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Abstract:

With the latest development in laser technology, protection of eye and sensors against hazardous
applications is a challenging problem which requires development of new optical power limiting
materials that can respond quickly and protect over a wide frequency range of the spectrum.

In this research, dithienylpolyenes with one and two double bonds have been synthesized with

hydroxyl functional groups. The chromophores were converted to dendrons for convergent dendrimer

synthesis by first converting the alcohol functionality to an iodide followed by condensation with
3,5-dihydroxybenzyl alcohol. Dendrons were coupled to Bisphenol A core yielding G-O dendrimers
containing four photonic-active chromophores.

Absorbing characteristics of the chromophores, dendrons and model dendrimers were examined in
solution. All three forms of the dithienylpolyenes formed highly absorbing bipolaronic dications in
solution whose absorbance is in the range of 500-650 mm. The compounds are currently being

evaluated as optical limiting materials operating by reverse saturable absorption from photogenerated

bipolaronic states.
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ABSTRACT

With the latest development in laser technology, protection of eye and sensors
against hazardous applications is a challenging problem which requires development of
new optical power limiting materials that can respond quickly and protect over a wide
frequency range of the spectrum. . :

In this research, dithienylpolyenes with one and two double bonds have been
synthesized with hydroxyl functional groups. The chromophores were converted to
dendrons for convergent dendrimer synthesis by first converting the alcohol functionality
to an iodide followed by condensation with 3,5-dihydroxybenzyl alcohol. Dendrons were
coupled to Bisphenol A core yielding G-0- dendrimers containing four photonic-active
chromophores. _ . .

Absorbing characteristics of the chromophores, dendrons and model dendrimers
were examined in solution. All three forms of the dithienylpolyenes formed highly
absorbing bipolaronic dications in solution whose absorbance is in the range of 500-650
nm. The compounds are currently being ¢valuated as optical limiting materials operating
by reverse saturable absorption from photogenerated bipolaronic states.




CHAPTER 1
INTRODUCTION

Latest 'improvements in laser technology have led to the production of advanced
lasers that are inexpensive, small and can operate at different wavelengths. Lasers, which
have becor‘ne part of our everyday lives, also émerged as destructive weapons that can
damage eye and optical sensors.l“ With increasing usage of laseys in hazardous
applications in\}olving wavelengths that can damage the human eye, there is a need for
materials that' can respond quickly and be frequency agile. As a r’esﬁlt,.the design and
synthesis of new optical power limiting materials is emerging as‘ a highly attractive -
frontier.

- During the last few years ouf research group has beeﬁ focuséd on designing new
organic chromophores that function as optical power limiters (OPLsi. These matérials
should transmit.light under ambient conditions, but absorb most of intense laser light
when needed. ‘An optical limiter is a device that can attenuate optical signals to hold the
(;utput below a given level, but maintain a high transmaittance for 10\;v level signalé. F or
many applications, including protectioﬁ of optical sensors from laser-induced damage, it
is desirable for an optical limiter to have high linear transmittance. The output of .\;vhat is
often referred to as an ideal optical limiter is shown in Figure 1. ]%L is the energy at which |
limiting begins \am.i Ep is the energy at which the limiting device is damaged. The limiter

should have a high linear transmittance, a variable-and pdténtially low limiting threshold
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CHAPTER 2

HISTORICAL SECTION

Synthesis of Dithienylpolyenes

There were very few literature reports of the ﬂsynthesis of dithienylpolyenes with
more than tW(; double bonds unt_il. this class of polyenes were éynthesized by Spangler et
al. in 1991."* o, w-Dithienylpolyenes were synthesized from appropﬁately substituted 2-
thienyl or 3-thienyl carbaldehydes or propenals by condensation with either bis-Wittig
reagents or bis-phosphonate esters (Horner_-Ermﬁons-Wadsworth modifications)
containing one or two double bonds. These reactions are illustrated in Figure 3.

Dithieﬁylpc;lyenes contéining mesomerically interactii"e substituent groups cani be
oxidatively doped with SbCls in solution to give stabili'zed bipolaron-like charge states.'
The problem with the synthesis of dithienylpolsrenes which contain more than six double
boﬁds is their increasing insolubility.”” In order to study the bipolérori formation of
| dithienyl polyenes with more than six double bonds, a long chain alkylthio group was
incorporated in the S-position. of each thioi)henel ﬁng which allowed the synthesis of

dithienyl polyenés containing up to ten double bonds, as outlined in Figure 4. '°
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Design and Synthesis of Dendrimers

The synthesis df polymers with highly controlled molecular architectures has
gained increased importance due to the risidg demand for specialty polymers that possess
novel properties that may prove useful in a variety of ltechnological applications.?’
Dendritic macromolecules are 'characterized by entanglement-free hyperbranched
structures that contain a very large number of" chain ends at the periphery (surface) of the
macromolecules.

From a historical perspective, progress towards the design of macromolecules

" with hyperbranced architecture could be classified in three general eras.”! The first period

was from the late 1860°s to the early 1940’s, when branched structures were considered -

as being respon51ble for insoluble and 1ntractable materials formed in polymenzatlon |

reactions. The early 1940°s to the late 1970°s define the second period, in which

branched structures were considered primarily from a theoretlcal perspectlve Kuhn #
published the first report of the: use of statlstlcal methods for analysis of a polymer
problem in 1930. Equations were derlved for molecular welght distributions of degraded
cellulose. After that, mathematical .ana1y31s of polymer properties and interactions
flourished, and P. J.' Flory has profoundly affected the design of linear and non-linear
polymer chemistry, for which he received the Nobel Prize for Chemistry in 1974. Ddring
1941 and 1942, Flory 23242528 demonstrated theoretical and experimental evidence for the
appearance of branched-chain, ‘d:m:e—dimensional macromolecules resulting from AB,

repeat units. (Figure 6)
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The rapid increa’ses‘ in the number of reactive groups at the chain ends of the
gr()Wing molecule: cause potential problems as growth is pursued. Any incomplete
reaction of the texminal groups would lead to imperfections or failure sequences in the
next generation. Also, extremely large excess amounts of reagents_ are requjred in latter
stages of growth in order to prevent side reactions and to force reaeﬁons te completion
which eventually leads to difficulties in puﬁﬁcation.. Starburst® dendrimers cunenny
marketed by Dendritech Inc. and sold through Aldrieh Chemical C(_)._ are not perfect
monodisperse macromolecules, but rather, dendrimers with mixtures- of 'incompl‘ete.
structures.

The convergent mode of dentritic construction is_another strategy-where branched -
polymeric arms (dendrons) are synthesized from the ontside-in. In 1990, Frechet and
Hawker * deScribed the eynthesis of dendritic polyether macrnmolecules based on 3,5- '
dihydroxybenzyl alcohol as the monomer unit using a novel convergentjmethodology.
Convergent .approach has two significant differences when compared to the  starbust
approech. 31 First, growth begins at the outer surface of tne molecule and then several |
dendritic fragments are attached to'a polyfunctlonal core. Second, each generahon—
.growth step requires limited number of reactions instead of an increasingly larger number
O.f reactions for d1vergent approach.

Frechet et al. ** demonstrated the convergent synthesis in a simpliﬁed scheme
where the sterting‘ materia} 32 whieh contains what will eventually constﬁtnfe surface
‘ funetionality of the dendritic macromolecule as well as a.reactive functional gr'onp (fp),

condensed with monomer 33. The monomer itself has af least two coupling sites(c) and a
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UV-Vis spectroscopy is the ideal tool for éxamining the electronic structure of
polyenes. Energy absorbed in the ultraviolet and visible regions of‘ the spectrum
. produces changes in the electronic energy of the molecule, affecting only the valence
electrons in the highest '_oc'cupied rﬁolecular orbital (HOMO). It is the non-bonding and
the 7 electrons that are responsible for most of the absorption in the UV-VIS region. The
‘position of the absorption band will depend on the amount of energy it takes to promote
~an electron in the ground stafe (So) to the first excited state (S;), and the proBability of the
transition is determined by the change in the electror_lic structure when the molecule is in
the excited state.’® The z-m* transitions that characterize the conjugated materials will
have extremely intense absorption bands. Those bands red shift with the increasing
length of conjugation.

Over the past years, Spangler et al. ** synthesized diphenyl and dithienylpolyenes
and studied their oxidative doping behaviors. Doping studies were carried out in
methylene chloride solutions and SbCls was used as doping reagent. In some oxidative
doping studies of diphenylpolyenes, an absorption band is observed, then it is. rapidly
replaced by a second absorption. This can be interpreted as oxidation of polyene to a
polaron-like cation, followed b)i ‘rapid oxidation to a stable bipolaron-like dication via
two succgssful l-eiectron oxidations. However in most cases, when excess doping

{ .

reagent is used only a stable bipolaron-like dication is observed. (Figure 12)
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It was concluded from thése studies that dithienylpolyenes form very stable
bipolarons compared to diphenylpolyenes, aﬁd that the absorption chara;:teristics lof the
charge states c;an be ‘ﬁne-tunedf. It was also found that as the number of double bonds
iﬁcreases, aEsOrption bands of both polaron and bipolaron species red shift to longer

wavelengths in the UV-VIS spectrum.
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CHAPTER 3
RATIONALE FOR PROPOSED RESEARCH

A few years ago, Spangler et al. synthesized dithienylhexatriene and »
demonstrated optical limiting for dithienylpolyenes covalently attached as pendant
groups to a PM]\/[A. backbone.*® In collaboration with Laser Photonics Technology, Inc.,
optical limiting properties of the polymer in solution, Cg in solution, and a mixture of
polymer with Ce in solution were examined. Upon irridation with a 532 nm source,
polymer with Cso showed better optical limiting behavior than polymer and Ce, alone.
But it was not clear whether the two indiw}idual limiting effects were additive, or whether
charge state formation and limiting by .polarom'c or bip'olarom'c charge. state had been
observed. |

During the past few years, it has been shox;vn Awith-sub-picosecond (180 fs)
fluoresence studies thafc dithiénylpoch;,nes have two-photon absorption states that can
provide optical limiting.***” In almost all exampleé of dithienylpolyene chromophores,
polaronic and bipolaronic charge states absorbed more strongly than the neutral species.

Since dithienylpolyenes have significant two-photon cross sections ', and are proved to

~ be good reverse saturable absorbers, they may be considered to behave as bimechanistic-

optical power limiters (RSA and TPA), albeit in different spectral regions
Over the past few years Spangler group has proposed synthesizing dendrons and

dendrimers with photonic-active chromophores that might have optical limiting
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capabilities via acceptor-agsisted photogeneration of ihe highly absorbing charge states.
Dendrimers were prefeqed rather'than more conventional .pendant polyrﬁers because a

higher percentage of photonic-active groups can be incorporated without pﬁase separation
and chromophore-chromophore intréraction that can lead to peak broadening and tailing ‘
resulting in increased absorption loss,es' and loss of ambient transparency. Anothér reason
for.selecting dendrimers is that while using PMMA with incorporated optical power
limiting chromophores is acceptable for testing purposes, high power laser pulses can

damage PMMA. Therefore, a new approach for actual device design has been pursued

~ which involves the application of smface—ﬁmctidnalized dendrimers. In this proposed

model, RSA-OPL chromophores will be arranged on the globular mono-dlsperse
macromolecular surface This synthetic approach will also allow the covalent
incorporation of elgctron-acceptfng chromophores which is necessary for photo-generated
charge state fonna.tion by both inter-and intra-molecular electron transfer. This approach
is illustrated below in Figure 14. | |
' The origihal goal of the research, therefore was to design and synthesize new '

dentritic macromolecules incorporating dithienylpolyenes as surface groups. We predict
that these compounds to have unique nonlineér optical and charge transfer and optical |

limiting properties.
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It was decided td pursue Route 2, siﬁce ﬁmilar mefhodology ha& been employed
in previous synthesis 6f the symmetxjc dithienylpolyenes. The chromophores synthesized
by this route could then be attached to 3,5-dihydroxybenzyl alcohol to form the dendrons’

as illustrated previously in Figure 14.

Synthesis of the Thienyl Wittig Salt

"The critical intermediate thienyl Wittig salt was synthesized by the series of
reactions described. in Scheme‘ 1. A Butylthio substituent was introduced by lithiation of
thiophene (AIdricﬁ) followed by the reaction with sulfur powder and iodobutane. ‘A 4
formyl group was then introduced to the.substituted thiophene by Vilsmeier-Haack
reaction in 95% yield. The aldehyde was then reduced to the coﬁesponding alcohol by
using NaBH, as reducing agent. 2—Bromomethy1.-‘5-butylthiophe'ne was synthesized by
reacting the alcohol with PBrs, to be carried over to the next step immediately, without
the removal of the solvent to prevent product decomposition. Aﬂ:er vigorous stirring with
tn'butylposphiné for 48 hours, the desired Wittig salt was obtained as white solid in good

yield (73%).

Synthesis of Dithieny! Cﬁromophores Functionalized for Dendron Attachment

Functionalized dithienylpolyenes were required in order to attach them to 3,5-
dihydroxybenzyl alcohol to form the dendrons for convergent dendrimer synthesis. The

dithienylpolyenes were designed to incorporate butylthio groups at one terminus both for -
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solubili_ty aﬁd stabilization of either polaronic or bipolaronic charge states. The other
terminus had an alkylthio substituént terminated with an OH group for attac;hment to
3,5-dihydroxybenzyl alcdhol. Ideally, the functionalized tether group should be as short |
as possible therefore. the first chromophore that was syntheéized had a ‘hydroxy methyl '
group. 1-(5”"-Butylthio-2""-thienyl)-2-(2’-thienyl) ethene was successfully prepared by
using the Wittig approach. The reaction was carried out at room temperature overnight to
give pure prociuct after column chromotography in 97% yield. A formyl group was then
attached to dithieﬁylpolyene by Vilsmeier-Haack reaction. The resulting aldehyde was
then reduced to give tﬁe hydroxymethyl chromophore as a yellow solid in.91% yield.
However thjs; end group proved to be quiet difficult to convert to a stable CH,X
(X=Halogen) for dendron attachment by Frechet methodology.®*° Several attempts
were made to convert ‘the OH group to Br. First, the chromophore was treated with
tetrabromomethane and triphenylphosphine and stirred under nitrogen for two hours.
After rémoval of the solvent NMR revealed that there was ﬁo trace of the désired product.
The second attempf was to react the chrombphore with phosphorus tribromide in ether.
Analysis 6f the yellow solid that resulted from the reaction showed only the starting
material. Either the thienyl alcohol was totally unreactive under the standard reaction
cohditions, or, which isimore likely, the ~CH,Br product is extremely unstable to
hydrolysis. These procedures are described in Scheme 2.

Next, an attempt was made to synthesize a chromophore containing (CH,),OH tether
group. A's illustrated in Scheme 3, thiophene was lithiated, followed by reaction with

sulfur powder and 2-(2’-Iodoethoxy) tétrahydro-2H-pyran. The tetrahyropyranyl
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protecting group hydrolyzed upon. aqueous work-up and - 2-(2’;hyhroxyethyltl1io)
- thiophene was obtained. The ~OH functionality reacted with acetic anhydridé in order to
protect the hydroxyl group. A formyl group was then introduced to the thlophene ring
v1a the Vllsmeler-Haack reactlon Reaction of aldehyde 56 with Wittig salt 48 gave an
elimination product of the desired compound. The targeted dithienylpolyene was not
_ obtéined due to the too strong basic character of potassium tert-butoxide, and fhe possiBIe
anchimeric assistance of the sulfur atom promoting elimination. These reactions are
1:11ustrated in Scheme 4. No further attempt has been made to pursue the synthesis of this |
chromophore. | |
Finally, a new chromophore containing a (CH;);0H tether groﬁp was synthesized.
successfully and proved to be stable to both conversion to halide and attachment to 3,5-
dihydroxybenzyl alcohol to provide a stable dendrpn.’ Sc;hemes 5 and 6 describe the -
synthesis of aldehyde and extended counterpart which are then used to form the de_sired
OPL chromophores. Hydroxypropylthio substituent was introduced By lithiation of the'
tﬁophene ring. followed by reaction vs'rith .sulfur powder and 2-(3’-Iodopropoxy)
tetrahydro-2H-pyran. The crude product was purified by vacuum distillaﬁon, with
attendant removal of the dihydro;;yranyl group. The resulting substituted ihiophene was-
reacted with acetic anhydrid'e‘ as described abo§c to protect the hydroxyl group as acetate.
A formyl group was introduced via-the Vilsmeier reaction. Thé aldehyde extension via
Wittig methodology was accomplished via Spangler et al’s oxopropz;lnjrlation
| methodology.41 In order to obtain an extended aldehyde, a highly reactive phosphonium

salt incorporating an acetal that can be qdnverted to an aldehyde upon hydrolysis was

-
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used. Acetal formation was monitored by NMR spectroscopy. Reaction was carried out -

- until all the starting aldehyde was gone because it was almost impossible to separate the

- starting aldehyde from the extended product by column chroniatography. Once the

completely reacted acetal was obtained, it was ‘immediately dissolved in THF and
hydrolyzed with 3N HCl solution. The final product was obtained as a red liquid in 63%
yield. Dithienylpolyenes 64 and 65 were then Synthesized frém either aldehyde or
exténded countierparf by Wittig reaption in yields of 85% and 96% respectively as shown

in Scheme 7.

Synthesis of Dendrons

The two chromophores ( n=1 and n=2 ) whose synthesis are outlined in the previous
section, were converted to dendrons for convergent dendrimer synthesis by first
converting the alcohol functionality to an iodide followed by condensation with 3,5-

dihydroxybenzyl alcohol according to the methodology developed by the Frechet

group. 39,40

The reaction of the OH functionalized chromophores with a variéty of halogenating
agents was investigated. Thel use of tetrabromomethane in combination with
triphenylphosphine gave poor yields. However, in a successful attempt the -two
chromophores 64 and 65 were reacted with iodine in the presence of triphenylphophine
and imidazole in order to convert the hydroxyl gfoup into iodide. Both of the crude
products Were purified by column chromatography to give the desired compounds 66 and’

67 in 95% and 96% yields. To obtain the dendrons, the iodides, 3,5-dihydroxybenzyl
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alcohol, potaesimn carbonate and 18-Crown-6 as phase transfer agent were réﬂuxed in
1,4-dioxane under ﬁgorous stlmng for 48 hours It was found essential to mamta.m |
efficient stirring throughout the reaction in order to obtain a high rate of converslon The
reaction of 66 and 3,5-dihydroxybenzyl alcohol gave dendron 68, which was isolated in
65% y1e1d after column chromatography elutlng with methylene chlorlde The reaction
of 67 and 3,5-dihydroxybenzyl alcohol under similar conditions ylelded 69 in 76% yield
after purification via column chromotagraphy using methylene chloride as eluent. These’

reactions are illustrated in Scheme 8.

Synthesis of Dendrimers

Convergent approaches to dendrimer synthesis require that for each genera’don, the
appropriate generation dendron be coupled to a eentral core moleeule with two or more
functionalities. In this project model G-O dendﬁ'mer,s‘ were prepared to examine and\
comp&e the photonic properties of the chromophores, dendrons, and dendrimers. G-0.
dendrimers were synthesized by coupling the dendrons to bisphenol-A.

As illustrated in Scherue 9, dendrons 68 and 69 were converted to the corresponding

-bromides by standard methodology. Ina typical reaction, a.dendron was reécted with

CBr; and triphenylphosphine in a minimuin amount of dry THF under mtrogen for 20
minutes. Excess CBr4 and triphenylphosphine were removed via column
chromatography prior to dendron coupling to bisphenol-A core in order to avoid the

formation of unwanted side products arising from possible reactions with CBr,. After

.bromides 70 and 71 were obtained, coupling to a polyfunctional core was carried out as
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UV-VIS Spectra of Chromophores, Dendrons and Dendrimers

The attractive aspect of 'usiflg dendrimers for phc;tonic applications is the relatively
high percentage of the moiety that is aci:ually photonic-active. In this research, UV-VIS
spéctra was used to determine absorption characteristics of chromophores, dendrons and
dendrimers. The absorption chéracteristics of the chromophores (n=1 and n=2), dendons
(n=1 and n=2) and dendrimers (n=1 and n=2) in sblution were examiﬁed to determine if
~ any significant changes occur upon incorporation of chromophores. The oxidative
doping of the three species in solution with _SbCls was also examined. Oxi&ative doping
- was carried out in methylené chloride solution by careful addition of SbClsto a 106M to
10°M solution of chromophores, dendrons and dendrimers. In all cases, in order to
ensure thatv the compounds were oxidized ;:ompletely, an excess of dopant was utilized.
The absoptioﬁ changes were mom'tore(i by a Shimadzu UV-3101-PC UV-VIS-IR -
spt;ctrophotometer during the doping process. The chromophores, dendrons and
dendrimers all 'formed highly absorbing bipolaronic dications ifl solution whose
absorbance was in the range of 500-650 nm. All of the bipolaron-like dications. formed -
from the neutral forms of the dithienylpolyenes are extremély stable under' ambienf_
laboratory conditions. The UV-VIS-NIR absorpt.ions for both neutral and oxidized
species are displayed in the Tables 3, 4 and 5. The comparative spectra for the n=1 and

n=2 chromophore, dendron and dendrimers are illustrated in Figures 15-20.
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