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Abstract

This work presents the nonlinear properties of six Sn(IV) Phthalocyanines. Three of 

the phthalocyanines are linked by an alkylthiol substituent and the rest are linked 

with a phenoxy substituent. For all six compounds non-linear optic analysis was 

carried out in four solvents: chloroform, toluene, dichloromethane, and 

tetrahydrofuran, and their differences were recorded. Calculation of the linear, singlet 

excited, triplet excited and two photon absorption cross-sections were also carried out 

and the results compared. To form a comparison the first order hyperpolarizabilities, 

DFT calculations were also performed and the results compared to see if the behaviour 

between the two properties can be predicted using DFT.
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Chapter 1. Introduction
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1.1 Metal Phthalocyanines

Phthalocynines (Pcs) are blue macrocyclic compounds, known for their distinct blue- 

green colour and their unique spectroscopic properties. Discovered in 19271, Pcs have 

since found use in dyes1,2, catalysis3-5, optical based electronics6,7, electro sensing,8 

photovoltaic cells9-12, medicine13-15 and non-linear optic devices. These applications all 

stem from their Pi electron configuration of the Pcs.

1.2.1 Synthesis of Phthalocyanines

Scheme 1.1 shows the different methods of synthesising MPcs that have been found. 

As well as the aforementioned methods, the use of o-cyanobenzamide (3) (Scheme 

1.1), phthalic anhydride (Scheme 1.2) phthalimide (6), 1,3-diminoisoindoline (5), 

phthalic acid (7) and phthalonitrile (8) were used to synthesise Pcs. Phthalonitriles are 

the most widely used precursors due to their ease of use and relatively mild reaction 

conditions.
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Scheme 1.1: Synthesis of MPc from o-cyanobenzamide (3).

Scheme 1.2: Synthesis of MPc from phthalic anhydride (2).
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Scheme 1.3: Possible synthesis pathways for a MPc.

2

3

Depending on the MPc's desired structure, level of symmetry, type of substituents 

and the choice of central metal, the procedure to create one MPc can differ drastically 

from another. Things to consider when varying the substituents of a Pc are 

availability, cost and the safety factors of the required precursors for the synthesis as 

well as the ease of synthesis, as industrial applications of Pcs which are difficult to 

synthesise are few.

The presence of a basic solvent environment enhances the reactivity of the starting 

material and hence increases the product yield. This is normally done by the addition 

of small amounts of bases such as 1,8-diazabicylo[5.4.0]undec-7-ene (DBU), 1,5-
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diazabicyclo[4.3.0]non-5-ene (DBN) to the reaction. Lithium can be used as a reaction 

centre for the Pc cyclisation, and is used to allow subsequent insertion of a larger metal 

atom into the Pc's central cavity.

The solvent used for the reaction should have high boiling point (between 100 to 300 

°C). Solvents such as pentanol and octanol are used, as well as quinolone, tri­

chlorobenzene and even toluene in some cases16.

Un-metalated Pcs (MPcs without a central metal atom) are formed by reacting the 

MPcs with sulphuric acid as shown in Scheme 1.4. This would leave the central cavity 

protonated with two H atoms. The metal salt is removed as a by-product.
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1.2.2 Metal Phthalocyanine substituents

The hydrogens on the peripheral benzo rings of the MPcs can be substituted and 

modified with other functional groups in order to change the physical properties of 

the parent MPc, as an example an unsubstituted CuPc is hardly soluble, but 

introduction of solphonyl groups to the benxo rings results in a highly soluble solvent 

dye. As shown in Scheme 1.5, the Pcs' four peripheral rings contain two sets of 

carbons at mirror positions. These are dubbed a  for the non-peripheral locations, and 

p for the peripheral locations. Usuallly modification of these positions is done on the 

precursors to the Pc. The degree of modification is often sterically limited, with 

substitution by large groups more difficult to effect 17.

Assuming only one starting reagent, i.e. possessing only one substituent at either the 

a  or p -position, the Pc will consist of a mixture of 4 isomers with each substituted at 

one of the two possible positions18. The four isomers possess C4h, Dih, Civ, and Cs 

symmetries (Scheme 1.6), though the difference in the isomers is small enough that 

the mixture of the four isomers are used experimentally in most cases.

Pc substituents are generally classified by their mesomeric and inductive effects19. 

Most substituents possessing both properties but being distinguished on their more
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prominent nature. Inductive effects are electrostatic in nature and affect the rest of the 

molecule, meaning that the energy gaps between molecular orbitals (MOs) remain the 

same as any inductive effect will shift the MOs a either up or down uniformly20. 

Mesomeric effects differ in that they are based on structural resonance21 and will only 

affect certain regions of a substituted Pc. As a result, certain MOs are shifted 

differently and this will present itself as a shift in the absorbance spectra of different 

substituents. The shifts themselves depend on degree of electron withdrawing or 

donating of the substituents. More withdrawing groups leading to blue shifting of the 

spectra and more donating causing red shifting of the spectra22. Thus, shifts due to 

mesomeric effects are based on structural resonance, differences in these effects can 

are observed when the substituent is placed at the different substitution sites. a  

substitutions yield far larger shifts than the p substitutions as the MOs responsible for 

the majority of visible spectra lie on the a  carbon(a2u,a1u)2324.

This work will use two different substituents, a thiol and a phenoxy substituent, 

substituted respectively. To synthesize 6 Mpcs 3 different substitution positions of the 

Pc, a, p and pp (both p positions substituted) will be used.
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Scheme 1.6: Possible isomers of mono substituted Phthalonitriles when making

MPc (1X,1Y).

1.2.4 Central metal of an MPc

The central cavity of unmetalated Pcs (called free base Pcs) contains two hydrogens. 

However, this cavity can also be filled by metals. The Pc's cavity carries a charge state 

of -2, allowing it to easily coordinate to any metal cation small enough to fit in it, and 

in some cases even those that are slightly bigger. More than seventy metals can form 

stable complexes with Pcs and each of these will change the electronic nature of the 

Pc ligand accordingly. Metalation normally occurs insitu, that is during the formation
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of the Pcs macrocycle. However, it is also possible to insert a metal ion into the cavity 

of synthesised free base Pc. This is done simply with the use of a suitable solvent and 

heat.

Different metal centers bring with them different effects on the Pc macro cycle as a 

whole, since the metal is right in the middle of the n electron cloud it will certainly 

change the properties of it. Different metals will interact in different ways with the 

macrocycle, and those which are more electronegative can shift the absorption spectra 

to higher energies, while electropositive metals can shift it to the lower energies. 

Axially coordinated ligands for M(III) and M(IV) central metals can also attenuate the 

n electron cloud, as well as introduce other physical properties to the Pc25.

In this work Tin(IV)Cl2 was used as a central metal complex, as there have been 

extensive work on similar MPcs26-29. Tin(IV) centred Pcs have not been studied as 

extensively as other elements from its period, and the axial ligands of Cl were used 

because they formed naturally when creating a Pc using the most readily available Tin 

salts.

1.2.5 Phthalocyanine absorption spectra

Pcs are known for their distinct blue-green colour, characterised by two absorption 

bands in the visible region of the spectrum at 350 nm and spanning from 600 nm to 

800 nm, respectively depending on the Pc. The origin of these bands was explained by 

Gouterman for pophyrins24. They are due to their four frontier molecular orbitals, 

given the designation of a1u, a2u and eg from their point group symmetry. This 

explanation is called the Gouterman's four orbital model and is shown in Scheme 1.7, 

and shows that the transitions from the occupied orbitals (a1u or a2u) to the unoccupied 

orbitals (the degenerate eg) can have change in the angular momentum quantum 

number , Ami of ± 1 or ± 9.
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The transitions resulting in a change of ± 9 ml are considered forbidden, as the accepted 

transition selection rule is a change in ml of ± 1 or 0. and its strength is much lower in 

other (non-tetra aza) porphyrins. The absorption intensity in Pcs is due to the 

symmetry being broken by replacement of the four central carbons with nitrogens. 

This breaks the pseudo parity of the two independent Q transitions and allows them 

to be observed30 (i.e. they no longer cancel each other out).

Metalated Pcs possess D4h planar symmetry, so the eg orbitals are degenerate. 

However, the unmetalated Pcs possess a D2h symmetry, which manifests as a shift in 

one of the eg orbitals (now called bg with the change in point group) and thus a shift in 

energies of all transitions to that orbital31. This is the cause of the splitting in the MPc 

when compared with the umetalated acid conjugate absorption spectra as shown in 

Figure 1.1
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Figure 1.1: Absorption spectra of an unmetalated Pc (a) and a MPc (b) 32.

Gouterman's four orbital model was later adapted in order to account for all the 

transitions, including some observer in the sub 300 nm region. This resulted in the 

current model used to describe Pc absorption bands. Among the absorption peaks are 

the high energy B bands31, these are due to transitions from lower lying orbitals shown 

in Scheme 1.8.
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Scheme 1.8: Transitions responsible for absorption bands in MPc.

1.3 Non Linear Optics

1.3.1 Optical limiting materials

Non-linear optics (NLO) is a field studying the non-linear aspects of materials' optical 

responses. The field is large and has many branches that are worthy of study. One 

such branch is optical power limiting (OPL) and deals with the difference between the 

incident light and transmitted light in a material. NLO Interest has arisen in this field 

as it offers a means of controlling intensity levels of light through a non-mechanical 

means33. The intensity is controlled by the nature of electron interaction with light and 

the reaction times are relatively instantaneous when compared to even the fastest 

mechanical response as shown in Figure 1.2. Reporting of the NLO properties of a 

material is done by either the intensity dependent non-linear absorption parameter 

(Pi) or by the associated imaginary third order susceptibility (Im[x(3)])27.
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Figure 1.2: Graph of light transmitted in an Optical limiter.

As light absorption is the primary concern with limiting, it becomes obvious that dyes 

are ready candidates for optical power limiters (OL). The problem of using a dye is 

that their natural absorption can inhibit their application as an OL. Pcs can be used as 

optical limiters since a number of their properties facilitate their use- namely their 

chemical stability, non-toxicity, and very specific absorption and transparency

regions33.

Pcs have found use as OL due to their versatility and tenability, properties which most 

other inorganic OPL do not possess. The exact type of Pc use in OL can vary, though 

heavy metal centred Pcs are preferred, normally with axial ligands, shown in Figure 

1.3, to reduce aggregation34. Pcs also possess large and more dispersed electron 

systems, hence systems with large n conjugation.35 Thus their behaviour in NLO can 

be modified by the addition of suitable substituents, changing how the extended 

molecular electron cloud is effected by external electromagnetic fields. Normally a 

mixture of electron withdrawing and donating groups will be used36 as this creates a 

push-pull system. In this work, an electron-withdrawing centre and electron-donating 

periphery are used to create this push-pull system.

The use of group 14 metals listed in Table 1.1 like Tin(IV) the metal used in this study, 

is not prevalent as only few reported cases of fair to good OL response is found in
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literature, since in most case heavy transition metals are preferred due to their low 

lying d orbitals35.

Pc

Ana.

Metal

(M)

Substituent

(R)

Ligand

(L)

Solvent/

film

Im[x(3)]

(esu)
Pi

(cmW-1)

Method Ref.

Nc Sn(IV) (OC4H9) OSi(C2H5)3 film 2.07E-12 1.48E-08 THG* 29

Nc Si(IV) (SC10H21) OSi(C2H5)3 film 56.0E-12 4.01E-07 THG 29

Pc Ge(IV) (t-Bu) (OH) film 10.5E-12 7.52E-08 THG 29

Pc Pd NA NA CHCl3 6.5E-12 4.66E-08 Z-scan 29

Pc Si NA NA CHCl3 2E-9 1.43E-05 Z-scan 29

Pc Sn(IV) Oxyether- Cl THF 2.93E-12 2.10E-08 Z-scan 36

4benzaldehyde

Pc Ge(IV) Oxyether- Cl THF 4.05E-12 2.90E-08 Z-scan 36

4benzaldehyde
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Pc Sn(IV) Oxyether-

4nitrobenzene

Cl DMF 4.05E-12 2.90E-08 Z-scan 36

Pc Sn(IV) Nitro ether-3,5

methyl

benzene

THF 1.26E-12 9.03E-09 Z-scan 36

Pc Sn(IV) F Cl THF 5.58E-12 4.00E-08 Z-scan 36

Pc Sn(IV) Cl F CLN 2.09E-12 1.50E-08 Z-scan 36

Pc Ge(IV) Cl ether-3,5

methyl

benzene

CHCl3 3.21E-13 2.30E-09 Z-scan 36

Pc H2 2(Oxyether-

hetptane)

N.A. film 4.86E-11 3.48E-07 Z-scan 37

Pc Zn(II) 2(Oxyether-

hetptane)

N.A. film 11.3E-11 8.10E-07 Z-scan 37

Pc Ga(III) t-butyl Cl Toluene 1.2E-11 8.60E-08 Z-scan 38

Pc Ga(III) t-butyl (p-TMP) Toluene 1.1E-11 7.88E-08 Z-scan 38

Pc In(III) t-butyl Cl Toluene 1.6E-11 1.15E-07 Z-scan 38

Pc In(III) 2(hexane) Cl Toluene 1.2E-11 8.60E-08 Z-scan 38

Table 1.1: NLO Parameters of Pcs in literature. Nc = naphthalocyanine, Esu = 1.395556e-8 

m2/V2. THG = Third harmonic generation.
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1.3.2.1 Deriving Non-linear Properties

Having stated that Pcs exhibit NLO behaviour it becomes prudent to then define what 

is regarded as a good measure of NLO and what measurements and analysis must be 

taken in order to determine this. Reverse saturable absorption (RSA) occurs when the 

effective excited state cross-section (o e) of a material exceeds the effective ground state 

cross-section (o ). The cross-section of a molecule refers to the effective area that will 

absorb radiation/light and is measured in units of area. In the case of NLO materials, 

the material will possess two or more cross-sections, with the additional cross-sections 

being due to the excited states of the material in question. Under normal irradiance 

levels these cross-sections do not contribute to the absorption spectra as the excited 

states themselves are not populated. However once their population values pass a 

threshold (determined by the ratio of the size of the excited state cross-section to the 

ground state cross-section, (o/o e) non-linear absorption will observed. In the case of 

optical limiters, the o e have larger cross-sections than the ground state and this process 

is called RSA39. In the case where the excited states have smaller cross-section than the 

ground state it is referred to as saturable absorption (SA).

Furthermore, the extent of absorption can depend on multiple photon absorption 

(MPA) which scales with light intensity, giving another NL absorption parameter. The 

total change in intensity of light passing through the material (that is lost to 

absorption) can be integrated form the following equation40

dl
dz'

=  —a l  = IdsO-^sO " b ^ e l-^ e l^  P n ^s O ^
(1.1)

Here a  is the total absorption coefficient for the material. This value includes the 

contribution of the linear ground state absorption cross-section ((as0) and excited state
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absorption cross-section (ae) multiplied by population of the grounds state (Ns0) and 

excited state (Ne), respectively. The final term is the absorption due to MPA, 

represented as the population of the ground state multiplied by the n-Photon 

absorption cross-section (anpa) in units of Goeppert-Mayer (GM) with 1 GM=10-50cm4 

s photon-1, and increases with integer powers of incident intensity(/n).

Thus, a well performing OPL material can be screened through by a comparison of 

the cross-sections of its excited state to the grounds state cross-section. It has been 

widely accepted that the ratio (ae/cs0) is an indicator of nonlinear absorption strength 

of a material33. However the difference (ae - as0) has been put forward as a far better 

means of indicating the strength of nonlinear absorption41 as it take account of the 

absolute absorption ability differnce. In this work both approaches will be used to 

quantify the strength of nonlinear absorption of SnPcs. Further, the degrees of MPA 

experienced will contribute, in some cases significantly, to the total non-linear 

absorption and so must be considered as well, albeit separately.

1.3.2.2 Naming of the nonlinear absorption coefficient (^)

The fundamental approach to the interaction of light with a material is to view the 

light as an electromagnetic wave and its effects on the material then can be viewed as 

a polarization by an electric field of the material given by:

P = XE (1.2)

Here P is the polarization field of the material, E is the electric field component vector 

and X is the electrical susceptibility. This can be expanded as a Taylor series to become
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p = / 1p  + / 2p 2 + / 3p 3 + ••• (1.3)

With this expansion we isolate individual components of the polarization field, 

namely the tensors Z1,/2,/3^ .  referring to the linear electric susceptibility, second- 

order nonlinear susceptibility, third-order nonlinear susceptibility and so on.

The linear component x 1, is straightforward and can be examined using normal 

optical measurement.

The second-order term describes the first type of nonlinear properties, such as optical 

rectification, second harmonic generation, hyper-Rayleigh scattering and sum- 

frequency generation42-44. These methods can all be used to find the second-order 

susceptibility for a range of compounds. However for centrosymmetric compounds 

the second term is zero, due to the x 2 tensor reducing to a case of x 2 = ~X2 under 

time inversion and thus having only one solution ( j 2 = 0).

The third term, y, is then the dominant term in centrosymmetric compounds and it 

gives rise to its own set of phenomena such as third-harmonic generation, self-phase 

modulation, self-focusing, four-wave mixing, and phase conjugation.45-47 Furthermore 

it is a complex term having both an imaginary and real component

Z3 = z l e + xfm (1.4)

Each component describes different behaviors, the real component describes 

refractive processes and the imaginary describes nonlinear absorption (NLA) and 

optical power limiters (OPLs) 48.
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For molecules in a small electric field caused by plane polarized light the polarization 

of the molecule can be discribed by an induced dipole characterized as:

u  = apE + fiE 2 + yE3 +  ■■■ (1.5)

Here the a p is the linear polarizability (the subscript 'p' is to differentiate this symbol 

from the other a  used in this work). The second and third terms, and y , are the first 

and second hyperpolarizabilities of the molecule. The first hyperpolarizability(^) is 

the sum of its dipolar (^y=1) and octupolar (flj=3) components. While the second 

hyperpolarizability (y) (like its corresponding susceptibility) will be split into its real 

(fte[y]) and imaginary (Em [7]) components. As these are just the molecular specific 

values, they describe the same phenomena as they did in bulk, but with a 

concentration dependence.

Measurements for OPL are often done by intensity comparisons for incident light and 

the amount that is absorbed by the sample:

dl
dz'

=  —a l (1.6)

A a  = fa l (1.7)

Here a  is the total absorption coefficient of the material due to all effects. When 

looking for nonlinear components the degree of variation from linear absorption is 

used.

Here fa  is the intensity dependent NLA coefficient and is normally acquired via 

fittings of OL data. In the same way that the linear absorption coefficient is related to 

the effective linear cross-section as0, the NLA coefficient is related to processes that 

absorb light where the relationship between absorption and intensity is nonlinear.
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With increases in fa  corresponding to increases in the performance of the material as 

an optical limiter. Two of these processes are RSA and SA, which correspond to the 

absorption of light by the excited states of a molecule, where the excited states cross­

section (aE) can be either smaller than (SA), or larger than (RSA) the ground state as 

mentioned earlier. Another process that will contribute to fa  is multiphoton 

absorption, here the coefficient relates the NLA to the multiphoton absorption cross­

section (PnPA, but in this work a^n is used). Furthermore the coefficient that relates the 

absorption to the multiphoton absorption cross-section is sometimes, confusingly, also 

called pnPA.

All p's have been properly described and classified with subscripts. However, in 

practice this leads to a large amount of confusion.

1.3.3 Models for Non-linear absorption

1.3.3.1 Intensity Dependent Nonlinear Absorption

A fitting of a Z-scan measurements must be done in order to retrieve nonlinear optical 

information from the data. This is done in several ways, some which we apply in this 

thesis.

The first49 is a general NLA fit, which gives a NLA coefficient based on the extent of 

nonlinearity the material shows. In this case the parameters of the laser beam are 

important, and the benefits of NLA fit is that the parameters values are also 

determined. The equation below describes the Z-scan transmittance profile.

T'n (zs) = A 1 n [  ln [l + qf0(zs)/(T)] dr  (L8
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Here the transmittance (Tn) is written as a function of the position (Zs), and A is the 

normalization constant:

A = dr

Where f  (t) is a function describing the temporal profile of the laser pulse. qo(zs) is a 

parameter describing the degree of nonlinearity, given for a circular beam as

Ro(zs)
2PlPpLeff
na)2{zs)

(1.9)

Where is the non-linear absorption coefficient, Po is the peak power of the laser 

pulse, Leff is the effective propagation length in the material, and m(zs) is the beam 

width in the sample plane at point zs, given by

m(zs) =
(1.10)

Here is the beam width at the focal point, zs the position of the sample in the beam 

profile,z0 the position of the focal point and Zr the Rayleigh range given by

_  no)g (1.11)
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Here A is the wavelength of the laser. Now with the terms defined it becomes apparent 

that in order to obtain the NLA coefficient, a numerical fitting of q0(zs) must be done. 

This can be a difficult task as q0 has to be evaluated at all values of zs, however, these 

values were calculated for each fit, depending on the nature of the beam pulse50.

n (7 \ = { a ° + ai Tn(zs) + a2rn2(zs) + a3rn3(zs), Tn(zs) < 0 .7 5  (1.12)
q°K s) 1 c0 + c1[Tn(zs)]C2, Tn(zs) > 0 .7 5

Here the a and c terms are parameters dependent on the temporal profile of the beam 

used, either Gaussian or hyperbolic secant (Sech):

Coefficients Gaussian pulses Sech pulses

a0 15.66 17.26

ai -37.45 -41.47

a2 30.76 34.18

as -8.97 -9.97

co -2.301 -2.328

ci 2.156 2.180

c2 -1.563 -1.645

Table 1.2: Coefficients for Gaussian and Sech laser pulses

With parameters defined and a substitution of Equation 1.9 into 1.10 the definition of 

q0(zs) can be written as
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(1.13)
Ro(zs)

Qo
1 + (££Z£o)2

With

Q0 =
2PiPoLeff

AZr
(1.14)

With Qq being the maximum value for q0(zs) at q0(z0) and is a single value. Thus we 

can derive the value of the NLA coefficient (Pi).

 ̂ _  Qo^-^r 
P l ~ 2P0Le f f

(1.15)

This NLA coefficient can then be used to determine the imaginary third order 

susceptibility

I m [ j3]
2nE0cXPj 

2 n
(1.16)

Here n is the refractive index of the solvent, £0 is the permittivity of free space, c the 

speed of light in a vacuum, A the wavelength of the light used and is as described 

above.

With the susceptibility defined it then becomes possible to define the second order- 

hyperpolarizability (7), or at least the imaginary component of it as the imaginary 

third order susceptibility is described as
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Im[y] = Im\X3]
fNNA

(1.17)

Here f  is the Lorentz local field factor, N the concentration and NA is Avogadro's 

number.

1.3.3.2 Multi Photon Absorption

MPA occurs with the simultaneous absorption of 2 or more photons, allowing the 

absorption in regions where there is little or no single photon absorption. As these 

transitions depend on the absorption of multiple photons the probability scales with 

the product of the power of the exciting beam (E). Hence two photon absorption (TPA) 

scales with E2 and three photon absorption with E3 and so on. This property allows 

materials that exhibit MPA to also possess NLO properties, as their absorption will 

scale nonlinearly with increasing light intensity45. MPA is prevalent in almost every 

material that exhibits one photon absorption, hence any material with high linear 

absorption coefficient (such as dyes) will tend to have high MPA51. Studies of MPA 

are mostly limited to TPA and 3PA since the probability of absorption decreases with 

each additional photon, whereby it is used as a means to access higher level orbitals 

without the use of high energy excitation wavelengths51. Like certain cases of single 

photon absorption, MPA depends on the size of electron dispersion with larger 

delocalisation giving rise to larger MPA cross-section areas and thus a higher chance 

of absorption per molecule52. Furthermore TPA obeys the transition rules opposite to 

one photon absorption in centro-symmetric molecules, if a transition from a gerade 

(g) to ungerade (u) state are permissible in one photon then this will not be the case in 

TPA53. TPA states are (nearly) simultaneous transmissions from an occupied state to a 

higher state, in this transition the first molecule will excite the electron up to a
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nonstationary state, which is a superposition of the g and u states. This state lasts only 

as long as the effect of the field of the first photon is felt by the molecule, whereby it 

can be excited up to the last state by the second photon53.

dl
dz

—N a2I2 (1.18)

Equation 1.18 describes the change in intensity of light passing through a medium 

due to two photon absorption, where N  is the concentration of TPA active centres in 

the beam path, a 2 the molecular coefficient for TPA and I is the intensity of the light.

Now, for a two photon transition in plane polarised light, the TPA cross-section can 

be written as53:

n 2nhv2L4 ^1^^
PThe = e0n2c2 \r)Si3

(1.19)

L = -------  where n is the refractive index of the medium in which the measurement3

takes place. h is Plank's constant, v the frequency of light, c the speed of light and e0 

the permeability of free space. The term r  refers to the half width at half maximum of 

the TPA band, and has units of energy. The TPA cross-section is written as fiThe due 

to the difficulty in deriving all the terms for Equation 1.19 experimentally, hence it is 

calculated using theoretical modelling.

Siig
Z iV-giV-if)

 ̂ (Egi " fa ? )

(1.20)
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Here the vectors y.gi and ^  refer to the amplitude of the oscillator strength between 

the ground state and intermediate state, and the intermediate and final state 

respectively, and Egi is the energy difference between the ground and intermediate 

state (In order to get an average of the two vectors' projection in the direction of the 

optical field.). This can be a complicated derivation as the vectors span all orientations 

of the molecule, but is simplified by only examining the solution where the two 

vectors lie parallel to each other, as the exciting photons must have the same 

directional components54.

Si
1 3

(1.21)

Equation 1.21 comprises of two terms, the D term on the left and the T term on the 

right. The D term is called the "dipolar" term and the T term the "two-photon". For 

centrosymmetric molecules (like Pcs) there is no natural dipole, so Sig can be 

simplified to just the T term .53 So

.  _ i v !  n h r ir  \ (122)

"  5 4 A f e - M 7

With this simplified equation, Equation 1.19 and 1.22 can be recombined to yield

>T h e c- v iiE if

((E g i/hv ) -  1) r

(1.23)
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Here all the previous constants are grouped under the new constant C. With the 

equation simplified, the dependence on the difference between the ground state and 

the intermediate virtual state (Egi) can be noticed. For a one photon transition this 

difference is the total transition, Egi = h v  and the equation reduces down to a one 

photon transition.

1O A (n P A )
(1.24)

1
l

1 + (n — 1 )a nL
1+(r )2,v Zr /

This equation describes the Transmission (Toa) of a material that undergoes n-photon 

absorption. Here an is the n-photon absorption coefficient, L the effective path length 

and I0 0 the input irradiance.

A fitting can be made for any n, though the true value of n will give a better fit. For 

higher n the shape of the absorbance profile will narrow, giving sharper fits for high 

n and broader fits for low n . The reason for this is apparent on inspection of the 

equation55.

Substituting n=2 into equation 1.24,

Tqa(2pa) —
1

1EO,2L Iqo \
i+O v

(1.25)

A much simpler equation is obtained. Here a2 is the TPA coefficient. This coefficient 

can then be related to the molecule specific TPA cross-section o TPA using the equation
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(1.26)a 2
° T P A  =  Y

Here the TPA cross-section( o TPA) is related to its coefficient (a2) via the concentration 

(N ) in which the sample was analysed.

1.3.3.3 The Multi orbital model

Excitation of an electron in a linear case will be from an occupied orbital to an 

unoccupied orbital. However, excitation to a non-existent virtual orbital can occur. 

Once excited, the electron will take some small amount of time to fall back down. 

However, in the case of RSA these excited electrons are further excited and this 

excitation will lead to an increase in overall absorption.56

Base excitation is the excitation that first moves an electron to the excited state. In most 

cases this is done by the linear absorption of a single photon. This absorption is 

constant for all intensity of light and does not scale, measured using the extinction 

coefficient (e) or the ground state cross-section (og). Another type of excitation arises 

from an occupied state to an excited one and is referred to as MPA; in this case the 

absorption does scale with the square of light intensity.

Once the electrons are excited it is possible for them to absorb another photon. The 

probability of this occurring is controlled by the cross-section of the state in question. 

If the effective excited state cross-section of the material as a whole is larger than the 

ground state cross-section, RSA is said to occur. As there is an infinite amount of 

virtual excited states, the models that look at this behaviour are reduced to only the 

most active states.56
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1.3.3.3.1 The Three Orbital Model (Scheme 1.9)

The three orbital model is used when the primary cross-section responsible for excited 

state absorption (ESA) is the first singlet excited state (S1). In this situation ground 

excitation leads to the population of the S1 state, from where ESA occurs. If the S1 cross- 

section(c5) is larger than the ground state cross-section, then RSA will occur. This 

model can be used when the excitation pulse is shorter than the inter system crossing 

(ISC) time of the material, or when aT is much smaller than as so that a population in 

the triplet state has no effect on the total ESA.
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1.3.3.3.2 The Four Orbital Model (Scheme 1.10)

The four orbital model makes use of the first triplet state (T1) as the primary cross­

section responsible for ESA. Ground state absorption (via any process) populate the 

first singlet excited state (S1). However, in this model 01 is vanishingly small. This 

leaves the excited electron in S1 only two options- fluorescence decay or (ISC), moving 

from the S1 to the T1 state. Here the electron can be excited further (T1 ->Tn)57. As the 

decay time shortens for higher excited states, this electron can instantly return to the 

T1 state after absorption of a photon due to 'Kashas Rule'58. This model depends 

heavily on the ISC time (r/5C) as well as the triplet lifetime (t/5C5 ) as very short decays 

can inhibit the ESA in this state. Unless a probe is being used, this system is very 

dependent on the pulse duration (of the pump), if the pump's duration is shorter than 

the tisc then no measurements can properly be done on the ESA of the T1 state59.

Scheme 1.10: The Four orbital model.
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1.3.3.3.3 The Five Orbital Model (Scheme 1.11)

Should the situation occur whereby neither the first singlet excited state S1 nor the first 

triplet excited state T1 can be ignored, due to experimental setup or material nature, it 

becomes necessary to enlarge the amount of states considered in the model. The five 

orbitals considered then become the ground state (So), the first and Nth excited state (S1 

and Sn respectively. As the exact value of N depends on the material and the means of 

excitation) and the first and Nth triplet excited state, T1 and Tn respectively, (as the 

exact value of N depends on the material and the means of excitation). Similar to 

simpler models, the excitation can occur via linear or non-linear processes and then 

ESA will occur60. In this situation the excited state cross-section is composed of the aT 

and the as .

Scheme 1.11: The Five orbital model.

31



1.3.4 Computational methods

The inputs required are a set of experimental data, that are for the same Pc in the same 

solvent. This set of data should ideally be of a varied power. Multiple data sets of the 

same Pc/solvent at different and known powers are essential, with greater data sets 

giving greater accuracy. Next approximations of the three cross-sections are made, 

these are initial guesses made based on similar Pcs reported in literature or already 

calculated. Next the parameters of the sample must be set: the concentration of the 

sample (implied is the sample length but this will remain unchanged for all samples), 

the fluorescence (r10) and phosphorescence (t/5C5 = r 30) decay times and the ISC time 

(Ti3). Any of these values can be floated however accuracy will be affected and 

additional data sets should be used to improve the fit and floating more than one will 

lead to too many degrees of freedom to form a reliable fit.

Initially an absorption curve is formed by using these parameters to generate an initial 

approximation. However, the dynamics of the sample is not a single value fit. This is 

due to the sample not being a monolayer of NLO material, but a cell cuvette of length 

L. If the material in question is a NLA then the degree of absorption is not
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Figure 1.4: Normalised intensity as it moves through a nonlinear absorber.
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linear, depending on the intensity of the light. This means that light is absorbed mostly 

in the first few units of the cell and decays down as light progresses through the total 

length of the cell, this is illustrated in Figure1.4

This implies that any theoretical fitting of the sample must account for the decrease in 

intensity over the length of the sample.

The absorption however is also a function of time. Initially the system obeys 

(approximate) linear absorption rules, but once the intensity per unit area starts to rise 

the probability of TPA begins to increase. This TPA is the first NLA that is observed 

at a 532 nm wavelength for Pcs and, for very short laser pulses(<1 ps), is the only NLA 

effect that will be observed59. For longer pulses (>1 ns) however, other effects will 

begin to take place.

The pulse itself is Gaussian in nature (a Gaussian pulse is shown in Figure 1.5), 

implying that the incident knee of the Gaussian curve will be almost unaffected by the 

NLA properties of the material, as the intensity here is low. As the Gaussian pulse 

progresses more and more NLO processes become active and stay active until there is 

no more exciting light. Thus, the tailing knee of the Gaussian curve is absorbed more 

than the incident knee.
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Figure 1.5: Graph of a Gaussian pulse's temporal profile

Initially all molecules in the sample are in the ground state, with the excited states all 

being empty. Once the laser pulse begins to pass through the sample excitation will 

begin to occur. Initially this is done by TPA in Pcs, as at this wavelength (532 nm) Pc

<
CL

Intensity

Figure 1.6: Degree of nonlinear absorption vs Intensity

are virtually optically transparent28. This initial absorption will only start to take place 

at higher light intensities, not having a 'threshold' but scaling into the nonlinear 

absorption ,shown in Figure 1.6, with an exponential relationship61.

34



This response demonstrates the usefulness of TPA in optical limiting, being highly 

selective for higher light intensities, and ignoring low intensity. However, after TPA, 

electrons do not decay down to ground state, first settling in the first few excited 

states. Once in these states the electrons acquire the ability to absorb further photons 

via ESA. This changes the light absorption profile of the sample, Figure 1.7, going from 

the exponential relation of TPA to a higher exponential relation due to the new ESA 

processes.

Figure 1.7: Change in the degree of absorption vs length travelled in a nonlinear 

absorbing material when more than one factors become active.

Thus the total absorption of each unit length of the sample, and the absorption of each 

subsequent unit length must be calculated independently.

If the laser is operated at a sufficiently low power, then the change in population of 

molecules in the ground state can be ignored as there will not be enough power to 

excite them all. This simplifies population calculations as well as minimizes the effect 

of ground state depletion. This does not mean that calculation of So should be ignored, 

but this condition will simplify the initial measurements. As the linear absorption is 

minimal, the only process that decreases the So population is TPA, and the processes 

that increase it are the fluorescence and phosphorescence decays.

The ESA can then be thought of to be caused by the TPA transitions that decay down 

into the excited states (for the molecules used here at least). These transitions can be
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thought to transition straight from the So to the Si state as the decays from the higher 

excited states to the lower excited states are close to instantaneously due to Kasha's 

rule58. The ESA, which comprise of excitations from both T1 an S1, are then calculated 

as a product of the population of the respective states and their cross-sections. The 

populations of the excited states also depend on the position of the molecules in the 

sample cell, with those closer to the zero-point experiencing higher light intensities, 

and thus higher TPA, and thus greater excited state population.

The equations that describe the change of populations of each of the states can be 

shown as62

dN s  /2o-s(2)W5 Ns Nt (L27)

d t  2 ( h t e ) 2 t 10 r 30

dN s  /2o-s(2)N5n Ns Ns  g12IN s Ns (1.28)

d t  2 (h<x>)2 r 10 r 21 hto  r 13

dN Ti <j 34IN Ti NTn h 1 n Ti (1.29)

d t hw t 43 t 13 t 30

d N T1n _ g34IN Ti n t1n (1.30)

d t t 43

dN sJn _ ^12^^S1 NsJ n (1.31)

d t t 21

Where I  is the intensity of light at that unit length, and Nx is the population of state x, 

a tj is the cross section for absorption between states i and j.

36



1.4 Theoretical calculations

1.4.1 Solvents

Most photophysical studies are done in solvents. As such, taking baseline readings on 

the solvent in use before taking measurements is an important part in isolating the 

correct values in question. However, NLO properties are a little more involved, as 

solvents interactions are similar to the sample interaction with external 

electromagnetic fields. According to the reaction field (RF) theory put forward by 

Barker and Watts63, the polarizing effect of the solvent field is similar to the field 

induced from the stimulating light. However, while the exciting field created by the 

excitation source radiation is homogenous, the polarizing effect of the solvent acts 

only the regions of the molecule where the solvent coordinates to.

Pcs are known to be relatively insoluble64. The peripheral substituents on MPcs are the 

primary regions for solvent interaction and must be added to a basic Pc in order to 

solvate it. This creates a situation whereby the solvent will create a slight polarisation 

on the Pc through the substituents65. The above effects can be seen to significantly 

influence the effects of NLO behavior. NLO behavior can be described by Equation 

1.2, which indicates that a simple base level reading of the solvent system before a 

measurement will be insufficient to accurately determine the full effects of the solvent.
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Figure 1.8: Effects of Applied electric field on the third order polarizability(y)66.

Figure 1.8 shows the effects of the existing polarizing field on a few molecules, and 

shows how solvents can affect the third order polarizability (y)66.

Unsubstituted Pcs are known to be very insoluble in most solvents, and only slightly 

soluble in others18,67'68. This implies that most solvents have very little coordination 

with the basic Pc ring, and the Pc is best solvated when it has substituents around its 

periphery ring18. Thus the polarizing effects of solvents on the Pc can be thought of to 

be localized around the substituents.
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1.4.2 Computational simulations

The fastest means of determining the effects of solvation on a molecule's NLO 

parameters would then be to run computational simulations on the molecule in one 

or more solvents and see if any observable trends, shown in Figure 1.8, arise. This is 

done via a variety of methods outlined in 1.5.4, but the common problem in this 

approach is that of computation time69,70. For large molecules like Pcs that take some 

time using Density Functional Theorem (DFT), or even with some semi-empirical 

methods, its becomes computationally prohibitive to calculate their higher order NLO 

parameters with reliable accuracy70. However, it has been shown that it is possible to 

calculate lower order NLO parameters using acceptably accurate methods74, and so it 

might be possible then to find and observe the behavior of the lower NLO parameters 

as they change through different media and make any possible comparisons with the 

higher order NLO parameters.

1.5 Interments and methods

1.5.1 Time Correlated Single Photon Count

A Time Correlated Single Photon Count (TCSPC) is done by stimulating a sample with 

a suitable excitation source (normally a laser) and then observing the fluorescence 

emission. Specifically, the excitation source emits a very short (ps range) pulse that 

excites the samples and primes the emission detector. Once primed the emission 

detector (that is perpendicular to the excitation pathway (Scheme 1.12) starts to record 

the emission of photons from the sample as the sample decays back down from the 

excited state to the ground state. The emission bands for most materials will decay
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sharply after excitation, and a time to amplitude converter is used to match up the 

time of excitation to the beginning of the decay curve.

Scheme 1.12: Setup of a Time Correlated Single Photon Count.

The data from the photodiode and emission detector are combined to give a decay 

profile for the sample, displayed in Figure 1.9 . This data can be analysed to give the 

life time of the excited state of a molecule. Furthermore, if horizontal and vertical 

polarisers are in place the decay curve of the two different polarisations of light can 

be used to give the molecules' rotational information.
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Figure 1.9: A decay curve from a Time Correlated Single Photon Count 71.

In this study the fluorescence lifetimes of the six Pcs in question were analysed in the 

four solvents of choice using a 670 nm laser. These lifetimes were then used later in 

calculating the NLO parameters.

1.5.2 Z-Scan

Z-Scan is a process of determining the second hyperpolarizability of a sample by 

moving it along a focused beam line, as an illustration in Scheme 3.2. The result of this 

set up is that the fluence at the sample position changes but the irradiance does not. 

Observing the decrease (or increase) in the total light being received in the detector in 

comparison to a reference detector allows the determination of the imaginary 

component of the second hyperpolarizability Im[/3]. If an aperture is placed in front 

of the final detector then the real component of the second hyperpolarizability Re[/3] 

can be determined as well, as this component is dependent on refraction.7273
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The data acquired from an open aperture Z-Scan will always give the relative change 

in absorbance shown in Figure 1.10, however it is important to note that this is for a 

particular wavelength and results can vary between different types (and thus different 

wavelengths) of lasers.
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Figure 1.10: A Z-Scan for a reverse saturable absorbing material74.

1.5.3 Magnetic Circular Dichroism

Magnetic Circular Dichroism (MCD) is a method very similar to UV/vis spectroscopy 

in its approach. However, MCD can also detect the differences in the way a molecule, 

such as a Pc shown in Figure 1.10, polarises light. This makes MCD very useful in 

characterising Pcs as both the B and the Q bands are MCD active and this can be easily 

shown using the MCD spectra75.
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MCD works by having a polarised light, normally emitted from a Xenon lamp and 

monochromated, is passes through a sample in a magnetic field. The magnetic field is 

of the order of 1 Telsa to properly distinguish between the difference in the 

asymmetrical absorbance of a molecule. A full set of data requires two runs, with the 

magnet in opposite orientations for each, to acquire a full spectrum of data, as seen in 

Figure 1.11.

1.5.4 Molecular Modelling

All calculations were done using the Gaussian0977 computation package. Geometric 

optimizations were done using the Becke, three-parameter, Lee-Yang-Parr (B3LYP) 

functional and the Los Alamos National Laboratory 2-double-zeta (LANL2DZ) basis 

set. The absorption and polarisation properties were calculated with the same 

configuration, with the integral equation formalism variant of the Polarizable 

Continuum Mode (IEFPCM) to account for solvent contributions. Calculations were 

done on the molecule without any addition or simplification of their structures. This
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allowed for any effects due to the IEFPCM to take place on the full potential area of 

the molecule.

1.5.4 Constraints

Due to the large average molecular structure of Pcs the use of very resolved basis sets 

and highly accurate functionals for calculating the properties of Pcs is resources 

restricted.

1.5.4.1 Metal

The central metal is often the largest challenge in acquiring a good optimisation for a 

Pc78. This is due to most central metal candidates having some d electrons and some 

full p shells. To fully analyse a MPc, it is often prudent to allocate a second basis set, 

generally far less accurate than the one used to describe the main ring of the Pc, to the 

metal79. Basis sets that normally use a pseudo potential of the atom in question give 

the system a general idea of the metal's electron behaviour and allow calculation of 

the electron of the metal on the Pc's electron structure as a whole.80

1.5.4.2 Periphery

The periphery substituents on the Pc cause the bulk of the issues due to steric 

hindrance. Depending on the type of substituent, these contributions can become 

significant to the accuracy and time of the model uses. In most cases, the substituents 

can be pruned at a certain length, as the contribution to the Pc's electron structure due 

to a C10H21 (R group) will be almost identical to the contributions due to a C3H7 (R 

group). For the optimisations done here, no structural approximations were made, in 

case solvent effects changed with the change of area available for interaction. (Though 

in the single case run as a test the differences were found to be negligibly small). 

Further complications arise from the nature of substituents as they are not necessarily
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from the first row p atoms. Such is the case for the thioether used for half of the Pcs in 

this thesis. These atoms cannot simply be pruned from the model as their 

contributions are not as simple as a methyl chain. The two options then available are 

to find a basis set that accurately accounts for their contributions and provides reliable 

values for the main Pc ring, or to lump these atoms with the metal in a second, less 

accurate basis set. As the substituents often do not absorb light directly (and not in the 

analysis window around 532 nm), and only affect the main Pc ring by stabilising or 

destabilising the A2u orbitals relative to the A1u, it is often prudent to use the second 

option and analyse these atoms using the additional basis set80.

1.5.4.3 Analysis

Modern consideration of the theoretical transition for a Pc are based on the work of 

Gouterman24, whereby the inner ring of a Pc is equated to C16H162- cyclic polyene, 

which has the same number (18) of n  electrons distributed along the ring. The 

molecular orbitals of this system can then be arranged according to their increasing 

orbital angular momentum Ml = 0, ±1, ±2, ±3, ±4, ±5, ±6, ±7. Gouterman calculated that 

the frontier orbital of the Pc were then the ±4 and ±5 orbitals so that the absorption 

transitions were the +4 to the + 5 MOs. These adequately described the absorption 

bands in the 300 to 400 nm range with (—4 ^  —5) and (+ 4  ^  +5) transitions, 

however in Pc the dominant absorption region is in the 650 to 800 nm range and has 

no classical analogue. Gouterman put forward the concept of a pair of forbidden 

transitions from (—4 ^  +5) and (+ 4  ^  —5) that possess a AMl of +9 so as to 

adequately describe these bands. The forbidden nature of these transitions was due to 

the fact the photons can only transfer an angular momentum of Ml = +1. These bands 

then became known as the Q bands after the Japanese word for 9, ku. Michl81 further 

showed that MOs can be further grouped based on their node symmetry, with MOs 

having nodes on the xy plane of the molecular ring being a or -a  and those MO not 

having nodes in the xy plane assigned the terms s and -s. These assignments allowed
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a better understanding of the transitions between ground and excited states by 

showing where and how additions and replacements in the ring can alter the MO. In 

the case of Pcs, this showed that the primary effects of the addition of the aza- 

nitrogens were to stabilize the s MO, allowing greater separation of the two types of 

orbitals. This then allowed the assignment of the Q band to the —aand —s

transitions.

Figure 1.12 : M ichl's four ourbitals, with a and -a  having anti-nodes on the zy 

plane and s and -s  having nodes on the zy plane 81.

Computational analysis of the octupolar tensorial components can also be used to 

calculate the polar components of the molecule; these allow us to calculate the second 

order coefficient of the second order polarisation (p). This value, like the third order 

term, can be measured experimentally (normally via the Hyper Ryleigh Scattering 

technique44), giving the measurement of pHRs. However direct theoretical calculations 

can be done for this value as well. These calculations have been shown to have 

relatively high accuracy if the correct methods are used82-84. These calculations are 

dependent on higher order terms, like other calculations for excited states, and so tend 

to be more accurate if done with far more HF components to the functionals as well 

as any functional that accounts for the perturbation effects of excitation. As such the 

calculations for these values would be done with either the Moller-Plesset (MP) set of 

functionals or the connected triple approximation of the single and double couple 

cluster (CCSD(T)) calculations. Problems arise, however, due to the high 

computational cost of these functionals which can increase further if a dynamic system 

model is used83. Thus CPDFT is used as a tradeoff, allowing the measurement of the

47



|3hrs to some degree of accuracy, but not to the degree of accuracy that is possible as a 

full calculation using the relevant functionals would prove computationally 

prohibitive for a molecule the size of a Pc85.

The calculations of the (3hrs are done by an analysis of the tensorial components of the 

molecule and then computing the theoretical (3hrs with the equations:

x,y,z x,y,z

+ 35 Z ^
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1.6 Aims

The aims of the study is to determine the imaginary third order susceptibility (Im [x3]) 

of a series of similar Pcs using an open aperture Z-Scan in a range of solvents. 

Simultaneously, computational models of the same Pcs in solvent will be done and 

the theoretical second order susceptibility in the same solvent range will be 

determined using methods outlined in literature86.

Comparisons will be done strictly on similar trends observed in both the experimental 

third order and the theoretical second order, in order to establish fast rules to 

determine NLO properties in the future.
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Chapter 2. Synthesis and Experimental
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2.1 Synthesis of SnPcs

2.1.1 Reagents used

N, N-dimethylformamide (DMF), dichloromethane (DCM),Hexane, Chloroform, 

Toluene, Tetrahydrofuran (THF), methanol, ethanol, 1-octanol, 1-pentanol and silica 

gel were purchased from Merck. 4-t-butylphenol, Phthalamide,1,8 

diazabicyclo[5.4.0]undec-7-ene (DBU), Tin Chloride (SnCh), Thionol Chloride and 1- 

thiol Pentane were purchased from Sigma Aldrich. Chloroform, DCM, THF and 

Toluene were dried using molecular sieves (0.4 nm, rods).

2.1.2 Synthesis of precursers

Compound (1a) 4- tert-butylphenoxyether phthalonitrile:

O. 5 g of 4-nitrophthalonitrile was dissolved in DMF (5ml) under nitrogen gas. To this 

solution 0.7 g of 4-tert-Butylphenol was added. Reaction was left to react under 

nitrogen for 50 hours. Product was precipitated out using cold water, and re­

crystallised in methanol. Yield: 73.6%, Elemental: expected values (%):(C=78.2), 

(H=5.8), (N=10.1), (S= - ), results (%) (C=77.1), (H=6.3), (N=11.23), (S=2.1) IR: (C=N 

=2230.90), (C-H=2930, 3075), (Ph-O=1242)

Compound (1b) 3- tert-butylphenoxyether phthalonitrile:

0.15 g of 3-nitrophthalonitrile was dissolved in DMF (2ml) under nitrogen gas. To this 

solution 0.2 g of 4-tert-Butylphenol was added. Reaction was left to react under 

nitrogen for 50 hours. Product was precipitated out using cold water, and re­

crystallised in methanol. Yield: 67.7%, Elemental: expected values (%): (C=78.2), 

(H=5.8), (N=10.1), (S= - ), results (%) (C=76.4), (H=7.1), (N=12.34), (S=2.5) IR: (C=N 

=2230.89), (C-H =3108, 2928), (Ph-O= 1242)

Compound (1c) 4-Pentanethiolether phthalonitrile:

0.5 g of 4-nitrophthalonitrile was dissolved in DMF (5ml) under Nitrogen gas. To this 

solution 0.4ml of 1-pentanethiol was added. Reaction was left to react under nitrogen
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for 50 hours. Product was precipitated out using cold water, and re-crystallised in 

methanol. Yield: 70.2%, Elemental: expected values (%): (C=67.8), (H=6.1), (N=12.2), 

(S=13.9), results (%) (C=67.16), (H=6.8), (N=11.79), (S=13.99) IR: (C=N =2230.89), (C-H 

=3108, 2928), (S-C =1188.4), (Ph-S= 1225).

Compound (1d) 3-Pentanethiolether phthalonitrile:

0.2 g of 3-nitrophthalonitrile was dissolved in DMF (2ml) under nitrogen gas. To this 

solution 0.2ml of 1-pentanethiol was added. Reaction was left to react under nitrogen 

for 50 hours. Product was precipitated out using cold water, and re-crystallised in 

methanol. Yield: 71.3%, Elemental: expected values (%): (C=67.8), (H=6.1), (N=12.2), 

(S=13.9), results (%) (C=67.56), (H=6.5), (N=11.39), (S=14.11) IR: (C=N =2230.89), (C-H 

=3108, 2928), (S-C =1188.4), (Ph-S= 1225).

Compound (1e) 4,5-tert-butylphenoxyether phthalonitrile:

0.8 g of 4,5-dichlorophthalonitrile was dissolved in DMF (8ml) under nitrogen gas. 

To this solution 1.1 g of 4-tert-Butylphenol was added. Reaction was left to react under 

nitrogen for 50 hours. Product was precipitated out using cold water, and re­

crystallised in methanol. Yield: 53.76% Elemental: expected values (%): (C=79.2), 

(H=6.6), (N=6.6), (S= - ), result (%) (C= 75.3), (H= 7.1), (N= 7.2), (S= 4.3). IR: (C=N 

=2230.90), (C-H=2930, 3075), (Ph-O=1242).

2.1.3 Synthesis of MPcs

Metal-free tetra 4,4-tert-butylphenoxyether phthalocyanine, ^-H2OtBpPc:

1e (0.25 g, 9.05x10-4 mole), was dissolved in 1-octanol in the presence of catalytic 

amounts of lithium. The mixture was stirred and refluxed at 200° C for 4 hours. Acetic 

acid was then added to the mixture to remove the lithium metal, after the reaction had 

cooled down. methanol was added to precipitate the product out of the solution. The
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mixture was filtered and the solid green product dried. The product was purified 

using silica gel column chromatography using chloroform.

Yield: 34.8%, IR: (C-H =3108, 2928), (Ph-O = 1245). UV/vis (DCM): A max nm (log e): 

711 (4.54), 680(4.53), 339(4.41), 418(4.34), 422(4.33) MS (MALTDI-TOF-dithranol) 

m/z:Calcd 1102.5, result 1105.1 [M]+ .

Metal-free tetra 3,4-tert-butylphenoxyether phthalocyanine, a-H 2OtBpPc:

1b (0.25 g, 9.05x10-4 moles), was dissolved in 1-octanol in the presence of catalytic 

amounts of lithium. The mixture was stirred and refluxed at 200° C for 4 hours. Acetic 

acid was then added to the mixture to remove the lithium metal, after the reaction had 

cooled down. methanol was added to precipitate the product out of the solution. The 

mixture was filtered and the solid green product dried. The product was purified 

using silica gel column chromatography using chloroform.

Yield: 33.5%, IR: (C-H =3108, 2928), (Ph-O = 1245). UV/vis (DCM): A max nm (log e): 

718 (4.61), 692(4.60), 335(4.50), 412(4.39), MS (MALTDI-TOF-dithranol) m/z:Calcd 

1102.5, result 1104.6 [M]+ .

Metal-free tetra 4 -pentanethioletherphthalocyanine, P-H2SPPC:

1d (0.25 g, 9.99x10-4 moles), was dissolved in the mixture of O-dichlorobenzene and 1- 

octanol (1:3) in the presence of catalytic amounts of lithium. The mixture was stirred 

and refluxed at 160- 170 C for 4 hours. Acetic acid was then added to the mixture to 

remove the lithium metal, after the reaction had cooled down. Methanol was added 

to precipitate the product out of the solution. The mixture was filtered and the solid 

green product dried. The product was purified using silica gel column 

chromatography. A mixture of hexane and THF (19:1) was used to purify the product.
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Yield: 34.8%, IR: (S-C = 1188.4), (C-H =3108, 2928), (Ph-S = 1225). UV/vis (DCM): A max 

nm (log e): 720 (4.54), 690(4.53), 339(4.41), 418(4.34), 422(4.33) MS (MALTDI-TOF- 

dithranol) m/z:Calcd 923, result 925 [M]+.

Metal-free tetra 3 -pentanethioletherphthalocyanine, a-H 2SPPc:

1d (0.2 g, 8.70x10-4 moles), was dissolved in the mixture of O-dichlorobenzene and 1- 

octanol (1:3) in the presence of catalytic amounts of lithium. The mixture was stirred 

and refluxed at 160- 170° C for 4 hours. Acetic acid was then added to the mixture to 

remove the lithium metal, after the reaction had cooled down. Methanol was added 

to precipitate the product out of the solution. The mixture was filtered and the solid 

green product dried. A mixture of hexane and THF (19:1) was used to purify the 

product.

Yield: 30.2%, IR: (S-C = 1188.4), (C-H =3108, 2928), (Ph-S = 1225). UV/vis (DCM): A max 

nm (log e): 732 (4.62), 701(4.62), 340(4.49), 422(4.41) MS (MALTDI-TOF-dithranol) 

m/z:Calcd 923, result 926 [M]+.

Metal-free tetra 4,5-tert-butylphenoxyether phthalocyanine, ^^-H2OtBpPc:

1c (0.2 g, 4.71x10-4 mole) was dissolved in 1-octanol in the presence of (0.025 g, 3.60x10- 

3 mole) lithium as catalyst. The mixture was stirred and refluxed at 160- 170 °C for 6 

hours. Acetic acid was then added to the mixture to remove the lithium metal, after 

the reaction had cooled down. Methanol was added to precipitate the product out of 

the solution. The mixture was filtered and the solid green product dried. The product 

was purified using silica gel column chromatography. Chloroform was used to elute 

the first fraction which was found to be the product.
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Yield: 43.7%, IR [(KBr) vmax /cm -1)]: ((C-H =3108, 2928), (Ph-O = 1245). UV/vis 

(DCM): A max nm (log e): 708(4.65), 687(4.69), 442(4.23), 360(4.5), 339(4.5). MS 

(MALTDI-TOF-dithranol) m/z:Calcd 1693.3, result 1698.4 [M]+.

Tin(IV) chloride tetra 4,4-tert-butylphenoxyether phthalocyanine, ^-SnOtBpPc:

0.05 g ( 3.858x10-5 moles) of 2a was dissolved in 1-pentanol with excess tin(II) Chloride 

under Nitrogen. This was heated to 120 °C and stirred for 3 hours. The green product 

was filtered out using methanol and was purified using column chromatography 

using a chloroform and methanol mixture (20:1). The first fraction was untreated 

reagent and the 2nd fraction was retained.

Yield: 79%, IR [(KBr) vmax /cm -1)] (C-H =3108, 2928), (Ph-O = 1245), UV/vis (DCM): 

A max nm (log e): 708(5.03), 642(4.47), 330(4.80). m/z:Calcd 1296.9, result 1292.1 [M]+.

Tin(IV) chloride tetra 3-4-tert-butylphenoxyether phthalocyanine, a-SnOtBpPc:

0.05 g, 3.858x10-5 moles, of 2b was dissolved in 1-pentanol with excess tin(II) Chloride 

under nitrogen. This was heated to 120 °C and stirred for 3 hours. The green product 

was filtered out using methanol and was purified using column chromatography 

using a chloroform and methanol mixture (20:1). The first fraction was untreated 

reagent and the 2nd fraction was retained.

Yield: 73%, IR [(KBr) vmax /cm -1)] (C-H =3108, 2928), (Ph-O = 1245), UV/vis (DCM): 

A max nm (log e): 740(5.17), 659(4.51), 331(4.85). m/z:Calcd 1296.9, result 1298.4 [M]+.

Tin(IV) chloride tetra 4-pentanethiolether phthalocyanine, f>-SnSPPc:

0.05 g, 3.900x10-5 moles, of 2c was dissolved in 1-pentanol with excess tin(II) Chloride 

under nitrogen. This was heated to 120 °C and stirred for 3 hours. The green product 

was filtered out using methanol and was purified using column chromatography 

using a chloroform and methanol mixture (20:1). The first fraction was untreated 

reagent and the 2nd fraction was retained.
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Yield: 57%, IR [(KBr) vmax /cm -1)] (C-H =3108, 2928), (Ph-O = 1245), UV/vis (DCM): 

A max nm (log e): 721(4.81), 659(4.31), 331(4.75). m/z:Calcd 1110.2, result 1111.3 [M]+.

Tin(IV) chloride tetra 3-pentanethiolether phthalocyanine, a-SnSPPc:

0.05 g, 3.900x10-5 moles, of 2d was dissolved in 1-pentanol with excess tin(II) Chloride 

under nitrogen. This was heated to 120 °C and stirred for 3 hours. The green product 

was filtered out using methanol and was purified using column chromatography 

using a chloroform and methanol mixture (20:1). The first fraction was untreated 

reagent and the 2nd fraction was retained.

Yield: 31%, IR [(KBr) vmax /cm -1)] (C-H =3108, 2928), (Ph-O = 1245), UV/Vis (DCM): 

A max nm (log e): 771(6.02), 687(5.55), 354(5.98). m/z:Calcd 1110.2, result 1109.3 [M]+.

Tin(IV) chloride octa 4,4-tert-butylphenoxyether phthalocyanine, ^^-SnOtBpPc:

0.05 g, 2.648x10-5 moles, of 2e was dissolved in 1-pentanol with excess tin(II) Chloride 

under nitrogen. This was heated to 120 °C and stirred for 3 hours. The green product 

was filtered out using methanol and was purified using column chromatography 

using a chloroform and methanol mixture (20:1). The first fraction was untreated 

reagent and the 2nd fraction was retained.

Yield: 73%, IR [(KBr) vmax /cm -1)] (C-H =3108, 2928), (Ph-O = 1245), UV/Vis UV/vis 

(DCM): A max nm (log e): 709(5.11), 644(4.51), 331(4.78). m/z:Calcd 1888.7, result 

1882.9 [M]+.
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2.2 Characterisation Techniques

• Ground state electronic absorption spectra were performed on a Shimadzu UV- 

2550 spectrophotometer between 300 nm and 800 nm.

• Emission and excitation spectra were obtained on a FluoTime 300 'EasyTau' 

spectrometer.

• Infra-red spectra were collected on a Perkin-Elmer Universal ATR Sampling 

accessory spectrum 100 FT-IR spectrometer.

• Elemental analyses were done using a Vario-ElementalMicrocube ELIII.

• Mass spectra data were collected on a Bruker AutoFLEX III Smart-beam 

MALDI-TOF mass spectrometer using various matrices and modes of 

operation depending on the sample.

• Fluorescence lifetimes and Isometric lifetimes were measured with a FluoTime 

300 'EasyTau' spectrometer (PicoQuant GmbH) using a time correlated single 

photon counting (TCSPC). The samples were excited at 670 nm with a diode 

laser (LDH-P-670, 20 MHz repetition rate, 44 ps pulse width, PicoQuant 

GmbH). The detector employed was a Peltier cooled Photomultiplier (PMA-C 

192-M, PicoQuant GmbH).

• All Z-scans done in this study were performed with a frequency-doubled 

Nd:YAG laser (Quanta-Ray, 1.5 J /10 ns FWHM pulse duration) as the 

excitation source. The laser was operated in a near Gaussian transverse mode 

at 532 nm (second harmonic), with a pulse repetition rate of 10 Hz and energy 

range of 8-12 ^J. The beam was spatially filtered to remove the higher order 

modes and tightly focused with a 15 cm focal length lens. Effects due to damage 

between runs was mitigated by replacing the sample.
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Chapter 3. Results and discussion of Tin(IV) 

Phthalocyanines and Photophysical Properties
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3.1 Synthesis of SnPcs

3.1.1 Phenoxy substituted phthalocyanines

The first class of tin(IV) phthalocyanine (SnPcs) were synthesized as shown in scheme 

3.1. They consisted of alkoxy or phenoxy substituents, and were relatively easier to 

handle, showing good solubility in most non-polar to semi-polar solvents and could 

easily be purified by silica colums.

3.1.1.1 p-SnOtBpPc(Scheme 3.1)
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f>-SnOtBpPc was synthesised by first synthesising p-H2OtBpPc, which was then 

metalated using the insertion method.

p-H2OtBpPc was synthesised by cyclising tert-butyl phynoxyphthalonitrile in octanol 

in the presence of lithium as catalysts. Lithium was the preferred catalyst for the 

reaction, as it gave slightly higher yields (35% vs 30% of DBU). The reaction was done 

at 200 °C over 4 hours and under a nitrogen atmosphere. The mixture was then 

allowed to cool and acetic acid was added to remove the lithium, after which methanol 

was added to precipitate the Pc out of solution. The resulting blue precipitate was then 

washed with chilled methanol and filtered. The product was isolated with the use of 

chromatography (silica gel) using DCM as the eluent.

The synthesis of p-SnOtBpPc was done by dissolving p-H2OtBpPc and SnCl2 in 

pentanol. This mixture was then left to reflux for 12 hours at 130 °C under a nitrogen 

atmosphere. The metalation reaction progress was followed by UV-vis. During this 

time the mixture turned from a blue green colour to a green colour, and this was due 

to the inclusion of the SnCh in the Pc macrocycle which providing electrons to lower 

the energy gap between the relevant orbitals and thus red shifting the absorption 

spectra. After cooling the reaction, methanol was added to precipitate the SnPc which 

was washed with chilled methanol. The product was isolated using a silica column 

with chloroform as the solvent, with the first fraction being the un-reacted p- 

H2OtBpPc and the second fraction the metalated product p-SnOtBpPc.

The isolated products both possessed strong IR bands at 1245, 2928 and 3108 cm-1. The 

band centred at 1245 cm-1 corresponds to an unsymmetrical vibration of ether the bond 

that was expected to be present due to the substituent, while the bands centred at 2928 

and 3108 cm-1 were due to the C-H vibrations of the tert-butyl found on the ends of the 

substituents.

The mass spectral analysis also confirm successful synthesis with the free base Pc 

shows a peak at 1104 mass units (calculated 1102) while the MPc shows a peak at 1289
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(calculated 1282). Both results were at lower masses than calculated masses, though 

well within acceptable error margins for molecules of this size. Fragmentation was 

seen in both spectra, with the major fraction attributed to a loss of a substituent.

3.1.1.2 a-SnOtBpPc (Scheme 3.2)

The alpha substituted, a-SnO tBpPc was synthesised in a very similar manner to the 

beta substituted p-SnOtBpPc, by first synthesising a free-base Pc then metalating it.

61



a-H 2OtBpPc was synthesised and isolated in a similar manner to p-H2OtBpPc. The 

synthesis of a-SnO tBpPc was also similar to the synthesis of p-SnOtBpPc. However 

the reaction was left to run for only 4 hours, to avoid degrading the MPc. Isolation 

followed the same steps as p-SnOtBpPc.

The isolated products both possessed strong IR bands at 1245, 2928 and 3108 cm-1. The 

band at 1245 cm-1 correspond to an unsymmetrical vibrations of the ether bond that 

was expected to be present due to the substituent, while the bands at 2928 and 3108 

cm-1were due to the C-H stretching tert-butyl found on the ends of the substituents. 

Absent were any vibrations around 2300 cm-1, due to nitrile bonds, confirming the 

cyclisation to form the Pc.

The mass spectra results showed the free base Pc with 1105 mass units (calculated 

1103) and the MPc giving 1292 (calculated 1282). Both results were less than 

calculated, though well within acceptable error margins for molecules of this size. 

Fragmentation was seen in both, with the major fraction attributed to a loss of a 

substituent.
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3.1.1.3 pp-SnOtBpPc (Scheme 3.3)

Scheme 3.3: Reaction pathway for pp-SnOtBpPc.

The octa-substituted pp-SnOtBpPc was synthesised in a very similar manner to the 

tetra substituted p-SnOtBpPc, first creating a free-base Pc then metalating it. pp- 

H2OtBpPc was synthesised and purified identically p-H2OtBpPc. The steps taken in
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the metaltion of pp-H2OtBpPc in order the create pp-SnOtBpPc were the same as 

those used to make p-SnOtBpPc.

IR peaks for both Pc are very similar, the most prominent bands at 1245, 2928 and 3108 

cm-1 being due to the substituents. This is expected as the metal does not change the 

Pc's substituent structure.

The mass spec. results showed the free base Pc with1698 mass units (calculated 1693) 

and the MPc giving 1883 (calculated 1875). Both results were less than calculated, 

though well within acceptable error margins for molecules of this size. Fragmentation 

was seen in both, with the major fraction attributed to a loss of a substituent.

3.1.2 Thiol substituted phthalocyanines

The thiol substituted SnPcs of a-SnSPPc and p-SnSPPc, were made in a similar 

fashion to the phenoxy substituted SnPcs. However, due to the change in the polarity 

of the end pentane groups, the Pcs had to be handled in solvents with a more non­

polar nature.
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3.1.2.1 ^-SnSPPc (Scheme 3.4)

Scheme 3.4: Reaction pathway for ^-SnSPPc.

The beta substituted f>-SnSPPc was synthesised, like all the oxygen SnPcs, by first 

creating a free-base Pc then metalating it.
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p-H2SPPc was synthesised in a mixture of high boiling solvents, octanol and O- 

dichlorobenzene in a 3:1 ratio, and catalysed with lithium. The reaction was done at 

200 °C over 4 hours and under a nitrogen atmosphere. The mixture was then allowed 

to cool and acetic anhydride was added to remove the lithium, after which methanol 

was added to force the Pc out of solution. The resulting green precipitate was then 

washed with chilled methanol and filtered. The product was isolated with the use of 

chromatography using a mixture of THF/Hexane at a ratio of 1:19 as the eluent.

The synthesis of f>-SnSPPc was done by dissolving f>-H2SPPc and SnCl2 in pentanol. 

This mixture was then left to reflux for 2 hours at 130 °C under a nitrogen atmosphere. 

During the reaction small amounts were taken and run under UV to observe the 

progress of the metalation. This reaction had to be watched carefully as the yield 

would decrease if left too long. After allowing the reaction to cool, methanol was 

added and the precipitate was washed with chilled methanol. The product was 

isolated using column chromatography with chloroform/methanol (20:1) as the 

solvent, with the first fraction being the un-reacted f>-H2SPPc and the second fraction 

p-SnSPPc.

The isolated products possessed strong IR bands at 1225,1188, 2928 and 3108 cm-1. The 

band at 1225 cm-1 and 1188 cm-1 correspond to a thiol-ether-bond substituent, while 

the bands at 2928 and 3108 cm-1were due to the C-H stretching on the pentane chain.

The mass spectral analysis confirm the successful synthesis free base Pc with 925 mass 

units (calculated 923) while the MPc giving 1111 (calculated 1105). Fragmentation was 

seen in both, with the major fraction attributed to a loss of a substituent.
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3.1.2.2 a-SnSPPc (Scheme 3.5)

The alpha substituted a-SnSPPc was synthesised, like all the oxygen SnPcs, by first 

creating a free-base Pc then metalating it. a-H 2SPPc was synthesised in the same 

manner as p-H2SPPc.
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The metalation of a-H 2SPPc was also done in a similar manner to f>-H2SPPc, however 

it was a much shorter reaction. Despite the unmetalated a-H 2SPPc showing good 

thermal stability in the solvent, after adding the SnCl2 to the solution the Pc would 

degrade after a relatively short time (30-60 min). The best approach was found to only 

run the reaction for a short time, so that at least some product could be isolated. As 

such the yields for the metalation of this Pc with SnCl2 are very low.

The purification for a-SnSPPc was the same as that for ^-SnSPPc.The isolated 

products possessed strong IR bands at 1225,1188, 2928 and 3108 cm-1. The bands at 

1225 cm-1 and 1188 cm-1 correspond to thiol-ether-bonds that were expected due to the 

substituent, while the bands at 2928 and 3108 cm-1were due to the C-H stretching on 

the pentane chain.

The mass spec. results showed the free base Pc with 926 mass units (calculated 923) 

and the MPc giving 1108 (calculated 1105). Fragmentation was seen in both, with the 

major fraction attributed to a loss of a substituent.

3.1.2.3 pp-SnSPPc

The octa-substituted PP-SnSPPc was a gift to the study by Dr Khene and its synthesis 

and characterisation has been reported in literature87. p^-SnSPPc possessed strong IR 

bands at 1225,1188, 2928 and 3108 cm 1. The band at 1225 cm-1 and 1188 cm-1 

correspond to a thiol-ether-bonds that were expected due to the substituent, while the 

bands at 2928 and 3108 cm-1 were due to the hydrogens on the pentane chain.
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3.2 Spectral analysis

3.2.1 Alpha Substituted SnPcs

a-SnO tBpPc exhibited a strong Q band near 740 nm, this is shown in Figure 3.2, with 

a relatively weaker B band in the 350 nm region, typical of most88. This absorption is 

the most red shifted of the oxygen Pcs and can be compared with the alpha substituted 

a-SnSPPc. Like its ether analogue, a-SnSPPc exhibited significant red shifting in the 

primary absorption bands. As sulphur is more electron rich than oxygen, the shifting 

in this case was more noticeable (from 740 nm for the oxygen to around 770 nm for 

the sulphur).

The MCD spectra for the Pc was also as expected of a Pc with D4h symmetry, 

possessing a distinct A 1 Faraday term for the Q band, as opposed to the very closely 

lying Bo pair that will be observed in Pcs with D2h symmetry. a-SnSPPc's MCD also 

showed good correlation with the UV/vis data as well as showing the overlapping 

Zeeman split transitions that make up the Q band.

The calculated results for the TD-DFT ,as listed in Table 3.1, were as expected, 

predicting no transition between the Q and B bands and showing good prediction of 

the two degenerate transitions in both cases. The transitions themselves are to and 

from the 4 frontier orbitals, shown in Figure 3.1, as described in Chapter 1.
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Figure 3.1 : M ichl's frontier orbitals of a-SnOtBpPc.

As shown in Figure 3.2 the functional used underestimated the energies of the Q band 

transitions (for both Pcs). However DFT based functionals and can be remedied by 

including a functional that incorporates more Hartree-Fock (HF) dependency 

(typically the coulomb attenuated B3LYP(CAM-B3LYP) would be used89) though this 

increases computational requirements due to the expansive nature of HF. For a - 

SnSPPc, the calculations predicted the red shifting between the Pcs, even if the exact 

degree of red shifting was overestimated.
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SnSPPc(right).

3.2.2 Beta Substituted SnPcs

The beta substituted Pcs showed a much higher energy transition for Q bands, when 

compared to alpha Pcs. This comparison is shown in Figure 3.3, this being due to the 

destabilising effect of alpha substituents on the a MO, which has a node on this carbon. 

The Beta substitution has no corresponding node as is the case for the a synbstituted 

carbon MO and as such contributes much less to the relative energy gap between the 

a and -a/-s (HOMO-LUMO).
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The TD-DFT results, as shown previously in Table 3.1 shows only slight change in 

energy values that are shown in Figure 3.3 shifting only 3 nm lower in the calculated 

energy. This is attributed this discrepancy to the DFT functional. It does show the 

respective red shift for the p-SnSPPc but like a-SnSPPc it overestimates how red 

shifted the difference will be.

Figure 3.3 : TDDFT and MCD/Uv vis spectra of p-SnOtBpPc (left) and a-SnSPPc

(right).

3.2.3 Octa-Beta Substituted SnPcs.

Like the tetra substituted beta Pcs, the octa beta Pcs preduced a higher energy 

transition for Q bands shown in Figure 3.4, when compared to the alpha substituted 

Pcs. The similarity between octa(beta) and tetra(beta) Pcs can be attributed to the a 

MO having no node on either beta carbon. Thus the combined effect (710 nm for octa

vs. 705 nm for tetra) can be interpreted as the addition of very small changes in the
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relative energy gap between the a and -a/-s(HOMO-LUMO). The effect of this small 

change can be seen when comparing the octa beta to the tetra beta for each type of 

substituent. In the phenoxy Pc the shift is 5 nm, however, as the thionyl Pcs shown in 

Figure 3.5 are more redshifted themselves the difference becomes 17 nm (722 nm to 

739 nm). This increase is due to the greater electron donating effect of the thio nyl 

when compared to the phenoxy substituent.

The TD-DFT, shown in Table 3.1, overestimates the transition energies, but does 

correctly predict the transition being to two degenerate states (the -a  and -s). This 

calculation also is reflected well in the MCD which shows a well-defined Faraday Ai 

term in nature, if not position.
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Figure 3.4: TDDFT and MCD/Uv vis spectra of pp-SnOtBpPc (left) and pp-

SnSPPc(right).
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p-SnSPPc

B an d a # b C alcc E xp d W avefu n ction = e

-- 1 --- --- --- --- --- Ground state

Q 2 14.6 6 8 6 (0 .4 7 ) 14 .6 7 1 9 75%  a ^  -s; 4%  s ^  -a; 2 %  H - 6  (2a2u) ^  -s; ...

Q 3 16.0 6 8 6 (0 .4 7 ) 14 .6 7 1 9 75%  a ^  -a; 2 %  H - 6  (2a2u) ^  -a ; 6%  s ^  -a; .

B 1 9 2 0 .8 4 8 0 (0 .2 1 )
2 5 .0 ~ 3 5 0

76%  s ^  -s; 2 4 %  H -3  (1eg) ^  -a; .

B 1 10 2 0 .8 4 8 0 (0 .2 1 ) 76%  s ^  -a; ...

B 2 15 2 6 .0 385 (0 .5 2 )

2 8 .6 ~ 3 2 0
7 0 %  H - 8  (2a1u) ^  -a ; 7 %  H - 6  (2a2u) ^  -s ; ...

B 2 16 2 6 .0 385 (0 .5 2 ) 7 0 %  H - 8  (2a1u) ^  -s; 7 %  H - 6  (2a2u) ^  -s; ...

a-SnSPPc

B an d a # b C alcc E xp d W avefu n ction = e

-- 1 --- --- --- --- --- Ground state

Q 2 14.4 693 (0 .3 1 ) 12.1 7 4 2 71%  a ^  -s; 6%  a ^  -s; 3%  s ^  -s; .

Q 3 14.8 6 7 6 (0 .2 3 ) 12.1 7 4 2 56%  a ^  -a; 24%  a ^  -a; ...

B 1 9 2 5 .9 4 5 2 (0 .2 0 )

2 5 .0 ~ 4 0 0
70%  s ^  -s; 2 4 %  H - 2  (1b:u) ^  -a ; ...

B 1 10 2 7 .5 4 5 4 (0 .0 1 ) 77%  s ^  -s; ...

B 2 15 2 9 .0 344 (0 .2 7 )

2 8 .6 ~ 3 5 0
5 3 %  H - 7  (2a1u) ^  -a ; 4 1 %  H - 6  (2a2u) ^  -s; .

B 2 16 2 9 .3 342 (0 .1 1 ) 5 6 %  H - 7  (2a1u) ^  -s; 3 9 %  H - 6  (2a2u) ^  -s; .

p-SnOtBpPc

B an d a # b C alcc E xp d W avefu n ction = e

-- 1 --- --- --- --- --- Ground state

Q 2 15.8 655 (0 .5 1 ) 14 .9 7 0 4 74%  a ^  -s; 4%  s ^  -s; 7 %  H - 6  (2a2u) ^  -s; .

Q 3 16.0 655 (0 .5 1 ) 14 .9 7 0 4 74%  a ^  -a; 7 %  H - 6  (2a2u) ^  -a ; 3%  s ^  -a; .

B 1 9 2 3 .2 431 (0 .1 9 )
2 5 .0 ~ 4 0 0

72%  s ^  -s; ...

B 1 10 2 3 .2 4 3 0 (0 .0 2 ) 72%  s ^  -a; ...

B 2 15 2 5 .7 388 (0 .2 4 )

2 8 .6 ~ 3 5 0
5 3 %  H - 8  (2a1u) ^  -a ; 4 0 %  H - 6  (2a2u) ^  -s; .

B 2 16 2 5 .9 389 (0 .1 0 ) 5 6 %  H - 8  (2a1u) ^  -s; 3 8 %  H - 6  (2a2u) ^  -s; .
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a-SnOtBpPc

B an d a # b C alcc E xp d W avefu n ction = e

-- 1 --- --- --- --- --- Ground state

Q 2 14.8 6 7 4 (0 .4 9 ) 13 .6 731 75%  a ^  -a; 7%  a ^  -s; 4%  s ^  -s; 2 %  H - 6  (2a2u) ^  -s; ...

Q 3 14.8 6 7 4 (0 .4 9 ) 13 .6 731 75%  a ^  -s; 7%  a ^  -a; 2%  s ^  -a; 2 %  H - 6  (2a2u) ^  -a; ...

B 1 9 2 0 .5 4 8 6 (0 .1 3 )

2 5 .0 ~ 4 0 0
87%  s ^  -s; 7 %  H - 2  (1b:u) ^  -a; ...

B 1 10 2 0 .5 4 8 6 (0 .1 3 ) 87%  s ^  -a; ...

B 2 15 2 5 .0 401 (0 .1 1 )
2 8 .6 ~ 3 5 0

5 2 %  H - 7  (2a1u) ^  -a ; 3 7 %  H - 6  (2a2u) ^  -s; .

B 2 16 2 5 .0 401 (0 .1 1 ) 5 2 %  H - 7  (2a1u) ^  -s; 3 7 %  H - 6  (2a2u) ^  -s; .

Pp-SnOtBpPc

B an d a # b C alcc E xp d W avefu n ction = e

-- 1 --- --- --- --- --- Ground state

Q 2 14.8 693 (0 .4 9 ) 14 .0 7 0 8 71%  a ^  -s; 7%  a ^  -s; 4%  s ^  -s; 2 %  H - 6  (2a2u) ^  -s; .

Q 3 14.8 693 (0 .4 9 ) 14 .0 7 0 8 71%  a ^  -a; 7%  a ^  -a; 2%  s ^  -a; 2 %  H - 6  (2a2u) ^  -a ; ...

B 1 9 2 0 .7 4 8 0 (0 .1 3 )

2 5 .0 ~ 4 0 0
87%  s ^  -s; 7 %  H - 2  (1b:u) ^  -a; ...

B 1 10 2 0 .7 4 8 0 (0 .1 3 ) 87%  s ^  -a; ...

B 2 15 2 5 .7 389 (0 .1 1 )
2 8 .6 ~ 3 5 0

5 2 %  H - 7  (2a1u) ^  -a ; 3 7 %  H - 6  (2a2u) ^  -s; ...

B 2 16 2 5 .7 389 (0 .1 1 ) 5 2 %  H - 7  (2a1u) ^  -s; 3 7 %  H - 6  (2a2u) ^  -s; .

PP-SnSPPc

B an d a # b C alcc E xp d W avefu n ction = e

-- 1 --- --- --- --- --- Ground state

Q 2 14.8 6 7 4 (0 .4 9 ) 14.5 7 2 6 75%  a ^  -a; 7%  a ^  -s; 4%  s ^  -s; 2 %  H - 6  (2a2u) ^  -s; ...

Q 3 14.8 6 7 4 (0 .4 9 ) 14.5 7 2 6 75%  a ^  -s; 7%  a ^  -a; 4%  s ^  -a; 2 %  H - 6  (2a2u) ^  -a; .

B 1 9 2 0 .5 4 8 6 (0 .3 2 )

2 5 .0 ~ 4 0 0
81%  s ^  -s; 7 %  H - 2  (1b:u) ^  -a; .

B 1 10 2 0 .5 4 8 6 (0 .3 2 ) 81%  s ^  -a; ...

B 2 15 2 5 .0 401 (0 .1 3 )

2 8 .6 ~ 3 5 0
5 0 %  H - 7  (2a1u) ^  -a ; 3 7 %  H - 6  (2a2u) ^  -s; ...

B 2 16 2 5 .0 401 (0 .1 3 ) 5 0 %  H - 7  (2a1u) ^  -s; 3 7 %  H - 6  (2a2u) ^  -s; ...
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a -  B an d  assignm ent described  in  the text. b  -  T h e num ber o f  the state assigned in  term s o f  ascending energy w ith in  the TD- 

D F T  calculation . c  -  C alculated  band energies (1 0 3.cm -1), w avelengths (nm ) and o scilla to r strengths in  parentheses (f). d -  

O bserved  energies (1 0 3.cm -1) and w avelengths (nm ) e -  The w ave functions based  on  the eigenvectors predicted by  T D -D F T  

O n e-electron  transitions associated  w ith  M ic h l’s perim eter m odel are highlighted in  bold . H  and L  refer to the H O M O  anc 

L U M O , respectively. W h en  the H  and L  nom enclature is used the sym m etry label fo r  the corresponding M O  in  the ^ -system s oJ 

D 4hMPc com p lexes is provided in  parentheses w here applicable.

Table 3.1 : TD-DFT results for the SnPcs.
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3.2.4 Overall comparison of SnPcs

The trends across the two different types of substituents are almost the same. The only 

notable spectral difference being the octa thiol Pc (pp-SnSPPc) having a much larger 

separation from p-SnSPPc than the analogues pp-SnOtBpPc had from its tetra Pc. This 

can be seen in the Uv/Vis spectra shown in Figure 3.5 being more red shifted in the 

thionol substitueted SnPcs than the phenoxy substituted ones. This difference is due 

to the amount of shifting each substituent created in the absorption spectra, with the 

greater shift from the thiol substituent giving a larger separation seen in pp-SnSPPc. 

In both cases, the furthest redshifted are the alpha Pcs, followed by the octa beta Pcs 

and lastly the tetra beta Pcs, as expected from theory. The only notable difference 

between the two types of Pcs is the log(£) values, with the thiol based Pcs giving 

slightly larger values than the phenoxy Pcs.
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Figure 3.5: Absorption spectra for the thiol SnPcs (bottom) and phenoxy SnPcs 

(top).
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3.3 Photophysical measurements

The photophysical data for the SnPcs was obtained with TCSPC, allowing the study 

of both the fluorescent decay, an example is shown in Figure 3.6, and the isometric 

profiles of the tin(IV) phthalocyanines. These studies were done in chloroform, 

toluene, dichloromethane, and tetrahydrofuran. Although the a-SnSPPc did not give 

sufficient fluorescent yield to acquire the fluorescent decay curve.

Figure 3.6: Fluorescence decay curve for ^-SnOtBpPc
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All measurements were taken at very low absorbances, around 0.05 absorbance, to 

reduce intermolecular interactions. Figure 3.7 illustrates how excitation wavelength 

was focused on the Q band and varied from Pc to Pc as the absorption shifted

Table 3.2 shows how the solvents did effect the fluorescence life time (t) of the Pcs, 

changing it by as much as 20%, and the isometric rotation times saw effects as well, 

though these were due to the viscosity of the solvents and were expected. Some results 

gave null values for the rotation times, even after giving normal readings for the t . 

The causes for this are unknown.

The Pcs also exhibited rotational times found in similar Pcs90, which are long owing to 

the size of the Pc macrocycle.

3.3.1 a-SnOtBpPc

a-SnO tBpPc showed slight changes between solvents (Table 3.2), with DCM giving 

the lowest t of the solvents followed by THF, chloroform and toluene which was the 

longest. The isometric lifetimes were moderately more ordered except for DCM which 

gave a null reading.

3.3.2 a-SnSPPc

a-SnSPPc gave no fluorescence data, as the emission spectra was far too low for 

detection, even at higher concentrations of the compound. The cause of this is 

unknown. However, a single absorption peak was obtained in DCM, though repeats 

of this step in other solvents resulted in conflicting results with each run.

3.3.3 PP-SnOtBpPc
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For pp-SnOtBpPc, the t of was the highest on average of all Pcs studied here, with the 

shortest lifetime at 5.07 ns. Unfortunately, the isometric lifetimes were null figures for 

all but chloroform. However, this value showed an appropriate value for the slightly 

heavier Pc when compared to the other Pcs.

3.3.4 PP-SnSPPc

pp-SnSPPc had reasonable t for all but toluene, which only gave a value of 1.4 ns, a 

value much lower than average for both itself and the other SnPcs. The isometric 

lifetimes showed DCM having a very long rotation time (0.6 ns, the longest observed 

in this work) and 0.125 ns for THF. This discrepancy is odd as DCM is slightly less 

viscous than THF. Both chloroform and toluene gave null results.

3.3.5 P-SnOtBpPc

p-SnOtBpPc t varied more than other SnPcs observed (excluding outliers) with a 

minimum of 3.4 ns in toluene and a maximum of 5.6 ns in DCM. Its isometric data 

showed the lowest rotation times, averaging less than 0.01 ns, and the cause for this is 

unknown.

3.3.6 p-SnSPPc

p-SnSPPc showed the second longest t, with very little spread across the four 

solvents. Its isometric times showed good correlation to the solvents' relative 

viscosity, with the exception of toluene which had the shortest rotation time.
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Figure 3.7: Ground state absorption (black), fluorescence em ission (blue) and 

excitation (red) for pp -SnO tBpPc.

3.3.6 TCSPC overview

No general trend can be extracted from the fluorescent time data, though the 

rotation times correlate very well with solvent viscosity.
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Table 3.2: Table with the fluorescent and isometric data for all 6 SnPcs,

Amax (nm)

Pc Abs Em Exc r(ns) 0(ns) Vm

a-SnOtBpPc

Chloroform 732 755 733 4.84 ± 0.02 0.10 ± 0.04 7.64112E-28

Dichloromethane 731 754 731 3.05 ± 0.01 0.10 ± 0.12 9.56336E-29

Tetrahydrofuran 727 750 727 4.13 ± 0.02 0.13 ± 0.07 1.14076E-27

Toluene 728 751 729 5.13 ± 0.02 0.2 ± 0.13 1.65696E-27

a-SnSPPc

Chloroform 766 -

Dichloromethane 769 780 770 - - - -

Tetrahydrofuran 765 -

Toluene 769 -

pp-SnOtBpPc

Chloroform 709 718 710 5.31 ± 0.02 0.12 ± 0.04 8.98956E-28

Dichloromethane 709 716 710 5.54 ± 0.02 0.0 ± - 9.56336E-30
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Tetrahydrofuran 705 717 706 5.07 ± 0.02 0.01 ± 0.13 6.89719E-29

Toluene 710 716 711 5.59 ± 0.02 0.001 ± - 7.32844E-30

pp-SnSPPc

Chloroform 736 760 737 5.51 ± 0.02 0.001 ± - 7.4913E-30

Dichloromethane 739 763 740 4.82 ± 0.02 0.61 ± 0.32 5.73801E-27

Tetrahydrofuran 735 758 736 4.41 ± 0.02 0.12 ± 0.14 1.09688E-27

Toluene 739 763 740 1.38 ± 0.01 0.001 ± - 7.32844E-30

p-SnOtBpPc

Chloroform 708 726 710 4.52 ± 0.02 0.01 ± 0.05 5.99304E-29

Dichloromethane 708 725 709 5.55 ± 0.02 0.01 ± 0.07 9.70968E-29

Tetrahydrofuran 704 721 705 4.37 ± 0.02 0.01 ± 0.06 6.59884E-29

Toluene 707 722 706 3.43 ± 0.01 0.01 ± 0.09 5.87228E-29

p-SnSPPc

Chloroform 725 736 725 5.22 ± 0.02 0.32 ± 0.15 2.24739E-27

Dichloromethane 723 731 724 5.18 ± 0.02 0.25 ± 0.12 2.43866E-27

Tetrahydrofuran 721 731 722 5.31 ± 0.02 0.11 ± 0.12 9.82806E-28

Toluene 722 734 722 5.27 ± 0.02 0.07 ± 0.11 5.20319E-28
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Chapter 4. Z-Scan experiments and NLO properties 

of SnPcs
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4.1 Z-Scan experiment

In this work NLA parameters, (fii and 7 m [j3]), were measured using Z-Scan and 

theoretically studied using DFT calculations. The 6 SnPcs were weighed out such that 

each sample had roughly equivalent moles. These samples were then made into a 

stock solution, using DCM, Toluene, Chloroform and THF. The solvent choice was 

made due to their different polarities, with each stock solution creating 16 samples in 

total, consisting of four samples for each solvent. Z-Scan measurements for each 

sample were run twice (more if large laser fluctuations were observed) giving 8 data 

sets for each Pc/solvent combination. Each measurement was done at 3 different 

powers, 8 pJ, 10 p J  and 12 pJ. This was repeated for all solvents for all Pcs. These 

results gave suitable information to account for any accidental variation in 

concentration or laser strength. The 8 total runs for each solvent/Pc combination made 

possible the comparison of the rather small changes in 7m [/3] that the change in 

solvent was expected to induce. The first set information extracted from the Z-Scan 

transmittance plot (see Figure 4.1 as an example, see appendix A for all plots) was the 

non-linear absorption coefficient (jSi) which could be converted to the imaginary 

susceptibility (7m [/3]) using Equation 1.16 .
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Figure 4.1: Z-scan of a-SnO tBpPc (top) and its fitting (bottom).

The non-linear absorption coefficient (jSi) was extracted using Tsigarida's method49, as 

discussed in Chapter 1. The trend in the values were compared with the theoretical 

calculations for the first order hyperpolarizability (S) that had been done on the SnPcs 

in different solvent environments. The results were then compared against each other 

to see if any similar trends arose as solvents where changed. The calculations were 

entirely theory based and direct comparisons would be impossible as they possess 

different units C3 m3J-2 for first hyperpolarizability and C4m4J-3 for second 

hyperpolarizability.

Here the second hyperpolarizability will be reported in units e.s.u. to remove any 

possibility of confusion) and the only values of concern are their responses to change 

in the solvent field in which the Z-Scan takes place.

The computationally calculated theoretical values of the first hyperpolarizability (fi) 

were also very low (10-10 esu); this was expected as the near symmetrical SnPcs should
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have samll S due to their center of inversion as shown in Table 4.1. The values that are 

observed are thus much lower than have been reported for S in other compounds70 

and direct comparison to trends can only be done in a general sense.

4.2 Z-Scan studies in different solvents

4.2.1 a-SnOtBpPc

Figure 4.2 shows the Z-Scan results, these results display an increasing 7m [j3] 

(calculated from Si values using eqn 1.16, see Table 4.1) with solvent polarity greater 

than 1, with a relative difference of almost 25% was observed in 7m [/3], implying that 

the solvents had a significant impact on the NLA of the SnPcs analysed. However the 

least polar solvent (toluene) also showed an increased 7rn[/3] . The error bars in Figure

4.2 are due to the replicated measurements of 7rn[j3] . The effect of solvents on NLA 

has been reported before66; however here it is significant as the changes in 7rn[j3]is 

larger than the error margin for each value, giving some confidence on this effect on 

the effect of the solvent on the NLO properties of the SnPcs.
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Figure 4.2 : Imaginary susceptibility of a-SnOtBpPcvs solvent polarity.

DFT calculations (based on calculations discussed in Chapter 2) were carried out in 

different solvents in order to determine if a similar trend can be obtained theoretically. 

Figure 4.3 shows a plot of fiHRS values versus solvent polarity in the following order: 

toluene, chloroform, dichloromethane and tetrahydrofuran. The theoretical fiHRS 

response increased with increasing solvent polarity. However, toluene did not 

correlate with experimental data, in terms of trending.
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Figure 4.3 : Theoretical first order hyperpolarizability of a-SnO tBpPc vs solvent

polarity.

Both values acquired and an overlay of the results made allowed an inspection of their 

respective trends. Unfortunately, due to the physical limitations on the degree of 

solubility of all 6 Pcs a larger range of polarity was not possible. However, we do see 

in Figure 4.3 that both values favor an increase in environmental polarity. The current 

experimental data suggests that electron withdrawing substituents, (phenoxy), tend 

to increase third order imaginary susceptibility of the complex in polar solvents.

4.2.2 p-SnOtBpPc

Figure 4.4 shows the imaginary third order susceptibility (Im [x 3]) of ^-SnOtBpPc 

versus solvent polarity. Similarly to a-SnO tBpPc, the multiple measurements were 

done for each point in order to plot the error bars. ^-SnOtBpPc 7m[/3] values showed
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a similar general increasing trend compared to that of a-SnO tBpPc with respect to 

increasing polarity of different solvents. The determined 7m[/3] values for fi- 

SnOtBpPc were approximately four times higher in magnitude compared to a - 

SnOtBpPc. The above suggest that Sn(IV) phthalocyanine substituted at the beta 

position with phynoxy substituents will generally have higher beta values compared 

to alpha substituted Sn(IV) phthalocyanines. The magnitude of the 7m[/3] range (an 

increase of ~1.6 between highest and lowest readings) can be attributed to the wider 

electron distribution found in the fi-SnOtBpPc, as the beta position is further from the 

centre of the Pc macrocycle (Figure 4.4). Another explanation could be the different 

activations at the meta (3) and ortho(a) positions of the benzo rings on the n system 

of the SnPc.

Figure 4.4 : Imaginary susceptibility of fi-SnOtBpPc vs solvent polarity.

The theoretical Phrs showed a similar general upward trend seen in Figure 4.5 

compared to the experimental 7 m [j3] values, as solvent polarity was increased. 

However, there is slight drop in PHRS value for THF in the theoretical trend. This
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behavior of the most polar solvent was also observed for a-SnOtBpPc. The above 

behavior of the most polar solvent suggests that DFT calculations inadequate of 

completely predicting the real solvent-Pc interaction for this THF.

Figure 4.5 : Theoretical first order hyperpolarizability of fi-SnOtBpPc vs solvent 

polarity.
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4.2.3 Pp-SnOtBpPc

The 7 m [j3] values determined for the octa substituted fifi-SnOtBpPc closely 

resembled the tetra substituted fi-SnOtBpPc in terms of magnitude and trend, except 

for the most polar solvent (THF), (see Figure 4.6). However 7m[/3] values in different 

solvents studied were appreciably lower for fifi-SnOtBpPc compared to fi-SnOtBpPc. 

The above variation in 7 m [j3] values between fifi-SnOtBpPc and fi-SnOtBpPc can be 

attributed to the increased substitution having a greater effect on the electron density 

of fifi-SnOtBpPc.

Figure 4.6 : Imaginary susceptibility of fifi-SnOtBpPc vs solvent polarity.

The theoretical fiHRS values of fifi-SnOtBpPc (shown in Figure 4.7) also showed a 

similar trend to experimental 7 m [j3] values. In this case the most polar solvent
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followed the experimental trend better, compared to p-SnOtBpPc. Since PP- 

SnOtBpPc is more is more symmetrical compared to P-SnOtBpPc, it would be 

expected that the theoretical fiHRS values would be lower for pp-SnOtBpPc. However 

higher fiHRS values are observed for pp-SnOtBpPc. This discrepancy could be 

attributed to the role of solvent-Pc interaction, which is more favourable in PP- 

SnOtBpPc compared to p-SnOtBpPc in terms of fiHRS values. However the trend is 

comparable to the 7 m [j3] values, with both results showing a maxima in the same 

solvent.

Figure 4.7 : Theoretical first order hyperpolarizability of pp-SnOtBpPc vs solvent 

polarity.
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4.2.4 a-SnSPPc

Figure 4.8 shows a-SnSPPc imaginary susceptibility versus solvent polarity. Despite 

having a higher electron donating substituent the thiol linked a-SnSPPc showed the 

reverse trend compared to a-SnO tBpPc above. This observation suggests that 

depending on the type of substituents, such as their size and individual polorazability, 

solvent polarity affects Pcs differently. The trend in the experimental data suggest that 

more electron donating substituents, like thionyl or alkthiol ether, tend to lower the 

third order imaginary susceptibility of the a-SnPcs in polar solvents. This is despite 

the higher magnitude of 7 m [j3] for the thiol substituted a-SnSPPc when compared 

to the nonlinear optical properties of a-SnOtBpPc.

Figure 4.8 : Imaginary susceptibility of a-SnSPPc vs solvent polarity.
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The trend theoretical fiHRS values (see Figure 4.9) follows a similar pattern to 

experimental third order imaginary susceptibility; a decrease in fiHRS for a-SnSPPc 

was observed with increasing polarity of the solvent. The difference in trend of the 

NLO properties of the SnPc compared to its a-phenoxy analogue demonstrate that 

deferent Pcs behave differently in solvents of different polarity.

Figure 4.9 : Theoretical first order hyperpolarizability of a-SnSPPc vs solvent 

polarity.

4.2.5 P-SnSPPc

The 7 m [j3] values for p-SnSPPc in Figure 4.10 showed a generally increasing trend 

for the first three solvents, except for the last solvent (THF). The trend observed 

suggests that solvent-Pc interaction is different for p-SnSPPc compared to a-SnSPPc. 

The generally increasing 7m[/3] trend is similar to the trend observed for p-SnOtBpPc
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with respect to increasing solvent polarity. The average value for 7 m [j3] for p-SnSPPc 

is higher compared to a-SnSPPc values, similar to the differences in p-SnOtBpPc and 

a-SnOtBpPc. This observation suggests that tetra beta substituted Pcs studied in this 

work have better nonlinear optical properties compared to tetra alpha substituted Pcs, 

whether it is a phynoxy or thiol substituent.

Figure 4.10 : Imaginary susceptibility of p-SnSPPc vs solvent polarity.

Figure 4.11 shows a general decreasing trend of theoretical Phrs values with 

increasing solvent polarity, similar to a-SnSPPc pHRS values. The observed trend is a 

reverse of that observed for the experimental 7m[/3] values suggest that in general 

PHRS values do not follow a similar trend to 7m [ j 3] values. The solvent polarity will 

have a unique effect depending on the type of molecule.

98



Figure 4.11 : Theoretical first order hyperpolarizability of p-SnSPPc vs solvent

polarity.

4.2.6 PP-SnSPPc

The SnSPPc experimental 7 m [j3] values of the octa-substituted pp- followed a 

similar trend to pp-SnOtBpPc except for the first measurements in toluene. The 

maximum 7m[/3] value was found to be much lower in pp-SnSPPc compared to p- 

SnSPPc values. The lower 7 m [j3] values for octa-substituted pp-SnSPPc with respect 

to tetra-substituted p-SnSPPc was similarly observed for pp-SnOtBpPc and p- 

SnOtBpPc values. This observation once again suggests that the lower values could 

be attributed to the increased substitution, having a greater effect on the electron 

density of pp-SnSPPc.
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Figure 4.12 : Imaginary susceptibility of pp-SnSPPc vs solvent polarity.

The theoretical Phrs values shown in Figure 4.13 indicate a strong increase with 

polarity, with a slight decrease in THF. The Phrs values follow a similar trend to the 

experimental 7m[/3] values for the last three solvents. An explanation for the 

variation in the first 7m[/3] cannot be given by this study. Given that the experimental 

7m[/3] values were repeated 4 times, there must be a different solvent interaction in 

real solvent as compared to the theoretical interaction.
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Figure 4.13 : Theoretical first order hyperpolarizability of pp-SnSPPc vs solvent 

polarity.
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Phthalocyanine/

solvent Im (x3)[esu]x10'12 Im(y)[esu]x10-31

a-SnO tBpPc

Chloroform 4.806 ± 0.839 2.116 ± 0.369 2.76E-40

Dichloromethane 5.464 ± 0.916 3.055 ± 0.512 2.89E-40

Tetrahydrofuran 6.412 ± 1.805 2.603 ± 0.733 2.89E-40

Toluene 3.191 ± 1.067 1.272 ± 0.426 2.49E-40

a-SnSPPc

Chloroform 13.115 ± 2.988 11.187 ± 2.548 6.40E-41

Dichloromethane 7.701 ± 7.546 6.211 ± 0.012 6.36E-41

Tetrahydrofuran 6.706 ± 2.608 5.945 ± 2.312 6.32E-41

Toluene 18.029 ± 1.869 33.238 ± 3.446 7.74E-41

PP-SnOtBpPc

Chloroform 11.786 ± 1.701 7.571 ± 1.093 5.38E-40

Dichloromethane 17.806 ± 3.508 14.929 ± 2.941 5.79E-40

Tetrahydrofuran 15.889 ± 1.122 10.802 ± 0.763 5.69E-40

Toluene 10.816 ± 1.067 7.012 ± 0.692 4.78E-40

PP-SnSPPc

Chloroform 3.014 ± 1.822 2.193 ± 1.325 5.29E-40

Dichloromethane 5.225 ± 2.421 1.627 ± 0.754 5.43E-40

Tetrahydrofuran 4.782 ± 2.153 1.167 ± 0.525 5.39E-40

Toluene 7.068 ± 4.600 4.055 ± 2.639 5.05E-40

^-SnOtBpPc

Chloroform 15.234 ± 3.554 2.535 ± 0.591 3.99E-40
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Dichloromethane 13.327 ± 2.139 1.603 ± 0.257 4.10E-40

Tetrahydrofuran 20.711 ± 6.044 2.939 ± 0.858 4.07E-40

Toluene 12.679 ± 1.838 1.496 ± 0.217 3.82E-40

P-SnSPPc

Chloroform 34.793 ± 1.151 3.981 ± 0.132 8.73E-41

Dichloromethane 35.240 ± 3.151 7.225 ± 0.646 7.03E-41

Tetrahydrofuran 26.677 ± 3.429 4.473 ± 0.575 7.43E-41

Toluene 24.428 ± 1.398 4.272 ± 0.245 1.14E-40

Table 4.1: Summery of nonlinear optical properties for the 6 SnPcs.

4.3 Five energy level fitting of Z-scan results

Z-scan results can also be used to obtain the molecules TPA cross-section (o^p )̂ , and 

the excited state ( as) triplet state cross-sections (at) . This is done using a much more 

computationally expensive five orbital fitting (FOL) (see Chap 1) and was done on the 

Pcs in only one solvent. This was due largely to time constraints involved in the 

calculations. THF was used as the solvent due to the Z-Scan spectra in this solvent 

being very well behaved. These fittings were done using a method adapted from work 

by Zhang60, and were changed to suits the experimental needs, Scheme 4.1. Aside 

from the trivial concentration and laser variable changes to account for the different 

experimental setup, the most significant modifications were the incorporations of the 

molecular isometric rotation time into the absorption equations (see Chap 1).
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Figure 4.14 and Figure 4.15 show experimental and theoretical z-scan transmittance 

plot based on the five energy level model for (A) a-SnO tBpPc, (B) 3>-SnOtBpPc, 

(C)pp- SnOtBpPc, (D) a-SnSPPc, (E) p-SnSPPc and (F) pp-SnSPPc. A very good fit 

of the data was obtained for (A) a-SnO tBpPc and (C) a-SnO tBpPc. The bad 

theoretical plot obtained for (C) f>p-SnOtBpPc suggests that a more complicated 

nonlinear process is involved and that the five energy level approximation is 

inadequate for this set of data. From the fitting two photon absorption cross-section 

( ° t p a  ), the excited state (as) and triplet state cross-sections (at) for the complexes were 

obtained, the results are summarised in Table 4.2.

Pc Im(y)[esu]xlO 31 c ^ p ^ [GM] a s [m2] x l0  20 a t [m2] x l0  20

PP-SnSPPc 1.167 126.948 0.00147 0.22635

a-SnO tBpPc 2.603 64.2961 0.00445 0.21999

P-SnOtBpPc 2.939 212.488 4.32E-11 0.32603

P-SnSPPc 4.473 144.296 0.00145 0.40671

a-SnSPPc 5.945 53.1156 0.00413 0.31331

PP-SnOtBpPc 10.802 122.83 0.00219 0.23248

Table 4.2: FLO fit results sorted by Im(y).
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Grouping the Pcs by substituent, a more discernable trend can be observed.

Pc Im (y )[e s u ]x l0 31 ^tp^IGM] a s [m 2]x  10 20 a t [m2]x  10 20

PP-SnSPPc 1.167 126.948 0.00147 0.22635

P-SnSPPc 4.473 144.296 0.00145 0.40671

a-SnSPPc 5.945 53.1156 0.00413 0.31331

a-SnO tBpPc 2.603 64.2961 0.00445 0.21999

P-SnOtBpPc 2.939 212.488 4.32E-11 0.32603

PP-SnOtBpPc 10.802 122.83 0.00219 0.23248

Table 4.3: FLO fit results grouped by Pc and sorted by Im(y).

Table 4.3 shows the reversal of the Im(y) trends for the two classes of Pcs, increasing 

from alpha, tetra beta and octa beta in the oxygen substituents but decreasing in the 

same order for the sulphur substituents. This trend is best explained with the 

difference in the electro negativity of the two substituents, with sulphur having a 

much higher electron donating nature. The more notable trend in the NLO parameters 

is the variation in the oTPA across the Pcs. This is correlated very well with the shifting 

of the Q band, with the most red shifted Pc (a-SnSPPc) having the smallest o TPA, while 

the largest belongs to the least red shifted (P-SnOtBpPc). This is attributed to the 

separation of the two orbitals responsible for the TPA transition falling further away 

from twice the energy of the exciting light source. The excited state absorptions (due 

to either as or a t ) vary, though a comparison of the ratio of the two gives a direct 

correlation to Im(y) (the exception is the values for P-SnOtBpPc which has a notably 

smaller as). With both substituents the tetra beta was found to possess the largest a t 

and the tetra alpha was found to possess the largest as. This is surprising as the octa
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substituted Pc would be expected to have a larger absorption cross-section for both 

cases. This implies that there are more favourable transitions available for both the 

singlet and triplet absorptions in each respective case. This may require some further 

theoretical modelling to fully understand this result.

The FOL fit for the values mentioned in Tables 4.2 and 4.3 used a number of 

photophysical properties (as outlined in Chapter 1). As fluorescence was also 

incorporated into the fitting it was important that the contribution of fluorescence to 

the Im(y) was measured. The laser used to determine Im(y) had a pulse length of 10 

ns, and the fluorescent decay time for the SnPcs was around 5 ns. This meant that the 

excited state would be populated for the duration of a single pulse and thus that the 

total absorption would depend on the ESA of the system. Thus any Pc with a slightly 

longer fluorescence lifetime would exhibit higher values of Im(y ) than a Pc with equal 

cross-sections but a shorter fluorescent lifetime. This can all be said for the 

phosphorescent nature of the SnPcs as well. These two additional factors are the cause 

of some Pcs possessing higher Im(y ) values than a comparison of cross-sections would 

indicate.

The values are of the order expected for a non-sandwich Pc complex, which have 

values typically twice the size of those reported here. However, a more accurate 

analysis would be a comparison of the ratio of the ground state absorption coefficient 

(Og) with the total excited state cross-section (aE). The ratio (o E/o^ )  of the cross­

sections (Table 4.4) shows that the results closely follow what has been reported for 

similar molecules36. As optical limiters these values fall short of having high efficacy 

(ratios of 20 or greater)28. However, the comparison of the difference between the 

excited and ground state (a E—a g) show that (for low power levels at least) the primary 

NLO parameter would be TPA.
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Pc 0 g [ m 2 ] x  10 22 a E[m2]xlO  20 a E / a g ° E - 0 g ( c  m2)

PP-SnSPPc 4.167 0.32635 7.831773 2.8468E-21

P-SnSPPc 4.473 0.40671 9.092555 3.6198E-21

a-SnSPPc 5.945 0.31331 5.270143 2.5386E-21

a-SnO tBpPc 2.603 0.21999 8.451402 1.9396E-21

P-SnOtBpPc 2.939 0.32603 11.09323 2.9664E-21

PP-SnOtBpPc 10.802 0.23248 2.152194 1.2446E-21

Table 4.4: Cross-section analysis of the SnPcs.
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Figure 4.14: Experimental and theoretical z-scan transmittance plot based on the 
five energy level model for (A)a-SnOtBpPc, (B) P-SnOtBpPc and (C) pp- 
SnOtBpPc. The experimental results were obtained in THF.
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Figure 4.15: Experimental and theoretical z-scan transmittance plot based on the

five energy level model for (D )a-SnSPPc, (E) p-SnSPPc and (F) pp-SnSPPc. The 

experimental results were obtained in THF.
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Chapter 5. Conclusions

A series of 6 Sn(IV) Phthalocyanines were synthesized and characterized with two 

different classes of substituents. The Pc were then characterized and modeled using 

various techniques. The modeling done with DFT and TD-DFT as well as CP-DFT in 

order to calculate the NLO properties. Unfortunately TD-DFT calculations gave 

deviating results which deviated from the experimentally obtained results in some of 

the instances measured. These deviations were, however, expected as the accuracy of 

the methods was dependent on the volume of calculations that were needed and can 

easily be improved. Though the theoretically calculated wavelengths of absorption 

were lower than the experimental values, the trends predicted from the TD-DFT 

corresponded to the shifts in the peaks due to the substituted effect.

Nonlinear optical studies were then done on the Pcs in a series of solvents to determine 

the second hyperpolarizability as a function of solvent polarity solvents, as well as CP- 

DFT calculations to determine the first hyperpolarizability (Phrs ) in the same solvents. 

The same parameters where used to calculate the CP-DFT as were used for the TD- 

DFT calculations and thus a degree of inaccuracy was expected. These were done with 

the expectation of obtaining similarities in the first and second hyperpolarizabilities 

of a Pc if there is only a slight change in the environment that it is analyzed in. After 

comparisons of the 6 SnPc's first and second hyperpolarizabilities, it was found that 

there was only a partial overlap of the two values. Whether this overlap exists as 

chance, or the lack of overlap in the other case was due to insufficiently accurate DFT 

methods, will require more study. An observation can be made however that the Beta 

substituted Pc in both the thiol and oxy- ether Pcs hade higher values of Im(y), even 

when compared to the Octa substituted Pcs, suggesting a degree of fine balancing may 

be needed in future when designing other NLO materials. Finally, the excited state 

cross-sections and the ground state cross-sections were compared, and the results 

showed good correlation with reported values for similar Pcs.
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Future work will involve a FLO analysis of theother three solvent results, to better 

understand the effects of solvation on the MPcs as well as more accurate DFT 

calculations. Unfortunately, no real discernable best solvent can be shown here for 

NLO, though these results show how much a simple change in solvation can affect the 

NLO results of a study. This should be a consideration for any future study as a 

comparison for NLO properties in different solvents will different far more than the 

normal spectral results.
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