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ABSTRACT

Photochemical and Photophysical Investigations@f/ly Designed

Supramolecular Structures Composed of Quantum &wasNitric Oxide Donors

by

Daniel Neuman

Nitric oxide (NO), a ubiquitous messenger molecute mammalian
physiology, is also known to act as a potgerddiation sensitizer. For this reason,
there is considerable interest in the developménhermally stable compounds
capable of controllably releasing NO. Such compsurcould see broad
application for the enhancement of existing carioestment strategies. In this
context, photochemically activated NO precursors attractive given the
opportunity to control the location and timing oktsignal leading to release of
NO. With this in mind, the work described here le¥p the extraordinary light
absorbing capabilities of semiconductor quantuns QDs) both in the single
photon excitation (SPE) and two photon excitatiohPE) regimes and
demonstrates their potential applicability as pbetwitizers for NO releasing

prodrugs.
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In this dissertation, new supramolecular structwésbe described that are
composed of chromium(lll) complexes of cyclam (eyol = 1,4,8,11-
tetraazacyclotetradecane) both covalently bourahtbelectrostatically assembled
on the surface of water soluble CdSe/ZnS QDs. iGusvstudies on the nitrito
(ONO) derivatives of the chromium cyclam complexedicated that they are
photo-labile towards release of NO with quantumldgeas high as 50 %.
However, these complexes lack absorption at longeleagths (>600 nm) where
biological tissue penetration is enhanced. Ingasitns of the electrostatic
assemblies in aqueous solution demonstrate thakritid) complexes quench the
QD photoluminescence (PL) obtained via either SBE6{H46 nm) or TPE (800
nm) excitation in a concentration dependent manndfurthermore, in the
electrostatic assemblies containing the dinittiems-Cr(cyclam)(ONO)" cation
and CdSe/ZnS QDs, photolysis of the assembly sesutnhanced photochemical
NO release (up to 50 fold more) as compared t&tift)) complexes alone. The
photophysical and photochemical properties of th@Béchromium(lll) cyclam

structures are the subjects of this dissertation..
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1. Chapter |. Background

Cancer has become the leading killer of people wtitke age of 85 in the
United States, even surpassing deaths due to dlisaese. The “war on cancer”
officially began in 1971 with the adoption of thatinal Cancer Act, and while
deaths due to heart disease have decreased driyaticer the past several
decades, the numbers that are cancer related relargely unchanged. An
initiative started by the National Cancer Instit(KeCl) entitled the “NCI Alliance
for Nanotechnology in Cancer” signifies the curradrive to develop new
strategies in combating this pandemic using thetiagcadvances being made in
the field of nanotechnology.

The focus of this dissertation describes the usseoficonductor nanocrystal
guantum dots (QDs) as sensitizers for photocheiyieadtive transition metal
based nitric oxide (NO) donor complexes. The reedtion will describe the
biological significance of NO as well as providersbackground describing the
potential use of this small molecule as a gammaatiad sensitizer in cancer
therapy. | will then provide some background icem work by our group
highlighting one strategy for the controlled detiwef nitric oxide for medical
applications, namely, the development of transitioetal based molecules that
photochemically decompose to release one or marwagnts of NO. Finally, |
will describe the reasons why and how semicondu@oncrystal QDs, one of the

most thrilling new chromophores available to thederm scientific investigator,



can be used to enhance the light absorbing pregeastiexisting photo-active NO-

donors for the purpose of designing new photochkerapeutics.

A. Biology of NO

i. Discovery of NO Synthesis in the Body: Vasodilation

Historically, nitrogen monoxide (nitric oxide orngply NO) had a bad
reputation as a toxic gas found in nasty placed aag greenhouse gas and
cigarette smoke. However, the attitude towards shnall molecule (weighing in
at just 30 amu) began to change drastically inléite 1980’s and early 1990’s
with the discovery that it is not only found in tually every tissue of human
physiology, but in fact is synthesized in many loéde tissues constitutively as
well as in response to certain biochemical trigger8y 1992, NO had been
classified as the “...smallest, lightest moleculend ¢he first gas — known to act
as a biological messenger in mammals”, and nameén&c magazine’'s
“Molecule of the Year?

The events leading to the discovery of NO’s biatagjirole truly began back
in the late 18 century with the use of amyl nitrite and nitrogdyin for treatment
of angina pectoris (pain in the heart muscle frawklof oxygenf* Based on
extensive work by Dr. T. Lauder Brunton, a pioneérmodern experimental
pharmacology, amyl nitrite was found to relieve iaagpectoris by decreasing
tension in arteries delivering blood to the h8afver the next century, this led to

the increasingly common practice of administerimgaoic nitrates, and more



recently the inorganic nitro- containing molecudglisim nitroprusside (SNP), for
the treatment of a variety of disorders includamgina, acute congestive heart
failure, and in hypertensive emergencies.

It was not until the 1970’s that several indepemnd¢umdies, originally directed
at discerning the involvement of cyclic radionutides in the mechanical action
of smooth muscle, demonstrated that the therapeffiect of vasodilators was
linked to the activation of guanylate cyclsan enzyme in smooth muscle tissue
that catalyzes the production of guanosine 3’,glcymonophosphate (cGMP)
from guanosine triphosphate (GTP). By monitoriisgue levels of cGMP, Dr.
Ferid Muradet al demonstrated that like other vasodilators, infasiof NO alone
can activate guanylate cycl8$eand hypothesized that organic nitrates and other
nitro-containing compounds likely functioned bye@te of NO. The role of nitro-
containing vasodilators was ascertained in 198 nnDr. Louis Ignarro and co-
workers identified that the activity of guanylatgclase in the presence of these
complexes was mediated by the presence of thidl)(<®ntaining molecules
including the ubiquitous cysteine residues foundpoateins in all tissues. S-
nitrosothiols were identified as the unstable imediates that lead to release of
NO, which activates guanylate cyclase with concantitrelaxation of smooth
muscle.

Meanwhile in the early 1980’s a mysterious moledutewn as endothelial
dependent relaxing factor (EDRF) began to dravattention of many researchers

in the field of cardiovascular pharmacology. Thecdvery of EDRF originated



from research by Robert F. Furchgott at the departraf pharmacology at SUNY
Medical Center in Brooklyn, work that was directatl understanding the
mechanisms involved in maintaining vascular tonenemmalian blood vessels.
Furchgott and his students were studying the mashmaof acetylcholine (ACh)
induced arterial smooth muscle relaxation in hébtaps and ring preparations of
rabbit descending thoracic aofta. As in many scientific investigations,
Furchgott's group was plagued by irreproducibility their measurements.
Specifically, it was found that where-@svivo, ACh is a potent vasodilator, in the
in vitro preparations of helical strips of rabbit aorta tbsearchers observed only
contractile responses, and only at much higher &Ghcentrations than were
required in then vivo experiments. This apparent discrepancy was soivesh it
was found that if great care was taken to proteetintimal surface of the helical
strips during sample preparation, ACh elicited éxpected relaxation response.
After careful investigation using a silver stainipgobcedure in conjunction with
scanning electron microscopy, it was shown that#gree of relaxation response
to ACh was directly proportional to the amount pfact endothelial cells that
remained on the intimal surface of the aorta tissaraples? Samples that were
intentionally rubbed to remove the endothelial alld not elicit relaxation in
response to ACh. In a landmark experiment, thpamse to ACh of a transverse
helical strip which had had its intimal surfacelvatl (cleared of endothelial cells)
was compared with and without the presence of gitiedinal strip (with its

intimal surface intact) in a “sandwich” structurélwthe intimal surfaces facing



each other. Whereas without the presence of theirpal longitudinal strip the
transverse strip did not relax, in its presencehi& “sandwich” structure, the
tranverse strip, although devoid of endothelialscalias observed to relax. This
result led the researchers to postulate that s@uoi@rf derived from the intact
endothelial cells on the longitudinal strip waseesed in response to ACh and
diffused to the proximal transverse strip, trigggriactivation of guanylate
cyclase, and finally leading to a relaxation reggoim that tissue. Based on these
results, Furchgott first hypothesized in 1981 thHBDRF was a labile
hydroperoxide or free radical that diffused frone tandothelium to proximal
smooth muscle cells, thereby activating guanylgttase®

NO, given its small size and lipophilicity, was avious choice for a
molecule that can easily diffuse through cell meamkes. Indeed, there was
already clear evidence that NO itself could aceéwatluble guanylate cyclase and
effect relaxation with the concomitant increase@MP level$*® An important
milestone was the discovery in 1983 that, like N&ddothelium dependent
smooth muscle relaxation induced by EDRF led toadlen of tissue cGMP
levels, and further that the potent vasodilator Bi@donor SNP caused the same
effect in an endotheliurimdependenmanner® Furchgott's lab went on to show
that the action of EDRF is strongly inhibited byriaglobirf, a protein that has an
extremely high affinity for NG! The final pieces to the puzzle was put in place
in the later half of 1980’s, largely based on thelependent findings of

Gryglewski et al and Rubanyiet al showing that superoxide dismutase (SOD)



extends the lifetime of EDRF, and thus thati® a potent deactivator of EDRE.
Similar protection by SOD was shown for NO it5&lind this of course is due to
the diffusion limited reaction between NO and @ produce the peroxynitrite
anion (OONQ). Ultimately, these and other similarities ledb&urchgott and
Ignarro to independently propose that EDRF was W@ symposium in July of
1986°

Finally, in 1987, quantitative chemical evidencattNO was being produced
by the endothelium was obtained using methods tectlés chemiluminescent
product upon reaction with ozofieDr. Richard Palmeet al used this method to
show that after administration of bradykinin, atpm that induces release of
EDRF, NO release was detected in a concentratiperdent mannér. Most
importantly, the amount of NO detected was suffiti¢o account for the
relaxation response attributed to EDRFThis chemical evidence, in conjunction
with the great deal of pharmacological data thalicated that EDRF and NO
were indistinguishable in their biology establisié¢@ as a biological messenger
molecule™® Although extensive work by many investigatorssamious fields led
to this spectacular discovery, three investigatbesjd Murad, Louis J. Ignarro,
and Robert F. Furchgott were awarded the 1998 NBbek in physiology or
medicine for their contributions.

1Y Initial

The biological origin of NO was soon explored byinRer et a
studies showed that vascular endothelial cellsupedt without the presence of L-

arginine released less NO when stimulated by biiadykand that re-exposure to



L-arginine (but not D-arginine or any of a largenmher of other arginine-
analogues) restored NO release to normal IéVelalthough these experiments
indirectly pointed towards involvement of L-argieiim cellular NO synthesis, the
authors used '{N]-L-arginine to show that L-arginine itself is thehemical
precursor to NO. Mass spectrometry was used tovdhat stimulated cells
exposed to'fN]-L-arginine produced®NO, and that the same amount’dfO

was produced if only the guanidino nitrogen(s) wabeled"’

Figure 1.1 Synthesis of nitric oxide and its action in vasatidn.
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It is now known that endogenous NO is synthesizedrbenzyme known as
nitric oxide synthase (NOS). This enzyme catalygéwo step reaction in which
L-arginine is converted to L-citrulline with the mmomitant release of one

molecule of NO (Figure 1.%).The first form of NOS (also called Type-I NOS or



nNNOS) to be isolated and characterized was detaileal report by Dr. David
Bredt and Solomon Snyder on extracts obtained framnbrain tissué® Type II-
NOS, oriNOS was soon found in isolated macrophages, followe Type IlI
NOS ENOS) from endothelial celfS. The three isoforms have only 50-60%
structural homology, however for each particulafasm, homology from species
to species can be nearly 96%.

Type | and Il NOS, those enzymes found in neurdisslue and endothelial
cells respectively, are constitutive, meaning theyconstantly producing NO in a
regulatory manner at basal levels, typically abopiolar concentrations. In the
endothelium for example, steady basal levels of &® needed in order to
maintain controlled blood pressure, without whide-threatening hypertension
would result. Ignarro and co-workers were thet fiosoffer a mechanism for the
physiological activity of NO as a vasodilafdr.They postulated that once NO is
produced by NOS, it diffuses from the endotheliurtoia smooth muscle cell
where it binds to the heme center of soluble gusaytyclase in the smooth
muscle, causing release of the distal histadingu¢€i 1.1). The protein
conformational change induced by this ligand exgeaat the heme center goes
on to activate another portion of the protein resae for catalytic conversion of
guanosine triphosphate (GTP) to cyclic guanosin@apbosphate (cGMP); this

goes on to initiate a sequence of events leadisgimoth muscle relaxation.



ii. NO in Immune Response

Mitchell in 1916 was the first to make a claim ttta amount of nitrite (N©)
and nitrate (N@) excreted by humans was more than could be aceddat by
diet alone. In the late 70’s and early 80’s, Dr.Tannenbaum and coworkers
suggested that a mammalian metabolic pathway fdoggmous N@ synthesis
existed based on mass balance studies with hunmahsnice?® Drs. Dennis
Stuehr and Michael Marletta showed that the soofcendogenous NSONO3
was activated macrophages of the immune syéterMacrophages, a type of
white blood cell, are locally activated by the inmeusystem in the presence of an
intracellular pathogen and thus activated beconmetaxic. Dr. John Hibbs
observed that the deleterious effect of cytoxidvated macrophages (CAM) is
nonspecific, requires that the target cell be wsel proximity, and its mode of
action is nonphagocytfc. In the late 1980’s, while similar discoveries wer
occurring in the field of vasodilation, both HilBsand Dr. Radha lyengdr
published reports establishing a correlation betwe®crophage synthesis of
NO,/NO3z and L-citrulline production. It is now clear thidite source of these
NO species is the terminal guanidino nitrogen(s) -afrginine, and that NO is an
intermediate in their formation. Once activati®DS expression begins in CAM,
resulting in the production of large local concatitms of NO (nanomolar),
which readily diffuses from the macrophage to the@inding target cells. The
cytotoxic activity of NO depends largely on the tgadar concentration and

cellular environment. NO itself can form complexs&gh iron in iron-sulfur



complexes of Complex | and Il of the mitochondtrainsport chain as well as the
heme in cytochrome c oxida$e. Hibbs suggested that NO can disrupt DNA
replication by also interacting with the non-hemenicenter of ribonucleotide
reductase, the rate-limiting enzyme involved in DN#nthesis$® If the
superoxide anion is present, NO and superoxide kiyuiceact to form
peroxynitrite, another reactive species that caor, ihstance, promote the
formation of mutagenic hydroxyl radical. In thisayy the immune system uses
highly localized bursts of large amounts of NO tarevoff potential pathogens,
and the activity of the NO is regulated by otheltutar cofactors including the

presence of superoxide.

iii. NO in Cancer Therapy

During their investigations of NO production in mgghages, Stuehr and Dr.
Carl Nathan showed that CAM displayed tumoricidativity, and that the
affected tumor cells showed evidence of cessatibnDNA synthesis and
mitochondrial respiratioA’ Hibbs et al studied the extracts of CAM, which
themselves become susceptible to the same cytotdidcts as their targetS.
Using electron paramagnetic resonance (EPR) speoipy, iron nitrosyl (Fe-NO)
species were detected in the CAM, lending suppmrthe hypothesis that the
cytotoxic effects of CAM were due to loss of inte#alar iron and inhibition of
non-heme iron containing enzymes via complexatibiram by NO. In fact, to
date studies have shown that NO can have both taici@irand protective effects,

largely depending on the particular tumor environtraad the relative amounts of
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NO3' The apparent “double-faced” nature of NO stenmmfrits diverse
chemistry in the biological miliet?. At low concentrations NO can react directly
(the direct pathway) with a variety of metal basedhets including the heme
center of sGC. However, at higher concentratiogactions of reactive nitrogen
oxide species become important due to the reaaiomNO with oxygen or
superoxide. Intensive research continues todhisto investigate the diverse
effects of NO in tumor biology. In general, howevarge amounts of NO (for
example as produced by CAM in the studies discuabede) tend to be cytoxic
leading to tumor cell apoptosis, while lower levétgrease vascularity and
promote tumor growth’®

An area of rather intense research involving hggal concentrations of NO
and tumor biology is that of gamma-radiation seresis. The cytotoxic effects
obtained by radiation therapy are postulated tdueeto the production of carbon
centered radicals in cellular DN&. It is well established that Qs a potent
radiation sensitizer, an effect attributed to thHinidy of molecular oxygen’s
unpaired electrons for the carbon centered radipadsluced during radiation
(Figure 1.28* However, the fact that approximately one thifchoman tumor
tissue is hypoxic (oxygen deficient) imparts an enhdng limitation to the
effectiveness of radiation therapy for the treatmeincancer®® * In fact, this
outlines a major drawback to radiation therapyceimnder these conditions,
nearby normal cells are more sensitive than aréypexic tumor cells. A variety

of techniques are being studied to circumventittherent limitation.
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Figure 1.2 Potential fates of carbon centered radicals forchathgy-radiation therapy.
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In 1957, Dr. P. Howard-Flanders was the first t@vghthat exposure to
gaseous NO is almost as effective as oxygen initeeng radiation of bacteria
cells, and Dr. D. Dewey soon showed that this Wascase for mammalian cells
as well*P* Dr. James Mitchelkt al demonstrated that NO could be used to
radiosensitize tumor celia vitro in 1993%" Analagous to @ NO, itself a stable
radical with one unpaired electron, when adminetammediately following (or
during) radiation, could trap carbon centered radibefore DNA repair proteins
could repair them. In addition to administratidnN® itself to the target cells, a
variety of thermal NO-donors, molecules that thdlyrdecompose to release NO
over a prolonged time-scale, were shown to be &ffe@s wel”*® This latter
discovery is especially notable due to the inhengmblems associated with
delivering gaseous NO to a remote tumor locatiod, the fact that inhaling large

quantities of NO damages lung tissdés.
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A potential pitfall of administering NO as theragieun vivo via a NO-donor
of the “thermal” type discussed above is the paaefdr inducing potentially fatal
hypotension in regions other than the target turAaariety of strategies continue
to be explored to deliver NO specifically and cotiébly within a tumor cell
including gene therapy for injection of the INOShgento the tumdF, selective
activation of macrophages to produce NO within ttstfpand the development
of NO-donors that are selectively activated witthia tumor® The last strategy is
the focus of this dissertation. Here-in a novehtsgy for photochemical

activation of an NO-donor is investigated.

B. Photochemical NO Donors

i. Photodynamic Therapy (PDT)

Although the practice of using light therapy foraheg dates back thousands
of years to the ancient Egyptian, Chinese, andamdultures, its use in western
medicine did not advance until the pioneer workNaéls Finsen in the late 9
century*? Finsen, who received the Nobel Prize for his wiark903, found that
red light could be used for the treatment of smpab, while UV light from the
sun was an effective treatment for cutaneous tuib®sis. In the same year,
Herman von Tappeiner and A. Jesionek discoveret skia tumors could be
treated with a topical application of Eosin in canation with light irradiation, a

technique they dubbed “photodynamic actiéh”.
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Fast-forward to 1993, when the drug Photofrin, atome of porphyrin
oligomers, was approved for clinical use in Canfmfathe treatment of bladder
cancer. Photodynamic therapy (PDT), as it is nalked, with Photofrin is now
approved across the Americas, Europe and Asiahrctinical treatment of a
variety of pre-cancer and cancer diseases, asasetr macular degeneratién.
PDT uses a photo-active molecule that once opyieadtited, undergoes efficient
intersystem crossing to an excited triplet stateclvhcan then sensitize the
promotion of nearby oxygen moleculé®4) to the highly reactive, excited singlet
oxygen form {0,*). 'O,* produces a variety of reactive oxygen species $RO
which damage biological tissue in the area thatdess) irradiated. Because the
damaging effects of ROS are non-specific, a keyiremqent for PDT is the use
of a photosensitizer that localizes in the targgsie under treatment. Further, the
photosensitizer itself must be non-toxic. Porphyrased systems like Photofrin,
were initially the most heavily studied becauseppgrins are found to localize in
tumor cells and are otherwise benfgn.

A key component of the PDT strategy is the lightvation step. A variety of
studies have shown that the penetration of ligldubh human tissue is limited by
competitive absorption of tissue constituents rlodin, oxyhemoglobin, and
water) and scattering effects. In fact, a reldgivearrow window exists in the red
to near infrared (NIR) range where tissue peneinats appreciable’® In this
window, the penetration depth of light increasethwicreasing wavelength, with

maximal penetration>6 mm) occurring in the NIR (700-1000 nif). The

14



biological activity can extend to 2-3 times thiptlte where the light density falls
to 3-10%. Photofrin, and the majority of otherndaally approved PDT
photosensitizer absorb in the 600-750 nm rangejiigaa large window for
improvement'?

One key drawback of traditional PDT is its relianggon the local oxygen
tension (pQ) of target tissues. As was discussed previoaslgrge percentage of
human tumor tissue is hypoxic, which makes traddldPDT largely ineffective
in these areas. Furthermore, even in well oxygehéssues, the PDT process
itself rapidly consumes available oxygen, resultinghe need for delay times
during treatment in which the tissue is allowedeoxygenaté? These problems
open the door for new strategies utilizing light dambination with chemical
agents other than oxygen (a strategy sometimesedfto as photochemotherapy)
as more effective alternatives to traditional PB3pecially in the hypoxic tumor

environment.

ii. Design of Photochemical NO donors

Since the discovery of NO’s ubiquitious role in nmmaalian biology, the
development of photochemically active compoundsdha be used to deliver NO
in a controlled manner has received considerabémian®® This laboratory has
been concerned specifically with metal bound nytraand nitrito compounds
because they provide the possibility of tuning bibik light absorbing properties
as well as the excited state reactivities by céarefwice of metal and ligand

combinations. Over the past decade, a varietyofptexes studied by the Ford

15



group at UCSB have shown considerable potentidudgneg ruthenium-salen-
nitrosyls”, iron sulfur nitrosyl clusters (F8,(NO),) known as the Roussin’s
saltd® and both simple and modified dinitritcans- chromium(lll) cyclam¥’.
All of these complexes release NO, differing mainlyhe mechanism for release,
the efficiency, and the light absorbing properbéthe complex. In particular, the
Roussin’s red salt (RRS) cluster investigated burBssaet al was studied in
collaboration with the Radiation Biology Branchthé National Cancer Institute
to show that photochemically generated NO from R#R8ctively sensitizey-
radiation in hypoxic cell culturé$?® Although this was an important “proof of
concept”, the RRS suffers from poor thermal stgbifis well as lack of light
absorption in the red, both factors that preclisl@s$e as a cancer drug.

Several factors require optimization in designingh@tochemical NO donor
that will be a successful cancer drug. First, tbenpound must be thermally
stable in order that it arrive to the target intaathout “premature” loss of NO,
thus avoiding the potential for fatal hypotensiowiuced by NO’s vasodilatory
properties. The drug must have some form of tisspecificity so that the
therapeutic effect is realized in the target tigsele only. Finally, the
photochemical NO donor must have strong light alagrcapability, preferably
in the 700-1000 nm range where tissue penetrasigneatest. With regards to the
photochemical process, our studies have investigdteee main strategies
summarized in Figure 1.3. Using the direct releasechanism, the

photochemically active complex is excited directBsulting in labilization of
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Figure 1.3 sStrategies for photochemical generation of nitsi@e presented with the dinitrito
trans- Cr(IIl) cyclam model system.
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NO. In the second and third strategies, a chromegpBuch as a dye molecule
having strong light absorbing properties is attdcteethe photochemically active
core to function as a light harvesting antenna. ciMlike in the photosynthetic

reaction centers of plants, light is collected byeana and efficiently transferred

to the photochemically active metal center, resgltin NO release. Energy
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conservation requires that for this strategy teetbective, the excited state of the
metal complex responsible for NO release mustdieel in energy than that of
the excited chromophore. This presents a potgoteddlem with the need for NO
donors that can be activated with NIR light as mghotons having wavelengths
in this range may not be energetic enough to populee NO labilizing states.
The third strategy circumvents this issue by utliz chromophores with
substantial two photon absorption (TPA) cross-sesti For these chromophores,
absorption of two photons of NIR light populategieed states at higher energy,
allowing sensitization of the attached photocheityicctive NO donor with low
energy light having high tissue penetration. DepBen Wecksleet al recently
exploited this strategy in our laboratory by denmmatsg the two photon
sensitized release of NO from Roussin’s red satergsderivatized with
protoporphyrin X2 or fluoresceif® dye molecules, where irradiation of the
appended dye molecule(s) at 800 nm affected relefals® from the iron sulfur

nitrosyl core.

iii.  Chromium(lll) Nitrito Complexes

a) Chromium(lll) Photochemistry

The photochemistry of chromium(lll) complexes hagem explored
extensively for several decad®s.A wealth of information has been gathered
from the simple photoaquation reactions observexhupadiation into the ligand

field transitions of these complexes in aqueoustewis. In octahedral symmetry
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Figure 1.4 Energy level diagram for & dnetal system in octahedral and reduced symmetries.
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(ML), the observed ligand field absorption bands #e,>T», (L1) and
*A>*T14 (L2), and typically lie in the visible and near UV pestively (Figure
1.4). Irradiation into either of these bands ressinl photoaquation with quantum
yields in the range of 0.1-0.5 irrespective of waevelength irradiate® This last
point is consistent with photochemistry originatingm the lowest energy excited
state, which in octahedral symmetry is either”fﬁ@, state or the spin forbidden
°E, state.

More diverse photochemistry results in moleculesowofer symmetry (I, or
C4) as in those having the general formransML X, or transMLXY.

Adamson studied these systems extensively and @fedea set of three rules
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Figure 1.5 Demonstration of Adamson’s rules for photoaquatibnoordination complexes of
chromium(lll) in pseudo-octahedral ligand fields.
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L
(1) trans-[Cr"(NH,),(C1),]* + H,0 h—v>cis-[Cr'"(NH3)4(CI)(H20)]+ + CI
(2)  [CM(NH,),(NCS)I* + H,0 h—v)cis-[Cr”'(NH3)4(NCS)(H20)]2+ + NH;

(known as Adamson’s Rules) for predicting the prigwf photoaquation (Figure
1.5)*°2 First, when considering the six ligands as lyimgairs along 3 mutually
perpendicular axes, the axis having the lowestaaeeligand field strength will be
the one that is labilized. Second, if the ligandshe labilized axis are different,
then the one having the higher field strength isased. And finally, the effects
governed by the first two rules are amplified ragtiating into the Lband rather
than the L band (see Figure 1.4). Additionally, photoaquataxcording to
Adamson’s rules was observed to be accompanied Hgnge in the
stereochemistry. Thus in reaction (1) in Figufe photoaquation results trans
to cis isomerization, a condition that is demonstratedh®ydecrease iq; with
increasing stereorigidity of the non-labilized ax@s a series oftrans-

chromium(lll) dichloro complexes (Figure 1.6).
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Figure 1.6. Effects of stereorigidity of the non-labilizediswon the photoaquation quantum
yield oftrans-Cr(lll) dichloro complexes.
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b) Photochemistry of Chromium(lll) Nitrito Complexe S

Our current interest in the photochemistry of chiton(lll) nitrito complexes
was stimulated, at least in part, by a study of"THPP)(ONO) (where TPP =
5,10,15,20-tetraphenylporphyrinate(2-)) in 1981.In that work, Drs. Kenneth
Suslick and Randall Watson claimed that photolysis solutions of
Mn"(TPP)(ONO) in benzene in the 350-420 nm range teddmolytic p—
cleavage of the MnO-NO bond and formation of the"NIFPP)O species with a
quantum yield of 5.3 x I® Following this report, in the same year Susétlal
published results of photolysis of the same compieedded in frozen

glass/polymer matrice® In this case however, completely different resulere
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reported as compared to the earlier study in smyutiamely no MY(TPP)O was
observed. Instead, the sole product seen followholysis of the complexes in
the solid state was the reduced "WIFPP) species formed from homolytic
cleavage of the Mn-ONO bond. In 1992, a re-ingadion of photochemistry of
Mn" (TPP)(ONO) in solution by Dr. Minaro Yamagt alin Japan conflicted with
Suslick’s initial reporf® In a flash photolysis experiment irradiating &her 355
or 532 nm, the only transient observed was thattdwén'(TPP). The confusion
surrounding the photochemistry of MTPP)(ONO) was resolved several years
later in a comprehensive flash photolysis studyDisy Mikio Hoshino et al in
conjunction with Dr. Malcolm De Leo in our laboragd®> The main
photoproduct following irradiation of MH(TPP)(ONO) at 355 or 532 nm was
shown to bereversiblecleavage of the Mn-ONO bond to form M®APP) and
NO, (Upper part of reaction 1 in Figure 1.7). Thisjonapathway had a
wavelength dependent quantum vyield as high as 0&4%355 nm. The
photodecomposition product observed after contisyzhotolysis of the complex
was identified as MM(TPP)O. Due to the comparatively low quantum yield
(~10%), the formation of this minor product was attriéditto either a secondary
thermal reaction of M{TPP) or a low yield photochemical cleavage ofNreO-
NO bond (Figure 1.7).

Hoshino et al also studied the photochemistry of the analogous
Cr'(TPP)(ONO) complex® It turned out that the behavior of this compleasw

markedly different than that of the M@TPP)(ONO) analogue. Namely,
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Figure 1.7. Photochemistry of nitritometalloporphyrins as mati by Hoshing*
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photolysis of CY(TPP)(ONO) led to thérreversible formation of CF(TPP)O
and NO with relatively high quantum yields (reant®, Figure 1.7). Interestingly,
in contrast to the simple photoaquation reactiomscussed previously, the
guantum vyield for this reaction was observed toywsith wavelength (0.1G:
0.01 at 355 and 447 nm which correspond to thegehtmansfer and Soret bands,
respectively; 0.06 0.01 at 550 nm corresponding to the Q-band). réason for
this dependence may be in analogy to similar benawmi the manganese system
where it was postulated that the higher energy ®alibw for higher excess
energy for bond dissociatich.

Based on Hoshino’s work, the chromium(lll) nitrggstem presented itself as
a good candidate for further study as a photochami©-donor as it released NO
irreversibly, and did so with relatively high quantum yieldooprradiation with
visible light. In order to study this “nitrito” nohanism in further detail, De Leo

" (cyclam)(ONO)|BF, system (cyclam =

chose to study the simpldrans|[Cr
1,4,8,11-tetraazacyclotetradecane). As discussatiere the chromium(lll)

cyclam complexes are resistant to photoaquationtaube stereorigidity of the
cyclam macrocycle (Figure 1.6). Furthermore, imtcast to the absorbance

spectrum of porphyrin, cyclam has no UV-visible @bsance bands. These
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attributes allow the detailed photochemical ingggion of the chromium(lil)
nitrito system while both excluding complicationsedto other photosubstitution
reactions and allowing one to probe the photochieynid the ligand field excited
states directly.  Additionally,trans[Cr" (cyclam)(ONO)Y|BF, is soluble in

aqueous solution, making it a prime candidate fomiedical applications.

Figure 1.8 Extinction spectrum afrans{Cr(cyclam)(ONO}|BF, in aqueous solution.
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As shown in Figure 1.8trans[Cr"(cyclam)(ONO)BF, has a broad
absorbance band due to the,>T, transition centered at 476 nm= 40 M*
cm?) and a transition centered at 336 nn¥ (267 M* cm™) attributed to an m*
intraligand transition of the coordinated nitritéThe latter likely obscures the
second ligand field quartet transitiotAg,>*T14) typically observed in the near-
UV. De Leo explored the photochemistry of this emlle under a variety of

conditions and found its behavior to be quite dieéf*° Under deaerated
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conditions (argon or NO atmospheres), continuougqgtysis into the ligand field
bands leads to slow conversion to the photoaquatprbduct,
Cr'(cyclam)(HO)(ONOY*. As expected, the quantum vyield for this prodess
very low (0.0092 = 0.0008) due to the low phototedty of complexes in the
Cr'(cyclam)%" series. = However, undemerated conditions, continuous
photolysis in the wavelength range of 366-546 ndhtte the formation of the
oxidized chromium(V) oxo species, cyclam)(O)(ONOJ*. The absorbance
spectrum changes drastically with a large quantueidyof 0.27 + 0.03
(irradiating at 436 nm), shifting to a new specai@th aimax = 364 nm § = 2600
M™ cm®). Notably, the quantum yield varies with the igi#y of irradiating
light, 15, ranging from 0.14 at the high of 1 x 13° quantat s* to as large as
0.50 at a lowl, of 4 x 137 quantat s*. This behavior suggested that the back-
reaction of photochemically produced intermediates in competition with the
formation of the final Cr(V) oxo species. In adlulit, the release of NO during the
photolysis was detected electrochemically. Theselts allowed De Leet alto
postulate a mechanism for the photochemical behavad trans
[Cr" (cyclam)(ONO)Y]BF, (Figure 1.9Y"°° Irradiation of the complex leads to
homolytic p-cleavage of one of the CrO-NO bonds producing
CrV(cyclam)(O)(ONOJ (or the nitro isomer) and NO. Under deaerated
conditions, these two intermediates quickly bacdetdyo = (3.06 + 0.07) x 10
Mt s to form the starting material, a reaction thatswguantified using

nanosecond flash photolysis techniques under vadi@dconcentrations. Under
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these conditions the net photo-product is the pdoptated species,

cr'(cyclam)(HO)(ONOY*. However under air, the initial photoproduct is

Figure 1.9, Photochemistry ofrans{Cr(cyclam)(ONO)](BF,) in aqueous solution.
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irreversibly trapped by oxygen (& forming Ct (cyclam)(O)(ONOJ" and leading
to net release of NO. In reality, the photochemistf the trans-
[Cr(cyclam)(ONO})]" chromophore is complicated by a delicate balamteden
reactant concentration, light intensity, and oxygencentration. One outcome of
these complications is further photochemical reactf the reaction intermediate
under low Q concentrations. As shown in Figure 1.9, De Lamfbthat the Cf
intermediate is susceptible to further photoreactiad observed signals by EPR
and mass spectrometry consistent with the loss sécnd NO molecule and
formation of the di-oxo species, [Gcyclam)(O}*.*® In this context, the

mechanism in Figure 1.9 supports the observed alataaccounts for the main

products, but as alluded to by De Leo, further nogs kinetic studies would be
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required to elucidate all of the side-reactiongrtgkplace in this system. For a
more detailed discussion of the intricacies of #ystem, the interested reader is
directed towards the doctoral dissertation of Dalddlm A. De Led.’®

Thus, trans[Cr"(cyclam)(ONO)|BF, presented itself as an effective
photochemical NO donor. However its potential aewa photochemotherapeutic
is limited by its poor light absorbing propertie®ecause the visible bands are
ligand field in character, the extinction coeffitis are quite low (<20 Mcm* at
wavelengths longer than 500 nm) and there is zésorhance in the red.
Although a poor candidate for tlikrect release strategy in terms of biomedical

applications, this system turns out to be well estiifor theindirect release

strategy described earlier (Figure 1.3).

¢) Functionalized Chromium(lll) Cyclam Complexes

The ability to append a strongly absorbing chronooph to the
Cr''(cyclam)X" core was investigated by Dr. Frank De Resal in the Ford
laboratory?’®? In these studies, it was determined that the ¢exes could be
functionalized either at the 1,8 nitrogens of thglam ring (so called N-
substuted) or at a ring carbon (so called C-suhst).

In the former case, the Cr(lll) complexess-[Cr(R.cyclam)C}]CI, were
synthesized with R = methyl, benzyl, naphthyl, anthracenyl from the reaction
of CrCl-3THF and the correspondingdgclam. Unfortunately, these complexes

completely resisted attempts made to effastto trans isomerization. Theis
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isomer is kinetically favored and is formed fifstit conversion to the more stable
trans isomer can usually be accomplished by base ca&alpsesumably via
deprotonation of the secondary amines along they'srinfolding axis.
Crystallographic data indicated that in all fousibstitute species, the substituted
tertiary amines define this folding axis preventthgcis to transisomerizatior.”"
However, photophysical investigations of these demgs indicated efficient
intersystem crossing/internal conversion occurredhfthe higher energy excited
states of the appended chromophore to the Cr@dalized ligand field states.
The lowest energy excited state is the doubletestaitd radiative relaxation
(phosphorescence) from this excited state is obdgeav 77 K as a sharp band near
700 nm with vibronic structure tailing to lower egg. The photoluminescence
excitation spectra of the N-substituted compleXesaty tracked the absorbance
spectra for these complexes including the bandscaged withn-7* transitions
from the benzyl, napthyl, and anthracenyl appersié§e

De Rosa and co-workers then synthesized the Ciautbst cyclams with the
goal of obtaining the more thermally stabians-isomers'’®® Utilizing a nickel
template strategy allowed the production of a \wané C-substituted cyclams by
a facile Schiff base condensation with the appetprialkyl halide substituent.
Reactions of the free cyclams with CsGQITHF gave the analogousans
[Cr(L)CI,)CI isomers exclusively, a result that the authafributed to
disfavorable steric interactions between the stusiis of the modified cyclam at

the 5, 6, and 7 positions and the coordinated der(Figure 1.10). Similar to
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Figure 1.1Q Nickel templated synthesis for “C-substituted” @l analogues.
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the N-substituted analogues, investigations oflalaetemperature Cr(lll) doublet
state phosphorescence of these complexes showadierdff intersystem
crossing/internal conversion from the high energgited states of the appended

aromatic groups to the lowest energy ligand fietdtes ™

Notably, in the
anthracyl analogue, in addition to phosphoresceinom the doublet state,
fluorescence characteristic of the anthracene cbptiore was detected at 416,

442, and 466 nm. Comparison with the fluorescesigeal of an equimolar
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sample of the free ligand indicated that nearly(>a3819%) of the anthracyl singlet
excited state is quenched by the metal center.

Another C-substituted analogue synthesized by DeaRb al was thep-
hydroxymethylbenzyl- derivativerans[Cr(hbc)CL]Cl. This complex could be
further modified to thg-bromomethylbenzyl- derivativarans[Cr(bbc)CL]Cl,
and thep-aminomethylbenzyl- derivativerans[Cr(abc)C}JCl, via successive
treatments with 48% HBr and aqueous ammoniasDH), respectively. Each of
these three species presents a backbone for fdiutheronalization of the cyclam
ring. This was exploited in the case of the anmgnoup oftrans[Cr(abc)C}]ClI
through the formation of an amide linkage to the dyolecule gallocyanine (7-
dimethylamino-4-hydroxy-3-oxo-phenoxazine-1-carboxylic acid). Although
purification problems precluded a detailed photgptgl investigation of this
complex, the dye added a strong absorbance ba@bOanm ¢ > 1¢* M cm?),
presenting a key step forward in improving the tighsorbing properties of the
Cr(cyclam)X%"' system at longer wavelengtHs.

According to the procedures established by De ¢eal the C-substituted
dichloro complexes can be converted to th@ins[Cr(L)(ONO),]* analogues by
reaction with AgNQ*®  In trans[Cr(hbc)(ONO}|BF,, the hydroxyl-
functionality was exploited to increase the abguitgt of the complex by
appending 1-pyrenecarboxylic acid through an ebtdtage. Much like the
anthracyl derivative, the pyryl- appendage addsnstrabsorption bands in the

near UV ¢ > 10 M cmi’). As expected based on the previous phosphorescen
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sensitization experiments with thteans[Cr(L)Cl;]" complexes, the modified
nitrito- complexes displayed higher efficiencies MO release upon photolysis
into the strongly absorbing-n* transitions of the appended aromatic groups.
Thus, the anthacyl- and pyryl- derivatives produegght and twelve fold more
NO, respectively, than the corresponding equimdaalution of the benzyl-
derivative or the simple unmodified cyclam (Figl].[&l).47d The quantum yield
for NO release was virtually identical for all dfet systems studiedfo = 0.17 -
0.19 irradiating at 366 nm), consistent with thetioo that the appended
chromophores function solely as light harvestinteana, efficiently transferring
the photoinduced excitation to the photochemicaltyive ligand field excited

states.

Figure 1.11 NO amperogram demonstrating enhanced NO produdiiom appended
conjugated organic functionalities. All solutiohad equal starting concentrations (990 nM).
Reprinted in modified form with permission from(Def, F.; Bu, X.; Ford, P. @norg. Chem.
2005 44, 4157-4165. Copyright 2007 American Chemical 8gci
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The light absorbing properties of the modified eyalcomplexes developed
by De Rosaet al were markedly improved over those of the simplelay,
especially in the near ultraviolet (near-UV) regishere the aromatic appendages
contribute strongr-n* transitions. However, in the context of applioatas a
biomedical drug, near-UV light is less than idealiasuffers from very poor
tissue penetration and can be damaging to biolbggsales. To circumvent this
De Rosa investigated the ability of the pyryl- dative, trans
[Cr(pbc)(ONO)|BF,4, to generate NO upon two photon excitation (TPE).
Unfortunately, no net photochemistry was detectemnf the complex upon
excitation with femtosecond (fs) pulses of 800 nifhis was attributed to the
weak two photon absorption coefficient for pyrer®l(GM; GM = 10°

cm*-s/photon}.’®

In principle however, the strategy employing a chophore appended to the
cyclam ring having an appreciable two photon alksmmpcoefficient poses
exciting possibilities for development of the'Qmitrito system as red absorbing,
photoactive NO donors for biomedical applicationSeveral chromophores are
being investigated by this laboratory for theiosty absorbing capabilities in the
red via both single and two photon absorption. Gueh chromophore,
semiconductor quantum dots, is a fairly new plagethe chemist’'s tool box of
chromophores. The application of these new int@igsnaterials as sensitizers

for photochemical NO donors is the focus of thissdrtation.

32



C. Semiconductor Nanoparticles (Quantum Dots)

i.  What are Quantum Dots?

One of the highlights of the intensive efforts adnotechnology was the
experimental validation of size and shape tunabipgrties of materials in the
size regime lying between single atoms and the.biilkkroughout the 1970’s and
early 1980’s, the photophysics and electronic pitogee of semiconductors were
investigated for there potential application inasoénergy conversion. Several
theoretical investigations predicted that in a aiersize regime, the optical and
electronic properties of semiconductors would bezdomable. Work by Dr.
Arnim Henglein® and Dr. R. Rossettt aP* confirmed these predictions upon
synthesizing colloidal clusters of cadmium sulfil@dS) having diameters of
roughly 2-6 nm by precipitation of &dby sulfide salts in aqueous buffers.
Whereas bulk CdS begins absorbing light at515 nm, the absorption threshold
for colloids having diameters smaller than 6 nnitstito higher energy with
decreasing size. This phenomenon was dubbed ‘gpranbnfinement”, which
describes the effect of electronic confinement lué electron and hole pairs
(excitons) within the semiconducting material whbe dimensions are on the
order of the Bohr radius of the bulk material bowxditon. Much like
Schrodinger’s treatment of the wavefunction of &etteon confined by walls of
infinite potential, in so called “quantum dots (QDshe wavefunctions
representing the exciton are physically confinethiwithe volume of the particle.

Dr. Louis Brus solved the Schrodinger equationaf@article in a sphere to give
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Figure 1.12 Size tuned optical properties of CdSe QDs A) Abaace spectra of different
sized CdSe QDs in toluene. B) Image showing phaotolascence from solid sol gels embedded
with 3 different QD sizes. (Blue background is daeJV hand lamp used to illuminate the sol-

gels).
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an analytical expression for the enerdy) ©f the lowest excited state of a
semiconductor particle as a function of radiBs(Equation 1.1)>° In this

equation,

+ smaller terms (1.2)

2 2
=g+ nz{iJr 1}_1.8e

2R* | m, E
Ey is the bulk band gap energge andm, are the effective masses of the electron
and hole, respectivelye is the charge on an electron, afnds the dielectric
coefficient of the semiconductor. Equation 1.1dwts the energy required to
create an exciton within a QD as function of sem&] thus describes the widening
of the band gap as a function of decreasing parscte. The effect is quite
striking in a material such as cadmium selenideSgdn which the energy gap

between the valance and conduction bands (band cmp)be tuned across
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virtually the entire visible spectrum (Figure 1.12Due to this attribute, CdSe can

be considered therototypical QD.

ii. QD synthesis

A variety of techniqgues have been described fenegation of the
nanomaterials that display the effects of quantanfioement, including so called
“high energy input” physical methods like molecdtsam-epitaxy (MBE) and
metalorganic-chemical-vapor-deposition (MOCVD), thitemperature chemical
growth of particles in glass matrices, and varisme$-chemical methods based on
organometallic synthesis. Of these methods, thectvemical methods most
familiar to a chemist have been shown to be thet mibsctive in generating high
quality materials as judged by their narrow sizepdrsity, crystallinity, well-
defined optical properties, and ease of manipulatdd their solubility and
reactivity via chemical control of their surfaces.

The wet-chemical, or “bottom-up” approach to QD thgsis can be
understood in terms of La Mer's model of nucleataomd growth of colloidal
particles, wherein the key element for controlleavgh is the temporal separation
of nucleation and further growth of the particlesni remaining monomers in
solution. In 1993, based on work conducted in ldd@oratory of Professor
Moungi Bawendi at MIT, Dr. Christopher Murrat al published the first wet-
chemical approach to nearly monodisperse, highitgu@ldSe QDs via an
organometallic synthesis that could be effectiwdgcribed according to La Mer’s
1%

mode In this method, a room temperature mixture of etimglcadmium
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(Me,Cd) and selenium in trioctylphosphine are quickijected through a large
bore needle into a molten mixture of coordinatiggmds, trioctylphophine (TOP)
and trioctylphosphine selenide (TOPO) at 350 °Che Trapid injection of
precursors results in supersaturation of monomérssh is relieved by nucleation
of small CdSe particles. At the same time, thepemature of the mixture falls
below the threshold needed for formation of newleiucControlled growth of the
nuclei from the remaining monomers in solution anmplished by careful
control of temperature and reaction time. Follayvihis initial “fast” growth
phase, the particles can continue to grow via age® known as Ostwald ripening
whereby dissolution of the smaller particles sufigr from higher-surface-
energies fuels the growth of the larger particless this latter phase tends to
broaden the size distribution, many current symthitlchniques are directed at
optimizing reaction conditions that avoid the Odtvapening phase of QD
growth?’

The presence of coordinating ligands stabilizes grewing particles,
preventing their aggregation into bulk semiconduatmaterial. A variety of
ligands have been used, the vast majority beingpcsed of alkylphosphines,
alkylphosphine  oxides, alkylamines, alkylphosphatesalkylphosphites,
alkylphosphonic acids, alkylphosphoramides, alkgl#) fatty acids, and various
combinations of these with variable alkyl- chaimdéhs. In general, the polar
head group of the ligands binds the QD surfaceenthié alkyl chain extends out

into the solvent medium providing solubility andesning interparticle van der
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Waals forces that would otherwise cause the QDaggregate. During the
synthesis, these stabilizers function as a kinbfacrier against uncontrolled
growth, controlling both access of the monomer ftel QD surface and
functioning as a barrier against formation of therinodynamically favored bulk
structure.

The growth of CdSe QDs can easily be monitored byvigible absorption
spectroscopy of small aliguots removed over thersmuof the reaction.
Depending on particular reaction conditions, thidahnuclei display a discrete
absorption feature near ~450 nm. As the partialew gtheir aborbance spectrum
red shifts due to quantum confinement effects uhélparticle radii reach roughly
5.6 nm, the Bohr radius in bulk CdSe. For growglydnd this size the absorption
spectrum approximates that of the bulk semicondueith an absorption onset
approaching 710 nm (1.751 eV) which is the bandeyegrgy of bulk CdSe.

Over the last decade or so, a variety of variatwinthe preparation reported
by Murrayet al have appeared including the replacement of thegharic MeCd
with cadmium oxid®& or the use of so called single-source-precut8des the
metal and chalcogenide species which removes thd fog a high temperature
nucleation step. Furthermore, high quality QD begsts is no longer limited to
CdSe, and rather has been expanded to materiddsoptical properties that can
be size-tuned throughout a wide range of the @swgnetic spectrum including

ZnSe and PbS which emit in the UV-blue and infraegions, respectively.
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iii. QD Optical Properties

The strong photoluminescence (PL) of quantum dstsrie of their most
coveted properties. Excitation across the bandeggs to fast thermal relaxation
of the electron and hole to the “band-edge” whiem cadiatively recombine,
releasing a photon of energy equal to the band‘tpamd-edge” or BE emission).
Extensive research has demonstrated the crucelafothe surface composition
and passivation in determining the quantum yietds¥Ds®® Unsaturated surface
atoms, so-called “dangling bonds”, provide traps tfee photo-excited carriers.
Population of these “surface traps” can lead tar@adb PL feature on the low
energy side of the BE emission due to radiativeomdgnation of the trapped
carriers sometimes referred to as “deep-trap” eomss By carefully tuning the
reaction conditions, including coordinating ligaitntities and ratios, metal to
chalcogenide ratio, and reaction temperature, & baen shown that the
participation of these surface traps can be mirechiby conditions that favor
highly crystalline surface reconstruction and maxed surface atom passivation.
This has led to CdSe QDs with PL quantum yieldsigis as 70-80%.

Another method to maximize PL quantum yields thas Hbecome fairly
ubiquitous is the growth of an inorganic shell afider band-gap material around
the preformed coréd. For CdSe, the most common choice is ZnS, vielding
CdSe/zZnS “core/shell” QDs which were first demoat&td via a wet-chemical
approach by Dr. Margaret Hines al®*® Growth of a shell of ZnS around CdSe

leads to electronic passivation of the core surfadech effectively confines the
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excited carriers within the core due to the largad offset between CdSe and
ZnS. As with the cores, a final layer of organgahds bound to the outer ZnS
shell imparts solubility of the core/shell QDs.cieases in PL quantum yields of
an order of magnitude are common following growtii-62 monolayers of ZnS.
For thicker shells, the quantum yields begin tbldack down, presumably due to
strain-induced formation of defects at the cordlsherface caused by the
mismatch between the lattice constants of the taterials®*® However, shells
thicker than 1 monolayer also impart enhanced ctansitability of the QDs in
terms of surface oxidation and resistance to plkefgradation. The enhanced
guantum yields and stability are major factors thake core/shell CdSe/ZnS QDs
the materials of choice for researchers using QBscomplex chemical
environments such as biomedical luminescent tag#) applications requiring
extensive material processing such as in QD drogn-electronics.

Even with the improvements in particle quality alectronic passivation, the
photolumiscent properties of the QDs are obsergdzkthighly sensitive and vary
from report to report. A large number of investigas have shown both
photoenhancement and quenching in solid thin filamgl in dispersions of
semiconductor QDs. The changes observed can hdedivinto two main
categories, 1) reversible, and 2) irreversible. the latter case, continuous
irradiation with above band-gap light of thin filnis the presence of &fror
moistur&®, or in solution in the presence of meth&hadr aif® leads to an

increase in the photoluminescence intensity. ia tse, the observed effect is
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attributed to permanent photo-induced changesarsthiface structure, either by
rearrangement and/or loss of surface passivantsy okidation to form CdO and
SeQ. Both of these mechanisms are supported by Xjhgtoelectron
spectroscopy (XPS) and time-of-flight secondary mass spectrometry (ToF-
SIMS) studies in which the surface structure wagstigated at different stages
of photolysis®® Additionally, purely chemical treatments eitheithwsodium
borohydrid&” or dissolved oxygéfl have been shown to have similar photo-
enhancement effects attributed to oxidation ofstimdace of the nanoparticles.
Only a few reports have shown examples of revierstppe photo-

enhancement behavior. Dr. Marcus Jogtesl found that the photoluminescence
of previously irradiated solutions of CdSe and sscstabilizer (trioctyphosphine
oxide, TOPO) dropped in intensity, eventually fadlibelow the original, “pre-
brightened”, levef? This process was observed to be extremely slavsimilar
“darkening” following irradiation was observed by.[Zhivko Zhelevet al, whom
additionally found no changes in the correspondiptical absorbance spectra
during either the photo-enhancement or darkenimip@s®® These examples are
indicative of generating a photostationary stateictv clearly does not involve the
permanent photo-chemistry typified by experimemsciibed previously.

Single particle photoluminescence experiments hsivewn that particles
exhibit luminescence intermittency or blinkiffy. The widely excepted
explanation for the on/off behavior is Auger ioriaa of the particles due to the

generation of multiple excitons within a singletpae. This leads to trapping of
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carriers at or near the particle surface, geneyatiap states that, following
another photo-excitation, decay nonradiatively. diéidnally, correlated atomic
force microscopy and single-particle fluorescengeroscopy have shown that a
significant portion of the particles in a sampleni@times exceeding 50% of the
ensemble) are dark. Yet, until recently there has been no experinientaence
linking the distribution of bright and dark pargsl seen in single-particle work
with the photo-enhancement effects observed foerabkes. A recent report by
Dr. J. Mdlller et al shows that when the environment of a sample ofeCdS
quickly purged with air, particles that were origlly dark under vacuum are
turned on, while those that were already emissieeome brightef® This
suggests that the effects described for ensembésumements are due, at least
partially, to tuning of the relative population bfight and dark particles in the

ensemble.

iv. QD Surface Functionalization

As discussed above, the passivating layer of saifigands provides a point
of interface between the QDs and the environmemirad them. Careful choice
of these ligands allows one to control whether@i&s are soluble in organic or
agueous environments, how they self-assemble iigbeh ordered structures,
whether they can be embedded in polymer or glassaas, and whether they can
be further functionalized through the attachment ather chromophores,

biologically relevant molecules, or even other reinactures.
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Using a technique commonly referred to as “surfaxehange”, the original
hydrophobic coating of QDs can be exchanged wilargety of Lewis base type
ligands simply by mild heating in an excess of nigyand. For instance, a
common strategy to make water-soluble QDs, and ténder them biologically
compatible, is to exchange the alkyl-chain typearids with bifunctional
mercaptocarbonic acids. In a process governetthdoyaws of mass action, the
thiol- head groups displace the original organiatow and bind to the QD
surface. Deprotonation of the carboxyl- tail gr@iypes an anionic species which
is soluble in mildly basic aqueous solutions (pM)> Another important attribute
of this strategy is that the carboxyl- tail groupst as a further point of
functionalization via condensation reactions withirees or alcohols using well
established carbodiimide activation chemistries.thie first demonstration of its
kind, Drs. Warren Chan and Shuming Nie exploitad #trategy by conjugating
core/shell CdSe/ZznS QDs coated with mercaptoacatid to the free amine
functionalities on both the protein transferrin @hd immunomolecule IgG using
the water soluble cross-linker, ethyl-3-(dimethylaopropyl)carbodiimide
(EDC).”® Transferrin labeled QDs were observed to undeegeptor mediated
endocytosis into cultured HelLa cells, a result thlatyed a key role in making
QDs a compelling new tool for biologists in theaadd tissue specific fluorescent
labeling and imaging.

In more recent work by Dr. Hedi Mattoussi and cdweos at the Naval

Research Laboratory (NRL), dihydrolipoic acid (DHL#places the monodentate
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mercaptocarbonic acids used previously in ordeintoease the stability of the
QDs in solution* Whereas QD preparations utilizing mercaptoacetic-
mercaptopropionic acids as surface stabilizer aulg stable in most cases for
several day$, the DHLA coated materials were shown to remamblst in
aqueous solutions for periods exceeding one ye&ecause the covalent
interaction between the QD surface and the staigjizigand has been
demonstrated to be fairly weak, the ligands hatendency to diffuse away upon
dilution®®, ultimately leading to destabilization and aggtiEgeof the QDs. The
bidentate nature of DHLA is expected to enhancdiitsling affinity to the QD
surface, allowing long term stability of QD disperss in water.

In the studies by Mattousst al, mixtures of DHLA coated QDs and proteins
carrying long cationic side chains were observedaton stable electrostatic
assemblies. When otherwise identical proteins leowty labeled with cyanine
dye (Cy3) were used, efficient energy transfer ftbecentral QD to the proximal
protein bound dye was observed. In related work, Baron Clappet al
demonstrated that the efficiency of energy tranfsten the QDs to the dyes could
be enhanced both by tuning the QD size and by asang the dye/QD
stoichiometry*® The former property is associated with the abtiit size tune
the PL spectrum of the QDs to maximize spectralrlapewith the acceptor
absorbance. According to the formalism describgd=@rster to quantify non-
radiative energy transfer between two weakly caliglgoles, the efficiency for

transfer is highest when the spectral overlap betvamnor emission and acceptor
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absorbance is highest. This study has led to the development of this IG2Bed
technology for sensing and biological imagifig.

Recently, a number of studies have investigatedradiative energy transfer
from QDs to a variety of acceptors such as othes’@Dyuantum wire<¢
phthalocyaning§ and metalloproteirfdto name a few. Several models, including
the Forster mechanism outlined above, have beesmrad to account for the
observed photophysics, with varied degrees of ffeess.”°

This field is still in its infancy and requires nfumore careful investigation
especially with respect to the way QDs and othedemuar, biological, or
nanostructured species interact with each othdr pbysically and electronically.
Yet, it is clear that the ability to tune the eftedic coupling between the QD
donors and the acceptors by varying their size s\gKes a powerful new class of
photochemical sensitizers. In the current studies,exceptional photophysical
characteristics of QDs highlighted above are ex@tbiwith the goal of using
optically excited QDs to sensitize release of aixide from the previously

studied dinitritio chromium(lll) cyclam complexes.

D. Current Studies

i. New Quantum Dot Based Supramolecular Structures for

Photochemical Nitric Oxide Delivery

The studies on chromium (lll) dinitrito system iated by De Leo indicate

that complexes of this type have a high potentinbpplication as photochemical
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NO-donors. De Rosa showed that the cyclam penploan be covalently
modified with dye molecules which efficiently seie the photochemically
active chromium (lll) excited state there-by promgl a strong framework for
improving the light-absorbing properties of thesatenials. In this work, the
ability of QDs to sensitize the excited states olenules of the type [Cr(L)X,

where L = cyclam or a modified cyclam, and X = @I ONGQO, is investigated.

a) Coupling of Cr(L)X ," (L = cyclam or modified cyclam) to QD
Surfaces.

First, a general methodology is described whergdnsition metal complexes
can be covalently coupled to the surface of QDfstm modified QDs (mQDs).

In the first strategy complexes of the form Cr(L)Civhere L = functionalized
cyclam carrying either a hydroxyl- or amine appaygjavere covalently coupled
to QDs having carboxyl- functional groups usingagbodiimide as a cross-linker.
This complex was chosen because it exhibits theackexistic Cr(lll) doublet
phosphorescence at 77 K. As demonstrated by De&asathe Cr(lll) doublet
phosphorescence can be used to probe energy tré&mmsfeappended dyes to the
metal center.

In the preliminary work, CdSe QDs coated with mptopropionic acid
(MPA) were reacted with the free hydroxyl- functabized cyclam, hbc (hbc =
5,7-dimethyl-6-p-hydroxylmethylbenzyl)-1,4,8,11-tetraazacylotetreatee).
Although the conjugates were found to be insolubtdid state nuclear magnetic

resonance (NMR) spectroscopyH(and **C) and Fourier-transform infrared
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(FTIR) spectroscopy were used to quantify the serfegand composition of the
new mQD and to verify formation of an ester bontiveen the QD surface bound
MPA and hbc molecules. Because of the negligidlefrBm “core-only” type
CdSe QDs passivated with thiol ligands and theludslity of these materials in
aqueous solutions, a photophysical investigationthef conjugates was not
attempted.

Following the synthesis of water-soluble CdSe/Zmetshell QDs coated
with DHLA having appreciable PL quantum yields iquaous solution, a more
detailed investigation for conjugating various ehrom(lll) cyclam complexes to
the QD surface was conducted. In this case, tleeessful conjugation to
Cr(L)Cl," (L = functionalized cyclam with amine (-NH appendage) was
accomplished via amide linkages to the QD surfamend DHLA. The QDs were
found to be rather unstable towards activation WCE which often caused
aggregation of the mQDs and precipitation from solu However with careful
choice of reagent concentrations and with the addaf a high molecular weight
amine modified polyethylene glycol (MPEG-BHmMQDs that were stable to the
reaction conditions and to the post-preparativefipation steps were obtained.
Stable mQDs were investigated using gel electragggsrand photoluminescence
spectroscopy. Although electrophoresis showedeewd of successful formation
of mQDs based on surface charge neutralizatioemgits to detect sensitized
phosphorescence from the appended €enters proved unsuccessful. Yet,

mQDs with one or more surface bound Cr(l.jGlad quenched PL spectra when
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compared to the control, consistent with energystier from the optically excited
QD to the appended chromium(lll) complexes.

An alternative strategy amenable to covalent catjog of cyclam-type
complexes to the QD surface was via the additioa diiol functionality to the
cyclam periphery. Several new derivatized chronglincyclam derivatives
were synthesized and characterized by mass spegpywsand UV-visible
spectroscopy, however synthetic challenges predlattempts to use them in QD

surface conjugation.

b) Bimolecular Interaction of Aqueous Mixtures of Q Ds and
Cr(cyclam)X ,* (X = Cl or ONO).

In collaboration with Alexis D. Ostrowski, dilute ixtures of CdSe/ZnS
core/shell QDs coated with DHLA and various conggiins of both the
dichloro- and dinitrito- analogues otranschromium(lll) cyclam were
investigated in agueous media. Both steady statk tame-resolved optical
techniques (absorbance and photoluminescence) usad to investigate the
effect of the added complexes on the QD PL intgnsiFurthermore, a NO
sensitive electrode was used to detect the sezditedease of NO via both single
photon excitiation (SPE) and two photon excita(ibRE).

Concentration dependent PL quenching is observeditemt with energy
transfer from the optically excited QDs to the atldeetal complexes. The
observed quenching behavior is consistent with forenation of electrostatic

assemblies between the cationic chromium (Ill) @yckomplexes and the anionic
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QD surface. These assemblies are stable in midgrc buffered solution and
have enhanced light absorbing capabilities whenpesed to the chromium(lll)
complexes alone due to the extremely large extnatbefficients of the QDs.

As discussed above, the nitrito- analoguaas{Cr(cyclam)(ONO)]|BF, was
shown in this laboratory to release NO with vergthquantum yields (up to 50%)
upon visible light excitation. Due to the enhandigtit absorption imparted by
the QDs in the mixtures, the ability of the QDsstmsitize NO release was also
probed using an electrochemical NO detector. Deipgnon the experimental
conditions, irradiated mixtures of QDs atrdns-Cr(cyclam)(ONO)" showed a
5-75 fold enhancement in NO production in comparigm solutions containing
trans-Cr(cyclam)(ONO)" alone.

Based on the promising results for QD sensitized Mdl@ase using single
photon excitation (SPE), two photon excitation (JP&Xxperiments were
conducted to determine if wavelengths more amenaltissue penetration could
also sensitize NO release due to the high two phatwsorption (TPA) cross
sections observed for semiconductor QDs. Congisteith theoretical
predictiond! and the experimental measurements by Dr. Danisldreet af?, the
CdSe/ZnS core/shell QDs used here displayed a TBss csection of ~10,000
GM at 800 nm, where 1 GM = 8 cm®.s-photoft. This value is >200x higher
than the TPA cross section of fluorescein (36®Ma common laser dye used as
a TPA standard that was recently demonstrated bys@phen R. Wecksler from

this laboratory to sensitize NO release via TPEnfeoRoussin’s salt derivativé®
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PL of the QDs generated by TPE at 800 nm was gqwehah a concentration
dependent manner by add@@ans-Cr(cyclam)(ONO)’, similar to observations
using SPE, consistent with transfer of the NIR &twn to the electrostatically
surface assembled NO-donors.

These recent results demonstrate that the strghgdbsorbing capabilities of
QDs, both in the SPE and TPE regimes, makes thghtyramenable towards use
as light harvesting antenna for photochemical reast Specifically in the case
of the results with the proto-typical NO-dontrans-Cr(cyclam)(ONO)*, the
ability to sensitize this complex using NIR wavejdrs via TPE of the QDs has
broad implications for its use, and the use of otietated photochemical NO
donors, as potential photochemotherapeutics. haset supramolecular systems,
TPE of the QDs allows activation by longer waveléngyht which is required to
incur enhanced tissue penetration. Although atterap far to detect sensitized
NO release via TPE of the QDs have proven challgn@ more systematic study
of this system is currently underway in this laltorp. Because of the extensive
work in development of QDs for tissue/cell specilabeling for bio-medical
imaging, the potential use of QDs in combined dietvery/NO-donor drug
activation strategies is a much anticipated outcoofiethe current effort

highlighted in this work.

ii. Photoenhancement of QDs in the Presence of Nitric Oxide

Appendix | will be dedicated to a discussion of the

photophysical/photochemical effects of small molesuincluding NO, on the
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photoluminescence (PL) properties of CdSe QDs. s Tdiscussion and the
experimental work described stems largely from &seovation made by Dr.
Leroy Laverman in studies with Professor Geoffetyo@se. Dr. Laverman
observed that a sample of CdSe QDs imbedded inidifigal sol-gel matrix (an

example of which is shown in Figure 1.12B) was obsgé to undergo

photoluminescence (PL) enhancement (or brightenindgpen subjected to
continuous laser irradiation in the presence of@ &mosphere (Figure 1.13).
The initial premise was to investigate the posgybfior use of the QDs as PL
“turn-on” type sensors for NO, technology of comsable interest to the bio-
medical community. This project quickly proceeded general investigation of
the varied photophysical processes observed in @ldgr various experimental
conditions and in the presence of various gasdadimg NO. The results from

these studies will be discussed in terms of phawoubal effects governed by

tuning between sub-populations of QDs within areemse.

Figure 1.13 CdSe QD photoluminescence brightening data obtdiyeDr. Leroy Laverman

upon continuous laser irradiation of a sol gel dbpéth CdSe QDs in the presence of a nitric
oxide atmosphere.
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2. Chapter II. Experimental

A. Reagents and Instrumentation

i. Reagents

Cadmium(ll) nitrate tetrahydrate (CdN@H,O, 98%) and dimethylcadmium
(Cd(CHs)2, 97% min.) were purchased from Strem. Seleniumdeo (99.5+%,
200 mesh), thiophenol (99+%), straight chained Xabecylamine (technical
grade, 90%), 1-octadecene (technical grade, 90%iramethylammonium
hydroxide (99%), 3-mercaptopropionic acid (99+%],-thioctic acid (98+%),
N,N’-bis(2-aminoethyl)-1,3-propanediamine (97%)da#8% hydrogen bromide
were purchased from Acros Organics. 1-Hexadecylamias further purified by
vacuum distillation.  Zinc Oxide (technical grade99.0%), diethylzinc,
trioctylphosphine (technical grade, 90%), triochggphine oxide (technical
grade, 90%), hexamethyldisilathiane, nickel(ll) aide hexahydrate
(NiCl2-:6H,0), chromium(lll) chloride tetrahydrofuran comple)CrCls-3THF,
97%), 2,4-pentanedione (99+%), dicyclohexylcarbudie (DCC, 99%)), 4-
dimethylaminopyridine (DMAP, 99%), 1-hydroxybenzanole, 3-
aminopropyltrimethoxysilane (APS), (sodium hydraxi@®0% w/w), concentrated
ammonium hydroxide, and sodium bicarbonate wer@withased from Aldrich
and used without further purification. Elementallfer, oleic acid, and

triethylamine were purchased from Fisher and usildowt further purification.

58



p-Xylylene glycol was purchased from TCI chemicakpoand used without
further purification. Methoxy- poly(ethylene glyt@mine, average M.W. 5,000
(mMPEG-NH-5000) was purchased from Nektar and used as extei¢-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) amdhydroxysuccinimide (NHS)
were purchased from Pierce.

Air sensitive compounds were manipulated underrgoraatmosphere in an
inert atmosphere dry box (Vacuum Atmospheres Compdiodel # HE-493) or
on a dedicated Schlenk line. High-grade argonSiohlenk line work was first

passed through a drying column loaded with Drigritdecular sieve (4A).

ii. Solvents

Toluene for spectroscopic studies was obtained fBurdick and Jackson
(spectroscopic grade) and was further purified Isfilhition under dinitrogen
over sodium metal. Acetonitrile, methanol, and hgleine chloride were all
distilled under dinitrogen from calcium hydride (€3 Sure-seal bottles of
anhydrous dimethylformamide were purchased fromrigihidand used without
purification. All other solvents used were reaggmade and used without
purification unless otherwise stated. Nanopureewatised for all buffered
solutions and spectroscopic studies, was obtaimedh fa Millipore water
purification system. Phosphate buffers (15 mM)engrepared in nanopure water
and their pH was adjusted using an Orion Reseamubd¢l 701 A) digital

ionalyzer equipped with a Corning Deep Vessel edelet (model 476306).
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iii. Gases

All gases were purchased from PRAXAIR Inc. and uasdeceived unless
further specified. High grade argon used for irerhosphere preparation was
passed through a Drierite/molecular Sieve (4 Ayowi to remove any remaining
water. De-oxygenated solutions were prepared fg@rging solutions with
dinitrogen or argon for approximately one minute mpéliliter or via three freeze-
pump-thaw (3 f-p-t) cycles.

Nitric Oxide (99%, Aire Liquide) was purified by gsage through a stainless
steel column filled with Ascarite Il (Thomas Sciéig) to remove higher nitrogen
oxide impurities. All manipulations with NO gas meeperformed on a dedicated
Schlenk-type manifold using greaseless stainlessl stibing and fittings and

Teflon/glass stopcocks.

iv. Instrumentation and Methods

a) UV-vis Absorption Spectroscopy

UV-vis absorption spectra were measured using rithediode array
spectrophotometer (Hewlett Packard P8572) or dwamb spectrophotometer
(Shimadzu UV-2401 PC).  All spectra were recordedhigh quality UV-vis

guartz cells (Starna Cells) having a 1 cm pathlengt

b) Infrared Spectroscopy

All infrared spectra were obtained on a FTIR spmoiter (BioRad FTS 60

SPC 3200). Solution infrared spectra were reabrdesealed cells (International
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Crystal Labs) with a fixed path length of 0.1 cnavimg Cak; windows and a
Teflon spacer and stoppers. For solid samplegyréide KBr was used to prepare

solid KBr pellets.

c) NMR

Solution phaséH and®*C NMR spectra were performed at room temperature
in grade 7 U-P NMR tubes (Kontes Glass Companya @00 MHz spectrometer
(Varian Mercury Vx) in deuterated chloroform, (Camdige Isotope laboratories,
Inc.) and referenced to the solvent peak (GHEI= 7.27 (1) ppm relative to
TMS).

Solid state cross polarization magic angle spinni@§ MAS) **C NMR
spectra were performed at room temperature on avB®0 spectrometer (Bruker
Advance) in collaboration with Dr. Jerry Hu of tN&aterials Research Laboratory
spectroscopy facility at UCSB. The instrument veglipped with a 4-mm
broadband MAS probe double tuned'tb(300.1 MHz) and the X channel ®C
(75.5 MHz). A sample spinning speed of 9 kHz wasdl Chemical shifts were

referenced to TMS.

d) Mass Spectrometry

All mass spectra were obtained on a single quadkupass spectrometer (PE
Sciex QStar) with an electrospray ionization sourge with a Fisons Masslinks
data system. Automatic injections were achievemgus Harvard apparatus

infusion pump 22 equipped with a Hamilton 280 syringe at a flow rate of 10
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ML per minute. Sample solutions were prepared moua solvents (acetonitrile,

water, methanol, etc.) and diluted to a concemmaetween 10-100M.

e) Electrochemical Detection of Nitric Oxide

Real time detection of nitric oxide was accomplghesing a nitric oxide
sensitive electrode (amiNO-700, Innovative Instrataginc. Tampa, Fl.). The
amiNO-700 is capable of detecting nanomolar comagohs of NO in aqueous
solution. The electrode was calibrated from 58a0 nM in [NO] via injections
of known quantities of KN@ into acidified solutions (~0.1 M 130Qy)
containing Kl as a reducing agent. The concewimatf NO determined

experimentally was then extrapolated from the catibn curve.

f) Gel electrophoresis

Gel electrophoresis of water soluble quantum dotsraodified quantum dots
was conducted in 1.5 % agarose gels with 0.5x Boisaste-EDTA (TBE) buffer
medium. The voltage was held at 100 V for ~1 mn6gold nanoparticles were
used as a real-time imaging standard during thetrelghoretic run. Gel staining
was accomplished by treatment of the gels followetegtrophoresis with “Silver
Initiator’and “Silver Enhancer” solutions (Nanopesh Catalogue # 2013). The

developing gels were imaged with a conventionakbgsscanner.
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g) Steady State Photoluminscence Luminescence Exper  iments

and Quantum Yield Measurements.

Steady state photoluminescence (PL) measurements pegformed on a
Fluorolog-2 fluorimeter (Jobin Yvon/SPEX, EdisongewW Jersey). Samples
were excited with a 300 W xenon arc lamp, and tbeesponding PL was
collected at a 90° from the excitation source, pkée the case of PL from
solids or low temperature glasses which was cdatecin front-face
configuration. The excitation and emission beanesewpassed through SPEX
1681 Singlemate monochromators in order to isoldte appropriate
wavelengths. The slits were varied depending @ pgérticular experiment,
resulting in a band pass of 1-4 nm. The emittgghtlicollected from the
monochromator was then focused onto a red seasiHamamatsu R928-A
water cooled photomultiplier tube (PMT) configuried single photon counting
and interfaced with a computer running SPEX DM306806ftware. The PL
spectra were corrected for PMT response and demsin lamp intensity by the
ratio method using Rhodamine-B as a standard. tiSolphase samples were
prepared in high quality, four sided quartz cuxe{igtarna cells) such that the
absorbance at the excitation wavelength was leaa thhl. PL from low
temperature glasses was obtained in high qualityartgu tubes.
Photoluminescence quantum yields of dilute solgtiarere determined by the
relative method outlined by Demas and CroSbyriefly, the integrated PL

intensity of two dilute solutions, one of the corapd of interest and the other
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of a standard compound with a known PL quantundyialving a spectrum with
similar shape and at similar energy to that of ¢cbenpound being studied, is
recorded undeidentical experimental conditions (sample orientation, samgpl
geometry, band pass, etc). The quantum yiefdl ¢f the unknown is then

calculated using the following equation:

— A’ef (Aref) I (Aref) nx2 Dx
@ ) Qef( A<(Ax) j( I (/1)() j{ nrefzj[ Dref ] (21)

In this equation](A) is the relative intensity of the exciting light {dentical

experimental conditions and wavelength are usezh this term cancels out),
A(A) is the absorbance of each sample at the excita@velengthn is the
refractive index of the solvent(s), afdis the integrated intensity (area under
the curve) of the corrected PL spectra. Paramé&berthe reference compound
in Eg. 2.1 are indicated by the inderef. In these studies, [Ru(bp}iPFs).
(bpy = 2,2'-bipyridine) in degassed acetonitrilg € 0.062% is used as the

guantum vyield standard.

h) Laser Photolysis Set-Up for Photoenhancement Stu  dies

Photolysis was conducted using a water cooled caser (Spectraphysics
Beamlok 2065-8) (488nm, spot size 1mm, average pa@9H-3000mW).
Emission was collected at right angle and detebigdocusing into a 0.5 m
monochromator (Acton Research SP-500) and disgerie signal onto a

charge coupled device (CCD) camera (Roper ScientBPEC:10). A
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holographic notch filter was used to filter outidesl laser scatter. For a typical
experiment, 1 s acquisitions were collected every for 1000 scans, under
constant laser photolysis. Alternatively, a puldddtYAG laser (Continuum
NY-61) was used to excite the sample of interestguthe third harmonic (355
nm) of the fundamental operating at 3—3000 mW (uise width {FWHM},
20 Hz repetition rate). For the pulsed experimehés excited emission was
collected via a fiber optic coupled to a spectraane{Acton Research
SpectraPro-275) and spectrally imaged with a ligoiclogen cooled charge

coupled device (CCD) camera (Princeton Scientific).

i) Photoluminescence Lifetime Measurements

Fluorescence lifetime measurements were performiéd Dr. Alexander A.
Mikhailovsky in the UCSB optical characterizatiatility using a time-correlated
single-photon-counting technique (TCSPCThe sample was excited by 460 nm
laser pulses with a duration of about 120 fs preducia the second harmonic
generation process from the output of an Ti:sagplaser (Spectra Physics
Tsunami). In order to avoid saturation of the chophore, the repetition rate of
the excitation pulses was reduced to 2 MHz by dooubuilt acousto-optical
pulse picker. The luminescence was dispersed inoaonhromator (Acton
Research SPC-300) and detected by a micro chatatelqphotomultiplier tube
(MCP PMT,; Hamamatsu R3809U-51). The triggering algior the correlator
board was generated by a fast photodiode illuméthatea a beam-splitter

introduced into the excitation beam. The MCP PMTipatiand triggering signal
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were connected to a SPC-630 time correlated sipbleon counting board
(TCSPC; Beker & Hickl) which performed statisti@lalysis of the photon flux
and restored the fluorescence transients. Theumsint response function has a
full width at half maximum (FWHM) of ~55 ps and istdrmined by the speed of

MCP PMT response.

]) Femtosecond Transient Absorbance (TA) Experiment s

Femtosecond (fs) photolysis experiments were pedr in collaboration
with Dr. Alexander A. Mikhailovsky in the UCSB opél characterization facility
on a femtosecond transient absorption spectronsetélar to the one described
previously by Klimov and McBranch. The system utilizes the output of a
Ti:Sapphire regenerative amplifier (Spectraphysgtfire) producing 100 fs
optical pulses with 1 kHz repetition rate, cenwalvelength of 800 nm, and pulse
energy <1 mJ. The sample was excited by ultratspatses with central
wavelength of 400 nm, generated in 1 mm thieBBO crystal via the second
harmonic generation process. The excitation peisergy was adjusted by
calibrated neutral density filter wheel. Photoiceld absorption changes were
monitored by broadband fs continuum pulses. Thdimoum was generated by
focusing low energy (< 21J) 800 nm pulses onto a 2 mm thick crystalline
sapphire plate. The delay between pump and preieep was varied by a
translation stage with a corner cube reflector rieseinto the pump beam. An
optical chopper synchronized with the fs laser tiipa frequency was employed

to modulate the excitation beam and provided alsymization signal for the
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lock-in amplifier (SRS SR830). Samples were plaicetl mm pathlength quartz
cuvettes and sparged with argon to remove oxydgére pump and probe beams
were focused on the sample in a near-collinear gégnusing a lens and a
parabolic mirror, respectively. The probe lightswhspersed by a monochrometer
(Acton SpectraPro 300) and detected by a Si photiedconnected to the lock-in
amplifier via a transimpedance amplifier. The @pen of the setup was

controlled by a LabView program running on a PC.

k) Two Photon Excitation Photoluminescence Measurem ents

Two photon excitation photoluminescence (TPE PLasueements were done
in collaboration with Dr. Alexander Mikhailovsky athe UCSB optical
characterization facility. Samples were excitethva tightly collimated (~120
pum) high intensity laser beam, and the correspondmgonverted fluorescence
was detected at a 90° angle. TPE was achieved asmode-locked Ti:Sapphire
laser (Spectraphysics Tsunami) with excitation @sllef ~100 fs and energy of
~6 nanoJoules (nJ) operating with a repetition o&®0 MHz. The emitted light
from the sample was collected unto a high numergarture lens and focused
unto the spectrometer's entrance. The radiatispetsed from the spectrometer
was then detected by a thermoelectrically cooleatgdd coupled device (CCD)
camera (Roper Scientific Spec 10:100B/TE). Sohst were irradiated for

approximately 30 s with a central wavelength qf. = 800 nm and the

corresponding TPE induced fluorescence was mouitiwoen A mon = 480-750 nm.
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[) Two Photon Absorption Cross Section () Measurements

The TPE photoluminescence (TPE PL) technique waployed for
determining two photon absorption cross sectfofiflese measurements were
done in collaboration with Dr. Alexander Mikhaildys at the UCSB optical
characterization facility. In this technique, angde is excited with a tightly
collimated high-intensity laser beam (~12®), the emission is collected at a 90°
angle and focused unto the spectrophotometer. lighe collected from the
spectrophotometer is then detected using a theeutiellly cooled charged
coupled device (CCD) camera (Roper Scientific SP&10B/TE). The laser
used for excitation is a tunable mode locked Tifae (Spectraphysics
Tsunami) which is capable of generating ~100 fsgailwith an energy of ~6 nJ
and a repetition rate of 80 MHz between the waugle 0fAq = 690-1000 nm.
The fluorescence detected from two photon excitat® then monitored from
Amor= 480 to 750 nm, and the integrated TPE fluoressémiensity is utilized to
determine the TPA cross section as described below.

According to previous work by Xu and Webkihe integrated PL intensity)(

due to TPE can be described in terms of the equagtow:

_anf lo(t)el
| = Aqojmdt. (2.2)

In the above equation, the sample contributes dhewing parametersd is

the TPA cross sectiorg is the concentration, is the pathlength, ang is the

photoluminescence (PL) quantum yield. The tekmaccounts for all of the
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experimental variables associated with collectibmE induced photon emission
from the sample (geometric factors, spectrometdrdatector efficiencies, etc.).
The functionly(t) describes the temporal profile of the excitatiatsp. When

operating in the limit of low light intensity and laghly diluted sample, the
denominator in Eq. 2.2 becomes infinitely smakvieg the following expression

for I:
| = Aw'clTlg(t)dt, (2.3)

or more simply,

| = B@XxlIP?. (2.4)
In Eq. 2.4, the functiomy(t) is reduced to the experimental excitation powr,
andB is a constant.

The experimental factors definirg) are difficult to measure and in practice,
relative measurements (similar to the steady $Rateyuantum yields described
above) are employed in which the signal, obtained from a reference compound
with a known TPA spectrum and TPA cross sectiocoispared to that observed
for the sample of interest. As long as all othgpegimental parameters remain

identical one can simply take the ratio of the integratednensities:

e P (2.5)

2
I ref (oref Jref Cref Pref

For the terms in the denominator, the indet ‘refers to the reference compound
used for the comparisorK is a correction factor that accounts for diffeenm

the refractive indices of the two samples deterchimainly by their respective
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solvents. In the case of nearly-collimated beasedihereK = n® / nef, and
reduces to 1 for the case where the referencerendgample of interest are in the
same solvent. Eq. 2.5 can be rearranged as foltowabtain the TPE cross

section @) of the unknown sample:

J..C. P2
Wef ref ~ref " ref I K. (26)

¢C P2 l ref

B. Synthesis

i. Cadmium Selenide (CdSe) Nanocrystal Quantum Dots (QDs)
a) Single Source Precursor Method using Li  4[Cd10Se4(SPh) 6]

¢ LiJ[Cd4(SPh)g), (SPh = Thiophenol)

This complex was prepared based on a literaturbadetising Li in place of
tetramethylammonium as the counter-ion. Thioph€B6l28 mL, 0.363 mol) was
dissolved in methanol (120 mL) and triethylamin®.@% mL, 0.366 mol) was
added. To the vigorously stirred mixture, a solitof Cd(NQ),-4H0 (42.0 g,
0.136 mol)) in methanol (120 mL) weasdowly added allowing for complete
dissolution. Finally, a solution of LiN§X10.6 g, 0.154 mol) in methanol (80 mL)
was quickly added and stirring was discontinuedraftl min. The mixture was

allowed to sit at room temperature for ~1 h andhtbired in a refrigerator (5-10
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°C) for several more hours allowing the producttygstallize. The white solid

was filtered, washed with ice cold methanol, amdiged. Yield: 51.0 g (96 %).

¢ LijCd1oSe(SPh)

This complex was prepared based on a literaturdodeusing the lithium
salt of [Cd(SPh)g?. LiJ[Cdsi(SPh)g (17.0 g, 10.9 mmol) was dissolved in
acetonitrile (20 mL) with gentle heating. The hespdce of the flask was flushed
with argon and elemental selenium (0.863 g, 10.Dwmas added. The mixture
was stirred overnight under argon atmosphere, dwinich time the initial black
color of the elemental selenium gave way to milkiiter indicating product
formation. The white mixture was transferred t608 mL Erlenmeyer flask and
heated to ~75 °C. Under constant stirring, ac&itni(~400 mL) was added to
the heated mixture until the white product justsdiged. The solution was then
fillered hot and allowed to cool and slowly crybra undisturbed at room
temperature for several hours and then in a refige overnight, in the dark. The
product was obtained as a white crystalline sotitlowing filtration and air
drying. Yield 7.5 g (13 %). This product is s&lidr several months when stored
in the dark in argon flushed vials. Recrystali@atcan be effected from hot

acetonitrile.

¢ CdSe QDs using Li[Cd10Se(SPh)g] as a Single Source Precursor.

This material was synthesized based on a previoeglgrted procedure.1-

Hexadecylamine (HDA) (60g) was degassed under estipcessure at 120 °C for
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1 hin a 3 neck round bottom flask equipped wittoadenser, a thermometer, and
a stir bar. The flask was periodically back-filleith argon during the degassing
procedure. The temperature was then reduced to °6D and
Li4[Cd10Se(SGHs)16] (2.00 g, 0.6350 mmol) was added to the molten HDA
under argon flow resulting in a bright yellow sodut. The temperature of the
vigorously stirred reaction mixture was raised 89-240 °C to allow growth of
the CdSe QDs. The progress of the reaction waswietl byquickly (to avoid
solidification of the aliquot prior to transfer)meving ~100uL aliquots via glass
syringe from the reaction mixture at regular intdsvusing a wide bore needle,
diluting in cholorform or toluene, and monitoringetabsorbance spectra (Figure

2.1). When the desired particle diameter was rshels determined from the

Figure 2.1. Example of use of absorbance to monitor the CdS&-BD growth. Also shown
(green dashed line) is the PL spectrum of thedligtiot (~3.7 nm QDs).
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position of the 1S ([18}-1S:»(h)] transitiorf) (typical reaction times are <30
min. for very small QDs, e.g. <3 nm, to severalnisdor the largest QDs, e.g. >5
nm, and are strongly dependent upon the concemiraif the precursor and
reaction temperatute the temperature was dropped to ~180 °C and dhticles
were annealed for ~24 h. The temperature was a@setdeto 60 °C and anhydrous
methanol (200 mL) was added to flocculate the QPsllowing centrifugation,
the colorless supernatant was discarded. The Q&s wdissolved in minimal
CHCI; and then re-flocculated with methanol and the gsecvas repeated once
more to remove elementals, other reaction by-prisdand excess HDA. The
CdSe QDs coated with HDA (CdSe-HDA) were dried unéeluced pressure to
obtain a free flowing powder that is soluble inaigty of organic solvents (e.g.
chloroform, hexanes, and toluene). QDs isolategagders were stored under
argon in the dark. Alternatively, isolated QDs daa dissolved in a ~0.1 M
solution of HDA in hexanes or toluene and storedlemnargon in the dark.
Maintaining the QDs in an environment of exces$as@r ligand ensures that the
surface coating remains complete.

For long term storage (months to years), the reaatnixture is allowed to
cool to room temperature and solidify without adufit of methanol and the
unpurified QDs are stored in the protective pludgH&fA. QDs stored in this way
can be isolated by dissolving in minimal chloroforamd flocculating with
methanol as described above. This procedure eutigives CdSe-HDA QDs

with PL quantum yields of 1-10 %.
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The size and concentration of the QDs was estimbteskd on the peak
position and intensity of the 1S absorbance tremsitand correlation with
reported QD sizing curvésnd the size dependent extinction coefficient this

transition.

b) “Hot Injection” Route for CdSe QDs

The CdSe QDs coated with a mixture of hexadecylamiiDA),
trioctylphosphine (TOP), and trioctylphosphine @&idTOPO) ligands were
synthesized and isolated according to publishedcgoares based on the
decomposition of dimethylcadmium (Me&d) and trioctylphosphine selenide
(TOP-Se) precursors. One detailed preparation is described here.

The ratio of coordinating ligands was 20-40-40 &I TOP-TOPO-HDA.
TOPO (9.01 g, 23.3 mmol) was heated at 180 °C uredtkrced pressure for 2 h in
a 50 mL 3 neck round bottom flask. After coolimg~60 °C under argon flow,
HDA (5.63 g, 23.3 mmol) was added and the mixtuas Weated at 120 °C under
reduced pressure for 1 h more to remove traces/éf,0. The mixture was then
returned to argon flow and heated slowly to 330at@vhich point, the heating
mantle was removed. When the temperature readd@d@, a mixture of MgCd
(0.172 g, 1.2 mmol) and TOP-Se (3 mL, 2.0 M) ditltegith TOP (2 mL, 4.5
mmol) was quickly injected from a gas-tight syringgh high speed stirring.
Once the temperature stabilized (~150 °C), theimgatas restored and the
temperature of the vigorously stirred mixture waised to ~225 °C. The reaction

was monitored over the course of the growth bygakcally removing a small
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aliquot (~100uL) and following changes in the absorbance spectréfier 25
min., the mixture was cooled to ~60 °C and the Cd&@es were flocculated by
addition of 2 volume equivalents of methanol. &wihg centrifugation and
removal of the supernatant, the CdSe cores wesslded in minimal hexanes
(~20 mL) and centrifuged to remove insoluble byduas of the reaction. After
re-flocculating with methanol, the CdSe cores wevashed with another
equivalent of methanol and then dried under redycedsure. Purified QDs are
dissolved in a solution of ~0.1 M HDA in hexanesl atored under argon in the
dark. Based on the known parameters, this prépargave ~2.41mol'° of CdSe
cores with a narrow PL (FWHM = 29 nm) centered%8 Bm. Based on previous
studie$ this indicates that these CdSe core quantum dots Hiameters of ~3.8
nm. The photoluminescence quantum yield for theBs @as determined to be

11 %.

ii. Growth of a Zinc Sulfide (ZnS) shell to give CdSe/ZnS Core/Shell

QDs

a) Slow Addition Method using Diethylzinc and
Hexamethyldisilathiane
A zinc sulfide (ZnS) shell was grown around the €d®res using established
procedures described briefly héfe.The amounts of zinc and sulfur precursors
necessary to obtain a shell of 6 monolayers welaileged based on the volume

ratio of a spherical shell and a spherical coragighe bulk lattice parameters of
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CdSe and ZnS. What follows is a preparation foowgh of a shell of 6
monolayers of ZnS over the 3.8 nm CdSe cores adarom the “hot injection”
procedure described above.

TOPO (12.5 g, 32.3 mmol) was heated at 190 °C uretkrced pressure for 2
h. After cooling to 60 °C, TOP (1.22 mL, 2.7 mmalhd the CdSe cores
described in the previous section dissolved in hega5 mL, 0.12 mM) were
added under argon flow. The mixture was carefodijurned to vacuum and
heated at 100 °C under reduced pressure for lréntove volatiles and residual
O./H,0. Following this procedure, the mixture was reédat to argon flow and
heated to 170 °C for the shell growth. Meanwhalenixture of diethyl zinc (355
pL, 3.5 mmol) and hexamethyldisilathiane (7@0, 3.5 mmol) in TOP (7 mL,
15.7 mmol) was loaded into a gas tight syringe taawisferred to a syringe pump.
When the core mixture temperature had stabilizked, shell precursor solution
was added drop-wise under vigorous stirring overdburse of ~10 min.. Once
the injection was complete, the temperature waseted to ~90 °C and the
core/shell QDs were allowed to anneal for 2 h. fEmeperature was then lowered
to 70 °C and 10 mL of argon-sparged 1-butanol wdded to prevent
solidification of the TOPO upon further cooling. hdse core/shell QDs were
stored in the dark in their growth mixture. Is@afpurification was affected by
flocculation of the QDs with four volume equivaleraf methanol. Following
removal of the colorless supernatant, the QDs werghed (2x) with methanol

and dried under reduced pressure. This synth@ses gore/shell QDs with a

76



photoluminescence band centered at 561 nm (FWHN am) and a quantum

yield of ~15 % (Figure 2.2).

Figure 2.2. Comparison of the optical properties (absorbanak Rin) of 3.8 nm core CdSe
QDs (black circles) grown by the hot injection mand the corresponding CdSe/ZnS core/shell
QDs (blue squares) grown via the slow addition ojanometallic shell precursors. Inset:
Absorbance of “out-of-batch” aliquots diluted inxa@es removed during shell growth to monitor
progression of the 1S transition.
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Typically, as a shell of ZnS is grown over the Ca®ees, the absorption of
the 1S transition is observed to red shift at ficsinsistent with the increase in
particle size. This is due to incomplete confineh@nthe exciton wavefunction
within the core by the initial thin ZnS shéfl. For thicker layers, the shift
becomes negligible. In addition, the spectra ®jibic broaden due to
heterogeneous shell growth resulting in an increasethe particle size
distribution’?> However, somewhat unusual behavior was observeithgl the
above described 6 ML shell growth. Namely, altHoa initial red shift (~10

nm) is observed for the growth of the first ~2 Mblack curves in the inset of
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Figure 2.2), the growth of the remaining shell fssin a blue shift accompanied
by a large broadening of the 1S transition. Iumlear what caused the latter
effect. The observed changes could be causedailzarease in polydispersity of
the QDs that favors smaller particles with highenergy transitions.

Alternatively, some alloying between the ZnS andS€dnay occur, a scenario
which would also result in blue shifting due to thigher band gap of the added

ZnS material; this phenomenon was not further igated.

b) Growth of ZnS shell via Successive lon Layer Ads  orption and

Reaction (SILAR)

This synthetic method is based on previously phblisprocedures with slight

modifications®®

¢ Zinc and Sulfur Precursor Solutions

Zinc and sulfur precursor solutions were made baeada literature
protocol*®® Briefly, for a 0.1 M zinc solution, ZnO (0.2034 2500 mmol) was
mixed with oleic acid (6.18 g) in 1-octadecene QL&L) and heated to ~300 °C
under argon until the solution became homogenedud.1 M sulfur solution was
prepared by dissolving elemental sulfur (0.0802.§01 mmol) in 1-octadecene
(25.0 mL) at ~180 °C under argon. The zinc soluti@s cooled to 80 °C and the
sulfur solution was cooled to room temperature.thBsolutions were prepared

immediately prior to the ZnS shell growth.
¢ Growth of ZnS shells via SILAR
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The following is a detailed method for use of tHeAR technique to grow 2
monolayers (ML) of ZnS shells over 3.0 nm CdSe-H&vkes obtained using the
single source precursor route described above.

1-Octadecene (3.0 mL) and hexadecylamine (HDAQ((1lg) were mixed
together in a 3 neck round bottom flask and heatetker vacuum at 100 °C for
one hour to remove water and oxygen and then cdoledom temperature. A
solution of 3.0 nm CdSe-HDA cores (1.83 nmol) ixdmees was added and the
mixture was evacuated carefully first at room terapge, and then at 100 °C for
30 min. more to remove hexanes and any other loinQoimpurities. The
mixture was returned to argon flow and heated t0 22 for the shell growth.
Shell precursor injection amounts were determiredguiantitative growth of 2
monolayers of ZnS over 3 nm cores based on the krattice parameters of
ZnS. Fast injections (< 1 s) were made under angtime order Zn followed by S,
repeat, for a total of 4 injections. The solutignailowed to stir for 10 min. in
between injections and an aliquot (~1@0 to monitor the absorbance spectrum.
The injection amounts are as follows: 280 each zinc and sulfur precursors for
15 ML, 260 L for the 29 ML. After the last injection, the solution is @ived to
stir for another 30 min. at 240 °C, and then codledoom temperature. The
core/shell QDs are purified following the extractionethod of Liet all®*®
Hexanes (5 mL) was added and the diluted reactiotune was extracted with
methanol (10 mL, 2x). The QDs remained in the hegdayer. Acetone (10 mL)

was added to precipitate the QDs and remove exgsas®. After centrifugation
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and removal of the colorless supernatant, the ipdriproduct was dried under
argon flow. The dry powder was dissolved in hesamad any insoluble materials
were removed by centrifugation, followed by pasding solution through a 0.4
um syringe filter. The CdSe/zZnS QDs were storedhéxanes in the dark for
future use. The PL quantum yield for these QDs 80%%.

Large scale shell growthThe above synthesis was scaled up for shell growt

on 1.72umol of 3.0 nm CdSe-HDA cores with similar results.

Figure 2.3. Optical properties (absorbance and PL) of 3.0 niBe&cHDA cores (grey circles)
and corresponding CdSe/ZnS core/shell QDs (redreguahelled via SILAR. Inset: Absorbance
of “out-of-batch” aliquots diluted in hexanes fallimg each injection and following sample
annealing, demonstrating red shift and broadenirigsaransition (red tail in the later injectiorss i
due to a scattering edge from particulates in #meptes.)
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iii. QD Surface Ligand Exchange to Give Water Soluble QDs

a) Mercaptopropionic Acid Coated CdSe (CdSe-MPA)

CdSe-HDA QDs (0.540 g) was suspended in dimethyléonide (10 mL)
with light sonication. To this suspension, an escef mercaptopropionic acid
(10 mL) was added and the mixture is heated withirgg at 70 °C for 1 hour
under argon, during which time the mixture becorhemogeneous indicating
surface exchange of the HDA for the thiol group basurred. The solvent is
reduced by approx. 2/3 under reduced pressure glwvliich time the mixture
becomes cloudy. Methanol (5 mL) was added to iadtamplete precipitation.
Following centrifugation and disposal of the cadsd supernatant, the procedure
was repeated a second time to ensure completepiagapf the surface. The
solid was washed with methanol (~5x) to removerdbed HDA and excess
mercaptopropionic acid. The orange powder wagldni@acuo Yield 0.465 g.

The CdSe-MPA QDs can then be dissolved in watéoviehg deprotonation
of the carboxylic acid tail groups. This was acptisihed by suspending the
CdSe-MPA in DI HO and raising the pH to above 11 with tetramethygliaionm
hydroxide. Following this step, the CdSe-MPA QDs soluble in mildly basic
(pH > 7) aqueous solution. Although negligible m@s were seen in the
absorbance spectrum following surface exchange MBA, the PL was almost
completely quenched"*C CPMAS Solid State NMRJin ppm}: 27 (1Ca-C)),
40 (1C,B-C), 129 (,pthiophenol), 134 ¢-thiophenol), 182 (COY. IR (KBr)

{cm™}: 1710 (C=0).
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b) Dihydrolipoic Acid coated CdSe/ZnS core/shell QD s

¢ Preparation of Dihydrolipoic Acid (DHLA).

This compound was synthesized based on previoepbyrted procedurés. A
solution of DL-thioctic acid (also known as lipaacid) (1.000 g, 4.85 mmol) in
NaHC(Q; (0.25 M, 20.0 mL) was cooled to 0 °C. To thisongusly stirred
solution was added 4 equivalents of sodium boradgdi0.7340 g, 19.4 mmol) in
small portions over the course of 30 min.. Theusoh was then sparged with
argon (ca. 10 min) and allowed to stir at 0 °Cddptal of 4 h. The solution was
then acidified to pH = 1 with HCI (6M), and extradtwith toluene (3 x 6 mL).
The combined organic fractions were dried over Mg3@d filtered. Removal of
the solvent under reduced pressure yielded theuptaas a colorless oil. Yield

0.88 g (87%).

¢ DHLA coated CdSe/znS QDs

The initial HDA/TOP/TOPO capping groups can be exajed for DHLA
(freshly prepared by the reduction of lipoic acidthwsodium borohydridéf
according to published procedures with slight miodifons® In order to
accomplish this, DHLA (20 mg, 96moles) was dissolved in methanol (15 mL)
and the pH was adjusted to ~12 with tetramethylamumo hydroxide in order to
deprotonate the carboxylic acid functionality. Téalution was sparged with
argon to remove £and dried CdSe/ZnS QDs (10 mg, 16 nmol) were addeer

subdued light to form a suspension. The mixture then stirred at reflux under
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argon overnight during which time, the mixture beeahomogeneous indicating
that the DHLA thiol-groups had displaced the orairhydrophobic capping
groups and solubility in the methanol was impaigdthe new anionic DHLA
coating. After cooling to room temperature, theQizere flocculated using four
volume equivalents of diethyl ether and centrifugdthe QDs were re-dissolved
in minimal methanol and flocculated once more wilethyl ether and
centrifuged. After drying under reduced pressuine, QDs were dissolved in
phosphate buffer (15 mM, pH 8.2) and purified usil®g cycles of
concentration/dilution (10:1) with phosphate buff@@S mM, pH 8.2) in a
centrifugal filtration device (Millipore, M cutoff ~10,000 daltons) to give a final
concentrated stock solution. Following purificatighe DHLA capped core/shell
QDs had a PL quantum yield of 2-10 % in phosphatéebed solution (15 mM,
pH 8.2). Again, the absorbance spectrum of thee/shell QDs remained
unchanged following surface exchange with DHLA. thAdugh the PL was
guenched somewhat, these DHLA coated core/shell @pgally had PL
guantum vyields of ~ 2 % in phosphate buffered smut{l5 mM, pH 8.2).
Furthermore, concentrated aqueous solutions (2-uBl) of DHLA coated

core/shell QDs were stable for at least severalthson
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iv. Preparation of Silica based Sol-Gels Embedded with CdSe-HDA.

a) A general preparation follows for CdSe-HDA (2.5- 6.5 nm).

CdSe-HDA  (0.005g; ~30 nmol) was  suspended in
aminopropyltrimethoxysilane (APS) (5 mL; 30 mmol).The mixture was
sonicated for 15 min. to affect complete dissolutiof the particles. Any

undissolved material was removed by centrifugatibeionized HO (0.6 mL; 30

mmol) was added to initiate hydrolysis and the onigtwas sonicated for 25 min..

The viscous solution was cast into a 1” diametdtofiemold. The sol-gel was
allowed to form over the course of 3-4 days onlteechtop. The partially dried
samples were carefully removed from the molds aadsterred to a vacuum
oven. Evacuation of the sols at room temperainr® fdays removed virtually all
residual moisture and alcohol by-products as asdebty thermogravimetric
analysis (TGA). The resultant dried circular (€fidmeter, ~3 mm thick) sols are
optically transparent and maintain the optical #specdabsorbance and PL)
observed for the embedded CdSe-HDA in solution. AT% mass loss): prior to

vacuum treatment — 20%, after 6 days dynamic vacug2¥o.
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v. Simple Chromium(lll) Cyclam Complexes

a) Trans-[Chromium(lll) (1,4,8,11-tetraazacyclotetradecane)C [;]Cl,
trans-[Cr(cyclam)CI ,]CI (1)
The trans{Cr(cyclam)C}]Cl was supplied by Ryan O. Absalonson whom
prepared it by a procedure reported by Bakac apeiE®n® Yield: 74 %. UV-

Vis (H0) {Amaxin nm € in M™* cm®)}: 368 (27.1), 404sh (24.3), 570 (16.9).

b) Trans-[Chromium(lII) (1,4,8,11-
tetraazacyclotetradecane)(ONO) ,]|BFg,, trans-
[Cr(cyclam)(ONO) ,]|BF4 (2)

The trans[Cr(cyclam)(ONO)|BF, was supplied by Ryan O. Absalonson

whom prepared it by a procedure that has beentezpby DelLecet al®’ Yield:

60%. UV-Vis (HO) {Amaxin nm € in Mt cmi)}: 340 (245.5), 476 (32).

vi. C-Substituted Cyclam Complexes

a) Nickel (II) Complexes and Free Ligand

¢ «a-bromo-a’-hydroxy-p-dimethyl benzene

This compound was synthesized following a previpusiported synthesis
based on similar complex&$. A solution of p-xylylene glycol (5.000 g, 36.2
mmol) in benzene (100 mL) was treated with 48 %rbgdn bromide (6.25 mL,

54.9 mmol). The resulting pale yellow mixture wasated at reflux for 30 h
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using a Dean-Stark apparatus to trap water formathgl the reaction. The
reaction mixture was then cooled to room tempeeaturd washed with sodium
hydroxide (6 N, 50 mL), hydrochloric acid (10%, B@.), water (2 x 100 mL),
and finally brine solution (75 mL). The organicadtion was dried with
magnesium sulfate and the solvent was removed uedeced pressure, yielding
a white power that was used without further puaificn. Yield 6.86 g (94.2 %).

MS (ESI): 200 (M) (calcd); found 200.

¢ [5,7-Dimethyl-1,4,8,11-tetraazacyclotetradeca-4,7iehato-
nickel(I1)]NO 3, [Ni(dienato)]NO3 (3)

This compound was synthesized according to a puelyiaeported procedure
using NiCbBH,O in place of Ni(OAc)2H,0.1***° NiCl,BH,0O (5.000 g, 21.0
mmol) was dissolved in water (100 mL). To thisusidn was added N,N’-Bis(2-
aminoethyl)-1,3-propanediamine (3.371 g, 21.0 mmentd the mixture was
heated for 15 min during which time the color chesmdrom green to deep red-
violet. 2,4-Pentanedione (4.205 g, 42.0 mmol) added and the solution was
heated at reflux for 5 h. A saturated solutiorsoflium nitrate is added and the
pH of the solution was adjusted to ~10 by adding dium hydroxide drop-
wise. The solution was refrigerated following centation to give large red
platelets. Further concentration and refrigeratbrihe mother liquor gave more
red, microcrystalline powder. The solid was washtth diethyl ether and dried
under vacuum. Yield 2.950 g (42.3%). MS (ESI): ZBT) (calcd), 281 (found).

IR (KBr) {cm™}: 1557 (C=C), 1541 (C=N).
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¢ [5,7-Dimethyl-6-(1"-methyl-4’-(1"-hydroxymethyl)-b enzyl)-1,4,8,11-
tetraazacyclotetradeca-4,7-diene-nickel(I1)]NQ,Br,
[Ni(hydroxybenzyldiene)|NOs,Br (4)

This complex was made using a previously reportedtquure’®® 2% 21 3
(2.269 g, 3.69 mmol) was dispersed in absoluteneth@5 mL). a-bromoa’-
hydroxy-p-dimethyl benzene (0.965 g, 4.80 mmol) wdded and the mixture was
heated at reflux for 4 h during which time a figellow precipitate formed. After
cooling to room temperature, the mixture was fdteand the solid was washed
with ice cold absolute ethanol, followed by dietlether. The solid was then
dried under vacuum. Yield 1.749 g (86.9%). MS {E8D1 (M*-H") (calcd),

401 (found). IR (KBr) {cn'}: 1668 (C=N).

¢ [5,7-Dimethyl-6-(1’-methyl-4’-(1"-hydroxymethyl)-b enzyl)-1,4,8,11-
tetraazacyclotetradecane-nickel(11)](CIQy),,

[Ni(hydroxybenzylcyclam)](ClO4), ([Ni(hbc)](CIO 4)2, 5)

This complex was made using a previously reportextguure'®® 20% 4
(2.749 g, 3.21 mmol) was suspended in methanoinf{lLh A 15 fold excess of
sodium borohydride (1.820 g, 48.2 mmol) was addetié mixture with vigorous
stirring, resulting in an immediate color changdhsd suspension from yellow to
grey/white to pink/purple with the concomitant exadn of heat and K(g). The
mixture was stirred for 2 h at room temperaturardpwhich time small amounts
of methanol were added to counter evaporation. fle¢hanol was removed

under vacuum and the pink/purple solid was dissblvehot water (120 mL).
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The mixture was heated to boiling and filteredeémove any insoluble material.
To the dark brown filtrate, a saturated solutiorsoflium perchlorate was added
dropwise causing the precipitation of orange solidpon refrigeration, more
orange powder precipitated. The mixture was Blierand the orange powder was
washed with ice cold water followed by diethyl etheYield 1.428 g (73.4%).
MS (ESI): 203 (M") (calcd), 405 (M*-H") (calcd), 203, 405 (found). IR (KBr)
{cm™}: 3438 (O-H), 3210 (N-H). Caution: Due to their potential explosion,

compounds containing perchlorate must be handl¢ad @xtreme care!!

¢ 5,7-Dimethyl-6-(1’-methyl-4’-(1"-hydroxymethyl)-benzyl)-1,4,8,11-
tetraazacyclotetradecane (hbc, 6)

This compound was prepared following a previouslyorted proceduré®
2122 5(1.378 g, 2.27 mmol) was dispersed in 75 mL watet the solution was
heated to ensure homogeneity. A 30 fold excessdium cyanide (3.342 g, 68.1
mmol) was added yielding a cloudy white mixtureheTmixture was heated at
reflux for 2 h during which time, the solution sligwbecame a homogeneous
yellow color, signaling the production of the Ni(ER complex. After cooling to
room temperature, the pH was adjusted to >12 with €odium hydroxide. The
mixture was then extracted with chloroform (6 xrBQ). The organic fractions
were collected and dried with magnesium sulfate @nedsolvent was removed
under reduced pressure yielding a viscous oil. j&dtibg the oil to prolonged
vacuum resulted in a very hygroscopic, white powdléld 0.595 g (75.2%). MS

(ESI): 349 (M + H) (calcd), 349 (found)H NMR (CDCk) {5 in ppm}: 0.938 (d,
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6H), 1.703 (t, 2H), 1.856 (t, 2H), 2.303-2.925 (1BH), 4.613 (s, 2H), 7.223 (d,
4H). °C NMR (CDCE) {5 in ppm}: 20.27 (2C, -Ch), 29.26 (2CB-C), 47.46
(1C, a-C), 50.06 (2Ca-C), 51.29 (2Cp-C), 52.14 (2Ca-C), 61.11 (2Ca-C),
64.77 (1C, CHOH), 127.10 (2C, Arom), 129.07 (2C, Arom), 138.9Z( Arom),
143.04 (1C, Arom). *C CPMAS (Solid State)§ in ppm}: 21.12 (2C, -Ch),
29.96 (2CB-C), 47.50 (sh) (1Cq-C), 50.976 (2Cq-C), 54.54 (4Ca-C), 62.83
(2C,a-C), 64.51 (1C, CbDH), 120-135 (4C, Arom), 139.29 (1C, Arom), 144.74

(1C, Arom).

b) Chromium(lll) Complexes

¢ Trans-[Chromium(IIl) (5,7-Dimethyl-6-(1’-methyl-4’- (1"-
hydroxymethyl)-benzyl)-1,4,8,11-tetraazacyclotetradcane)C}|Cl,
[Cr(hydroxybenzylcyclam)CI;]CI ([Cr(hbc)CI ,]Cl, 7)

This compound was prepared according to a prewousported
procedure®?! Solid 97% CrGJBTHF (0.200 g, 0.518 mmol) arfi(0.181 g,
0.519 mmol) were dissolved together in anhydrousethylformamide (15 mL).
The purple mixture was heated at reflux for 40 miine condenser was removed
and the volume was allowed to reduce to approxipédte? mL. During this
time, a light colored precipitate was observeddont After cooling to room
temperature, the residue was suspended in acetghiltared. The purple solid

was washed with more acetone followed by diethyeetnd the resultant powder
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was dried under vacuum. Yield: 0.117 g (44.6 9)S (ESI): 470 (M) (calcd),

470 (found). UV-vis (HO) {Amax NM}: 360, 430(sh), 568.

¢ Trans-[Chromium(lIl) (5,7-Dimethyl-6-(1’-methyl-4’- (1"-
bromomethyl)-benzyl)-1,4,8,11-tetraazacyclotetrademe)Ch]Br,

[Cr(bromobenzylcyclam)Cl,]CI ([Cr(bbc)CI ,]Cl, 8)

This compound was prepared according to a prewousported
proceduréd®?' 7 (0.251 g, 0.495 mmol) was suspended in 48 % HBrr{L)
and stirred for 6 hours. The suspension was didtehrough a “M” glass frit and
the solid product was washed with ice cold watdtpived by acetone, and finally
diethyl ether. The resultant greyish-blue powdeswried under vacuum. Yield

0.254 g (84 %). MS (ESI) : 534 (W(calcd), 534 (found).

¢ Trans-[Chromium(IIl) (5,7-Dimethyl-6-(1’-methyl-4’- (1"-
aminomethyl)-benzyl)-1,4,8,11-tetraazacyclotetrademe)CL]Br,
[Cr(aminobenzylcyclam)ClL]Br ([Cr(abc)Cl ;]Br, 9) and the dimer N-
[Bis-(Chromium(lIl) (5,7-Dimethyl-6-(1’-methyl-4’-( 1”methyl)-
benzyl)-1,4,8,11-tetraazacyclotetradecane))amine){Br », N-

[(Cr(benzylcyclam)Cl,),NH]Br > (N-[(Cr(bc)Cl 2).NH]Br », 9a)

Compound9 was prepared according to a previously reportedequuré®?

with slight modifications in order to seperate campd 9a. 9a is apreviously
uncharacterizedeaction by-product produced during the synthet& 8 (0.254

g, 0.414 mmol) was suspended in degassed anhydoetsnitrile (15 mL) under
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argon yielding a bluish-pink suspension. ~30 drobsoncentrated N#OH was
added slowly to the stirring suspension. The miextwas stirred overnight under
argon, during which time the blue color disappeagddng way to a pink
suspension. The pink suspension is filtered tHmauglug of celite on filter paper
yielding a purple filtrate and leaving behind aigh colored celite plug. The
solvent of the purple filtrate was removed undeluced pressure yielding mainly
9 as a pink-purple powder. Yield 0.125 g (55 %). KESI) : 469 (M) (calcd),
found 469. UV-vis (Methanol)¥nax, Nm}: 383, 430(sh), 562. The purple solid
trapped on the celite plug was dissolved with matha Removal of the solvent
yielded mainly9a as a blue-grey powder. Yield 0.105 g (47 %). MNESI): 461
(M%/2) (calcd), found 461. UV-vis (Methanol\§a, Nm}: 383, 430(sh), 562.
Note that9 produced in this way always has some remaininguip due to

incomplete removal &a. However9 was used without any further purification.

¢ Trans-[Chromium(lIl) (5,7-Dimethyl-6-(1’-methyl-4’- (1"-
aminomethyl)-benzyl)-1,4,8,11-tetraazacyclotetrademe)(CN)2]CIOA4,

[Cr(aminobenzylcyclam)CI2]CIO4 ([Cr(abc)(CN)2]CIO4, 10)

This compound was prepared based on a literatweegdure for the simple
cyclam analogue with several modificatidfis.A portion of 9 (0.112 g, 0.202
mmol) was dissolved in anhydrous degassed dimeitmgdmide (5 mL) under
argon. The purple solution was heated to ~65 °€ &requivalents of NaCN
(0.079 g, 1.616 mmol) were added. The mixture stased with heating for 30

min during which time the color changed from purfidlepeachy orange. After

91



cooling to room temperature, the mixture was fdterand the solvent was
removed under reduced pressure. The solid wasldegkin minimal hot water to
give a yellow solution and several scoops of stN@ClO, were added. The
mixture was placed in the refrigerator overnigithe resulting yellow solid was
washed with ice cold water, followed by a few dragsacetone, and finally
diethyl ether. Yield 0.15 g (13 %). MS (ESI): 484") (calcd), found 451. UV-
vis (H:0) {Amax nm}. 332, 419. Caution: Due to their potential explosion,

compounds containing perchlorate must be handl¢ad @xtreme care!!

¢ Trans-[Chromium (Il1)(5,7-Dimethyl-6-(1’-methyl-4’- (1”-(amido-6,8-
dithiooctane)methyl)-benzyl)-1,4,8,11-
tetraazacyclotetradecane)(Ch]Br, [Cr(lipoicbenzylcyclam)Cl ;]Br
([Cr(Ibc)ClI ,)Br, 11)

A portion of9 (0.0224 g, 0.0407 mmol) was mixed with lipoic a(@dd084 g,
0.0407 mmol) and dimethylaminopyradine (0.0015 @g01221 mmol) in
anhydrous methylene chloride (8.0 mL). The restilguspension was sparged
with argon (ca. 5 min) and cooled to 0 °C. A solut of
dicyclohexylcarbodiimide (0.0092, 0.0448 mmol) imhgdrous methylene
chloride (2.0 mL) was slowly added and the mixtwaes stirred for 1 h at 0 °C,
and 18 h at room temperature. The mixture wasréitt and the purple solid was
washed with dichoromethane and ettl@mude productyield 0.012 g (40%). MS
(ESI): 657 (M) (calcd.), found 657. UV-vis (MeOH)Aphax Nm €, Mcm™)}:

334(sh) (38.8), 378 (53.1), 430(sh) (31.0), 5608R578(sh) (21.1).
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¢ Trans-[Chromium (Il1)(5,7-Dimethyl-6-(1’-methyl-4’- (1”-(amido-6,8-
dimercaptooctane)methyl)-benzyl)-1,4,8,11-
tetraazacyclotetradecane)(Ch]Br,
[Cr(dihydrolipoicbenzylcyclam)CI ,]Br ([Cr(dhlbc)CI 2]Br, 12)

A portion of 9 (0.0449 g, 0.082 mmol) was mixed with dihydrolipacid
(0.017 g, 0.082 mmol) and dimethylaminopyradined@3. g, 0.025 mmol) in
anhydrous methylene chloride (16.0 mL). The resulsuspension was sparged
with argon (ca. 8 min) and cooled to 0 °C. A solut of
dicyclohexylcarbodiimide (0.0186 g, 0.090 mmol)anhydrous, argon sparged
(ca. 5 min) methylene chloride (4.0 mL) was sloawtided and the mixture was
stirred for 1 h at 0 °C, and 18 h at room tempeeaturhe mixture was filtered
and the blue-purple solid was washed with dichle@tirane and ether. Crude

product yield 0.0348 g (57%). MS (ESI): 659 )Mcalcd.), 659 (found).

vii. Coupling Reactions of QDs and Various Cyclam Complexes

a) Reactions of CdSe-MPA with Compounds 6 and 7

¢ Coupling of hbc (6) to CdSe-MPA

CdSe-MPA (0.100 g, 8.16 x TGnol) was suspended in anhydrous degassed
dimethylformamide (10 mL) under argon. To thisprssion, a catalytic amount
of dimethylaminopyridine (0.005g, 4.09 x 1Qmol), and 200 equivalents of
hydroxybenzatriazole (0.022 g, 1.63 x“®ol) were added, and the mixture was

cooled to 0 °C in subdued light. Dicyclohexylcadbmide (0.034g, 1.63 x It
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mol) was added and the mixture was stirred for 10..m6 (0.057g, 1.63 x 16
mol) was then added and the solution was stirre@flo at 0 °C, and then stirred
for 40 h at room temperature in subdued light. t@Rigation of the mixture
gives a pale yellow supernatant and an orange powke powder was washed
with dichloromethane followed by chloroform and rihdried in vacuo. **C
CPMAS Solid State NMR d in ppm}: 18.12 @¢-C, Free thiol), 27.01d-C,
surface bound thiol), 35-55B{C), 58-65 pB-C), 120-138 (Arom), 139-145

(Arom), 173 {sh} (-COO- ester), 181.24 (-CQO

¢ Coupling of [Cr(hbc)CI;]CI, (7) to CdSe-MPA

CdSe-MPA (0.100 g, 8.16 x T0mol) was suspended in anhydrous
dimethylformamide (10 mL) under argon. To thispgrssion, a catalytic amount
of dimethylaminopyridine (0.005g, 4.09 x 1Gmol), and 200 equivalents of
hydroxybenzyltriazole (0.022 g, 1.63 x1fnol) were added, and the mixture was
cooled to 0 °C in subdued light. Dicyclohexylcadbmide (0.034g, 1.63 x It
mol) was added and the mixture was stirred for 18. n7 (0.083g, 1.63 x 1t
mol) was then added and the solution was stirre®flo at O °C, and then stirred
for 5 days at room temperature in subdued lighent@fugation of the mixture
gives a pale purple supernatant and an orange polMee powder was washed

with dichloromethane followed by water and theredim vacuo
¢ Conjugation of DHLA coated CdSe/ZnS QDs with Cr(abyCl,"

General Procedure for Coupling DHLA Coated QDs tbIR,
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QDs were diluted in phosphate buffered solution i, pH 7.4) to various
final concentrations (0.01 to140M) at room temperature under subdued light
conditions. An excess of primary amine contairsogipound (R-NE) was then
added to the QD solution. A concentrated stockutswi of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) in water sveieshly prepared and an
aliquot of this was immediately injected into th®/®R-NH, reaction mixture to
give a final large excess of EDC with respect te ttumber of QD surface
carboxyl- groups. The reaction mixture was thentlgestirred in the dark for
typically 1-2 h. At this point, any sedimented sr&l was removed by
centrifugation and/or filtration through a 0.2 pwrisge filter, and the soluble
fraction was purified by 2-3 cycles of concentratalution (10:1) with phosphate
buffer (15mM, pH 8.2) in a centrifugal filtrationedice (Millipore, My cutoff

~10,000 daltons)See Chapter Ill for experimental details and asaly
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3. Chapter Ill. Conjugation of Various Cyclam
Analogues to Quantum Dot Surfaces.

A. Introduction

As has been described elsewhere by Dr. Frank DéRasacent graduate of
the Ford Group, the “C-substitutettans-chromium (lll) cyclam system (cyclam
is the 5,7-dimethyl-6-R-1,4,8,11—-tetraazacyclotidmne ligand, where R is a
substituent on the macrocycle ring) is a versdtildding block for constructing
bichromophoric donor/acceptor systems. By expigitifacile Schiff base
condensations, the 6 position of the cyclam ring loa modified with a variety of
functional groups including-hydroxymethylbenzene and anthracene (Figure 1.9).
In the transchromium(lll) complexes, the anthracenyl- appemrdégyshown to
facilitate efficient non-radiative energy transterthe metal center. This results in
doublet phosphorescence from the chromium(lll)aK7(dichloro analogu€) or
release of nitric oxide dfnitrito analoguey. Alternatively, the p-
hydroxymethylbenzyl- derivative (hbcg) provides a means to further
functionalize the trans-chromium(lll) cyclam core with molecules having
potential to serve as light absorbing antehn@ne example is the conversion of
the free hydroxyl- (-OH) group to an amino- (-yHyroup, as in [Cr(abc)gBr
(9), via the bromo-intermediate (Figure 3.1). Bokie thydroxyl- and amine-
groups can be condensed with molecules having ablail carboxylic acid

functionalities via carbodiimide coupling methodgiles. In this way, DeRosa
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was able to bind the red absorbing dye gallocyatinthe trans[Cr(abc)Ch]”

derivative, and pyrene to tiieans-[Cr(hbc)(ONO}Y]" derivative.

Figure 3.1. Functionalized C-subsitutethns-chromium(lll) cyclam complexes.
o OH K JEZ_Q/EI' ME\I_H . NH3
N M. LN NH. OH L
“— ,ir-. 48 HBr C”;Er_lﬁﬁ m — E:"
In this chapter, several strategies for covaletacament of the photoactive

chromium(lll) cyclam complex to a QD surface arsa#ed.

B. Thiol Functionalized Cyclams for Binding to QD

Surfaces

One strategy that has been used extensively to roimldcules of interest to
QD surfaces is by use of a thiol (-SH) containiimiér? The use of thiols as a
linker to bind to QD surfaces has been widely eigth resulting in the
construction of a variety of QD based functionahestructures including QDs
bound to DNA™, a CdSe homodim& CdSe and gold nanoparticle assemBlies
and CdSe/molecular wire heterostructéitesn the case of CdSe QDs, the choice
of thiols over other typical QD coating agents utthg amines is presumably due
to the higher affinity of sulfur for Cd(1>° In fact, NMR studies by Dr. Mia
Berrettini and coworkers at UCSB showed that seriexchange of amine coated
CdSe with the bifunctional 2-aminoethanethiol (AETihker resulted in

preferential binding of the CdSe surface throughtttiol end of AET?®
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Dihydrolipoic acid (DHLA), a molecule bearing twbiol groups on one end
and a carboxylic acid on the other, was chosehashromium (Ill) cyclam/QD
linker based on substantial literature showing itgersatility in
passivation/stabilization and functionalizationnaioparticle surfaces.Dr. Hedi
Mattoussi at the U.S. Naval Research Laboratosy feported the use of DHLA
as a surface coating for CdSe/ZnS core/shell QIO The rational for use
of DHLA rather than other short chain mercaptocarb@cids was the perceived
increased interaction of the dithiol with the QDrfage due to the chelating
effect®® In fact, Mattoussiet al have reported that aqueous solutions of the
DHLA coated QDs are stable for periods of 1-2 yeasbstantial improvement
over the QDs coated with unidentate thiols whightgpically stable for less than
a week under comparable conditidnsSeveral other reports have demonstrated
stable QD dispersions using other bidentate thioating ligands besides

DHLA.?®®

i. Functionalization of Chromium(lll) Cyclam with Lipoic Acid

In the current study, the demonstrated ability todify the hydroxyl- or
amino- functionality oftrans[Cr(hbc)CL]CI (7) and trans[Cr(abc)Ch]Br (9),
respectively, via carbodiimide mediated condensateactions with molecules
bearing carboxyl (-COOH) functionalities was expdi. Carbodiimides have
been popular reagents for coupling amines to catlworcid groups since the
mid-50's/ They function by reacting first with a carboxykecid to create an

activatedo-acylisourea intermediate. The unstable internted®then attacked
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by a nucleophile such as a primary amine, formm@mide bond and an isourea
by-product.  Dicyclohexylcarbodiimide (DCC) is thmost popular, water
insoluble cross-linking agent, and was first used955 by Sheehan and Hess for
peptide synthesis. It is referred to as a “zermle cross-linker” because it does
not add any atoms to the coupled product, and rfbires the two species via an
amide bond. Although they are weaker nucleophidésphols have also been
demonstrated to undergo nucleophilic attack of vattid o-acylisourea

intermediates, leading to the analogous ester ptetif

Figure 3.2. Potential reactions for the generation of a DHLActionalizedtrans-chromium
cyclam complex.

Path A

DCC/DMAP

n cl + N
> K N'Cr~
Ihl

NaBH,

Metihnanol Path A

....................

N)J\/\/\m

L f::%_j::§TH SH SH
1~ N
< N.Cr,
NI

Recently, Dr. Harry T. Uyeda and coworkers at tHRLNdemonstrated that

DHLA can be modified at the carboxylic acid positiwith a polyethylene glycol

101



(PEG) chain via DCC mediated coupling to the teahhydroxyl- group of PEG.
QDs could then be coated with these new PEG-madiilelLA molecules or
with mixtures of these and DHLA. This allows forganeral methodology of
modifying pendant groups in order to link variousletules to the surface of QDs
using DHLA as a linker (Figure 3.2).

Based on the work by Uyedet al there are two pathways amenable to
modification of the chromium(lll) cyclam complexegith a DHLA molecule
(Figure 3.2.F° The first involves conjugation of lipoic acid ().4also called DL
thioctic acid) to the metal complex via condensatiath the hydroxyl- or amino-
groups of7 or 9 respectively. This is followed by reduction oktdisulfide to
yield the dithiol modified complex (Figure 3.2, Ra&). The alternative pathway
of initial reduction of the disulfide followed byndensation to the metal complex
would also be possible (Figure 3.2, Path B), b& wuthe large propensity for re-
oxidation of the free thiols and to the potentialr fside-reactions of the
unprotected thiol group, the former pathway wasrafited first.

Although considerable precedent exists for carbbodé assisted
condensation of carboxylic acids with hydroxyl- gps, reaction of LA with7
using DCC as the cross-linker resulted in onlyiphdonversion to the ester, and
only over extended reaction times (>72 h). Howegirethe case of reaction 6f
with LA, the reaction was nearly complete within b8 The reaction was
monitored by mass spectrometry for loss of thetisgumaterial (M = 469) and

the concomitant increase in the peak at 657 forcdt®n of the amide product
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(Figure 3.3). When the reaction was done as aesisggn of9 in anhydrous
methylene chloride, isolation of the solid produets achieved easily by
filtration, with all the organic material being remed by successive washes with
methylene chloride.

Figure 3.3. ESI (+) mass spectrum ai.
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The UV-visible absorption spectrum of an argon gpdrmethanolic solution
of the crude productrans[Cr(Ilbc)CL]Br (~2 mM) (11), is shown Figure 3.4.
The spectrum o1l is similar, in shape, peak position and peak sites, to that
of all of its transCr(cyclam)C} predecessors. DeRosa demonstrated that
substituents on the cyclam periphery exhibit oniwyited changes (with the

exception of strongly absorbing organic dyes) amltband field transitions that
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dominate the UV-visible absorbance of these congdexThis results supports
the assignment of the product observed here tagna- dichloro chromium(lll)
cyclam complex. Notably, a shoulder centered 4t 33 ¢ = 38.8 M' cm') is
observed that is not familiar to this family of cplexes. This feature is assigned
to the absorbance of the disulfide

present on the newly coupled lipoic acid substituenindeed, the broad
absorbance band in this region is frequently usechrracterize disulfide€sand
its disappearance is often monitored during redustito the corresponding

thiols 1°

Figure 3.4. UV-vis exctinction spectrum dfl in methanol.
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In an independent measurement, the UV-visible diasme spectrum for a
methanolic solution oé-lipoic acid was recorded. The extinction coe#idi for
the peak centered at 334 nm was determined to BeM® cm?, in close

agreement with that observed by otH&s. One point that should be discussed
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here concerns the purity @fl. Clearly, the intensity of the shoulder at 334 inm
the absorbance spectrum bf was much lower (nearly 5 fold) than what was
expected for a similar concentration of lipoic aci®ne possibility is that the
product studied here was actually a mixturetr@isdichoro chromium (lll)
cyclam complexes, of whichl was only one component. In fact, a close
inspection of the mass spectrum of the productufiei@.3) indicates the presence
of a cation with mass at 470, consistent with thesence ofrans-[Cr(hbc)Ch]".
This suggests that the starting matedigiself was still impure (Figure 3.1.). The
prevalence of Cr(hbc)gl, residual starting materi@, and possibly otherrans-
dichloro chromium(lll) cyclam adducts would accoufdr the observed
“inflation” of the € values for the ligand field transitions with respé¢o that
attributed to the disulfide appendage in Figure 3Mthough considerable effort
has been untaken in this laboratory to synthe®izéh a higher purity, so far this
goal has proven rather elusive.

Lipoic acid is typically converted to dihydrolipoi@cid via sodium
borohydride reductioft: As mentioned above, this conversion can be fabiy
the disappearance of the transition centered an&84n the UV-vis spectrurt.

In this context, the sodium borohydride reductidnlt to generate the dithiol

appended analogue was investigated using UV-visbkctroscopy as well as
mass spectrometry. Figure 3.5 demonstrates th&it/¢hanges that occur when
the solution having the absorbance spectrum showangure 3.4 was reacted with

~3.6 molar equivalents of sodium borohydride. $amtsal changes in the
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Figure 3.5. Absorbance spectra over the course of 170 mimtioczaof 11 with 3.6 equiv. of
NaBH, in methanol.
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strength and positions of the metal centered tiiansi were observed consistent
with a scrambling of the ligands bound to the @r@kenter. No clear isosbestic
point was evident suggesting that this was notrpls A> B reaction. The shift
of the ' quartet band (¢ at 560 nm to ~534 nm over the course of 140 nas w
consistent with an increase in ligand field strengthe Q band also shifts, albeit
in the reverse direction, from 378 nm to 428 nmor Eomparison, irtrans
[Cr(cyclam)(OH),]**, the Q and Q bands were positioned at 510 nm and 408
nm, respectively’ Mass spectrometry analysis of aliquots over these of the
reaction showed conversion of both the parent£\657) and the main impurities
([Cr(abc)Ch]" = 469 and [Cr(hbc)G]" = 470) to other chromium containing
species that have lost one or more chlorides. pdaks likely associated with

breakdown of the impurities were identified as"[@bc)CIf* (M?*/2 = 217) and
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Figure 3.6. ESI (+) mass spectrum of an aliquot removed Yalg 170 min.
during the reduction df1 with NaBH, in methanol.
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[Cr"(hbc)(OH)] (MP*/2 = 208.5) (Figure 3.6). The analogous speciesltieg

from the decomposition of the [Cr(Ibc)] cation were not observed (i.e.
[Cr(Ibc)CI** (M**/2 = 311) and [Cr(lbc)(OHF] (M?#*/2 = 302)), suggesting that
the fate of this complex in the presence of sodibomohydride was more
complicated. Still, it was apparent that ratheanttonly reducing the disulfide
bridge which would give a cationic product with @ag at 659, sodium
borohydride also affected the reduction of th& @retal center to the more labile

cr' species (CHCr" Eregox= -0.985 V vs. SCE). The Cl quickly re-oxidizes to
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Cr', likely due to residual air in the system, but before the chloride ligands
exchange with the ubiquitous solvent and residwénin the solvent.
Unfortunately sodium borohydride appears to bestoong a reductant for this
system. Attempts to use other disulfide reduct@amgents, such as dithiothreitol
were unsuccessful. A study by Howie from the Savwgreup at UC Riverside
demonstrated that lipoic acid canrz reduced electrochemically in watérlt
can be reduced in acetonitrile, but only at vergatiwe potentials (-1.92 V vs
SCE). The electrochemical data of Howteal combined with the experimental
observations discussed above suggest that thisqmiotor construction of the
thiol appended Cr(lll) cyclam complex may not benpatible with the energetics

of the CI'/Cr" redox couple.

ii. Functionalization of Chromium Cyclam with DHLA: Surface

Exchange of QDs

Based on the problems described above, the secativay outlined by
Uyeda et al. for preparing compounds functionalized with DHLAamely
convertion of LA to DHLA via sodium borohydride naction followed by
condensation witl®, was pursued (Figure 3.2 Path B). Under virtualntical
reaction conditions to those described above for @&an be coupled directly
with DHLA using DCC as the coupling agent. Aftét4~h, the mass spectrum of
the reaction mixture (Figure 3.3) indicated complgisappearance of the starting
material with the major product having a peak &,&®onsistent with the cation of

trans[Cr(dhlbc)CL]Br (12).
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Before attempting to optimize the above reactiorcempletely purify and
characterizel 2, the possibility of bindind.2 to the surface of CdSe/ZnS QDs via
its dithiol linker was investigated. In analogy literature reports for surface
exchange of QDs with DHLA or DHLA modified iridium complex€§, basic
methanolic solutions ofl2 alone or 1:1 molar ratio o12 and DHLA were
refluxed with CdSe/ZnS QDs coated with hydrophdigands. Normally, in the
case of QD surface exchange with DHLA alone, thesQik initially insoluble
due to their hydrophobic coatings but dissolve owwr course of the reaction
indicating surface exchange with the deprotonatétL® ligands. In either
reaction conducted with2, even after 12 h of reflux, the QDs did not digsah
the methanol mixture. After the solid was isolabgdcentrifugation, attempts to
re-dissolve it in a polar solvent such as DMSO btRXfailed.

It would appear thatinder the conditions usddr the surface modification of
the QDs with12 or mixtures ofl2 and DHLA, the exchange was ineffective or
the exchange occurred but led to modified QDs (MQmish poor solubility
properties. There are several potential problemtls the conditions used here.
First of all, it is unclear whether under the higbhsic conditions (pH ~12) used
for the reactions] 2 retains its integrity. No controls have been aated to date
to ascertain whether theans-dicholoro chromium cyclams are generally stable
under highly basic conditions. However, UV-vigad@n the filtrates isolated
from the QD surface exchange reactions describeglealwhich are expected to

contain a large excess dP even if exchange does take place, appear to sugges
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the contrary, where the ;Qigand field band is red shifted from its original
position at ~560 nm toward 500 nm.

Another problem is solubility. QD solubility is clated by the solubility
properties of the ligand surface coating. It i<laar what solubility, if any,
mQDs having a complete coating of complexes liRevould have. In fact data
that will be presented in a later section of thimmter suggests that only a
relatively low percentage of the total surface cosifpon can be comprised of
chromium complexes while still retaining mQD solupiin polar solvents. In
those studies it was found that, even under lowasarloading conditions, a
solubility modifier such as polyethylene glycol (BEmust be bound to the QD
surface as well to maintain the solubility of mQDs1QDs with PEG modified
surfaces have been demonstrated to exhibit enhadelbility properties in polar
solvents when compared to those QDs whose solulsligoverned only by the
anionic component of their surface coatifiglt is possible that tuning the ratio of
12 and DHLA in the surface exchange reaction maylrasua final surface
composition that allows the QDs to be dispersedater, or perhaps other polar
solvents. Alternatively, a mixture df2 and the DHLA modified polyethylene
glycol chains described by Uyedaaf® could be used. To this end, the synthesis
of DHLA modified with polyethylene glycol is currm being pursued in this

laboratory.

110



C. Surface Conjugation Reactions Between Water
Soluble QDs and Chromium (lll) Cyclam Complexes

Considerable evidence shows that carbodiimide tassiscondensation
reactions are amenablediect QD surface modificatiof:" *® By direct is meant
that one of the active molecules is already boundhe QD surface, and one
performs the condensation reaction to these sutfaced linkers. Indeed, QDs
have been linked to a variety of biomolecules, redative complexes and
chromophores including the proteins transfétramd lectii®, ferrocené®, and a
fluorescein derivativ®, all using this simple peptide coupling chemistry.
Typically a bifunctional linker such as a mercapitonic acid (HS------COOH) is
used in which the thiol end of the molecule bindedaly to the surface of the
QDs and the carboxyl-group imparts solubility inlgzosolvents such as water,
and can then be further coupled with an amine avhall containing molecule via
the standard carbodiimide assisted methodologythik context, the following
sections describe reactions of the hydrox@-afd 7) and amine  and 10)
functionalized cyclams with QDs coated with the ubitional linkers

mercaptopropionic acid (MPA) and dihydrolipoic adRHLA).

i. CdSe-MPA Conjugated with hbc (6) or Cr(hbc)Cl," (7)

There have been relatively few quantitative studiesfar that monitor the
surface structure of QDs during ligand exchangecaupling reaction. Most

commonly, changes in the optical properties andimanges in the solubility
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properties have been taken as benchmarks for @ssfat reactiot/ However,
it is also important to characterize the naturéhefcoupling interaction in order to
optimize the chemistry and understand the obsgmtietbchemical properties.

A few independent studies have shown the powerTeNMR and FT-IR in
identifying species on the surface of QDs, detemgirthe extent of recapping
procedures, and monitoring coupling reactions \tirctionalities on the surface.
Veinot and coworkers used solution phase NMR ardi-state IR to monitor
both the recapping of CdS quantum dots with 4-npoamiline, and subsequent
cross-coupling reactions where amide linkages i@maed between the aniline
amine and the carboxylic acid group of a varietyraflecules®™ In that study,
formation of the amide bond was characterized limtithe appearance of the
C(O)NH resonance in thed NMR spectrum, as well as by the appearance of the
amide carbonyl and amide C-N stretching vibratioMore recently Berrettingt
al demonstrated the power of solid-state NMR in aited study of small (~2.1
nm) CdSe quantum dofS.Using a combination of cross polarization magigla
spinning (CPMAS) and HETCOR analysis, independtartysof the nanomaterial
core, surface, and surface/ligand interface wasiblesin unprecedented det#l.
18

In the present study, solid-state IR (KBr) and&sliate NMR methods were
chosen to characterize CdSe-MPA QDs and the mQdstireg from conjugation
of the CdSe-MPA QDs with or 7 (Figure 3.7). It should be noted that becalise

is paramagnetic, a detailed NMR investigation afttbomplex is not possible.
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For this reason, mQDs formed from reaction of QDsg 6, the free cyclam

analogue o¥, were used as models.

Figure 3.7. Surface exchange and surface conjugation of Cdet@form mQDs.
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a) Infrared Analysis of CdSe-MPA and its Conjugates

Surface exchange of the original hydrophobic cgatri CdSe-HDA with
MPA gives QDs with a very strong IR band at 1710%cdue to the carbonyl-

(C=0) stretch of the carboxyl-tails of the new sgd coating (Figure 3.7). The
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intensity of this band was used to monitor the ggajion of6 and7 to the CdSe-
MPA because the carboxyl- (C=0) stretch is higldgsitive to conversion of a

carboxylic acid (-COOH) to an ester (-C(O)O-).

Figure 3.8. Infrared absorbance spectra of starting mateaiats surface conjugated mQDs in
KBr. Line indicates/co at 1710 cnt.
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Figure 3.8 compares the IR spectra of the CdSe-M&RA,and7 starting
materials with the new corresponding mQD couplimgdpcts, all prepared as
concentrated KBr pellets. Prior to the IR expenmé¢he products were washed
with dichloromethane to remove the dicyclohexylureaupling by-product,
followed by chloroform to remove any unreactédand DI water to remove
unreacted. Clearly, a large change occurs in the region for the mQD, where

the strong band originally centered at 1710 cior the CdSe-MPA has all but
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disappeared, leaving behind a shoulder shiftedgben frequency (~1725 ch.

An ester linkage is expected to shifip to lower frequencyf resonance is taken
in to account? However there may be other subtle electronicarstéric effects
that effect thevco frequency. The large drop in intensity of thegoral band is

strong evidence of coupling in itself.

b) Solid State CPMAS NMR Analysis of CdSe-MPA and i ts

Conjugates

NMR spectroscopy was used in order to gain furthsight into the surface
ligand composition of the mQD formed from the réactof CdSe-MPA withe.
Although CdSe-MPA is soluble in mildly basic aqus@alution, the solubility of
the mQDs produced in this study is limited. Siadarge signal-to-noise ratio is
needed to evaluate small changes in the surfacgagition of mQD vs the
parent QDs, solid state CPMASC NMR was chosen due to its proven track
record in evaluating the ligand/surface interfat€tdSe QD nanomateri&s. In
CPMAS **C NMR, very high sensitivity and signal amplificati is possible
because the proton’s of the sample are pulsed fo#owed by polarization
transfer to the near-by carbon atofhs.In addition, this technique ison-
destructive in nature, retaining the integrity of the sampldathaut any
modification. This work was done in collaboratiaith Dr. Jerry G. Hu at the
spectroscopy facility in the Materials Researchdratory at UCSB.

The CPMAS!C NMR spectrum of CdSe-MPA is shown in Figure 3.9Be

spectrum shown for CdSe-MPA is that obtained ferrttaterial following
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Figure 3.9. Solid state CPMAS®C NMR spectra of B) CdSe-MPA, C) hbg)(and D) mQD
coupling product of CdSe-MPA artd Dashed line indicates shoulder at 170-175 ppsigasd to
the ester product in D). The spectrum in A) §&NMR of the QD ligand MPA in CDGI
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successive washes with dichloromethane (15x), ofdamn (15x), and distilled
water (4x). The peak observed at 27 ppm fordhearbon of surface bound
mercaptopropionic acid was consistent with dataiokt previously for thiols
bound to CdSe QDs. The shift from that of thearbon of free MPA (22 ppm)

(A in Figure 3.9) was indicative of a relativelyaig binding interaction between
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the thiol and the QD surface, presumably via bankb to a cadmium atofi:
The -carbon (~40 ppm) appeared in the same place im lbamind and unbound
moieties and the carboxyl carbon (C=0) of appeatetB1l ppm. Unfortunately,
an unknown impurity was observed at 177 ppm in @a#Se-MPA starting
material. An obvious impurity that would have abmmn whose chemical shift lies
in this region would be the carbonyl- carbon ofefreunbound) MPA. The
absence of any peak (sharp or otherwise) belowp® for CdSe-MPA precluded
the assignment of the impurity to free MPA. Onesgbility was residual
dimethylformamide (DMF) from the synthesis, althbuthe carbonyl- carbon
peak lies ~15 ppm upfield at 162 ppm in solutidunfortunately, the inability to
remove (by purification) or assign the peak at Jppm hampered the later
analysis of the mQD product.

Rather unexpectedly, a broad feature between 120dpn was clearly
resolved in the spectrum of CdSe-MPA. This featwes assigned to surface
bound thiophenol. Previous NMR studies of CdSe @fasthesized using the
Lio[Cdi0Se(SPh)¢l “single-source” precursor demonstrated that aitfio HDA
outnumbers the thiophenol (-SPh) by a molar ratiooaghly 30:1 in a typical
synthesis, analysis of these Qsst-synthesisdicated a considerable amount of
surface bound thiophenol located at special binditeg associated with selenium
vacancie$™ *® Interestingly, where-apost-synthesisurface ligand exchange
with excess HDA or pyridine were unsuccessful ahaeing the thiophenol,

exchange with AET proceeded to completton!® Apparently, under the
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conditions used here for ligand exchange with MRAJy the HDA was
completely replaced, with at least some portioorajinal thiophenol remaining.
The NMR spectrum of the mQD conjugates of CdSe-MiRA46 is shown in
Figure 3.9D. A qualitative conclusion is that #pectrum of the coupled product
is simply a superposition of the carbon signatafethe two reactants (B and C).
Similar to IR study described above, a washing @dace (dichloromethane,
chloroform, and DI water) was used for this sangier to analysis. Based on
mass spectroscopy data obtained for the final veasheach solvent, no residual
6 remained in this sample, and the signatures f6om Figure 3.9 represent
cyclam bound to the QD surface. Notably thereamgér was a peak at 177 ppm
(presumably, the impurity did not carry over thrbube steps of cross-linking and
further washing) and a shoulder was clearly resbbte170-175 ppm. Typically,
carbonyl carbons of ester groups display a ped?atppm'® Depending on the
extent of substitution, a new peak was expectegtdw in this region. Thus, the
signals attributed to carbons 6ncombined with the significant signal at 170-175
ppm, demonstrated the effective conjugation of filee cyclam,6, to the QD
surface via condensation and ester-bond formatibm thve surface bound MPA
carboxylic acid group. Based on this result areddimilarity in the IR spectra for
the mQDs with6 and7, an analogous conclusion was drawn for the reaafo

CdSe-MPA and.
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c) Conclusions/Summary

The NMR and IR data presented above for mQDs &#ind7 suggested that
the carbodiimide assisted conjugation of chromiliin¢lyclam derivatives to the
QD surface is possible. However, based on theatitee reports of the potential
instability of related materials, it became clehatta new strategy would be
necessary. As mentioned earlier, a variety of ntspdocument the instability of
QDs coated with monodentate thiéfs* ° Recent work has shown that the
interaction between monodentate ligands in genanal CdSe QD surfaces is
dynamic. Two independestudies showed that high percentages (in some cases
>70%) thioglycerd* and pyridiné? ligands are lost during drying of thin films
made up of CdSe QDs coated with these ligandsgdyedkahlyuzhny and Royce
W. Murray at UNC used NMR methods to measure theusrhand identity of
free ligand and other monomeric species in soluisra function of purification
and dilution of small (2.0-2.3 nm) CdSe QDs padsidavith triocytlyphosphine
(TOP) and trioctylphosphine oxide (TOP®). Their findings indicate that
continued removal of excess ligand from the enwvitent of dissolved QDs,
either by purification or dilution, results in camied loss of surface ligands. This
effect is clearly indicated by large increasesuriace defect photoluminescence.

An additional disadvantage exists specifically ne use of thiol ligands for
core only CdSe QDs, especially with the intentiércanducting photochemical
studies as is proposed in this dissertation. Aystf CdSe QDs passivated with a

variety of thiol ligands demonstrated that thesetemas decompose in the
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presence of light because the CdSe QDs catalyzepllb#o-oxidation of the
surface bound thiols, leading to eventual ligarssland particle precipitatidf.
The function of the CdSe in this process is to ptee electron from the surface
thiol upon photoexcitation of an electron into t@duction band, a process also
termedholetransferto the thiol (referring to the electronic vacaméyhe valence
band which lies energetically below the thiol oxida potential** #°

The ultimate goal of this work requires a systemt thllows electronic
interaction between the QDs and the photo-chemyicalttive chromium
complexes, but at the same time remains stabléetirhe-scale of the proposed
sensitization process. In research described enfoéHowing section, the QD
system was modified to address the concerns exuess the preceding
paragraphs. Specifically, new core/shell type Q&se synthesized and MPA

was replaced with the chelating dithiol DHLA.

ii. Conjugation of Cr(abc)Cl," to the Surface of DHLA Coated

CdSe/zZnS QDs

The most common QD systems used now are CdSe/Z®e/Shell’-type
materials. The higher band-gap inorganic shelttsdaically passivates the
material, strongly disfavoring the tunneling of phv@xcited carriers to the surface
of QDs. For this reason, these materials have iderably higher
photoluminescence quantum yields and the core/§Hed are less susceptible to
degradation and surface oxidatin. Moreover, although previous work with

thiols as CdSe passivants demonstrates their jaitémt photooxidatiorf* in the
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case of CdSe/zZnS shell QDs, the ZnS shell is erpect disfavor ligand trapping
of photo-excited carriers at the surface.

CdSe/zZnS QDs having ~3 nm cores were synthesized tise SILAR ZnS
overcoating procedure reported in the literafiirdn organic solvent, these QDs
had a very high photoluminescence (PL) quantundyied,. = 0.8). Following
surface exchange with DHLA, the water soluble QDI maintained strong PL
(gL = 0.05 - 0.1), albeit considerably lower than mgamic solvents. As will be
seen later, evidence suggests that the relatitagly(1L monolayer) ZnS shell used
for these particular QDs may incompletely passivheeQD surface, resulting in
diminished quantum yield once water solubilizedvitHLA.

As discussed previouslyrans[Cr(abc)Ch]Br (9) was chosen as a model
complex for conjugation with the QDs because thismglex displays
phosphorescence from the chromium doublet excite st low temperature (77
K). In this context it was proposed that, follogiconjugation o® to the QD
surface, low temperature PL spectroscopy couldsieel to probe the ability of the
QDs to sensitize the chromium(lll) centered excitates.

The conjugation reactions between the DHLA coate®&€ZZnS QDs an8
were conducted in phosphate buffered solution usivegwater soluble cross-
linking agent 1-ethyl-3-(3-dimethylaminopropyl) badiimide (EDC). In general,
initial attempts to conjugat@ to the QDs resulted imacroscopiaggregationof
the QDs as evidenced by complete precipitatiorhefliminescent QDs from the

aqueous reaction mixture over the course of thehit reaction times. In fact,
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reaction with EDC alone gave similar results. &lggregates thus formed could
not be redissolved. In hind sight, QD aggregataith 9 was actually not
surprising giving that the conjugation with leads to QD surface charge
neutralization upon formation of the new amide hofidhe effects of EDC alone
were somewhat surprising, however several simédaorts exist in the literature
concerning the instability of QDs in the presen€&DC. Clearly, a variety of
factors will play a role in the solubility of thel3 including ligand charge and the
total surface charge. At this point a polyethylghgcol polymer containing an
amine tail group (MPEG-NH M.W.,,4 = 5000) was enlisted to improve the
solubility of the QDs in aqueous solution. Thisdifization was made based on
the success observed by others in using polyetbytgycol chains as surface
ligands for QDs used for biological studié$® As reported by Dr. Harry Uyeda
et al, QDs coated with PEG modified DHLA are made saubl polar solvents
by the ethylene glycol units, (-GHCH,-O-),, in the PEG chains. For these
systems, solubility is no longer dependent on tharge imparted by the
deprotonated carboxyl groups of DHIEA. With chains having >8 repeat units,
the QDs are reported to be soluble in aqueous baffer a wide pH range (5.8 —
12). Thus, integration of PEG along wRhduring the conjugation reaction was
expected to improve the solubility of the final mQD

Indeed, use of mMPEG-NHyreatly improved the solubility of the QDs during
and after conjugation reactions with EDC. In aidgp reaction, an aliquot of

concentrated QD stock solution is diluted to @M in phosphate buffer (15 mM,
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pH 7.4) and a large excess (1 mM, 10,000 equivinBEG-NH is added. To
this mixture, 20,000 equivalents of EDC from a llgslissolved stock solution is
added. The reaction is stirred in the dark foh~Ztable conjugates were formed
between the DHLA coated QDs and mPEG:Nkh this way with QD
concentrations as high as B! with only negligible aggregates. The new PEG
modified mQDs were stable throughout the multipntafuging (13 k) and

concentration/dilution cycles used to purify th@jcgates.

Figure 3.10. False color image taken of the electrophoresiscgetparing electrophoretic
mobility of the QD-DHLA and the modified QD-PEG dagates towards the positive electrode
(up) in a 1.5% agarose gel. Lane 3 (mQD with mME®&), Lane 5 (DHLA coated QD starting
material), and Lane 12 (6 nm gold nanoparticlesl asean imaging standard).
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Gel electrophoresis was used to characterize thepueified materials. As
stated above, the formation of amide bonds betwkeersurface carboxylic acid
groups and the R-NHleads to surface charge neutralization. Because

electrophoresis separates materials based on thamge, the PEG modified
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mQDs are expected to move more slowly than theginlizianionic DHLA coated
predecessor. Figure 3.10 shows that this in fa¢hé case. Similarly, in their
studies with PEG modified DHLA, Uyedat al also observed the decreasing
electrophoretic mobility of QDs when the ratio oHDA-PEG/DHLA in the
coating was increaséd.

Based on the positive results obtained with mPE&dBove, it was used as
co-reactant along with 9. However, with 9 the aiton is still complicated due to
the apparent adverse effects of large surfacergaoli 9 on the solubility of the
QDs. It was found that under conditions similarthose stated above (namely
~0.6uM QDs and 1 mM total R-NH2 concentration) an mPEB2X ratio of at
least 20:1 was necessary to avoid aggregationeoQibs. Even with these high
PEG ratios, some loss of sample due to aggregatiobserved either during the
reaction, or during the ensuing purification steps.

Figure 3.11 compares the electrophoretic mobilify mQDs from 3
conjugation mixtures (MPEG-NHbnly and mPEG-NK9 100:1) to the mobility
of the unmodified DHLA coated QDs. Clearly, all @& have lower mobility
than the starting material. Notably, the mQD sampbdified with9 has a lower
mobility than those modified with only mPEG-NH This is likely due to the
cationic nature 0B, which neutralizes 2 negative QD surface chargesvVery
one surface bound (one due to the amide bond, and one due to thehafge of

the complex).
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Figure 3.11. False color image comparing electrophoretic miybilf QD-DHLA and indicated
purfied QD conjugates towards the positive elearfup) in a 1.5 % agarose gel. Lane 2 (DHLA
coated QD starting material), Lane 3 (mQDs modifiéth mPEG-NH), Lane 4 (mQDs modified
with a 100:1 mixture of mMPEG-NHand9), and Lane 7 (6 nm gold nanoparticle standard fmed
imaging purposes).

This data gives strong evidence for successfulsartonjugation. For this
system, with a 3 nm CdSe core overcoated with lalager of ZnS, one can
estimate that there are approximately 100 DHLA malles per QD (assuming
100 % of surface Zn's are bound to a DHLA molecul®ased on the reaction
stoichiometry, for a conjugation reaction that 3% complete (all DHLA'’s are
coupled), this gives a maximum loading of roughlyndlecule of9 per QD for
the 100:1 reactions. The actual surface loadingpsarently considerably less
since it is clear from Figures 3.6 and 3.7 that albtDHLA surface sites are
coupled (if this were the case, the mPEG;Nidly mQDs would be uncharged
and immobile in electrophoresis and the mixed sempVould migrate in the

opposite direction due to the positive (+) chargetgbuted by9). To date, there
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have not been any quantitative measurements imlcétte number of surface
sites that are modified using the EDC couplingtega for QDs. For the present
system, one possible future experiment to addréss i to use atomic
absorbance/emission analysis on a digested sanipteQids to quantify the

amount of chromium present, and thus the numb@mefr mQD.

Figure 3.12. PL spectra of absorbance matched phosphate bdifetations (15 mM, pH 8.2)
of the two conjugates QD-mPEG and QD-mPEG-Cr(ahcEHectra were excited at 450 nm.
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The mQDs obtained via EDC mediated coupling of mMNE& or mixtures of
MPEG-NH and9 were studied by PL spectroscopy. Figure 3.12 @egthe PL
of two mQD samples, one modified with mPEG-N&hly and the other with a
mixture of mMPEG-NH and9. These samples were prepared side by side under
the same reaction conditions (see above) and edrifsing the same procedure.
The absorbance of the samples at the excitationelagth (450 nm) was
matched. Clearly quenching is observed in the ns@mple reacted with when

compared with the mQD contain mPEG-N&hly. This result was very enticing,
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however it wasot quantitativelyreproducible. Althoughn generalQDs reacted
with 9 typically displayed weaker PL than that of the PEG only mQibs
magnitude of this quenching varied from reactiondaction (<5 %-~50 %). In
fact, the PEG only mQDs were routinely quenchedngedves to varying degrees
with respect to the DHLA coated starting materiatsvidently, the photophysics
of these materials ateghly sensitive to the surface morphology and the oleserv
changes in Figure 3.x may not be attributable ¢opitesence @ alone

As was discussed at the beginning of this chafiterreason for using as a
model stemmed largely from its phosphorescencewattémperature. DeRosa
exploited this to prove that optically exciting theppended chromophores
effectively sensitizing the metal centered excitedlates via internal
conversion/intersystem crossing. Although this Wees initial strategy proposed
with mQD described here, it met with a serious dragk. Unfortunately,
although considerably attenuated following overntwptvith ZnS, the PL of the
QDs used here display a weak broad signal in tdeat&ibuted to so called
“surface-trap” PL. Surface trap PL presumably ioages from a substantial
portion of the optically excited QDs decaying raighely from intergap trap states
caused by incompletelectronic passivation at the surface of the particles.
Although ZnS shells are known to more effectivedggivate these trap states, one
possibility is that the 1 monolayer shell used herkess than ideal either due to
insufficient thickness and/or incomplete surfaceerage. It should be noted that

even a sample of water soluble CdSe/ZnS QDs olatairen a commercial

127



source (Ocean Nanotech LLC, Fayetteville, AR) vaitreported quantum vyield of
~50 % still had residual broad background PL. fast applications such as
biomedical imaging and tagging, this weak PL iimequential, as is makes up
<<1 % of the total PL signal and it cannot be det@én a typical PL spectrum
unless one zooms in to the ~700 nm region. Howdwerthe detection of the
weak chromium(lll) phosphorescence, any backgraanithe 700 nm region, no
matter how weak, becomes a problem. Unfortunatklg, stymied the efforts to
validate energy transfer from the central QD to blmeind9 molecules in the

mQDs described above.

D. Future Potential

Although the strategies presented for direct caajog of chromium(lll)
cyclam type complexes to QDs has met with only tiahisuccess so far, the
various results described here present severahfoate fruitful avenues for
future investigators. For all the strategies pnésg, the main limitation was the
inherent difficulty of retaining solubility of thignal mQD products.

Among the plethora of studies using EDC activat&k@or conjugation to a
variety of molecules, there are several reports tha QDs are susceptible to
aggregation during activation by ED&? To the author’s knowledge, the recent
report by Dr. Kloepfer and coworkers at the JetpBlsion Laboratory in
Pasadena, CA is the only one to comment on parasneteeded to avoid
aggregation during EDC coupling of DHLA coated CH®S QDs** As not

even a decade has spanned since Chan and Niesficted this technology for
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binding of QDs to other species, this field is awsly still in its infancy. A
considerable effort is first required to standaedilze procedures and conditions
used for QD surface conjugation reactions. The ddaserved here for mQD
produced with mPEG-NfHand 9 suggests that careful tuning of the reaction
conditions allows the production of stable and fiomal modified QDs.
Optimizing this chemistry will pave the way for ¢oed efforts along these
lines to conjugate various photoactive transitiogtah complexes, including the
dinitrito-chromium(lll) cyclam complexes. The nuerbof ligands used to make
QDs water soluble and suitable for attachment @mspecies grows every year.
Although some initial results with DHLA given hesbow promise, success will
likely require new optimized surface ligands. @& tvarious choices available
currently one should consider the various amphippiblymers used by mar§f™
Reminiscent of inverse micelles, these materiadbiite QDs by virtue of
hydrophobic sub-domains acting on the nascent Ipyardoic core, and
hydrophilic domains incurring solubility in polamlgents. The hydrophilic
domains typically contain reactive functionalitiesjch as carboxylic acids or
amines that can be used to further couple the sntapd QDs to other molecules
or structures of interest. Also, a recent repovtnf the group of Dr. Warren
Chan, currently at the University of Toronto, sugjgehat QD ligands must have
lengths exceeding eight carbong)(® have appreciable stability with respect to
EDC activatiort® In that work, cross-linked chains of mercaptowumic acid

on the surface of CdSe/ZnS QDs are reported to leavanced stability and
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surface functionalities that are amenable to furttenjugation. These are only
two examples, and many possible avenues for rdsearst in this field.

The alternate strategy of modifying a molecule wahlinker capable of
binding to a QD surface first, as in [Cr(dhlbc))BF (12) also has considerable
potential. At least one recent published repomgteXor tailoring a metal complex
to a QD using a DHLA modified ligand and Uyeeliaal have demonstrated this
strategy’s effectiveness for DHLA modified polyeltigrye glycol. As alluded to
earlier, the key for use of a compound lik2 likely lies in use of a mixed QD
ligand system in which a solubility enhancer sustP&G is bound to the surface
along with12 to keep the final product from losing its solutyili Alternatively, it
maybe possible to design modified cyclams thataiarttoth a QD linker such as

DHLA, as well as a solubility modifier like PEG.
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4. Chapter IV. Photophysical Investigations of
Electrostatic Assemblies Between Quantum
Dots and trans-Dicholoro Chromium(lil)
Cyclam

A. Introduction

The following two chapters will describe the photoinescence (PL)
guenching of water soluble CdSe/ZnS core/shell @Dslissolved with two
Cr(lll) complexes, frans-Cr(cyclam)C}]Cl (1) and frans-Cr(cyclam)(ONO)|BF4
(2), in buffered solution. In addition to investiomt the effects o2 on QD PL,
chapter V will address the ability of the QDs tosi&éze nitric oxide (NO) release
from 2.

As was mentioned earlier, studies in this labosab@ve been concerned with
the development of transition metal complexes foteptial applications as
photochemically activated drugsDr. Malcolm De Leo from the Ford group at
UCSB demonstrated that the dinitrito complex of ochium(lll) cyclam,
[Cr(cyclam)(ONO)|BF4 (2), releases NO with efficiencies as high as 50 %rwh
irradiated into its metal centered transitidhsTo address the problem of the
extremely low extinction coefficient of these Lagorforbidden transitions,
DeRosa demonstrated how organic dyes can be apbémdee cyclam backbone
of such complexe¥'? The dye-derivatized complexes demonstrated efftci
energy transfer from the appended chromophoreetontbtal center, while leaving

the photophysics and photochemistry of the metateceunchanged. The net
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effect was to increase the light harvesting capgtof the complex, which leads
to an enhancement in the rate of photochemicaikased nitric oxide (see Figure
1.11.}"  Although these bichromophoric systems representoasiderable
improvement in light absorption ove2, they do not display appreciable
absorbance at long wavelengths (>600 nm). As dltalén the previous chapter,
QDs represent a new class of chromophores disglagfrong light absorbing
capabilities, both via single photon excitation E$Pand two photon excitation
(TPEY. The focus of this work is to exploit both attribs displayed by QDs,
namely the ability to serve as visible range phetsgizers of an NO donor
complex using SPEnd TPE of the QDs with NIR light. Here | will disuxcshe
suitability of the QDs as a photochemical sensisizef complexes likd and?2.

In this context, Chapter IV is concerned specificalith complex1 and its

electronic interaction with the QDs.

B. Experimental

QDs having core diameters of about 3.8 nm werehggited using the hot-
injection method and then coated with a relatibigk shell (6 monolayers) of
ZnS as described in chaptePfl. This particular size was initially chosen because
the photoluminescence (PL) from such core/shell Q@ ideal overlap with the
Q: absorbance band af(Figure 4.1). Detailed photophysical investigatiavere
initially conducted withl as a quencher due to its relative photochemieatness

and ideal spectral characteristics.
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Aqueous solubility of the QDs was accomplished xghange of the original
hydrophobic surface capping groups with dihydrdtipacid (DHLA).” The QDs
used here have optical properties, e.g. narrowidwidths (FWHM = 45 nm)
and PL quantum vyields (~ 2 %), that are compartblose observed in other
studies of similarly prepared QDs in aqueous sofiiti Samples of QDs or
sample mixtures of QDs and varying concentratidn were diluted directly in
10 mm optical path cuvettes and sparged with atgoremove oxygen. All
samples described here are diluted in phosphatéerb5 mM, pH 8.2).

Measurements were taken immediately after dilufimneach sample at room

temperature.

Figure 4.1. Spectrum showing the overlap of the water solules/shell CdSe/znS QD
photoluminescence with the, @bsorbance band dfgnsCr(cyclam)C}]CI in aqueous solution.
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C. Results and Discussion

i. Photoluminescence Quenching of QDs by [trans-Cr(cyclam)CI,]CI

The PL behavior of solutions containing a fixed @amtration (~190 nM) of
QDs and varied concentrations bf0 to 1000uM) is shown in Figure 4.2. A
general trend was observed showing a decrease inPQDntensity as the
guencher concentration is increased (Figure 4.28)out ~50 % of the peak PL
intensity was quenched in the solution containi@@@uM of 1. As shown in the
top trace of Figure 4.2B, a plot of/ll (Stern-Volmer analysis; | being the PL
intensity at the\na) does not give the linear relationship expectaddimamic
quenching of a molecular donor by a molecular aeép Instead this plot levels
off at quencher concentrations > ~50@. This behavior suggests that more than
one emitting state may be involved, a behavior malegy to that often
encountered in the fluorescence quenching behafidryptophan residues in
proteins® For the latter systems, buried tryptophans ase ¢gienched (or not at
all) than are the surface fluorophores, which aceenaccessible to contact with a
guencher. This results in a persistent fluoressesignal due to the fraction of
tryptophans that are not accessible to the quencWéthin this framework, the
PL quenching data shown in Figure 4.2 suggeststiieaé are multiple emitters,

only some of which are quenched by the adbed
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Figure 4.2. A) Top: Photoluminescence spectra of the QDs sigpwehanges due to increasing
concentration ol. Each trace represents an independently preparagdle having a constant QD
concentration (190 nM) and variddconcentration (0—1000M). The QD PL is excited at 460
nm where the absorbance bfs negligible at the concentrations used heresetishows the UV-
vis absorbance of each sample. Arrow indicateseasing 1]. B) Bottom: Stern Volmer type
plot where | is the PL intensity of the QDs at Ble A, and | is the PL intensity of the QDs in
the absence df. The upper set of points (red dots) indicate dasmwhich were acquired in 15
mM phosphate buffer, while the lower set (blue sgspwere acquired under otherwise identical
solutions with 250 mM added KCI.
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The time-resolved PL behavior of the QD solutiobsth with and without
addedl, was recorded in order to obtain more informatidiout the observed
guenching effect. Without quencher, the QD PL giesanulti-exponential as is
common for such QD systefhéFigure 4.3), and an acceptable fit to these data
(random noise in the residuals) was obtained usiegrelationship described in
Eq. 4.1 withn = 4. The lifetimes and amplitude thereby generatedlisted in

Table 4.1.

| (t) = Zn:ai expEt/r;) (4.1)

Figure 4.3. Time resolved PL of water soluble QDs used is #tudy in aqueous solution (190
nM). QDs are excited with ~ 120 fs pulses tuned@0 nm. QD PL is monitored Af,., = 570
nm. The trace through the data represents a divrding to Eq. 4.1 witm = 4 (see text). A
residual plot above the data demonstrates the ‘fggasdof fit”.
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Multi-exponential luminescence decay kinetics sastseen in Figure 4.3 are
indicative of the heterogeneous nature of QDs ineasemble measureméfit.
Although one possibility is that the QDs represemlistribution of QD sizes, the
relatively narrow band shapes of the absorptioneanision bands belie this. It
is notable that of the four components neededt tinéi temporal PL, one appears
to be very short (instrument limited at 55 ps) tuhave the largest amplitude.
The remaining components include two of intermedidétimes and a long lived
component (15 ns) that can be attributed to thensit QD lifetime associated
with radiative decay of the band edge excited stateseen by othets.

Addition of the quenchel has a pronounced effect on the observed temporal
behavior of QD PL luminescence, as shown in Figufe It is clear from these
curves that the PL decay occurs with a fasterinatiee presence df. The fitting
parameters for the temporally resolved PL are ginefable 4.1. The component
of the signal due to a response limited fast corepof55 ps) was held constant
in the fitting routine. All three resolvable compamts are observed to decrease
with increasing concentration df Furthermore, the amplitude of the second
component,a,, increases at the expense of the longest compoagnt This
behavior suggests that the presenct iotroduces an alternate decay pathway for
the QD excited state.

The steady state and time-resolved PL data denadedtrat the addedrgns
Cr(cyclam)C}JClI quenches the photoluminescence of the watersel

CdSe/zZnS core/shell quantum dots and does soon@eatration dependent
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Table 4.1. Computed lifetimes and amplitudes (using Eq. 4at)tfie QD emission data with
various concentrations of theans-Cr(cyclam)C}" salt.

(Tin ns)
[1]

(UM) (o1 T1 (0] T2 as T3 Qs T4 ZGiTi

0O 039 0.055 0.31 0500 0.21 354 0.12 154 2.8
100 0.39 0.055 0.33 0.499 0.20 3.17 0.10 141 2.2
200 0.39 0.055 0.35 0.466 0.21 2.85 0.10 13.0 2.1
300 0.39 0.055 0.36 0454 0.20 2.67 0.09 121 1.8
500 0.39 0.055 0.37 0476 0.20 2.72 0.09 114 1.8
800 0.39 0.055 0.36 0.467 0.20 2.38 0.09 9.9 1.6
1000 0.39 0.055 0.36 0.469 0.20 2.30 0.09 94 15

Figure 4.4. Comparison of QD time resolved PL as a functibmoreasing concentrations bf
(same samples used to generate steady state datmie 4.2).
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manner. The Stern-Volmer type plot of Figure 4.@8I) vs [1], is nonlinear and
levels off at concentrations df greater than 50QuM. Such behavior is
inconsistent with collisional ("dynamic") quenchin§the optically excited QDs,

which would be linear throughout the concentratiamge according to the
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traditional Stern-Volmer treatmeht.Instead, some form of "static" quenching,
perhaps by the formation of ion pair complexes leetwtherans-Cr(cyclam)Ch"
cations and the negative surface of the water 8IQID is suggested. Based on
Eq. 4.2, one can calculate a limiting

I
I—O =1+ K, [Q]; Kg, = KT (4.2)

slope of the plot shown in Figure 4.2B. In theelin region of low quencher
concentration, one can extracKay value of 1950 M. If one assumes that the
PL decrease occurs via dynamic quenching of thgdsinlived component of the
QD PL, (o = i =15.4 ns), the 30% quenching at 300 concentration would
correspond to a quenching rakg) (value of ~16' M™ s*, significantly faster than
diffusion limits in this medium. As has been suggd by Maurekt al, such a
high Ksy value for quenching of CdSe QDs is strongly inttieaof formation of

a ground-state complex prior to photo-excitafibnWhereas in that report, the
ground-state complex is formed by direct bindinggé& or more quenchers to the
CdSe surface, electrostatics must play a dominalet in the present system.
These core/shell CdSe/zZnS QDs have been modifieexblianging the surface
ligands with the chelating dithiol ligand DHLA. r&&ie DHLA is a carboxylic
acid, water-solubility is induced by the ionizatiohthe carboxylate group in the
mildly basic medium (pH 8.2, 15 mM phosphate buSetution). Thus, under
these conditions the surface of the core/shelliig®Ds are negatively charged.
One can estimate, based on the number of avaitatdeatoms on the surface of

QDs used here, that each QD could accommodate ay asm ~600 DHLA
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ligands® (assuming one DHLA per every two zinc surface apand based on
earlier studie$® would expect that >85 % of the surface ligandsshiave been
exchanged with DHLA. If indeed the surface is aedeby DHLA, one might
expect only partial ionization even at pH 8.2.alkaline solutions, the negatively
charged surface should be strongly attractive tdioms such astrans
Cr(cyclam)C}’.  Thus, electrostatic (ion pairing) of a quenchethe surface
presents the opportunity for an alternate nonragiaiecay mechanism for the
QD excited state following optical excitation.

If the electrostatically driven assembly of the llDrcomplex cations on the
QD surfaces is indeed responsible for PL quenchthgg can be tested by
increasing the ionic strength of such solutionsdayling another electrolyte.
Figure 4.2B shows that added potassium chlorid® (@81 KCI) dramatically
attenuates the PL quenching fy presumably by screening the electrostatic
interaction between the negatively charged QDsthadationic Cr(lll) complex.
In a control experiment of the water soluble QDsnal present under otherwise
analogous conditions, the effects of added KClaup M concentration on the QD
PL intensities were negligible (Figure 4.5).

The model wherein association bfwith the QD surface introduces a new
non-radiative decay pathway for the QD excitede$¢ttis further supported by
the time- resolved data. Because there are atyawienon-radiative decay
mechanisms for these materials, lifetime measur&smanensembles of QDs, as

in our case, result in multi-exponential kinetiepresentative of different excited
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state relaxation processes. The changes in tleerésolved PL fitting parameters
seen as a function of quencher suggest that trezaction with1l leads to

decreases in the longer three decay constantssftbdest decay constant is
constrained by the instrumental response), hencelaxating the excited state
deactivation of the QD states responsible for threesaponents (see Table 4.1).
Lending further support to this argument is the amppt shift in lifetime

distribution from the longer components to the gfrocomponents as manifested
by a ~25 % drop in the amplitude of thecomponent and concomitant increase
in theTt, component as the concentrationla increased. Notably, quenching of
the 15.4 ns componeratione accounts for ovei75% of the total loss in the

integrated PL intensity.

Figure 4.5. Stern-Volmer type plot showing the effect of in@ieg KCI concentration on the
PL intensity of aqueous solutions of QDs. Eachpeoépresents an individual sample of QDs
diluted to 190 nM in 15 mM phosphate buffer solntipH 8.2) having various concentrations of
KCl added.
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ii. Femtosecond Transient Aborbance of 1S Transition in the QDs

Analogous solutions of QDs were examined using dsextond (fs) transient
absorption (TA) spectroscopy to probe the bleachihthe 1S ([1)-1S3/2(h)]
transition®) bleach dynamics of the excited QDs in the abseme in the
presence of varied concentrations of added In these experiments, the
concentration of both the QDs afichre a factor of ten higher (19M QDs and
0-1000 mM1) relative to the PL measurements due to the dsedesample size
in the 1 mm pathlength cells used for TA. As obedrpreviously? for the QD
sample with no added (Figure 4.6, filled circles) the recovery of thé& 1
electronic transition displays non-exponential dagid due to fast carrier
trapping in some of the sampled QDs. The fastpirapprocess occurs with a
time constant of ~20-40 ps and accounts for rou@BB6 of the total signal. The
remaining signal decays more slowly with a timestant of roughly ~1-2 ns. (A
substantial residual bleach remained at the etlistime frame that could not be
accessed by this experiment). Introduction of ghen diminished the longer
component of the decay, which is manifested in @areiase of the relative
amplitude of the fast process from 15 to 35% athigiest quencher/QD ratio.
This data suggests that the presencé& péar the QD surface introduces a new,
very fast excited decay pathway in the QDs. Thadwal bleach was also

decreased by addéd
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Figure 4.6. TA dynamics of the QDs measured at 530 nm for (IOsolutions of QDs with
varied concentrations df The data sets are 0 mM (filled circles), 5 mMgd squares), and 10
mM (filled triangles)1. The lines represent double exponential fitshi data. Inset shows the
spectral data for the recovery of the bleach of @k 1S transitionwithout 1 added) at various
delay times after the pump pulse.
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iii. Mechanism for Quantum Dot PL Quenching

Based on the large spectral overlap between théQBnd the absorbance of
1 (Figure 4.1), one mechanism for the observed Ringhing would be Forster
resonance energy transfer (FRET). In FRET, noata@i transfer of energy
between two interacting dipoles, a donor (D) andaaneptor (A), can occur
without physical contact between the two spetiés. This dipole-dipole

interaction can occur when the energetic differdmeveen the excited state and

ground state of D equals that of A. Such a coowlithus requires that there be
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spectral overlap between the electronic PL spectoind with the electronic
absorbance spectrum of A. Furthermore, the dtnemitthe interaction decreases
with the inverse of the donor-acceptor separatigtadce X) to the sixth power.
In this framework, the rate of energy transtei) as function of is given by the

following expression derived by Forstér

jT F, ()& (A)A%dA = i(%} : (4.3)

D(0)

. (1) = Quk° (900((In10)

Toof° \ 1287 Nn’

whereQp is the donor quantum yield in the absence of @ocepo) is the donor
lifetime in the absence of accepteris the dipole-dipole orientation factor where
for randomly oriented dipoles®=2/3; N is Avogadro’s numben is the refractive
index of the medium. The integral on the rightdhaide of Eq. 4.3 is referred to

as theJ-overlap integrdt
I = [F (e (DA (4.4)
0

and, as its name suggeslks]) takes into account thepectraloverlap between the
PL spectrum of the donoFp(A) (area under the curve normalized to unity), and
the extinction spectrum of the acceptg¥]) as function ofi, typically in cm.

The termR, in Eq. 4.3 is termed the Forster radius and reptssthe D-A
separation distance where the rate of energy &argf, and the rate of excited

state deactivation of D (&) are equal. The expression Ryis then:

_(900QIn10)x*Q, .
Ro—( B NI {FD(A)eA(A)AdAj. (4.5)
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The Forster formalism has been used to describendmeradiative energy
transfer from QDs to a variety of acceptor molesulicluding other QDS
quantum wires>® dye molecule$® and metalloproteifd  Mattousskt al have
demonstrated that using QDs in fluorescence resenanergy transfer (FRET)
has the advantage over conventional dyes thatatige IQD surface area allows
multiple acceptor molecules to couple to each QRoddhereby increasing the
effective energy transfer efficiency. As a result, donor-acceptor couples having
less than ideal spectral characteristics can gae to an appreciable electronic
interaction due to the additive effect of each ptme

One of the key factors in the use of the Forstemédism here is the distance
of 1 from the QDs. Due to its high sensitivity to tistance between D-A pairs,
FRET is sometimes called a “spectroscopic rulerAs far as the distance af
from the surface of the QDs, some approximations lma made. The DHLA
molecules extend no more than ~1 nm out from thfacea of the QDs, and thus
represent one limit. The hydrodynamic radii forregehell CdSe/ZnS QDs
analogous to those used here have been reportedr.byhomas Pons and
coworkers at the NRL based on dynamic light scaigefDLS) measurements.
For QDs emitting at ~570 nm coated with DHLA, thegtermined the
hydrodynamic radius to be 6-7 nm. This is sigaifity larger than the geometric
radius expected for QDs of this size.{R+ Rshen = 1.9 nm + ~6 x 0.31 nm/ZnS
monolayef = 3.8 nm + Bua = 4.8 nm) even considering the DHLA coating.

The difference in the two numbers reflects the sph@ hydration including
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counter-ions to which the DLS measurement is vensiiive’®?° It is reasonable
to assume that the electrostatic assembly processsdthe Cr(cyclam)Gl
cations into the hydration sphere of the QDs (Fagli7), so a distance of ~5 nm

from the center of the core is a reasonable estimat

Figure 4.7. Idealized drawing afrans-Cr(cyclam)C}" cations electrostatically assembled
within the hydration sphere of DHLA coated CdSe/Zpi3s.
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Assignment of the other end of the “spectroscoplert becomes somewhat

ambiguous in the case of quantum dots. Both théecand the surface of QDs
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have been used by others as the end point to desemiergy transfer according to
FRET in these systemi&?* Further complicating the analysis is the existeof
four lifetime components (see Table 4.1), and tlows candidates forp in Eq.
4.3. In one report studying FRET between QDs ay®@ @yes, although the time-
resolved PL of the QDs was reported to contain t@mponents, one of these
components was simply ignored in the ensuing aisalys

Using the spectral data in Figure 4.1 to calculé#®, one obtains &, of 2.8
nm for1 paired with QDs having a PL quantum yield of 0.08.order to gain
some insight into the rate of energy transkek, several assumptions have to be
made. FirstRy is assumed to represent the distance at whiclnatkeof energy
transfer is equal to the rate of QD excited staactvation represented by only
the longest PL component in Table 47bd) = = in Eg. 4.3)). This estimation
makes sense becauggeaccounts for most of the time averaged PL intensity

Furthermore, the decrease in the prodogty, as function of addedl makes up
4
for >75 % of the total drop iriairi , which makes the assumption thdargely

effects only the longest lived component a reasename. Also for this
calculation, the center of the QDs is used as therend point for. With these
assumptions, the rate of energy transfer can lwelledééd according to Eq. 4.3 for
1 lying somewhere within the hydration sphere (4.8 < 6.5 nm). Using this
methodology one obtains 2:610° > key > 4.15x 10° s, with key decreasing as

the distance between the QDs dhdhcreases. These rates are 1-2 orders of
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magnitude too slow to affect even the longest camepb of the QD PL.
However, if one takes into account the linear echarent obtained from
factoring in multiple acceptors, the analysis beesmore realistic. To determine
the number of acceptors needed, the observed geeneite Kpq) must be

factored into its components:

k Koo * Kg = Kpo) + NKgy ; (4.6)

D(Q) —
In Eq. 4.6,kp(0) represents the deactivation rate of the QDs witlopresent
(/) and the termN accounts for multiple acceptors contributing the
guenching ratekgn. For the highest concentration bf where the maximum
quenching is observelipg) = 1hpg) = (9.4x 10° s)* = 1.1x 10° s and soNkey

= ko = 4.5x 10’ s*. To calculate the number of acceptdisneeded to account
for the observed quenching at a particular distannd thus a particular rate,

ken), we have:

N = Ko@) ~Kow | = ko . 4.7)
kEN kEN

In order to reducé to ~9.4 ns (the maximum quenching observed) wighrange
of ken predicted above, we find from Eq. 4.7 that ~18eptors would be needed
at a distance af= 4.8 nm and ~110 would be needed at6.5 nm.

Based on steric considerations and a hard packihgre modéf?? one can
estimate the maximum number bfsurrounding each QD using the following

expression:
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Ncomplex = 0.65((%3_—58'3)}. (4.8)
R.

In Eg. 4.8,Rqp is the QD radius excluding the organic coatiRgis the physical

dimension ofl (estimated as 0.90 nm based on crystallograptia);dandR, ~

Rop + 2R.. Using 3.8 nm for the QD radius, the maximum namdf 1 that can

encircle a single QD is found to be ~110.

So based on the earlier calculations (Eqgs. 4.3-417)0 molecules situated at
the edge of the hydration sphere of a QD would aetdor the observed
guenching ofz, at the highest concentration binvestigated. Based on Eq. 4.8,
no further quenching would be observed for thistesys because no more
molecules can be packed around each QD (assuminghase quenchers that are
“first-nearest-neighbors” contribute, a reasonadsumption due to the strong
dependence of FRET). This predicts that the quagobf the QDs should level

off, which is exactly what is observed in Figur@Bl. Thus, the FRET model

largely accounts for the concentration dependenfufinching of the QDs ki

iv. Complications Due to “Surface Effects”?

The results obtained from the femtosecond transabsbrbance (TA) of the
bleach of the 1S QD transition are difficult to &ip within the same framework
as that presented above. Obviously, the changes\add in Figure 4.6 occur on a
time-scale faster than that seen in the time-resbRL (tr-PL) data. On the other
hand, this technique samples the entire ensembl@ld, while the PL only

samples those QDs which decay with a considerau@tive component. It is
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well known that samples of QDs are composed ofgtitiand “dark” specie$®
The multi-component decay of the PL seen here msistent with independent
signals from different species within the “briglpdrtion of the ensemble. In this
context, considering that the steady-state PL quantield of these materials is
relatively low (0.02), a large percentage of thesQb the ensemble are “dark”.
Because the absorbance measurement samples dile oQDs, “bright” and
“dark”, the signal in the TA experiment is domirchtey the non-emissive QDs.
For this reason, it is difficult, and possibly fatbus to compare the two
experiments. Clearly addeddhas a concentration dependent effect both on the
“bright” QDs (tr-PL) and the “dark” QDs (TA). However, the PL quenching is
dominated by the action df on the longest lived or “brightest” QDs. The TA
experiment is limited to sub-nanosecond dynamicsl atthough a long
component is clearly seen as a residual bleacimgelseto components longer than
~1-2 ns cannot be quantified. That said, it isicfeom Figure 4.6 that addition of
1 depletes the long component of the decay, whictcassistent with the
observations seen in the time-resolved PL expeiimen

Undoubtedly, the interaction of the QDs with is considerably more
complicated than can be quantified by the FRET yamaloutlined above. From
the TA data it appears thataccelerates excited state deactivation on timesca
exceeding 50 ps. Decay of the 1S bleach on thenaobsecond timescale is
traditionally associated with surface trapping ok mf the excited carriers in a

portion of the QDs in a sampfé. It would appear thal introduces a new
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component, or enhances an existing one, associatieduch a trapping process.
In fact, some evidence for a “surface effect’labn the QD PL is present in the
steady-state PL data of Figure 4.2A. Clearly,Rhespectrum of the QD sample
with no 1 present contains a weak, broad component recedhiiforn the sharp
band edge transition. This broad transition istin@ly attributed to radiative
decay of surface trapped carriers. With the lowesicentration of addel this
component completely disappears. It is possilkde tis effect is caused by the
appearance of a new competitive deactivation psoc#soduced byl's presence
near the QD surface. The changes seen in the TAndigs (Figure 4.6, <100 ps)

with addedl may reflect this new process.

D. Conclusions

The PL quenching behavior of QD in response to dddeas consistent with
energy transfer from the optically excited QD4.toThe concentration
dependence of the PL quenching was quantifiedrmgef the formation of
electrostatic assemblies between the catibr@iod the anionic QD surface.
Although the electronic interaction between the @Dd1 is clearly complicated,
with a simple FRET analysis, it was found that'ttiéghtest” QDS are quenched
by molecules ol lying at the edge of the QD sphere of hydratid®%+nm from
the QD core center). Furthermore FRET is capabfeeaulicting the leveling off
of the PL quenching due to saturation of the serfaidche QDs witH, as
estimated by independent calculations based oiesterhis system demonstrates

that QDs can function as effective sensitizermsans-chromium(lll) cyclam
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complexes, and clearly exemplifies the advantagebtdining enhanced energy

transfer efficiency when their are multiple acceptor every one QD donor.
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5. Chapter V. Photochemistry of Electrostatic
Assemblies Between Quantum Dots and
[trans-Cr(cyclam)(ONO) ,]BF,4. Sensitized
Release of Nitric Oxide.

“Reproduced in part with permission from The Joumfathe American Chemical Society,
submitted for publication. Unpublished work cogirti 2007 American Chemical Society.”

A. Introduction

As discussed previously, a main focus of reseancthis laboratory and by
others has been the study of photoreactions obwatiransition metal nitrosyl and
nitrito complexes with the goal of developing thatiy stable precursors that
release nitric oxide (NO) upon electronic excitatio Photochemical techniques
are attractive given the opportunity to control kbeation and timing of the signal
leading to release of the NO. In order to enhaheephotosensitivity of such
compounds, one direction that this line of rese&ia$ taken is the preparation of
molecular constructs consisting of a metal compiegorporating the NO
containing moiety plus an antenna chromophore tecothe light via either
single photon excitation (SPEpr two photonexcitation (TPE} Energy or
electron transfer from the antenna to the NO psanucenter would then lead to
net NO release.

In this context, interest has turned to the usenafocrystal quantum dots
(QDs) as possible photosensitizing chromophoreBs Qffer several potentially
important advantages, among them are high optitaisesectionfor both SPE

and TPE and the ability to tune the optical propertiessbyply varying the QD
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diametef Furthermore, the presence of multiple surfacenligsites provides the
opportunity to prepare modified quantum dots inooaping various
functionalities tethered to the ligands, examplesndy, desirable solubility
properties, biological specificit§f and the nitric oxide precursor. In fact there are
a limited number of recent studies in which redears have exploited some of
these attributes in order to build nanomaterial-tiddor hybrids that are capable
of delivering NO either thermafly or photochemical. In this latter
photochemical study, the nanomaterials functiory @sl delivery vessels and do
not improve the photochemical attributes of the ttor'® On the other hand,
recent studies have also shown that functionaliggids can be used as
photosensitizers for organic reactibhsr singlet oxygen generation, and that is
the present goaf

Analogous to the studies of Chapter IV, the follogvisections will describe
the photophysical and photochemical attributes letteostatic assemblies of
DHLA coated CdSe/ZnS QDs and [Cr(cyclam)(OMN@®F,4). (2). Photolysis of
this assembly leads to enhanced NO generationmapared t@® alone, indicating

that the QDs are serving as antennas to senshiz®actions o2.

B. Experimental

i. Materials

All measurements were done in dilute phosphateebedf (15 mM, pH 8.2)

solutions of QDs an®. The water soluble QDs used in these studies were
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prepared in the same way and are from the samb béattydrophobically coated
CdSe/ZnS QDs used in chapter IV. The synthesithese QDs having core
diameters of about 3.8 nm with a relatively thitlels (6 monolayers) of ZnS and
DHLA coating is described in chapter'fl. The resulting water soluble QDs
displayed a photoluminescence maximum centered @it (FWHM = 48 nm)

with @, = ~2 % (Top traces in Figure 5.2B and C).

ii. Single and Two Photon Excited Photoluminescence

For the photoluminescence (PL) and two photon edcgihotoluminescence
(TPE-PL) measurements, samples of QDs or sampleuresxof QDs and varying
concentrations o2 were diluted directly in 10 mm optical path cuestt For all
but excitation at 366 nm (which was used to appnaité the conditions used for
CW photolysis) all solutions were sparged with argo remove oxygen. The
measurements were taken immediately after diluttneach sample. Samples
were excited at 366 nm (SPE), 546 nm (SPE), or@00(TPE). The spectral
resolution was 1 nm for the TPE data and for thE 8&a used to resolve small
spectral shifting. Otherwise, the spectral resotutvas ~4 nm.

For experiments with 366 nm excitation, the PL $@ewere corrected for the
appreciable absorbance 2t this wavelength. Spectra were corrected foetin
filter effects by approximating the influence oéthbsorbance &as reducing the
incident light to the QDs. Therefore the intensifyeach spectrum was corrected

via multiplication by a factor of 1@ at each given wavelength.
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iii. Continuous Wave Photolysis and Nitric Oxide Detection

Two procedures were used for the photolysis exparimin conjunction with
the NO sensitive electrode (amiNO — 700, Innovativgtruments, Inc.). All
experiments were done under aerated conditiong. ekperimental set-up for NO
detection (Figure 5.1) involves an electrode immeérgn a cuvette filled with
phosphate buffered solution (15 mM, pH 8.2) thatbming stirred and is
continuously irradiated by the output of a highgstee Hg arc lamp spectrally
selected by band pass filter (typically 320—-390 mrhere the transmittance >10

%).
Figure 5.1. Diagram of continuous wave photolysis and NO ctéia experimental set-up.

Stirred
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Cuvette
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Ami-700
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Filter

Reflecting
Mirror

Signal Detection and Data Processing

Procedure A Injection Method Under subdued light conditions, the NO
electrode was place into a 10 mm pathlength cuviettewas equipped with a stir
flea and filled (~4 mL) with phosphate buffer (19vimpH 8.2). The electrode

response was allowed to equilibrate in the stigellition for approximately 10
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minutes in the dark. The light was then turnedaad care was taken to ensure
the electrode tip itself was not illuminated. Oracstable electrode background
was established, an aliquot »fwvas added and the electrode response monitored.
In the case of mixtures @ with the QDs, following electrode equilibrationtime
stirred buffer solution with the light on, an al@uf QDs was injected first and
allowed to mix for ~100-200 s and then an aliqua2 was added.

Procedure B. Pre-Mixing Method Under subdued light conditions, the NO
electrode was placed into a 10 mm pathlength ceiwetich was equipped with a
stir flea and filled (4 mL) with a solution & alone, or mixtures o2 and QDs,
diluted in phosphate buffer (15 mM, pH 8.2). Thecwode response was allowed
to equilibrate in the stirred solution for approstaly 10 minutes in the dark. The
light was then turned on and care was taken torertbe electrode tip itself was
not illuminated. The electrode response was mogdtover timed light exposure

periods (20-30 s) as indicated.

C. Results and Discussion

i. Photoluminescence Quenching of QDs by 2

As shown in Figure 5.2, the photoluminescence Bsitgnfrom phosphate
buffered solutions of QDs (~130-190 nM) decreasésmwprogressively higher
concentrations of (0-1000uM) are added to the solution. A very modest red
shift of the emission maximum (~3 nm) was also ol (Figure 5.3). This

guenching occurs irrespective of the excitation elewgth (compare B and C in
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Figure 5.2. Optical data for solutions of QDs (190 nM) mixaih varied concentrations &
(0-1000uM). A) Absorbance data for mixtures of QDs (19@)rand 2 (0-630uM). Arrows
indicate 366 nm excitation used in B) and 546 nmitation used in C). B) PL spectra of QDs
(190 nM) and mixed with varied concentration2dD-630uM) obtained with 366 nm excitation.
Spectra have been corrected for inner-filter effelite to absorbance dfat this wavelength. C)
PL spectra of QDs (190 nM) and mixed with variecha@ntrations of (0-1000uM) obtained
with 546 nm excitation.
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Figure 5.2), however the quenching Byover the entire concentration range
appears stronger upon UV excitation of the QDsamspared to excitation at 546
nm. For comparison, at ~5Q0M 2, the QD PL is quenched by 60 % upon UV

excitation versus only 55 % with visible excitatiolt should be noted that in the
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former case, the samples were studied under aiosgihere to approximate the
conditions used during the ensuing photochemicpérments. At this point it is
unclear what, if any, affect air (presumably) @as on the PL of these particular
QDs. It has been shown in this laboratbrgnd by otherS that various QD
preparations (solution and solid state) are obsetv@indergo changes in both PL
spectral position and intensity as a function afeasled light irradiation in the
presence of © Although similar changes are not expected urigderlow light
intensities used for the PL experiment done hetapeough future investigation
of the PL behavior of these particular QDs undeposxre to various light

intensities and atmospheres is merited.

Figure 5.3. Spectra comparing the PL of phosphate bufferéisas (15 mM, pH 8.2) of QDs

alone (190 nM, solid circles) or mixed wigh(630uM, open squares). Inset is a blow up showing
the spectra normalized to the peak maxima.
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As was shown in chapter IV, similar partial quemchiof the QD
photoluminescence with the analogous dichloro cempians-Cr(cyclam)Ch"
(1) is observed. A detailed investigation of theigostrength dependence of the
guenching behavior and the effects observed omitlildexponential decay of the
guantum dot excited state lifetimes led to the tmion that this PL quenching
was due to ion pairing between the cationic Cr(tdmplex and the anionic
guantum dot surface as illustrated in Figure 4Qualitatively, based on the
results of Figure 5.2 and the similarity in chaayed size betweet and 2, a
similar electrostatic assembly process must beoresple for the PL quenching
observed in mixtures of the QDs ahd Again, non-radiative energy transfer from

the QDs ta2 would account for the observed changes.

Figure 5.4. Stern-Volmer plot for solutions of QDs in phosghauffer (15 mM, pH 8.2) at
constant concentration (~190 nM) with varied comedions of Cr(lll) complex. | is the PL
intensity at thé\,.x and | is the corresponding PL intensity of QDs withony @omplex added.
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Although the qualitative effect of QD PL quenchisghe same with both the
dichloro and dinitrito Cr(lll) complexes, the mixas with the latter are quenched
to larger extent at equivalent concentrations, sugstantially more so in the case
of UV excitation of mixtures containing QDs afd Figure 5.4 demonstrates this
with a Stern-Volmer type plot that compares theeebf PL quenching for the
two experiments described above wiRhand the PL quenching observed for
mixtures of QDs and the dicholor analoglie,One interesting point is that all the
plots appear to level off at approximately the sarmaecentration of ~50QM.
This was explained in terms of saturation of the Rfration sphere with the

cationic metal complexes.

Figure 5.5. Spectral overlap of the DHLA coated CdSe/ZnS ®Dswith the absorbance af
and2. All spectra taken in phosphate buffer (15 mM, §B).
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At this point, it is unclear why the dinitrito aoglue is a more effective
guencher. However, these results tend to couthter proposed mechanism

presented in chapter IV for quenching of the QDslkaccording to the Forster
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formalism®® Figure 5.5 compares the spectral overlap of ti8eZZnS PL with
the absorbance of both and 2 in phosphate buffered solution. Clearly, the
overlap is much lower with the absorbance ban@,cénd this poorer overlap
would be predicted to lower the efficiency of energansfer according to
Forster's predictions. As was suggested in theptemalV, although the PL
guenching data for mixtures of the QDs ahaould be reasonably explained
according to a FRET model, the electronic intecactoetween the QDs and the
Cr(lll) complexes is clearly much more complicateéurther quantitative studies

are necessary to elucidate the nature by whiclethgscies interact.

ii. Electrochemical Detection of Sensitized NO Production

The quenching of the photoluminescence from the @lEso accompanied
by enhanced photoreaction at the Cr(lll) centermdisated by the release of NO
presumably owing to the known photoreactior2oh aerated solution illustrated

by Figure 5.6° A nitric oxide specific electrode was used toh@rehe potential

Figure 5.6. Photoreaction a2 under aerated conditions.

trans-C r'”(cyclam) (ONO),* trans-Cr'V (cyclam)(ONO),* + NO

[Ox]

NO

trans-Cr" (cyclam)(O)(ONO)?*
photoreaction accompanying the observed QD quegéhinin analogy to the
experiments by DeRost al initial experiments were conducted using injetsio
of aliquots of2 or QDs followed by2 into a stirred buffer solution in which the

NO electrode had already been pre-equilibrated thighlight on Procedure A

168



Figure 5.7compares the electrode response wkemas injected into a solution
that contains QDs (100 nM) versus the control phasgp buffer solution that did
not contain the water soluble quantum dots (Thmeg@ependently prepared

solutions were measured

Figure 5.7. NO amperograms comparing electrode response mdinoously stirred and
irradiated (320-390 nm BP) phosphate buffered smigtwith (solid circles) or without (empty
circles) QDs (100 nM) following injection & to give a final concentration of 2QO. Injection
is indicated by dashed arrow.
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in each case and the concentratio2 af all six solutions was 200M.) With or
without QDs, injection oR resulted in a positive response from the electrode
measured in picoamps, followed by a slower decay walue slightly above the
initial baseline. However, when the QDs were pngsthe response maximum of
the NO dependent signal was considerably higheh the latter being on average
roughly 6 fold more when the QDs were present. s€hresults are consistent with
faster NO production in the presence of the QDrarde due to the enhancement

of the light harvesting ability of the system dgdtrate in Figure 5.8. It should be
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noted that the initial addition of QDs to the buf®lution (data not shown) did

not elicit a response from the electrode.

Figure 5.8. Photochemical release of NO from electrostatigeasblies of QDs antrans
Cr(cyclam)(ONOY".

A comment should be made regarding the rapid dnoplectrode response
seen for all the samples in Figure 5.7, which basegrevious experiences with
this electrode, is much faster than would be exqaeétom simply autooxidation
of NO. First, the light is always on for the eatiobservation period, so the
decrease in responsernist due to a cessation of NO production. In fact,rdyr
this early period of photolysis, only ~25% &fwas consumed judging from the
absorbance change observed for analogous samgddsied for 30 s compared
to that after exhaustive photolysisdfFigure 5.9).

Similar NO amperograms to those seen in Figure vere observed by
DeRosa and De Leo when studying related dinitrit@IC cyclam complexes,
suggesting that this phenomenon is special to plaigicular photochemical
systemt®® Based on the known mechanism for photodecompoasitf 2

guantified by De Leo, the trapping of the initial ) photoproduct by @
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Figure 5.9. Absorbance spectra of a sample2d221 uM) irradiated (320-390 nm BP) until a
limiting spectra was reached. Inset shows theesponding changes observed for a sample
irradiated for only 30 s.

0.2

05
o 4
o 2 0.1 1
c 0.4 135
2
o 03— Olo—lllllll LU TTrrryrTrTT
2 RARRRRERRN ARRY
o] 400 600
<< 0.2 nm

0-0_||||||||||||||||||||||||||||||||'l_l_l—|'||||||||||
300 400 500 600 700

Wavelength (nm)
(referred to as ‘Ox’ in Figure 5.6) produces oneieglent of superoxide (9.
The ensuing diffusion limited reaction of betweea @d NO (Figure 5.10)
depletes the NO as it is formed during photoly$i2.oEventually the rate of NO
depletion by reaction with £ presumably due to build-up of ,0Oin the
continuously photolyzed solution, exceeds its @te@roduction, and the steady

state concentration of NO quickly drops. In altloé experiments, the signal
Figure 5.10. The diffusion limited reaction of the superoxidaion with NO forming the
peroxynitrite anion which spontaneously rearrartgeke nitrate anion.

k=5x10° Mg’
0, +NO X S~ OONO —= NOj

did not completely decay while the light remainad but rather stabilized at a

level just above baseline, consistent with the bdistament of an equilibrium
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between photochemical NO production and the reastideading to its
decomposition.

Figure 5.7 also demonstrates that although quakist similar, identically
prepared solutions did not elicit identical respmd$rom the electrode during
photolysis. Great care was taken during the erpent to keep all external
variables the same, i.e. stirring rate, injectiggeesi and position, electrode
position within the cell, etc. In an attempt taleeks this variabilityProcedure B
was adopted in which or mixtures o2 and the QDs are pre-equilibrated with the
electrode in the dark with constant stirring. Hrstcase, the light is simply turned
on following electrode stabilization, and under stheconditions, mixing was
expected to be homogeneity and the variability oated by the injection was
removed. For these experiments, light irradiati@s limited to 20-30s, and the
“on” and “off” points were marked (sharp featurés) one of the samples (Figure
5.11). As compared to experiments performed udfnrgcedure A somewhat
higher signals were observed for photolysig at similar concentrations although
the variability from sample to sample remained untteese new conditions
(Figure 5.11). Also shown in Figure 5.11 is thé&eef of a second irradiation
period (30 s duration) in one of the samples. &athan duplicate the initial
electrode response, the second irradiation causetuch weaker and slower
response, consistent with the action of superokidgering in the solution from

the earlier photolysis period.
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Figure 5.11. NO amperograms for three continuously stirrecadiated (320-390 nm BP)
solutions of2 (221 mM) generated usirRrocedure B Sharp lines mark the light “on” and “off”

points. For one sample (open circles), followiregaly of the initial signal, a second irradiation
period was conducted.
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Quite surprisingly however, the enhancement intedéde response obtained
from irradiating solutions o containing QDs was much more dramatic, on
averageb0 fold higher than foR2 alone (Figure 5.12). One possibility is that due
to the extended pre-equilibration time used forPRhhecedure Bthe samples are
completely homogeneous at this point. Furthermthre,long mixing times for
mixture of the QDs an@ would favor completion of the electrostatic assigmb
process, thus maximizing the number of complexezwithin the radius needed
for sensitization to take place. In any casen#g compares the magnitude of the
observed response to that obtained from calibratiwith acidified nitrite, the
peak maximum in Figure 5.12 for the QD (120 nM) &n@21 uM) mixture
coincides with a NO concentration of ~150 nM, whighs produced in <30 s!

This value is given here only as a rough estimaigte the reader an idea of the
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response speed and magnitude. During discussithdDu Roberto da Silva, a
visiting professor from the University of Sdo PauByazil it was noted that the
electrode response is pH sensitive. Thus, theafi@dlditrite calibration can only
be used as a rough estimate. Furthermore, thelmaghkts in these amperograms
likely underestimate the total NO produced duehi @ver increasing rate of its

decomposition via autooxidation with molecular oeggand reaction with O

Figure 5.12. NO amperograms obtained during ~20 s irradiagieriod of dilute phosphate
buffered solutions a2 (221 mM) with (filled squares) and without (opérclkes) the presence QDs

(120 nM). Sharp features are marks indicatinglitfte was turned “on” at 0 s and light “off” at
~20s.
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Unfortunately, as is clear from both Figure 5.7 dfigure 5.11, the NO
specific electrode tends to exhibit some variaptlitat cannot be eliminated. For
this reason, it was not possible to completely tjiiathe enhancement effect
attributed to the QDs. However, an obvious cause the considerable
enhancement incurred with the QDs is due to ttaiserably higher absorbance

at all wavelengths at the concentrations used Heigure 5.13 compares the UV-
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Figure 5.13. Comparison of the absorbance spectra of phosphiéfieréd solutions of 100 nM
QDs (circles) and 20AM 2. Inset shows blow up of 300—600 nm spectral range
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Visible absorbance spectrum of independent phosphfered solutions of the
QDs (100 nM) and (200 uM) at the concentrations typically used for the NO
electrode experiments discussed above. For thilghis experiments described
above, a UV band pass filter having maximal tratsmce at the 366 nm line of
the Hg arc lamp was used. At 366 nm, the extinctioefficient of these water
soluble CdSe/ZnS QDs is ~690,000'¢M ™, compared to a value of ~200 %

! for 2 at the same wavelength. The data in Figure 5xE8nplify the high
extinction coefficients of the QDs; althoug®] js 2000 times that of the QDs in
the mixtures described above, the absorbance @&lgldominated by the QD
chromophores across the spectral range investigade@r the wavelength range
of the filter (320-390 nm, where the transmittanrd@® %), the QDs absorb 2 to

10 times as much light & and the magnitude of enhanced NO production in
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their presence indicates that optical excitationtrid QDs results in efficient
sensitization of the photochemically active excéate of2.

All experiments for detection of NO described so feere done using
irradiation with UV light (320-390 nm). It is cle&rom Figure 5.2C that the QD
PL is quenched in the presenceafhen 546 nm excitation is used. However, so
far, all attempts to quantify NO production fromxtoires of the QDs an2 during
photolysis with a visible band pass filter (460-608) were unsuccessful. For the
case of2 alone, only a very weak signal is observed (<1A) pAt this point, the
inability to detect NO using light with energy fahich QD PL quenching clearly
occurs can only be explained by a concentrationeissin fact, when use of an
interference filter to select out the 366 nm Hgelaone (which also diminishes
the overall light intensity substantially) was atfged, no signal was observed for
photolysis of2 alone with a concentration of ~200 nM (comparatdethe
experiments described previously). Based on theselts, it became clear that
although sensitized NO release likely occurs wislible as well as UV excitation,
the concentrations used for these experiments beusaised and carefully tuned
to optimize the response of the NO electrode. Wmusk is currently being

pursued by Alexis D. Ostrowski in this laboratory.

iii. Two Photon Sensitization in Assembies of QDs with

Cr(cyclam)(ONO),"

Figure 5.14 compares the PL spectrum of the DHLAted CdSe/ZnS QDs

using 400 nm excitation with the two photon excifgtbtoluminescence (TPE-

176



PL) spectrum of the same QDs. The TPE-PL was mé&dausing the 800 nm
output of a tunable Ti:sapphire laser operatedOaM8iz with an average pulse
width of ~120 fs. The two spectra in Figure 5.1d artually indistinguishable,
consistent with photon emission from the same érgigtate following excitation
above the band gap with either single photon ettaita(SPE) at 400 nm or two
photon excitation (TPE) at 800 nm. A slight braaidg of the SPE generated PL,
especially on the blue edge, is evident. One @&gplan for this result is that the
TPE-PL may preferentially sample a fraction of tbtal size distribution within

the sample.

Figure 5.14. Comparison of the SPE (400 nm, cw; blue operesjand TPE (800 nm, 120 fs
pulses; red open squares) generated photolumiresacérthe DHLA coated CdSe/ZnS QDs used
in this study. Both samples were diluted in phagetbuffer (15 mM, pH 8.2).
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The two photon absorption (TPA) cross-section e QDs studied here was

obtained by the method of Hu and Wé&bbs described in chapter II, in which the
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integrated TPE-PL intensity of the QDs (120 nMganpared to that of obtained
from a 13.5uM fluorescein reference sample (i pH 11) which has a SPE
quantum vield of 0.92 and a TPA cross-section ofG} at 800 nnt” Using
these values for the standard, along with the SB&ntgm yield of the QDs
(0.02), a TPA cross-section of 10,300 GM is calmddor the water soluble QDs.
This value is in close agreement with that repotigd.arsonet al for similarly
sized QDs dissolved in wateand is consistent with the large TPA cross-sestion
predicted for semiconductor quantum dts.

The results with the QDs alone demonstrated tregetimaterials have strong
TPA cross-sections in the near-IR, and that excitavia TPE generates what
appears to be the same emitting state as thatebtan the single photon case.
Thus, mixtures of the QDs arwere investigated to determine if the TPE-PL of
the QDs is also quenched By Figure 5.15 demonstrates that the TPE-PL was
clearly quenched by add&in a concentration dependent manner analogous to
that observed for SPE. In fact, the TPE-PL quergldata closely follows the
data obtained previously for excitation at 546 rfgre 5.15B). The similarity
of the data obtained is remarkable; notably, thalsned shift of the QD PL
observed with SPE at higB][(Figure 5.3) is also reproduced in the TPE-Pladat
(inset Figure 5.15A). These results give strongdence that two photon
excitation of the QDs achieves sensitizatior2afia a process equivalent to that

observed fo2 and1 via single photon excitation.
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Figure 5.15. A) TPE-PL spectra of solutions of QDs (120 nMjfmvaried concentrations @f
(220 and 60QuM) generated by excitation with 120 fs pulses dd 8tn light (80 MHz). (*)
Astrisk marks an instrumental artifact presentliméthe TPE-PL data. Inset compares
normalized TPE-PL spectra of the QDs in the absen@elack filled circles) and presencedht
a concentration of 600M (red open squares) exemplifying red shift thatosepanies quenching.
B) Stern-Volmer type plot comparing the TPE-PL qehéng data generated with pulsed NIR
excitation, to the analogous experiments usingxuitation in the UV and visible range.
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Although attempts were made to perform the analsgogperiments to detect
TPE sensitized NO production in mixtures of the Qi 2, it was not possible
to analytically detect the NO evolved under the dibons used. As similar
problems were incurred when attempting to deteotqathemically produced NO
from 2 under low light intensities, it is likely that arslar issue precluded NO
detection in the TPE case as well. Based on tla¢ively weak signals seen in
Figure 5.7 and Figure 5.11, it is clear that thetplysis experiments (both SPE
and TPE) are all conducted at concentrations thiastdute the detection limit of
the NO electrode for decomposition 2f However, another point should be
made. The data iRigure 5.15B (and also in Figure 5.4) suggeststtiee may
be some inherent difference in the photophysictractions between the QDs
and the Cr(lll) complexes upon UV excitation as paned to excitation in the
visible or the NIR. Clearly, UV excitation leadsd more pronounced quenching
than is observed with lower energy excitation. dsnfnately, without further
investigation of the detailed mechanism by which tWwo systems interact, it is
difficult to identify what is special about the U¥Xxcitation except that it is
capable of accessing higher energetic states iaxtieed state manifolds for both
the QDs and the metal complexes. Whether suctehgergy is needed in order

to access the NO labilizing excited state remame@en question at this point.

D. Conclusions

These results demonstrate that QDs can functi@cttfely as sensitizers of

photochemical reactions of complexes that are relsiztically bound near the QD
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surfaces. Furthermore, the ability to generate figbn 2 using QDs as light
absorbing antenna brings us one step closer toguirand other similar
photochemically active transition metal based N@aise as pro-drugs due to the

large enhancement in their light absorbing capbili
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6. Chapter VI. Conclusions and Future

Potential

Although recent work demonstrates that QDs arece¥ke in producing highly
reactive singlet oxygen, the active molecule imitranal photodynamic therapy
(PDT)}! the current study is the first example of the wewater soluble
semiconductor QDs as photo-activators for drugveeyji that targets the hypoxic
environment often encountered in tumor céli§he proposed photochemotherapy
applications will require excitations at long wasmlths (red or near infrared)
possibly via TPE and likely could be targeted vather nitric oxide precursors as
well. Two photon excitation (TPE) already showsajrpromise for the current
system as demonstrated by the quantum dot TPE-Bhctjing by2. A current
collaboration with Professor Elia Tfouni (Univeysiof Sao Paulo, Brazil) is
directed towards developing related ruthenium Bjtro complexe$ with
functionalities that are capable of binding the @face or being conjugated
with a preexisting QD surface modality.

The general concept outlined here in the use ofntuwa dots as
photosensitizers for photochemically active traositmetal complex can be
extended, it would seem, to virtually any syste@df.course, a careful quantitative
investigation of the mechanism(s) involved in fostance, enhanced NO release
from thetrans-Cr(cyclam)(ONO)" cation in the presence of QDs, is still needed.
Proper choice of system, e.g. matching the padicphotochemically active

complex with the ideal QD system (core materiateceersus core/shell system,
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etc) will depend on the required energetics for tptleemical sensitization.
Clearly, simple energy transfer in terms of a FR&Bed model is not the only
active mechanism in the system described in thgsediation. Therefore, other
energetic nuances of the system besides spectdhpyfor instance positions of
the QD valence and conduction bands as well asipasiof surface relatedter-
gap states relative to the redox states of therdiCr(lll) complex must be
considered. Although there are a few investigatioletailing the formér a
guantitative investigation of these particular Qisst be conducted since the
relevant energy levels are presumably sensitivihéosurface composition. On
the other hand, relatively little work is reported the redox properties of the
dinitrito Cr(lll) complexes. Although the positi@f the CI'/Cr' couple has been
investigated in a variety of cyclam derivativeshmfarious axial ligands less is

known about the Cf"

couple which is more pertinent here. A thorough
investigation regarding the redox chemistry of thystem and may uncover the
true nature of the QD/Cr(lll) cyclam interaction.

Another important aspect that will require consadien is the design of stable
QD/NO-donor conjugates. Although the long ternb#ity of the electrostatic
assemblies described in chapters IV and V has etobgen studied, it is unlikely
that such a system would remain intact for extenglegodsin vivo. Whereas
Mattoussiet al report a relatively stable electrostatic assendbl{pHLA coated

QDs and positively charged proteins, the protainthat work are engineered with

an extended polycationic tail that presumably miaemi the electrostatic
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attraction® Such a system could be envisioned here, but aleavassembly may
be preferable for many applications. Considerimgdxtensive studies in chapter
lll, the technology for direct covalent attachmehtvarious molecular species and
macromolecules to nanomaterial surfaces has notrgathed a level of
sophistication needed for broad application. FBis(the short alkyl chain based
surface coatings/linkers such as those investighted, although ideal for the
short separation distances needed for FRET, arsidemed less than optimum
with respect to the QD and mQD long term stabilitpqueous dispersiorisFor
the present system, FRET does not appear to berlyeactive mechanism
allowing photosensitization. Although any electtocommunication between the
QDs and the acceptor species will have some distdapendence, future studies
should not be limited to ultra short QD stabilizerdRather one should consider
QD stabilizing modalities like amphiphilic polym&rsdendrimer or cross-
linked functionalized alkyl chaif&due to their demonstrated enhancement of the
long term stability of QDs in solution and in satut phase reactions.

Clinical use of quantum dot based supramoleculacttre, such as the QD
sensitized NO donors discussed here, will also iregevaluation of 1) QD
stability, 2) QD thermal toxicity, and 3) the targpecificity of the new functional
nanomaterial. With respect to the first two pajritee limited data available to
date indicate that the cytotoxicity of QDs is sfylyncorrelated to their stability,
with for example core/shell structures such asdhased hergenerally having

less toxic effects® However, because much of the limited data hasbeen
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collected by toxicologists, careful systematic istigation of the various QD
preparations available using well established aaddardized procedures will be
required to elucidate their deleterious effects.

With regards to the target specificity fior vivo applications, extensive work
in the development of QDs as bioimaging agents shtat a variety of
tissue/biomolecule specific targeting strategies ¢ effectivé, and thus
modified QDs have considerable promise as sited#peagents for
photochemical drug delivery. These studies exdyfitie greatest potential for
QDs and nanomaterials as a whole in biomedicaliegmns. As wet-chemical
approaches to the preparation of many nanomatdralse become the route of
choice, the freedom to tune chemical functionalitthe new materials is virtually
endless. This allows one to design multimodal samctures with application
specific optical, solubility, targeting, and actioa properties, and which at the
same time exist on a size-scale comparable to wswellular species. For this
reason, nanomaterials are already seeing exteappication in the biomedical
field, with quantum dots and other inorganic nambglas leading the headlines
in cellular imagind?, whereas nanosized polymeric materials and lipesom
receiving considerable attention for new drug-deijystrategie's.

Clearly, the research described here-in, thoughiquative and exciting, only
scratches the surface of what will likely be a btituture for QDs in biomedical

applications. Further studies for the developnruantum dot based systems,
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particularly those suited to serve as photosemesgizior NO delivery, are

continuing in this laboratory.
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|. Appendix I. Photoenhancement in CdSe
QDs in the Presence of NO

A. Introduction

Even in highly crystalline materials, the naturetlod surface with respect to
optimum surface reconstruction and complete elagirpassivation holds the key
to obtaining materials with high radiative recondiion efficiencies. It has
become common practice to coat CdSe cores withnastiell (1-5 monolayers
typically) of a higher semiconductor with a higiend-gap such as ZnS or CHS.
% The fluorescence quantum yield can be thus rdised a few percent for the
original, organically capped material, to seveeaist of percent (10-50%) for the
coated particles. The higher band gap materiaitions by preventing migration
of electronically excited carriers to the surfackeve they may trap or become
involved in redox reactions with molecules on oamthe surface. The overcoat
has also been shown to enhance the over-all syabflthe quantum dots (QDs)
with respect to oxidation and photo-degradatfon.

Even with the improvements in particle quality alectronic passivation, the
photolumiscence properties of the nanoparticles @veerved to be highly
sensitive and vary from report to report. A largenber of investigations have
shown both photoenhancement and quenching in dblid films and in
dispersions of semiconductor nanopatrticles. Tlgés observed can be divided

into two main categories, 1) reversible, and 2¢versible. In the latter case,
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continuous irradiation with above band-gap lighttah films in the presence of
air* or moisturé, or in solution in the presence of meth&mml air’ leads to an
increase in the photoluminescence intensity. ia tase, the observed effect is
attributed to permanent photo-induced changesarsthiface structure, either by
rearrangement and/or loss of surface passivantsy okidation to form CdO and
SeQ. Both of these mechanisms are supported by Xjhgtoelectron
spectroscopy (XPS) and time-of-flight secondary mass spectrometry (ToF-
SIMS) studies in which the surface structure wagstigated at different stages
of photolysiss Additionally, purely chemical treatments eitheithwsodium
borohydridé or dissolved oxygefi have been shown to have similar
photoluminescence enhancement effects attributexkittation of the surface of
the nanoparticles.

Only a few reports have shown examples of revierstppe photo-
enhancement behavior. Jones al found that the photoluminescence of
previously irradiated solutions of CdSe and excasdbilizer (trioctyphosphine
oxide,TOPO) dropped in intensity, eventually fallibelow the original, “pre-
brightened”, levef. This process was observed to be extremely slavsimilar
“darkening” following irradiation was observed bijiéevet al, whom in addition
found no changes in the corresponding optical &asme spectra during either
the photo-enhancement or darkening peridd§hese examples are indicative of
generation of photostationary state, which cleddgs not involve the permanent

photo-chemistry typified by experiments describesl/usly.
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Single particle photoluminescence experiments hsivewn that particles
exhibit luminescence intermittency or blinkitfy. The widely excepted
explanation for the on/off behavior is Auger iortiaa of the particles due to the
generation of multiple excitons within a singletpade. This leads to trapping of
carriers at or near the particle surface, genegatiap states that, following
another photo-excitation, decay nonradiatively. dibidnally, correlated atomic
force microscopy and single-particle fluorescengeroscopy have shown that a
significant portion of the particles in a sampleni®times exceeding 50 % of the
ensemble) are darR. Yet, until recently there has been know experiwien
evidence linking the distribution of bright and kigparticles seen in single-
particle work with the photoenhancement effectercdfembles. A recent report by
Muller et al shows that when the environment of a sample ofeCdSquickly
purged with air, particles that were originally klamder vacuum are turned on,
while the ones that were already emissive becorigiter’* This suggests that
the effects described for ensemble measurementslleeat least partially, to
tuning of the relative population of bright and kdparticles in the ensemble. Our
results are consistent with a similar photo-indusedace-substrate interaction
that turns dark particles on, increasing the tqteintum vyield for the ensemble.
Reactive substrates near the surface can stab#ipestates that would otherwise

allow localization of an ejected charge carrier.
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B. Experimental

CdSe-HDA quantum dots (QDs) were synthesized utiiegsingle source
precursor route as described in chapter Il. Sahgtiof QDs in spectroscopy grade
toluene (Burdick and Jackson) were prepared iredeatlls under argon or nitric

oxide.

C. Results and Discussion

A typical photoluminescence (PL) intensity respoosa toluene solution of
CdSe-HDA (~350 nM) containing ~12 mM dissolved initvxide gas is shown in
Figure 1.1. Over a ~850 s period of continuoustplysis with the 488 nm output
of an argon ion laser, the PL intensity was obskteeincrease by nearly a factor
of 2, corresponding to an increase in quantum Viedch 6 to ~11 %. Careful
analysis of the spectral data before and aftephwtolysis showed that the band-
edge emission has narrowed slightly decreasingsiimmetry seen in the original
spectrum under argon. Inspection of the correspgnd)V-vis absorbance
spectra showed negligible changes in the QD absoeba

The changes that were observed here in the shappasitions of the optical
spectra following irradiation are very small comgzhrto what is seen in thin
films*® irradiated in air where large blue shifts, 15-2f, nand substantial
fluctuations in line-widths were observed. In baththese investigations, the
authors hypothesized that the enhancement and ltree dhift is driven by

permanent photo-chemistry at the surface of naniofes, resulting in a
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Figure I.1. Change in the PL quantum yield of a ~ 350 nM tofuof CdSe-HDA QDs in
toluene with 12 mM dissolved nitric oxide (NO). &bkample is continuously stirred while being
irradiated with the 488 nm line of an Alaser (13 mW average power). Inset shows the PL
spectrum before and after 865 s of continuous &t
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substantial oxide layer that effectively decreaske particle size. This
mechanism does not appear to play a major roleiirexperiments. First, we saw
no substantial shift in energy of the emission mmaxn. Second, the
enhancement in our experiments was shown to revdrsa the illumination was
removed. Over the course of minutes to hoursptieeo-enhanced luminescence
slowly decreased in intensity (Figure 1.2). Thmadiconstant for this darkening
process was found to vary widely from experimengtperiment. A similar slow
relaxation process was observed by Jasteasl for solutions of CdSe containing
excess surfactant (TOP®). In those experiments, the small changes in peak
position and linewidths were also observed to reddxdeast partially, when the
illumination is was removed. These reports, comthiméth what was observed

here under NO suggest that the enhancement anerdagkprocesses are due
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largely to a tuning between a dark and bright sbatithe ensemble, and only to a

smaller extent, if at all to permanent surface dsam

Figure 1.2. Spectral data comparing effects of light irraidiat(800 s, 488 nm at 13 mW)
followed by a period of darkness (2490 s) on a & solution of CdSe-HDA QDs dissolved in
toluene with 12 mM NO.
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To further investigate any changes that may be roocuthe surface, we
monitored the infrared absorbance of the CdSe isoluunder NO after
illumination. While free NO has a small extinctiooefficient for the N-O stretch
at 1875 crit (~20 M'cm™), metal bound NO species show strong signatunes fo
the NO stretch between 1400-2000 trdepending on the character of the
binding®® However, no new features were detected in thomegf 1600-2300
cm* (limited by the dichloromethane solvent). Onlweak, broad band centered
at 1875 crit and a sharp signal at 2223 twere observed. These bands can be

assigned to free NO and.@, respectively, the latter being a common impurity
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the NO used here. There was no evidence for faomaif a new metal-NO
species on the surface.

In support of a brightening mechanism that is gogdrby the activation of
otherwise dark particles, the PL lifetime was morat before and after the
photolysis experiment (Figure 1.3). The luminesedecay was fit to a double

exponential decay, consistent with previous measents on these systers.

Under argon, the fast,

Figure 1.3. PL lifetimes measured for a solution of ~350 nMS8-HDA QDs dissolved in
toluene initially under argon (blue triangles) dotlowing cw photolysis (865 s, 488 nm at 13
mWwW) with 12 mM dissolved NO added (black squareSamples were excited with 120 fs pulses
tuned to 400 nm (2 MHz).
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sub-nanosecond component (0.58 ns) comprises 64 the dotal luminescence
intensity, while the slower component (8.8 ns) nsalip only 25 % of the signal.
It should be noted that on the time-scale of thipeeiment, the luminescence

signal has not decayed completely. Using theseditpharameters, ~11 % of the
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luminescence intensity has a lifetime longer th@mS. Following illumination
under NO, there are substantial changes in theydeasmeters. The largest
change is observed in the 8.8 ns component whileases in amplitude to 36 %
of the total signal. This is equivalent to a 44ridrease in the contribution of the
long component to the luminescence intensity. eference 17, the fast and long
components are assigned to relaxation from thegeldaexciton (CE) and band
edge exciton (BEE) states, respectively. The loegenponent was not assigned
in that work, likely due to experimental limitat®nYet, luminescence decays
obtained on a nanosecond system for CdSe nandeartitsimilar size dispersed
in toluene had previously been observed to corgahort component convoluted
with the pulse (<10 ns), and a longer componertherorder of 60-100 ns whose
amplitude comprised 10-20 % of the total sigffalTo date, this “much longer
lived” feature remains unassigned. Yet, we seettilephoto-enhancement seen
in the steady-state is directly related to theease in contribution of the strongly
emitting BEE. This suggests a shift in the ensentitribution, increasing the
number of bright particles.

The origin of dark particles has been discussdatiarcontext of luminescence
intermittency, where bright particles are obsertedblink on and off. This
phenomenon has been attributed to charging of swniee particles most likely
due to localization of a carrier at a structurak#ionic defect at the surface. Brus
et al demonstrated that a significant number of pasdicdes positively charged

using electrostatic force microscopy. When excited, charged particles are
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expected to relax non-radiatively, and are thugelgr non-emissive. These
“dark” particles effectively reduce the observedission quantum yield in an
ensemble measuremérit. Taking this into account in the present investiga

suggests that the brightening effect described @bmsybe due to the “turning on”
of otherwise dark particles. We suggest that thisaccomplished by some
photochemically activated process between the ddls and the reactive NO
molecules in solution. Support for this mechanmymes from recent results by
Muller et al. showing conversion of dark to bright particlesdxposing a sample

to air'*
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