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4 Chapter 1 - An Introduction to the NLO Properties of Organometallic Complexes

Organometallic compounds have increased advantages compared to organic based
materials as the compounds often have higher thermal stability, allowing use in high-
powered lasers.’®1% A larger range of options for the tuning of NLO properties exist in
organometallics as the metal centre donates electron density into the conjugated ligand.2°
This allows modification of the auxiliary ligand set, to increase or decrease electron
density donated to the n-bridging ligand, which can also be affected by oxidation of the
metal center allowing for switching between two states.'?? The Humphrey research
group has made a number of organometallic dendrimers utilizing ruthenium alkynyl
groups connected by highly conjugated oligo(phenylenethynylene) ligands for NLO
applications and this work seeks to increase the understanding of which structural

modifications of these systems improve these effects.2)-2¢

What follows in this introduction is a brief summary of nonlinear optics, the origin of the
physical characteristics used to compare NLO materials and some methods used for this
characterisation and lastly the structure-property links known for the cubic NLO
responses of metal alkynyl complexes.

1.2 Nonlinear optics

Nonlinear optical materials can be used to modify light in a variety of advantageous ways,
but these effects are only observed when intense light sources are used, which currently
limits their use to lasers.'# The effects arise from the mixing of a number of intense
oscillations from the electric field of light mediated by the material through which it is
moving. The material can also have particular internal fields or resonances which
influence this conversion of light properties, which means the effects are intrinsic to the
properties of the material itself. When intense light is moving through a medium the
electric fields in the material (or molecule) become polarised. When the polarisation of the

medium is not linear with respect to the contributing electric field the interaction is said to

be nonlinear.
P P
Je
E /‘ E
(a) (b)

Figure 1.1- A representation of the polarisation of a knear medium (a) and a nonlinear
medium (b)'
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two laser wavelengths (w;and w;) will generate oscillations at 2w, 2wz, Wy + Wz, Wy - W2,
and Ow (DC).4

This can be abbreviated to the Fourier components of the nonlinear polarisation, such as a
frequency (w;3) generated by the oscillation of two other frequencies (w; and w;) at their
respective field strengths (E,; or E;):

PR = gD 21“’("‘032 wy, w2)E(w)E(w;) (5)

or for the molecular hyperpolarisability:

8D (ws) = p(—wy; wy, w)E(w)E(wz)  (6)

This is a convenient abbreviation as it eliminates the need for the time dependent
quantities in equation 4 and replaces them with Fourier amplitudes which are frequency
dependent. These effects are heavily utilized in tunable laser light generation systems
where multiple frequencies can be generated from the same source. These include sum or
difference frequency generation ([w; + wz -> wy) or [wy - w; -> ] in figure 1.2 (a)),
optical parametric amplification (figure 1.2 (b)) or oscillation (figure 1.2 (¢)) and
parametric down-conversion. These effects are commonly called three-wave mixing (two
incident waves plus a generated wave).

a) ,
Signal w: £ ”ﬁ—’ Wy generated
Pump 4
b)
Signal w: r_—__ /' Idler wn
S wzamplified
Pump e |
<)

w: ws generated

A A Z
=4 -4

Pumpws | |~ |/ U)

Figure 1.2- Forms of second-order three-wave maing. a) Optical frequency conversion
(SFG), b) optical parametric amplification (OPA} and ¢) optical parametsic oscillation
(oro)."

»


















Chapter 1 - An Introduction to the NLO Properties of Organometallic Complexes 13

Tunable A laser

Neutral density filter (beam attenuatio
=3 V ( o, Open Ap. Detector

@ Ref Detector Lens
Beam splitter

Aperture  Lens Beam splitter Closed Ap. Detector
Sy Ve FOCOS e =] L .
Mirror e e et e S S . !

L Semple 1 —1

Ly A ) ~Z

a ) Closed aperture trace (self focussing)

\/\

b) Closed aperture trace (self defocussing)

¢) Open aperture trace (Two Photon Absorber)

d) Open aperture trace (Saturable Absorber)

L B

¢) Open aperture trace (Reverse saturable Absorber)
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light transmission at the corresponding value for 2
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material and the excited state becomes significantly populated, permitting excitation
beyond the higher level state.

The five level theorem (Jablonski diagram) which is used to explain a multitude of optical
phenomena is displayed in figure 1.4. S; denotes the electronic ground state in a
polyatomic molecule in which electrons can be excited to a higher energy state (S:) by
electromagnetic absorption. Due to vibrational distortion in the molecule there are a
multitude of closely associated energy states at each level; the electron will thermally

relax to the lowest lying level at this state (dark black lines).*

S:

So -

Figure 1.4 - Jablonsii diagram showing four levels of excitation and the origin of several optical
effects

After this initial excitation three possible events can occur:

- Relaxation from this energy level by radiative (orange line) or nonradiative (red
dotted line) processes back to the ground state. Radiative relaxation gives

fluorescence.

- Excitation with a laser with a long pulse length (ns) allows for further excitation
from S; to Sz (red line). This is excited state absorption and is dependent on the
population density at this energy level and the rate of relaxation from this level.

- Inter-system crossing and relaxation to a lower lying energy level, which is not
the ground state (triplet state)(green line). Relaxation from this state is slow,
requiring the spin to revert to the original orientation. This is the origin of

molecular phosphorescence (green dotted line).
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Figure 1.6 - Effect of C hybridisation on the third-order polarisability.
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Table 1.1 - Comparison of y values for ruthenium complexes with varying unsaturation
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The maximal 2PA value of 52 is at 760 nm, corresponding to a linear transition at 380 nm.
51 has a low energy transition at 373 and has a 2PA peak at between 800 and 900,
roughly twice the principle absorption. The magnitude of the 2PA cross-section at this
peak is less than 51 and is at a shorter wavelength, which suggests addition of the nitro
group is unfavorable. 53 has a 2PA.. at 760 nm which is at a higher energy than the
2PAmu wavelengths for the other two complexes, with a comparable ZPA magnitude even
with the larger n-delocalised system. This is most likely due to the change in metal
resulting in diminished orbital overlap with the alkynyl ligand. This is also shown in the
UV-Visible spectrum, where the MLCT band is blue-shifted compared to the MLCT of the

ruthenium complex.

2.2.4 Dendrimers

Many ruthenium alkynyl dendrimers have been synthesised and characterised by
wavelength dependence Z-scan.*65356 They show very large 2PA cross-sections as well as
large yrea values. However it has been shown that in certain scaling methods for NLO
property comparison these underperform compared to smaller organometallic molecules.
NLO response per cost of synthesis is one such measure in which metalated dendrimers
are not the most efficient NLO material. Bandar Babgi has synthesised a number of first
generation dendrimers containing functional group modification on the periphery to gain
some insight into the effect of unsymmetrical electronic tuning on the NLO response of
dendrimers which have until now been symmetrical at each branching point. The

structures of the molecules are shown in Figure 2.6.

R R' [Ru)
54 BB4s1 NO; [RUT-."O
55 BBS5SO NO; [Rup==—3-wo;
56 BB556 OMe lRul'"O‘W: oh IP\rl\mz R
57 BBS57 M wu=) (Ruj= -Ru~
58 38822 H —No; AT

Figure 2.6 - Structure of the dendrimers measured
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Figure 2.7 - 0, traces for compounds 54-58. A coloured trend line has been added as a visual aid
only.
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333 680 79500£12000 -179000£ 15000 26700 £ 4300 437

61 | 423(sh) 800 136000 £ 38000 -66 100217000 33000 £ 9000 283
391 680 218000+ 60000 -681 000 £ 160 7300022000 6.29

000

120 mm focal length employed

Table 2.6 - Thard-order NLO data at selected wavelengths for dendrimer complexes 9,

60 and 61
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Figure 2.10 - 0, plot for dendrimer complexes 59, 60 and 61. A trend line has been added as a visual
ad only
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Figure 2.11- UV-Vis data (red) for compounds 62 (top) and 63 (bottom) overlaid with 0; data (blue)
plotted at half the wavelength. A trend line has been added as a visual aid only.

Z-scan measurements were performed on the two compounds between 500 and 800 nm
with some difficulty. In this range the measurement is competing with the linear
absorption in these compounds, which can cause problems with accurate fitting. To
accomplish this the concentration of the solutions of the samples were reduced

significantly; usually a 0.2 % w/w concentration is used for large dendritic species but
here a 0.007 % w/w was used,

Strong 2PA peaks are observed near to twice the linear absorption wavelength for both
complexes. The maximal o value for 62 has a large error margin as it falls in the low-
energy absorption region. This value could probably be discounted as the local maximum
in favor of the 680 nm which aligns better with twice the wavelength of the corresponding

linear absorption and has a smaller error margin. 63 has a blue-shifted 2PA maximum at
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Figure 2.12- The three accessible forms of 64. The box represents the colour of each complex
Compound 64b was 100 thermally unstable for UV or Z-scan measuréments

Each version of the complex has a different colour. The neutral species is yellow, the
diprotic is red and the monoprotic is a deep blue. The compound 64b is quite unstable at
room temperature, but stable for a least an hour in a dry ice/acetone bath (ca. -78 °C).
Unfortunately, optical investigation into this species was not possible with the facilities
available. A low-temperature UV or Z-scan cell is required, as the phenol is quite
nucleophilic and rapidly reverts to the starting material at room temperature. The
mechanism is not known, but it appears that it generates a fourth, colourless compound
(most likely 64 with a protonated amine group), which can then regenerate the yellow
starting complex by the addition of base (triethylamine). Z-scan measurements were run

on 64 and 64a at two wavelengths (500 nm and 610 nm).
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Figure 2,13 - Open aperture expenment traces for 64 (red) and

642 (blue) at 500 nm
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Figure 2.15 - Transmittance-fluence plots of 72 (left) and 68 (right) at 570 nm.

There is a strong inverse correlation between £y and Fisy in that the more absorptive the
complex at the measurement wavelength, the less energy per unit area (fluence) required
for a reduction in transmittance. This trend also carries through to the differences
between the ground and excited state cross-sections with the complexes with a larger €570
having greater ground/excited state cross-section differences. Optical limiting merit
increases with the metal content of the clusters, and lower energy absorption bands due to
increasing m-conjugated ligand content (dmit addition) and subsequent tuning by
functional group modification (electron-donating substituent’s being favoured here). This
is evident from the Fysstrend: 74 = 73 < 66 = 70 < 68 = 72= 67 = 71 < 69 < 65.

2.2.8.2 Niobium cluster complexes

Niobium clusters with similar bipy ligands as those in 2.2.8.1 (75-77) were also
investigated for optical limiting ability. The complexes feature an unsaturated nonyl chain
(76) and methyl carboxylate substituted ligands (77), as well as unfunctionalised bipy on

a binuclear Nb core (75).

Coe
AL A
N 5
SON S~ SCN Lo 7
NEuL -~
NEU o |87 ] 5c~|§§ 1
NCSS NCS NCSS NCS
M
75 76
COLn
WS* NCS £
e | AN A
NN
NCS
COLH,
77

Figure 2.16 - Nsobium clusters 75-77.
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Figure 2.17 - UV-Visible spectra of 75-77.

The optical and optical limiting data for these complexes is displayed in Table 2.9 and the
Uv-Visible spectra in Figure 2.17. The linear optical profile of complexes 75-77 is broad
and flat from 370 to around 680 nm. 600 nm was selected as a wavelength with a good
response and was used for measurement of these compounds. The absorptivity at this
wavelength for the niobium clusters is greater than for the molybdenum clusters, which
indicates that they may be more suitable materials for optical limiting at this wavelength.
The threshold optical limiting fluence is of the same order as for the tetrabromo- Mo
clusters (68-72, 0.25-0.3 ] cm?), however, the ground state to excited state cross-section
difference is much greater, the excited state having an order or two greater cross section
that the ground state. This seems to suggest the ground state rapidly saturates to favour
excited state absorption, a beneficial mechanism for the dissipation of energy, as discussed
in the introduction.

Cross Section (10™ cm’)
Cluster Ao, M (¢") €' Fiu'  Ground,c,  Excited, o
75 465(sh,05) 1750 0253 0.66 6.47
76 465 (sh,04) 1137 0.33 0.43 15.3
77 558 (sh,06) 1919  0.236 0.73 2.48

A units - dm’ mol * em ™. * Fluence required to reduce transmittance by 15 % (f em ).

Table 2.9 - UV-Vis and optical limiting properties of compounds 75-77.
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Figure 2.18 - Transmittance-fluence plots of 75 (top left), 76 (top right) and
77 (bottom) at 600 nm.

The nonyl functionalised 76 seems to have a weaker nonlinear absorption response at this
wavelength requiring more energy to reduce transmittance than the other two. 76 also
has less linear absorption at this wavelength, both details contrary to what was observed
for this ligand in the molybdenum cluster, 74. The order of threshold saturation fluence
is 77 = 75 < 76, the electron-withdrawing carboxylate-containing cluster possessing the

lowest fluence threshold.

2.3 Experimental

2.3.1.1 Materials

Measurements were conducted on solutions of material in either CH:Cl; (47-64b) or DMF
(65-77) placed in 1 mm glass cells. CHCl; was distilled over CaH; and deoxygenated
subsequently by sparging under N; DMF was dried using 4A molecular sieves. The
concentrations of all samples varied but were typically around 0.10-0.20 % w/w:; 0.007 %
and 0.01 % w/w were used for 62 and 63, and 0.35 % for 65.
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3.1 Introduction

Ruthenium alkynyl compounds have been used extensively in the development of
materials with large nonlinear optical responses.’182656% These range in structural
diversity from linear complexes to hyperbranched dendrimers (Figure 3.1), the latter
showing large TPA values with generational increase. Dendrimers have typically used a
1,3,5 substitution pattern at the core®'%? and branching points of the molecule mainly due
to steric considerations, as well as maintaining the octupolar substructure for maximising
the NLO effects.**

e ’} f
-

02 (800nm): 900£200 GM 0;(800nm): 4800£500 GM

Figure 3.1- Two dendrimers with a 1,3, 5-substituted core synthesised for investigation of two-photon
absorption properties.” ™ [Ru] = Ru(dppe);

Modifying the core structure of dendrimers or star shaped compounds has been
undertaken with heteroatoms (BY, N% P19), hexagonally arranged donor or acceptor
groups (isocyanurates®, triazine*!) and finally metal complex cored compounds
(porphyrinés, Ru(bipy)s'”) with promising NLO results. With a focus on compounds with a
benzene core, we are limited to modification of substitution and therefore symmetry of
the core. The substitutions previously studied mainly cover (1,3)-%; (1,4)-%05%; (1,3,5)-61.5%;
(1,2,4,5)-7; and hexa® 7" substitutions, but not all twelve possible ‘substitutional’ variants
as displayed in Figure 3.2. This area is of interest to expand the possible modifications on
existing dendrimer structures to widen the design for materials with large NLO properties.
This Chapter will focus on the synthesis and properties of linearly extended cores only,
which should be adequate to demonstrate the effect of modification without the need for

the preparation of dendrimers.
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KR

O
0 O -
O -0

Figure 3.2 - The twelve possible benzene substitutional variants. The colour of the benzene in this
diagram is assigned to all compounds with this core substitution pattern throughout this chapter
for both structure and UV-Vis traces

3.1.1 Core substitution level in NLO materials

Kondo et al. carried out the first NLO investigations of substitutionally varied compounds
in 1995.% They tested 3 core substitutions of a simple tolane structure (Figure 3.3) with
the degenerate four-wave mixing technique to determine the x™ value in chloroform
solutions. Values increase from the 1,3,5 to the 1,2,4,5 and again to the hexa-substituted
compound. The authors linked the increased n-conjugation through the molecule to the
observed increase in third-order NLO properties.

O/(g\o

56x10"2esu 1.1 x10" esu 28 x10"%esu

Figure 3.3 - Compounds studied by Kondo et. al. showing increased NLO behaviour with core
substitution change."

Multi-annulene compounds with varied core substitution have also been synthesised.”?
Bhasker et al. synthesised annulenes with (1,4)-, (1,2,3,4)-, (1,2,4,5)- and hexa-substituted

cores (Figure 3.4).
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Figure 3.4 - Butad bnked compounds with core modification synthesised by Bhasker et. of "The
2PA cross section is shown to increase with core geometry change. This has been scaled per m-electron
(0,°) to accurately compare large and small compounds.

Two-photon absorption cross-sections were measured by the two-photon excited
fluorescence technique which showed the higher symmetry substitution gives the higher
TPA cross-sections. The elimination of the effect of having more chromophoric elements
(more butadiyne linkers) was achieved by dividing the TPA cross-section values by the
number of m-electrons in the molecule. This seemed to suggest that the symmetry plays a
role in NLO properties of a molecule, as shown by the difference between IX and VIl
((1,2,34)- and (1,2,4,5)-isomers). The only apparent difference between the two
structures is core substitution, however the efficacy of core conjugation is not considered

and may become important in further study.
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Figure 3.5 - Alkyrnylgold compounds measured by Corkery et al. " ™ o, values have been scaled by
molar mass {0,/M) and r-electrons (02)

When scaled by molar mass the hexa-substituted compound outperformed the linear
compound.” For consistency of comparison with the compounds reported by Bhasker et
al. this data has been scaled by n-electrons (Figure 3.4) and the value is still two orders of
magnitude greater. This was a promising result for organometallics with modified core
structures but to increase the utility of the compounds ruthenium metal centres were
desired. Ruthenium groups containing two 1,2-(diphenylphosphino)ethane ligands were
identified as the best for use as complexes employing this trans-Ru(dppe): can be
extended to larger dendrimers and have reversible redox properties useful for

electrochemical switching.

3.1.3 Previous work with alkynylruthenium compounds

In 2009-2010, PhD student Chris Corkery attempted to synthesise a series of
organometallic stars to investigate the NLO response upon changing the substitution
pattern around a benzene core. He targeted the symmetric analogues: (1), (1.4)-, (1.3,5)-,
(1.2,4,5)- and hexa substitution patterns (Figure 3.6).74 The structure of the three stars

and two linear molecules in Figure 3.6 were kept as similar as possible in order to
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investigate the effect of changing substitution pattern around the core. Solubilising ethoxy
groups were incorporated into the arms to aid the solubility of the complexes. The
Sonogashira cross-coupling of hexabromobenzene and the bulky ethoxy arm to form XV
was hampered by a side reaction where protonation of the benzene core occurs after the
cross-coupling addition of five acetylene arms (XX) en route to XV (Scheme 3.2). This
side reaction has been investigated extensively and resolved by Neirle et al. by coupling an
aryl iodide arm to a hexaethynylbenzene core rather than an extended acetylene arm to

hexabromobenzene.”

Figure 3.6 - Corkery’s target compounds
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Scheme 3.6 - The preparation of 4-8,

Selective deprotection of the TMS group occurred rapidly with a mild base to give 4, which
was then reacted under Sonogashira conditions with 1-bromo-4-iodobenzene at 0°C to
bias substitution at the iodide (Scheme 3.6). 5 was then deprotected with TBAF to give the
free acetylene 6, which was reacted via another selective Sonogashira reaction at 0°C with
1-(trimethylsilyl)-2-(4-iodophenyl)ethyne.  Trans-halogenation gave the desired
tri(phenyleneethynylene) iodide 8. Crystals of 8 suitable for diffraction were grown from
diffusion of MeOH into a CH:Cl; solution (Figure 3.7). All three phenyl groups are in a

planar arrangement.

Figure 3.7 - The crystal structure of 8 solved by Dr Graeme Moxey

3.2.3 TMS-protected cores
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Sonada et al. have prepared the TMS protected hexaethynylbenzene using a Negishi
coupling to hexabromobenzene.” This seemed to be the best route into the hexa-
ethynylbenzene, as this removes the protons generated in Sonogashira type coupling as
well as the need for the copper co-catalyst. Sonada et al. also reported generation of the
penta-substituted species although at a lower yield (10%).”% The source of the penta
species is unclear, but it may be possible that the palladated pentaethynyl species is stable,
and exists in an appreciable amount upon workup, while the excess zinc chloride is
quenched with the addition of acid.

i e Me,S: Sitte,
% # @\ :
\'/r\ / O~ 2n -5 S, Me,Si 75— T SiMey MeyS < ‘/{ =—Sle,
. ;I B - / . ~ 8
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» 2
0% 15

Scheme 3.7 - The synthesis of hexa- and pentaethynylbenzene

The hexa- (25) and penta- (24) substituted TMS-protected cores were synthesised from
the same Negishi reaction and separated by column chromatography (Scheme 3.7). The
reaction can be upscaled to multigram levels but requires at least two chromatography
columns to separate large amounts. Several other TMS-protected cores were synthesised
by this method (16, 18, 19, 20, 21 and 22 (Scheme 3.9)), as reaction times tend to be
quicker. Using Sonogashira reactions with aryl bromides usually required multiple
additions of alkyne due to a competing homocoupling reaction at high temperatures. This
depleted the acetylenes before the reaction had gone to completion and is thought to be
due to the presence of copper. The use of the Negishi cross-coupling protocol removed the
requirement for copper, as the acetylene proton is already removed. This also made the
acetylene more stable, as even after 4 days at 100°C the chloro-zinc alkynyl complex can
still be present.
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Scheme 3.9 - The Negishi reaction was preferred for the cross coupling to aryl bromides (18 and 21 were
synthesised from 11 and 13).
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this route
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Scheme 3.10 - The synthetic protocol for compounds 14, 15, 17 and

23.

14, 15, 17 and 23 were prepared by standard Sonogashira coupling (Scheme 3.10). 14, 15
and 17 were prepared from the aryl iodide, which occurs rapidly at room temperature and
avoids the homocoupling problem seen in the aryl-bromide case. 23 was made from the
aryl bromide by normal Sonogashira reaction. 14 wasn't required for the synthesis of the
corresponding alkyne (commercially derived phenyl acetylene was used), but was
synthesised for comparison of optical properties to other TMS-containing cores. The
reported physical data for many of the TMS-protected cores are also inconsistent and thus
collating this data may be helpful 5 The NMR data for these compounds were very useful
for aiding the assignment of the NMR spectra of the larger extended organic analogues.
Therefore 'H NMR, 1*C NMR, El mass spectrometry and UV-Visible data for all twelve TMS
protected core compounds is provided in the experimental section, Only 18 and 22 are
previously unreported compounds, with 18 being crystallised for X-ray diffraction from
the slow evaporation of solvent from a methanolic solution. Crystals of 22 were also
obtained by this method but the X-ray diffraction data could not be refined past a

confirmation of atomic composition and bond connectivity.
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Figure 3.8 - Crystal structure of 18 collected by Dr
Graeme Moxey

3.2.4 Core synthesis and metallation

The assembly of the organic cores starts with a Sonogashira cross-coupling reaction of the
appropriate ethynyl-substituted core and the tri(phenyleneethynylene) (8). Some of the
required ethynyl benzenes are air and light sensitive, which necessitates fresh preparation
with exclusion from air and light, similar to the procedure used by Schmittel et al’™®
Vollhardt noted this sensitivity in his first synthesis of hexaethynylbenzene.” This is also a
property of the higher substituted analogues (the penta, the (1,2,3)- and the (1,2,3,4)-).
The (1,3,5)- and (1,2,4,5)- analogues have been used before in the Humphrey group and
are reported as having stability for days under standard lab conditions. This seems to
suggest that the (1,2,3)- arrangement is behind this sensitive behavior. Desilylation of the
TMS-protected cores was carried out with K:CO; over 2 hours in a mixture of
deoxygenated CH:Cl; and MeOH (Scheme 3.11). The workup and solvent removal was also
carried out under an inert atmosphere. 'H NMR was used to monitor the extent of reaction
to ensure complete desilylation of the material, by looking for the disappearance of the
0.25 ppm TMS peak and the introduction of a terminal acetylene peak in the range of 3.1

ppm to 3.3 ppm. Incomplete deprotection was never observed.
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Scheme 3.11 - Synthesis of the extended organic cores from the appropriate TMS cores. The first column of values
are the core benzene substitution pattern, the second column is the yield of reaction over two steps

For several species two or three acetylenic proton peaks were observed, as in the case of
the (1,2.3)- analogue, which has the expected 2:1 integration, as the magnetic
environment of the central ethynyl proton is influenced by the two adjacent ethynyl
groups, causing it to shift downfield. The ethynylbenzenes were then added to a mixture
of the catalyst and the tri(phenyleneethynylene) (8) by cannula. The reaction time was
varied depending on extent of substitution, the singly and doubly substituted versions
needing shorter reaction times. The yields of these reactions are moderate, no clear trend

being observed.

The extended cores were then desilylated using tetra-n-butylammonium fluoride (Scheme
3.12). The (1,4)- example (36) has extremely low solubilty in common solvents so was not
fully characterised and used without purification in the metallation step. The deprotection
reaction is high yielding, with an easy clean-up. Methanol was added to precipitate the
compound, which was recovered by filtration. Thorough washing with methanol removed
the residual silane and TBAF. Column chromatography was not needed, but was employed
for the lower substitution levels. These compounds appear to have a low stability over

time which precluded characterisation by microanalysis.
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1.4 . - 36
1.2.3 85% 39
124 <87 %

135 - 96 % ﬁ
1234 -89% 48
1235 -80% §1
1245 -82% 54
12345 -99% 57
123456 900 60

Scheme 3.12 - Desitylation of the extended organic cores. The first column of values are the core

benzene substitution pattern, the second column is the yield of reaction

Finally metallation of the organic cores (Scheme 3.13) with the five-coordinate species
[RuCl(dppe):]PFs under an inert atmosphere formed the vinylidene complexes which
were subsequently converted to the alkynyl complexes with triethylamine. It was
necessary that the vinylidene complex was isolated by precipitation to prevent the
formation of unwanted products, such as bis-alkynyl complexes or trans-[RuCl:(dppe):)
which can form following base addition. The reaction was also conducted with excess
[RuCl(dppe):]PFs to ensure the complete reaction of all ethynyl groups. The vinylidenes
were washed with MeOH to remove NaCl and the surplus metal species before addition to
CH:Clz and NEts. The resulting metal complexes are passed through a short pad of alumina
to remove the triethylammonium hexafluorophosphate salts.

The yields are diminished for the higher substitutions, even after a longer reaction time. A
possible explanation is that reactions ofthe higher substituted complexes were carried out
on a much smaller scale and therefore have a higher mechanical loss, or lose more
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substance at the precipitation step. The synthesis of 37 was marred by the insolubility of
the intermediate terminal acetylene as previously discussed. Compound 28 was obtained
as a bright yellow solid whereas 61 is a red-brown colour. The compounds in between

progressively darken upon increased substitution,
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Scheme 3.13 - Metallation of the deprotected organic cores. The first column of values are the core benzene
substitution pattern, the second column is the yield of reaction

Crystals of the singly substituted compound (28) were grown from a slow infusion of
petrol into a dichloromethane solution (Figure 3.9). Crystallisation of the larger metallated
compounds was attempted but was unsuccessful. The compounds were characterised by
1H, 1C and *'P NMR spectroscopies, however, mass spectrometry was again difficult for
the complexes larger than 28. Due to the large molecular weight of the compounds, ESI
mass spectrometry is required and a spectrum was obtained only for compound 28. ESI
mass spectrometry of the other compounds was unsuccessful, most likely due to the lack
of solubility in solvents required for ES ionization (MeCN and MeOH used at the ANU MS
unit). Attempts to obtain mass analysis resulted in the observation of peaks with mass
corresponding to the free RuCl(dppe): with acetonitrile or carbonyl ligands denoting

degradation of the complex.
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Compound 8 was deprotected with TBAF to form the terminal acetylene (62) for coupling
to a ruthenium metal centre to form 63. The structure of 63 was elucidated from a single-
crystal x-ray diffraction study for which suitable crystals were obtained by a diffusion of
petrol into a solution of CHzCl;.

Scheme 3.14 « The preparation of 63

Figure 3.9 - The molecular structure of 28. Hydrogen atoms and the lattice dichloromethane
molecule are omitted for clarity. Selected bond lengths (A) and angles (2): Rul-C1 1.992(3), Rul-
P12.3943(8), Rul-P2 2.3596(8), Rul-P3 2.3597(8), Rul-P4 2.3626(8), Rul-Cl1 2.5065(8), C1-Rul-
€11 175.21(8), C1-Rul-P1 85.56(8), P1-Rul-Cl1 98.44(2), C1-Rul-P2 83.49(8), P2-Rul-CI1 99.61(2),
P2-Rul-P1 82.23(2), C1-Rul-P3 91.04(8), P3-Rul-Cl1 85.01(2), P3-Rul-P1 176.42(3), P2-Rul-P3
96.29(3), C1-Rul-P4 91.29(8), P4-Rul-CI1 85.54(2), P1-Rul-P4 98.39(2), P2-Rul-P4 174 68(3), P3-
Rul-P4 82.77(3), Structure collected by Dr Graeme Moxey
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Figure 3.10- The molecular structure of 63. Hydrogen atoms and the lattice dichloromethane
molecule are omitted for clarity, Selected bond lengths (A) and angles (#): Ru1-C1 1.992(3), Rul-P1
2.3943(8), Rul-P2 2.3596(8), Rul-P3 2.3597(8), Rul-P4 2.3626(8), Rul-CI1 2.5065(8), C1-Rul-Ci1
175.21(8), C1-Rul-P1 85.56(8), P1-Rul-Cl1 98.44(2), C1-Rul-P2 83.49(8), P2-Rul-Cl1 99.61(2), P2-
Rul-P182.23(2), C1-Rul-P3 91.04(8), P3-Rul-Cl1 85.01(2), P3-Rul-P1 176.42(3), P2-Rul-P3 96.29(3),
C1-Rul-P4 91.29(8), P4-Rul-Cl1 8554(2), P1-Rul-P4 98.39(2), P2-Rul-P4 174.68(3), P3-Rul-P4
82.77(3). Collected by Dr Graeme Moxey.

3.3 NMR analysis

Note: a foldout figure with atom labeling can be found in appendix 4.3 (from pg. 273).

3.3.1 Extending arm

The 'H and M*C NMR spectra of compounds 1 to 8 are included in the Appendix. They are
mostly unremarkable with the exception of those of 7 and 8. The major difference
between 7 and 8 is the AA'BB’ spin system in the aryl region from protons Hys and Hy;. The
aryl iodide has a larger ppm difference between the two pseudo-doublets than does the
aryl bromide (d at 7.25 and 7.69 ppm (1) vs d at 7.35 and 7.62 ppm (Br)), which is due to
heavy atom effects. This enables rapid assessment of completion for later stage reactions
as the peaks are clear of the aryl protons of the product (Figure 3.11).
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Figure 3.11 - "H NMR comparison of 8 and 26.
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and magnetic environments exhibited by the others. The HMBC technique was used for
this core arrangement but the benzene core, alkyne and quaternary phenyl carbons were
insufficiently abundant to ascertain coupling cross-peaks for assignment. These
resonances were assigned based on the assignments of the smaller bis-substituted
compounds.

As shown in Figure 3.12, assignment of Cys and Czo in compound 41 can be achieved by
comparison with 29 and 35. Cy appears to become three different environments in
compound 41. It has a peak at 91.6 ppm (Czes), which is the same as the Cz environment
in 35, one at 93.9 ppm (Cz0), which is the same as the Ca, in 29 and Czez which is further
downfield due to the influence from both extending arms at the 1 and 4 positions. Cys
follows the same trend except the shift is upfield and Ci4 and C;s have smaller differences
consistent with their increased distance from the other arms. The quaternary phenyl
carbons are difficult to accurately assign due to weak coupling to distant protons. Cs can
be assigned by coupling to Hyn of the methylene protons and Cy;is within 3 bonds of Hj;.
C; and C4 can be assigned by coupling with Hs and Hs as with Cys and Cys to Hys and Hys. Cis

and C;s show multiple resonances.
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Figure 3.12 - Alkynyl carbon resonances for Compounds 29, 35 and 41.

Deprotection of the TIPS protected organics to form the terminal alkynyl compounds is

characterised in the 'H NMR by the formation of an alkyne peak at 3.19 ppm and the
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Figure 3.13 - Molecular structure (top) and UV-Vis spectra (bottom) of compounds 14-20.

Compound 21 has a (1,4)- substitution motif, and has a low energy transition at 309 nm
(similar to other (1,4)- motif containing compounds). The lowest energy transition is
common to the penta- (24) and hexa- (25) at 324 nm. The biggest difference between
these spectra is the second lowest energy band at 305 nm for 25 and 290 nm for 24. The
level of substitution is fundamental to this difference. In the compounds with at least one
(1,4)- arrangement the lowest transition energy decreases as a function of the number of
(1,4)- relationships and the increase of m conjugation (ie. 17 > 19>21522>23>24 =
25).
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Figure 3.14 - Molecular structure (top) and UV-Vis spectra of compounds 21-25 (14 included for comparison)

3.4.3 TIPS-protected organic cores

During synthesis, the TIPS-protected organics were found to be highly fluorescent with
some effects observed in natural light. 59 gives a strong green sheen on exposure, to
natural light so UV-Visible and fluorescence measurements were conducted. In the UV-Vis
spectra of the TIPS-protected compounds there appears to be three overlapping
transitions, which are difficult to assign. The spectra (Figure 3.15) again display a
bathochromic shift as the substitution level increases, as well as corresponding increases
in molar absorptivity as was observed with the TMS-protected core compounds. There is
also a shift of about 10 nm on increasing the extent of (1,4)- substitution at the core
(increasing the ease of conjugation through the core of the compound). 53, which contains

effectively two (1,4)- relationships, has a much lower energy transition than 47 or 50,
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which have only one (1,4)- disposed arrangement, even though they are all tetra-
substituted. The same transitions in the spectra of compounds 26 and 29 are much higher
in energy than the spectra of 35. This is also seen with the tri- and tetra- substitution
groups. 59 has the highest A as it has a larger nt-conjugation. There is a clear separation
of the two major peaks, which may be due to steric influences in the molecule, causing
rotation of an arm and effectively breaking the conjugation path. This will be discussed

further in later sections.
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Figure 3,15 - UV-Vis spectra of the mono-, bis- and tris- TIPS-protected core compounds

A summary of peak data for these compounds is given in Table 3.2. 26, 29 and 32 are
quite similar which is anomalous considering the differences observed in the TMS core

compounds of the same substitution (15 and 16).
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Figure 3.16 - The UV-Vis spectra for the tetra-, penta- and hexa-TIPS-protected cores (26 (mono-) added for
comparison)

Compound Core A (nm) [g (104 M cm1)]
arrangement
26 (1) 376 [sh,6.2] 352 [9.2) 339 sh,7.3] 274 [1.8)
29  (12)- 379(sh,99] 357[139]  340(sh,119] 274 (3.4]
32 (13)- 378(sh,11.1) 356 [149]  338(sh,120] 274 (3.5)
35 (14)- 389 [sh,9.8] 378[11.6] - 288 [2.8]
38 (123)- 378([sh,162] 358[199] - 280 [4.4)
41 (124) 377 (sh.166] 362[17.5] - 275 [3.2]
44  (135) 367 [sh,19.8] 359[212] - 271(39]
47 (1234) 395 (sh,15.6) 372[222] - .
50 (1235)- 378 [sh,19.3] 366 [20.8] - -
53 (1245)- 401 [sh,11.9] 372 [21.3]) -

56 (12345)- 397 [sh,25.4] 383 [31.6] 335 [22.6) :
59 (123456)- 420 [sh,24.8] 397 (36.6]  348([26.1]

Table 3.2 - Summary of UV-Vis optical absorption maxima data for the TIPS protected organic cores.

The fluorescence of the TIPS-protected cores was analysed by measuring the excitation
and emission maxima for each compound. The excitation maxima differ from the
absorption maxima of the complex, in that the emission scan displays the optimal input
wavelength for the largest resultant emission. The compounds show excitation bands from
380 nm to 420 nm. Compounds containing more than four substitutions have two

excitation peaks. The emission peaks for all compounds have a low-energy shoulder at ca.
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400 to 430 nm for most, with the penta- and hexa- substituted compounds having the

lowest emission maximum at 448 and 472 nm, respectively.

Compound Core Excitation Maximum Emission Maximum
arrangement
26 (1)- 390 408
29 (1.2)- 406 418
32 (1.3)- 351 408
35 (1.4)- 381 406
38 (1.2,3)- 393 409
41 (1.24)- 373 417
44 (1.3.5)- 391 410
47 (1.23.4)- 406 430
50 (1.2,3,5)- 407 434
53 (1.2.4.5) 407 433
56 (1.2,3.4.5)- 423 448
59 (1,2,3,4.5,6)- 390 472

Table 3.3 - Fluorescence data for the TIPS-protected cores (26-59)

— Excitation — Emission

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 3.17 - The excitation (blue) and emission (red) traces for compound 59.

The difference between the excitation and emission peaks (Stokes shift) loosely
represents the non-radiative energy loss of the excited state. Thus, the hexa-substituted
compound has the largest Stokes shift of around 80 nm, while the others have Stokes
shifts of 20-30 nm. There is little correlation in the tabulated data to the UV absorption
maxima. It should be noted that the excitation spectra differs from the absorption maxima.
Again, the core geometry influences the excitation energy for all compounds. Compounds
with a (1,2)- structural motif appear to have a lower excitation energy with 29, 47, 50 and
53 all having similar energies; the exception is the (1,2,3)-substituted (38). 56 has the
lowest at 423 nm but 59 strangely is similar to 26. 32 has the highest excitation energy,
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possibly related to the (1,3)- substitution, however 44 is closer to the other tris-
substituted (38 and 41) and even the (1,4)-substituted (35). The excitation-emission
spectrum for 59 is shown in Figure 3.17. As previously stated the excitation has two peaks
and the emission shows a major peak at 472 nm, which has a shoulder peak of a possible
vibrational transition at ca. 490 nm. Time resolved florescence measurements are
probably needed to comment further as there may be more effects contributing to these

values.

3.4.4 Metallated cores

The UV-Visible spectra of the metallated species (Figure 3.18 and Figure 3.19) are quite
similar to those of the precursor organic compounds with an additional MLCT band at
around 420-430 nm. Erandi Kulasekera has modeled the UV-Vis spectra of these
compounds computationally with good agreement to experimental values, which may

make some assignments possible.®?
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Figure 3,18 - UV-Vis spectra of the mono-, bis- and tris-substituted alkymyl ruthenium complexes (28,31,34,37,40
and 46)

The compounds with lower metal content (28, 31, 34, 37, 40 and 43) clearly show the
MLCT band at 420 nm (Figure 3.18). There is surprisingly little change of the MLCT
transition wavelength as the extent of core substitution increases. It would be expected
that as the overall m-conjugation length increases the energy levels would change,
resulting in a lower transition energy. This may suggest that the metal centre is isolated
from the core electronically, which is likely due to out of plane rotation of the phenyl rings
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relative to each other. The crystal structure of 28 (Figure 3.9) would seem to support this.
The larger compounds (46-61) possess blue shifted MLCT bands in this region (420-390
nm), which seem to be an overlap of several different bands. There is a continuing
decrease in energy of the m-n* transition bands as the extent of substitution increases to a
point where the band in 61 overlaps the MLCT band entirely and has a much higher molar
absorptivity. Based on the lack of change in the smaller complexes it is most likely there is
no change in the MLCT band and the n-n* band obscures the direct observation. This is
applicable to complexes 58 and 61.

45

%0 450 Wavelength (nm) 650

Figure 3.19 - UV-Vis spectra of the tetra-, penta- and hexa-substituted alkyny! ruthenium compiexes (mono- (28) for
comparison)

Cmpd Core A(nm) [e (10¢M1cm?)]
arrangmcnl

28 (1)- 426 [7.46) 367 [sh,9.1]  341[9.5) 254 [sh, 7.5]
31 (1.2)- 425[11.7) 369 [sh,12.0] 342 [15.1) 257 [sh,13.6]
34 (1.3)- 428 [11.6) 367 [12.1) 341[154) 254 [sh,14.1)
37 (1.4)- 432 [sh,10.6] 378 [18.5] - -

40 (1,2.3)- 429 [sh,15.3] 353 [28.8] 2 :

43 (1.2.4)- 431 [sh,14.9] 368 [20.9] - -

46 (1.3.5)- 430 [15.0] 357 [24.0) - =

49 (1,23.4) 430 [sh,184] 375 [26.6] 315 [sh,16.3] -

52 (1,23.5)- 434 [sh,16.2] 355 [30.7] . .

55 (1,24.5)- 436 [sh,16.5] 404 [26.5] 369 [31.1] -

58 (1.23.4.5)- 388 [sh38.0] - 332(25) -

61 (1.234.56)- 406([sh397] - 335 [23.4] -

Yable 3.4 - Summary of UV-Vis data for the alkynyl ruthenium complexes 28-61
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The band at around 340 nm can be assigned as a m-n* transition localized on the organic
phenylethynyl ligand. There is a slight blue shift in this band upon addition of a metal, The
hexa- and penta-substituted compounds have a second m-w* transition at a high energy, at
a similar energy to the third transition of the mono-substituted compound. This may be a
transition caused by isolation of a single arm from the core since it is mainly observed in

the more sterically demanding compounds. This is also observed in the (1,2,3.4)-
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Figure 3.20 - HOMO and LUMOs in the hexa-substituted compound (61) that align with the 335 nm
transition {calcutations performed by Erandi Kulasekera)

substituted compound, although it is weaker and is obscured in the (1,2,3)- analogue by
the primary n-n* band.

The complexes have similar features to the complexes Chris Corkery had made (Figure
3.6). The MLCT bands are at ca. 400 - 430 nm (c.f 405 - 445 nm of the Corkery set). This is
inconsistent with precedents in which replacement of ethyl with ethoxy groups usually
resulting in a blue shift in the MLCT bands. The n-n* transitions in his complexes also
show the bathochromic shift upon substitution level increase; the (1,4)-substituted
however is outlying of this trend. The UV-Vis m-n* maxima of the ethoxy compounds
appear at 308 nm for the (1)- substituted, 326 nm for the (1,4)-, 315 nm for the (1,3,5)-
and 320 nm for the (1,2,4,5)-substituted. Based on the trend observed for the ethyl
solubilised complexes the (1,4)- should be at higher energy than the (1,2,4,5)- due to a
longer effective m-conjugation in the latter complex. This would suggest that inclusion of
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decoupling the metal donor and nitro- acceptor. Figure 3.1 shows the reversibility of

complex 28, with multiple scans at different rates.

€0.00
£0.00
40.00
3000 |
2000 |
10.00 |
000 1
-10.00 |
.20.00 1
30,00 |

e 50 MV/s
80mV/s
=100 mV/s

1107 A)

=120 mV/s

0 0.2 04 06 08 1
EV)

Figure 3.21- Cyclic voltammetry of the mono-complex (28) run at four defferent rates

The complexes do not behave reversibly in the OTTLE cell (Figure 3.22) when run at room
temperature. Complexes 28, 31, 37, 46, 55 and 61 were used for spectroelectrochemistry
measurements as these have the highest symmetry (31 excepted) and are representative
of each substitution group. When running the experiment the absorptions at 426-430 nm
(MLCT bands) and 341 nm reduce and new bands at 487 nm and 922-935 nm grow in on
oxidation. The voltage is increased progressively from 0.5 to 1.2 V to oxidise the metal
centre with sufficient speed. Upon switching the voltage back to 0 V to regenerate the
starting complex the 426-430 nm peak grows back in very slowly and the 920 - 930 nm
band reduces. The poor reversibility is probably an issue with the OTTLE cell used, as the
cell isn't constantly under a flow of argon. It is also possible that the complex just isn’t
stable for long periods of time oxidized at room temperature. This type of measurement is
preferably run at greatly reduced temperature to prevent complex degradation. The new
bands formed are lowest for 37 at 935 nm, 933 nm for 28, 929 nm for 31 and 61, 922 nm
for 46 and 909 nm for 55. The difference in the wavelength is probably of little
significance however, 55 was run after 61, which had significant deposition on the
electrode during the scan. The 55 trace is therefore contorted and oxidation is incomplete
which gives the strange, broad shaped peak at 909 nm. The reported value for this peak
should then be regarded with caution.
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Figure 3.22 - Six spectroelectrochemical plots of complexes 28, 31, 37, 46, 55 and 61. Arrows denote changes in
absorption with oxidation of the complexes. 55 is distorted due to incomplete oxidation and optical interference

from deposited compounds
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The best performing compound by these metrics is the hexa-substituted complex with
values of 59 GM per m-electron. The (1,2,4,5) configuration (53) has a comparable
efficiency to the penta-substituted (56).

ot Wy - o - oy oo Bl

& 3
- - - - - > v -

800 900 1000 1100 1200
Wavelength (nm)

Figure 3.23 - TPA cross-section traces for mono-, bis-, and tris-substituted TIPS protected organic compounds (28,
29, 32, 38, 41 and 44). A trend line has been added as a visual aid

Comparative plots of the 2PA cross-section (o0:) traces between the TIPS-protected
complexes are plotted in Figure 3.23 and Figure 3.# Error bars have been omitted for
clarity. All traces show the maximum 2PA cross-section at 620 nm (580 nm for 28) as well
as local maxima at 560 nm. There is also a common maximum at 700 nm for the larger

compounds, most prominent in 53, 56 and 59. These compounds have 2 (or more) (1.4)-

ey YA e B B TR )

1000 1100 1200
Wavelength (nm)

Fgure 124- TPA cross-section traces for mono-, tetra., penta, and hexa-substituted TIPS-protected organic
compounds (28, 47, S0, 53, 56 and 59) A trend bne has boon added as a visual aid
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disposed arms which may be the cause of this maximum. During the measurement of these
compounds some two-photon fluorescence was observed in the infrared wavelengths
(700-1100 nm). At the intersection of the beam with the sample deep blue or aqua light
emission was observed, which correlates well with the excitation-emission data discussed
previously (part 3.4.3), the larger compounds having a lower energy emission. Second
harmonic generation was ruled out, as the emission colour did not change with a change in
wavelength, suggesting the two-photon excitation degrades to a common energy level

before radiative emission to the ground state,

400 - 40
200 35

0 o0

3 25

“:’200 2o£

o 400 s

> zs%
2500 10
-800 1 Fs
-1000 * 0

Wavelength (nm)

Figure 3.25 - v, (blue) and v, (red) values for 59 at half the measurement wavelength overlaid on the UV-Vis
spectrum (black). A trend line has been added to the y traces as a visual aid

Based on the limited scaling factors considered, the highest 2PA,,, efficiency TIPS-
protected core is the hexa-substituted core, closely followed by the penta- and tetra-
substituted cores (59 > 56 ~ 53 > 50 > 47). This follows 2PA cross-section trends
observed by Bhasker et al. for the authors symmetrically varied annulenes discussed in

the introduction.”®

3.6.2 Ruthenium alkynyl complexes

A summary of the third-order NLO properties of the ruthenium alkynyl complexes at the
two-photon absorption maxima is shown in Table 3.8. All twelve complexes have two local
maxima at 660-740 nm and 850 nm with the 850 nm being consistent with other
ruthenium alkynyl complexes (see Chapters 1 and 2). The values at 850 nm are similar
between complexes with the same extent of substitution, in particular the bis-substituted

around 4000 GM and the tetra-substituted around 8000 GM.
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The TPA cross-section values broadly increase with increase in extent of substitution, with
61 having the largest TPA value (10 800 GM). 43 doesn't follow this trend with a 2PA
value almost twice that of the other tris-substituted compounds.

There doesn’t appear to be any observable trend in the TPA cross-section data at the first
o2 maximum. The smaller complexes from mono- to tris-substitution tend to have the
maximum at 680 nm, with the tetra-, penta- and hexa- having erratically trending values
(from 700 - 740 nm). Here the (1,2,4,5)-substituted (55) has the larger cross-section (15
000 GM) followed by the penta- (58) then the hexa-. The complexes were typically self-
focusing on the closed-aperture experiment. A 120 mm lens was used for this set of
compounds and, as discussed in Chapter 2, the longer focal length lens typically causes
overestimation of the Y, values due to increased transmission through the aperture. This
may be reflected in the <Y> values displayed in Table 3.8 which shows no clear trend at
the first o; maximum, however those at the second max increase with extent of
substitution. The 680 - 740 nm range correlates well to twice the n-n* transition in these
complexes, which may be the origin of this maxima, however this would require accurate
comparison to the organic analogues, which further requires measurement with a 75 mm

lens. This is currently underway.

o —a—2p —a—pgf 55 61
18000
16000
o 14000
 feed
5 -
: 000
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21000
° -
500 0o 200 1100 1300 1500 1700 1900
Wavelength ()
Figure 3.26 - 2PA cross-section comparison for compounds 28, 46, 55 and 61.

A 2PA comparison plot of compounds 28, 46, 55 and 61 is displayed in Figure 3.26. These
four compounds were chosen as these are the most commonly used core structures in

ruthenium alkynyl complexes for nonlinear optics, and assessing the NLO response for















114 Chapter 3 - Core Modification in Alkynyl Ruthenium Stars

3.8 Experimental section

3.8.1 Atom labeling

Protons and carbons are labeled 1 through 20 from the terminal acetylene (1) to the arene
core-attached acetylene (20). The ethyl solubilising groups’ C and H atoms are labeled by
the carbon number to which they are attached to (10) followed by the number of carbons
from the attached atom (1 or 2). The silyl protecting groups” Hs and Cs are labeled ‘s to
denote silyl attachment, followed by the carbon number the to which the silyl is attached
(e.g. 7) and finally the number of carbons from the silicon (i.e. 1 for the methyne and 2 for
the methyl moiety on TIPS). The ruthenium dppe Hs and Cs are labeled with a letter
denoting the phenyl position (i.e. i for the P-bound ipso position), followed by a number
designating which side the phenyl group sits on the metal and phosphorus group plane: 1
is for the alkynyl-bound face and 2 for the chloro-bound face. b denotes the dppe
backbone H or C. The arene core labeling starts with ‘c’ denoting a core derived atom,
followed by a number (1-6) based on counting around the ring in the standard IUPAC
fashion. Magnetically equivalent atoms are assigned the same label. An example is
provided for the (1,2,4)-substituted core. In some instances, atoms are magnetically
inequivalent with others in a similar structural environment in the molecule (e.g. Cy»-Czo in
the 1,2,4- substituted core). A number denoting core carbon number attachment is added
to the end of the atom label (i.e. Cz attached to C; on the core becomes Czo2).
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Figure 3.21 - Atom assignment in NMR spectra
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4.1 NMR spectra
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1H and '3C NMR spectra for compound 1.
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'H and **C NMR spectra for compound 2.
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1H and '3C NMR spectra for compound 3.
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1H and *3C NMR spectra for compound 4.
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1H and *3C NMR spectra for compound 5.
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'H and '*C NMR spectra for compound 6.
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1H and *3C NMR spectra for compound 7.
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H and **C NMR spectra for compound 8.
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1H and **C NMR spectra for compound 9.
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'H and 13C NMR spectra for compound 10.
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1H and *3C NMR spectra for compound 11.
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'H and **C NMR spectra for compound 12.
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1H and !*C NMR spectra for compound 13.
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1H and *3C NMR spectra for compound 14.
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'H and **C NMR spectra for compound 15.
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1H and 13C NMR spectra for compound 16.
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'H and **C NMR spectra for compound 17.
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1H and 1*C NMR spectra for compound 18.
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1H and **C NMR spectra for compound 19.
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'H and '*C NMR spectra for compound 20.
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1H and '*C NMR spectra for compound 21.
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'H and **C NMR spectra for compound 22.
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1H and **C NMR spectra for compound 23.
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1H and '3C NMR spectra for compound 24.
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'H and **C NMR spectra for compound 25.
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1H and '3C NMR spectra for compound 26.
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'H and '*C NMR spectra for compound 27.
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1H and '*C NMR spectra for compound 28.
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31P NMR spectra for compound 28.
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1H and '3C NMR spectra for compound 29.
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!H and **C NMR spectra for compound 30.



Appendix 187

e = ~ 522 2
283 =A% 8% 2 Py -
NI RN 1 o ki '
W‘}"‘o
g
3
™,
e
N e
N Thege w LS T
“we s
I :
ot » ¥ oE o o v -y
3 R 3 s .
% e23 s . s
i
S
'
werr
N - e
* e s T »w L
AL L
T T TR TR R
- -
»
|»
[
ST R N N R R I R B LR R R A S I R I AR

1H and '3C NMR spectra for compound 31.
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31P NMR spectra for compound 31.
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1H and 13C NMR spectra for compound 32.
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'H and *3C NMR spectra for compound 33.
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1H and '3C NMR spectra for compound 34.
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31P NMR spectra for compound 34.
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1H and 13C NMR spectra for compound 35.
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'H and **C NMR spectra for compound 37.
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31p NMR spectra for compound 37.
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'H and **C NMR spectra for compound 38.
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1H and !3C NMR spectra for compound 39.
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'H and **C NMR spectra for compound 40.
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31P NMR spectra for compound 40.
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1H and '*C NMR spectra for compound 41.
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1H and !3C NMR spectra for compound 43.
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31P NMR spectra for compound 43.
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1H and '3C NMR spectra for compound 44.
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'H and **C NMR spectra for compound 45.
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1H and *C NMR spectra for compound 46.
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31P NMR spectra for compound 46
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1H and '*C NMR spectra for compound 47.
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'H and '3C NMR spectra for compound 48.
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1H and **C NMR spectra for compound 49.
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31P NMR spectra for compound 49.
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1H and 13C NMR spectra for compound 50.
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'H and '3C NMR spectra for compound 51.



Appendix 215

b2 Sl
23z4ng &3 gt s XA 8
e - S - - 5 e
AV DGR T
o~ o
-
S < b
52
~
(¥
~ -
Mettenred
pemtond
_:J'K—r . AA
=
Jrp— Y ye -
z & L4 : .3 B
- & . 2 X s
- - " " - L " " . “- " " " " " " .
aeed
e "
- =8 2 - 33 3
-4 28 8B 25 4
1 22 22 ) [ I
LU T
-
e
M e A X A
N
w
-
TAMM B2
(]
|
o J
S D A e S R A R I N R LR R R

1H and '3C NMR spectra for compound 52.
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1P NMR spectra for compound 52.
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1H and Y3C NMR spectra for compound 53.
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*H and **C NMR spectra for compound 54.
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1H and 3C NMR spectra for compound 55.
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31P NMR spectra for compound 55.
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1H and 13C NMR spectra for compound 56.
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1H and '*C NMR spectra for compound 57.
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1H and '*C NMR spectra for compound 58.
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31P NMR spectra for compound 58.
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1H and '*C NMR spectra for compound 59.
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1H and **C NMR spectra for compound 60.
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1H and 13C NMR spectra for compound 61.
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1P NMR spectra for compound 61.
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4.2 NLO Data

4.2.1 Chapter 2 NLO data

Spectral dependent Z-scan data for 47 (120 mm).
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THE Voeat (DIU€) AND Y\ (red) data of 26 plotted at half the measurement
wavelength. A trend line has been added to the y values to aid observation
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Spectral dependent Z-scan data for 47 (75 mm).
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Spectral dependent Z-scan data for 47a,
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the y values to aid observation
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Spectral dependent Z-scan data for 48.
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Spectral dependent Z-scan data for 49,
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Spectral dependent Z-scan data for 50.
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Spectral dependent Z-scan data for 51.
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Spectral dependent Z-scan data for 52.
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Spectral dependent Z-scan data for 53.
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Spectral dependent Z-scan data 54.
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Spectral dependent Z-scan data for 55.
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Spectral dependent Z-scan data for 56. _O\O'
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Spectral dependent Z-scan data for 57. Mc\\)//()
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Spectral dependent Z-scan data for 58.
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Spectral dependent Z-scan data for 59.
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THE Veest (DIUE) BND Yimae.(red) data of 59 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (green). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data 60.
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Spectral dependent Z-scan data 61.
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THE Vreut (DIUE) 3ND Ve (red) data of 61 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (green). A trend line has been
added to the y values to aid observation
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O A

Spectral dependent Z-scan data 62. \?’
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wavelength overlaid on the UV-Vis spectrum (red).

.
o

y (10* esu)

O = N WA VO N W

Wavelength (nm)

THeE Yeew (blue) 3nd v, (red) data of 61 plotted at half the measurement
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Spectral dependent Z-scan data 63. ™\ 4
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added to the y values to aid observation
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UV-Vis and open aperture experiment traces of 64 and 64a.
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UV-Vis of complexes 65-74
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4.2.2 Chapter 3 NLO data

Spectral dependent Z-scan data for 26 (75 mm).
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wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 29 (75 mm).
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THE Yyest (DIUE) 300 Yirug.(red) data of 29 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 32 (75 mm).
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The Yrew (Dlue) and y,...(red) data of 32 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 38 (75 mm).

3000.00 I 40
2500.00 35
0 __
__ 200000 - I e
?-, 25 _g
=, 150000 | 4 202
Y } \ >
H ) 152
1000.00 . :
\ 10
500.00 PR \
» \ S
| s % AN
0.00 - —— 3 + o
240 340 440 540
Wavelength (nm)

TPA cross section of 38 (blue) plotted at half the measurement wavelength
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THE Yrew (DIUE) 30D Vg (red) data of 38 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 41 (75 mm).
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The Yeew (Dlue) and y,...(red) data of 41 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 44 (75 mm).
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THe Vyeu (DIU€) and vy (red) data of 44 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation



256 Appendix

Spectral dependent Z-scan data for 47 (75 mm).
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The Veew (Dlue) and v, (red) data of 47 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black), A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 50 (75 mm).
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THhe Vieut (DlU€) and y,nue (red) data of 50 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 53 (75 mm).
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wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 56 (75 mm).
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wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 59 (75 mm).
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wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 28 (120 mm).
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THe Vrew (DIUE) 3ND Yirug. (red) data of 28 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 31 (120 mm).
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wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 34 (120 mm).
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The Ve (Dlu€) 3nd v, (red) data of 34 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 37 (120 mm).
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Spectral dependent Z-scan data for 40 (120 mm),
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THE Yoeat (DIUE) AT Vi (red) data of 40 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added 1o the y values to aid observation
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Spectral dependent Z-scan data for 43 (120 mm).
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overlaid on UV-vis spectrum (red). A trend line has been added to the TPA
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The yyuu (blue) and y,..,.(red) data of 43 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 46 (120 mm).
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TPA cross section of 46 (blue) plotted at half the measurement wavelength
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA
as a visual aid only.
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THE Vrew (DIUE) 30D Y,ru-(red) data of 46 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 49 (120 mm).
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Spectral dependent Z-scan data for 52 (120 mm).
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TPA cross section of 52 (blue) plotted at half the measurement wavelength
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA
as a visual aid only.
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THE Yieat (DIUE) 3D Vi (red) data of 52 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 55 (120 mm).
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THhe Voeu (Dlue) and y,....(red) data of SS plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 58 (120 mm).
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wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to aid observation
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Spectral dependent Z-scan data for 61 (120 mm).
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TPA cross section of 61 (blue) plotted at half the measurement wavelength
overlaid on UV-vis spectrum (red), A trend line has been added to the TPA
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The Yoeu (Dlue) and v, (red) data of 61 plotted at half the measurement
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been
added to the y values to ald observation
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Foldout Figure 4.3.1 Structures of Compounds in Core Modification Series - Part 1
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Foldout Figure 4.3.1 Structures of Compounds in Core Modification Series — Part 1
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Foldout Figure 4.3.2 Structures of Compounds in Core Modification Series - Part 2
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Foldout Figure 4.3.2 Structures of Compounds in Core Modification Series — Part 2
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Foldout Figure 4.3.3 Structures of Compounds in Core Modification Serles ~ Part 3
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Foldout Figure 4.3.3 Structures of Compounds in Core Modification Series — Part 3
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Foldout Figure 4.3.4 Structures of Compounds in Core Modification Series — Part 4




Foldout Figure 4.3.4 Structures of Compounds in Core Modification Series — Part 4
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Foldout Figure 4.3.5 Structures of Compounds in Core Modification Series — Part 5
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Foldout Figure 4.3.5 Structures of Compounds in Core Modification Series — Part 5



Appendix

Foldout Figure 4.3.6 NMR atom labeling for compounds 1 - 61.

Protons and carbons are labeled 1 through 20 from the terminal acetylene (1) to the
arene core-attached acetylene (20). The ethyl solubilising groups’ C and H atoms are
labeled by the carbon number to which they are attached to (10) followed by the number
of carbons from the attached atom (1 or 2). The silyl protecting groups’ Hs and Cs are
labeled 's’ to denote silyl attachment, followed by the carbon number the to which the
silyl Is attached (e.g. 7) and finally the number of carbons from the silicon (i.e. 1 for the
methyne and 2 for the methyl moiety on TIPS). The ruthenium dppe Hs and Cs are
labeled with a letter denoting the phenyl position (i.e. i for the P-bound ipso position),
followed by a number designating which side the phenyl group sits on the metal and
phosphorus group plane: 1 is for the alkynyl-bound face and 2 for the chloro-bound face.
b denotes the dppe backbone H or C. The arene core labeling starts with ‘c’ denoting a
core derived atom, followed by a number (1-6) based on counting around the ring in the
standard IUPAC fashion. Magnetically equivalent atoms are assigned the same label. An
example is provided for the (1,2,4)-substituted core. In some instances, atoms are
magnetically inequivalent with others in a similar structural environment in the molecule
(e.g. C17-Czo in the 1,2,4- substituted core). A number denoting core carbon number
attachment is added to the end of the atom label (i.e. Cz attached to C; on the core
becomes Cza2).
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Foldout Figure 4.3.6 NMR atom labeling for compounds 1 - 61.



