out using the same

method as the other Wittig reactions, differing only in the amount of time needed for

reflux, 48 hours. The anthracenyl Wittig salt was the only one used for this reaction, due
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to the 3-arm dendrimer with the triphenylamino groups as arms having previously been

synthesized by the Spangler group.5 Compound 17 was produced in 85% yield, with very

little solubility problems with the reaction. Scheme 6 provides a stepwise synthesis of

compound 17.

Scheme 6. Synthesis of Triphenylamine 3-arm dendrimer with Anthracenyl Arms

N

CHO

OHC CHO

THF, 85% yield

N

(9) , K+-Ot-Bu

(11)

(17)
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UV/VIS Spectra for Dendrimers

The absorption spectra for all 4 dendrimers synthesized were obtained and

compared to charge states obtained by doping of the dendrimers in solution (methylene

chloride), using SbCl5 to form either the polaron or bipolaron charge states. A

concentration of 10-6 M for SbCl5 was used, while the dendrimers were dissolved in

methylene chloride at a concentration of 10-5 M. To ensure that the dendrimers were

driven completely to the bipolaron charge state, an excess of SbCl5 was utilized. A

Shimadzu UV-3101-PC UV-VIS-IR spectrophotometer was utilized to establish the

absorption spectra for each neutral dendrimer, which was compared to the spectra of the

bipolaron charge states formed for all dendrimers, with absorbances in the range of 400–

800 nm. Under ambient laboratory conditions, solutions containing the neutral and

charge states of all dendrimers were extremely stable. Tables 1, 2, 3, and 4 illustrate the

UV-VIS-IR absorptions for the synthesized dendrimers, both neutral and oxidized

species. The absorption spectra for the four synthesized dendrimers are presented in

Figures 8– 11.
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Table 1. Bipolaron Formation in Trianthracenetriphenylamine Dendrimer

N

max neutral (nm) max bipolaron (nm) max neutral (cm
-1

M
-1

) max bipolaron (cm
-1

M
-1

)

375 430, 680 1.89 X 10
4

2.50 X 10
4



26

Table 2. Bipolaron Formation in Anthracenyl-thiophosphorane Dendrimer

P

S

O O

O

max neutral (nm) max bipolaron (nm) max neutral (cm
-1

M
-1

) max bipolaron (cm
-1

M
-1

)
370 400, 800 2.15 X 10

4
1.65 X 10

4
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Table 3. Bipolaron Formation in Triphenylamine-cylclophosphazene Dendrimer

N

P
N

P

N
P

O O

O

O

O

O

N N

N

N

N

N

max neutral (nm) max bipolaron (nm) max neutral (cm
-1

M
-1

) max bipolaron (cm
-1

M
-1

)

345 440, 700 2.10 X 10
4

1.80 X 10
4
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Table 4. Bipolaron Formation in Anthracenyl-cylclophosphazene Dendrimer

N

P
N

P

N
P

O O

O

O

O

O

max neutral (nm) max bipolaron (nm) max neutral (cm
-1

M
-1

) max bipolaron (cm
-1

M
-1

)
370 404, 506 9.00 X 10

3
1.09 X 10

4
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It is apparent that when comparing the neutral dendrimers with the bipolaron

species, there is enhanced absorption occurring when the dendrimer is in the bipolaronic

state. This is evident by observation of the comparison spectra. The neutral species of

the dendrimers had an absorbancy ranging from 345-375 nm, while the absorbancies of

the bipolaronic states of the dendrimers ranged from 400-800 nm. It is indicative that

these dendrimers can undergo oxidative doping to form highly absorbing bipolaronic

charge states over a broad spectral range. The bipolaronic charge state absorptions

mentioned are in a region of the visible where optical limiting of frequency doubled

Nd:YAG is possible.
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CHAPTER 5

CONCLUSIONS

During the course of this research, the synthesis of several different dendrimers

using Wittig methodology was accomplished. Each dendrimer was synthesized by

the convergent strategy, by which two different arms, 9-anthracenylethenyl- and

diphenylaminostilbenyl-, were coupled to three different core molecules, triphenyamine,

phosphazene cyclic trimer, and thiophosphorane, by reacting Wittig salts of the arms

with aldehyde functional groups residing on the periphery of the core.

The mode of synthesis of these dendrimers will allow for “fine-tuning” of the

absorption spectra of both parent neutral and bipolaron species. All dendrimers

synthesized form stable bipolarons in solution under oxidative doping conditions, which

produces red large shifts in the absorption spectra. Compared to the neutral species, the

bipolaron-like dications are highly absorbing and produce broad absorption, which

suggests that they may be useful for optical limiting applications.
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CHAPTER 6

EXPERIMENTAL SECTION

General

All Nuclear Magnetic Resonance Spectra (NMR) were collected by dissolving all

compounds in either CDCl3 or d-DMSO. NMR instruments used were: Bruker AM-250,

DRX-250 (250 MHz), AM-300, DRX-300 (300 MHz), or AM-500, DRX-500 (500 MHz)

spectrometers. All shifts were reported relative to trimethylsilane (TMS) in parts per

million (ppm), and all J values were reported in Hertz (Hz). The following symbols

represent the multiplicities reported: singlet = s, doublet = d, triplet = t, quartet = q,

multiplet = m, and doublet of doublets = dd.

A Shimadzu UV-3101 PC UV-VIS-IR spectrophotometer was used for collecting

all optical absorption spectra. The compounds tested were dissolved in methylene

chloride, and placed in a 1cm path length quartz cell. The doping studies were performed

using the same UV-VIS instrument, by adding SbCl5 (10-6 M), and following the

formation of the charge states, as a function of the spectral changes.

EI spectra were collected using an acceleration potential of 6000 volts, at 70 eV.

High resolution and low resolution analyses were obtained using electron ionization (EI),

which were collected on a VG 70E-HF double focusing magnetic mass spectrometer

(Micromass Instruments; Manchester, UK), which operates at a mass resolution of 10,000

and 1500, respectively.

Purification using column chromatography was done using Whatman 70-230

mesh, 60A silica gel, while thin layer chromatography was performed using 1 mm thick
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silica gel plates manufactured by Merck.

Any abbreviations that were used in the experimental section are listed as follows:

gram (g), mol (m), milliliter (ml), molar (M), magnesium sulfate (MgSO4), bromine

(Br2), tetrahydrofuran (THF), hexamethylphosphoramide (HMPA), dimethylformamide

(DMF), hydrochloric acid (HCl), phosphorous tribromide (PBr3), phosphorous trichloride

(PCl3), tributylphosphine (PBu3), antimony pentachloride (SbCl5), phosphorous

oxychloride (POCl3), sodium ethoxide (NaOEt), methylene chloride (CH2Cl2), sodium

hydroxide (NaOH), lithium aluminum hydride (LiAlH4), potassium tert-butoxide (KOt-

Bu). All solvents or reagents used in the experiments were purchased either from Fisher

Scientific or Aldrich Chemical Companies, and used without further purification.

Melting points were obtained using a TA Instruments DSC 2920 differential scanning

calorimeter.
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Synthetic Procedures

N

CHO

(2)

Synthesis of 4-Diphenylamino benzaldhyde (2)

A 500 ml round bottom flask, equipped with a stir bar, was charged with

triphenylamine (1) (50 g, 0.204 mol) dissolved in methylene chloride (200 ml) along with

DMF (49 ml, 3 eq.). A reflux condensor and addition funnel were attached, followed by

purging with nitrogen, and cooling the reaction to C. Phosphorous oxychloride (39.6

ml, 2 eq) was added slowly to the reaction while stirring, then refluxed for two hours at

C. Upon completion, the reaction cooled to room temperature, at which time water

(100 ml) was added, and the resulting bilayer was placed in a separatory funnel and the

organic product was isolated. The aqueous layer was washed with methylene chloride

(2 X 50 ml), and the organic extracts were combined and washed with water (3 X 100

ml), brine (100 ml), dried over MgSO4, and suction filtered. The solvent was removed by

vacuum, producing a dark yellow solid that was purified by column chromatography on

silica gel, eluting with methylene chloride, providing 4-diphenylamino benzaldehyde, 2,

as a yellow solid in 94% yield (52.35 g, 0.19 mol). mp: 129.22C (DSC) (lit.23 133.4C).

1H NMR (500 MHz, CD3OD)  9.79 (s, Ar-CHO, 1H), 7.65 (d, Ar-H, 2H, J = 8.72 Hz),

7.31 (m, Ar-H, 4H), 7.14 (m, Ar-H, 6H), 6.99 (d, Ar-H, 2H, J = 8.7 Hz) ppm. 13C NMR

(500 MHz, CD3OD)  190.43, 146.50, 131.31, 129.76, 126.35, 125.13, 119.40 ppm.
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N

CH2OH

(3)

Synthesis of 4-Diphenylaminobenzyl alcohol (3)

LiAlH4 (1.11 g, 0.029 mol) was placed in a 500 ml round-bottom flask equipped

with a stir bar and an addition funnel. THF (200 ml) was added into the flask to form a

suspension. The system was purged with nitrogen, while cooling to 0oC. The aldehyde

(2) (8.0 g, 0.029 mol) was dissolved in THF (100 ml) and placed in the addition funnel,

which was then added dropwise. Once the addition was complete, the reaction warmed

up to room temperature, where it was allowed to stir overnight, after which the

temperature was lowered to 0oC, at which time water (1 ml) was added dropwise for

every gram of LiAlH4 in the reaction, followed by 1M NaOH (1 ml) for every gram of

LiAlH4 dropwise, and then water (3 ml) for every gram of LiAlH4 dropwise. The reaction

was then suction filtered, the solvent was removed by vacuum, affording 4-

diphenylamino benzyl alcohol, 3, as a yellow solid in 90% yield (7.25 g, 0.0264 mol).

mp: 104-106oC (DSC) (lit.23 103C). 1H NMR (500 MHz, CD3OD)  7.22 (m, Ar-H,

6H), 7.04 (m, Ar-H, 8H), 4.61 (s, OH, 1H), 3.70 (s, CH2, 2H) ppm. 13C NMR (500 MHz,

CD3OD)  147.79, 147.53, 135.03, 129.26, 128.28, 124.25, 124.07, 122.84, 65.16 ppm.
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N

CH2Br

(4)

Synthesis of 4-Diphenylaminobenzyl bromide (4)

A 500 ml round-bottom flask equipped with a stir bar was charged with the

alcohol 3 (8.06 g, 0.029 mol) and dissolved in ether (100 ml). The reaction was purged

under nitrogen and cooled to 0C, at which time PBr3 (1/2 eq., 2.75 ml) was added

dropwise, after which the reaction mixture was allowed to warm to room temperature. A

quick aqueous workup was needed, due to instability of the product. Water (100 ml) was

added, the two layers were rapidly separated by separatory funnel, and the organic layer

was washed with brine (3 X 100 ml), followed by drying over MgS04 and suction

filtration (C). The product was not characterized further due to instability. Toluene

was used to dissolve the product immediately, for use in the subsequent reaction to form

the Wittig salt, 5.
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N

CH2
+PBu3Br-

(5)

Synthesis of 4-diphenylaminobenzyl-tri-n-butyl phosphonium bromide (5)

The crude benzyl bromide (4) dissolved in toluene (200 ml), was placed in a 500 ml

round-bottom flask equipped with a stir bar, and purged under nitrogen. While stirring

the reaction, PBu3 (14.6 ml, 1 eq.) was added to the flask, and the reaction was allowed to

reflux at 110C overnight. After cooling to room temperature, the white precipitate was

filtered, collected in 70% yield (9.70 g, 0.0205 mol), and after drying, used without

further purifying. mp: 157-159oC (DSC) (lit.23 152.6C). 1H NMR (300 MHz, CD3OD)

 7.24 (m, Ar-H, 6H), 7.03 (m, Ar-H, 8H), 4.09 (d, CH2, 2H, J = 14.45 Hz), 3.17 (m,

CH2-P, 6H), 1.47 (m, CH2-CH2-P, 12H), 0.94 (t, CH3-CH2, 9H, J = 6.48, 6.90 Hz) ppm.

13C NMR (500 MHz, CD3OD)  148.25, 130.76, 129.47, 124.84, 123.68, 123.32, 24.13,

23.86, 19.17, 18.55, 12.51 ppm. 31P NMR (250 MHz, CD30D) 31.86 ppm.
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CH2
+PBu3Br-

(9)

Synthesis of 9-Anthracenylmethyl-tri-n-butylphosphonium bromide (9)

LiAlH4 (1.11 g, 0.029 mol) was placed in a 500 ml round-bottom flask equipped

with a stir bar and an addition funnel. Ethyl ether (100 ml) was added into the flask to

form a suspension. The system was purged with nitrogen, while cooling down to C.

The 9-anthracenecarbaldehyde (6) (6.04 g, 0.029 mol) was dissolved in ether (100 ml)

and added to the mixture dropwise. Once the addition was complete, the reaction

warmed up to room temperature, where it was allowed to stir overnight. The temperature

was then lowered to 0C, at which time water (1 ml) was added dropwise for every gram

of LiAlH4 in the reaction, followed by 1M NaOH (1 ml) for every gram of LiAlH4

dropwise, and then 3 ml for every gram of LiAlH4 dropwise. The reaction was then

suction filtered, followed by solvent removal by vacuum, affording a yellow solid. The

yellow solid, 9-hydroxymethylanthracene (7), acquired was immediately dissolved in

ether (150 ml). While cooling the reaction to 0C, nitrogen was introduced to purge the

system, at which time PBr3 (0.0141 mols, 1.18 ml) was added in dropwise, followed by

overnight warming to room temperature. A quick aqueous workup was needed, due to

instability of the product, so water (100 ml) was added, the two layers were separated by

separatory funnel, and the organic layer was washed with brine (3 X 100 ml), followed

by drying over MgS04 and suction filtration (40C). The product, 9-

chloromethylanthracene, was not further characterized, due to instability. Toluene (150
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ml) was immediately used to dissolve the product. The anthracenyl bromide (8)

dissolved in toluene (100 ml), was placed in a 500 ml round-bottom flask equipped with a

stir bar, and purged under nitrogen. While stirring, PBu3 (0.027 mol, 6.77 ml) was added

to the flask, and the reaction was allowed to reflux at 110C overnight. After cooling to

room temperature, the white precipitate, 9-anthracenylmethyl-tri-n-butylphosphonium

bromide, 9, was filtered and collected in 76% yield (9.57 g, 0.022 mols), and used

without further purifying. mp: 157-159oC (DSC). 1H NMR (500 MHz, CD3OD)  8.56

(d, Ar-H, 2H, J = 8.93 Hz), 8.48 (d, Ar-H, 1H, J = 3.08 Hz), 8.03 (d, Ar-H, 2H, J = 8.43

Hz), 7.67 (t, Ar-H, 2H, J = 7.23, 8.23 Hz), 7.51 (t, Ar-H, 2H, J = 7.61, 7.32 Hz), 5.36 (d,

CH2, 2H, J = 15.73 Hz), 2.43 (m, CH2, 6H), 1.16 (m,CH2, 12H), 0.72 (t, CH3, 9H, J =

7.06, 6.86 Hz) ppm. 13C NMR (500 MHz, CD3OD)  129.55, 127.50, 125.66, 124.35,

23.99, 23.78, 23.73, 19.38, 17.26 ppm. 31P NMR (250 MHz, CD3OD) 36.36 ppm.
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N

Br

Br

Br

(10)

Synthesis of 4, 4’, 4’’-Tri-bromotriphenylamine (10)

A 500 ml round-bottom flask was charged with triphenylamine (1) (5.0 g, 0.020

mols) along with glacial acetic acid (50 ml) and chloroform (150 ml). The reaction was

purged under nitrogen and stirred at C, followed by dropwise addition of Br2 (3.3 eq.,

3.45 ml), and allowed to reach room temperature while stirring overnight. Upon

completion, 100 ml of water was added and the two layers were separated using a

separatory funnel. The aqueous layer was washed with methylene chloride (50 ml, 2X),

and the organic layers were combined and washed with brine (100 ml, 3X), then dried

over MgSO4, followed by suction filtration. The solvent was removed by rotovap and

then kept on a high-vaccuum overnight, producing a white solid, 4,4’,4’’-tri-

bromotriphenylamine, 10, in 96% yield (9.44 g, 0.020 mol). mp: 144-146oC (DSC)

(lit.24 143-146C). 1H NMR: (500 MHz, CD3OD)  7.33 (d, Ar-H, 6H, J = 8.73), 6.90

(d, Ar-H, 6H, J = 8.75) ppm. 13C NMR: (500 MHz, CD3OD)  123.7, 125.7, 132.3,

132.6 ppm .
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N

CHO

OHC

CHO

(11)

Synthesis of 4, 4’, 4’’-triphenylamine tricarbaldehyde (11)

Compound 10 (1.0 g, 0.0021 mol) was dissolved in freshly distilled THF (100

ml), and placed in a 250 ml round-bottom flask equipped with a stir bar. The reaction

mixture was purged under nitrogen, followed by addition dropwise of HMPA (0.43 ml).

The solution was cooled to –C, at which time t-butyllithium (1.5M in hexane, 0.013

mol, 7.7 ml) was added dropwise. After the purported trianion had formed, which was

indicated by an insoluble white solid being present, the reaction was permitted to warm to

–50oC, at which time anhydrous DMF (1.0 ml, 6 eq.) was added dropwise, and the

mixture was allowed to warm to room temperature overnight. The reaction was then

cooled to 0oC, then 3M HCl (100 ml) was added, followed by brine (100 ml), and the

resultant mixture extracted with methylene chloride (3 X 100 ml). The combined organic

extracts were washed with brine (3 X 100 ml), followed by drying over MgSO4, and

suction filtration. The solvent was evaporated, and the product was purified by column

chromatography over silica gel, eluting with a hexane/ethyl acetate mixture (10:1),

providing 4,4’,4’’-triphenylamine tricarbaldehyde, 11, as a yellow solid in 62% yield

(0.42 g, 0.0013 mol). mp: 231.5oC (DSC) (lit.25 246.7C). 1H NMR (500 MHz,

CD3OD)  9.93 (s, Ar-CHO, 3H), 7.82 (d, Ar-H, 6H, J = 8.59 Hz), 7.22 (d, Ar-H, 6H, J =
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8.48 Hz). 13C NMR (500 MHz, CD3OD)  190.45, 151.23, 132.66, 131.51, 12.57 ppm.
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P

S

O O

O

(13)

Synthesis of Tris-((4-[2’-(9”-anthracenyl)-1’-ethenyl]-1-phenyl)) thiophosphorane (13)

A 100 ml round-bottom flask equipped with a stir bar and reflux condensor, was

charged with tris(4-formylphenoxy)thiophosphorus (12) (0.100 g, 0.24 mmol) and Wittig

salt 9 ( 0.33 g, 0.705 mmol, 3 eq.) dissolved in freshly distilled THF (30 ml). The

reaction was purged under nitrogen, followed by dropwise addition of potassium tert-

butoxide (3 eq., 1.0 ml) while stirring. After addition was complete, the reaction refluxed

at 65oC for 48 hours, at which time the temperature was allowed to cool to room

temperature. 1M HCl (10 ml) was then added, then water (30 ml), followed by methylene

chloride (30 ml), and the organic product separated using a separatory funnel. The

aqueous layer was washed with methylene chloride (30 ml, 2X). The organic layers were

combined, washed with brine (3 X 50ml), dried over MgSO4, and suction filtered. The

solvent was removed via vacuum, followed by purification using column

chromatography [hexane/ethyl acetate mixture (5:1)], affording Tris-((4-[2’-(9”-

anthracenyl)-1’-ethenyl]-1-phenyl)) thiophosphorane, 13, as a dark yellow oil in 68%



47

yield (0.12 g, 0.160 mmol). 1H NMR (500 MHz, CD3OD)  7.939 (m, Ar-H, 12H),

7.385 (m, Ar-H, 27H), 6.761 (m, CH=CH, 6H) ppm. 13C NMR (500 MHz, CD3OD) 

147.5, 132.86, 130.00, 128.50, 128.15, 127.84, 126.30, 125.87, 125.37, 125.16, 124.95,

122.46, 121.63, 120.88 ppm. 31P NMR (250 MHz, CD30D) 54.05 ppm.
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N

P
N

P

N
P

O O

O

O

O

O

N N

N

N

N

N

(15)

Synthesis of 1,1,3,3,5,5,-Hexakis-(4’-diphenylamino-4-stilbenyl) phosphazene cyclic

trimer (15)

A 100 ml round-bottom flask equipped with a stir bar and reflux condensor,

charged with compound 14 (0.100 g, 0.116 mmol) and Wittig salt 5 (0.41 g, 0.77 mmol)

dissolved in DMF (40 ml). The reaction was purged under nitrogen, followed by

dropwise addition of potassium tert-butoxide (7.7 ml, 6 eq.) while stirring. After addition

was complete, the reaction refluxed at 65C for 48 hours, at which time the temperature
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was allowed to cool to room temperature. Once room temperature was achieved, 1M

HCl (10 ml) was added, then water (30 ml), followed by methylene chloride (30 ml), and

separated using a separatory funnel. After extracting the organic layer, the aqueous layer

was washed with methylene chloride (30 ml, 2X). The organic layers were combined,

washed with brine (3 X 50ml), dried over MgSO4, and suction filtered. The solvent was

removed via vacuum, followed by purification using column chromatography.

[hexane/ethyl acetate mixture (5:1)], affording ,1,3,3,5,5,-hexakis-(4’-diphenylamino-4-

stilbenyl) phosphazene cyclic trimer, 15, as a yellow oil in 76% yield (0.17 g, 0.088

mmol). 1H NMR (500 MHz, CD3OD)  7.20 (m, Ar-H, CH=CH, 84H), 7.04 (m, Ar-H,

36H) ppm. 13C NMR (500 MHz, CD3OD)  147.45, 131.39, 129.76, 129.31, 128.12,

127.44, 124.59, 123.90, 123.37, 123.11, 121.44 ppm. 31P NMR (250 MHz, CD30D)

9.93 ppm.
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N

P
N

P

N
P

O O

O

O

O

O

(16)

Synthesis of 1,1,2,2,5,5-Hexakis-4-[2’-(9”-anthracenyl-1’-ethenyl)-1-phenoxy]

phosphazene cyclic trimer (16)

A 100 ml round-bottom flask equipped with a stir bar and reflux condensor, was

charged with compound 14 (0.100 g, 0.12 mmol) and Wittig salt 9 (0.36 g, 0.84 mmol,

6.6 eq.) dissolved in DMF (40 ml). The reaction was purged under nitrogen, followed by

dropwise addition of potassium tert-butoxide (7.7 ml, 6 eq.) while stirring. After addition

was complete, the reaction refluxed at 65oC for 48 hours, at which time the temperature

was allowed to cool to room temperature. Once room temperature was achieved, 1M

HCl (10 ml) was added, then water (30 ml), followed by methylene chloride (30 ml), and
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separated using a separatory funnel. After extracting the organic layer, the aqueous layer

was washed with methylene chloride (30 ml, 2X). The organic layers were combined,

washed with brine (3 X 50ml), dried over MgSO4, and suction filtered. The solvent was

removed via vacuum, followed by purification using column chromatography

[hexane/ethyl acetate mixture (5:1)], affording 1,1,2,2,5,5-Hexakis-4-[2’-(9”-anthracenyl-

1’-ethenyl)-1-phenoxy] phosphazene cyclic trimer, 16, as a yellow oil in 70% yield

(0.155 g, .081 mmol). 1H NMR (500 MHz, CD3OD)  7.18 (m, Ar-H, 24H), 6.98 (m,

Ar-H, 54H), 6.83 (d, CH=CH, 12H, J = 8.81 Hz) ppm. 13C NMR (500 MHz, CD3OD) 

147.45, 129.30, 129.20, 127.37, 124.57, 123.89, 123.10, 121.45 ppm. 31P NMR (250

MHz, CD30D) 10.03 ppm.
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N

(17)

Synthesis of 4,4’,4’’-Tris-[2’’’-(9’’’’-anthracenyl-1-ethenyl]triphenylamine (17)

A 100 ml round-bottom flask equipped with a stir bar and reflux condensor, was

charged with compound 11 (0.01 g, 0.030 mmol) and Wittig salt 9 (0.045 g, 3.3 eq.)

dissolved in freshly distilled THF (40 ml). The reaction was purged under nitrogen,

followed by dropwise addition of potassium tert-butoxide (3 eq., 0.15 ml) with stirring.

After addition was complete, the reaction refluxed at 65oC for 48 hours, at which time the

temperature was cooled to room temperature. HCl (1 M, 10 ml) was added, then water

(30 ml), followed by methylene chloride (30 ml), and separated using a separatory funnel.

After extracting the organic layer, the aqueous layer was washed with methylene chloride

(30 ml, 2X). The organic layers were combined, washed with brine (3 X 50ml), dried

over MgSO4, and suction filtered. The solvent was removed via vacuum, followed by

purification using column chromatography [hexane/ethyl acetate mixture (5:1)], affording

4,4’,4’’-Tris-[2’’’-(9’’’’-anthracenyl-1-ethenyl]triphenylamine, 17, as a yellow solid in
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85% yield (21.99 g, 0.026 mol). No melting point could be obtained, due to the upper

temperature limit of the DSC (C).  NMR (500 MHz, CD3OD)  8.406 (m, Ar-H,

12H), 8.02 (m, Ar-H, 15H), 7.65 (m, Ar-H, 6H), 7.49 (m, Ar-H, 6H), 7.29 (d, CH=CH,

6H, J = 8.8 Hz) ppm. 13C NMR (500 MHz, CD3OD)  131.49, 128.67, 127.59, 125.52,

121.71, 36.56, 31.53 ppm. MALDI-TOF m/z = 851 (M calc. 851 for structure).
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