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Abstract

The spectroscopy, electrochemistry and photochgmistf seven 2-(4-R-
phenylazo)naphthalene-4,8-disulfonate dyes (R-Spas), were studied to report on
their structure and reactivity in water. The dyé$ed in their structure by only the R
substituent attached to the phenyl ring, represgrdi range of electron-donating and

electron-withdrawing substituents; most studiesewsarried out on OH-Span.

A combination of UV/Visible, NMR, Raman and IR sprescopy together with DFT
calculations has shown that the dyes are plan#ndim stabletransisomer form. The
spectra were found to be sensitive to the R sulestitand generally they show good
correlations with Hammett, substituent constants. The structures of OH-Span
(pKa = 7.98) and NRSpan (pkK = 2.88) are pH dependent, and none of the dyes sho
aggregation at 3 x 102 mol dm®.

Spectroelectrochemistry and controlled potentiatteblysis studies showed that OH-
Span undergoes an irreversible four electron réalugirocess, where detailed product
analysis showed that naphthyl and phenyl fragmeitise dye are produced due to azo
bond scission; similar results were observed ferdther R-Span dyes. Dyes containing
electron-donating R substituents are more resistantreduction, whereas dyes

containing electron-withdrawing R substituentsrame resistant to oxidation.

The stability of the R-Span dyes was assesseddnyioa with photoinitiator generated
2-hydroxy-2-propyl radicals to study reductive fagli Time-resolved studies were
carried out on OH-Span:photoinitiator solutions aatk constants for electron transfer
to produce the dye radical anion and subsequeptagisrtionation were found to be
6.00 x 10° and 5.00x 10° dn® mol* s?, respectively. The detailed product analysis
identified the naphthyl fragment of the dye, whighs also observed for other R-Span
dyes, indicating that the reduction mechanism cceia disproportionation resulting in

azo bond scission.

The R-Span dyes showans to cis photoisomerisation, and NH OH-, OMe- and
NHAc-Span showed completss to trans thermal back reactions within ca. 30 ms, 35
us, 11 days and 1 day, respectively.
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Chapter 1 Introduction

This brief introduction and review will consideretiproperties of dyes which are of key
importance to the dye industry, including the typesl variants of colourants used as
outlined in section 1.1 and an historical accounhk-jet printing as outlined in section

1.213 The techniques used in this research are intratlinceection 1.3, and the aims of

the work are introduced in section 1.4.

The dyes studied here (introduced in section lal)ehbeen identified by Fuijifilm
Imaging Colorants Ltd as models for potential codois that may be used in ink-jet
inks. The majority of research carried out previpus azo colourants has been where
the hydrazone tautomer dominates whereas the arontar dominates for the dyes
studied in this research; within this set a variefysubstituents are attached to the
chromophore, with properties which range from etetidonating through to electron-
withdrawing. Various relevant spectroscopic andhdital techniques will be used to
determine their structure and stability (e.g. ur@emariety of reaction conditions) from
which their suitability for ink-jet printing applations can be evaluated.

1.1 Introduction to dyes
1.1.1 Colour and the perception of colour

Colouf*® is perceived by the brain when light interacts wite human eye. The
sensitivity of the human eye to different waveldrsgtwhich give rise to the perception
of different colours, is governed by a collectidnlight-sensitive rods and cones cells
located in the retina. Light that reaches the eehias often been transmitted or reflected
from observable objects, and Table 1.1 gives adisabsorbed and complementary
observed colours in the visible region of 400 t6 Hén? Colour may also be described
in terms of: hue, the dominant wavelength basedhentristimulus theory of colour;
chroma, the density or intensity of the colour whaan be modified by the grey scale
(the gradual transition from very pale to deep omd@ value, the brightness of the

colour®



Table 1.1 Wavelength range showing absorbed and observedrsd|

Wavelength range / nm

Absorbed colour

Observéalico

400-435 Violet Greenish — yellow
435-480 Blue Yellow

480-490 Greenish — blue Orange
490-500 Bluish — green Red

500-560 Green Purple

560-580 Yellowish — green Violet

580-595 Yellow Blue

595-605 Orange Greenish — blue
605-750 Red Bluish — green

1.1.2 Colourants

The common types of colourahfs that are used as a component of ink-jet inks are
classified according to common chemical structdeatures, and they include azo,

carbonyl and phthalocyanine dyes alongside assacggments:

1.1.2.1 Azodyes

Azo dye$* contain the common structural feature of an azkalije (-N=N-) in which
the colour observed is due to extended conjugaifagroups attached to this linkage.
The normal method of synthesising azo dyes is tilrodiazotisation of a primary
aromatic amine with sodium nitrite under acidic do@ temperature conditions. The
diazonium salt produced is reacted by azo coupglingroduce the azo compound, as
shown in Figure 1.1. In this way it is possiblesimthesise monoazo, bisazo, disperse,
mordant, acidic, reactive, cationic, direct, solvend food dyes, and examples of these

are given in Table 1.2°

HNO, + Ar'—H
Ar—NH, —— Ar—N=N —_— Ar—=N=N —Ar'
Diazotisation Azo coupling

Figure 1.1 Generic synthesis of an azo dye.



Table 1.2 Types of azo dye%®

Azo dye Example structure

Comment

Monoazo
O
v )
Bisazo
/,N N\\
O e W,
Acidic
OH
Na0384®*N\\
=)
Mordant
O—(?:r-o
@N“N’ :
Disperse
OZNON‘\ CH,CH,CN
O
CHZCH3
Reactive
Cl

1]
HO,S SO,H

LS Y
©)LN’H OH N NN

Monoazo dyes contain a

single azo linkage.

Bisazo dyes contain two azo

linkages.

Acidic dyes typically contain
a sulfonate or carboxylate
group which aids the water
solubilisation of the dye and
application to a fibre.

Transition metals can form
very stable complexes with
complexing azo dyes; this
can result in superior fastness

properties on a fibre.

Disperse dyes have a
relativity low solubility in
water and therefore can be

applied to hydrophobic fibres

Here a reactive functional
group, monochlorotriazinyl
is attached to the dye can
chemically react with
another functional group in
the fibre and result in a

chemical bond.




Azo dye Example structure Comment

Cationic cl Cationic dyes are water
+
QN\\N@ CHCHN(CH,), soluble and can be applied to

CH,CH, cCI”
2 cellulose. They have a poor

light fastness. Also used in
the textile industry because
they have a high affinity for
acrylic fibres.
Direct @ . OH . QN”COCHS Direct dyes consist of large
NaZ3SNj)LNso'jNa molecules which are long,
HoH narrov  and planar with
functional groups that give
high affinity with cellulose
through a combination of van
der Waals forces, dipolar and
hydrogen bonding.
Solvent M C N Solvent dyes are used in ink
‘N@ where the carrier medium is

non-aqueous.

1.1.2.2 Carbonyl dyes

Carbonyl dye$® have the common structural feature of containingadonyl (C=0)
group, which can extend the conjugation within diye, for example with the aromatic
rings. Anthraquinones form the largest subdivisiaith others including indigoids,
benzodifuranones, coumarins, naphthalimides, quoh@wes, perylenes, perinones and
diketopyrrolopyrroles. Carbonyl dyes are reported e more suited to high-
performance colourants due to their superior lagitiess, when compared with azo
dyes. Carbonyl dyes however have increased manuifagtcosts due to their multistep

synthese$.



A benzoquinone or anthraquinone group as showrngaré& 1.2 form the most common

bases for carbonyl dyes.

0 O
0 (@]
1,4-benzoquinone 9,10-anthraquinone

Figure 1.2 Structure of 1,4-benzoquinone and 9,10-anthraq&no

1.1.2.3 Phthalocyanine dyes

An example of a phthalocyanine dyis given in Figure 1.3. Phthalocyanines are
structurally related to porphyrin derivatives ang aromatic and highly stable. They

generally show highly intense blue and green cslour

NaO,S S0O;Na

Figure 1.3 An example of a phthalocyanine dye, Direct Blue 86
1.1.2.4 Pigments

Unlike dyes, pigments are insoluble; organic pigteare usually less stable than their
inorganic counterparts, but provide brighter andremimtense colours.The level of

dispersion on or within the media that the pigmearts applied to directly relates to
their chemical and physical properties. Azo pigmefdr example Pigment Red 49 as

shown in Figure 1.4, exhibit good lightfastness ttumtramolecular hydrogen bonding,



but weak intermolecular forces result in poor sptwesistance, resulting in leaching to

the solvent.®

sopn O ‘
N
S

Figure 1.4 Pigment Red 49.
1.2 Ink-jet printing
1.2.1 Historical overview

In 1878 Lord Rayleigh described the mechanism bychvia liquid stream breaks up
into droplets’ The first patented ink-jet recording device, usitayleigh’s mechanism,
was developed by Rune Elmqyist of Siemens in ¥85lhe early 1960s saw the
development of continuous ink-jet technology by Hid Sweét of Stanford
University which was later adapted by IBM in the7@8 for their printers. The late
1970s saw the first use of drop-on-demand ink-jeitipg methods as discovered by
Steven Zoltart’ Development was further increased in 1979 by Camon developed
bubble jet printing and Hewlett-Packard who devetbpthermal ink-jet printing
heralding the first successful low cost ink-jetnper. Their low cost, quietness and
relatively good print quality was a revelation wheasmpared with the noisy impact dot

matrix printers-?
1.2.2 Ink-jet printers

Common ink-jet printihg methods include continubusnd drop-on-demand*?

printing, with the latter being subdivided into timal and piezoelectric*



1.2.2.1 Continuous

In continuous ink-jet printing,the process by which an ink can flow onto paper is
through a binary deflection system as shown in f&gll5 or a multiple deflection
system as shown in Figure 1.6. In both types tkgdahdroplets are generated by the
drop generator and pass through the charge elestrél a binary system both charged
and uncharged ink droplets travel through the highiage deflection plate. It is here
that the charged ink droplets are deflected, cdbtb@nd re-circulated via the gutter.
The uncharged ink droplets are allowed to travedupgh to the paper. In the multiple-
deflection system the charged ink droplets areedtdt at different levels and thereafter

travel through to the papér.

—L

Paper
B

Drop generat~——————
Charge

electrode p—

- Gut
High
voltage
deflection

Figure 1.5 Continuous ink-jet: A binary-deflection systém.

T ge2s2EE270
S - Paper
Drop generato———
Charge
electrode p—
- Gutter
High l
voltage
deflection

Figure 1.6 Continuous ink-jet: A multiple-deflection systém.



1.2.2.2 Drop-on-demand

Thermal ink-jet printing is the most successful amakt widely used printing method in
the homé’.In a thermal drop-on-demand printer as shown imifeéid..7 there is a heater
that heats the ink up to 300 °C within a pressii@nber creating an ink-jet bubble by
evaporation. This bubble presses the ink out obtifece, after which the heating stops
causing the vapour inside the bubble to condenbkés Gondensing bubble and the
surface tension draws fresh ink into the chamblewaitg a drop by drop flow of the
ink onto the papet™®

Heater Orifice

e

Pressure
chamber

Paper

Ink

Figure 1.7 Drop-on-demand roof-shooter thermal inkJet.

Piezoelectric ink-jet printing methots**are more widely used in industry than in the
home as they give accurate printing and can be wsiéda wide variety of organic
solvents. Piezoelectric printers are classifiedsgseeze, bend, push or shear types
relating to the mode of ink moveméntRather than a heating element, there is now a
piezoelectric material behind each nozzle. Whermléage is applied an electric field
produces a pressure wave on the ink-jet ink, fgréinthrough the nozzle. The four
piezoelectric types allow for a wide range of inkde used.



1.2.31Ink-jet inks
The typical composition of an ink-jet ink is showmiTable 1.3,%1316-18

Table 1.3 Typical composition of a dye based ink-jet ink.

Component Composition (%)  Properties
Water soluble dye ~ 3-6 usually anionic and coldure
Water ~ 70-80 a good solvent for the thermal ink-je

process, safe and low in cost

Humectant ~5-10 prevents evaporation of water fribra
printhead when idle, a typical example is
ethane-1,2-diol.

Surfactant ~1 enhances the contact with the seifac
common example is Surfynol 465

Penetrant ~2-10 lowers the surface tension of ithes
allowing them to diffuse onto a surface
very quickly, pentane-1,5-diol is commonly

used

The ideal properties of the whole ink-jet ink ahattit is non-toxic, non-flammable,
thermally stable and quick drying to be used inghating process. Other types of ink
formulations include: phase-change inks, which geamphase with temperature;
solvent-based inks, commonly used for printing oglss, plastic or metal; oil-based

inks; UV curable inks:; hot-melt and reactive baseég >

1.2.41nk-jet paper

The medium® used often determines the finish that is requirémt; example,
photographic media require a rapid dry time, higihtpresolution and glossy finish to
give bright and vibrant colours. The medium of eatrchoice is a microporous surface
which has a faster drying time but a lower lighdtfeess than a swellable polymer type

surface'®



General printing methods use paper, of which cedlel is the major constituent.
Cellophane (a processed form of cellulose) is ofteed to mimic paper for the
scientific studies of dye's;?* and Figure 1.8 shows the simplified structure elfutose
as a long-chain polymeric polysaccharidéaflucose? It can be seen that cellulose has
hydroxyl groups by which intermolecular hydrogennt® can form with a dye

molecule. Its open structure also allows a dye oudéeto enter within its structure.

OH
o OH
FO%OHO o’
OH
OH

Figure 1.8 Structure of cellulose as a polymerpeglucose.
1.2.5 Printing quality

Printing quality*>®*8js ultimately the most important aspect of the vehptinting
method, and is determined by the hue, chroma ahtk vaf the ink-jet ink, by the
resolution (dots per millimetre), by the numbergoéy levels, and by the transition
between pale and dark colours. Ideally one woltd to use very small ink-jet ink
droplets, while maintaining an efficient printingopess. Using small ink-jet droplets is
advantages to give the best grey-scale propevieish describes the gradual transition
from the lightest to darkest shade of colour bgwiihg control of droplets within a unit
area. In addition to size pale magenta and cyas tdn also aid the grey scale

properties by building up layet$.

10



1.3 Techniques

The following section outlines in brief both theetiny and practical aspects of the
spectroscopic, electrochemical and photochemicahigues used in this research.

1.3.1 Electronic spectroscopy

UV/Visible absorption spectroscopy is used to gafarmation on electronic transitions
within a molecule. Upon absorption of a photon ight in the ultraviolet or visible
region, an electron in one orbital becomes exdibea higher orbital corresponding to a

transition from the ground to an excited electrcstate of the molecule.

A typical UV/Visible absorption spectrometer usyalecords over the region of
190 — 900 nm using a deuterium lamp for the UVaegnd a tungsten lamp for the
visible region. Radiation from the lamps passeuph a fixed slit and into a
monochromator where light is dispersed by a diffaac grating. In a double beam
instrument as used in this work, an optical chopglésws the specifically chosen

wavelength of light to pass through both the refeesand sample céfi.

In general, the transmittance (T) is the ratioh& intensity of emerging (I) to incident
(Io) light, and the absorbance (A) of the sample isutated using Equation 1.1.

A:-IogT:-Iog(llj (1.2)

0
The Beer-Lambert law as shown in Equation 1.2 eslus relate absorbance to sample
concentration (c / mol dif), molar absorption coefficient { mol* dm® cni?) and the

pathlength of the cell (I/ cm).

A =¢cl (1.2)

11



The molar absorption coefficient gives a measurthefintensity of absorption which is
dependent on a combination of spin, orbital andlearcselection rules. Transitions
between states are governed by whether thereharage of spin upon excitation, and in
general only transitions between states of the samigplicities are observed for small
organic molecules. The orbital selection rule can donsidered in terms of the
symmetry of the orbitals and states arising fromnthand so depends on molecular
structure and also the spatial overlap of the alhitThe nuclear selection rule depends
on the vibrational overlap integral, indicating haell the vibrational wavefunction of
the two states overlap. The higher the molar absorpcoefficients at a particular

wavelength the stronger the colour observed.

Electronic transitions within a molecule are accampd by vibrational transitions
which influence the profile of the overall spectraiserved as shown in Figure 1.9.
The Franck-Condon principle describes that, assaltref nuclei being much more
massive than electrons, an electronic transitiocuec much more rapidly than the
nuclei can respond. At room temperature the lowestipied vibrational energy level
(v = 0) is the most highly populated, and the mostbpble geometry is at the
equilibrium separation of the nuclei. Upon excdatithere is a vertical transition
without a change in geometry (® S) as shown in Figure 1.9 fromi = 0 tov” = 4.
The square of the vibrational overlap integral lesw the ground and excited states
gives a measure of the intensity of the vibronignsition. The broadness of the
absorption spectrum will depend on the number okssible vibrational levels in the
excited state of the molecule as a result of thengh in geometry on excitatiéhin
general, spectra recorded in the gaseous phasearganic solvent often show resolved
vibrational fine structure, in water however thisnot usually observed due to dipole

interactions.

12



Energy

R/A

Figure 1.9 Ground and excited electronic and vibrational epésgels.

UV/Visible emission spectroscopy is used to gaiforimation on excited states. An
excited state of a molecule can decay through tigdiand non-radiative pathways as
shown by the Jablonski diagram in Figure 1.10. Uige of a fluorimeter allows for the
measurement of fluorescence and phosphorescencéaspgiving energy gaps and

quantum yields which allows for the determinatidrifee fate of the excited states and

some information on the pathways by which they geca

13
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Figure 1.10 Jablonski diagram of the routes of excitation aaday of electronic states;
abs = absorption, ic = internal conversion, isatetisystem crossing, f = fluorescence, p

= phosphorescence, vr = vibrational relaxation.

A fluorimeter typically uses a xenon arc lamp aedords over a range of 250—-700 nm.
Two monochromators are utilised allowing the userrécord both emission and
excitation spectra. In emission mode, the absampband at longest wavelength is
usually selected by the excitation monochromattihoagh a change in excitation
wavelength should not generally change the prafflehe emission spectrufi.The
emission monochromator is used to scan across defpmed wavelength range
producing an emission spectrum. In excitation mdte, wavelength of emission is
selected by the emission monochromator. The elaitabonochromator is used to scan
across a predefined wavelength range to produecitation spectruri’

1.3.2 Vibrational spectroscopy

In this work, both IR and Raman spectroscopic tephes were used to study molecular
vibrations. For non-linear molecules such as omayes, after taking into account for
rotation and translational motion there are 3N noBmal modes. In general for large
molecules, vibrations are commonly seen acroswtude structure as a combination of
bends and stretches which are observed experirheasabands arising from a series of
normal modes. The frequencies observed experinigmted determined by the masses
and specific force constants assigned to the miaecguotion; in general these are
higher for stretching than bending motion. Bothcspescopic techniques are briefly
described below.

14



IR spectroscopy generally covers the 400—4000" ecegion of the electromagnetic
spectrum and experimentally observes the absormtice photon in this region by a
molecule. For a normal mode to be IR active theustrbe a change in dipole moment
of the molecule upon vibratidf.In an IR spectrum, vibrational transitions areegaiy

observed due to a change in vibrational state spomding to a fundamental transition

fromv =0 tov =1 as shown in Figure 1.11.

Raman spectroscopy is a complementary techniquehioh a monochromatic light
source (typically a laser) produces photons whighsgattered by molecules the types
of which are shown in Figure 1.11. If the frequen€yhe scattered light is the same as
the incident light then Rayleigh scattering hasuoeed. If the frequency of scattered
light is different from that of the incident lighbhen Raman scattering has occurred.
Stokes Raman scattering occurs when the frequeneyattered light is lower than that
of the incident light. Anti-Stokes Raman scatteriogcurs when the frequency of
scattered light is higher that the incident lighhd this can be observed when an
incident photon interacts with a molecule thatnsan excited vibrational state. For a
motion in a normal mode to be Raman active therstrbe a change in molecular
polarisability upon vibratioA’ In a Raman spectrum vibrational transitions arseoked
due to a change in state corresponding to a tranditomv = 0 to a higher vibrational

State.

The Raman effect is weak, and only about 1 itf Ificident photons undergo Raman
scattering® As absorption of radiation is commonly more lik¢han scattering, if a
molecule or impurities fluoresce readily then thés easily mask the Raman signal and
make it more difficult to observe. The resonancenBa technique is often utilised to
enhance Raman scattering, in which the incidenquigacy of light is chosen to
correspond to that of an electronic transition. émdhese conditions, vibrational
transitions that are coupled to electronic traosgiwill be enhanced. Resonance Raman
spectroscopy is often utilised for organic dyesweixtended chromophores allowing for
enhancement with their electronic transitions. Utfoately the resonance Raman

technique does have the disadvantage of enhaneinfimrescence in the sampfe.

15



Excited

state
virtual
state
hv hv hv hu-huy hv hy' +huq hv” hy'” -hy
vy
V1
Vo 1 hl/l
IR Rayleigh Stokes Anti-Stokes Resonance
Scattering Raman Scattering  Raman Scattering  Raman Scattering

Figure 1.11 Transitions between vibrational energy levels #rat observed in IR and

Raman spectra.

Lasers are utilised in recording Raman spectra usecathey provide a highly
monochromatic, polarised and directional light seuwith a high power randé.The
tunability of some lasers used allows for differeesonant conditions to be explored.
Although Raman is a complementary technique to jleRcsoscopy it has several
advantages. One of the main advantages is thabagwsamples of organic dyes can be
studied more easily because water strongly absaotiss the infrared region whereas
the Raman effect for water is weak and therefoesdmt mask the vibrational signal to

the same degree.
1.3.3 Nuclear magnetic resonance spectr oscopy

NMR spectroscopy is a common analytical technigsedufor the elucidation of

structure and molecular interactions, and in thaskwH and**C NMR have been used.

Nuclei have an associated spin quantum number Inzaghetic momentu(/ J T%),*°
and can orientate themselves 21 + 1 different wayan applied magnetic field. Figure
1.12 shows the effect of the interaction betweegmetc field (B/ T) andu of *H and
3C nuclei which both have an | = %; the once degaeestate now has two orientations
that differ in energy. The energy difference betwé®e two levels corresponds to the
Larmor frequencyv, / s*) and upon the application of a radiofrequency @usv, a

transition results from to p states’

16
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Figure 1.12 Effect of a magnetic field on a degenerate nuglti | = %5,

In reality vo, is affected by the creation of local magnetiddBecaused by either the
electron cloud surrounding the nuclei or by neigitirg molecules, which will change
the energy betweanandp states” Experimentally, the frequendgr a specific nucleus

is represented by the chemical shaff $cale which is related to the difference between
the resonance frequency of the specific nucleusrebd ¢) and a referenceY) (which

is usually an internal standard or solvent) arghiswvn in Equation 1.3

x10° (1.3)

In modern Fourier Transform (FT) NMR spectrometafter irradiating with a short
pulse of radiofrequency radiation, the emissiom assult of relaxation is detected as a
function of time, and this Free Induction DecayJJ-tan then be Fourier transformed

to produce an NMR spectruth.

Each signal peak in an NMR spectrum has an intemditch can be integrated to give a
ratio of the number of nuclei in the same environtrte that in another. This is a very
useful feature in for exampféd NMR, where CH, Chland CH groups can be easily
distinguished.

Fine structure is commonly observed’id NMR spectra and in a few cases*fic

NMR spectra as the result of neighbouring magneticlei modifying the resonant

17



frequency of another by contributing to its locahgnetic field. The magnitude of the
spin-spin interactions is given by the coupling stant J, and importantly this is
independent of the applied magnetic field. In gahdor a given proton giving rise to a
signal surrounded by n non-equivalent protons tiaellebe (n + 1) lines for that signal
seen in the spectra and the intensities of thess kre given by Pascal’s triangtérhis

is a very useful feature in elucidating a structime understanding which atoms

neighbour each other.

COrrelated SpectroscopY (COSY) and Nuclear Ovedrausffect SpectroscopY
(NOESY) are two-dimensional NMR techniques thatwsed in this work in helping in
the assignment ofH spectra. COSY is a multiple pulse sequence tecienused to
determine all the protons that couple togeffieFhe normal'H NMR spectrum is
represented orx and y axis, the cross peaks that are off the diagonptesent
neighbouring protons that couple to each other. NSOk the study of through-space
interactions between neighbouring nuclei. Upondiation of a specific nucleus using a
radiofrequency pulse at its resonance frequen®ysipnals from neighbouring nuclei
become perturbetf and the cross-peaks given from neighbouring pstbat are close

in space.

Heteronuclear Single Quantum Coherence (HSQC) astdrbhuclear Multiple Bond
Coherence (HMBC) are two-dimensional NMR techniqthed are used to determine
those protons that are directly attached to a cadma those protons that are adjacent to

carbon, usually two to four bonds away, allowingdgtructural determination.

For a sample containing a mixture of components,NMR spectrum can often be
difficult to interpret, hence methods have been aral still in the process of being
developed. One such method is Diffusion OrdereccBpscopY (DOSY)}**" and the
use of this method allows separation of NMR sigrfaten each individual species
based on their diffusion coefficients. The diffusicoefficient (D / i s*) is a property
that is dependent on the size of the species, faqalyi the hydrodynamic radius
(Ru / m) using Stokes-Einstein equation as shown inaign 1.4, where k (fnkg s?
K™ is the Boltzmann constant, T (K) is temperatund | (kg m* s is the solvent

viscosity.

18



KT
6T Ry

(1.4)

DOSY spectra are recorded as a function of pulseld fyradient (PFG), these 1D
spectra are then converted to a 2D spectrum hnditihe decay of the signal as a
function of the square of the PFG amplitude. ThejsRal-Tanner equatidhas shown
in Equation 1.5¢escribes the decay of the signal in an ideal duiséd gradient, where
S (arbitrary units) is the signal amplitude,(&rbitrary units) is the signal amplitude had
there been no diffusion, D {ns?) is the diffusion coefficien (s) is the gradient pulse
width, v (s* TY) is the magnetogyric ratio, g (T This the gradient amplitude ard(s)

is the diffusion time.
S=g gDyYoud (1.5)

In this work it is the application of the DOSY taewtjue that is of interest rather than its
development. So far the reported use of the tecdienigps mainly been limited to test

samples, rather than to chemical applications @type reported in this work.
1.3.4 Electrochemistry

Electrochemistry is a branch of chemistry that Esicelectron transfer processes at
electrodes. In a redox reaction, species thatéteserons are oxidised and species that
gain electrons are reduced. A simple electrochdnuelh comprises two electrodes
usually made from a metal or graphite, the anoaktha cathode, submersed into an
electrolyte®® Oxidation takes place at the anode and reductidgheacathode, with the
flow of current travelling from anode to cathdd@ften a reference is used that has a
standard electrode potentia? Ehat all other potentials are compared to, comstime
standard hydrogen electrode (SHE) is used as duses a reproducible electrode

potential scalé’
The application of the Nernst equation, as showkdguation 1.6, relates the applied

potential E to the potential of the electrochemicataction [, where

R (8.314 J © mol™) is the molar gas constant, T (K) is the tempeeatn is the number

19



of electrons transferred in the electrochemicatess, F (96485 C mid) is the Faraday
constant and K is the equilibrium constant whicdeéined by the ratio of the activities

of reducing and oxidising species as shown in Bqodt.7.

E=E° (EJ InK (1.6)
nF
K = Brea 1.7)
Aoy

Cyclic voltammetry is commonly used to measure xeplmperties of a systeffl.lt is a
method by which the voltage is changed as funaticiime and continually cycles back
and forth, and as such the current is measured &sn&ion of voltage. Upon
approaching the reduction or oxidation potentialtteé analyte, the current rapidly

increases.

Controlled potential electrolysis (CPE) is an elechemical technique in which a
constant potential is applied to bulk solutionsd&termine the number of electrons
transferred through electron transfer processesnégsuring the current and therefore

charge during the proceS$s.
Spectroelectrochemistry is an electrochemical tegln in which UV/Visible

absorption spectra are recorded as a function éénpal which allows for the

observation of spectral changes that occur dutiectren transfer process&s.

20



1.3.5 High performance liquid chromatography

High Performance Liquid Chromatography (HPLC) is aralytical technique that is
commonly used to separate species which can thétehéfied by such methods such

as UV/Visible absorption spectroscopy and masstspeetry.

In a typical HPLC machirf&?***small sample volumes (ca. 5-5@) are injected into
a mobile phase of choice. The mobile phase is spangth an inert gas such as helium
and an isocratic or gradient elution scheme is us&chich the composition is changed
as a function of time. A pump is used to maintaicoastant flow rate of the mobile
phase of ca. 0.1-10 ml nifrthrough the column containing the stationary ph&gea

iIs a commonly used stationary phase with partidessof ca. 3—1@m, in a 3-30 cm
length and 1-10 mm diameter column. Detection ohponents eluting at different
retention times is often made by spectroscopy usangliode array UV/Visible
absorption spectrometer. HPLC chromatograms cadidmayed using a fixed UV or
visible wavelength for detection.

In this work, reverse-phase chromatography has beed, which uses a column where
octadecyl (Gg) groups are bonded to the silica surface, creaimgn-polar stationary
phase. In using a more polar mobile phase tharstditgnary phase, the most polar

components from the injected sample elute first.
1.3.6 Liquid chromatography mass spectrometry

Liquid chromatography mass spectrometry (LC-MS)is#ts the HPLC separation of
components in a mixture which are then detectechays. To increase the sensitivity to
ion detection, which is low due to the large volumehe mobile phase, the flow rate
through the column is slowed compared with thatnoised for spectroscopic detection

allowing a smaller volume of mobile phase into nness analyser.

Organic dyes containing sulfonate groups, as us¢ais study, are usually analysed for
mass detection with soft ionisation techniques tdugaving an overall negative charge.
One such soft ionisation technique is electrospraigation (ESIj* in which a fine mist

of the mobile phase, carrying the components tartaysed, is ionised. Where positive
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ion mode is used parent ions due to [M ¥ Hare detected and where negative ion

mode is used parent ions due to [M 3 Hre detected.

Fragmentation of the parent ion provides usefubrimiation about the structure of the
parent species. The process by which specific éaneselected and fragmented is called
Tandem Mass Spectrometry (MS-MS) using a tripledqugole. In the first quadrupole
a specific ion is selected, in the second quadeufis ions are accelerated and allowed
to collide with inert atoms such as helium; thegfrent ions formed as a result of

collisionally activated dissociation (CAD) are theetected in the third quadrupole.

1.3.7 Time-resolved UV/Visible absor ption spectroscopy

Processes that occur on short time-scales canudégedtusing pulsed laser methods
allowing their spectroscopic and kinetic propertiesbe determined. Time-resolved
UV/Visible absorption spectroscopy (TRVIS) is a hwt by which the transient
absorption of a species can be recorded as a dmnofi time with methods available
from the femtosecond to the second times&®A pump-probe technique is often
employed where a pump laser creates an exciteel stanhduces a chemical reaction
which can then be probed. Arc lamps are commonlgleyed as probes as they can be
used to observe over a large wavelength range.

1.3.8 DFT calculations

Computational calculations are very useful to expental chemists to aid in the
interpretation of data by simulating structures amethanisms. Calculations are based
on electronic structure methods that aim to sdtweSchrodinger equation as shown in
Equation 1.8, where HY and E are the Hamiltonian operator, wavefunctiod #tal
energy of the system studied, respectiVélfor most applications the system is too
large to give an exact solution to the Schrodingguation. Various methods are
therefore used to simplify this problem; semi-engpir methods use experimentally

derived parameters and ab initio methods usegiistiples.

Hy =Ey (1.8)
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Density functional theory (DFT) is now a commonked electronic structure method
that attempts to take into account the effect afctebn correlations between
neighbouring atoms using an iterative approach ppraimate the Schrodinger
equation. This is done by modelling the total eparfithe system as given in Equation
1.9*8 where E accounts for the kinetic energy of the electrdB$;accounts for the
potential energy resulting from the nuclear-electrattraction and nuclear-nuclear
repulsion; E accounts for the potential energy resulting frdme electron-electron
repulsion; EC is the exchange-correlation term correspondingthte remaining
electron-electron interaction. In the last termisithe correlation that corresponds to
interactions between electrons of different sphna is unknown; hence local density
approximations (LDA) have been introduced. The BBLiinction used in this work is
a hybrid functional that mixes the exchange enghgy is represented by Becke with

the correlation energy as formulated by Lee, YamdjRarr*®
E=E+E +F +FE° (1.9)

In order to model a system correctly, a suitabdset must be chosen. The basis set is
a mathematical description of the orbitals. Thgéarthe basis set the less restrictions
on where the electrons are located, however thgthesf computational time increases.
The STO-3G basis set describes the minimal basibsan atom by modelling them
using Slater type orbitals using three gaussiactians. In this work a 6-31G(d) basis
set models each atom by using six gaussian furgtfon each core orbital and a
combination of three and one gaussian functiong&ah valence orbital, this allows for
the addition of polarisation to hydrogens and heateyns allowing for accurate energy

calculations, and hence molecular properties caprédicted with more certainfy.
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1.4 Aims

A series of seven 2-(4-R-phenylazo)naphthalened&@fonate dyes (R-Span), where
R = NH,, OH, OMe, NHAc, H, Br and CN as shown in Figurd 3l have been

synthesised by Fuijifilm Imaging Colorants Ltd asd®ks for potential dyes for use in
ink-jet inks. The overall aim of this project wasdtudy the structure and reactivity of

these R-Span dyes in aqueous solution.

The first main aim was to study the structural prips of the R-Span dyes and the
influence of the R substituent using a range ofcspscopic and computational
techniques, and these results are reported andsgesd in Chapter 3. The second main
aim was to study the substituent effect on the tnafc of the R-Span dyes by
electrochemical and photochemical methods, focusimgeduction and using various
analytical techniques to identify products and nami$ms. Electrochemically induced
reactions of the R-Span dyes are reported and slisduin Chapter 4. Photochemically
induced reactions are reported and discussed ipt@h3, including two types of study;
in one case, a photoinitiator was used to createaks to react with the R-Span dyes,
and in the other the direct photochemistry of th§pgan dyes was studied.

In this work, one of the main aims was to studyeffect of thepara-R substituent on
structure and reactivity, and the effect can besm®red alongside Hammett constants,
op (as given in Table 1.4), which give an indicatmfithe total electronic effect of the
substituentpara-R attached to a benzene ring. In general, a negai indicates an
electron donating substituent and a posittygindicates an electron withdrawing
substituent, useful when considering structagéando, are a series of valu@gTable
1.4) that have been produced to account for trecdresonance of an R substituent with
a reaction site, a useful property when consider@ggtivity; in generas,” values can
be considered when positive charge develops ardhetion centre and, values a
negative charge developing at the reaction ceMifieere data are presented for all
R-Span dyes in this study, they are given in thdeomf theirpara-R o, Hammett

constants.
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Figure 1.13 Structures of the “pure” dyes N¥bpan, OH-Span, OMe-Span, NHAc-

Span and the “impure” dyes H-Span, Br-Span and @ahkSall shown without their
sodium counter ions in titeansform (see Chapter 2).

Table 1.4 Para substituent Hammets,, o," and c,” constants for the R-Span dye
series’?

Substituent -NH, -OH -OMe -NHACc -H -Br -CN
Op -0.66 -0.37 -0.27 0.00 0.00 +0.23 +0.66
op' -1.30 -0.92 -0.78 -0.60 0.00 +0.15 +0.66
op -0.15 -0.37 -0.26 -0.46 0.00 +0.25 +1.00
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Chapter 2 Experimental

2.1 Materials

The approximate quantities of dyes supplied werd:Span 400 mg, NHSpan 150
mg, NHAc-Span 150 mg, OMe-Span 50 mg, H-Span 40Bngspan 40 mg and CN-
Span 30 mg. Due to its greater quantity, more kbetavork was generally carried out
on OH-Span. All the R-Span dyes were used as redeftom Fujiflm Imaging
Colorants Ltd without any further purification. AR-Span dyes are implied as being in
thetransform unless mentioned otherwise and they werelggps the sodium salt; in
this work, the name R-Span refers to the dianiahaut counter-ions. Fujifilm spent a
considerable amount of time and effort in synthegiand purifying these dyes, and the
guantities received reflect the purification ditfites for each dye, with the main aim of

maximising purity rather than yield.

Samples of OH-Span, NF6pan, NHAc-Span and OMe-Span had an organic purity
confirmed to be ca. 98% by NMR spectroscopy and EiRind these are termed “pure”
dyes in this work. The combined inorganic impustiacluding water and salt content
for all the pure dyes were obtained by Fujifilm bireg Colorants Ltd from either Karl-
Fischer titration (w/w) or by elemental analysisgdavere 22%, 14%, 20% and 17% for
OH-Span, NH-Span, NHAc-Span and OMe-Span, respectively.

Samples of H-Span, Br-Span and CN-Span had a argamity confirmed to be 49%,
71% and 83%, respectively, by NMR spectroscopytRUC and are termed “impure”
dyes in this work. The impure dyes showed variougamic impurities giving
resonances in both the aromatic and aliphatic nsgmf the NMR spectra and extra
peaks in the HPLC chromatograms. There was inseifficquantity of material

available for the inorganic impurities of the impuwtyes to be determined.
In the literature the inorganic impurity contentado dyes is not often considered in

concentration calculations, and concentrationsreperted here without correction of

any impurity.
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The model compound 2-naphthylamine-4,8-disulforg alisodium salt (NAPDAD,
98%) was used as received from ABCR0D99.9% D), DMS0-¢(99.9% D), DMSO
(spectroscopic grade), potassium hydroxide (90+Bggrochloric acid (37% ACS
reagent grade), deuterium hydrochloride (35% w@9f6 D B,O), sodium deuteroxide
(40% wt. in 99%+ D BRO), disodium hydrogen phosphate (99%), acetic €8d7%
ACS reagent grade), the model compounds 4-amingbhéhPOL, 95%) 1,4-
diaminobenzene (DAB 99%), N-(4-aminophenyl)acetamidAPA 99%), 1,4-
hydroquinone and the photoinitiator 2-hydroxy-4-Kgdroxyethoxy)-2-
methylpropiophenone (98%) were used as receiveth fAdrich. Sodium acetate
(analytical grade), ammonium acetate (100%), sodiwdroxide (98%), ethanol
(analytical grade) and acetonitrile (HPLC gradeyevased as received from Fisher
Scientific. Sodium acetaterd(95% D), acetic acidd (95% D) and sodium
3-(trimethylsilyl)propionate-2,2,3,3;:d TSP 99% D) were used as received from Goss

scientific.

2.2 Sample preparation

Stock solutions of the azo dyes at concentratidrtymically 1 x 10° mol dm® were
made up in 25 civolumetric flasks. Sonication followed by obsefwatunder a lamp
was used to check that all the solid dye had dissbl Subsequent dilutions, where

necessary, were made from the stock solution wsih§0 crimicropipette.

All experiments were conducted at room temperatio® 19 °C) unless stated

otherwise.
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2.3 Instrumentation
2.3.1 UV/Visible absor ption and emission spectr oscopy

UV/Visible absorption spectra were recorded usirtgjtachi U-3010 spectrometer with
a scan speed of 300 nm nliand a slitwidth of 2 nm, using matching quartz efts

cells of pathlength 1 or 10 mm. The appropriateesat was used for reference.

For spectrophotometric pH titrations, aqueous dyat®ns (5% 10° mol dmi®) were
adjusted to pH 2 using concentrated HCI and mad®® wpvolume of 250 cf While
constantly stirred in a conical flask, aliquotsbetween 0.05 and 5 érof 0.5 mol dn®
KOH were added to adjust the pH and a UV/Visiblsaaption spectrum was recorded
after each addition, with samples thermostaticatiptrolled at 25 °C. The pH was
recorded using an Oakton double junction, glassidaogrobe (35801-79) with a
working range of pH 2 to 12.

Corrected UV/Visible emission spectra were recordexing a Hitachi F-4500
spectrofluorimeter with a photomultiplier voltagé @50 V, a spectral slitwidth of
10 nm and a scan speed of 60 nm miBolution samples (ca. 4510° mol dm?®) were
studied with right-angled illumination in a 1 cmtipi@ngth cell and with an absorbance

of < 0.1 at the excitation wavelength to minimis#-absorption.
2.3.2 Raman spectroscopy

The Raman apparatus in York has been describedtail greviously: Raman spectra
were recorded with excitation wavelengths of 51dn% (Spectra Physics 2025 argon
ion laser), 413.1 nm or 350.6 nm (Coherent Inndv&r§pton ion laser).

Scattered light was collected at 90° to the indidesam, dispersed in a Spex 1403
double monochromator with a 30n slitwidth and detected using a nitrogen-cooled
charge coupled device. The resolution was ca.8)db7 cn and accuracy was + 2, 4
and 6 cnt (all + 1 pixel) for 514.5, 413.1 and 350.6 nm ¢aton, respectively.

Solution samples (ca.*10* mol dni®) were held in a capped spinning quartz cell and
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spectra recorded as multiple 300 s exposures t® @itotal acquisition time of 20-60
min. Any fluorescence background was removed, dred dpectra were calibrated

against the Raman spectra of 1,4-dioxane or acetone

Sample integrity was monitored by recording UV/¥lsi absorption spectra and HPLC
chromatograms before and after acquisition, as aellmonitoring Raman spectra

during data collection.
2.3.3 Infrared spectroscopy

Infrared spectra of OH-Span 102 mol dm®) were recorded using a Nicolet Avatar
360 FTIR spectrometer with 516 scans and a resoluf 4 cm', and ratioed against
the solvent / background spectrum. Spectra wererded using a demountable cell

with Cak, windows and a @m Teflon spacer.
2.3.4 NMR spectroscopy
2.3.4.1 Structural studies

1D and 2D (COSY, NOESY, HSQC and HMB&) (500 MHz) and**C (125 MHz)

spectra were recorded at 300 K by Ms. Heather kising a Bruker AV500
spectrometer. 1BH (400 MHz) spectra were also recorded withoutsasste at 300 K
using a Bruker AV400 spectrometer. Solutions weepared in 1 cthD,O and 0.75
cm® DMSO—d; (3 x 102 mol dmi®).

2.3.4.2 Product studies

1D and 2D (COSY, NOESY, DOSYH (700 MHz) spectra were recorded at 298 K
with the assistance of Dr. David Williamson usingraker AV700 spectrometer fitted
with a broadband inverse (BBI) probe with an adjiv&hielded Z-gradient. Solutions
were prepared in a pD 5.2 deuterated sodium adetdfer solutiol and transferred to

a 5 mm diameter NMR tube with a Young's tap. Whegressible sodium
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3-(trimethylsilyl)propionate-2,2,3,3:dTSP) (5x 10° mol dnmi®) was added to use as a

chemical shift reference.

'H NMR spectra were recorded using the establishekeB zg pulse sequence for
model compounds, and the zgesgp pulse sequence wsithr suppression (using
excitation sculpting with gradienfsyvas used for photochemical and electrochemical
samples which was chosen to maximise the signabise. Data were acquired using
between 4 and 256 scans with a relaxation delayingirbetween 1 to 20 s. Long
relaxation delays (20 s) were required to provideugate integrations for OH-Span and

NAPDAD with long T; values (longitudinal relaxation times).

DOSY was carried out using a pulsed field gradeRNR (PFG-NMR) with either the
ledbpgp2s pulse sequeritahich is a 2D sequence for diffusion measuremsirigu
spin-echo and a longitudinal eddy current delayoahs (LED), or the stebpgpls19
pulse sequencewhich is a 2D sequence for diffusion measuremeinigustimulated
echoes with bipolar gradients under water suppoassiith presaturation chosen to
maximise the signal-to-noise ratio. Data were aeguusing between 64 and 512 scans
with a diffusion time of ca. 50 ms tailored suclattlithe noise was ca. 10% of the

maximum signal, to provide the best data to fiaimoexponential decay.

DOSY spectral analysis was performed using DosydmolVersion 0.4 (MATLAB
scripty where standard 1D $Fdimension) processing was followed by reference
deconvolutiorf, and FIDDLE was used on each of the spectra to optimise tfe i
shape to aid DOSY processing. Upon DOSY ¢#mnension) processing of the 1D
spectra, exponential fitting to two components peak was obtained by peak picking
the 1D spectra with 100 tries per peak and a difusoefficient range of 0 — 2€10™°

m? s* (recorded over 64 steps).
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2.3.5 Electrochemical studies
2.3.5.1 Cyclic voltammetry

An EG&G Princeton Applied Research potentiostatqei@73) was used to control the
potential in conjunction with its associated softevéo record the voltage and current.
The cyclic voltammetry cell consists of a threectriede modified round-bottom flask
with a 3 mm Pt-disc working electrode, a Pt wiraitter electrode, and a Ag/AgCI
reference electrode enclosed in a glass tube comgasaturated KCI. A & 10° mol
dm solution of OH-Spamvas made up in 0.5 mol dipH 5.2 sodium acetate buffer
solution and purged beforehand by nitrogen for 20 amd kept under an atmosphere of

flowing nitrogen throughout the experiment. A scate of 10 mV & was used.
2.3.5.2 Spectroelectr ochemistry

An Oxford Electronics potentiostat was used to wantthe potential. The
spectroelectrochemical cell (shown in Figure 2dnsists of a working electrode of Pt
gauze with dimensions of 24 0.9 cm contained within a 1 mm pathlength quagty, ¢
a counter electrode of Pt wire and a referencetrelde of Ag wire. The dye solution
(5 x 10* mol dm® was purged by nitrogen and transferred via a aianthrough a
septum into the cell (which had previously beergpdrby nitrogen for 20 min) so that
solution covered the working electrode. The po#drdf the cell was stepped at 0.1 V
intervals and left for 10 min, after which a UV/\like absorption spectrum was

recorded.
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Figure 2.1 Spectroelectrochemical cell

2.3.5.3 Controlled potential electrolysis

An EG&G Princeton Applied Research potentiostatdel®73) was used to control the
potential in conjunction with a PMD-1208FS D/A cemnter to record the current and
voltage at 0.5 s intervals using in-house softwakethree-electrode Bioanalytical
Systems (BASi) bulk electrolysis cell was used tsiitgy of a 75 cm glass beaker
which contained a reticulated vitreous carbon wugkelectrode, a platinum counter
electrode enclosed in a small glass tube with ter®d disc at the bottom, a Ag/AgCI
reference electrode containing 3 mol draqueous sodium chloride, a PTFE tube to

purge the sample under nitrogen, and a small magsteter bar at the bottom.

To determine the number of electrons used per mtdeduring the electrochemical
process, 50 ciof dye (8x 10* mol dmi®) and then 50 crhof buffer (0.5 mol dri)
purged by nitrogen throughout were reduced ovanB0at a fixed potential of -1.2 V.
2.3.6 Photochemical studies

2.3.6.1 Steady-state studies

Steady-state studies of photochemical reactionse waonitored by UV/Visible

absorption spectroscopy. 1:1 and 1:10 R-Span:phicaior were purged under an
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atmosphere of nitrogen or air for 20 min beforetstg the experiment. Solutions were
irradiated in a 1 cm pathlength quartz cell attdcte a Young's tap using a Cobra

450AF flashgun which was held directly againstuedow of the cell.
2.3.6.2 Time-resolved studies

TRVIS studies were performed on R-Span alone andOdéfiSpan:photoinitiator
solutions by using a 308 nm, 12 ns pulse width Xe&timer laser (MSX-250)
providing ca. 3 mJ of laser energy at the samphe $ample was probed using the
output from a 250 W Xe arc lamp, which was pulsdwrmvusing observation times of
<50 ps. The lamp was not pulsed at observation times5tf us and was under
automated shutter control when using observatimegi of<20 ms, beyond which the
shutter was under manual control. The probe beans waalysed using a
monochromator (Applied Photophysics Laser Kingtiecirometer), with a slit width of
0.6 — 1.0 mm giving a spectral resolution of 2.448 nm, and detected using a
photomultiplier tube (Hamamatsu R928). A digitatilescope (Tektronix TDS 520)
recorded 2500 data points, using atb@erminator for observations time80 us and a

1 or 10 K2 terminator for observation times 860 ps. Typically data was collected

over 8 laser pulses and averaged.

Dye alone studies were carried out in a 1 cm patjtke quartz cell under air. OH-
Span:photointiator studies were carried out innam pathlength cell attached to a flow
system using a peristaltic pump. A fresh solutioonf a sample reservoir was flowed
into the cell in between each laser pulse, and datacted from static samples.

Kinetic traces were recorded as a function of \gdtas time at 10 nm wavelength
intervals, conversion of voltage to absorbance fasmetion of time AA) was calculated
by equation 2.1 by averaging the voltage (V) during first 80 % of the pre-trigger
period to give V. Transient absorption spectra were produced ploynipoint by

averaging\A at various delay times from the kinetic traces.

AA =log,, (%] (2.1)
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2.3.7HPLC analysis

HPLC analysis was performed using a Hewlett Packd#?d090 chromatograph with a
Phenomenex {g reverse phase column held at 4D. Three solvent reservoirs were
used, containing: A, % 102 mol dm® pH 5.2 ammonium acetate buffer solution; B,
water; C, acetonitrile. A binary mobile phase obAd C was used with a flow rate of
1 cn? mint. The mobile phase was kept at 98:2 A:C for thst fir min, it was then

ramped up linearly to 70:30 A:C over the next 25 ,nand kept constant for 1 min
before being ramped back down to 98:2 A:C ovemtie 10 min to clean the column.
Reservoir B was used for cleaning the column atetig of the day. An auto-sampler
was used with an injection volume of gbwith the components eluting off the column
being identified by UV/Visible absorption using &de array detector with a 6 mm

pathlength flow cell.

2.3.8LC-MSanalysis

LC-MS analysis was carried out using a Finnigan MATQ ion trap mass
spectrometer with an Electrospray lonisation (ESdurce, using both positive or
negative ion mode, and operated using Finnigan dédor software version 1.2. The
system comprises a Thermo Separations AS auto egnif?t000 gradient pump and a
UV2000 UV/Vis detector (Thermo quest). Reverse phaeparation was carried out by
using a Phenomenex;§xeverse phase column. Three solvent reservoirs weee,
containing: A, 1x 10% mol dm?® pH 5.2 sodium acetate buffer solution; B, water; C
acetonitrile. A binary mobile phase of A and C was®d with a flow rate of 0.7 ¢
min™. The mobile phase was kept at 98:2 A:C for thet Birmin, it was then ramped up
linearly to 70:30 A:C over the next 25 min, and tkkepnstant for 1 min before being
ramped back down to 98:2 A:C over the next 10 micléan the column. Reservoir B
was used to clean the column at end of the dayshpectrometer conditions used
were: capillary temperature 250 °C, source voltd8de kV, source current 100A,
sheath gas flow 90 (arbitrary units) and auxiligag flow 50 (arbitrary units). Recorded
masses are accurate to = 0.5 Da. MS/MS conditised an isolation width of 1 m/z of
the base peak ion in either positive or negativenmde using a collision energy of 28
evVv.
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2.4 DFT calculations

All DFT calculations were carried out using the 6sian 03 software packdgen a PC
running Linux. Initially an AM1 semi-empirical optisation was calculated dnans-
H-Span from which fully optimised structures fol mhns-dyes were calculated using
the B3LYP DFT functional and the 6-31G(d) basis. $dblekel (version 4.3)and

Molden softwar& packages were used to view the optimised strusture

The GIAO methotf was applied to the optimised structures to cateulaeir'H and
3%C NMR chemical shifts, which are reported relatteethose of tetramethylsilane
(TMS) calculated at the same level of theory (givihemical shifts ofH 32.18 ppm
and**C 189.675 ppm).

The frontier molecular orbitals were obtained froine output file of the optimised
structures and were viewed in Molekel. Excitedessttuctures were calculated using
time-dependent DFT using the B3LYP functional argll&(d) basis set.

Vibrational wavenumbers were calculated using tB&B° DFT / 6-31G(d) level of
theory and were scaled by a factor of 0.981%he IR and Raman spectra were created
by applying a Gaussian profile with a 5 ¢rinewidth (full width at half maximum)
using in-house software. For clarity the spectesented have been scaled relative to

experimental data.
2.5 Data manipulation

Generally spectra were processed using Grams 3#AWare (Galactic industries). All
1D spectral analysis was performed using Bruker SRIR 2.0 software. LC-MS data
were processed using Finnigan Navigator softwarsioe 1.2. Non-linear regression
analysis was performed using SPSS for windows eer$b.0 (SPSS Inc.) and values
are reported with 95 % confidence limits. Kinetiodelling software written in-house
by Dr L. C. Abbott was applied with a model meclsamito analyse the TRVIS data of
the OH-Span:photoinitiator solutions to calculad@a@entrations of species as a function

of time.
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Chapter 3 Structure

3.1 Introduction

The introduction to this chapter begins with a geaheverview of structural studies of
azo dyes, specifically, azo-hydrazone tautomereggregation, hydrogen bonding and
pH dependence. There is then a focus on the steuctd azobenzenes and
phenylazonaphthalenes established in the literaili@ which are useful in this work.
The specific aims of the structural studies of Bx&pan dyes reported in this chapter

conclude the section.
3.1.1 General

In general, relatively few crystal structures haween reported for azo dyes due
difficulty in their crystallisation:*® Various spectroscopic techniques have been used to
study the structure of azo dyes in solution, faragle, UV/Visible spectroscopy, NMR
spectroscopy, Raman spectroscopy and IR spectpstdh Computational
technique¥*°****have become a very useful tool in interpretingséhexperimental

results and they have been employed in the reseapointed here.

For most dyes it is important that they are solublevater in order to be a component
for an ink-jet ink, and this is usually achieved lgving a sulfonic acid group often
present as the sodium salt within the structureyater these groups dissociate, giving

the sulfonate anion.
3.1.1.1 Azo-hydrazone tautomerism

Azo-hydrazone tautomerisi*®“*commonly occurs in dyes that have a hydroxyl group
adjacent or opposite to the azo group, usually oaghthalene ring. Figure 3.1 shows
the dynamic equilibrium that is set up between tthe tautomers where there is a
hydroxyl group adjacent to the azo group, whicHagoured as a result of a strong
intramolecular hydrogen bond, locking it as the rfagdne form. It is known that
substituents attached to the phenyl ring can dlter position of the tautomer
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equilibrium. An electron-donating substituent om fbhenyl ring can stablise the azo
tautomer whereas an electron-withdrawing substituéavours the hydrazone
tautomer*>*® Azo-hydrazone tautomerism can be observed by UNMleisabsorption,

NMR and Raman spectroscopy->%42°>43

N~ O
I N |
O “OC
Azo Hydrazone

Figure 3.1 Azo-hydrazone tautomerism in a 1-hydroxy-2-phenytegphthalene

system.
3.1.1.2 Aggregation

Aggregation is another phenomenon commonly seeaZordyes? 3”4 Equation 3.1

shows an example of an aggregation equation.
Mpi1+ M= M, n=2,34.. (3.1)

Aggregation is often characterised by a UV/Vis ap8on spectrum in which changes
in the relative heights or band shapes as a fumcialye concentration can be used to
calculate dimerisation and higher aggregation eorst’?? Possible interactions that
can occur between monomers are fyt stacking, van der Waals forces and
intermolecular hydrogen bonding. The hydrophobideaf can often explain
aggregation, as monomer dyes are surrounded byr watéecules in the form of
hydrated anion$“®° upon increasing the concentration of dye the mamenmitially
dimerise, as a result the water molecules surrognthem are released and thereby
increasing the entropy of the systeéii?*°**Their formation may be described in terms
of their orientations as a parallel dimer (H-typhgad-to-tail dimer (J-type) or an

oblique type dimer as shown in Figure $324849
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H-type J-type Oblique

Figure 3.2 Common types of dimer.

The application of exciton thedf*°has predicted that an excited monomer state splits
into two levels when dimerisation occurs. The sahift observed upon dimerisation
is determined by the geometry of the dimer as shiowfigure 3.3'®*° For an H-type
dimer, a blue shift is observed with respect tortt@omer because the transition to the
lowest energy excited state is forbidden. In thiypd, the transition to the highest
energy excited state is forbidden resulting in dskift being observed with respect to

the monomer. For the oblique dimer the transitimnlsoth excited dimer states become

allowed.
H-type J-type Oblique
—Ec'}) I EE”: VA
1 —Ee EE‘: Eg A
Eg i Ec
Monomer Dimer Monomer Dimer Monomer Dimer
Blue — Shift Red — Shift Band -iipg

Figure 3.3 Exciton splitting for dimers of various geometriadicative of different
shifts in the UV/Visible absorption spectrdfit°

NMR spectroscopy can also be used to study azagdgeegatiort**>*"?*?3yponz-n
stacking there is often a change in the local maégfeld, which can be observed as a
change in the chemical shift in the NMR spectrumdyes such as Direct Blué>fand
arylazo-1-naphthols (for example Acid Red"43s shown in Figure 3.4, relatively large
upfield shifts have been observed with increasipg concentration for those protons
attached to the biphenyl or phenyl ring, respebtivensistent witht-m stacking due to
an increase in electron density from the adjacemhatic ring.
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NaO,S  NH, H,N  SO,Na

OH HO
C S 0= 9
() )

NaO,S MeO OMe SO;Na

Figure 3.4 Structures of Direct Blue 1 (Top) Acid Red 1 (Botio
3.1.1.3 Hydrogen bonding

Intramolecular hydrogen bonding is commonly seenafylazonaphthol dyes due to a
hydrogen bond donor adjacent to the azo linkagguf®i 3.1):*?>*°For purely azo dye
systems such as those studied here, intramolebuthngen bonding is less likely but
may arise due to R substituents within the mole@ueh as an acetamide group. Where
X-ray crystallography data are unavailable, DFTcahdtions can give an estimated
hydrogen bonding distance between an electropeditiatom and an electronegative Y
atom containing a lone pair of electrons which tteen be compared with the sum of
their van der Waals radif. Intermolecular hydrogen bonding may be observeefr
aggregation between dye molecules or from solvatiosere solvation offers

competitive interaction®’
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3.1.2 Azobenzenes

Figure 3.5 shows the structure whns and cis-azobenzene; where azobenzene is

named without the prefix in this thesis, it is imagl to be in théransform.

Figure 3.5 Trans andcis-azobenzene, together with numbering system.
3.1.2.1 Structure

Azobenzene (Figure 3.5) is regarded as the simpleshatic azo compound. In this
form it is only weakly coloured, with a low intetsh — 7 (Sy) transition in the visible
region at ca. 447 nm and a high intensity> n (S) transition at ca. 316 nm, the

positions being solvent dependéht.

Structural determination of azobenzene in soluigastill ongoing. X-ray diffraction has
suggested a planar structure in the cryétait it has been thought that this is due to
crystal packing forces; gas-phase electron diffpacthas suggested a non-planar
structure where the phenyl ring is twisted at at8i> Calculations on azobenzene in
a polar solvent system suggest that the strucsuneri-planar?

The structure of azobenzene has also been stugie®aman spectroscop§2®°°°8
Assignments of vibrations specific to simple groaps in general not appropriate due
to couplings of azo vibrations with the phenyl mgideften computational calculations
are an essential aid, where normal mode coordiaadtysis has shown that there is
significant v(C-C), v(N=N), v(C-N), 6(C-H) character in many of the modes giving
bands in the region of 1000 — 1700t
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3.1.2.2 Isomerisation

Studies on the photochemical and thermal isom@isabf azobenzene will be
discussed in more detail in Chapter 5. Structuralhpbenzene type molecules can exist
as acis or trans isomer (Figure 3.5)-°*?The position of this equilibrium and hence

the colour of samples can be altered by exposuigibor temperature.

NMR spectroscopy has been used to observe changd®inical shifts betweeanans
and cis isomers, as given in Table 33In the trans form, protons only experience
deshielding from protons on the same aromatic Yirtgowever, in thecis form these
same protons experience an additional shieldingceffrom the remote out-of-plane
aromatic rin”> Protons 2 and 6 adjacent to the N=N bond showgtkatest changes

(1.34 ppm), which are mirrored computationally ELipm)®

Table 3.1 Experimental (in gbenzene) and calculatéd NMR chemical shifts (ppm)

for trans-andcis-azobenzen&®

Position Experimental Calculated
trans cis A(trans-cis) trans cis A(trans-cis)
2/6 8.02 6.68 1.34 8.40 7.04 1.36
3/5 7.17 6.81 0.36 7.83 7.48 0.35
4 7.09 6.70 0.39 7.70 7.35 0.35

3.1.2.3 Substituent effect

Substitution of the aromatic ring (Figure 3.6) camange the position of the main
absorption bandifa) in the UV/Visible spectrum, and Table 3.2 sumisesi the
known values of several substituted 4,4'-azoberg&h@he observation is that the
addition of an electron-withdrawing group (e.g. N@ara to the azo group only
produces a small shift to a longer wavelength, wherthe addition of an electron-
donating group (e.g. Nhiresults in a large shift to longer wavelengthe Thagnitude
of this change increases by having an electronenathing group (NG parato the azo
group on one aromatic ring and an electron-donagiogp (NE$) parato the azo group

on the other aromatic ring.
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Substitution of azobenzene can also result in obsng the observed Raman
spectrunt®?’ Table 3.2 summarises the known values for the nmtsnse bands
corresponding to values identified in the earlgriture as predominately the azo stretch
and N=N-Ph symmetric bend of several substitutesbezzenes. The most notable
changes between these when compared to azobenzeoé the azo stretch, with an
electron-withdrawing substituent (e.g. BQon the phenyl ring causing a shift to a
higher wavenumber and an electron-donating sulesiit(e.g. NH) causing a shift to
lower wavenumber. Interestingly, more recent DFIEudations on selected substituted
azobenzene have shown coupling between motionsh@faizo linkage with the

substituent®

Figure3.6 X, Y substituted 4,4’-azobenzene.

Table 3.2 Main absorption bands.fax/ nm) and €max / dnt® mol* cm*) of substituted

4,4'-azobenzenes in etharfdhnd selected Raman bands @rim CCL.2%%’

X Y D Emax v(N=N) 5(N=N-Ph)
H H 320 21000 1440 1143
H NO, 332 24000 1449 1143
H NH, 385 24500 1427 1142
H NMe, 407 30900 1423 1142
H NEt, 415 29500 : '
NO, NEL 486 33100

3.1.2.4 pH dependence

It has been long reported that azobenzene has,afpR.95 due to the protonation of
the azo linkag&® More commonly pH dependence is observed in az@ventype

molecules that contain -OH or —MRinctional groups.

Firstly, those containing an —OH functional grodphydroxyazobenzene has §sKof
-0.93 and 8.2 corresponding to protonation at tre lankage and deionisation of the
—OH group, respectiveRf°*pH studies have been conducted on 4-hydroxyazobenze
modified cyclodextrins as shown in Figure $7.
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Figure 3.7 4-hydroxyazobenzene-modified cyclodextrins, wheerepresents

cyclodextrin®

The UV/Visible absorption spectrum changes with aHyH 4 a strong absorption band
is observed at 350 nm which decreases in intengitty increasing pH as a strong
absorption band at 440 nm at pH 12 grows to doraingte observed pKvas 8.00 and

was assigned to the phenolate-phenol equilibriushasin in Figure 3.8’

Phenolate form Phenol form

Figure 3.8 Phenolate-phenol equilibrium of 4-hydroxyazobemrzerodified

cyclodextrins®®

Although UV/visible absorptiofi®®*"® NMR®®# and Ramait® spectroscopy, and
computational calculatiofis®*®have been used to study the site of protonation in

aminoazobenzene-type molecules, evidence and cockioften appear inconclusive.

Protonation of 4-aminoazobenzene as shown in Fi§u@ean occur at either the azo
linkage @) or at the terminal amino group giving the azoniomammonium tautomer,
respectively. Compared to neutral 4-aminoazobenzéngx ca. 380 nm in
acetonitrild’), the ammonium tautomed.{xx ca. 320 nm in acetonitrile/HE) now
contains an electron withdrawing group resultin@lisorption at shorter wavelength as
opposed to the azonium tautomes4 ca. 500 nm in acetonitrile/HE) that exhibits
enhanced charge-transfer character (Figure 3.Q)ltireg in an absorption at longer

wavelengtt’
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Figure 3.9 Protonation of 4-aminoazobenzene, together wihréisonance structure of

the azonium tautoméf.

Methyl Orange has a pof 3.39%*%” upon protonation it undergoes a colour change of
orange to red as a result in a shift in the barsitipa from 465 to 507 nif as shown

in Figure3.10, where the ammonium tautomer is not observed.

INONMeZ . /NONMeZ
o5 = s O
- Ht +‘H
+
N:@ZNMeZ
'o3s—< >—N\
H
Azonium
Orange Xmax = 465 nm) Red\ax= 507 nm)

Figure 3.10 Protonation of Methyl Orand?.
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An amino substituted azobenzene such AsMdimethylamino-4aminoazobenzene is
an example of a dye that could also undergo furfiretonation as well azonium-
ammonium tautomerisation, as shown in Figure 3’ Mono-protonation changes the
n character within the dye, hence changing the smlecharacteristics. The band
corresponding to the neutral molecule is at 450 mhe addition of acid results in a
band appearing at 620 nm and the band at 450 nreagdeg showing that protonation
results in a shift to a longer wavelength assigteethe azonium tautoméf.It was

reported that it was not possible from the spedash to observe the ammonium form,
which may not occur or may be due to the overlapasfds with the other neutral forms

and azonium form.

H
\
N NMe + N < > NMe, //N+—< >—N|\/|e2
* 7 2 H,N N, H.N N
H,N N 2 \
8 H

ammonium protonated azo protonated azo

+ + H\
//N@NHMeZ N= NMe, . N NMe,
HZN@N HN N\H H,N N

ammonium azonium azonium

Figure 3.11 Possible protonation sites and tautomerisationdfM-dimethylamino-4-

aminoazobenzen@.
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3.1.3 Phenylazonaphthalenes

3.1.3.1 Structure

The structures of 1-phenylazonaphthaledg dnd 2-phenylazonaphthaleng) (are
shown in Figure 3.12; as for azobenzene, when paeowaphthalenes are named
without a prefix thetrans form is implied in this thesisl and 2 have been studied
computationall§® and have optimised as a plareans form, with 1 being the more
stable thar2 by ca. 7.3 kJ mdiat the B3LYP/6-31G* level of theory. Ttus form was
found to be less stable that ttnans form for both1 and2 by ca. 9.3 and 4.9 kJ mbl
respectively. In botkis 1 and2 it was calculated that the benzene and naphthailege
are rotated around the C-N bond by approximatefy 50

Figure 3.12 Structure of 1-phenylazonaphthaletagdnd 2-phenylazonaphthaler. (

Spectral data obtained for a series of 4,4’-sultstit 1-phenylazonaphthalenes (Figure
3.13) are shown in Table 3®3These data are consistent with those observed,46r

substituted azobenzenes, where an electron-dongtgp on one aromatic ring and an
electron-withdrawing group on a second aromatig @as is the case where Y = OMe,

X = NO, causes a significant shift to a longer waveletigthther — =" transistior™
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Figure 3.13 Structure of 4,4’-substituted 1-phenylazonaphthalen

Table 3.3 Spectral data of 4,4'-substituted 1-phenylazoriagiene’

X Y Amax/ MM €max/ dnPmoltcm™
H H 375 12900
H OMe 393 17900
Me OMe 391 20800
OMe OMe 393 21700
Cl OMe 410 21500
NO, OMe 435 20100

Unlike azobenzene the reported studies on the issati®n of phenylazonaphthalenes
are limited®*>**however the photoinduced formation of tieisomer and the thermal
back reaction to theansform have been identified and the reported stuaieswill be

discussed in more detail in Section 5.

3.1.4 Aims

The aim of the work reported in this chapter wasige a combination of UV/Visible
absorption, NMR, Raman and IR spectroscopic teclssg together with DFT
calculations, to study the structural propertiestioé R-Span dyes (Figure 1.13)

predominately in water.
The following section presents the results andysmabf these structural studies, along

with a discussion in context with the establishtstdature. The chapter concludes with a

brief overview and conclusion.
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3.2 Results, analysis and discussion

Spectroscopic data have been recorded for all sBv8pan dyes; there is a complete
set of data from the “pure dyes” (M{OH- and NHAc-Span) and a limited set of data
from the “impure dyes” (H-, Br-, and CN-Span), sodea has also been recorded for
OMe-Span. Where data are presented for all R-Spas tthey are given in the order of
their para substituent Hammett, constants as given in Table 3°An general, data for

all dyes are given together in the main body ofrdport specific to the technique, and
additional data or cases where only selected data heen shown in the main body of

the report, the additional or complete data setgaren in Appendix 1.

Table 3.4 Para substituent Hammet, constants for the R-Span dye seffes.

Substituent -NH» -OH -OMe -NHACc -H -Br -CN

Op -0.66 -0.37 -0.27 0.00 0.00 +0.23 +0.66

Where possible, comparisons of values from the BaSglyes have been made with
reference to those of H-Span the “unsubstitutedicstire, and the differences between

them have been obtained by equation 3.2.

A(R) = Value(R) — Value(H) (3.2)
3.2.1 UV/Visible absor ption spectr oscopy
3.2.1.1 pH dependence

Initial spectroscopic work showed that spectralnges occurred within the pH range of

ca. 2 to 12 for OH- and NSpan but not for any of the other dyes.

Figures 3.14 and 3.15 show the UV/Visible absorpspectra of OH- and NFSpan
over the pH range ca. 2 to 12. The spectra ardeplas AV/p4d, where A is the
absorbance,# (mol) is the total number of moles of dye present, V di the total
volume of solution (which changed slightly upon iidd of base) and | (cm) is the
pathlength of the cell. Also shown in Figures 3al#l 3.15 are the fits to equation 3.3
where the pK of the dye is determined by analysis of AMInwith gya andea” the
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fitted molar absorption coefficients of protonatet unprotonated dye, respectively; a

full derivation of equation 3.3 is explained in Agraix Al.1.

AV _ £, 10" + ¢ 107"

(3.3)

| 107" + 10P%

. OH-Span | | pK,=7.98 015 fitar363nm | pK,=7.98+0.12 fitat457 nm|
£
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5 15}
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Figure 3.14 Left: UV/Visible absorption spectra of aqueous Splan at 5< 10° mol
dm?; the arrows indicate changes with increasing peravrange of pH ca. 2 to 12.
Right: pH curves analysed using equation 3.3 at&388457 nm.
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Figure 3.15 Left: UV/Visible absorption spectra of aqueous MNspan at 5« 10° mol
dm?; the arrows indicate changes with increasing plravrange of pH ca. 2 to 12.
Right: pH curves analysed using equation 3.3 até3®#B518 nm.
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Figure 3.16 shows a scheme for the pH dependen&@HeSpan with a pKof 7.98
derived from the analysis (Figure 3.14) showing thfzon the addition of base there is
deprotonation of the OH group creating an @oup 6, = -0.81)}°> which is
accompanied by a colour change of yellow to oramj#x-Span shows a pfof 2.88
with a colour change of orange to pink upon theitamtdof acid and the interpretation

will be discussed in more detail in section 3.2.5.

This pH dependence enabled OH-Span and-Sipan to be studied at pH 5.2 and 7.0,
respectively, chosen to be away from their;pkand also allowed for some limited
studies to be carried out on deprotonated OH-SPashan) and protonated N¥span
(P-NH,-Span) at ca. pH 12.0 and 2.0, respectively.

OH-Span Deprotonated OH-Span

Figure 3.16 Deprotonation of OH-Span.

55



3.2.1.2 Spectra of all dyesat set pH values

Figure 3.17 shows the UV/Visible absorption specdtfall R-Span dyes in water at
1 x 10° mol dm?® with their longest absorption band position andlan@bsorption

coefficients shown in Table 3.5. The spectrum of-§p&in was recorded in pH 5.2
sodium acetate buffer solution, that of§pan was recorded by the addition of KOH to
an aqueous solution to give pH 12 and P.Mpan was recorded by the addition of

H,SO, to an aqueous solution to give pH 1.8.

Band positions were determined from HPLC data fothe impure dyes, where molar
absorption coefficients were estimated by usingnieasured impurity levels in the dye.
The HPLC chromatograms for all R-Span dyes are shiowFigure 3.18, with their
retentions times given in Table 3.6, with their responding spectra as pure
components given in Figure 3.19 for comparisonh® aqueous sample prepared as

received.

Excluding H-Span and P-NF5pan, all of the other R-Span dyes with differaigctron
withdrawing and donating properties, have similaloar strengths, with peak molar
absorption coefficients in the order of ca. 210024000 dm mor* cm™; the colour of
H-Span is weaker with a peak molar absorption aziefft of 17800 driimol* cmi?;
and that of P-NbtSpan is weaker with a peak molar absorption cciefit of 9000 drfy
mol™* cmi* and will be discussed further in section 3.2.5.

H-Span has a main absorption band position in tkilerégion at 333 nm, and all the

other dyes which have either electron withdrawinglonating groups have their main
absorption band at longer wavelength
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R-Span dyes

-CN

-Br

-NHAc

Absorbance

-OMe

-OH

-NH,

P-NH,

1 1 1 1
200 300 400 500 600 700
Wavelength / nm

Figure 3.17 UV/Vis absorption spectra of all R-Span dyes inewdf x 10°mol dm?®);
pH adjusted to 5.2, 12 and 1.2 for -OH; @nd p-NH, respectively; dashed line gives
peak position for H-Span; ‘€&pan spectrum truncated at 210 nm due to KOH ffeatu

at short wavelength.
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Table 3.5 UV/Visible absorption band positions.{;x/ nm) and absorption coefficients
(¢ / 10* dm® mor* cmi?) of R-Span dyes in water €1.10° mol dni).

R= Amax €
-CN! 337 2.40
-Brt 341 2.31
-H* 333 1.78
-NHAC 362 2.43
-OMe' 363 2.31
-OH 364 2.16
-NH, 398 2.24
-O 452 2.35
-P-NH, 504 0.90

1. ¢ values estimated from HPLC data as shown in Figut®.
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Figure 3.18 HPLC chromatograms of all R-Span dyes recordedatnzn.
Table 3.6 Retention times of pure R-Span dye components.
R-Span -CN  -Br -H -NHAc -OMe -OH -NH>»
RT / min 17.61 2475 17.78 1493 1759 1212 10.86
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Figure 3.19 UV/Vis absorption spectra of all R-Span dyes as @IRlomponents in
water obtained at retention times given in Tablé; 3lashed line represents peak

position for H-Span.
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3.2.1.3 Concentration dependence

The UV/Visible absorption spectra of OH-Span atEnd pH 12 recorded in water at
concentrations of 8 102and 5x 10°mol dm?® at 298 K are shown in Figure 3.20. The
profiles remain unchanged with concentration, iatlig that aggregation does not
occur at< 3 x 102 mol dmi®. A similar result was observed for M$pan at pH 7
(Figure 3.19). All the other R-Span dyes showednaila result, with no observed

dependence on concentratiorsa& x 102mol dmi®.

25

" OH-Span 'NH,-Span

20 |

15+
pH 12

=
o
T

10 |

o
4l

05

(A1 Cod) /20" dm® mol ™ cm™®

00k . . N ; 00 t . . .
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure 3.20 Left: UV/Vis absorption spectrum of OH-Span (-%3L0%and— 5x 10°
mol dni®) in water at pH 2 and 12. Right: UV/Vis absorptispectrum of Nk&Span
(-3 x 10%and— 5x 10°mol dni®) in water at pH 7.
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3.2.1.4 Solvent dependence

The UV/Visible absorption spectra of OH-;-@ndNH.-Span recorded at % 10° mol
dm* and 298 K in DMSO, water and ethanol, which haietedtric constants of 48, 78
and 24, respectivef}f, are shown in Figure 3.21, with band positions andlar
absorption coefficients shown in Table 3.7-:3pan was formed in DMSO and ethanol
with the addition of KOH until there were no furthepectral changes. The changes in
band positions are indicative of the solvent efi@ateach of the dyes. In general, the
main band positions of the dyes are similar in wated ethanol, but in DMSO they
have shifted to longer wavelength, indicating tihég solvent is destabilising the ground
state relative to the excited state. The peak naidaprption coefficient of NHSpanis
larger in DMSO than water and ethanol, withSpan giving a significantly stronger

but narrower band. For comparison, data for NHAesSare given in Appendix Al.2.

20l-—-DMSO  OH-Span]] - O-span] L T NH,-Span]
— Water !

M----- Ethanol
30

35

(A ) /20" dm® mol ™ em™

1 1 1 1
200 300 400 500 600 700 200 300 400 500 600 700 800

200 300 400 500 600 700 800
Wavelength / nm Wavelength / nm

Wavelength / nm

Figure 3.21 UV-visible absorption spectra of OH,-Gand NH-Span in DMSO, water
and ethanol at 8 10° mol dm?,

Table 3.7 UV-visible absorption band positions,.{,/ nm) and absorption coefficients

(e / 10* dm® mol* cm™) of OH-, O-, NH,- and NHAc-Span in DMSO, water and
ethanol at 5 10°mol dm®.

OH-Span OSpan NH-Span NHAc-Span
Solvent  Amax E Amax € Amax € Amax €
DMSO 372 231 503 3.95 417 2.94 376 2.33
Water 364 2.16 452 211 398 2.24 362 2.43
Ethanol 363 2.08 441 2.35 400 2.13 363 2.54
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3.2.2 DFT calculations

DFT calculations were carried out as an aid torpregation of the experimental data,
and the results are used in the following sectitorscomparison with NMR and
vibrational data. The results also give a usefsight into geometry and electronic

structure.

All DFT calculations were performed using the B3LDIFT method with a 6-31G(d)

basis set and in this chaptérans optimisations are reported; there is a brief
consideration o€is optimisations in Chapter Bptimisations of dyes with the sulfonate
groups protonated to mimic solvation in water, héeen reported to give a good

correlation with experimental dafa®®"%

and therefore this approach was used here.
Preliminary solvent field calculations were atteatht but failed to optimise the
structure; hence all optimisations are given in glas phase consistent with previous

work on sulfonated dyes:*

Excited state properties were calculated using-tiefgendent DFT with the same level
of theory, as reported in the respective partdisf section. The optimised structures of
R-Span were used as the basis for further calounlatat the same level of theory for
vibrational and NMR parameters as reported in eestB.2.3 and 3.2.4, respectively.

Appendix 4 gives a full list of output files forlabptimised structures, electronic
structure calculations, NMR calculations and a fu# of all the vibrations modes
giving their positions, Raman and infrared inteesitll of which are contained within a

CD accompanying this thesis.

3.2.2.1 Optimised structures

Initially an AM1 semi-empirical optimisation was rcad out ontrans-H-Span from
which fully optimised structures for all the R-Spdyes were calculated using DFT. As
shown in Figure 3.22 all optimised structures wgemar (C-N=N-C dihedral for all R-
Span dyes 1798 Selected calculated bond lengths and angles efRi4Epan dyes
together with differences from H-Span (equatior) &r2 shown in Tables 3.8 and 3.9 (a
full table can be viewed in Appendix Al1.3).
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OMe-Span NHAc-Span Br-Span

CN-Span

Figure 3.22 Optimised structures of R-Span dyes along withrthembering systems.

(Original in colour)
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Table 3.8 Selected bond lengths (A) of the optimised stmesty differences

(A /0.001 A) given for bond lengths from the valoé$i-Span.

Bond H- NH- A(NH,) OH- A(OH) OMe- A(OMe)NHAc- A(NHAc) Br- A(Br) CN A(CN)
C2—No 1.416 1.413 -3 1.414 -2 1414 -2 1.415 -1 1.415 -1 1.415 -2
No—Np 1.261 1.268 +7 1.264 +3 1.265 +4 1.264 +3 1.262 0 1.261 0
Np—-C11 1.4141.399 -15 1.405 -9 1.405 -9 1.406 -8 1.413 -1 1416 +2
C11-C16 1.4071.411 +4 1408 +1 1.406 -1 1.407 0 1.407 0 1.407 0
C16-C15 1.3891.381 -8 138 -4 1388 -1 138 -3 1388 -1 138 -3
C15-C14 1.4021.415 +14 1.407 +5 1.408 +6 1411 +9 1.400 -2 1410 +8
C14-C13 1.3961.409 +13 1.401 +5 1.405 +9 1.407 +11 1.394 -2 1405 +8
C13-C12 1.3931.385 -8 1387 -6 1384 -9 138 -7 1392 -1 1390 -4
Cl2-C11 1.4021.406 +4 1405 +3 1407 +5 1.403 +1 1.402 0 1.402 0
C12-H12 1.0861.086 0 1.086 0 1.086 0 1.085 -1 1.086 0 1.085 0
C13-H13 1.0861.087 +1 1.085 -1 1.085 -1 1.088 +2 1.084 -2 1.085 -1
C15-H15 1.0871.088 +1 1.089 +2 1.084 -3 1.081 -6 1.084 -2 1.085 -1
C16-H16  1.0841.084 0 1.084 0 1.084 0 1.084 0 1.084 0 1.084 0
Cl14-H14 1.087 - - - -
C14-014 - - - 1.360 - 1.356 - -
Cl4a-Ny - 1.381 - - - - - 1.403 - -
C14-Br - - - - - - - - - 1.906 - -
C14-C17 - - - - - - - - - - - 1.433 -

Table 3.9 Bond angles?) of the optimised structures; differenceg @iven for angle

from the values of H-Span.

Angle H- NH- A(NH;) OH- A(OH) OMe- A(OMe) NHAc-A(NHAc) Br- A(Br) CN A(CN)
C2—-No—Np 11411140 -0.1 1141 0.0 1140 -01 1139 -0.2 1142 +0.1 1144 +0.3
No—Np-C11 115.2115.6 +0.4 1154 +0.2 1155 +0.3 1154 +0.3 1150 -0.2 114.7 -05
NB-C11-C16 124.7125.1 +0.4 1248 +0.1 125.0 +0.3 1253 +0.6 1247 0.0 1246 -0.1
Cl1-Ci16-C15 119.420.3 +0.9 120.0 +0.6 1205 +1.0 1209 +1.4 1199 +05 119.7 +0.3
C16-C15-C14 120.420.8 +0.4 1201 -0.3 1198 -0.6 119.7 -0.7 1194 -10 1201 -0.3
C15-C14-C13 120.218.8 -1.4 120.3 +0.1 1199 -0.2 1195 -0.7 1214 +12 1201 -0.1
C14-C13-C12 119.820.2 +0.4 1193 -04 1198 +0.1 1204 +0.6 1188 -09 1196 -0.2
C13-C12-C11 120.121.0 +0.9 1209 +0.8 120.7 +0.6 1204 +0.3 1205 +0.4 120.3 +0.2
C12-C11-C16 120.118.9 -1.2 1194 -08 1192 -09 1191 -1.0 1185 -1.6 1201 0.0
C11-C16-H16 119.a18.8 -0.3 119.0 -0.1 1188 -0.2 118.8 -0.2 1191 +0.1 119.1 +0.1
H16-C16-C15 121.8209 -0.6 1210 -05 120.7 -0.9 120.3 -1.2 1209 -0.6 1211 -04
C16-C15-H15 119.820.1 +0.3 120.2 +0.4 1194 -0.3 1211 +1.3 120.7 +0.9 120.5 +0.7
H15-C15-C14 119.819.2 -0.7 119.7 -0.1 120.7 +0.9 119.2 -0.7 1199 +0.1 1194 -04
C15-C14-H14 1198 - - - - - - - - - - - -
H14-C14-C13 120.0 - - - - - - - - - -
C14-C13-H13 120.219.6 -0.7 1190 -1.2 1186 -1.7 119.8 -04 1203 +0.1 119.8 -05
H13-C13-C12 120.a20.3 +0.3 1216 +1.6 1216 +1.6 1199 -0.1 1209 +0.9 120.7 +0.7
C13-C12-H12 121.420.8 -0.8 1209 -0.7 121.0 -0.6 1211 -05 1209 -0.6 1212 -04
H12-C12-C11 118.318.2 -0.2 118.2 -0.1 1183 0.0 1185 +0.2 1185 +0.2 1185 +0.2
C12-C11-8 115.2116.0 +0.8 1158 +0.6 1158 +0.6 1156 +0.4 1154 +0.3 115.3 +0.1
C15-C14-014 - - - 1224 - 1244 - - - - - - -
014-C14-C13 - - - 1174 - 1156 - - - - - - -
C14-014—H - - - 109.4 - -
C14-014-C17 - - - - 1189 - - - - - -
C15-C14-C17 - - - - - - - - - - - 1199 -
C17-C14-C15 - - - - - - - - - - - 120.0 -
C14-C17-N - - - - - - - - - -
C15-C14-Br - - - - - - - - - 1192 - - -
Br-C14-C13 - - - - - - - -
C15-Cl4-N - 120.3 - - - - - 123.2 -
Ny—C14-C13 -120.8 - - - - - 117.3 - - - - -
C14-N—H - 117.3 - - - - - - - - - - -
C14-N—H - 117.3 - - - - - - - - - - -
H-Ny—H - 1136 - - - - - -
C14-N—H - - - - - - - 114.8 - - - - -
C14-N~—C17 - - - - - - - 129.2 - - - - -
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The most interesting changes in calculated bondthesnoccur at the phenyl ring. In
general, the changes are consistent with the nafutiee substituent; the influence of
electron donating (X) and withdrawing (Y) group® ahown as resonance forms in
Figure 3.23. Upon comparison with H-Span; NHDH-, and CN-Span have longer
C11-C16, C15-C14, C14-C13 and C12—C11 bonds, amtiestC16—-C15 and C13—
C12 bonds, indicating that the phenyl ring is mquénoidal. OMe-Span and NHAc-
Span both show the same pattern except for the Clid-bond length which remains
relatively unchanged. In the case of Br-Span, treddengths at the phenyl ring remain
relatively unchanged except the C15-C14 and C14-H01h8 become slightly shorter.
The C2-N and N—C11 bond lengths for each R-Span dye become slibae those of
H-Span (except for CN-Span for whichy-NC11 becomes longer), indicating that in
each case the phenyl and naphthyl rings are ctosbe azo linkage, for which there is
an increase in N-Ng bond length (except for Br- and CN-Span). The gstabond
length changes occur for N¥Bpan. In general, the resonance model for therelec
donating substituents holds across the R-Spanssesieere the C2-i shortens by
0.003 A, the N—Np lengthens by 0.007 A C118N\shortens by 0.015 A from H to
NH,-Span, showing an increase in charge transfer ctearand that the phenyl ring and
the azo linkage becomes closer together. The eleetithdrawing substituents appear
to have a smaller influence on the optimised stmes, which are closer to those of H-
Span. In general for all R-Span dyes, the optinasatbout the naphthyl ring is largely

unaffected by the influence of the R substituent.

Figure 3.23 Resonance structures of R-Span dyes where X =rateadonating

substituent and Y = electron withdrawing substituen
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Picking out trends in bond angle changes betweenlykes appears to be more difficult.
However, upon comparison with H-Span; NBH, NHAc and CN-Span have smaller
H15-C15-C14 and C14-C13-H13 bond angles, indic#éiagH15 and H13 are closer
in orientation to the substituent R group than Eb6pan. OMe-Span shows a larger
H15-C15-C14 and a smaller C14-C13-H13 bond angterevthe H15 which is

adjacent to the OMe group is further away in oaéon. In the case of Br-Span, H15—
C15-C14 and C14-C13-H13 have smaller bond angldgating that H15 and H13

are further away in orientation to Br than H14 FbSpan.

For NH-Span the use of the bond angles can give a fuitkderator as to the nature of
the bonding in terms of the resonance forms (Figu28). The bond angles of C14—
Ny—H and H-N—H are 117.3 ° and 113.6 °, respectively, indicatimat the structure is
tending towards a $phybridised model as a result of the conjugationoss the
molecule. The structure of NFBpan is not totally planar at the Nbroup however, the
nitrogen is bent out of plane by 2.3 ° and the bgédns are bent out of plane by 20 ° in
the opposite direction as shown in an expansiontabe phenyl ring in Figure 3.24.

Figure 3.24 Expansion of phenyl ring of NHSpan.(Original in colour)

NHAc-Span appears capable of intramolecular hydrogeonding between
C17=0---H15, with a calculated O---H15 distance2df0 A which is shorter than the
sum of the van der Waals radii for O-H of 2.47 Adahe C15-H15---O bond angle is
ca. 120°, hence trigonal. There are examples oflges that have strong intramolecular
hydrogen bonds with their structure reported tochel.2 — 1.6 R’ The bond length
suggests that the intramolecular hydrogen bondintheé R substituent is relatively

weak for NHAc-Span.
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3.2.2.2 Electronic structure

The results of electronic structure calculationstHb&pan, OH-Span and CN-Span are
shown in the main body of the report so as to compa electron withdrawing and on
electron donating group to the unsubstituted dyees€ results for all R-Span dyes

including calculated dipole moments are given ipémpdix Al.3.

The calculated HOMO-1, HOMO, LUMO and LUMO+1 for $pan, OH-Span and
CN-Span are shown in Figure 3.25, where the HOMEad be described as having
some non bonding character including the N atone Ipairs, the HOMO as having
somen bonding including the azo linkage and the LUMO dndMO+1 as having

somen antibonding character.

CN-Span

LUMO+1

LUMO LUMO LUMO
AE =3.72 eV =333 nm AE =3.25eV =381 nm AE = 3.62 eV =342 nm

HOMO-1 HOMO-1 HOMO-1
Figure 3.25 Calculated HOMO-1, HOMO, LUMO, LUMO+1 and energyfeience

(LUMO-HOMO) for H-Span, OH-Span and CN-Sp#@riginal in colour)
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Time-dependent DFT methods also offer a way of asggmting changes of electron
density upon excitation, which often include a camhon of orbital transitions. The
calculated changes in electron density on excitatiathe first and second excited states
of H-Span, OH-Span and CN-Span are shown in Figug6. Calculated orbital
contributions, transition energies, wavelengthsl ascillator strengths for the first and
second excited states are given in Table 3.10 I(aable can be found in Appendix
Al1.3). The oscillator strengths indicate that thensition to the first excited state is
disallowed and the orbitals shows it is arm type transition, whereas the transition to
the second excited state is allowed and#is-a type transition. In all cases thesm’
transition is unaffected by the R substituent @ghenyl ring. For the—= transition
however, the changes of electron density that oedth the transition reflect the
donating and withdrawing nature of the R substituEar H-Span, there is a decrease of
electron density at the phenyl and naphthyl ringg an increase in electron density at
the azo group. For OH-Span, the donating natutkeofOH substituent is reflected by a
decrease in electron density at the phenyl ringiaciéase in electron density at the azo
linkage and naphthyl ring. For CN-Span, the witkdrgy nature is reflected by a
decrease in electron density at the naphthyl rimdy & increase in electron density at

the azo linkage.

Interestingly, as shown in Table 3.11, the expenitaledata show a comparable trend to
those of the calculated UV/Visible band positionghva clearer match for the simple
HOMO to LUMO transitions rather than those detemdirfrom the time-dependent

DFT excited states.
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OH-Span CN-Span

"d excited state

1% excited state Slexcited state Slexcited state

Figure 3.26 Calculated changes in electron density on exciatithe first (bottom)
and second (top) excited states for H-Span (left) @H-Span (middle) and CN-Span
(right). Blue and white regions represent a de@easl increase in electron density on

excitation, respectivelyfOriginal in colour)

Table 3.10 Calculated orbital contributions, transition enesi(E), wavelengths\),
and oscillator strengths (f) for the first and set@xcited state of H-Span, OH-Span
and CN-Span.

Excited state Orbital contribution E/eVv Al nm f

H-Span

HOMO-1-> LUMO

1% HOMO-1-> LUMO+1 2.51 495 0.0001
HOMO > LUMO
HOMO-1-> LUMO

2nd HOMO S LUMO 3.51 353 0.8963

OH-Span
1 oS oo™ 2.56 484 0.0001
2nd HOMO > LUMO 3.27 379 0.8843
CN-Span
1 HOMO-1-> LUMO 2.45 506 0.0001
ond HOMO-2 > LUMO 3.38 366 0.9553

HOMO - LUMO
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Table 3.11 Comparison of experimental band positiohs$ im) to calculated HOMO to
LUMO transition wavelengths\(/ nm) and second excited state transition wavéteng

(A /nm) for all R-Span dyes.

R-Span NH- OH- OMe- NHAc- H- Br- CN-
Experimental 398 364 363 362 333 341 337
HOMO to LUMO 389 382 365 355 333 347 342
2" Excited state 407 379 388 392 353 371 366

3.2.2.3 Atomic charges

The calculated Mulliken atomic charges (q) on eatdm for the R-Span dyes are
shown in Table 3.12, using the same numbering sysie established in Figure 3.23.
Table 3.12 also shows the differences in atomiagghan each atom from H-Span
(equation 3.2), where a positive change represedesrease in electron density.

A pictorial representation of the charge on eaomat shown in Figure 3.27, where red
and blue regions represent positive and negativergely respectively. There are
significant differences between the charge distrdouacross the azo linkage and the
phenyl ring as a result of the different substitseacross the R-Span series. There is a
significant charge across the protonated sulfogeteps, however these sit very much

as spectators within the overall charge distributio

The influence of electron donating (X) and electmithdrawing (Y) groups can once
again be interpreted in terms of resonance forngu(e 3.23). Upon comparison with
H-Span, the most significant change of atomic chasghat of C14; for H-Span this is
negatively charged, whereas for all other R-Spagsditis atom is positively charged.
There is no particular trend but the magnitudelecteon density on C14 is comparable
at ca. 0.4 q for all the R-Span dyes with electionating groups (N§ OH, OMe and
NHACc), and at ca. 0.2 g for the R-Span dyes widtiebn withdrawing groups (Br and
CN). The magnitude of change in atomic charge iallemfor all other atoms. For C13
and C15 there is an increase in electron densiglliR-Span dyes when compared to
H-Span. Again there is no particular trend for thasntaining electron donating
groups, in the case of those containing electrahdsawing groups there is a smaller
increase in electron density for the more electuthdrawing CN group. Interestingly
CN-Span exhibits the most significant decreasddoten density on C11, possibly as a
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result of the greater electron withdrawing effecCdl. For all the R-Span dyes, Hnd
Ng carry negative charge.,[shows a constant trend across the dye series, where
electron density increases with an increasinglycted@ donating substituent
(NH,>OH>0OMe>NHAc) and decreases with an increasinglgctebn withdrawing
substituent. [N on the other hand shows no particular trend, Aecdetis an increase in

electron density regardless of substituent.

Table 3.12 Calculated Mulliken atomic charges (q) from theimpged structures;

differences 4 / 0.001q) given from the values of H-Span.

atom H- NHy AH(NH;) OH- AH(OH) OMe- AH(OMe) NHAC- AH(NHAC) Br-  AH(Br) CN- AH(CN)

Cl -0.218 -0.224 6 0221 -3 0222 4 0220 2 0218 0 -0214 +4
C2 0289 0294 +5 0292 +3 0292  +3 0.291 +2 0289 0  0.289 0
C3  -0.160 -0.163 3 -0161 -1 0161 -1 -0.160 0 -0160 0 -0.158 +2
C4  -0.252 -0.253 -1 0252 0 0252 0  -0.252 0 -0252 0 -0.251 +1
C5 -0.183 -0.184 -1 -0183 0 0184 -1 -0.184 4 -0183 0 -0.183 0
C6 -0.131-0.134 -3 -0133 -2 0133 -2 -0133 2 0131 0 -0130 +1
C7 -0.159 -0.160 -1 -0.160 -1 0159 0  -0.159 0 -0160 -1 -0.160 -1
C8  -0.241-0.243 -3 0242 -1 0242 2 -0.241 0 -0.240 +1 -0.238 +3
C9 0139 0.141  +2 0140 +1 0140 +1 0.140 +1 0139 0 0138 -1
C10 0.150 0.147 3 0149 -1 0149 -1 0.149 -1 0150 0  0.151 0
C1l1 0.266 0.265 -1 0266 0 0268  +2 0278 +12 0272 +6 0284 +18
C12 -0.136 -0.141 -5 -0141 5 0139 -3 -0141 5 0136 0 -0144 -8
C13 -0.139-0.186 -47 -0.169 -30 -0.182 -43  -0207 68  -0.158 -19 -0.145 -6
Cl4 -0.114 0.349 +463  0.369+483 0.393 +507 0375 +489  0.093 +207  0.142 +256
C15 -0.147-0.189  -43  -0.209 -63 0209 -63  -0177 31  -0.164 -18 -0.153 -6
C16 -0.120 -0.126 6 -0.123 -3 0128 -8  -0138 -18 -0.117 +3 0125 -5
H1  0.204 0.199 -5 0201 -3 0201 -3 0.203 -1 0205 +1 0207 +3
H3  0.212 0.209 3 0210 -2 0210 -2 0.210 -2 0212 0 0213 +1
H5  0.200 0.197 -3 0198 -2 0198 -2 0.198 -2 0200 0 0201 +1
H6  0.160 0.156 -4 0158 -2 0158 -2 0.158 -2 0.161 +1 0163  +3
H7  0.195 0.193 2 0194 -1 0194 -1 0.194 -1 0196 +1 0198  +3
H12 0.151 0.150 -1 0154 +3 0152 +1 0.152 +1 0160 +9  0.164 +13
H13 0.142 0129 -13  0.153 +11 0150 +8 0131  -11 0.164 +22 0169 +27
H15 0143 0132 -11  0.134 -9 0144 +1 0199 +54  0.165 +22  0.170 +26
H16 0.165 0.166  +1  0.170 +4 0.168  +3 0.170 +5 0174 +9 0177 +11
No -0.307 -0.328 -21  -0.320 -13 -0.319 -13  -0.314 -7 0308 -1 -0.300 +6
Ng -0.301-0312 -10 -0.307 -6 0308 -7 -0312 -10 -0.303 -2 -0.304 -3
S4 1260 1.257 2 1258 -1 1.258 -1 1.259 -1 1257 -2 1258 -2
S8  1.257 1.255 2 1256 -1 1.256 -1 1.255 -1 1.260 +3 1261 +4
04 -0.519 -0.521 -3 0520 -1 0520 -2 -0520 2 0518 +1 -0516 +3
04  -0.503 -0.504 -1 -0504 -1 0504 -1 -0.502 +1  -0504 -1 -0509 -6
04  -0.653 -0.653 0 -0654 O -0.654 0  -0.654 0 -0655 -1 -0.652 +2
08  -0.505 -0.508 -2 0506 -1 0506 -1  -0.506 -4 -0518 -13 -0508 -3
08 -0.513-0.515 2 0514 -1 0514 -1 -0515 2 0503 10 -0512 +1
08  -0.655 -0.655 0 -0655 O 0655 0  -0.655 0 -0.654 +1 -0.652 +3
H14 0141 - - - - - - - - - - - -

014 - - - -0.628 - -0.497 - - - - - - -

Ny - 0791 - - - - - -0.710 - - - -0.469 -

Hya - 0335 - 0415 - - - 0334 - - - - -

Hlgsa - - - - - - - 0198 - - - - -

Hybo - 0334 - - - - - - - - - - -

Hisb - - - - - - - 0153 - - - - -

Hisc - - - - - - - 0193 - - - - -

017 - - - - - - - 0476 - - - - -

ci8 - - - - - - - -0.546 - - - 0243 -

c17 - - - - - 0222 - 0602 - - - - -

Hi7a - - - - - 0178 - - - - - - -

Hi7b - - - - - 0.160 - - - - - - -

Hi7c - - - - - 0161 - - - - - - -

Br - - - - - - - - - -0.109 - - -
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H-Span NH-Span

OH-Span OMe-Span

NHAc-Span
O’ CH,
YlB
15 14 N.
S§)3Hl o 13@/\, H
6 3 b
t 10 4
SO,H
CN-Span NHAc-Span numbering system

Figure 3.27 Pictorial representation of calculated Mulliken rato charges of all R-
Span dyes; red regions represent positive charlyes tegions represent negative
charge; 1 A radius per unit charge; position 14nshéor H-Span common for all dyes

and NHAc-Span numbering system shoy@xiginal in colour)
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3.2.3 NMR spectroscopy

1D and 2D (COSY, NOESY, HSQC and HMB&) and**C NMR spectra of the pure
R-Span dyes were recorded in DMSg@athd DO (both at ca. ¥ 10 moldm), with
spectra recorded for the impure R-Span dyes redard®,0 but not DMSO-gldue to
insufficient sample quantity'H NMR assignments were made using integration,
multiplicity and splitings and by COSY and NOES¥itdractions.*C NMR
assignments were made using HSQC and HMBC data rasdlts from DFT
calculations. Positions of tHél and**C NMR resonances are sensitive to the solvent

and protons attached to oxygen and nitrogen areasged in RO.

NH,-Span is in one form at ca. pD 7 fos@ hence its NMR spectra are reported firstly
in section 3.2.3.1. The NMR spectra of OH-Span @ndesponding pH dependence on
its structure are reported in section 3.2.3.2. Igiral the NMR spectra are reported

together for comparison in section 3.2.3.3, whar $pectra and assignments are
shown in Appendix Al.4 for all other R-Span dyediewe assignments made are
consistent with those reported for a similar dyeretR = NHMe*

3.2.3.1 NH2-Span

'H and **C NMR spectra of N@Span recorded in DMSOscand 3O, numbering
system and COSY and NOESY interactions are shovigares 3.28-3.31 with NMR
assignments given in Table 3.3C NMR assignments were made using HSQC and
HMBC data as shown in Appendix Al.4 and resultsnfrDFT calculations given in
Tables 3.13. The solvent dependence in the NMRtspesuggests that hydrogen

bonding may be occurring with water molecules.
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9.5 9.0 85 8.0 75 7.0 6.5 6.0
6/ ppm

Figure 3.28 Aromatic region™H NMR spectrum of NiSpan in DMSO-g (top) and
D,0O (bottom).

DM SO-ds

D,0

160 140 120
61 ppm

Figure 3.29 °C NMR spectrum of Nk Span in DMSO-gl(top) and RO (bottom).
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Figure 3.30 Structure of NH-Span with the numbering system used for NMR

assignments.

Table 3.13 'H and** C NMR chemical shifts (ppm) of N-Span in DMSO-gl and

D,0, along with calculated values.

Experimental Calculated
DMSO DO
Atom 1H a 13C 1H a 13C 1H 13C
1 9.34 1d1.0 1285 9.09 1s- 1254 9.18 128.8
2 148.0 149.0 143.4
3 839 1d2.0 119.0 847 1d2.0 1184 8.58 112.0
4 144.8 140.6 136.6
5 8.87 1d9.0 129.1 8.79 1d9.0 1295 8.74 126.9
6 747 1t 80 1248 7.72 1t 8.0 1272 752 119.2
7 799 1d7.0 1247 820 1d8.0 127.3 7.98 122.2
8 145.2 139.9 135.8
9 130.1 129.7 124.5
10 130.1 129.6 123.3
11 152.7 151.9 138.4
12/16 7.75 29.0 1251 7.65 2d9.0 1255 8.02% 7.97° 131.8% 111.5°
13/15 6.69 29.0 1134 6.66 2d9.0 1155 6.42°6.3%° 106.4°% 107.7°
14 152.7 144.5 142.5
NH, 6.09 2s- 3.04, 3.10

# Integration, multiplicity (s = singlet; d = doulilé = triplet), splitting (Hz)

NOESY interaction
COSY interaction

Figure 3.31 COSY and NOESY interactions for NM#$pan in DMSO-gland BO.
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3.2.3.2 OH-Span

Due to the pH dependence of the substituent OHpgmWH-Span, an NMR sample
unadjusted for pD gives a solution in which therequilibrium between OH-Span and
O-Span.'H NMR spectra were recorded from samples of OH-Sipamdeuterated
sodium acetate buffer at pD 5.2 (assigned to OHippenadjusted BD solution, and in
deuterated sodium hydroxide adjusted to pD 12 gassi to OSpan) as shown in
Figure 3.32. The numbering system is shown in EEduB3 with NMR peak positions
and a comparison to the pure OH-Span form as etnlilusing equation 3.4, where a
negative change represents an upfield shift gimehable 3.14. Upon going from OH-
Span to GSpan there is an upfield shift of the resonanoas fall protons in the order
of 13/15>>1>12/16 = 6 > 3 > 5 = 7 indicating@ ihfluence that deprotonation has on

the spectra.
A-OH(0) = 6(R) —5(OH) (3.4)
NMR spectroscopy suggests that the unadjusted meix@antains ca. 60 % OH-Span

form which is comparable with ca. 70 % OH-Span wigd from UV/visible
spectroscopy, despite being recorded under diffe@mditions.
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unadjusted
pD 12.0
1 5 3 7 126 13
100 95 9.0 85 8.0 75 7.0 6.5 6.0
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Figure 3.32 Aromatic region’H NMR spectrum of OH-Span in,D; pD 5.2 (top, 700
MHz), unadjusted (middle, 500 MHz) and pD 12.0 {bwt, 400 MHz).

Figure 3.33 Structure of OH-Span with the numbering systemduser NMR

assignments.

Table 3.14 *H chemical shifts (ppm) of OH-Span at pD 5.2, unatid and pD 12.0,
and an estimate of the % of OH in the unadjustetpta
Proton (OH-Span) pD 5.2(0-Span) pD 12 Unadjusted % OH in Unadjusted

1 9.30 8.99 9.14 52
3 8.65 8.45 8.50 75
5 8.90 8.72 8.79 61
6 7.83 7.62 7.74 43
7 8.30 8.12 8.21 50
12/16 7.92 7.71 7.68 -
13/15 7.01 6.57 6.76 57
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3.2.3.3 All R-Span dyes

Experimental and calculatéti and**C NMR spectra in the aromatic region for all the
R-Span dyes (numbering system shown in Figure 3&2hrded in RO are shown in
Figures 3.35 and 3.36, with NMR positions givenTebles 3.15 and 3.16 along with
differences from H-Span where a negative changeesepts an upfield shift. The
general trend in shifts in NMR peak positions betwell of the R-Span dyes is
comparable between experimental and calculated, deith the most significant
changes occurring across the phenyl ring. Desmiteesof the dyes being impure,
assignments have been made for all atoms, althsogte'C signals are significantly
weaker than those from the pure dyes. OMe-Spangshawy a small proportion afis
isomer which will be considered in chapter 5; fradher dyes resonances from only

thetransisomer are observed.

In the'H NMR spectra, the overall trend is that upon iasieg the electron donating
ability of the substituent on the phenyl ring theak positions of all protons moves
upfield to lower ppm. Experimentally, the resonanoéthe two protons 13/15 show the
greatest change, consistent with their local magnield being influenced most
strongly by the neighbouring R group, for examptegoing from H-Span to NHSpan
there is an upfield shift of 0.88 ppm. Protons $2/1 and 3 are also sensitive to the
change in substituent giving an upfield shift onngofrom H-Span to NKSpan of
0.21, 0.26 and 0.15 ppm, respectively, showing that main changes of electron
density occur across the phenyl ring and azo liekagto the naphthyl group. In the
case of an electron withdrawing group on the phemg, there is also an upfield shift
in peak positions. In both cases, for Br-Span aNdSpan, the largest upfield shift of
0.33 and 0.21 ppm, respectively, occurs for 12/@€mpanied by a smaller upfield
shift of 0.13 and 0.06 ppm, respectively, for 13/¥#gain upfield shifts in the
resonances of 1 and 3 occur for both CN-Span ar8ip@n indicating that the electron

distribution is changing across the phenyl ring and linkage.

In the ®*C NMR spectra, there is no simple trend to foll&xperimentally, carbons
13/15 and 14 show the greatest changes. On gaang ft-Span to NktSpan carbons
11 and 13/15 show upfield shifts of 6.3 and 15.8ppespectively, and carbons 14 and
12/16 show downfield shifts of 15.7 and 2.7, ppmepeztively, indicating changes in
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the charge distribution across the phenyl ringth@felectron withdrawing substituents,
Br-Span shows an opposite trend where carbons d113#15 show downfield shifts of
1.0 and 5.2 ppm, respectively, and carbons 14 aribIshow upfield shifts of 15.7 and
2.7 ppm, respectively.

In general there is a very good match of the erpemtal and calculatetH and**C
NMR data, which are showing comparable trends ain the calculated Mulliken
atomic charges give a good interpretation of tleetebn distribution within the R-Span

dye series.

Figure 3.34 R-Span dyes numbering system used for NMR assigtane
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'H NMR of R-Span dyesin D,0 Calculated "H NMR of R-Span dyes

1213 712 613
1 7 6 1 5 3
| |

| ju ]

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

612 13 1 53 712 6 13

00 95 90 85 80 75 70 65 60 100 95 90 85 80 75 70 65 60
6/ ppm

Figure 3.35 Left: Aromaticregion'H NMR spectra for all R-Span dyes in@ Right
CalculatedH NMR spectra for all R-Span dyes.

Table 3.15 Experimental and calculatetH NMR chemical shifts § /ppm) in the
aromatic region for all R-Span dyes; differenc&¥ diven for chemical shifts from the

values of H-Span.

Experimental
atom H- NH,- A(NH,) OH- A(OH) OMe- A(OMe) NHAc-A(NHAc) Br- A(Br) CN- A(CN)

1 9.35 9.09 -0.26 9.03 -0.05 9.28 -0.07 9.09 -0.26 9.20 -0.159.18 -0.17
3 8.62 8.47 -0.15 8.65 +0.03 8.62 0.00 8.41 -0.21 8.49 -0.138.45 -0.17
5 8.86 8.79 -0.07 8.90 +0.04 8.92 +0.06 8.83 -0.03 8.79 -0.07 8.78 -0.08
6 7.79 7.72 -0.07 7.83 +0.04 7.87 +0.08 7.77 -0.02 7.78 -0.017.78 -0.01
7 8.26 8.20 -0.06 8.30 +0.04 8.34 +0.08 8.24 -0.02 8.23 -0.03 8.23 -0.03
12/16 790 7.69 -0.21 7.92 +0.02 7.90 0.00 7.62 -0.28 7.57 -0.337.69 -0.21
13/15 754 6.66 -0.88 7.01 -0.53 7.02 -0.52 7.21 -0.33 7.41 -0.137.48 -0.06
Calculated
1 9.43 9.18 -0.259.29 -0.14 9.29 -0.14 9.32 -0.11 9.40 -0.03 9.52 +0.09
3 8.64 8.58 -0.06 8.60 -0.04 8.60 -0.04 8.59 -0.05 8.58 -0.06 8.58 -0.06
5 8.80 8.74 -0.06 8.77 -0.03 8.77 -0.03 8.75 -0.05 8.80 0.008.82 +0.02
6 762 752 -0.10 7.58 -0.04 7.57 -0.05 7.58 -0.04 7.64 +0.02 7.70 +0.08
7 8.06 7.98 -0.08 8.01 -0.05 8.01 -0.05 8.03 -0.03 8.06 0.00 8.08 +0.02

12/16 8.06 7.97 -0.09 8.06 0.00 8.02 -0.04 7.97 -0.09 7.93 -0.138.05 -0.01
13/15 7.48 6.37 -1.11 6.62 -0.86 6.75 -0.73 7.62 +0.14 7.39 -0.09 7.67 +0.19
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3C NMR of R-Span dyesin D,0 Calculated *C NMR of R-Span dyes
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Figure 3.36 Left: Aromaticregion**C NMR spectra for all R-Span dyes in@ Right
Calculated*C NMR spectra for all R-Span dyes.
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Table 3.16 Experimental and calculatedC NMR chemical shifts & /ppm) in the
aromatic region for all R-Span dyes; differenc&¥ diven for chemical shifts from the

values of H-Span.

Experimental

atom H- NH,- A(NH,) OH- A(OH) OMe- A(OMe) NHAc-A(NHAc) Br- A(Br) CN- A(CN)
1 127.01254 -1.6 126.4 -06 126.1 -0.9 130.8 +3.8 127.6 +0.6129.0 +2.0
2 151.5149.0 -251485 -3.0 1481 -3.4 1476 -39 1478 -3.7147.7 -3.8
3 117.4118.4 +1.0 118.0 +0.6 112.7 -4.7 1133 -4.1 1170 -0.4116.5 -0.9
4 140.3140.6 +0.3 140.7 +0.4 140.2 -0.1 1455 +5.2 139.7 -0.6140.0 -0.3
5 129.0129.5 +0.5129.5 +0.5 129.0 0.0 129.2 +0.2 1289 -0.1128.9 -0.1
6 1275127.2 -0.31274 -0.1 1270 -0.5 1259 -1.6 1274 -0.1127.8 +0.3
7 127.0127.3 +0.3 127.3 +0.3 126.8 -0.2 1249 -2.1 1269 -0.1126.9 -0.1
8 139.7139.9 +0.2 140.0 +0.3 1396 -0.1 1452 +55 140.2 +0.5140.3 +0.6
9 129.7 129.7 0.0 1299 +0.2 1294 -0.3 130.5 +0.8 129.9 +0.2130.6 +0.9
10 129.0129.6 +0.6 129.6 +0.6 129.0 0.0 130.0 +1.0 129.8 +0.8128.8 -0.2
11 148.2151.9 +3.7 1457 -25 1457 -25 1423 -59 139.6 -8.6152.8 +4.6
12/16122.3125.5 +3.2 1253 +3.0 1245 +2.2 1236 +1.3 123.6 +1.3122.4 +0.1
13/15129.0115.5 -13.5116.0 -13.0 114.1 -149 1191 -9.9 131.8 +2.8132.9 +3.9
14 131.7 1445 +12.8 159.7 +28.0 161.6 +29.9 147.6 +15.9 149.7 +18.0118.3 -13.4
17 - - - - - 55.04 - 168.8 - - - 1122 -
18 - - - - - - - 24.1 - - - - -
Calculated
1 131.4128.8 -2.6 130.0 -1.4129.8 -1.6 130.4 -1.0 131.7 +0.3 133.1 +1.7
2 142.7143.4 +0.7 143.0 +0.3143.1 +0.4 143.1 +0.4 142.6 -0.1 1425 -0.2
3 111.4112.0 +0.6 111.6 +0.2111.7 +0.3111.6 +0.2 111.2 -0.2 110.7 -0.7
4 136.9136.6 -0.3 136.8 -0.1136.8 -0.1136.6 -0.3 137.1 +0.2 137.4 +0.5
5 127.0126.9 -0.1 127.0 0.0126.9 -0.1126.8 -0.2 127.0 0.0 127.0 0.0
6 120.5119.2 -1.3 1199 -0.6119.8 -0.7 120.0 -0.5 120.8 +0.3 1215 +1.0
7 122.4122.2 -0.2 1224 0.0122.3 -0.1122.3 -0.1 1225 +0.1 122.7 +0.3
8 136.5135.8 -0.7 136.1 -0.4136.2 -0.3136.2 -0.3 136.5 0.0 136.9 +0.4
9 12441245 +0.1 1244 0.0124.5 +0.1124.5 +0.1 1244 0.0 1243 -0.1
10 124.1123.3 -0.8123.8 -0.3123.7 -0.4 123.8 -0.3 124.3 +0.2 124.8 +0.7
11 144.7138.4 -6.3 139.7 -5.0139.6 -5.1141.0 -3.7 1435 -1.2 145.7 +1.0
12/16119.0121.7 +2.7 121.4 +2.4120.8 +1.8121.0 +2.0 119.3 +0.3 118.6 -0.4
13/15122.4107.1 -15.3 107.8 -14.6108.1 -14.3111.3 -11.1 126.1 +3.7 127.6 +5.2
14 126.8142.5 +15.7 152.6 +25.8155.5 +28.7137.0 +10.2 142.3+15.5112.6-14.2
17 52.7 156.5 107.4
18 24.1
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3.2.4 Vibrational spectroscopy

Before any spectra were recorded, significant d@ration was given to optimising the
ideal experimental conditions and these are desttrii section 3.2.4.1 after which the
bulk of the data collected was for OH-Span. Theeexpental and calculated Raman
and infrared spectra together with vibrational g@sients of OH-Span are reported in
section 3.2.4.2. The experimental and calculatednd®a spectra together with
vibrational assignments of the other R-Span dyesrgported in section 3.2.4.3, with
the pH dependence on OH-Span reported in sectih.3.

3.2.4.1 General experimental conditions

In terms of Raman spectroscopy, dye purity wasriofigpimportance (see Chapter 2 for
purity levels of each dye). For the pure samplbs was not so much of an issue;
however for the impure samples the ideal conditwoald be to record spectra with an
excitation wavelength at the absorption maximunthef pure dye. Unfortunately some
conditions chosen might enhance the signal fronunitips if the excitation wavelength

is in resonance with an impurity absorption bankiclv even at low concentrations may
give a greater signal than from the dye. Figure7 3Bows the UV/Vis absorption

spectra of all R-Span dyes ax4.0* mol dmi®in water and as pure HPLC components
in water showing the positions of the chosen thaser Raman excitation wavelengths
of 514.5, 413.1 and 350.6 nm. For the R-Span sé¢hieddeal excitation wavelength

was in the UV region.
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Figure 3.37 UV/Vis absorption spectra of all R-Span dyes apared in water (left)
and as pure HPLC components (right) in water; dadimes show Raman excitation

wavelengths.

Another important consideration was the integrity the sample through the
experiment. No change in Raman profile was obseored¢hanging the laser power,
beam radius and sample flow rate during the Ramxgerenent, allowing short-term

effects within the laser beam due to photoalterdlito be discounted more detailed

description of the careful consideration of phairation is shown in Appendix 1.5.
The observed UV/Visible absorption spectra and HRIl@omatograms of samples
were the same before and after Raman experimeiitts &w excitation wavelength of
514.5 nm and a total collection time of 3600 s)igating that the sample integrity

remained unchanged also on a longer timescale.

Raman spectra were recorded across 300 detectelspiand at shorter excitation
wavelengths there is a lower dispersion of waveramer pixel and hence lower
spectral resolution: The resolution was ca. 3, & arni' and the accuracy was + 2, 4
and 6 cnt (all + 1 pixel) for 514.5, 413.1 and 350.6 nm ¢ation, respectively.
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3.2.4.2 OH-Span

Raman spectra of OH-Span in water (pH 5) recorded excitation wavelengths of
350.6, 413.1 and 514.5 nm, an IR spectrum of OHiSpavater (pH 5, saturated) and
the calculated Raman and IR spectra are showrguréi3.38 with band positions given
in Table 3.17. 2-naphthylamine-4,8-disulfonate (ND¥®) and 4-aminophenol
(APOL) as shown in Figures 3.39 and 3.40 are modelpounds for the naphthyl and
phenyl groups within OH-Span and their experimeatal calculated Raman spectra are
also shown in Figure 3.38 with band positions giireffable 3.17; they have been an
aid in the vibrational assignments of OH-Span (€akll7) A selection of calculated
normal mode vibrations of OH-Span and matching mddem NAPDAD and APOL
are shown in Figures 3.39-3.41. Wilson mode assgmsof phenyl ring vibrations
have been made in accordance with thospan&-substituted phenyl rings previously

reported?®

In general there is a good match between the axpetal and calculated Raman
spectra of OH-Span. Using the bands from the datarded upon 514.5 nm excitation,
the assignments of the significant bands can beeraadollows; the broad band at ca.
1600 cni* can be resolved into two peaks at ca. 1614 and &69, as supported by the
IR spectrum of OH-Span in which there is a bandenhed at 1593 ch(Figure 3.38).
The shoulder at ca. 1593 ¢nin the Raman spectrum matches the band in the IR
spectrum and is assigned to the calculated mod6Q& cni which is both Raman and
IR active (Table 3.17) predominately arising fromAalson 8a, 9a vibration of the
phenyl ring (Figure 3.41). The calculated mode&@4lcm® predominately arises from
a naphthyl vibration, is calculated to show Raman ho IR activity, and can be
assigned to the experimental Raman band at ca. d&14The Raman shoulder at ca.
1480 cni* has a matching weak IR band at 1473*and is assigned to the calculated
mode at 1484 crh showing a combination of naphthyl and Wilson 188a phenyl
vibrations. The Raman bands at 1464, 1446, 14315 &#d 1379 cihwhich dominate
the spectrum can be tracked along with calculatehtions at 1467, 1430, 1420, 1403
and 1377 cnl, respectively, which all have significant N=N \éion in addition to
naphthyl and phenyl vibrations (Figure 3.41). Thedm at 1403 cih also shows
significant C-N vibration on the naphthyl side bketdye, which is not seen on the
phenyl side. The weak Raman bands at 1270, 12301246 cm' have matching
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significant bands in the IR spectrum at 1270, 1886 1216 cri, and are assigned to
calculated modes at 1270, 1231 and 1217 evhich all have Wilson 18a, 1 phenyl
vibrations. The Raman band at 1200'tamd shoulder at ca. 1195 ¢have matching
strong bands in the IR spectrum at 1198 and 1195 amd are assigned to calculated
modes at 1192 and 1177 ¢rwhich both show Wilson 18a, 1 phenyl and naphthyl
vibrations. A shoulder at ca. 1175 ¢rand weak band at 1171 ¢nhave matching IR
shoulder bands at ca. 1175 and 1171'amhich can be attributed to two calculated
modes at 1165 and 1162 ¢mwhich both show OH vibration. The dominant Raman
band at 1138 cthhas a shoulder at ca. 1152 tmhich matches a strong dominant IR
band at 1152 cih this is assigned to a calculated mode that haigha IR activity at
1135 cmt', showing a strong Wilson 9a, 1 phenyl vibratioheTlominant Raman 1138
cm® band can be assigned to the sulfonate group witoratiatching the 1126 c¢hn
calculated mode. The last assignment is of a Rashanlder at ca. 1124 ¢hwhich
matches a weak band at 11247tin the IR spectrum, once again showing sulfonate

vibration and matching the calculated mode at 6.

The normal mode displacement vectors (Figure 349w that the calculated
vibrations of OH-Span at 1604, 1588, 1551, 1336211&nd 1310 cth are all
predominantly localised at the naphthyl ring anel¢hlculated vibrations at 1177, 1092,
1082 cni* are predominantly localised at the naphthyl ring aulfonate groups which
all have matching NAPDAD modes (Figure 3.40, Tahle7). Of the other calculated
vibrations of OH-Span that have matching NAPDAD m®those at 1484, 1231, 1162,
1126 cnit show coupling to vibrations on the phenyl ring. Tadculated vibrations of
OH-Span of 1603, 1577 and 1509 tare all predominantly localised at the phenyl ring
and all have matching APOL modes (Figure 3.41, @a&bl7). Of the other calculated
vibrations of OH-Span that have matching APOL motlesse at 1501, 1345, 1291,
1231, 1165 and 1135 ¢hshow coupling to vibrations on the naphthyl rifi@lculated
modes with significant N=N stretching in OH-Sparwrcat 1603, 1501, 1467 and 1420
cm®; interestingly, only the calculated mode at 1408 cshows significant C2—N
stretching motion and no modes show significagt-QlL1 stretching motion. The
experimental data show that the changes in théivelatensities of the Raman bands
upon going from an excitation wavelength of 514n% (@ff resonance) to 350.6 nm (in

resonance) are quite small, with the overall pedfirgely being retained.
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Figure 3.38 ExperimentaRaman spectra of OH-Span in watex(20* mol dm?) with
350.6, 413.1 and 514.5 nm excitation, experimeliRaspectra of OH-Span in water
(saturated), experimental Raman spectra of NAPDADId) and APOL in water

(1 x 10°mol dmi®) with 514.5 nm excitation; all with their calcugat spectra.

90



16

Table 3.17 Raman and IR band positions (&of OH-Span in water, calculated band positiond marmal mode assignments together with
matching NAPDAD and APOL assignments.

OH-Span NAPDAD APOL
Experimentdl Calculated Experimental Calculated Experimental Calculated
5145nm 413.1nm 350.6 nm IR R IR? DescriptioR} R* IR? R* IR?
1614m 161tm 161€m 1604 41 0 3(nap),v(NN), Ph(9a, 8a)3(OH) 1581 sh 161118 33
159Zsh 159Zsh 1590sh 159Zm 1603 17 88 Ph(8a, 9a)y(CO),5(0OH), v(NN), 5(nap) 1596 sh 1619 6 6
157&vw 1572vw 1577sh 157¢vw 1588 3 1 §(nap),v(NN) 1572 m 15939 1
155¢vw 1577 0 4 Ph(3, 8b)p(OH) 1592 1 1
1541vw 1551 2 1 3&(nap),v(NN), Ph(18b, 14)5(OH) 1516 w 155138 1
1500vw 1505w 150&w 1507w 1501 30 33 Ph(18a, 19a)(NN), v(CO),5(0H), 8(nap) 1522 vw 1509 0 64
1480sh 1475vw 1484 12 12 Ph(18a, 19af(nap),v(NN), v(CN), v(CO) 1492 0 24
146Zm 146(s 1457s 1467 100 11 Ph(18a, 14)y(NN), 8(nap),8(OH),v(CO)
144€m 1430 10 20 Ph(18b, 14)§(0OH), v(NN), 3(nap),v(CO)
1431s 1431s 143(s 1420 31 26 §(nap),v(NN), Ph(18b, 14)5(OH), v(CN)
140¢s 140¢s 139¢s 1403 97 22 3§(nap),v(NN), v(CN), Ph(18b, 14)5(OH)
137¢m 1377sh 1380sh 1377 13 8 3(nap),v(NN), Ph(18b, 14)
1345 1 15 §(OH), Ph(3, 14)3(nap) 1337 vw 1329 0 15
1352w 135Zsh 135€sh 1336 20 2 3(nap), Ph(3, 1)3(OH) 1356 s 134190 12
1322vw 1321sh 1321 1 58 3&(nap),v(SO),58(SOH),v(CN), Ph(18a, 14) 1336 sh 1325 35
1311vw 1312vw 131ivw 1310 10 16 3(nap),v(SO),8(SOH),v(NN), Ph(18b, 8a) 13171 70
1308vw 1291 8 0 Ph(3, 14)3(0OH), v(CN), 3(nap) 1318 0 5
127Cvw 1272vw 1272vw 127Cm 1270 6 100 v(CO), Ph(18a, 1%(0OH), 3(nap)
1230vw 1232vw 1232vw 123(s 1231 0 10 &(nap),v(CN), Ph(18a, 1)3(OH) 1237 2 17 1236 m 1243 0 45
1216sh 121¢€sh 1217 2 0 Ph(18a, 1)§(nap),v(CN), (OH)
1200m 119¢m 1197m 1198sh 1192 34 12 Ph(9a, 1)d(nap),v(CN), 5(OH), v(CN), §(SOH)
119¢tsh 119¢ts 1177 14 4 3(nap), Ph(9a, 15(OH), 5(SOH),v(CS) 1189 2 2
117¢tsh 117¢tsh 1165 1 51 §(OH),v(CO), Ph(3, 8b)j(nap) 1167 s 1161 4 54
1171w 117Cw 1171sh 1162 16 11 §(nap),8(OH), Ph(9a, 8a), 11743 6
115zsh 115:2s 1135 4 59 Ph(9a, 1)5(nap),5(OH), v(CN) 1151 sh 1158 30 0
113¢vs 1137vs 1137vs 113¢w 1126 35 91 §(SOH),v(CS), Ph(9a, 1N(CN), §(OH) 112610 90
1123 24 46 §(SOH),8(nap), Ph(9a, 1)%(CN)
1124sh 1124vw 1110 46 8 3(nap),d3(SOH),v(CN), Ph(9a, 1)§(OH)
1107vw 1092 0 9 3§(SOH),v(S0),8(nap), Ph(18b)3(OH) 1075 m 109311 O
1086 0 2 Ph(18b, 19b)3(OH)
106w 1082 0 48 Ph(18b, 14)§(CH), 8(SOH),v(S0),5(nap) 1083 4 6
1069 0 2 §(nap),5(SOH), Ph(18b, 14)

103¢vs

vw — very weak, w — weak, m — medium, s — strorsg-wery strong, sh - should&r bend,y — stretch, sc — scissor, ro — rockiAmtensity of strongest peak scaled to 100, order of decreasing contribution.
¢ alternative assignments: MS$pan 1463 crh Ph(18b, 19a)y(NN), v(CN), 5(hap), OMe-Span 1435 chd(nap),v(NN), Ph(18b, 14)y(CN), 1415 crit Ph(18b, 14)§(nap),v(NN), NHAc-Span 1452 cthPh(18a,
19a),v(NN), v(CN), 8(nap), 1271 criv(CN), §(nap), Ph(18b, 1), H-Span 1291 ¢h(3, 14)y(NN), v(CN), §(nap), Br-Span 1275 chrPh(3, 14)¥(CN), §(nap),5(SOH).
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Figure 3.39 Structure of NAPDAD and selected calculated normatle vibrations of
NAPDAD that match those from OH-SpdRriginal in colour)
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Figure 3.40 Structure of APOL and selected calculated normatenuibrations of
APOL that match those from OH-Spd@riginal in colour)
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3.4.2.2.3 All R-Span dyes

The Raman spectra of all the R-Span dyes in wateorded with an excitation
wavelength of 514.5 nm and their calculated Ranpeattsa are shown in Figure 3.42,
with band positions given in Table 3.18. Vibratibaasignments of all the R-Span dyes
are given in Table 3.18 and have been made witlithef those already made for OH-
Span (Table 3.17) along with the calculated speatich normal mode vibrations of R-
Span, all of which are shown in Appendix Al.5 whehey are set out for easy
comparison with those of OH-Span to show similesitand differences between modes.
In general there is a very good match between thetonal assignments of the R-
Span dyes based on the comparison of experimesd#isp calculated peaks and normal

mode vibrations.

Experimental and DFT calculated differences in Rafand positions between the R-
Span dyes and H-Span where a positive change egyses shift to higher wavenumber
on going to R-Span are given in Table 3.19. Barsdgyaed to vibrations which contain
significant phenyl contributions appear to show ldrgest shifts in their positions but
show no particular trend across the dye series. tRose dyes containing electron
donating groups, those vibrations that have shiitech that of H-Span appear to show
a significant contribution from the R substitudntthe case of the electron withdrawing
groups, those vibrations that have shifted shotle litontribution from Br and CN,
which appear to act as stationary groups. Usingbémal positions of H-Span, the most
significant changes occurs for bands at 1596, 12880, 1450, 1446, 1291, 1217, 1208
and 1155 cril. A CN stretch was not observed experimentally.
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Figure 3.42 ExperimentaRaman spectra of R-SpanX4.0* mol dni®) in water with

514.5 nm excitation, and their calculated spectra.
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Table 3.18 Raman band positions (&Pnof R-Span dyes in water on 514.5 nm excitaticth tueir assignments.

-NH, -OH -OMe -NHAc -H -Br -CN Descriptiort
Exp Calc Exp Calc Exp Calc Exp Calc Exp Calc Exp Calc Exp Calc Backbone -NH -OH -OMe -NHAc
1613m 1604 1614m 1604 1614m 1605 1614m 1604 1613m 1606 1613m 1606 1614sh 1605 §(nap),v(NN), Ph(9a, 8a) 8(NH; Sc) 8(OH)
1594m 1603 159ish 1603 160Im 1600 1601m 1601 1596sh 1594 1599%h 1581 160Im 1598 Ph(8a, 9a)y(NN), 3(nap) 3(NH; Sc) v(CO),3(0OH)  (Me) S(NH)
1571w 1587 157&vw 1588 1572vw 1588 1579w 1587 157%h 1588 1575sh 1588 1577sh 1588 §(nap),v(NN)
1551 1551 1551 1551 1552vw 1552 1544vw 1551 1554vw 1551 §(nap),v(NN), Ph(18b, 14) 3(NH; Ro) 8(OH) 8(Me) S(NH)
1500vw 1500 1500vw 1501 1504w 1500 1504w 1505 1495w 1500 147%h 1495 1499w 1501 Ph(18a, 19aN(NN), 3(nap) 3(NHz Ro) v(CO),3(0OH)  &(Me) S3(NH), v(CN), 8(Me)
1495vw 1498v 1493 Ph(18a,8b) S(NH
1480vw 1484 1480sh 1484 1480w 1486 1480sh 1484 1480w 1478 1456m 1476 1484w 1482 Ph(18a, 19a)(nap),v(NN), v(CN) v(CO) 3(Me), v(CO) v(CN), 5(NH)
1458m 1463 1464m 1467 145%vs 1465 1460vs 1466 1455sh 1467 1448m 1460 1456s 1468 Ph(18a, 14)y(NN), (nap) 3(NH; Ro) 3(OH), v(CO) §(Me) 3(Me), v(CN), 8(NH)
1436sh 1433 144€m 1430 1435m 1423 1452h 1458 1446s 1439 Ph(18b, 14)y(NN), 8(nap) 3(NHz Ro) 3(OH),v(CO) §(Me) 3(Me), v(CN)
1418sh 1419 1431s 1420 1415sh 1416 1435 1422 1423sh 1423 1428sh 1424 142% 1424 §(nap),v(NN), Ph(18b, 14)y(CN) 3(NH; Ro) 5(OH) 3(Me), v(OC)3(NH), §(Me)
1398vs 1401 140ts 1403 1405vs 1404 1405vs 1406 1397/s 1404 1400vs 1406 140lvs 1406 §(nap),v(NN), v(CN), Ph(18b, 14) 3(NH) 3(OH) v(CO) v(CN), v(CO),5(Me), 5(NH)
1396sh 1396 1390 1396 Ph(18b, 19b)3(nap),v(NN), v(CN) 3(NH), v(CN), §(Me), v(CO)
1377s 1377 137¢m 1377 1379m 1378 1379m 1377 1376s 1377 137% 1379 1378h 1379 §(nap),v(NN), Ph(18b, 14)
1366sh
1355sh 1334 1352w 1336 1352v 1336 1355~v 1335 1355sh 1335 135Im 1336 1352h 1337 §(nap), Ph(3, 14) 3(NH; Ro) 8(OH) S3(NH), 3(Me)
1331sh 1335h
1323m 1321 132:vw 1321 132Im 1321 1324w 1320 1324w 1320 1325w 1322 1332w 1323 §(nap),v(SO),5(SOH),v(CN), Ph(18a, 1) 3(NH) 8(Me) 3(Me)
1316 1316 1316 1316 1317 Ph(19b, 9a)y(SO),v(NN), 5(nap),5(SOH) 8(Me), v(CO) 3(NH), (Me)
1315m 1309 131lvw 1310 1309w 1309 1307w 1309 1305w 1310 1305vw 1311 1305w~ 1311 §(nap),v(SO),58(SOH),v(NN), Ph(18b, 8a) 3(Me)
1307m 1290 130tvw 1291 130Ivw 1285 1291vw 1296 1275w 1302 1303 Ph(3, 14)¥(CN), 3(nap) 3(OH)
1273vw 127Cvw 1270 1271vw 1264 1271vw 1245 1269w Ph(18a, 1)s(nap),v(CN) v(CO),3(0CH) v(CO) S(NH)
1253vw 1278 125lvw 1284 Ph(3, 14)¥(CN) v(OC),3(Me)
1243vw 1237 1230vw 1231 1242w 1233 1234vw 1229 1241vw 1228 123Aw 1230 1232vw 1229 §(nap),v(CN), Ph(18a, 1) 3(NH, Sc) 5(0OH) 3(Me)
1230vw 1222 1216sh 1217 1227Aw 1219 1216 1217w 1211 1214w 1213 1217w 1212 Ph(18a, 1)§(nap),v(CN) 3(NH, Sc) 5(0OH) v(CO),3(Me) §(NH)
1206w 1195 1200m 1192 1203m 1194 1203m 1194 1208w 1189 1202w 1191 120w 1190 Ph(9a, 1)§(nap),v(CN), 3(SOH) 3(OH) 3(Me) 3(NH)
1196sh 1177 1195sh 1177 1197sh 1180 1194sh 1178 1194sh 1178 1195sh 1179 1195vw 1179 §(nap), Ph(9a, 15(SOH),v(CS) 3(OH) 3(Me)
1175sh 1165 Ph(3, 8b)s(nap) 3(OH), v(CO)
1173w 1162 1171w 1162 1170m 1163 1173w 1162 1175w 1162 1175sh 1163 1173w 1164 §(nap), Ph(9a, 8a) 3(OH) 3(Me)
1151sh 1140 115zsh 1135 1151sh 1137 1155vs 1139 1155h 1139 1158m 1140 1153sh 1140 Ph(9a, 1)§(nap),v(CN) 3(NH, Sc) 5(0OH) 3(Me)
1138vs 1127 113Evs 1126 1135vs 1126 1138vs 1127 1134s 1128 1136s 1129 1136vs 1129 §(SOH),v(CS), Ph(9a, 1x(CN) 3(OH)
1123 1123 1123 1123 1123 1124 1124 §(SOH),8(nap), Ph(9a, 1)(CN)
1121sh 1109 1124sh 1110 1110sh 1111 1115h 1110 1111 1116sh 1112 1112sh 1112 §(nap),8(SOH),v(CN), Ph(9a, 1) 3(NH Ro) 8(OH)
1092 1092 1092 1091 1092 1102vw 1092 1092 3(SOH),v(SO),5(nap), Ph(18b) 3(OH)

vw — very weak, w — weak, m — medium, s — stromsg; very strong, sh - should&r bendy — stretch, sc — scissor, ro- rockifign order of decreasing contribution.
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Table 3.19 Experimental Xex = 514.5 nm in water) and calculated Raman banilipes (cm?) of H-Span with differences from other R-Span dyes

Experimental Calculated
H-Span A(NH,) A(OH) A(OMe) A(NHAc) A(Br) A(CN) H-Span A(NH,) A(OH) A(OMe) A(NHAc) A(Br) A(CN)

1613 0 +1 +1 +1 0 +1 1606 -2 -2 -1 -2 0 -1
1596 -2 -3 +5 +5 +3 +5 1594 +9 +9 +6 +7 -13 +4
1579 -8 -1 -7 0 -4 -2 1588 -1 0 0 -1 0 0
1552 - - - - -8 +2 1552 -1 -1 -1 -1 -1 -1
1495 +5 +5 +12 +9 -16 +4 1500 0 +1 0 +5 -5 +1
1480 0 0 0 0 -24 +4 1478 +6 +6 +8 +6 -2 +4
1455 +3 +9 +4 +5 -2 +6 1467 -4 0 -2 -1 -7 +1
1446 -10 0 -11 +6 - - 1439 -6 -9 -16 - - -
1423 -5 +8 -8 +12 +7 +8 1423 -4 -3 -7 -1 +1 +1
1397 +1 +8 +8 +8 +3 +4 1404 -3 -1 0 +2 +2 +2
1376 +1 +3 +3 +3 +3 +2 1377 0 0 +1 0 +2 +2
1366 - - - - - - - - - - - - -
1355 0 -3 -3 0 -4 -3 1335 -1 +1 +1 0 +1 +2
1335 - - - -4 - - - - - - - - -
1324 -1 -1 -3 0 +1 +8 1320 +1 +1 +1 0 +2 +3
- - - - - - - 1316 - - 0 0 0 +1
1305 +10 +6 +4 2 0 0 1310 -1 0 -1 -1 +1 +1
1291 +16 +14 +10 - -16 - 1296 -6 -5 -11 - +6 +7
1269 +4 +1 +2 +2 - - - - - - - - -
1241 +2 -11 +1 -7 -4 -9 1228 +9 +3 +5 +1 +2 +1
1217 +13 -1 +10 - 0 0 1211 +11 +6 +8 +5 +2 +1
1208 -2 -8 -5 -5 -6 -7 1189 +6 +3 +5 +5 +2 +1
1194 +2 +1 +3 0 +1 +1 1178 -1 -1 +2 0 +1 +1
1175 -2 -4 -5 -2 0 -2 1162 0 0 +1 0 +1 +2
1155 -4 -3 -4 0 +3 -2 1139 +1 -4 -2 0 +1 +1
1134 +4 +4 +1 +4 +2 +2 1128 -1 -2 -2 -1 +1 +1
1123 0 0 0 0 +1 +1
1111 -2 -1 0 -1 +1 +1

1092 0 0 0 -1 0 0




Raman spectra for R-Span dyes in water recorddd 41i8.1 and 350.6 nm excitation
as shown in Figures 3.43 and 3.44 with their bavsitipns reported in Table 3.20. For
all dyes 350.6 nm may have been the expected theb&leal conditions, chosen to be
in resonance with the main absorption band, howexeerimentally this reduced the
resolution of the recorded spectra and the power Wmaited to< 5 mW. It was not

possible to observe any signal above noise for BASpith 350.6 nm excitation, and
there was low confidence in data recorded for BasSand CN-Span due to impurity,

and these results are not presented.

Raman sp'ectroscopy' Aex = 413.1 nm
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Figure 3.43 ExperimentaRaman spectra of N OH- and NHAc-Span (% 10*mol

dm®) in water with 413.1 nm excitation.
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Figure 3.44 ExperimentaRaman spectra of NIH OH-, OMe- and NHAc-Span

(4 x 10*mol dnmi®) in water with 350.6 nm excitation.

98



Table 3.20 Raman band positions (énof NH,-, OH-, OMe-, NHAc-Span in water
with 413.1 or 350.6 nm excitation.

-NH, -OH -OMe -NHACc
413.1 nm 350.6 nm 413.1 nm 350.6 nm 350.6 nm 413.1 nm 350.6 nm
1613m 1609m 161Em 161€m 1611m 1608m 1611m
159Zsh 1596h 1591sh 158%h
1573sh 157%h 1573vw 1577%h 1574sh
1540vw 1546vw
1505w 1503sh 1505w 150&w 1506w 1504w 1501sh
1457s 1456s 146(Cs 1457s 1459vs 1460vs 1460vs
1419%h 1419%h 1431s 143(Cs 1440sh
1399vs 1400vs 140ts 139¢s 1403vs 1405 1408s
1372sh 1378sh 1377sh 1386h 137%h 1371sh 1376sh
1352Zsh 135€sh 1358sh 1355w
1329w
1321w 1322w 1321sh 1320w 1317m
1312vw 1311vw 130Aw
1272vw 1274vw 1273vw 1272vw 1273vw 1273vw
1241w 1242w 124w 1242w 1241vs
1231vw 123w 1232vw
1208w 120Im 119¢m 1197m 1201w 1198m 120Im
1167sh 116w 117Cw
1154sh 1155sh
1135s 1135 1137%vs 1137%vs 1136s 1138 113%
107 Aw 107 Avw
1015vw
973w 976vw 972m
960vw 958w
914w 901w 886vw 891w

vw — very weak, w — weak, m — medium, s — strorsg;- very strong, sh — shoulder

In summary, the Raman spectra of NHOH-, OMe- and NHAc-Span recorded with
413.1 and 350.6 nm show the same spectral feaagethe corresponding Raman
spectrum recorded with 514.5 nm excitation, with tibservable difference between
them being the spectral resolution. This shows dleapite the data recorded being off-
resonance Raman, the spectrum recorded with 514 &xgitation is true of the dye and

not from any impurities. The similarity of the Ramsapectra recorded between these
R-Span dyes and their corresponding calculated alonmode vibrations further

supports the assignments made to OH-Span.
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3.2.4.4 OH-Span pH dependence

As already established, there is a pH dependenc®KbsSpan (Section 3.2.1.1), and
Raman spectra of €&pan were recorded in the same way as for thed®-8pes series.
Figure 3.45 shows the UV/Vis absorption spectrundeSpan as made up at pH 12 at
4 x 10* mol dm® showing the excitation wavelengths of 514.5, 41htl 350.6 nm.
Raman spectra of €&pan are shown in Figure 3.46 with band positgimen in Table
3.21 together with differences in Raman band pmsitifrom those of OH-Span as
shown in equation 3.5; unfortunately DFT calculasimn O-Span failed to optimise to

a stable structure so a calculated Raman spectrmat iavailable for comparison.

A (OH) =v(O) —v(OH) (3.5)
Q| Asmadeup 3506nm 4131nm  5145nm
g L '
3
o)
< C 1 . 1 1

200 300 400 500 600

Wavelength / nm

Figure 3.45 UV/Vis absorption spectrum of Gpan (4x 10* mol dni®) in water at pH

12; dashed lines show Raman excitation wavelengths.
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Figure 3.46 ExperimentaRaman spectra of €span (4x 10* mol dm®) in water at pH

12 with 350.6, 413.1 and 514.5 nm excitation.
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Table 3.21 Experimental Raman band positions {nof O-Span in water on 514.5,
413.1 and 350.6 nm excitation, together with dédfered A) from H and OH-Span at
514.5 nm.

514.5 nm A(H)  A(OH) 413.1 nm 350.6 nm
1607 m -5 -7 1607 m 1607 m
1592 w -4 -1 1588 m 1589 m
1572 sh -7 -6 1570 sh 1577 m
1562 sh -10 - 1560 sh 1552 sh
1525 wvw - - 1530 wvw
1491 wvw -5 -9 1493 wvw 1492 sh

1486 w
1479 wvw -1 -1

1458 sh
1445 m -1 -19 1443 s 1441 s
1411 sh -11 -
1391 wvs -8 -14 1391 wvs 1392 vs
1373 vs -3 -6 1372 sh 1372 sh
1351 sh -4 -1 1351 sh 1351 sh
1340 sh +5 -
1319 m -5 -2 1319 m 1311 w
1300 m -5 -5 1296 sh 1291 m
1276 w -7 +8 1280 sh 1268 sh
1254 w - - 1245 w 1246 w
1247 w +6 -

1214 w
1207 w -1 +7 1206 w 1208 w
1173 w -2 -2 1172 wvw 1179 wvw
1146 sh -11 -9 1149 sh 1144 sh
1131 s -3 -7 1133 s 1131 s
1109 sh - - 1110 sh

1071 wvw 1065 wvw

967 m 966 w
931 m
905 m

- either no match or low ddefice in comparison

The general trend is that upon deprotonation thezesmall shifts of the bands to lower
wavenumber (Table 3.21) suggesting that the phenglhas become more quinoidal
and the N=N bond weakens as shown in Figure 3.4& [argest downshifts are
observed in the region of 1350 — 1500 toonsistent with an effect across the whole

molecule.
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Figure 3.47 Resonance structure of thé§pan.

Again there is a good comparison between the Rapeactra of OSpan to those of the
rest of the R-Span dyes.-Span shows larger band shifts to lower wavenunfrioen
H-Span than any other R substituent, ands@nore electron donating that any other R
group studied heresg = -0.81)°

3.2.5 Protonation of NH,-Span

It has been established that N&lpan has a pKof 2.88 (Section 3.2.1.1), and the
identity of the protonated species (P-N&pan) was studied due to the ambiguity of the
literature on protonated aminoazobenzenes; botererpntal and computational data

are presented here.
3.2.5.1 UV/Visible absor ption spectroscopy

Figure 3.48 shows the UV/Visible absorption spedfdNH,-Span and P-NHSpan.
Bands for P-NH-Span are observed &t 328 nm ¢ = 20100 dfimol* cm™) anda =
504 nm £ = 9000 mof cm™), compared to that of N-Span af = 398 nm ¢ = 22400
dm® mol* cm?). Figure 3.49 shows the possible protonation of4$idan, with
protonation at the azo linkage to give the azoniaatomer (az) or at the terminal group
to give the ammonium tautomer (am) and create tisalRtituent Nkf (o, = +0.60)?°
The band at 328 nm could be assigned to the anonteutresembling an electron
withdrawing R group and the band at 501 nm to theaaitomer, which would be
consistent with assignments reported for 4-aminemabne, where bands at 320 and

500 nm have been attributed to the am and az faesspectively*
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Figure 3.48 UV/Visible absorption spectra of aqueous N&pan and P-NHSpan at
5x 10°mol dm?® at ca. pH 7 and pH 1.8, respectively.
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Figure 3.49 Possible protonation scheme for NSpan.

3.2.5.2 DFT calculations

The optimised structures, a pictorial representatd the charge on each atom, the
HOMO-1, HOMO, LUMO and LUMO+1 and the changes iraotton density on
excitation to the first three excited states fa #z and am tautomers of P-NSpan are
shown in Figures 3.50-3.53; their calculated bambths, angles and Mulliken atomic
charges on each atom together with differences fidHy-Span calculated using
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equation 3.6 are given in Table 3.22. Table 3.28egithe calculated orbital
contributions, transition energies, wavelengthg] ascillator strengths for the first,

second and third excited states (a full tablevegiin Appendix Al.6).

A(Az or Am) = Value(Az or Am) — Value(Nh (3.6)

Azonium Ammonium

Figure 3.50 Optimised structures of the azonium and ammoniwnotaer of P-NH-

Span dyes along with the numbering systériginal in colour)

Azonium Ammonium

Figure 3.51 Pictorial representation of Mulliken atomic chargesthe azonium and
ammonium tautomers of P-NFBpan; red regions represent positive charge, blue

regions represent negative charge; 1 A radius peicharge (Original in colour)
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Table 3.22 Calculated bond lengths (&), bond angl®sand Mulliken atomic charges
(q) of the azonium and ammonium tautomer of P-akp-Span; differencesAAz and
AAm / 0.001 A) given for bond lengths, bond angf®sapd atomic charges (q / 0.001)

from the values of NHSpan.

Bond length Bond angle Atomic charge
Bond Az AAz Am AAmM Angle Az AAz  Am AAm A Az AAz Am  AAm
C1-C2 1.380 -1 1.380 +3 C1-C2-C3 121.8 +1.9 120.7 +0.8 C1 -0.256 -32 -0.204 +20

C2-C3 1.414 -7 1421 0 C2-C3-C4 118.2 -1.3 119.0 -0.6 C2 0.392 +98 0.284 -10
C3-C4 1370 0 1368 -2 C3-C4-C10 1229 +0.3 122.7 0.0 C3 -0.179 -16 -0.156 +7
C4-C10 1.434 -2 1438 +2 C4-C10-C9 1173 +0.4 1174 +0.4 C4 -0.240 +13 -0.244 +9
C10-C5 1419 0 1419 0 C10-Co9-C1 119.3 -0.2 119.1 -0.3 C5 -0.178 +7 -0.182 +2
C5-C6 1377 0 1377 0 C9-Ci-C2 120.4 -1.0 121.1 -0.3 C6 -0.122 +12 -0.123 +11
C6-C7 1.411 +2 1411 +2 C10-C5-C6 120.7 -0.3 120.8 -0.2 C7 -0.153 +7 -0.157 +3
C7-C8 1377 -11377 -1 C5-C6-C7 120.8 +0.2 1209 +0.3 C8 -0.236 +7 -0.233 +10
C8-C9 1431 0 1431 0 C6-C7-C8 119.8 +0.1 119.7 0.0 C9 0.131 +10 0.134 -7
C9-C10 1.440 +1 1439 0 C7-C8-C9 121.6 -0.5 121.7 -0.4 C10 0.157 +10 0.157 +10
C1-C9 1416 -2 1417 -1 C8-C9-C10 1178 +0.6 117.8 +0.5 C11 0.291 +26 0.304 +39
C1-H1 1.084 +2 1.082 0 C9-C10-C5 119.3 -0.1 119.2 -0.2 C12 -0.121 +20 -0.146 -5
C7-H7 1.084 0 1.084 0 Ci1-C2-MN 117.4  +1.2 115.2 -1.0 C13 -0.171 +15 -0.151 +35
C6-H6 1.085 0 1.085 0 No-C2-C3 120.7 -3.1 1241  +0.2 C14 0.407 +58 0.183 -166
C5-H5 1.082 01082 0 C2-C3-H3 1209 +1.8 120.0 +0.9 C15 -0.170 +19 -0.158 +31
C4-S4 1.806 +8 1.802 +4 H3-C3-C4 120.9 -0.4 121.0 -0.3 C16 -0.135 -9 -0.12 +6
C3-H3 1.083 0 1.083 0 C3-C4-S4 115.0 -0.8 115.5 -0.2 H1  0.213 +14 0.212 +13
C8-S8 1.800 +5 1.800 +5 C4-C10-C5 123.5 -0.1 1234 -0.2 H3  0.227 +18 0.214 +5
S8-0 1457 -6 1455 -8 C10-C5-H5 119.8 +0.2 1199 +0.2 H5 0.215 +18 0.21 +13
S8-0 1457 +2 1.459 +4 H5-C5-C6 1195 +0.1 1194 0.0 H6  0.186 +30 0.179 +23
S8-0 1.645 -4 1.656 +7 C5-C6-H6 119.9 -0.1 119.8 -0.1 H7 0.215 +22 0.209 +16
S4-0 1.641 -9 1.644 -6 H6-C6-C7 119.3 -0.1 119.3 -0.1 H12 0.203 +53 0.199 +49
S4-0 1453 -3 1454 -2 C6-C7-H7 120.6 -0.2 120.7 -0.1 H13 0.183 +54 0.178 +49
S4-0 1460 -1 1461 0 H7-C7-C8 119.6 0.0 119.7 +0.1 H15 0.183 +51 0.177 +45
C2—Nu 1.409 -4 1.404 -9 C7-C8-S8 116.6 +0.6 116.4 +0.4 H16 0.173 +7 0.208 +42
Na—NB 1.284 +16 1.263 -5 S8-C8-C9 121.8 -0.1 121.9 -0.1 No -0.461 -133 -0.294 +34
No—H 1.024 - - C8-C9-C1 122.9 -0.4 1231 -0.3 Hao  0.369 - -
NB-C11 1.349 -50 1.418 +19 C9-Cl-H1 119.4 -1.6 120.9 -0.1 NB -0.261 +51 -0.308 +4
C11-C16 1.432 +21 1.408 -3 H1-C1l-C2 120.2 +2.6 1180 +0.4 S4  1.266 +9 1.262 +5
C16-C15 1.367 -14 1.388 +7 C2-Nu—Ha 115.7 - - - 88 1271 +6 1.268 +13
C15-C14 1.433 +18 1.394 -21 Ho—No—Np 1215 - - - 04 -0.519 +2 -0.511 +10
C14-C13 1.424 +15 1.389 -20 C2-No—Np 122.8 +8.8 1153 +1.3 04 -0.492 +12 -0.497 +7
C13-C12 1.396 +11 1.393 +8 Na-Np-C1l1 121.8 +6.3 1135 -2.1 04 -0.651 +2 -0.649 +4
C12-C11 1.428 +22 1.401 -5 Np-C11-Cl6 127.2 +2.1 1245 -0.6 O8 -0.488 +20 -0.512 -4
C12-H12 1.085 -1 1.085 -1 C11-Cl16-C15 1205 +0.1 120.1 -0.3 08 -0.505 +10 -0.502 +13
C13-H13 1.086 -1 1.087 0 C16-C15-C14 120.7 -0.1 118.3 -2.5 08 -0.646 +9 -0.652 +3
C15-H15 1.086 -2 1.088 0 C15-C14-C13 1191 +0.3 123.2 +4.4 Ny -0.776 +15 -0.794 -3
C16-H16 1.087 +3 1.084 0 C14-C13-C12 119.9 -0.2 117.9 -2.3 Hya 0.381 +46 0.434 +99
Cl14-Ny  1.342 -39 1.498 +117 C13-C12-Cl11 121.4 +0.4 120.5 -0.5 Hyb 0.382 +48 0435 +101

Ny-Hya 1.011 0 1.028 +17 C12-C11-Cl1l6 118.4 -0.5 120.1  +1.2 Hyc - - 0.438 -
Ny-Hyb  1.011 0 1.029 +18 S4-C4-C10 122.1 +05 1218 +0.1
Ny— Hyc - - 1.030 - Cl11-Cl6-H16 117.6 -1.2 119.0 +0.2

H16-C16-C15 117.9  -3.0 121.0 +0.1
C16-C15-H15 1202 +0.2 1202 +0.2
H15-C15-C14 1195 -0.1 1215 +23
C14-C13-H13 1195 0.0 121.8 +2.2
H13-C13-C12 1205 +0.3 1203 0.0
C13-C12-H12 1209 +0.1 1209 0.0
H12-C12-C11 117.7 -0.1 1186 +05
Cl2-C11-§ 1144 -16 1154 -06
C15-C14-N 1200 -0.1 1182 -21
Ny-C14-C13 1209 +3.6 118.6 -2.3
Cl4-N-Hya 1217 +4.4 1117 -55
Cl4-N-Hyb 1215 +7.8 1111 -6.2
Hya—Ny—Hyb 1169 +3.2 107.1  -6.5

Hya—Ny—Hyc - - 107.2 -
Hyb—Ny—Hyc - - 107.2 -
C14-N—Hyc - - 1122 -
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Azonium Ammonium

LUMO+1 LUMO+1

LUMO

AE=258eV=481nm AE=3.26eV =381 nm

e

HOMO-1 HOMO-1

Figure 3.52 Calculated HOMO-1, HOMO, LUMO, LUMO+1 and energyfdiences
(LUMO-HOMO) for azonium and ammonium tautomers eNH,-Span.(Original in

colour)

106



Azonium Ammonium

39 excited state '$excited state

" excited state

1% excited state Slexcited state

Figure 3.53 Calculated changes in electron density on excitatm the third (top),
second (middle) and first (bottom) excited statasttie azonium (left) and ammonium
(right) tautomer of P-NKHSpan. Blue and white regions represent a decraade

increase in electron density on excitation, respelst (Original in colour)
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Table 3.23 Calculated transition energies (E), wavelengif)sdnd oscillator strengths
(f) for the first, second and third excited statéshe azonium and ammonium tautomer
of P-NH,-Span.

Excited state Orbital contribution E/eVv Al nm f
Azonium
1% HOMO-1-> LUMO 2.45 506 0.4126
HOMO - LUMO
2nd HOMO-2-> LUMO 2.85 434 0.6552

HOMO-1-> LUMO
HOMO - LUMO
3 HOMO-6 - LUMO 3.57 347 0.1254

HOMO-5-> LUMO
HOMO-4 - LUMO
HOMO-3 > LUMO
HOMO-2 - LUMO
HOMO-1-> LUMO
HOMO - LUMO

Ammonium
1% HOMO-1-> LUMO 2.40 517 0.0005
2nd HOMO-2-> LUMO 2.091 426 0.2335
HOMO > LUMO
31 HOMO-2 > LUMO 3.38 366 0.6150

HOMO-1-> LUMO

The calculated structure of the az tautomer is tdwesnergy by ca. 100 kJ mbthan
that of the am tautomer, for isolated moleculese Tdond lengths predicted are
consistent with the structure of each tautomer aitd calculations reported for the
tautomers of protonated 4-aminoazobenZéne. comparison with NkSpan, which
already has a partially quinoidal phenyl ring, ctdtions indicate that the az tautomer
has longer C11-C16, C15-C14, C14-C13, C12-C11 484Cl12 bonds and a shorter
C16—C15 bond indicating that the phenyl ring is enquinoidal but distorted. On the
other hand, in comparison with M$pan the calculated am tautomer has shorter C11—
C16, C15-C14, C14-C13, and C12—-C11 bonds and lo@@é~C15 and C13-C12
bonds, indicating that it might be less quinoidad ahat the difference between the two
tautomers is significant. The changes about the lad@age are also notable; in
comparison with Nk Span, the N-N bond is longer in the az tautonmelicating lesst
character in the bond due to protonation at Whereas the am tautomer N-N bond
length has decreased to a distance of 1.263 A, hwisiccomparable to that for the
electron withdrawing dyes CN- and Br-Span. The G2-awd C11-I§ bonds both

shorten for the az tautomer, again consistent Wieéhpositive charge being localised
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across the whole dye as shown in the resonancetgteun Figure 3.54. In the case of
the am tautomer the C118Ns longer but consistent with values from the &tat

withdrawing dyes CN- and Br-Span, whereas the G2bdhd is significantly shorter.

Figure 3.54 Resonance structure of the azonium tautomer oHR-$pan.

As expected there are also significant changeslcutated bond angles around the azo
linkage and phenyl ring upon protonation of N&pan, however they offer no further
insight on the site of protonation. The dihedragles do give an indicator as to the
planarity and conjugation. Both the calculated @ am structures were planar with the
C-N=N-C dihedral of 179.1 ° and 178.9 °, respedyiv€ompared to NkSpan, the
calculated az tautomer is highly conjugated: thd-&y—H and H-N—H bond angles
are 121.4 ° and 116.9 °, respectively, indicatima the nitrogen atom is tending highly
towards a sphybridised model as supported by an essentia#lya! R group in which
the nitrogen is bent out of plane by only 0.1 ° #melhydrogens are bent out of plane of

the plane by only 0.2 ° in the opposite direction.

Considering that calculated P-BH3pan has an overall charge of +1 it is unsurggisin
that there is a decrease in calculated electrosityeacross the majority of atoms in
both tautomeric forms. In comparison with NBpan for the az tautomer there is a
significant decrease in electron density at C2 Biidaccompanying an increase and
decrease in electron density at C1land fespectively. In comparison with Ntbpan

for the am tautomer there are significant decreasesincreases in electron density at

Hy and C14, respectively, while that of kemains relatively unchanged.
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Transitions between the orbitals HOMO-1, HOMO, LUM@d LUMO+1 indicate the
movement of electron density (Figure 3.52), forregbe, transitions from HOMO to
LUMO shift electron density from the naphthyl ritggthe phenyl ring and azo linkage.
A transition from HOMO to LUMO+1 results in a greashift in electron density from
the phenyl ring to the naphthyl ring for the azttaoier and a greater shift in electron
density from the naphthyl ring to the phenyl rigg the am tautomer. What is shown
nicely is that the calculated transition betweenM{®to LUMO is 481 and 381 nm for

the az and am tautomers, respectively.

By the time-dependent DFT method, for the am taetpnthe oscillator strengths
indicate that the transition to the first excitédts is disallowed and the orbitals show it
is an nom transition, whereas the transition to the secamdl third excited state are
allowed and aret—n transitions (Figure 3.53). For the az tautomer, dseillator
strengths indicate that the transition to the fissicond and third excited states are
allowed and the orbitals indicate show that theymasn transitiongFigure 3.53). The
calculations may be compared with the experimeui@ia, where the calculated
wavelength for the transition to the first excitstate of the az tautomer at 506 nm is
similar to the experimental band for P-jdHpan at 504 nm, and where the calculated
wavelength to the third excited state of the amtower giving a slightly allowed
transition at 366 nm could match with the strongeskmental band for P-NHSpan at
328 nm. These calculated transitions are also stamgiwith calculations performed on

protonated 4-aminoazobenzete.
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3.2.5.3 NMR spectroscopy

1D and 2D (HSQC and HMBCH and**C NMR spectra of P-NHSpan were recorded
in D,O/DCI at pD 2.0 (both ca. 8 10° moldm®). The experimental spectra are shown
in Figures 3.55 and 3.56, along with the calculatpectra of the az and am tautomers
of P-NH,-Span with NMR assignments given in Table 3.24ngshe same numbering
system for NH-Span in Figure 3.22). Table 3.25 shows the expartal (P-NH-Span)
and calculated (az and am) differences from {$idan *H and '°C positions as
calculated using equation 3.7, where a negativagdhaepresents an upfield shift from
NH»>-Span.

A(NH2-) = 8(P-NH,- or az or am) 8(NH-) (3.7

Any tautomerism that is occurring will result inetmesonances being observed as an
average of those from the tautomers due to it béisg on the NMR timescale. In
comparison with Ni+Span, the experiment#d NMR positions for P-NkSpan have
shifted upfield for protons 1 > 5 > 3 > 6 > 12/1& >and downfield for protons 13/15,
and the experimentafC NMR positions have shifted upfield (>1 ppm) farloons 11 >

2 >> 1> 3 and downfield (>1 ppm) for carbons 13#£152/16. The position of C14 has

remained unchanged.

In comparison with NptSpan the calculatetH NMR shifts of the am tautomer of P-
NH,-Span shows that the resonances of all protonge8care shifted downfield, with
those attached to the phenyl ring shifted signififadownfield. This can be expected
due to the highly electron withdrawing substitubiits*. The same comparison for the
az tautomer shows upfield shifts for protons 57 @nd 13/15 and downfield shifts for
protons 1, 3 and 12/16.

Comparing the calculatefC NMR shifts of the tautomers of P-Mi$pan shows a
clearer indication as to the possible site of pratmn. Significant differences between
az and am forms are shown at C2 (128.9 vs 142.0,ppii (128.5 vs 149.1 ppm) and
C14 (149.2 vs 115.9 ppm). The comparison with ttpeemental data is more difficult,
firstly due to the weak signals making the assigmenore speculative and secondly
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with the calculation being performed in the gasgghdlowever the experimental data
compared more clearly with those from the calcdlae tautomer which can be seen
when comparing the calculated az form and the @xatal data at C2 (128.9 vs 128.6
ppm), C11 (128.5 vs 127.6 ppm) and C14 (149.2 ¥sSlgpm).

P-NH,-Span
Experimental
1 5 3 7 612 13
Calculated Azonium tautomer
5 1 3 7 6 12 13
Calculated Ammonium tautomer
1 5 312 7 6 13
10.0 95 9.0 85 8.0 75 7.0 6.5
6/ ppm

Figure 3.55 Aromatic region*H NMR spectra of P-NkWSpan in RO/DCI at pD 2.0
(top), the calculated az tautomer (middle) and amamer (bottom) of P-NHSpan.
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P-NH,-Span

Experimental

Calculated Azonium tautomer

| “\H

Calculated Ammonium tautomer

L L

1 1
180 160 140 120
6/ ppm

Figure 3.56 **C NMR spectra of P-NHSpan BO/DCI at pD 2.0 (top), the calculated

az tautomer (middle) and am tautomer (bottom) dfHR-Span.

Table 3.24 'H and*®*C NMR chemical shifts (ppm) of P-NkSpan in DO at pD 2.0
and calculatedH and**C NMR chemical shifts (ppm) of the az and am tawom

Experimental Calculated
Azonium Ammonium
Atom lH a 13C lH lSC lH lSC
1 898 1s- 122.7 8.72 119.7 9.80 138.4
2 128.6 128.9 142.0
3 839 1d2.0 1165 8.48 108.9 8.51 108.5
4 140.5 141.9 139.1
5 870 1d9.0 1289 8.95 128.3 8.92 127.6
6 768 1t 8.0 126.8 8.05 125.9 8.01 125.9
7 8.17 1d8.0 1270 8.32 125.9 8.27 124.3
8 139.1 136.7 138.3
9 128.9 123.9 124.0
10 129.0 124.7 126.9
11 127.6 128.5 149.1

12/167.61 2d9.0 127.7 7.8% 7.69° 139.72 113.0° 8.52"2 8.44°129.92 113.3°
13/156.83 2d9.0 121.2 6.7% 6.72° 110.5°% 113.1° 7.38% 7.34°115.3° 113.9°
14 144.5 149.2 115.9

% Integration, multiplicity (s = singlet; d = doulilé = triplet), splitting (Hz)
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Table 3.25 Experimental and calculatétf and**C NMR chemical shifts&/ppm) in
the aromatic region for NHSpan (NH) and P-NH-Span (P); with differencesA)
given for chemical shifts from the values of N8pan.

Experimental Calculated
lH 13C 1H 13C
atom NH P AP NH P AP NH. Az AAz  Am  AAm NH, Az  AAz  Am  AAm
1 9.09 8.98 -0.11 1254 122.7 -2.7 9.18 8.72 -0.46 9.80 +0.62 128.8 119.7 -9.1 1384 +9.6
2 149.0 128.6 -20.4 1434 1289 -1451420 -14
3 8.47 8.39 -0.08 1184 1165 -19 858 848 -0.10 851 -0.07 1120 1089 -3.11085 -3.5
4 140.6 1405 -0.1 136.6 1419 +5.3139.1 +2.5
5 8.79 8.70 -0.09 1295 1289 -06 874 895 +0.21 892 +0.18 1269 1283 +1.4127.6 +0.7
6 7.72 7.68 -0.04 1272 1268 -04 752 8.05 +0.53 801 +049 119.2 1259 +6.7 1259 +6.7
7 8.20 8.17 -0.03 127.3 127.0 -0.3 7.98 832 +0.34 827 +0.29 122.2 1259 +3.7 1243 +2.1
8 139.9 139.1 -0.8 135.8 136.7 +0.9138.3 +25
9 129.7 1289 -0.8 1245 1239 -0.6124.0 -05
10 129.6 129.0 -0.6 123.3 124.7 +1.4126.9 +3.6

11 1519 1276 -243 1384 1285 -9.9149.1 10.7
12/16 7.65 7.61 -0.04 1255 1277 +22 797 7.78 -0.19 848 +051 1217 1264 +4.71216 -0.1
13/15 6.66 6.83 +0.17 1155 1212 +7.6 6.37 6.73 +0.36 7.36 +0.99 107.1 111.8 +4.7 1146 +7.5
14 1445 1445 0.0 142.5 149.2 +6.7 115.9 -26.6

3.2.5.4 Raman spectr oscopy

Figure 3.57 shows the UV/Vis absorption spectrunfPdfiH,-Span at pH 2.0 showing
the positions of two Raman excitation wavelengths584.5 and 350.6 nm. The
observed Raman spectra of P-NBpan presented alongside the calculated Raman
spectra of the az and am tautomers are shown urd-i§58 with band positions given
in Table 3.26. The Raman spectrum recorded withSh# excitation shows a good
match to that of the calculated Raman spectrunhefaz tautomer, whereas the Raman
spectrum recorded upon 350.6 nm excitation showg®al match to the calculated
Raman spectrum of the am tautomer (calculated tuiore are shown in Appendix
Al1.6). Moreover, the very different profiles obsedvat these wavelengths are in
contrast to the similar profiles observed at thmes@xcitation wavelengths for the R-
Span dye series which are present as single sp@dmses 3.42 and 3.44). Another
interesting observation is that the Raman spectecorded upon 350.6 nm excitation
has a similar profile to that from NHAc-Span (Fig\8.44), consistent with the electron
withdrawing substituent of N#1 being comparable of the least electron donating
substituent of NHAc. The Raman spectrum recorde814t5 nm has a profile that
shows no comparison with any other of the R-Spaieseconsistent with a dye with
different structural features as consistent witle thz tautomer of P-NHSpan.
Assignments made in Table 3.26 are to both tautenoensistent with the vibrational

work carried out on aminoazobenzefies.
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Figure 3.57 UV/Vis absorption spectrum of P-N#Bpan in water (4 10*mol dm?®) at

pH 2.0; dashed line represents Raman excitatioreleagth.

3 I'?aman sp'ectroscop;y ' ' Proto'nated NI—'|2 -Span 3

3 Aex = 350.6 NnmM

I = 514.5 nm

Raman Intensity

3DFT Azonium

M\; DFT Ammonium

1 1 1 1 1
1000 1100 1200 1300 1400 1500 1600 1700
-1
Wavenumber / cm

Figure 3.58 ExperimentaRaman spectra of P-NFBpan in water at pH 2.0 with 514.5
and 350.6 nm excitation and calculated Raman speftthe azonium and ammonium

tautomers of P-NHSpan.

The protonation of NK#Span observed at a pKf 2.88 received more attention than
first envisaged at the outset, and the studies Bhoen that the site of protonation is
difficult to determine as reported in the literador substituted 4-aminoazobenzeffés.
86.88,100-103F4 p_NH-Span, the combination of UV/Visible absorption,nieam and
NMR spectroscopy along with calculations have shothat a mixture of the

ammonium and azonium tautomers can be proposed.
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Table 3.26 Experimental Raman band positions {9rof P-NHx-Span in water, calculated band positions, inteessand matching normal mode

assignments for the azonium and ammonium tautomers.

Experimental Calculated
Azonium Ammonium
5145nm  350.6 nm R IR DescriptioRl R IR DescriptioRt
1672w 1669w 1640 3 100 3(NH: Sc),v(CN), 3(NH), Ph(8a, 9a) 1636 1 13 J§(NHs), Ph(14, 8b)
1651sh 1652sh 1616 8 20 3&(NH: Sc),3(NH), v(NN), Ph(8a, 9a) 1619 0 17 &(NHy)
1625vs 1598 100 8 d(nap),8(NH)
1618m 1601 31 12 §(nap),8(NN)
1598sh 1587 7 4 Ph(8a, 9a)§(NHs3), 3(nap),5(NN)
1589w 1590 2 14 3(nap),v(CN),3(NH.Sc), Ph(9a, 8a)
1581sh 1583 12 7 3(NHs), Ph(8a, 9a)3(NN), 3(nap)
1565sh 1552 2 0 3d(nap)
1558w 1544 9 37 3(NH), 8(nap),v(CN), 3(NH.Ro0), Ph(14, 8a)
1532w 1514 3 0 3&(NHy), v(CN), Ph(14,18a)(NH), 3(nap)
1515sh 1497 21 51 §(NHs), Ph(19a, 18al(NN), 5(nap)
1503sh 1486 34 9 3(NHg), 8(nap),8(NN), Ph(14, 8a)
1494sh 1475 34 2 3(NHg), Ph(19a, 18aj(NN), 3(nap)
1473vs 1464 67 100 &(NHs), Ph(18a, 14)%(NN), 3(nap)
1431Im 1435 1433 28 25 3(nap),v(CN), v(NN), 3(NH), 3(NH,), Ph(8b,18b) 1425 17 3 3(nap),v(NN), Ph(14,18b)
1425sh 1425sh 1416 3 41 §(nap),v(CN), v(NN), 3(NH), 3(NH.), Ph(1,18a) 1404 100 56 &(nap),v(CN), Ph(14, 18by(NHs)
1400sh 1385 12 93 3(NH), v(NN), v(CN), 8(nap),8(SOH), Ph(1, 18a)(NH,)
1388m 1388sh 1381 6 44 3(nap),8(NH), v(NN), v(CN), Ph(1, 18a)3(NH,) 1382 6 1 3§(nap),v(NN)
1374sh 1374sh 1365 9 18 Ph(1, 18a)y(CN), 3(NHy), v(NN)
1351w 1352 7 1 3(NHy), Ph(14, 3)§(NH), 3(nap)
1326w 1333w 1338 30 1 &(nap),3(NH), v(CN), Ph(8b, 18a}(NH,) 1339 20 4 §(nap), Ph(14, 18b)
131%h 1315sh 1326 3 39 3(nap),8(SOH),v(SO),5(NH), Ph(19a, 3)3(NH,Ro) 1314 8 4 §(nap),8(SOH),v(SO),5(NN), v(CN)
1288sh 1298 1 3
1272w 1288 7 2 Ph(8b, 3)3(NHs), v(CN), 3(nap)
1266vs 1269 49 1 Ph(19a, 18aN(NN), v(CN), 3(NH), 3(NH.), 3(nap)
1240sh 1243w 1234 4 3 3(nap),8(NH), Ph(1, 18a)3(NH,), 3(SOH) 1232 1 17 3§(nap),v(CN), Ph(1, 18b)y(CS)
1217sh 1190 11 3 3(nap),v(CN), Ph(1, 9a)3(SOH)
1200sh 1206w 1213 15 2 3(nap),v(CN), 8(NH), Ph(1, 18b) 1179 25 16 &(nap),v(CN),3(NH), Ph(18b, 1)
1187sh 1192sh 1187 5 1 3(nap),3(SOH),8(NH), Ph(9a) 1166 18 20 &(nap),v(CN), Ph(1, 19a)
1181s 1170 0 26 3(nap),8(NH), Ph(9a, 1)§(NH>), 5(NH)
1169%h 1131 16 70 &(SOH), Ph(1, 9ap(nap),v(CN)
1151w 1140 6 18 3(nap),8(SOH),v(SO),v(CN), 8(NH,), 3(NH), Ph(18b)
1146s 1128 75 43 Ph(1, 9a)¥(CN), 8(nap),3(SOH)
1127sh 1116 17 41 3(SOH),v(CS),v(SO),5(nap),v(CN) Ph(19a, 18b)
1073vw 1079w 1092 1 11 3(SOH),v(CS),v(SO),3(nap) 1092 6 29 J(SOH),v(CS),v(S0O),3(nap),v(CN) Ph(19a, 18b)

vw — very weak, w — weak, m — medium, s — strorsg; very strong, sh - should®+ bendy — stretch, sc — scissor, ro — rockifigtensity of peak scaled to 100n order of decreasing contribution.



3.2.6 Summary

This summary of the R-Span dyes considers the itudst's effect on their structures

using Hammets, substituent constants.

The easiest way to compare the dyes in the R-Spaessis by considering them in
terms of their substituent R by comparing theirgemies versus Hammett constasgs
as given for selected data in Table 3.27 and shaviigures 3.60-3.62. In general, the
plots highlight the discrepancies between expertaieand calculated data, but also
show that there are some trends wighThe UV/Visible absorption wavelength attd
NMR shifts from H 13/15 show a clear correlationvieen the results ang but in the
case of thé*C NMR shifts and calculated Mulliken atomic chargjes trends are less

clear.

As is consistent with azobenzene-type moleculesduoiced in section 3.1.2.3, there is
relatively little effect on the UV/Visible absorpti upon addition of the electron-
accepting groups Br and CN in the phepgla position, compared to H, which is pale
yellow in colour. Addition of electron donating gnus results in a more significant shift
in the absorption band to longer wavelength, witMeCand OH all giving rise to a more
intense yellow colour whereas MNligives rise to an orange colour, but duller dua to
broad absorption band. The greater electron-dogagifiect of the NH substituent
stabilises its excited state compared to that off ks is shown in its resonance form
given in Figure 3.59; hence absorption occurs lahger wavelength, as also mirrored
by O-Span.

SOH SOH. H,

% / N

SO,H SO,H

Figure 3.59 Resonance structure of M$pan.
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The substituent attached to C14 has a large impacthe'H NMR positions for
H13/15, as can be seen in Table 3.27; on going frb®pan to GSpan a greater
electron donator, the general trend is that thenm@sces move upfield due to shielding.
Trends betweeh®C NMR positions are more difficult to compare, aftects on C14
can arise from steric as well as electronic intéoas. The steric effect is nicely shown
by the C—R bond length; compared to H-Span (1.08&lkthe other R-Span dyes have
significantly longer bonds (>0.3 A), with Br beirag the extreme of 1.906 A, and the
calculated vibrations of Br-Span indicate that Brywmuch sits as an anchor group
(Appendix Al.6), being a much more massive atomonfm- to NH-Span, the
calculated C2-M length shortens by 0.003 A, oNNp lengthens by 0.007 A and C11-
Np shortens by 0.015 A, showing an increase in chahgeacter and that the phenyl
ring and the azo linkage becomes closer together.magnitude of the calculated bond
lengths are consistent with a DFT calculation reggbrfor an R-Span dye, where
R = chlorotriazine group as shown in Figure 3.6Beme N=N, C2—-N and C11-I§ are
1.263, 1.419 and 1.408 A, respectivély.
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Table 3.27 Selected experimentalfa / nm, ¢ / 10" dm® mol* cm*, 5 / ppm) and
calculated Xmax / NM, Charge / g, Bond length / A) structural ees of R-Span dye

series related to their Hammetra substituent constants.

Substituent O -NH, -OH -OMe -NHAc -H -Br -CN

Gp -0.88 -0.66 -0.37 -0.27 0.00 0.00 +0.23 +0.66
Absorbance
Amax(Exp) 452 398 364 363 362 333 341 337
E(Exp) 211 224 216 231 243 178 231 240
Amax(Calor to ) - 389 382 365 355 333 347 342
Amax(Calc S2) - 407 379 388 392 353 371 366
NMR (Exp)
'H §H13/15 657 669 701 7.02 721 754 741 7.48
3¢ sc13/15 - 115.5 - 114.1 119.1 129.0 131.8 1329
Bcsci4 - 152.7 - 161.0 1474 131.7 1497 118.3
NMR (Calc)
4 §H13/15 - 637 6.62 675 7.62 7.48 739 7.67
3¢ 5C13/15 - 107.1 107.8 108.1 111.3 1224 126.1 127.6
Bcsci4 - 1425 152.6 1555 137.0 126.8 1423 112.6
Charge (Calc)
Cc2 - 0.294 0.292 0.292 0.291 0.289 0.289 0.289
c11 - 0.265 0.266 0.268 0.278 0.266 0.272 0.284
Cl4 - 0.349 0.369 0.393 0.375 -0.114 0.093 0.142
Bond lengthCalc)
Cl4-R - 1.381 1.360 1.356 1.403 1.087 1.906 1.433
No—Np - 1.268 1.264 1.265 1264 1.261 1262 1.261
C2—Nu - 1.413 1414 1414 1.415 1.416 1.415 1.415
C11-N3 - 1.399 1.405 1.405 1.406 1.414 1.413 1.416

& substituent of the phenyl ring

120



500 L T T T T T T T
UV/Visible absorption @ Ay (exp)
anr o )‘max (calc orbitals)
A\ !
450 @ max (calc excited Sates)_
IS
£ st ]
e
B A
2 400 ° i
o O A A
g o
& 375 A ]
; [ " 5 A
350 i
’ v
325 | i
300 L L L L L L L L L
-1.0 -08 -06 -04 02 00 02 04 06 08 1
g
p

85
8.25
8.0
7.75

75

«©w 7.25
7.0
6.75

6.5

6.25

[ 'H NMR 13/15 shifts

6.0
-10 -08 -06 -04 -02 00 02 04 06 08 10

0

9p

Figure 3.60 Left: Experimental and calculated wavelengii.f vs para Hammett

constants, for the R-Span dye series, Right: Experimental ealdulated'H NMR

position of H13/15 vpara Hammett constant, for the R-Span dye series.
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Figure 3.61 Experimental and calculatéddC NMR position of C13/15 (left) and C14

(right) vspara Hammett constant, for the R-Span dye series.
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Figure 3.63 Structure of chlorotriazine-Span dye.

Picking out any trends in the Raman band positapyears difficult because there are
no easily identifiable bands which track across Ri8pan dye series, although small
shifts are observable as well as intensity changesvever, there are three distinct
spectral regions in their Raman spectra as showkiganre 3.64. The calculations
indicate that there are significant contributiors the vibrational modes across a
significant number of atoms and the assignments tedhe interpretation that region 1
(1100 — 1175 ci) can be assigned to predominantly sulfonate mai®seen in other
sulfonated dye§*'% region 2 (1300 — 1500 ¢thto predominantly N=N motion in
addition to phenyl and naphthyl motion and regiof1350 — 1650 cf to mainly

phenyl and naphthyl motigH;38:41:59:106-108

Region 1 Region 2 Region 3

-CN

-Br

-NHACc

-OMe

-OH

R

. N _/:\ -NH 2
1 1 1 1
1150 1350 1400 1450 1500 1600
-1
Wavenumber / cm

11

8

Figure 3.64 ExperimentaRaman spectra of R-SpanX4.0*mol dm?®) in water with
514.5 nm excitation focused on the three main regaf interest, dashed lines indicate

the position of H-Span.
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3.3 Conclusions

A combination of UV/Visible absorption, NMR, Ramaand IR spectroscopic
techniques, together with DFT calculations weredusestudy the structural properties
of a set of true azo R-Span dyes predominatelyatemin which the R substituent is the

only difference between them.

The combination of techniques used has shown tigaRtSpan dyes are planar, exist as
the trans form and as monomers, consistent with the sulfogabeips in these small
dyes preventing aggregation. All the R-Span dyds exhibit protonation at the azo
linkage; the pKvalues were < 2 apart from N¥$pan which was found to have apK
of 2.88. A combination of UV/Visible, NMR and Ramapectroscopy together with
DFT calculations suggests that protonation inyMpan occurs as a fast equilibrium at
both the azo linkage and the terminal amine. OHASpas observed to have a jif
7.98 due to deprotonation of the OH substituenthenphenyl ring, introducing another
substituent into the dyes series;&pan.

The electron donating and withdrawing capacity ltd R substituent influences the
electronic properties of the dye affecting the mataf the bonding within the dyes,
although this is not a large effect as the vibraloRaman spectra for all the R-Span
dyes are comparable. Changing the substituent emplienyl ring to either electron
donating or withdrawing shifts the main absorptimand to a longer wavelength than
that of H-Span at 333 nm indicating stabilisatidntlee excited state relative to the
ground state.

In general there are good matching trends betwbkenekperimental data and those
calculated from the DFT optimised structures foe tR-Span dyes, particularly in
making vibrational assignments. The resonance mporlided by the Hammet,

substituent constants has provided a useful wayop$idering the data reported in this
chapter, where structural properties have genefalligwed the electronic properties of

the R substituent.
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Chapter 4 Electrochemistry

4.1 Introduction

The introduction to this chapter gives a generderditure overview of the
electrochemical techniques that have been usetutly €lectron transfer reactions of
azo dyes and reported substituent effects. Theifgp@ems of the electrochemical

studies of the R-Span dye series conclude thisosect
4.1.1 Electrochemical techniques

Cyclic voltammetry (CV):** spectroelectrochemistfy’*®> and controlled potential
electrolysis (CPE)*?1%1%18have been used to study electron transfer proséssazo
dyes in aqueous solution. CV is used to determiredox potentials,
spectroelectrochemistry to observe the spectrahgd® that accompanying electron
transfer processes and CPE to determine the nuofleectrons transferred during the
electron transfer process. Their success has lbeied due to solvent windows for
measurement of aqueous solutions being restrictimgthe case of CV, the main
problem with studying aqueous dye solutions is itlieversibility of the electron

transfer processes that has meant that signalstfrersample are often not observed.

Historically polarography was employed to studyc#len transfer processes where
mercury was used for the working electr6dé®2%In modern electrochemistry, the use
of mercury has declined as has this techniques Ihaw standard to have a three
electrode set up, where the working electrode idena carbon or platinum with the
counter electrode made of platindif’ The reference electrode against which the
potential is measured often consists of a stantigdiogen electrode (SHEY'**or
Ag/AgCI*®?° electrode defined as having potentials of 0.0 \ &0 V at 25 °C,
respectively. Often electrochemical processes areéed out in buffer solutions to
counteract the changes in pH in the solution assalr of proton transfer that occur at
the electrode® Without a buffer, the reduction potential shiftsmore negative values

with increasing pH?®
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Where possible, for non-reversible electron trangfeocesses, various analytical
techniques are used to characterise products. Thelsee HPLC??'GC 1 LC-MS 28
EPR spectroscopy, NMR spectroscopy’*° and vibrational spectroscopy®*° These
analytical techniques have not been commonly usedeantifying products from azo
dyes, where a lack of using a combination of tegph@s means that mechanisms may

not have been elucidated.
4.1.2 Electron transfer processes

Several electrochemical studies have been carnigdbo the azo dye, Orange Il as

shown in Figure 4.37293!

SO.Na

Figure 4.1 Structure of Orange II.

CV has revealed that there is a non-reversibleateaiu for a sample of Orange Il at
ca. -0.56 V (vs Ag/AgCl) in pH 4.7 sodium acetatdfér solution®® oxidation was not
observed within the usable solvent window. The dbehreduction of Orange Il using
zerovalent iron gave a four electron reduction gsscas shown in Figure 4.2, from
which the reduction products, sulfanilic acid ardriino-2-naphthol were characterised
by mass spectrometry and infrared spectrosédpy.

SO;Na

SO.Na

NH,
OH
PN rFeran —— © + +  2Fe
OH
O "

Figure 4.2 Four electron reduction of Orange Il by zerovaleon.
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The mechanism proposed for the electron transtkrateon of azo dyes involves a two-
step process involving four electrons. Using Figlu®@as an example, in which Orange
I'® was found to have a reduction potential of ca.30v4(vs Ag/AgCl) in pH 5.5
Britton-Robinson buffer solution, the first stepshheen described as a reversible
protonation of the azo linkage accompanied by eactransfer producing an unstable
hydrazine intermediate species. The second steman-reversible disproportionation,

in which spectroscopy shows that the parent dyermes.

SO;Na SO,;Na
F2ed2H  — He N
N “N”H
OH OH
SO,Na SO,Na
< .N. _N SO.Na
R Noh N 3 NH,
—_—
.CC J*Rive
OH OH NH, OH

Figure 4.3 Two-step four-electron reduction of Orange | vigpoportionation.

In the case of Methyl R&dvhich has a reduction potential at ca. -0.25 V$@&E) in
pH 4.6 sodium acetate buffer solution, CPE has shthat the number of electrons
transferred per mole is four. Figure 4.4 gives fieposed two-step four-electron
reduction of Methyl Red showing the reversible pration and reduction producing
the hydrazine intermediate. Compared to azobenzbeedimethylamino substituent
enhances the azo group basicity for further prdtonat the azo linkage, hence there is
a rapid second irreversible formation of 2-amindmn acid and N,N-dimethyl-1,4-

phenylenediamine.
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+ 2e” + 2H*

HO._O N(CH,), HO._O N(CH,),
> |
N '|\l
H

HO O N(CH3)2
H,N

Figure 4.4 Proposed two-step four-electron reduction of MetkRgt.

In the case of 4-hydroxyazobenzéhé, gives a reduction potential at ca. -0.35 V (vs
SCE) in pH 4.7 sodium acetate buffer solution. Fegd.5 shows the same first
reversible protonation of the azo linkage accomgdiy electron transfer, followed by
two further steps involving further protonation and-N bond scission accompanied by

electron transfer forming aminobenzene and 4-anfiaopl.

OH OH
H
o »

OH
H NH, OH
o T e — ™ Y
(j N HA

H

Figure 4.5 Proposed four-electron reduction of 4-hydroxyazaeee via N-N bond

scission.
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4.1.3 Substituent effect

In two studies of azobenzenes the potential at hwthe first step occurs, the formation
of the hydrazine, was studied. In the fitsthe potential of the one-step two electron
reduction of azobenzene in pH 4.7 sodium acetaffersolution was found to be -0.25

V (vs SCE) by CV with a rate constant of 20bfsrming hydroazobenzefieas shown

in Figure 4.6.
H
> |
Nas Q +2e + 2H* S N. /©
S S
H

Azobenzene Hydrazobenzene

Figure 4.6 One-Step two-electron reduction of azobenzene.

Otherpara substituted azobenzenes have been investigated/bgn@ their structures

are shown in Figure 4%,and the potentials for hydrazine formation for 4-
dimethylaminoazobenzene and 4-aminoazobenzend&® and -0.31 V (vs SCE) in

pH 4.6 sodium acetate buffer solution, respectiveifnich are quite comparable.

For 4-dimethylaminoazobenzene versus 4-aminoazepenzhe rate constants for
formation of the hydrazine are 259 vs 199 and for N-N bond scission 49.1 vs
20.9 §' respectively’

N(CH,),

O/N\\N/@/ 4-dimethylaminoazobenzene
y &

Figure 4.7 Structures of 4-dimethylaminoazobenzene and 4-@aziobenzene.

NH,

4-aminoazobenzene

In another study? the potential for hydrazine formation was recordsd CV on
substituted azobenzenes (Figure 4.8) in aqueousgosolutions, and showed a good

correlation with their Hammett substituent constasy as shown in Table 4.1 and
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Figure 4.9. There is a larger negative potentiatlie reversible formation of hydrazine

with increasing electron-donating capacity of theuRstituent.

R H R
I O
N\\N + 2e + 2H* D — ©/N\

N
H
Azobenzene Hydrazobenzene
Figure 4.8 One-Step two-electron reduction of substituted anabnes, where R= NH

OH, OMe, H and Br.

Table 4.1 Hammett constants, and Half-wave potential { for hydrazine formation
for substituted azobenzenes where R=NBH, OMe, H and Br in aqueous dioxafie.

R Op Eip/ V (VS SCE)
NB -0.66 -1.126

OH -0.37 -1.050
OMe -0.27 -1.050

H 0.00 -0.986

Br +0.23 -0.929

0.8 : T
R-azobenzenes

-09

Eyp

-10

11

-1.2 1 1 1 1 1
-0.8 -0.6 -04 -0.2 0.0 0.2 0.4

Figure 4.9 Half wave potential for the reduction of substititazobenzenes where

R= NH,, OH, OMe, H and Br in aqueous dioxane vs their hatt substituent

constant$5p.
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1-(4-Nitrophenylazo)-2-naphthol undergoes a onp-si®-electron reduction in which
a stable hydrazine product forms as shown in Figut®? The reduction potential of
this process is -0.298 V (vs SCE) in pH 4.48 sodagatate buffer ethanol solution,
which is significantly lower than that for the cesponding process in the unsubstituted
dye, 1-phenylazo-2-naphthol which has a reductiotential of -0.425 V (vs SCE) in
pH 4.48 sodium acetate buffer ethanol solution. [Binger potential can be attributed to

the electron withdrawing N{Osubstituent allowing reduction to occur more gasil

NO NO,

N/’N + 2e + 2H* D u— H. _N<

OH OH

Figure 4.10 One-Step two-electron reduction of 1-(4-Nitrophexxg)-2-naphthol.
4.1.4 Aims

The main aim of exploring electrochemically inducedctions of the R-Span dyes was
to study reduction using a range of analytical méghes to identify products and

mechanisms as well as assessing the substituest eff the reactivity.

More specifically, the aim was to use a combinatb&V, spectroelectrochemistry and
CPE allied with UV/Visible absorption, HPLC, LC-M3$D and 2D NMR techniques to
identify products and elucidate mechanisms. AmdegNMR techniques, DOSY NMR
was identified as a relatively new method of analysomponents as part of a mixture

and one aim was to explore its application for gsia mixtures of azo dye products.
Another aim of the studies presented in this chaptes to examine electrochemically

induced reactions that would enable comparisonbetanade with photochemically

induced reduction reactions reported in Chapter 5.
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4.2 Results, analysis and discussion

The R-Span dye series has been studied throughmbiration of electrochemical

techniques to understand electron transfer proseggeere the main focus of the work
reported in this section was on reduction procedsewever there are some limited
results from oxidation studies also included. Alé telectrochemical reduction studies

have been carried out on solutions that were puageldvere under nitrogen.

A large amount of work has been carried out on QidrSdue to the availability of
relatively large quantities of high purity materilence CV, spectroelectrochemistry,
CPE have been used on this dye. A combination dfGJR.C-MS, 1D and 2D NMR
spectroscopy has been used to identify the proadekectron transfer reactions of OH-
Span, the results are reported in section 4.2.1tWworof the other “pure dyes”, NH
Span and NHAc-Span, spectroelectrochemistry and Bd&k been performed along
with product analysis by HPLC, the results are reggbin section 4.2.2 For OMe-Span
and the “impure dyes” H-Span, Br-Span and CN-Spsettsoelectrochemistry alone
has been performed, the results are also repanteddtion 4.2.2 The results reported

here are summarised in section 4.2.3.

Two aspects of the work reported are particuladtahle. Firstly, DOSY NMR is one

analytical technique that has been applied to mestuas reported in this section, to
separate components based on their size and nesmdby, where possible, HPLC and
NMR analyses have been used to give a quantitapgroach to product analysis,
where for HPLC analysis extensive concentrationbcaions have been used to

determine the concentration of species formedrasuat of electron transfer processes.
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4.2.1 OH-Span

Section 4.2.1.1 outlines the results from the QW&s, section 4.2.1.2 reports on the
spectroelectrochemical studies, section 4.2.1.8rten the CPE reduction studies and

section 4.2.2.4 reports on the product analysSté{Span.
4.2.1.1 Cyclic voltammetry

The usable solvent window for CV in pH 5.2 sodiucetate buffer solution was up to
ca. -0.55 V (vs Ag/AgCl) for reduction and was wpda. +1.3 V (vs Ag/AgCl) for
oxidation (Appendix 2.1).

Cyclic voltammetry was performed on OH-Span at 10° mol dm?® in pH 5.2 sodium

acetate buffer solution and recorded at a scanofat® mV §". No signal attributed to
the dye was observed within the usable window lfier reduction of OH-Span. Figure
4.11 shows the cyclic voltammogram for the oxidatmf OH-Span, where a weak

poorly defined peak can be observed at ca. +0.94vsVAg/AgCI) within the usable
window.

10

OIH-SpaI\n in pl|—| 52 t;uffet'

Current / uA
o

-10

0 01 02 03 04 05 06 07
E(vsAg/AgCl) / V

Figure 4.11 Cyclic voltammogram of OH-Span ¢ 10° mol dni®) in pH 5.2 sodium

acetate buffer solution recorded with a sweepafi®d mV .
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4.2.1.2 Spectroelectrochemistry

Figures 4.12 and 4.13 show the UV/Visible absorptpectra of OH-Span recorded
over the potential range of 0 to -1.2 V and 0 toO~L (vs Ag wire); the changes were
found to be irreversible (the spectrum of OH-Spah bt reform when the potential
was reversed). Also shown in Figures 4.12 and 4®3the fits to equation 4.1 (as
derived for a reversible system in Appendix 2.2)eveht®, the reduction or oxidation
potential of the dye, is determined by analysigh& absorbance A and the applied
potential E, where R (8.314 J*Kmol) is the molar gas constant, T (K) is the
temperature, n is the number of electrons traresfieim the electrochemical process, F
(96485 C mof) is the Faraday constant and wherg @&d A, are the limiting

absorbances at low and high potential.

nF(E® -E)
RT

_ A0+Awe[

nF(E® -E)
1 + RT

Equation 4.1 applies to a reversible redox equilior but it can be used to fit the data

A (4.1)

for the non-reversible redox processes of OH-Spagive an estimate of the reduction
and oxidation potentials. Equation 4.1 providesiamgitative fit of the data, where the
start and end points given by the absorbance alledefined, where B is determined
from the inflection point of the curve to give astiate of the reduction and oxidation
potential, and the value of n determines the shipthe curve. The fitted values of n
were 0.45 and 0.39 for reduction and oxidation bf-8pan, respectively reflecting the
irreversibility rather than the actual number otattons transferred, which were
obtained by CPE (see section 4.2.1.3); the effé¢h® arbitrary value of n for this
system can be seen in Appendix A.2.2 Figure A2I&r& an increase in n increases the
sharpness of the curve.

Using this analysis for OH-Span in pH 5.2 buffeluson the estimated reduction and
oxidation potentials were -0.75 V and +0.51 V (\g wWire), respectively.
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OH-Span in pH 5.2 buffer
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analysed at 363 nm
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E(vsAgwire) / V

Figure 4.12 Left: UV/Visible absorption spectra of OH-Spanx8.0* mol dni®) in pH
5.2 sodium acetate buffer solution; the arrow iaths the change with decreasing
potential over a range of 0 to -1.2 V (vs Ag wia)d with the overall difference

spectrum (final — initial) shown. Right: Potent@irve analysed using equation 4.1 at

363 nm, where n = 0.45.
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Figure 4.13 Left: UV/Visible absorption spectra of OH-Spanx8.0* mol dni®) in pH

5.2 sodium acetate buffer solution; the arrow iaths the change with increasing
potential over a range of 0 to +1.0 V (vs Ag wiax)d with the overall difference
spectrum (final — initial) shown. Right: Potent@irve analysed using equation 4.1 at

363 nm where n = 0.39.
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4.2.1.3 Controlled potential electrolysisreduction

Controlled potential electrolysis (CPE) was usedietermine the number of electrons
involved in the reduction of OH-Span. A potentiéld.2 V (vs Ag/AgCl) was applied
to 50 cn? of OH-Span in 0.5 mol dihsodium acetate buffer solution with the current
monitored over a period of 30 min as shown in Fegdrl4: the total charge (Q) from
OH-Span was calculated by the integration of theecu-time plot, to give a charge-
time plot.

The number of electrons was calculated using Q z where n is the number of moles
of sample F is the Faraday constant (96485 CYjnmhd z is the number of electrons
transferred per molecule in the electrochemicat@ss. Hence, after taking into account
the current from the solvent background (AppendiX Rigure A2.3), the total charge

from OH-Span was 14.4 C (21.63 - 7.24 C) givingb3:84 electrons transferred during

the reduction process.

0.05

OH-Spanin pH 5.2 buffer -1.2V 0 Total charge =21.63 C

00 | g

-0.05 |- wﬁm"“ e T

01 F 4
< é o
= 015 >
5 )
E 02 8 -
O (@]

-0.25

03

-0.35

-04 1 1 -80 1 1

0 600 1200 1800 0 600 1200 1800

Time/s Time/s

Figure 4.14 CPE reduction on OH-Span §10* mol dni®) in pH 5.2 sodium acetate
buffer solution over 30 min at a potential of -M2(vs Ag/AgCI) Left: Current-time
profile, Right: Charge-time profile.
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4.2.1.4 Product analysis

The UV/Visible absorption spectrum of OH-Span relear after CPE reduction gave a
match to that after spectroelectrochemical redactivowing that the same process has
occurred in each technique. To identify the prodluadtthe electrochemical reduction,
OH-Span samples were analysed by HPLC, LC-MS andRNiefore and after the CPE
reduction process. HPLC was used to give the rietetimes, spectral information and
peak integration allowing for quantitative analyks each component, and where LC-
MS was used to give masses and fragmentation fdr eamponent where possible.
DOSY NMR was used to separate the signals from oopts in these complicated
mixtures based on their diffusion coefficients, @thiused in combination to 1fH
NMR allowed for the quantitative determination @htponents. Firstly all the results
before and after CPE reduction are presented befwmaking assignments of the
components towards the end of this section, whiérthe data is collated together in
Tables 4.3 and 4.4 for LC and NMR data, respegtivel

HPLC analysis

The HPLC chromatograms before and after CPE of @&hSand the UV/Visible
absorption spectra for each significant componeatsdown in Figures 4.15 and 4.16.
The retention times, peak integrations and UV/\lesibbsorption band positions are
given in Table 4.3, which is presented at the dnithis section and includes additional
data reported below. The peak corresponding to PahSat a retention time of 12.22
min disappears after CPE giving components labéile and C which are observed at
2.43, 3.87 and 4.26 min, respectively, in the HRIb@matogram. Component A shows
a split peak due to a concentration effect, ovelitogithe column, as careful test studies

showed (as discussed below).

141



CPE reduction HPLC chro;natogram OH-Span in pH 5.2 sodium acetate anaiysed a 254 nm

r CI)H-SIpan 1

1 1
g 1.8 120 122 124 126 128 before
ol i
)
Q
<
T T T T T T T T T
L ‘/\\ A i B & C
L 1 ] A/J—r—/n\f ar
. 20 22 24 26 28 30 36 38 40 42 44 ter
1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Retention time/ min

Figure 4.15 HPLC chromatograms of OH-Span ¥810* mol dm®) before (top) and
after (bottom) CPE reduction. Inserts show the agmas of the HPLC chromatogram

of each component.

Before CPE reduction
s OH-Span ~  1222min
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Figure 4.16 Top: UV/Visible absorption spectrum of OH-Span X8L0* mol dni®)
before CPE reduction at an elution time of 12.22.n8ottom: UV/Visible absorption
spectra of Components A, B and C after CPE reductaetention times of 2.43, 3.87

and 4.26 min.
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LC-MS analysis

The negative ion ESI, first fragmentation (MS/MS-ahd second fragmentation
(MS/MS-2) mass spectra of OH-Span alone with antete time of 12.12 min are

shown in Figure 4.17 with the results summarisetiahle 4.3 at the end of this section.

Figure 4.18 shows the structure that gives risthéoobserved base peak with an m/z
value of 407.0 corresponding to OH-Span with onéorate protonated. In the first
fragmentation, MS/MS-1 a fragment with an m/z valoé 327.0 has formed
corresponding to a mass loss of 80 which may begyreess to the loss of a SGrom
OH-Span as will be seen below; this alone is aulispiece of evidence for any
component that may contain the sulfonated naphtbafgoup from the dye. In the
second fragmentation, MS-MS-2 a fragment with az mdlue of 206.0 has formed

corresponding to a loss obGsH,OH.

~veionOH-Span _veion MSMS-1 OH-Span _veion MS/MS-2 OH-Span
100 |- 470 1} 327.0 1t 206.0

80
60

40

Relative abundance

20

.||1| il HL L

o L . , . . . . L
100 200 300 400 500 600 100 200 300 400 500 600 100 200 300 400 500 600
m/z m/z m/z

Figure 4.17 Left: Negative ion ESI mass spectrum of OH-Sparhwitretention time of
12.12 min. Middle: Negative ion MS/MS-1 mass spactrof the ion with 407.0 m/z.
Right: Negative ion MS/MS-2 mass spectrum on tmewith 327.0 m/z.

< OH
s N /©/ loss of 80 = soO,
sen .
loss of 121= N /©/

SOH N
Figure 4.18 Structure of [OH-Span + |l corresponding to base peak at 407.0 m/z and

its observed fragmentations.
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The negative ion ESI, MS/MS-1 mass spectra of carappbA formed from a sample of
OH-Span after CPE, with a retention time of 2.2& nare shown in Figure 4.19 with
the results summarised in Table 4.3 at the endisfsection. In the first fragmentation,
MS/MS-1 a fragment with an m/z value of 222.1 harsnied corresponding to a mass
loss of 80. No MS/MS-2 was observed for this congsanComponents B and C were
not observed by mass spectrometry after CPE on d#.Salthough observation was

attempted.

-ve ion component A -veion MS/MS-1 component A

100 - 302.0 1 1 2221
80
60

40

Relative abundance

20

0 Ll 1 “l I.||||1.I|I|I|.l L 1 1 1 1
100 200 300 400 500 600 100 200 300 400 500 600
m/z m/z

Figure 4.19 Left: Negative ion ESI mass spectrum of componeribrned after CPE
of OH-Span with a retention time of 2.32 min. RigNegative ion MS/MS-1 mass

spectrum on the ion with 302.0 m/z.
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NMR analysis

1D and 2D (COSY, NOESY, DOSY}H spectra were recorded from samples in
deuterated 0.05 mol dinsodium acetate buffer at pD 5.2 using a Bruker KMz

spectrometer.

In a DOSY experiment, spectra are recorded as etiumof pulsed field gradient
(PFG), these 1D spectra are then converted to sp2btrum by fitting the decay of the
signal as a function of the square of the PFG adnog#i The Stejskal-Tanner equatfan,
as shown in equation 4.describes the decay of the signal in a ideal pufssd
gradient, where S (arbitrary units) is the signaphtude, $ (arbitrary units) is the
signal amplitude had there been no diffusion, B €1 is the diffusion coefficienty
(s) is the gradient pulse width, (s T?) is the magnetogyric ratio, g (T His the

gradient amplitude andl (s) is the diffusion time.
S=g ePydun (4.2)

All the NMR figures here are set out to show the'HDNMR spectrum recorded, with
the 2D DOSY data shown as a series of data poahsing the chemical shift of each
peak with the corresponding apparent diffusion ficieht. A histogram of apparent
diffusion coefficients is shown to give an indiceti of the spread of diffusion
coefficient dataH NMR assignments were made using integration, ipligity and

splitting values and by COSY interactions and appardiffusion coefficients

(experimental data) obtained from the DOSY data.

The data from an OH-Span sample before and aft&rr@&uction are shown in Figures
4.20 and 4.21 with NMR assignments shown in Tableas the end of this section. OH-
Span has an apparent diffusion coefficient of 4180%° m? s, and components
labelled E, F and G have coefficients of 5:0807°, 6.53x 10"° and 6.57x 10 m?
s', respectively. The higher diffusion coefficientiwes indicate that the products that
have formed are all smaller than the parent dye.
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Figure 4.20 Left: Aromatic region'H NMR (700 MHz) DOSY display OH-Span at

5 x 10°mol dmi® and pD 5.2. Right: Histogram of all component®@SY display.
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Figure 4.21 Left: Aromatic region'H NMR (700 MHz) DOSY display of components
E, F and G formed after CPE reduction of OH-Spaf at10° mol dm® and pD 5.2.
Right: Histogram of all components in DOSY display.
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OH-Span reduction product assignment

The proposal for the electrochemical reduction éf-8pan is a two-step four-electron
reduction, as shown in Figure 4.22, resulting ia fitrmation of 2-naphthylamine-4,8-
disulfonate (NAPDAD) and 4-aminophenol (APOL).

t +2e + 2H*
- OH
SN
oy
H
So,
l +2e + 2H*
15
OH
y e
+
13
H2N 11755
NAPDAD APOL

Figure 4.22 Proposed two-step four-electron reduction of OHwSpproducing
NAPDAD and APOL (numbering system shown).

There is a pH dependence on the structure of Oh+8pd experimental conditions at
pH 5.2 were chosen to study OH-Span in that fotmials discovered that the structure
of NAPDAD and APOL were also pH dependent, impdrfaninterpretation of results
aimed at product determination. The UV/Visible apsion spectra of NAPDAD over
the pH range ca. 2 to 12 are shown in Figure 4a28| this spectrophotometric pH
titration (analysis method as reported in secticdh131) gave a pkof 3.03 assigned to
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protonation of the NEgroup. It has been reported that APOL hag ydlues of 5.29
and 10.46 due to protonation / deprotonation aNtHg and OH group, respectivei§>’
The UV/Visible absorption spectrum of NAPDAD and @P in water and in pH 5.2
sodium acetate buffer solution, both at 80° mol dni®, are shown in Figure 4.24 with
the band positions given in Table 4.2. HPLC, LC-&&l NMR data were obtained for
NAPDAD and APOL alone as described below, enablaggignments made to
components formed after CPE reduction of OH-Spafopeed at pH 5.2.

| PKo=3.03 £0.07 analysed at 242 nm ]

NAPDAD |

(AV | ngl) / 10* dm® mol * em™

200 300 400
Wavelength / nm

Figure 4.23 Left: UV/Visible absorption spectra of aqueous ND¥D at 5x 10° mol
dm’; the arrows indicate changes with increasing per @range of pH 2 to 12. Right:

pH curve analysed using equation 3.3 (Chapter 332tnm.
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Figure 4.24 UV/Visible absorption spectrum of NAPDAD (left) aPOL (right) in

water and in pH 5.2 sodium acetate buffer solutimih at 5x 10° mol dm®.
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Table 4.2 UV/Visible absorption band positions of NAPDAD aA&OL in water and

in pH 5.2 sodium acetate buffer solution, both at®°mol dni®.

A/ nm
Compound Water pH 5.2 sodium acetate buffer
NAPDAD 219, 241, 289, 299, 353 219, 241, 289, 299, 353
APOL 232, 296 219, 274, 300

Figures 4.25 and 4.26 show the HPLC chromatogramstlze UV/Visible absorption
spectra of NAPDAD and APOL alone (both atx110° mol dm?® in pH 5.2 sodium
acetate buffer solution). The retention times, peategrations and UV/Visible
absorption band positions are given in Table 4i§urfe 4.27 shows the negative ion
ESI and MS/MS-1 mass spectra of NAPDAD with a ratentime of 2.41 min with the
results summarised in Table 4.3. Figure 4.27 sitsxws the structure that gives rise to
the observed base peak ion with an m/z value of.0302orresponding to
[NAPDAD + H] with one sulfonate protonated. A fragment with @222.1, a mass loss
of 80 can be assigned to the loss of;S@m NAPDAD, consistent with the loss
observed from OH-Span (Figure 4.17). Figure 4.28nshthe positive ion ESI mass
spectrum of APOL with a retention time of 3.71 mwith the results summarised in
Table 4.3. Figure 4.28 also shows the structuredivas rise to the observed base peak
ion with an m/z value of 110.1, corresponds to [APOH']*, with the NH group
protonated.

The HPLC chromatogram of NAPDAD (Figure 4.25) shansplit peak at ca. 2.4 min
that arises from overloading of the column (injectivolume dependent HPLC
chromatograms of NAPDAD are shown in Appendix ABigure A2.4) rather than two
components. The HPLC chromatogram of APOL (FiguBb}also shows two peaks at
3.87 and 4.26 min, and this arises from the sangpletaining both neutral and
protonated APOL due to the amino groupapX 5.29%¢ the pH dependent HPLC
chromatograms of APOL at pH 4.6 and 5.2 shown impekglix 2.4 support this

conclusion.
Together, the HPLC and LC-MS analyses indicate tHAPDAD corresponds to

component A and that APOL corresponds to comporrasd C formed on reduction
of OH-Span (Table 4.3).
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Calibration curves were produced for NAPDAD and AP@s reported in Appendix
A2.4, where HPLC peak integrations were determiagd function of concentration.
These were generated in order to determine theeotration of NAPDAD and APOL
produced after CPE reduction of OH-Span. Quantgatanalysis, using the peak
integration of A (NAPDAD) and B & C (APOL), as shawn Table 4.3, and the
calibration curves showed that a starting OH-Spamcentration of 8.6 10* mol
dm® gave concentrations of NAPDAD and APOL of %.a0*mol dni® and 7.4x 10*
mol dm?, respectively. Therefore, within experimental ertbe HPLC analysis (Table
4.3) showed that all the OH-Span had disappeated @PE reduction and showed that
1 mole of OH-Span electrochemically reduces td0cad.mole of NAPDAD and ca. 0.9
mole of APOL, consistent with the proposed two-diaypr-electron reduction of OH-
Span (Figure 4.22).

I'-iPLC Chrométogram in pH '5.2 buffer anaiysed at 254 n;n
8 20 25 30 NAPDAD
g
B
< T
| 35 40 45 APOL
0 5 10 15 20 25 30 35 40

Retention time/ min
Figure 4.25 HPLC chromatogram of NAPDAD (top) and APOL (botfjoboth at 1x
10° mol dni. Inserts show expansions of the regions of the Gilthromatogram of

each component.

125

. 3000 | NAPDAD at 2.41 min{ 1990 APOL at 3.87 min | APOL at 4.26 min
< 2500 ] 100 - ]
X
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§ 1500 50
; 1000 H 4 500 2
g 500 °
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200 300 400 500 600 200 300 400 500 600 200 300 400 500 600
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Figure 4.26 UV/Visible absorption spectra of NAPDAD (left) addPOL (right) both at
1 x 10°mol dmi® at retention times of 2.41, 3.87 and 4.26 mirpeetively.
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Figure 4.27 Left: Negative ion ESI mass spectrum of NAPDAD wéthretention time
of 2.41 min. middle: Negative ion MS/MS-1 mass $peu on the ion with 302.0 m/z.
Right: Structure of [NAPDAD + H corresponding to base peak at 302.0 m/z and its

observed fragmentation.
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Figure 4.28 Left: Positive ion ESI mass spectrum of APOL withrediention time of
3.71 min. Right: Structure of [APOL +'H corresponding to base peak at 110.1 m/z.

The DOSY NMR spectra of APOL and NAPDAD (both at 10°mol dni®) are shown
in Figure 4.29 with NMR assignments given in Ta#ld. Individually, APOL and
NAPDAD have different apparent diffusion coefficisrf 7.25x 10*° and 5.36x 10*°

m? s?, respectively.
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The DOSY NMR spectrum of a control mixture of APONAPDAD and the dye OH-
Span (prepared with all at £ 10° mol dni®) is shown in Figure 4.30 with the
assignments given in Table 4.4. The componentfefixture of APOL, NAPDAD
and OH-Span have different apparent diffusion ¢oiefits of 6.66x 10°, 5.17x 10

and 4.16x 10 m? s*, respectively.

The apparent diffusion coefficients of components653 x 10'° m? s') and F
(5.08x 10"° n? s?) from the OH-Span sample after CPE reduction gavgsod match
to those of NAPDAD and APOL as do the positionghef resonances (Tables 4.4). A
guantitative analysis of the 1D NMR peak integnatishows that from a starting
concentration of OH-Span of 5.00 10° mol dm® the resulting concentration of
NAPDAD and APOL after CPE reduction are 4.8110° and 4.60x 10° mol dmi®,
respectively, supporting the HPLC analysis, with@8 moles of NAPDAD and APOL
produced from 1 mole of OH-Span.

The use of DOSY NMR has shown that there is a thaskible component, G that has
formed after CPE reduction of OH-Span that hasbee observed by any of the other
analytical techniques (Figure 4.21). Component & di&l chemical shift of 6.81 ppm
and an apparent diffusion coefficient of 6520 m? s, as given in Table 4.3. 1,4-
Hydroquinone (HQ), formed by the hydroly&isf the hydrazine dye intermediate as
shown in Figure 4.31, could account for componeriieBause HQ has'&l chemical
shift of 6.79 ppm and an apparent diffusion coéffit of 7.63x 10° m? s*, as shown

in Figure 4.32 and given in Table 4.4. The shift of the protons in HQ is very
comparable and the diffusion coefficient is simitar that of G. The yield of this
component is very low at ca. 2 % of APOL and NAPDAD
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Figure 4.29 Left: Aromatic region*H NMR (700 MHz) DOSY display of NAPDAD
(top), APOL (bottom) at 5< 10° mol dm® and pD 5.2. Right: Histogram of all
components in DOSY display.
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'H NMR of APOL, NAPDAD and OH-Span mixture
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Figure 4.30 Left: Aromatic region'H NMR (700 MHz) DOSY display of a mixture of
APOL, NAPDAD and OH-Span mixture at % 10° mol dnm* and pD 5.2 Right:

Histogram of all components in DOSY display.

O 0 OH
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Figure 4.31 Hydrolysis of hydrazine-dye-intermediate to prodhgdroquinone.
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'H NMR of hydroquinone
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Figure 4.32 Left: Aromatic region 'H NMR (700 MHz) DOSY display of
1,4-hydroquinone at ¥ 10° mol dm?® and pD 5.2. Right: Histogram of all components
in DOSY display.

Using the DFT optimised structures to provide rémim across the shortest and longest
parts of APOL, NAPDAD and OH-Span, diffusion coeiints were calculated using
the Stokes-Einstein equation as shown in equatich where R (m), is the
hydrodynamic radius, k (mkg s* K% is the Boltzmann constant, T (K) is the
temperature ang (kg m* s?) is the solvent viscosity with the results giverTiable 4.5
which are shown comparatively in Table 4.4. Takihg experimentally determined
diffusion coefficients of NAPDAD, APOL and OH-Spaaione of 4.16, 5.36 and
7.25x 10'° m? s*, respectively, with those calculated from the lestgaxis of 4.26,
4.73 and 7.71x 10'° m? s, respectively, it can be seen that there is a ewafye
match, showing that the optimised structure canubed to predict the diffusion

coefficients likely to be observed by experimemgthods.

KT
6™ Ry

(4.2)
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Table 4.3 Retention times (RT / min), peaks integrations) (Bhd UV/Visible
absorption band position& ( nm) from HPLC and Retention times (RT / min)séa
peak ions (BP m/z) and fragment ions (F / m/z) of components teeénd after CPE of
OH-Span (8x 10* mol dni®) and the model compounds NAPDAD %110° mol dmi®)
and APOL (1x 10°mol dmi).

HPLC LC-MS

Component RT Pl A RT BP Assignment F Assignment

Before CPE
OH-Span 12.22 151.81 215, 251, 294, 308, 363 12.12 407.0 [OH-Span+H  327.0Loss of SQ
206.0Loss of NCgH,OH

After CPE
A 2.43 175.18 217, 244,288, 299, 353 2.32 302.0 [NAPDAD + H]" 222.1Loss of SQ
B 3.87 2.74 215, 274, 300 * - - - -
C 4.26 1.64 215, 274, 300 * - - - -
Models

NAPDAD 2.41 25217 219,244, 289,299,353 2.8 302.0 [NAPDAD + H]" 222.1L0ss of SQ
APOL z.gg 6.0 219, 274, 300 3.71 110.1 [APOL + H] - -

* Not observed
? Integration across both peaks.
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LST

Table 4.4 H chemical shifts (ppm), apparent diffusion coééiit per splitting (R / 10™° m? s%), mean apparent diffusion coefficient per
component (Rean/ 10%° m? s*) and calculated diffusion coefficient {Ruiaea/ 10*° m* s?) for OH-Span, NAPDAD, APOL and HQ arféi

chemical shifts (ppm), apparent diffusion coeffitiper splitting (Q / 10'° m? s*), mean apparent diffusion coefficient per compor{BRean/

10'° m? s1) and concentrations (Concn /“thol dm?) for each component (Comp) formed after CPE rednct

Models After CPE
Individual DOSY Mixture DOSY Individual DOSY

Atom lHa DAII DMean DAII DMean Dcalculatec? Comp lHa DAII DMean COﬂCﬁ
OH-Span
1 9.30 1.00 s - 4.15 4.25
3 8.65 1.00 s - 4.16 4,19, 4.19
5 8.90 1.00 d8.0 4.16, 4.15 4,15, 4.31
6 7.83 1.00 t 8.0 4.14,4.17,4.12 4.16 +0.044.15, 4.09, 4.02 4.16 £0.08 2.74, 4.26
7 8.30 1.00 d8.0 4.20, 4.18 4,18, 4.05
12/16 7.92 2.00 d9.5 4.17,4.15 4,18, 4.08
13/15 7.01 2.00 d9.5 4.16,4.14 4,11, 4.25
NAPDAD
1 8.03 1.00 d1.0 5.45,5.45 5.24,5.41 E; 8.03 1.00d1 4.95,5.02
3 7.81 1.00 d1.0 5.30,5.34 5.03, 5.03 E, 7.81 1.00d1 5.13,5.12
5 8.70 1.00 d8.0 5.36,5.39 5.36 £0.115.19, 5.19 5.17+£0.19 4.27,4.73 E;, 8.70 1.00 d8 4.99, 4.87 5.08+0.21 4.61
5 7.48 1.00 t 8.0 5.22,5.40,5.27 5.16, 5.14, 5.18 Es 7.48 1.00 t8 5.66,5.30, 5.00
7 8.13 1.00 d8.0 5.37,5.44 5.14,5.15 E, 8.13 1.00 d8 4.94,4.89
APOL
12/16 7.16 2.00 d9.5 7.25,7.30 6.82, 6.64 F. 7.20 2.00 d9.5 6.72, 6.53
13/15  6.93 2.00 d9.5 7.22,7.23 12520046 20" 6 a7 6.66+£0.18 582,771 o 694 2.00 d9.5 6.30, 6.58 6.53£021  4.60
HQ
1 6.79 1.00 s - 7.63 7.63 - - - G, 6.81 0.08 - - 6.57 6.57 0.09

& Integration, multiplicity (s = singlet; d = doulilé = triplet), splitting (Hz)
® Diffusion coefficients calculated using Stokes4E@in equation
“ Based on known sodium acetate concentration



Table 4.5 Estimated radius (g from DFT structures and diffusion coefficients) for
APOL, NAPDAD and OH-Span.

Compound R/ 10" m D/10°m’ s’
NAPDAD 408 473
APOL 250 771
e

The DOSY aspect of the NMR technique was used &&re test case for analysis of a
mixture of initially unknown products. So far repoin the literature indicate that the
technique has been predominantly used for a mixdfimponents as made tipThe
DOSY spectra of the NAPDAD, APOL and OH-Span alshewed slightly different
diffusion coefficients compared to when they weted®ed as a mixture (Table 4.4).
This can be attributed to either a genuine diffeeerior example differences in
viscosity, ionic strength, temperature as a mixture the processing of the data which
is a fit to an exponential decay, where errors bexgreater when the signal-to-noise
ratio decreases. There is certainly less spreadatd when DOSY is recorded on
individual components (Figures 4.20 and 4.29) caexgbdo a mixture (Figure 4.30).
The DOSY technique becomes very useful when itreanlve components of different
diffusion coefficients which have overlapping peaghe 1D'H spectra. This can be
seen for the triplet peak of proton 6 on OH-Spad #re doublet from proton 3 on
NAPDAD (Figure 4.30), where there is a clear regotuof the diffusion coefficients of
4.16 and 5.3% 10 m? s?, respectively. This may be a very useful featuteenv

considering more complex systems.

In this work DOSY has also been used to study durexof components that have been
produced by reactive chemical processes (Figurg)aAd in summary the diffusion
coefficients for the components produced afterGR&E of OH-Span are comparable to
those recorded from a mixture of NAPDAD and APOLUlowing their easy
identification (Table 4.4). The DOSY spectrum of RIBAD for proton 6 shows a
spread of diffusion coefficients from 5.00 to 5.86.0'° m? s possibly showing the

increased level of inaccuracy in processing peatts igh order splitting®*
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4.2.2 Other R-Span dyes

Section 4.2.2.1 outlines the results from the spet#ctrochemical studies on all the
other R-Span for comparison with OH-Span. Sectioh242 reports on the CPE
reduction and section 4.2.2.3 reports on the HPh@lyses of NHSpan and NHAc-
Span samples after CPE reduction; as with OH-Spaidence for the formation of
NAPDAD and the corresponding phenyl half of the ¢iye APOL analogue) for NH
Span and NHAc-Span is reported.

4.2.2.1 Spectroelectrochemistry

Figures 4.33, 4.35 and 4.37 — 4.40 show the UVBHlsabsorption spectra following
the reduction of the N, NHAc-, OMe-, H-, Br and CN-Span dyes under rggn.
Figures 4.34 and 4.36 show the UV/Visible absorpspectra following the oxidation
of NH2- and NHAc-Span dyes under nitrogen; none of tirerR-Span dyes showed
any evidence of oxidation in the range of 0 to +¥.5As for OH-Span, equation 4.1
was used to estimate the reduction and oxidaticenpals of the dyes, which are given
in Table 4.6 at the end of this section. In allesathe electrochemical process was found

to be irreversible (the dye did not reform whenpbéential was reversed).
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Figure 4.33 Left: UV/Visible absorption spectra of N¥span (5x 10*mol dni®) in pH

5.2 sodium acetate buffer solution; the arrow iaths the change with decreasing
potential over a range of 0 to -1.0 V (vs Ag wiad with the overall difference
spectrum (final — initial) shown. Right: Potent@irve analysed using equation 4.1 at

401 nm where n = 0.79.
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Figure 4.34 Left: UV/Visible absorption spectra of NkSpan (5 10*mol dni®) in pH

5.2 sodium acetate buffer solution; the arrow iatks the change with increasing
potential over a range of 0 to +1.0 V (vs Ag wisd with the overall difference
spectrum (final — initial) shown. Right: Potent@irve analysed using equation 4.1 at

401 nm where n = 0.85.
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Figure 4.35 Left: UV/Visible absorption spectra of NHAc-Spaix 10* mol dni®) in

pH 5.2 sodium acetate buffer solution; the arrodidates the change with decreasing
potential over a range of 0 to -1.2 V (vs Ag wia)d with the overall difference
spectrum (final — initial) shown. Right: Potent@irve analysed using equation 4.1 at

362 nm where n = 0.40.
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Figure 4.36 Left: UV/Visible absorption spectra of NHAc-Span*5L0* mol dni®) in
pH 5.2 sodium acetate buffer solution; arrow inthsathe change with increasing
potential over a range of 0 to +1.0 V (vs Ag wiax)d with the overall difference

spectrum (final — initial) shown. Right: Potent@irve analysed using equation 4.1 at

362 nm where n = 0.53.
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Figure 4.37 Left: UV/Visible absorption spectra of OMe-SpanX5.0* mol dm?®) in
pH 5.2 sodium acetate buffer solution; the arrodidates the change with decreasing
potential over a range of 0 to -1.0 V (vs Ag wiad with the overall difference

spectrum (final — initial) shown. Right: Potent@airve analysed using equation 4.1 at
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Figure 4.39 Left: UV/Visible absorption spectra of Br-SpanX5L.0* mol dmi®) in pH
5.2 sodium acetate buffer solution; the arrow iaths the change with decreasing
potential over a range of 0 to -0.9 V (vs Ag wia)d with the overall difference
spectrum (final — initial) shown. Right: Potent@irve analysed using equation 4.1 at

341 nm where n = 0.68.
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Figure 4.40 Left: UV/Visible absorption spectra of CN-Spanx3.0*mol dni®) in pH
5.2 sodium acetate buffer solution; the arrow iaths the change with decreasing
potential over a range of 0 to -0.9 V (vs Ag wia)d with the overall difference
spectrum (final — initial) shown. Right: Potent@irve analysed using equation 4.1 at

337 nm where n = 0.37.
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Table 4.6 The estimated reduction and oxidation potentiatsReSpan dyes in pH 5.2

sodium acetate buffer solution.

R-Span -NH -OH -OMe -NHACc -H -Br -CN

Eed/ V -0.513 -0.749 -0.574 -0.598 -0.602 -0.567 624
E%x/V +0.502  +0.509 >1.5 +1.023 >15 >1.5 >1.5

4.2.2.2 Controlled potential electrolysisreduction

CPE was used to determine the number of electror@vied in the reduction of N
and NHAc-Span. A potential of -1.2 V (vs Ag/AgClaw applied to each dye sample
and the current monitored over a period of 30 nsrslaown in Figures 4.41 and 4.42.
The total charge (Q) was calculated by the integnatf the current-time plot to give a
charge-time plot and the number of electrons texnsfl was calculated as for OH-
Span. After taking into account the current frone tholvent background, the total
charge from NHSpan was 17.3 C giving 4.48 4 electrons transferred for the
reduction process and the total charge from NHAarSpas 19.45 C giving 5.08 5
electrons transferred for the reduction process.

164



005 T T T T
NH,-Span in pH 5.2 buffer -1.2v 0 Total charge = 24.58 C -
00| §

-0.05 -/’7 .
-0.1 |f

/

< _ @)
= 015 =
= 1 (]
3 o
é 02 + ® 40 -
=1 B e
O - &)
025 F
03} g -60 -
-0.35 F
04 ! L -80 L L
0 600 1200 1800 0 600 1200 1800
Time/s Time/s

Figure 4.41 CPE reduction on NHSpan (8x 10* mol dni®) in pH 5.2 sodium acetate
buffer solution over 30 min at a potential of -M2(vs Ag/AgCI) Left: Current-time

profile, Right: Charge-time profile.
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Figure 4.42 CPE on NHAc-Span (8 10* mol dni®) in pH 5.2 sodium acetate buffer
solution over 30 min at a potential of -1.2 V (vg/AgCl) Left: Current-time profile,

Right: Charge-time profile.

4.2.2.3 Product analysis

The UV/Visible absorption spectrum of MHand NHAc-Span after CPE reduction
gave a match to that after spectroelectrochemgtowing that the same process had

occurred in each technique. Unlike OH-Span, sampie® analysed only by HPLC

before and after the CPE reduction process ancepoeted below.
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NH,-Span

The HPLC chromatograms before and after CPE remluaif NH-Span along with
their UV/Visible absorption spectra for each comganare shown in Figures 4.43 and
4.44. The retention times, peak integrations andMiBible absorption band positions

are given in Table 4.7.

NH,-Span alone has a peak with a retention time off2LOmin in the HPLC
chromatogram which disappears after CPE reductivimgy products A and B with
peaks at 2.41 and 3.65 min, respectively. CompoAénan be assigned to NAPDAD
by comparison with the analysis reported for OH+Bjpasection 4.2.1 (Table 4.3). The
HPLC chromatogram (RT = 3.64 min) and UV/Visiblesatption spectrum of an
authentic sample of 1,4-diaminobenzene (DAB, Figd45) shown in Figure 4.46
matches those of componerit Bhe retention times, peak integrations and UViBlés
absorption band positions of DAB are given in Ta#l®. The UV/Visible absorption
spectra of DAB over the pH range ca. 2 to 12 arewshin Figure 4.47; this
spectrophotometric pH titration gave pkaluesof 2.72 and 5.35 attributed to the
protonation of the Nklgroup shown in Figure 4.48 (method like the onedugs section
3.2.1.1). Therefore reduction studies carried aretat pH 5.2 are in the region of the
pK, for the equilibrium between DAB and protonated DABthird pK,was observed

at 10.76, however this was found to be a irrevé&rsthemical effect.

Quantitative analysis of the HPLC traces (whereceatration calibration curves for
DAB are shown in Appendix A2.4) shows that a Nbpan starting concentration of
8.0x 10*mol dm?® gives NAPDAD and DAB concentrations of &9.0*mol dni® and

7.0 x 10* mol dm?, respectively at the end of the reduction. Theeefwithin
experimental error, 1 mole of NFSpan electrochemically reduces to ca. 0.9 mole of
NAPDAD and ca. 0.9 mole of DAB, consistent withveotstep four-electron transfer

reduction process.
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CPE reduction HPLC chromatogram NH,-Span in pH 5.2 sodium acetate analysed at 254 nm
L NH,-Span |
% 102 104 106 108 11.0 11.2 before
al i
3
Q
< T T T T
3 A
, 20 22 24 26 28 30 32 34 36 38 40 42 after
0 5 10 15 20 25 30 35 40

Retention time/ min

Figure 4.43 HPLC chromatograms of NkSpan (8x 10 mol dm®) before (top) and
after (bottom) CPE reduction. Inserts show the agmas of the HPLC chromatogram

of each component.
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Figure 4.44 Top: UV/Visible absorption spectrum of M$pan (8x 10* mol dni®)
before CPE reduction at an elution time of 10.72.mBiottom: UV/Visible absorption
spectra of Components’ And B after CPE reduction at retention times of 2.4853.

min.
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Figure 4.45 Structure of DAB.
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Figure 4.46 HPLC chromatogram DAB at ¥ 10° mol dm?® and pH 5.2. Insert:
UV/Visible absorption spectra of DAB at retentiamé of 3.64 min.

125 TpKy=2724003 1 Ky = 2.72 £0.05
PK 5 = 5.35 +0.19 pK ;» = 5.26 £0.16
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Figure 4.47 Left: UV/Visible absorption spectra of aqueous DAB5x 10° mol dm®

over a pH range of pH 2 to 12. Right: pH curve gsadl using a multi pkequation

(Appendix 1 equation A1.42) at 230 and 284 nm.

pKal pKaZ
NH,  -H NH, ~-H NH,
—_ N _ N
H,N +H H,N +H H,N
Di-protonated DAB Protonated DAB DAB

Figure 4.48 Protonation of DAB; pK of 2.72 and 5.35 in water, piis non-reversible,

hence a chemical effect.
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Table 4.7 Retention times (RT / min), peak integrations @Myl UV/Visible absorption
band positionsA(/ nm) from HPLC and Retention times (RT / min caments before

and after CPE reduction of N¥Bpan (8< 10*mol dni®) and DAB (X 10°mol dm?®).

Component RT Pl A
Before CPE reduction
NH>-Span 10.72 164.50 218, 260, 307, 401
After CPE reduction
A’ 2.41 175.38 217, 244, 288, 299, 353
B 3.65 14.35 237, 288, 322, 470
DAB 3.64 20.51 213, 288, 322, 470
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NHAc-Span

The HPLC chromatograms before and after CPE of NBpan along with their
UV/Visible absorption spectra for each componestsrown in Figures 4.49 and 4.50.
The retention times, peak integrations and UV/\l&sibbsorption band positions are

given in Table 4.8.

NHAc-Span alone has a peak with retention time 4f82 min in the HPLC
chromatogram which disappears after CPE reduciidangyproducts 4, B', ¢/, D’ and
E' with retention times of 2.37, 3.10, 3.79, 6.28 ah@d.36 min, respectively.
Component A can be assigned to NAPDAD by comparison with thalysis reported
for OH-Span in section 4.2.1 (Table 4.3). The HRittomatogram (RT = 10.36 min)
and UV/Visible absorption spectrum of an authenticsample of
N-(4-aminophenyl)acetamide (APA) shown in Figur624match those of component
E”. The retention times, peak integrations and UVBlésabsorption band positions of
APA are given in Table 4.8. The UV/Visible absooptispectra of APA over the pH
range ca. 2 to 12 are shown in Figure 4.53; thextspphotometric pH titration gave a
pKa of 4.39 due to the protonation of the Nbroup shown in Figure 4.54. Therefore
reduction studies carried out here at pH 5.2 arethen edge of the pKfor the
equilibrium between APA and protonated APA.

Quantitative analysis of the HPLC traces (whereceatration calibration curves for
APA are shown in Appendix A2.4) shows that a NHAmaB starting concentration of
8.0x 10*mol dmi® gives NAPDAD and APA concentrations of &20*mol dni® and
5.6 x 10% mol dm?® respectively at the end of the reduction. Theeefwithin
experimental error, 1 mole of NHAc-Span electroclatty reduces to ca. 0.8 mole of
NAPDAD and ca. 0.7 mole of APA. In contrast to OHa8 and NHSpan reductions,
it is clear that other electron transfer procesaes occurring with NHAc-Span in
addition to the two-step four-electron transferctems. This is supported by CPE
reduction which shows a 5 electron process andhdhitional products 8 ¢’ and O
observed by HPLC.
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CPE reduction HPLC chro;natogram ' 'NHAc-Span in pH 5.2 sodium acetate anally%d at 254 nm
8 148 150 152 before
@
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Figure 4.49 HPLC chromatograms of NHAc-Span ¥8L0“ mol dmi®) before (top) and
after (bottom) CPE reduction. Inserts show expansioselected regions of the HPLC

chromatogram of components at ca. 3 and 6 min.
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Figure 4.50 Top: UV/Visible absorption spectrum of NHAc-Spahx 10* mol dni®)
before CPE at an elution time of 14.89 min. Bott@W/Visible absorption spectra of
Components A B”, ¢, D and E after CPE at retention times of 2.36, 3.05, 36127,

10.28 min.
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Figure 4.51 Structure of APA.
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Figure 452 HPLC chromatogram APA at % 10° mol dm® and pH 5.2. Insert:
UV/Visible absorption spectra of APA at retentiome of 10.26 min.
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Figure 4.53 Left: UV/Visible absorption spectra of aqueous AR®5x 10° mol dm?;
the arrows indicate changes with increasing pH @veange of pH 2 to 12. Right: pH
curve analysed using equation 3.3 (Chapter 3) @24l 252 nm.
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Figure 4.54 Protonation of APA; pKof 4.39 in water.
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Table 4.8 Retention times (RT / min), peak integrations @yl UV/Visible absorption

band positionsA(/ nm) from HPLC and Retention times (RT / min caments before

and after CPE of NHAc-Span (8 10* mol dni®) and compound APA (¥ 10° mol

dm’).

Component RT Pl A
Before CPE
NHAc-Span 14.94 152.59 218, 250, 295, 307, 365
After CPE
A 2.37 159.26 217, 244, 288, 299, 353
B 3.10 1.04 220, 252, 297, 356
c 3.79 221 218, 254, 304, 372
D' 6.28 8.74 214,221, 248, 291, 382
= 10.36 86.00 213,251
APA 10.27 151.45 213,251
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4.2.3 Summary

This summary firstly considers electrochemical ctaun studies of the R-Span dye
series, before considering the effect of the R wiest; finally there is a brief

consideration of the limited electrochemical oxidatstudies.
4.2.3.1 Reduction

Spectroelectrochemisty on all R-Span dyes has shawsleach of the main dye
absorption band which is irreversible, occurringpatentials of ca -0.4 to -0.8 V.
CPE reduction studies of NHand OH-Span have shown that four electrons are
consumed per mole of dye, consistent with a foactebn four-proton reduction
process’** The proposed mechanism is a two-step four-electestuction process
(Figure 4.20%°'8223%which has been reported in other studies, howeterCV and
spectroelectrochemistry reported here have notlwedothe individual steps in the
mechanism. The careful quantitative product analgsi the components formed after
CPE reduction of Nk and OH-Span has shown that the near equimolandion of
two main products; the naphthyl half of the dye NDM and the phenyl half of the
dye, DAB and APOL, respectively. The formation bése products is consistent with
reduction taking place across the azo linkage pyoaess of N-N bond scission. It has
been observed through the more detailed produdysieaon the components formed
after CPE reduction of OH-Span that there is astleme additional side reaction
occurring, which is proposed here to be the foramatf 1,4-hydroquinone at very low
yield 2’

Studies on NHAc-Span have shown that reduction asentomplicated, where CPE
studies have shown that a five electron reductioocgss is occurring, and where
product analysis by HPLC alone has shown that @it products have formed.
However, the quantitative analysis of these prasiheis shown that the main products
are NAPDAD and the phenyl half of the dye APA, agapnsistent with the proposed
reduction process occurring across the azo linkdge. additional electron transfer
processes observed could be from the acetamide gb@ing activated by the benzene

ring towards reductiof?
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CPE reduction and the associated product studies ma performed on OMe-, H-, Br
and CN-Span due to limiting quantities and puriftiie UV/Visible absorption spectra
recorded after the spectroelectrochemical redudfal the R-Span dyes are shown in
Figure 4.55 from which the following observatiorsncbe made. Firstly, the product
spectra for H-, Br- and CN-Span after spectroebetiemical reduction all have band
features at 353 nm, the same band that is obsénbe product spectra of NH OH-
and NHAc-Span, which has been assigned to NAPDASb (shown in Figure 4.55).
The formation of NAPDAD from H-, Br- and CN-Span dégsnsistent with reduction
occurring at the azo linkage. Secondly the prodpeictrum from OMe-Span shows a
band at a longer wavelength of 372 nm; from thige can conclude that, as for NHAc-
Span, there are additional products being formed tu other electron transfer

processes.

Produc't spectra aftér reduction

-NH,

-OH

-OMe

-NHAc

Absorbance

-Br

-CN

NAPDAD

200 300 400 500 600
Wavelength / nm

Figure 455 UV/Visible absorption product spectra formed aftethe
spectroelectrochemical reduction of the R-Span ;dylshed line represents the
absorption band of NAPDAD at 353 nm.
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4.2.3.2 Substituent effect

Spectroelectrochemisty on all R-Span dyes has ellovor the estimation of their
reduction potentials, allowing some insight to @ngd into the R substituent effect.
However, interpreting the experimental data in thesy is complicated by what the
estimated reduction potentials represent; the iddal steps in the reduction
mechanism are not identified and the analysis @ftectral changes using equation 4.1
(section 4.2.1.2) is simply a functional fit to tbata because this equation applies to a
reversible electrochemical process. The reported step reduction of azo dyes
attributes the first step to a reversible formatiéthe hydrazine followed by the second
step, an irreversible N-N scission (Figure 4.26}1%%234 |n the case of the R-Span
dyes studied here, the potential at which the skcsiep occurs is unknown. It is
possible that the two steps could be occurringvatrlapping potentials for R-Span,
which contrasts the reduction of a set of substitidzobenzenes in which the potential
for the formation of the hydrazine was clearly obied, as described in section
4,1.31%%

An overlay plot of the fitted curves for the speelectrochemical reduction of the
R-Span dyes using equation 4.1 (section 4.2.1.8hasvn in Figure 4.56, in which the
estimated potential for the start;JEand end (B of the reduction process and potential
range Q) in which reduction is occurring is given in Table€. The observation from
this is that the start of the reduction procesg {& R-Span is in the order CN-, H-,
NHAc-, NH,-, Br-, OMe-, OH-Span and the end of the reducpaocess (g is in the
order NH-, OMe-, Br-, CN-, NHAc-, H-, OH-Span, on going fnolow to high
potential. There appears to be no clear trenddcstibstituent effect, but evidently the
potential range in which the dye undergoes redndsodependent on the substituent,
which at the two extremes is ca. 0.30 V and 0.77oW OMe-Span containing an
electron-donating substituent and CN-Span contginan electron-withdrawing
substituent, respectively; the fitted values oklate inversely to the value of the range
(Table 4.9). The onset of the reduction for the dymtaining the most electron-
withdrawing substituent CN occurs at ca. -0.08 Mpwer potential than any of the
other R-Span dyes. The onset of the reductionhferdye containing the second most
electron-donating substituent OH, occurs at cal9-0/, a higher potential than any of

the other R-Span dyes.
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Figure 4.56 Fitted curves of the spectroelectrochemical reduactf the R-Span dyes

analysed by equation 4.(Original in colour)

Table 4.9 Estimated reduction potentials (vs Ag wire) for gtart (&), (Ez), potential
range A) and a measure of the slope (n) in which reducisoaccurring for R-Span

dyes in pH 5.2 sodium acetate buffer solution.

R-Span -NH -OH -OMe -NHAc -H -Br -CN

E./V -0.36 -0.49 -0.45 -0.30 -0.24 -0.40 -0.08
E./V -0.73 -1.06 -0.75 -0.93 -0.97 -0.80 -0.85
A (EirE) IV 0.37 0.57 0.30 0.63 0.73 0.40 0.77
n 0.79 0.45 1.05 0.40 0.36 0.68 0.37

The fits to equation 4.1 give an estimate of trduotion potential of each R-Span dye,
which despite being an estimate give a set of waligich can be compared using the
R substituent Hammett constantsandc, as given in Table 4.10 and plotted in Figure
4.57.0, constants are an alternative set of values, that can be considered where the
substituent interacts directly with a developingate/e charge at the reaction centre, as
is occurring in a reduction process. In generalyotion occurs at less negative voltages
upon the increasing electron withdrawing capacitgustutuents, which may be due to
the stabilisation of negative charge after the tamldliof an electron. Using,, there is a
clear trend upon going across the dye series frowaS@an to OH-Span, where the
exception appears to be BH3pan, in which reduction is occurring at a lowetemtial
than predicted by,. o, shows a similar trend te,, in which fitting to a straight line
gives a better fit as indicated by Ralues of 0.4521 and 0.1776, respectively. The use
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of o, showed a good fit to the reduction potentials e tstudy of substituted

azobenzenes as reported in the literature (Fig@e4

The observation of a lower estimated potential thgmected for NpSpan could occur
if NH3"-Span were presens = +0.60), although these studies at pH 5.2 wertt we
removed from the pKof 2.88 indicating that the unprotonated form wlasninant at
ca. 99.6 % (Chapter 3 Figure 3.15); further studvesild be required to explore any

possible effect further.

Table 4.10 Para substituent Hammett, ands,” constant§ and the estimated reduction

potentials for R-Span dyes in pH 5.2 sodium acdiafter solution.

R-Span -NH -OH -OMe -NHACc -H -Br -CN
Op -0.66 -0.37 -0.27 0.00 0.00 +0.23 +0.66
Op -0.15 -0.37 -0.26 -0.46 0.00 +0.25 +1.00

E®ed/ V -0.513 -0.749 -0.574 -0.598 -0.602 -0.567 624

-0.2

S'pectroélectro'chemis'try ' ' o Tp
0 op

1<
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o
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Estimated E-,oq/ V (VSAQ)

— Fitof o, (R° = 0.1176)

----- Fit of o, (R® = 0.4521)
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Figure 4.57 Estimated reduction potentials for R-Span dyesHn5®2 sodium acetate
buffer solution vspara substituent Hammett constants, andc, and their fits to a

straight line.

The site of electron transfer on reduction of tke dyes can be considered using the
calculated Mulliken atomic charges (section 3.2.2B3gure 4.58 shows a plot of the
Mulliken atomic charges given in Table 4.11 for RSpan dyes atdNand N3 against
the pra substituent Hammett constants ando,. In the case of i there is a very
clear trend with R substituent constas} in which upon increasing electron

withdrawing capacity the calculated charge decedisearly, showing a decrease in
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electron density. For [Nthere is a similar trend, but it is less distifidie comparison to
op shows less distinct trends. The calculations sti@wfor all the R-Span dyes except
CN-Span the calculated Mulliken atomic charge fdx isl lower than N, suggesting
that the initial site of reduction may bgdNHowever, Figure 4.59 shows that there is
little correlation with the estimated reduction @atial obtained experimentally for the
R-Span series and further work would need to besidened to test this interpretation,
for example calculations on the reduced formssitherefore unknown at this stage
whether the use of the calculated Mulliken atonhiarges can be used to give a good

indicator as to the initial site of reduction.

Table 4.11 Para substituent Hammett, ands, constant§’and the calculated Mulliken

atomic charges (q) for the R-Span dyes.

R-Span -NH -OH -OMe -NHAc -H -Br -CN
Gp -0.66 -0.37 -0.27 0.00 0.00 +0.23 +0.66
Cp -0.15 -0.37 -0.26 -0.46 0.00 +0.25 +1.00
Na -0.328 -0.320 -0.319 -0.314 -0.307 -0.308 -0.300
NP -0.312 -0.307 -0.308 -0.312 -0.301 -0.303 -0.304
o Calcijlated IM uIIiII<en atcl)mic clhargel o No CalclulatedlM uIIiII<en atcljmic clharg’él o No
-029 | 8 NG L O Ng |
-0.30
©
o 031
o
-0.32
033 — Fit of Na (R? = 0.9296) | — Fitof No (R? = 0.5528) |
o 7 Fitof N (RIZ =0.3508) S Fitof N (RI2 =0.319)

1 1 1 1
-12 09 -06 -03 00 03 06 09 12 -12 -09 -06 -03 00 03 06 09 12
9p (J'p-

Figure 4.58 Calculated Mulliken atomic charges fonldnd N3 for the R-Span dyes vs;
Left: Para substituent Hammett, constants and RighPara substituent Hammet,

op constants and their fits to a straight line.
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Figure 4.59 Estimated reduction potentials for R-Span dyesHn5x2 sodium acetate
buffer solution vscalculated Mulliken atomic charges formMNnd N3 for the R-Span

dyes and their fits to a straight line.

4.2.3.3 Oxidation

Spectroelectrochemistry allowed the irreversiblédation of solutions of Nk, OH-
and NHAc-Span dyes in pH 5.2 sodium acetate bugtdution to be observed. No
oxidation was detected for any of the other R-Sgges up to a potential of +1.5 V
The oxidation at lower potentials for increasingatlon-donating substituents may be
attributed to the resulting increase in electromsity across the azo linkage. The
absence of an observed oxidation for those dyesarwmg electron-withdrawing

substituents indicates that these derivatives atesuited for oxidation resistance.
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4.3 Conclusions

Predominately, the electrochemical techniques splectrochemistry and CPE have
been used to study the electron transfer reactiwaisoccur in aqueous samples of R-
Span dyes. CV has not proved useful for these dyesto the irreversibility of the

electron transfer process.

The combination of HPLC, LC-MS and NMR analysis Ipagved useful in analysing
products formed after CPE reduction of OH-Span Wwhghowed an irreversible
four-electron process, proposed to occur in twpsstes shown in Figure 4.60. More
limited studies on other R-Span dyes have showt) lika OH-Span, they are reduced
in a reductive cleavage giving NAPDAD along witle ttorrespondingara substituted
aminobenzene. The extensive use and combinatiometiiods for quantitative product
analysis after reduction has shown there are dlsr gide reactions occurring for some

substituents.

DOSY NMR was investigated here to assess how itbeansed to study a mixture of
products formed after CPE reduction of OH-Span. fBelniques have proved useful in
being able to resolve the components formed basethar size, and the study has
opened up the possibility of being able to applig thpproach to more complicated

systems, for example photochemical studies of §es ds reported in Chapter 5.

In general those R-Span dyes containing electrahdrawing groups are more easily
reduced and less easily oxidised. The use opé#re substituent Hammett constarmis
andop provide comparable trends to the experimental.deta use of the calculated
Mulliken atomic charges, predicting the site ofuetion has shown that there is a direct
correlation between the calculated charge acrasszb linkage, but does not correlate
well with the estimated reduction potentials foundxperimentally by
spectroelectrochemistry. The study has shown tlitaiowt being able to determine the
potential at which the hydrazine forms from theges] it is hard to compare the results

directly with Hammett constants.
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Figure 4.60 Generic two-step four-electron reduction of R-Spanducing NAPDAD

and R-aminobenzene.
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Chapter 5 Photochemistry

5.1 Introduction

The introduction to this chapter begins with a geheverview of photochemical
reactions that occur in azo dyes and how azo dy&tivety may be studied by the use of
photoinitiators. The specific aims of the photochemh studies of the R-Span dyes
reported in this chapter conclude the section.

In general, when a molecule in itg §ound state absorbs light it then exists in its S
excited state with the transitions that can octuwws in a Jablonski diagram in Figure
5.1. The excited states are short lived and thesayldo the ground state through
radiationless transitions or emission of radiatiam, they undergo photochemical
reactions often involving T triplet states which have a longer lifetime
(ca. 100 ns — 10 s) than singlet states (ca. 11806 ns):
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Figure 5.1 Jablonski diagram of the routes of excitation aaday of electronic states;
abs = absorption, ic = internal conversion, isaitelisystem crossing, f = fluorescence,

p = phosphorescence, vr = vibrational relaxation.
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5.1.1 I somerisation

The isomerisation of azobenzene and phenylazonalemth are considered here, and as
is consistent with the rest of this thesis, themdures are considered to be in ttaens
form when named without a prefix, however, thens prefix is used where necessary

for clarity.

5.1.1.1 Azobenzene

Studies on the isomerisation of azobenzene, asduted in section 3.1.2.have
included steady-state and time-resolved UV/Vistdddsorption spectroscopy, NMR and
theoretical calculation$'Unsubstituted azobenzene can exist agiger transisomer

as shown in Figure 5.2 The more thermodynamicalyle transazobenzene can be
converted tocis-azobenzene upon irradiation at 447 or 316°AmExposure with a
different wavelength can change ttis isomer back to thé&rans isomer or it can go
back thermally to theransform. The interconversion between tin@ns andcis isomers
can be identified by a colour change, as utilisedpplications such as energy storage

systems and photochemical devi€es.

Figure 5.2 Trans andcis-azobenzene, together with numbering system.

The mechanism of azobenzanans to cis photoisomerisation has been widely debated
for a long time*®>’ The two proposed mechanisms of photoisomerisa®shown in
Figure 5.3 are rotation, a twisting of the phenggrabout the N=N linkage proposed to
occur via excitation to Sz '), and inversion, an in-plane motion of the pheriryg
thought to occur via excitation to, 8w ). The thermal back reaction of this to trans

form could also occur via an inversion or rotatimechanism. The mechanisms and
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rates depend generally on the energy gap betweeanérgy levels,$5S and $ and

the energy barriers between the isomers.

<"

Rotation

/
.
.
.

N=

Inversion

Figure 5.3 Mechanism of azobenzene isomerisafion.
5.1.1.2 Phenylazonaphthalene

In  comparison with azobenzene the studies on themassation of
phenylazonaphthalenes are limited. Upon irradiatioof a series of
phenylazonaphthalene dyes (Figure 5.4) at 366 mmtogtationarycis-trans mixtures
were reported to be obtained within five minutefieve thecis isomers formed were
stable enough to allow for chromatographic sepamdti The composition of the
isomers in the photostationary state and the ratstant for the thermal back reaction
were reported to be dependent on the type of $ubstias shown in Table 8%and the

cisto transthermal back reactions occurred by first order kase
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Figure 5.4 Structure of 4,4’-substituted 1-phenylazonaphthalen

Table 5.1 Isomeric composition in the photostationary s&t&66 nm (determined by
HPLC analysis) and first-order rate constant (kdhef thermatis to transisomerisation
of substituted 1-phenylazonaphthalenes in benzege ¢C!°

Isomers in photostationary state

X Y cis/ % trans/ % k / 10° min k/st

H H 72 28 5.22 0.31

H OMe 39 61 21.4 1.28
Me OMe 55 46 34.9 2.09
OMe OMe 61 40 62.6 3.76

Cl OMe 45 55 39.8 2.39
NO, OMe 22 78 57.8 3.47

In general the percentage@$ isomer of substituted 1-phenylazonaphthalene fdrine
the photostationary state was reported to decrwibencreased electron-withdrawing
character of the substituent on the phenyl It The rate constant of the thermal back
reaction was reported to be greater for those gubsts where X = OMe and NO
Viscosity and temperature can also influence theeties of thecis to trans thermal
back reaction, the rate of which was reported tweiase with increasing temperature

and decrease with increasing viscosity of the sultfe

The photoisomerisation of a series of sulfonatedngtazonaphthalene dyes has been
observed by NMR spectroscopythe structure of one of these is very similarhose

of the R-Span dyes reported in this thesis antasva in Figure 5.5 and named here as
NHMe-Span. A photostationary state of NHMe-SparDMSO-d; was created upon
514 nm irradiation, and thas isomer was found to revert completely to trensforms
thermally. The'H NMR positions oftrans and cis NHMe-Span are shown in Table
5.2
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Figure 5.5 Trans andcissNHMe-Span, together with numbering system.

Table 5.2 'H NMR chemical shifts (ppm) of theis andtrans forms of NHMe-Span in
DMSO-dsand differencesA) between them’

Atom trans cis A(trans-cig
1 9.33 8.58 0.75
3 8.40 7.17 1.23
5 8.87 8.78 0.09
6 7.48 7.41 0.07
7 7.99 7.95 0.04

12/16 7.82 6.92 0.90

13/15 6.70 6.36 0.34

5.1.2 Reactivity

Azo dyes may undergo fading due to either photakaton or photo-reduction; the
favoured route through which this occurs is depahd® environment®® Often the
presence of oxygen favours photo-oxidation whichsigally irreversiblé® whereas the
presence of an electron or H-atom donor allows g@hetuction to occur and may be
reversible!®?%?' These fading processes generally occur with loangum yields and
therefore take long time periods under typical ¢tols, hence photoinitiato?s?® are
commonly used in experimental methods to help miiauiing and enable its study over
practicable time periods. In this type of studye fihotoinitiator is photolysed to create
radicals which can then rapidly react with the dyeder oxidative or reductive
conditions, allowing fading to be studied experitadiy.>*?° Examples of photo-

reduction, photo-oxidation and the use of phot@tots are given below.
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5.1.2.1 Photo-oxidation

Photo-oxidation is reported generally to proceeddmg of two methods, the first

involving singlet oxygef?***"and the second involving oxygen radicAIg®

In many cases the photo-oxidation pathway via singkygen has been proposed when
there is a hydrazone tautomer of an azo dye preSestly, absorption of light creates a
dye singlet exited state which then undergoes sgstem crossing forming an excited
triplet state as shown in equation 5.The energy in the excited state can then be
transferred to an oxygen molecule in its tripletigrd state forming singlet oxygen as
shown in equation 5.2The presence of the singlet oxygen in its excitiede triggers
the degradation of the dye as shown in Figure &8 {arylazo-4-naphthdf

Dye v, 1pye ISC, 3pyet (5.1)
*Dye +3%0, — Dye +'0, (5.2)
OH
D — Q
N \
N N

+
N, 0
@ . +oH
(@]

Figure 5.6 Reaction mechanism, of singlet oxygen with 4-argl-a-naphthof®
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In the second photo-oxidation mechanism, oxygencadsl are produced when the
excited triplet state of the dye reacts with thplét ground state of oxygen through
electron transfer forming superoxider hydroperoxy? radicals as shown in equation
5.3 and 5.4, respectively, these radicals can thgger the degradation of the dye. It

has been reported for Orange Il that oxidation @eiyurs via radical mechanisrfs.
*Dye +30, —> D'+ 0, (5.3)
Oy + H —> HGQ- (5.4)
5.1.2.2 Photo-reduction

Photo-reduction is reported to involve reductivdical formation with light leading to
the degradation of the dye via N=N bond cleavatfé®*° Upon excitation, the dye can
react with another molecule (RH) capable of hydrogéeom transfer, leading to the
formation of radicals including a dye hydrazyl r@li (DyeH-)as shown in equations
5.5 and 5.6.In the case of azobenzene as shown in Figureh® hydrazyl radical
quickly accepts a further hydrogen atom leadingthe formation of a hydroazo
intermediate which then undergoes disproportiomatm reform azobenzene and the
reduction product phenylamine. Cellulose, the nwinstituent of paper and to which
dyes are often applied, appears to offer a reduemgronment from which the excited

dye is capable of removing a hydrogen atom or elact
'Dye — 'Dye — °Dye’ (5.5)

Dye’ + RH —> DyeH+ R- (5.6)
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Figure 5.7 Photo-reduction of azobenzehe.

5.1.2.3 Photoinitiators

Photoinitiators may be used to mimic photo-oxidatemd photo-reduction to study in
the laboratory. 2-Hydroxy-2-methylphenylpropanonerivhtive4® are a class of
photoinitiators that have been used to initiatee fradical polymerisatioff.*’ For
example 2-hydroxy-4(2-hydroxyethoxy)-2-methylpropiophenone, showrFigure 5.8

is a water soluble photoinitiator that has beerdusecreate radicals which can then
react with dyes in aqueous solutitf®>3

It has been reported that irradiation of the phot@itor leads toa-cleavage and the
formation of benzoyl and 2-hydroxy-2-propyl radiads shown in Figure 5°8°*
Thereafter hydrogen atom transfer between benzogl Zxhydroxy-2-propyl radicals
produces 4-(2-hydroxy-ethoxy)-benzaldehyde (H-bkleteyde), where H represents
the alkyl chain of the photoinitiator and acetokég(re 5.8). Under air the benzoyl
radicals can be quenched by oxygen to produce WxdPoxyethoxy)benzoic acid (H-
benzoic acid) (Figure 5.85.
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Photoinitiator Benzogtical 2-hydroxy-2-propyl
radical
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(0]
I H (0]
. H-atom transfer
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HO\/\O O
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HO\/\O —_— HO\/\O

H-benzoic acid

Figure 5.8 Top: Irradiation of the photoinitiator (2-hydroxy-@2-hydroxyethoxy)-2-
methylpropiophenone) resulting in the formationb&inzoyl and 2-hydroxy-2-propyl
radicals. Middle: Hydrogen atom transfer betweenzbgl and 2-hydroxy-2-propyl
radicals to produce H-benzaldehyde (4-(2-hydrowery)-benzaldehyde) and acetone.
Bottom: Reaction of benzoyl radicals with oxygenpimduce H-benzoic acid (4-(2-

hydroxyethoxy)benzoic acid}:>*

Under anaerobic conditions 2-hydroxy-2-propyl raticreact efficiently with dyes, as

for example the one electron reduction of Orangghdiwn in Figure 5.8
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Figure 5.9 Proposed one-electron reduction mechanism of Orénigg 2-hydroxy-2-

oOx

propyl radicals®

Under aerobic conditions, the dye can also reattt thie benzoyl radicals as shown in
Figure 5.10, leading to different produdts.
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5.1.3 Aims

The main aim was to explore the photochemicallygedl reactions of the R-Span dyes
to study their stability and understand mechanisising a range of techniques. In
particular, the main aim was to study fading of tbges induced by direct
photochemical reactions and by photoinitiator-getext radicals, linking to the
electrochemically induced electron transfer reasiceported in Chapter 4, and again
focusing on reduction; a secondary aim was to egplohether the dyes undergo

photoisomerisation.

More specifically, the aim was to use steady-statel time-resolved irradiation
techniques to initiate reactions and a combinabbruV/Visible absorption, HPLC,
LC-MS, 1D and 2D NMR techniques to identify prodsjciquantitatively where
possible, and elucidate mechanisms. Another aithefvork presented in this chapter
was to assess the DOSY NMR technique used in tla@t€h4 by applying it to a more
complicated system.

5.2 Results, analysis and discussion

The R-Span dye series has been studied throughmibiation of techniques to
investigate their fading by photoinitiator-genetatadical reactions and also by direct
photolysis. The main focus of the work reportedthins section was on OH-Span;

however there are also some limited results fraenotiher R-Span dyes.

Section 5.2.1 reports a full set of studies on QidsBalone and also in the presence of
photoinitiator, including steady-state studies gdiash gun irradiation (section 5.2.1.1)
and time-resolved studies using laser irradiatisectjon 5.2.1.2) The photoinitiator
used in this study was the same as that introducedction 5.1.2.3 (Figure 5.8). The
products from the steady-state studies on solutafnphotoinitiator alone and OH-
Span:photoinitiator have been identified througtoebination of HPLC, LC-MS, 1D
and 2D NMR spectroscopy. The time-resolved UV/\lesitudies were carried out with
nanosecond apparatus and have focused on reautitnghe photoinitiator-generated

radicals with some preliminary studies on the djlese.
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Section 5.2.2 reports a limited set of studieshmndther R-Span dyes. Section 5.2.2.1
reports firstly on simple steady-state and timesive=d irradiation studies on solutions
of NH,-, CN- and OSpan alone, and then on more complicated steady-ahd time-
resolved studies on solutions of OMe- and NHAc#Bane. Section 5.2.2.2 reports
on steady-state irradiation studies on solutionsNbik-, NHAc- and O-Span in the

presence of photoiniator, with products identifigdHPLC.

Photophysics

Preliminary studies showed that no UV/Visible enasssignal above noise was
observed for the pure R-Span dyes in water indigathat their excited states decay
predominately by non-radiative processes, which malude internal conversion and
intersystem crossing and where the energy is I|dsthately to the surrounding
environment. It has been reported for other aza diyat fluorescence is weak and that

the main decay route of the excited states is tjfrénternal conversiorf.**
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5.2.1 OH-Span
5.2.1.1 Steady-state studies

The following section reports on the steady-statdiss using a flash gun on OH-Span

alone, photoinitiator alone and OH-Span:photoitotiagolutions.

OH-Span alone

Irradiation of OH-Span alone showed no significaiitange in the UV/Visible
absorption spectrum (Figure 5.11) after 30 flasim dight pulses where ~ 1 %
absorbance loss occurs, indicating that the dys doefade readily on direct photolysis

in solution.

15

OH—Sparll before anc'i after 30 Ii'ght pulses

Absorbance

200 3(I)0 4(I)O 5(I)O 600
Wavelength / nm
Figure 5.11 UV/Visible absorption spectra of OH-Span alonglih 5.2 sodium acetate

buffer solution at 5 10° mol dni® before and after 30 light pulses.

Photoinitiator alone

Irradiation of photoinitiator alone in pH 5.2 sodiuacetate buffer solution was
monitored by steady-state UV/Visible spectroscopyadiation was performed on

samples under nitrogen and under air in a 1 cmgragth cell using a flash gun and the
UV/Visible absorption spectra recorded as a fumctblight pulse are shown in Figure

5.12. The spectra show clearly that different psses occur under nitrogen and air.
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Photoinitiator at pH 5.2 under N, Photoinitiator at pH 5.2 under air
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Figure 5.12 UV/Visible absorption spectra obtained on irraidiatof photoinitiator in
pH 5.2 sodium acetate buffer solution a 80° mol dni® under nitrogen (left) and air
(right) over 30 light pulses, with arrows indicairchanges and with the overall

difference spectrum (final — initial) shown.

A detailed product analysis using several techrsquas carried out on samples under
nitrogen and is described below; a simple analysiag HPLC alone was carried out
first on the samples under air, as shown in Figbté8 and 5.14 with retention times,
peak integrations and UV/Visible absorption bandgifans given in Table 5.3. One

main product is formed, and it elutes at a shditee than the parent photoinitiator, and
may be assigned to H-benzoic acid (Figure 3"8)More conclusive evidence is given
below, when considering the products formed undeogen, including that of the

species labelled simply photoinitiator product pRaduct) in Figure 5.14 and Table 5.3.
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HPLC chromatogram Photoinitiator under air analysed at 254 nm
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Figure 5.13 HPLC chromatogram of photoinitiator alone X5.0° mol dmi®) under air

before (top) and after (bottom) 30 light pulses.
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Figure 5.14 Top: UV/Visible absorption spectra of photoinitiat(5 x 10° mol dni®)
before irradiation. Bottom: UV/Visible absorptiopextra of H-benzoic acid (left),
photoinitiator (PI) product (right) formed after 8ght pulses.
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Table 5.3 Retention times (RT / min), peak integrations @1yl UV/Visible absorption
band positionsi(\ nm) of each component before and after 30 lgitées for

photoinitiator under air.

Component RT Pl A
Before
Photoinitiator 24.87 3.35 279
After
H-benzoic acid 11.80 5.95 249
Photoinitiator product 20.67 0.40 283

A more detailed product analysis was carried outtlom sample irradiated under
nitrogen in which HPLC, LC-MS and NMR spectroscopgre used. The HPLC
chromatograms of the photoinitiator before andraftadiation along with UV/Visible
absorption spectra of identified components arevehim Figures 5.15 and 5.16 with
retention times, peak integration and UV/Visiblesaiption band positions given in
Table 5.14. In addition to H-benzoic acid and tpecses labelled PI product, a third
component is observed which elutes at a longer tirag the parent photoinitiator, and
it is assigned to H-benzaldehyde (Figure 5%8}.LC-MS provides more conclusive
evidence as to the products: ESI mass spectranebtdor the photoinitiator before
irradiation and for H-benzoic acid formed afteradiation are shown in Figures 5.17
and 5.18, respectively, with their base peak ionsrgin Table 5.4. The positive ion
ESI mass spectra of photoinitiator alone, with termon time of 24.83 min, shows a
base peak ion with an m/z value of 225.0 that spwads to protonated photoinitiator
(Figure 5.17). Upon fragmentation it is observedttthere is a mass loss of 46
corresponding to loss of, 8O from the alkyl chain of the photoinitiator, which a
useful piece of information when considering san§ containing dye as well as
photoinitiator (see below). The peak in the HPLQoamatogram with a retention time
of 11.80 min gives a negative ion ESI mass spectiith a base peak of 181.2 m/z
which can be assigned to [H-Benzoic acid'} ¥Figure 5.18).
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Figure 5.15 HPLC chromatogram of photoinitiator alone ¥510° mol dni®) under

nitrogen before (top) and after (bottom) 30 lightges.

Before
100 . T T
"’8 Pl 24.87 min

~ 75

(]

[} 50

8

S 25+

g

< o}

200 300 400 500 600
Wavelength / nm
After
: r r 40 r : r 40 : : :

"’9' 6 H-benzoic acid 12.23 min PI product 20.99 min H-benzaldehyde  32.40 min
o 30} 4 30} g
84 1 2o} 1 2}

8

o 2 -
= 10 } 4 10}

3

Qo
< o " 0

_2 1 1 1 1 1 1 1 1 1
200 300 400 500 600 200 300 400 500 600 200 300 400 500 600

Wavelength / nm Wavelength / nm Wavelength / nm
Figure 5.16 Top: UV/Visible absorption spectra of photoinitiat(5 x 10° mol dni®)
before irradiation. Bottom: UV/Visible absorptiompextra of H-benzoic acid (left),

photoinitiator product (middle) and H-benzaldehydght) formed after 30 light pulses.

202



+veion MS/MS-1 Pl

+
HO

HO\/\O/©)J>(OH

T T
+veion Pl
100 - 2249 178.9
(0]
S sof
©
c
>3
® 60}
(]
=
®
T 40
014
20 |+
0 ul PETITHOY RPN B L L L L L
100 200 300 400 500 600 100 200 300 400 500 600

m/z

m/z

Figure 5.17 Left: Positive ion ESI mass spectrum of photoimdiavith a retention time
of 24.83 min. Middle: Positive ion MS/MS-1 mass &@pem of the ion with 224.9 m/z.
Right: Structure of [PI + §* corresponding to base peak at 224.9 m/z
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Figure 5.18 Left: Negative ion ESI mass spectrum of component H-benaoid

formed after irradiation of photoinitiator alonetkvia retention time of 12.17 min.

Right: Structure of [H-Benzoic acid -'H corresponding to base peak at 181.2 m/z.
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Table 5.4 Retention times (RT / min), peaks integrations) (Bhd UV/Visible
absorption band position& ( nm) from HPLC and Retention times (RT / min)séa
peak ions (BP In/z) and fragment ions (F / m/z) of components keefand after 30

light pulses on photoinitiator alone ¥510° mol dni).

HPLC LC-MS
Component RT Pl A RT BP Assignment F Assignment
Before
Photoinitiator 24.87 3.35 279 24.83224.9 [Pl + HT" 178.9 Loss of ¢HsO
After
H-benzoic acid 12.230.57 249 12.17 181.2 [H-Benzoic acid - H|" - -
*

Photoiniator product 20.990.74 283 - - -
H-benzaldehyde 32.400.91 300 * - - - -
* Not observed

NMR spectroscopy provides more conclusive evideagé the nature of the products
and also gives a quantitative measure of the spdaoened. 1D and 2D (COSY,

NOESY, DOSY) 'H spectra were recorded from photoinitiator samples

5 x 10* mol dm® in deuterated 0.05 mol dinsodium acetate buffer at pD 5.2 on a
Bruker 700 MHz spectrometer. As in chapter 4 &l NMR figures here are set out to
show the 1D'H NMR spectrum recorded, with the 2D DOSY data shas a series of

data points relating the chemical shift of eachkpe&h the corresponding apparent
diffusion coefficient. A histogram of apparent dion coefficients is shown to give an
indication of the spread of diffusion coefficierdtd.'H NMR assignments were made
using integration, multiplicity and splitting valsieand by COSY interactions and
apparent diffusion coefficients (experimental datdtained from the DOSY data.

Concentrations of products formed were estimateddmgparing the integration of the

peaks to that of the integration of the sodium ateepeak (2.24 ppm) at a known

concentration.

The spectra of photoinitiator alone before andrdtelight pulses are shown in Figure
5.19. Figure 5.20 shows possible components that fmmed with NMR assignments
given in Table 5.5. Photoinitiator alone has anaagpt diffusion coefficient of 5.48
10'° m? s*. Upon irradiation products have formed that havehHugher and lower
apparent diffusion coefficients, hence have lowed ahigher masses than the
photoinitiator."H NMR gives further evidence for the benzaldehydewdtive labelled
HEB for NMR (Figure 5.20) with its distinctive aldgde proton with a chemical shift

of 9.82 ppm and it has an apparent diffusion coieffit of 5.50< 10*° m? s*, consistent
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with it being slightly smaller than the photointta and it is formed in ca. 16 % vyield.
The usefulness of the DOSY technique is clearlynsee that there are many
photoinitiator products (PIP) that can be separéiathle 5.5). For example, PIP B has
an apparent diffusion coefficient of 5.3310%° m? s?, consistent with it being similar
in size to photoinitiator and the fact that it ains both aromatic and aliphatic protons
would be consistent with it being assigned to Hzménacid, and it is formed in ca. 9 %
yield. PIP A which is formed in ca. 18 % vyield has apparent diffusion coefficient of
4.63x 10™° m? s*, consistent with it being larger than the photidtor, and with it
containing aliphatic and aromatic protons it cobkl assigned to the formation of a
photoinitiator dimer (Figure 5.20). This however asvery tentative proposal and
unfortunately LC-MS provides no insight into thisneponent or the other possible PIP
components identified by NMR. As well as the difaus coefficients showing the
separation of peaks, there are COSY interactiotvedam protons 3 & 4 and 1 & 2 in all
the products proposed in Figure 5.20. What the D@&Yinique has shown is that it
can provide extra insight into interpreting the NMR of a complex mixture which
may have not been forthcoming otherwise. It shdagddnoted that the PIP products
proposed account for a 61 % yield, and that thezeuaassigned peaks in the aromatic
region. Acetone, 2-propanol and ethylene glycol XEGave been assigned
previously®®? and give matching assignments in this study (T&b%, and may be

assigned as products coming from the non-aromegjmsnts of the photoinitiator.
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Figure 5.19 Left *H NMR (700 MHz) DOSY display of photoinitiator alerbefore
(top) and after 50 light pulses (bottom) ak 8.0 mol dm?® at pD 5.2 under nitrogen.
Right: Histogram of all components in DOSY display.
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Table 55 'H chemical shifts (ppm), apparent diffusion coeéfit per splitting

(Dan / 10*° m? s%), mean apparent diffusion coefficient per compor{Brean/ 10° m?

s and concentration (Concn / 1@nol dm?® of each component of photoinitiator

alone before and after irradiation under nitrogen.

Before Irradiation

After Irradiation

DOSY DOSY
atom H2 Concn D Ditean 42 Concn Dy Dtean
Photoinitiator

1 39620 t 45 500 557,556 559 393 010 45 024 -

2 42420 t 45 500 549 541 541 424 010 45 024 -

3 70920 d 9.0 500 533545 548013 7.09 01@ 9.0 024 549 5.40+0.09
4 81120 d 9.0 500 5.46 533 811 010 90 024 -

5 15860 s - 500 573 158 029s - 024 531

Products

2-propanol 117 066d 65 055 854,839 8.4740.08
Acetone 224 042s - 035 16.43 16.43
EG 359 013s - 017 7.30 7.30
HEB 1 394 031t 45 077 5.11,5.29 529

HEB 2 421 026t 45 077 540,493 537

HEB 3 721 027d 90 077 5.80,5094 5.50+0.51
HEB 4 7.98 048d 90 077 588 571

HEBa 9.82 033s - 077 583

PIPA1 399 - t 45 088 4.25,4.63 4.90

PIP A2 426 - t 45 088 499,510 506

PIPA3 718 047d 9.0 088 4.36,4.24 4.6310.44
PIP A 4 801 041d 90 088 456 4.22

PIPB 1 398 - t 45 040 5.38 526, 4.99

PIPB 2 426 - - - 040 4.99

PIPB 3 7.06 0.16d 9.0 040 6.20,5.28 5.3320.60
PIP B 4 792 010d 90 040 539 522

PIP C 3 700 010d 90 026 422

PIP C 4 710 010d 90 026 4.67 4.44£0.23
PIP D 3 709 005d 90 013 4.22,4.98

PIPD 4 7.47 005d 9.0 013 4.41 447 4.52¢0.38
PIPE 1 393 014t 45 027 3.90 4.08, 4.19

PIPE 2 417 014t 45 027 3.37.3.40 3.40

PIPE 3 705 011d 9.0 027 428 431 3.92£0.44
PIP E 4 7.98 009d 90 027 407 419

PIP F 3 700 005t 90 019 - -

PIP F 4 737 007dd85 019 -

PIP FO 756 002d 85 019 -

Unassigned 1.22 0.38s - - 6.24 6.24
Unassigned 1.33 0.04d 9.0 - - -
Unassigned 1.45 0.04s - - - -
Unassigned 3.81 0.09t 45 - 4.24 4.24
Unassigned 3.88 0.07t 45 - 4.22 4.22
Unassigned 401 0.07t 45 - 6.34 6.34
Unassigned 411 0.10t 45 - - -
Unassigned 7.24 0.02d 9.0 - - -
Unassigned 7.34 0.03d 9.0 - - -
Unassigned 8.08 0.07d 9.0 - - -
Unassigned 8.11 0.07d 9.0 - - -

2 Integration, multiplicity (s = singlet; d = doubjlé = triplet), splitting (Hz).
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Figure 5.20 Possible components present after the irradiatiophotoinitiator alone

under nitrogen after 50 light pulses, where PIP hotpinitiator product, HEB =
H-benzaldehyde and R and R’ are unknown.
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OH-Span:photoinitiator solutions

The main focus of this work was reduction, anddiation of 1:1 and 1:10 OH-
Span:photoinitiator samples in pH 5.2 sodium aeehatffer solution under nitrogen
was monitored by steady-state UV/Visible absorpsipactroscopy, HPLC, LC-MS and
NMR spectroscopy. Some preliminary studies of saspinder air were also carried
out and monitored by UV/Visible absorption speatapsy. The UV/Visible absorption
spectra recorded in a 1 cm pathlength cell on imtemh under nitrogen and air are
shown in Figures 5.21 and 5.22. For both 1:1 af@ OH-Span:photoinitiator solutions
the largest change in absorbance with irradiatias abserved at 363 nm, attributed to
loss of dye absorbance and this change is plogatanalised absorbance versus light
pulse in Figure 5.23. Qualitatively, the rate otale of the main absorption band of the
dye with number of light pulses was faster for i@an than oxidation. There was a
total dye bleach observed for 1:10 OH-Span:phdiaior solutions and a partial dye
bleach for 1:1 OH-Span:photoinitiator solutionsisTbbservation is in contrast to the
very small spectral changes observed in the absgfnaeotoinitiator under comparable
conditions after 30 light pulses (Figure 5.11), d@hdrefore the dye bleach can be
attributed to the effect of the photoinitiator mathhan direct photochemistry of the dye.
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Figure 5.21 Irradiation of 1:1 (left) and 1:10 (right) OH-Spahotoinitiator (5x 10*
mol dm? dye concentration) in pH 5.2 sodium acetate bustgution under nitrogen
over 30 light pulses; arrows indicate changes witreasing light pulse, with the

overall difference spectrum (final — initial) shown
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Figure 5.22 Irradiation of 1:1 (left) and 1:10 (right) OH-Spphotoinitiator (5x 10*
mol dm? dye concentration) in pH 5.2 sodium acetate butdution under air over 30

light pulses; arrows indicate changes with incmegsight pulse, with the overall

difference spectrum (final — initial) shown.
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Figure 5.23 Normalised absorbance at 363 nm as a functiongbf fpulse for 1:1 and
1:10 H-Span:photoinitiator in pH 5.2 sodium acetatdfer solution under nitrogen
(left) and air (right).

Detailed product analysis was carried out on sasnptadiated under nitrogen to study
reduction, where 1:1 and 1:10 OH-Span:photoinitiatolutions were analysed by
HPLC before and after 50 light pulses using a dyecentration of 5 10* mol dm?,

ten times the concentrations previously studiedJbMVisible absorption spectroscopy
(Figure 5.21), so as to more easily identify thedoicts. Figures 5.24 and 5.25 show the
HPLC chromatograms before and after irradiation af 1:1 and 1:10 OH-
Span:photoinitiator sample under nitrogen, with th¥/Visible absorption spectra
recorded from each of the 23 components (labellet AV) observed from the 1:10
solution shown in Figure 5.26. The retention tim@sak integrations and UV/Visible
absorption band positions are given in Table 5cébédh the 1:1 and 1:10 solutions. LC-
MS was used to help identify the products and thesspectra of components observed

are shown in Figures 5.27 and 5.28 with assignmanigable 5.6.

The assignments of the products observed by HPLEL L&&+MS can be made by
drawing on those already made from samples aftectreichemical reduction

(Chapter 4) and from the irradiation of the phoitcator alone (above): Component A
has a retention time of 2.34 min, and it gives gatige ion base peak ion with an m/z
value of 302.0 and a fragment ion with an m/z vatie222.1, a mass loss of 80
corresponding to a loss of $@hich matches the observed pattern, retention &k

spectral features for NAPDAD produced after CPEictidn of OH-Span (Chapter 4
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Figures 4.15 and 4.19). Component B has a retenimoa of 4.21 min and spectral
features which match that of APOL produced afteE@&duction of OH-Span (Chapter
4 Figure 4.15). Component D has a retention tim#0of1 min, and it gives a negative
ion base peak ion with an m/z value of 573.0 aldgrfrent ions with m/z values of
302.0 and 222.1. The structure of component D igyebknown; but fragmentation of a
component with an m/z value of 302.0 to 222.1 tesfubm a mass loss of 80, which is
the same ion pattern observed for NAPDAD (Chaptétigure 4.28) indicating that
component D contains the NAPDAD moiety. Componenhds a retention time of
10.88 min, and it gives a positive ion base peakwith an m/z value of 274.2 and a
fragment ion with an m/z value of 165.1; this mbss of 109 corresponds to loss of
APOL, which indicates that this it is part of theusture of component E. Component F
has a retention time of 11.16 min and it giveggative ion base peak ion with an m/z
value of 466.0 which is a higher m/z than either-Span or photoinitiator, and
fragment ions with m/z values of 386.1 and 3421tk first fragmentation results from a
mass loss of 80, consistent with a loss of; S@licating the NAPDAD moiety is
present. The second fragmentation results fromssdass of 44 which may result from
the loss of GH4O, an alkyl chain which may come from the phota@tdr, indicating a
parent structure containing both dye and photeaitdticomponents as a stable product.
Component G with a retention time of 12.15 min rha& the retention time and
spectral features of H-benzoic acid assigned asdupt of photoinitiator irradiation
(Figures 5.16 and 5.18). Component K has a reteriioe of 14.68 min and it gives
base peak ions with m/z values of 577.1 and 55vrdepative and positive ion mode,
respectively. Component Q has a retention timelo®2 min and it gives a base peak
ion with an m/z value of 577.1. Mass spectrométereéfore shows that components K
and Q have structures with relatively high massh lb@ing higher than either OH-Span
or photoinitiator alone. Component W has a retentime of 32.61 min that matches
the retention time and spectral features of H-blelehyde assigned as a product of
photoinitiator irradiation (Figures 5.13 and 5.1@hmponents C, I, J, L, M, N, O, P, R,
S, T and V are unknown products, and H and U asdwal OH-Span and

photoinitiator, respectively.

Quantitatively, the peak integration and calibmatitom HPLC indicate that NAPDAD
is produced in 11% and 22% vyield for 1:1 and 1dldtsons, respectively, and APOL is
produced in 30% and 40% yield for 1:1 and 1:10tsmhs, respectively.
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1:1 OH-Span:P! in pH 5.2 sodium acetate analysed at 254 nm

Irradiation HIPLC Chromatlogram
:
ol before
3
e}
<

I { A after
0 5 10 15 20 25 30 35 40

Retention time/ min

Figure 5.24 HPLC chromatogram of 1:1 OH-Span:photoinitiatox(50* mol dm?® dye

concentration) under nitrogen before (top) andrgfiettom) 50 light pulses.

Irradiation HIPLC Chromatlogram

1:10 OH-Span:P!

hpH 5.2 soditim acetate anafysed at 254 nm
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Figure 5.25 HPLC chromatogram of 1:10 OH-Span:photoinitiator<(30* mol dm

dye concentration) under nitrogen before (top) aftel (bottom) 50 light pulses.
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Figure 5.26 UV/Visible absorption spectra of components idedi from 1:10 OH-
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pulses.
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Table 5.6 Retention times (RT / min), peaks integrations ®ncentrations (Concn / 2nol dni®) and UV/Visible absorption band positions
(A / nm) from HPLC and Retention times (RT / mirgse peak ions (BP/z) and fragment ions (F / m/z) of components teefnd after 50
light pulses on 1:1 and 1:10 OH-Span:photoinitiaitgpH 5.2 sodium acetate buffer solution underogien.

HPLC LC-MS
11 1:10
Component RT P Concn RT P Concn A RT BP Assighment F Assignment F Assighment
Before
OH-Span 12.45 97.15 5.00 12.40 97.61 5.00 215, 251, 294, 308,363 12.12 407.0 [OH-Span +'H 327.0 Loss of SO 206.0 Loss of azo
Pl 2488 36.34 5.00 24.88 361.15 50.00 217,279 24.83 2249 [PI+H* 178.9 Loss of ¢HsO
After
A 2.34 9.91 0.36 2.34 22.81 0.83 217,244, 288,299,353 2.32 302.0 [NAPDAD + H| 222.1 Loss of S
B 421 0.59 0.94 3.87 1.00 159 219, 274, 300
Cc 6.96 0.12 - 6.94 0.98 - 266
D 10.71 1244 - 10.40 13.95 - 213, 271, 306, 342 10.40 573.0 [M-NaT 302.0 [NAPDAD + H] 222.1 Loss of S
E 10.88 8.88 - 10.55 11.23 - 213, 271, 306, 342 10.55 2742 [M+H* 165.1 Loss of APOL
F 11.16  41.64 - 10.81 47.74 - 211, 248, 287, 352 10.81  466.0 [M-Nal 386.1 Loss of S© 342.0 Loss of GH,O
221.0 Unknown
468.0 [M+3H-2Na]" 450.0 Loss of HO 342.0 Unknown
370.1 Loss of SQ
G 12.15 15.55 - 12.07 5.89 - 217, 250 12.17 181.2 [H-benzoic acid -'H
H 12.37 3177 164 1212 19.57 1.00 215, 251, 294, 308, 363
| 13,55 10.05 - 13.54 0.97 - 248, 282, 253
J 14.28 0.38 - 14.23 1.37 - 265, 404
K 14.68 0.62 - 14.65 2.96 - 258, 248, 433 14.65 577.1 [M] 533.0 Lossof CQ 533.1 No change
577.0 Base peak ion
L 16.31 2.05 - 16.31 1.59 - 243, 285, 373
M 16.64 217 - 16.64 4.67 - 236, 286, 311
N 18.07 2.46 - 18.01 2.30 - 242, 280, 399
@) 18.46 191 - 18.46 1.83 - 240, 289, 393
P 19.38 0.58 - 19.32 0.74 - 281, 394
Q 21.05 0.55 - 21.05 6.21 - 217, 283 21.05 4533 [M] 435.1 Loss of KD 322.0 Unknown
R 23.11 3.13 - 23.11 2.54 - 243, 283, 390
S - - 23.66 1.04 - 260
T 23.76 2.20 - 23.73 2.55 - 258, 334
U 24.71 6.84 0.94 2483 275.42 38.13 217,279
\Y - - - 32.26 4.96 - 217, 280
w 32.61 0.80 - 32.39 5.33 - 217, 300

2 Concentration of NAPDAD (A) and APOL (B) calculdtasing the calibration curve (Appendix A2.4foncentration of residual OH-Span
(H) and photoinitiator (U) calculated from peakeigtation.



In summary, HPLC and LC-MS product analysis haswshaohe large number of
products that are formed after the irradiation oH-Span in the presence of
photoinitiator; importantly, NAPDAD and APOL are thoobserved. The results also
indicate that components have formed with a highass than either OH-Span or
photoinitiator, indicating that parts of OH-Spandém photoinitiator have reacted
together, which would be consistent with the reki low yields of NAPDAD and

APOL in comparison with those obtained from eledtemical reduction (ca. 90%

yield).

It was important to know if NAPDAD and APOL reactguhotoinitiator induced

radicals, hence solutions of NAPDAD and APOL waradiated in the presence of
photoinitiator under nitrogen using the same caowlt used for OH-Span. 1:1
NAPDAD:photoinitiator and 1:1 APOL:photoinitiatorolsitions were analysed by
HPLC analysis before and after 50 light pulses tasnve in Figures 5.29 and 5.31,
respectively, with the UV/Visible absorption spectecorded from each component
shown in Figures 5.30 and 5.32, respectively. Htention times, peak integrations and
UV/Visible absorption band positions are given iable 5.7. The results indicate a ca.
12 % decrease in APOL and a ca. 2 % decrease inDiPconcentrations during

irradiation in the presence of photoinitiator. Exihg those components thought to
result from the photoinitiator breakdown, the iiedtn of NAPDAD in the presence of
photoinitiator (Figure 5.30) shows the same compbieobserved at a retention time
of 10.55 min in the irradiation of OH-Span in theegence of photoinitiator (Figure
5.26); by contrast, irradiation of APOL in the prase of photoinitiator does not show
any of the same components observed in the iriadiaf OH-Span in the presence of
photoinitiator. Therefore the low yield of NAPDADh& APOL observed in the OH-

Span:photoinitiator solutions cannot be attributedheir loss by direct reactions with

photoinitiator radicals.
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Figure 5.29 HPLC chromatogram of 1:1 NAPDAD:photoinitiator (hat 5x 10* mol
dm®) at pH 5.2 under nitrogen before (top) and atvettom) 50 light pulses.
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Figure 5.30 Top: UV/Visible absorption spectra of 1:1 NAPDADagghinitiator before
irradiation. Bottom: UV/Visible absorption specothcomponents formed after 50 light

pulses.
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Figure 5.31 HPLC chromatogram of 1:1 APOL:photoinitiator (bath 5 x 10* mol
dm*) at pH 5.2 under nitrogen before (top) and atettom) 50 light pulses.
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Figure 5.32 Top: UV/Visible absorption spectra of 1:1 APOL:pbioitiator before
irradiation. Bottom: UV/Visible absorption spectthcomponents formed after 50 light

pulses.
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Table 5.7 Retention times (RT / min), peak integrations (ncentrations (Concn /
10*mol  dm® and UV/Visible absorption band positioris/(hm) of each component
before and after 50 light pulses for 1.1 APOL:plhatator and 1:1
NAPDAD:photoinitiator under nitrogen.

APOL NAPDAD

Component RT Pl Conén RT Pl Conch A
Before
NAPDAD - - - 2.29 120.83 5.00 217, 244, 288, 299, 353
APOL 4.27 3.42 5.00 - - - 219, 274, 300
Photoinitiator 24.8534.91 5.00 24.83 34.56 5.00 217, 279
After
A (NAPDAD) - - - 2.29 118.83 4.91 217, 244, 288, 299, 353
B (APOL) 4.27 3.02 441 - - - 219, 274, 300
E - - - 10.89 090 - 271,304, 342
S 23.68 5.15 - - - - 260
AA 24.03 1.23 - 24.03 0.75 - 222,283
BB 28.81 141 - - - - 237, 295, 400
Y 3229 294 - 3226 276 - 217,280
U (Photoinitiator) 24.87 2.68 0.38 24.86 4.51 0.65 217,279
Q (Photoinitiator prod) 21.141.71 - 2113 391 - 217,283
G (H-benzoic acid) 12.3516.07 - 1234 1.78 - 217,249
W (H-benzaldehyde) 32.463.19 3246 1.02 - 217,300

& Concentration of NAPDAD and APOL calculated usinge tcalibration curve
(Appendix A2.4)' concentration of residual photoinitiator calcuthtérom peak

integration.
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Once again NMR spectroscopy was used to providbduevidence as to the nature of
the products and also to give a quantitative meastithe species formed. 1D and 2D
(COSY, NOESY, DOSY)'H spectra were recorded from 1:1 OH-Span:photaituiti
(5 x 10* mol dm?® dye concentrationyamples in deuterated 0.05 mol drsodium
acetate buffer at pD 5.2 under nitrogen using &&rd00 MHz spectrometer, and the
spectra before and after 50 light pulses are shiovaigure 5.33. The DOSY dimension
after irradiation shows the complexity of this stuay highlighting further the large
number of products formed with various diffusioreffwients indicating various sizes
and masses. Figure 5.34 shows possible products hiénee formed with NMR

assignments given in Table 5.8.

Before irradiation, photoinitiator and OH-Span happarent diffusion coefficients of
5.48x 10%° and 4.73x 10 m* s?, respectively. Upon irradiation products form with
higher and lower apparent diffusion coefficientente have lower and higher masses
than photoinitiator or OH-Span. Compounds from bptiotoinitiator and OH-Span
have formed, for example: HEB with its distinctialelehyde proton at a chemical shift
of 9.82 ppm, NAPDAD and APOL by their apparent wibn coefficients of
5.58 x 10%° and 6.63x 10 m? s?, respectively, comparable to those observed after
CPE reduction of OH-Span (Chapter 4 Figure 4.2d)dé&cts labelled * and *P in Table
5.8 show NAPDAD and photoinitiatdH NMR chemical shift patterns, respectively,
and have diffusion coefficients of ca. 4.3 to .40 m? s that are lower than those of
OH-Span or photoinitiator; products of high massntaming NAPDAD and
photoinitiator moieties are comparable with the MS- data. 1,4-hydroquinone is
observed at a chemical shift of 6.81 ppm with apaapnt diffusion coefficient of
6.72x 10*° m? s* which is consistent with that observed upon CREicgon of OH-

Span.

In addition, COSY interactions are observed for porents proposed in Figure 5.34:
for OH-Span between protons 5 & 6, 6 & 7, 12 & 18l d5 &16; for NAPDAD
between protons 5 & 6, 6 & 7; for APOL between prst 12 & 13 and 15 & 16; for
species labelled * between 5 & 6, 6 & 7 in NAPDADBd&or species labelled *P there
are COSY interactions in both the aliphatic andnatic protons, consistent with

assignments made to photoinitiator components.
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Quantitatively NMR has shown that NAPDAD is proddde 14% yield and APOL in
30% vyield, which is comparable to the quantitatieLC analysis for a 1:1 solution of
11% and 30%, respectively. Thereafter, NMR showas HEB, PIP A, PIP B (assigned
to H-benzoic acid), species labelled *, and hydnogue are produced in yields of 42%,
10%, 25%, 27% and 4%, respectively, therefore lydyonly ca. 41% of the naphthyl
half (NAPDAD and *), and only ca. 34 % of the phehglf (APOL and HQ) of OH-
Span can be accounted for. There are however $@reraatic protons unassigned.

In summary, quantitative 1EH NMR, 2D COSY and DOSY NMR have been used in
the elucidation of productdH chemical shifts and apparent diffusion coeffitsehave
shown that NAPDAD and APOL are produced by thetreaof OH-Span with radical
species formed on irradiation of the photoinitiatmder nitrogen. NMR analysis has
also shown that products form with higher and lowpparent diffusion coefficients
than OH-Span and photoinitiator, indicative of leaamnd high mass components.
Importantly, the results suggest that the prodbetge structural elements of both OH-
Span and photoinitiator, consistent with LC-MS gsm. The product analysis, in
general, has shown that in addition to the simptiiction observed electrochemically,
the reduction of OH-Span in the presence of phataiar-generated radicals gives side
reactions, and these products require a combinafidifferent analytical techniques for

their identification.
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Figure 5.33 Left: '"H NMR (700 MHz) DOSY display of 1:1 OH-Span:phofitiator
before (top) and after 50 light pulses (bottombat 10* mol dm® at pD 5.2 under

nitrogen (D = Dye P = Photoinitiator). Right: Higtam of all components in DOSY
display.
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Table 5.8 'H chemical shifts (ppm), apparent diffusion coeffit per splitting (R /

10%° m? s%), mean apparent diffusion coefficient per compon(@ean/ 10° m? s%)

and concentration (Concn / t0mol dm® of each component of OH-

Span:photoinitiator alone before and after irradratinder nitrogen.

Before Irradiation

After Irradiation

DOSY DOSY
Atom H2 Concn Dy Dyean Ha Concn Dy Dytean
Photoinitiator
1 39620 t 4.5 500 5.55,553, 570 3.93 041 45 1.03 5.10,4.86,4.80
2 42420 t 45 500 5.39,5.58,5.62 424 0.41 45 1.03 5.32,5.12,5.53
3 7.0920 d 9.0 500 5.53,5.10 548+0.30 7.09 0.38 9.0 095 5.60,5.07 5.26+0.43
4 8.112.0 d 9.0 5.00 5.53,5.33 8.11 0.38 9.0 095 5.72,5.25
5 1.596.0 s - 500 541 158 123 - 1.03 5.52
OH-Span
1 93410 d 10 500 4.72,4.79 9.34 0.30 1.0 150 4.83,5.07
3 8.6710 d 20 500 4.87, 4.67 8.67 0.3@ 2.0 1.60 6.30,7.50
5 8.921.0 d 9.0 5.00 4.71,4.87 8.92 0.3@ 9.0 1.60 5.76,5.80
6 78410 t 9.0 5.00 4.82,4.68,4.78 4.73+0.31 7.84 0.28 9.0 140 6.77,5.36,5.635.82+1.33
7 8.321.0 d 9.0 500 4.63,4.50 8.32 0.3d 9.0 1.70 4.84,4.91
12/16 8.002.0 d 9.0 5.00 4.48,4.63 8.00 0.60 9.0 1.50 4.78,4.78
13/15 7.092.0 d 9.0 500 5.10,4.64 7.10 0.6d 9.0 150 7.11,7.93
Products
2-propanol 1.17 0.04 6.5 0.01 7.90,8.33 8.11+0.22
EG 3.35 0.08 - 0.02 -
HEB 1 3.94 03% 45 185 548,549,513
HEB 2 421 03% 45 185 5.99,578,6.25
HEB 3 7.17 032 9.0 1.60 4.78,5.04 6.12+2.17
HEB 4 798 0.33 9.0 1.65 7.66,9.12
HEB o 9.82 0.0 - 010 655
PIPA1 3.99 0.08 45 0.20 4.56,4.21,3.94
PIPA2 425 0.08 45 0.20 4.26,4.26,5.26
PPA3 715 004 9.0 018 530602  +°o¥L17
PIPA4 8.01 0.0&l 9.0 0.20 4.94, 3.68
PIPB1 3.98 041 45 1.02 4.20,4.15,4.33
PIPB 2 426 04t 45 102 5.15,522,5.30
PIPB 3 7.05 0.3& 9.0 0.95 5.85,5.51 5.15¢1.13
PIPB 4 7.98 0.31 9.0 098 542,641
NAPDAD 1 8.03 0.08 1.0 040 5.81,6.20
NAPDAD 3 781 0.0&l 1.0 0.40 5.36,5.35
NAPDAD 5 8.70 0.1d 9.0 055 559, 6.14 5.58+0.56
NAPDAD 6 7.48 0.1@ 9.0 0.50 5.91,5.07,5.27
NAPDAD 7 8.13 0.11d 9.0 0.55 5.49,5.19
APOL 12/16 6.93 041 9.0 1.05 5.73,6.19 6.63+1.09
APOL 13/15 7.20 0.4 9.0 1.00 6.68,7.90 R
*1 9.12 0.1 1.0 0.80 4.23,4.21
*3 8.46 0.18 2.0 090 4.23,4.63
*5 8.85 0.2 9.0 1.00 4.70,4.75 4.46+0.28
*6 7.73 0.2 9.0 1.05 4.20,4.75,4.56
*7 8.25 0.21d 9.0 1.05 4.10,4.71
*P 6.91 0241 9.0 1.10 4.11,4.36
*P 8.14 0.2a 9.0 1.10 4.83,4.87
*P 754 0.41r - - 3.81, 3.03, 4.59 4.34+0.09
*P 413 04br- - 4.12-4.13
*P 3.90 0.4%r - - 4.19-4.43
Hydroquinone 6.81 0.138 - - 6.72 6.72
unassigned 1.25 0.08 - - 7.79 7.79
unassigned 1.32 0.08 7.0 - 6.45 6.45
unassigned 1.45 0.04 7.0 - 7.30 7.30
unassigned 7.00 0.08d8.5 - 7.32 7.32
unassigned 7.37 0.08d8.5 - - -
unassigned 7.94 0.02 9.0 - - -

2 Integration, multiplicity (s = singlet; d = doubjlé = triplet), splitting (Hz)
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Figure 5.34 Possible components from the irradiation of 1:1-8§pén:photoinitiator
after 50 light pulses under nitrogen. For comporigR contains *P.
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5.2.1.2 Time-resolved studies

The following section reports on the pulsed latiare-resolved UV/Visible absorption
(TRVIS) studies on OH-Span alone, photoinitiatasna and OH-Span:photoinitiator

solutions.
OH-Span alone

The TRVIS spectra of OH-Span €10* mol dm?®) in pH 5.2 sodium acetate buffer
solution obtained 150, 300, 650, 1250 and 3500ftes @08 nm excitation in a 1 cm
pathlength cell at 20.5 °C are shown in Figure 5.38e TRVIS spectra are dominated
by a bleaching band at ca. 360 nm that can be ressitp loss oftransOH-Span
reactant, and a new absorption band occurs atCandh which decays as the bleaching
band at ca. 360 nm recovers. Both features deweilityin the instrument response time
and then decay on a similar microsecond times€aewre 5.36 shows the kinetic traces
at 360 and 460 nm as a function of time (t) analysg fitting to a single exponential
decay as shown in equation 5.7 to determine tisé dirder rate constantq(, where
AA, A; and A, are the change in absorbance, absorbance arising the transient
signal, and the absorbance atsdbrespectively. The analysis gave a rate constard.o

1.5x 10°s* across the probe wavelength range of 350 — 42@50¢- 510 nm.

M =A™ +A, (5.7)

The results are consistent with the sub-nanose&mmadation of thecis form of OH-
Span, as observed for azobenzemiee formation of which is beyond the instrument
response, followed by the thermal back reactiork iacthetrans form as shown in
Figure 5.37. The rate constant for the thermal bbaektion gave a lifetimea € 1/k) of

ca 666 ns for theis isomer.
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Figure 5.35 TRVIS spectra of OH-Span alone ¥410* mol dni®) in pH 5.2 sodium
acetate buffer solution, 150, 300, 600 1250 and3&0Dafter excitation; arrows indicate

changes with time.
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Figure 5.36 TRVIS kinetic traces of OH-Span alone ¥410* mol dm?® in pH 5.2
sodium acetate buffer solution at 360 and 460 rtedfusing equation 5.7.

trans-OH-Span cissOH-Span

Figure 5.37 Isomerisation of OH-Span.
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Photointitator alone

TRVIS data have been reported previously for thetgihitiator alone in watet’ and
Figure 5.38 shows a kinetic trace obtained at 440 far photoinitiator in pH 5.2
sodium acetate buffer solution under nitrogen aB8&8 nm excitation in a 1 mm
pathlength cell at 20 °C, which when analysed usipgation 5.7 gave a rate constant of
9.05x 1¢° s, corresponding te = 110 ns, which is consistent with the reportedage
of the triplet state of the photoinitiator to gitlee radical fragments shown in Figure
5.8

0.30

I analyéd at 41b nm
0.25 - ]

020
015
010 |

AAbsorbance

005

0.00

o005 | 5 Kops = (9.05 £0.08) x10°s™ |

u R?=0.9898
-0.10 1 1 1 1 1
0 200 400 600 800
Time/ ns

Figure 5.38 TRVIS kinetic traces of photoinitiator alone11.0°mol dni®) in pH 5.2
sodium acetate buffer solution under nitrogen ageadyat 410 nm, fitted using equation
5.7.

OH-Span:photoinitiator solutions

The TRVIS spectra of 1:10 OH-Span:photoinitiator ¥ 10* mol dm® dye
concentration) in pH 5.2 sodium acetate buffer ttmhuunder nitrogen obtained 325 ns
after 308 nm excitation in a 1 mm pathlength ceRh°C is shown in Figure 5.39 and
can be attributed to the photoinitiator triplettstarhe TRVIS spectra obtained at 1.3,
3.5, 6.5, 15.0, 45.0 and 858 after excitation are shown in Figure 5.40, amdkihetic
traces at 360 and 490 nm are shown in Figure Stilar TRVIS data were also
obtained for a of 1:30 OH-Span:photoinitiator X110* mol dmi® dye concentration)

solution and are given in Appendix 3.
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Figure 5.39 TRVIS spectra of 1:10 OH-Span:photoinitiator X110* mol dnmi® dye

concentration) in pH 5.2 sodium acetate buffer tmtuunder nitrogen, 325 ns after

excitation.
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Figure 5.40 TRVIS spectra of 1:10 OH-Span:photoinitiator X110* mol dni® dye
concentration) in pH 5.2 sodium acetate buffer tsmuunder nitrogen, 1.30, 3.50, 6.50,

15.00, 45.00 and 85.QG after excitation.
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Figure 5.41 TRVIS kinetic traces of 1:10 OH-Span:photoinitiatdrx 10* mol dm

dye concentration) in pH 5.2 sodium acetate budtdution under nitrogen at 360 and

490 nm.
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Figure 5.42 gives an overlay of the kinetic tra@e860 nm for OH-Span alone and 1:10
OH-Span:photoiniator, recorded under the same tiondi and with the same dye
concentration of x 10* mol dm® in a 1 mm pathlength cell (as opposed to a dye
concentration of 4x 10% mol dm?® in a 1 cm cell as recorded for OH-Span alone
previously in Figures 5.35 and 5.36). Any signabnir OH-Span alone, due to
iIsomerisation, was very small under these condstiorhis indicates that th&ans
isomer was dominant and hence that the radicaltiosac being observed can be
attributed to thetrans form of OH-Span, even though thas-trans thermal back
reaction occurs on a similar timescale to thathef decay of the photoinitiator triplet

State.

0.05

anaiysed at 366 nm

Absorbance

-0.05

top - OH-Span alone
bottom - 1:10 OH-Span:PI
0.0 20.0 40.0 60.0 80.0
Time/ pus

Figure 5.42 TRVIS kinetic traces of OH-Span alone and 1:10 Q#d#8photoinitiator
(all 1 x 10*mol dm?® dye concentration) in pH 5.2 sodium acetate bigtéution under

nitrogen at 360 nm.

The negative\A values between ca. 340 and 400 Ama{ = 360 nm) may be assigned
to the bleach of the main absorption band of OHRSphich appears to be complete
within ca. 45us, and which may be attributed to its reaction v@thydroxy-2-propyl
radicals (Figure 5.8) as reported for other dife®Vithin ca. 3.51s a species has formed
with a positiveAA between ca. 420 and 540 nin4x = 490 nm), which itself has
decayed after ca. 8. The formation of a species with a long waveleragisorption
band is consistent with the formation of a dye cadanion, which has been observed
for Naphthol Blue Blac® and Orange i which showed bands forming at longer
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wavelength than the dye bleach after ca. 3 ands]l@espectively. The TRVIS spectra
at long times was found to be similar to that aledi from the steady-state studies of

OH-Span:photoinitiator under nitrogen (Figure 5.21)

A general mechanism for dye reduction by photatiti radicals has been proposed in
the literaturé® and it has been used to provide a model for theticraof OH-Span.
Equations A.1 to A.8 describe the reduction of thye, disproportionation, several
radical side reactions and the formation of seveaal-radical products (NRP) which
are thought not to undergo any further reactionsleast of the timescale of these
studies, and where ArCO-, -C(gbOH, Dye: and Dyé& are the benzoyl and
2-hydroxy-2-propyl radicals, dye radical anion ahgdrazine respectively. A full
kinetic analysis on Orange Il has been repdrtdtat can be used to model initially the
rate constants for OH-Span to analyses the TRV1&. d2espite the product analysis
reported here showing that a wide array of prodfats, this model provides a method
of understanding the initial stages of the mechanid dye reduction. The software
used for the modelling was written in-house and hesn used as report&dand the

corresponding rate laws are given in Appendix 3fuations A.1 to A.8.
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Photoinitiator vk, Arco. +.ccpoH (A1)

Dye + -C(CH),OH —K » Dyei+(CH),CO+H  (A2)

2 Dye: LN Dye” + Dye (A.3)
2 .C(CH,),OH ks, NRP (A.4)
Dye: + -C(CH;),OH %, \RP (A.5)
Dye- + ArCO- %, \rp (A.6)
ArCO. + -C(CH),OH —K—» NRP (A.7)
2 ArCO- k&, NRP (A.8)

In this model, equation A.1, the decay of the &igbhotoinitiator is considered to be
instantaneoust(= 0.11 pus) on the timescale of observation of the dye dggna
(ca. > 1 ps) and hence the model considers the other reactder ArCO- and
.C(CH)-,OH have formed. Equation 5%8has been reported to estimate the initial
concentration of ArCO- and -C(@HOH, where E is the laser pulse energy at the
sample (3 mJ)L is the laser excitation wavelength (308 ndd)js the photoinitiator
quantum yield (reported to be 0.29) is the molar absorption coefficient at 308 nm
(2800 dni mol™* cmi?), ¢ is the photoinitiator concentration ¥110° mol dmi®), | is cell

pathlength (1 mm) and a is the laser beam area ()

[ArCO- ], =[-C( CH,), OH } =%10w) x 8.35 x 10 madm? (5.8)

Equation 5.8 calculates the initial concentratidn-G(CH;),OH as an upper limit
because it assumes that the dye does not absorls #me laser light at 308 nm, and
this value and the modelled rate constants for eeattion step A2 — A8 are given in
Table 5.9. The rate constaris®® ks,>> ks,>> k;>> and ks>’ were obtained from the

literature, and are the same as those reportedtielnthe reduction of Orange Il and
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were fixed in the modelling used for OH-Spda.and ks values of 2.28 10° and
2.61x 10° dn? mol* s, respectively, from the literature on the reductas Orange I
were used as initial estimates and thereafter athnigy inspection to fit the
experimental data at 360 and 490 nm, allowing catestants for the formation and
decay of Dye-to be obtained. Figure 5.43 shows the result isf tiodelling where a
value ofk, = 6.00x 10°dm® mol™* s* was obtained for -C(G§$OH reducing the dye to
give Dye:, and a value oks = 5.00 x 1¢® dm® mol* s! was obtained for Dye-
disproportionating to reform OH-Span and a hydrazittermediate, wherggsoDye-)
andego(Dye-) were also estimated from the modelling. Compéoeitie starting values
of k, andks this indicates that Dyefor OH-Span has higher rate constants for formmatio
and decay than Orange Il, and tkais close to a diffusion-controlled rate constanis |
also interesting that the rate constant for reactib2-hydroxy-2-propyl radicals with
azobenzene in 2-propanol is much lower at BY dm® mol* s*.4 In other studiesk,
was found to be 2.08 10° dm® mol™* s* for aqueous 2-(arylazo)-1-naphthols and 4.5
10° dn® mol* s* for aqueous Orange | at 20 ®Cjn another study of a series of
aqueous 2-(arylazo)-1-naphthel andks was found to be ca. 2 —410° dn® mol* s*
and ca. 2 — & 10" dn® mol* s*, respectively at 20 °€in general, rate constants for

the other steps have not been reported other tra@ringe 1f°

Table 5.9 Calculated concentration of initial -C(@pOH (mol dni®) and estimated
molar absorption coefficient ( dnt mol* cm?) the modelled values of rate constants
(k/ dnPmolts?) at 21 °C, from equations A1-A8.

[-C(CHs).OHJo 2.70% 10°
ko 6.00x 10°
ks 5.00% 10°
Ka 6.50% 10°
ks 2.33x 10°
Ke 3.18x 10°
k 1.74x 1¢°
ke 5.00% 10°
easd(Dye’) 14000
eago(Dye") 7000
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Figure 5.43 TRVIS kinetics of 1:10 OH-Span:photoinitiator €.10* mol dmi® dye
concentration) in pH 5.2 sodium acetate buffer ttmtuat 360 nm (left) and 490 nm
(right) together with modelled overall contributi¢solid line) alongside Dye(dashed

line) and Dye (dotted line) contributions.

Figure 5.44 attempts to model the spectrum of tHeSpan dye radical anion, using the
kinetic model to give an estimate of species cotmagons as a function of time. The
assumption here is that only the Dye and Dabsorb in the visible region, hence the
TRVIS spectrum is a composite of these two spedigs. concentration of OH-Span
from the modelling was 2.04 10° mol dm? at 45us, from which the spectrum of OH-
Span ¢ ~ 21500 dm mol* cm?!) was scaled and is shown as a dashed line in & igur
5.44. The estimated Dyespectrum was then created by adding the scaledSgxi-
spectrum to the observed TRVIS spectrum aiglsand is shown as a solid line (Figure

5.44).
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Figure 5.44 OH-Span radical anion spectrum (solid line), pamtiby addition of OH-
Span bleach (dashed line) at a concentration 02.64.x 10° mol dm?® to the TRVIS

spectra at 4ps.

In summary, initial kinetic modelling has shown @od fit to the experimental data, in
which thek; and ks rate constants obtained are comparable to thqeeteel for other
dyes. The modelling therefore is consistent with-§&in undergoing reduction by
disproportionation as proposed in Figure 5.45.rheoto do a more rigorous and full
kinetic analysis, different experimental conditiocsuld be used by changing pump
energy and concentration in order to fully quantifie rate constants accuratgly®
The detailed product analysis (section 5.2.2.1wshthat there is a complex array of
compounds formed, however the good fit to the kinetodel indicates that these
products are not observed by TRVIS and may formadonger timescale than this
experiment (> 8us). The results also show that the photoinitiatootplysis results in
the formation of the Dyeefficiently and therefore is effective at produciraglicals that
can be used to study reactions with the R-Span. dyggire 5.45 also shows two
possible routes by which the hydrazine may decasectly or indirectly, to the
NAPDAD and APOL products.
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Figure 5.45 Proposed reduction of OH-Span in the presence-toyd2oxy-2-propyl

radicals.
5.2.2 Other R-Span dyes

Section 5.2.2.1 reports the simple steady-statiestion NH-, O-, and CN-Span alone
and time-resolved studies on BHand CN-Span alone before considering the more
complicated steady-state studies on OMe- and NHpganSalone and time-resolved
studies on OMe- and NHAc-Span alone. Section 22#efly reports on the steady-
state studies on ‘€pan, NH-Span and NHAc-Span with photoinitiator; such ségdi

were not carried out on OMe-Span or the impure .dyes
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5.2.2.1 Dyesalone
Steady-state studies on WHCN-, and O-Span.

The irradiation using a flash gun of M1 O-, and CN-Span alone showed no
significant change in the steady-state UV/Visibbs@ption spectra (Figure 5.46 and
5.47) after 30 light pulses, indicating that theeslyno not fade readily upon direct

photolysis in solution.
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Figure 5.46 UV/Visible absorption spectra of NFEpan (left) and CN-Span (Right)

alone in water at % 10° mol dmi® before and after 30 light pulses.
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Figure 5.47 UV/Visible absorption spectra of 3pan alone in pH 11 phosphate buffer

solution at 5x 10°mol dm?* before and after 30 light pulses.
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Time-resolved studies on Mand CN-Span

The TRVIS spectra of NiHSpan (4x 10*mol dm?®) in water at 21 °C obtained 1.0, 2.5,
4.5, 14.5 and 30.0 ms after 308 nm excitation h @n pathlength cell are shown in
Figure 5.48. Upon irradiation a band at ca. 400 attributed to thdransNH,-Span

reactant bleaches and then recovers, consistehttraits-cis photoisomerisation and
recovery. Figure 5.49 shows a kinetic trace at dA@Danalysed by fitting to a single
exponential decay to determine the first order catestant (k9. The analysis gave a
rate constant of ca. 1X410°s™ across the range of 370 — 440 nm, corresponditigeto

thermal back reaction a@is to trans NH,-Span, and giving a lifetime of ca. 7 ms for the

cisisomer.
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Figure 5.48 TRVIS spectra of NptSpan alone (4 10* mol dm?®) in water, 1.0, 2.5,
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Figure 5.49 TRVIS Kinetic traces of NiSpan alone (4 10*mol dni®) in water at

400 nm.

The TRVIS spectra of CN-Span &410* mol dm®) in water at 21 °C obtained 0.1, 0.5,

1.0, 2.0 and 4.0 ms after 308 nm excitation incanlpathlength cell, as given in Figure
5.50, showed no appreciable effect. The kineticeta 400 nm as shown in Figure 5.51

may be an impurity in the sample because the ddtaat fit to a single exponential

decay.
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Figure 5.50 TRVIS spectra of CN-Span alone 4.0 mol dni®) in water, 0.1, 0.5, 1.0,

2.0 and 4.0 ms after excitation.
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Figure 5.51 TRVIS Kinetic traces of CN-Span alone ¥4L0* mol dmi®) in water at 400

nm.
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Studies on OMe- and NHAc-Span

The irradiation of OMe- and NHAc-Span alone shoveghificant changes in the
steady-state UV/Visible absorption spectra aftast pne light pulse, and little further
difference after 30 light pulses, as shown in Fegbii52. It is proposed is that this is due

to trans-cisphotoisomerisation which does not recover rapidly.

IOMeuSpanl — before I INHAc-Spal\n — before
58K s after 1 light pulse 5k after 1light pulse -
——- after 30 light pulses 3 ——— after 30 light pulses
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Figure 5.52 UV/Visible absorption spectra of OMe-Span (leftjddNHAc-Span (Right)
alone in water at & 10 mol dm® before and after 1 and 30 light pulses, with the

overall difference spectrum (final — initial) shown

Further evidence for this proposal came from anadyshe HPLC and LC-MS data
from a sample of OMe-Span that had been exposedotnlight, in which two peaks
were observed in the HPLC chromatogram at 12.411&029 min (Figure 5.53). The
components giving rise to these peaks showed tine seegative ion ESI mass spectra
(Figure 5.54) with a base peak ion at 420.9 m/zesmonding to [OMe-Span +'H.
The peak at 19.29 min is clearly consistent withttansform with a band at 364 nm in
the UV/Visible absorption spectrum, whereas theesponding spectrum at 12.41 min

shows a longer wavelength band at 443 nm, consisti#éh an n tor transition from

thecis form of OMe-Span.
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Figure 5.53 HPLC chromatogram of a OMe-Span sample (40% dyé&p&0acCl).
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Figure 5.54 Left: Negative ion ESI mass spectrumai-OMe-Span with a retention
time of 12.41 min. Right: Negative ion ESI massctpen oftranssOMe-Span with a

retention time of 19.29 min.

NMR spectroscopy probably provides the most conmgevidence that relatively
stablecis isomers of OMe- and NHAc-Span formed. Figure SB&ws the numbering
system and DFT optimised structuresad-OMe- andcis-NHAc-Span used to give
calculated NMR positions for comparison with experntal data. Figure 5.56 shows
theH NMR spectrum recorded within a few minutes af@rflash gun pulses of OMe-
and NHAc-Span in BD under nitrogen with assignments given in TabE05The
assignments given for thens form are consistent with those made in Chaptehiew
those made for theis form are consistent witlcisNHMe-Span reported in the
literature (section 5.1.1.2}.As is noted in the literature, the greatest shiésveen the
two forms are for protons 1, 3, 12/16, and 13/18hwrotons 5, 6 and 7 remaining
relatively unchangetf, although the resonances from protons 13/15 shevesively
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little change for OMe-Span. In general the changesdicted computationally are

similar but of greater magnitude.

a B
(ﬁ:ﬁl 1 2 N=N 16
HOS _ ‘liz W\ "5 9 ’ 1@ .
3 15 12
7 14 0O
7 o N =(1a 10 13 (
10 13 SO_H N—<17
SO_H 6 5 3 /
6 5 A0 H CH

H,C 17

OMe-Span NHAc-Span

Figure 5.55 Optimised structures afis-OMe-Span (left) andissNHAc-Span (right)
along with the numbering systef@riginal in colour)

NMR after 30 light pulses
OMe-Span
1 55 317 77 12 663 17 13 13 17 17
NHAc-Span
5 53 1 77 12 66’3’13 12/ 13 1818
9.5 9.0 8.5 8.0 7.5 7.0 6.5 3.9 3621 1.8

6/ ppm
Figure 5.56 Aromatic and non-aromatic regiofH NMR spectrum of OMe-Span (top)
and NHAc-Span (bottom) both atx110* mol dm® after 30 light pulses.
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Table5.10 *H NMR chemical shifts (ppm) of OMe-Span and NHAGSfter 30 light
pulses in RO, together with their calculateds positions and differences between the

cis andtransforms.

Experimental Calculated
trans cis cis

Atom Ha qa A(trans — ci$ H A(trans — ci$
OMe-Span

1 928 1.00 d 1.08.61 0.95d 1.0 0.67 8.86 0.43
3 8.45 100 d 1.07.63 0.95d 1.0 0.82 6.87 1.73
5 8.85 1.00 d 8.08.72 0.95d 9.0 0.13 8.64 0.13
6 7.78 100 t 7.0 752 0.95t 7.0 0.26 7.53 0.04
7 825 100 d 8.08.15 0.95d 8.0 0.10 8.01 0.00
12/16 798 200 d 8.07.13 1.96d 8.0 0.85 6.0% 7.91° 1.06
13/15 698 200 d 8.06.79 1.96d 8.0 0.19 6.18° 6.70° 0.31
17 3.88 3.00 s -3.71 2.94s - 0.17 3.73 -0.06
NHAc-Span

1 9.09 1.00 s - 821 0.47s - 0.88 7.29 2.03
3 8.39 100 s -7.44 0.47s - 0.95 8.25 0.34
5 863 100 d 8.08.49 0.47d 8.0 0.14 8.70 0.05
6 756 1.00 t 8.0 7.47 0.47t 8.0 0.09 7.47 0.11
7 8.04 100 d 8.0 7.93 0.47d 8.0 0.11 7.86 0.15
12/16 773 200 d 8.57.08 0.94d 8.5 0.65 8.087%, 8.03° -0.05
13/15 738 200 d 8.56.75 0.94d 8.5 0.63 6.95%° 6.55° 0.87
18 191 3.00 s -1.83 1.84s - 0.05 1.81 -0.13

2 Integration, multiplicity (s = singlet; d = doublé = triplet), splitting (Hz)

Quantitatively, NMR spectroscopy allows for the qurtage of the two forms to be
determined using peak integrations. After irradiatithe OMe-Span sample consisted
of 51 %transand 49 %cis form, whereas NHAc-Span sample consisted of 6i@a¥ts
and 32 %cis form. Using this information, ais UV/Visible absorption spectrum for
each dye can be calculated using the UV/Visibleogli®on spectrum recorded after
irradiation, and subtracting th&ans spectrum corresponding to the percentage
determined from the NMR data as shown in Figure’ 5 e calculateais spectra
show the expected longer wavelength band at 443488dhm forcis-OMe-Span and
cisNHAc-Span, respectively, and the spectruncisfOMe-Span matches that recorded
for the OMe-Span sample exposed to light observeldLC analysis (Figure 5.57).

0.6 T T

0.6 T T

cis-NHAC-Span

cis—dM e-Span

Absorbance
Absorbance
o
w

00 |
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200 300 400 500 600
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Figure 5.57 Calculated UV/Visible absorption spectrumctd-OMe-Span (left) andis-
NHAc-Span (right).
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The rate constant of theans-cisthermal back reaction was measured by recording the
UV/Visible absorption spectrum of irradiated sansptd OMe-Span and NHAc-Span
after 30 flash gun light pulses which were then ilefthe dark with spectra recorded as
a function of time shown in Figures 5.58 and 54180 shown in Figures 5.58 and 5.59
are fits to single exponential decays giving raiestants for theis-transthermal back
reactions. The spectra of OMe-Span were recordedt 88 days at 21 °C and the
observed rate constant for tbis-transthermal back reaction was 4.2010° s giving

a lifetime of 2.4x 10°s or 2.8 days. The spectra of NHAc-Span were retbover 32
hours at 21 °C and the observed rate constanth®cis-transthermal back reaction
was 3.70x 10° s? giving a lifetime of 2.7 10* s or 7.5 hours. OMe-Span and NHAc-
Span clearly display different properties than tteer R-Span dyes, in that their

thermalcis-transisomerisation reactions occur on much longer toraks.
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Figure 5.58 Left: UV/Visible absorption spectra of OMe-SpanX1.0* mol dni®) in
water recorded for 28 days after 30 light pulse®latC, Right: Single exponential fit at

363 nm.
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Figure 5.59 Left: UV/Visible absorption spectra of NHAc-SpanX110* mol dni®) in
water recorded for 32 hr after 30 light pulses Bt’€ Right: Single exponential fit at

363 nm.

TRVIS was used to explore whether there were amggsses occurring on a short
timescale, and the TRVIS spectra of OMe- and NHpafBalone (4« 10* mol dni®) in
water at 20, 40, 120, 250 and 600 ms after exeitaséire shown in Figure 5.60. The
TRVIS spectra observed are opposite in phase teetbbserved from OH- and NH
Span (Figures 5.34 and 5.48), with positive bankiseoved at ca. 360 nm for both
OMe- and NHAc-Span. This observation can be atiietbdo changes that occur in the
system due ttrans-cisprocesses, but the situation is complicated byqalitgration by

the probe beam from the arc lamp. Experimentalilg, grobe beam shutter was under
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manual control; hence the sample was exposed tertiee light from the arc lamp,

generating a photostationary state with significzigtisomer present before the laser

pulse was fired. Thereafter it is proposed thatnu@®8 nm excitationcis-trans

photoisomerisation occurred, with the TRVIS dataveihg an increase itransisomer

concentration and then decay to the starting pkqgtolibrium as the sample returns to

the photostationary state due to the effect ofatledamp. Therefore, due to the effect of

the arc lamp, no comparative TRVIS studies coulddreied out on OMe- and NHAc-

Span with the present experimental conditions.

0.08

0.07
0.06

AAbsorbance
o
8

OMe-Span O 20+10ms NHAc-Span O 20+10ms
i X 404+10ms | [ X 40+10ms |
A120+30ms 4 | A 120+30ms -
[0 250 £50 ms ] [0 250 £50ms |
* 600 +100 ms * 600 +100 ms
0.02 : L . . : . . .
400 450 500 550 600 350 400 450 500 550 600

Wavelength / nm

Wavelength / nm

Figure 5.60 TRVIS spectra from OMe-Span (left) and NHAc-Spaight) alone
(4 x 10*mol dnm®) in water, 20, 40, 120, 250 and 600 ms after afioi.
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Figure 5.61 TRVIS Kinetic traces for OMe-Span alone (left) and NHAza8 (right)

alone (4x 10*mol dm®) in water at 360 nm.
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The long-lived nature of thas form observed here for OMe- and NHAc-Span has been

reported for other azo dy&%’* The observed rate constant for ttis-transthermal

back reaction for azobenzene in benzene at 21 °Céis 10° s*.° In one study a
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comparison as to the thermostability of tieforms of a set of substituted azobenzenes
was made in which it was found that electron-wigtvdng substituents stabilise this
isomer, whereas an electron donating substitpara to the azo linkage destabilised the
cis isomer’* This is an useful piece of information becausehaise dyes for which
isomerisation was observed (b OH-, OMe- and NHAc-Span), OMe-Span and
NHAc-Span can be considered to be those dyes comgaithe least donating R
substituents, which would correlate with this preglo The timescale of thas-trans
back reaction will depend on the energy barriead #xist between the isomers, which
may arise along two different pathways, inversiod aotation, which are competitive
depending on the electronic effects of the sutmtitand the polarity of the solvefiin

a comparison of macrocyclic and non-cyclic azobeaz& was reported that thogs-
trans thermal back reaction occurred on longer timescdies to higher energy barriers
for the macrocyclic forni® This is indicative of steric effects influencirfetstability of
the isomers, which when considering OMe- and NHAetSoffer larger R substituent
groups than Nkt and OH-Span. A study on a reactive dye showngnreé 5.62 gave a
thermal cis-trans isomerisation rate constant of 2410° s* in DMSO at 25 °C
resulting in a lifetime of ca. 4.8 dafswhich is longer than for OMe- and NHAc-Span;
although not discussed in the literature, this ddug postulated to be due to further

electronic or steric influence of the large reaetiyoup R.

¢H,
- N.<
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!
0,S SO,

Figure5.62 Structure of a reactive dye where R is a reagroep.
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5.2.2.2 Dyeswith photoinitiator

R-Span:photoinitiator studiesere followed by UV/Visible absorption spectroscopy

and some preliminary product analysis was carrigdyg HPLC.

UV/Visible absorption spectroscopy

Steady-state studies of photochemical reactiomgyusiflash gun on samples of 1:1 and
1:10 O-Span:photoinitiator in pH 11 phosphate buffer, lahd 1:10 NH
Span:photoinitiator in water and 1:1 and 1:10 NH3wan:photoinitiator in water, all in
a 1 cm pathlength cell under nitrogen and underwaare studied by UV/Visible
absorption spectroscopy as shown in Figures 553%8. Figures 5.69 — 5.71 show the
normalised absorbance of the main dye band ascaiduanof light pulse. It has already
being established that there is a direct photolgfect on the structure of NHAc-Span,
and hence the more complicated nature of the det#ye main absorption band may
arise in part from theis isomer forming. It can be seen that one flash pgésgerally
has a greater effect on the spectra of NHAc-Span the other R-Span dyes (Figure
5.67). In all cases, however, the bleaches ofrtam absorption bands in each of these
dyes are broadly comparable to that of OH-Span modmparable conditions (Figure
5.21) showing that photoinitiator-generated radicabult in fading of the dyes.
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Figure 5.63 Irradiation of 1:1 (left) and 1:10 (right) & pan:photoinitiator in pH 11

phosphate buffer solution under nitrogen over 8@tlpulses; arrows indicate changes

with increasing light pulse, with the overall diféce spectrum (final — initial) shown.
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Figure 5.64 Irradiation of 1:1 (left) and 1:10 (right) & pan:photoinitiator in pH 11
phosphate buffer solution under air over 30 lightsps; arrows indicate changes with

increasing light pulse, with the overall differerggectrum (final — initial) shown.
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Figure 5.65 Irradiation of 1:1 (left) and 1:10 (right) NFSpan:photoinitiator in water
under nitrogen over 30 light pulses; arrows indiaztianges with increasing light pulse,

with the overall difference spectrum (final — ial)i shown.
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Figure 5.66 Irradiation of 1:1 (left) and 1:10 (right) NFSpan:photoinitiator in water
under air over 30 light pulses; arrows indicatenges with flash, with the overall

difference spectrum (final — initial) shown.
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Figure 5.67 Irradiation of 1:1 (left) and 1:10 (right) NHAc-Spahotoinitiator in water
under nitrogen over 30 light pulses; arrows indiagttanges with increasing light pulse,

with the overall difference spectrum (final — ial)i shown.
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Figure 5.68 Irradiation of 1:1 (left) and 1:10 (right) NHAc-Sp@hotoinitiator under
air over 30 light pulses; arrows indicate changéh wmcreasing light pulse, with the

overall difference spectrum (final — initial) shown
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Figure 5.69 Normalised absorbance at 457 nm as a functiongbf fpulse for 1:1 and
1:10 H-Span:photoinitiator in pH 11 phosphate husi@ution under nitrogen (left) and
air (right).
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Figure 5.70 Normalised absorbance at 401 nm as a functiongbt fpulse for 1:1 and

1:10 NH-Span:photoinitiator under nitrogen (left) and (aight).
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Figure 5.71 Normalised absorbance at 364 nm as a functiongbf fpulse for 1:1 and

1:10 NHAc-Span:photoinitiator under nitrogen (left)d air (right).
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Product analysis

Preliminary product analysis was carried out by BPbn 1:1 and 1:10 ©
Span:photoinitiator, NHSpan:photoinitiator and NHAc-Span:photoinitiataiuions
under nitrogen analysed before and after 30 lightsgs, and where the dye
concentration was § 10° mol dmi®. The HPLC chromatograms and UV/Visible spectra
of components identified are shown in Figures 5-72.80, with the retention times,
peak integrations and UV/Visible absorption bandiians given in Tables 5.11 — 5.13.
It should be noted that a relatively small numbepmducts have been identified for
each of these dyes, which can be attributed td¢othier dye concentrations than used for

OH-Span studies reported earlier (section 5.2.1.1).

The important observation is that for each dye, BAP is produced showing that
cleavage has occurred across the azo linkage;ugiththe phenyl half products were
not observed, further studies may show their preseeas in the case of OH-Span.
Interestingly, the yield of NAPDAD produced afteradiation of the 1:10 @ NH,- and
NHAc-Span:photoinitiator solutions was 18%, 19%d &%, respectively. Therefore
O- and NH-Span show comparative NAPDAD vyields to that frord-Span (22%
yield). The lower yield of NAPDAD from NHAc-Span @Wws that other process are
occurring, similar to the observation of furtheeaton transfer processes for NHAc-
Span observed by electrochemistry (Chapter 4).

Another observation is that componentsAd B for O-Span, A for NH,-Span and &
for NHAc-Span show comparable retention times apécsa to the unknown
components of D and F for OH-Span (Figures 5.25 &a@6), which would warrant

further investigation of these products.
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HPLC chromatogram 1:1 O-Span:Pl under N, analysed at 254 nm
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Figure 5.72 HPLC chromatogram of 1:10 Gpan:photoinitiator (% 10° mol dm?* dye

concentration) under nitrogen before (top) andrgtiettom) 30 light pulses.

1:10 O™-Span:PI under N, analysed at 254 nm
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Figure 5.73 HPLC chromatogram of 1:10 Gpan:photoinitiator (% 10° mol dm? dye

concentration) under nitrogen before (top) andrgtiettom) 30 light pulses.
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Figure 5.74 UV/Visible absorption spectra of each componeminted from 1:10 O
Span:photoinitiator (% 10° mol dm?® dye concentration) under nitrogen after 30 light

pulses.
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Table 5.11 Retention times (RT / min), peak integrations (Bdncentrations (Concn /
10° mol dm?) and UV/Visible absorption band positiorts/(nm) of each component

before and after 30 light pulses for 1:1 and 1:1{@an:photoinitiator under nitrogen.

1.1 1:10

Component RT Pl  Conén RT PI ConcA A
Before
Phosphate buffer  2.1514.06 - 2.19 14.00 - 273
O-Spar 12.64 10.32 5.00 12.64 10.21 5.00 215, 251, 294, 308, 363
Photoinitiator 24.64 3.42 5.00 2468 34.25 50.00 217,279
After
O-Span 12.73 7.17 2.79 - - - 215, 251, 294, 308, 363
Phosphate buffer  2.1514.22 - 2.19 14.00 - 273
NAPDAD - - - 2.28 2.45 0.88 217,244,288, 299, 353
A/ 11.05 0.73 - 1096 2.10 - 220, 273, 308, 336
B’ 11.29 1.32 - 11.31 5.83 - 220, 248, 290, 352
H-benzoic acid 12.21 1.71 - 12.17 9.25 - 217,249
Q 20.98 0.80 - 2094 7.71 - 243,281
T 23.67 0.78 - 23.64 1.18 - 254,281
c - - - 23.95 1.97 - 234,283
Photoinitiatof - - - 2459 10.37 15.13 217,279
H-benzaldehyde 32.33 0.17 - 31.42 1.46 - 217,300

% Concentration of NAPDAD calculated using the aaion curve inAppendix A2.4
! Converted to OH-Span under a pH 5.2 sodium acéiaffer mobile phase used in HPLC,

Zconcentration of residual photoinitiator calculafienin peak integration.

HPLC chromatogram ' ' 1:1 NH, -Span:Pl under N, analysed at 254 nm
8 ’\ before
&
ol |
2
<
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A A —
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Retention time/ min
Figure 5.75 HPLC chromatogram of 1:1 N#Bpan:photoinitiator (5 10° mol dmi®
dye concentration) under nitrogen before (top) afiter (bottom) 30 light pulses.
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HPLC chronlwiogram 1:1OI NH, —Span:PIl under N, anallysed at 254 nrln
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Figure 5.76 HPLC chromatogram of 1:10 NFSpan:photoinitiator (5 10° mol dm?
dye concentration) under nitrogen before (top) aftel (bottom) 30 light pulses.
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Figure 5.77 UV/Visible absorption spectra of each componentnfed from 1:10 Nk
Span:photoinitiator (5% 10° mol dm® dye concentration) under nitrogen after 30 light

pulses.
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Table 5.12 Retention times (RT / min), peak integrations (Bdncentrations (Concn /
10° mol dm?) and UV/Visible absorption band positiorts/(nm) of each component

before and after 30 light pulses for 1:1 and 1:1B{$pan:photoinitiator under

nitrogen.
1:1 1:10

Component RT PI  Conén RT Pl  Concfi A
Before
NH,-Span 10.5310.32 5.00 10.53 10.21 5.00 213,260, 311, 401
Photoinitiator 24.68 3.42 500 24.68 34.57 50.00 217,279
After
NH.-Span 10.86 5.78 2.79 - - - 213,260, 311, 401
NAPDAD 228 105 037 228 268 0.97 217,244,288, 299, 353
A’ - - - 10.86 3.49 - 213,271, 300, 308, 342
H-benzoic acid 12.26 1.26 - 12.26 5.39 - 217,249
Q 21.14 0.23 - 21.14 3.91 - 217,279
B’ 22.16 0.45 - 22.19 1.58 - 280
S - - - 24.09 1.72 - 234,283
Photoinitiatot - - - 24.99 10.14 14.67 217,279
c - - - 31.62 0.68 - 217,280
G - 32.42 0.88 - 217,300
H-benzaldehyde 32 63 0. 48 - 32.63 0.77 217, 300

& Concentration of NAPDAD calculated using the oaith)n curve Appendix A2.4,

! concentration of residual photoinitiator calcuthfeom peak integration.

HPLC chrorﬁatogram 11 NIHAc -Span:PIl under N, anallysed at 254 nrln
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Figure 5.78 HPLC chromatogram of 1:11 NHAc-Span:photoinitiag®x 10° mol dm
dye concentration) under nitrogen before (top) after (bottom) 30 light pulses.

Absorbance
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HPLC chrorﬁatogram 1:10 NIHAc -Span:PIl under N, anallysed at 254 nrln
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Figure 5.79 HPLC chromatogram of 1:10 NHAc-Span:photoinitia@® 10°mol dmi®

dye concentration) under nitrogen before (top) aifiter (bottom) 30 light pulses.
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Figure 5.80 UV/Visible absorption spectra of each componenimted from 1:10
NHAc-Span:photoinitiator (% 10°mol dm® dye concentration) under nitrogen after 30

light pulses.
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Table 5.13 Retention times (RT / min), peak integrations (Bdncentrations (Concn /
10° mol dm?) and UV/Visible absorption band positiorts/(nm) of each component

before and after 30 light pulses for 1:1 and 1:18AMW-Span:photoinitiator under

nitrogen.
1:1 1:10

Component RT PI  Conén RT Pl  Concfi A
Before
NHAc-Span 1497 7.95 5.00 14.97 8.04 5.00 214,247,294, 308, 364
Photoinitiator 2475 359 500 24.75 3550 50.00 217,279
After
NHAc-Span 15.08 3.79 2.38 15.03 0.85 0.52 214,247, 294, 308, 364
NAPDAD 2.37 0.26 0.09 229 1.17 0.42 217,244,288, 299, 353
H-benzoic acid  12.12 2.37 - 12.09 6.86 - 217,249
A 13.11 5.24 - 13.09 6.63 - 213,250
B/ 13.46 4.01 - 13.40 5.53 - 212, 250, 288, 301, 350
c’ 16.68 0.39 - 16.60 0.73 - 214,253, 340
D" 17.93 0.88 - 17.93 1.64 - 220, 250, 314
= 18.53 0.40 - 18.56 0.49 - 280
Q - - - 21.05 3.37 - 217,279
Photoinitiato? - - - 24.79 12.62 17.77 217,279
H-benzaldehyde 32.63 0.24 - 32,53 3.71 217, 300

& Concentration of NAPDAD calculated using the aaithnn curve in Appendix A2.4,
! concentration of residual photoinitiator calcuthfeom peak integration.
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5.2.3 Summary

Two areas of interest that have arisen from makimg current studies on the
photochemistry ofthe R-Span dyes are th@as-transisomerisation is important and that
the extensive product analysis on the photoinitigemerated radical reactions with

OH-Span show that the process is complex.

In terms of isomerisatiortirans-cisphotoisomerisation occurs for the R-Span dye sgerie
with the rate of thesis-transthermal back reaction of NH OH-, OMe- and NHAc-
Span differing considerably. The rate constantsttercis-transthermal back reaction
are given in Table 5.14 along with their R Hamnegtando, constants: the rate from
quickest to slowest is in the order of -OH > -N+> -NHAcC > OMe. The faster rate of
the OH-Spartis-transthermal back reaction has shown that it was thedesto study
in the presence of radicals to explore the mechajibecause the time-resolved studies
have shown that the radical reactions can be até&ib predominately to th&ans
isomer. The rate constants obtained for OMe- and®&Bpan are of the order of ca.
10" smaller than that for OH-Span, indicating thathheriers between thes andtrans
isomers of OMe- and NHAc-Span are significantlyn@g and seen likely to arise from

either electronic or steric effects.

Table 5.14 Hammetts, ands, constants and rate constantk (s ) for thecis-trans
thermal back reaction of NH OH-, OMe and NHAc-Span.

R-Span -NH -OH -OMe -NHACc

Gp -0.66 -0.37 -0.27 0.00
Gp -0.15 -0.37 -0.26 -0.46
K 1.40x 10 1.50x10° 4.20x10° 3.70x 10°

In terms of the products from reactions of the RuSmlyes with photoinitiator-
generated radicals under reducing conditions, #pghtinyl half of the dye NAPDAD
has been identified consistent with the electrodbehstudies (Chapter 4), showing that
the reduction mechanism leads to N=N bond cleavage.use of HPLC, LC-MS and
NMR product analyses has indicated that the reastwwith photoinitiator-generated
radicals are complicated and that these may leadatde dye-photoinitiator products.
The main purpose of using the photoinitiator wagenerate radicals quickly that allow

the formation of the dye radical anion and its sgjoent decay to be observed and these
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studies were successful. Using kinetic modellingata constant df, = 6.00x 10° dm®
mol™ s* was obtained for -C(G§$OH reducing OH-Span to give Dyeand a value of
ks = 5.00 x 10® dn® mol* s* was obtained for its subsequent disproportionatimn
reform OH-Span and a hydrazine intermediate. Thepewative results to other dyes in
the literature and the fit of this model to the estmental data indicate that if further
reactions are occurring in the dye:photoinitiatoluson, they may proceed on longer
timescales as reported for Orangélhence, the photoinitiator generates radicals which
provide a good experimental method to study onet@le reduction to mimic dye
fading. Therefore the modelling has provided a goutlal kinetic fit for the 1:10
solution, where the analytical techniques have shtvat NAPDAD and APOL are
products which can be attributed to cleavage adfussazo group consistent with the
proposed disproportionation reduction mechanisrgué 5.45). For any further time-
resolved studies on the other R-Span dyes, comgiderof the presence of thas
isomer would become important, where it would teresting to know if reduction of
the cis isomer and subsequent reactions would in fact ahdhg mechanism at all,
beyond the individual rate constants for reductidm. most reported studies of
photoinitiator-generated radical reactions with adges this has not been a
consideration because the studies have been pedoom hydrazone tautomers locked

in thetransform.

The DOSY technique when applied to analysing prtedatter CPE reduction of the R-
Span dyes gave very clear data (Chapter 4). lagmication to the products formed
after the irradiation of OH-Span:photoinitiatorwobns it has given a very complex test
case for the use of the technique. However it magiged useful information and it has
give consistent results with LC-MS proposing thatictures have formed that have a

higher mass than either the dye or the photoioitiat
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5.3 Conclusions

The lack of emission observed from aqueous solstioh the pure R-Span dyes
indicates that their excited states decay predaeiyndy non-radiative photophysical

processes or undergo photochemical reactioass-cisphotoisomersiation followed by

cis-transthermal back reaction was observed and quantibeddveral dyes in the R-

Span series. NH and OH-Span have showrs-transthermal back reactions on a much
shorter timescale (< 30 ms) than those of OMe- [dAd\c-Span (1 — 11 days). This

result indicates that the ground-stais to trans energy barriers are much larger for
OMe- and NHAc-Span. Apart from the reversible isasaion reactions, the R-Span
dyes were relatively stable to light with littlediag observed on direct irradiation.

The steady-state irradiation studies of NHDH-, NHAc- and GSpan in the presence
of photoinitiator under nitrogen all showed irresibfe bleaching of the main dye
absorption band, which can be attributed to the rdyaetion with 2-hydroxy-2-propyl

radicals. This loss of colour is consistent witle tllestruction of the chromophore,
comparable to that observed under electrochemexdliation which occurred due to
cleavage across the azo linkage. Detailed prochalysis by HPLC, LC-MS and NMR

spectroscopy confirmed that cleavage across thdimzage occurs showing that the
naphthyl half of the dye NAPDAD was formed.

The time-resolved experimental data for OH-Spatiénpresence of photoinitiator gave
a good fit to kinetic modelling of a one-electraduction process in which reaction of
the dye with 2-hydroxy-2-propyl radicals gavé.aate constant close to the diffusion-
controlled limit. Theks value associated with dye radical anion dispropogtiion was
found to be comparable to those from other dyesvstgpthat disproportionation is a
key step in the reduction mechanism of OH-Spanciwivould ultimately lead to the
formation of NAPDAD. The formation of NAPDAD in thather R-Span:photoinitiator
solutions indicates also that disproportionatioruss in the one-electron reduction

mechanisms of the other R-Span dyes.
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Chapter 6 Conclusions and futurework

Section 6.1 reports on the main conclusions ofwoek reported in this thesis by,

firstly, giving an assessment of the techniquesl isestudy aqueous solutions of the R-
Span dyes and, secondly as to dye structure amtivia Section 6.2 suggests future
work which could be carried out to learn more altbet structure and reactivity of the

R-Span dye series which could also be appliedherazo dyes.
6.1 Conclusions
6.1.1 Techniques

UV/Visible absorption spectroscopy has been used waaluable tool in studying the
aqueous samples of the R-Span dyes. The spectoadeec were sensitive to dye
structure showing changes in dye absorption wagéherand molar absorption
coefficient as a result of changing the R substittend giving an indication of the
electronic properties of the dyes. The UV/Visibbesarption spectra were also sensitive
to pH, allowing pK, values to be determined; spectra were also suctlgsssed to
monitor changes that occur upon reductive and dxelaprocesses induced by
electrochemical and photochemical techniques, apdnuisomerisation by direct
irradiation of the dyes. The spectra have also besed in product elucidation,
particularly in combination with HPLC separatiors a result of the distinct band

features being observed.

UV/Visible emission spectroscopy has not been wideded in this work, but has
successfully shown that the excited states of H8p&n dyes do not decay significantly

through radiative routes.

Raman spectroscopy has been successfully usegaa @ the vibrational spectra of
the R-Span dyes, in which resonance and off-res@nRaman spectra conditions gave
comparable spectra for the pure dyes. IR spectpyskbas been used in a more limited
way but has been used successfully in assigningsbemthe Raman spectrum of OH-

Span where assignments were ambiguous.
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Electrochemical techniques have been successfséigl to understand electron transfer
processes that occur in the R-Span dyes. Cycliamwhetry has proved unsuccessful in
studying the aqueous R-Span samples here. Spedit@ehemistry has proved to be a
valuable technique in following the spectral chanffeat occur upon electrochemical
reduction and oxidation, and has provided estimafethe reduction and oxidation

potentials. Controlled potential electrolysis hasio employed to obtain the number of
electrons transferred during the reduction of,NKDH- and NHAc-Span, subsequently
these solutions were studied by various analytieahniques to elucidate products

guantitatively.

Steady-state studies, using flash gun irradiath@ve provided a way of assessing the
stability of the dyes alone and in the presencphaftoinitiator-generated radicals. As
with CPE, this provided solutions which could bealgeed by various analytical
techniques to elucidate products. Steady-stateestadlied with UV/Visible absorption
spectroscopy allowed the long term therncéd-trans isomerisation of OMe- and
NHAc-Span to be studied.

TRVIS provided a time-resolved laser technique tldlowed the short term

photochemical effects due to photoisomerisationbéo studied, where kinetic data
allowed the determination of rate constants. TR¥IK) provided an effective way of
studying the short time scale reaction of OH-Spaith whotoinitiator-generated

radicals. The technique has shown that the phasobfsthe photoinitiator used in this
work provides an effective method to study dye rigdby one-electron reduction, even
though detailed analytical techniques show thatespmoducts are formed on a long

time scale that are not important to mimicking ithigal stages of reduction.

NMR spectroscopy has proved to be an extremelyabddutechnique throughout this
study. A combination ofH, *C, COSY, NOESY, HSQC and HMBC has successfully
been used to characterise the structure of thed®-8pes, with all proton and carbon
assignments made. The technique has also provide@itative way of determining
products from the electrochemical and photochemtieahniques used to study dye
stability. DOSY NMR spectroscopy has been usetiismgtudy in part to test its general
suitability for the separation of components inoaplicated mixture allowing for their

elucidation. As is consistent with the literatusemple mixtures of OH-Span, and
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authentic samples of NAPDAD and APOL gave distulitfusion coefficients for their
components. Upon CPE reduction of OH-Span, thausliih coefficients obtained for
the products NAPDAD and APOL were comparable toséhmf the authentic
components. The DOSY spectrum recorded for irradiasolutions of OH-
Span:photoinitiator solution gave a complex spa&ctin which many products have
been observed. The range of diffusion coefficiastitained can be attributed to the
mass range of the products formed. It should a¢sadied that NMR product analysis
has identified extra products which would not hdeen observed otherwise by the

other analytical techniques used in this work.

As with NMR spectroscopy, HPLC and LC-MS analysigvédn been valuable in
identifying products that have formed as a resutaorying out various electrochemical
and photochemical techniques to study dye stabiti?LC has provided further
quantitative analysis on these products that ireggrhas matched the NMR analyses.
The LC-MS analysis, like the DOSY NMR analysis, Baswn that upon the irradiation
of OH-Span:photoinitiator solutions products hawefed of higher masses than either

OH-Span or photoinitiator, which again would nové&®een detected otherwise.

Computational calculations using DFT have providptimised structures for all seven
core R-Span dyes and the protonated forms of-8jpan. These optimisations, although
calculated for the gas phase, give an estimate #setstructure and bonding for these
dyes, by providing bond lengths and angles. Usimgse optimisations, electronic

transitions, charge distributions, NMR, IR and Ranmaformation were obtained. In

general there is a good match of the experimendRNesonances and vibrational
bands to those calculated indicating that thesemdigdtions, with the sulfonates

protonated, provide a good mimic of the structuréhe R-Span dyes in water. The
good match has allowed the experimental vibratitwaalds recorded for all the R-Span
dyes to be assigned to calculated normal modes;hwdie comparable across the R-

Span dye series.
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6.1.2 Dye Structure

The R-Span dye series studied here is a set ohroielyes, unlike much of the reported
work carried out on azo dyes which predominatelisteas the hydrazone tautomer.
Figure 6.1 shows the R-Span dyes studied in thik wadth the R group representing

the only differences between them.

NH»>-Span R =NH
OH-Span R =OH
OMe-Span R = OMe
NHAc-Span R = NHAc
H-Span R=H
Br-Span R =Br
CN-Spar R =CN

Figure 6.1 Structure of the R-Span dyes.

Studies on this set of R-Span dyes have shown apgtegation and intramolcular
hydrogen bonding are not important in comparisoazo dyes that exist predominately
as the hydrazone tautomer. What is important isdlayes are pH dependentrans-

cis phoisomerisation (section 6.1.3.3) and the effdcthe R substituent on their

properties.

The pH dependence observed for OH-Span is due poommation of the OH
substituent with a pKof 7.98. For NH-Span, a pKof 2.88 for protonation has been
determined and extensive studies by UV/Visible gitsan, NMR and Raman
spectroscopy and DFT calculations indicate thabitld be occurring at the azo linkage
to give an azonium tautomer or at the terminal 8ugrleading to give an ammonium
tautomer, with mixtures of the two species indidatg some of the experimental data.
In general this is the same interpretation that h&en made on protonated
aminoazobenzenes in the literature. No pH deperdess observed for the other R-
Span dyes indicating that any protonation or depration occurs outside the range of
pH?2-12.
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Computational calculations using DFT have givertwated NMR and vibrational data
which show good correspondence to experimental detecating that the optimisations
report a good mimic to the structure in solutiomeToptimisations of all the R-Span
dyes show that a planar structure exists intrtéwes form. UV/Visible absorption, NMR
and Raman spectroscopy have provided spectra dfgheform of the dye, with the
UV/Visible absorption and NMR spectra obtained upoadiation of OMe- and NHAc-
Span corresponding to tlees form being clearly different.

The Hammetb, constants have provided one way to consider tiselstituent effect,
with the wavelength of the main absorption band BMR chemical shifts showing a
good matching trend te,. With an increasingly electron donating substitueere is a
shift to longer wavelength of the main absorptioandd and an upfield shift of

resonances from protons adjacent to the R group.

6.1.3 Dyereactivity

The main focus of work on dye reactivity has bdenstudy of reduction, and the most
detailed studies cover OH-Span with comparativelistimade on the other R-Span

dyes. Some initial studies of oxidation and on plsmmerisation have also been made.

6.1.3.1 Reduction

Spectroelectrochemistry has shown that all the BaSglyes undergo electrochemical
reduction as an irreversible process, where in rgéree more negative potential is
required for reduction, with increasing R substitiueslectron-donating capacity
indicating a greater stability to reduction. Altlybu the initial steps of the

electrochemical reduction process have not beearliviex$ by using calculated atomic
charges, is predicted to have a lower charge density thawhch may be indicative

of Ng being the initial site of reduction; however, th&s dependent also on the

energetics of species formed on reduction whiclehet been studied in this work.

CPE reduction studies on OH-Span show a clean tiedusroducing the naphthyl half
of the dye, NAPDAD, and the phenyl half of the dp&OL, in which four electrons

are consumed, consistent with the reported hydeafZormation consuming two
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electrons followed by irreversible N-N bond scissamnsuming a further two electrons.
The identification of NAPDAD after the electrochemali reduction of the other R-Span
dyes shows that a similar reduction process octarsall the dyes. However, the
additional number of electrons and products idettiffter electrochemical reduction
of NHAc-Span and additional products observed affectrochemical reduction of

OMe-Span indicate that other processes are alsgroug.

Direct photoirradiation of the R-Span dye soluticalene showed little fading, but
significant fading occurred in the presence of atpimitiator. Reduction studies were
carried out on the R-Span dyes by generating 2elxyd2-propyl radicals from the
photoinitiator, and a detailed analysis of the pieid formed from OH-Span has shown
that NAPDAD and APOL were produced, consistent witteduction process with N-N
bond scission. The TRVIS studies on OH-Span:phdiaiar solutions have enanled
the spectral identification of the OH-Span radaailon species to be made; the electron
transfer from radical to dye occurs at a near diffn controlled rate constant of 6.80
10° dm® morl™* s* followed by disproportionation of the OH-Span &dianion with a
rate constant of 5.00 10° dn?® mol™* s. The identification of NAPDAD formed after
steady-state irradiation of other R-Span:photatoti solutions is consistent with the
key reduction mechanism for the R-Span dyes sedesrring via disproportionation.

6.1.3.2 Oxidation

Although the work carried out on oxidation was pn&hary, the absence of
electrochemical oxidation for those dyes contairangelectron-withdrawing substituent
indicate that CN and Br offer resistance to oxmatiFor those R-Span dyes irradiated
with photoinitiator under air, an irreversible bdbaof the main absorbance band was
observed showing degradation of the chromophorarecc

6.1.3.3 Photoisomerisation
Although direct photoirradiation of R-Span dye swins alone showed no fading,

trans-cisphotoisomerisation was observed by steady-statdiamgdresolved irradiation

techniques, after which the thermabk-trans back reaction was studied. This back
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reaction was observed for M- OH-, OMe- and NHAc Span with rate constants of
1.5x 1P, 1.4x 10°s*, 4.20x 10° and 3.70x 10°s* (all at 21°C), respectively. The
difference between the rates of the thermal baektien of NH- and OH-Span dyes
and the OMe- and NHAc-Span dyes shows a huge dffact10? between NH and
OMe-Span) indicating that there must be a muchtgress to trans energy barrier in

the latter two.

6.2 Futurework

The most interesting work has come from studyingg&n photoismerisation and

stability and there is a significant amount of et work that could be carried out.

Firstly it would be interesting to explore the stifoent effect further by obtaining
further samples of H-, Br- and CN-Span. The irradra studies performed on the
sample of CN-Span are very speculative due to iitipsirbeing present in the sample
and it would be interesting to study the irradiatioirther as this would give a clear
indication as to the influence of the electron wrwing effect and whethérans-cis
photoisomerisation ands-transthermalisomerisation occur. Thereafter the effects of
temperature and solvent on the rate of the theoisab trans back reaction could be
studied. As well as using UV/Visible absorption dpescopy, NMR irradiation
techniques could be explored in which the peakmgivise to thecis andtrans forms
could be studied as a function of time, especiallthe case of OMe-Span and NHAc-
Span. It would be interesting to understand why diseisomers of OMe-Span and
NHAc-Span are so much more stable than those oftther R-Span dyes studied here.
A series of computational DFT calculations couldskeé up in which several structures
of thecis form could be proposed to understand the stefecesf of the R substituents,
for example to equate whether there are signifi¢atgractions between the R and
sulfonate groups, with structures arising from ¢ron states giving an indication as to

the energy barriers involved in isomerisation.
In terms of dye reactivity, electrochemical oxidaticould be explored further for NH

OH- and NHAc-Span where oxidation was observed g®ctsoelectrochemistry. CPE
oxidation could be carried out on these dyes te gavmeasure of the number of
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electrons transferred and thereafter the resubimigtions could be analysed by the
various analytical techniques used in this theGig. could be carried out in a non-
agueous solvent in which the initial reversiblepste the reduction mechanism may
become identifiable. It would be interesting todstwafter irradiation theis andtrans

contributions to the redox reactions.

Again by obtaining further samples of H-, Br and -Span, the effect of the
photoinitiator-generated radical reactions could dxplored further, giving a more
conclusive way of assessing substituent effecttadimg. Further studies using TRVIS
on other R-Span:phototoinitiator solutions wouldregia comparative set of rate
constants for the electron transfer to producedye radical anionk, and subsequent
disproportionationks. Modelling of the reduction mechanism itself cobllexplored in

more detail, by varying laser pump energies and pgantoncentrations. EPR
spectroscopy could be used to provide informationtlee structure of the R-Span

radicals formed.

In addition to all the studies carried out in smof comparative studies could be made
of dyes in cellophane, a mimic of paper, allowig further structural and reactivity
data to be obtained.

Further DFT calculations could be explored on-Span, where solvent field
calculations could be applied, and thereafter caoptgpavith the experimental data. For
example, Ooffers a more electron donating substituent thdwers in the R-Span dye
series, in which the experimental Raman spectruawst substituent effects which
could be identified in the calculated normal modether calculations of interest would
be the energy changes that occur on the structiinesg an electron transfer process
like reduction, where the structures of the dyeaaldanion and hydrazine forms could
be optimised. This would also allow for a furtheonsideration of the charge

distribution across the molecule.
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Appendices

Appendix 1 Structure

A1.1 Non-linear regression analysison spectrophotometric pH titration data

Single pKasystem

The deprotonation of an acid is given by equatidnlAwhere the equilibrium constant
are given by equation Al.2, where [HA] and][Aare the concentrations of the

protonated and unprotonated species, respectieglg, [H] is the concentration of

protons released.

Ka

HA = A+H' (A1.1)
Ka :M (A1.2)
[HA]

The mole fractionsu,, and o _of the protonated and unprotonated species aregive

by equations A1.3-A1.4, wherg,&mol dm?) is the total concentration.

a,, = [HA] _ [+H 1 (A1.3)
Co [H1+K,

o =AT__ K (Al.4)
A Gy [HTT#K,

For a mixture of species the total absorbance A lmarexpressed as the sum of the
absorbance of HA and Aas given by equation A1.5. The Beer-Lambert law ba

applied to the mixture of species as expressedjirateon Al.6, where,, ande,
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(dm® mor* cm?) are the absorption coefficients of the protonaged unprotonated

species, respectively, and | is the pathlengtimefcell (cm).

A=A, +A, (A1.5)
A =g [HAT +¢,[A (A1.6)

Substitutions of equations A1.3-Al1.4 into A1.6 gas expression for A in terms of K

and [H] as shown in equation A1.7.

N Cmtl(aHA[+H ]+¢,K,) (AL7)
[H1+K,

The total concentration, (& is given by equation A1.8 whergyn(mol) is the total

number of moles of species in solution and V {dimthe solution volume.

C, =—u (A1.8)

Substitution of equation Al.7 by equation Al.8 givan expression for the
experimental data in terms of, &nd [H] as shown by equation A1.9.

AV _ Ena[H]+ e, K,
n.l H]+K,

(A1.9)

tot

Using equations A1.10-Al1.11, equation A1.9 can@essed in terms of pH and pK
and used for analysis as given by equation A1.12.

[H]=10" (AL.10)

K, =107 (A1.11)
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AV _ £,10™ +¢ 10"
nl 10"+ 107

tot

(A1.12)

Double pK 4 system

The deprotonation of a diprotic acid is given by aon Al1.13, where the equilibrium
constants K and Ky are given by equations Al1.14-A1.15 whereAH [HA] and
[A?] are the concentrations of the diprotonated, pratied and unprotonated species,

respectively, and [H is the concentration of protons released.

HoA Ra HA + H L K+ H (A1.13)
_[HATHT (A1.14)
al [HzA]
_[A"IH ] (A1.15)
27 THA ] '

The mole fractionsa,, ,, o, anda,, for each of the diprotonated, protonated and

HA™
unprotonated species are given by equations A11L87A where & (mol dmi®) is the

total concentration.

L ITIN :[HZA] E—— [|:|+]2 (A1.16)
= C [HT]"+[H]K ,+K K o,

tot

] il ES— L (A1.17)
Ctot [H ] + [H ]K a1+ K elf a2
2_
aAz- — [A ] - — K+a1K a2 (A118)
Ctot [H ] + [H ]K a1+K Jl< a2
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For a mixture of species the total absorbance, i\ & expressed as the sum of the
absorbance of #A, HA” and A as given by equation A1.19. The Beer-Lambert law

can be applied to the mixture as expressed in Equal.20, whereg, ., €,

ande,, (dm’mol* cni') are the absorption coefficients of the diprotedaprotonated

and unprotonated, respectively, and | is the pagtleof the cell (cm).

A=A, +A,+A

HA AT

(A1.19)
A=g, HAI +& [HA T +& A 7 (A1.20)

Substitutions of equations A1.16-A1.18 into Al.20eg an expression for A in terms
of Ka1, Kaz and [H] as shown in equation A1.21.

Ctotl(gHzA[I_le]2 + EHA,[H qK al + EAzK J§ a2)

A=
[H]+[HK 4 +K K .

(A1.21)

The total concentration, & is given by equation Al.22 wherg,n(mol) is the total

number of moles of species in solution and V {disithe solution volume.

C, =—u (A1.22)

Substitution of equation Al1.21 by equation Al.2Zegi an expression for the

experimental data in terms ofKKq.and [H] as shown by equation A1.23.

AV — EHZA[H+]2 + EHA’[H Kt K £ o (A1.23)
n, I [H+]2+[H1K a1+K al§ a2 |

tot

Using equations Al1.24-A1.25, equation Al1.23 carXmessed in terms of pH and pK

and used for analysis as given by equation A1.26.

[H+] =10 (A1.24)
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K, =107 (A1.25)

-2pH pH-pK,, PKai=PK 52
AV _ €,2107" + ¢ 10 +€, 10
| 10—2PH + 10DH-PK31 + 10pKal_pKa2

(A1.26)

ntot

Triple pK,system

The deprotonation of a triprotic acid is given byiatpn A1.27 where the equilibrium
constants K, Ka2 and Kyz are given by equations A1.28-A1.30 whereAH [H2AT,
[HA?], [A®] are the concentrations of the triprotonated, atipmated, protonated and
unprotonated species, respectively, ang [githe concentration of protons released.

K K K
HoA =25 HA + H == HA + H' =2 A+ H' (A1.27)
al:w (A1.28)
[HA]
2_
a2=w (Al1.29)
[HA]
3_
a3=w (A1.30)
[HA™]
The mole fractions,a,,, o, ,, o,,. and a . for each of the triprotonated,

diprotonated, protonated and unprotonated speogegieen by equations A1.31-A1.34,

where Gy (mol dmi®) is the total concentration.

_[HA] _ [H]°
Cor [HT+HTK FHIK K K KK, |

(A1.31)

HoA
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= [HZA_] - [H+]2K al (A132)

a + +
" Co [HTHHTKGHHIK K KKK,

_[HA"] _ [HIK.K .
T Co HTHHTK HHK K K KK, (AL.39)
a = [As_] KalK aK a3 (A134)

M Co [HTP+HTK FHIK K K K K, |

For a mixture of species the total absorbance Almarexpressed as the sum of the
absorbance of ¥, H,A", HA* and A" as given by equation A1.35. The Beer-Lambert
law can be applied to the mixture as expressed puaton Al.36,

whereg, , , € g, ande,, (dn’ mol* cm) are the absorption coefficients of the

H,A™ !
triprotonated, diprotonated, protonated and unprated, respectively, and | is the
pathlength of the cell (cm).
+A

A=A, +A__ +A (A1.35)

HAZ A%

A=gHAN +e IHAT +e JHA T +eA T (A1.36)

Substitutions of equations A1.31-A1.34 into Al1.38eg an expression for A in terms
of Ka1, Keand Kyz and [H] as shown in equation A1.37.

CtOtI(EHSA[H+]3 + 8H A*[H -P.l k a1+ 8HAZ‘[H ]K 5 32+ EAK Igl I&Z a}
A= : (A1.37)
[H +]3 + [H +] k a1+[H ]K 5‘ a2+K Igl &2 a3

The total concentration, & is given by equation A1.35 wherg,n(mol) is the total

number of moles of species in solution and V {disithe solution volume.

C = Mot (A1.38)

tot
\/
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Substitution of equation A1.37 by equation Al1l.38egi an expression for the

experimental data in terms ofKKqand Kz and [H] as shown by equation A1.39.

AV _ 8H3A[H+]3 + SHZA-[H ] K at SHAZIH K K ot SAK K Ko a
ntotl [H+]3+[H+]2K a1+[H ]K 5 a2+K |§1 ISZ a3

(A1.39)

Using equations A1.40-1.41, equation A1.39 canxpessed in terms of pH and pK
and used for analysis as given by equation A1.42.

[H*]=10"" (A1.40)
K, =107 (A1.41)

y-3pH 2pH-pKyy pH-pKa~pK a2 PKar PK a7 PK 43
AV  Exa1077+ €y 10 +e€,.10 +e, 10

| = 10_3pH + 102pH_ PKa1 + 10' pH-pK,— pKy» + 10pK aT PK a7 PK 53 (A142)

ntot

A1.2 Solvent dependence data

———DMSO  NHAc-Span
| —— Water ]
----- Ethanol

(A ] Cod) /20" dm® mol ™ cm®
(= :1 N E

o
o

ok ) . ;
200 300 400 500 600 700 800
Wavelength / nm

Figure A1.1 Profile of NHAc-Span in DMSO, water and ethanobat10° mol dni®.

283



A1.3DFT calculations

A1.3.1 Optimisations

Table A1.1 Bond lengths (A) of the optimised structures;efiéinces4) given for bond
lengths (13 A) from the values of H-Span.

Bond H- NH- A(NH) OH- A(OH) OMe- A(OMe) NHAc- A(NHAC) Br- A(Br) CN__ A(CN)

Ci-C2 1.380 1.381  +1 1381 +1 1381 +1 1.381 +1 1.380 0 1.380 0
C2-C3 1420 1421 +1 1421 +1 1421 +1 1.421 0 1.420 0 1.420 0
C3-C4 1.370 1.370 0 1.370 0 1.370 0 1.370 0 1.370 0 1.370 0
C4-C10 1.436 1.436 0 1.436 0 1.436 0 1.436 0 1.436 0 1.436 0
C10-C5 1.420 1.419 0 1.419 0 1.419 -1 1.419 0 1.420 0 1.420 0
C5-C6 1.377 1.377 0 1.377 0 1.377 0 1.377 0 1.377 0 1.377 0
C6-C7 1.409 1.409 0 1.409 0 1.409 0 1.409 0 1.409 0 1.410 0
C7-C8 1.378 1.378 0 1.378 0 1.378 0 1.378 0 1.378 0 1.377 0
C8-C9 1.431 1.431 0 1431 0 1431 0 1431 0 1431 0 1431 0
C9-C10 1.439 1.439 0 1.439 0 1.439 0 1.439 0 1.439 0 1.439 0
Ci1-C9 1.419 1.418 -1 1.419 0 1.419 0 1.419 0 1.419 0 1.419 0
Cil-H1 1.082 1.082 0 1.082 0 1.082 0 1.082 0 1.082 0 1.082 0
C7-H7 1.084 1.084 0 1.084 0 1.084 0 1.084 0 1.084 0 1.084 0
C6-H6 1.085 1.085 0 1.085 0 1.085 0 1.085 0 1.085 0 1.085 0
C5-H5 1.082 1.082 0 1.082 0 1.082 0 1.082 0 1.082 0 1.082 0
C4-s4 1.799 1.798 -1 1.799 0 1.799 -1 1.798 -1 1.799 0 1.800 -1
C3-H3 1.083 1.083 0 1.083 0 1.083 0 1.083 0 1.083 0 1.083 0
C8-S8 1.796 1.795 -1 1.795 -1 1.795 -1 1.795 0 1.796 0 1.797 +1
S8-0 1.462 1463  +1 1.462 0 1.462 0 1.462 0 1.462 0 1.462 0
S8-0 1.455 1.455 0 1.455 0 1.455 0 1.455 0 1.455 0 1.455 0
S8-0 1.648 1.649 +1 1.649 0 1649 +1 1.649 0 1.648 0 1.648 0
S4-0 1.650 1.650  +9 1.650 +4 1.650 +4 1.650 +4 1.462 0 1.648 -1
S4-0 1.455 1456  +3 1455 +1 1455 +1 1.455 +1 1.455 0 1.455 0
S4-0 1461 1461 +4 1461 +1 1461 +1 1.461 +1 1.648 0 1.461 0
C2-Nu 1416 1.413 -3 1.414 -2 1.414 -2 1.415 -1 1.415 -1 1.415 -2
No—Np 1.261 1.268  +7 1.264 +3 1.265 +4 1.264 +3 1.262 0 1.261 0
Np-C11 1414 1.399 -15 1.405 -9 1.405 -9 1.406 -8 1.413 -1 1.416 +2
C11-C16 1407 1411 +4 1.408 +1 1.406 -1 1.407 0 1.407 0 1.407 0
C16-C15 1.389 1.381 -8 1.385 -4 1.388 -1 1.386 -3 1.388 -1 1.386 -3
C15-Ci14 14021415 +14 1.407 +5 1.408 +6 1411 +9 1.400 -2 1.410 +8
C14-C13 1.396 1.409 +13 1401 +5 1.405 +9 1407 +11 1.394 -2 1.405 +8
C13-Ci12 1.3931.385 -8 1.387 -6 1.384 -9 1.386 -7 1.392 -1 1.390 -4
Ciz2-Ci1 14021406 +4 1.405 +3 1.407 +5 1.403 +1 1.402 0 1.402 0
C12-H12 1.086 1.086 0 1.086 0 1.086 0 1.085 -1 1.086 0 1.085 0
C13-H13 1.086 1.087  +1 1.085 -1 1.085 -1 1.088 +2 1.084 -2 1.085 -1

C15-H15 1.0871.088 +1  1.089 +2 1084 -3 1081 -6 1084 -2 1085 -1
C16-H16 1.0841.084 O 1084 0 108 0 1084 O 1084 0 1084 0
Cl4-H14  1.087 - - - - - - - - - - -
c14-014 - - - 1360 - 1356 - - - - - - -
Cla-Ny - 1381 - - - - - 1.403 - -
C14-Br - - - - - - - - 1906 - -
cla-ci7 - - - - - - - - - - - 1433 -
C17-Ny - - - - - - - - - - - 1.163 -
O14-H14 - - - 0970 - -

014-C18 - - - - - 1423 - - - - - - -
C18-Ny - - - - - - - 1.386 - - - - -
c17-017 - - - - - - - 1220 - - - - -
ci7-ci8 - - - - - - - 1522 - - - - -
C18-H18 - - - - 1091 - 1.092 - - - - -
Cl8-H18 - - - - 1097 - - - - - - -
Cl8-H18 - -
Ny—H - 101 - -
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Table A1.2 Bond angles®) of the optimised structures; differenc@g given for angles

(°) from the values of H-Span.

Angle H- _ NH- _ A(NH) _ OH- _ A(OH) _ OMe- A(OMe) NHAc- A(NHAC) __ Br- AH(B) CN A(CN)
C1-C2-C3 1202 1199 -0.3 1201 01 1201 -02 1201 -0.1 1203 0.0 1204 0.0
C2-C4-C4 119.5 1196 +0.2 1195  +0.1 1195 +0.1 119.6  +0.1 1194 0.0 1193 0.0
C3-C4-C10 122.6 1227  +0.1 1226 0.0 1226 0.0 1226 0.0 1226 0.0 1226 0.0
C4-C10-C9 1171 1169  -0.1 1170  -01 1170  -0.1 1170  -0.1 1171 0.0 1172 0.0
C10-C9-C1 1194 1194  +0.1 1194 0.0 1194 0.0 1194  +0.1 1193 0.0 119.3 0.0
C10-C5-C6 121.3 1214  +0.2 1214 +0.1 1214 +0.1 121.3 0.0 121.3 0.0 121.2 0.0
C5-C6-C7 1209 121.0 +0.1 121.0 0.0 121.0 0.0 121.0 0.0 1209 0.0 1209 0.0
C6-C7-C8 1206 1206  -0.1 1206 0.0 1206 0.0 1206 0.0 1206 0.0 1207 0.0
C7-C8-C9 119.7 1197 0.0 119.7 0.0 1197 0.0 119.7 0.0 1197 0.0 119.7 0.0
C8-C9-C10 1220 1221 +0.1 1221 0.0 1221 +0.1 1221 0.0 1220 0.0 1220 0.0
C9-C10-C5 117.3 1172 -01 1173 0.0 1173 -01 1173  -0.1 1174 0.0 1174 0.0
C1-C2-Nt 1194 1194 0.0 1194 00 1194 0.0 1194  +0.1 1194 0.0 119.3 0.0
Na—C2-C3 123.8 1239 +0.1 123.9  +0.1 1238 0.0 1238 -0.1 1238 0.0 1239 0.0
C2-C3-H3 1192 1191 -0.1 1192 0.0 1192 0.0 1192  -0.1 1194  +0.1 1195  +0.1
H3-C3-C4 121.3 1213 0.0 1213  -0.1 1213 -0.1 121.3 0.0 1212 -0.1 1212 -0.1
C3-C4-S4 1157 1157 0.0 1157 0.0 1157 0.0 1157 0.0 1157 0.0 1157 0.0
S4-C4-C10 121.7 121.6 0.0 1216 0.0 121.6  -0.1 121.7 0.0 1198  -1.8 1217  -1.8
C4-C10-C5 1235 1236 +0.1 1236 0.0 1236 0.0 1236 0.0 1235 0.0 1235 0.0
C10-C5-H5 119.6 1196 0.0 1196 0.0 1196 0.0 1196 0.0 1197 0.0 1197 0.0
H5-C5-C6 1194 1194 0.0 1194 0.0 1194 0.0 1194 0.0 1194 0.0 1194 0.0
C5-C6-H6 119.9 1200 0.0 1199 0.0 1200 0.0 1200 0.0 119.9 0.0 119.9 0.0
H6-C6-C7 1195 1195 0.0 1195 0.0 1195 0.0 1195 0.0 1194 0.0 1194 0.0
C6-C7-H7 120.7 1207 0.0 1207 0.0 1208 0.0 1207 0.0 1208 0.0 1208 0.0
H7-C7-C8 119.6 1195 0.0 1196 0.0 1195 0.0 119.6 0.0 1196 0.0 119.6 0.0
C7-C8-S8 116.0 1160 -0.1 1160 0.0 116.0 0.0 1160 0.0 1161 0.0 1161 0.0
S8-C8-C9 1220 1220 0.0 121.9 0.0 121.9 0.0 1220 0.0 121.9 0.0 121.9 0.0
C8-C9-C1 123.3 1234 +0.1 1233 0.0 1233 0.0 1233 0.0 1233 0.0 1233 0.0
C9-Ci1-H1 121.0 121.0 0.0 121.0 0.0 121.0 0.0 121.0 0.0 121.0 0.0 121.0 0.0
H1-C1-C2 117.7 1176  -0.2 1176  -0.1 1177 -01 1177 0.0 1177 0.0 1178 0.0
C8-S8-0 108.6 1086 0.0 1086 0.0 108.6 0.0 108.6 0.0 108.6 0.0 108.6 0.0
C8-S8-0 109.8 109.9 +0.2 1009  +0.1 100.9  +0.1 1098 0.0 109.7 0.0 109.6 0.0
C8-S8-0 1020 1022 +0.2 1021 +0.1 102.0 +0.1 101.9 0.0 101.9  -0.1 101.8  -0.1
0-S8-0 121.8 121.7  -0.1 121.8 0.0 121.8 0.1 121.8  -0.1 121.9 0.0 121.9 0.0
0-S8-0 106.7 106.6  -0.1 106.7 0.0 106.7 0.1 106.7  -0.1 106.8 0.0 106.8 0.0
0-S8-0 106.1 1059  -0.1 1060 -0.1 106.0 -0.1 106.2  +0.1 106.1  +0.1 106.2  +0.1
C4-54-0 109.7 1098  +0.1 109.7 0.0 109.8  +0.1 109.8  +0.1 109.7 0.0 109.6 0.0
C4-S4-0 108.8 1089  +0.1 1088 0.0 108.9 0.0 1088 0.0 1088 0.0 1088 0.0
C4-S4-0 101.8 101.9 +0.1 101.8 0.0 101.8 0.0 101.9 0.0 101.7  -0.1 101.6  -0.1
0-S4-0 121.9 121.8  -0.1 121.8 0.0 121.8 0.1 121.8  -0.1 121.9 0.0 121.9 0.0
0-S4-0 1059 1058  -0.2 1059 0.0 1059 0.0 1059 0.0 106.1  +0.1 106.2  +0.1
0-S4-0 106.8 106.7  -0.1 1068 0.0 106.8 0.0 106.7  -0.1 106.8 0.0 106.8 0.0
C2-Na-NB 1141 1140 -0.1 1141 0.0 1140 0.1 1139  -0.2 1142  +0.1 1144  +0.1
Na—NB-C11 1152 1156 +0.4 1154 0.2 1155 +0.3 1154  +0.3 1150  -0.2 1147  -0.2
NB-C11-C16 124.7 1251  +0.4 1248  +0.1 1250 +0.3 1253  +0.6 1247 0.0 1246 0.0
C11-C16-C15 119.4 1203  +0.9 1200  +0.6 1205  +1.1 1209  +1.4 119.9  +05 119.7  +0.5
C16-C15-C14 1204 1208 +0.4 1201 -0.3 1198 -06 119.7  -0.7 1194  -1.0 1201 -1.0
C15-C14-C13 120.2 1188  -1.4 1203 +0.1 1199 -0.2 1195  -0.7 1214 +12 1201 +1.2
C14-C13-C12 119.8 1202 +0.4 1193  -04 119.8  +0.1 1204  +0.6 1188  -0.9 119.6  -0.9
C13-C12-C11 1201 121.0 +0.9 1209  +0.8 120.7  +0.6 1204  +0.3 1205  +0.4 1203 +0.4
C12-C11-C16 1201 1189  -1.2 1194 08 1192  -0.9 1191  -1.0 1185  -1.6 1201 -1.6
C11-C16-H16 119.0 1188  -0.3 1190 -0.1 1188 0.2 1188  -0.2 1191 +0.1 1191  +0.1
H16-C16-C15 1215 1209  -0.6 121.0 -05 1207 -0.9 1203  -1.2 120.9  -0.6 1211 -0.6
C16-C15-H15 119.8 1201  +0.3 1202 +0.4 1194  -03 1211 +1.4 1207  +0.9 1205  +0.9
H15-C15-C14 119.8 1192  -0.7 1197  -0.1 1207  +0.9 119.2  -0.7 119.9  +0.1 119.4  +0.1
C15-C14-H14 119.8 - - - - - - - - - - - -
H14-C14-C13 120.0 - - - - - - - - - - - -
C14-C13-H13 120.2 1196  -0.7 1190  -1.2 1186  -1.7 119.8  -0.4 1203 +0.1 119.8  -0.5
H13-C13-C12 1200 120.3  +0.3 1216  +1.6 1216 +1.6 119.9  -0.1 120.9  +0.9 1207 +0.7
C13-C12-H12 121.6 1208  -0.8 1209 0.7 121.0 -06 1211 -0.5 120.9  -0.6 1212 -0.4
H12-C12-C11 118.3 118.2  -0.2 1182  -0.1 1183 0.0 1185  +0.2 1185  +0.2 1185  +0.2
C12-C11-1 1152 116.0  +0.8 1158  +0.6 1158 +0.6 1156  +0.4 1154  +0.3 1153  +0.1
C15-C14-014 - - - 122.4 - 124.4 - - - - - - -
014-C14-C13 - - - 117.4 - 115.6 - - - - - - -
C14-014-H - - - 109.4 - - - - - - - - -
C14-014-C17 - - - - 118.9 - - - - - - -
014-C17-H - - - - - 105.7 - - - - - - -
014-C17-H - - - - - 111.4 - - - - - - -
014-C17-H - - - - - 111.4 - - - - - - -
H-C17-H - - - - - 109.4 - - - - - - -
H-C17-H - - - - - 109.4 - - - - - - -
H-C17-H - - - - - 109.4 - - - - - - -
C15-C14-C17 - - - - - - - - - - - 119.9 -
C17-C14-C15 - - - - - - - - - - - 120.0 -
C14-C17-N - - - - - - - - - - - 179.9 -
C15-C14-Br - - - - - - - - - 119.2 - - -
Br-C14-C13 - - - - - - - - - 119.4 - - -
C15-C14-N - 1203 - - - - - 123.2 - - - - -
Ny-C14-C13 - 120.8 - - - - - 117.3 - - - - -
C14-N-H - 1172 - - - - - - - - - - -
C14-N-H - 1173 - - - - - - - - - - -
H-Ny—H - 1136 - - - - - - - - - - -
C14-N-H - - - - - - - 114.8 - - - - -
Cl14-N-C17 - - - - - - - 129.2 - - - - -
H-Ny—C17 - - - - - - - 115.9 - - - - -
Ny-C17-017 - - - - - - - 123.8 - - - - -
Ny-C17-C18 - - - - - - - 114.0 - - - - -
017-C17-C18 - - - - - - - 122.2 - - - - -
C17-C18-H - - - - - - - 108.4 - - - - -
C17-C18-H - - - - - - - 113.6 - - - - -
C17-C18-H - - - - - - - 109.2 - - - - -
H-C18-H - - - - - - - 107.8 - - - - -
H-C18-H - - - - - - - 109.3 - - - - -
H-C18-H - - - - - - - 108.4 - - - - -
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A1.4.2 Electronic structure

NHAc-Span

LUMO LUMO LUMO LUMO

AE =3.19eV =389 nm AE =3.39eV=365nm AE =3.49 eV =355nm AE =3.57 eV =347 nm

HOMO-1 HOMO-1 HOMO-1 HOMO-1

Figure A1.2 Calculated HOMO-1, HOMO, LUMO, LUMO+1 and energyfeience
for NH>-Span, NHAc-Span, OMe-Span and Br-Sp@riginal in colour)
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NH,-Span OMe-Span NHAc-Span Br-Span

" excited state

£

Z\\

1%t excited state Sexcited state Siexcited state Siexcited state

Figure A1.3 Calculated changes in electron density on excitaticthe first (top) and
second (bottom) excited states for H-Span (left) @il-Span (middle) and NFBpan

right). Blue and white regions represent a decraaséncrease in electron density on

excitation, respectivelyOriginal in colour)
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Z\\

FigureAl.4 3 excited state of NEHSpan.(Original in colour)

Table A1.3 Calculated transition energies (E), wavelengif)sgnd oscillator strengths

(f) for the excited states of NF&pan.

Excited state E/eVv Al nm f
1 2.57 483 0.0001
ond 3.04 407 0.8002
3 3.39 366 0.3187
4t 3.56 349 0.0003
5ih 3.96 313 0.0787
6" 4.06 305 0.0128
70 4.23 293 0.0512
gh 4.55 273 0.1747
gh 4.67 266 0.0022
10" 4.78 259 0.0398

Table A1.4 Calculated transition energies (E), wavelengif)sgnd oscillator strengths

(f) for the excited states of OH-Span.

Excited state E/eV Al nm f
1 2.56 484 0.0001
2ond 3.27 379 0.8843
3 3.58 347 0.1305
4t 3.63 342 0.0022
5 3.98 311 0.1238
6" 4.06 305 0.0461
70 4.03 288 0.0254
gh 4.67 266 0.1678
gh 4.86 255 0.0096
10" 4.87 254 0.0012
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Table A1.5 Calculated transition energies (E), wavelengif)sdnd oscillator strengths

(f) for the excited states of OMe-Span.

Excited state E/eVv A/ nm f
1 2.54 487 0.0002
2nd 3.20 388 0.9052
3 3.54 350 0.1505
4n 3.61 344 0.0022
5 3.96 314 0.0907
6" 4.06 308 0.0760
7 4.28 289 0.0315
gh 4.59 270 0.1727
gth 4.63 268 0.0115
10" 4.81 257 0.0006

Table A1.6 Calculated transition energies (E), wavelengif)sdnd oscillator strengths
(f) for the excited states of NHAc-Span.

Excited state E/eV Al nm f
1 2.52 492 0.0000
2nd 3.16 392 1.0945
3 3.54 350 0.1135
4 3.62 343 0.0002
5ih 3.92 316 0.1119
6" 3.94 314 0.0306
7 4.01 309 0.0004
gh 4.22 293 0.0527
gth 4.59 270 0.2139
10" 4.78 259 0.0007

Table A1.7 Calculated transition energies (E), wavelengif)sdnd oscillator strengths

(f) for the excited states of H-Span.

Excited state E/eV Al nm f
1 2.51 495 0.0001
2nd 3.51 353 0.8963
3 3.65 340 0.0002
4n 3.71 334 0.0001
5ih 3.80 327 0.0410
6" 4.11 301 0.2779
7 4.44 279 0.0056
gh 4.63 268 0.0075
gth 4.79 259 0.1291
10" 4.94 251 0.0020
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Table A1.8 Calculated transition energies (E), wavelengif)sgnd oscillator strengths

(f) for the excited states of Br-Span.

Excited state E/eVv Al nm f
1 2.51 493 0.0001
ond 3.34 371 1.0520
3 3.64 340 0.0025
4t 3.72 333 0.0002
5ih 3.97 313 0.0296
6" 4.01 309 0.1718
70 4.25 291 0.0396
gh 4.56 272 0.0000
gh 4.67 265 0.1902
10" 4.87 254 0.0093

Table A1.9 Calculated transition energies (E), wavelengif)sgnd oscillator strengths

(f) for the excited states of CN-Span.

Excited state E/eVv Al nm f
1 2.45 506 0.0001
2nd 3.38 366 0.9553
3 3.63 342 0.1983
4t 3.81 325 0.0004
5ih 3.93 315 0.0296
6" 4.17 302 0.2338
70 4.29 289 0.0002
g 4.69 264 0.1214
g 4.77 259 0.0023
10" 4.83 256 0.0004

Table A1.10 Calculated dipole moments (D) for the ground stifgnd 29 excited

states of the R-Span dye series.

Dipole moment / D

Dye Ground state Slexcited state " excited state
NH>-Span 6.42 7.90 25.50
OH-Span 5.31 6.23 17.19
OMe-Span 5.69 6.76 19.15
NHAc-Span 6.96 7.93 19.08
H-Span 4.81 5.82 6.85
Br-Span 4.63 4.82 9.91
CN-Span 6.36 6.29 10.82
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Al1l.4 NMR spectroscopy

Table A1.11 HSQC and HMBC of NkBSpan in DMSO-¢gl e direct attachment

adjacent attachment.

Proton
1 5 6 7 12 13 15 14
1 °
2 o)
3 o) °
4 o
5 ° e}
6 o °
é 7 o) o) °
= 8 o
O |9 o o
10 o o o)
11 o) o
12 ° 0 o) o
13 ° o
14 o) o
15 o) °
16 o) °

Table A1.12 HSQC and HMBC of NkBSpan in RO, e direct attachment adjacent

attachment.
Proton
1 3 5 6 7 12 13 15 14
1 °
2 o)
3 o) °
4 o
5 ° e}
6 o °
é 7 o)
= 8 o
O |9 o o
10 o o) 0
11 o
12 ° o)
13 ° o
14 o) o o
15 o) °
16 e °
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DMSO-dq

1 5 3 7 12 6 13
D,O
JI Jj JU J
1 5 3 7 612 13
9.5 9.0 85 8.0 75 7.0 6.5 6.0
6/ ppm

Figure A1.5 Aromatic region*H NMR spectrum of OH-Span in DMSQ-@top) and
D,0O (bottom).

DMSO-dg

L

160 140 120
6/ ppm

Figure A1.6 *C NMR spectrum of OH-Span in DMSQ-ftop) and RO (bottom).
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Figure Al1l.7 Structure of OH-Span with the numbering systemduser NMR

assignments.

Table A1.13 'H and*®* C NMR chemical shifts (ppm) of OH-Span in DMSQ; ahd

D,0.
Experimental Calculated
DMSO D,O
atom lH a 13C 1H a 13C 1H 13C
1 9.18 1d 1.0 126.6 9.14 1d 1.0 126.4 9.29 130.0
2 148.7 148.5 143.0
3 8.39 1d 2.0 114.3 850 1d 2.0 118.0 8.60 111.6
4 144.8 140.7 136.8
5 8.84 1d 85 129.1 8.79 1d 8.0 129.5 8.77 127.0
6 7.74 1t 85 123.9 7.74 1t 8.0 127.4 7.58 119.9
7 7.96 1d,d7.0,1.0124.5 8.21 1d,d7.0,1.0 127.3 8.01 122.4
8 144.3 140.0 136.1
9 129.4 129.9 124.4
10 130.4 129.6 123.8
11 140.5 145.7 139.7
12/16 7.67 d 9.0 125.9 7.68 2d 9.0 125.3 8.04” 7.95° 132.12 110.7°
13/15 6.43 A 9.0 118.6 6.76 2d 9.0 116.0 6.95° 6.29° 109.3° 108.2°
14 140.6 159.7 152.6

% Integration, multiplicity (s = singlet; d = doublile = triplet), splitting (Hz)

NOESY interaction
COSY interaction

Figure A1.8 COSY and NOESY interactions for OH-Span in DMS£add BO.
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Table A1.14 HSQC and HMBC of OH-Span in DMSQ;de direct attachment

adjacent attachment.

Proton
1 3 5 6 7 12 13 15 16
1 ° o
2 o
3 o °
4 o
5 o
6 ° o
§ 7 o o °
= 8 o o o
O]9 o o
10 o o
11
12 °
13 ° o
14
15 o °
16 °

Table A1.15 HSQC and HMBC of OH-Span in,D, e direct attachment adjacent

attachment.
Proton
1 3 5 6 7 12 13 15 16
1 ° o
2 o o
3 o °
4 o
5 o
6 °
§ 7 o °
g |8 °
O 1|9 o
10 o o
11
12 ° o
13 ° o
14
15 o °
16 o °
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DMSO-d

NH 1 3 71213 6
D,O
1 5 3 7 6 12 13
105 100 95 9.0 85 8.0 75 7.0
6/ ppm

Figure A1.9 Aromaticregion'H NMR spectrum of NHAc-Span in DMSQs¢op) and
D,0O (bottom).

DM SO-ds

180 160 140 120
6/ ppm

Figure A1.10 *C NMR spectrum of NHAc-Span in DMSQ-(top) and DO (bottom).
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Figure Al1.11 Structure of NHAc-Span with the numbering systeredusor NMR

assignments.

Table A1.16 *H and**C NMR chemical shifts (ppm) of NHAc-Span in DMS@ahd

D.O.
Experimental Calculated
DMSO DO
Atom 1H a 13C 1H a 13C lH 13C
1 9531s - 127.2 9.09 1s - 130.8 9.32 130.4
2 147.7 147.6 143.1
3 8.431s - 117.2 8.41 1s - 113.3 8.59 111.6
4 140.0 145.5 136.6
5 8.921d 9.0 129.08.83 1d 9.0 129.2 8.75 126.8
6 7541t 80 127.07.77 1t 8.0 1259 7.58 120.0
7 8.031d 7.0 126.78.24 1d 8.0 1249 8.03 122.3
8 139.7 145.2 136.2
9 129.4 130.5 124.5
10 129.0 130.0 123.8
11 139.7 142.3 141.0
12/16 7.982d 9.0 123.37.64 2d 9.0 1236 7.972%8.02° 129.8% 111.3°
13/15 7.832d 9.0 120.17.21 2d 9.0 1191 6.43%8.80° 109.7% 112.8°
14 147.4 147.6 137.0
NH 10.322s - 6.03
17 171.6 168.8 156.5
18 2.113s - 226 1.86 3s - 24.1 1.51,1.98,2.324.1

& Integration, multiplicity (s = singlet; d = doulilé = triplet), splitting (Hz)

NOESY interaction
COSY interaction

Figure A1.12 COSY and NOESY interactions for NHAc-Span in DMSg£add BO.
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Table A1.17 HSQC and HMBC of NHAc-Span in DMSQs;de direct attachmend

adjacent attachment.

Proton
1 3 5 6 7 12 13 15 16 18 NH
1 ° o)
2 o)
3 o)
4 o o
5 ° o) o
6 °
7 o o °
§ 8 o) o
= 9 o o o)
O |10 o o o
11 o o o) o)
12 ° o o) o)
13 o) ° o o
14 o) o) o)
15 °
16 °
17
18 °

Table A1.18 HSQC and HMBC of NHAc-Span inJD, e direct attachment adjacent

attachment.
Proton
1 5 6 7 12 13 15 16 18
1 °
2 o)
3 o) ° o
4 o
5 ° o) o)
6 o °
7 o) °
§ g o) o)
©
O |10 o o o
11 o o© o o
12 ° o o) o)
13 o) ° o o)
14 o) o) o)
15 °
16 °
17
18 °
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DMSO-ds

| |

1 5 3 712 6 13
D,0O
1 5 3 7 126 13
100 9.5 9.0 85 8.0 75 7.0 6.5
6/ ppm

Figure A1.13 Aromaticregion’H NMR spectrum of OMe-Span in DMSQ-(top) and
D,0O (bottom).

DMSO-ds

180 160 140 120
6/ ppm

Figure A1.14 **C NMR spectrum of OMe-Span in DMSQ-{op) and DO (bottom).
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Figure A1.15 Structure of OMe-Span with the numbering systemdufe NMR

assignments.

Table A1.19 *H and**C NMR chemical shifts (ppm) of OMe-Span in DMS@ahd
D-0.

Experimental Calculated
DMSO DO

Atom lH a 13C lH a 13C lH 13C
1 950 1d 2.0 130.0 9.28 1d 1.0 126.1 9.29 129.8
2 147.6 148.1 143.1
3 8.42 1d 2.0 113.48.62 1d 1.0 1125 8.60 111.7
4 130.7 140.2 136.8
5 891 1d 8.5 129.1 892 1d 8.5 129.0 8.77 126.9
6 752 1t 7.0 125.7 7.87 1t 8.5 127.0 7.57 119.8
7 8.01 1d 7.0 1249 8.34 1d,d1.07.5 126.8 8.01 122.3
8 130.1 139.6 136.2
9 145.2 129.4 124.5
10 145.5 129.0 123.7
11 146.4 145.7 139.6

12/16 8.00 A 9.0 1245 7.90 2d 9.0 124.5 8.00°% 8.03° 131.0° 110.6°
13/15 7.16 A 9.0 114.7 7.02 2d 9.0 114.1 6.95° 6.55° 112.0° 104.2°
14 161.9 161.6 155.5
17 3.89 35 - 55.6 3.80 3s - 55.04 52.7

% Integration, multiplicity (s = singlet; d = doublilé = triplet), splitting (Hz)

NOESY interaction
COSY interaction

Figure A1.16 COSY and NOESY interactions for OMe-Span in DMSCaad BO.

299



Table A1.20 HSQC and HMBC of OMe-Span in DMSQ;de direct attachmend

adjacent attachment.

Proton
1 3 5 6 7 12 13 15 16 17

O~NO OIS WN P
[ )

Carbon

Table A1.21 HSQC and HMBC of OMe-Span in;D, e direct attachment adjacent

attachment.

Proton
1 3 5 6 7 12 13 15 16 17

O~NOO O WNPRF
[}
o

Carbon
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D,0

1 5 3 7 12 6 13/14

1 1 1 1 1
100 95 9.0 85 8.0 75 7.0 6.5
6/ ppm

Figure A1.17 Aromaticregion’H NMR spectrum of H-Span in/.

D,0

E———

180 160 140 120
61 ppm

Figure A1.18 *C NMR spectrum of H-SpanD.
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Figure A1.19 Structure of H-Span with the numbering system u$md NMR
assignments.

Table A1.22 *H and**C NMR chemical shifts (ppm) of H-Span in®.

Calculated
D,O
Atom qa B¢ H Bc
1 933ls - 127.0 9.43 131.4
2 151.5 142.7
3 862ls - 1174 8.64 111.4
4 140.3 136.9
5 886Ld 9.0 129.0 8.80 127.0
6 779t 85 1275 7.62 120.5
7 826Ld 7.0 127.0 8.06 122.4
8 139.7 136.5
9 129.7 124.4
10 129.0 124.1
11 148.2 144.7
12/16 79@d 7.5 122.3 8.1 8.00° 129.7% 108.3°
13/15 7.52d 7.5 129.0 7.58 7.40° 122.6°% 122.2°
14 754t 85 131.7 7.47 126.8

8Integration, multiplicity (s = singlet; d = doulylé = triplet), splitting (Hz)

NOESY interaction
COSY interaction

Figure A1.20 COSY and NOESY interactions for H-Span igD
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Table A1.23 HSQC and HMBC of H-Span in X, e direct attachment adjacent

attachment.

Proton
1 3 5 6 7 12 13 15 16 17
1
2 o
3 o °
4 o
5 °
6 ° e}
§ 7 o
= 8
O |9
10
11 o) o
12 ° o)
13 °
14 o)
15 ° o
16 °
D,0O
1 5 3 7 6 12 13
100 95 %0 85 80 75 70 65

6/ ppm

Figure A1.21 Aromaticregion*H NMR spectrum of Br-Span inf.

180 160 140 120
6/ ppm

Figure A1.22 1*C NMR spectrum of Br-Span.D.
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Figure A1.23 Structure of Br-Span with the numbering system u$ad NMR

assignments.

Table A1.24 *H and*3C NMR chemical shifts (ppm) of Br-Span in@.

Calculated
D,O
Atom qa B¢ H Bc
1 92s - 127.6 9.40 131.7
2 147.8 142.6
3 84dls - 117.0 8.58 111.2
4 139.7 137.1
5 879d 75 1289 8.80 127.0
6 778t 7.5 127.4 7.64 120.8
7 823 d 7.5 126.9 8.06 122.5
8 140.2 136.5
9 129.9 124.4
10 129.8 124.3
11 139.6 143.5
12/16 7.52d 7.0 123.6 7.98 7.88° 129.5% 109.03°
13/15 7.42d 7.0 131.8 7.48 7.30° 126.2°% 126.3°
14 149.7 142.3

& Integration, multiplicity (s = singlet; d = doulilé = triplet), splitting (Hz)

NOESY interaction
COSY interaction

Figure A1.24 COSY and NOESY interactions for Br-Span igD
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Table A1.25 HSQC and HMBC of Br-Span in O, e direct attachment adjacent

attachment.

Proton
1 3 5 6 7 12 13 15 16 17

O~NO UL, WN PP
@)
[ )

Carbon

D,0

1 5 3 7 6 12 13

100 95 9.0 85 8.0 75 7.0 6.5
6/ ppm

Figure A1.25 Aromaticregion’H NMR spectrum of CN-Span in;D.

D,0

180 160 140 120
6/ ppm

Figure A1.26 °C NMR spectrum of CN-Span,D.
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Figure A1.27 Structure of CN-Span with the numbering system uf®dNMR

assignments.

Table A1.26 'H and®*C NMR chemical shifts (ppm) of CN-Span in@

Calculated
D,O
Atom Ha B¢ H B¢
1 9.181s - 129.0 9.52 133.1
2 147.7 142.5
3 8.451s - 1165 8.58 110.7
4 140.0 137.4
5 8.781d 8.0 1289 8.82 127.0
6 7.781t 8.0 1278 7.70 121.5
7 8.23dd 8.0 126.9 8.08 122.7
8 140.3 136.9
9 130.6 124.3
10 128.8 124.8
11 152.8 145.7
12/16 7.69dd 85 1224 8.15 7.97° 128.72 108.3°
13/15 7.48dd 8.5 1329 7.78,758° 127.9°% 127.3°
14 118.3 112.6
17 112.2 107.4

®Integration, multiplicity (s = singlet; d = doulylé = triplet), splitting (Hz)

NOESY interaction
COSY interaction

Figure A1.28 COSY and NOESY interactions for CN-Span isCD
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Table A1.27 HSQC and HMBC of CN-Span in;D, e direct attachment adjacent

attachment.

Proton
1 3 5 6 7 12 13 15 16 17

O~NO OIS WNPE
[
o
o

Carbon
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Al1.5Vibrational spectroscopy

A1.5.1 Short-term photoalter ation

A Raman signal of §from a sample that is not photoaltered will redtagive a signal
intensity $on photoalteration within the laser beam, and thetqalteration effect can
be considered by calculating the normalised Ramgmak S' as shown in equation
Al1.43, where S' = 1 shows no photoalteration and @'shows total photoalteration.
The photoalteration parameter, F as expressed kgtiequAl.44 for an experimental
Gaussian laser beam can be related to a theorsticalre beam model by equation
Al1.45, which relates F to S' and which has beemwsht be a good model and is
graphically shown in Figure A1.3%.

s= (AL.43)
S
F= P9 g 10° (AL.44)
wvV
1
S'= F[l— exr(~ §] (A1.45)

1.0

0.75

05

0.25

0.0

Figure A1.29 Dependence on the normalised Raman intensifprSa square beam

model on the photoalteration factor F.
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Using equation Al1.45 to calculate F and S’ alonthwhe experimental conditions used
as given in Table A1.28 for the laser power, beadium, sample flow rate and molar
absorption coefficient for OH-Span at the laseritetion wavelength}ex = 514.5 nm),
assumingd = 0.5, theory predicts that under highly photaalg conditions that ca. 10
% of the Raman intensity will be observed (Figute31).

Table A1.28 Experimental conditions, laser power (P / mW), beantus ( / um),
sample flow ratev(/ cm $") and molar absorptiore ( dnt cm* cm®) coefficient for
assessment of photoalteration on Raman spectraawidxcitation wavelength of 514.5
nm and a total collection time of 3600 s by caltoF and S’ as given in equation
Al1.45.

P ® v € F S’
1 130 250 5500 0.0047 0.99
50 10 415 5500 1.84 0.46
250 10 415 5500 9.15 0.11

Experimentally, the Raman profiles recorded forRdEpan dyes under all conditions
were identical showing that no change or degradaifdhe sample occurred on passing
through the laser beam on the timescale of observathence no short-term
photoalteration was observed under these condititnshould be noted thab for
azobenzene is ca. 0.1- 0.5 which is dependent lmergoand wavelengtf Therefore

photoalteration in the laser beam was not impoffamnthe R-Span dyes.
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A1.5.2 Supplementary figures
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Figure A1.30 Selected calculated normal mode vibrations ofA$igan.(Original in

colour)
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Figure A1.31 Selected calculated normal mode vibrations of OMarS(Original in

colour)

311



4 I:g{ oy :E},k('\ bt ::E‘ L w L ﬁ(
i Sz e R L

1604 cnit 1601 cnit 1587 cnt 1572 cnit 1551 cmt

ST o il TG o i T o o L ol
. 4 \ ~ PP \ 4

© z‘ ~ ?f*o “\?:\\. -~ 0::\.

1505 cnit 1484 cnit 1467 cnt 1422 cmt
PG e e T M;@ re
e e Toe %

1406 cnit 1377 cnt 1336 cmt 1320 cmt
-2 I:g( s xg“‘( N”‘“‘?:Iﬁ'w oL I:g‘fv*",

/ “ ' i X : A / s S e /

S T T %

1311 cmt 1286 cmt 1230 cnt 1216 cnt

<. Y > ' P4 _ A
e T T epe " ope
1194 cnt 1178 cnt 1162 cmt 1139 cmt
W P TUG e e T o e TUG e TG & o
b .z;’ ) w Q ?;*. o w.\ o x‘
1127 cnt 1123 cnt 1110 cnt 1092 cnt 1082 cmt
L :(:)}*“" f ot 3{" PR A UG e e T %
e T e T )
1493 cnit 1458 cnit 1396 cntt 1316 cmt 1245 cmt

Figure A1.32 Selected calculated normal mode vibrations of NFsp@n.(Original in

colour)
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Figure A1.33 Selected calculated normal mode vibrations of HeSg@riginal in

colour)
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Figure A1.34 Selected calculated normal mode vibrations of BaSOriginal in

colour)
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Figure A1.35 Selected calculated normal mode vibrations of CIdrSfOriginal in

colour)
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A1.6 Protonation of NH,-Span

Table A1.29 Calculated transition energies (E), wavelengthy @nd oscillator
strengths (f) for the excited states of the Hydngztautomer of P-NfHSpan.

Excited state E/eVv Al nm f
1% 2.45 506 0.4126
2nd 2.85 434 0.6552
3 3.57 347 0.1254
4 3.66 339 0.0082
5ih 3.72 333 0.0010
6" 3.82 325 0.0189
70 3.90 319 0.1678
gn 4.00 310 0.0426
g 4.04 306 0.0567
10" 4.19 296 0.0020

Table A1.30 Calculated transition energies (E), wavelengthy @nd oscillator
strengths (f) for the excited states for the Aaddener of P-NH-Span.

Excited state E/eV Al nm f
1 2.40 517 0.0005
ond 2.91 426 0.2335
3 3.38 366 0.6150
4t 4.07 305 0.0827
5 4.16 298 0.0017
6" 4.18 297 0.0019
70 4.19 296 0.0029
gh 4.30 288 0.1458
gh 4.32 286 0.0164
10" 4.37 283 0.0072
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Figure A1.36 Selected calculated normal mode vibrations of twnaum tautomer of
P-NH,-Span.(Original in colour)
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Figure A1.37 Selected calculated normal mode vibrations of thenanium tautomer
of P-NH,-Span.(Original in colour)
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Appendix 2 Electrochemistry

A2.1 Supplementary CV data

120

120

pH S.é buffer,l Oto -1.|2 \Y pH é.2 bulffer, dto +1I.6 \Y I

100

80 g 80 -
60 g 60 -
<§ 40 + g 40
‘g 20 + 20
3 °r ot
20 20
-40 -40 |
-60 | 60 |
.80 . . . . . -80 . . . . . . .
12  -10 -08 -06 -04 -02 0.0 0 02 04 06 08 10 12 14 16
E(vs Ag/AgCl) / V E(vsAg/AgCl) / V

Figure A2.1 Cyclic voltammograms of 0.5 mol dfrsodium acetate pH 5.2 buffer
solution recorded with a sweep rate of 10 mylsft: Reduction, Right: Oxidation.

A2.2 Spectroelectrochemical fit

The Nernst equation as shown in equation A2.1,eeldte applied potential E to the
potential of the electrochemical reactiofi, &here R (8.314 J KmolY) is the molar
gas constant, T (K) is the temperature, n is thebmunof electrons transferred in the

electrochemical process, F (96485 C Ma$ the Faraday constant and Q is the reaction

quotient.
E=E° (ﬂj InQ (A2.1)
nkF
[Red _ .
AssumeQ = o from the equilibriunfOx] = [Red
L E=po-RT,[Red (A2.2)
nF  [OX
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Rearrangement of equation A2.2 yields the conceotraf the reduced species given

in equation A2.3.

nF(E® —E)J

[Red =[ O} S

(A2.3)

The total concentrationggis the sum of the concentration of the oxidised imalliced

species.
O [Red =g¢, {04 (A2.4)
Substitution of equation A2.4 into A2.3 gives edqotA2.5.

Ctot (A2 . 5)

nF(E® -E)
1 + RT

Substitution of equation A2.5 into A2.3 gives edqoiatA2.6.

e[nF(Ee - E)j
RT
Ctot

nF(E°-E)
1+ RT

The Beer-Lambert law can be applied to relate alasmd A to the concentration of the

jox] =

[Red = (A2.6)

oxidised and reduced species by the substituticggaations A2.7 and A2.8 into A2.9
to give equation A2.10, whereAand Aeq are the absorbance of the oxidised and
reduced species,x and eq (dn® mol™ cmi?) are the absorption coefficients of the
oxidised and reduced species, respectively, {Gajd [Red] are their respective
concentrations at full oxidation and reductionpexgively, and | is the pathlength of the

cell (cm).

Ao = €0, [OX], | Wheree,, =

(A2.7)
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A
A o= Ered Red_ 1whereg,, = —— R (A2.8)

A= g0 [OX] I +eq[Red | (A2.9)

As A[g[zx] . A[; [eFZ]ed] (A2.10)

Substitution of equations A2.5 and A2.6 into equatiA2.10 and assuming that
[Ox],=[Red, =¢, gives equaton A211 wused for the analysis of

spectroelectrochemical data.

RT

Ael
aA=RotAL (A2.11)

nF(E® -E)
1+ RT

nF(E® -E)]

OH-Span in pH 5.2 buffer

15

Absorbance
Absorbance

05 |

(s 1 1 1 1 1 1 1 1 1 1
200 300 400 500 600 700 -12 -10 -08 -06 -04 -02 00
Wavelength / nm E/V

Figure A2.2 Left: UV/Visible absorption spectra of OH-Spanx3.0*mol dm?) in pH
5.2 sodium acetate buffer solution. Right: Poténtiarve analysed using equation

A2.11 at 363 nm with different values of n, wheftiEset at -0.749 V.
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A2.3 Supplementary CPE data

0.05 . T T T
pH 5.2 sodium acetate buffer -1.2Vv 0 Total charge=7.24 C A
00 |

-0.05 | /"‘”W

o1ff

H

-0.15 f

LSNP N i N

02

Current/ A
Charge/ C

-0.25 +
03 F 4 -60

-0.35

-0.4

1 1 -80 1 1
0 600 1200 1800 0 600 1200 1800

Time/s Time/s
Figure A2.3 CPE reduction on pH 5.2 sodium acetate buffer sslu0.5 mol dn)
over 30 min at a potential of -1.2 V (vs Ag/AgCIeft: Current-time profile, Right:

Charge-time profile.
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A2.4 Supplementary HPL C data

Absorbance x10° Absorbance x10°
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Time/ min

275

2.0

25
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Figure A2.4 HPLC chromatograms of NAPDAD (4 10° mol dm?®) over a injection

volume range of between 1 and@%nalysed at 254 nm.
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Figure A2.5 HPLC chromatograms of APOL (& 10° mol dni®) analysed at 254 nm
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100

Total pe'ak integre'\tion = 6.5;7
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Retention time/ min

4.0 4.25

4.5

with both the sample and eluting system of pH #fi)(and pH 5.2 (right).
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Figure A2.6 HPLC chromatograms of NAPDAD over a concentratamge of between
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1 x 10%and 1x 10*mol dm?® analysed at 254 nm with 2&injection.
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Figure A2.7 HPLC chromatograms of APOL over a concentratiamgeaof between
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1 x 10%and 1x 10*mol dm?® analysed at 254 nm with 2&injection.
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Integrated NAPDAD peak . Integrated APOL peak
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Figure A2.8 Concentration calibration curve for NAPDAD (lefind APOL (right)
over a concentration range of between10°and 1x 10* mol dm?® analysed at 254 nm

both with 25ul injection volumes.
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Figure A2.9 HPLC chromatograms of DAB over a concentrationgeaof between

1 x 10%and 1x 10*mol dm?® analysed at 254 nm.
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Figure A2.10 HPLC chromatograms of APA over a concentratiorgeaof between ¥

10%and 1x 10*mol dm® analysed at 254 nm.
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Figure A2.11 Concentration calibration curve for DAB (left) aAdPA (right) over a
concentration range of betweenx1L0% and 1x 10* mol dnmi® analysed at 254 nm both

with 25 ul injection volumes.
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Appendix 3 Photochemistry

A3.1Kineticrate laws

d[PhOtg't”'t'ator]: k,[Photoinitiator] + k [ArCO- |-G CH), OF

d[-C(CH,), OH]

= k,[Photoinitiator] - k [-§ CH), OH][Dye] 2k [-C(CH;,), OHf

dt
<k [{C G}, OHJ[Dye- K;[-C(CH,), OH][ArCO-: ]
AL~ sero(ch), OHIDYe] + k [Dyer ]
ADYE" L i .c(ch,), OHIIDyel - 2 [Dye: 1 -k [ CH), OHIIBe: I ky[Dyer JIACO: )
dDye’] _,
dt k,[Dye ]2
% = k,[Photoinitiator] - k [Dye- J[ArCO-] k,[-C(CH,), OH][ArCO-] - 2k, [ArCO
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A3.2 Supplementary TRVIS data

0.07 , T T T T T
006 1:30 OH-Span:PI O 300 +50 ns
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Wavelength / nm

Figure A3.1 TRVIS spectra of 1:30 OH-Span:photoinitiator ¥110* mol dmi* dye

concentration) in pH 5.2 sodium acetate buffer tsot 300 ns after excitation.
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Figure A3.2 TRVIS spectra of 1:30 OH-Span:photoinitiator ¥110* mol dni® dye
concentration) in pH 5.2 sodium acetate buffer tmhy 0.65, 1.30, 2.50, 6.50, 45.00

and 85.0Qus after excitation.
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Appendix 4 Computational data CD

The output files for all DFT optimisations, excitsthte and NMR calculations for all R-
Span dyes and the model compounds APOL and NAPD#ADIrecluded in the CD
attached to the back of this thesis. All “*.logles may be opened using Molekel. Data

for each dye is contained within its own directompich are described below. Unscaled

vibrations can be viewed for all files ending witlopt.log”, scaled vibrations together

with IR and Raman are shown for all modes in féaging with “*vibs.xml” which can

be opened with Microsoft Excel.

H-Span

trans
h-span_topt_dft.log
h-span_td_exstat.log
h-span_nmr.log

h-span_vibs.xml

NH.-Span

trans
nhy-span_topt_dft.log
nhy-span_td_exstat.log
nhy-span_nmr.log

nhy-span_vibs.xml

OH-Span

trans
oh-span_topt_dft.log
oh-span_td_exstat.log
oh-span_nmr.log

oh-span_vibs.xml

Optimisation of H-Span
Excited states of H-Span
NMR of H-Span
Scaled vibrations and IR and Ramizmsities

Optimisation of NFEpan
Excited states of Nkpan
NMR of NKHSpan
Scaled vibrations and IR and Ramgensities

Optimisation of OH-Span
Excited states of OH-Span
NMR of OH-Span
Scaled vibrations and IR and Ramt@msities
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OMe-Span

trans
ome-span_topt_dft.log
ome-span_td_exstat.log
ome-span_nmr.log

ome-span_vibs.xml

cis

ome-span_copt_dft.log

NHAc-Span

trans
nhac-span_topt_dft.log
nhac -span_td_exstat.log
nhac -span_nmr.log

nhac -span_vibs.xml

cis

nhac-span_copt_dft.log

Br-Span

trans
br-span_topt_dft.log
br-span_td_exstat.log
br-span_nmr.log

br-span_vibs.xml

Optimisation of OMe-Span
Excited states of OMe-Span
NMR of OMe-Span

Scaled vibrations and IR and Raimtansities

Optimisation of OMe-Span

Optimisation of NHAc-Span

Excited states of NHA@rSp

NMR of NHAc -Span

Scaled vibrations and IR anthd&aintensities

Optimisation of NHAc-Span

Optimisation of Br-Span

Excited states of Br-Span

NMR of Br-Span

Scaled vibrations and IR and Ramtamsities
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CN-Span

trans

cn-span_topt_dft.log Optimisation of CN-Span
cn-span_td_exstat.log Excited states of CN-Span
cn-span_nmr.log NMR of CN-Span

cn-span_vibs.xml Scaled vibrations and IR and Raim@msities
P-NH,-Span

Azoinum

pnh2-span_azo_topt_dft.log Optimisation of azonRHNH,-Span
pnh2-span_azo_td_exstat.log Excited states of apoRi-NH-Span
pnh2-span_azo_nmr.log NMR of azonium P-N&pan
pnh2-span_azo_vibs.xml Scaled vibrations and IRRanghan intensities
Ammonium

pnh2-span_amm_topt_dft.log Optimisation of ammonkHNH,-Span
pnh2-span_amm_td_exstat.log Excited states of anumoR-NH-Span

pnh2-span_amm_nmr.log NMR of ammonium P-A&ban
pnh2-span_amm_vibs.xml Scaled vibrations and IRRethan intensities
NAPDAD

napdad_dft.log Optimisation of NAPDAD

napdad_vibs.xml Scaled vibrations and IR and Raimnsities
APOL

apol_dft.log Optimisation of APOL

apol_vibs.xml Scaled vibrations and IR and Ramaenisities
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