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1.1 Polyoxometalates

PolyoxometalatePOMg are a widely variable class of anionic cluster compounds
consisting mainly of transition metal cations, typically molybdenum, tungsten, or
vanadiumin their highest oxidation statesnd bridgingoxygen anions.These
compounds can vary massively in terofisize, structure, elemental composition and
properties, and as a result, are a family of compounds that have potentialifoause
wide rangeof areasranging frommediciné to catalysi$ to nonlinear optics’
Althoughdue to these wide range of gsaterest in POMs has recently surged, they
are not a newly discovered class of compounds, with the first POM being reported
back in 1826" At the time of its synthesis, very little about tegucture of the
compoundnow known to be Iphosphotungstic acid was understp@ad this
remained the case until @33 whenwith the help ofX-ray diffradion, Keggin
reported the structure ofithfirst POM formed over 100 years befcre.

Figure 1.1aA selection of polyoxometalate structures; Lindq{idtO10]* (top left)¢ Wells-
Dawson[P2W1s062]® (top right)! Keggin[PW12040]* (bottom left)® and Molybdenum Blue
[M01200366(H20)48H12 24 (bottom I'Ight)9
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Sincethe first discovery of POMs, huge number of complexes have been synthesised
with the compounds formed varying widely farms of size, shapeharge,and
elemental composition. For example, whilst the Lindgvist structure contesnsix
metal ionsard 19 oxygen iongiving it an overall charge of-2the Meb | ue 61 e mon
cluster contains 368 molybdenum catid®82 oxygen anion40 water molecules,

16 hydrogen ions, and 28 sulfate ions, and has an overall charge'dTh8re are a
huge number andariety of polyoxometalate structures with sizes in between these
two extremesas well agxamplesontaining heteroatoms seen in neither of the above
compounds such as nitrogemd phosphorus The large range of structures of
polyoxometalate compoundsrcde increase@venfurther once the possibility of
functionalisation is considere®verall, this variationasults in a class of compounds
with a wide varietyof interesting properties, both physical and electranduding

but not limited tosuperaciiy,? catalysis’ photochemical activity® reversible redox
behaviourt? hostguest chemistry® antiviral** and cytotoxi¢® properties, and as

building blocks to produce larger molecules.

Polyoxometalates areisually formed in simple ongot, onestep condensation
reactiors of monomeric oxometalate fosmof the relevant metal under acidic
conditions. Typically, the oxometalate is of the form [MIO where n depends on the
transition metal cation and its oxidationtstal he condensation reaction occurs by the
protonation of the oxo groups on the oxometalate to give oxomelsldtexide
intermediates of the form [MS®H]™Y, which can then react with a second
oxometalatenydroxide intermediate to produce ajf™]@"? species with a metal
oxygenmetal bond and water. The condensation reactions can keep proceeding,
resulting in larger and larger clusters, until no protons nemehis meanghat the
average cluster size produced in the reaction is dependentratiohaf moles of acid

to oxometalaté®

pH* + qMO,~ ——— H,M O, + (4g-y)H,0

pH* + gMO,"~ + X0 ——— (H,X""My0,)™ + (49-y)H,0

Figure 1.1b General formula for the synthesis of both isopolyanions (top) and

heteropolyanions (bottom).



Chapter 1

Although the ratio obxometalate tacid used in the reactionsvsry important in
determining the average size of the cluster produced, the product of a polyoxometalate
reaction is not solely dependent on the ratio of protons to oxometalate anions; other
factors such as type and concentration of the heteroatom, the presence of &dditiona
ligands, and the temperature of reaction can also have an effect especially when
multiple isomers of certain POMs exist. For some POMs, the counterion can also play
an important role in determining which isomer is predominantly formed. One example
of the importarce of other factors is [MgD2¢]* which has been shown to exist as
multiple isomersand for which the isomer producddring synthesis is dependent on

both the pH of the solution and the cation present. The alpha isomer, which is the most
commonlyobserved isomer, is the favoured product when the reaction is performed at
a pH 2.7 whilst the beta is favoured when the reaction is performed at pH 2. The beta
isomer is also favoured by the presence of smaller cations such as potassium or

tetramethyl atmonium?’

Figure1.lcCr y st al s {octamclytbdate @eft) anboctabholybdate (right)

1.2 Classeof Polyoxometalate

There are three main classes polyoxometalates; heteropolyanions, isopolyanions, and
Mo-blue and Mebrown reducedi g i &#@M dausters.

Heteropolyanionsstructures in which a heteroanion such as’S® PQ is included
within the main clusterare the most explored of the three classes of polyoxometalate
due to interest in their catalytic properties and their increased stability over the
isopolyanions. The Keggin structure and the WBH#svson structure ardoth

examples of heteropolyanions, the structures of which are shotigure 11a. In
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contrast, sopolyanions are structures in which there is no internal heteroanion,
meaning the main cluster consists only of the metal and oxygen ions. Isopolyanions
aretypically less stable than heteropolyanions and are thenefocé less frequently

used forpurposes such asatalysis, however they still are of interest due to their
interesting redox and nonlinear optical properties when functionalised, and their use

as building blocks to synthesise nanoscale devfses.

Lindqvisttype polyoxometalates, with the general formula ofsQW]%, are an
example of isopolyanions and are typically produced with molybdetungsten, and
vanadium cations. The haxalybdate Lindqvist POMs are the most easily
functionalised of the three, however stability issues have led to attempts to produce

derivatives of hexatungstate as well as compounds made using a mixture of the metals.

Functionalisation of the polyoxometalate is of iettfor purposes such as polymer
production, a result of coupling the inorganic POMs together wusiggniclinking
chairs’® as well as for theoptical and electronic chemistryprought about by

functionalisation witrelectron donor containing ligands

The third subgroupof polyoxometalate, he Mo-blue and Mebrown structuresare
typically much largethan the standard heteropolyanions and isopolyanions, having
been produced withp to 368 transition metal centredieTMo-blue and Mebrown
structures ave properties making them suitable for uses suchr@asensord and

in catalysisOne interesting example is of {Me}, 1° the previously mentiondémon
cluster, which is the largest polyoxometalate compound of this type and is shown in

figurel.2a

Figure 1.2aThe {Mosss 6 | e mo first syhthesiseceby Mller et &P,

5
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1.3 Functionalisation of Lindqvist Polyoxometalates

Functionalisation of polyoxometalates can be achieved through the binding of an
organic or organometallic group to tHOM core, typically through a linking
heteroatom or through the replacement of one of the transition metal centres by another
atom such as phosphorus or sihcExamples of functionalisation have been seen in
Keggin, Wells Dawson, Anderson, and Lindgvistructure?! In particular,
functionalisation of lacunary Keggin structures has resulted in a large variety of
compounds, with transition metal substituted compounds being formed along with
numerous organosilica derivativ&sin these compounds, the organic and POM
fragments are typically linked by single oxygen bonds, limiting electron conjugation
and communication between the two halves of the compounds and resulting in
properties more similar to the parent species than seen for some other coupling
methods. Similagl functionalised hexavanadate POMs have also been synthesised,
with Petrovskiiamongst otherproducing Lindqgvist derivativegn which organic
ligands were bound to the POM by the substitution of terminal oxo atoms with alkoxo

groups?® This again resulteth only single bond connectivity

In addition to the functionalisation of vanadium based Lindqgvist POMstipie
different types of functionalised molybdenuhindgvist POMs havealso been
synthesisd, with examples being thalkylimido?* arylimido?® nitrosyl?® and
organodiazenidd derivativesMultiple functionalisations of the sarhexamolybdate
corecan alsdbe performed with literature reports ofip to all six terminal oxygens
being replaced® Functionalisation of the bridging position$ hexamolybdateby
replacement of the oxygen with an NR grdwgs also been shown to pessible?®
although this significantly ledsequently reportedAttempts have also been made to
functionalisethe tungsten analogue teftrabutylammoniunmexamolybdate, however,
due to the increased strength of the tungstergen bond, limited success has so far

been achievedf

Of thefour types ofterminaly functionalised_indqvist derivatives synthesised so,far

the arylimido functiomalisedderivativesare of particular interestue to their relative

ease of synthesis and, in the case of this work, thegamdch j ugati on bet we
network of the aromatitigandand the POMorewhich can allow electron donation

from the organic ligad to the POM centreThis results in stronger electronic
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communication between the POM core and the ligand and results in the emergence of

properties not seen of either of the parent species.

— (|)| —2- Cl) 2
Mo— Mo—
O/ (o) O/ O
o=, lolo\\o¢o o=, /0{0|\b¢0
Moji, WM ~=Moyjuyy, \\\\\NI
Y / "'""O"“ IO A g ()8 P
o= | o= Mo | >LA°§
o/q \lo//ol =N O/q \lo/o =N
o, |0 O\N|||°/O NH,
4 1L ! i
— -2 _ _
I I
Mo— Mo—,
o— °] o— o
o=, /0{0\\'040 o=, /043\\'040
= M"qo/””""" 0 aww M'SP Mo iy, fe} --\““M\)IO
9 - | 0=~ o/ | 0~
N R LS N
O\MO/O O\MO/O
Il I
(¢] o

Figure 1.3a Examples offour types of hexamolybdate derivativalkyimido (op left),?
arylimido ¢op righ),® nitrosyl (bottom left® and organodiazeniddg¢ttomright) 2

The first method of functionalisation of tetrabutylammonium hexamolybdate(VI) was
by reat¢ion with phosphinimines and was reported\bgatta in 1992 Since then it

has been discovered that the imido functionalised POMs can also be synthesised by
the reaction between the unfunctionalized tetrabutylammonium hexamolybdate and
the relevant isocyanafeor aromatic aminé> From these reactions, the similarities
between the behaviour of the molybdyl group and the carbonyl group was noticed as
all three reactions are similar to reactions the reagents undergo with aldehydes and
ketones.

Multiple methods of performing theseations have been used involving a variety of
solvents, temperatures, and reaction times in attempts to increase the purity and yield,
but 1t was n @0tyears afterithle firgt RGMtfunaianalisation reaction that
the benefit of the addition @frbodiimides such as DCC to the condensation reaction
between the POM and the aromatic amines was discovefdsk addition of DCC

both greatly improved the yield and purity and allowed the reaction to be performed
under milder conditions and withoutetimeed for a nitrogen atmosphere. It also meant
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the reaction could tolerate the addition of functional groups on the aromatic ring of the
amine, something which until then had not been possible. This was at first thought to
be due to the carbodiimide adiras a drying agent and reacting witte water
produced in th condensationeaction, however, the same increase in reactivity was
not seen with other dehydrating or drying agents such as magnesium, sulfate
suggeshg a second important role of tlarbodimide. It hassincebeen suggested
thatthe DCCactivates theerminalmolybdenumoxygen bond just as it activates the
carbonyl group in amide synthesénd results in an increased electrophilicity of the

molybdenum atom, increasing its affinity for teiline coupling groups

Despite the improvement in yield and milder reaction conditions needed when DCC is
used as a coupling reagent, the ratio of DCC to reagents must be controlled as too
much DCC reduces the yield of the desired pro&ulctvestigdion into this showed

that addition of up to 1 molar equivalent of DCC to POM increased the yield of the
reaction and decreased reaction time, but further addition of DCC resulted in a lower
peak yield. It was alsdewnthatallowing the reaction to comiiie after the peak yield

has been reaell in the presence adxcess DCC resulted amdecrease of the yield.
Thisis believed to belue to the excess DCC reacting with the functionalised product

to form tetrabutylammonium octamolybdate major side producisolated from

reactions probing this

Interestingly, tetrabutylammonium octamolybdate has itself been readily used for the
synthesis of hexamolybdate derivatives, with predominabiltfunctionalised
derivatives beingnade from it and théydrochloride salt of the relevant aniliffe.
Using similar reaction techniques, the formation of rriultictionalised POM#$as

been shown to bpossible, with up to all six terminal oxygens being replaced by
organic groups having beeeported®® As a resilt, contamination of the sample with
tetrabutylammonium octamolybdate, either through formation in situ due to reaction
of functionalised hexamolybdate with DCC or through poor synthesis of the
hexamolybdate, can significantly decrease both the yieldhengurity of the product
through accidental synthesis of unwanted rdultictionalised derivatives.

A second minor disadvantage of the DCC mediated coupling reaction used to
synthesie these functionalised hexamolybdate derivatives is that although the
coupling between hexamolybdate and electron rich anilines proceeds efficiently,
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anilines with electron withdrawing groups, such astdaniline do not couple quite

as effectively due to the reduced nucleophilicity of the aniline. This can hinder the
prodiction of electron acceptor functionalised compounds, resulting in a lower crude
yield and a decrease in purity through increased contamination of unreacted
hexamolybdate. The decreased purity can reduce the yield further, with more extensive

purification reeded to remove the contaminating hexamolybdate.

Despite these few small drawbacks, the DCC mediated coupling reaction presents a
hugely improved method over the older methods of functionalising hexamolybdate,
methods requiring more vigorously dry conaiits and harsh conditions, and has
resulted in awide range of interesting compounds over the years. Some examples
include compounds such as theumbhkell shaped organoimidbridged
bis(hexamolybdate) complexes synthesised by Clegg &P &rrocenylimido
hexamolybdate complexes synthesised by Stark in 38&h shown in figurd..3h

and porphyrilPOM hybrid materials synthesised by Araghi et al. in 2612,

— —a
|| i -
/07M0\Q ﬁ
o a0 D_0
SO, b S 0 Moo
O'\n = M / O D_-0
O§O\O\|O/OIOSN O/MO\O O§MO%"' FM O/ @
O, | £—0 - (%Ol\ _0 O!\/Io/?\, f Fe
ST o4 \O/OM =N
! ) P2 SS
0 O™ ""j’t'!M'o\ ox |20
0Fa._—~|o=0] O Mo
NN i I
0

Figure 1.3b Functionalised molybdenum POMs synthesised by Cle@gft) and Stark
(right).

Further reagbn ofthe functionalised polyoxometalatesproduce an even wider array

of compounds is also possible, with both Sonoga¥tarad Heck® coupling reactions
having been performed on iodo functionalised hexamolybdate derivatives in the past.
This extension of the conjugated aromatic chain bonded to the hexamolybdate core
allows for further integration of organic functional groups or metadswell as

incorporation of the derivatives into other materials such as polyfiférs.
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— — 0.

Figure 1.3cFunctionalised molybdenum POMs synthesised b3 ap) and Zhe? (bottom).

The functionalisation ofiexamolybdate and the ability to further react on from there
has led to an extensive range of compounds which in turn have been investigated for
use in a wide variety of fields. Examples include as dyes in dye sensitised sofér cells,
as electropolymer pp-pyrrole films used for capacitant&for reversible, proton
switchable fluorescenc®,as anticancer agentS, and as nonlinear optically active
chromophores with potentially switchable NLO resporiées.

1.4Basics ofNon-Linear Optics

Non-linear optics has becona@area of expanding scientific interest in recent decades
as NLO materials have great potential in optical information processing,
telecommunication, and integrated opfi¢$hey are already of vital importance in the

modernworld, with uses ranging from the production of green laser beams in yttrium

aluminiumgarnet lasers to the conversion of electrical signals into optical ones. This

10
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is called electrapptical modulation and is crucial for the functionality of the fibrempti

cabling used in modern day internet communication.

Most NLO materials currently in use are inorganic crystals such as quartz, however,
the usefulness of these is limited both by their activity, a restriction originating from
the activity/transparencyrade off, and slow response times, a result of the NLO
activity of such crystals originating from slow lattice vibrations. More recently,
conjugated organic chromophores have become a prominent area of research for use
in such devices, as these presem $ignificant advantage of the NLO responses
resulting from electron polarization within the molecule which reduces response times
to the tens of femtosecond timescale and broadens the potential uses of NLO
compound$® Another area of research is into qoounds with switchable NLO

responses for possible uses in optical information processing.

Nontlinear optical effects were first seen as far back as 1870 when the DC Kerr effect,
a phenomenon in which the application of a strong DC current to a matarialter

the refractive index of the materialas first discovered, althoughey still remained
relatively unexplored until after the invention of iy laserin 1960*° The first non

linear experiment was performethortly afterwardsn 1961and demastrated that
shining laser light with the wavelength 694.3 nm through a quartz crgstald
generate light with avavelengthof 347.15 nm, exactly half that of thecidentlaser

light.

Despitethe experimenlemonstrating the interesting NLgPoperties of the quartz and

the possibility of second harmonic generation, it also showed that the phenomenon
was not at this stage usefas only 1 out of 1Dphotons detected had the doubled
frequency?® Since then, the efficiency of second harmonicegation has been
improved to tens of percent by phase matching, in which the phases of the laser light
and higher energy emission are matched to reduce the conversion of the second
harmonic light back to the fundamental light maksegond harmonic genei@t a

useful phenomenon rather than just an interesting one.

Many other nonlinear optical effects were also discovered during the, M@0®ne
example beingptical rectification a phenomenom which the passing of laser light
though a crystal conntad to two capacitor plates produces a potential difference

between the plates due to the laser causing displacement of the positive and negative

11
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charges within the crystal. Another example is sum frequency generating in which two
different energy photonare combined to generate a photon of a third frequency;
second harmonic generation is a special case of Ahthird example iglifference
frequency generating, in which a laser light can be split into two lower frequency
waves by interaction with one tfiese lower wavelengths of lighthere are many
otherinteresting and usefulon-linear optical effects that can be observed, however,
for thiswork, only processes that result in tgeneratiorof the second harmonic are
studied

The generation of the second harmonic frequency in quartd many other NLO
active crystalsis dueto interaction othe electric field of lightvith matter inducing
polarization of theelectrondensityin theatoms This induced dipole momemhen
multiple atoms are considered, results in polarization of areas of qudren the
intensity of the light is relatively low, a linear relationship exists between the induced
dipole () and the energy of thmcident beam(E), but at higher intensities, the
linearity of this relationship fails and the polarisation, or optical susceptibility for bulk

compounds, becomes dependant on the applied electric field.
10 (14.1)

The polarisation induced by tle¢ectric field of the light can be expressed by a power
series of the electric fiel(l.4.2) wherdJis the linear polarizabilityp is the second
order polarizability, which is also known as fiivst hyperpolarizability anda is the
third-order polarizhility, which is also known as the second hyperpolarizabilitys
these hyperpolarizabilities which, when the sample is irradiated, result linean

optical effects.
* ] O10 10 E (1.4.2)

The first hyperpolagability, b, is a third rank tensor containing tl25 elements
corresponhg to the combinations of thiéaree Cartesian componeimsgeracting with
the two interacting electronic fields. Due to symmetry, the number of relevant
components can often be reddcso that typically only a few elements are-zem

for any given compoundior example, all elements will be reduced to O for a
centrosymmetric moleculd-or much of this work, the symmetry of the compounds
results in only one component out of the 2hyesignificantly large, reducing the

number of relevant elements to one.

12
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The magnitude othe first hyperpolarizabilityp, determines the efficiency of the
nonlinear optically active compound and can be described by thstaie model

which was developed by Oudar and Chefhld.3)>! This model relates the first static
hyperpolarizability to molecular parameters such astieegy of the optical transition
between the relevant ground and excited states and the change in dipole this results in.
It is valuable for understanding and designing molecular chromophores. fidere,
denoteghefirst static hyperpolarizability, 12 derotesthe electronic transition dipole
moment,Emax denotesthe energy of the optical transition between the ground and
excited stateand o @ denoteshe change in dipole moment between the ground and
excited stateAs can be seen from the equation, increased hyperpolarizability can be
achieved by decreasing the energy of the relevant charge transfer peak, as well as
increasing both the molecular dipahnd the change in the molecular dipole between

the ground and excited states.

ot e
For the comparison and measuring of the NLO properties of a material, the static
hyperpolarizability o, is typically used rather thahe hyperpolarizabilityh. The first

static hyperpolarizability represents the first hyperpolarizability extrapolated to zero
frequency under non resonant conditions. The use ofespnant conditions when
determining the NLO properties of a material is vital, as resonance diovise
generated second harmonic to interact with higher level energy states of the material
which can result in huge under or overestimatesh.offhe value offyp is also
independent of the wavelength of the light wherbasgaries depending on the
frequency of the incident beam amnde ofao therefore allows for a fairer comparison
between materials. The first static hyperpolarizability can be calculated from the
measured first hyperpolarizability under Aa@sonant conditions using the two state
model (1 4 . 4 ) .maxi$ltRerwavelength of maximum absorption of the compound
anda-is the wavelength of the incident laser light used during the ex| (1-44)
equation can also be written where the wavelength of the second harmonic is used as
the denominatoof the second term, removing the need for the doubling axtién

the second nominator.

[ 1p =— p = (14.9
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There are currently four techniques available for the measurement of the second
hyperpolarizability; Second Harmonic Generation, Electric Field Induced Second
Harmonic Generation, HypdRayleigh Scattering, and Stark spectroscopy. Second
Harmonic Generatiois a highly anisotropic, coherent, and phase matched process that
results in the remission of photons of double the frequency of the incident beam from
nonrcentrosymmetric crystals. It is by far the oldest technique used for meathging
hyperpolarizaility of non-linearly active compounds, however, due to the necessity
for an overall dipole for effects to be observet§ use is limited to non

centrosymmetric crystals and orientated thin films.

Electric Field Induced Second Harmonic Generat{&kISH was a technique
proposed shortly after the invention of SHG and presented a method suitable for the
measurement of compounds in soluttéim the EFISH process, molecules in solution

are aligned using an external electric field which when irradiated can initiate a strong
NLO response. However, due to the electric field being used to align the compounds
and create a net dipole, EFISH is noteahnique suitable for solutions of ionic

chromophores or centrosymmetric compounds.

In contrast to the two previous methods, HyRayleigh Scattering, which is the
spontaneous, isotropic, and dephasedméssion of photons with double the energy

of the incident beam, does not rely on the net dipole of the analyte, and instead occurs
due to the presence of localised temporary dipSfésThis makes HypeRayleigh
Scattering suitable for measuring ionic solutions as well as solutions of
centrosymmetricompounds, such as octupoles, which are either charged or do not
have the diploe necessary to be aligned for measurement using EFISH The
calculatable from HypeRayleigh Scattering experiments is also comparable with
berish measured during EFISH, allowing for comparison of compounds measured
using the two different techniques.

The fourth technique that can be used to determine Stack@peopy, although this
method uses a more indirect technique than Second Harmonic Generation, EFISH, and
HyperRayleigh Scattering. Instead of directly measuring the intensity of the
frequency doubled radiation emitted from the sample upon radiatiomk Sta
Spectroscopy uses the electronic spectra to measure change in the dipole moment of a
glass formed of the compound upon the application of a direct corfEmese changes

14
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in the dipol e mgcarebe usedatd madigtuswg thehwo state
model®® Stark spectroscopy has advantages over Second Harmonic Generation in that
like EFISH and HypeRayleigh Scattering, analysis can be carried out on solutions,
and has further advantages over EFISH and HRRagteigh Scattering in that
resonance &cts do not result in underestimation of the results. However, Stark
Spectroscopy has been shown to result in overestimatidnwifen compared to
EFISH and HypeRayleigh Scattering’ Stark spectroscopy also does not take into
account the directionalitpf the dipoles, resulting in overestimatiénvalues for

multidimensional chromophores where dipoles would partially cancel.

1.5Non-Linear Optically Active M aterials

After thediscovery of the nonlinear optical properties of quartz crystals in theé1960
initial studies were focused mainly on inorganic crystals, suchibO3>® and
KH2PQ,*® and was followed by research into the NLO properties of inorganic
semiconductors such as G&AswWhile inorganic semiconductors rely on electronic
transitions and therefore show significantly faster response times than inorganic
crystals, semiconductingrystals are expensive to produce. More problematically,
they also typically absorb in the visible region of the electromagnetic spectrum,
resulting in reabsorption of the second harmonic and limiting the magnitude of NLO
responsé? In response, in recedecades research has been carried out into the use of
organic or organometallic chromophores as cheaper, more transparent, and faster
responding alternatives to purely inorganic materials. These NLO active organic and
organometallic chromophores featurgop@manent dipole through the inclusion of
electron donor/acceptor pairs, while the conjugated bridge allows for charge transfer
transitions to occur upon excitation. These result in the change in dipole moment
within the molecule needed for NLO activityg discussed in the form of the two state

model mentioned previously.

The two state model can also be used to predict methods of increasing the activity of
synthetic compounds. This can be achievedirmyeasing the charge separation
between the ground dnrexcited statevhich would increase thehange in dipole
moment or by increasing coupling between the donor and acceptoch would
increasehe electronic transition dipole momemte NLO activity of compounds can
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also be improved byeatreasing the emngy of the transition between the ground and

excited stateghrough the use aftrong donor/ameptor pairs and increasing the size of

the conjugated °~ sy s tlecmasingnthe NkQgpaoperrties ofc h r o m
synthetic chromophores cae challengig, though, as it is difficult to simultaneously

increase charge separation and increase coyptiagning improvement in one sense

often decreases performance in anaothbe two state model also shows hbean be

increased by decreasing the energy efrttaximum wavelength of the charge transfer

peak, however, lowering the energy of this peak too much can result in reabsorption

of the frequency doubled light, a problem often referred to as the transparency

efficiency tradeoff.

The first molecular climophores synthesised were neutral organic compounds,
originally of interest due to their low cost, fast and large NLO response, and synthetic
flexibility. Many of these earlier compounds were based on the derivatives of benzene,
stilbene or styrene, witklectron donating groups such as amines and methoxy groups
featured at one end of the molecule and electron withdrawing groups such as nitro and
cyano groups at the other. Separated by
charge separation and neblecular dipole needed for NL@ctivity, with stilbene
style compounds in particular showing good responses due to their longer conjugated
sy $t ems.

Although not the most active or thermally stable of chromophores, these neutral
organicchromophores allowed for investigation into the effects of the strength of the
donor and acceptor groups as well as the length of the conjugated bridge on NLO
activity. This provided valuable information and demonstrated that it is not just the
three compoents as separate entities that effect the activity of the compound, but how
they function togethet Investigation into this also showed that due to the importance

of the interaction of the donor and acceptor orbitals with those of the bridge, it is not
necessarily the compound with the strongest donor or acceptor that has the best NLO
activity. Further investigation also showed that the most conjugated bridges did not
lead to the highest responses, as increasing the coupling also decreases the charge
sepration, lowering the activity. These early organic chromophores also revealed that
even compounds that have the bridgparated donor and acceptor groups necessary
for NLO activity may not be suitable for second harmonic generation in their solid

state die to centrosymmetry of the crystal structtire.
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Compound b (x 10%°esu)

9.2

—QNMeZ 12.0

COCF3 NMe, 10.0
e O / O OCHs 19.0
" O / O NMez 36.0
on O / O OCHs 15.0
on O / O NMe, 73.0

NMez
o )7 50.0°
O,N O — O NMe, 46.0°%

Table 1.5aA selection of NLO active organic chromophofés.

More innovative structures such agyanovinylthiophene derivativé$ substituted
calixarene$® zwitterions®® TICTOID (twisted intramolecular charge transfer)
structures)? and polymers based on phenonitrobenzoxdzolave also been
investigated for use as NLO chromophores over the years with the intention of
improving SHG, encouraging the growth of noncentnasyetric crystals, and

increasing thermal and chemical stability.
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Figure 1.5aA TICTOID structure synthesised by Shior frequency doubling, reported to
have a high NLO response due to the twist between the two phenyl rings increasing charge

separation.

After the discovery of HypeRayleigh Scattering enabling the measurement of
charged compounds, investigation ink® tuse of ionic organic molecules as NLO
active chromophores was possible. These charged compounds tended to show higher
thermal and photochemical stability than the original neutral organic chromophores.
The counterion variability also leads to a widerga of possible structures for each
chromophore, statistically increasing cbes of producing a SHG active polar crystal
structure’”? Duan also demonstrated the increased hyperpolarizabilities of ionic
compounds over similarly structured neutral compodd@ne notable example of
charged organic materia@d DimethytAmino-Stilbazolium Tosylate (DAST), which

was first synthesised by Nakanishi et al. in 1988nd is the only commercially
available nonlinear opticigl active organicchromophordo date This has &o value

of 25x103° esuwhich is comparable to many other organic chromophores, however,
DASTO6s increased stability allows for 1its

generation source in the terahertz redin.

\ J\ G
S

/ OTs

Figure 1.9 Dimethylaminaostillbazolium Tosylate (DAST)

In addition to purely inorganic and organic chromophores, studies have also been
carried out on organometallic NLO chromophores, the first report of whichyaat
SHG efficiency came in 1987 from Green et al., in the form of a (4

nitrophenyl)ethylene substituted ferrocéfd@his compound was formed in both the
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cis andtrans isomer, however only theis isomer demonstrated ndimear optical
activity when invesgated by second harmonic generation due totrdues isomer

crystallising in a centrosymmetric space group.

NO,

Figure 1.5c A nitrophenylethenyl substituted ferrocene synthesised by Green et al, the first
organometallic ctomophore to show good SHG efficien€y.

Since the first organometallic NLO active chromophore was synthesised by Green et
al., chromiun?’ and rutheniurff metallocene derivatives have also been investigated
to show good nonlineasptical activity. Transition metals, such asthenium’®
nickel & gold 8! andiridium®? have also been used as electron donors towards nitro or
pyridinyl style acceptors in comgyes such as the one synthesised by Coe et al. shown

in figure 1.51.8384

3+
HsN  NHj3 /—=— —
sNTRU=
/ \
H3N NH3\ / \ %

Figure 1.5d A pushpull chromophore with a ruthenium donor, synthesised by Coe et al,
which gave & of 220<10%° esu.

These such compounds typically show better NLO activity than their organic
counterparts, a result of metal to ligand charge traffM&CT) tramsitions which
result in large changes in dipole moment at relatively low energmsever, these

low energy transitions result in decreased transpar&tynging the ligands bound

to the metal ion can also be used to tune the propertiésesé organontallic
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chromophores, with ligands of increasing electrophilicity increasing electron

withdrawal from the metal and therefore increasing hyperpolarizability.

Although first used in the donor groups of NLO chromophores, as seen in the ferrocene
derivatives synthesised by Green, transition metals have also since been used at the
electron acceptor end of NLO chromophore. In some cases, transition metals have also
been found in the bridge between the donor and acceptor ends. The range of uses for
transition metals in chromophores arises ultimately from their variable oxidation
states, resulting in hugely different properties and electron densities depending on
envionment.Ruthenium previously shown in use as an electron donor, successfully
demonstrates this flexibility of transition metals in NLO active chromophores, as in
addition to being used as an electron donor in its +2 oxidation state, in its +3 oxidation
state it finds use to as ahectron acceptdt As a result, some metaietal NLO active
chromophores feature ruthenium as both the electron donor and the acceptor.
Tungsterf® iridium,?” rhodium® and osmiur®f have also all been employed as
electron acceptors in NLO active chromophores with increhgpdrpolarizabilities
overthe lone ligand due to ligand to metal charge trarf§feigand to metal charge
transfer (LMCT), like the metal to ligand charge transfer discussed previously, can
have large transition dipole moments at relatively low engrgiacreasing

hyperpolarizability through the twstate model presented earlier in the chapter.

Figure 1.5eA pushpull chromophore with a tungsten acceptor, synthesised by Kanis et al,
which gave & 06 0f 62x10%° esu®®

Since their first use in organometallic chromophores as electron donors, metals have
even been successful |y esusresdltin increasdd @aon” con
linear optical activity, as was seen in the porpha@sed pusipull chromophores

studied byKarki®>® as well as in a series of platinum centred pmsh chromophores
synthesised by Durarfd.Nickel *° manganes&* and zinc®? have also been used in
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chromophores, this time featuring Schiff base style ligands, and although the metal
centres in these compounds do contribute as electron donors, in systems with other
strongly electron donating groups such as amines, thewapyirole in increasing the

overall hyperpolarizability is much more similar to that played in the porpioased
chromophores. In these compounds the metal cations do not act as donors or acceptors,

but r at h econjugatet colie between the doand acceptor groups and help

to enhance the charge®transfer through
Compound bo (x 10% | Role of Metal
esu}
i 1% | 49 Donor
P
O
-Phsp\ 1t | 120* Donor
—-O=0
% O
3+ 69° Donor and
Ph3P\ HaN /NH3
PR~ Ru—C=N—RI—NH, acceptor
R
2 150 Donor and
pp— _ acceptor
Php” I'!’Ph3 \ <\ /> =N—W(CO);
Q 1 2 813 | Acceptor
Me,N \
O [Ir(CO),CI
NCj :CN 2 3 513490 | Donor/bridge
—=N_ N=
2
oo o
Et,N NEt,

Table 1.5b Hyperpolarizability of a selection of organometallic chromophores. Static

hyperpolarizability is reported unless otherwise stdfed.
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1.6 Multidimensional Chromophores

In addition to improving the NLO activity/transparency trade off through the use of
transition metals, the inclusion of different organic donors and acceptors, and
alterations to the °~ conjugated bridge,
the s¢andard 1D doneacceptor geometry of chromophores can lead to increased NLO
activity for no additional loss in transparetféymproving the efficiencytransparency

trade off should also help to improve stability of the chromophores through reduced

therma decomposition due to reabsorption.

In a standard 1D donoracceptor chromophore, the dominant tensor e of b,
typically bz, lies directly along the dipolar axis, z. This often results in reabsorption
of the second harmonic generated decreasuegadl efficiency. In order to prevent
this and improve the efficiendyansparency trade off, work has been carried out into
the possibility of multidimensional chromophores such as 2D dipolar compounds with
Cov symmetry In such compoundhe dipoles displaying electronic transitionss,

do not lie along the £axis of the molecule, resulting in significant -oiagonalb
components. Thphotons generated by tléf-diagonalb componentsre polarized
perpendicular tahe dipoles of the electronic transitiotisat produed them and

therefore cannot be reabsorbedhe same wags theb,z; generated photorfS.

Significant offdiagonal NLO responses have been observed from a variety of
multidimensional chromophores. @pbles, compounds with three donor/acceptor
pairs arranged so the net dipole of the molecule is zero such asrib@po-2,4,6
trinitrobenzene, are seen to be promising NLO candidates due to their signifieant off
diagonal components increasing phase chiag and improving the
efficiency/transparency traew®f. Two dimensional V shaped compounds, where two
donor/acceptor pairs intersect at a donor or acceptor group resulting iredoeptor
donor and acceptatonoracceptor compounds, have also beerenlesi to show

improved efficiency, transparency, and phase matcHing.

Over the years, both organic and organometali&-D and AD-A chromophores

have been synthesised and the effects of the V shape system on the NLO activity
probed. In addition to synéisising ruthenium based NLO chromophores with a variety

of donor and acceptor groups, Coe et al., also synthesised analogues of some of these

structures featuring two amine acceptor groups as ligands to their ruthenium(ll)
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donor® These typically featured the two donor groups gissgeometry, giving the
compounds the V shaped symmetry expected to increase tlieagdinal components
of b. An example of one of these edenorto-acceptor chromophore gavég, of
126x10%° esuand abo,zyy of -54x10%° esu compared to f .., of 220 for the mono
substituted analogue, showing a slightly decredgeg but also a considerable off

diagonal componerif.

. L
= ,N
S
NH; = ]
HaNy, | N
RU'
H3N' |u‘N\ NS
NH3 = \
\
—N
@\@

Figure 1.6aTwo dimensional one€onortwo-acceptorcomplexsynthesised by Coe et ah
chromophore which demonstrated increadsedmpared to its monsubstituted analogue.

NO,

Figure 1.60 Two dimensionaD-A-D NLO chromophore synthessd by Prabu et &°

A recent example of organometallic t@onoroneacceptor NLO active

chromophores can be seen in work Prgabu et &f° involving the synthesis and
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analysis ofpushpull imidazole chromophosg such as the orsghown in figurel.6b.

These ¥shaped ferrocene conjugated imidazole chromophores show both a good
hyperpolarizability, with d@o of -111x10°° esu measured using EFISH and excellent
thermal stability, a key advantage expected @f €hromophores over dipolar

analogues deito the reduced reabsorption of the frequency doubled light.

Investigation into the ideal angle between the donor and acceptor branches of these Y
shaped systems has also been carried out, with calculations performed by a variety of
groups over the yeark 2003, calculations by Yang and Champagne on a semges of
shaped organic chromophores showed that as the angle between the donor branches
increase$,,, will decrease, while the magnitude of the off diagonal componemt of

bwz, Will increase until the angle reaches 109.46° after which it will decr@a3be

work also showed that if the angle between the two donor branches is below,420°,

will be the major component @&, Whereas for compounds with a between branch
angle ofabove 120°, the off diagonal components will likely be larger. Muhammed et
al. also investigated the relationship between the angle between the donor or acceptor
branches on a series of tlonoroneacceptor and ordonortwo-acceptor borane
cluster componds and received similar results, whfy; decreasing as the angle
between the donor or acceptor branches increased,gnicreasing until a point at

which it then too decreasé®?

1.7 Switchable Chromophores

Molecular switches are defined esmpounds that have multiple stable forms with
differing properties which can be changed between by applying an external stimulus.
These properties range from optical to electronic and magnetic, and a wide range of
stimuli have been used to activate swiltghmechanisms, with examples including

light, 193 electric field1%* pH,1% change of solveri® and reduction/oxidatiof#%7

In terms of nonlineaoptically active compounds, creating switchable chromophores
is of interest for uses in telecommunications and optical computing, a technology that
could vastly improve computer processing performance through increased speeds,

higherparallelism, and lower energy consumption. This is of vital importance as we

move into a more technology dependent wor
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energy usage already resulting from the computers and the intarfigure 50%

higher than awtion!%®

Materials with switchable optical responses are already usewnre aspects of
modern technology, with fibreoptic internet routers using the eleqtiical effect of
inorganic crystals such as LINb@ change the electrical information intoticpl
signals. These opticaignals greatly increase bandwidth, speed and reliability over
the electronic signals used in conventional copper wires. However, the -eptta
effects demonstrated by these inorganic crystagery small, with applicton of the
electrical field typically leading to a change in the refractive index of the crystal of less
than 1%!% This limited response makes inorgagiystals unsuitable for purposes
such as optical computing where a more complete on and off switching of activity is

necessary. For such purposes, molecular chromophores are of interest.

Three main designs of switchable NLO active chromophores curesasgly with Coe
having outlined the three switching mechanisms back in ¥*¥®oth organic and
organometallic chromophores rely on three components for NLO activity; the donor,
the acceptor, and thebridge between, and Coe theorised that disruptiomycoae

of these components would result in diminished hyperpolarizability.

Type I

Z

Oxidation
Reduction
Type 11

Reduction
Oxidation

Z

Type III

Z

—_—— D ‘ @
Structural Change /

Figure 1.7aScheme showing the three proposed switching mechanisms for turning off NLO

responses in molecular chromophores.
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In type |, disruptio to the donof bridgeacceptor structure would occur through
protonation or oxidation of the donor, therefore weakening electron donation, while in
type Il, the opposite would occur, with a second electron donor being formed through
the reduction or deptonation of the acceptor. In type Ill, the charge transfer between
the donor and acceptor would be stopped not by removal of either the donor or
acceptor, but by disruption of the conjugation in thbridge through a structural

change such as isomerigati

Many of the first potentially switchable NLO chromophores were organic molecules
or proteins such as the azo dye disperse red 1 or bacteriorhodopsin, with switchable
responses originating primarily due to structural changes brough about through
photosomerisation. Irradiation of bacteriorhodopsin containing bacterium with 570
nm light resulted in up to a 90% reduction in the SHG intensity, with responses
occurring in less thad  ¥3sAs the protein completed its photocycle, complete
reversibility of this weakening in NLO responses was seen. Shortly afterwards, retinal
derivatives based on bacteriorhodopsin were also shown to demonstrate good

reductions in HRS responses after photoisosation!!

365 nm

———
e
>600 nm
CN

Figure 1.7bThiophene derivatives of perfluorocyclopentene showed a reversible, repeatable

increase in hyperpolarizability through increased conjugation due to photocyclization.

In 1995 it was discovered that thiophene derivatives of perfluorocyclopentene were
phobchromic due to photocyclization, resulting in a change from yellow to blue that
were completely reversed upon exposure to lower energy light. The change in colour
arises from increased conjugation in the cyclized isomer resulting in a nearethfra
charg transfer from the 1,Benzodithiole2-ylideneyl donor group to the -di
cyanomethylidenyl acceptor group. EFISH studies have since confirmed that the

increased conjugation observed in the cyclized molecule initially demonstrated by the
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charge transfer bardid result in increased NLO activity, with a fully reversible four
fold increase irb response seen for the cyclised compound over the uncyélzed.
Although these compounds showed good thermal and photochemical S$tdlikity

well as reversible NLO swit@able responses, slow response times of around 30
seconds for complete cyclization and 5 minutes for complete regeneration of the

original chromophore limit the usefulness of the compound in devises.

Since interest was first generated in molecular NL@mlophores, the inclusion of

metals has helped to create compounds with much higher hyperpolarizabilities and
stabilities than seen for conventionally bridged organics, but their changeable
oxidation states also lead to the possibility of stable andvigstsible chromophores.

One of the first examples of this was demonstrate@dmy at al®3 with the reversible

and easily accessible chemical oxidation
bipyridinium ligands to ruthenium(lll) showing a 1@ 20fold reversible and
repeatable weakening in hyperpolarizability. Many similar systems with chemical
redox initiated NLO switching, such as the octamethylferrocene donor, nitrothiophene

acceptor systems synthesisedMiaun et at’” have since been symtsised.

3+ 4+

HN - N = — HON Ny == —
H3N—Ru—N\ Van\ 7N—R __Oxidation H3N—Ru—N\ 7\ 7N—R
/A _— /A
HsN  NH; Reduction HsN  NHj
2>—=—() )

MLCT No MLCT

Figure1.cThe rut heni um(1 I ) -lApyridiminm ligaodmgythesisedsoy of 4,
Coe et al. demonstrated reversible and repeatable redox activated switching with 2010

fold reduction in hyperpolarizability.

Photoswitching of films made of platinumjlicompounds have also shown good
responses, with Second Harmonic Generation experiments showing a considerable
reduction in the hyperpolarizability of the films upon irradiation with UV light, an
effect that could be repeatably reversed by irradiatioh wgible light!!4 Increased

hyperpolarizability through protonation of cyclometalated platinum(ll) chromophores
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has also been observed, with further modulation of the NLO activity of the protonated

compound possible through UV irradiatib.

Electrochental redox activated switching of solutions was first performedao
ferrocene style compound with a nitrothiophene acceptor by Asselbergh¥ esirlg

a specially developed cell. This cell allowed for simultaneous in situ oxidation-and re
reduction of he ferrocene donor and measurement of the HiRagteigh scattering

and ultimately revealed reversable and repeatable NLO switching with a reduction in
activity similar to the 92% previously seen during chemical switchitwlthough the
timescale of thexidations and reeductions achieved using this cell were not as fast
as had been seen during chemical reduction, the cell still provided a means to
simultaneous achitng electrochemical switching and HypRayleigh scattering
measurement#chieving NLOswitching through electrochemical redox processes is
advantageous as unlike methods such as chemical reduction and protonation,
switching can be achieved without altering the composition of the sample through the
addition of redox agents, enabling thematy infinitely repeatable switching. If
immobilisation of chromophores on an electrode could be achieved, this could also

lead to very fast response times.

In addition to compounds showing on/off switching of the NLO properties,
compounds calculated sthow the reverse effect of this have also been reported, where
oxidation or reduction leads to an increase in hyperpolarizability. Calculations by
Guan et al performed in 2008 suggest Keggpe polyoxometalate derivatives with
the form [PWi1Oso{Sn(p-CeHal)}]* would show off/on redox activated NLO

responses, with a 72 fold increaséirpredicted upon a muitlectron reductioh!’

Off/on switching of organometallic chromophores has also been experimentally
observed, with thdis(salicylaldiminato)zin@l) Schiffbase complexesynthesised

by Bella et al., demonstrating hugely increased NLO activities after the formation of
the pyridine adduct® These compounds demonstrated impressive switching abilities,
with bo increasing to 330x1% esu upon additin of pyridine, however due to the
nature of the switching mechanism, easy reversal of the modulation was not possible.
Switching through protonation has also been observed in a platinum complex
synthesised by Attar et al., with a 12 fold increasefiom 60 to 735x18° esu upon
protonation of the ligantt® In this case, hyperpolarizability measurements taken after
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addition of NH suggested regeneration of the original chromophore had occurred.
Electrochemical redox activated switching on of 4tioear optically active
compounds has also been recorded, with measurement of a series efanubie
ruthenium complexes synthesisedKarthika et al revealing substantially increased
hyperpolarizabilities when oxidised due to increased ligand to metal charge transfer in
the oxidised speci€€® These were performed using the same technique as the on/off
switching of the ferrocene derivedis published by Asselberghs et al, with oxidation
achieved in between 30 and 70 minutes depending on the sample.

Since the concept of redox switchable chromophores was first suggested, redox
switchable NLO active polymers and thin films have also beamee of interest due

to the increased potential of solid state chromophores over those in solution state for
technological applications such as optical computing. To produce NLO active films,
significant numbers of chromophores need to be incorporategatgomaterials with

their dipoles aligned, while for switching, these compounds still need to be
electrochemically accessible. Multiple techniques can result in this, such as through
the formation of thin films on conductive glass by ionic surface iotienras, as seen

in the work byBoubekeulecaqué?! who reported the first redox switchable NLO
active film, synthesised by the deposition of ruthenium(ll) chromophores synthesised
by Coe et at??on ITO-coated hydrophilic glass, as well as through covatexans in

the form of polymerisation of NLO active monoméf¥although these have yet to be
seen to be switchable. The benefit of a solid state, reditckhable NLO active
chromophore, a system much more suitable for use inverd applications than a
chromophore dissolved in an electrolytic solution, means research into the formation

of such systems is ongoing.

1.8 Polyoxometalate Based chromophores

Over the years, a great many types of NLO chromophore have been investigated,
ranging from inorganito organic to organometallic. These systems all have their pros
and cons, with inorganic crystals showing good thermal stability but slow response
times, organic systems showing quicker responses and being relatively cheap to make
yet lacking potential foredox activated switching, and organometallic compounds

overcoming this hurdle to provide switchable responses but often at the cost of low
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transparency and the use of precious metals such as ruthenium. In recent years, the use
of polyoxometalates as NLEhromophores has been discussed, with some focus on

the imido functionalised hexamolybdate derivative.

[ LPCT

Figure 1.8aScheme showing dondracceptor structure of a generic imido functionalised
hexamolybdate derivatiyavith the donor represented by D and the POM core acting as the

acceptor.

The nonlinear optical behaviour of these compouraginates from the strong

electronic coupling between the organic ligasmad thePOM centrethrough the

conjugated imido bond. The POM core, despite being anionic, is a strong electron
acceptor due to itsnoccupied d orbitaJ@nd as a result, can accept electfom® the

del ocal i sed °~ sy s tTeemtrength oftthis dgara togP@Mm chargel i g a |
transfer (LPCT)xan beincreasedy addition of an electron donor, suchaamsamine

to the organic ligandlhis results in a doner-acceptor system similar fireviously

shown of the organic and organoimido NLO active chromophores.

In 2005, density functional theory calculatiggerformed orpredicting the nonlinear
optical properties of orgarimido functionalised POMs were published by Y#in

a response tpreviously synthesised hexamolybdate salts showing promising charge
transfer abilities between the cations and the anionic hexamolybdat¥*cbhese
compoung had already demonstrated the ability of hexamolybdate to act as an
excellent electron acceptdrowever, the charge transfer between the donor, situated
on the counter cations, and the POM was relatively weak, a result of the limited
coupling between the two ions in the solid state. In an effort to generate stronger
responses, increasing electroncommunication between the donor and the

hexamolybdate core through covalently bonding the donor to the hexamolybdate core
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was investigate?® and it was some of these conjugated systems synthesised by Wei
e 8’8 lthgt YahOuBed dos his calculations. These organoimido

i n t he
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hexamolybdate derivatives featured unfunctionalised ligands, however even without a

donor group, the calculations still predicted strong charge transfer transitions from the

HOMO, formed primarily of h e

comprising primarily of the unoccupied d orbitals in the delocalised POM core, a

promising result for NLO activity.

aromati c

system

of

In 2016 nine years after these first promising calculatiahg nonlinear optical

propeties of functionalised polyoxometalatess investigated experimentally for the

first time by AkYasari et af Some of the compounds probed featured amine or pyrrole

donor groupgarato the POMimido bond on their aromatic ring, resulting in strong

ligand to POM charge transfer transitions in their electronic spectra. HRggdeigh

t

Scattering experiments of these compounds demonstrated NLO activity at both 1064

and 800 nm, witlfi values of up to 133x1% esu being calculated from the rémks

obtainedn the experimentdThese compounds also sheslgoodtransparencyhen

compared toorganic chromophores with similabo values Despite the DFT

calculations predicting high NLO activity of compounds without a resonance donor,

significantbo values were dg observed fopolyoxometalate chromophores featuring

anelectron donn'?®

Figure 1.8b. A nonlinear optically activeorganoimido polyoxometalatehromophore
synthesised by A¥asari et alin 2018 with ab, of 196x16* esu.
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The b values for functionalised POMs has since been increased further by using

Chapter 1

weaker but more conjugating electron donors, with compounds regri&idY asari

in 2018 havingactivitiesof up to 19&103°esu.These compounds also had the best
transparency/nefinearity seen for similar materiats This was thought to be due to

the charge transfetransition responsible foemax extending into the POMore

resuling in an unusually large change in dipole momept

system whilst not deeasing the donor/acceptor coupling.

for

t he

In addition to the dipolar chromophores already reported, further work t{agdri

et all® has led the possibility of “¥haped on&onortwo-acceptor POM
chromophores, with both %4nd 1,3bishexamolybdate compounds having been

synthesised in recent years. The-kdbstituted compounds do not demonstrate the

S

Cov symmetry needed to resultoff-diagonal components of hyperpolarizability, but

the 1,3 systems, if a donor could be introduced at the 5 position, have potential for
use as Yshaped multacceptor chromophores. TWROM lindqgvist derivatives have
also been synthesised by Sun etvaith the two POMs featured on separate extended

arms of a central triarylamirté® Alternately, the reports of the cigeometrybis-

substituted POM complex

donoroneacceptor systems if a donor groapuld be introduced to the ligands.
Calculations with suclbis-substituted compounds have already been performed by

127 also lead to the possibility of synthesising two

Janjua et at®?and show good diagonal and-ofitgonal NLO responses, however, no

experimental HRS work has yet been performedisfiunctionalised derivatives.

Figure 1.8c Hexamolybdate derivatives demonstratingg € mmetry byXu et al. {eft) and

Al-Yasari(right).
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In addition to thegood NLO activity of the organoimido polyoxometalate
chromophores synthesised BY-Yasari, the compounds also demonstrated good
redox chemistry,with the POM reduction peak remaining as reversible as seen for
unfunctionalised hexamolybdate. This stable redox behaviour combined with the good
NLO activity led to the compounds being investigated for NLO switching with the
hope that reduction of thed® core would reduce the acceptor behaviour of the POM
and weaken the ligand to POM charge transfer transitions responsible for the NLO
activity of the compounds. Unfortunately, when investigating this, it was discovered
that reduction of the compoundstl#ie imido bond attaching the donor containing
ligand to the POM susceptible to hydrolysis, resulting in decomposition of the
chromophores$23 Overall,though the results for these compounds were promisiag,
althoughnot suitable for switching due todlsusceptibility of their imido bond, the
organoimido hexamolybdate derivatives demonstrated high NLOfgighlues for

the size of theif systems as well as good transparency.

1.9 Increasing Stability of the Imido Bond

So far, most of the work into functionalised derivativekiatiqvist polyoxometalates

has focused on the molybdenum structure, with a small number of vanadium based
derivatives also having been synthesised. Despite the advantages of functionalised
hexatuigstates, one being improved stability over their molybdenum cousins, very
limited numbers of functionalised hexatungstate derivative have so far been reported.
This significant lack of investigation when compared to the functionalised
molybdenum LindqvistPOMs is due mostly to the difficulty of synthesising
functionalised tungstetterivativesas the DCQGnediateccouplingreactionthat works

sowell for the molybdenum polyoxometalate anions has yet to be successful for the
tungsten alternatives. This is déily due to the stronger tungsterygenbond the

factor thatmakes the idea of these functionalised tungsten Lindqvist P&Ms
interesting impeding theexchangeof the terminal oxygen with the nitrogen of the

amine.

Over the years, there has ordgen me example of the successful formation of a
tungsten imido POMa compoundynthessedby Mohg3*in 1995by the reaction of

[WO4]? with an excess of phenyl isocyanate in pyridine for 5 days. Unfortunately,

33



Chapter 1

this method also produced a lot of unfunctionalised polyoxometalate, resulting in only
a 10% vyield of the desired produ@long with a considerable amount of
unfunctionalised POM as the side produdpon investigation, # stability of this
hexatungstate derivative provptbmising heating with 1 equivalent afater for 26

days and then with a further 10 equivalents for 5 dagslted inno evidence of
decompositionby H-NMR. This demonstratedha although the functionalised
tungsten polyoxometalateswere harder to functionalise than their molybdenum
counterparts due to the stronger tungsieygen bond, there/as indeedan increase

of stability of thederivative. f an improved method for theiysthesis ould be found,

they could be interesting compounds for further investigafiioruse in and may
provide the answer to stable redox switchable NLO active polyoxometalate
chromophores.

In an attempt to combine the potential stability of the intishgysten polyoxometalates

and the easier synthesis of the imido molybdenum polyoxometalates due to the weaker
molybdenurmoxygen bond, tungsten/molybdenum hybrids have previously been
investigated previouslpy Wei*® Sanchez**® ard Clegg®® Sanchez attempted the
synthesis of the tetrabutylammonium salt of [¥®Ve]> by the acid catalysed reaction

of NaeMoOs and activated W@®whilst Clegg attempted a method involving the
reaction of [WO(OMej] and [MoQy]? however neither reaction produced a clean
product in reasonable yield due to the -sa$embly mechanism of both reactions
resulting in a lack of control aralvariety of gle products. Wei, howeveargportedly
synthesised WsMo0O1¢]% using a block assembly approach, a method that had
previously been used to synthesise other hybrid POMs such a3 For this
method he used [MoG}% and [WsO15]® as reagents whichewe formed in situ by the
dissociation of [MeO7]% and [Wi0Os2]* respectively After purification, this method
gave the intended product with a 50% vyield, which was a large improvement over
previous synthesis attempts. The mixed metal POM was thendnalisied usinghe

DCC mediated couplingo produce two functionalised tungsten/molybdenum POMs

with the amine group bonded to the molybdenum in both cases.

Although not previously used for the stabilisation of hexamolybdate derivatives, other
methods of stabilising compounds do exist, with examples being encapsulation in
macromolecules such as cyclodextrins and steric protection. It has previously been

shown that encapsulation of hexamolybdate is possible, with Falais&%&ealbrting
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the encapsul ation of -cgclodxtrin m aquepxsanmedia y b d at
interesting due to the difficulties normally associated with isolating sodium
hexamolybdate from aqueous solutidtexamolybdate derivatives with steric bulk
included at the ortho positions of the imido ring have also been prgvsymhesised

with anearlyexample synthesised by Strong et*ahown in figure 1.9&howevemo

reason for thenclusionof the alkyl groupshad been explicitly stated prior to 2021
when AlYasari reported two & organoimido polyoxometalates with thgl steric
protection?® These compounds showed significantly decreased hydrolysis compared
to unprotected analogues, showing increased stability of hexamolybdate derivatives
could be achieved at least in their natural states through steric protedihenimido

bond.

Figure 19a A hexamolybdate derivativeynthesised by Strong et al. demonstrating the

inclusion of alkyl groups at the 2 and 6 positions of the aromatic ring.

1.10Aims for this Research

In thiswork, nine sterically protecteshonofunctionalised hexamolybdate derivatives
weredesignedsynthessed andtieir properties investigatesing cyclic voltammetry,

bulk electrolysis, spectroelectrochemisiXyray crystallography, and Hyp&ayleigh
Scattering.The intention of producing these sterically protected compounds was to
increase stability to the extent that investigation of the linear and nonlinear optical
properties in their reduced states could be studied to determine if such polyoxometalate

chromoplores could be used for redox activated-tinaar optical switching.

To determine the potential of multidimensional polyoxometalate chromophores,

investigation was also carried out intwo families of novel twedonoroneacceptor

35



Chapter 1

and onedonortwo-accepbr hexamolybdate derivative§ive novel chromophores
were synthesisednd their properties studied using cyclic voltammetry, differential
pulse voltammetry and Hyp&ayleigh ScatteringDue to previous work on NLO
active chromophores having shown theddisa of alkene over alkyne bridges between

the donor and acceptor components, synthesis of a compound featuring an alkene
bridge between the amine donor and the POM was also carried out. The resulting
compound was studied by DFT and Hypayleigh scatring to determine the effect

of using an alkene bridge novel for such systems on thdimear optical activity.

Overall, this work has four main aims:

1. Synthesise monofunctionalised hexamolybdate derivatives with steric
protection at the 2 and 6 posit® of their aromatic rings with the aim of
achieving stability enough in their reduced state to allow for linear and non
linear optical analysis.

2. Investigate the linear and ndinear optical properties of these compounds in
both their natural and reducsthtes to determine both the NLO activity and
the investigate the potential of these compounds for molecular switching.

3. Explore the possibility of further increasing the hyperpolarizability of the
hexamolybdate derivatives through multidimensional V sbafwodonor
oneacceptor and ordonortwo-acceptor systems.

4. Explore the effect of changing the linker bridge between the amine donor and
POM acceptor of the extended compounds, with the expectation that increased

conjugation through the alkene bridge will increase hyperpolarizability.
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2.1 Introduction

The nonlinear optical properties of functionalised Lindqvist polyoxometalatese
first investigated computationally in 206%,with the first experimental work being
performed by Alyasari in20162 The promising notlinear optical activities of these
compounds were then improved upor2dil 228 and 2018 to result in compounds
with better bz; t 0 max ®€lationshig than previously synthesisegurely organic

compoundsvith comparablé bridges One such compound is shown in figlr&a

Figure2.1aA hexamol ybdat e dz#valuepaetiouslyesyntiasised byaAl hi g h

Yasari et ald

Due to their impressive NLO activity resulting from ligand to POM charge transfer
transitions and highly reversible electrochemical reduction of their hexamolybdate
cores, the possibility of redox switching the NLO activity was investigated.
Unfortunately,bulk electrolysis demonstratatat reduction of the hexamolybdate
derivativesresulted indestabilision of the imido bond leading to decomposition at
ratetoo quick for investigation into the optical and Aorear optical properties of the
compoundsgo beperformed®3 An example of this can be seen in fig@réb, which
displays the bulk electrolysis result of compouhda compound previously
synthesised byl-Yasarf which will be used for comparison purposes in this work.
The cyclic voltammogranmaken before bulk electrolysis is displayed in blue, with the
major wave being assigned to compoundvhile the CV taken after 23 minutes of
reduction is showin red. Here, the substantial decrease in the concentration of analyte

can be seen along with an increased current of a peak resulting from the reduction of
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tetrabutylammonium hexamolybdate, seer(a815 V.As it was thought thathe
observed breakdowof the functionalised?OM derivativesinto hexamolybdate was
occurring throughhydrolysis of the imido bond, the possibility of preventing this
attack by sterically shielding the amine bdrain the attack of watevas investigated.

I T T T T T T T T T T T T 1

e ———
14 13 12 11 10 09 -08 07 -06 -05
Potential (V)

Figure 2.1b The bulk electrolysis experiment of compoud with the CV taken before
reduction being shown in blue, and the one taken after reduction being shownBotred.

cyclic voltammograms are referenced to F¢/&ind the starting currents normalised.

Two different nethods ofshielding the imido bond from the attack of watesre
researchedwithin the group with one method focused on stabilisation by
encapsulation of the functionalised POM in cyclodextrins and calixarenes, while the
other, the method this work is leaRupon focusel on stabilisation by the addition of
alkyl groupsat the 2 and 6 positions of the aromatic ring bonded to the R@idn
finding this method to be successful at preventing decomposition of the compounds
by hydrolysis when in their reduced states, a series of diisopropyl protected, donor
containing functionalised hexamolybdate derivatives hopefully suitable for switched
nonlinear optics was synthesisethis chapterthereforedescribes the synthesi
analysis, and initial stability studiesf a series of novel sterically protected
functionalised Lindqvist POMsghe structure and purity of which were all confirmed

by *H-NMR and**C-NMR spectroscopy, mass spettretry, elemental analysis, UV

vis spectroscopy, IR spectroscopy, afxday crystallography.
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Figure 2.1c Structures of sterically protected derivatives ofetrabutylammonium
hexamolybdate? to 10.
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2.2 Synthesis oflodo Functionalised Derivatives

To investigate whether introducing steric bulk at the 2 and 6 positions of the aromatic
ring wouldeffectively stabilise the imido bond holding the organic ligaa the POM

core, two hexamolybdate derivativ@sand3 were designed. These compounalsth
shown in figure 2.2dfeatured alkyl groups the 2 and 6 positions of the aromatic
ring as well as iodine at the pbsition toallow for further functionalisabn of the
compounds through Sonogashira coupling reactions. Compothdchad been

synthesisegreviouslyby Xu but neveusedfor reduced state stability studi&s

Figure 2.2aHexamolybdate derivativexs(left) and3 (right). Tetrabutylammonium was used
as the counter cation for both compounds.

Synthesis of compound® and 3 was performed using a DCC mediated coupling
reaction between tetrabutylammonium hexamolybdate andi@@&thyt4-iodoaniline

or 2,6diisopropyt4-iodoaniline respectively using a modified version of the method
reported by Wei in 2002 In this work, dryDMSO was used as the solvent in place

of dry acetonitrile as previous research within the Fielden groagh shown it gave a
better yield and resulted in a purer product. The products were obtained from the
reaction by precipitation from the filtered DM3®0Iution using a mixture of diethyl
ether, ethyl acetate, and ethanol as the antisolvents.

The red solids isolated as the product from both reactions contained impurities of
unreacted tetrabutylammonium hexamolybdate as well as very small amounts of the
bis-functionalised compound, a result of two equivalents of DCC and the aniline
attacking one hexamolybdate core. Purification of both products was achieved through
multiple recrystallisations from hot acetonitrile cooled to room temperature. Purity of

the compounds was confirmed byH-NMR and 3C-NMR spectroscopy, mass
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spectronetry, elemental analysi$JV-vis spectroscopy, IR spectroscopy, anday

crystallography.
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Figure 2.2b Reaction scheme for the synthesis of compo@ratsd 3.

Formation of the desired compounds was confirmed initially usiHgNMR
spectroscopy, a technique which also provided crucial in determining the ratio of
product to the impurities mentioned aboveepercentage impurity of hexamolybdate
could be calculated by estimating all excess integration of the tetrabutylammonium
peaks seen at 0.97, 1.36, 1.60, and 3.70 ppm resulted from the tetrabutylammonium
hexamolybdate impurity. For example, the créileNMR of compound? gave an
integration of 1.64 for thenetaprotons on the aniline ring out of the expected two,
implying that around 82% of the anions for the tetrabutylammonium cations were the
desired product. Thigis-functionalised POM impurity gave @ak with an integration

of 0.05, indicating around 1.25 % of thgons in the sample wetgs-functionalised.

The!H-NMR of compound and its precursor, seen in figure 2.2b, shows a significant
downfield shift of the peak caused by the protomstato the GN bond when
compared to 2;@liisopropyt4-iodoaniline, from 7.23 ppm to 7.51 ppm, suggesting
deshielding as a result of conjugatiom the electron withdrawing POM core.
Downfield shifts were also observed for both peaks relating to the protons in isopropyl
groups from 2.89 ppm to 3.78 ppm for the CH protons and 1.18 ppm to 1.27 ppm for

the CH protons, with a larger shiftseenfoeth CH s ept et due to t he
to the electron withdrawing POM core. Although not present in the spectrum shown

in figure 2.2c, a slightly reduced downfield shift was observed for all three peaks of

the bis-functionalised impurity due the eleatr withdrawing effect of the POM core

being weakened by the inclusion of two ligands rather than one!HdNMR of

42



Chapter 2

compound2 showed similar downfield shifts of the ligand peaks when compared to

that of its precursor.
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Figure 2.2c*H-NMR of compound3 (red) and 2,&liisopropyt4-iodoaniline (blue). Both
spectra were obtained inratetonitrile and referenced to TMSA using the solvent peak as an
internal reference.

UV-vis absorption spectroscopy was also useful in confirming the ssitteoupling

of the tetrabutylammonium hexamolybdate and the anilines, as after coupling, a new
peak with a wavelength of 364 nm grew in for both compoihasd 3. This peak
cannot be attributed to either starting material, and previous investigation of similar
compounds suggest it results mainly from electtonation from thé system of the
ligand to emptyd orbitals within thePOM core. Some of this peak can als®
accreditt*edt rtaonsi ti ons within the Iigand,
the POM core, as well as O to d transitions within the POM ®rdery little
difference between the electronic spectra of compadrmhd compound3 were
obsenred, with the ligand to POM charge transfer (LPCT) peak being observed at 364
nm in both compounds, with similar extinction coefficient®6x10* M-*cm* and

23.5x10° M-*cm! respectively. The shift of this IVCT peak occurs at a slightly longer
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wavelengh than was seen for nesterically protected compourid observed at 355
with an extinction coefficient of 27.0x1®*cm, due to alkyl groups on compounds

2 and3 resulting in more electron rich ligands.
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Figure 2.2 Electronic spectra of compouBdred), 2,6diisopropyt4-iodoaniline(blue), and

tetrabutylammonium hexamolybdate (green). All spectra were obtained in acetonitrile.

Single crystals suitable for-Kay diffraction were grown of both compour2iand3,

with the crystals for compouritbeing grown from hot acetonitrile and the crystals of
compound3 being grown fronthevapour diffusion of diethyl ether into acetoiide
crystals of compound yielded a high quality structure with &a of 4.52% in theP-

1 space group with two molecules of compouh@nd one of acetonitrilen the
asymmetric unit, while the crystals for compouhgielded a high quality structure
with anR: of 3.49% in the space grolj2:/C, also with two molecules of compound

3 and two molecules of acetone in the asymmetric unit. Disorder of the

tetrabutylamnmonium counter cations was resolved for the structures of both

compounds.

As previously seen on similar compounds, theN4€ bond angle was closer to 180°
than 120° for both compoun@sand 3, suggesting the formally double Md bonds
have significant triple bond character in both cases. Donation of the lone pair on the

nitrogen to form this triple bond would result in a formal positive charge on the
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nitrogen. Also, as was observed for simdampoundg? a displacement of the central
oxygen atom resulted in the M bond lengths being on average longer than the
Mo'™-O° bond by about 0.15 A, lengthening from around 2.20 A to 2.34 A.

Figure 2.2 Unit cell of compound. Thermal ellipsoidare at 30% probability level. The
colour scheme shows Mo in green, O in red, N in blue, C in grey, and | in purple. Hydrogen

atoms are omitted for clarit@nly part one is shown for clarity.

Comparison of the structures obtained for compo@8sand he published data for
compound suggested the inclusion of alkyl groups atdhé&o positions of the imido
ring did not have a significant impact on the"™dl bond lengths or the NMB-O bond
lengths. However, a significant changettie GMo'™-N and Md"-N-C bondangles
was observedboth of which increased in linearity with increasiaggric bulk,
suggesting more triple bong character and therefore a stronger bon@-NMb&-N
bond $iowed a straightening frodi74.72 for compound to 176.69 for compound

2 t0 178.03 for compound3, while theMo™-N-C bond straightened from64.8 for
compound to 170.8 for compound to 176.85 for compoundB. A shortening of the
N-C bond with inceased steric bulk at tloetho positions was also observed agreeing
with the previous suggestion that a stronge€ Idond is observed for the compounds
with bulkier ortho substituents, howevethis pattern was not significant when

compared to the estimated standard deviation values
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Figure 2. Crystal structure images of compour®l8 andl. Thermal ellipsoids are at 30%
probability level. The colour scheme shows Mo in green, O in red bue, C in grey, and |
in purple. Tetrabutylammonium counter cations and hydrogen atoms are omitted for clarity.

It is likely this trend of increasing linearity arises due toditbo substituents not only
protecting the bond as intended, but aksducing the flexibility of the imido bonds

due to steric repulsio more linear bond typically arises from increased triple bond
charactef*® implying increagd both strength and conjugationFor these
functionalised hexamolybdate derivatives, the increased triple bond character of the
imido bond could alstead to increased couplirfgetweenthe inorganic cluster and

the organic ligandAlthough analysing thelectronic spectraf compounds and3
provided no evidence of this, with both compounds showing peaks at identical
wavelengths with very similar extinction coefficients, compoundlid appear
significantly different, with the LPCT peak appearing at 355 nm rather than the 364
seen for compounds2 and3. It is possible this increase in energy of the ligand to POM
charge transfer peak suggests a weaker coupling between the aromatic ring and the
POM core, but it could also result from increased electron donation from the alkyl
groupsof compunds2 and3 increasing the energy of ihedOMOsand lowering the

energy of the overall transition.
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) im.~c | Mo-O° Mo-O* ) O-Mo™- | Mo™-N-

Mo-N Mo™-O (av) (av) N-C N C
| | 1.743(4) | 2.199(3) | 2.343(3) | 1.684(3) | 1.391(5) | 174.7(1) | 164.8(3)
2 | 1.737(4) | 2.213(3) | 2.338(3) | 1.686(4) | 1.387(6) | 176.7(2) | 170.8(4)
3 | 1.741(2) | 2.198(2) | 2.343(2) | 1.690(2) | 1.382(3) | 178.0(1) | 1769(6)

Table 2.2aComparison of the bond lengths for compouhd? and3. Here Md" refers to
the imido coupled molybdenum,' @fers to the terminal oxygen atoms on the other five

molybdenum atom&ndO° refers to the central oxygen atom.

2.3 Synthesis of Derivatives with Electron Donors

Synthesis of the five hexamolybdate derivatives lielectron donor functional
groupsneeded for NLO activityvas achieved using two different methpdsth the
synthetic pathway used depending on the typbridge between the amine donor and
the POM core.

/z\

Figure 2.3a The five sterically stabilised hexamolybdate derivatives with electron donor

ligands synthesised in this chapter.
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The diphenylethyne bridged compounds, compouhds and6 were synthesised
using compound3 as a precursorwith the Zalkyne4-amino donor containing
fragment attached using a Sonogashira reaétiomhile the phenyl bridged
compounds, compoundsand8, were synthesised directly from tetrabuylammonium
hexamolybdate and eitherdimethylamine2,6-dimethylaniline or 4ddimethylamine
2,6-diisopropylaniline using the same DCC mediated coupling used to form

compound£ and3. This will be discussed in moretdé later in the chapter.

The electron donor unit used to synthesise compodndl-ethynytN,N-
dimethylbenzenaminevas commercially available, and so purchased and used as
received however for the synthesis of compoun8snd6, both alkynyl donors were
synthesised and purified prior to udéhe synthesis of the electron donor unit for
compoundb involved two different palladium catalysed carbon coupling reactions; a
Buchwald reaction, whitwas used to form-dromopheny , -ditélylamine from 4
iodobromobenzene and ditolylamine and was previously reported by*Rfatipwed

by a Sonogashira reaction with trimethylsilydadene, which enabled the
alkynylation of the triarylamine. The alkgnwas then deprotected under basic

conditions to give the completed ligand.

DPPF 3 mol-% : N7 :
\Q\ /O/ sz(DBA)31 mol-%
Toluene reflux 75h

Br
P3

1.Pd(PPh3),Cl, 3 mol- %
Cul 10 mol- %
N | | PPhz 10 mol- % N

+ Et3N, reflux, 20h
d 2. KCO4
- '\\ MeOH, THF
Ar it 3h
P5

Br

Figure 2.3 The synthetic scheme for the formation of compoRBdthe ligand used in the

synthesis of compourisl
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The synthesis of compousdvas performed by first iodinating julolidine using iodine

to produce 4odojulolidine before coupling the alkyne using a Sonogashira reaction
and deprotecting under basic cormatis. lodination of the julolidine initially proved
troublesome as reaction with bothadosuccinimide and iodine monochloride failed

to produce the desired product and instead resulting in the decomposition of the
julolidine. After research into the iaution of N,Ndimethylaniline, another
compound with a strong donor gropprato the position of intended iodination and

for which the iodination of is also difficult, the desired produced was achieved using
iodine as the iodinating agents as seen in thogepreviously reported by Scarp4éi

for the iodination of N,Ndimethylaniline. The Sonogashira reaction was performed as

reported by Breitelt? and the completed donor unit achieved by desilylation under

N
N
Iz
—_—_—
Dioxane, pyridine
Ar, rt, 2.5h
|

N
1.Pd(PPh3),Cl, 3 mol- %
| | Cul 8 mol- %
+ HN('Pr),, Ar, rt, 3d
. —_—
/S'\\ 2.KCO;
MeOH, THF
Ar, rt,3 h | |

Figure 2.3 The synthetic scheme for the formation of compolB®d

basic conditions.

The coupling of the donor units discussed to compdim order to achieve the
successful preparation of compourfl$, and6 was achieved using a Sonogashira
reaction, the general mechanism of which is shown in figud These reactions
involve the oxidative addition of the aromatic halide to the palladium catalyst followed
by transmetalation to exchange the halide withalkgnyl, calculated to be the rate
limiting step of Sonogashira reactiotfd After cis-trans isomerisation, the product can

be eliminated, and the catalyst regenerated, by reductive elimination. The mechanism
also shows the use of copper iodide in catalgmounts and triethylamine as a
sacrificial reductant to activate the alkyne for transmetalation. In some cases, the
reaction is performed using an amine base as the solvent, seen previously during the

synthesis of compound®b andP13
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PdCI,(PPhs),
R————Ar < >
d(PPhs)

R—— d—PPh3 Ph3F’—Pd—PPh3
PPh3
Ph P—Pd—PPh3
NEtzHI
EtsN+ R————H

Figure 2.3d The general catalytic cycle of a Sonogashira couplifgaturing
bis(triphenylphosphine) palladium(ll) dichloride as a catalyst, copper iodide asadatyst,
and triethylamine as a sacrificial reductant.

As with many previous Sonogashira reactions, the formation of compdusdand

6 were carried out under an inert atmosph¥&feto prevent homaoupling of the
alkynes and decomposition of the POMs, and at room temperature, due to the increased
facility of the transmetalation step. Despite having been shown to increase reaction
rate, an amine solvent was not used due to the insolubility of the polyoxometalate salts.
As had been reported previously for similar compounds, the reactions took
significantlyless time than the 16 to 24 hours usually taken for Sonogashira reactions
to go to completiod?® with clean products being isolatafter only 45 minutes in all
cases. This frequently observed increased activity idylikleie to the electron
withdrawing poperties of the POM increasing both the affinity of the aryl halide for
oxidative addition through stabilising the carbanion needed to form tikel Adond as

well as the electrophilicity of the palladium species during the rate limiting
transmetalation spe'*® The scheme for the formation of compouiniiom compound

3 shown infigure 2.3e
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= ‘

Cul 4 mol-% /
.0,
+ PACI,(PPhg)y 2 mol% | poi=n - N
K,COs, EtN — \
N MeCN, 1t, 0.5 h

W

POM

Figure 2.3eThe synthetic scheme for the formation of compodifrdm compound and %

ethynytN,N-dimethylbenzenamine.

The reactions to synthesise compou#ds and6, all produced the expected products

in yields of 47 to 56% upon precipitation from the reaction using diethyl ether as the
antisolvent. Purification of these comads was achieved through recrystallisation
from acetone/diethyl ether vapour diffusion and confirmetHsi MR and**C-NMR
spectroscopy, mass spechetry, elemental analysisJV-vis spectroscopy, IR
spectroscopy, and-ray crystallography.

Ar-H CH(CHs): | CH(CHa),
3 7.51 3.78 1.27
4 7.25 3.83 1.31
5 7.28 3.83 1.31
6 7.20 3.83 1.30

Table 2.3aComparison otH-NMR shifts for compounds, 4, 5, andé shows correlation with
donor groupAll *H-NMR were taken in acetonitriid3 and referenced to TMS.

Synthesis of compounds 5, and6 was initially confirmed byH-NMR spectroscopy
with further analysis showed an upfield shift of the protoesato the nitrogen on the
imido ring of all threecompounds when compared to compodnd\s can be seen
from table 2.3a,ncreasingshift was observedith increasingstrengthof the amine

donor groups.

This upfield shift, a result of increased shielding through electron donation, and the
increase in sifii observed for the more donating compounds, demonstrated the

significant communication between the amine donor and the POM core through the
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conjugated alkynyl bridge. A small downfield shift was observed for the diisopropyl
protons of all three compoundsjggesting they have been slightly deshielded by the
coupling. This change in shift did not vary significantly with the strength of the donor
group, suggesting some isolation from

—7.51
126

8
o132 10

738
7,25
674
B 72
130

. o

T
8.0 73 70 6.3 6.0 5.3 5.0 4.

5 40 35 3.0 25 20 15 10 05
f1 (ppm)

Figure 2.3f *H-NMR of compounds3 (blue) and4 (red). Both'H-NMR were taken in

acetonitriled3 and referenced to TMS.

While the aniline precursor for compourid 4-dimethylamine2,6-dimetyl aniline,
was provided for use by another group member and used as receiv@adthesiof
the ligand used to synthesise compou)ccompoundP11, was carried out using a
five-step scheme based on one previously reported in the litet&tdit@is invdved
the protection of the aniline on 2¢iisopropylanilineusing toluene sulfonyl chloride
followed by nitration at the 4 position of the aromatic riregluction, methylatioof
the amine and then finally deprotectioof the amineAll steps were cared out as

previously reported with the exception of the methylation of the amine for which

tetrahydrofuran was used as the solvent as one had not being stated in the literature.
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Overall, the synthesis proceeded as expected, prodiidgpure by *H-NMR
aralysiswith an overall yield of 29%s21% seen in the literatur€he overall scheme

for the synthesis of compounB4.1is shown in figure.3e

0% Soe
99%10
Tos Tos
/ /
NH, HN HN
<L <L
83% 92%
N NG NS
H H

Figure 2.3y The scheme used to synthesise ligatd a. Toluene sulfonyl chloride, pyridine,
reflux, 4 H.b. Nitric acid, sodium nitrite, glacial acetic acid, water, reflux, 12.Hin chloride
dihydrate, ethanol, reflux, 23 . Formaldehyde, 3M HCI, NaBHTHF/water, 15C, 2 mins.
e. 95% HSQ, 40°C, 16 H.

Synthesis of compoundéand 8 by the coupling of dimethylamine2,6-dimethyl
aniline and precursdP11 respectively wa achieved using the same DCC catalysed
coupling reaction used to produce compouhdsd3. Purification was again achieved

by recrystallisation from hot acetonitrile to give pure compouhdsd8 confirmed

by *H-NMR and**C-NMR spectroscopy, mass spectetry, elemental analysig)V -

vis spectroscopy, IR spectroscopy, aKdray crystallography. ThéH-NMR of
compound3 when compared to that of the aniline shows an upfield shift antta
aromatic protons, 6.39 ppm vs 6.53 ppm of the aniline precursor, as well as a
significant downfield shift of the isopropyl septet, 3.82 ppm vs 2.99 ppm, and a smaller
downfield shift of the isopropyl doublet, 1.30 ppm vs 1.20 ppm. The upfield shift is a
result of increased shielding due to electron donation from the dimethylamine through
conjugation improved by the coupling to the electron withdrawing POM. The
downfield shift of the diisopropyl protons suggests deshielding, as is expected from
the couplingof the strongly electron withdrawing POM core. TH&-NMR of

compound’ showed aimilar upfieldmetaaromatic shifto compound, 6.34 ppm
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comparedo 6.45 ppm of its aniline precursor, as well as a similar downfield shift of

the ortho methyl protons, 57 ppm vs 2.09 ppm.

6.53

6.39
‘3 86
1r3.85

o

A Mk ahu M

T T : T T : T T T T : T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 2.3h*H-NMR of compound (red)and precursoP11(turquoisg. Both'H-NMR were

taken in acetonitrikel3 and referenced to TMS.

Comparison of théH-NMR of dimethylamino derivativé to its extended analogue,
compound8, shows a significant upfield shift of theetaaromatic protons on the
imido ring (6.39 vs 7.25 ppm), a result of increased shielding due to the increased
proximity to the electron donating dimethylamino groups. Thesnahstrates the

increased coupling through the shorter conjugatsgstem.

Ar-H CH(CHz)2 CH(CH3)2
4 7.25 3.83 1.31
6.39 3.82 1.30

Table 2.3 Comparison ofH-NMR shifts for compounds, 5, 6, and8. All *H-NMR were

taken in acetonitrikel3 and referenced to TMS.
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TheUV-vis absorption spectra of compourdi$, 6, 7, and8 all showed aignificant
decrease ithe energyf the lowest energy peak comparedhat oftheir precursas,
tetrabutylammonium hexamolybdate and the aniline ligands for compGuauid8
andcompound3 for compoundg}, 5, and6. Although some ofheredshiftobserved

of compound¥ and8 resuledfrom the same lowering in energy of théo "* and O

to d transitions seefior compound3, much of tke shift can be accredited to the newly
formed charge transfer between the donor group on the ligand and the electron
accepting POM core. This ligand to Fxharge transfer is also responsible for the
significant redshift of the lowest energy peak when compouhds and 6 are

compared to compourl

100000
90000 —-
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0

T T
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Figure 2.3 Electronic spectra of compoun8¢orange)4 (green) 5 (red),6 (purple),7 (pink),

and8 (blue). Spectra were taken in dry acetonitrile.

Overall,there isvery little difference betweethe electronic spectra of compountis

and5 despite the dimethylamine on compouhbeing a slightly stronger donavith

the LPCT peak being seen at almost identical wavelengths of 423 nm and 424 nm
respectively This similarity may be due to the reasonably small difference in donor

strengths, but couldiso be a result of electroniolation between the electron donor
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and the POMore over thalkyne bridge. Compoungl however, a compound with a
much stronger electron donor did show a significantly lower energy LPCT peak (445
nm) compared to that of either of the two weaker donors.tlitee compounds also
show slightly different spectral shapes at higher energies due to differences in their

ligand structure resulting in differingto " * transitions.

Compoundd and8 gave very similar spectra with LPCT peaks at 430 nm and 431 nm
regectively, a small decrease in energy when compared to the peak of compound
(424 nm). The decrease in the energy of this peak despite the identical donor groups is
likely a result increased electronic coupling through the shorter bridge increasing
electon donation to the POM core. It is, however, in contrast to many organic
compounds, where a longer bridge between the donor and acoepiezighs
increased coupling through proximity aresults in a lower energy pe&i14° Despite

their increased dondg?OM coupling, compoun@, with its stronger donor group, still

shows a lower energy LPCT peak.

Wavelength (nm) 0 )
4 424 37.6x10
5 423 39.4x1G6
6 445 34.7x1G6
7 430 33.3x16
8 431 30.7x1G

Table 2.3 Comparison of the LPCT peak of compoudds, 6, 7, and10. All spectra were

taken in dry acetonitrile.

Single crystals suitable for-Kay diffractometry were grown of compoundis, 6, 7,

and 8, with the crystals for compound, 5, and 6 being grownfrom the vapour
diffusion of diethyl ether int@acetonitrile and compoundsand8 being grown from

the slow evaporation of acetonitrilEhe crystals of compourislyielded a high quality
structure with anR; of 6.06% in the space grou2:/c, with two molecules of
compound5, one molecule of diethyl ether, and one molecule of acetonitrile being
displayed in the asymmetric unit. The crystals of compoundsd 7 yielded high
quality structurs with R; values of 6.28 and 5.23% respectively,Hoot the space
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groupP-1 with just one molecule of each in the asymmetric umitsle the crystals
of compound yielded a high qualitgtructurewith anR; of 5.18%in the space group
C2/c, with one molecule of compour@hnd one molecule afimethyl sulfoxide being
displayed in the asymmetric unit

Figure 2.3 Crystal structure images of compoudl$, 6, 7, and8. Thermal ellipsoids are at
30% probability level. The colour scheme shows Mo in green, O in red, N in blue, and C in

grey. Tetrabutylammonium counter cations and hydrogen atoms are omitted for clarity
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The crystals of compoundlyielded a structure ithe I-4 space group with aR; of

5.73%, however, due to the compounds not being identified asamrosymmetric

prior to running, completeness for the data set was only 94%. Further runs were
attempted after the reason for the lower than anticipated completeness was identified,

however these failed to produce high quality data suitable for refining.

Comparison of the M® bond lengths of compounds6, andtheaverage of the two
molecules of compound in the unit cell did not show ansignificant variation
suggesting the strength of the donor did not have an effect on the structure of the POM
core. This matches with the resultssarhilar previous work33 A small variation in

the N-C bond length was seen, with compognthe compound featuring the strasg
donor, having the shortest bond and compduyride compound featuring the weakest
donor having the longest bond, however this variation was not significant compared
to the errors associated with the bond lengths. A significant variation was seém in bo
the Mo-N-C bond angles, with compoudaving the most linear bond at 177ahd
compoundb having the least linear bond length at 174.2, suggesting slightly increased
triple bond character with increasing donor strength. This suggestion of slightly
increased bond strength with increased donor strength matches with decre&sing N
bond length for increasing donor strength despite the variation not being significant

compared to the error margins.

Investigation of the twist around the alkyne unit showgdiicant variation between

the three alkynyl bridged compounds, with considerably more twist being observed
for compound (44.5°) than for compourg or5(17.6° and 11.8° respectively). This
increase in twist around the alkyne with increasing dotrength agrees with what

has been previously observed in similar but unprotected compounds.

Mo-N | Mo-O M‘(’:V')Ob '\?X\'/? N-C | O-Mo-N | Mo-N-C
1.737(11)| 2.205(8) | 1.973(10)| 1.682(10)| 1.385(18)| 178.1(5) | 175.5(11)
1.738(3) | 2.201(3) | 1.953(3) | 1.687(3) | 1.390(5) | 176.5Q) | 174.2 (3)
1.736(4) | 2.203(3) | 1.949(4) | 1.686(4) | 1.382(6) | 178.1Q) | 177.7 (4)
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Mo-N | Mo-O M‘(’:V')Ob '\2'2\'/? N-C | O-Mo-N | Mo-N-C
I | 1.7373) | 2.211(2) | 1.959(3) | 1.687(3) | 1.383(5) | 1737(1) | 162.6(3)
7 | 1.7414) | 2.215(3) | 1.954(4) | 1.689(4)| 1.378(6) | 1777(2) | 174.8(4)
8 | 1.748(3)| 2.198(3) | 1.962(3) | 1.690(3) | 1.367(5) | 177.0(1)| 175.3(3)

Table 2.3 Comparison of the bond lengths for compouhdg, and8.

Comparison of compoundsé and 8 did not show the same increase in linearity or
shortening of the imido bond with increased steric bulk as was seen for comgounds
or 3. However, both did have sidicantly more linear @Mo-N and MeN-C bonds

than the previously reportedon-sterically protected analogiyecompoundll 133
suggesting that the increase in linearity of the imido bond was not a phenomenon

observed of only the iodirffenctionalised compounds.

2.4 Synthesis of Derivatives witlElectron Acceptors

In addition to synthesis of the amine donor functionalised Lindgvist derivatives, two
nitro acceptor containing compounds were also synthesised. Synthesis of these
acceptor cotaining compounds was achieved using similar methotisose used to
synthesise thamine donocontainingcompound, with compound.0 being produced

from tetrabutylammonium hexamolybdate andhio-2,6-diisopropylaniline in a

DCC mediated coupling reaah, and compoun@ being synthesised from compound

3 and talkynyl-4-nitrobenzenein a Sonogashira reaction. Purification of these
compounds was achieved through recrystallisation from hot acetonitrile and confirmed
by *H-NMR and**C-NMR spectroscopy, mass spedatretry, elemental analysig)V-

vis spectroscopy, IR spectroscopy, atwday crystallography.

The Sonogashira reaction proceeded as expected and produced the desired product in
a 53% vyield. However, at 30%, the yield of the DCC rattl coupling reaction to
produce compoundO was considerably lower than seen for previous reactions. A
considerable amount of unreacted tetrabutylammonium hexamolybdate left in solution

and this, along with the significant amount of b substituted ampound produced
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in the reaction, lowered the yield even further due to the number of recrystallisations

needed to achieve purification.

%o

055\

Figure 2.4aCompound® and10. Tetrabutylammonium was used as the counter cation for
both compounds.

H-NMR analysis of compouné showed a small upfield shift of theetaaromatic
protons on the imido ring compared to that of compad@iGd40 vs 7.51)n contrast

to the downfield shift that had been expected due to the conjugation to the electron
withdrawing nitro group. This shows a significant amount of isolation demate
conjugated the alkyne bridge and suggests that the electron rich alkyne has more of an
effect on the shielding of thmetaprotons than the nitro group at the end of the ligand.

It is also possible that the nitro group is pulling electron density @k the

hexamolybdate core, increasing shielding of the protons in the bridge in between.

Comparison of nitro derivativd0 with iodo derivative3 did however show a
significant downfield shift, 7.99 ppm vs 7.51 ppm for compodyda result of
decreaseghielding by the electron withdrawing nitro group compared to the iodo on
compound3. This again demonstrated the increased electronic communication within
the phenybridged compounds. As discussed previously, compdndith the
dimethylamino donor irthe ortho position, showed increased shielding over iodo
containing compound. For direct comparison, &Al-NMR of the three shoibridged,
diisopropyl protected compounds is shown in figure 2.4b. The difference in shift
between compourlwith the strong donor grouppmpound with the weak acceptor
group,and compound 0 with the strong acceptor grogpn ke clearly seen.
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Figure 2.4b*H-NMR of compoundlO (green), compoun8 (blue), and compound (red).
All *H-NMR were taken in acetonitrild3 and referenced to TMS.

Analysis of the electronic spectra of compoudand 10, shown in figure 2.4c,
showed low energy peaks at 399 and 382 nm respectively, LPCT transitions which
despite featuring stronger acceptors, are both lower in energy than that observed for
compound3. The likely reason for this observation is due to transitions not only
occurring from thé system of the ligand to the POM core, but from theystem to

the nitro acceptor group too. This significant aromatic to nitro component makes
referring to thesegaks as LPCT peaks somewhat unfitting, with the temamtbrid

charge transfer peaks (IHCT) being more suitable for these compounds. These
additional ligand to nitro transitions would also explain both the slight redshift of the
peak of compoun@ with its larger’ system compared to compouib@as well as the

increase in the extinction coefficient from 24.7%16 53.7x1¢ Mtcm?.

Comparison of the electronic spectra of the three short bridged, diisopropyl protected
compounds, compoun@s8, and10, can be seen in figure 2.4d, clearly demonstrating

the increased red shift seen for the dimethylamino derivative over the iodo and the
nitro derivatives. The increased red shift of the nitro derivative compared to the iodo

derivative despitebeirgy st rong acceptor is Ilikely a
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Figure 2.4cUV-vis absorption spectra of compourftléblue) and10 (green). Spectra were

all taken in dryacetonitrile.
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Figure 2.4d Electronic spectra of compound® (green),3 (blue), and8 (red). Spectra were

all taken in dry acetonitrile.

X-ray diffraction yielded high quality crystal data for compou@dand 10, with
crystals grown from diethyl ether vapour diffusion into acetone solution for compound

9 and from hot acetonitrile for compoud@. The crystals of compourfdlyielded a
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high quality structurewith anR; of 3.59%in theP -1 space groumith one molecule

of compound in the asymmetric univhile the crystal ofLO yielded a high quality
structure with arR; of 5.86%in theP 1 2/c 1 space groupalso with one complete
molecule in the asymmetric unithe structures of both compounds followed the
general expectations for the class of compounds, with reasonably linear imido bonds
suggesting triple bond character and the frequently observed sftbMif-O° bond.
Comparison of the amide bond angle to that of an unprotected analogue of compound
9revealed the steric protection had again resulted in a more linear imido bond, 173.9°
vs 163.5%33

Figure 2.4e Crystal structure images of compourtdand10. Thermal ellipsoids are at 30%
probability level. The colour scheme shows Mo in green, @dn N in blue, and C in grey.

Tetrabutylammonium counter cations and hydrogen atoms are omitted for clarity.

i i Mo™-CO° | Mo-O
Mo™-N Mo'™-O¢ (AV) (AV) N-C O-Mo-N | Mo-N-C
9 | 1.742(2) | 2.202(2) | 1.952(2) | 1.690(2) | 1.385(3) | 1777(2) | 176.0(2)
10 | 1.740(5) | 2.214(3) | 1.977(4) | 1.690(4) | 1.377(7) | 1766(2) | 173.9(4)

Table 2.4aComparison of the bond lengths for compou#ds, and6.
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Comparison of the structures obtained for iodo deriv&jvemethylamino derivative

8, and nitro derivativelO gave no significat variation or trend in the bond lengths
when increasing or decreasing the donor strength over that of comgbund
Compounds8 and 10 both presented marginally less lineafM®-N and MoN-C
bonds, showing the linearity of the imido bond was also not influenced by the donor
strength. This is a similar result to as was seen for comparison of compgptndad

6.

Mo™N | Mo™-O° M?Air:/')ob '\?X\'/())t N-C | O-Mo-N | Mo-N-C
3 | 1.741(2) | 2.198(2) | 1.952(2) | 1.690(2) | 1.382(3) | 178.00) | 1769(2)
8 | 1.748(3) | 2.198(3) | 1.962(3) | 1.690(3) | 1.367(5) | 177.0@) | 175.3(3)
10 | 1.740(5) | 2.214(3) | 1.977(4) | 1.690(4) | 1.377(7)| 1766(2) | 173.9(4)

Table 2.4bComparison of the bond lengths and angles for comp@i&lsand10.

2.5 Electrochemical and Stability Studies

Electrochemistrys a branch of chemistry focused on probing the relationship between
applied electrical potential and chemical changes impounds. Many different
electrochemical techniques exist, with a few examples being cyclic voltammetry,
potential step experiments, bulk electrolysis, differential pulse voltammetry, and
rotating disk experiments, resulting in a wide variety of applicafiguch as
measuring redox potentiai®}®! determining diffusion coefficient$? and
monitoring isomerization reactiod® In this work, cyclic voltammetry was the

technigue used predominantly, along with bulk electrolysis.

During electrochemical analyses such as cyclic voltammetry, an applied charge is
transferred between electrodes and the analyte dissolved in a conductive solution,
resulting in either oxidation or reduction of the species at the working electrode
dependingon both the compound and whether an anodic or cationic potential is being

applied. In this work, cathodic scans were typically performed, with compounds
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initially being reduced at the working electrode before reoxidation occurred during the

reverse scan.

Reduction of the analyte at the working electrode results in a localised depletion of the
initial analyte, Ox, and a localised increase of the reduced spedtesi The
relationship between the equilibrium of the concentration of these twesped the
potential of the cell can be represented by the Nernst equation (2lér&)Ox and
[Red are the concentrations of the two compounds at the working electrodahE
standard potential of a species F is Far :
n is the number of electrons, and T is the temperature.

O © Lg 1u_oo (2.5.9

€ YQQ

Cyclic voltammetry uses a three electrode set up, with an inert mgogtectrode,
typically made of glassy carbon or platinum, a counter electrode, typically platinum,
and a reference electrode, usually silver wire foragueous procedures, and involves
performing a triangular sweep from one potental,to another, & and then back
agai n. The potenti al is varied llforearl!ly
standard cyclic voltammetry.
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Figure 2.5aPlot of potential applied as a function of time for a standard cyclic voltammogram.
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As a change in potential is applied to the system, the current passed varies, relaying
information on any reduction or oxidation of the analyte. Typically, an increase in
current is seen once the potential to allow the redox process to occur is reaghed, se
at B in figure 2.5b. The magnitude of this current relates to the amount of analyte being
reduced or oxidised at the working electrode, which in turn relates to both the

concentration of the bulk solution and the thickness of the diffusion layer.

The dffusion layer is the volume of solution around the surface of the electrode
containing the newly reduced/oxidised analyte, and as the sample continues to be
reduced/oxidised at the electrode, the size of this grows. This growth slows down the
rate at whib analyte is delivered to the electrode, and so over time, after all the sample
initially at the electrode is oxidised/reduced, the current at the working electrode will

decrease.

Current (nA)

0.4 0.4

Potential (V)

Figure 2.5b A cyclic voltammogram taken of Ferrocene, with key pointsdped, start
potential; B, current increase as potential for oxidation reached; C, oxidation peak potential,
after which current is limited by mass transfer; D, reversal point; E, increase in magnitude of
current as potential for reduction of*He reachedF, reduction peak potential, after which

current is limited by mass transfer; G, stop potential.
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If the redox process is reversible, a return peak with a similarly increased magnitude
of current will be observed upon reversal of the scan, givingaigestsecalled duck
shaped cyclic voltammogram often referred to in electrochemistry. An example of this
is shown in figure2.5b, with the key points of the reversible oxidation of ferrocene
indicated. For a reductive process, the opposite wave woulddme with the initial

peak occurring with a negative current and reoxidation being observed with a positive

current.

If the reduction/oxidation of a compound is both chemically and electrochemically
reversible, the difference between the potential ofadhgard and reverse scan peaks

( pEWIll be 57 mV at 25°C. Chemical reversibility relates to the stability of a
compound in its reduced/oxidised state, whereas electrochemical reversibility refers to
the electron transfer kinetics between the analytdtendlectrode. If transfer kinetics

are slow or decomposition of the compound in its reduced/oxidised state occurs, an

I ncr e awilkbé obgeEed.

The reversibility of a reduction/oxidation can also be monitored by changing the scan
rat e. For a completely r egwibbelbhsbrie@dwith eact i
changing scan rate and there will be a linear relationship between the peak girrent (i

of the forward scan and the squark root
current as scan rate increases results from the increased gradient of the diffusion layer

at higher scan rates and can be defined by the RaBdiask equation (2.5.29*Here,

n is the number of electrons transferred in the reduction/oxidation, A {snthe

surface area of the electrode, @n¥ s?) is the diffusion coefficient of the analyte,

and & (mol cm?®) is the bulk concentration of the analyte.

e o
Ny

N ™ 180D (2.52)

Plotting peak current against the square root of the scain ra¥ produces a straight
line graph with a 0,0 intersect for completely reversible processes. For a quasi
reversible process, decreased peak currents will be observed, resulting ilneaon

plot.

The second technique used in this work was bulk ellgsis, a process that involves
reducing or oxidising the entirety of a sample of analyte using a high surface area

electrode combined with vigorous stirring. Usually, this process is paired with analysis
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by cyclic voltammetry, with a scan being taken lbefand after bulk electrolysis to
monitor for any changes in the sample generated by the oxidation and reduction. This
can be used as a stability test to monitor for decomposition of a compound in its
reduced/oxidised state on a timescale longer tharuelysnonitored for in a cyclic

voltammogram.

Electrochemical studies were performed on compo@rtdsLO, with the compounds

being investigated by both cyclic voltammetry and bulk electrolysis. The cyclic
voltammetry was carried out in acetonitrile under inert conditions using
tetrabutylammonium tetrafluoroborate as the electrolyte. Glassy carbon was used as
the working electrode, platinum as the counter electrode, and silver wire as the pseudo
reference. Ferrocene was later added as a reference to all samples unless otherwise
stated. Bulk electrolysis was carried out in a three compartment cell with ghalsen ¢

as the working electrode for the cyclic voltammogram scans, platinum gauze as the
working electrode during bulk electrolysis, platinum as the counter electrode, and

silver wire as the internal reference.

The electrochemical properties of tetrabutytaonium hexamolybdate have been well
documented through the years, with two reductions being reported in the literature.
15531 The first, at a potential 60.815 vs Fc/Ftin acetonitrile, is reversible, whereas

the second, at a monegativepotential, § not. These peaks result from two reductions

of molybdenum cations to produce the stable Mo(V)Mo{\$pecies and the less
chemically stable Mo(\MMo(VI) 4 species respectively. In both cases the electron is

delocalised over the cluster at room temperature

After functionalisation, the hexamolybdate derivatives still typically exhibit most of
the electrochemical properties seen for hexamolybdate, with the first reduction peak
retaining its reversibility on the electrochemical time scale and the seconidirgma
irreversible. However, due electron donation from the ligand into the POM core
through the conjugated imido bond, the first reduction of the hexamolybdate
derivatives is typically observed at a more negative potential than hexamolybdate

itself.

Cyclic voltammogram show compounds through 10 all demonstrate the two
reductions typically seen for hexamolybdate derivatives, withetbe negativgpeak

being fully reversible in all cases, a key feature necessary for potentiihaan
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optical switcting. For al | ¢ pwapaditienlatger thgnEthe expected 57,mV
however, a similar value was seen for the Feffxidation couple (78 mV) process

well known to show ideal behaviowsuggesting the slightly slower than expected
reductions may bdue to increased resistivity in the set up rather than slow response
times of the compounds themselvéke linear fitting of the peak current vs square
root of scan rate plot of compoudn figure 2.5¢c demonstrates the reversibility of

theless negativ®OM reduction peak.
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Figure 2.5¢cCyclic voltammogram of 0.8 mM compoudss Fc/F¢ in 0.1 M [Bu4N][BF4]
in MeCN (left) and plot of peak current vs square root of scan ratieféirst reductiorfright).

Previously, it has been shown tliahctionalisation with a ligand containing a more
electron donating functional group resulted in a largagativeshift, particularly for
compoundswithout the alkyne spacer between the functional group and the
hexamolybdate cor€® This was a trend alseeen for compoundd to 6, with
compound6, the compound with the strongest electron donor, having th& mo
negative peakf the threadiphenylethyndridged compounds. As expected, the peak
of both compound¥ and8 was observed at a monegative potemdal than seen for
any of thediphenylethynéridged compounds due to the proximity to the amine donor
group to the hexamolybdate core. Similarly, the first reduction peak of comadund
is at aless negativeotential than that of compour®ddue to the inreased influence

of the electron withdrawing nitro group.
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Epc [ArM0¢O1g]*"* E12 [ArMo ¢014]>7% pE(MmV)
2 -1.925 -0.964 78
3 -1.910 -1.002 85
4 -1.837 -1.013 73
5 -1.905 -1.009 83
6 -1.831 -1.020 85
7 -1.878 -1.071 73
8 -1.9%6 -1.101 73
9 -1.901 -1.001 76
10 -1.834 -0.936 73

Table 2.5aTable summarising the molybdenum reduction peaks of compduad$. Fc/F¢

was used as the internal reference in all cases.

In the cases of compounddo 10, additional peaks relating to the functional groups

on the ligands were also observed, with amine oxidations being seen for compounds

4,5, 6, 7, and8, and quasreversible nitro reduction peaks being seen in between the

two POM reduction peaks for compads9 and10. In some cases, small amounts of

hexamolybdate was also observed in the sample, indicated by a peaid atV.

Current (uA)

-20 T T T T T T T T T T 1
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Potential (V)
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Figure 2.5dCyclic voltammograms of 0.8 mM solutions of compour{teft) and compound
10(right) in 0.1 M [BuN][BF4] in MeCN. Fc/F¢ was used as the internal reference.

While these amine oxidation peaks were irreversible in the cases of comgandls

6 and quasi reversible in the case of compdbind the cases of compoundsnds,
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reversible oxidation peaks were ohsast suggesting some stability of the oxidised
amine on the CV timescale. This reversibility of the amine oxidation for comp@unds
and 8 led to the investigation of switchable responses not just using reduction but
oxidation too for these compounds.

Ei2 [ArM0¢O1g) 7> Epc NO, Epc[ArMO 6014|>2 EpaNR:

2 -1.925 - -0.964 -

3 -1.910 - -1.002 -

4 -1.837 - -1.013 0.338 irr
5 -1.905 - -1.009 0.493 quas
6 -1.831 - -1.020 0.119 irr
7 -1.878 - -1.071 0.323 rev
8 -1.885 - -1.101 0.303 rev
9 -1.901 -1.411 quas -1.001 -

10 -1.834 -1.491 quas -0.936 -

Table 2.5bTable summarising the cyclic voltammetry peaks of compo&midsoughl10. All
peaks are reported in ¥c/F¢ was used as the internal reference in all cas@sl V/sscan

rate was used for all measurements.

Determination of the reduced state stability of compo@ttisoughl0was caried out

using bulk electrolysis, with initial studies being carried outtompound2 and 3

prior to synthesis of the succeeding compounds. Bulk electrolysis was carried out in a
three compartment cell using 0.8 mM solutions of analyte and 0.1 M solutions of
[BusN][BF4] in dry acetonitrile A platinum gauze working electrode wased during

the bulk electrolysis runs, with reduction always being performed with vigorous
stirring under an argon atmosphere for 22 minutes. Cyclic voltammograms were taken

before and after bulk electrolysis and recorded as in previous experiments.

Previous reduced state stability studies of hexamolybdate derivatives demonstrated
considerable hydrolysis of the imido bond during ther@ute reduction period even
when using dry solvent and inert conditions, resulting in large amounts of
hexamolybdatdeing formed during the experiments as a result. This resulted in not

only a significant decrease in the current of the reduction peak of the hexamolybdate
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derivative, but the growth of a hexamolybdate reduction pedk&it5 V. This can be

seen in theyxlic voltammogram of compounddisplayed in figure 2.5e.

14 13 12 11 -0 -08 08 07 -06 -05
Potential (V)

Figure 2.5 Cyclic voltammograms of compourgdwith scans taken before bulk electrolysis
being shown in blue and scans taken after bulk electrolysis shown @ureelnts of the before
and after bulk electrolysis cyclic voltammograms have been normalised for clarity.

r T T T T T T T T 1 T T T
14 -3 12 -11 10 -09 -08 -07 -06 -05 -4 -13 12 -11 10 0% -08 07 06 05
Potential (V) Potential (V)

Figure 2.5 Cyclic voltammogams of compound2 and 3, with scans taken before bulk
electrolysis being shown in blue and scans taken after 22 minutes of bulk electrolysis shown
in red. Fc/F¢ was used as the internal reference in all three c@sgeents of the before and

after bulkelectrolysis cyclic voltammograms have been normalised for clarity.

Reduced state stability studies of compouhdad3 showed significant improvement
over that of compounld with approximately 2/3 of compourtemaining in solution
after bulk elecwlysis, and considerably less decomposition being observed for
compound3. This improvement in stability with increasing size of the alkyl substituent
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showed that stability of these compounds in the reduced state could be achieved by
steric protection offite imido bond by alkyl groups. It was here that the further
derivatives were synthesised, with isopropyl groups being included at the 2 and 6
positions of the amido ring in most compounds to hopefully afford maximum steric

protection of the imido bond.

Bulk electrolysis experiments of compounds through 10 demonstrated the
effectiveness of the use of steric protection to improve stability in the reduced state
even with the inclusion of electron donors or acceptors on the ligand. In the cases of
compoung 7 and8, very little decomposition of the hexamolybdate derivatives was
seen, with the stability of compouBdappearing almost identical to its iodo analogue
and compound surpassingits own. In both cases, a very small increase in the amount

of hexamdybdate could be seen in the solutions.

r T T T T T T T T 1 T T T T T T T T T 1
15 -14 -13 -12 41 -10 -08 08 07 06 15 44 13 12 A1 10 09 -08 -07 -08
Potential (V) Potential (V)

Figure 2.5 Cyclic voltammograms of compounds(left) and 8 (right), with scans taken
before bulk electrolysis being shown in blue and scans taken after bulk electrolysis shown in
red. Fc/F¢ was used as the internal referencéath cases Currents of the before and after

bulk electrolysis cyclic voltammograms have baemmalised for clarity.

Following on, compound4, 5, and6 also showed good stability in the reduced states,
with considerable amounts of the hexamolybdate derivative still being present in the
samples after the bulk electrolysis. Compo&mgpeared nrginally more stable than

both compoundd and6, suggesting the stronger donors slightly decreased stability.
Also, more decomposition was observed for compalitiéin for compounds and8

despite the identical the donor group and the increase in gteriection over
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compound? suggesting the extension of the ligand reduces the stability of the

derivative.

T T
13 12 11 -1.0 0.9 08 07 -06
Potential (V)

T T T T
-1.3 -1.2 11 1.0 -0.9 -0.8 07 08 15 14 13 12 -11 10 08 -08 -07 -06
Potential (V) Potential (V)

Figure 2.5h Cyclic voltammograms of compoundgtop), 5 (left), and6 (right), with scans

taken before the 23 minute bulk electrolysis being shown in blue and scans taken after bulk
electrolysis shown in red. Fc/FReas used as the internal reference in all three c@segents

of the before and after bulk electrolysis dggovoltammograms have been normalised for

clarity.

Interestingly, very little growth of the hexamolybdate reduction pesgkseen for any
of compoundd4, 5, or 6 despite thenoticabledecrease of theoncentration of the
derivatives in the samples, sugieg decomposition of these compounalas not
occuing through the hydrolysis pathwayprevioudy observed for similar
hexamolybdate derivativesdinsteadesuledin fragmentatiorof the hexamolybdate

core itself.

Onepossible route fothis decompositiomns by thethe lossof both the ligand anthe

imido molybdenum from the hexamolybdate cafer reduction,resulting in a
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destabilisedive molybdenum cluster which could then fragment into smaléxtox
inactive polyoxometalate fragens such as [Mo@? and [MaO7]%. For similar
previousy synthesisedcompoundswithout the steric protectionthis breakdown
pathway may not have been obsergadng bulk electrolysigue to the succeptability

of the imido bond to hydrolysis, resulting in decomposition to hexamolybdate before

this secondragmentatiorpathway could take place.

01gMog=NAr —  2Mo0,0,% +M00,% + Mo=NAr*

Figure 2.5i A scheme showingre possible fragmentation pathway of the decomposition of
compoundg}, 5, and6.

Fragmentation of the hexamolybdate core of functionalised deriatives has been
reported previously, once through purgo$ breakdown in acollision-induced
dissociation experiment in which the fragments were monitored using mass
spectranetry*>® and once through chemical reaction inside célM/hile the work
involving fragmentation through chemical breakdown of the ligand poduced only
MoOs, the products of dlision-induced dissociation resulted in a much larger range
of fragment¥into tGen gadlmse Wagmentiation of hexamolybdate
derivatives also demonstrated the possibility of MoNAr units becoming detatched
from the main POM core, resulting filarther destabilisation of the remaining cluster.
This work also observed increased fragmentation of compounds functionalised with
OMe donor groupsposibly due to the electron donation resulting in a more polar
imido bond and a more electron rich POMaofhe increased decomposition for

compounds with stronger donor groups was an observation also made in this work.

Interestingly, decomposition by this pathway was not obseved to significaaily
for neither compoundg or 8 in their reduced statedespitethe increasealecron
donationfrom the more proximal amino growguggesting th@lecomposition was
somehowacilitated bythe alkynebridge.This may be due to solubility, with the larger
organic component of thdiphenylehyne bridgeccompounds increasing solubility of

the imido fragments and facilitating tdecomposition.
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Although not included in the decomposition scheme, it was thouglli stiabn of the
MoNAr entity by coordination of solvent molecules would likelycar, producing a
compound similar in shape to previously reported WNAr@k it was thought the
coordination of the solvent may stabilising the breakdown product, investigation into
whether increased stability could be achieved by performing the redlucti less
cooridinating solvent was performdRiepeating the bulk electrolyggperimentsing

less coordinating DCM as the solvent ditleed result in reducecamounts of
decomposition, although did not prevent its occurrence entirely.

T T T T
43 12 11 40 09 08 07 06 45 14 13 12 A1 10 -09 -08
Potential (V) Potential (V)

Figure 2.5 Cyclic voltammograms of compourddn acetonitrile(left) anddichloromethane
(right), with scans taken before the 23 minute bulk electrolysis being shown in blue and scans
taken after bulk electrolysis shown in réd/Fc+ was used as the imal reference in all three
cases. Currents of the before and after bulk electrolysis cyclic voltammograms have been

normalised for clarity.

To identify the fragments produced in the second decomposition route, IR
spectroscopy was employed. This was useshonitor for any changes in the M®
vibrational peaks of a sample over the course of a prolonged bulk electrolysis
experiment. Here, electrolyte solution was used as a background, and solutions of
MogO16®, M0207> and MoQ? were prepared and scanned to provide comparison.
Due to the absorption peaks of acetonitrile, some wavelengths in the relevant area of
the spectrum were obscured, but the key peaks were visible and unobstructed enough
to demonstrate a clear differencevbe¢n the samples. The acetonitrile peak at about
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960 cm! necessitated the addition of a break in the axis of the printed spectra for

clarity.

Scans performed early on during the reduction process did not display much
resemblance to that of compou#dMosO16*, M0207*, or MoQs?, likely due to the
formation of an intermediate such asdpecies, but comparison of the final scan to
one of MeO7* confirmed the presence of MD; amongst other components in the
sample. This formation of M®:%* confirmed the decomposition of compourtls,

and6 was occurring through fragmentation of the hexamolybdate core rather than the
hydrolysis mechanism previously seen, likely after the reduction mediated removal of
one MoNAP* unit. Possible causes of the peal®40 cm! in the final scan, the only
peak not caused by the M2, were investigated without success. However, due to
its proximity to the Mo=N peak of compour it is currently assumed this peak
results fromeitherthe molybdenurimido fragment or a decomposition product of the

fragment.

100

90

80+

Transmitance (%)

70 1

60 T T T T T T '/jl/' T T
1000 980 960 940

LI T — T T T T T T 1
900 880 860 840 820 800 780 760

Wavenumber (cm™)

Figure 2.5 Vibrational spectra of compouritaken before extended bulk electrolysis (blue)
and throughout (darkening red) with the spectifduf,07]% included (black) for omparison.
All spectra were taken in acetonitrile solution and included 0.1MsRBu
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Despite the decomposition of compounds5, and 6 observed during their bulk
electrolysis experiments, peak currents of the cyclic voltammetry runs suggested
approximaely 75% of compoundd and 6 and 83% of compoun8 remained in
solution after the 23 minutes of reduction. This meant that despite the newfound
stability issues involving the unexpected fragmentation of the hexamolybdate core,

investigation on the reducathtes of the compounds would still be possible.

Bulk electrolysis of compoundd and 10 also showed reasonable stability of the
acceptor containing compounds, with a small amount of decomposition being seen in
both cases. These compounds were not as stable as the iodo or amino analogues, with
more decomposition being seen for compo@fdhan for either compounds or 8,

likely due to the nitro acceptor group reducing electron donation from the ligand to the
hexamolybdate core. The less electron dense imido bond would then be more
susceptible to nucleophilic attack of water, increasing theuatof hydrolysis seen
compared to the weaker acceptor and donor containing compounds. However, as with
compounds 2 through 8, despite some breakdown being observed, enough
functionalised hexamolybdate still remained after the 23 minutes of reduction that

investigation of the reduced state of the compounds would still be possible.

T T T T T T T T T T T T 1 r T T T T T T 1
1.8 1.7 16 1.5 14 1.3 1.2 -11 1.0 -09 -08 0.7 -06 -3 12  -11 -0 08 08 07 08
Potential (V) Potential (V)

Figure 2.9 Cyclic voltammograms of compoun@g(left), and10 (right), with scans taken
before bulk electrolysis being shown in blue and scans taken after a 23 minwgkebintdysis

shown in red.
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2.6 Conclusion

In conclusion, this chapter has discussed the synthesis and characterisation of nine
sterically protected hexamolybdate derivatives, all of which have been characterised
by 'H-NMR, *C-NMR, IR, UV-vis, elemental analysis, mass speatetry, andX-ray
crystallography. Analysis of the electronic spectra of compoRitm$0showed IHCT

peaks lowered in energy by ligand to POM coupling through the conjugated imido
bond. Donor containing compounds showed additionakshgfting of this peak, with
moreshifting observed for compounds containing stronger donors and shorter bridges.
This suggests increased NLO activity for derivatives featuring stronger electron

donors.

Cyclic voltammetry of these compounds revealed the Ma(¥d)Mo(VI)sMo(V)

reductiontypically observed for hexamolybdate derivatives was still reversible on the
cyclic voltammetry timescale. The cyclic voltammetry also revealed additional peaks
for many of the compounds, with amine oxidation peaks being observed for
compoundsl through8 and quasi reversible nitro reduction peaks being observed for
compound® and10. Of the amine reductions observed, those of compotiads8

demonstrated good reversibility on the cyclic voltammetry timescale, leading to the

possibility of oxidatively swichable NLO properties for these compounds.

Longer scale stability studies of these compounds, performed using bulk electrolysis,
demonstrated the increased stability of the sterically protected containing calspoun
with enough stability achieved for most compounds that investigation of the optical

properties in the reduced state should be a possibility.
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Chapter 3

3.1 Introduction

In chapter two, the successful synthesis and analysis of a series of nine sterically
protected hexamolybdate derivatives was discusseevit/¥bsorption spectroscopy
showed strong ligand to POM chyar transfer transitions of the amine donor
functionalised derivatives, transitions shown to result in goodlinear optical
activity in a set of similar but unprotected compounds synthesised-Bggsri34°128

In his previous work, AlNasari had invdggated the potential to use these
chromophores for redox activated NLO switchithge to the reversible and quick
reduction of the electron accepting POM c¢drewever instability of the compounds

in their reduced state caused difficulties and meant noceetistate measurements
could be collected®® This lead to the synthesis of sterically protected compounds

investigated for NLO switching in this work.

In chaptettwo, thebulk electrolysis experiments of the sterically protected derivatives
were discussed, with the resultdemonstrahg the increased stability of these
compounds in the reduced stater previously synthesisemhprotected analogues

all cases the steridglprotected compounds were stable enough for switching to be
investigated using spectroelectrochemistry, with some compounds shedwiogt no
decomposition of the imido bonslas observed even after 23 minutes of continued
reduction. It was hoped this ir@sed stability would allow these compounds to act as
redox activatedype Il switchable NLO chromophores, as outlined by Coe in 1$99.
Previously, only a small number of electrochemically switched NLO chromophores
have been reported, with switchingaither compounds occurring through less easily

reversible mechanisms such as chemical reduction or change of solvent.

In this chapter, the compounds synthesised in chapter two were investigatedofurther
UV-vis spectroelectrochemistgnd TD-DFT before HypeiRayleigh scattering was

used to probe the NLO activity of the chromophores in both their oxidised and reduced
states.The aim of this investigation was to determine the NLO activity of the
compoundsparticularly compound, a compound with a stronger donor than had
previously been tested, and to explore the switchable optical anlihean optical
properties of the compounds to better understand their potential for use as redox

switchable nodinearoptically active chromophores.
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3.2 Spectroelectrochemistry

Ultraviolet-visible spectroelectrochemistry is a method of analysis involving the study
of the electronic transitions of an analyte simultaneously undergoing reduction or
oxidation initiated by an external potential. Spectroelectrochemistry can be used as
more reversible alternative to chemical reduction or oxidation, or to monitor real time
changes in transitions as compounds are switched between their natural and reduced

or oxidised states.

In this work, an OTTLE cell, standing for optically transparehin layer
electrochemical cel?” was used to perform the spectroelectochemical analysis.
Shown in figure 3.2a, the OTTLE cell is an adapted Specac omni cell, featuring a
specially made betweesmindow spacer housing the electrodes. The working
electrode positioned directly over the window to aid complete electrochemical
conversion at the optical measurement site, and the counter electrode are both made of
highly conductive platinum gauze, while referencing is performed using a small silver
wire positiored at the bottom of the cell. The cell used in this work had WaEows

for full optical transparency from 180 nm to 8 um, making it more than suitable for

studying the region of interest of these compounds.

Pt counter electrode
Pt working electwde over window

Ag reference electrode

Figure 3.2aThe OTTLE cell used to perform the ultravielgsible spectroelectrochemistry
of compound£-10.

In order to reduce the diffusion or current induced mixing ofédececcompound at

the working electrode and the unreduced sample in the rest of the cell, the path length
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of the OTTLE cell is considerably shorter than seen in both a standard Specac omni
cell and in UMvis spectroscopy, at just 0.2 mm. This was a key feature of the cell, as
previous work performed using a setup more akin to holding electrodes in a narrow
cuvette led to confusion, as what originally looked to bexidation of the reduced
sample was later discovered to be diffusion of fresh compound into the optical window
of the cell'®® The short path length also allowed for increased concentration of the
compound, bringing the concentration used in the spectroelectrochemistry roughly
into line with what had been used during the bulk electrolysis experiments, a
concentration at which the stability of the compounds had already been probed to

reveal good results.

Spectroelectrochemistry was carried out on compoftal40at concentratiosin the

range of 0.36 to 0.72 mM in 0.3 M solutions of electrolyte. The concentration of the
compounds varied due to differences in the extinction coeffi@ujuiring different
concentrations to get a satisfactory absorption spectrima. pbtentials atvhich
reduction and reoxidation were performed at walso varied as neededwith
reduction being performed at betweéb V and-1.2 V andoxidation betweenr0.3

V and0.75V due to potential drifand variations in the conductance of the.cell
Absorption spectra were recorded every 15 seconds throughout the reduction and
reoxidation processes, leading to a rg@rtinuous monitoring of the samples.
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Figure 3.2b Spectroelectrochemical analysis of the reduction of comp@&urfd -0.55 V

potential was used to reduce the sample and scarshowrat 30 s intervals.
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Reduction of compoundadandg3, the two iodo functionalised derivatives, resulted in
almost identical results, with a 4 nm blueshift of the IHCT peak being observed for
both compounds upon reduction. The extinction coefficient of the new peaks were also
bath slightly lower than for the IHCT peaks of the compounds in their oxidised states.

In both cases this decrease in peak wavelength was perceived to be a result of the
increased energy of the LUMOs after reduction due to the reduced POMs core acting

as pooer acceptors of the electrons donated from the aromatic rings of the ligands.

After no further changeof the electronic spectraese observed and reduction was
perceived to be complete, reoxidation of the compounds was then perfdnnbeth

cases theeoxidation resulted in eeversal of the changes observed during reduction
over a similar timescale to with which they occurred during the reduction process. This
was much faster than the recovery observed in previous styles of
spectroelectrochemistry celvhich later was shown to be due to diffusion of fresh

sample into the analysis window.
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Figure 3.2cSpectroelectrochemical analysis of the reduction (blue) andidation(red) of
compound3. A -0.55 Vpotential was used to reduce the sample atd1l® V potential was

used for the r@xidation. Scanare showrat30s intervals.
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As had been seen dag the bulk electrolysis, very little decomposition of compound

3 occurred during the reduction, with a full recovery of the original spectrum during
re-oxidation demonstrating the redox activated switching of the LPCT enabled by the
compounds increasedasility. Although full reversal of the shift of the IHCT peak
was also seen for compouBdreturning from 160 nm to 164, a small reduction in the
intensity of the IHCT peak was seen afteprgdation was complete, suggesting some
decomposition took placeThis was not unexpected as some decomposition of
compound? had occurred during the bulk electrolysis experiments, a likely result of
the smaller methyl groups less effectively preventing hydrolysis than the isopropyl

groups featured at the 2 and 6 piosis of the aromatic ring in compouBd
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Figure 3.2 Electronic spectra of compoung@gleft) and3 (right), with scans taken before

and afterspectroelectrochemical reduction in blue and aftexidation in red.

The changes in energy and intensity of the IHCT peaks observed upon reduction of
compound® and3 were small, however this was consistent with the lack of a strong
donor group and the relatively weak charge transfer character previously described for
similar compound$?® In particular, the run of compound functioned well in
demonstrating the increed stability of the sterically protected compounds could
enabé the monitoring of changes in the electronic spectra brought about by reduction
and reoxidation of the compounds. These scansaalsnl as a standard compare

future runs toenabling the confirmatiothat any additional changes observed during
the spectroelectrochemical analysis of compouintdsLOwould bedue to the donor

or acceptor groupsather than a response of the functionalised POM itself.
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Spectroelectrochemicanalysis of compound revealed a much more significant
change upon reduction than compouds 3, with a complete loss of the original
LPCT peak at 424 nm and the appearance of a new peak at 406 nm. This increase in
energy of the LPCT peak by a wavelédn@f 16 nm suggests a significantly less
favourable ligand to POM charge transfer transition when the electron acceptor is
reduced which in turn suggests a significant weakening of the -@ageptor pair. As

this donoracceptor transition is the sourcketibe NLO properties of the compound,

this is a good indication that reduction of the compounds may result in a decrease in
the NLO responses. The increased extinction coefficient of this higher energy peak is
likely a result of contributions by other tiitions such as amine to aryl transitions not
previously observed to any great extent due to the strongly electron accepting POM

core.
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Figure 3.2 Spectroelectrochemical analysis of the reduction of compéumith scans taken
before and after spectroelectrochemical reduction in blue and afterdagion in red. A -
0.55 Vpotential was used to reduce the samplesa@B V potential was appligd re-oxidise

the sample.

As was observed for both compouriiand3, the LPCT of compound shifted back
to its original lower energy upon reoxidation, showing almost full recovery of the
original species in a similar timescale for what was observéoeafeduction. While
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a small decrease in the extinction coefficient of the LPCT peak suggested a small
amount of decomposition of the chromophore, a good majority of the compound
remained in solution, again showing the benefit of the inclusion of theadhgiulky

groups to protect the imido bonds. What this spectroelectrochemistry run revealed was
redox switchable electronic transitions of a sterically protected donor containing
hexamolybdate derivative, a phenomenon which had not been seen beforeuthd w

hopefully lead to redox switchable NLO activity when measured.

Upon investigation, similarly successful reversible redox inducible switching of the
compounddés LPCT peak was 4 ithesditaylaminoard f or
6, the julolidinyl dervative, with reduction causing a loss of the original peaks of both
compounds and revealing a new higher energy ligand to reduced POM peak. This
again suggested less favourable ligand to POM transitions. A similar shift of 17 nm,
from 423 to 406 nm, was ebrved for both compoun&saind4 despite the increase in

the strength of the donor group, a result of the electronic isolation between the donor
group and the POM cores as discussed in chapter 2, but comfouhith featured

a donor considerably strongi@an those seen in compouridand5, did show a larger

shift of 31 nm. In both cases, like had been seen for compéuadnore intense,
higher energy IHCT peak was observed for the compounds in their reduced state,

possibly resulting frongontributions from amine to aryl transitions.
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Figure 3.2fElectronic spectra of compoun@gleft) and6 (right), with scans taken before and

after spectroelectrochemical reduction in blue and aftexidation in red.
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Slightly more recovery of the original spectrum was seen for compduhan for

compoundsgl and6 upon reoxidation, 98% as opposed to 97% for both compatinds
and6, resulting in almost fully reversible changes to the spectrum and matching well
with the ncreased stability of compourisl observed during the bulk electrolysis

experiments, 83% as opposed to 75% for compodragl6. The improved stability

observed in the spectroelectrochemistry compared to the bulk electrolysis experiments

is likely due to he shorter timescale, as reduction took place over only a few minutes

in each case during the spectroelectrochemistry while was the samples were held at a

reductive potential for 22 minutes in the bulk electrolysis.

As had been observed for compourls, and 6, compounds/ and 8 also both

demonstrated reversible shifting of their LPCT peaks, with complete loss of the

original peaks, at 430 and 431 nm respectively, and the growth of higher energy peaks

at 399 and 398 nm respectively occurring during rédndén both cases. The shifts of
the LPCT peaks for compoun@sind8, 31 and 33 nm respectively, were larger than

those seen for compounds5, and6, again likely a result of the increased coupling

between the POM and the donor group of compounds twithe

systems. Reoxidation resulted in near full recovery of comp@uardd full recovery
of compoundB, again showing the reversibility of the redox switching of the LPCT

peak and demonstrating the potential of these compounds for reoaswitchable

NLO active chromophores.
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Figure 3.2gElectronic spectra of compoundgleft) and8 (right), with scans taken before
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Spectroelectrochemical analysié @ampounds9 and 10 also revealed switchable
transitions of the IHCT peaks, of +11 nm from 399 to 410 in the case of comfound
and of +26 nm from 382 to 406 nm for compoul@ Interestingly, these shifts
contrasted those seen for the IHCT peaks of both the iodo functionalised and amine
donor functionalised compounds, all of which revealed higher energy IHCT peaks in
the reduced state as opposed to the lower energy peak®seempound® and10

upon reduction.

The electronic absorption spectra of both compouhdsd 10 were discussed in
chapter two, where the decreased energy of the IHCT peak of comp@oowchpared

to compound despite the even weaker donor ability waased. This was decided to

be a result of contributions from aryl to nitro transitions overlaying with the aryl to
POM transitions in the IHCT peak. This analysis has since led to the suggestion that
these new lower energy transitions of compouhdad10 seen upon reduction arise

not from weakened ligand to POM charge transfer as is usually seen when the POM
core is reduced, but from POM to ligand charge transfer with the electron rich reduced
state POM acting as the donor group for the nitro acceptam tgpxidation, a near
complete recovery of compourdwas observed along with a complete recovery of
compoundl0, again showing the compoundsd incr
due to the steric protecting groups on the aniline ring.
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Figure 3.2h Electronic spectra of compounégleft) and10 (right), with scans taken before

and after spectroelectrochemical reduction in blue and aftetidation in red.
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These new, lower energy transteansitions observed in the reduced state as a result
of new POM to ligand charge transfer led to the suggestion that although the nitro
functionalised hexamolybdate derivatives have previously been shown to be HRS
inactive in their oxidised states, theay in fact be HRS active while reduced. This
possibility of polyoxometalate chromophores with increased NLO activity after
electrochemicakwitching has been investigated computationally for Keggin type

POMs! but so farno experimental work has been carried.out

IHCT peak IHCT peak Shift observed

(natural) (nm) | (reduced) (nm) (nm)
2 364 360 -4
3 364 360 -4
4 424 406 -18
5 423 406 -17
6 445 414 -31
7 430 399 -31
8 431 398 -33
9 399 410 +11
10 382 406 +24

Table 3.2aComparison of the IHCT peak of compourdd® 10in their natural and reduced

states.

In addition to investigating the potential redox activated switching of compaitods

8 by reduction of their POM cores, for a selection of the compoundsstigation of

the possibility of switching by oxidation of the amine was also carried out.
Electrochemical analysis, discussed in chapter 2, had already demonstrated the
reversibility of the amine oxidation peaks of compoundsd8 as well as the quasi
reversibility of the amine oxidation peak of compouriy and therefore
spectroelectrochemical analysis of two of these compounds was performed.

Upon oxidation of the amine of compou8da reversible decrease in the LPCT peak
at 430 nm was observed alongth the reversible growth of two new lower energy
peaks att95 nmand 640hm. Ammonium radicabcalised transitionkave previously
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been reported in the range of 600 to1000*fhsuggesting this is the origin for the
peak at 640 nm. The peak at 495 r8nin a similar region to a peak observed of
oxidised dimethyl anilin€® andis likely due to transitions from the organisystem

to the ammonium cationAlthough wnlike in previous spectroelectrochemistry
experiments of the donor containing compounds, clear blueshifted LPCT
transitioncould beseenupon switching, a new higénergy shoulder peak at 303 nm
did grow in during the oxidation antl is possible thathis resuls fromthe LPCT
transitionsbeingweakenedmore than observed during any previous experiments

the presence of the strongly withdrawing ammonium radical
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Figure 3.2i Spectroelectrochemical analysis of the oxidation (blue) amecwction (red) of
compound. A 0.9 V potential was used txidisethe sample and@&8 V potential was used

for the reredudion.

Upon rereduction, a full return to the original speon of compound occurred,
demonstrating the reversibility of this oxidative switching mechanism on a longer
timescale than had previously been investigated since no oxidative bulk electrolysis
experiments had been performed. This opened the possilhititese compounds not
only acting as on/off switchable NLO chromophores reductively, but oxidatively too.
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Oxidative spectroelectrochemical analysis was also carried out on compaunttl
revealed the same decrease in the LPCT peathargfowth of the ammonium radical
cationpeak at 86 nm as had been seen for compo8nHowever,in contrast to what
was observed during the spectroelectrochemical analysis of com@aumdew peak

at around495 nm grew inpotentially due to the alkyne bridge resulting in electronic
insulation between the ammonium cation and the rest of the malécuedition,
whereas once fully oxidised the spectrum of compdathbilised, the spectrum of
compaind5 never did suggesting decomposition of the oxidised compound, a theory

quickly confirmed byincompleteregrowth of the LPCT peak during-reduction.
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Figure 3.2j Spectroelectrochemical analysis of the oxidation (blue) amedwection (red) of
compoundb. A 2.2 V potential was used taxidisethe sample and @V potential was used

for the rereduction

In order to test the completeness of the reductions achibvaagh electrochemical
means, chemical reduction was also explored, with an excess of cobaltocene being
used to chemically reduce a sample of compd@adder inert conditionDespite its
sensitivity to air, cobaltocene was chosen as the chemical astudtie to its
transparency below 350 nm allowing easy observation of the LPCT peaks and its
reduction potential 0f1.33 V vs Fc/Ft® making is suitable for initiating a single

reduction of the doubly reducible POM even in excess.
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The UV-vis absorption spectra taken before and after the addition of the cobaltocene
revealed a near identical transformation to what had been observeamhipound8

using electrochemical reduction, with the complete loss of the peak at 431 and the
growth in of a peak at 398 suggesting full reduction of the compound had been
achieved during spectroelectrochemistry. The additional peak observable at 328 nm in
the spectrum taken after reduction as well as the increase in the baseline at lower
energies can be attributed to the excess cobaltocene that remained in solution after full
reduction of compoun8 had occurred®?

This shift of the LPCT peak could be palty reversed by shaking the contents of the
flask with air, suggesting the reduced compound was stable enough to be at least
partially reoxidised by the air rather than decomposed. A more complete recovery of
compound8 may have been achieved throughrenthorough means of mixing with
oxygen or another oxidant, but as the main goal of the chemical reduction was to record

the spectrum of a fully reduced sample of compdjrtis was deemed unnecessary.
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Figure 3.2kChemical reduction of compoudvas performed using cobaltocene revealing
an identical shift in the IHCT peak as seen during electrochemical reductions. The spectrum

taken before reduction is shown in blue, and after is shown in red.

Overall, the spectroelectrochemical analysis perémt on compoundato 10 proved
successful and revealed repeatable and reversible redox activated switching of the
IHCT peak in the linear absorbance spectra, changes which would hopefully bring
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corresponding weakening or strengthening of the NLO actofitthe compounds

when measured.

3.3 DFT and TD-DFT Calculations

In order to better understand the electronic spectra of both the oxidised and reduced
states of compoundsto 10 as well as predict the NLO properties of the compounds
DFT calculations were performed using Gaussian. The calculations were achieved
using Gaussian 16, with the CABBLYP functional being used for the geometry
optimisations, the TEDFT calculations, and calculations to predict both the static and
dynamic hyperpolarizabilities. CANB3LYP is a range separated hybrid functional,
meaning tle percentage of Hartrdeock and DFT exchange vary for longer and shorter
range interaction&¥? These type of functionals are more computationally intense than
examples which model electron density more locally, but can produce better results
for compoundsvhere longer distance exchanges such as the charge transfer between
the ligand and the POM are important. For all calculations,-8et8-G(d,p) basis set

was used for carbon, nitrogen, oxygen, and hydrogen atoms while LANL2DZ was
used for the molybdenuand iodine atoms. The WOG6 fitting set was used to produce
the UV-vis trace as an output of the TIDFT calculations. For all calculations, the
solvent effects of acetonitrile were modelled using SCRF, and in all cases, the
geometry optimisation was perforth@sing the geometry from crystal structures of

the compounds as a basis.

Initially, a range of basis sets and functionals were investigated for use in the
calculations of these compounds, with B3LYP, CAALYP, and¥B97Xd all used

as possible functios, 6-31++G(d,p) and @11G(d,p) both used as possible basis sets

for carbon, nitrogen, oxygen, and hydrogen and SDD and LANL2DZ both used as
possible basis sets for heavier atoms. The larger LANL2TZ basis set used for the
heavier atoms by Champagneef8ilwas not acces s-pedfdmeance n UEA

computing set up so could not be used in this work.

Calculations performed on compouddere used to test potential functional and basis
sets combinations, with results shown in table 3.3a. Here, theeteckthond angles
and lengths resulting from geometry optimisation calculations as well the peak
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wavelength of the IHCT transition as calculated by-DBT are compared with the
experimental data. The bond angles and lengths were obtained Xroay
crystalography and the experimental absorbance spectrum was taken in acetonitrile.
From the calculations, it was determined that using a combination of-B3IMP,
LANL2DZ and 6-31++G(d,p) producedhe best results when compared to the
experimental data6-311G(dp), a larger basis set, also produced good geometry
optimisation results, however since by the time this basis set was used, calculations
had already been started on other compounds us¥ig6G(d,p) and there was not a
considerable increase in accuratyyasdecided 631++G(d,p) would be used too for

the remaining calculations.

_ Mo-N | O-Mo-N | C-N-Mo LPCT
Functional Mo Other atoms
(A) ®) ®) Amax/ NM
Experimental 1.748 177.0 175.3 430
6-
B3LYP SDD 1.758 180.0 180.0 500
31++G(d,p)
6-
¥YB97X SDD 1.723 177.1 178.1 380
31++G(d,p)
6-
¥ B9 7 X LANL2DZ 1.728 176.3 178.1 400
31++G(d,p)
6-
B3LYP LANL2DZ 1.765 179.4 179.2 410
31++G(d,p)
CAM- 6-
LANL2DZ 1.738 177.3 178.5 415
B3LYP 31++G(d,p)
CAM- 6-
SDD 1.732 178.3 179.3 400
B3LYP 31++G(d,p)
CAM-
LANL2DZ | 6-311G(d,p)| 1.727 175.29 | 176.89 -
B3LYP

Table 3.3aSummary of functionals and basis sets used for DFT calculations of comfound

After geometry optimisation calculations usif@QAM-B3LYP, LANL2DZ, 6-
31++G(d,p) had been performed, TDDFT calculations were used to produce predicted
spectra for compoung, 4, 5, 6, 7, 8, 9, and10 in their natural states, along with
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compound4, 5, 6, 8, 9, and 10 when reduced. The results of these calculations are
shown in table 3.3b. In all cases, the TDDFT calculations of the compounds in their
natural state produced spectra that were a relatively good fit when compared to the
experimental data, with similar ghes and peaks to those observed in the experimental
spectra, especially regarding compoud8, 7, 8, and10, compounds without the
extended system of the alkyne bridge. For all cases, calculations overestimated the
intensity of the IHCT peaks compardd the experimental spectra. This was
particularly apparent in calculations performed of the Idighenylethynebridged
compounds. Importantly, however, despite small differences in the lower energy peaks
along with the intensity of some pealamax all calculated IHCT peaks showed
relatively good agreement with the experimental values, with the calculated peak being

within 15 nm of the experimental value in all cases.
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Figure 3.3aElectronic spectra of compouBdwith the experimental spectrum shown in
blue and the calculated spectrum shown in red. The Oscillator strength of the calculated

spectrum is also included.

Calculations of the UWis absorption spectra of the compounds allowed for useful
investigationinto the orbitals involved in the transitions. As had been expected, the

higher energy transitions of the calculated spectra of compditald.0 could be
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assigned as O to Mo transitions, with many small overlapping transitions forming what
often presenteds two larger peaks. The IHCT peaks of all compounds were calculated
to be comprised of multiple transitions, and while the lowest energy transition was
always calculated to be from a HOMO situated primarily on the ligand to an orbital
situated primarilyon the POM core, this was not necessarily the LUMO, but typically
a LUMO+x instead.

In the cases of the compounty$, and6, the derivatives with extended alkyne bridges
and amine donors, the most intense transitions were from the HOMO to the LUMO+3
orbital, and although these transitions were still primarily ligand to POM core, a
considerable amount of the electron density remained on the aromatic ring proximal
to the POM showing the electron density was not always fully transferred to the POM
core. These calculations also showed the delocalisation of the electron density over the
POM core in the excited state with electron density particularly dense on the electron
negative oxygen anions, a visualisation of why these hexamolybdate cores function as
strong electron acceptors despite their already negative charge.

€

C¢
6 LUMO+3

Figure 3.3b Calculations predicted the IHCT peak of compo@nprimarily resulted from
transitions from the HOMO (topjo the LUMO+3 (bottom).
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In contrast to what was seen for tiphenylethynéridged derivatives, the FTDFT
calculations performed on compourtiand8 predicted the predominant transition of

the IHCT peaks was to an orbital with very little organic character, suggesting the
transition was a more complete ligand to POM chargestea than what was seen for
thediphenylethynéoridged compoundghis increasedransfer of electron density in

the transition suggests increased charge separation which, according to the two state

model, should help to increase hyperpolarizability.

k ‘
. 3HOMO

8 LUMO+4

€ 10HOMO € " loLumo+1

Figure 3. Calculations predicted the IHCT peak of compo@n@op) resulted primarily
from transitions from the HOMQ€(ft), to the LUMO+# (right), while the peak ofompound
8 (middle)resulted primarily from transitions from the HOM(@f(), to the LUMO+ (right)
and the IHCT peak ofompoundl0 (bottom) resulted primarily from transitions from the
HOMO (left), to the LUMO+L (right).
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Comparison of compoundss 8, and10, the diisopropyl protected iodo derivative, the
phenyl bridged, diisopropyl protected dimethylamino derivative, and the phenyl
bridged, diisopropyl protected nitro derivative, showed relatively similar HOMOs and
LUMOs, with the HOMO of all compounds primarily situated on the organic ligand
and the LUMO of all three compounds focused on the POM core. However, as with
the comparison between the diphenylethyne and phenyl bridged amine donor
containing compounds, more diféerces were observed when the orbitals primarily
involved in the IHCT peak were compardd. all three compounds, transitions
occurred from the HOMO, which was predominantly situated on the organic ligand,
to an orbital at an energy somewhat higher tharLthidO. This was the LUMO+4

for compounds3 and8 and the LUMO+1 for compountlD. The LUMO+4 orbital of
compound8 was still primarily on the POM core, suggesting much of the electron
density transferred from the ligand to the POM when excited, howe\ghtlglless
electron density was seen delocalised over the POM core in the LUMO+x of
compound3, with slightly more electron density being left situated on the aromatic
ring of the ligand. This is consistent with the higher energy charge transfer peak

obseved in the experimental electronic spectra.

In contrast tahe IHCT transitions that occurred predominantly from the ligand to the
POM core, for compountlO, electron transfer occurred from the aromatic ring of the
ligand to an orbital spread over the cauapd. More electron density was predicted to

be present on the POM core in the LUMO+1 than in the HOM@gestingsome

ligand to POM charge transfer character, but a considerable amount of electron density
was also found on nitro group as well as on tlenatic ring, suggestingto nitro and

" to " transitions also contribute to the peak. It is likelig thto nitro transition that
resulsin the experimental IHCT peak 0 occurring at a lower energy than the IHCT
peak of its iodo functionalised analogue. Tiwisuld also result in a smaller overall
change in net dipole moment than for the donor containing compounds, a factor that

would decrease hyperpolarizability accordinghe two state model.

DT-DFT calculations on compour®kshowed this use of the nitro as an acceptor group
to an even greater extent than for compol@dvith the LUMO+1 orbital, the orbital
involved in the transition giving the highest contributionth® peak, situating
predominantly on the nitro group and the aromatic rings of the compound, suggesting

the IHCT peak of compour@iresults primarily froni to nitro and” to " transitions
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with only a small amount of ligand to POM character.

<

9 LUMO+1

Figure 3.3 Calculations predicted the IHCT peak of compo@ngrimarily resulted from
transitions from the HOMO (topjo the LUMO+L (bottom).

TD-DFT calculations were also performed on a selection of compounds in their
reduced stas to better understand the changes observed during the
spectroelectrochemistry. The calculations were performed using the same basis sets
and functionals as those performed of the compounds in their natural states, with only
the charge and multiplicity tdred. Geometry optimisations were performed first,
again using the structure obtained frotrray crystallography as a starting point,
before TDDFT was used to predict the WX's absorption spectra for the compounds.
Since the reduced state compounds have an unpaired electron and these are
unrestricted calculation, orbitals with bot and b spin will be generated.
Unfortunately, due to the method used to generate the imagésyihitals could not

be visualised.

Calculations performed on compouBd the phenyl bridged diisopropyl protected
dimethylamine derivative, predicted shifting of the IHCT band to a shorter

wavelength, a result also seen in the experimental spectroeleatistry. As was
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seen for the predicted natural state absorption spectrum, the calculated peak was at a
higher energy than the experimental value by about 15nm, however, overall a similar
shift in the peak was seen upon reduction as in the experimsotél These
calculations predicted that even when reduced, the most intense transitions
contributing to the peaks were ligand to POM charge transfers, although these did
appear weakened with some electron density still assigned to the ligand even in the
excited state. This would result in a decrease in change in dipole moment in the
transition, another indication that the hyperpolarizability should be weakened in the

reduced state compared to the natural one.

Red8 HOMO Red8 LUMO

Figure 3.3 Calculations predictethe HOMOof compound was localised on the ligand and
the LUMO was delocalised over the POM core, while calculation performed on a reduced
form of compound predicted both the HOMO and LUMO were delocalised fan POM

core.

A more significant change was seen with comparison of the HOMOs and LUMOs, as
while in the natural state the HOMO was calculated to be situated entirely on the ligand
with the LUMO delocalised over the POM core, in the reduced state, all electron
density vas delocalised over the POM core in both the HOMO and the LUMO. These
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significant changes, along with the changes in the orbitals involved in the most intense
charge transfer transitions and the similar increase in energy of the charge transfer
peak in thereduced state to what was seen in the spectroelectrochemistry predict a
weaker donoacceptor relationship between the amine and the now reduced POM
core, a factor that would likely result in the reduced-hogar optical activity hoped

for from the redued state amine functionalised hexamolybdate derivatives. A similar
observation was made of the results of calculations made on the reduced states of

compoundsg}, 5, and6.

Red10LUMO

Red9 LUMO

Figure 3.F Calculations predictethe HOMO (left) of compoundl10 when reduced was
localised on the POM core and the LUMO (right) was primarily on the ligand. Similar results
were seen for compourilwhen reduced, where the HOMO (middle) was localised on the
POM core and the LUMO (bottom) was primarily on the liganchvgiignificant electron

density calculated to be on the nitro acceptor group.
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Calculation performed on compouh@predicted a considerably higher energy charge
transfer peak than what was observed, with the maximum of the peak being at 359 nm,
or 3.45 eV, compared to the 406 nm, 0B.05 eV, observed in the
spectroelectrochemistry. As was observed for comp@&umay a small change was
observed in the orbitals calculated to be involved in the most intense transition,
however, a considerable change was okeskof the HOMO and the LUMO. When
oxidised, these appear very similar to those of the donor containing compounds, with
the HOMO on the ligand and the LUMO on the POM core, however, when in the
reduced state, these appear reversed, with the HOMO on Me#® and the LUMO
primarily on the ligand. Significant electron density was calculated to be on the nitro
group, suggesting, as had been predicted from thshiéithg of the IHCT peak when
reduced, that upon reduction, the increased electron dendite ¢fOM allows for
increased charge transfer from the POM to the ligand. A similar result was seen for
compoundd, with the HOMO being situated on the POM core and the LUMO being
on the ligand. Significant electron density was again seen on the nitrp, grou
suggesting the assignment of POM to ligand charge transfer transition to the red

shifted peak observed in the spectroelectrochemistry.

Gaussian calculations were also used to predict dynamic anchgtsipolarizability

of compounds8 to 10in theirnatural state as well as of compouBgs, 9, and10in

their reduced states. These calculations were performed using the same functionals,
basis sets and solvent approximations as used previously in thisseodompounds

3, 9, and10, small but norzero hyperpolarizabilitiewerepredicted, with ;221064 0f
97x10°° esupredicted for compound, 57x10% esupredicted for compouné and
30x103° esufor compoundLO. Interestingly, the hyperpolarizabilities of compounds

9 and10 were of the opposite sign to compouhdnd those of the compounds with
amine donors, suggesting these small hyperpolarizabilities may be occurring due to
ligand to nitro dipoles rather than the ligand to POM dipole normally responsible for
the NLO activity of the hexamolybdate derivatives, a result compatible with the

considerale " to nitro component of the IHCT peaks in the calculated spectra.

The calculations on compoundlss, 6, 7, and8, compounds all featuring amine donor
groups, predicted high dynamic hyperpolarizabilities roughly in line with what had
beenexpected based on experimental results on previous compoundsYtagati et

al2*>128Compared to these previous experimental values, the calculations do result in

103



Chapter 3

a considerable overestimation of the static hyperpolarizabilities, however, this can be
explained by the calculations assuming the dynamic dielectric constant for the
acetonitrile rather than the static even when the hyperpolarizability is extrapolated to
the static limit®*

Oxidised Reduced
LPCT | Calc | Bzzioe4 | Bzzzo | LPCT Calc Bz22,1064 Bz22,0
Amax | Omax | (X10%° | (x10%° |  &max Bmax (x10% | (x10%°

(nm) | (nm) esu) esu) | (nm) (nm) esu) esu)
3 364 357 97 118 360 - - -
4 424 414 655 612 404 370 315 294
5 423 413 653 570 405 - 346 386
6 445 422 747 680 414 398 400 373
7 430 416 246 283 398 - - -
8 431 415 270 326 399 385 114 27
9 399 394 57 30 410 393 211 174
10 382 365 30 27 406 359 70 78

Table 3.3bSummary of experi ment al -via dath incbotimgheut at i o

oxidised and reduced states.

The calculated dynamic hyperpolarizabilities of compouddss, and 6 were
considerably higher than those of compou@d8, a not unexpected result of the
increased size of their extended conjugatedystems increasing charge transfer
distances. For the thrediphenylethyne bridged compounds, an increase in
hyperpolariability with increasing donor strength was seen, with compd,ritie
strongest donor, having the highest calculated hyperpolarizability and com$ound

the weakest donor, having the lowest.

Calculations performed on compoufidn the reduced state sugtg$ a weakened

NLO activity compared to the same compound in its natural state, with a 58% decrease
in bioes predicted compared to the oxidised form of compo8in@omparison of the
calculated static hyperpolarizabilities predicted a larger decrease of Aft¥éugh

neither calculation predicted an 100% turning off of the hyperpolarizability when
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reduced, both still did predict that compouBidwould act as a redox activated
switchable chromophore with a considerably higher hyperpolarizability in its natural
state than its reduced. Calculations performed on compayrijsand6 predicted
similar results though with less efficient switching, with a static hyperpolarizability
switching efficiency of 52% predicted for compou#d32 % for compound, and

45% fa compoundb.

Reduced state calculations on compoudidsd 10 showed the opposite effect, with

an increase in static hyperpolarizability of 580% and 280% respectively predicted
upon reduction. As was seen for the calculations performed on the two nitro
functionalised compounds in their natural states, these hyperpolarizabilities were of
the opposite sign to those seen for the donor containing compounds, suggesting
increased POM to ligand charge transfer was responsible for the increased NLO
activity upon reduction rather than the ligand to POM charge transfer seen for
compoundst through8. This increased hyperpolarizability when reduced suggested
these nitro containing compounds may act as offfon NLO active chromophores, the
opposite to their amine funotialised analogues, leading to the possibility of the
polyoxometalate chromophores synthesised in this work showing both on/off and

off/on redox activated NLO responses

3.4 Hyper-Rayleigh Scattering

There are three techniques to directly measuring hyfzeipability. Second
Harmonic Generation, EFISH, and Hygeayleigh Scattering. While Second
harmonic generation is only suitable for use with crystalline samples, both EFISH and
HyperRayleighScattering can be used for measuring the NLO activity of samples in
solution. EFISH, however, uses an applied electric field to achieve alignment of the
molecules in the solution, resulting in the overall dipole needed for second harmonic
generation, andherefore it is an unsuitable technique for measuring charged
chromophores such as the ionic polyoxometalate derivatives. To directly measure the
nonlinear optical activity of charged compounds in solution stdyperRayleigh
Scattering is used, whichgtead of requiring a permanent dipole, relies on a process
that generates the frequency doubled light through the formation of temporary dipoles

in the analyte solutioft This results in a relatively weak signal.
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In this work, a system with a 1064 nncident beam was used, generated from a
femtosecongulsed laser, and focused onto a 4x10 mm cuvette. The scattered light
produced by the sample was measured at an angle of 90° to the incident beam using a
spectrograph coupled to a chaxgripled device efding wavelength detection. In

these measurements, the scattered light was measured without discriminating Z and X
polarized light. The laser set up is shown in detail in figure 3.Mddiere HWP,
achromatic halvave plate; Pol, Glaitaylor polariser; PCLplanoconvex lens; AL,
achromatic lens; DM, dichroic mirror; WP, Wollaston prism; Dprism, dove prism;
BG39, absorptive filter; BBF, broad band filter, 720 nm blocking edge; EMCCD,
electron multiplier charge coupled devidene nitrogen flow and potentiostevere

used only for the redox switching experiments.

=
s}
=}

Spectrograph EMCCD PC

L]

B
=
B

Potentiostat—| PC

fs pulsed laser

Figure 3.4a Scheme of the set upsedfor the femtosecond 1064 nm HygRayleigh

scatteringexperiments performed on compoudds 10in acetonitrilesolution

Recording time for theneasurements was between 2 and 5 seconds with 10 scans
taken for each run which, when coupled with the high powered incident laser beam
and sensitive detectors, allowed for the accurate measurement of the second harmonic
scattered light, the signal of whiags normally low under neresonant conditions.
Concentrations of around 5x3® were used for the measurements, well within the
10%-10° range usually used. Concentrations lower than this can be difficult to detect,

whereas concentrations higher casute in reabsorption of the scattered second
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harmonic wavelength resulting in under estimations of the hyperpolarizability.

In older setups, instead of the spectrograph coupled to an intensified-chapled
device, a photomultiplier detector was usedétect the scattered light, however, since
this measured the intensity of all light emitted at the doubled frequency, it often led to
an over estimation of HypdRayleigh scattering due to overlap with bands resulting
from two photon fluorescence. Choppand signal generators were used to try to time
gate out the fluorescence signal, however, using the more recent technique of recording
a spectrum of the scattered light allows for deconvolution of these overlapped peaks
and typically results in more aa@te results. Figure 3.4b shows the recorded spectrum
from a 1064 nm HypeRayleigh Scattering experiment, with the sh&fpper
RayleighScattering peak observable at 532 nm and the broad two photon fluorescence

peak overlapped at a slightly lower energy.
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Figure 3.4bTherecorded spectrum from a 1064 nm Hypayleigh Scattering experiment,

with the sharp HRS peak at 532 nm and the broader two photon fluorescereat pelakver
energy.

To determine thehyperpolarizability of the compounds measured, the internal
reference method was usEdwith the solvent, in this case acetonitrile, being used as

the reference. The intensity with which a sample scatters light is given by equation
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3.4.1, wherd> yrepreents the intensity of the frequency doubled lightlonates the
intensity of the incident beam, G is a proportionally factor for the instrurNertnd
Nx donate the number density of the solvent and analyte respectively and

denotes the hyperfarizability of the solvent and analyte after orientational averaging.
O 00 O 66 OO0

By measuring2 vas a function of solute number density, achieved through taking
measurements at a range of concentrations, a linear relationship can be obtained. From
this thehyperpolarizability can be extracted. In these measurements, the intensity of
the frequency dodéd light is expressed as the area under the HRS peak after
deconvolution and is plotted against the concentration of the sample, in this case a

solution of compound.

800

700 ~

600

Area under HRS peak (A)

500 T T T T T T T
0.00000 0.00001 0.00002 0.00003
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Figure 3.4c Theplot of concentration against the area under the HRS peak aftenvaddaion
from the two photon fluorescence peak for compounthe gradient and Y axis intersect at

a concentration of O are then used to calcllakg using equation 3.3.

Takingl> += Ax + B, where A is the slope and B is the HRS intensity at a concentration

of 0 means equation 3.1 can be rewritten to give equation 3.4.2.
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YaoENQ@ O

A o A (3.4.2)
Q¢ 0 QI W@po O
Which can then be rearranged to give equation 3.4.3
; i 0d€nQ
O ——— 0~
¢ 0 QE 0 QI OQR O (3.4.3)

From equation 3.3, the first dynamic hyperpolarizability, in this bag€iosacan then

be obtained assuming the solvent density and hyperpolarizability are already known.
As the mono functionalised sterically protected polyoxometalate chromophores have
only one dominant charge transfer axis, here assumed to be along the Azz.a¥4s,

for these compounds can be obtained by using equation 3.4.4.

oy .
— o 4.
(P@ (3.4.4)

The static first hyperpolarizability can be calculated from the dynamic
hyperpolarizability under neresonant conditions and the maximum energy of the
charge transfer peak responsible using thediate model, shown in equation 3.4.5.
This gives a measure of hyperpolarizability comparable to values obtained at other

wavelengths or using other techniques, such as EFISH.

1 I p = p _ (3.4.5)

HyperRayleigh Scattering experiments were performed on compautieughl0,

with both dynamic and static hyperpolarizabilities calculated for each. Measurements
of compound® and3 were not performed due to unprotected analogue synthesised by
Al-Yasari et al. having shown no measurable NLO activitZyA s ar i 6 s wor k
shown that the nitro functionalised derivatives were ina¢tehowever,
measurements were taken to acquire a baseline to which the switching could be
compared. These baseline measurements, unexpectedly, showed that the nitro
functionalised compounds were NLO active, with compo@indparticular showing

a much higheactivity than expected. This unexpected NLO activity may be due to the
electron donating diisopropyl groups on the aromatic ring increasing the electron

density of thé system and resulting in lower energio POM or’ to nitro transitions
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than for theunprotected compounds. Analysis of the Mg absorption spectra
confirmed compound9 and 10 both have lower energy IHCT transitions than their
unprotected analogues, 399 nm vs 389 nm for the derivativesdipitienylethyne
bridges and 382 nm vs 370 ftwephenyl bridgedierivatives.

Whether these NLO responses are a result of more prominterROM or” to nitro
transitions cannot be determined from the HyRayleigh Scattering experiments,
however the previously discussed DFT calculations did sudigestUMO of the
transition responsible featured more nitro than POM character, suggesting the overall
dipole may be more towards the nitro end of the molecule than the POM. The
calculations ob also suggested that the dipole presented in the oppostdiair to

that seen for the amine donor functionalised compounds, agreeing that the overall
change in dipole moment goes towards the nitro group in the nitro functionalised

compounds when excited.

LPCT
Ca I mix bzzz,1064 CaIC bzzz,1064 bzzz,o CaIC bzzz,o
amax
(nm) (x10%%esu) | (x10%esu) | (x10%esu) | (x10°°esu)

(nm)
4 424 414 531 655 162 219
5 423 413 717 653 222 220
6 445 422 1285 747 318 233
7 430 416 338 287 98 95
8 431 415 309 270 89 90
9 399 394 213 57 80 22
10 382 365 89 30 38 14

Table 3.4aComparison of the experimental and DFT calculated absorption peaks, dynamic,
and static polarizability for compoundgo 10. Here, the calculated static polarizability was
calculated from the DFT calculated dynamic hyperpolarizability andeatoelatedmax using

the twostate model due to the inaccuracy of the DFT calculated value.

The HyperRayleigh Scattering experimentsf the amine donor functionalised
compounds resulted in less unexpected results than those of the nitro compounds, with

all five amino functionalised chromophores showing NLO activisgsilar to or
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higher than activities given for the unprotected anasgpreviously synthesised by
Al-Yasari. It was somewhat interesting that the sterically protected derivatives gave in
most cases stronger NLO responses than their unprotected analogues, for example, 163
vs 139x10° esu for thediphenylethynébridged dimethylamino derivatives, as there

had been concerns that the increased electron density of the imido ring, a result of the
electron donating alkyl groups, would diminish the strength of the charge transfer

between the amine and tROM.

Comparison of the HOMO and LUMO+3 orbitals of compoufidthe orbitals
calculated to be involved in the most intense low energy transition, with those
previously calculated for the unprotected analdtfishowed in increased proportion

of electron énsity on the polyoxometalate core in the LUMO+x of the compound.
This increased electron density could be due to the isopropyl groups increasing
electron density on the imido ring, decreasing its ability to form part of the electron
acceptor resulting imcreased electron donation onto the POM core. This would result

in a larger change in dipole moment between the ground and excited states, increasing
hyperpolarizability. Thé-ray crystallography discussed in chapter 2 also showed the
increased linearityf imido bond of the isopropyl protected compounds over their
unprotected analogues, possibly increasing coupling between the donor and acceptor,
another factor that could be contributing to the larger hyperpolarizabilities of the

protected compounds.

As predicted by the calculationggmpoundst, 5, and6, the three chromophores with
extended” bridges, gave higher dynamic and static hyperpolarizabilities than
compound¥ and8, the twophenyl bridgeddonor containing derivatives. This trend

was also seae by Al-Yasari. Of the threediphenylethynebridged compounds
compound6 gave the highest hyperpolarizability and compodrghve the lowest.
Compound6, as the strongest donor, was expected to result in the highest NLO
activity, and ultimately resulted itme higher activity seen so far for a functionalised
hexamolybdate derivative, a group of compounds already having been shown to have
higher hyperpolarizability for the size of their systems than many organic

chromophores.

Despite calculations prediofy compound! would give a hyperpolarizability stronger
than compoun& and compound having the marginally stronger doneogmpouncb

111



Chapter 3

gave a stronger response. A similar result was also seen-bwasari, with his
diphenyl derivative giving a considerably higher NLO activity than his dimethyl
functionalised chromophore. Overall, the Hypayleigh Scattering experiments of
compounds4 to 10 gave good results, with the measurements showing good NLO
responses of the donor containing compounds with none of the feared loss of activity

from the steric groups used to increase stability.

3.5 Redox Activated NLO Switching

The redox activated stehing of compound® to 10 was investigated initially using

the linear absorption spectrum, as discussed in se8thnith measurements and
switching performed in a type of specially adapted Omni cell called an OTTLE cell.
Since no commercially avaliée cell could be found suitable for simultaneously
performing redox activated switching and Hyptayleigh Scattering experiments
under the inert conditions needed to increase the stability of the reduced species, a

Pyrex glass fluorescence cell was addpb suit.

The completed adapted cell featured two chambers separated by a fritted glass disk,
one cuvette quality with three perpendicular, unaltered faces suitable for hyper
scattering measurements which was used to hold the sample, reference elaotrode
working electrode, while the other was made of a Pyrex tube and used for counter
oxidation of a solution of electrolyte. The two chambers, open above the solvent level
to allow for pressure equalisation, were fitted with sséal tops to enable ctam of

the inert atmosphere through a purge tube.

Previous investigation had shown that three separate compartments was necessary for
the full reduction and reoxidation of the sample, so the silver reference electrode in the
working compartment was houbmside a small diameter glass tube fitted with a glass

frit at the bottom. For quick reduction, space for a magnetic stirrer was also required
in the bottom of the sample chamber. The mount inside the HRS set up was suitable
for controlling the stirrerThe electrodes used were the same as were used during bulk
electrolysis experiments, with platinum gauze used as the working electrode, a coil of

platinum wire used as the counter, and a silver wire used as the reference.
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~== N, purging tube
Suba seals

Ag wire reference electrode
inside glass tube stoppered
with fritted disk

Reservoir for electrolyte
oxidation

Cuvette quality sample
Coiled Pt wire counter s Chamber

electrode

. Pt gauze working electrode

Fritted diSK —

s Magneetic stirrer

Figure 35a A schematic of the cell used during the HyBayleigh Scattering runs with

simultaneous redox switching.

During the HypeiRayleigh Scattering runs performed with redox switching, the
samples were typically reduced at a potential 8 V for a total 6400 seconds before

an oxidising potential of 0 V was applied for a further 400 seconds. HRS was recorded
every five seconds, with ten measurements taken before the reduction potential was
applied to achieve a baseline value for the compounds in théliisedi states. This
would allow for conversion from intensity of the HRS pealbigs From here, if a
stable value obioes could be obtained for the compounds in the reduced statly the
could then be calculated for the reduced state compounds usimgthate equation

a nd naxbbtained in the spectroelectrochemistry.

The samples used in the redox switching experiments were of a concentration of
around 0.1 mM in acetonitrile, a concentration higher than used during the
measurements to determitie hyperpolarizability but still within the rage suitable for
HyperRayleighscattering experiments. This higher concentration was used to give a
more pronounced difference between the sample and the solvent and electrolyte
baseline. It was also hoped having the sample at a concentration of the same order as
was used in both theulk electrolysis experiments and the spectroelectrochemistry
would result in similarly good stability. Due to its superior stability over the
diphenylethyne bridged derivatives, compoun® was used initially in the
investigations into the redox activated-® switching responses of POM based

chromophores before experiments were also carried out on com@ound
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Before switching, the baseline of compouBidwas reasonably steady, allowing
normalisation to th&ioss0btained in the earlier HRS experiments. Aéteseries of 10
measurements had been recorded, a potential®V was applied to the sample for
400 seconds. During this time, as the compounds reduced the NLO activity recorded
decreased steadily until a plateau was eventually observed after ar@usec8hds,
suggesting full reduction of the compound had been achieved. Here, the apparent
was around 20x 1% esu, calculated to be a reduction of 94% compared to the activity
of the compound in its oxidised form. Upon conversiorbdowhich gave aNLO
activity of 7.6x10°° esu, a reduction of 91% was revealed. After reoxidation,
performed at a potential of 0 V, the NLO activity increased again, returning to an
intensity near what had originally been measured in a similar timescale to which it
took to reduce. The small decrease in intensity aftevxidation is likely due to a
small amount of decomposition having occurred, while an increase in fluorescence
which was also observed after switching would result from thelig6épropyt4-

dimethylamincaniline formed during the decomposition.
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Figure 3.5b Apparenthssagainst time for compourgj with a weakening in the NLO activity

occurring during reduction and an increase being observed upon reoxidation.

Similar switching was observed over three further runs performed on the sample, with

a substantial decreasebivss being observed eachrte upon reduction followed by
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an increase back to near the starting activity upon oxidation. After the initial decrease
in oxidised NLO activity, no further decrease was seen, showing the reversibility and
repeatability of the redox activated switchinge®™mall increase of the apparéiss

of the reduced compound observed in following runs was accounted for after
investigation of the chronoamperometry data showed a decrease in the current passed

during later runs, meaning a less thorough reductionrapoondd had occurred.
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Figure 3.5c Apparentb:oss Over the course of four runs performed on a samptemipound
8 demonstrating the repeatability of the redox activated NLO switching.

The oxidative switching of compoun8 was also investigated by simultaneous
oxidation and HRS measurements. The conditions were as used for the reductive
switching experiments, although an initial oxidative potential of 0.8 V was applied,
followed by a reductive potential of O V. Initially gelts looked promising, with a
considerable weakening of the HRS peak observed as the compound was oxidised
before some was recovered upofreduction, however working up the data revealed
issues with measuring the HRS of the oxidised compound due torptibn of the
532nm scattered | ight, a result of the
and 640 nm.
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The reabsorption of the scattered light at the second harmonic reduced the intensity of
the HRS peak to the extent that it fell below that efréference peak, a key indication
something was wrong with the data. Ultimately, what this meant was that any
reduction of the peak would not necessarily have been caused by a decrease in the
hyperpolarizability of the compound as the extent to whichréuaeiction of the
intensity of the scattered light was caused by reabsorption was unknown. More
information on the oxidative switching of the compounds could be obtained by
measuring the HRS of the oxidised compounds with a higher wavelength incident
beam o result in HypeiRayleigh Scattering at a wavelength further away from the

lower energy oxidised state absorption peaks.

After the successful switching experiments of compdjndvestigation moved on to
compound6, the chromophore which had given thesbNLO responses during the
HRS measurements. The bulk electrolysis experiments of compdwattipreviously
demonstrated a decrease in the stability due to the newly observed POM core
fragmentation, however, due to aggregation related scattering arel ghogon
fluorescence causing difficulties during the HRS measurements of the more stable
compounds, compounds was deemed the most suitable for the investigation of the

switching of the derivatives with extended bridges given the limited timescale.
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Figure 35dA p p a rig.againsftime for compour@] with a weakening in the NLO activity

occurring during reduction and an increase being observed upon reoxidation.
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The HRS switching runs of compoubdlid proceed to show good redox switchable
responses, with hyperpolarizability decreasing 65% during reduction before increasing
again when the sample wasa®dised. Although this weaking in the HRS intensity
was not as strong as the 94% observed forpoamds, it still shows the compound

acts as a redox switchable chromophore. Also, the lack of plateauing of the HRS
intensity as the 400 s of reduction mark approached suggested that sample was still
being reduced when the potential was switched to axlameaning the apparent
b1os40f the sample could be lower than the 500¥ku observed when fully reduced.

It is also possible that some of this continued decrease in intensity could be as a result
of decomposition of the still somewhat HRS actigduced species, as, as had been
expected from the results of the bulk electrolysis experiments, some decomposition
did occur over the course of the experiment. This was still a considerably smaller
amount than had been seen during the bulk electrolysesiengnts, likely due to the
shorter timescale, with approximately 20% of the original intensity of the HRS
scattering being lost over the course of the experiment, suggesting a loss of 20% of the
sample. Despite the decomposition of the sample, the smgtdHRS experiment
performed on compoun€ still demonstrated the redox activated switching of the
diphenylethynebridged polyoxometalate chromophores for the first time, a property
which could be further investigated if a method of increasing the stabflithe

compounds could be found.

Reductive witching of the two nitro derivatives was also investigated, and although
the results of compountl0, the phenyl bridgedderivative, did not demonstrate any
clear redox activated switching of the hyperpolariltghthe experiments performed
on compaind9 did. Compound in its oxidised state hadfaossof 214x103° esu, and
this, uponredudion, increased to around 332B)°° esubefore decreasing again with
re-oxidation demonstrating clear redox activated off/on NLO switching respdoses
the first time Using the two state model and #gxof the reduced state, the dynamic
first hyperpolarizability can be converted to thatis first hyperpolarizability to give
abo of 1125x10°° esu This is a 14 fold increase, a similar magnitude of change to
what was observed for compou8dnd results in an activity higher than seen for any
of the donor containing compounds, possibhgsult of the reduced POM core acting

as a strong electron donor.
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Figure 35eA p p a rigsagainsttime for compours] with a weakening in the NLO activity

occurring during reductioand an increase being observed upon reoxidation.

Investigation into thehronoamperometry data showed a significant decrease in the
current passed during the-ogidation runs, suggesting considerable reduced POM
was still in the sample at the end of . This is likely to account for increased
hyperpolarizability at the end of the run compared to the beginning. It is also possible
some of this is due to decomposition of the compound into hexamolybdate and the
nitro containing aniline, a compound theduld also be NLO activdespite this and

the incomplete r@xidation resulting of the sample, this HRS switching experiments
did still demonstrate off/on switching of compou@do reveal a high reduced state
hyperpolarizability, confirming the theory hat these nitro functionalised
hexamolybdate derivatives may act as NLO active chromophores in their reduced

states.

3.6 Conclusion

In this chapter, the results of the WS spectroelectrochemistry, DFT calculations,
and HyperRayleigh Scattering experiments performed on compo@rtdslO were

discussed. Spectrochemical analysis revealed switchable redox activated responses of
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all compounds, with compoun@sand 3 showing snall shifts of their IHCT peak to
higher energies upon reduction, compouhtis8 showing larger shifts also to higher
energies, and reduction of compouSdmd10resulting in shifts of the IHCT peak to
lower energies. TEDFT Gaussian calculations pemfieed on compound3 through

10 were vital in helping to understand the origins of these switchable responses,

particularly with regards to the nitro containing compounds.

HyperRayleigh Scattering experiments were used to measure the dynamic and static
hyperpolarizabilities of compound$ to 10, revealing good NLO activity of the

expected order for compoundsto 8, with compounds giving the highest static
hyperpolarizability of any hexamolybdate derivative measured to date. Measurement

of compound® and 10revealed small NLO responses despite previously synthesised
nonprotected analogues demonstrating no NLO activity at all, a result of the increased

el ectron density in the aromatic ° Ssyste

included for steriprotection of the imido bond.

Redox activated switching of the NLO activity of compou6dg, 9, and10was then
performed, with measurements recorded in a specially produced cell. These
measurements revealed switchable responses for three of therfguounds, with a
reversible and quaseversible decrease imoss recorded for compounds and 8
respectively upon reduction, and a quasiersible increase ibioss recorded for
compoundd. Compound3 in particular showed good responses to switching, with a
94% reduction in hyperpolarizability recorded upon reduction. The compound was

stable enough in its reduced state to allow for reversible and repeatable switching.

Overall, this work has demonstrated the high NLO activity of sterically stabilised
hexamolybdate derivatives functionalised with strong donors such as julolidine as well
as the redox activated reversibly switchable responses ef tbegpounds, with both
on/off and off/on type switching seen from the sterically protectedlinear optically

active Lindgvist polyoxometalate chromophores.
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4.1 Introduction

Since the first discovery diinear molecular organometallic chromophores by Green
et al,’®the advantages of mulimensional chromophorgsuch as increased stability
and an improved efficiency/transparency trade off,eH@come apparent. imulti-
dimensional chromophorgthe inclusion of an additional donor or acceptor group
allows for paraion of thechange irdipolemomentof the transitions responsible for
NLO activity from the overall molecular dipgleesuling in significant offdiagonalb
components to the hyperpolarizabilitpue to the polarization of the photons
produced these off diagonab components cannot be reabsakb&creasingthe
overall efficiencyof the chromophores well asimproving stability by limiting

thermal decomposition.
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Figure 4.1a Two dimensional on€lonortwo-acceptorcomplexsynthesised by Coe et all, a
chromophore which demonstrated increadsedmpared to its monsubstituted analogue.

Over the vyears, both omwnortwo-acceptor and twacceptoronedonor
chromophores have been reported, with examples includingitthenium(ll) based
one-donortwo-acceptor systems developed by Coe et?and a twedonorone
acceptor ferrocene donor based chromophore synthesised by PraBtf eTlase
systems, amongst others, showed significantdizfjonal component$o their
hyperpolarizabilities, demonstrating the advantages of the two dimensional systems
over their dipolar counterpart®espite this and the high NLO activities seen of the
dipolar compounds synthesised by-Ydsari, no work into multidimensional POM

NLO chromophores has so far been reported, however, calculations have predicted
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good offdiagonal hyperpolarizabilitie's?

In this work, two series ofmultidimensional hexamolybdate derivativegere
synthesised with the aim of finding polyoxometalate chromophoressigttificant
off-diagonal b components, potentially leading to compounds with higher NLO
activiies than had ben seen for previously synthesised polyoxometalate
chromophoresThis chapter discusses the synthesis and propefttee two series of
compoundsas explored byH-NMR, UV-vis spectroscopy, electrochemistry, and

HyperRayleigh Scattering.
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Figure 4.1b The wo dimensionaltwo-donoroneacceptor polyoxometalate chromophores

andonedonortwo-acceptopolyoxometalate chromophorsgnthesised in this chapter
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4.2 Synthesis of DA-D Systems

Two sets of multidimensional POM chromophores were synthesised in this work, the
two-donoroneacceptor compounds, compountisto 13, and the onelonortwo-
acceptor compounds, compound$4 to 16. The twoedonoroneacceptor
chromophores were synthesisednmuch the same way as the monofunctionalised
analogues, witikompounds being synthesised udimg same ligands as were used for
compounds3, 4, and8, while new ligands needed to be synthesised for the synthesis

the onedonortwo-acceptor derivatives.

The first report of abis-functionalised Lindgvist polyoxometalate was in 2000 by
Strong et al?* who synthesised a series of 2 to 5 msiibstituted Lindqvist
derivatives from tetrabutylammonium hexamolybdate andd2s@propylphenyl
isocyanate in pyrigie. The DCC facilitated coupling reportedi et al®**improved

the ease of synthesis, allowing for the synthesis of more -foalttionalised
derivatives by increasing the number of equivalents of aniline and DCC totBOM
encouragehigher functionalia t i o n . However, due to the
equally reactive terminal oxygens, these reactions often produced a variety ef multi
functionalised derivatives rather than just the intengigecies?’ Examples of this
were seen in chapter 2 of this work, where in some chgefinctionalised
hexamolybdate was seen in the crude product along with the desired

monofunctionalised POM.

In 2002,Xu et al*?’first reported the synthesis obas-functionalsed derivative using
octamolybdate as opposed to hexamolybdate as the molybdenum POM species. In the
reaction the octamolybdate converted to hexamolybdate and functionalised to produce
the desiredbis-functionalised product in good yield and without comtzation by

other functionalised derivatives. Yield of the intendesifunctionalised derivative

was further improved by the use of the hydrochloride salt in place of half of the aniline

as this helped to convert the octamolybdate into hexamolybdate.

In this work, theoctamolybdate based method waisially used for the synthesis of
the bis-2,6-dimethyl4-iodo derivative and although after multiple recrystallisations
this did result in clean compourid, further work showed the time consumed in
producingthe hydrochloride salt and the limited improvement in yield and purity made

the octamolybdate method unfavourable over the hexamolybdate method. Later
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batches of compourdl were made usingexamolybdate anthe same DCC mediated
coupling method as compod 3, its monofunctionalised analogue, with the expected
adjustments made to the molar ratios of DCC andis®propyly aniline along with
increases to both the reaction temperature and time.
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Figure 4.2a Method for the synthesis of compourdl using tetrabutylammonium
hexamolybdate as a starting material.

Reaction of hexamolybdate with 2.5 equivalents of DCC and 2 equivalents-of 2,6
diisopropylaniline at 95°C for 24 hours resulted in a product congisfirb8%bis-
functionalised derivative according to the NMiRectrum A small amount of this,

12%, was thought to be due to thhensisomer rather than thas due to a second,
smaller peak appearing very slightlpfield of the aromatic peak of the expectast

isomer The rest of the sample was unfunctionalised hexamolybdate which, along with
thetransisomer, was removed through repeated recrystallisations to give compound
11 pure by*H-NMR, mass spectroetry, and elemetal analysis in a 6% yield. This

yield is considerably lower than had been reported in the literature, however the mass

produced was still sufficient for this work.

H-NMR analysis of the pure compound showed one aromatic peak fdrighe
substituted comound, just as had been seen for the monosubstituted, with the two
peaks caused by the protons on the isopropyl groups also suggesting that both ligands
were equivalent on the NMR timescale. Like its monosubstituted analoguij-the

NMR of compoundL1 showed a downfield shift of the aromatic protons compared to
those of the aniline due to the proximity to the electron withdrawing POM core. This
effect was mitigated compared to that seen for the monosubstituted compound, with a

shift from 7.23 ppm to 7.51 pp and 7.47 ppm for thenone and bis-substituted
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compounds respectively, a result of the multiple ligands weakening the effect felt by

each individually.

H-Ar H(CHs). | H(CHa)2
P2 7.23 2.58 1.18
3 7.51 3.78 1.28
11 7.47 3.82 1.26

Table 4.2aComparison ofH-NMR shifts for compound®2, 3, and11 shows weakened
deshielding for thdis-substituted compound compared to the mddb'H-NMR were taken
in acetonitriled3 and referenced to TMS.

Compoundl1lwas also investigated by UMs absorption spectroscopy, with analysis
showing very little change in the energy of the peaks when compared to congpound
There was, however, a congidele difference in the extinction coefficient of the
peaks, with all peaks of compoufhtl appearing with nearly double the intensity than
those of compoun8. For the LPCT peak, this is likely a result of having two rather
than one ligand donating intoglPOM, while for the higher energy peaks, it is more

likely simply a result of twice as many ligands witlo " * transitions.
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Figure 4.20 UV-vis absorption spectraf compound 11 (blue) and3 (green) Both spectra

were taken in acetonitrile.
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X-ray quality crystal®f compoundl1 weregrown from hot acetonitrilewith theX-

ray diffraction data of these confimg the cis-substitutionof compoundLl. The unit
celland dimensions of the structure obtainemtcheddatapreviously reported for the
compoundi?” howeveltimately it turnecbutthe quality of the data was not sufficient
for complete refinementAs the structure had already been reported, no further
attempts at growing Xay quality crystals were made. The imido bonds on the reported
structure were slightly longer and lesselar than seen on the monofunctionalised
derivative, suggesting slightly weaker imido bonds inbdiisg¢unctionalised derivative
than the monaoThis was consistent with the weakened deshielding of the protons on

the imido ring seen on tHel-NMR of compoun 11 compared to compourl

Figure 4.2 Crystal structure images of compouhi Atoms are shown as spheres 0.2 times
their van der Waals radiu$he colour scheme shows Mo in green, O in red, N in blue, C in
grey, and | in purpleTetrabutylammonium counter cations and hydrogen atoms are omitted

for clarity.

The synthesis of compound?2 the bis-substituted, diphenylethyrdmidged
dimethylamino hexamolybdate derivative, was carried out using comddvamat 1-
ethynykN,N-dimethylbenzenamini@a the same Sonogashira procedure as was used to
synthesise compourtfrom compound in chapter 2. Agairis(triphenylphosphine)
palladium(ll) dichloridewas used as a catalyst withpperiodide andtriethylamine

used as ceatalysts. Compount? was collected from the reaction in a 67% yield and
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H-NMR analysis showed the reaction had gone to completioih, ma signs of
compoundll present. Further purification was attempted through recrystallisation,
however this was not successful. Elemental analysis of the crude product showed some
inorganic impurity remained in the sample, but due to the small amoymmbddict
synthesisedand the difficulties found when trying to achieve purity by
recrystallisation, it was decided that no further attempts at purification would be
attempted to ensure some sample remained for analysis. Mass spectrometry confirmed
the idenity of the compound, along withtH-NMR and'3C-NMR.

Figure 4.4 Crystal structure images of compoud@ Thermal ellipsoids are a@0%
probability level. The colour scheme shows Mo in green, O in red, N indnde in grey.

Tetrabutylammonium counter cations and hydrogen atoms are omitted for clarity.

X-ray quality eystals of compound? yielded a structure ithe F4 space group with
an Ry of 6.80%, however, due to the compounds not being identified as non
centrosymmetric prior to running, completeness for the data set was only 93%. Further

attempts at growing suitable crystals were made, but these were not successful due to
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the previouslymentioned difficulties with crystallising compou@@ Comparison of
the MoN and NC bond lengths and MN-C bond angles with those of compouhd
the mondunctionalised analogyushowed little difference, with significawariation
only in the case of thhMo-N bond. The lengthening of this in thes-functionalised
derivative was similar to the previously observed difference between com@amadls
11, again suggesting slight weakening of the imido bond inbtkéunctionalised

derivatives.

As was seelin the comparison of thtH-NMR of compoundss and 11, an upfield

shift of the metaprotons on the imido ring of thieis-substituted compounds was
observed compared to the mono. This shift was smaller than seen previously, at only
0.02 ppm compared to the 0.04 ppm seen for the iodo functionalised compitehds,

due to the already increased shielding of the donor groegating the weakened
deshielding from the POM core. No change was seen in the shift of the protons on the

extended portion of the ligdn
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Figure 4.2e UV-vis of compoundl2 (blue) and compound (green), the monosubstituted

analogue. Both spectra were taken in acetonitrile.

The UV-vis spectroscopy of compourdi® again showed the expected features of a
donor functionalised hexamolybdate derivative, witle thlPCT peak redhifted
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compared to that of the precursors. Like with compolhdhe spectrum was very
similar to that of the mono substituted analogue, with the LPCT peaksimilar
wavelength o#19 nm compared tthe 424 nm of compound4, however agin there

was significant increase in the intensity of the peaks, a result of the increased number

of ligands and electron donors.

Compoundl3, the phenyl bridgetis-functionalised dimethylamino derivative, was
synthesised from tetrabutylammonium hexaybdate and 2;@iisopropyt4-
dimethylamino aniline using th@reviously discussedCC mediated coupling
reaction. This was performed at°@sfor 24 hours, with 1.5 equivalents of aniline and
2.5 equivalents of DCC. Atoichiometricexcess of hexamolybdate was used to
decreas¢he amount of higher functionalised derivatives produced as hexamolybdate
derivatives with both three and four ligands had been obsemnestlier attempts

The desired product, compoud8, was the major pragt from the reaction, about
48% of the samplealthough significant amounts of hexamolybdate, 12%, and the
monofunctionalised derivative, 30%, were also present. Smaller amountstos the
andtetrakisderivatives, 5% each, could also be seen infkth’MR. Although yield

of the reaction was decent, with 83% of the POM mass recovered and nearly half of
this being the desired product, purification of the sample proved difficult. Separation
of themone andbis-functionalised derivatives could not be peni@d successfully
through recrystallisation, with th&H-NMR spectra taken of the crystals always
showing both thenone andbis-derivatives were present. Originally, this was thought
to be due to decomposition of the sample, howeveagyXcrystallography repeatedly
showed cecrystallisation had occurred, resulting in crystals made of what appeared to
be a 1:1 ratio of thenone and bis-substituted derivatives.

Slight differences in solubility allowed for some separation to be performed by
precipitation from hot acetonitrile in the refrigerator. This resulted in the removal of
most of the hexamolybdate and monofunctionalised dtivizas shown byH-NMR

but left noticeable amounts of thés-substituted derivative in the sample. Elemental
analysis suggested approximately 10% of the sample wasrisheinctionalised
derivative, but due to issues withe stability and themondbis co-crystallisation

mentioned previously, a sample with increased purity could not be produced.
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H-NMR spectroscopy aimpurecompoundl3 revealedhe shift between the peaks

of themetaprotons on the imido rings of the four observed derivatives was small, with
only 1 ppm between the peak of the most downfietchkisderivative and the most
upfield monesubstituted derivativeélThe order of the peaks is reversed to what was
seen for bdt the iodobis-substituted derivative and the diphenylethnielged
dimethylamino derivative with the more substituted derivatives showing less
shielding of themetaprotons on their imido ringJhis is likely a result bthesemeta
substituted protoniseingorthoto the electron donor, meaning that although increased
substitution of the POM core decreases the electron withdrawing effect felt by each
individual phenylimido group, this is more than compensated for by the corresponding

decrease in donation from th®re localisedNMey.

After re-precipitation,'H-NMR analysis of some samples shovt@d sets of defined
ligand peaksresulting from what had been previously equivalent protons. This
suggestetivo isomers were present. Although rearrangement of ligandsekasseen

on functionalised hexamolybdate derivatives, traspreviouslyonly been observed
when DCC was present, suggesting the two different isomers were likely formed by
rotation around the imido bond enabled by the headuming therecrystallisatbn

process. At room temperature thigationwould be hindered by the isopropyl groups.
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Figure 4.2 UV-vis of compoundl3 (blue) and compoun8 (green), the monosubstituted

analogue. Both spectra were taken in acetonitrile.
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Analysisof compoundlL3by UV-vis spectroscopy revealed a similar change compared

to the monefunctionalised derivative awas seen focompoundsll1 and 12, with

peaks appearg at similar wavelengths but with much higher intensities due to
transitionsnvolving the second ligand. The LPCT peak of compol8édlso appears

to be made of two peaks instead of one, with a higher energy shoulder to the peak
observed of thenonofunctionalised derivative. This is likely a result of charge transfer
involving the second ligand occurring at a slightly higher energy than the charge
transfer from the firstlue to thealreadyincreased electron density of the POM

Crystals of compond 13 were grown for Xray crystallography, however, as
mentioned earlier, theseonsistentlyconsised of co-crystallisedmone and bis-
functionalised derivatives. Although only one anion could be found in the structure,
the peaks caused by the secondheftwo ligands were much less intense, with the
occupancy preferentially at 0.5. After splitting, one part of one of the two tetrabutyl
ammonium cations was also much too close to the dimethylamino group on the ligand
to allow for the ligand to be thera both parts. Attempts were made at solving the
structure in a lower symmetry space group, and although this did result in two separate
monao andbis-substituted anionsloing scalso significantly reduced the completeness

of the data set and did not reselthe problem of the close proximity of the second
ligand and the tetrabutylammonium cation. Although the structure was not sufficient
for proper reporting or bond length analysis due to poor refinement of one ligand and
overlap with the mono of the othet was still useful in solving the mystery of why

the crystallisations were not resulting in pure product, and also confirmed that the
compound had been formed in the expeatedrather than the unexpectékhns

isomer.

4.3 Synthesis of AD-A Systems.

Along with the three twalonoroneacceptor chromophores, a series of-doror
two-acceptor chromophores were also synthesised. Originally, a series of four of these
had been planned, the two symmetrical compounds, comp@drasl 15, and then a
compound synthesised frombBomo5-amino aniline to which aiphenylethyne
bridgedelectron donor could be added using a Sonogashira reaction after coupling to
hexamolybdate. Although the broriunctionalised compounds could be synibed,
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further reaction with the alkyne functionalised electron donor units proved

unsuccessfullhe reason for the will be discussed in more detail later in the chapter.

Of the two remaining onrdonortwo-acceptor compounds, the first, compoult

was sythesised from a ligand previously reportedHsiaq'®®

with thenucleophilic
aromatic fluoredisplacement of p-fluoronitroberzene with p-toluidine being
performed as reported. The reduction of the nitro groups to form the completed ligand,
compoundP17, was performed using tin chloride dihydrate in dry ethanol rather than

the Pd/C and hydrazine hydrate used by Hsiao due to availability at the time.

O,N NO,
N02 NH2 \@ /©/
N
CsF
2 —_—
+ oSO
Ar, 120°C, 22 h
F

N SnCly 2H,0 N
—_— e

Ethanol
Ar, reflux, 17 h

Figure 4.3aMethod for the synthesis of compouR@iéand compoun®17, the precursor for
the synthesis of compourid.

Tetrabutylammonium hexamolybdate was coupled to the ligand using the standard
DCC mediated coupling reaction, with 0.38 molar equivalentbf and 1.1
equivalents of DCC heated with tetrabutylammonium hexamolybdate @tf@d 10

hours. After filtering once cool to remove the DCU followed by precipitation in a
mixture of ethanol and diethyl ether, the product was collected by filtration in an 83%
crude yield.*H-NMR analysis suggested only the desired product had formed, with
the compound being 70% pure and the only impurity being tetrabutylammonium
hexamolybdate. Purification proved difficult due to the similarity in solubility of
compound 14 to tetrabutylammonium hexamolybdate and the four oily

tetrabutylammonium cations impeding purification by recrystallisation, however, pure

132



Chapter 4

compoundL4 was eventually achieved by washing with DCM before reprecipitating a
concentrated acetone solution usidigthyl ether. The identity and purity of the
compound was proven bYH-NMR, ¥*C-NMR, mass spectroetry, and elemental
analysis. Attempts were also made to grow crystals suitable fay Xrystallography,

however, this was never achieved.

Analysis of conpoundl4 by UV-vis spectroscopy showed a LPCT peak at 473 nm, a
considerably lower energy than seen for any hexamolybdate derivative so far. This
lower energy transition ipossibly a result of the second acceptor that Imgehe
energy of the excitedate, although this would usually be accompanied by a similar
lowering of the energy of the ground state too due to a weakening of the electron donor.
Previous ruthenium based chromophore systems synthesised by Coehateal
demonstrated this, where tHdLCT peak of a ona@lonortwo-acceptorsystem

occurred at a higher energy than the transition of the monosubstituted arfalogue.
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Figure 4.3b UV-vis spectrum of ampoundl4, taken in acetonitrile.

Work by Thamaraiselvi involving similarly shapatbne anddi-cyanotriarylamines
suggested that the red shift of the charge transfer peak obsgreedddition of a
second acceptor related to the influence of a spectating acceptor group on the

donor/acceptor pair formed of the amine and the other electron act¥gtois
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possible the redshift seen of compoubd compared to typical dipolar POM
chromophores occurs due to a similar process, where the influence of one POM lowers
the energy of the LPCT to the other, although the red shift of comgtisdmuch

larger than wasbserved of the organic chromophores. It is also possible that the red
shifted peak comes from lower energy transitions that were symmetry forbidden in the
dipolar compounds, however similar shiifts do not occur for compound4 to 13

despite the simalr changes in symmetry.

The synthesisof the second ondonortwo-acceptor hexamolybdate derivative,
compoundl5, was also synthesised from an aniline ligand using the DCC mediated
coupling reaction, with the ligand synthesised using a Buchwald reactiowdd by

a reduction using hydrazine hydrate and Pd/C. The Buchwald reaction to form
compoundP18 was performed using-iroma3,5-nitro benzene and -gii-tolyamine

with bis(acetonitrile)dichloropalladiurand xphos forming the catalyst and potassium
carboate as the base. The reaction proceeded well to give the product in a 56% yield,
however, the reduction proved less facile, with both tin chloride and activated zinc
being used in attempts to form preculB@Bbefore success was finally achieved using
hydrazine hydrate and Pd/C.

Atr, reflux, 48 h
2

PdCly(MeCN), \©\ /©/
+ /©/ x-Phos, KCO3
Al it
t-butanol
OyN
N

Pd/C 10 %

2 R
Ethanol
Ar, reflux, 40 h
O2N NO; HoN NH,

Figure 4.3c Method for the synthesis of compouR@i8and compouné19, the precursor for

the synthesis of compourid.

Compound 15 was synthesised from compouriRil9 and tetrabutylammonium
hexamolybdate using the DCC mediated coupling reaction, with 0.47 molar
equivalents of the aniline and 1.16 molar equivalents of DCC. The reaction was
performed in DMSO heated to 70 for ten hours. After filtration and precipitatio
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from ethanol and diethyl ether, compoub® was collected in a 69% crude yield.
Analysis by'H-NMR showed 46% of the crude sample was the desired product, with
48% of the sample being tetrabutylammonium hexamolybdate and 6% being the
monofunctionalisedigand. The compound was purified by recrystallisation from a

dilute acetone/diethyl ether mix.

The crystals grown were used fofrXy crystallography angielded a structurgvith

anR: of 9.87%in the R21/c space groupl'wo molecules of compoundL5were present

in the asymmetric unifThe structure showed imido bonds with an averageNMD

angle of 168.8° and average Nib and NC distances of 1.729 and 1.373 A
respectively. These are slightly shorter and more linear than seen feviaugty
synthesised compound featuring tywara substitutedPOM cores on one aromatic
ring,*?° possibly a result of steric repulsion of timetasubstituted®OM coresand the

added bulky donor groupmiting bending of the borgl A similar effect was seen

chapter 2, where the imido bonds of the sterically protected derivatives were typically
found to be shorter and straighter than those of previously synthesised unprotected

analogues.

Figure 4.3d Crystal structure images of compoudd. Thermal ellipsoids are a@0%
probability level. The colour scheme shows Mo in green, O in red, N in blue, C in grey, and |

in purple. Tetrabutylammonium counter cations and hydrogen atoms are omitted for clarity.

Compound15 was also investigated by UWs spectroscopy, where significant

135



Chapter 4

differences to the spectra of previously synthesised donor containing compounds was
noticed. The LPCT peak was observed at 469 nm, a similar wavelength to that of
compoundl4, howerer the extinction coefficient was far smaller, at 1.6X#0cm®
compared to 49.4x2MM1cm, showing incredibly weak charge transfer transitions

between the electron donor and the POM gore
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Figure 4.3eUV-vis spectrunmof compoundL5, taken in acetonitrile.

A transition this weak had not been observed previously in any of the other derivatives
in this work, but a similar phenomenon had been reported with a series of nitro
functionalised compounds. In the work by X§&,three nitro fuetionalised
hexamolybdate derivatives were synthesised, with one featuring the nitro group in the
paraposition and the other twaetato the imido bondAlthough no weak peaks were
observed n X u e pasconsidenalite reshifting of the IHCT peak of #hpara
substituted derivative compared to theeta derivatives was, showing there is a
stronger electronic interaction between plaea substituted derivatives than threeta
Drawing out the resonance structures for the donation of electrons from the amino
group to the POM core helps explain this, as when the electron dgpemaito the

imido bond, through conjugation allows for donation of the lone pair on the nitrogen

into the POM core. Although not shown in figure 4.3f, this is also possible when the
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electron donor and the POM aoetho substituted however, when the amino group

and the POM armeta this donation of electrons into the POM core is not possible.
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Figure 4.3f The resonance structures of thara and meta substituted hexamolybdate
derivatives explained the small LPCT peak observed for comptiund

Earlier on in the chapter, the original intention of making a diphenylethyne bridged
analogue of compourih from themetabromo derivative was briefly mentioned, with

the compound ultimately not having been made due to synthetic difficulties regarding
the Sonogashira step. After the WUxs demonstrated the weak communication
between the POM cores and the electron donor amétaposition, the reason for this
became clearer. In chapter 2, the quick, room temperature Sonogashira couplings as a
result of ativation of the Gl bond by the electron withdrawing POM cores were
discussed, but this, as shown by the resonance structures, cannot happen when the
POM cores arenetato the halogen due to the limited electronic communication. As a
result, the inactivated coupling proved to be unsuccessful using the conditions tried,
even when the bromo was replaced by the more reactive iodine, and ultimately

synthesis of a diphenylgthe bridged analogue of compoubiwas abandoned.

Although the weak electronic coupling between the POMs anthétaepositionled

to nodiphenylethyndridged analogue being successfully synthesised, it did still result
in interesting properties of ogpoundl15. The very weak LPCT peak of compouttsl

as a result of coupling in threetaposition had not beepreviouslyseen before in a
donor containing POM derivative and so the effect of this on the nonlinear optical
activity had not been investigatedegpite the long wavelength of thgax showing a

strong donor/acceptor pair, the low intensity suggests there must be considerably less
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coupling between the donor and acceptor than usually observed for these derivatives,
possibly increasing charge separativhich has beeshown by the two state model to
increase NLO activitylncreased charge separation and long wave absorption could

also suggest potential for other uses such as in solar cells.

The above findings spurred synthesis of another compounghozomd16, which like
compoundl5, featurel two POM cores on the same aromatic ring of a triarylamine,
however, instead ofdth being metasubstitutedto the amine, one isrtho andthe
otheris para. The precursor ligand for compouhfi, compound®21, wassynthesised
using a method based of one reported for the synthesis of a similar compound by
Hsiao®® This method involved reacting deprotonated diphenylamine with 4
fluoronitrobezene to form the énylamine, before reducing the nitro group to an amine
using hydrazinéydratein ethanol. To synthesise compou?2D, ditolylamine and 4
fluoro-2,4-dinitrobenzene were used in the places of the diphenylamine and 4
fluroronitrobenzene, and as in the liter®, sodium hydride was used to deprotonate
the amine. Although yields were low, 20% for compoB2@and 26% for compound

P21both reactions proceeded successfully to give the desired products.

No, T N
NaH NO,
—»
DMSO
H Ar, 140°C, 19 h
NOz
NO,

NO Pd/C 10% NH
—_—
2 Ethanol 2
Ar, reflux, 18 h

NO, NH,

Figure 4.3g Method for the synthesis of compouR#@0and compoun®21, the precursor for

the synthesis of compourid.

Compound 16 was synthesised from ligandP21 and tetrabutylammonium
hexamolybdate using the DCC mediated coupling reaction, with 0.50 molar

equivalents of aniline and 1.22 molar equivalents of DCC. The reaction proceeded
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over 10 hours at 7C to give, after filtering and precipitatingingethanol and diethyl

ether, compound6in a 28 % crude yield. Unusually, thd-NMR showed almosill

the crude sample was the desired product, with only very small amounts of
hexamolybdate and an impurity thought to be the mmrustituted ligand present.

This was very different to what was observed for compdiihavherethe electronic
isolation betweerthe reacting amines and the activating electron donor meant that
tetrabutylammonium hexamolybdate was by a few percent the major component of the
crude product

As with compoundd4 and 15, crystallisationof compoundl6 could not be easily
achieved fromhot acetonitrile due to the oily nature of the compoumalyever
purification by recrystallisation from a dilute acetone solution with diethyl ether
diffusion was eventually achieved to produce compound puteMR, 13C-NMR,
mass spectrometry, and elental analysis. The crystals formed were suitable for
analysis by Xray crystallography angielded a high quality structungith anR; of
8.40%in the Pbca space growpth one molecule of compouri®in the asymmetric

unit.

Figure 4.3h Crystal structure images of compoud®. Thermal ellipsoids are &@0%
probability level. The colour scheme shows Mo in green, O in red, N in blue, C in grey, and |

in purple. Tetrabutylammonium counter cations and hydrogen atoms are omitted for clarity.
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The structure of compourb revealed an imido bond of thpara substituted POM

with an MoN-C angle o0fL75.8° and MeN and NC bond lengths of 1.726 and 1.396

A respectively suggesting a surprisingly linear imido bond for a compound without
ortho positioned steric protecting groupspecially considering the steric effects of

the second POM core. As a result of its proximity to the bulky ditolylamino donor, the
imido bond of the second POM was longer and less linear, with aN-K2angle of

167.0° and MeN and NC bond lengths of I61 and 1.399 A respectivelpespite

the increased length and decreased bond angle, the imido bond was still more linear
than seen for the previously synthesisegl @i-POM compount?® as well as
previously reported monsubstituted derivatives with highNLO activity 1?8
suggesting the steric repulsion between POM core andrthe ditolylamino donor

was not resulting in substantial decrease in conjugation between the POM core and the

ligand when compared to previous POM derivatives.
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Figure 4.3i UV-vis spectrunof compoundl6, taken in acetonitrile.

As with the other compound, compourdd was also investigated by UWMs
spectroscopy, with the LPCT peak appearing at 461 nm, again significantly lower in

energy than typically observed for monofunctionalised POM derivatives. The LPCT
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peak also showed a considerable increase in the intensitpared to that of
compoundl5. This increase in the extinction coefficiefrtom 1.65x18 to 264x1C
suggested an increase in coupling between the donor and the acceptors as expected
due to theortho and para substitutions of the POMs rather than thetaseen for
compoundl5. The differences between the WAs spectra of compound$ and16

show the sting electronic effect of changing the position of the POMs on the imido
ring and suggest there could be significant difference in the NLO behaviour of the
orthd/paraandmetasubstituted compounds.

4.4 Electrochemical Studies

As with the monesubstitutedchromophores discussed in chapters 2 and 3, the
properties of the six multidimensional chromophores were investigated by
electrochemical techniques. Cyclic voltammetry was used as outlined previously to
investigate the reduction potentials of the POM sa€all six compounds before
differential pulse voltammetry (DPV) was used to further investigate thelamer
two-acceptor chromophores. Bulk electrolysis was not performed on either set of
compounds as previous investigation had shown this would nesldcomposition of

any nonsterically protected derivative and although the -tlemoroneacceptor

series were sterically protected, the CVs of these compounds also showed considerable

instability in the case of compoud@ and impurity in compound3.

Of the threebis-substituted derivatives, only compourdd gave a clean CV
demonstrating what looked to be a reversibleffas017]>> reduction peak. At1.20

V vs Fc/Fé, the [ArM0s017*"* reduction peakwasshifted by-0.2 V compared to

the monagubstituted derivative, a result of increased electron density on the POM core
from having two rather than one ligandrhis is a similar shift to that observed
between the first reduction peak of the monofunctionalised analogue and
hexamolybdate. The snhgleak at around0.8 is a result of hexamolybdate in the
sample, either left over from the synthesis or present through a small amount of
decomposition. As can be seen though, no other contamiwantéspresent in the

sample.
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Figure 4.4a Cyclic voltammograms 0.6 mM solutions of compoundll in 0.1 M
[Bu4N][BF4] in MeCN. Fc/F¢ was used as the internal refereré. m\is scan rate.

The cyclic voltammogram of compour@ showed a less reversible pMoeO17]>>
reduction peak thanompoundll, with considerable decomposition of the sample
noticeable even on the CV timescale. SThias not something that had been seen
before, as even the unprotected compounds and the protected derivatives that also
decomposed still showed good reversibility during their cyclic voltammograms. The
decomposition also resatlin plating on the electradalong witha new peak a0.75

V, possiblyresulting fromreoxidation of the decomposition product. While this is
around the potential at which hexamolybdate would bexidised, cycling did not

show the corresponding reduction psakgesting hexamolgate was not the cause

The CVof compoundl2 also showda quasi reversible reduction-4t21 V, which

was likely theresult ofthe decomposition product as the NMR had suggested the
sample was clean of any other functionalised hexamolybdate derivaBivese
decomposition of sterically protected derivatives with electron donors and extended
systems into a POM other than hexamolybdate had been previously observed during
the bulk electrolysis experiments, as was discussed in chapter 2, and it ishiigely t
decomposition results from a similar mechanism. The decomposition in both cases
likely stems from the donation of electrons destabilising the POM core and therefore

occurs more readily for compoud@ due to two ligands being present.
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Figure 4.4b Cyclic voltammograms 0f00.6 mM solutions of compound?2 in 0.1 M
[Bu4N][BF4] in MeCN. Fc/F¢ was used as the internal refereré. m\is scan rate.

Along with the interesting irreversibility of the [#0s017]>/% reduction peak, the

peak also sits aBn unexpected potential 0fl.056 V vs Fc/Ft Typically,
hexamolybdate derivatives with stronger electron donors reduce at more negative
potentials due to the increased electron density on the POM core, but coni@ound
appears to reduce at a less negafigtential than compouridl. This could sggest

some kind of electronic isolation between the POM core and the electron donors and
may be related to the decomposition observed of the compound upon reduction. It is
also possible that tHess negativepeak isdue tothe sample that gets plated on the
surface and the peak €t.21 V is the [AsM0sO17]*>/? reduction peak, however this
would imply decomposition of the POM due to reduction was not the cause of the
plating.

CompoundL3was also investigatiby cyclic voltammetry which revealed a reversible
[AraMoe017]37% peak despite the instability of compoufg, but also showed the
significant number of other hexamolybdate derivatives. The presence of these was not
unexpected as they had been visibiglte!H-NMR and had needed to be taken into
account when fitting the elemental analysis results, but a higher percentage of the
sample did look to be of these impurities than had been anticipated from the previous
data. The CV containing all these peaksinteresting though, as it does allow
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comparison of the shifts of thenone, bis-, tris-, and tetrakisfunctionalised
derivatives, showing that with increasing substitution, increased donation of electron

density results in an increasingly negative reuagbotential of the POM core.
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Figure 4.4c Cyclic voltammogram of0.3 mM solutions of compoundl3 in 0.1 M

[Bu4N][BF4] in MeCN. Fc/F¢ was used as the internal refereré. m\is scan rate.

Along with the multiple reduction peak#et full scan of compoundl3 also showed

three reversible oxidation peaks, one with aadi 0.272 V, one with anfz of 0.165

V, and a much smaller one with amd6f 0.04 V. The oxidation of the ligand of the
monofunctionalised derivative was previously measured to be at 0.269 V, suggesting
these peaks correspond to theno, bis-, andtris-substituted derivatives spectively,

with oxidation becoming easier as the increased number of ligands decrease electron
donation of each individually to the POM core. The oxidation of the ligand of the

tetrakissubstituted derivativevaslikely too small to see due to the low cemtration.

The CV taken of compound3 also did show the stability of theona, bis-, andtris-
substituted derivatives on the CV timescale, suggesting the compound could be
candidates for redox switching and again demonstrating the increased stability of the
phenylbridged derivatives over tlidphenylethyndridged ones.
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Epc [ArxM0ogO19x]*"* E12[ArkMoeO19x] 3% P& (MV) EpaNR2
11 - -1.200 80 -
12 - -1.056 107
13 -2.131 -1.354 78 0.272 quas
-1.910 -1.002 85 -
-1.837 -1.013 73 0.338irr
-1.885 -1.101 83 0.303 rev

Table 4.41 Table summarising the cyclic voltammetry peaks of compodid$2, and13
and their monosubstituted analogues, compow)dé and 8 respectively.All peaks are
reported in V.Cyclic voltammograms were takext a 0.1 V/s scan ratgsing 03-0.8 mM
solutins of analyte and 0.1 M [Bu4N][BF4] in MeCN. FcfRwas used as the internal

reference in all cases.

To investigate the three om®nortwo-acceptor chromophores, compourids 15,

and16, cyclic voltammetry was used along with differential pulse voltammetry (DPV).
DPV is an electrochemical technique in which the potential of the system is varied
through the application of a series of short pulses of arourti0QOms long
superimposed orhe linearly increasing potential ramp seen in cyclic voltammetry.
The current is measured both before and after the application @ioteatialpulse,

with the current measured prior attributed to the potential ramp and the difference
between the two redtts the response to the pulse. This separation of the ramp current
from the current as a response of the sample can result in more sensitive measurements,
while the small step size increases definition of the peaks andaltam for
differentiation of pelas with similar enough reduction potentials that during cyclic
voltammetrythey appeardas onelt was hoped this would be useful in determining
whether the equivalent POM cores on compoultiand 15 reduce simultaneously,

or if electronic ommunicatiorresults in reduction of one increasing the potential of

the reduction of the other.

The cyclic voltammetry experiments performed on compodddss, and16 showed
electrochemicallyeversiblgAr(Mo 6015)2]’* reduction peaks based on their constant
peak separations at varying current, with all three at a less negative potential than what
was observed for compoundsand 8, the only two other donor containing phenyl

bridged derivatives. Irreversible [Ar(MO1g)2]®’® reduction peaks and quasi
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reversible amine oxidation peaks were also seen for all three compounds.
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Figure 4.4d Cyclic voltammogram of0.3 mM solutions of compoundl5 in 0.1 M

[Bu4N][BF4] in MeCNtaken at a 0.1 V/s scan rake/F¢ was used as the internal reference.

Epc [Ar(Mo 6015)2]/® E12[Ar(Mo601s)2] &/ PE(mV) EpaNR:
14 -1.855 -1.023 93 0.458
15 -1.876 - 0.966 117 0.568
16 -1.803 -1.005 146 0.455

Table 4.4b Table summarising the cyclic voltammetry peaks of compoaAdss, and16.
All peaks are reported in \Cyclic voltammograms were takana 0.1 V/s scan ratesing 03
to 0.4mM solutions of analyte and 0.1 M [Bu4N][BF4] in MeCN. Fc/keas used as the
internal reference in all cases.

The most negative potential reduction peak of the threedonertwo-acceptor
chromophores was for compount4, at -1.02 V vs Fc/F& Although no
monofunctionalised analogue of this exists for comparison, tlasllisess negative
than the k. of other phenyl bridged derivatives such as compounaisd 8 which
reduced at potentials 6fL.10 V and-1.07 V respectively, a likely result of the
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weakened electron donation from the amine into the two POM dbisslso possible

this difference is caused by the change in donor group, as the dimethylamino group
should be a slightly stronger electron donor thandit@ylamino group. The peak
separation islsoa little larger than seen for the mesobstituted deriatives whereas

a true two electron wave would have a smaller peak separation of around 30 mV,
suggesting the [Ar(MgD1s)2]®* peak is not a true two electron was@used by the
POMSs reducing simultaneouslyut rather two one electron reductions at \sanyilar
potentials This would occur due telectronic communication between the POMs
resulting in he secondeducing at a moreegative potentidbecause othe increased

electron density of the system as a result of the first.

Current (pnA)
Current (pA)
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Figure 4.4e Cyclic voltammograms of compouridt (left) and compound5 (right). Both
were taken as 0.4 mM solutions in 0.1M NBHEs in acetonitrile. Referenced to Fc/f=c

The [Ar(MoeO1s )2]* reduction peak of compountb was at-0.966 V, theleast
negativeof any of the three compounds. This is very similar to the reduction peak of
compound 2, the dimethyl protected iodo compound, suggesting the increased
potential needed to reduce compouridover hexamolybdate is moreresult of the

imido ring rather than the electron donor due to the isolation between the amine and
the meta substituted POMs. The peak separation of compoldwvas again
substantially larger than the ideal peak separation of 30 m&tf@o electron wave
indicating electronic communication between the two POM amessresulting in two
different potential reduction processes rather than one simultaneous two electron

reduction T h e ¢ apb&mpoundl5 waslargerthan seen for compourid, a likely
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result ofthe two POM cores being situated on the samenaticring of compound5

and thereforebeing more electronically connectéshn the two incompoundl14.
Differential pulse voltammetry performed on compodbaonfirmed the [Ar(M@O:1s

)2]¢™ reduction wave was formed of two separate but similar potential reductions, with
fitting of the DPV waveevealingtwo reductionprocesseg§1 mV apartIn contrast,

the DPVof compoundL4 revealed only one reductigmmoces despite the larger than

I d e g shqwiing the very close potential at which the two POM cores were reducing.

Figure 4.4f Differential pulse voltammograms of compoufd (left) and compoundl5
(right). Both were taken as 0.4 mM solutions in 0.1M D in acetonitrile. Referenced to
Fc/Fc.

The [ArMosO15]%'? reduction wave of compounth was at a potential 6fL.005 V,

and even before the differential pulse voltammetry was performedendmpound,

the shape of the CV made it evident this reduction wave was comprised of two
processes with different reduction potentials. This was also suggested by the peak
separation, which at 146 mV was the largest seen for any of the three compounds. Lik
compoundl5, both POMs on compountb are situated on the same aromatic ring
which would result inncreasecklectronic connection between them, however, unlike

in compoundl4 and 15 where the two POM cores are in identical positions on their
imido rings, the twd®OM cores in compound6 are also in different positions

Fitting of the DPV curve confirmed the wave consisted of two peaks, witlatoae

potential87 mV at a more negatesthan the other. This difference between the E
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