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This thesis presents the results of absorption, magnetic circular dichroism (MCD), 

selective excitation, fluorescence-detected MCD (FDMCD), total luminescence (TL), 

magnetic circularly polarised luminescence (MCPL) and spectral hole-burning (HB) 

studies of zinc porphyrin derivatives isolated in argon matrices. These spectroscopic 

studies have focused on the lowest-energy rc* +--- rc transition of these molecules; the Q 

transition. 

These studies have been driven by two main areas of interest in matrix-isolated 

metalloporphyrins; the degree to which intelTIlolecular coupling occurs in such matrices, 

and the role of the Jahn-Teller (JT) effect in these systems. 

Spectra collected mark the first examples of the application of the selective MCPL 

and FDMCD, the latter of which has the potential, not only to provide superior resolution 

over conventional MCD, but also, in some cases, to give an enhancement in SIN. The 

construction of a spectrometer was necessary for the collection of these spectra and 

comprised a significant portion of the work. 

The development of a new matrix deposition technique, in conjunction with 

selective excitation, and HB studies of the Q-band of zinc phthalocyanine, has provided 

evidence of the existence of interacting pairs of molecules in this matrix, The population 

of these 'coupled-pair' sites, which absorb to the red side of the Q-band origin, increases if 

the matrix in annealed, and at the same time the efficiency of HB is also increased, These 

results also provide infolTIlation regarding the mechanism of HB in these systems, which is 

thought to involve intelTIlolecular triplet-state charge separation followed by singlet 

recombination. 

Three approaches were adopted for the study of the JT effect in the Q (I Eu) states of 

these systems. A program (JTCFZ) was written to generate and solve the E ® b vibronic 

Hamiltonian matrix and to simulate the absorption and MCn spectra for an E +--- A 

transition of a system with a single effective JT -active vibrational mode in the D4h point

group. Although this model provides insight into many of the observed characteristics of 

these systems, its inability to account for the finer details of the spectra of a number of 

systems points to an inadequacy of the single-mode approach. 
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Nonnal coordinate analysis was used in conjunction with a semi-empirical 

molecular orbital (MO) calculation to approximate the JT displacements (AJT) of the Q 

state along all potentially JT -active modes of ZnPc. The results indicate that there are 

many modes with significant AJT values, reinforcing the view that the effective single

mode model cannot adequately describe these systems. 

This conclusion is further supported by selective FDMCD spectra of ZnPcl AT and 

ZnTBPI AT for which the sign of totally symmetric vibrational overtones is opposite to that 

of JT -active overtones. As predicted by the calculations, many JT -active overtones of 

varying intensities appear throughout the entire Q-band envelopes of these systems. 

FDMCD spectra of ZnPcl Ar has also provided evidence for the assignment of a 

transition (Q') underlying the higher vibrational overtones of the Q band. The spectra 

collected clearly demonstrate that a previous assignment of this transition to lAlu f- lAlg is 

not correct and, with additional support from semi-emperical MO calculations, it has been 

reassigned as lEu f- lAl g• 
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Porphyrins and thalocyanines 

The metalloporphyrins and their derivatives (collectively MPs) constitute an 

extensively studied group of compounds. The core unit is a metal in the centre of a 

macrocyclic porphin ring (Figure 1.1). The literature on these molecules is vast and 

expanding, and there are many texts concerning their properties and applications.]-9 

Metalloporphyrins playa fundamental role in many biologically important systems. 

For example, iron porphin (haeme) forms the active core of haemoglobin, myoglobin and 

cytochrome c, which are respectively involved in the transport, storage and reduction of 

oxygen in the bodies of vertebrates. A magnesium porphyrin derivative forms the core of 

chlorophyll, at the centre of the photosynthetic process in plants. Hence much of the work 

with porphyrins has involved modelling of such biological systems with synthetic systems. 

But porphyrins have also found many applications outside the realms of biological science. 

As the Earth's reserves of fossil fuels are slowly depleted, scientists are increasingly 

looking towards alternative energy sources. Porphyrins have been studied as catalysts for 

the photochemical cracking of water. 1 

Tetraazatetrabenzoporphins, more commonly lmown as phthalocyanines (Pes), are· 

synthetic porphyrin derivatives with fused benzo groups and nitrogens in the meso 

positions of the inner macrocyclic ring (see Figure 1.1). Discovered by chance in 1928 

during the preparation of phthalimide at Scottish Dyes Ltd. in Grangemouth, Scotland,] 0 

they were rapidly characterised by Linstead et al. ll
-
16 Since then they have become 

important technological chemicals. By far their most extensive use has been as pigments 

due to their intense colours and remarkable stability. However they have also found 

applications in electrocatalysis, photovoltaics, photocatalysis, photoconductivity, 

electrochromism, and as high-temperature lubricants, chemical sensors and lasing dyes. l7 

In addition, both porphyrins and Pcs have been studied for use in molecular conductors, 

liquid-crystal devices and for photodynamic cancer therapy.] 

Most of the useful properties of the MPs, including their stability, can in some way 

be attributed to their molecular electronic structure. The origin of the stability is 

aromaticity; the 16 sp2-hybridised inner-ring atoms contributing a total of 18 1t-electrons, 
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thus satisfying Hucke1' s 4n + 2 m1e for rc-system aromaticity. In addition, the size of the 

central cavity and -2 charge facilitate the incorporation of a host of metals (and non

metals) from all areas of the periodic table. 

Metalloporphin 
(MP) 

Metallooctaethy 1porphyrin 
(MOEP) 

x 
~ N 

I ~ 
N-M-N 

~ I ~ 

J:C 
Metallooctaethy ltetraazoporphyrin 

(MOETAP) 

Metallotetrabenzoporphyrin 
(MTBP) 

Metallophtha10cyanine 
(MPc) 

Figure 1.1. Some simple synthetic metalloporphyrin derivatives (MPs). 

Spectroscopy is an invaluable tool for the investigation of this large de10calised rc

electron ring system and its interactions with the central metal ion. The HOMO - LUMO 

excitations of the rc-system give rise to transitions * in the visible and near-UV regions 

• The tenn "transition" is used throughout this thesis to refer to a change of (many-electron) state, 

whereas "excitation" refers to a process in which a single electron is promoted from a lower- to a higher

energy orbital. 
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(Figure 1.2), which makes them readily amenable to study by absorption, fluorescence, 

fluorescence excitation, and spectral hole-burning (HB). In addition, due to the relatively 

high symmetry of these systems * the related magnetic circularly polarised (MCP) 

techniques, respectively magnetic circular dichroism (MCD), magnetic circularly polarised 

luminescence (MCPL) and fluorescence-detected MCD (FDMCD), provide useful 

information. All of these techniques have been employed in this work. 

Many molecular properties also depend on vibronic effects (involving coupled 

vibrational and electronic states). Examples include18
,19 polarisability, magnetic 

susceptibility, phase transitions, stereochemistry and stability, chemical reactions, catalysis 

and superconductivity effects. Spectroscopy may again provide information about these 

effects. However it is generally required that the individual vibronic transitions can be 

resolved, so analysis of condensed phases is often hampered by large inhomogeneous 

bandwidths. Since the advent of the laser, line-narrowing techniques such as fluorescence 

line-narrowing (FLN) and spectral hole-burning (HB) have been used with considerable 

success to combat these problems.2o
,21 

The objective of line-narrowing, is to selectively probe a narrow range of molecules 

from within a much broader inhomogeneous distribution. Success is dependent on the 

absence of energy-transfer processes; in practice, the molecules being probed must be well 

isolated from each other. Moreover, the spectra are affected by other species that may 

couple to the excited molecular states. (For this reason, as well as providing high

resolution spectra, these techniques can also provide a means for studying intermolecular 

interactions.) As described below, noble-gas matrices provide very useful media for these 

studies. 

1 Electronic Models MP Spectra 

The visible and near-UV absorption spectra of MPs (Figure 1.2) essentially consist 

of two bands. The one in the red (580 660 nm) is called the Q band, while another in the 

blue (generally 360 - 440 nm) is called the Soret or B band. 'f.wo models that have been 

used to rationalise these spectra are the perimeter and the four-orbital models . 

• All molecules studied in this work belong, at least to a first approximation, to the D4h point group. 
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Figure 1.2. UV~visible absorption spectra ofZnOEP, ZnTBP, and ZnPc in solutions ofTIlF, and ZnOETAP 
in ethanol. All spectra were collected at room temperature. The spectra have been normalised so that the 
area under each curve is the same. 

m).. = +5 - 5 

Free-electron model 

Symmetry lowering ----i> 

(perimeter model) 

B 

Huckel model 

Configuration interaction 
(four-orbital model) 

Figure 1.3. Schematic representation of the models used to describe the electronic structure and spectroscopy 
ofMPs. 
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1.2.1 The Perimeter Model 

The perimeter model was proposed by Mich1.22 It is based on a simple free

electron model in which the inner ring of the MP molecule is taken to be a circular 'loop' 

around which the 18 n-electrons are free to move. The de Broglie wavelengths consistent 

with the circumference of the loop defme the orbital angular momenta about the symmetry 

axis (z), which is quanti sed (in units of 1'/) by the quantum number m" = ±A, where A 

0,1,2,3.... Orbitals with larger values of A lie higher in energy, and all except that with 

A = 0, are doubly degenerate. In the ground state, the 18 n-electrons occupy the nine 

lowest-energy orbitals, so the HOMOs comprise the pair with A = 4, while the LUMOs 

have A = 5 (Figure 1.3). 

The ground state has no net electronic angular momentum (due to cancellation of 

the contributions from different electrons), but LUMO .f- HOMO transitions lead to 

electronic states with total orbital angular momenta given by A = 1 and A = 9. According 

to Hund's rule the A = 9 states lie lower in energy (due to electron correlation) and 

therefore correspond to the Q state. The B state has A = 1. The orbital angular momentum 

selection rule, M = ±1, requires that the Q transition has zero intensity, so according to the 

free-electron model (and ignoring intensity-borrowing mechanisms such as vibronic 

coupling), only the B transition should be observed. 

In the perimeter model, the symmetry of the 'loop' is lowered from D,~h to D4h, the 

degeneracy of even-A orbitals (including the HOMOs) is lowered and the excited states 

mix. As a result, the Q band gains intensity at the expense of the B, while the Q state loses 

angular momentum to the B. 

1.2.2 The Four-Orbital Model 

Another approach to rationalising MP spectra has been applied in the fonn of 

Huckel calculations,23 in which the molecular orbitals (MOs) of the inner ring are formed 

from linear combinations of the atomic orbitals (LCAOs) that contribute to the n 

• Angular momenta will be given in nnits of Ii throughout this thesis. 
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delocalised system. The two HOMOs transform as the irreps alu and a2u, * and the two 

LUMOs as the doubly degenerate eg irrep. The HOMOs correlate with complete 

admixtures of the mA orbitals of the perimeter model. It is therefore expected that the 

visible and near-UV spectra will contain two absorption bands of equal intensity arising 

from the excitations ~ al u (at lower energy) and eg ~ a2u (at higher energy) labelled Q 

and B respectively. The corresponding transitions are both lEu ~ lA1g, and their excited 

states are predicted to have the same orbital angular momentum. 

The four-orbital model proposed by Gouterman and co-workers24,25 is an extension 

of the Huckel model that accounts for the experimental observation that the B band is 

actually more intense than the Q by varying degrees depending on the specific structure of 

the molecule. It considers the effect of configuration-interaction (CI) between the 

configurations that arise from the excitations between the LUMOs (egx, egy) and HOMOs 

(alu, a2u), hence the name/our orbital model. The wavefunctions have the form 

IQx) = Ctlalu egx) + c21a2u 

IQy) Ctlalu egy) + c21a2u egx) 

IBx) = c21alu egx) - clla2u egy) 

IBy) = c21alu egy) - Clla2u egx) (1.1) 

The electric dipole moments for the transitions from the ground state to the lalu eg) 

and la2u eg) conflgurations have opposite signs, so they reinforce one another for the B 

transition but cancel for the Q transition. The intensity for the B transition is therefore 

greater than for the Q transition, while the B state also loses angular moment to the Q state. 

The applicability of the four-orbital model is supported by the experimental 

observation that the intensity of the B band relative to the Q increases for the series ZnPc, 

ZnOET AP, ZnTBP and ZnPor (Figure 1.2). Huckel calculations predict that the separation 

between alu and a2u decreases along this series24 and thus the extent of CI should increase. 

1.2.3 A1mlication of the Four-Orbital and Perimeter Models 

The Huckel (excluding CI) and free-electron models represent extreme descriptions 

for the electronic properties of the MPs; in the former, Q and B transitions are of equal 

.' The term 'irrep' is a contraction of 'irreducible representation'. The convention in this thesis is to 

denote the irreps of molecular orbitals and vibrations with lower case letters, and (many-electron) states with 

upper case letters. 
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intensity and their excited states have equal orbital angular momenta; in the latter the Q 

transition is completely forbidden and its excited state has by far the greater orbital angular 

momentum. The perimeter and four-orbital models respectively extend the descriptions 

into a 'middle ground' into which all real MPs fall (Figure 1.3). 

The tetraazaporphyrins (TAPs: for example MPcs and MOETAPs) have properties 

close to those predicted by the Huckel MO model and so are usually treated by using the 

four-orbital model. Other metalloporphyrins are more conveniently described by the 

perimeter model. The difference between these two classes is clearly illustrated in Figure 

1 where the Q and B bands of the TAPs have similar (integrated) intensities and a large 

Q-B splitting, whereas ZnOEP and ZnTBP have a much stronger B band and smaller Q-B 

separation. 

Both the four-orbital and perimeter models are limited by the fact that they consider 

only the two lowest-energy excited electronic configurations. For example, semi-empirical 

MO-CI calculations by Henriksson et al. on CuPc using the PEEL method predict that 

-95% ofthe Q transition arises from these excitations, but only -42% of the B transition is 

due to them.26 This is in agreement with calculations carried out in this work on ZnPc and 

ZnTBP (sections 7.4.3.1 and 7.5.3). For both molecules the Q transition is made up of 

96% of four-orbital excitations whereas the B transition is composed of 41 % and 88% of 

these excitations respectively for ZnPc and ZnTBP. Thus although the models are of only 

qualitative value in describing the B transition of MPcs, they do appear to give a more 

accurate description of the Q transition. 

1.2.4 The Q Transition 

Studies in this thesis have focused on the Q transitions of a number of MPs, In D4h 

symmetry these are lEu «- 1 Alg arising from n* «- n excitations centred predominantly on 

the inner ring of the molecule. This point is illustrated in Figure 1.4 which shows 

schematic representations of the alu(n) and eg(n*) molecular orbitals of ZnPc excitations 

between these orbitals are almost exclusively responsible for the Q transition in this 

molecule (section 7.4.3.1). In both the non-degenerate alu(n) and the doubly degenerate 

eg( n*) orbitals, the electron density resides primarily around the inner ring. 
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Figure 1.4. Schematic representation of the alu(rc) and eg(rc*) molecular orbitals of ZnPc. The area of each 
sphere is proportional to the contribution (the square of the coefficient in the linear combination of atomic 
orbitals - LeAOs) to the molecular orbital from the pz orbital on that centre. The two shades (dark and light) 
represent opposite phases. 

1.3 The Jahn-Teller (JT) Effect 

The Born-Oppenheimer (BO) approximation is commonly used to simplify the 

spectroscopic analysis of molecular systems. It is based on the fact that atomic nuclei are 

very much heavier than electrons so that the electrons adapt essentially instantaneously to 

changes of the nuclear coordinates. A corollary of this is that although the electronic 

dynamics may depend strongly on the positions of the nuclei, they should be essentially 

independent of nuclear motion (section 3.9.1). In other words, the electronic and nuclear 

motions can be treated separately. 

One of the implications of the BO approximation is that the only vibrational modes 

that can give rise to vibrational overtones in electronic spectra are those which carry the 

nuclei to the equilibrium coordinates in the new electronic state. If the molecular 

symmetry is preserved then the only such vibrations are totally symmetric in the 

appropriate point group. However Jahn and Teller demonstrated that the BO 

approximation may be violated for orbitally degenerate electronic states.3 In particular, 

there will always exist vibronic interactions involving non-totally symmetric vibrational 

modes that will displace the minima of the potential energy surfaces of the electronic 

partner states in different directions along the vibrational coordinate. A result of such 

Jahn-Teller (JT) effects is that non-totally symmetric vibrational overtones may also be 

observed in the electronic spectra. The intensity of the observed vibrational overtones is 
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related to the displacement of the partner states, which is measured by a dimensionless JT 

parameter, AJT (section 3.9.2). 

1.3.1 Calculations of the JT Displacement Parameter CArr) in MPs 

The n* LUMOs of the MPs have eg symmetry in the D4h point group, so the Q and 

B transitions have doubly degenerate excited states, which are susceptible to JT effects 

involving bIg and b2g vibrational modes. 

There have been several attempts to determine AJT for the Q states of MPs, 

including ZnOEP,27 ZnPc,28 and ZnTBp29 in argon matrices as well as ZnPor in n-alkane 

hosts3
0-

32 and various MPors in solution.33 All have assumed a single dominant JT-active 

vibration, typically with a frequency of -150 cm-I, and consistently give AJT values of -1. * 

However, MPs have many potentially JT -active vibrations and one of the goals of this 

work has been to determine the degree of validity of the single-mode assumption. For this 

purpose, AJT parameters have been estimated for all potentially JT-active modes of ZnPc in 

the Q state using a semi-empirical ZINDO/S-CI MO calculation in conjunction with 

normal coordinate analysis (NCA, section 3.13). These theoretical predictions have then 

been compared with results obtained using the spectroscopic techniques described below. 

1.3.2 Spectroscopic Evidenc e of JT -Effect in MPs 

MCP techniques such as MCD29,33-45 and MCPL27-29
,46 have been extensively used· 

in the study of MPs, predominantly for the determination of the orbital angular momenta 

and symmetries of electronic states, but also for the elucidation of crystal-field (CF) and 

vibronic effects. They can be invaluable for the study of JT effects since JT -active and 

totally-symmetric modes often give bands of opposite sign. For example, in a E +-- A 

transition of an axial point group (Dc<)h or one of its subgroups), the MCD of a JT overtone 

consists of an Ci:term (section 3.2) of the opposite sign to that of the origin band, 

Using this principle VanCott et al. were able to assign many of the JT-active modes 

for the Q states of ZnPC45 and ZnTBP,29 isolated in frozen argon matrices (denoted by 

ZnPc/Ar and ZnTBP/Ar), on the basis of an MCD spectrum. However inhomogeneous 

broadening left many bands unresolved. Line-narrowing techniques such as HB, FLN and 

selective excitation (section 1.6) should have permitted better resolution but would not 

* The way in which AIT has been defmed in this work is given in section 5.3, 
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have provided a means for distinguishing between totally symmetric and JT -active 

vibrational overtones. Clearly what is needed to address this issue are selective MCP 

spectroscopic methods. 

In 1976, Sutherland et al. employed a novel method for determining the MCD of 

tryptophan and Fe(III) cytochrome c in a potassium phosphate buffer. They measured the 

differential fluorescence in a circularly polarised excitation experiment (where the 

excitation source is modulated between LCP and RCP) in the presence of a longitudinal 

magnetic field, and showed that it could be related directly to the MCD.47 Although they 

produced only broad band spectra their 'fluorescence-detected MCD' (FDMCD) technique 

clearly has the potential to provided a means for combining line-narrowing techniques 

(section 1.6.1) with MCP spectroscopy. MCPL (the luminescence analogue of MCD) 

could also provide selective MCP information in luminescence spectra through the 

application of FLN (section 1.6.1). 

In this work selective FDMCD and MCPL spectra have been measured for ZnPc/Ar 

and ZnTBP/Ar. The selective FDMCD spectra are the first repOlted for any system. The 

results have provided unambiguous assignments of many previously unresolved JT -active 

vibrational overtones and, in the case of ZnPcl Ar, have illuminated the existence of a weak 

underlying transition in the region of the Q band (the Q' band). 

Host Medium 

The host medium of a chromophore is an important consideration in spectroscopy. 

Single crystals constitute 'well-ordered' systems, but because of intermolecular 

interactions, single-crystal spectra do not necessarily closely reflect the electronic structure 

of an isolated molecule. In addition, the absorption bands in the spectra of 'neat' crystals 

are usually broadened due to electronic coupling between sites.48 

Sharper spectra may be obtained by 'doping' the molecule of interest into a crystal 

of an electronical1y different molecule. Often the guest and host molecules must be 

geometrically similar, although Shpol'skii matrices, formed by doping into n-alkane 

crystals, have been used with considerable success in the study of MPS.49
-
55 However in 

* Fe(III) cytochrome c is non-fluorescent. The FDMCD of this molecule was measured by mixing 

with a fluorescent chromophore (fluorescein) which, in this experiment, was excited only by energy transfer 

from the Fe(III) cytochrome c. 
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most cases both neat and doped single-crystal systems are birefringent, and therefore not 

suitable for use with circular-polarisation techniques. 

In solutions, dynamic effects and inhomogeneity can lead to significant broadening 

of spectroscopic bands, while solvent-solute interactions can considerably modify the 

spectrum. In extreme cases the solvent may coordinate to, or react with, the solute to give 

a substantially different chemical species. For example, the spectra of MnPc are so 

strongly dependent on the solvent, that one can hardly recognise those from different 

solutions as having been obtained with the same solute. 56,57 

Polymer matrices and frozen glasses can provide an improvement over solutions 

since dynamic effects are eliminated. However guest-host interactions may persist, even if 

only to the point where they can be treated as external crystal-field perturbations. 

Moreover, the inhomogeneity of the crystal fields in such disordered systems broadens the 

spectral bands. Further interference can be caused by aggregation of guest molecules 

during polymerisation or the glass transition of the host. 

Gas-phase spectroscopy entirely eliminates inter-molecular interactions. However, 

conventional gas-phase spectroscopy usually requires relatively high temperatures, under 

which conditions dynamic effects (vibrations and rotations) can still lead to broad bands. 

Supersonic expansions provide a means for obtaining spectra of ultra-cold isolated 

molecules.58
-
62 The major problems with this technique are the expense of the equipment, 

and the low molecular concentrations, which generally preclude the use of absorption or 

MCD. 

For the experimental research reported in this thesis, matrix isolation (TvII) was 

used, where the host molecule is trapped in frozen argon. Since Pimentel et at. developed 

the MI technique in 1954,63 it has been extensively employed for the study of many and 

wide-ranging atomic and molecular systems, including ions and radicals, using a number 

of inert hosts.64
-66 Its advantages are as follows: 

The matrices are transparent from far-IR to vacuum-UV and are optically isotropic. 

Thus they are ideal for use with polarisation spectroscopies since the polarisation 

state of light is conserved as it propagates through the host medium. 

!II Matrix-isolation techniques have opened the door on spectroscopy of insoluble 

compounds as long as they can be sublimed. Some MPcs are insoluble in all but a 
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few solvents (for example concentrated H2S04 or a-chloronaphthalene) which are 

either difficult to work with and/or significantly modify the spectmm of the 

chromophore due to strong solvent-solute interactions.67
,68 However they are 

readily sublimed, and can therefore be readily incorporated into matrices. 

Thin fihn, ~300 K 

Gas phase, 556 K 

THF solution, ~300 K 

PVC polymer matrix, ~300 K 

Ar matrix, -5 K 

12000 14000 16000 18000 

Figure 1.5. Comparison of ZnPc in different host media. The spectra in Ar and PVC matrices were 
measured in this work, the THF solution by Dunford,70 and the thin film and gas-phase spectra were 
reproduced from ref 71 and ref 72 respectively. 

@I Noble-gas matrices can also be used to 'trap' unstable species, for example radicals, 

in an inert environment in which they can be studied at length by spectroscopic 

means.69 
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• Since the matrix is a condensed phase, transitions are not broadened by the dynamic 

mechanisms that occur in solutions or the gas phase. Moreover, the weak crystal 

fields due to the lighter noble gases (including Ar) are associated with a lesser 

inhomogeneity. This point is well illustrated in Figure 1.5 in which the bandwidth 

of the ZnPcI Ar spectrum is a small fraction of those in other condensed media or in 

the gas spectra. 

Although the advantages of MI are numerous, the preparation of samples is not 

trivial. Argon matrices generally require temperatures < 20 in a high vacuum to remain 

stable. Despite these difficulties, the workers in this research group have had much 

experience in MI spectroscopy to the extent that these samples may be routinely prepared. 

MI fits well with the Mep and laser line-narrowing techniques used in this work, both of 

which also require low temperatures; the former for the super-conducting magnets used to 

attain high fields, and the latter to reduce the homogeneous bandwidth of the transitions 

being probed (section 1.6). 

1.4.1 Intermolecular Interac tions in Argon Matrices 

The microscopic structure of MP-containing Ar matrices is one of the main 

concerns of this study. The bandwidth and structure of the Q band of MPs can vary 

considerably with matrix-deposition conditions. But when sharp structure is observed the 

individual components appear consistently at the same wavelength and often with similar 

relative intensities, suggesting the existence of well-defmed sites within the matrix. It is 

known that porphyrin derivatives have a tendency to aggregate in solution,8,73,74 and it has 

been postulated that some of the variations between matrices, as well as the reproducibility 

of sharp structural features, may be due to intermolecular interactions between guest 

molecules in the matrix (section 4.3.1). In an attempt to understand more fully the effects 

that are responsible for the observed behaviour of these Ar matrices, a new deposition 

technique has been developed with the intention of producing matrices in which there are 

fewer and weaker intermolecular interactions (section 2.5.1.3). This has led to the 

attainment of much sharper spectra for ZnPcl Ar than have previously been observed 

(section 4.3). 



18 Introduction 

1.5 MeD Spectroscopy 

The information obtainable from unpolarised absorption spectroscopy is limited to 

transition energies and intensities. In the presence of an external magnetic field, the 

polarisations and energies of transitions are altered by the Zeeman effect the interaction 

of the field with the molecular magnetic moments, modified by crystal fields, vibronic 

coupling and relativistic (spin-orbit) interactions. Thus polarisation spectroscopies in the 

presence of a magnetic field yield information about these effects.75 

Conventional Zeeman spectroscopy is generally applied to atomic or small gas

phase molecular systems where the transition bandwidths are sufficiently narrow for the 

Zeeman shifts and splittings to be observed directly. The broad absorption bands 

characteristic of condensed phases and polyatomic molecules, render this technique 

essentially useless. (Zeeman shifts are typically <1 cm-1 whereas the bandwidth of 

polyatomic spectra may be >1000 cm- l
.) lnstead, a technique called magnetic circular 

dichroism (MCn) can be used in its place. 

Mcn is a manifestation of the Faraday effect, discovered in the 1840s by Michael 

Faraday.76 He observed that plane-polarised light passed through a borosilicate plate in the 

presence of a magnetic field undergoes a rotation of the plane of polarisation - a 

phenomenon now called magnetic optical rotation. In the 1890s Pieter Zeeman conducted 

spectroscopy experiments in the presence of a magnetic field and observed (among other 

things) that a longitudinal magnetic field (applied along the optical axis) caused shifts and 

splittings of the absorption and emission bands of alkali metals. He also found that the 

transitions became circularly polarised.77,78 These developments provided the foundation 

for MCn the fact that the absorption of right and left circularly polarised light 

(respectively RCPL and LCPL) is different for any medium in the presence of a 

longitudinal field. 

MCn became a useful spectroscopic tool for chemists in the 1960s when Stephens 

and Buckingham developed a theoretical formalism of the Faraday effect/9 initially for 

magnetic optical rotatory dispersion, which provided a means for understanding MCn 

spectra of molecular systems (section 3.3). 
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ing 

The impetus for line-narrowing techniques came from the importance of the study, 

both scientific and industrial, of interactions in host-guest systems. It has long been known 

that impurities or dopants at very low concentrations can dominate the optical properties of 

materials. However inhomogeneous broadening that obscured much of the desired 

information often hampered spectroscopy on these systems. With the advent of the laser in 

1958, intense, quasi-monochromatic light sources became available. Since then, laser line

narrowing techniques have become a valuable tool of the spectroscopist. 

The contributions to spectroscopic bandwidths of condensed-phase systems can be 

grouped into three categories. First there is a temperature independent homogeneous 

bandwidth for each transition of an individual molecule, which is related to the intrinsic 

lifetimes of the states between which the transition occurs * (section 4.5.1). Second, there is 

another contribution to the homogeneous bandwidth that arises from the presence of the 

host medium for example due to the scattering of phonons - which is temperature 

dependent. And third, the transitions of an ensemble of molecules do not occur at exactly 

the same energy since variations of environmental effects lead to an inhomogeneous 

distribution. 

The utility of laser line-narrowing occurs when the inhomogeneous broadening is 

significantly greater than the homogeneous bandwidth. Low temperatures are generally 

preferred since the homogeneous line-width is a function oftemperature. 

1.6.1 Fluorescence Line-Narrowing (FLN) and Selective Excitation 

ill fluorescence line-narrowing (FLN, sometimes called selective emission), a laser 

excites a small subset of luminescent molecules from an inhomogeneously broadened 

band. In the absence of energy transfer, the laser linewidth and the resolution of the 

detection device, or if these are sufficiently narrow, the homogeneous bandwidths of the 

transition, govem the bandwidth of the subsequent total luminescence (TL).t 

* If the transition involves the ground state, which effectively has an infinite lifetime, the 

homogeneous bandwidth is effectively detennined by the lifetime of the excited state. 

t The tenn total luminescence (TL) is more generic than FLN. It encompasses alllummescence 

spectra whether or not they utilise laser line-narrowing techniques. 



20 Introduction 

Alternatively, if the laser is scanned across a series of absorption bands whilst monitoring 

the emission at a fixed wavelength, a selective excitation specttum may be recorded. 

Excited 
State 

Eexc scanned 

v, 

v 
Ground 2 

State 

Selective excitation 

Eobs fIxed 

Excited 
State 

Eexc fIxed 

Ground 
State 

I 

(0,0) 

Figure 1.6. In a low-temperature selective excitation spectrum, the excitation frequency (Eexc) is scanned so 
that vibronic transitions to the excited-state manifold are probed. In a FLN spectrum the frequency of 
observed luminescence (Eobs) is scanned so that the vibronic transitions to the ground-state manifold are 
probed. 

The differences between the processes occumng in low-temperature-FLN and 

selective excitation experiments are illustrated in Figure 1.6. A fundamental point is that 

the vibrational overtones in selective excitation give a measure of the excited~state 

vibrational frequencies, whereas those in an FLN spectrum give a measure of the ground~ 

state vibrational frequencies. Consequently, the vibrational overtones extend to higher 

energy from the origin (0,0) band in the former, but to lower energy in the latter. 

1.6.2 Spectral Hole-Burning 

Hole-burning (HB) spectroscopy is a laser line-narrowing technique first used in 

1974 by Kharlamov et al.so and also by Gorokhovskii et al.sl It involves exciting a subset 
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of molecules from within an inhomogeneously broadened band using a narrow-band laser 

so that the number of absorbers at the laser wavelength is depleted leaving a 'hole' in the 

absorption band. If absorption (or excitation) spectra are run immediately before (pre

bum) and after (post-bum) hole burning, the difference gives a 'hole' spectrum. Under 

ideal conditions the width of the hole will be twice the homogeneous bandwidth of the 

transition, although in practice it may be broadened by various mechanisms (section 4.5). 

Hole burning is classified as transient or persistent (Figure 1.7). In transient 

spectral hole-burning the hole arises from a temporary depletion of the ground state and is 

therefore dependent on a delay of relaxation from the excited state. If the excitation source 

is removed, the hole will decay at the rate of relaxation. 

Persistent hole burning occurs when there exists a mechanism by which the excited 

molecules can relax into an alternative ground state with a consequent shift of absorption 

to another wavelength. The holes may then 'persist' for an extended period (perhaps 

indefinitely) after the excitation has been removed. At the same time the shift of 

absorption wavelength gives rise to a positive band in the hole spectrum, which is known 

as an 'antihole'. Since there exists thermally activated mechanisms by which holes can be 

broadened or filled, low temperatures (generally < 10 K) are normally required for holes to 

persist. 

Persistent hole-burning is divided into two further subcategories: photochemical 

(PHB) and non-photochemical (NPHB) or photophysical hole-burning. PHB occurs when 
-

an excited molecule undergoes a chemical transformation to a stable photo-product, and 

the absorption energy of the photo-product antihole is generally well removed from the 

absorption band being probed. In NPHB, the excited molecules are not changed 

chemically; their environment is disturbed so that they absorb at a slightly different 

wavelength. As a result, antiholes usually appear immediately to the sides of the hole. 

The mechanisms that have been proposed for persistent spectral hole-burning of 

MPs in disordered condensed-phase media are discussed in section 4.5.5. Experimental 

results involving hole-burning of ZnPcl Ar samples of varying concentrations are also 

presented which lend SUppOlt to a PEB mechanism proposed by Dunford et al. 82 



22 Introduction 

Transient Spectra Hole-burning Persistent Spectra Hole-burning 

Laser 
excitation 
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excitation 

Figure 1.7. Transient vs persistent spectral hole-burning 
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2.1 Introduction 

In this chapter the experimental techniques and instruments used in this work are 

discussed. The definitions of absorption, MCD, TL, MCPL, selective excitation and 

FDMCD as used in this work are presented in section 2.2, together with a discussion of the 

errors that arise in the measurement of absorption and MCD. 

A description of the spectrometer is given in section 2.4, including an explanation 

of the polarisation optics used for the measurement of MCP spectra, the procedures for the 

measurement of absorbance, emission or selective excitation, and the corrections and 

calibrations required for each of these and the associated MCP spectra. 

The preparation of matrices requires the sublimation of the sample and its co

deposition with a much larger flow of Ar onto a window cooled to < 20 K.1 The technique 

has been refmed for the reasons discussed in section 1.4.1. Section 2.5.1 presents a 

description of the new deposition apparatus along with the refrigerator and cryostat used to 

cool the window. 

2.2 Spectroscopic Defi nitions 

Absorbance is defmed by 

A = -loglO(ffo) (2.1) 

where So and S refer respectively to the signals corresponding to light incident on, and 

transmitted through, the sample. For MCP experiments a longitudinal Zeeman 

configuration is used, where the light propagates along the magnetic field direction. When 

absorption and MCD (M) are measured simultaneously (by modulating the light source 

rapidly between RCPL and LCPL) they are defined according to 

AL+AR 
A = 2 

(2.2) 
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where AL and AR represent the absorption when the light source is LCP and RCP 

respectively. The definitions for TL (I), MCPL (M), selective excitation (F) and FDMCD 

(M) are analogous: 

h+h I = -""---'-'-
2 

M=h-IR 

FL+FR 
F=--"'--= 

2 

(2.3) 

Here, hand IR are the detected intensities ofLCP and RCP luminescence, while FL and FR 

are the detected intensities of fluorescence when the excitation source is LCP and RCP 

respectively. 

2.2.1 Errors in the Measurement of Absorption andMCD 

The actual measured quantity in an MCD experiment (Mm) is given by 

M =_k SL - SR 
m SL + SR (2.4) 

where SR and SL are the detector signals, k is an instrumental calibration factor and the 

negative sign arises since a decrease of signal corresponds to and increase of absorbance. 

Substituting a rearranged version of (2.1) into (2.4) gives 

(
10-AL _ 10-AR ) 

Mill = -k 10-AL + 10-AR 

( exp[ -In(l o{AL ; AR )] - eXP[ln(l o{ AL ; AR )] J 
~ -k l eXP[ln(1 o{A L ; AR )] + exp[ In(lO{ AL 2 AR)] 

= ktaru{ In(1 O{AL; AR)] 

= k taru{ln~ 0) M ] (2.5) 

small x, tanh(x) ;::; x hence if the MCD is sufficiently weak then the instrument should 

be calibrated such that 
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2 
k In(IO) (2.6) 

When the MCD is stronger, the assumption that the relationship between M and Mm is 

linear is invalid and errors arise in the measurement of Mm. Some examples of the of 

en'ors that arise in this way are shown in Table 2.1. 

2.2.1.2 Absorption 

When the absorption is measured in the presence of a magnetic field it changes 

from the zero-field value defined by (2.2). The measured value (Am) is instead 

Am -loglO(SL
2
;OSR) (2.7) 

Proceeding in a similar manner as for the MCD gives 

1 (~ (A, -As)) 
= '2 So lO 2 + 10 2 1 

1 ([ (AI AR)~ [ (AI AR)n ) ~ = '2 So exp -In(10) ~ 2 U + exp In(lO) ~ 2 U lO 2 

(2.8) 

So 

Am = loglO(COS~ AL ; ARln(1 0)] ) 

= A lOglO (COSh [~ In(1 0)]) (2.9) 

Since cosh(x) ~ 1 when x is small, the error in Am is small when the MCD is weak, but it 

gets larger as M increases (Table 2.1). 

Table 2.1 gives some examples of the degree of errors that anse In the 

measurement of absorption for an array of MCD intensities. The shaded boxes represent 

extreme cases in which the transitions are lOO% circularly polarised. For the work 

presented in this thesis, the MCD signal was generally :s; 0.2 and the absorption was greater 

by at least a factor of five so the errors were :s; 2%. The sole exception is for the spectra of 

ZnTBP presented in chapter 0 for which the maximum absorption and MCD intensities are 
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respectively 2.1 and 0.47 with erTors of 3.5% and 9%. Due consideration of these errors is 

given during the analysis of these spectra. 

Table 2.1. Errors in the measurement ofMCD and absorption. 

True MCD % error in AAnt % error in Am 

(AA) 

0.02 0.02 

0.05 0.11 

0.1 0.44 

0.2 1.73 

0.5 9.75 

1.0 28.9 

MOD4 

Computer and 
interface card 

Absorption 

A = 0.1 

0.12 

0.72 

2.87 

• Stepper motor 
. and gearing 

M(CD) 

A=0.5 

0.02 

0.14 

0.57 

Figure 2.1. Schematic diagram of MOD4 reproduced from ref 2. 

A = 1.0 

0.01 

0.07 

0.29 

1.14 

6.83 

24.0 

A=2.0 

0.04 

0.14 

0.57 

3.42 

12.0 

A high-resolution double-beam (M)CD/absorption spectrometer (MOD4) was 

previously constructed at the University of Canterbury by Vaughan Langford during the 

course of his PhD studies2 (Figure 1.1). Light from the source is dispersed by a larrel-Ash 

I-m monochromator and alternately directed through and around the sample by an II-Hz 
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mirrored mechanical chopper. The sample space of the spectrometer can accommodate 

either an Alpha Magnetic Inc. electromagnet capable of providing a magnetic field up to 

-0.6 T, or an Oxford Instmment SM4 superconducting magnet and cryostat that can 

provide fields of 6 T. MI magnetooptical spectroscopy can be carried out using either the 

electromagnet in conjunction with an APD closed-cycle helium refrigerator, or the SM4 

using a matrix-injection technique.3 Detection of MCD is achieved using a photoelastic 

modulator (PEM) in conjunction with a lock-in amplifier (LIA) as described for Charlie 

below. 

Charlie 

Unfortunately, MOD4 is not suitable for the measurement of fluorescence spectra, 

and much of the work described in this thesis was conducted in the Physics Department of 

the University of Canterbury with use of equipment in the laboratory of Dr Roger J. 

Reeves. For these reasons the author of this thesis constmcted a portable single-beam 

spectrometer (Charlie) that can be transported between laboratories as required (Figure 

2.2). MOD4 was used, with the electromagnet and closed-cycle helium refrigerator, for 

the collection of some absorption and MCD spectra, but the majority were collected on 

Charlie. 

Charlie can be used to collect absorption, fluorescence or selective excitation 

spectra simultaneously with the associated MCP data. In addition, it has built-in 

functionality to simplify the collection of HB spectra where the holes are 'read out' in 

absorption. * 

Briefly, the spectrometer consists of a I-m optical rail along the axis of the entrance 

slit of a 0.64-m scanning monochromator. Mounted on the rail are illumination sources, 

sample chamber, mechanical optical chopper, and various focusing, filtering and 

polarisation optics. The lens that focuses the light onto the entrance slit is matched to the 

numerical aperture of the monochromator to obtain the maximum resolution with the 

minimum of stray light. The dispersed light is detected immediately at the monochromator 

exit slit. 

The total signal is monitored by mechanically chopping the light beam and using a 

lock-in amplifier referenced to the chopper. Circularly polarised light is produced by 

* see chapter 0 for a discussion of the principles involved in HE spectroscopy 
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passing the light beam through a plane polariser and photo-elastic modulator (PEM) as 

detailed in section 2.4.5. The resultant light alternates between RCPL and LCPL at a 

frequency of 84 kHz. The differential signal is monitored using the second lock-in 

amplifier referenced to the PEM. 

An IBM-compatible PC controls the spectrometer and PEM, collects and stores 

spectral data and monitors the laser power. 

Mechanical choJper 
Condenser Lens 

i 

Stepper 
Motor 

Mirror 
(Moved into position 

behind collimating lens 
k10r emission and selective 

excitation). 

Collimating Lens 

Positioned for MCPL or MCD, FDMCD 

Figure 2.2. Schematic diagram of portable single-beam spectrometer Charlie. 

2.4.1 Monochromator 

The monochromator is an InstlUments SA Inc. HR-640 scanning instlUment with a 

focal length of 0.64 m and a numerical aperture of in a standard coma-corrected 

Czerny-Tumer configuration. Three readily interchangeable 110 x 110-mm diffraction 

gratings provide the spectral ranges listed in Table All of the spectra presented in this 

thesis were collected in the visible region of the electromagnetic spectlUm using the no.2 

grating blazed at 500 nm. 



Experimental Apparatus and Instrumentation 33 

The parallel-sided entrance and exit slits, with a height of 20 mm, are 

independently and continuously adjustable between 0.04 2 mm. A mechanical 

wavelength display coupled to the grating mount gives the wavelength, calibrated for a 

1200-groove/mm grating. When using the 1800 groove/rum gratings, this reading must be 

SIS 
con-ected by 100' 

Table 2.2. Diffraction grating specifics for ISA O.64-m monochromator. 

Grating Grooves/rum Blaze (nm) Range (nm) Reciprocal Steps Per 
No. Dispersion Spectral Unit 

CAlmm) (S/S) 

1 1800 250 170 - 500 8 150 

2 1800 500 350 -1000 8 150 

3 1200 750 500 - 1500 12 100 

2.4.1.1 Monochromator Scan Con troller 

The monochromator is controlled by a computer-programmable modular 

microprocessor. As well as enabling the user to manually drive the monochromator, either 

continuously or between specified wavelengths, it also provides the means of computer

controlled spectrum collection. 

The scan controller displays the cun-ent wavelength of the monochromator, 

independent of diffraction grating, by using the 'steps-per-spectral-unit' ratio entered by 

the user (Table 2.2). The programmable fields of the scan controller include: 

Beginning wavelength (A) 

Final wavelength (A) 

Step increment (A) 

Scan speed between increments (Almin) 

- Delay time between successive increments (s) 

Slew speed (Almin) 

- Number of cycles through program. 

Delay between cycles (min) 

Once a scan commences, the user can manually intervene to either suspend or halt 

the program execution or to skip any remaining delay and advance the monochromator 
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immediately to the next wavelength. All of the functions listed above can be programmed 

externally via an RS232 interface at a 9600-baud rate. A run-level TTL BNC output at the 

rear of the scan controller reads high when the monochromator is scanning and low when it 

is at rest. The program variables can only be written to the controller when the run-level 

TTL is low. 

2.4.2 Light Sources 

Two light sources have been installed for absorption and MCD measurements: a 

tungsten-filament lamp is used for near-infrared and visible wavelengths and a deuterium 

lamp for the ultraviolet. The lamps are mounted equally off axis on each side of the optical 

rail. An on-axis concave mirror collimates the light and reflects it along the spectrometer 

axis (Figure 2.3). By rotating this mirror, either of the two light sources can be selected. 

Optical 
aXIS 

Figure 2.3. Housing oflight sources used with the Charlie spectrometer. 

The IO-V, 50-W tungsten filament was used as the illumination source for all 

absorption spectra presented in this thesis. It was powered by a custom-built 24-V, lO-A 

line-and-Ioad-regulated DC power supply.2 
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All of the spectra described in this thesis were measured in the visible region of the 

electromagnetic spectrum by using a Hamamatsu R376 end=on photomultiplier tube 

(PMT). The R376 has a spectral range of 160 - 850 nm, a typical luminous sensitivity of 

150 IlA/lm with peak sensitivity at 420 nm, and a response time of 15 ns. A preamplifier 

with a current-to-voltage gain of x 105 VIA is built into the base of the R376 to produce 

a readily measurable voltage signal. The PMT is also shielded with Il-metal to reduce 

interference from magnetic fields. 

2.4.3.1 PMT and Preamplifier Power Supplies 

The Hamamatsu R376 can take a maximum anode to cathode voltage of -1500 V" 

This is provided by a Power Designs Inc. model 2K20 high-voltage DC power supply. 

The high-voltage must be manually selected before a spectrum is run, and cannot be 

altered during data acquisition. (section 2.4.10.3) 

The 5-V power supplies required by the preamplifier are provided by an 

auxiliary output on the Ortec Brookdeallock-in amplifier (section 2.4.6.2). 

2.4.4 Mechanical Chopper 

Low-frequency measurements are troubled by 1/j (or flicker) noise, the magnitude 

of which decreases with increasing frequency.4 This can be reduced essentially to zero by 

sampling at a frequency greater than -200 Hz, at which point the total noise is strongly 

dominated by white noise which has a frequency-independent spectrum. Care should also 

be taken to sample at frequencies removed from known interferences (for example the 50-

Hz mains supply) or harmonics thereof. 

In Charlie the light is modulated by a Stanford Research Systems SR540 variable 

speed chopper with an aperture of 21 mm. The frequency is set to 270 Hz, well away from 

harmonics of the mains power supply and sufficiently low that it will not unduly 

compromise the life-time of the motor. The chopper is located directly in front of the 

entrance slit of the monochromator (Figure 2.2) where the optical beam is focused to a 

small image and throughput is not limited by the chopper aperture. Unfortunately with the 

chopper in this position incidental light passing into the monochromator is also chopped 

and detected by the LIA, so care must be taken to eliminate sources of stray and scattered 

light. 
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2.4.5 Polarisation Optics for MCP Detection 

In this section the production or analysis of circularly polarised light using a 

combination of a linear polariser and a PEM is described. The physical set up for 

(FD)MCD is different from that of MCPL. For the former, light is circularly polarised 

before the sample, while for the latter, the circular polarisation is analysed after the sample. 

2.4.5.1 Glan-Taylor Polariser 

A Glan-Taylor polariser consists of two calcite single crystals separated by a small 

air gap (Figure 2.4). The front and rear faces are nOlmal to the optical axis of the 

spectrometer, while the inner faces are at Brewster's angle. Light entering the polariser 

splits into ordinary (0) and extraordinary (e) rays due to the birefringence of the crystals. 

The e ray is transmitted with essentially no loss in intensity. However the 0 ray, with 

polarisation vector parallel to the internal crystal faces, undergoes total reflection at the 

air/prism inteface and is deflected away from the optical axis. In Charlie, the polariser is 

oriented so that the transmitted light lies in the vertical plane to coincide with the 

polarisation of the dye laser output. 

Incident 
light 

o-ray reflected and absorbed 
(polarisation out of plane of page) 

Figure 2.4. Principles of Glan-Taylor polariser 

2.4.5.2 Photo-elastic modulator (PEM) 

e-ray transmitted 
(polarisation in plane of page) 

The PEM consists of a rectangular block of piezo-electric material (quartz) glued 

to, and with the same resonant frequency as, a transparent and isotropic optical element. 

When an alternating electric potential at the resonant frequency is applied to the piezo

electric material, both it and the optical element oscillate with alternate expansion and 

contraction along a pair of orthogonal axes (the PEM is mounted so that these are at 45 
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degrees to either side of vertical). Associated with these oscillations is a strain-induced 

birefringence in the optical element, which induces a modulation of the polarisation of 

transmitted light as described in the following two sections. The amplitude of the 

oscillations is governed by the applied potential, which, in turn, is determined by a DC 

control-voltage. 

Charlie utilises a Hinds International Inc. JCK-series PEM. The optical element is 

fused silica with a transmission range of 210 - 3500 nm, and a resonant frequency of 84 

kHz. Two reference signals are provided; one at the PEM frequency if) and the other at 21 

Each is a square wave with peak-to-peak amplitude of 0.75 V. For the purposes of MCP 

data collection, the LIA is referenced to 1 The retardation voltage can be controlled 

manually or remotely, but care must be taken to 'anchor' the remote control voltage to zero 

before switching to remote control, since sudden fluctuations (which may occur if the 

control line is 'floating') can damage the optical element. 

The relationship between the control voltage and the wavelength of quarter-wave 

retardation (section 2.4.5.2) is linear and satisfies: 

Ivy. 2.2 x 10-3 Vr (2.10) 

where Ivy. is in A and Vr is in volts. The computer D-to-A converter used to control the 

PEM retardation voltage has a maximum output of 5 V (section 2.4.9), so in order to attain 

quarter-wave retardation at wavelengths up to 800 nm (17.6 V), the signal from the D-to-A 

converter is amplified by a mains-powered DC amplifier with a gain of 6. 

2.4.5.3 (FD)MCD Detection 

Modulation between LCPL and RCPL is achieved by passing plane-polarised light 

through the PEM so that the plane of polarisation bisects the two orthogonal strain axes of 

the optical element. The light splits into two components of equal intensity, which are 

polarised along each of the strain axes. These components propagate through the medium 

at different velocities determined by the strain and therefore by the amplitude and phase of 

the electrical potential applied to the piezo-electric block. 

If, after transit of the optical element, one polarisation component is retarded by 

exactly one quarter of a wavelength (Ivy.) with respect to the other, they combine to give 

RCPL or LCPL (Figure 2.5), depending on which component is retarded. Therefore, by 

controlling the amplitude of the applied voltage, the light can be modulated between LCPL 
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and RCPL for any wavelength within the limits of transparency or strain that the two 

blocks can sustain. 

AC driving 
current 

Incident beam plane polarised at 45° 
to strain axes of birefringent crystal 

Fused silica bar with 
strain-induced birefringence 

Circularly polarised light 
when retardation is 1;4 A. 

Time Retardation 

0~-------4--------~----------------~--' 

-1;4 

-+ Elliptical Elliptical Elliptical Elliptical 
I 

Linear RCP Linear LCP Linear 

Figure 2.5. Principles of using the photoelastic modulator and linear polariser to create modulated circularly 
polarised light for MCD and FCMCD measurements. 

2.4.5.4 MCPL Detection 

LCPL and RCPL emitted from the sample are alternately transmitted to the 

monochromator by passing the light through the PEM followed by the plane-polariser. 

The PEM control voltage is set so that at the extremes of oscillation, light polarised along 

one strain axis will be retarded or advanced by AIj., relative to light polarised along the other 

axis. Thus RCPL and will be converted to orthogonal plane-polarised beams whose 

planes of polarisation bisect the strain axes of the PEM. A plane-polariser (analyser) 

placed after the PEM, with its plane of polarisation bisecting the strain axes of the PEM 
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optical element, will alternately pennit the transmission of RCPL and LCPL emitted from 

the sample. 

2.4.6 Lock-in Amplifiers 

A lock-in amplifier (LlA) is a type of phase-sensitive detector used to extract weak 

(m V to n V) signals at a set frequency f and phase <p from a noisy background, which, 

potentially, can be orders of magnitude more intense. The principle of operation is 

depicted schematically in Figure 2.6. 

Two input signals are supplied to the LlA: a reference, Sref, which may be a square 

or sinusoidal wave of frequency,f, and a sample signal, Ssamp, from which the desired signal 

is to be extracted. Sref passes through a phase shifter to bring it to phase <p. The two signals 

are multiplied together by a 'mixer', which produces two signals at frequencies equal to 

the sum and difference of Ssamp and Sref. The sum is AC and consists of a ~f component at 

half the amplitude of Ssamp as well as all noise components at frequencies different to f 
The difference is DC, again with half the amplitude of Ssamp. The AC component is 

shunted to ground and the DC component passed through a low-pass filter to give an 

average DC output proportional to the amplitude of signals at f and its odd hannonics. In 

fact, the odd hannonics are generally removed (together with other signals well shifted 

fromj) by passing Ssamp through a band-pass filter prior to the mixer. The final DC output 

is then proportional to the amplitude of the true signal at f 

Sample signal 
(S.amp) 

Dnr~n% ~ uu [JU 
Reference signal 

(Sref) 

Figure 2.6. Schematic diagram oflock-in amplifier operation. 

A low-pass filter can reduce the noise remaining in the final output from the LlA. 

The frequency-dependent attenuation by a low-pass filter is shown in Figure 2.7. The cut

off frequency is defined to be 

1 
!c = 21t't (2.11) 
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where 't is the time-constant of the filter and!c is the frequency at which the signal G(f) is 

attenuated by 3 dB. (Note that frequencies greater than!c, though attenuated will still 

passed by the filter.) The amount of 'smoothing' of the output signal is adjusted by 

altering the time-constant of the low-pass filter. However, a longer time-constant requires 

a longer period for the LIA output to converge to the true DC signal proportional to the 

input signaL 

G(f)/ dB 
Of---------

-3 - - - - - - - - - - - - -

'---------'-----------.::....-;. log(f) 
fc 

Figure 2.7. Frequency dependent attenuation ofa low-pass filter 

Two LIAs are employed in Charlie. The first (the total-signal LIA) is referenced to 

the mechanical chopper and detects the total signal. The second (the MCP LIA) IS 

referenced to the PEM, so detects the difference between LPCL and RCPL signals. 

An EG&G model 5101 LIA is used to measure the total-light signal (from which 

the absorption, emission or selective excitation is calculated). The output from the PMT 

pre-amplifier passes through a band-pass filter with Q = to remove frequencies far from 

the reference. The phase correction is set manually by a front panel dial. The time 

constant of the low-pass filter can be set from 1 ms up to 30 s and there is an additional 

post filter, which can be selected with a time constant of 0.1 or 1 s. 

The ±1-V full-scale output range of the LIA under-utilises the available ±8 .5-V 

resolution of the computer's A-to-D converter, so an amplifier with gain of 8.5 has been 

constructed to plug into an interface port on the back panel of the LIA. (The required 5-

V power supplies are provided at this port.) The DC output signal of the LIA has been 

* Q, the quality of a band-pass filter is defined by Q = fr / 2fc where fr is the centre frequency of the 

filter and fc is defined in (2.11). 



Experimental Apparatus and Instrumentation 41 

internally re-routed to one of the pins of this interface port and the amplified signal is 

available from a BNC connection at the rear ofthe amplifier housing. To further utilise the 

available resolution of the A-to-D card, use is made of the fact that the total signal will 

always be positive, and a negative offset of 50% full scale is applied. 

2.4.6.2 MCP LIA 

The MCP signal is measured with an Ortec Brookdeal model 9503 LIA. The signal 

is again passed through a tuneable band-pass filter and the reference phase is corrected 

manually by a front-panel diaL The low-pass filter has a time constant adjustable between 

1 ms and 100 s and provides an additional post-filter with time constant settings of 0.1 or 1 

s. The output signal supplies ±1O V full scale. Because the differential MCP signal can be 

positive or negative, the offset must be set to zero. 

2.4.7 Laser Source 

The excitation source for the emission and selective excitation spectra is a Spectra

Physics Model 375 dye laser. The manufacturer specifications state that the beam diameter 

is 0.5 mm with a divergence of 1.5 mrad, the wavelength stability is < 0.01 nm, and the 

amplitude stability is < ±3%. The output power, line-width, tuning resolution, required 

pump power, and laser cavity mirrors are dependent on the dye in use (Table 2.3). 

The dye laser is pumped with a Coherent Innova 90 Ar ion laser. The laser 

transitions occur between excited energy levels of either singly or doubly ionised AI 

atoms. Population inversion is maintained by electric discharge, with current densities of 

up to 700 A/cm2
, generated by a 45-A power supply. The heat produced by this current is 

dissipated conductively by an 8.5-Llmin flow of water. For the purposes of pumping the 

dye laser, an all-lines mirror is used, giving a maximum power output of'" 7 W. The pump 

laser output has a beam diameter of 1.3 mm, a divergence of 0.5 rnrad, a long-term power 

stability of 3 % and optical noise of 0.5% rms. 

2.4.7.2 Dyes and Circulators 

Two dyes were used in the collection of the spectra presented in this thesis: Exciton 

Rhodamine 590 (R590) and Exciton Suforhodamine 640 (SR640). The manufacturer's 

specifications for using the dye laser with these dyes are given in Table 
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Provision of two water-cooled circulators and nozzles allows easy and rapid 

interchange between the dyes. The reservoir of each contains .5 L of dye solution, 

which is pumped to the nozzle through 6-mm-diameter polyamide tubing. The nozzle 

produces a flat-profile jet mm wide, which is crossed at Brewster's angle, relative to the 

plane of the jet, by the output beam of the pump laser. (The output of the Ar ion laser is 

polarised in the vertical plane, so by having the dye jet at Brewster's angle, the reflection at 

the dye-stream surface is minimised.) The jet is collected in a I section of tubing, 

through which it returns to the reservoir by gravity. 

Table 2.3. Manufacturer's specifications for the Spectra Physics Model 375 dye laser when utilising the dye 
solutions and circulators used in this study. 

Dye R590 SR640 

Solvent 1,2-ethandiol 1,2-ethandiol 

Dye circulator Spectra Physics 376B Coherent Radiation 591 

Concentration (mol L-1
) 2 x 10-3 l.5 X 10-3 

Output Power at Peak (W) 0.3 0.15 

Pump Power Required (W) 5 3 

Minimum Conversion Efficiency 20% 16% 

Linewidth (om) 0.05 0.05 

Tuning Resolution (om) 0.01 0.01 

2.4.7.3 Birefringent Filter 

The wavelength tuning-element in the dye laser is a Spectra Physics model 375 

birefringent filter. It consists of a stack of three, crystalline quartz plates cut parallel to 

their optical axes and positioned inside the dye laser at Brewster's angle relative to the 

laser beam. The plates split the laser beam into 0 and e rays. The refractive index for the 0 

ray is independent of its path through the crystal, but that of the e ray depends on crystal 

orientation. As with the Glan-Taylor polariser (section 1) if the filter is aligned at 

Brewster's angle relative to the lasing axis, then only the e ray is transmitted. Wavelength 

tuning is then achieved by rotating the filter about an axis normal to the surface of the 

plates since this changes the refractive index of the transmitted e ray and therefore the 

wavelength for which the laser cavity is resonant. 

2.4.7.4 Wavelength Control 

The position of the birefringent filter, and therefore the wavelength, can be 

precisely controlled with a vernier micrometer. Remote control is achieved by driving this 
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micrometer with a Phillips stepper-motor, used in a half-step configuration, giving 

400 steps per revolution (step angle of 0.9°), corresponding to ,....10 steps/A for the dyes 

used. The stepper-motor is run by a custom-built pulse generator in conjunction with an 

825518253 I/O card in the Pc. 

The stepper-motor controller receives three signals from the pulse generator and 

I/O card: an earth, a square wave train in which the number of pulses corresponds to the 

number of steps taken, and a direction control signal. The direction line is directly 

connected to bit-5 of I/O port PIC. When high, the stepper-motor scans in the forward 

direction (to longer wavelength) and when low it scans in the reverse direction. Bit-4 of 

I/O port PIC is wired to the gate pin of counter O. When bit-4 is set high, the output from 

this counter goes low on the first count and high when the preloaded count has been 

reached. The set-up of the pulse generator is such that the output to the stepper-motor 

controller is a square wave only when the output from the counter is low. The status of the 

stepper-motor can also be monitored on bit-l of port PIC, which is high while the motor is 

stepping. The status line is monitored before loading a new count and before sampling at 

each wavelength to ensure that the motor is not currently stepping. 

2.4.7.5 Wavelength Calibration 

Although the laser wavelength varies continuously as the birefringent filter is 

rotated, its relationship to the rotation angle is complicated. To allow the stepper-motor 

position to be determined for any required laser wavelength, calibration data were fitted by 

a polynomial function. A new calibration must be carried out, as described in section 

2.4.11.6, each time the laser is realigned or the dye is changed. 

2.4.7.6 Laser Power 

A Spectra Physics model 373 Dye Laser StabiliseI' is used to monitor the laser 

output power via a rear-panel BNC port. The signal is recorded on channel 3 of the A-to-D 

(section 2.4.9) simultaneously with spectral collection to allow later correction of the data 

for incident light intensity. Typical laser intensity profiles for the and SR -640 dyes 

measured in this way are shown in Figure 2.8. Although the lasing bandwidth of these 

dyes remains fairly constant, the distribution of intensity with wavelength can vary greatly 

depending on the exact alignment of the dye laser. 
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Figure 2.8. Measured intensity profiles ofR590 and SR640 dyes. 

2.4.8 Additional Optics 

2.4.8.1 'Absorption' Optics 

For the measurement of absorption and MCD spectra, a concave mirror in the lamp 

housing is used to collimate the light from the tungsten (or deuterium) lamp along the 

spectrometer axis (Figure 2.3). After passing through the sample chamber, this light is 

focused into the monochromator by a single aperture-matched lens. Since the tungsten 

lamp has no significant intensity below 350 nm, an order-sorting * filter is not required for 

work between 400 and 700 nm. 

2.4.8.2 Fluorescence Optics 

Additional lenses and mirrors are required for the measurement of fluorescence 

spectra. The laser beam is directed into the sample chamber using a periscope and a mirror 

placed in front of the lamp housing. Three lenses are required. The first is positioned in 

front of the sample chamber to defocus the laser beam so that the entire sample window is 

• For lamps with high UV output, if the monochromator is set to wavelength Ie in the visible, a filter 

is required to remove the component at Al2 that results from second-order diffraction from the 

monochromator grating. 
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illuminated. The second is placed after, and as close as practicable to, the sample in order 

to collect and collimate as much of the fluorescence as possible. The third lens focuses the 

collimated light into the monochromator 

selection of Coming colour filter glasses (Figure 2.9) is used to block laser 

radiation (scattered light which would otherwise swamp the sample luminescence) from 

entering the monochromator. 

Transmittance 3-70 
(%) 3-69 

3-68 

50 3-67 

3-66 

2-73 2-62 

Wavelength I nm 

Figure 2.9. Measured transmission profiles for Corning optical filters used to absorb the dye-laser radiation 
and thus prevent it from entering the monochromator. 

2.4.9 Computer Hardware 

The (archaic) IBM -compatible PC has an 80486SX microprocessor with a 

clock and 2-MB of RAM. An 8255/8253 1/0 card is used to control the laser stepper

motor. As well as providing programmable input and output functions (8255 chip) this 

card also provides programmable timer and counter functions (8253 chip).. The card 

contains a total of six 8-bit VO ports, and three 16-bit timer/counters. Analogue-to-digital 

conversions are achieved through a 14-bit, 16-channel, bipolar (-8.5 V +8.5 V) PC

ADDA-14 A-to-D converter. Four signals are monitored by this card; the DC output from 

the two LIAs, the laser power from the 373 Dye Laser Stabiliser and the run-level TTL of 

the monochromator scan controller. 
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Digital-to-analogue conversions are handled with a 12-bit, 2-channel, unipolar (0 -

5 V) Metrabyte Dash-16 D-to-A converter. A single channel is used to control the PEM 

retardation voltage. The computer interface with the monochromator scan controller is 

asynchronous via one of the computer's communications ports (COM2) using the RS232 

protocol. 

2.4.10 Computer Software 

The software for control of the spectrometer has been written in Microsoft 

QuickBASIC 4.5 and is run using the DR DOS 6.0 operating system. The program 

(Char 1 ) was initially based on one written to control a double-beam absorption and 

MCD spectrometer at the University of Virginia. l However little of the original remains. 

Additional subroutines have been written to view the spectra during collection and to 

automate many of the pre-spectral settings and calibrations. 

2.4.10.1 File Format 

The spectral files are saved in a format compatible with software written at the 

University of Canterbury for the manipulation, analysis and graphical display of spectra. * 

The first block (512 bytes) of the file (blockO) is reserved for a record of the spectrometer 

settings (Table 2.4). The remaining blocks contain absorption or fluorescence data 

followed by MCP data (if recorded) and fmally laser intensity data (for emission or 

selective excitation spectra). For each of these, abscissa data (wavenumber) are saved first 

followed by the ordinate data (signal level). 

The names of the spectral files must follow the standard DOS format of 8.3 

characters (eight-character filename with a three-character extension). However the 

software restricts the filename to five characters, the sixth and seventh positions being 

reserved for a two-digit number to permit multiple scans with similar fIle names. If a file 

has a baseline spectrum subtracted from it (section 10.5), it is saved with the same 

name, but with the letter '13' in the eighth character position. In the same way, a 

spectrum from which the pre-bum spectrum has been subtracted, is saved with the letter 

'H' appended. The fIle extension for all spectral fIles is DAT. Thus if the user specifies 

the name for a series of spectra, they will be saved with the fIle names: 

• Much of this software was written over a decade ago when disk space was at a premium and the 

binary fonnat was chosen to minimise storage requirements. 
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AFILEOl. AFILE02. DAT, AFILE03. DAT, etc., and base lined or HB spectra will 

have names such as AFILE02B. DAT or AFILE03H. respectively. 

Table 2 4 Infonnation saved in blockO of data files .. 
Byte No. Data saved 

I Spectrum title" 

73 Wavelength increment (angstroms)" 

77 Beginning wavelength (angstromst 

83 Laser intensity collection flag (codedy,b 

87 MCP collection flag (codedtb 

93 Final wavelength (angstromst 

97 Block No. of 1 st total-signal data point 

101 No. of total-signal data points 

109 Block No. of 15t laser-intensity data point 

113 No. oflaser-intensity data points 

115 Block No. of 1 st MCP data point 

119 No. ofMCP data points 

143 PMT voltage (vt 

147 Total-signal samples taken at each wavelength" 

161 MCP LlA sensitivity (codedt,b 

185 Magnet current (At 

197 Slit-width (Ilmt 

309 Primary data type (codedy,b,c 

313 Delay between wavelength increments (st 

315 MCP samples taken at each wavelength" 

377 Monochromator wavelength (nm - for emission)" 

381 Laser wavelength (nm - for seleetive excitationt 

383 Total-signal LlA sensitivity (coded)"'b 

a SpeCIfied by the user 
b The coded values may be easily seen by inspection of the program source code. 
e Absorption, emission or selective excitation 

Data Type 

70 ASCn characters 

4-byte floating point 

4-byte floating point 

2-byte integer 

2-byte integer 

4-byte floating point 

2-byte integer 

2-byte integer 

2-byte integer 

2-byte integer 

2-byte integer 

2-byte integer 

2-byte floating point 

2-byte integer 

4-byte floating point 

2-byte integer 

4-byte floating point 

2-byte integer 

2-byte integer 

2-byte integer 

4-byte floating point 

4-byte floating point 

4-byte floating point 
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When is first launched, the PEM retardation voltage is set to zero and 

the user is informed that it is safe to set the PEM controller mode to remote. The user is 

also prompted to enter the current wavelength from the mechanical monochromator 

display. The true wavelength is calculated (based on the current diffraction grating see 

Table 2.2) and loaded into the microprocessor. The file CALIB. TXT is then opened and 

the calibration parameters are loaded into memory (section 2.4.11). A flow diagram of the 

start-up and shut-down procedures of Char 1 ie, as well as the menus available, is shown 

in Figure 2.10. 

Initialise data arrays 

~~~~~~iill[I&l~ and peripheral port 
~ addresses. Set PEM 

control voltage to 0 V 

Figure 2.10. Flow diagram of the basic start-up and shut-down procedures of the spectrometer-control 
program also showing the operations available on the main and utilities menus. 

2.4.1 0.3 SpectrunI Collection 

During data collection, the computer controls the monochromator wavelength, laser 

wavelength and retardation voltage. It does not control the laser power, PMT high 

voltage, or settings, hence before a spectrum is measured, the user must ensure that 

these settings give adequate signals without overloading either of the LIAs. Software 

routines are provided to simplify this process; once a file name has been specified (but 

before the user is prompted for the scan parameters) the monochromator wavelength and 
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the laser wavelength may be scanned through the spectrum whilst ramping the PEM. In 

this way the optimum high voltage and LIA settings can be determined. 

The flow of program execution during the collection of a spectrum is shown in 

Figure 2.11. Before data collection begins, the user must enter the spectlum settings listed 

in Table 2.4. The user next has the options of resetting the monochromator and/or the laser 

wavelengths and specifying points at which to pause (for example to change a filter) during 

the data collection. For a selective excitation spectlum, the monochromator is sent to the 

wavelength at which the fluorescence is to be monitored. 

For absorption or fluorescence spectra, the monochromator scan controller is 

programmed according to the scan parameters. Spectral collection may then begin. Note 

that the scan-controller delay between points is always set to its maximum of 900 s; when 

sampling has fmished at a particular wavelength, prompts the controller to 

advance the monochromator by the programmed increment by sending the appropriate 

command via the RS232 interface. Thus the 900-s delay never expires and the 

monochromator is only advanced as a result of software commands from Charlie via the 

RS232 interface. 

The collection of a spectlum proceeds as follows. If MCP data are to be collected, 

the PEM is first ramped to the appropriate quarter-wave retardation voltage for the current 

wavelength. After the required input channels are sampled a signal is relayed to the scan 

controller to send the monochromator to the next wavelength and the PEM retardation 

voltage is ramped accordingly. To ensure that no further sampling occurs until the 

monochromator has reached the next wavelength, the run-level TTL of the scan controller 

is monitored until it changes to the low condition. 

If the digitised signal from either LIA exceeds 16300 (an analogue input of +8.45 

V), indicating that the LIA is close to overloading, the program will sound a warning and 

pause for the user to make any necessary adjustments. The total-signal and associated 

MCP signal (if collected) are plotted on screen as they are collected. At any time, pressing 

the 'P' key will interrupt the spectrum and pressing the 'R' key will cause the ordinate of 

the plots to be re-scaled such that the entire spectrum is visible on the screen. 
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Figure 2.11. Flow diagram of main execution sequences for the spectrometer-control program Charlie. 
The dark-shaded boxes represent menus from which the user ean select an option. The light-shaded boxes 
represent functions that require additional user input. 
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At the end of the spectrum, or after interruption, the user can either save the data to 

disk or quit without saving. After saving, the user has the option of designating the current 

data as a baseline or a pre-bum spectrum. If this is done, the data are stored in a set of 

arrays in RAM. A baseline or pre-bum spectrum can be subtracted from subsequent data 

sets and the resulting spectra displayed on screen. These difference spectra may also be 

saved to disk in which case the letter 'B' or 'H' will be appended to the file name (section 

2.4.10.1). 

2.4.10.4 Sampling 

The data from each LIA, the laser power and the wavelength are saved in separate 

arrays. The following sections detail the way in which the desired spectral points are 

derived from the signals collected. 

(a) Total-signal Collection 

The total signal is calculated according to 

lDtotal ) 
Stotal == Ktota1 x -- - Soffset 

ntota1 

where Stotal is a single sample value from the total-signal 

samples tal(en at that wavelength, Ktotal is the sensitivity of the 

(2.12) 

ntotal is the number of 

and Soffset is the zero-

level of the LIA (section 2.4.1 0.5 ( e ». Stotal is directly proportional to the intensity oflight 

detected by the PMT, so for emission or selective excitation it is saved directly into the 

total-signal array. For absorption spectra -loglO(Stotal) is saved into the array (section 2.2). 

(b) MCP signal Collection 

The MCP signal is calculated according to the relation 

(2.13) 

where SMCP is a single sample value from the MCP LIA, nMCP is the number of MCP 

samples taken at that wavelength, K MCP is the sensitivity of the LIA, and SA2Dzero has the 

digital value of 8192 (1014/2 is the zero-voltage value of the 14-bit bipolar A-to-D 

converter section 2.4.9). SMCP is directly proportional to the differential intensity of 

LCPL minus RCPL detected by the PMT and is saved directly into the MCP array for 

MCPL or FCMCD spectra. For collection of MCD, the signal must be corrected for the 
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amount of light absorbed; as the absorbance signal increases, the MCD signal is attenuated 

proportionately. Thus the MCD signal SMCD is given by 

SMCP 
CMCDslope x-S total 

(2.14) 

where CMCDslope is the MCD calibration constant (section 2.4.11.3) and Stotal is defmed in 

(aJ above. 

(cJ Laser Intensity Collection 

The laser intensity signal is calculated by 

Slaser A x [L?~~er - S A2Dzero ) (2.15) 

where Slaser is one of a hundred samples collected from the laser power meter and SA2Dzero 

is the zero voltage of the A-to-D, as described in (bJ above. The signal is multiplied by A 

(the current wavelength) to produce a photon intensity rather than a power proportionality. * 

2.4.10.5 Additional Subroutines 

This section describes additional subroutines that aid the user with various tasks. 

(aJ Laser Wavelength Calibration (LaserCal) 

is used to obtain laser wavelength calibration data. To restrict the 

amount of light incident on the PMT during calibration, a neutral-density filter with a 

transmission of 0.2% is used. With the attenuated laser beam directed into the 

monochromator, the dye laser is first scanned to the shorter-wavelength end of the lasing 

envelope. By successively rotating the stepper-motor by a set number of steps (specified 

by the user) and then tuning the monochromator to the resulting laser wavelength, the 

• The power of a light source is given by 

p=nhv 
I1t 

where n is the number of photons in a given period i::.t, h is the Planck's constant and v is the photon 

frequency. The photon intensity of the light is given by the number of photons per unit time, 

I dn = 1:... = PI, 
dt hv he 

Thus, an intensity proportionality is obtained by multiplying the power by the wavelength. 
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program generates a table of calibration points relating laser wavelength to stepper-motor 

position. These data are saved in an ASCII file with a CAL extension. Section 2.4.11.6 

describes how the data are used to determine a set of laser wavelength calibration 

parameters. 

(b) Determination of Laser Wavelength Calibration Errors serTest) 

LaserTest is used to determine the uncertainty in the laser wavelength. The 

laser is randomly set to a wavelength within its lasing envelope (the limits are specified by 

the user) and the monochromator is scanned until that wavelength is found. The difference 

between the predicted (on the basis of the calibration parameters) and actual wavelengths 

is recorded and saved in an ASCII file with a T S T extension. The procedure is repeated 

many times and the RMS error associated with these data is then determined. In this way, 

a 95% confidence interval for the error associated with the laser wavelength was typically 

found to be on the order of ±0.15 nm. This error is not completely random but represents 

the maximum error in the calculated position of the laser wavelength relative to some 

known wavelength of the laser. The relative error between two consecutive points in a 

selective excitation spectrum is much less than 0.15 nm. The typical laser wavelength 

increment in selective excitation spectra collected in this work was 0.05 nm, over which 

range differences in the measured signal could be clearly resolved. 

(c) Loading Baseline Files (LoadFile) 

Since baseline and pre-bum files (section 2.4.10.3) are stored only in RAM, they 

are lost when the program is terminated. The LoadFile routine allows the user to reload 

a baseline or pre-bum spectrum from a saved file. 

(d) Writing to a Calibration File (SetCal) 

The parameters in the file CALIB 0 TXT can be altered from within the program by 

using SetCal. A new CAL lB. TXT file is generated and the old version is saved under 

the name CAL####. TXT (where #### is the current date in a DDMM format) in case 

the calibration parameters it contains are required later. 
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(e) Setting the Total-signal Offset (SetZeroOffset) 

The signal arising from the PMT dark-current is set by closing the exit-slit shutter 

of the monochromator and running the SetZeroOff set routine. The average signal 

monitored on the total-signal LIA is then set as the zero-signal level and is subtracted (by 

the program) from all future measurements taken from the total-signal LIA. Setting the 

zero-signal level is very important for the measurement of absorption spectra (section 

11.1 ). 

2.4.11 Spectrometer Calibrations 

In this section is discussed the requirements for calibrations that must be carried out 

before the measurement of spectra, along with some sources of error or noise to be aware 

of when collection data. 

The MCD, MCPL, monochromator wavelength and laser wavelength calibration 

parameters are saved in the file CALIB. TXT, from where they are loaded into memory 

whenever the spectrometer control program is launched. This ASCII file may be modified 

through the subroutine SetCal (section 2.4.1O.5(d)) or directly by using a standard text 

editor. 

2.4.11.1 Absorption 

Errors in absorbance can arise from stray light or erroneous offset of the total

signal LIA. Since absorbance is a logarithmic function of light intensity, these errors are 

most pronounced when the absorbance is large (that is, when the detected light signal is 

small). Care must therefore be taken to minimise all stray-light sources and to accurately 

set the zero-level signal of the LIA (section 2.4.10.5(e)). 

Fluorescence requires no calibration and is not susceptible to the errors that arise in 

the measurement of absorbance. Scattered light within the monochromator (although 

contributing to noise) leads only to a constant offset in the spectrum. 

The MCD is calibrated by measuring three bands, between and 615 run, of a 

sample of didymium glass (Figure 2.12) mounted in the centre of a toroidal rare-earth 
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magnet (section lea)). The advantage of this procedure over measuring the CD of an 

optically active standard material (as is done with MOD4) is that errors due to offsets in 

the MCD signal can be eliminated by subtracting a spectmm collected with the magnetic 

field reversed (see section 2.4.12.2). 

A relatively wide slitwidth of 400 !-lm is used due to the large bandwidths 

(-100 em-I) of didymium glass. The true MCD of the sample (mounted within the same 

magnet) was measured by using MOD4, which had previously been calibrated by 

alternative means.2 

o 

~0.5 

0.8 -1.0 

0.6 -1.5 
0.516 
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16500 17000 17500 18000 
Elcm,j 

Figure 2.12. Absorption and Men of a didymium glass sample mounted in the centre of a toroidal rare-earth 
magnet. 

2.4.11.4 MCP Fluorescence 

The MCP LIA must be calibrated so that the MCPL is related to the same scale as 

the total fluorescence; in other words, the MCPL intensity profile should be exactly twice 

that of the total fluorescence of pure LCPL or RCPL see (2.3). A 100% circular polariser 

is placed in front of the PEM so that only one polarisation is transmitted to the detector. 

The scale factor required to bring the output from the MCP LIA to twice that of the total

signal LIA output can then be determined. 
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2.4.11.5 Monochromator Wavelen gth 

The monochromator wavelength is calibrated by using a well-characterised 

Na3[Nd(ODA)3]-2NaCI04'6H20 (NdODA) crystal aligned with its crystallographically 

unique (c) axis along the optical axis of the spectrometer. 5 This provides numerous sharp 

absorption (and CD) bands throughout the visible region. The crystal absorption spectrum 

is shown in Figure 2.13, and a wavelength calibration curve for the monochromator, 

together with a table of the wavelength of absorption bands used in the calibration is 

illustrated in Figure 2.14. 

2.4.11.6 Laser Wavelength 

The procedure for obtaining data that relate stepper-motor position to dye-laser 

wavelength is described in section 2.4.10.5(a). A third-order polynomial is fit to this data 

using Microsoft Excel (Figure 2.15). Charlie uses the three coefficients to determine the 

number of motor steps required to drive the laser to a desired wavelength. The error 

associated with these parameters is determined using LaserTest (section 2.4.10.5(b») 
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Figure 2.13. Absorption spectrum ofNa3[Nd(ODA)3]'2NaCl04'6H20. 

NdODA 
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+ Calibration points Band Au-ue / A 
Linear fit: "'true 1.001 X "'mea, - 16.00 A 1 6804.3 

2 6790.2 

• Residuals 3 6737.4 
7000 4 4 6249.4 

5 6233.0 
6 6027.2 

6500 3 7 5981.6 

" 8 5934.1 
"'true / A 2 9 5870.5 

6000 • 10 5821.5 

• • 11 5787.8 
1 12 5763.2 

1\\11 13 5746.2 5500 1\\11 A.me .. - "'true I A 14 5727.6 • • lit 0 15 5313.4 • • 16 5278.8 
5000 , 17 5255.6 • -1 

18 5229.9 • , 
19 5136.5 • 4500 -2 20 5106.4 
21 5040.6 
22 4767.0 

4000 -3 23 4746.3 
4000 4500 5000 5500 6000 6500 7000 24 4718.5 

A.mea'/ A 
25 4626.5 
26 4585.3 
27 4299.2 
28 4192.5 

Figure 2.14. Table ofNdODA absorption bands used in the calibration, and a typical calibration curve for 
the monochromator. 
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Figure 2.15. Representative dye-laser-wavelength calibration plot for the spectrometer Charlie, using the 
R590dye. 
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2,4.12 SpectrmTI Corrections 

Source intensity, monochromator efficiency, detector sensitivity, absorption by 

components in the optical train and light scattering by the optics and the sample are 

wavelength-dependent quantities that contribute to the detected signal. The corrections for 

these effects are discussed in this section, Unlike the calibrations discussed above (applied 

before data collection), these corrections are applied after the spectra have been collected, 

2.4.12,1 Absorption 

The absorption baseline is determined in the absence of the sample, The difference 

between this ·and the signal obtained with the sample in the optical path, is due s01ely to 

sample absorbance and scattering. Scattering (predominantly due to small crystallites of 

Ar) is generally weak. Although the theoretical dispersion should go as ""'1 /A, \ it varies 

approximately linearly with wavelength over the short spectral ranges studied in this work 

and can easily be corrected for by subtracting a linear baseline. 

2.4.12,2 MCD 

In principle, the optical components of the spectrometer should not exhibit CD, 

However, in practice a wavelength-dependent offset appears in the MCD, presumable due 

to imperfect optics and polarisation effects of the monochromator. This is corrected by 

subtracting either a zero-field MCD spectrum, or a spectrum collected with the magnetic 

field reversed, The latter, which requires the difference to be divided by two, is preferred 

since it also improves the SIN ratio by a factor of-12, 

2.4.12.3 Fluorescence and MCPL 

For an emission spectrum, corrections must be made for the monochromator 

efficiency and PMT sensitivity. The combined efficiency of the monochromator-PMT 

system was determined using a standardised tungsten lamp with a filament temperature 

(determined by optical pyrometry) of 2483 K.* The total-light signal from this source in 

the visible region is shown in Figure 2.16, along with the (scaled) black-body radiation 

curve for a 2483-K emitter. The ratio of these functions gives the wavelength-dependent 

• Thanks to Dr Elmars Krausz of Research School of Chemistry (RSC) at the Australian National 

University for providing the lamp and Steven Downing, formerly at the RSC and now at the Department of 

Electrical and Electronic Engineering of the University of Canterbury, for carrying out the calibration. 
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con-ection factor for the emission and MCPL. This detection sensitivity profile, saved in 

the file EMI 

collection. 

Relative 
intensity 
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14000 

is used to multiply emission and MCPL spectra after data 
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Figure 2.16. Relative intensity profiles for a tungsten lamp measured on Charlie, and a 2483-K black-body 
radiator. Also shown is a correction curve for emission spectra (by which they must be multiplied) derived 
by dividing the back-body curve by the tungsten lamp intensity profile. 

In addition to monochromator- and PMT -dependent con-ections, if a TL or MCPL 

spectrum is collected using a filter the spectrum may need to be divided by the 

transmission spectrum ofthat filter (Figure 2.9). 

2.4.12.4 MCPL, Selective Excitation and FDMCD 

For selective excitation and FDMCD, con-ections must be made for the wavelength 

dependence of the laser intensity, which is measured simultaneously with the spectrum 

(sections 2.4.7.6 and 2.4.10.4(c)). The selective excitation and FDMCD spectra need 

simply be divided by this intensity spectrum. 

In this section, a discussion of the techniques and apparatus used for the preparation 

of samples is presented. 
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2.5.1 Matrix Isolation (MI) of MPcs 

The compounds studied in this work are well suited for incorporation into Ar 

matrices. As well as being exceptionally stable, they sublime under vacuum at moderate 

temperatures (200 - 400°C). 

The equipment for matrix preparation is shown in Figure 2.17. The sample is 

sublimed from a quartz or glass tube mounted in front of the deposition window. The 

sublimation oven consists of a heater, thermocouple, inlet tube through which a stream of 

argon is passed over the material to be sublimed, and a shutter positioned between the 

deposition window and the inlet-tube orifice. 

Argon~ 
inlet 

Sample chamber 

Figure 2.17. Equipment for AI' matrix preparatiou. 

, 
StainlessQ 

steel caps 

Shutter Sample 
window 

-+ 

The heater is a tightly wound coil of 21-gauge British Standard nichrome wire, with 

a total resistance of ~5.5 .0, sandwiched between two concentric quartz cylinders. The 

complete assembly is held together by two stainless-steel caps connected rigidly to the 



Experimental Apparatus and Instrumentation 61 

back plate of the oven by insulated posts. Vacuum feed-throughs on the rear plate of the 

oven enable the passage of an electrical cunent «10 V AC) through the nichrome coil, 

which can raise the temperature to well in excess of 400°C. 

2.5.1.2 Thermocouple 

A chromel-alumel thermocouple extends into the rear of the heater. A constant

temperature reference junction is not used (the effective reference temperature is that of the 

back plate of the oven), but as long as the position of the thermocouple is not altered, it 

allows consistency of sublimation temperatures between subsequent depositions. 

2.5.1.3 Argon Input Line 

(a) 

Argon in .. 
6 mm$ glass 

tubing 

Sample 

Nichrome wire 
(b) heating coil 

Glass cell 

Argon in .. 

To sample 
window 

Figure 2.18. (a) Argon delivery system developed in this work, and (b) that previously used in this research 
group. 

In order to minimise aggregation of the metalloporphyrin molecules (section 4.3.1), 

the way in which the argon flows into the sublimation oven has been modified from the 

earlier methods used by this research group (Figure 18). Previously, argon was fed 

through a metal tube to a position immediately in front of the heater, where it mixed by 
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diffusion with a stream of sublimate effusing from a quartz cell. 3 In the present system, a 

section of 6-mm glass or quartz tubing extends from the rear of the oven into the heater. 

The sublimate is placed in the front section of this tube, which lies within the heater. The 

argon flows through the tube, being heated as it passes through the nichrome-wire coil. At 

the same time, the sample is entrained directly into the argon gas flow as it sublimes. 

The shutter can be mechanically opened and closed externally from the rear of the 

oven. Its purpose is to prevent deposition onto the matrix window before the desired 

deposition conditions are achieved. It can also be used to terminate deposition essentially 

instantaneously. 

2.5.1.5 Argon Reservoir and Flow Control 

It has been found that welding grade Ar was sufficiently pure for the samples 

prepared. This is held in a 2-L stainless-steel reservoir and passed to the oven through 

flexible stainless-steel bellows connected to the 6-mm glass tubing with a Cajon vacuum 

connector. The flow is controlled with a Nuclear Products Co. needle valve. The flow rate 

is determined by monitoring the decrease in pressure in the reservoir using a MKS 

Baratron absolute pressure transducer with a precision of 0.1 Torr. 

The matrix-isolation sample chamber can incorporate either a closed-cycle helium 

refrigerator or a super-conducting magnet/cryostat (Katherine), sealed with an O-ring and 

held in place by vacuum. Both units can be rotated on the O-ring* to allow the sample 

window to face along spectrometer axis or toward the matrix-preparation equipment. 

2.5.2.1 Closed-Cycle Helium Refrigerator 

A CTI model 21 SC Cryodyne Cryocooler was used for preliminary MI studies to 

determine optimum deposition and spectroscopic conditions. It is cheap and simple to 

operate and it can be cycled between cryogenic and ambient temperature in less than two 

Lubrication of the O-ring with Dow Corning vacuum grease rated for vacuums of 10-6 
tOlT enables 

easy rotation of the cryostat or fridge-head under high vacuum. More viscous Apiezon greases, although 

rated for higher vacuums, restricted the O-ring from sliding freely. 
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hours. It can also operate unattended at cryogenic temperatures for long, continuous 

periods. 

1st stage 
cold station-+ 
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permanent magnet 

Window 
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-----+
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pump 
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Figure 2.19. Schematic diagram of the cold-head of cn model 21SC Cryodyne Cryocooler helium 
refrigerator. The approximate scale of the diagram is shown. 

The unit is composed of a model 21 cold-head (Figure 19) and model 21Se 

compressor unit, interconnected by high-pressure bellows lines. It operates on a two-stage 

Gifford-McMahon refrigeration cycle. Pressurised He from the compressor unit is cooled, 

cleaned and passed through the bellows lines to the cold-head, where the He flows through 

valves into the first- and second-stage cylinders. Having been cooled by the previous 

exhaust stroke, the cylinders reduce the temperature of the pressurised The exhaust 

valve is then opened allowing the to expand, cooling the cold stations as it does. As the 

cold He flows out through the exhaust line, the fIrst and second-stage cylinders are further 

cooled. The unloaded second-stage cold station of the cold head will maintain a 

temperature of with a stability of ±1.5 K. Due to the thennalload of the window 

mount and the temperature gradient between the second-stage cold station and the sample 
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window it is predicted that the operating temperature for the experiments in this work was 

~ 15 K, although as stated below the temperature of the sample window could not be 

accuratel y determined. 

(a) Sample Window 

A c-cut sapphire window is mounted with an indium gasket in a copper block, 

which is bolted onto the second-stage cold station of the cold head, again utilising an 

indium gasket. Sapphire is optically transparent throughout the entire visible region and 

between 10 and 20 K has a thermal conductivity more than five orders of magnitude 

greater than fused quartz. Since the crystal is uniaxial, in order to avoid disruption of the 

polarisation state of the transmitted light the window is cut so that its faces are 

perpendicular to the unique (c) crystal axis. 

To allow MCP spectroscopy measurements, an Edmund Scientific Sm-Co magnet, 

providing a field of -0.6 T at the window, is mounted in the copper block and surrounds 

the window Figure 2.19. For MCP spectra the SIN attainable with this field is 

approximately an order of magnitude lower than that achievable with Katherine (section 

Figure 2.21), but it was useful for preliminary measurements. 

(b) Sample Window Temperature 

A Palm Beach Cryophysics Inc. model 4025 Cryogenic thermometer/controller is 

used to determine and control the temperature. The temperature sensor is a Lake Shore 

Cryotronics, Inc. DT-470 cryo-diode mounted on the second-stage cold station. The 

temperature can be increased by passing current through a 35-0 section of copper wire 

wound around the second-stage cylinder. The controller can be programmed to adjust the 

current in order to maintain a constant temperature. 

The resistance of a 270-0 Allen-Bradley carbon resistor, mounted just below the 

sample window (Figure 2.19), is monitored using a Fluke multi-meter to give a better 

indication of the temperature at the sample window (Figure 2.20). Even so, because of 

temperature gradients between sensors and sample window, as well as across the sample 

itself, neither the silicon diode nor the carbon resistor gives an accurate measure of the 

sample temperature. (This problem is greater for the more distant diode). Nevertheless 

they provide a reference for monitoring temperature fluctuations and when annealing the 
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sample. For the work presented in this thesis, the spectra are temperature independent and 

therefore the exact sample temperature need not be detetmined. 

10000 

RID. 

1000 ... , .. :.. . .. ~' ... , ... 

: : 
: "100 G" 

100 

, .. ,: .... , .: ........... : .. ; .. : .. " .. 

.......... .;, .. , ... ; .... ' .... , " ... ,.... "'." . . " . ~ .,... . ..... ;, .... .' ... 

10 ~--~~~~~~~--~----~~~----~--~~ 
1 10 100 

TIK 

Figure 2.20. Relationship between temperature and resistance in a carbon resistor. 

2.5.2.2 Super-conducting Magnet Cryostat 

For accurate measurement of MCr data, a larger and more homogeneous magnetic 

field is required than can be provided by the small rare-earth pennanent magnet used with 

the helium refrigerator. An Oxford Instrument MD2 modular cryostat (Katherine), with an 

attached tail, housing a super-conducting magnet (Figure 2.21), is used for this purpose. 

The magnet is a niobium-titanium-alloy solenoid capable of providing a field of T at a 

current of 40 A. The tail section is bolted to the main cryostat body and sealed from the 

surrounding vacuum jacket by an indium-wire gasket. 

The helium reservoir of the cryostat is constructed from thin-walled stainless steel to 

minimise heat conduction. A brass bore passing through the centre of the magnet solenoid 

is sealed with Wood's metal into brass eyelets set into the inner case of the tail section. 

The helium reservoir and tail are surrounded by a copper radiation shield, cooled to ~80 K 

by thermal contact with the liquid N2 reservoir. A stainless-steel cone on top of the magnet 
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locates the siphon rod while filling, and a capillary tube runs from the bottom of this cone, 

around the magnet to the bottom of the cryostat. 
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Figure 2.21. The super-conducting magnet cryostat Katherine. The approximate scale of the drawing is also 
shown. 
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Although more that twenty years old, Katherine is the only magnet available and 

suitable for use in these studies. Its liquid He 'hold-time' of hI'S is only ~20% of 

specification. A large expenditure of time and effort has been spent trying to identify and 

rectify the problem (for example, a leak from the He reservoir into the vacuum jacket, or a 

thermal contact between the radiation shield and the tail section) but has proved fruitless. 

Consequently, the cost of operating Katherine is not only far greater than that for the 

helium refrigerator but greater (by a factor of 5) than it should be. 

To minimise the consumption of cryogen, the cryostat is pre-cooled to liquid N2 

temperature before filling with He and the boil-off gas is recovered for reliquification. 

In the following sections the procedures and instruments used for the operation of 

the magnet-cryostat are discussed. 

(aJ Pre-cooling Katherine 

The amount ofliquid He consumed by cooling the magnet and cryostat to 4.2 K can 

be considerably reduced if they are pre-cooled to K with vastly cheaper liquid N2. 

However it is imperative that all traces of liquid N2 are removed before the He is 

introduced, otherwise large quantities of liquid He may be consumed in freezing the liquid 

N2 and cooling it to 4.2 K. * Before filling the pre-cooled cryostat with liquid He, the liquid 

N2 is removed by inserting a stainless-steel tube into the siphon cone and pressurising the 

cryostat so that the N2 flows from the bottom of the tail section up and out of the tube. 

'Warm' N2 gas is then blown down the tube to the bottom of the tail section to evaporate 

any remaining liquid. Finally the cryostat is evacuated to a pressure < 10 Torr. A 'tell

tale' sign that liquid N2 is still present is a pressure plateau at 70 - 100 Torr, due to 

evaporation of the liquid N2. If the pump is sufficiently fast the liquid N2 will rapidly 

freeze and the plateau may be difficult to detect - so it is important to use a slow enough 

pump. The fmal step before the cryostat is filled with liquid He is to fill the chamber to 

atmospheric pressure with He gas . 

• The densities ofliquid N2 and liquid He at their respective boiling points are 8.09 g mL-1 and 1.25 

g mL- I
. The heat of vaporisation of He is 20.9 J g-l, the heat of fusion ofN2 is 25.5 J.g-1 and the heat capacity 

(Cp) ofliquidN2 at its boiling point is 57.8 J mor l KI. Assuming that the heat capacity ofliquid Nz does not 

change markedly between 77 K and 4.2 K, and that Nz in the cryostat is cooled only by the heat of 

vaporisation of the then every mL ofliquid N2 remaining in the cryostat after pre-cooling requires 54 mL 

of liquid He to freeze it and reduce it's temperature to 4.2 K. 
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(b) Filling the Magnet-Oyostat with Liquid Helium 

The cryostat is filled from a liquid-He vacuum dewar by using an inverted- 'U'

shaped transfer siphon which comprises a capillary line sUlTounded by flexible bellows. 

To allow the transfer of liquid, the vacuum jacket of the siphon must be periodically 

pumped to give a vacuum better than 10-4 Torr. The 'dewar arm' of the siphon has an 

extension to enable it to reach to the bottom of the He dewar, and the 'cryostat arm has a 

brass conical nozzle attached so that it fits 'snugly' into the siphon cone at the top of the 

magnet. 

To initially fill the cryostat with liquid He, the dewar amI of the siphon rod is first 

pushed into the liquid He storage dewar, but kept above the level of the cryogen, 

permitting a small flow of gas to clear any air, which might other wise freeze and block the 

capillary. The 'cryostat arm' of the siphon rod is then pushed into the siphon cone on top 

of the magnet so that the first warm He gas passing through the siphon provides a final 

purge of any residual Nz. Furthermore, with the siphon rod in this position liquid or cold 

gaseous will be forced to the bottom of the cryostat. From there it rises past, and 

therefore cools, the magnet, maximising the utilisation of the enthalpy change associated 

with the warming gas. With the siphon rod in place, the dewar arm is slowly pushed down 

into the cryogen (at the same time raising the storage dewar on a fork lift to keep the main 

body of the siphon approximately horizontal) causing some He to boil-off, which increases 

the pressure in the dewar and causes He to flow along the siphon rod into the cryostat. 

When the dewar arm touches the bottom of the dewar, it should be lifted by a few rum to 

allow entry of cryogen into the capillary. 

The temperature within the cryostat can be monitored via the resistance of a carbon 

resistor attached to the level indicator (section (c)), or the resistance within the magnet 

solenoid. The latter, which is -10 Q at room temperature, drops to ~0.3 Q as the 

temperature is lowered to the critical temperature of -10 where the solenoid becomes 

superconducting (It remains non-zero due to a residual resistance in the leads between the 

magnet and ohmmeter teffilinals). It typically takes ""'30 minutes to cool the cryostat from 

to at which point He begins to condense. A further 10 minutes is usually 

sufficient to fill the cryostat. Sometimes the transfer must be assisted by pressurising the 

dewar from a cylinder of He gas. 

When re-filling the cryostat, it is important to avoid blowing warm gas onto the 

remaining liquid in the He reservoir of the cryostat - this will cause the liquid to evaporate 
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and will WaIID the magnet. If the transfer siphon rod has warmed to ambient temperature, 

it must be pre-cooled by a flow from the He dewar until a 'blue' plume of liquid is emitted 

into the room from the cryostat arm. This arm is then quickly inserted into the 

reservoir taking care to ensure that it is not pushed below the surface of the liquid already 

present. If the arm is inserted too far it will cause most of the liquid to be 'blown off. 

With care it is possible to refill without any significant loss of the fluid already present. 

(c) The Helium Level Indicator 

The helium level indicator consists of a thin length of super-conducting niobium

titanium wire supported on a fibre-glass strip and protected by a thin-walled stainless-steel 

tube, which is suspended vertically in the He reservoir. Any portion of this wire 

submerged in the liquid He will be super-conducting, while that part not submerged will be 

resistive. Thus if a small current is passed through this wire, the potential generated is 

dependent only on the resistive portion of the wire and so gives a measure of the He in the 

reservoir. A small pulse of current immediately prior to the measurement ensures that any 

part of the wire just above the liquid goes normaL 

The level indicator used in Katherine (perhaps due to its age) does not perform as 

well as it should. The reading jumps from 70% to 100% on filling, suggesting a problem 

with the corresponding section of the wire. The rate of descent of the indicated level is 

also non-linear, although it is unclear whether this is due to defects in the wire or to actual 

changes in the He boil-off rate. 

A 100-0 Allen-Bradley carbon resistor mounted on the end of the He level 

indicator is useful for monitoring the temperature of the reservoir as the chamber is being 

filled. The relationship between resistance and temperature is shown in Figure 2.20. 

(d) Current Ramping and the Switch Heater 

Magnetic field is inserted and removed from the magnet with the use of a switch 

heater - a 100-0 length of wire coiled around a section of superconductor looping out 

from the main solenoid. The principle of operation is shown in Figure 2.22. A 35-mA 

current through the switch heater heats the superconducting loop above the critical 

temperature making it resistive. In this condition (switch heater is 'on') an externally 

applied potential to the magnet leads will cause a current to flow through the magnet 

solenoid. When the switch heater is turned off, the loop goes superconducting and can no 
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longer maintain a potential drop. The net current flowing across the loop must therefore 

vanish and can be considered as the sum of a component passing through the leads without 

passing through the solenoid, and a second component of the same magnitude but the 

opposite sense that flows through the solenoid only. The potential in the leads can then be 

ramped to zero while not affecting the current in the solenoid, which is said to be in 

'persistent mode'. 

(a) Magnet 

Switch 
heater 

Main magnet 
solenoid -II> 

leads 

Figure 2.22. Operation of switch heater. 
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To remove the magnetic field, the leads are first ramped to a current equal to that in 

the solenoid. The switch heater is turned on to link the two currents, then the potential is 

ramped back to zero. 

(e) Sample Window 

A c-cut sapphire window is mounted in a copper insert with an indium seal and is 

cooled conductively through the magnet bore. The temperature at the sample window is 

not monitored or controlled, although, as discussed in section I (b), this is not of 

major importance in this work. From past work carried out with this cryostat,6 the 

temperature at the window is lmown to be close to 4.2 K. 

Both the super-conducting magnet-cryostat and the closed-cycle helium refrigerator 

must be operated in a vacuum of better than 5 x 10-5 Torr. This is achieved by using a 

Pfeiffer Balzers TSH172 170-L/s turbo-molecular pump. The pressure is monitored at the 

pump using Edwards Parani and Penning-type gauges. 
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With the shutter of the deposition oven closed and the sample window facing away 

from the deposition oven, the temperature of the heater is increased to the sublimation 

temperature of the sample. Applied voltages in the range 5.5 - 8.5 V conespond to 

temperatures in the range 350 500°C. The needle valve at the argon reservoir is then 

opened to allow a 3 - 30 mmoIlhr flow of argon, the sample window is rotated to face the 

oven and the shutter opened. Sublimed sample molecules, together with the argon atoms, 

then flow away from the oven and onto the cooled sample window. 

When the deposition is complete (normal after 10 60 min) the shutter is closed, 

the Ar flow is halted, the oven temperature is lowered and sample window is rotated into 

the optical axis of the spectrometer. The sample is deposited on the front of the window 

relative to the light source so that any depolarisation affects due to the sapphire window 

occur after absorption by the sample an therefore do not affect the MCD and FDMCD 

spectra. Unfortunately with the sample on this side of the window, MCPL will be affected 

by any polarisation alterations of the sample window; however, due to the uniaxial nature 

of sapphire, and the way in which the window is cut, these effects are minimised. 
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This chapter gives the conventions used in this thesis, along with an overview of 

the general principles and theoretical techniques employed. 

3.1 Conventions 

3.1.1 Operators 

The quantum-mechanical operators used in this work may be classified as scalar, 

vector or pseudo-vector. A pseudo-vector operator is in fact a vector product. An example 

is the angular momentum operator defmed by 

l=rxp (3.1) 

where r is the position, and p is the linear momentum, operator. Whereas true vectors 

(such as r or p) have odd parity, pseudo vectors (such as 1) have even parity. Throughout 

this thesis, vector and pseudo-vector operators are represented in bold type. However, 

their (scalar) components (for example lx, ly, lz) are not. 

3.1.2 Bra-ket notation 

Integrals are given in Dirac bra-ket notation 

(3.2) 

where ':Pi is a wave function, ':Pi* is its complex conjugate andd-c represents the integral 

over all coordinates of the system. l':Pj ) is a ket, a column vector in the Hilbert space for 

the system. (':Pi 1 is a bra vector, the adjoint or tranjugate of l':Pi) «':Pi 1 = l':Pi) t == [1':Pi)*]T ). 

3.1.3 Group-Theoretical Labels and Basis Functions 

Throughout this thesis, states, orbitals and wavefunctions will be designated using 

group-theoretical labels. Thus IJ 'A.) denotes a wavefunction that transforms as partner I\, of 

irrep J. 111 is used to denote the degeneracy of irrep J and the partner label distinguishes 

between the components of degenerate irreps. 

For degenerate irreps, the transformation properties of the partners depend on the 

basis used, which is defmed by the chain-of-groups.l.2 The chain describes the reduction 
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of symmetry to lower points groups. The symmetry of the irreps in the lowest group of the 

chain (in which all irreps are non-degenerate) gives the transfOlmation properties, for the 

partners of the degenerate hTeps in the higher-symmetry groups. 

Piepho and Schatz use two bases in the D4h point group: 'real' and complex, 

defmed by the chains D4h ::) D4 ::) D2 ::) C2 and D4h ::) D4 ::) C4 respectively. The partners 

of the degenerate E irreps in these two group chains are denoted by x,y for the 'real' basis 

and ±1 for the complex, the former of which have the transformation properties 

lEu x) ~-x 

IEuy) ~ -iy (3.3) 

Here i and x and y on the right-hand side are the real Cartesian axes. Hence the 

'real' basis of Piepho and Schatz has complex transformation properties. 

To convert between these spherical and real basis sets the following relationships 

may be used for the components of vector (V) and pseudo-vector (R) operators. 

V±I = +Jz(Vx ± iVy) 

Vo= Vz 

R±l = +Jz(Rx ± iRy) 

Ro =Rz (3.4) 

Here, Vx, Vy and Vz transform as Cartesian displacements and Rx, Ry, and Rz as 

rotations about the Cartesian axes. Note that the ±1 complex components are not 

Hermitian since V±l * = + V'fl' 

Real and complex bases have both been used extensively in this work. The 

complex basis used is that of Piepho and Schatz, but the real basis has been chosen to 

transform as the Cartesian representation: 

lEu x) - x 

IEuy) -y (3.5) 

Thus when using the group-theoretical tables of Piepho and Schatz (for example, when 

employing the Wigner Eckart theorem - section 3.1.5) these functions must be transformed 

appropriately (for example lEu x) and lEu y) must be multiplied by and -i respectively). 

The laboratory and molecular reference frames are distinguished by use of upper 

and lower case: x, y, z for the molecular axes, and X, Y, Z for the laboratory axes. 



Theory 

3.1.4 Matrix Elements 

The integrals in (3.2) form a matrix whose eigenvalues are characteristic of the 

operator 0, and whose eigenvectors describe the eigenfunctions of 0 in terms of 1\fI1). 

Such integrals are frequently referred to as the matrix elements (MEs) of O. The operator is 

taken to act on the ket, so the integral resulting from operator 0 acting on state A to give 

overlap with state J is represented by (11 OIA). 

3.1.5 Vector Coupling and the Wigner-Eckart Theorem 

F or the theoretical aspects of this research, two of the most useful equations are 

derived from the Wigner-Eckart theorem. They pertain to the symmetry-determined parts 

of vector (ket) coupling and the reduction ofMEs to a partner-independent form: 

I(AE) Cy) ~ 1 (~)~ (~ g ~:)* IAa) ~~) (3.6) 

(A)(A* / B\ (Aalol: IB~) = a a * ~ ~) (AIId]IB) (3.7) 

where ol: is an operator that transforms as partner ~ ofirrep/and the two- and six-element 

arrays are respectively 2jm and 3jm coefficients that depend only on the symmetry of the 

system, * These 'high-symmetry coupling coefficients' have been tabulated for the irreps 

of the main point groupS.l,2 Their values depend upon the chosen basis as defmed by the 

chain of groups. The tables used in this work, for the D4h point group, are those of Piepho 

and Schatzl for the group chains given in section 3.1.3. In both bases the coupling 

coefficients are independent of the 'u' and 'g' symmetry and consequently these labels are 

omitted from 2jms and 3jms. 

3.1.6 Transition Designation 

The convention is followed of putting the lower-energy state on the right-hand 

side,l Thus a transition J +-- A represents absorption, while J ~ A indicates emission. 

--------_ ... _-
• For some point groups an additional label (1' 0 or 1) is used to distinguish between repeated 

representations that arise when taking direct products. The only point group of relevance to this study is D4h 

for which there are no repeated representations. Thus the I'labels have been omitted. 
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3.1.7 Use of Non-Standard Units 

The terms 'energy', 'frequency' and 'wavenumber' are used interchangeable in this 

thesis. Values for these quantities are always expressed in units of wavenumber. Although 

this is an inverse measure of wavelength, it is proportional to energy and frequency 

through the expressions 

E=hv =hcv (3.8) 

where h is Planck's constant and c is the speed oflight. (Thus 1 cm-1 is equivalent to 1.987 

x 10-23 J.) Some useful constants expressed in terms of wavenumber are: 

Bohr magneton: 

Boltzmann's constant: 

Planck's constant: 

IlB = 0.46665 cm-1 
r-l 

kB = 0.69503 cm-1 
K"l 

h = 3.3356 xlO-11 cm-1 s 

11 = h /211: = 0.53088 X 10-11 cm-1 s (3.9) 

Wavelengths will be given in nanometers (nm) or angstroms (A = 0.1 nm). 

3.1.7.1 Angular Momentum 

The motions of electrically charged particles give rise to magnetic moments that 

depend on the particles' angular momenta. The magnetic dipole operator for an electronic 

system is given by 

Il = Ye(L + geSJ (3.10) 

Land S are respectively the (many-electron) orbital and spin angular momentum operators, 

ge ~ 2.0023 is a relativistic correction (the free-electron g-factor), and Ye is the 

magnetogyric ratio, given by 

(3.11 ) 

where e represents the absolute charge, and me the mass, of an electron. In this thesis, 

angular momenta are reported always in units of 11, in which case it is useful to rewrite 

(3.10) as 

Il = -IlB(L + geSJ 

where IlB, the Bohr magnet on, is given by 

IlB = -yefl 

(3.12) 

(3.13) 
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3.1.8 The Zeeman Effect 

The Zeeman effect is the foundation of all MCP spectroscopic techniques. It comes 

about from interactions between the magnetic moments of an atom or molecule with an 

externally applied magnetic field (B). The interaction Hamiltonian for a field along the Z 

axis is given by 

5tZeeman = -llzB 

Ilz is the component of the magnetic moment along Z, which is given by 

Ilz = -IlB(Lz + geSZ) 

(3.14) 

(3.15) 

Lz and Sz are respectively the components of orbital and spin angular momentum operators 

along the field direction. 

The first-order Zeeman energy for a state IA a) is given by 

(3.16) 

which is non-zero only if A is degenerate. Higher-order effects that give off-diagonal 

terms in the Zeeman matrix can be described using perturbation theory. For example, to 

first-order IA a) mixes in with other states according to 

(3.17) 

where the prime denotes a field dependent quantity and WKK and WAa are the zeroth-order 

energies of the states IA a) and IKK) respectively. 

3.2 The Faraday meters 

The features in a MCP spectrum are conventionally classified as three types, 

labelled @, ill. and e, collectively called 'Faraday terms' and quantified by the 'Faraday 

parameters': @1, illo and eo. The appearances of these terms are shown in Figure 3.1.1 

Some of their characteristics are described in the following subsections for the case of 

MCD, and are similar for MCPL. 

3.2.1 & Terms 

@ terms are a consequence of orbital degeneracies in the ground and/or excited 

state(s) of an electronic transition. First-order Zeeman effects remove the degeneracies 

and cause transitions between individual states to become LCP or RCP. The resulting 

MCD is a double-signed and, if the bandwidths are much larger than the Zeeman splittings 
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(generally the case for molecules), has a delivative shape. The magnitude of the Zeeman 

splitting, and hence the intensity of the et term, is proportional to the magnitudes of the 

orbital angular momenta and is linearly dependent on the magnetic-field strength, but 

independent of temperature. 

EB-tenn 

E 

Figure 3.1. Appearance ofMeD ei!, ill and etenns, which may be positive (solid curves) or negative (dashed 
curves). All are dependent on magnetic field strength, while only the e tenns are temperature dependent, 
gaining intensity with decreasing temperature. 

3.2.2 ill Terms 

EB terms come about as a result of mixing of electronic states by off-diagonal 

Zeeman interactions of the type described by (3.17), and are independent of orbital 

degeneracy. Such interactions are always present, so ill terms make MCD a Ubiquitous 

phenomenon. A result of this field-induced mixing is that the corresponding transitions 

exchange LCPL or RCPL intensity, resulting in a non-zero differential absorption for both. 

The degree of mixing is inversely proportional to the energy separation between the states, 

so ill terms are generally weak. As with et terms, they are linearly dependent on magnetic

field strength and independent of temperature. 

e terms are related to ground-state paramagnetism. They arise from differences 

between the Boltzmann popUlations of the Zeeman-spilt partners of an (otherwise) 

orbitally degenerate ground state. They are therefore both temperature and field 

dependent. Furthennore, they can exhibit saturation; as the temperature is lowered or the 

field is increased, the excess popUlation of the lowest-energy Zeeman state increases at a 

slower rate until, eventually, further changes have no effect on the intensity of the e tenn. 
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s for Absorption 

This section provides a summary of the theoretical expressions used in the analysis 

of spectra collected in this work. 

3.3.1 Electric-dipole Transitions 

Ofthe mechanisms by which light can interact with matter, the strongest is through 

an electric dipole interaction. The work presented in this thesis takes account of this effect 

only (the electric dipole approximation). Classically this can be thought of as a coupling 

between the oscillating electric field of the electromagnetic radiation with an oscillating 

electric dipole in the molecule or atom. 

The quantum mechanical probability of a transition from a state A to a state J is l 

P Jf-A oc v2 1(J 1m • n *1 A)12 (3.18) 

where v is the transition frequency, m is the electric dipole operator and n is a unit vector 

that describes the polarisation of the light source. For linearly polarised transitions, the 

operator m . n* is represented by the component mx, my or mz. For LCP and RCP 

transitions where the light propagates along Z, m . n;* is represented by m+l or m-l. 

3.3.2 Absorption ofLigbj; 

For a system of non-interacting molecules undergoing transitions from ground state 

A to excited state J the decrease in intensity of light I(v) per unit length I of the sample 

through which it passes is given by 

-dI(v) 
dl = hvNAPJf-A (3.19) 

where NA is the number of molecules in state A. The differential form of (2.1) is 

- dI = In(10)IdA 

Substituting (3.20) into (3.19) and integrating over I gives 

hlv 

(3.20) 

(3.21) 

An expression for I( v) can be derived from Maxwell's equations and the Poynting vector. l 

If this and (3.18) are substituted into (3.21), one arrives at 

A(v) = yclv I(Jjm • n;*IA)12 JAAv) (3.22) 

whereJAAv) is a normalised band-shape function, c is the concentration of the sample and y 

is a collection of constants. In terms of an energy scale: 
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(3.23) 

Substituting (3.23) into (2.2) and allowing for the possibility of degeneracy in the 

states A and J 

M'(E) 
='---'---"- = ycl (3.24) 

The primed quantities are field dependent, N~ is the number of molecules in state IAu), N is 

the total number of molecules, and /a'>..(E) is a normalised band-shape function. By 

expressing the electric-dipole transition moments in terms of the zero-field wavefunctions, 

chosen to be diagonal in the Zeeman effect, * expressions for the Faraday parameters (&1, 

ffio and eo) may be derived as follows. 

Consider the case where the molecules are either isotropic, or oriented so that their 

z-axes are aligned with the field (these restrictions are removed in section 3.3.3) and the 

field is weak enough to enable first-order perturbation theory to be used to account for the 

field-dependent changes that occur. From (3.24), three quantities are altered by the field: 

the transition moments (through changes in the wavefunctions), the populations within the 

ground-state manifold, and the line-shape function. 

(a) Wave/unctions and Transition Moments 

In the presence of a magnetic field, the wavefunctions undergo field-induced 

mixing. Using (3.17) to express the field-dependent wavefunctions IAu)' and IA)', the 

electric-dipole transition moments may be written 

\Alm±lIAu)1 = (Alm±dAu) + JlBB [ I .\KKiLz + g~l~u~Alm±1IKK2 
KK(K""A) A K 

+ '" (AILz + geSzIKK.) (KK 1m±1IAu>] (3.25) 
L.J WJ - WK 

KK(K#) 

With the relationship: 

(3.26) 

• That only diagonal MEs will be non-zero. 



it follows that 

2~BB8le [ 
KK(K>'oA) 

Them), 

L WJ W
K 

(KKlm±IIAa) (Aalm=F1IA)] (3.27) 
KK(K#) 

where 8le indicates the real part of all to the right (8le[a + ib] a). 

(b) Ground-state Populations 

81 

It is assumed that only the Zeeman states of the lowest electronic manifold are 

significantly populated. Then the fractional population of Zeeman state IAa)' is 

N 

[-EAU] exp k;T 

[-EX] 
exp kBT 

(3.28) 

A 

where EX is the zero-field energy and EAu is the field-dependent energy defmed, to first

order, by 

Substituting equation (3.29) into equation (3.28) and noting that 

[-E~J exp k;T 

[-E;"] 
exp kBT 

A 

1 

IAI 

where IAI is the degeneracy in the absence of a field, results in 

N 
_1 [-~sB(AaILz + geSzIAa)] 
IAI exp kBT 

(3.29) 

(3.30) 

(3.31 ) 

Finally, expanding the exponential as a series and keeping only teI11lS linear in the field (in 

keeping with the level of perturbation theory) gives 

= _1 (1 _ flsB(AalLz + geSzIAa» 
N IAI kBT 

(3.32) 
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(c) Line-shape Function 

It is often assumed that the changes in the band-shape functions in the presence of a 

magnetic field are due solely to energy shifts of the zero-field band-shapes. This 'rigid

shift' approximation gives 

(3.33) 

where 

BEale IlBB (JAILz + geSzlJtv) - (AulLz + geSzIAu») (3.34) 

Expanding equation (3.33) as a Taylor series, again keeping only those terms up to linear 

in the field, gives 

(3.35) 

Substituting (3.27), (3.32) and (3.35) into (3.24) results in 

M'(E) [ (-Of(E)) ( eo \ J = yclllBB cPl oE + ilio + kBT )icE) (3.36) 

where the Faraday parameters are given by 

1 
(% =jAi L (Jt"ILz+ geSzlJA) (AuILz+ geSz~u») 

ale 

-1 2 2 eo IAI (AuILz + geSzlAu) X (I(JAlm+I!Au)1 -1(JAlm:..I!Au)l) (3.37) 
ale 

The mathematical expressions for the Faraday terms in (3.36) reiterate the 

discussion of section 3.2. cP terms have a derivative shape, cP, ili and e terms are 

proportional to the field strength and e terms are also proportional to lIkBT. (The latter is 

only valid when 1l~«kBT; in the so called 'linear limit'. When the field is stronger, the 
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terms from (3.31) that are of second and higher order in B cannot be disregarded, giving 

to the non-linear saturation behaviour mentioned in section 3.2.3.) 

The expressions for @ and ffi terms remain valid as long as the rigid-shift 

approximation applies and the separations between mutually non-degenerate states are 

large compared with the strength of inter-state Zeeman coupling. In the vast majority of 

cases the second assumption is true. When it is not, it is necessary to explicitly diagonalise 

the appropriate Hamiltonian matrix (section 3.9). The ligid-shift approximation is almost 

never exactly true, but the equations above still give qualitatively correct behaviour. To 

determine quantitatively correct Faraday parameters, moment-analysis is used (section 

3.4). 

3.3.2.2 Absorption 

When measured simultaneously with MCD, The absorbance is conveniently 

defined by the average absorption of LCP and RCP light (section 2.2). By a similar (but 

simpler) procedure to that used to derive the MCD Faraday parameters, one obtains 

A<J> = yclCfJof(E) (3.38) 

where CfJo is the dipole strength: 

(3.39) 

3.3.3 Orientational Averaging 

In the case where the molecules are randomly oriented, the transition intensities 

must be averaged over all angles: To do this, the expressions for the Faraday parameters 

derived above in terms of the space-fIxed operators (in which the molecular axes are 

collinear with the laboratory axes), must be redefmed in terms of arbitrarily oriented 

molecule-fIxed operators and averaged over all molecular orientations. 

For any function of the Eulerian angles 8, ~, and \If, the average over all 

orientations (designated by the 'bar' above the function symbol) is given by 

• For isotropic molecules those with tetrahedral or higher symmetry - the orientational ave:ragmg 

does not change the previous results. This is a reflection of the fact that the Cartesian representation in these 

point groups span a three-dimensional mep. In other words, the choice of x, y and z axes is completely 

arbitrary. 



84 Them)) 

2it 271 It 

f f f F(S, $, \jf) sinS dS d$ d\jf 
000 

17(S,$,\jf) = --------
271 271 71 

f f f sinS dS d$ d\jf 
o 0 0 

1 271 271 It 

= -8 2 f f f F(S, $, \jf) sinS dS d$ d\jf 
1t 0 0 0 

(3.40) 

The relationship between the space-frxed (upper case) and the molecule-fixed 

(lower case) axes is given by the unitary transformation 

where the orthogonal matrix A is 

A ( 

cos\jfcos$ cosSsin$sin\jf 
-sin\jfcos$ - cosSsin$cos\jf 

sinSsin$ 

COS\jfsin$ + cosecos$sin\jf 
-sin\jfsin$ + cosScos$COS\jf 

-sinScos$ 

(3.41) 

sin\jfsinS J 
cos\jfsinS 

cose 

(3.42) 

For a longitudinal field, the non-zero space-fixed operators mx, my, and IJ.z in terms of the 

molecule-fixed operators are given by 

mx AlImx + A12my + A13mz 

my = A21mx + A22my + A23mz 

IJ.z = A31IJ.x + A32lJ.y + A33Jlz (3.43) 

To evaluate the Faraday parameters in the case of randomly oriented molecules, equations 

(3.37) are expressed in terms of real components of the electric dipole operators using 

(3.4). (3.43) is then substituted into the result and the integration in (3.40) is carried out. 

The evaluation of the integral may be simplified a great deal using 

1 271 271 71 

f f f AilAj~Akv sine de d$ d\jf 
000 

1 271 271 71 

f f f Ao.Aj~AkvAlo sinS dS d$ d\jf = 
000 



Theory 

8ij8kl8 Ao8flV - 8i~jl8Afl8vo + 4 8i~jl8Av8flo - 8ik8jl8Ao8~IV 

- 8il8j~fl8vo 8il8j~Av8flo + 4 8il8j~Ao8flv ) 

1 211 211 'it 

J J J AiAAj~~/oAm11 sine de d~ d\jl = 3
1
0 (sijkGAflv8/m8011 + sijms)'fl118kI8vo 

000 

(3.44) 

85 

where Sijk is zero unless iJ and k are different; Sijk = 1 for i,j,k = 1,2,3 or any even 

permutation of i,J,k and -1 for any odd permutation. Thus many of the terms generated are 

zero. 

Working through the randomly oriented case, and allowing for wavefunctions that 

give rise to off-diagonal MEs in the Zeeman effect, eventually leads to 

+ 

@I 3~1 L (JA/IL + 2SIJA.) (AaIL + 2SIAa'») 
\1.\1.'')..:,,' 

@ (/(JA.lm~a)12 x I(Aa'lmlJA. )12) 

[ L (JA.~:_2~~K) 0 (Aalm1JA.) x (KKlm~a) ) 
KK(K#) 

(KKIL + 2SIAa) 
WK-WA 

KK(K""A) 

eo 31AI L (AaIL + 2SIAa') " (1(JA.lmIAa)1
2 

x I(AalmlJA.')1
2

) 

\1.\1. 'A 

I (JA. 1m IAa) I 
2 

where and x respectively represents the scalar and vector products. 

3.4 

(3.45) 

The first step in the analysis of an MCD spectrum is usually to separate the 

contributions from each type of Faraday term. This can be achieved by band fitting. 

However if the spectral bands do not conform closely to a standard line-shape function 

(usually Gaussian or Lorentzian), the procedure becomes somewhat subjective and large 
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errors may arise. An alternative approach - used in this work is moment analysis, which 

is effectively the statistical analysis of continuous distributions. 

Moment analysis has a number of advantages over band fitting. One is that a band 

shape need not be defined. Another, more important in the context of MCD analysis, is 

that it can be used to circumvent the rigid-shift approxinlation. A disadvantage is that 

bands must be well separated from each other, or there must be some objective way of 

deconvoluting them. 

The nth moment of a function geE) about some point p is defmed to be 

00 

(g(E)~ f g(E)(E - pr dE (3.46) 
o 

ill spectroscopy, geE) is a description of a spectral band. It need not have an analytical 

form, since the moments can be determined by numerical integration over a finite region 

between two points (E1 and E2) at which the spectral intensity drops effectively to zero. 

For spectroscopic applications it is useful to think of geE) as defining a distribution 

of intensities. The total intensity is given by the zeroth moment, which is independent of p 

population ~ (g(E»o (3.47) 

The distribution mean (or band barycentre, E) is related to the first moment about E ~ 0: 
o 

mean (g(E») = E 
(g(E»o -

(3.48) 

The distribution variance (a measure of the bandwidth) is related to the second moment: 

. (g(E)/2 
vanance = (g(E)o 

If geE) is normalised then the following relationships hold: 

(g(E» 0 I 

(g(E)7 0 

o 

(3.49) 

(3.50) 
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3.4.1 Absorption Moments 

For absorption, geE) = . Applying the above moments to the z-oriented 

expressions (3.36) and (3.38), remembering thatj{E) is nonnalised, results in 

Ao= yclCj)o ([(E»o ::= yclCj)o (3.51 ) 

Thus the dipole strength, Cj)o, is measured directly by the zeroth absorption moment, Ao. 

The band barycentre requires the first absorption moment about E 0: 

- Al E=
Ao 

(3.52) 

An objective, unambiguous measure of the bandwidth, which can be applied to any band

shape function is obtained from 2"./Az1Ao where 

3.4.2 MCD Moments 

For the MCD, geE) 

M'(E) 
M o={ E >0 ycl~BB [ @l(~~E»0 + (ffio + k~) (f{E»oJ 

Ycl~BB(ffio + l~) 

(3.53) 

(3.54) 

So (in the linear limit) the first MCD moment measures the strengths of ffi and e telms, 

which can be separated by measuring the temperature dependence. The y-intercept of a 

plot of Mo against lIkBT gives the ffi-term intensity, while the slope gives that of the e term. 

The intensity of the @terms is determined from the first MCD moment. 

(3.55) 

By taking ratios of the MCD to absorption moments, the quantities y, c, and I 

cancel to give: 
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!lsB(1;l 
9)0 

(3.56) 

This has the additional advantage, especially for (1; and e terms, of causing 

cancellation of common dipole transition moments in theoretical expressions, so that, 

under ideal conditions, the ratios may be almost entirely determined by the symmetry of 

the problem (see section 3.6). Another potential advantage, due to the principle of 

spectroscopy stability, 1 is that zeroth and first moments obtained by integrating over the 

complete manifold of bands associated with a single electronic transition are independent 

of first-order perturbations of the system. However this is sometimes a disadvantage if it is 

information regarding these first-order perturbations that is desired. In this case band 

fitting or higher spectroscopic moments must be used. 

3.5 Orientational endence of Transitions 

The effect that molecular orientation has on the experimental ratios in (3.56) will 

now be considered for the case where the electric dipole transition moments lie in the x,y 

plane of the molecule (transition moments involving mz are zero). By choosing the ground 

and excited state basis functions to be diagonal in the Zeeman Hamiltonian, the 

expressions for the Faraday parameters in (3.45) may be rewritten 

- i 
(1;1 = 31AI «JAILz+ geSzlJA) (AaILz+ geSzIAa») 

(XI.. 

i 
- 31AI «JAILz+ 2SzIJA) (AaILz+ geSzIAa») 

(XI.. 

I 
= 3~1 «JAILz+ geSzlJ)v) - (AaILz+ geSzIAa») 

(XI.. 
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- 2 [ ffio = 31AI3m 
uA KK(K#) 

(AalmyIJA) (KKlmxIAa») + 2: ==W:=A--=W:=K=~ 
KK(K;tA) 

x (AalmJIA) (JAlmyIKK) - (AalmyflA) (JA1mxIKK»)] 

- 31AI0L, WK WJ x (JAlm+lIAa) (Aalm-dKK) 
_2. [ (KKILz+ geSz!JA) 

all. KK(K#) 

- -i 
eo = 31AI 

-i 
-

31AI 

-1 
-31AI 

- (JAlm-lIAa) (Aalm+dKK») + 2: ~=W:=K--=W:=A=.;;;t. 
KK (K;tA) 

all. 

(AaIL + geSlAa) 
all. 

all. 
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(3.57) 

where (3.4), (3.26) and the relation 3m-(in) = 9'L(n) (where n is any complex number) were 

used to derive these expressions 

Comparison of(3.57) with (3.37) and (3.39) reveals that, 

- 2 
'1)0 ="3 '1)0 

(3.58) 
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Hence the absorption is weaker by a factor of 2/3 when the sample is randomly oriented, 

whereas the MCD is weaker by a factor of 113. The changes in the moment ratios of (3.56) 

on going from the Z-oriented to the randomly oriented case are given by 

- - 1 
Mol Ao ="2 MolAo 

(3.59) 

3.6 Angular Momentu m of lEu ~ 1 Alg Transitions 

The angular momentum of lEu +-- IAlg transitions (for example, the Q transition of 

ZnPc and ZnTBP) can be determined directly from the moment ratio MI/Ao. 

In the case where the molecules are aligned with z along Z, the ct\ and '1)0 Faraday 

parameters in (3.37) and (3.39) have the form 

ct\ = (lEu + 11Lz + geSiEu + 1) 1(IEu + Ilm+1IIAIg)12 

- (lEu -llLz + 2siEu -1) 1(IEu -11m_Ill AIg)12 

'1)0 = ~1(lEu +1Im+1IIAIg)12 + 1(IEu -1Im_IIIAIg)12) (3.60) 

In the D4h point group, the operators Lz and Sz transform as A2g, while m±l together 

transform as the doubly degenerate Eu irrep. Using the Wigner-Eckart theorem, and 

recognising that the states of interest will be spin singlets, the MEs in (3.60) may be 

reduced to: 

=+&ll --2 

1 
(lEu ± Ilm;rIIAlg alg) = -j2(IEullmEuIIIAlg) (3.61) 

where gil is the principle g value of the I Eu state parallel to the molecular z aXIS. 

Substituting (3.61) into (3.60) gives 

ct\ = ~ 1(IEullmE,'111 AIg)12 

'1)0 = & 1(IEullmE,'111 AIg)12 (3.62) 

and thus, substitution of (3.62) into (3.59) shows that, for a z-oriented molecule, 
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(3.63) 

Furthennore, from (3.59) it can immediately be seen that for an ensemble of randomly 

odented molecules, 

Ml _ 
Ao - 2 (3.64) 

and if the molecules are odented with their z-axis at angle e with respect to the magnetic

field direction then 

(3.65) 

Crystal-Field Perturbations 

The crystal field (CF) that affects the energies and wave functions of a set of states 

can be separated into components that transfonn as the irreps and partners of the 

(undistorted) molecular point-group. The operator corresponding to the component that 

transfonns as partner 11 of irrep h is denoted v!;. For this to be capable of splitting a 

manifold of states that transfonn as partners of irrep A there must be non-zero MEs of the 

type (Aalv!;IAP). Since v!; is a real operator (satisfying 0* = ot), these matrix elements 

can only be non zero if [A2] :::) h, where [A2] denotes the symmetric square ofirrep A.I For 

the Q transitions of the MPs (assuming D4h molecular symmetry), the symmetric square of 

the excited-state irrep is 

(3.66) 

A CF component of alg symmetry will affect both Eu excited-state partners equally so that 

they remain degenerate. However distortions of bIg or b2g symmetry (and only these 

symmetries) can remove the degeneracy of the excited state. In fact the treatment of bIg 

and b2g CFs is entirely equivalent since their definitions are arbitrary according to which of 

the molecule's two-fold in-plane axes are chosen as x and y. If there are multiple effects 

(for example, CF and JT effects) ofb1g or b2g present, it is not important which are of bIg or 
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b2g symmetry, but rather which are of the same symmetry and which are of the 'opposite" 

symmetry (see chapter 0). 

3 for MPcs 

If a formally doubly degenerate excited-state level is slightly split (for example, by 

a CF) in the absence of a magnetic field, the MCD of transitions terminating in those states 

will consist of a pair of ill terms arising predominantly from field-induced mixing between 

the former partner states. These ill terms will have equal magnitudes (the same absolute 

value for Mo) but opposite signs. If the zero-field splitting is smaller than, or of 

comparable magnitude to, the bandwidth, these ill terms will overlap, to give an MCD 

feature with the appearance of an @ term, which is referred to as a pseudo @ term. 

For the purposes of determining the formal orbital angular momentum of the 

molecule, it makes no difference whether such a feature is treated as an @ term, or a pair of 

ill terms, as long as the evaluation of the appropriate moment-analysis integral is carried 

over both components of the transition. t This is proven here for the case of a lEu ~ I A1g 

transition by demonstrating that the moment ratio M}IAo is independent of the CF MEs. 

In section 3.6 the angular momentum MEs were derived in terms of the spherical 

basis functions liEu ±l). In this section it is convenient to denote the Zeeman shift for a 

molecule whose z axis makes an angle e with respect to the magnetic field (Z axis), by 

_ ~BBglicose 
flo = 2 (3.67) 

Consider the case where the (zero-magnetic-field) degeneracy of the lEu state is 

lifted by CF components of big and b2g symmetries. Noting that Vb)g - .:\y and Vb]g ~ x2 -l 
, ') 2 

in the Cartesian basis used here, whereas IB2g b2) - and IB lg bl ) - Y- - x in the 

complex basis of Piepho and Schatz, the non-zero CF MEs are given by 

(lEu ±llV b1gllEu +1) = I (lEullVb]glll VI 

Throughout the remainder of this thesis, 'opposite' is used to refer to the case in which the CF and 

IT effects have different symmetry - one being bIg and the other 

t This is a reflection of the previously mentioned insensitivity of lower spectroscopic moments to 

ftrst-order effects that mix and split the states of a formally degenerate excited-state manifold (section 3.4). 
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So the Hamiltonian matrix for CF and Zeeman effects is 

l( fAa VI - i V2 ) 

VI + iV2 -fAa 

Solving the secular equation gives the eigenvalues 

E± ±,\/V1
2 + vl + fAl == ±Ll 

and normalised eigenvectors 

lIEu a) ciliEu +1) + c21 1Eu ) 

IIEu~) -c;llEu + 1) + CJ/1Eu -I) 

with the coefficients: 

for which 
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(3.69) 

(3.70) 

(3.71) 

(3.72) 

(3.73) 

Assuming the rigid-shift approximation, the normalised line-shape functions for the 

two transitions are given by fiE + A) and fiE - Ll). From (3.24), (3.38) and (3.39), the 

expressions for absorption and MCD for this system are: 

YEl[ 1 I 2 1 1 2 = 2 (I( Eu alm+J/ Aig al)1 + I( Eu aim-II Aig al)1 ) fiE + A) 

+ (1(IEu ~lm+1IIAlg al)12 + 1(IEu ~lm_IIIAlg al)12)f{E - Ll)] 

Yf[( Icil(IEu Im+lll Aig al)12 + Icil(IEu 1m_til A1g a])12) fiE + Ll) 

+ (lcll(IEu +llm+1IIAlg al)12 + Icd21(IEu -llm_lllAlg al)12)f{E - Ll)] 

ycl [( 1(IEu alm+1l! Aig al)12 - 1(IEu alm_ll1Alg al)12) fiE + Ll) 

+ (1(IEu ~lm+lllAlg al)12 _1(IEu ~lm_IilAlg al)12)f{E - Ll)] 
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= YCz[( IC11
2
1(IEu + llm+d

l 
A ig al)1

2 
-IC21

2
1(IEu -llm_II IAlg al)1

2
) fiE + M 

+ ( IC21 21(IEu + llm+IIIAlg al)12 - IC1121(IEu -llm_IIIAlg al)12)fiE - ~)J 
(3.74) 

Noting that 

if(E ± ~)o = 1 

if(E ± M)~ = ±~ 

the relevant moments are 

E[ I I 2 I I 2J Ao = 2 I( Eu +llm+11 A ig al)1 + I( Eu -11m-II A ig al)1 

Ml = ycl ~(ICI12 -IC212) [1(IEu + Ilm+IIIAlg al)12 + 1(IEu -llm_IIIAlg al)12 J 

so the angular momentum associated with the lEu state is (using (3.73)) 

Ml 2 2 
Ao = 2~(lcll - IC21 ) 

= 2!le 

which, as stated, is independent of the CF and is the same as (3.65) 

(3.75) 

(3.76) 

(3.77) 

This proof demonstrates some of the power of the Wigner-Eckart theorem. It is 

based solely on the symmetry of the system and makes no assumptions about what the 

operators actually represent. Thus the result is true not only for CF effects, but any 

perturbations with bIg or b2g symmetry (including JT effects - see section 3.9.4.1) that act 

to remove the degeneracy of the excited state. However it requires integration over the full 

envelope of the transition when determining the moments. 

3.9 The Vibronic Ham iltonian 

The vibronic Hamiltonian gives a description of both the electronic and vibrational, 

potential (V) and kinetic (T) energies of the molecule: 

~ibronic(q,Q) = T,lQ) + Te(q) + V(q,Q) (3.78) 

where Q represents the nuclear coordinates, q represents the electronic coordinates, Tn is 

the nuclear kinetic energy operator, Te is the electronic kinetic energy operator and V is the 

total potential energy of all electrons and nuclei, including the interactions between them. 

Solutions to the vibronic Hamiltonian satisfy the equation 
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(3.79) 

where the Sk are vibronic energies of the vibronic states 'Piq,Q). For a given state, Sk is 

independent of the coordinates. 

The electronic Hamiltonian is an effective Hamiltonian given by 

Xiq,Q) Te(q) + V(q,Q) 

with solutions ~kCq,Q) that satisfy 

XI(q,Q)~k(q,Q) = Wk(Q)~k(q,Q) 

(3.80) 

(3.81) 

The electronic energies WkCQ) are independent of electronic coordinates, q, but depend 

parametrically on the nuclear coordinates, Q. 

The vibronic and electronic wavefunctions are related by 

'PkCq,Q) <h(q,Q)xkCq,Q) (3.82) 

where Xk is called the vibrational wavefunction, which, in the most general circumstances, 

depends on the coordinates of both nuclei and electrons. 

3.9.1 The Born-Oppenheimer (BO) Approximation 

The vibronic Hamiltonian cannot be solved exactly, even for small molecules, due 

the large number of interactions implied by the V(q,Q) term of (3.78). Instead, 

approximations must be made, the most common of which is the BO approximation. 

In the BO approximation, the electronic wavefunction is taken to depend only 

parametrically on the nuclear coordinates. The rationale for this comes from the fact that 

electrons are orders of magnitude less massive than nuclei and therefore respond 

effectively instantaneously to any change in nuclear positions. Two important 

consequences result: 

1. The nuclear kinetic energy operator Tn(Q) no longer 'acts on' (that is, it commutes 

with) the electronic wavefunctions <pkCq,Q). Thus 

(3.83) 

2. The vibrational wavefunctions xklQ) are no longer dependent on so 

wavefunction takes on the adiabatic * form 

'Pki(q,Q) ~kCq,Q)Xki(Q) (3.84) 

vibronic 

Adiabatic, in this context, refers to the case where the vibronic wavefunction can be written as the 

product of two functions, only one of which is dependent on the electronic coordinates, 
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where i is a vibrational label. With the help of (3.78), (3.80) and (3.82) the vibronic 

Schr6dinger equation in (3.79) may be rewritten 

(3.85) 

then using (3.81), (3.83) and (3.84), this reduces in the BO approximation to 

(3.86) 

Thus, under the BO approximation the vibronic energy is simply the sum of the electronic 

energy and the nuclear kinetic energy. (3.86) concerns only the vibrational wavefunction, 

and the part in square brackets is called the vibrational Hamiltonian operator. 

(3.87) 

Even in adiabatic form, the molecular Hamiltonian is difficult to solve. The 

problem is further simplified by expanding the electronic Hamiltonian as a Taylor's series 

in the nuclear coordinates. 

(3.88) 

where Qo denotes the condition where Qll = 0 for all Y]. The electronic energies are then 

determined by applying perturbation theory using the undisplaced electronic 

wavefunctions ~kCq,Qo). To second order, the electronic matrix elements are given by 

II llil 

where K and K' are electronic partner labels and 

XK' =( ~kKl XII~kK.) 

Wl/Qo)bKK ' = (~kKIXII~kK') 

(3.89) 

(3.90) 

(3.91) 

(3.92) 

(3.93) 

1~' is the linear electron-phonon coupling constant which leads to a displacement of the 

minimum potential energy away from Qo along the coordinate Qll' For non-degenerate 

electronic states Qo can always be chosen to represent the electronic potential energy 

minimum, in which case 1K:' = O. However, in the presence of electronic orbital 
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degeneracy it is impossible to choose Qo such that this condition is satisfied simultaneously 

for all electronic partner states, a consequence of which is the linear Jahn-Teller (JT) effect 

(section 3.9.4.1). The parameter l~~' is the quadratic electron-phonon coupling constant 

which gives the harmonic-type force constant of an electronic state with respect to the 

coordinates Q,., and Qw For non-degenerate states, where K = K" it possible to choose the 

electronic states and nuclear coordinates in such a way that the only non-zero force 

constants are those for which 11 Il and ]( = ](', in which case the parameters are the 

standard harmonic force constants: 

(3.94) 

under these conditions Q,., is a normal coordinate (section 3.l3). 

3.9.2 Dimensionless Coordinates 

It is often convenient to express the nuclear coordinates in dimensionless form, 

given by 

(3.95) 

where ro,., is the (angular) frequency of the vibration.* In terms of Q,." the matrix elements 

of (3.89) can be rewritten for normal coordinates as 

(3.96) 

where "A 11 is the dimensionless linear electron-phonon coupling parameter related to [1l by 

11 
"A ,., - IKK' 

KK'- ~k'" liro,., 
(3.97) 

As in (3.89), for systems in which there is no JT effect, the wavefunctions can always be 

chosen so that "A 11 is zero. 

Throughout the remainder of this thesis, a tilde will not be used to differentiate the 

dimensionless coordinates. Unless stated otherwise, it should be assumed that Q is 

dimensionless. 

roll is related to the vibrational frequency by ~ 21tvll, or, in wavenumbers, ~ 21tcvl1' 
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3.9.3 Vibronic Transitions and the Franck-Condon (FC) Approximation 

The first part of the FC approximation (due to Franck) has its basis in the classical 

notion that electronic transitions are essentially instantaneous on the time scale of 

vibrational motion, so that they occur 'vertically' between the potential energy surfaces of 

the states involved. In the quantum-mechanical formulation of this principle (by Condon) 

the transition intensity is represented by an electric dipole moment integral. In terms of 

BO wave functions , and assuming that the electronic functions are slowly varying with 

respect to the nuclear coordinates, this moment is: 

(X!d(Q)I(~k(q,Q)lml~k'(q,Q)lxk'i{Q) ~ (~k(q,Qo)lml~k'(q,Qo) (Xki(Q)lxk't'(Q) 

(3.98) 

where (X!d(Q)IXk'i{Q) is known as the FC overlap factor. 

Under the FC approximation, there are two mechanisms that can result in the 

appearance of vibrational overtones in an electronic spectrum. 

1) The excited-state force constant associated with vibrational coordinate QT] is altered 

relative to the ground state. 

2) The excited state is displaced along the vibrational coordinate QT] relative to the 

ground state. 

In fact, for mechanism 1 to be significant, the force constants must be substantially 

different. * Mechanism 2 on the other hand can give rise to progressions in the vibrational 

mode associated with coordinate QT]. 

If the ground and excited states are taken to have the same symmetry, then under 

the BO and FC approximations the excited state can be displaced only along totally 

symmetric coordinates. In that case, one would expect to observe vibrational overtones 

associated with totally symmetric vibrational modes. l 

* In chapter 0 it is shown that the force constants of the lAlg and lEu electronic states of ZnPc for 

all b lg and b2g vibrational modes differ by less than 3%. 
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3.9.4 Break-down of the BO and Fe Approximations 

There are two general processes that can give rise to the appearance of vibrational 

overtones in non-totally symmetric modes: the Jahn-Teller (JT) and the Herzberg-Teller 

(HT) effects. 

Implicit in the BO approximation is the idea that each electronic state ~k(q,Q) has 

associated with it a single potential energy surface Wk(Q) which is a continuous function of 

all QT]' and on which nuclear motion is confIned. This will be true for degenerate states, if 

the degeneracy is maintained over all QT]' not just at Qo. If it is not, motion may be no 

longer conftned to a single potential surface, in which case the BO approximation is 

violated. 

3.9.4.1 The Jahn-Teller (JT) Effect 

Jahn and Teller have shown3 that for a degenerate electronic state that transforms as 

irrep r e of the point-group to which the molecule belongs at the nuclear confIguration Qo, 

there will always exist a non-totally symmetric vibration that acts to remove the 

degeneracy at other values. Such a vibration is said to be JT active. Furthermore, the irrep 

of this vibration (rrr) must satisfy the relations 
2 

r JT c [rei] 

rrr =;t:. A 1g 

where rei is the irrep of the electronic state. 

(3.99) 

Although the BO approximation is generally not valid in the presence of a JT effect 

(an exception being E ® b4
), the BO wavefunctions still form a complete set and are a 

suitable choice as a starting basis set. In other words, the 'true' vibronic states can be 

expanded as linear combinations of BO states. In addition, it is highly convenient to chose 

basis functions that are BO products for a harmonic system (one with parabolic electronic 

potential energy surfaces). 

3.9.4.2 The Herzberg-Teller (HT) Effect 

The BO approximation may also be violated by interactions between mutually non-

degenerate states that are vibronically coupled via the effect. If the electronic states 

transform as rei and reI' then the vibration must have transformation properties such that 

(3.100) 
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The wavefunctions may be constructed using non-degenerate perturbation theory. 

For electronic states I~k), the HT wavefunctions have the form 

(3.101) 

Thus, to first order, the degree of mixing between two such states is inversely proportional 

to the energy separation between them. If the separation is small and the extent of mixing 

is so great that BO-type products can no longer even approximately describe the vibronic 

functions (that is the terms in the sum of(3.10l) become nearly as important as I~k)o), this 

is referred to as the pseudo-JT effect. 1 

Generally, the HT effect has an observable influence on the optical spectra only 

when transitions to one of the interacting states are forbidden (or intrinsically weak) and 

the other is fully allowed. In this case 'vibronic borrowing' can result in the appearance of 

intensity in the vibrational overtone region of the forbidden transition, built on a single 

quantum of the HT-active modes (referred to as 'false origins'). 

3.10 Vibrational Wavefunctions 

In this work, harmonic oscillator functions have been chosen for the vibrational 

basis set. According to (3.87), the vibrational Hamiltonian for the (dimensionless) normal 

coordinate QTJ is given by 

(3.102) 

Tn is the nuclear kinetic energy operator introduced earlier and the electronic potential 

energy is from (3.81), that is: 

(3.103) 

where the integration is carried over the electronic coordinates for the relevant state. 

W(QTJ) acts as an operator on the vibrational wavefunctions. The linear momentum 

operator, PTJ, conjugate to QTJ, has the fonn 

(3.104) 
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For a one-dimensional harmonic oscillator function Ix) (where v is the vibrational 

quantum number), the non-zero matrix elements to second order in Qll and Pll are given in 

Table 3.1 

Table 3.1. Non-zero hannonic oscillator matrix elements to second order in 

v=v' - 2 v v' 1 v= v' 

(Xl'IQ'1lx) 1i 
(X"'Q~X) ::jy{v- I} 1 

2 '2+ v 

(Xl'lp'1lx) 
- ili1i ili-0V;l 

(x,.IP~ I x,.,) -1i2yv(v - 1) 1i2 

2 2 

1 MCP of Vibrationa I Overtones the D4h Point 

In this section it is demonstrated that for a single-mode system, the MCr of lEu ® 

big of- I Alg (JT-active) vibronic transitions (where i 1 or 2) has the opposite sign to 

lEu ® alg of- IAlg vibronic transitions (involving totally-symmetric vibrations). The 

complex basis is used in this analysis, as it most simply describes the transformation 

properties of a Zeeman-split state. 

In terms of an undisplaced basis relative to the ground state, the zeroth vibrational 

level within any electronic manifold is totally symmetric. For the ground and excited 

states the corresponding BO products are denoted IIAlg a,)IO) and liEu ±1)IO), respectively. 

The vibronic symmetries of higher-lying levels of the undisplaced excited-state basis are 

obtained by coupling to give BO-type products. Since alg acts as the identity in a direct 

product, and big ® big = alg, only the coupling of aIg, big and b2g vibrational states need be 

determined. The way in which these three irreps couple with Eu is given by (3.6). 

I(Eu aIg) Eu ±1) = lEu ±l)la lg) 

I(Eu bIg) Eu ±1) = -lEu +1)lblg) 

(3.105) 

A consequence of vibronic coupling is that states that transform as the same 

partners of the same irrep may mix. This can be used to describe the displacement of the 

excited state with respect to the ground state. Consider the (displaced) vibronic states that 

most closely represent one quantum in each of the modes alg, big and b2g in the excited 
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electronic state. Denoting the vibrational basis state with v quanta in vibration y by Ivy), 

and the vibronic state involving coupling of liEu ±1) with y by lEu ±1 )y, then 

00 

lEu ±1)a]g = L cv,a]g liEu ±1)lva]g) 
1'=0 

00 00 

lEu ±1)b]g = L Cv,b]g liEu ±1)lvb1) - L CV,b1g liEu +1)lvb]g) 
1'=0,2,4 ... 1'= 1,3,5 ... 

00 00 

lEu ±1)b2g = L C1',b2g liEu ±1)lvb2) ± L CV,b2g liEu +1)lvb2g) (3.106) 
v = 0,2,4 ... v = 1,3,5 ... 

where the magnitudes of the Cv coefficients are determined by the linear electron-phonon 

coupling parameter (3.92), and they satisfy 

00 

L ICv,y12 = 1 (3.107) 
1'=0 

For overtones in totally symmetric modes, the Zeeman shifts for the displaced 

vibronic states are given by 

00 

(Eu ±ll3LZIEu ±1)a]g = L IC1',ai (Eu ±1IXzIEu ±1) (va]glva]g) 
1'=0 

= ± [le (3.108) 

where [le is defmed by (3.67). In other words, lEu + 1)alg states are shifted to higher energy, 

while lEu -1)al g states are shifted to lower energy, and both the direction and magnitude of 

these shifts is the same as for the vibronic states associated with the origin band. For 

overtones in non-totally symmetric modes 

00 

(Eu ±113LZIEu ±1)b;g = L ICv,bi eEu ±1IXiEu ±1) (vb;glvb;g) 
1'=0,2,4 ... 

00 

L ICV,bi (lEu +1IXzIIEu +1) (vb;glvb;g) 
v= 1,3,5 ... 

(3.109) 
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When the JT effect is weak, only the first overtone in the appropriate big mode will carry 

any significant intensity. In this case the second sum in (3.109) dominates through the 

contribution from Ih;g) (that is, Cl,b,g ~ 1) and the lEu +1)big state shifts downward in energy 

while the lEu -1)b;g shifts upwards. This is the opposite sense to the zero-point state or 

states involving alg modes. Moreover, because of the opposite sign of the two sums in 

(3.109), the Zeeman shifts are partially quenched. The same result is obtained from an 

explicit solution ofthe vibronic Hamiltonian (section 7.4.4.1). 

Assuming that the temperature is low enough that only the zeroth vibrational level 

of the ground state (11A1g al)IO») is populated, then the non-zero transition moments for the 

vibronic states involving totally symmetric vibrations are given by 

(Eu ± Ilm±d l A1g al)IO)alg 

OCJ 

==: c~,al/Eu ± Ilm±lll A1g al) (010) + L c:,al/Eu 
1'=1 

= c~,al/Eu ± l!m±lllAlg al) 

where the sum is zero due to the vibrational orthogonality of each of its terms. So the 

transition to the lower state is RCP while that to the upper state is LCP, and the MCD of 

such a transition consists of a positive cP term the same sign as the origin. 

Similarly, transition moments for the JT overtones are 

(Eu ± Ilm±d1Alg al)!O)big = c~,b;/Eu ± 11m±111Alg aj) 

But now, due to the change in the sign of the Zeeman shift in (3.109), the transitions to the 

lower and upper states are, respectively, LCP and RCP. MCD of these vibrational 

overtones therefore consists of an cP term of the opposite sign to the origin. 

3 The Relationship etween FDMCD 

In 1976 Sutherland et al. demonstrated that broad-band FDMCD can be related to 

conventional MCD.5 However in selective FDMCD the ratio of the intensities ofLCP and 

RCP transitions at each wavelength may be entirely different to those in the corresponding 

MCD experiment. 

The expressions for selective excitation and FDMCD are much more complicated 

than those for absorption and MCD. The probability of an excitation from J f-- A is 

measured indirectly via the fluorescence from ~ B (Figure 3.2). For FDMCD, the 
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relationship between the observed fluorescence when the excitation source is LCP and 

RCP depends not only on the relative probabilities of LCP and RCP J f- A absorption at 

the excitation frequency, but also on the relative probabilities of the resulting J states 

relaxing to states K (from which fluorescence occurs at the observing wavelength). 

J -""lr'--~-

Laser 
excitation 

Monitored 
fluorescence 

Figure 3.2. In an excitation experiment, the probability of a transition J ~ A is measured indirectly through 
the resulting fluorescence K -+ B. 

In the case where excitations by LCPL and RCPL are equally likely to give 

fluorescence from K, the expressions will be analogous to those of absorption and MCD, 

the only significant changes being (i) incorporation of a quantum efficiency parameter into 

the y constant of (3.24) and (3.38), and (ii) modification of the Faraday parameters of 

(3.45) for the affects of photos election. * However the real benefits of using selective 

excitation and FDMCD are only realised in the case when excitations by LCPL and RCPL 

are not equally likely to result in fluorescence from K. In this case the SIN of an FDMCD 

experiment may be substantially enhanced relative to that of a conventional MCD 

experiment. 

3.12.1 Sensitivity ofFDMCD 

In the MCD of a CF -split E f- A transition, the net differential signal (SLCP - SRCP) 

is typically a small fraction of the total signal (SLCP + SRCP) for two reasons. Firstly, the 

* In emission spectra, as well as accounting for the orientation of the molecules with respect to the 

excitation source (to determine the probability of absorption), their orientation with respect to the detector 

must also be considered (to determine the probability of emission in the direction of the detector). For 

example molecules whose transition dipoles lie in the x-y plane will be excited by x,y-polarised light and will 

preferentially emit radiation along the z-axis. This phenomenon is referred to as photoselection. 1 
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pseudo CP terms comprise overlapping pairs of oppositely signed ill terms, the members of 

which are not completely circularly polarised. Secondly, and more important to this 

discussion, there is a substantial cancellation due to overlap between the oppositely 

polarised envelopes of the E~ ~ A, and Ea ~ A transitions (where and E~ are the CF

split components of the otherwise degenerate E level - section 7.4.2.2) when their 

separation is much smaller than their (inhomogeneous) band widths (Figure 3.3). 

In selective excitation spectroscopy the linewidths can be narrowed to the extent 

that they are smaller that the E~ - Ea separation. If E~ -1' Ea relaxation is fast (as is the 

case for ZnPc/Ar and ZnTBP/Ar section 7.4.2.2) then fluorescence is entirely due to 

either E~ ~ A, or ~ A (Figure 7.6), the former when the excitation frequency is 

resonant with Eobs, and the latter when the excitation frequency lies to higher energy 

than Eobs. In this way the magnitude of the FDMCD signal (unlike MCD) is governed only 

by the extent to which the transitions to Ea and E~ are purely circularly polarised, 

regardless of the extent of overlap between Ea and E~ absorption bands. 

Absorption of 
LCPLby 

states 

Absorption of 
RCPL byE" 

states 

LCPL 

Ground state 

Inhomogeneously broadened 
absorption bands 

Figure 3.3. Measurement of MCD. The total absorption signal in the presence of a magnetic field, contains 
overlapping LCPL and RCPL contributions. Thus the differential (MCD) signal is a small fraction of the 
total signal at any palticular wavelength. 
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The SIN for FDMCD relative to MCD under these conditions (where the Ea - Ep 

separation is greater than the FDMCD bandwidths and Ea ~ Ep relaxation fast compared 

with E ~ A fluorescence) is governed by the extent of overlap between the 

inhomogeneous Ea and Ep distributions. It will be best at wavelengths in the centre of the 

absorption band at which the absorption due to Ea states approaches that of Ep states and 

the MCD tends to zero, while in the extreme case in which the bands do not overlap at all, 

there is effectively no potential for FDMCD to provide a SIN enhancement. 

Of course for selective FDMCD to be of any use at all, the sample must be 

fluorescent, * and the quantum efficiency of the fluorescence process is an integral factor in 

determining the usefulness of this approach. The spectra presented in chapter 7 for 

ZnPcl Ar demonstrate that this is a system in which the SIN enhancement in selective 

FDMCD over conventional MCD is truly realised. 

3.13 Normal Coordinat e Analysis (NCA) 

The following is intended as an overview of the principles involved in NCA. For a 

more detailed discussion the reader is referred to a selection of texts on the subject.6
-
8 

For a polyatomic molecule with N atoms, there are 3N independent degrees of 

freedom. For a non-linear molecule six correspond to molecular translations and rotations, 

leaving 3N - 6 independent vibrational modes. The 'natural' vibrations of the molecule 

are called the normal modes and involve changes of the normal coordinates, Q, (section 

3.9.1) of the molecule. 

NCA is a classical approach for determining the normal coordinates and associated 

vibrational frequencies. The kinetic and potential energy of the molecule is defined in 

terms of some basis coordinates r and their time derivatives ;'. Newton's second law of 

motion gives: 

(3.110) 

where Tn and Ware, respectively, the nuclear kinetic and electronic potential energies of 

(3.102). The solutions to this differential equation take the form: 

• Sutherland et al. demonstrated that FDMCD could be measured for a non-luminescent molecule 

via energy transfer to a substance that is luminescent. 5 However this is a non-selective process and could not 

be used to give selective FDMCD spectra. 
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(3.111) 

where p is a phase factor, CDr] is the angular vibrational frequency associated with the 

normal coordinate Qll and the coefficients liT] (not the linear electron-phonon coupling 

constant of earlier) relate the normal coordinate basis to the ri basis functions. 

3.13.1 The Wilson GF Matrix Method 

The kinetic energy is most easily expressed in terms of 3N Cartesian displacement 

coordinates, which are represented by a 3N-dimensional column vector x = (Xl, yJ, Z" ... 

XN, YN, ZN) T = (Xl, XZ, X3, ••• XN) T. 

(3.112) 

M is a (3N x 3N) diagonal matrix of the atomic masses, mi, to which each of the Xi 

relate, and x denotes the differential of X with respect to time. On the other hand, the 

potential energy is more easily expressed in terms of J internal coordinates (stretches, 

bends, torsions etc.) collected in vector 1',9 

2W= rTpy (3.113) 

where P is a symmetric (J x J) matrix of force constants. Utilising geometrical 

considerations, r and X can be related by a linear transformation. 

r=Bx (3.114) 

Since r and X may be of different dimensions, B is generally a (J x 3N) rectangular matrix. 

The complimentary transformation is 

so 

x=Rr 

RB=hN 

BR=h 

(3.115) 

(3.116) 

where I is an identity matrix whose dimension is given by the subscript. Now consider a 

J x J symmetric matrix G defmed by: 

G=BMIBT (3.117) 

The inverse of G is given by: 

(3.118) 

Now writing the kinetic energy in terms ofthe internal coordinate basis results in: 

2Tn=j?Mx 

=j.TRTMRi· 
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Substituting (3.113) and (3.119) into (3.110) gives 

Fr+G-1j: =0 

and upon substitution of the solutions from equation (3.111): 

(F - (OTj2 a')liTj 0 

Multiplying (3.121) on the left by G and writing in matrix notation: 

LA 

or 

(3.119) 

(3.120) 

(3.121) 

(3.122) 

(3.123) 

where A is a J x J diagonal matrix containing the 3N 6 roots ((0112) to the secular equation 

and J - 3N + 6 zeros corresponding to redundant coordinates (section 3.13.1.4). The 

eigenvectors (nonnal coordinates) are obtained from the L matrix (see below). Thus the 

problem of detennining the nonnal coordinates and their vibrational frequencies involves 

the diagonalisation of the GF product matrix. 

3.13.1.1 Numerical Diagonalisation of GF 

Numerical diagonalisation of symmetric (or, more generally, Hennitian) matrices is 

relatively simple. Unfortunately, although G and F are symmetric, their product is not. 

Consider an orthogonal matrix A that diagonalises G: 

ATGA DD (3.124) 

where the elements of diagonal D are the square roots of the eigenvalues of G. Then 

where 

G=ADDAT =pTp (3.125) 

P=DAT 

pT=AD (3.126) 

P and pT are invertible, so may be used to apply a similarity transfonnation to GF. 

(pTr1GFpT PFpT (3.127) 

Thus there exists a similarity transfonnation for GF that results in a symmetric matrix 

(with the same eigenvalues) on which numerical diagonalisation can be carried out. 

Consider the orthogonal matrix C which diagonalises this symmetric matrix 

CTpFPTC A (3.128) 

By comparison with (3.123), 

(3.129) 
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Two important results come from this analysis 

LLT = ADCCTDAT ADDAT = G 

LTFL CTpFPTC A 

3.13.1.2 Normal Coordinates 

Consider now a new coordinate basis defined by 

(3.130) 

(3.131) 

r=LQ (3.132) 

then 

2Tn = i;lLTG·1LQ 

QTL\LTrlrlLQ 

QTQ 

2W=QTLTFLQ 

=QTAQ 

Substituting these into (3.110) gives 

Q+AQ 0 

(3.133) 

(3.134) 

(3.135) 
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This is a set of J independent equations, the solutions of which give the 0011
2 roots of 

(3.121). Thus the Qs are the normal coordinates of the molecule. However from (3.133) 

they have dimensions of length x 

there units are A-Vamu. 

and are therefore, not dimensionless. In chapter 0 

3.13.1.3 Relationship of Normal Coordinates to Cartesian Displacement Coordinates 

From (3.115) and (3.132): 

x =ALQ (3.136) 

Therefore in order to be able to transform the normal coordinates into Cartesian 

displacement coordinates the A matrix must be evaluated. From (3.117) and (3.130) 

and so from (3.136) 

AG ABMIBT 

A = M1BTG-1 

= MIBT(LTrlLT 

x = MIBT(LTrlQ 

= M 1BTAD-1CQ 

(3.137) 

(3.138) 
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3.13.1.4 Redundancies in the Internal Coordinate Basis 

Redundancies occur when there are more than 3N - 6 basis functions in the internal 

coordinate basis. When the GF matrix (a square matrix of the same dimension as the 

internal coordinate basis) is diagonalised, there can only be 3N - 6 vibrational frequencies, 

and the remaining eigenvalues must be zero. For symmetrical molecules, the number of 

redundancies can be greatly reduced by using a basis of symmetry-adapted linear 

combinations (SALC) of the internal-coordinate basis functions. 9 However redundancies 

may still persist as a consequence of the fact that some combinations of the SALCs 

describe physically impossible molecular vibrations (for example, all of the bond angles in 

a molecule expanding simultaneously). 

3.13.1.5 Solution to the GFMatrix in the Presence of Redundancies 

If only the vibrational frequencies are required, little attention need be paid to 

redundancies since, from (3.123), the vibrational frequencies are simply obtained by taking 

the non-zero diagonals from the A matrix. However if the relationship of the normal 

coordinates to the Cartesian displacements is desired (as will be the case in chapter 0), 

more care must be taken. 

Consider a molecule that has n normal coordinates described by an internal 

coordinate basis of size n+m, so there are m redundant coordinates. Assume also that the 

columns of the G and F matrices are ordered so that the zero eigenvalues are associated 

with the last m columns. Although the G matrix is now singular, it is still symmetric, so 

there is still an orthogonal transformation that diagonalises it. Thus the A matrix of (3.125) 

still exists, and the D matrix has the form: 

[

D' I 0/1111] 
D= ---t--

011111 I 0/11111 
(3.139) 

where the zeros indicate sub-matrices with all elements zero and with dimensions shown 

by the subscripts. D' is an nxn matrix with diagonal elements equal to the square roots of 

the non-zero eigenvalues of G. The D-1 matrix is then redefined to be: 

(3.140) 

Thus, 
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(3.141) 

where In is the nxn identity matrix. The transformation in (3.129) then produces a matrix 

A of the form 

[

Alnn I Onm] 
A= --t--

Ol/ln 10mm 
(3.142) 

where AI:n is the diagonal matrix of vibrational frequencies for the non-redundant modes. 

Consider now the use of (3.139) for describing the normal coordinates in terms of a 

Cartesian displacement basis of dimension p, so that the B matrix is of dimension (n+m) x 

p. Analogy with (3.138) yields: 

(3.143) 

where the columns of U represent the n non-redundant normal coordinates in terms of the p 

Cartesian displacement basis functions. 
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• In 

4.1 Introduction 

In previous MI studies of ZnPc it has been observed that the overall bandwidth and 

structural features in the Q-band absorption spectrum can vary considerably under similar 

deposition conditions (Figure 4.1 ).1-4 In an attempt to determine the cause of these effects 

a new deposition technique has been developed in this work which has enabled the 

attainment of Q-band spectra with considerably narrower bandwidths than have previously 

been achieved in an argon matrix. Annealing these samples produces sharp structure in the 

Q band due to the formation of well-defmed matrix sites, but also leads to an overall 

broadening of the Q-band envelope as the intensity towards the red of the band increases at 

the expense of that to the blue. 

Selective excitation, FLN and HB studies of these systems suggest that these 

broadening effects can be accounted for by coupling between adjacent ZnPc molecules in 

the matrix. In addition, the HB studies provide support for a photochemical HB 

mechanism that has previously been proposed to operate in MPC/ Ar systems.4 

4.2 Experimental 

Matrix-isolated samples of ZnPc in argon were prepared with the techniques 

described in section using the He refrigerator to cool the sample window. The ZnPc 

used for all samples prepared in this work was obtained from Strem Chemicals and used 

without further purification. The specific deposition conditions are given in Table 4.l. 

Samples A and D G were prepared using the new technique (section 1.3), while B and 

C used a more conventional Knudsen-cell method5 (section 4.3) in an effort to emulate 

previous results. 
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All spectra were collected on Charlie. The R-640 dye was used for HB and for the 

collection of FLN and selective excitation data. Spectra were corrected as described in 

section 2.4.12. To anneal the samples, the He refrigerator was switched off while 

monitoring the temperature indicated by the carbon resistor and cryogenic controller 

(section 2.5.2.l(b)). Once the desired temperature had been reached, the refrigerator was 

switched on again and the sample cooled back to ~ 15 K before collecting further spectra. 

Table 4.1. Deposition conditions for ZnPc/Ar samples discussed in this chapter 

Sample A B C D E F 

Argon through cella yes no no yes yes yes yes 

Argon flow (mmollhr) 38 3.9 3.9 4.4 1.4 5.7 6.4 

Oven temp eC) 380 390 440 -450 475 -485 385 405 400 440 400 -440 390 -450 

Deposition time (min) 30 45 45 40 25 30 35 

Estimated relative 
0.013 0.250 0.113 0.213 1.000 0.100 0.200 sam Ie concentrationb 

a If "yes", the new deposition technique described in section 2.5.1.3 was used. If "no", the sample was 
sublimed from a Knudsen cell as described in section 4.3. 
h Determined using the procedure described in ref 5 and assuming the efficiency of deposition is constant for 
all samples. 

Before performing HB experiments, the laser was tuned to 650 nm Gust to the blue 

of the Q-band origin, but to the red of the first vibrational overtone) and defocused over the 

entire sample window at a power of 100 m W for 15 minutes so that annealing affects due 

to heating from the laser would be minimised during the burning process. Holes were then 

burnt for 5 minutes with a laser power of 50 m W with the laser again defocused over the 

entire sample window. Hole spectra were measured by taking the difference between 

absorption spectra collected using the tungsten-filament lamp (section 2.4.2) immediately 

before and after burning. 

4.3 Q-Band ZnPc/Ar 

Absorption spectra for the Q-band region of from two previous reports2
,4 

using essentially the same deposition technique (see below) are shown in Figure 4.1, along 

with that of sample A - the most dilute sample reported in this chapter. The spectrum of 

Dunford et al.4 has an absence of sharp structure with much more intensity to the red. 

While there is significant structure in the spectrum of VanCott et al.,2 the relative intensity 

on the red side of the band is still far greater than for sample A. These observations are 

quantified in Table 4.2 in which the barycentres and bandwidths of these spectra are 

reported, along with those for the Q bands of samples Band C discussed below. 
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The cause of the differences between the spectra of Figure 4.1 were determined by 

varying the deposition conditions for a series of samples (Figure 4.2). Samples Band C 

were prepared using the same technique as Dunford et al.4 and VanCott et al.2 
- ZnPc was 

sublimed from a Knudsen cell and mixed with a stream of AI in front of the heater (see 

Figure 18(b». B differs from C in that the Knudsen cell and heater, but not the argon 

stream, were moved further from the sample window. For both Band C the Ar was 

introduced at an equivalent position - relative to the window to the other samples, so the 

efficiency of deposition (the fraction of Ar that freezes on the sample window) was 

approximately equal for all samples (an important point for the calculation of the relative 

concentration5
). These spectra qualitatively replicate those obtained by VanCott et al. and 

Dunford et al., respectively as illustrated by the trends in the barycentre and bandwidths 

(Table 4.2) and Figure 4.2. 
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Figure 4.1. Comparison ofZnPc/Ar Q-band spectra from Dunford et al.,4 VanCott et al.,2 and from sample A 
of the current work. 

On the basis of these spectra and the results presented in the following three 

sections, it is proposed that the spectrum of sample A is due to well-isolated ZnPc 

monomers in the argon matrix and that intensity appearing to the red (the 'red sites') is due 

to interactions between collections (or aggregates) of two or more ZnPc molecules. In 
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addition, it appears that the sharp structure in these bands is due to the formation of well

defined sites in the matrix. 

Table 4.2. Bandwidths (2 x -VA2IAo - see section 3.4) and band barycentres (Al/Ao) for the spectra shown in 
Figure 4 1 and 4 2 .. 
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4.2. Q-band spectra of ZnPclAr for samples A, Band C. As mixing of the sublimate with AI' is 
delayed, the absorption band becomes broader and less structured. This infers gas-phase aggregation of ZnPc 
molecules, which is alleviated if they are sublimed directly into the flow of Ar gas. 

When two structurally identical molecules lie within such a proximity that they are 

able to interact via the Van der Waals force, and if one of the molecules undergoes a 

transition to an excited state, the resulting exciton may be transferred between the two.6 

This exciton resonance results in an energy splitting of the (otherwise quasi-degenerate) 

excited states. The degree to which the transitions to the two resulting states are allowed 
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depends on the relative orientation of the molecules. Consider two planar molecules with 

in-plane (x,y-polarised) transition moments (such as the Q transition of MPs): if the 

molecules are aligned face-to-face with their planes perpendicular to the axis joining their 

centres, only the transitions to the stabilised state are allowed. Alternatively, if the 

molecules are edge-on in the same plane, only transitions to the destabilised state are 

allowed. For intermediate cases both transitions are allowed, resulting in an absorption 

spectrum with two bands whose relative intensities are orientation dependent. For an 

aggregate of 11 molecules, there will be an n-fold splitting. 

The aggregation of MPs is well documented and generally believed to involve face

to-face packing with thermodynamically favourable overlap of n: orbitals.7 In concentrated 

solutions, MPcs have been shown to fonn close-bound dimers, which give rise to 

absorption as much as 2000 cm-l to the blue of the monomer Q band.8
-
lI Dipole-dipole 

coupling between pairs of molecules separated by larger distances should result in smaller 

splittings . .,. 

Zachariasse et ai. observed bands ~200 cm- l to the red of the monomer band of 

ZnOEP in cold solutions (140 K) of methylcyc1ohexane, which they attributed to dimers. 12 

Lucia et al. observed the growth of an absorption band ~500 cm- l to the red of the CuPc 

monomer band in concentrated argon matrices and suggested that dipole-dipole coupling 

over ~0.9 nm could account for it.13 Dipole-dipole coupling in argon matrices is also 

supported by the fact that CuPc phosphorescence has been observed in a Shpol' skii 

matrixl4 and in solid CC14,15 but not in a relatively concentrated CuPc/Ar matrix,16 

suggesting the presence of some other deactivation mechanism (section 4.5.5.2). 

In the fonnation of samples A, Band C the sublimed ZnPc molecules spent 

successively more time in the gas phase before encountering the stream of Ar and therefore 

the likelihood of gas-phase aggregation was increased, which accounts for the increase in 

bandwidths. By mixing sooner with the Ar, the ZnPc molecules are much more likely to 

undergo collisions and fonn associations with, the far more numerous host atoms. 

Consequently the resulting matrix contains fewer 'interacting pairs'. 

Further support for this supposition is given by the characteristics of the spectra 

upon annealing, as illustrated for sample D in Figure 4.3. As the sample is wanned (to I 

• Molecules that interact in this way will hereafter be referred to as 'pairs'. The tenn 'dimer' is 

reserved for molecules that are chemically connected, or lie within Van der Waals proximity of one another. 
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K), the intensity of red sites increases at the expense of blue sites. The overall intensity of 

the Q band (Ao) remains constant to within 5% of its initial value, but the band barye entre 

(E) moves towards the red and the bandwidth (2--JA2IAo) increases. It is likely that 

annealing increases the number and strength of 'pair interactions' due to slight 

reorganisations of both the host and guest molecules at higher temperature. The molecules 

are also able to settle into well-defmed minimum-energy sites resulting in the development 

of sharper structure within the Q-band envelope. 
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Figure 4.3. Q band of ZnPe/Ar for sample D before annealing, and after annealing to -17, 19 and 21 K. The 
trends that result in the overall intensity, band barycentre and bandwidth as determined by using moment 
analysis (section 3.4), are shown at the bottom. 
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4.3.2 Q-Band Sharp Structure for ZnPc/Ar 

The factors that determine the appearance of sharp site stmcture prior to annealing 

remain unclear. The of stiUcture can vary from sample to sample under almost 

identical conditions. The principle factor is probably the temperature of the sample 

window during deposition. This is apt to vary somewhat between subsequent sample 

preparations (due to thermal loads from the deposited material and radiation from the 

heater) and, as noted in section 2.5.2.1(b) is not necessarily reflected by the readings from 

the thermal sensors. It is very likely that some matrices undergo annealing as they are 

deposited. 
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Figure 4.4. Absorption spectrum of the Q band of sample E before and after annealing to ~30 K. 

It is clear from the values of relative concentration in Table 4.1 that this is not the 

major contributor to the observed spectral bandwidths (compare the concenn'ation of 

samples Band C the broadest spectra - with those of the other samples, all of which give 

narrower Q-band spectra). However, the concentration of the matrix does affect the 

appearance (or otherwise) of stmcture upon annealing. This point is illustrated in Figure 

4.4, which shows the spectmm of the Q band of sample a more concentrated matrix, 

before and annealing to ~30 K. As with the less concentrated matrices, the band 

barycentre shifts to the red and the bandwidth increases. However in this case there is no 
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evolution of sharp structure. For more concentrated matrices, there does not seem to be 

such a clear distinction for specific low-energy sites, perhaps because the increased 

number of ZnPc molecules relative to Ar atoms increases the overall disorder in the matrix. 

4.4 Selective-Excitatio nand FLN Support for Aggregates 

The absorption spectrum of sample F after annealing to "'28 K is shown in Figure 

4.5 along with a FLN spectrum obtained by exciting into the higher-energy vibrational 

overtones (>1100 cm-\ and selective excitation spectra of the lower-energy vibrational 

overtones «1100 cm-I
) obtained by observing on the blue and red sides ofthe origin band 

(respectively a and c in the figure). Due to the fact that there are well-defined sites in this 

matrix (as evidenced by the sharp site structure) the electronic partners of each vibronic 

state are well correlated and two sharp bands appear for each vibrational overtone (albeit 

that the higher-energy ones are broader than their lower-energy counterparts; see section 

7.4.2.4 for a detailed discussion of the band shapes observed in selective excitation 

spectra). The band pairings for the more intense vibrational overtones are labelled in 

Figure 4.5 according to the overtone with which they're associated, as defmed in chapter 7. 

The splittings between the partner vibronic transitions of the totally symmetric overtones 

are 41 and 60 cm- I for the spectra with Eobs = 15200 and 15290, respectively: The 

splittings for the JT-active overtones are less than these values by varying degrees «12 

cm- I
). The reasons for this are not relevant to the current discussion and will be addressed 

in section 7.4.4.1. 

With regards to the Q-band red sites, there are three important points to be taken 

from Figure 4.5: 

1) The selective excitation spectra resulting from observation at c and a have the same 

vibronic structure, with the latter being shifted "'90 cm- I to the blue of the former -

the same as the difference between the observation frequencies of the two spectra . 

• In fact there is one exception: in both spectra the splitting of the most intense vibrational overtone 

(vu) is different to that of other modes. In the spectra collected by observing at a it has a splitting of 48 cm-1
, 

less than the other totally symmetric modes by 12 cm-1
, and in the spectra collected by observing at b it has a 

splitting of 45 cm-1
, greater than the other modes by 4 cm-1

• The reason for this anomaly is unknown at the 

present time. 
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This demonstrates unequivocally that the material that gives rise to the absorption 

on the red side of the Q-band origin is indeed ZnPc. 

2) The FLN spectrum in Figure 4.5 gIVes strong evidence for the presence of 

interacting pairs in the matrix. In section 7.4.3 it will be shown that exciting into 

the higher-energy vibrational overtones results in the excitation of all sites. Indeed 

comparison of the fluorescence and absorption spectra in Figure make it clear 

that fluorescence is observed from the low-energy partner states of the molecules in 

all of the blue sites. However rather than total Q-band fluorescence consisting of a 

single envelope, as would be expected if the origin absorption was due to a single 

distribution of species, the fluorescence is composed of two, largely separate 

envelopes on either side of ,...,15240 cm-1
• This suggests that there are generally two 

types of species that contribute to the overall absorption envelope: the 'isolated' 

molecules to the blue, and the interacting pairs to the red. 
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Figure 4.5. Absorption, selective excitation and FLN spectra of sample F after annealing to ~28 K. The 
excitation spectra were measured by observing at wavelengths corresponding to the bands a and c indicated 
on the absorption spectrum. The partner transitions for each of the more intense vibrational overtones are 
labelled according to the overtone with which they're associated, as defined in chapter 7. The dashed lines 
mark the IT -active overtones and the solid lines, those involving totally symmetric modes. 
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3) The absorption band at b is due to the high-energy partner states of molecules 

whose low-energy counterparts absorb at c. This is evidenced both by the absence 

of the b band in the FLN spectrum, and the fact that that the splitting of 41 cm,l 

between partner transitions in the selective excitation spectrum obtained by 

observing at c, matches the separation between the bands at band c in the 

absorption spectrum. 

That the red-sites in the origin are due to species physically (as opposed to 

chemically) distinct from the molecules that gives rise to the blue-site absorption, is 

supported by the FLN spectra of sample G (Figure 4.6). The bands labelled Vo are due to 

'isolated' blue-site ZnPc molecules; VI, shifted by 160 cm-I from vo, corresponds to the 

first vibrational overtone. However the p and q band do not lie at frequencies 

corresponding to vibrational overtones, and did not appear in the FLN spectrum of this 

matrix before it was annealed (when there was no red-site absorption). On moving the 

excitation wavelength, the intensities of Vo and VI change in the same manner, but those of 

p and q change in the opposite direction, indicating that the p and q bands are not due to 
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Figure 4.6. FLN spectra of ZnPcl Ar for sample G after annealing to ~20 K. Bands Vo and VI are respectively 
assigned to the origin and lowest-energy vibrational overtones of well-isolated ZnPc molecules. Bands p and 
q are assigned to origin-band fluorescence from ZnPc pairs in two separate sites. 
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the same species that gives rise to Vo and VI. It is proposed that p and q arise from the 

absorption of interacting pairs of molecules in two separate sites, which both have a 

vibrational overtone at the laser frequency. In fact, from the difference between the v, p 

and q band positions and the laser excitation frequency, it can be determined which 

vibrational overtones are involved. The v bands arise due to excitation into ZnPc 

molecules' V9 overtones. Molecules that give rise to p are excited via their Vu overtones, 

while q is due to molecules whose VI2 overtones lie at the laser frequency (see Figure 4.5 

for overtones labels). 

4.5 Spectra Hole-burning of ZnPcl Ar 

Before discussing the results for ZnPc/Ar, a general discussion of the principles of 

HB spectroscopy is presented. F or further information the reader is referred to other 

sources. 17-20 

As discussed in section 1.6 one of the aims ofHB (and FLN) is to selectively (with 

a narrow-band laser) excite a subset of molecules from an ensemble that gives rise to an 

inhomogeneously broadened envelope. In FLN the subset is detected by monitoring the 

emission. Persistent spectral HB on the other hand relies on the ability to bleach the 

absorption at the excitation frequency by either a PHB or NPHB mechanism (section 

1.6.2). 

It is easy to envisage how holes may arise in PHB, since chemical change of the 

guest molecule (brought about by photochemical reaction) will generally cause a change in 

the transition frequencies. NPHB is much subtler and the exact processes responsible for 

hole formation are often not well understood. 

One model for NPHB that has found considerable favour was proposed by Hayes 

and Sma1l21 and is based on the idea that coupling between the host and guest molecules 

results in a static distribution of 'two-levels systems' (lLSs) as shown in Figure 4.7. That 

HB is able to occur depends on the fact that the barrier between the wells of the TLS is 

lower in the excited than in the ground state. Tunnelling between the excited-state wells is 

followed by relaxation into a ground-state potential well that lies at a different energy to 

the original state. 

More recently this model has been modified and extended by Shu and Sma1l22 to 

account for some of its 'short-comings' (section 4.5.5.1). 
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Excited-state TLS 

Tunnelling 

Excitation Relaxation 
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Figure 4.7. The simple TLS model for NPHB proposed by Hayes and Small. 21 

4.5.1 Hole Widths and State Lifetimes 

With a 'single-frequency' laser operating at low power, the hole widths gIve a 

measure of the lifetime of the state being probed. The minimum hole-width that can be 

achieved is 2['hom, where ['hom is the homogeneous linewidth (in cm,l) and the factor of 2 is 

due to the fact that a distribution of molecules will have a portion of their homogeneous 

band overlapping the energy of the laser probe. The homogeneous line-width is given by 

1 1 [' =--+-
hom 2ncTI ncT2 * (4.1) 

where TI is the excited state lifetime, and T2 * is the pure dephasing time of the molecule. 

Tl results from both radiative and non-radiative decay, while T2* is due to a decay of the 

(excited- or ground-) state coherency of the selected subset due to interactions with lattice 

vibrations (phonons) and, for disordered hosts, other low-lying excitations. 

The temperature dependence of T2* requires that low temperatures are used for 

effective HB.t In crystalline hosts, T2* can effectively be 'frozen out' at low temperatures 

so that the bandwidth is governed solely by TI of the excited state. However due to the 

high density of low-energy states in glasses, polymers, frozen gases and other disordered 

hosts, the contribution of T2* is significant in these hosts even at low temperatures. 

t As the temperature increases, the homogeneous bandwidth approaches the inhomogeneous value, 

resulting in the inability to select a subset of molecules from within the inhomogeneous ensemble. 
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In solid host-guest systems, electric dipole transitions of the guest molecules are 

coupled to lattice vibrations (phonons) of the host so the corresponding absorption bands 

have associated with them a higher-energy phonon side band (PSB). The intensity of the 

PSB gives a measure of the strength of electron-phonon coupling. 

Figure 4.8 shows a schematic diagram of the holes resulting from a typical HB 

experiment. The sharpest and most intense feature is the zero-phonon hole (ZPH), which 

occurs at the energy ofthe zero-phonon line (ZPL) of the transition. The broader side hole 

to higher energy is due to the PSB and is called the phonon side-band hole (PSBH). As 

well as having a broader homogeneous bandwidth, due to the rapid decay of phonon states 

to the zero-phonon level, the PSBH is further broadened by the inhomogeneous dispersion 

of phonon energies. 
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Figure 4.8. Schematic diagram of a deconvoluted absorptiou spectrum consisting of an origiu and two 
vibrational overtones in an inhomogeneously broadened system. Also shown is a typical hole spectrum 
which would result after burniug at Ebum• 

To the red of the ZPH is a broad pseudo-PSBH resulting from molecules that have 

their zero-phonon levels at a lower energy than the ZPH but have a PSB resonant with the 

laser frequency. Thus the ZPH intensity actually contains two contributions, one due to 

genuine ZPL transitions and another due to electron-phonon coupling. Since the 
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homogeneous bandwidth of the PSB is larger than that of the ZPL, this electron-phonon 

coupling leads to a broadening of the ZPH. 

In addition to holes in the near vicinity of the laser frequency, others may appear in 

vibronic overtones associated with the electronic transition. These are referred to as 

vibrational side-band holes (VSBH), and each has associated PSBHs and pseudo-PSBHs. 

If the laser frequency lies within the envelope of a vibrational overtone, then a pseudo

VSBH may also appear in the inhomogeneous envelope of the origin transition. 

HB of molecules with formally degenerate excited states is further complicated. In 

solid-phase systems such degeneracies are invariably lifted by CF effects so that HB 

results in additional holes. Above the ZPH an electronic side-band hole (ESBH) appears, 

while below it is a pseudo electronic side-band hole (pseudo-ESBH). Both are due to 

molecules that have an electronic partner state at the burn energy. As with the PSBHs and 

pseudo PSBHs, the ESBHs and pseudo ESBHs have inherently larger homogeneous 

bandwidths than the ZPH and are further broadened due to the lack of correlation between 

the partner states. 

ESBHs have much the same appearance as the PSBHs and distinguishing the two 

may be difficult. However if the system is truly disordered, the sum of the ESBH and 

pseudo-ESBH intensities should be the same as that for the ZPH. So in cases of weak 

electron-phonon coupling, the (pseudo-) ESBHs are expected to dominate over the 

(pseudo-) PSHBs. It is also possible to distinguish between ESBHs and PSBHs using 

hole-MCD;5 however, such studies have proved very difficult and, with the setup used for 

HB in this work, these experiments were not possible. 

In practice, the hole shapes that result from a given experiment depend on a number 

ofvatiables. The relative intensities of the ZPH, PSBH and pseudo-PSBH are governed by 

the burn time, the strength of electron-phonon coupling and the position of the laser 

frequency within the inhomogeneously broadened envelope. In the case of a NPHB 

mechanism, photoproduct antiholes will appear near by, and, hole-filling processes can 

further complicate matters. 

Spectral diffusion refers to low-energy thermally assisted rearrangements of the 

host, which slightly alter the energy of guest molecules caged within the vicinity. This 

results in a gradual 'levelling out' of the spectrum so that the spectral holes become 
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shallower and broader over time. The extent of spectral diffusion depends on the host 

medium and temperature. 

4.5.4 Laser-Induced 'Hole-Filling' (LIHF} 

Hole-filling may be assisted by laser irradiation.5.23 Laser-induced hole-filling 

(LIHF) is well documented in polymers and frozen glasses, where it is generally thought to 

occur by one of two mechanisms. When the laser frequency coincides with photoproduct 

absorption, anti-hole reversion may occur for molecules with a ZPL or PSB resonant with 

the laser frequency. This of course requires that the anti-hole sites retain some 'memory' 

of their original state and is most easily understood in terms of a TLS model, such as that 

of Hayes and Small discussed above.21 

In the case where the laser frequency is not coincident with anti-holes, Shu and 

SmalI have proposed that LIHF occurs (albeit much less efficiently) due to the excitation 

of high-energy vibrations of the host followed by energy transfer to the guest molecules.24 

For AT matrices, such a mechanism could only occur via the excitation of lattice phonons, 

as the host atoms have no internal degrees of vibrational freedom. However for the results 

collected in this work (section 4.6 below) the first mechanism adequately describes the 

observed LIHF. 

4.5.5 Hole-burning in Metalloporphyrin Systems 

Porphyrins and phthalocyanines have been extensively studied by HB techniques. 

In fact the first reported experiment of persistent spectral HB used free-base 

phthalocyanine (H2Pc) in a Shpol'skii matrix.25 Free-base porphyrins and Pcs have since 

been well studied,17,18,26 and the mechanism is known to be PHB involving proton 

tautomerisation in the central cavity. 

For metalloporphyrins and MPcs, the inner protons are substituted by a metal ion 

and the free-base tautomerism is no longer feasible. In media containing electron 

acceptors, MPcs have been shown to bum via an electron-transfer PHB mechanism.27.29 In 

polymers and frozen glasses without electron acceptors, HB of MPs occurs via a NPHB 

mechanism.23,30,31 

Very few HB studies of MPcs, have involved rare-gas matrices. Braun et al.32 

rep01ied HB of a Hex3SiO(SiPc)OSiHex3 (Hex refers to n-C6H13) compound in AT, where 

the mechanism was thought to involve a photo-rearrangement of the axial trihexyl siloxy 
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groups. Only two reports have appeared on HB ofMPcs in frozen inert gas hosts; those by 

Krausz, Dunford and co-workers,4,16 whose studies revealed characteristics inconsistent 

with Shu and Small's NPHB mechanism. Consequently a new PHB mechanism was 

proposed to operate in inert-gas matrices. 

4.5.5.1 The NPHB Mechanism of Shu and Small 

Although the model of Hayes and Sma1l21 (section 4.5) has been widely used to 

qualitatively account for many NPHB processes,18 there exist two major inconsistencies 

that cannot be accounted for by this model: 

(1) The four TLSs depicted in Figure 4.9 represent the eight possible situations that can 

lead to NPHB, depending on whether the burn frequency corresponds to an 

excitation from the left or right potential well. According to Hayes and Small, 

burning occurs due to excited-state tunnelling. As the temperature tends to 0 K, 

and the probability of phonon-scattering decreases, this can occur only by phonon 

emission and those schemes that represent 'up-hill' excited-state tunnelling (cases 

2, 3, 5 and 8) can be disregarded. Of the four remaining schemes, three result in a 

red-shifted anti-hole while only one (case 7) leads to a blue shift. This is in 

contrast to experimental observations for transitions between spin-singlet 1t states, 

which give predominantly blue-shifted anti_holes18,22 

(2) Following the same argument as in (1), as the temperature tends to 0 only four of 

the eight schemes (cases I, 5, 6 and 7) will lead to hole burning, so the model 

predicts a maximum depletion of 50% of the absorption. However for oxazine 720 

in polyvinyl alcohol films and glycerol glasses, and for chlorophyll in the light

harvesting complex of photo system I, ZPHs of essentially 100% can be burnt in the 

temperature range 1.6 7 KY 

To account for these short-comings, Shu and Small extended the modeL22 In 

addition to the original TLS, which is localised about the guest molecule and extrinsic to 

the host (labelled TLSext), they included a more delocalised potential energy system 
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intrinsic to the host (labelled TLSinD. NPHB then occurs as a result of an 'outside-in' 

hierarchy of tunnell:ing events involving both the 'outer-shell' TLSint and the 'inner-shell' 

TLSext. Electronic excitation of the guest triggers rapid tunnelling along the TLSint 

coordinates, which has an annealing affect and subsequently decreases the volume of 

the outer-shell host molecules/atoms. As a result, the free volume of the inner-shell TLSext 

increases and, as the average distance to nearest-neighbour inner-shell host atoms 

increases, the barrier height between potential minima is decreased. Thus there is 

increased probability for tunnelling, and hence NPHB, to occur. 

I 

Case 1: Pre-bum Post-burn 

Case 2: Post-burn Pre-burn 

Case 5: Pre-bum Post-burn 

Case 6: Post-burn Pre-bum 

Case 3: Pre-burn Post-bum 

Case 4: Post-bum Pre-bum 

Case 7: Pre-bum Post-burn 

Case 8: Post-bum Pre-burn 

Figure 4.9. Possible TLSs in the model of Hayes and Small. Each diagram represents two possible cases in 
which HB involves tunnelling from right to left, or left to right. 

• Although TLSint and TLSex1 are used for convenience, it is recognised that a multi-minimum 

description is probably more appropriate.22 



130 Intermolecular Transfer, the Hole-burning Mechanism in 

In this model the TLSext, tbrough which rate-detennining tunnelling occurs, evolves 

relatively slowly as a result oftbe rapid reorganisation in the outer-shelL This provides the 

facility for burning 100% of ZPLs as the evolved TLSext will always provide a downhill 

stabilisation pathway for the guest molecule. The increase in free volume of the host 

accounts for the fact that the photo-product is blue shifted, as these transition frequencies 

generally undergo a red shift in going from the gas to condensed phase. 

4.5.5.2 The NPHB Mechanism for MPc/Ar of Dunford et al 

Recent work by Krausz, Dunford and co-workers4
,5,16 marked the first HB studies 

ofMPcs isolated in an argon matrix. The results were similar to those for dye molecules in 

frozen glasses and polymers, suggesting a NPHB mechanism of the type devised by Shu 

and SmalL The anti-hole absorption appeared predominantly to the blue of the bum 

frequency but within the inhomogeneous envelope of the absorption band, and the 

integrated intensities of hole and anti-hole almost cancelled. Together these observations 

indicated that the photoproduct was chemically unchanged. 

Despite these results there were a number factors inconsistent with the model of 

Shu and Small. a preliminary study on a concentrated matrix of ZnPc/Ar, the anti-hole 

was shifted well outside (both to the red and the blue) of the inhomogeneous envelope of 

the absorption band, signifying a chemical change. Further to this, although NPHB of 

pentacene is efficient in polymer films/4 attempts to burn pentacenel Ar were fruitless 

suggesting that Ar is not an intrinsically efficient host medium for NPHB. 

In light of these observations and by reference to a study by Debacker et al.34 a new 

mechanism was proposed. Debacker et al., studied the triplet-state deactivation of ZnPc 

and MgPc in DMSO and noted that the decay kinetics shifted from first order in the 

concentration of triplet state species, to second order as the concentration was increased to 

x 10-4 mol/L. The evidence suggests that triplet-triplet annihilation operates at higher 

concentrations. 

Dunford et al. proposed that if two molecules sufficiently close in proximity are 

simultaneously in the spin-triplet state (due to Q-band excitation followed by inter-system 

crossing), charge separation may result, followed by rapid charge recombination to give 

two spin singlets. 

3MPC* + 3MPc* -+ MPc+ + MPc- -+ IMPc + IMpc (4.2) 
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may then arise due to a disruption of the local environment brought about by 

the charge separation; the ions are physically and electrostatically very different from their 

neutral analogues, and there is a lot of energy to be dissipated as (4.2) is a radiationless 

process. In addition the chemically unchanged product results in only a small shift of the 

anti-hole absorption frequency giving the impression of a NPHB mechanism. 

Dunford et al. further supported this mechanism by reference to the studies noted 

above (section 4.3.1) which provide evidence for dipole-dipole coupling in MPc/Ar 

systems. That luminescence from CuPcl Ar could not be observed, is accounted for by the 

quenching resulting from (4.2). Moreover, in their preliminary study of ZnPc/Ar, 

photoproduct was observed at wavelengths consistent with ZnPc + and ZnPc suggesting 

the trapping of intermediate ions. 

JUL ... J..,L" of nPc/Ar 

One of the implications of Dunford's mechanism is that the HB efficiency should 

depend on the number of interacting guest molecules in the Ar matrix. Given the success 

of the new deposition technique developed in this study (section 1.3) for generating 

ZnPcl Ar matrices with no significant pair interactions, it was decided to perform HB 

experiments on ZnPcl Ar matrices in which the number of pair interactions was varied in 

order to provide additional insight into the mechanism. 

The interpretation of these spectra is complicated by two principal factors. Firstly, 

due to the relatively high temperature (~15 K), matrix annealing occurred during HB. As a 

result, many of the structural features in the hole spectra are artefacts from annealing rather 

than a consequence ofHB. Secondly, it is expected that the total intensity of photo product 

anti-holes should exactly equal that of the holes, but this was not consistently the case 

(although, due to the annealing effect, it is difficult to detetmine exactly where the 'zero 

line' should be drawn). Previously, Dunford observed a photo-bleaching phenomenon in 

studies of ZnPc/Ar at ~12 K in a vacuum,s in which some of the matrix was lost due to 

localised heating by the laser. Such a mechanism could well be operative in this work. 

Attempts at HB sample F before annealing (Figure 4.10) resulted in no discernible 

holes above the noise level. After annealing to ~28 K, holes were easily burnt, using the 

same conditions, throughout the entire Q-band envelope (Figure 4.11). Given that the red

sites that arise in the Q band upon annealing are due to interacting pairs of molecules 
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(section 0), this result provides compelling evidence that the HE mechanism in this system 

does involve coupling between interacting molecules. 
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Figure 4.10. Absorption and hole spectra of ZnPcl Ar for sample F before annealing. Ebum indicates the 
energy at which the hole was burnt, and 8A is the hole spectrum defined by 8A = Apost-bum - A pre-bum. The 
order in which the spectra were collected is from top to bottom (burning progressively to the blue). 

Figure 4.11. (Opposite) Absorption and hole spectra of ZnPc/Ar for matrix F after annealing to ~28K. The 
order in which the hole spectra were measured is from top to bottom. The effects of the fIrst fIve burns were 
removed by annealing before the bottom fIve spectra were collected. The top five spectra therefore represent 
HE sequentially from red to blue, and the bottom five from blue to red. Ebum indicates the energy at which 
the hole was burnt, and 8A is the hole spectrum defIned by 8A = Apost-bum - Apre-bum' 
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Absorption and hole spectra of sample F before and after annealing are shown 

respectively in Figure 4.10 and Figure 4.11 (see section 4.2). An arrow indicates the 

position of the laser within the Q-band envelope. 

Due to the problems discussed above, the efficiency of the post-anneal HB could 

not be accurately determined, however estimates were obtained by measuring the hole 

depth as a fraction of the pre-bum absorbance at the bum frequency (Figure 4.12). By this 

measure the efficiency varies from - 14% across the Q-band envelope and, despite the 

large errors associated with these measurements, a clear trend is evident. HB efficiency 

increases substantially as the bum wavelength is shifted towards red sites, in accord with 

the proposition that (a) the red-sites are due to interacting pairs of ZnPc molecules (section 

0) and (b) the HB mechanism is facilitated by inter-chromophore interactions. This 

experimental evidence therefore supplies strong support for a dominant HB mechanism 

that involves coupling between ZnPc molecules. 

ZnPcl Ar: Sample 
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0 
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Figure 4.12. Relationship between hole depth and burn frequency as a function of bum frequency across the 
Q(O,O) band envelope. 

LIHF is also observed in the spectra as indicated (by fingers) on Figure 4.11. That 

LIHF occurs with approxmlately equal efficiency when burning sequentially towards the 
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blue or the red, indicates that the photo-product is spread on both sides of the hole rather 

than only towards the blue as with the model of Shu and Small. 

Unfortunately, an analysis of the relative contributions of ESBHs and PSBHs to 

determine the strength of electron-phonon coupling was not possible from these spectra. 

However the same parameters may also be obtained from laser line-narrowing techniques, 

and this problem is revisited in section 7.4.2.3. 

4.7 Conclusions 

The appearance of Q-band absorption spectra of ZnPc/Ar can vary considerably 

under similar deposition conditions. In particular, the intensity on the red side of the Q 

band is greater for samples prepared using a technique in which the sublimed sample must 

diffuse out of the oven before encountering the argon stream. Introducing the Ar through 

the rear of the cell from which the ZnPc is sublimed has enabled the attainment of much 

narrower Q-band spectra than have previously been observed. It is proposed that the early 

introduction of Ar reduces the formation of ZnPc aggregates in the gas phase. 

The 'red-site' absorption is attributed to pairs of ZnPc molecules that interact via 

dipole-dipole coupling. Annealing studies as well as FLN, selective excitation and HB, 

support this hypothesis. FLN and selective excitation spectra demonstrate that species 

responsible for red site fluorescence are physically distinct from those that contribute to 

blue-site fluorescence, but the vibrational structure shows that both red and blue 

chromophores are ZnPc. Annealing causes an increase in red-sites at the expense of the 

blue, presumably due to a reorientation of guest molecules accompanied by increases of 

matrix density. 

Finally, increasing the number of red-sites by annealing, increases the efficiency of 

HB; a result that supports the hole-burning mechanism proposed by Dunford et al. 

involving intermolecular triplet-state charge separation followed by singlet recombination. 
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5.1 

There have been several attempts to measure the JT displacements (Arr) in MP 

systems using various techniques. I-7 All have assumed a single low-frequency (~150 em-I) 

JT -active mode, an assumption that vastly simplifies the analysis. 

In an effort to gain insight into the validity of this assumption, a program has been 

written to simulate the absorption and MCD spectra of MP systems using a single-mode 

model. The accuracy of the model has been determined by attempting to simulate the 

spectra ofZnPc, ZnTBP and ZnOETAP in argon matrices. 

5.2 Spectra of ZnTBP/Ar and 

Samples of ZnPc/Ar, ZnTBP/Ar and ZnOETAP/Ar where prepared using the 

techniques described in section 2.5 and the specific deposition conditions in Table 5.l. 

The ZnTBP used for these preparations, together with those of chapter 7, was obtained 

from Midcentury. The ZnOET AP was gifted by Prof. Paul Schatz of the University of 

Virginia. Both ZnTBP and ZnOETAP were used without further purification. 

Table 5.1. Deposition conditions for the samples of ZnPc/Ar, ZnTBP/Ar and ZnOETAP/Ar discussed in this 
chapter 

ZnPc/Ar ZnTBP/Ar ZnOETAP/Ar 

Ar flow rate (mmollhr) 5.4 8.3 3.9 

Oven temperature (0C) 370 420 460 670 270 - 320 

Deposition time (min) 30 50 45 

Q-band Absorption and MCD spectra for ZnPc/Ar and ZnTBP/Ar (Figure 5.1 and 

5.2) were collected using Charlie while those for ZnOETAP/Ar (Figure 5.3) were collected 

on MOD4. 8,9 
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Figure 5.1. Absorption and Mcn spectra of the Q-band region of ZnPc! Ar. 
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Figure 5.3. Absorption and MCD spectra ofthe Q-band region of ZnOET API Ar. 
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Unlike the previous chapter, there is no sharp site-structure in any of these spectra. 

Sharp structure generally only arises when the matrix is annealed but the ZnPc/Ar and 

ZnTBP/Ar spectra in this chapter were collected using the cryostat/magnet Katherine for 

which annealing was not possible (section 2.5.2.2). The ZnOETAP/Ar matrix was 

prepared using the He refrigerator of MOD4, but annealing had no noticeable effect of the 

Q-band spectrum. 

The origin bands of ZnPc/Ar and ZnTBP/Ar have bandwidths (FWHM) of -70 and 

60 cm- I respectively, and are consequently resolved from even the lowest frequency ('"" 150 

cm-I
) vibrational overtone. On the other hand, the origin band of ZnOETAP/Ar has a 

bandwidth of -160 cm- I and it overlaps with the lowest vibrational overtone. The 

increased inhomogeneity in this matrix is most likely due to the structural differences of 

ZnOET AP compared with ZnPc and ZnTBP (Figure 1.1). The latter two molecules have 

rigid and planar structures so that the inhomogeneity is principally due to intermolecular 

interactions. On the other hand, ZnOETAP has eight ethyl groups that are much less 

conformationally restricted and can contribute additional inhomogeneity due to 

intramolecular effects. 
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Similar broadening effects have been observed in spectroscopic studies by Gasyna 

et al. of ZnOEP/Ar (which differs from ZnOETAP only in the substitution of carbon for 

the meso-nitrogen atoms) in an argon matrix. 1 Those spectra also had a broader origin 

band than for ZnPc and ZnTBP samples prepared under similar conditions, and no sharp 

site structure evolved upon annealing. 

In the Q-band spectrum of ZnTBP/Ar, there is a band immediately to the red of the 

origin that was not observed in a previous study,3 but which has consistently appeared in 

this work (see arrow in Figure 5.2). Upon annealing a sample prepared using the He 

refrigerator, this band was found to increase in intensity as the remainder of the Q-band 

intensity was reduced (Figure 5.4). The appearance of this band, and its behaviour with 

annealing, are similar to those observed for ZnPcl Ar (section 4.3.1) and it is therefore 

proposed that this band is due to interacting pairs, as described in chapter O. The presence 

of this band has not interfered with the analysis of this chapter, and it is not considered 

further here. 

0.6 

0.5 
Before anneal 

A 

0.4 
After anneal 

0.3 

0.2 

0.1 

16100 16200 

ril 
f \ 

,',' : 
/ \ 
f \ 

16300 
E/cm-1 

ZnTBP/Ar 

' .. 

16400 16500 

Figure 5.4. Origin region of the Q band of Zn TBP before and after annealing to ~25 K. 
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5.2.1 The Crystal-Fjeld-Stabilised Jabn-Teller Effect 

The origin bands of the MCD spectra in Figures 5.1 - 5.3 have a positive derivative 

@-tenn-like shape typical of MPs. Totally symmetric vibrational overtones should also 

have a positive derivative shape. lO However, all three spech'a have a first vibrational 

overtone with a skewed, negative @-tenn shape in which the lower-energy positive lobe is 

more intense than the higher-energy negative lobe. 

It has been shown that the simultaneous presence of both CF and JT effects 

(referred to as a 'crystal-field-stabilised Jahn-Teller effect' - CF-JT) in these systems can 

account for these observations l
-
7 (section 5.3). In fact Gasyna et al.! proposed that this 

asymmetry in the MCD spectrum can only be explained by the simultaneous presence of 

JT and CF effects. As shown in section 5.6.1, this conclusion is erroneous; a JT effect by 

itself can result in an MCD spectrum with these features. 

5.2.2 Preferential Orientation of Samples 

In section the case of x,y-polarised transitions was considered, and it was 

shown that the spectroscopic moment ratio MJ1Ao for a sample of randomly oriented 

molecules is half that for molecules whose z axes are oriented perpendicular to the plane of 

the sample window. * This fact has been used to determine the degree of preferential 

orientation within the samples of ZnPc/Ar, ZnTBP/Ar and ZnOETAP/Ar prepared in this 

work. However there is a problem with this analysis: although the absorption and MCD 

moments are invariant to first order CF and JT effects (section 3.4), they are altered by 

higher-order (for example, HT-coupling) effects. The Q-band spectra of ZnPc/Ar contains 

significant contributions due to HT coupling (section 7.4.3), but such effects do not appear 

to contribute significantly to the spectra of ZnTBP (section 7.5). 

To partially overcome this problem, the assumption is made that HT coupling of 

the Q states only involves other states to which transitions from the ground state are 

allowed in x,y polarisation. In this case the effect of molecular orientation on the HT

coupled Q states are the same as for pure Q states. The assumption is justified for ZnPc 

since the states involved in HT coupling have been assigned as lEu (section 7.4.3) - the 

same symmetry as the Q state. For ZnTBP, the next-highest-Iying allowed transition 

above Q gives rise to the intense B band (Figure 1.2). Therefore, any vibronic intensity in 

• Assuming the plane of the window is perpendicular to the optical and magnetic field axes. 
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the Q band due to HT coupling, is most likely to involve the B state. As with Q, the B 

states transfonn as lEu, so HT coupling between Q and B also satisfies the above 

assumption. 

Even with this approximation, if the HT coupling is significant, the moment ratio 

M1/Ao will not give an accurate measure of gil' However comparisons between this ratio 

for the spectra from different samples should give a measure of the relative degree of 

preferential orientation. 

In 1989 VanCott et al. reported absorption and MCD spectra of ZnPclAr,ll and 

found Ml//lsBAo = 4.2 for the Q band origin.* By monitoring changes in the intensity of 

the z-polarised B3 absorption band (-'32200 em-I) as the sample window was rotated 

relative to the light axis, they were able to show that the molecules in the sample were 

preferentially orientated with their z-axes perpendicular to the face of the window. Later, 

Metcalf et al. attempted to deconvolute out the Q' contribution and obtained a value of 

Ml//lsBAo = 3.2 by integrating over the entire Q envelope.2 They proposed that the 

reduced value in comparison with VanCott, was due to a lesser degree of preferential 

orientation. 

For the ZnPc/Ar spectra in Figure 5.1, Ml//lsBAo was obtained by integrating 

over only the Q-band origin. Thus, it appears that the degree of preferential orientation is 

less than that for the sample prepared by VanCott et at. and comparable with that of 

Metcalf et at. 

5.2.2.2 ZnTBP/Ar 

In 1981 Platenkamp et al. measured gil = 7.4 for CdTBpt in a Shpol'skii matrix by 

monitoring the Zeeman shifts of the components of the origin Q bands. 12 In 1993 VanCott 

et al. reported the absorption and MCD spectra of ZnTBP/Ar3 and detennined that 

Mll/lBBAo = 7.7. By comparing this to the gl value obtained by Platenkamp et al., they 

They only integrated over the origin-band envelope to eliminate interferences from the Q' bands 

(see section 7.4.3). Their rationale for this was that the vibrational overtones contribute only a few percent of 

the total intensity of the Q envelope, and therefore, the errors arising from excluding them should be 

negligible. 

t Platenkamp and Canters report orbital angular momentum in terms of A = ieEu xIL/Eu y) 2 
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concluded that the ZnTBP molecules were (like ZnPcl Ar) preferentially orientated with 

their z axis aligned perpendicular to the sample window. Gasyna et at. later noted that 

M1/f.tBBAo measured by VanCott et al. may not give a true measure of gil due to 

interferences from HT -coupling, although the error is likely to be smalL I 

The ratio Ml/f.tBBAo = 5,4 was measured for the ZnTBP/Ar spectra in Figure 5.2. 

In section 2.2.1 it was noted that, due to the way MCD and absorption are simultaneously 

collected, the true absorption and MCD (maximum) intensities for these particular spectra 

are likely to be greater than those measured by up to 3.5% and 9% respectively. Thus the 

true value for the ratio Ml/f.tBBAo could be as large as 5.7. In spite of this uncertainty, it is 

clear that the sample exhibits incomplete preferential orientation. On annealing, the 

sample of VanCott et al. gave spectra containing sharp site structure consistent with that 

obtained in this work after annealing (Figure 5,4). It may therefore be the case that the 

well-defmed sites formed on annealing are ones in which the molecules have their z axes 

perpendicular to the sample window. 

5.2.2.3 ZnOETAP/Ar 

There have been no previous pUblications of optical spectra for ZnOETAP and no 

measurements or calculations of the Q-state orbital angular momentum. Thus there is no 

direct way to assess the degree of preferential orientation from the experimentally 

determined value of Ml/f.t~Ao = 3.6. 

It is enlightening to compare the structure of ZnOETAP with those of ZnOEP, and 

ZnPc. As stated in section 5.2, ZnOETAP and ZnOEP are geometrically similar, the only 

difference being that the meso-nitrogen atoms in ZnOET AP are substituted for carbons in 

ZnOEP. On the other hand the absorption spectrum of ZnOETAP more closely resembles 

that of ZnPc (Figure 1.2) the Q-B splitting is large and the intensities of the two 

transitions are comparable suggesting that these two molecules are more electronically 

equivalent. The latter means that HT coupling between Q and B states is less likely to 

contribute significantly to the Q-band intensity. assuming that there are no 

transitions underlying the Q band region (as there are in ZnPc - section 7,4.3), the ratio 

Ml/f.t~Ao should give a reasonable measure of gil' 

lf the ZnOETAP sample were randomly oriented, then gil = 2MI/J.l~Ao 7.2. 

Conversely, if the molecules were highly preferentially oriented with the molecular z axis 

along the field direction then gil = Ml/f.t~Ao = 3.6. By comparison with solution spectra, 
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Gasyna et al. deduced that ZnOEP/Ar was preferentially oriented with gil ~ 7.0. 1 

Assuming (on the basis of their equivalent geometry) that the extent of preferential 

orientation of ZnOETAP/Ar is similar to that for ZnOEP/Ar, then gil must be near the 

lower end of the allowed range (7.2 - 3.6) and therefore comparable with ZnPc. hldeed, 

that these values are similar is consistent with other evidence that points to the molecules' 

electronic similarity and is predicted by the fact that both are well described by the four

orbital model (section 1.2). 

5.3 Single-Mode Model for the Jahn-TeHer 

ill this section, a single-mode model for a CF-stabilised JT effect is developed. 

First, the case in which the CF and JT effects have the same symmetry is treated using 

perturbation theory, and used to illustrate the changes expected in the presence of CF and 

JT effects. A more general approach in which CFs of bIg and b2g are present, and no 

assumptions are made in regard to the strength of the magnetic field, is developed later by 

explicitly generating the vibronic Hamiltonian and solving the secular equation. 

5.3.1 Perturbation Treatment of the JT Effect 

Consider a CF-stabilised JT perturbation acting on a state of an MP molecule in 

which the CF splitting has the same symmetry as the JT -active coordinate QJT (Figure 

5.5).* The effect of the CF (Figure 5.5(c)) is to separate the orbital partners (designated 

lIEu x) and lIEu y), with the former arbitrarily at lower energy) along the energy axis. BO 

separability is retained and, because the states are undisplaced along the nuclear 

coordinate, the vibrational orthogonality of the basis states lIEu x)lvx)o and lIEu Y)lvy)O 

(where the zero superscripts indicate the absence of a magnetic field) is preserved. 

Consequently, in the presence of a magnetic field, states lIEu x)lvx)O and lIEu y)lvy)O 

only if they have the same vibrational quantum number (vx vy). 

* In this chapter V and V' are defined as CF effects that, respectively, have synnnetry the same or 

'opposite' to, that ofthe JT coordinate Qrr. 
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Figure 5.5. The effect of crystal-field (f/) and JT perturbations on an orbitally degenerate pair of states. IvJT 
is the JT displacement parameter· and EJT is the stabilisation energy that results from the JT perturbation. 

When the CF splitting, 2V, is large compared with the Zeeman coupling (110 « 

2 V, where 110 is defined in section 3.6), the wavefunctions and energies of the Zeeman 

states lIEu x)lvx) and lIEu y)lvy ) can be determined using perturbation theory: 

Vy 

Note that in this work IvJT is defined as the shift along QJT in the potential-energy-surface minima 

from their equilibrium-geometry position. Although this is the definition used by Fulton and Gouterman,13 it 

is different to that used by Metcalf et al.,2 Gasyna et al.,l VanCott et aI.,3 Canters et al.,5,6,15 Platenkamp et 

al.,12 Kielman-van Luijt et al,4 and Jansen et al.,7 all of whom defme IvJT as the separation between the 

potential-energy-surface minima along QJT' 
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2 
dl ~ 

Ex, Vx =.t!, - V - 2 V 

2 
dl ~ 

Ey, v)' =.t!, + V + 2 V (5.1) 

where F is the (degenerate) energy of the states in the absence of CF and Zeeman effects. 

Thus the Zeeman splitting is quenched by the CF splitting and depends quadratically on the 

field strength (the so-called quadratic Zeeman effect).5,6 Moreover, the Zeeman shifts of 

Ex,x), and Ey, v)" where Vx = Vy are symmetric about F. 

In the presence of the JT-effect, lIEu x) and IIEuy) are displaced (by AJT) in opposite 

directions along QJT (Figure 5.5(d)). If the CF has a single component with the same 

symmetry as QJT (that is, V' = 0) then vibronic states are mixed only within the lIEu x) and 

lIEu y) manifolds, and the zero-field wavefunctions, denoted lIEu y)lvy)' and lIEu x)lvx)', are 

linear combinations of lIEu x)lvx)o and lIEu y)lvy)o respectively (for example, see section 

3.11). But now the vibrational orthogonality of vibronic states on different electronic 

surfaces is removed, so that in the presence of a magnetic field all lIEu x)lvx)' are mixed 

with allllEuy)lvy)', and the vibronic wavefunctions and energies are given by: 

IE x)lvx) = IE x)lvx)' - ille l: 2V + ~:; ~x~:)lZWJT IE y)lvy)' 
Vy 

(5.2) 

where IZwJT is the energy of the JT -active vibration and the vibrational overlap factors 

(vx!v;.)' are functions of the JT displacement, AJT (section 5.4). 

Equations (5.2) demonstrate that the Zeeman shifts can now be quenched by two 

effects. The first arises from the reduction of the vibrational overlap due to the JT 

displacement, while the second comes about from the energy denominators due to the CF 

shifts. These equations also show that the Zeeman shifts are now asymmetric about F. 
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For example the quenching of the lIEu x) lOx) state depends on denominators 2V + vyliroJT 

while that of the y)IOy) state depends on 2V - vxliroJT' 

Consider now the case when 2V» IiroJT. The equations for the Zeeman energies 

in (5.2) are then reduced to the fonn of (5.1) so that the symmetry of the Zeeman splitting 

is restored. That is, the effects of a JT displacement are 'drowned out' by a large 

splitting. 

In the other extreme, IiroJT » 2 V, the tenns that dominate the sums in (5.2) are 

those where Vx Vy and the energy shifts are given by 
2 

Ex, Vx ~ If - V - i~ L l(vxlvy)'1
2 

bvx, Vy 

2 

Ey, Vy ~ If + V + i~ L l(vy lvx)'12 
bvx, Vy (5.3) 

Vx 

so the symmetries of the splittings is again recovered but, by comparison with equations 

(5.1), is clear that in this case the magnitudes of the splittings are reduced by the factor 

I(vylvx)f= IYvx,vi. Thus one of the consequences ofthe JT effect under these circumstances 

is to quench the effective orbital angular momentum (and hence the magnetic moment Ila) 

by the reduction factor Yvx,vy' The same result is obtained from the zero-field wavefunctions 

of equations (5.2), viz 

(vxl(E xlLzlE y)lvy)' = (E xlLzlE y) (vxlvy)' 

= (E x~zlE y) Yv."vy (5.4) 

For the zero-point levels 

(5.5) 

where (OxIOy)' is called the Ham factor (designated YOo), which quenches the effective 

orbital angular momentum of the excited state zero-point levels. IO However it is important 

to recognise that Yoo gives a good approximation to the quenching only when IiroJT » 2 V. 

For the MP/Ar systems studied in this work, typically 2V ~ 40 cm-l and IiroJT :2: 140 em-] , 

under which conditions Yoo gives only a fair estimate. 
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In the hannonic approximation, the Ham factor is directly related to IvIT by (see 

section below):" 

(5.6) 

5.3.2 The Full Hamiltonian Treatment of the JT Effect 

When JT and CF effects are of 'opposite' symmetry the liEu x)lvx)o and liEu y)lvy/ 

basis functions are not only mixed within the liEu x) and liEuy) manifolds, but also between 

them. The resulting functions no longer satisfy the BO approximation; the vibrational 

levels are not associated with one or other electronic state, but are spread across both 

potential energy surfaces. For such a system it is more convenient to solve the vibronic 

Hamiltonian explicitly. This approach must also be adopted when the magnetic field is 

strong enough (or the CF weak enough) that the Zeeman effect is of a magnitude similar 

to, or greater than, the CF splitting, and perturbation theory is no longer applicable. 

The effective Hamiltonian of section 3.9.1, when the tenns for the CF and Zeeman 

effects are included, is given by 

(5.7) 

where :Jt is the electronic Hamiltonian of the unperturbed system (section 3.9) and PIT is 

the momentum conjugate to QIT. In tenns of the liEu x)lvx)o, liEu y)lvy)o basis, the 

Hamiltonian matrix has the fonn 

[ 
HXX HXJ'] 
IPxIPY (5.8) 

where all matrix elements are zero except 

H:: W(Qo) + IiroJT (v + l) -V 

YY ( 1) Hvv = W(Qo) + IiroIT v + 2 + V 

xx xx Y.JI J'Y ~ fY. 
Hv,v+1 = HV+I,v -Hv.V+1 = -Hv+]." -IvITliroJT' \/2 

.'\)1 yx -i 
Hvv = (Hvv)* 2~S + v' (5.9) 

Note that the overlap here is between wave functions associated with states (lIEu x), lIEu y») that are 

displaced by 2Arr with respect to one another. 
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W(Qo) is the minimum energy of the undisplaced electronic potential energy surfaces: 

(5.10) 

Previous a tiOllS of AJT 

Fulton and Gouterman have shown that, for a system with a single vibrational 

coordinate, the overlap between two harmonic-oscillator wave functions associated with 

potential-energy surfaces offset by A is given by: *13 

(5.11) 

where m and n are vibrational quantum numbers and .s: is the associated Laguerre 

polynomial defmed by 

( 
.al n 

a X x d n+a-x 
2 (x) = - e -n(X e) 

n n!) dx (5.12) 

There are two types of overlap factors of interest here. The fust was introduced in 

section 5.3.1 and involves the overlap of the zero-point wavefunctions of the JT-separated 

1 Eu states, which gives the Ham factor 

Yoo = (0 AJT I 0 -AJT) 

= (0 2;"JT I 0 0) 

(5.6) 

The second concerns the overlap of the zero-point level of the ground state with the 

ftrst vibrational level of the excited electronic state: 

(5.13) 

5.4.1 Zeeman Splittings 

When transitions to individual Zeeman components of the vibronic levels can be 

resolved, AJT can be detelmined by monitoring the fteld dependence of the Zeeman shifts. 

This approach was adopted by Canters et al.5
,6 and Jansen et az.7 in the study of in n-

(5.11) assumes that the force constant is the same in both states. This is not necessarily true when 

the vibrational levels belong to different electronic states. However it is generally the case that even when 

the differences in the force constants are relatively large, they don't have a significant effect on the overlap 

factors (section 3.9.3). 
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alkane hosts, and by VanCott et al. for ZnTBP/Ar.3 In Canters et al.'s studies the Zeeman 

splittings were calculated using the perturbation-theory approach of section 5.3.1, while in 

the latter two, they were determined by solving a Hamiltonian equivalent to that in (5.7): 

The results obtained by those researchers are shown in Table 5.2. 

5.4.2 Spectral Simulations 

Most commonly the Zeeman components of the Q transition cannot be resolved and 

other techniques must be used. The approach employed in this work is similar to those 

used by Kielman et al. for ZnP in an EPA glass,4 and by Gasyna et al for ZnOEP/Ar,l and 

is described in detail in section 5.5. Briefly, it involves calculating the transition moments 

for the Q transition after diagonalisation of the Hamiltonian in (5.7), followed by 

simulation of the absorption and MCD spectra. The angular momentum, CF and JT 

parameters of (5.9) are then optimised to give the best fit between simulations and 

experimental data. The results obtained previously using this approach are also 

summarised in Table 

T bl 52 S a e .. ummaryo f 1 ltd", ca cu a e fI MP IT parame ers or 'lff,tiIT d systems assummg a smgl e e ec ve mo e. 

Ref. Molecule gil 
a nmIT/cm-1 !vJTb I Technique 

Metcalf et al.2 ZnPc 3.2 154 0.8 ± 0.1 Ratio of moments 

Gasyna et al. I ZnOEP 7.0c 140 1.15±0.1 Ratio of moments 

VanCott et al. 3 ZnTBP 7.7 129 1.1 ± 0.12 Ratio of moments 

Canters et ai.6 ZnPor W.Od 180 0.6 ± 0.1 Zeeman splittings 

VanCott et al.3 ZnTBP 7.7e 129 0.56 ± 0.04 Zeeman splittings 

Platenkamp et al. 12 CdTBP 7.4d 150 0.64 Zeeman splittings 

Kielman et a/.4 ZnPor 7.4d 170 0.6 ± 0.15 Simulating spectra 

Gasyna et az.1 ZnOEP 7.0 140 0.64 ± 0.03 Simulating spectra 

" These values may be smaller than the true value of gil due to orientational effects (see section 5.2.2). 
b Reported values have been divided by 2 due to the different defInition of!vIT (see Figure 5.5) 
C Determined by simulating the spectrum rather than from the moment ratio 
d Angular momentum reported was in terms of A (see footnote in section 5.2.2.2). 
e Determined from the moment ratio Ml/Ao and fixed as a parameter in the calculation of !vIT . 

• The Hamiltonian used by Jansen et ai. did not allow for the possibility of a non-zero V'. 
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5.4.3 Ratio of Absorption and Emission Moments 

One [mal approach for extracting AIT was used by Metcalf et al. for ZnPC/Ar,2 by 

VanCott et ai. for ZnTBP/Ar,3 and by Gasyna et al. for ZnOEP/Ar. 1 It involves comparing 

the MCD/absorption moment ratios with those of TL and MCPL. 

In section 3.6 it was shown that for a lEu ~ I A1g transition in the D4h point-group, 

M1IAo = 2110. Metcalf et ai. have further demonstrated, assuming CF and JT effects of the 

same symmetry, that when fluorescence is only from the lowest vibrational level of the lIEu 

x) manifold, then 

Vy 

I(vv IOSI2 

-2 V + vyficoJT 
(5.14) 

e e 
where Mo and Ao are analogous to Mo and Ao but refer to MCPL and TL rather than MCD 

and absorption. Thus, (5.11) (with n vy, A = 2AIT, m == 0) may be used to extract a value 

of AIT from the ratio 

I(vy IOx/12 

-2 V + vyficoJT 
(5.15) 

The values determined for AIT with this approach are shown in Table 5.2. They are 

significantly larger than those obtained by the other techniques. A reason for this was 

proposed by Gasyna et ai.,l who noted that HT coupling between the Q and higher states 

would invalidate the moment analysis. 

TheJTCFZ a 

A Microsoft QuickBASIC program (JTCFZ) has been written to model the 

consequences of simultaneous CF and JT effects on E ~ A absorption and MCD spectra 

of D4h systems. It assumes a single JT -active mode and simulates the absorption and MCD 

spectra of the origin and first JT vibrational overtone. It also plots electronic potential 

energy surfaces for the excited states. 

An earlier program, JTCF,*1 did this by constructing and diagonalising the 

Hamiltonian matrix (5.8) at zero magnetic field. The Zeeman effect was then treated by 

perturbation theory and the MCD spectrum simulated using (3.37) assuming that it 

• JTCFwas written by Cara Dunford during her Ph.D. studies in this research gronp. 
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consisted solely of ill tenns. However the results obtained in this manner are only valid 

when the Zeeman "'rlP'r".,,, is small relative to the CF splitting. 

The limitations of JTCF are removed in JTCFZ, which explicitly includes the 

Zeeman effect and calculates the transition moments directly using (3.24). No assumptions 

are made about the relative magnitudes of the Zeeman and CF splittings, or the existence 

of c!t or ffi tenns. 

5.5.1 Diagonalising the Hamiltonian 

The excited-state Hamiltonian matrix is constructed in the hannonic-oscillator BO 

basis lIEu x)lvx)O, lIEu y)lvy)O, with the matrix elements given in (5.9). The user must supply 

values for AIT, liooIT, V, V', gil and the number of vibrational states to include in the basis 

set. * The matrix is diagonalised by the Jacobi method,14 using the augmented matrix 

technique for dealing with complex matrix elements. 

5.5.2 Simulating Absorption and MCD Spectra 

By applying (3.4) to (3.24) and (3.39), the expressions for absorption and MCD 

may be written in tenns of mx and my (dropping the primes for field-dependent quantities): 

= yel L ; [1(AalmxlA)12 + I(AalmyIJA)1
2

] fallE) 
a,t.. 

ycii 
a,t.. 

(5.16) 

Substituting in lIEu x)lvx) and liEu y)lvy) for the excited-state functions and IIAlg a)IOg) for 

the ground state, expressions for the absorption and MCD can be derived. For example, 

for transitions to li Eu x)lvx) 

M(E) . 1 1 I 1 
E ycil [ ( Eu xlmyl A 1g a) < Alg almxl Eu x) 

- (lEu xlml Aig a) (1 Alg almiEu x) ] I(Oglvx)I2 £(E) (5.17) 

For all of the calculations presented in this chapter a basis of 8 vibrational functions for each 

electronic state was used. The use of larger basis sets made no difference to the spectroscopic simulations. 
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(5.18) 

where the Cl' coefficients are given by the eigenvectors of the Hamiltonian, obtained from 

the diagonalisation in section 5.5.1. Substituting (5.18) into (5,17) gives 

4ill. ycl L [lcvil(lAlg almiEux)012 + Icvi l(lAIg almiEuy)012] /x(E) 

M(E) I'" * (I I 11 )0(1 I 11 )0 E yc l L..J [CVy CVx Eu y my A 1g a A 1g a mx Eu x 

Vx,Vy 

(5.19) 

A(E) 11(1 1 02 E = yc A 1g almxl Eu x) I 

(5.20) 

The factor ycll(lAlg almiEu x)012 is common to both absorption and MCD and for the 

purposes of the calculation its value is arbitrarily set to one. Thus for a given band-shape 

function/xCE) the relative intensities of the absorption and MCD maybe plotted.'" 

After scaling the simulated absorption and MCD so that the absorption maximum 

matches that of the experimental data, and further scaling the MCD to the appropriate field 

• JTCFZ allows either Lorentzian or Gaussian band-shapes for which the bandwidths are defined by 

= FWHM and.e.G = HWl/eM (half width at lie of the maximum intensity), respectively. 

On first appraisal, since cVx and CVy are complex, the transition moment for the MCD in (5.20) may 

appear to have non-zero imaginary contributions, but this is not the case. Let CVI,*CVX a + ib; then this 

expression takes the form 

i(cvy cv/cv.) = i(a + ib - a + ib) == - 2b = 2~m(cv/Cv) 

which is real. 
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strength, the simulated and experimental spectra may be plotted together. The simulated 

spectra can be output as a plotter image file (HPGL format) or in standard data-file format 

(section 10.1). 

5.5.3 Potential Energy Surfaces, Vibronic Energies and Wavefunctions 

JTCFZ also plots the potential energy surfaces (solutions of the electronic or 

'static' part of the vibronic Hamiltonian) as a function of the vibrational coordinate Qrr, 

along with the energies of the vibronic states and the probability distributions of the 

vibrational wavefunctions. 

The potential energy surfaces provide a valid description of the system only when 

the BO approximation holds; that is, when the electronic and vibrational components of the 

system can be treated separately. Most IT effects violate the BO approximation, * but if 

care is taken in their interpretation, the potential-energy plots still serve as useful tools for 

understanding the changes that occur as CF and IT effects are introduced. 

5.5.3.1 Electronic Potential Energy Surface 

The electronic potential energy surfaces are determined by solving the electronic 

Hamiltonian (5.7), where the nuclear kinetic energy term is omitted. For the E ® bi case 

including CF and Zeeman effects, the Hamiltonian matrix in terms of the real Cartesian 

basis functions 11Eux)o, 11Euy)o is given by 

[ 

W(Qo) - AJT QIT IiroJT + Ii~JT Q;T - V 

V'+i!-le 

V' i!-le 

The solutions to the corresponding 2 x 2 secular determinant have the form 

1 2 
W(Qo) + ZQJT IiroJT ± 

(5.21) 

(5.22) 

The vibronic energIes are obtained by diagonalisation of the full Hamiltonian 

matrix of (5.8) (including the nuclear kinetic energy term that the term in PIT)' They 

" In fact a pure E ® bi IT effect is a rare example of a case where the JT effect does not violate the 

BO approximation. 16 
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are independent of the vibrational coordinate, Qn, and are conveniently depicted as 

horizontal lines plotted over the potential energy surfaces. 

When the CF and JT distortions have the same symmetry (V' 0) the zero

magnetic-field surfaces do not interact and nuclear motion can be considered as being 

confmed to one surface or the other. In this case, vibrational levels are plotted within each 

well (Figure 5.l0(a)). When the CF and JT effects have 'opposite' symmetry the surfaces 

interact and nuclear motion can no longer be considered as being confmed to one surface. 

The vibrational levels are then plotted across both potential surfaces (Figure 5.1O(b)). 

5.5.3.3 Vibrational Wavefunctions and Probability distributions 

The normalised harmonic oscillator (HO) functions, chosen as the initial basis set 

for the vibrational wavefunctions, are given by: 

Iv)o = NEvCQ)exp[ _~2 J (5.23) 

where 

(5.24) 

v is the vibrational quantum number, k is the force constant and Hv(Q) are the Hermite 

polynomials that satisfy the relations 

82Hv 8Hv 
8Q2 - 2Q 8Q + 2vH" o 

H,'+I = 2QHv - 2vHv _1 (5.25) 

The true wavefunctions are linear combinations of the HO functions associated 

with the lIEu x) and lIEu y) states according to the eigenvector coefficients Cl'x and CVy ' They 

can be represented vectorially by 

(5.26) 

where i andj are orthogonal unit vectors respectively representing the liEu x) and lIEu y) 

basis components, which, for graphical representation, are both orthogonal to the QJT axis. 

N = 0, 1, 2, , .. is used to label the wavefunctions in order of ascending energy.1 It is not a 
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vibrational quantum number, but an arbitrary label, which serves to emphasise the fact that 

wavefunctions may be spread across the ranges of both potential energy surfaces. 

The RMS amplitude ofthe wavefunction is calculated according to 

2 

(5.27) 

and the probability density distributions (plotted by JTCFZ) is then simply the square of 

IN)RMS' 

506 Observations ,..,..n.' ....... 

For systems in which the BO approximation is valid and the vibrational and 

electronic effects can be treated separately, it is easy to gain an intuitive 'feel' for the 

effects that are present. However when the BO approximation breaks down the electronic 

potential energy surfaces can no longer be considered independently of the molecular 

vibrations, and it becomes very difficult to 'visualise' the effects occurring in such a 

system. In these cases one must resort to quantitatively evaluating the expected behaviour 

in these systems. The JTCFZ program provides the facility for such an evaluation. In this 

section, some important observations that come directly from JTCFZ calculations are 

presented. 

5.6.1 MCD Asymmetry of the Origin Transition as a Function of nroJT 

All of the methods for calculating A,JT discussed in section 5.4 involved the 

assumption that either the system involves only one JT -active vibrational coordinate, or 

that only one (the lowest frequency) JT-active mode contributes significantly to the 

spectlUm in the origin region. The first of these assumptions is clearly not tlUe MPor, the 

simplest metalloporphyrin, has 18 potentially JT active blg and b2g modes, while MPc has 

28. The latter assumption may be valid, but has not been tested. One of the aims of this 

work is to provide such a test. 

The presence of a JT-active coordinate with a significant displacement has major 

effects on the Q-band origin. It quenches the effective angular momentum of the zero

point levels (section 5.3.1) and it creates an asymmetry in the transition intensities of the 

two origin transitions so that they are no longer equal. This effect comes about in the same 

way as the asymmetry of the Zeeman splittings discussed in section 5.3.1, and results in the 
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negative lobe of the MCD origin & tenn being more intense than that of the positive lobe. 

The extent to which these effects occur can be monitored by the zeroth and first MCD 

moments respectively the moment ratio lll1/Ao gives a direct measure of the angular 

momentum of the Q state (section 3.6) while, for a completely symmetric & tenn, the 

moment ratio MolAo will be zero. 

Figure 5.6 shows values for MolAo and Ml/2!leAo, calculated by JTCFZ, for the 

origin transitions as a function of IiroJT. The values AIT = 0.4, gil 4, and V 20 cm- l are 

typical of those quoted for MP/Ar systems (Table 5.2). As expected, Mo/Ao tends to zero 

as IiroJT is increased but convergence is not rapid. With IiroIT = 2000 em"! Mo/Ao is still 7% 

of its value at IiroJT = 150 em"!. On the other hand, the ratio M1/2!leAo converges rapidly to 

the Ham factor which, with AJT = 0.4, is detennined, by (5.6), to be 1'00 = 0.8521. It appears 

to drops significantly below -500 cm-! and precipitously below -300 cm-!, but in fact even 

with IiroJT = 150 cm-!, Ml12!leAo is within 1 % of the Ham factor. 
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0.850 
Mi/2Jle Ao 

0.848 

0.846 

0.844 

0.842 

I 
I 

I 

I 
I 

I 
I 

/ 

,
/ 

~ 

MolAo 

Al;/2J.le Ao 

Yoo = 0.8521 

V= 20 cm-! 
V'=O cm-! 
A,JT= 0.4 
gil =4.0 

-0.0005 

MoIAo 

-0.001 

-0.0015 

-0.002 

0.840 o~-----!-.,...-------:~,,-----......,..,~----...,..-,J -0.0025 
500 1000 1500 2000 

hffijT I cm-l 

Figure 5.6. Plots of Mo/Ao and MJ/2J.leAo for the origin band as a function of tiwrr, calculated using JTCFZ. 

The influence of the orbital angular momentum and JT displacement on these 

moments can be seen in Figure 5.7. The magnitude of MolAo increases linearly with gil 

(Figure 5.7(a)) for any given value of IiroJT and approximately linearly with AIT (Figure 

• Throughout the remainder of this chapter the MCD bands will be referred to as @ tenns although it 

is recognised that, due to the CF, they are in fact pseudo @-terrus. 
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5.7(e», but its dependence on the CF is much weaker (Figure 5.7(0». The rate at which 

the Ml/2)loAo converges to Yoo is independent of gil (Figure 5.7(b», but strongly affected by 

(a) (b) 
Mjl2J.1oAo 

8 
gil ~I 

~/Ao 
(c) 

.Mj/2flo Ao 
(d) 

0 0.86 

-0.001 0.84 

-0.002 0.82 

-0.003 0.80 

-0.004 0.78 

-0.005 0.76 

0 

V (cm-l) 

~/Ao 
(e) 

.M;:/2J.1oAo 
(f) 

1.0 

0.95 

0.9 

0.85 

0.8 

0.75 

0.4 0.3 0.2 0.1 1 
ftrorr (cm 1) 

0.5 
A.rr A.rr 

Figure 5.7. Surface plots of Mo/Ao and Ml/21leAo as ftmctions of IiroJT and (a, b) gil, (c, d) V and (e, f) A.JT. 
When not varied, the values of gil, V, V' and A.rr were set at 4, 20 cm- I

, 0 cm- l and 0.4 respectively. The effcct 
of varying V' (not shown) is equivalent to that of V. 
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the CF for the combination oflarge V with small nrorr (Figure 5.7(d)). However, since Yoo 

itself is dependent on Arr, the dependence of the ratio M1/2JleAo on AJT (Figure 5.7(f»), is 

almost entirely independent of nroJT. 

These results seem to suggest that the validity of the second assumption of a sing1e

mode JT analysis (that higher-energy modes can be ignored, even if they exist) is probably 

invalid. Although contributions to the asymmetry of the origin @ term are smaller for 

higher-energy JT modes, they are still significant, especially when Arr is large. 

Furthermore, the effective angular momentum obtained by analysis ofthe origin transitions 

will be quenched by the Ham effect irrespective of the frequencies and even for modes 

with relatively small JT displacements (say Arr :::: 0.2, which gives Yoo :::: 0.961). The only 

real hope for the single-mode approach is that all but one of the AJT values is very small. 

But before going on to consider that possibility, the next section concerns a digression into 

the effects of CFs on the wavefunctions as well as the absorption and MCD spectra. 

5.6.2 MCD Spectra in the Absence of Crystal-Field Effects 

3 

E I hrorr 

o 

-3 -2 

V= v'=o 

-1 2 

0.635 
flO.)JT 140 cm-1 

gjl = 7.0 
V= V' 0 em! 
B=lT 

3 

Figure 5.8. Potential energy surfaces of the Q state in the absence of a CF. The parameters used in the 
calculation are shown in the figure. 
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Following the discussion given in section 5.3, the asymmetry that occurs in the 

origin-band (p term for MP systems can easily be accounted for by a CF-stabilised JT 

modeL It is therefore tempting to conclude (as has been done previouslyl) that in the 

absence of a CF effect, the (P term of the origin and all vibrational overtones will be 

symmetric. The rationale for this comes from Figure 5.8, in which the potential energy 

surfaces of the Q state are plotted for the case where there is no splitting. The JT 

distortion does not remove the vibronic degeneracies, and the Zeemlan shifts are small. 

Thus it might be expected that each pair of transitions should give rise to two bands with 

equal intensity, 
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Figure 5.9. Simulation of absorption and MCD spectra in the absence of a CF. The parameters used in the 
calculation are thc same as those in Figure 5.8. 

Figure 5,9 shows the simulated absorption and MCD for the same case as Figure 

5.8. The @terms of the origin and the first JT overtone are significantly asymmetric even 

in the absence of CF splitting, so much so for the overtone that it actually appears to be 

single-signed, This demonstrates that the transition moments do not need to be very 

different for the MCD asymmetry to be highly significant the differences for the origin 

and first JT overtone being only 1.4% and 6.7% respectively in this case. This point is also 
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illustrated by Figure 5.7(c) where (with V' = 0 and A,JT 0.4) the calculated MolAo ratio for 

the origin is not strongly dependent on V and is non-zero even when V = o. 
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Figure 5.10. Potential energy surfaces with a CF (a) the same symmetry, and (b) 'opposite' symmetry to the 
IT -active coordinate. 
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5.6.3 CF-Induced Mixing of the Q-State Partners 

As discussed in section 3.9.4.1, JT-active modes in a D4h molecule must have b1cr or 
'" 

b2g symmetry, and CF distortions capable of removing the degeneracy of an E state must 

also be of these symmetries. If the CF is of the same symmetry as a particular JT mode (V' 

= 0), the electronic partners of the state are displaced in opposite directions along Qn, but 

are not mixed by the perturbation (Figure 5.1O(a)) and consequently the BO approximation 

remains valid for each surface. On the other hand a CF of the opposite symmetry (V' ::t: 0) 

will mix the states (through the off-diagonal terms of (5.9)) so that the BO approximation 

breaks down and the vibrational wavefunctions can no longer be considered as being 

associated entirely with one or other of the electronic states (Figure 5 .1O(b)). In section 

7.4.4.1, this phenomenon is used to account for the fact that JT vibrational overtones are 

generally broader than totally symmetric overtones in selective excitation spectra and the 

splittings between partner transitions are also reduced . 

5.7 ...... ...,.')1..11."8.;;;,. of Data 

The absorption and MCD spectra of ZnOEP/Ar have previously been modelled by 

a single-JT -mode model. l The absorption, MCD, luminescence and MCPL spectra are 

reproduced in Figure 5.11 as functions of the energy shift from the origin. 

The dominant JT mode in these spectra was taken by the previous workers to be 

that labelled V35. Although there are other overtone bands of comparable intensity in the 

absorption, there is only one in the luminescence, suggesting that much of the overtone 

intensity in the former is due to HT coupling with the B state. Furthermore, from the 

MCPL spectrum, it appears that the other intense overtone observed at "'"'1570 em') in 

emission is associated with a totally symmetric rather than a JT overtone since the sign of 

the MCPL is the same as that of the origin. 

The absorption and MCD spectra of the origin-band region of this system are 

compared in Figure 5.12 with the JTCFZ simulation using the same parameters as 

determined by Gasyna et al. l The fits are very good, which supports the view that the 

effective single-mode model gives a very reasonable description of the ZnOEP/Ar system. 
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Figure 5.11. Absorption, MCD, luminescence and MCPL spectra Of ZnOEP/Ar, reproduced from ref 1, 
plotted as a function of the energy shift from the origin. The intensity scales for the luminescence and MCPL 
spectra are inverted. 



166 Single-Mode Jahn-Teller Analysis 

Experimental data 
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Figure 5.12. Simulation of absorption and MCD of the origin region of ZnOEP/Ar overlaid with the 
experimental spectra. The values used in the simulation, taken from ref 1, are shown in the figure. 

Having verified that the model gives an adequate description of the absorption and 

MCD spectra for the origin and first JT overtones of ZnOEP/Ar, it was applied to ZnPc/Ar. 

'Best fits' were determined by eye by manually varying all parameters under three sets of 

constraints: 

(a) V:;t:O, V' 0 

(b) V=O, V':;t:O 

(c) V = V'=O. 

The results are shown in Figure 5.13. (The band shapes were arbitrarily taken to be 

Lorentzian since this gave the best match with the experimental band shapes.) The values 

used for other parameters are shown in the figure. The simulations are not as good as for 

ZnOEP/Ar, but they do provide some useful information regarding this system. 

calculations give no real information about the symmetry of the CF 

distortions in ZnPc/Ar. The fits achieved by constraining either Vor V'to zero are very 

similar. This is not surprising since in disordered systems, with no clearly defined sites, it 

is expected that there will be a distribution of of both symmetries present. 
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Nevertheless, it is equally clear that the spectra cannot be explained by setting both V and 

V' to zero. Although a CF effect is not required to reproduce the MCD asymmetry (section 

0), without it the calculated absOlption bandwidth is too narrow. 
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Figure 5.13. Simulations of ZnPe absorption and 
MCn spectra overlaid with experimental data. The 
band-shapes used in the simulations were Lorentzian, 
and the parameters used in the calculation are shown 
in the figure. 

The value of gi, 4.4 obtained from this calculation is significantly larger than the 

value of 3.5 obtained using moment analysis (section 5.2.2.1). However, due to the fact 

that the later was measured only over the origin-band region, the two values should be 

compared with prudence. Nevertheless gil 4.4 is consistent with the findings of Metcalf 

et a/. l and VanCott et al.l! in that the orbital angular momentum. of ZnPc is considerable 

less than those ofZnTBP or ZnOEP. 

The value A,JT 0.44 in the simulations gives a good match to the asymmetry of the 

origin transitions of ZnPcl Ar, but the intensity of the simulated JT overtone is too great, 
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suggesting that Arr is too large. This value is also significantly smaller than found for any 

other MP system (Table 5.2). 

ZnPc differs from ZnOEP in that many more non-totally symmetric overtones 

appear in both absorption and fluorescence spectra (section 7.4.4). These can not be due to 

HT coupling, but must come about due to vibronic coupling within the Q state, that is, JT

coupling. From the discussion in section 5.6.1 it is clear that all of these modes have the 

potential to contribute to the MCD asymmetry of the Q-band origin. Thus it appears that 

for systems (such as ZnPc/Ar) with many potentially JT-active modes, the single-mode 

model does not provide an adequate method for determining the JT displacement 

parameter. 

5.7.3 ZnTBP/Ar and ZnOET API Ar 

Simulations of the absorption and MCD spectra of the origin and first JT overtone 

of ZnTBP/Ar and ZnOETAP/Ar are shown in Figure 5.14. The origin regions of the MCD 

spectra for both compounds comprise a symmetric c.'i' term. This is best fit (as shown in the 

figure) by setting Arr to zero, which corresponds to zero intensity in the JT overtone. On 

the other hand the apparently single-signed MCD bands shifted -130 and 200 cm-I to the 

blue of the origins of ZnTBP/Ar and ZnOETAP/Ar are entirely consistent with very 

asymmetric overtone bands reSUlting from substantial JT effects in the corresponding 

modes. In addition the excitation and fluorescence spectra of ZnTBP/Ar (section 7.5.2) 

show many non-totally symmetric overtones (including that at -130 cm- I seen in Figure 

5 .14( a)), which must come about due to JT coupling. 

The reason for the poor agreement between the experimental and calculated 

spectra in these cases is almost certainly due to the inappropriate simplicity of the single

mode modeL Although a system with a single JT -active mode will result in an asymmetry 

in the c.'i'term of the origin transitions, just what happens when there are many such modes 

is not clear. If modes of both (bIg and b2g) symmetries are simultaneously active the 

analysis becomes very complicated with, for example, the possibility of effects from 

different modes cancelling one another. With each additional vibrational mode, the 

dimensionality of the vibroruc problem is increased and quickly becomes intractable. 
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Figure 5.14. Simulation of absorption and MCD spectra of the origin and fIrst JT vibrational overtone of 
ZnTBP/Ar and ZnOETAP/Ar overlaid with the experimental data. The band-shapes used for the ZnTBP 
simulation was Gaussian and that for ZnOETAP was Lorentzian. The parameters used in the calculation are 
shown in the fIgure. 

5.8 Conclusion 

The purpose of the work in this chapter has not been to fmd ways to improve or 

extend the single-mode model, but rather to test its applicability and determine its 

limitations. A program, JTCPZ, has been written which explicitly generates a vibronic 

Hamiltonian and allows for the treatment of a single JT vibrational coordinate, CFs of the 

same and 'opposite' symmetry to the JT mode, and the Zeeman effect. By diagonalising 

this matrix the relative electric-dipole transition moments may be calculated and used to 

simulate the absorption and MCD spectra over the origin and first vibrational overtone 

regions. 

JTCPZ was used to obtain 'best-fit' simulations for the spectra of ZnOEP/Ar, 

ZnPc/Ar, ZnTBP/Ar and ZnOETAP/Ar to determine how well the model describes these 

systems. It is clear that it is suitable for analysis of systems in which a single JT -active 

mode dominates, as appears to be the case for ZnOEP/Ar. However, in systems with many 

JT -active modes it is totally inadequate. 

Despite its limitations, JTCFZ does provide insight into some of the effects that 

occur in CF-JT systems. It was found that the asymmetry of the origin band is not entirely 

removed even for large values of nroJT and the effective orbital angular momenta of the 
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excited state zero-point levels remains quenched by a factor governed almost solely by AJT 

(via the Ham factor). It was also determined that, despite predictions by Gasyna et al./ the 

MCD Ci? terms of the origin transitions and first JT overtone can be significantly 

asymmetric even in the total absence of CF perturbations. 

The hypothesis that derives from this work is that the single-mode model, 

frequently used in the past to describe MP systems, is often inadequate. There are 

generally many JT -active modes present in these systems, and no single one of them 

dominates. There are two approaches that can be taken to test this hypothesis: theoretical 

calculations and experiment. Both have been adopted in this thesis. In the next chapter 

semi-empirical MO calculations are carried out for ZnPc in conjunction with NCA to 

determine a theoretical value for AJT for each and every JT -active coordinate in the 

molecule. In chapter 7 laser line-narrowing and MCP techniques are used to obtain 

selective excitation, FLN and the associated MCP spectra of ZnPc/Ar and ZnTBP/Ar. 

These enable the resolution of most vibrational overtones in these systems and, by virtue of 

the MCP spectra, the unambiguous differentiation between totally symmetric and JT-active 

vibrational overtones. Due to the relationship between AJT and the overtone intensity, they 

also provide a direct experimental measure of AJT for each of these modes. 

It will be shown in the following two chapters that many non-totally symmetric 

vibrational coordinates, with large displacements, exist in the Q state of ZnPc and ZnTBP, 

as predicted by the hypothesis above. 
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6.1 Introduction 

In this chapter the JT displacement parameters (Arr), calculated for all potentially 

JT -active (blg and b2g) vibrational modes of the Q band of ZnPc, are presented. Normal 

coordinate analysis (NCA) was used to calculate the Cartesian displacement coordinates 

for the normal modes of ZnPc. Semi-empirical molecular orbital (MO) calculations were 

then carried out to determine the transition energies (the differences between electronic 

potential energies) from the lAlg ground state to each partner of the lEu excited state of 

ZnPc as a function of the molecular distortion along each normal coordinate. The excited

(Q-) state potential energy surfaces were then derived, from which the JT displacements 

were extracted. 

The results from these calculations are not expected to be highly accurate since the 

potential energy surfaces (from which the Arr values are calculated) for each normal 

coordinate Qr)' and indeed the normal coordinates themselves, depend on the values used in 

the G and F matrices of the NCA calculation. The G matrix requires only the masses and 

Cartesian coordinates of the atoms - the latter of which may be taken from an X -ray crystal 

structure. However construction of the F matrix requires knowledge of the force constants 

for each internal coordinate of the molecule. For large polyatomic molecules, these are 

seldom known and are generally estimated using some empirical technique, as has been 

done in this work. 

Despite the anticipated lack of accuracy of these calculations, they should be quite 

adequate for the purpose for which they were intended; to determine if there is one 

active coordinate which has a much larger displacement (Arr) than all others. Thus the 

results of this section should be viewed qualitatively. 

6.2 NCA ZnPc 

This section describes the programs and results for the NCA calculations of ZnPc. 
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6.2.1 NCA Calculations 

The NCA analysis was carried out using two Fortran programs (BMATRIX and 

NCA) as well as a QuickBASIC program (FM) written as part ofthis work. 

In the BMATRIX input file the user specifies the number, and the Cartesian 

coordinates of the atoms in the molecule, defines the intemal coordinates and supplies a 

matrix that relates these coordinates to a symmetrised basis. BMATRIX then generates 

matrix B of (3.114). The input for the FM program is a matrix of force constants in terms 

of the intemal coordinate basis. FM converts this to the symmetrised basis using the 

transformation supplied in the input file for BMATRlX. The matrix thus generated is F of 

(3.113). 

The NCA program uses output from BMATRIX and FM (together with additional 

information supplied by the user) and calculates frequencies and Cartesian displacement 

coordinates for the normal modes using the GF matrix method described in section 3.13.1. 

NCA also provides the facility of a least-squares refmement for selected elements of the F 

matrix to minimise the differences between observed and calculated vibrational 

frequencies. 

6.2.2 NCA of ZnPc 

ZnPc (57 atoms) has 165 normal modes of vibration, which transform as: 1 

lvib 

The JT active modes for a lEu electronic state are in-plane vibrations: 

l4bIg + 14b2g 

(6.1) 

(6.2) 

The force-constant matrix used in these calculations was derived from Melendres 

and Maroni's for FePc based on an adjusted valence-foree-field (AVFF) approach.2 To 

allow for the differences of size and valency between Fe and Zn, the Zn-N (for bIg modes) 

and N-Zn-N (for b2g modes) force constants were refmed to bring the calculated 

vibrational frequencies involving the inner ring of the molecule into agreement with 

experiment. The 'experimental' values were taken from experimenta1 papers,3-11 as well as 

an NCA calculation on ZnPc by Palys et al. 12 The calculated atomic displacements and 

vibrational frequencies of the 12 lowest-energy bIg and b2g normal modes (that is, all but 

the four high-frequency C-H stretching modes) are displayed in Figure 6.1. 
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Figure 6.1. (a) Atomic displacements for the big normal coordinates of ZnPc. 
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Figure 6.1. (b) Atomic displacements for the b2g normal coordinates of ZnPc. 
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Calculations of 

Zemer's intermediate neglect of differential overlap (ZINDO/S-CI) program was 

used to calculate the surface-to-surface transition energies of ZnPC.15
,16 The basis 

functions included the valence orbitals H(1s), C(2s, 2p), N(2s, 2p) and Zn(3p, 4s). The Zn 

3d orbitals are predominantly non-bonding and their inclusion made no significant 

difference to the calculation. Atomic coordinates were taken from an X-ray crystal 

structure,13 and INDOIl Mataga-Nishimoto gamma integrals were used. Configuration

interaction involving 155 single excitations was carried out in the determination of the 

transition intensities. 

The results at the ground-state equilibrium geometry are consistent with those by 

Maslov. 14 Successive calculations were then performed, shifting the atomic coordinates 

along the Cartesian displacements of normal coordinates QJT to obtain the transition 

energies as a function of these normal coordinates, as shown in Figure 6.2 for the modes 

with vibrational frequencies of 153 cm-1 and 255 cm- I respectively. 
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Figure 6.2. Transition energies as a function of the normal coordinate for the bIg and b2g modes with 
vibrational frequencies of 153 cm'l and 255 cm'! respectively. 

By reference to (3.89) the plots shown in Figure 6.2 can be described by the 

function 

u±= W± W' 

1 ,2 
= W(Qo) ± IJTQJT +"2 (kJT - kJT)QJT (6.3) 
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where k;T and kIT are the force constants for the ground and excited states respectively. 

These curves reflect the difference in potential energy between the ground and excited 

state of the Q transition of ZnPc. In Figure 6.2(a), where the difference is linear with 

respect to the nuclear coordinate, the ground- and excited-state force constants are equal. 

The situation depicted in Figure 6.2(b), where the difference is parabolic with a negative 

second derivative, reflects a greater force constant in the ground state than the excited 

state. 

The difference between the curves is given by 
+ -

b,.U = U - U 2 lITQIT (6.4) 

So by applying (3.97), once kIT has been determined, A.JT may easily be extracted. 

Assuming that the force constants in the ground and excited state are the same (the values 

calculated for kJT k~ indicate differences much less than 3%), a value for the excited 

state force constant may be derived from the vibrational frequency calculated by NCA. 

Since QIT is in mass-weighted coordinates (section 3.13.1.2) with units of A-Vamu, 

and the differential potential-energy surfaces in Figure 6.2 are in cm-I, lIT has units of 

(cm A -Vamu)-l. With tUfJJT in cm-I
, k should therefore have units of (cm A2 amurl. For 

mass-weighted coordinates, and with energy in SI units 

2 (liumi 
Ie = CDJT liZ (6.5) 

where Ie has units S-2 J/kg/m2. So to convert Ie to the desired units, several conversions 

are required: 

Hence 

J = 5.034 X 1022 cm-! 

kg-! 1.661 x 10-27 amu-! 

m-2 10-20 A-2 

S-2 8.361 x 10-25 (cmAamur! 

So with liCDJT in cm-!, and Ii in cm-Is (section 3.1.7), (3.97) can be rewritten 

A.IT=--r===~======~========~============ 

(li~iT)2 x 8.361 x 10-25 [cm-! A-2 amu-1] x liCDIT [em-I] 

lIT [cm-I A-I va.mu-1] 
A. 

JT -V(liCDJT)3 x 0.02965 [cm-2 A-2 amu-I] 

(6.6) 

(6.7) 

(6.8) 
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AJT has been calculated in this way for all of the big and b2g modes of ZnPc, and the 

values are given in Figure 6.1. It is clear immediately that the single-mode assumption is 

invalid. There are many big and b2g coordinates that have significant values of AlT. 

(Although, on average, the displacements of the b2g modes are less than the big.) Even the 

notion that the lowest-energy JT -active coordinate has the largest displacement appears 

unfounded, since one high-energy mode has a larger value - AlT(154 cm'l) = 0.28 

compared with AJT(1592 cm'l) = 0.31. 

By comparing the AJT values calculated here with the surface plots in Figure 5.7, it 

can be seen that 5 of the 24 modes have AJT ;::: 0.2 and would (on their own) be expected to 

significantly quench the angular momentum of the Q state, and yield asymmetry in the 

origin-band @term of the in MCD spectrum. 

In the next chapter, MCP spectroscopic techniques will be used to identify JT

active vibrational overtones in the Q-band spectra of ZnPc/Ar and ZnTBP/Ar and thus 

allow comparison of the experimental JT displacements (related to the overtone intensities 

by (5.11)) with the predicted AJT values calculated here. 

6.4 Conclusions 

The dimensionless JT displacement parameters AJT have been calculated for all 

potentially JT -active vibrational modes of ZnPc. Although the results are not expected to 

provide highly accurate values of AJT, they do demonstrate that JT modes with significant 

displacements should be observed throughout the entire vibrational overtone region of the 

Q band. 
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7.1 

In 1976, Sutherland and Low demonstrated that MCD can be determined by 

measuring the differential fluorescence while modulating the exciting radiation between 

LCP and RCP.1 Since that time, there have been no further reports of the use of this 

technique, probably because Sutherland and Low's (low-resolution) experiment provided 

no more information than could be achieved by standard MCD, while the signal-to-noise 

ratio (SIN) was much worse. However, such techniques potentially provide a means to 

measure high-resolution MCD spectra through the laser line-narrowing phenomenon. 

The potential advantages of this type of spectroscopy are several. As well as 

enabling the resolution of individual transitions from overlapping bands, in some cases it 

may also provide an enhanced SIN over what can be achieved by conventional MCD. This 

improvement is realised in systems where relaxation to the lowest level of the excited-state 

manifold is fast with respect to the fluorescence lifetime (section 3.12.1). 

FLN and MCPL spectra should complement selective excitation and FDMCD. At 

low temperatures, the ftrst two provide information regarding the ground-state vibronics, 

while the latter two provide information about the excited-state vibronics (section 1.6.1). 

Although MCPL has been used on a number of previous occasions,2-9 selective MCPL has 

not. 

In this chapter, selective excitation, FDMCD, FLN and MCPL spectra are 

presented for the Q transitions of ZnPc/Ar and ZnTBP/Ar, along with a discussion of the 

information that they provide. They are of particular relevance to the study of the JT 

effect, since they provide data regarding the symmetry of the modes corresponding to the 

observed vibrational overtones. To this end, the results below provide an experimental test 

of the hypothesis put forth in chapters 0 and 0 that there are many JT -active modes in these 

systems that give rise to JT overtones of signiftcant intensity throughout the overtone 

region of the spectra. 



182 Selective Spectroscopy ojZnPclAr and ZnTBPIAr 

7.2 Experimental Deta Us 

Samples of ZnPc/Ar and ZnTBP/Ar where prepared using the techniques described 

in section 2.5 with typical deposition conditions as given in section 4.2. Selective 

excitation, FDMCD, FLN and selective MCPL spectra were collected using the 

spectrometer Charlie. The laser line width was 0.05 nm (~1.5 cm- I
) and the 

monochromator resolution (slit width of 100 f.l1ll) was ~0.1 nm. The resolution of the 

spectra over the wavelength range 550 - 650 nm (within which all collected spectra lie) is 

therefore limited by the monochromator to ~3 - 4 cm- I 

For ZnTBP/Ar the R-590 dye was used for selective excitation and FDMCD of the 

Q-band origin as well as the lower-energy vibrational overtones. For ZnPc/Ar both the R-

590 and R-640 dyes were required to encompass the entire Q-band region, and the spectra 

were collected in two parts. Each section was corrected for laser power (section 2.4.12) 

and then scaled so that bands in the overlapping region had the same intensity before being 

amalgamated. 

When required, samples were annealed using the technique described in section 

4.2. 

7.3 Q-Band Labels 

A broad-band absorption spectrum of the Q band of ZnPc in a PVC polymer is 

shown in Figure 7.1(a). It is typical of solution spectra ofMP systems in that it consists of 

three major band envelopes: one intense band, and two higher-energy less intense bands. 

Traditionally these have been labelled Q(O,O), Q(l,O) and Q(2,0), as shown in the figure. 

However it is clear that Q(O,O) contains contributions not only from origin transitions but 

also from low-energy vibrational overtones, while Q(l,O) and Q(2,0) both contain 

contributions from many vibrational overtones. 

In this thesis the Q-band spectra of MPs are better resolved and the ongm is 

discernible from even the lowest-energy overtones, but it is still convenient to retain the 

tradition nomenclature. Q(O,O) will be used hereafter to denote the origin transitions only, 

whereas Q(l,O) and Q(2,0) will be used to refer respectively to those ranges of the 

vibrational overtone spectrum with shifts less or greater than 1100 cm- I with respect to the 

origin, as shown in Figure 7 .1 (b). 
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(a) 

ZnPc/PVC 

Q(1,0) 
~-

Q(2,0) 

(b) Q(O,O) 

ZnPc/Ar 

Q(1,O) Q(2,0) 

~----------~-------..... 

14500 
E/cm-1 

7.1. (a) Q~band spectrum of ZnPc/PVC with the traditionally labelled Q(O,O), Q(l,O) and Q(2,0). (b) 
Q-band spectrum of ZnPc/Ar collected in this work showing the labels Q(O,O), Q(l,O) and Q(2,0) as they are 
used in this work. 

Spectra of ZnPc/Ar 

Spectra of the Q transition of ZnPcl Ar provided infOlmation relating to: 

• The relaxation rate between the electronic partners of the nominally degenerate Q 

states. 

• The degree of energy correlation between the excited-state pal1ners within the 

inhomogeneous envelope of the transition. 

The presence of HT -coupled vibrational ovel1ones, associated with a weak, 

electronic transition (designated Q'), underlying the Q(2,O) region of the excitation 

spectrum. 

The unambiguous determination of many JT-active vibrational overtones. 

7.4.1 Absorption and MCD vs Selective Excitation and FDMCD 

Absorption and MCD spectra of ZnPc/Ar are plotted in Figure 7.2 along with 

selective excitation and FDMCD spectra from the same sample. It can be seen that the 
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selective spectra provide a great deal more information, revealing many weak vibrational 

overtones that are completely obscured in the broad-band spectra. 

ZnPc/Ar 

0 

1.0 

A 

AIO -0.05 

0.5 

~ \ ~ 0 x5 

JJr 
0.2 

Selective FDMCD AF/ 10
7 

B T 

0 

-0.2 

2 

o 
15000 15500 16000 16500 17000 17500 

Elcrn-l 

Figure 7.2. Comparison of absorption and MCD spectra with selective excitation and FDMCD spectra 
collected from the same sample of ZnPc/Ar. The vibrational overtones of the selective excitation and 
FDMCD spectra were measured by observing at Q(O,O) (Eobs 15312 cm-\ and the Q(O,O) bands by 
observing at = 13797 cm- l

, which was identified as corresponding to a vibrational overtone associated 
with the grolIDd state of the same site. (The arrows indicate vibrational overtones associated with V12 and V56, 

which are referred to in section 7.4.3. The inset shows a magnified view of the origin bands referred to in 
section 7.4.2.2). 

The inhomogeneous full-width-at-half-maximum (FWHM) bandwidths of the 

absorption and MCD spectra are -70 cm- l
, much narrower than the ~ 300 cm-! obtained for 

ZnPc in a polymer matrix,t° or in solution. ll
,12 However, the FWHMs of the selective 
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spectra are ~4 10 cm-1
, approaching the instrument limit and comparable with those of 4 

- 8 cm-1 obtained in hole-burning experiments of ZnPc/ArY (For ZnPc in a PMMA 

matrix, the FWHM bandwidth in a hole-burning experiment has been measured at ~ 1.5 

cm-1•10) 

7.4.2 Selective Spectra ofZnPc/Ar 

FLN and selective excitation spectra for ZnPcl Ar are plotted as a function of the 

shift from Q(O,O) in Figure 7.3. There are three mechanisms that give rise to vibrational 

overtones in these spectra: HT coupling, the JT effect or a displacement of the excited state 

potential energy surface along a totally symmetric vibrational coordinate. 

Q(l,O) 

Selective excitation 

FLN 

Q(2,O) 

'-----
12000 

Figure 7.3. FLN and selective excitation spectra of ZnPc/Ar as a function of the shift from the Q(O,O) origin 
band. The selective excitation spectrum is a section of the spectrum shown in 7.2 while the FLN 
spectrum was obtained by exciting into the Q(O,O) band with 15288 cm- I

. (The arrow indicating VS3 is 
referred to in section 7.4.4.2.) 

7.4.2.1 Differences between Ground- and Excited-State Vibrational Modes 

F or an electronic transition in which there is no HT coupling and where the force 

constants of the ground and excited states are identical, the frequency shifts and relative 
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intensities of vibrational oveliones in the excitation and emission spectra will also be 

identical. From Figure 7.4 it is clear that this is not the case for ZnPc/Ar. Although there 

is a reasonable degree of correlation in the Q(l,O) region, there are still substantial 

differences both in frequency and relative intensity in this region, while differences in the 

Q(2,0) region are far more substantial. Of the 74 vibrational observed overtones, 9 appear 

only in the FLN and 20 only in selective excitation. Of the remaining 32 have a larger 

frequency shift in the 

greater in the ground state. 

indicating that the vibrational frequencies of these modes are 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 

~ 
Overtone label 

Observed in FLN only 

t Observed in selective excitation only 

Figure 7.4. Differential frequency shift (FLN - selective excitation) between the vibrational overtones 
observed in the FLN and selective excitation. Refer to Table 7.1 for the overtone labelling. 

These differences in frequency and intensity can arise through three mam 

mechanisms: 

1) The Duschinsky effect: The different electronic structures of the ground and 

excited states may result in different admixing of vibrational modes of the same 

symmetry. Hence the normal modes of these states may represent different 

displacements with different frequencies. The consequent changes of Franck-
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Condon factors can lead to substantial differences between the intensity of the 

vibrational overtones in the excitation and emission spectra. 

The extent of this effect may be quantified by the Duschinsky rotation angle 

eD as shown in Figure 7.5. The electronic potential energy surfaces are paraboloids 

in the hyperspace of (3N - 6) orthogonal vibrational coordinates, where for 

convenience, the origin is taken to be the ground-state minimum and the basis 

vectors are the ground-state nonnal coordinates. The minima of other (excited) 

electronic states, Si, within such a space are given by the displacements 

(A~\A~, ... A~). The nonnal modes for each state are oscillations about the principle 

axes of the elliptical cross-sections, and, as shown in the figure, these need not 

necessarily be the same as for the ground state. 

Figure 7.5 shows a two dimensional projection within this space. Extending 

from the origin are axes representing two nonnal modes, Ql and Q2 (with the same 

symmetry), of the ground state. Also shown are the nonnal modes Qi and Qi for 

the nonnal modes in an excited state displaced by At, A2 with respect to the ground 

state. However since the ground-state coordinates fonn a complete set for the 

hyperspace, the nonnal coordinates in any two states can be related by an 

orthogonal transfonnation - or more specifically, by a rotation through angle eD. 
The vibrational overtone intensities are given by the relative displacements 

between the two states involved. For a transition from the ground to the excited 

state, the overtone intensity is related to the displacement of the excited state along 

the ground-state nonnal coordinates (Al,A2 in Figure 7.5). However for the excited 

state to ground state transitions, the overtone intensity is governed by the 

displacement of the ground state along the excited-state normal coordinates (Ai, Ai 

in Figure 7.5). In this way, mixing between modes in the excited state ultimately 

leads to a redistribution of transition intensity between the overtones of the modes 

involved, and the extent of this redistribution is related, by simple trigonometry, to 

eD. For the simple two-dimensional problem in Figure 

(7,1) 
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Axes of QI and Q2 
in the ground state 

nne! in 
the ~;tate due iu 

Inixing of {ind 

FiglU'e 7.5. Schematic representation of the Duschinsky rotation angle, 8D. The value for 8D for two 
vibrational modes QI and Q2 in to two states S] and S2 is the angle between the vectors collinear with the 
principal axes of the elliptical cross-sections of the potential energy surfaces in the two-dimensional space of 
the QI and Q2 coordinates. 

2) The excited-state vibrational frequencies may be altered, relative to the ground 

state, by a reorganisation of the electron density and therefore a change in force 

constants. For example, for the Q transition of MPs, which is principally due to 

1C* ~ 1C excitations centred on the inner ring, vibrations of that ring are likely to 

have different frequencies in the two states, 

3) Vibrational overtones that arise due to HT coupling rarely have the same intensity 

in both excitation and emission spectra. Vibronic coupling of this type occurs 

when a state involved in weak or forbidden transitions lies close in energy to a state 

involved in strongly allowed transitions (section 3.9.4.2). The extent of this 

'vibronic intensity borrowing' is partially governed by the energy separation 

between the coupled states (the denominator in the perturbation expansion of 

(3.101)), so these effects generally do not involve the ground states of organic 

molecules, which are usually well removed from other electronic states. 

In regard to the molecules that are the focus of this work, important HT 

coupling occurs between the Q and B states of ZnP, ZnTBP and ZnOEP. Since the 
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B band is significantly more intense than the Q band in these systems, HT overtones 

are observed in the absorption spectrum of the latter. coupling between the Q 

and B states of ZnPc and ZnOET AP is relatively less important since the two 

transitions are of comparable intensity. 

The differences between the FLN and selective excitation spectra in the Q(l,O) 

region of ZnPc (Figure 7.3) amount to small frequency shifts and are easily accounted for 

by the second of these effects. The difference in the Q(2,O) region are much more 

pronounced, and will be explained by HT coupling due to an underlying state designated 

Q' (section 7.4.3). 

7.4.2.2 Excited-State Relaxation Rate vs Fluorescence Lifetimes 

The rate of relaxation (in comparison with the excited-state lifetime) between levels 

within the excited-state manifold has a large influence on the FLN and selective excitation 

spectra, and an even larger effect on the characteristics of circularly polarised emission. 

In order to see this, consider an inhomogeneous distribution of molecules with non

degenerate ground states, designated A, and nominally doubly-degenerate excited-states 

labelled E. Crystal-field effects split the excited level to give states Eu (arbitrarily 

designated the lower energy partner) and E!3' In the presence of an applied longitudinal 

magnetic field, Eu and are mixed by the Zeeman effect in such a manner that the 

transitions become circularly polarised. According to the experimental data, for the Q(O,O) 

band of ZnPc (Figure 7.2), transitions to Eu involve predominantly RCPL while those to 

involve predominantly LCPL. 

The following discussion describes the FLN, selective MCPL, excitation and 

FDMCD spectra expected for E H A transitions of a molecule in a condensed phase. The 

same arguments apply equally to all vibronic transitions, provided that energy correlation 

between them is strong - that is, the energy separations between vibrational states 

associated with each electronic excited state of each molecule are uniform. It is possible 

(and in fact normal) to excite into a different vibronic band envelope from which emission 

is observed, but for ease of illustration the examples in Figure 7.6 and Figure 

conespond to the case where Eobs and Eexc lie within the inhomogeneous envelope of the 

same vibronic state. The spectral profiles derived are independent of whether or not this is 
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true. * Also, the te1m 'resonant' should not be taken literally in the following but should 

instead be understood to mean that the excitation occurs into a vibronic level built on the 

same zero-phonon excited state from which emission occurs. 

First consider the case in which Ep -1' Eo. relaxation is fast with respect to the 

E -1' A fluorescence lifetime. (Figure 7.6) Emission then occurs only from Ea and the 

excitation spectrum shows two bands (Figure 7.6(b». The lower-energy one is 

predominantly due to LCP excitation of Ea states 'resonant' with Eobs (case A of Figure 

7.6). Coincident RCP transitions to are not observed since they decay to Ea states that 

emit at frequencies below Eobs. The higher-energy band is predominantly due to LCP 

excitation of states whose Eapartners are 'resonant' with Eobs (case B of Figure 7.6). 

This time the predominantly RCP transitions to Ea states are not observed since they emit 

at frequencies higher than Eobs. In inhomogeneous systems, such as those studied in this 

work, case-B bands are broader because of a lack of electronic correlation between and 

Ep. Thus, while the width of the low-energy band is instrument limited, the high-energy 

band has a width that reflects the degree of correlation between the partner states. 

The major difference between the selective excitation (Figure 7 .6(b» and FDMCD 

(Figure 7.6(a» spectra is that the signs of the bands are the same (both positive) for the 

former (which does not distinguish between circular polarisations) but opposite for the 

latter. In addition, although the shapes of the FDMCD bands will be similar to those in the 

excitation spectrum, they will be slightly skewed towards one another. This comes about 

because their intensities are governed by the extent of Zeeman mixing between Ea and Ep, 

which is, in tum, partially determined by an energy denominator. On average, the partners 

that lie close together (small CF splitting) will be mixed more strongly by the Zeeman 

effect (section 3.1.8). An example of this can be seen in the inset of Figure in which 

the extreme FDMCD of the sharp origin band lies slightly (,-,1.5 em-I) to the blue of the 

maximum in the selective excitation. 

The FLN spectrum (Figure 7.6(d» will also have two bands when 

relaxation is fast relative to A f-- E fluorescence. The higher-energy band now arises due 

* With the qualification that the energy ordering of the partners of the excited state are reversed for 

JT ~active vibroruc states, and consequently the transition polarisation to the partners of these states are also 

reversed (section 3.11). In addition, at the temperature used in these studies, fluorescence occurs only at 

frequencies less than the excitation frequency - that is, the E" states cannot be thermally populated from Eo.. 
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to fluorescence from Ea states 'resonant' with the excitation frequency, while the lower

energy band is due to fluorescence from Ea states whose partners are 'resonant' with 

the excitation frequency. In FLN however, the lower band appears broader as there 

is a distribution of Ea states whose partners are 'resonant' with the excitation frequency. 

Observed Transitions 

Case A: Eexc = EobS 

Fluorescence not observed 

Observed fluorescence is m 

from E states resonant kf 
with the excitation frequency 

Ground state Ground state 

Observed fluorescence 
is only from Estates 
that have par1:iJ.er E 
states resonant with the 
excitation frequency 

Excitation Spectra Fluorescence Spectra 

Selective 
FDMCD 

Case-A bands 

(b) 

Selective 
excitation 

(c) 

Case-B bands 

(d) 

Excitation frequency 

r 
Selective MCPL 

Case-B bands Case-A bands 

1 FLN 

Observing frequency 

Figure 7.6. Hypothetical FLN and selective excitation for a system in which relaxation between the excited 
partners (En +- Ep) is fast relative to the fluorescence (A +- E) lifetime. The shading in (a) (d) identifies 
bands that are due to absorption by (light shading) or Ep (dark shading) states. 

Since both MCPL bands arise due to fluorescence from Ea states, both will be RCP 

and therefore negative. Furthennore, both will be skewed towards higher energy that is, 



Selective Spectroscopy ojZnPclAr and ZnTBPIAr 

towards their E~ partners. An example of this phenomenon is shown in Figure 7.18(a) in 

which the maximum origin intensity of the broad-band MCPL spectrum (consisting of a 

single band) lies to the blue of the maximum in the fluorescence spectrum. 

Despite the apparent similarities in Figure 7.6 between the selective excitation and 

FLN spectra, the relative intensities within each pair of bands may be quite different. In 

selective excitation both are due to absorption by the same subset of molecules and the 

ratio of integrated intensities is therefore independent of the transition energies (that is, 

their position within the inhomogeneous distribution - governed by Eobs). On the other 

hand, the FLN bands are due to the fluorescence from Ea states of different subsets so their 

intensity ratio depends on the position of Eexc within the inhomogeneous absorption-band 

envelope. When excitation is into the lower-energy region, the sharp band will dominate. 

Conversely, if the excitation frequency lies in the upper-energy region, the broader, lower

energy band will dominate (Figure 7.8). 

LCPL 

A........IlI!I.......I..
Ground state 

Fluorescence observed 
from both E" and Ep 
states resonant with the 
observing frequency 

Selective Spectra Resulting 

A single band due 
to fluorescence 

from both E" and 
EJ3 states. 

FDMCD or MCPL 
positive when observing 
or exciting on blue side 
of inhomogeneous excited 
state distribution and ... 

... negative when observing 
or exciting on red side. 

Selective excitation 
orFLN 

Frequency 

Figure 7.7. Hypothetical FLN and selective excitation spectra of a system in which the relaxation between 
the excited-state partners (Ea ~ is slow relative to the fluorescence (A ~ E) lifetime. 

The spectra are far simpler if EI3 ~ Eo: relaxation is slow with respect to the 

fluorescence lifetime (Figure 7.7). In this case all of the selective excitation, FDMCD, 

FLN and MCPL contain single vibronic bands due to the combined contribution of 

transitions involving Eo: and states that are 'resonant' with Eobs or Eexc. The signs of the 

FDMCD and MCPL will be the same and will depend on the position of Eobs or Eexc within 
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the inhomogeneous absorption-band envelope. At lower energy, where Ea states 

predominate, the sign will be negative, while at higher energy, where E!3 states are more 

common, it will be positive. In the centre, the intensities will cancel to give no net signaL 

Figure 7.8 reveals that, for ZnPc/Ar, two bands with profiles qualitatively 

consistent with fast intra-excIted-state relaxation are observed in the Q(O,O) region of both 

selective excitation and FLN. The band-area ratio in the former is independent of the 

observing frequency, while in the latter the sharper, lower-energy band becomes more 

intense as Eexe is shifted to the blue. The figure also illustrates the fact that the FDMCD in 

this region of the spectrum is double-signed, whereas the MCPL is single-signed. All of 

these observations are entirely consistent with fast E!3 ~ Ea relaxation with respect to the 

fluorescence lifetime. 

(a) 

- - - Eobs= 13788 ern· j 

-- Eobs= 13793 ern· j 

- - Eob,= 13808 ern'] 

15200 15250 

Selective FDMCD 

\\\ 

Selec~i:ve 
excitati~n 

......... Absorption 

-- E""c= 15973 ern· j 

Eexc= 15985 ern·
j 

-- Eexc= 15991 ern·1 

ZnPc/Ar 

15300 
E/cm· j 

15350 15400 15200 15250 

Selective MCPL 

II 
II 

15300 
E/cm· j 

15350 15400 

Figure 7.8. Spectral profile dependence of: (a) selective excitation as Eobs is varied, and (b) FLN as is 
varied. Selective FDMCD and MCPL spectra are shown at the top of the figure. 
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7.4.2.3 Electron-Phonon Coupling in ZnPc/Ar 

As detailed in section 4.5.2, each electronic transition of a guest molecule in a 

condensed-phase host is accompanied by a phonon side-band (PSB) which comes about 

due to coupling between the guest electronic states and the vibrations (phonons) of the 

host. The energy separation between the zero-phonon line (ZPL) and the PSB is generally 

<50 cm-!, so for transitions with large inhomogeneous bandwidths they are unresolved 

accept in line-narrowed spectra. 

The relative intensities of the PSB and ZPL (lzPL and I psB respectively) are 

governed by the strength of the electron-phonon coupling, a measure for which is the 

Debye-Waller factor a:13 

a lzPL + IpsB 
(7.2) 

In the selective excitation spectrum of ZnPcl Ar the sharp low-energy band (here 

designated the 'zero-phonon band' - ZPB) corresponds to the pure Ea ZPL whereas the 

broad high-energy side-band (denoted SB) contains contributions from the Ea PSB as well 

as the E~ ZPL and PSB (section 7.4.2.2): 

a 
FzPL 

~ a ~ 
FSB = F ZPL + F pSB + F pSB (7.3) 

Hence the broad side band in selective excitation should be more intense by a factor 

determined by the strength of electron-phonon coupling. Since Fp~B Fp~B and 

FZ~L ~ the Debye-Waller factor maybe written as 

2FzPB a= 
FzPB + FSB 

(7.4) 

In principle, a can be determined simply by measuring the intensities of the ZPB 

and SB. Unfortunately, for the Q transition of ZnPc/Ar there is considerable overlap 

between these bands (Figure and so their individual intensities cannot be accurately 

determined. Approximate values have been obtained by assuming that intensity to lower 

energy and higher energy of the point at which the two bands coalesce is exclusively due to 

the ZPB and SB respectively (Figure 7.9). 

Using this approximation, the Debye-Waller factor was determined from a series of 

selective excitation spectra of ZnPc/Ar to be a = 0.74 ± 0.23. The large error reflects the 
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crude approximation used in calculating these values and also the fact that different sites 

and different samples give different results (indicating a site dependence on the strength of 

coupling). Systems with a < 0.007 are classified as having strong electron-phonon 

couplingl3 whereas for systems with a > 0.37 it is classed as weak.*14 It is clear then that 

ZnPcl Ar lies in the regime of weak electron-phonon coupling, and that most of the 

intensity observed in the spectra is due to pure vibronic transitions of the guest molecules. 

Figure 7.9. Diagram showing the approximations used to determine F ZPB and FSB in the evaluation of the 
Debye-Waller factor, a, according to equation (7.4). 

7.4.2.4 Matrix Site Structure and Correlation between the Q-state Partners 
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Figure 7.10. Absorption spectra ofthe Q(O,O) region of ZnPc/Ar before and after annealing to -28 K. The 
arrow is referred to in the caption of Figure 7.11. 

• These values for a correspond to Huang-Rhys factors of S 2 5 and S:-:; 1. S is the related to a by: 

0) exp[ -S], where 0) is the Debye-Waller factor at 0 K. 13 
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In a system with a small number of well-defined sites, the partner states (Ea and Ep) 

of molecules occupying the same type of site will be strongly correlated. This type of 

correlation is observed in the ZnPc/Ar spectra of Figure 7.10, which shows the QeO,O) 

absorption region before and after annealing to ~28 K. The sharp post-anneal structure is 

consistent with a reorganisation of the local environment of the guest molecules to give 

well-defmed sites. The pre- and post-anneal selective excitation spectra of the same matrix 

(Figure 7.11) also shows significant sharpening of the higher-energy bands of each 

vibronic transition. Clearly, the Ea, Ep states of the site(s) being monitored become well 

correlated after annealing. 
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Figure 7.11. Selective excitation spectra of Q band of ZnPc/Ar before and after annealing to ~28K. The 
vibrational overtone regions of these spectra were measured using 15308 cm- i and 15303 cm-I 

respectively before and after annealing. For the latter, this corresponds to the band marked with an arrow in 
Figure 7.10. The Q(O,O) excitation bands - shown darker - where obtained with EobS = 14630 cm- i and 
14624 em-I, which were identified as corresponding to vibrational overtones associated with the ground state 
of the same site of the matrix before and after amlealing, respectively. 

The four sharp bands in the origin region of the annealed absorption spectrum of 

Figure 7.10 correspond to zero-phonon partner transitions of two distinct matrix sites. 

However, it is not immediately clear which pairs are related to the same site. VanCott et 

al. observed similar structure and attempted to determine these relations on the basis of the 
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absorption and MCD spectra. IS Their absorption spectrum and pair-wise assignments of 

the structural components to seven sites with various Ea E(3 separations are shown in 

Figure 7.12(a). 
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Figure 7.12. (a) Absorption spectrum and site assignments of ZnPc/Ar by VanCott et al., reproduced from 
ref 7. (b) Absorption spectrum of an ZnPc/Ar matrix (annealed to -20 K) together with two selective 
excitation spectra which show the corrected band pairings (A and B) ofthe two major sites. 

A less ambiguous approach for assigning Ea, site-pairings is to use selective 

excitation spectroscopy. The absorption spectrum in Figure 12(b), obtained as part of 

this thesis work, has a different overall appearance, but its structural features (peaks and 

shoulders) are in one-to-one correspondence with those seen by VanCott et al., indicating 

the same sites are present, but with different occupancies. The selective excitation spectra 

shown in the figure correspond to the two major sites that give to the four most intense 

peaks in the absorption (assigned as sites 5 and 6 by VanCott et al.). In accord with the 
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conclusions of VanCott et al. these spectra clearly show that the two lower-energy peaks of 

these four correspond to Ea states. However excitation at 13789 cm- I shows that the pair 

of bands indicated by 'A' are partners, while excitation at 13772 cm- I (allowing for some 

accidental partial overlap with site 'A' vibronic absorption bands) shows the paIr 

constitutes another set of partners. 

In 1981, while studying a range ofMPc molecules in Shpol'skii matrices, Huang et 

al. observed a broad band in the Q(2,O) region of the selective excitation spectral6 and later 

determined that it was not reflected in the corresponding FLN emission spectra. 17 The fact 

that this band was observed for a variety of MPcs indicated that it was a characteristic of 

the Pc ring rather than the metal centre. By comparison with an extended Huckel 

calculation by Schaffer et al.,18 they attributed this effect to an underlying IA2u ~ lAlg 

transition arising predominantly from the 6eg(n*) ~ 2eu(NpJ excitation.16
,17 (Npn refers to 

the sigma molecular orbitals composed predominantly of in-plane p-orbitals of the meso

nitrogen atoms in the porphyrin ring.) Such a transition is z-polarised and would not 

normally be observed when the MPcs are aligned with their molecular planes 

perpendicular to the light axis. However, vibronic coupling through vibrations with the 

Q state results in Eu vibronic states for which the transitions are x, y polarised. 

In 1989 VanCott et ai. measured MCD and absorption spectra of ZnPc/Ar. They 

attempted to simulate the vibronic structure but were unable to account for the broader 

underlying intensity present in the Q(2,O) region.15 They therefore supported the 

assignment of Huang et al. and labelled the underlying band Q'. 

The spectra for ZnPc/Ar in this work (Figure 7.3) are similar to those obtained by 

Huang et al. The excitation spectra show broadened Q(2,O) structure and the integrated 

intensity in this region is much greater (relative to the origin) than observed in the FLN at 

equivalent vibrational shifts. These observations are consistent with the existence of an 

underlying electronic state: transitions to this state account for the increased intensity, 

while crossing to vibronic levels within the Q manifold provides additional relaxation 

pathways with consequent lifetime broadening. Further evidence for an underlying 

transition is provided in Figure 7.13, in which the fluorescence spectrum obtained by 

exciting into Vl2 (in the sharp region of the excitation spectrum Figure 7.2) is compared 

with that obtained by exciting into V56 (in the broad region of the excitation spectrum -
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Figure 7.2). The former results in FLN while the latter gives essentially un-narrowed 

fluorescence bands. This effect can be explained by poor energy correlation between the Q 

and Q' states - transitions to Q' followed by internal conversion 

a broad distribution of Q states. 

I 

ZnPclAr 

14500 
Elcm-l 

rise to population of 

Figure 7.13. Fluorescence spectra resulting from excitation into the VI2 and VS6 overtones (see Figure 7.2). 

Despite the similarities with their selective excitation and FLN spectra, the 

FDMCD observed in this work is incompatible with Huang et al.'s assignment of Q' to an 

lAlu (8) eg +- lAlg transition. It is shown below (section 7.4.3.2) that this transition cannot 

give rise to @ (or pseudo @) terms in the MCP spectrum, as are observed in Figure 7.2. 

Although ill terms may still contribute to the MCP of this state, since the Q state can only 

couple with an 1 A1u state via eg modes, any ill-term contribution to the MCP spectrum 

would be signal signed, and again, could not give rise to the observed spectrum. 

Further evidence against the assignment Huang et al. was obtained from a serni

empirical MO calculation (see the following section) in which the 2euCNp,,) orbital was 

predicted to lie at a much lower energy than predicted by the Huckel calculation of 

Schaffer et al. In addition a formally allowed but intrinsically weak lEu +- 1 Alg transition 

was predicted from this calculation to lie between the Q and B transitions. The excited 
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state of this transition has the potential to be involved in HT coupling with the Q state via 

alg, big and b2g modes, and vibrational structure associated with such coupling can give 

rise to Cl' (or pseudo-Cl') terms in the MCP spectra (section 7.4.3.3), so this seems a sensible 

alternative assignment for Q'. In addition, a semi-empirical MO calculation for ZnTBP 

(section 7.5.3) - for which there is no evidence of a Q' transition predicts this transition 

should lie at much higher energy than for ZnPc. 

7.4.3.1 Semi-Empirical MO Calculations of ZnPc 

Figure 7.14 compares frontier MO energy-level diagrams obtained from a 

ZINDO/S-CI calculation on ZnPc (chapter 0) with results from Schaffer et al.'s extended 

Huckel calculationl8 and a CNDO/2 calculation by Maslov. 19 The arrow on the extended 

Huckel diagram shows the excitation proposed by Huang et at. to be predominantly 

responsible for the Q' band. The arrows on the ZINDO/S-CI diagram show the 

predominant excitations determined to be involved in the Q and B transitions as well as the 

proposed Q' transition. 

Huang et at.' s assignment of the Q' band to a 1 A1u ® +- 1 A1g transition involving 

6eg(rc*) +- 2euCNpJ excitations together with vibronic coupling involving eg modes, was 

based on Schaffer et al.'s extended Huckel calculation. 18 However Maslov's CNDO/2 

calculationl9 shows no evidence of an eu orbital in the vicinity of the HOMO (Figure 7.14) 

while the ZINDO calculation has the 2eu orbital at much lower energy. Furthermore, 

ZINDO predicts an allowed, but intrinsically weak, lEu +- lA)g transition between the Q 

and B bands, due almost entirely to the excitation 7eg(rc*) +- 2alu(rc) with an oscillator 

strength of,.,., I % of that for the Q transition, which is consistent with the weak Q' band 

observed experimentally. However the calculated transition energy of ~28500 cm-) is 

2000 cm- l higher than observed experimentally for Q'. 

Although the results from the ZINDO calculation do not by themselves provide 

compelling evidence for the assignment of Q' to the 7eg(rc*) +- 2aluCrc) excitation, its case 

is no weaker than that for the conjecture by Huang et at. It is also note-worthy that the 

ZINDO calculation performed in this work is more sophisticated than the extended Huckel 

treatment of Schaffer et at., which did not take account of configuration-interaction. 
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Figure 7.14. Comparison ofMO energy~level diagrams for ZnPc obtained from a ZINDO/S-CI calculation 
(carried out in this work), an extended Huckel calculation by Schaffer et al.,18 and a CNDO/2 calculation by 
Maslov. 19 The 2alu(n:) 6eg(n:*) energy splirtings from left to right are 31800 cm"l, 13200 cm'l and 48000 
cml. For the ZINDO/S-CI calculation, the predominant excitations involved in the Q, Q' and B transitions 
(with calculated transition frequencies of 14350 cm,l, 28450 cm"1 and 33750 cm"] respectively) are shown 
the extent of shading of the excitation arrows qualitatively reflects the 'intensity' they contribute to the 
relevant transition. 

7.4.3.2 Mep for Huang et aI.'s 1 Al U ® eg ~ I Alg Transition 

At the low temperatures used in this work, the only significantly populated level in 

the ground state is 11 A1g a)IO), with I Aig vibronic symmetry. The only transitions from this 

state that can give rise to & (or pseudo-&) terms of the type observed in the spectra are 

~ lA1g• 

In the case of Huang et aI.'s Q' assignment, the excited electronic state is 1 A1u so 

vibrational modes must be involved to give the desired Eu vibronic states. For a transition 

to such a state to carry intensity, it must couple to a lEu electronic state, (which may be 

displaced along an alg, a2g, bIg or b2g mode). The resulting coupled vibronic state, 

designated lEu ~), maybe expanded by perturbation theory (section 3.9.4.2) as 
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a.j,(:, 

(7.5) 

where the V ~) are vibrational states of the lEu manifold, which can have alg, a2g, big or b2g 

symmetry. 

The magnetic dipole matrix elements associated with the vibronic state lEu ~) are 

given by 

+ 
a.j,(:, 

where only the terms to first order in Q( have been retained. The first term is zero due to 

the fact that the 1 Alu state is non-degenerate. The overlap factors (eg ~'V ~) are non-zero 

only if V ~) and leg ~) have the same quantum number associated with Q(, but the 

vibrational MEs are non-zero only when V ~) and leg ~) differ by one quantum of the 

vibration associated with Q(. Thus the term in brackets in (7.6) is also zero, and there can 

be no electronic magnetic moment associated with these lEu ~) states. Consequently, 

transitions to IA1u (8) eg states can not show @terms. 

The fact that the pure electronic transition ~ 1 A1g is formally allowed does not 

preclude the possibility of vibronic coupling. Indeed if the transition is weak and there are 

other close-lying states of the appropriate symmetry, such coupling may contribute the 

majority of the observed intensity. This is exactly the case for the proposed assignment of 

the Q' transition to a weak lEu ~IAlg transition in the shadow the very much stronger Q 

transition. 
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In this case both the Q and Q' excited states have the same symmetry and the 

potential HT modes are of alg, a2g, bIg and b2g symmetries. The HT -coupled wavefunctions 

are again derived using perturbation theory. For coupling involving a IkK) vibration 

II, 11 a.J,~ 

where the fIrst sum is over all partners 11 of all irreps h that satisfy h 

momentum matrix elements of this state have the form 

(7.7) 

® k. The angular 

(7.8) 

The terms in the sum are zero on the basis of the same arguments that follow (7.5). 

However unlike the case of Huang's et al.'s assignment, the fIrst term in (7.8) is now non

zero. Therefore vibronic borrowing between these two states can give rise to vibronic 

transitions with ex (or pseudo-@) terms in the associated MCP spectrum. 

7.4.3.4 Assignment of the Q' Transition 

The Q' transition of ZnPc/Ar, previously assigned as 1 A1u ~ 1 A1g by Huang et 

al. 16
,17 is reassigned here as lEu ~ lA1g arising predominantly from 7eg(n:*) ~ 2alu(n:) 

excitations (Figure 7.14). The primary problem with the assignment of Huang et al. is that 

it is unable to account for the ex terms observed in the FDMCD spectra (Figure 7.2). The 

reassignment is supported by ZINDa calculations of ZnPc (which predicts a weak lEu ~ 

1 A1g transition between the Q and B transitions - section 7.4.3.1), and will be further 

supported by calculations on ZnTBP (in which this transition lies at a much higher energy, 

in line with the absence of the Q' band in the absorption spectrum of ZnTBP/Ar - section 

7.5.3). Furthermore HT-coupling between this lEu state and the Q state (involving alg, a2g, 

bIg, and b2g modes) can account for both the comparable intensity of the Q' bands in the 
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FDMCD spectrum with those of the Q-band overtones, and the presence of both positive 

and negative & terms in this spectrum. This provides compelling evidence for the 

assignment of the Q' state to rather than lA1u as proposed by Huang et al. 

7.4.4 Vibrational Overtones of ZnPc/Ar 

As outlined in section 3.11, in the absence ofHT coupling the MCD.ofan E ~ A 

transition in D4h symmetry can be used to unambiguously differentiate between totally 

symmetric and IT-active vibrational overtones. HT overtones can usually be distinguished 

by comparing the excitation and emission spectra (section 1). 

In this section these techniques are used to assign the HT overtones associated with 

the Q' state. In addition, the FDMCD spectrum has enabled symmetry assignments for 60 

of the 65 vibrational overtones observed in the selective excitation spectrum as involving 

either aig or big vibrations, thus distinguishing between totally symmetric and JT-active 

modes for the non-HT overtones. Due to poor SIN in the MCPL spectrum only 11 of the 

54 observed modes in the spectrum could be assigned in this way. 

In addition to the differences in the MCP between totally symmetric and JT-active 

modes, the bandwidth of these overtones in the selective excitation spectrum may also 

vary, as alluded to in section 0 and explained in the following section. 

7.4.4.1 The Bandwidth and Splitting of IT Vibrational Overtones 

If there exists a CF of the 'opposite' symmetry to a particular JT -active vibrational 

mode, the corresponding vibrational overtones in excitation are altered in two ways in 

comparison to the totally symmetric vibrational overtones: the bands are broader, and CF 

splitting of the partner transitions is quenched. Evidence of the latter of these effects was 

mentioned in section 0 where no explanation was offered. The reasons for both of these 

effects will now be discussed. 

Consider a system with coexisting IT and CF effects of the same symmetry 

(Figure 7.15(a»). The potential energy surfaces of the (zero-magnetic-field) electronic 

states Ea and Ep remain uncoupled and vibrational levels can be associated with one or the 

other (section 5.3). For an ensemble of such systems, the energy difference between these 

states will span a range of values due to CF inhomogeneity. But the vibrational levels 

associated with each will remain well correlated - that is, the vibrational 'ladders' of both 

electronic states will be essentially the same (apart from an overall energy shift) for all 
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matrix sites. Thus the partner splittings and bandwidths of transitions involving the zero

point levels will be the same as those involving higher vibrational levels, and JT overtones 

will have the same bandwidths as overtones involving totally symmetric modes. 

(a) (b) 

Excitation 
Excitation 

Figure 7.15. Potential energy surfaces and vibronic energy levels of the lEu states with; (a) V * 0, and (b) V' 
* O. In each case, only potential energy surfaces in which the lowest vibrational level is matched to Eobs have 
been plotted. For (a), due to lack of the electronic correlation there is a broadened distribution of states 
corresponding this Eo. level, however there is no broadening of the Eo. overtones due to mixing with these Ep 
states and the splitting between Eo. and E~ partners is the same for all vibrational levels. In the case of (b), 
mixing of the Eo. states with the poorly correlated Ep states creates a lack of correlation between the 
vibrational levels of the latter so that broadening of all vibrational overtones associated with this state results. 
The mixing also quenches the Eo. - Ep splittings of the higher vibrational levels relative to the zero-point 
levels. Note that in the case where the two states are strongly mixed, the labels and no longer have any 
physical meaning. 

When the CF distortion has symmetry 'opposite' to that of the JT mode (Figure 

7.15(b)), Eo. and Ep become mixed and the reduced splitting between higher-energy 

vibronic partner states becomes evident. This effect was predicted in section 11 and the 

derivation presented there provides the theoretical basis for the effect 

The effects that lead to broadening of the JT overtones are subtler. When and 

Ep are strongly mixed the vibrational levels can no longer be associated with just one 

electronic state - each wavefunction should be regarded as being spread over the range of 

both surfaces. In other words, the vibronic states now violate the BO approximation they 

cannot be written as simple products of pure electronic and vibrational parts but are instead 

admixtures of basis states associated with both surfaces. Moreover, the "''''',,,,''''''' of mixing 

depends on the magnitude of the CF, and hence CF inhomogeneity causes a reduction of 

the correlation between vibrational levels. Consequently the bandwidths of vibronic 
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transitions associated with the JT mode will be greater than those associated with other 

(particularly totally symmetric) modes. 

Experimental evidence for this point is illustrated by the box-and-whisker plots in 

Figure 7.16(a), which show the distribution of the case-A bandwidths (FWHM) of the 

strongest JT and totally symmetric overtones in the Q(l,O) region of the excitation 

spectrum. (Overtones from the Q(2,0) region are not included due to overlap and mixing 

with the Q' state.) The data clearly show that the JT overtones are broader than totally 

symmetric ones. 
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Figure 7.16. Box-and-whisker plots showing the distribution of bandwidths (FWHM) for totally and non
totally symmetric overtones of the Q transition of ZnPc/Ar in (a) selective excitation, and (b) FLN spectra. 
The central vertical line in each plot shows the overall range of the data, while the box marks the positions of 
the median as well as the upper and lower quartiles. The means and their 95% confidence intervals are also 
given. 

An important point of support for this explanation is that a similar phenomenon 

does not occur in FLN spectra. The reason is that the broadening comes about due to lack 

of correlation between vibrational levels of the excited state. The bandwidth of overtones 

in an spectrum are governed by the correlation between the vibrational levels of the 

orbitally non-degenerate ground state, which is not susceptible to CF-JT effects. Figure 

7 .l6(b) demonstrates this point the clear distinction between the totally and non-totally 

symmetric modes in the selective excitation is not mirrored in the FLN. 

7.4.4.2 Assignment of Vibrational Overtones 

The discussion in section 7.4.3 provides evidence that many of the bands in the 

Q(2,0) region of the FDMCD and excitation spectra are due to HT coupling between the Q 
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and Q' states, while those in the FLN spectra are associated almost entirely with a 

displacement of the Q state with respect to the ground state. Thus, in principle the non-HT 

modes in the selective excitation spectrum should be distinguishable by comparison with 

the FLN spectrum of ZnPc/Ar. 

Unfortunately the analysis is not that simple. HT coupling between Q and Q' can 

involve vibrational modes formally associated with both the Q and Q' states. With strong 

coupling of near degenerate basis functions, the BO approximation may breakdown to the 

extent were it becomes a meaningless exercise to apply even formal BO-type labels to the 

states. (This is an example of the pseudo-JT effect - section 3.9.4.2.) For instance consider 

the very intense VS3 vibrational overtone in the FLN spectrum (indicated by the arrow in 

Figure 7.3), which is not observed in selective excitation. Although there is a clearly 

defmed vibronic state lying 1518 cm-! above the zero-point level of the ground state, the 

corresponding state in the Q manifold is strongly mixed with those in the Q' manifold to 

the extent that a single transition no longer exists in excitation. The intensity is instead 

dispersed amongst several overtones within the Q' envelope. 

The vibrational analysis is further complicated by the fact that the partner 

electronic states of the Q and Q' manifolds are not well correlated with respect to the CF. 

As a consequence the frequency and intensity of bands in the Q' region of the selective 

excitation vary as the observed fluorescence frequency is changed. This is illustrated in 

Figure 7.17, which shows selective excitation spectra in the Q(2,0) region for a series of 

observing frequencies. Rather than a simple shift of the band energies (as occurs in Q(I,O) 

- for example see Figure 4.5), the relative intensities also change significantly. 

Figure 7.18 shows FLN and selective MCPL spectra of ZnPcl Ar obtained by 

exciting into the Q(I,O) region (Figure 7.18(b)), as well as a broad-band fluorescence and 

MCPL spectra from exciting into the Q(2,0) region (Figure 7.18(a)). By comparison with 

Figure 7.2 it is clear that the MCPL SIN is considerable poorer than that for the 

In addition, spontaneous fluorescence from the SR-640 laser dye coincided with the 

fluorescence region and a lack of appropriate filters to eliminate this interference resulted 

in a broad oscillating signal in the MCPL of Figure 7.l8(b). No such interference was 

observed in the broad-band fluorescence and MCPL spectra of Figure 7J8(a) because 

spontaneous fluorescence from the R-590 dye used for these spectra lies further to the blue. 

Higher-quality MCPL spectra could not be obtained despite many efforts. 
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Figure 7.17. Selective excitation of the Q(2,O) overtone region of ZnPc/Ar for a series of observing 
frequencies in the Q(O,O) envelope. 
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Figure 7.18. (a) Broad-band fluorescence and MCPL of the ZnPc/Ar Q band obtained by exciting at 16965 
cm-] (in the Q(2,0) region) and (b) FLN and selective MCPL spectra of the ZnPc/Ar Q band obtained by 
exciting at 15974 cm-] (in the Q(I,O) region). 
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The vibrational assignments for ZnPcl AI' are summarised in Table 7.1 along with 

those made by earlier researchers. The uncertainties in the ground- and excited-state 

vibrational frequencies are estimated (by comparing the results of numerous spectra 

collected on different samples and different days) to be ±3 cm-I and ±5 cm-I respectively. 

Assignments in the Q(2,0) region are tentative. Following the arguments above, overtones 

in the selective excitation whose frequency and relative intensity match the FLN overtones 

have been assigned to Q-state vibrations (totally symmetric or JT active), while the 

remaining overtone transitions have been assigned to HT modes associated with Q'-Q 

vibronic coupling. Due to the correlation and broadening problems associated with the Q' 

bands, only the most intense have been assigned, and their estimated energy uncertainties 

are ±1 0 cm-I. 

The advantage of selective excitation and FDMCD can be seen by the 60 

assignments possible in this work compared with only 20 by VanCott et al. IS for the same 

matrix-isolated system using conventional absorption and MCD. Those assignments that 

coincide with VanCott et al. agree in both symmetry and frequency (within experimental 

uncertainty). The frequency agreement with the Shpol'skii-matrix results of Huang et al. 16 

(who could not assign symmetries) is not as consistent, which probably reflects a slight 

host-medium dependence. 

Although the frequencies of the 54 ground-state vibrational modes are as much as 

50 cm-I lower than those measured by Sidorov et al. in an IR study on thin ZnPc films,2o 

they agree within experimental uncertainty with thin-film Raman studies by Jennings et 

al.,2I Raman and IR studies by Aroca et al.22 and with 14 of the 15 FLN bands observed by 

Huang et al. for ZnPc in a Shpol'skii matrix. Aroca et al. were also able to identify the 

totally symmetric vibrations by using a combination of IR, Raman and surface-enhanced 

Raman spectroscopy (SERS). Only one of their assignments contradicts the results of this 

study - V32 (1141 cm-I) was assigned as a totally symmetric mode whereas the positive sign 

of the corresponding band in the MCPL (opposite sign to the origin; see Figure 7.18) 

unambiguously demonstrates that it must be either bIg or b2g. 
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Table 7.1. Energy shifts and symmetry assignment of vibrational overtones in the Q-band spectra of ZnPcl Ar 

Excited state Ground state 

Huangl6e VanCott I 5 This work Huangl6e This work 

1abe1a freqb freqb symC freqb symC stated freqb freqb symC 

125 

VI 154 big 161 big Q 158 159 big 

V2 225 big 229 big Q 232 231 

V3 258 aig 262 aig Q 260 aig 

V4 315 aig Q 321 

V5 359 aig Q 352 

V6 382 big Q 

V7 450 417 big Q 400 

V8 456 441 aig Q 424 

V9 477 479 big 482 big Q 482 482 big 
520 

VIO 568 553 big Q 536 549 
577 

VII 587 589 aig 588 aig Q 592 593 aig 
659 

VI2 673 676 aig 676 aig Q 681 680 aig 

VI3 698 big 

VI4 742 739 big 746 big Q 750 750 

VI5 803 775 big Q 776 

VI6 824 819 aig 

VI? 832 830 big 

VI8 839 840 aig 839 aig Q 836 835 aig 

VI9 851 849 aig Q 852 851 

V20 862 

V21 873 

V22 889 886 

V23 899 904 big Q 908 

V24 939 

V25 937 939 big Q 950 949 big 

V26 1006 1002 big 

v27 1011 aig Q 1010 

V28 1026 Q 1044 

V29 1069 big Q 1072 

V30 1093 1097 big Q 1113 
1101 

V31 1117 1124 aig 

V32 1133 big 1136 big Q 1143 1145 big 

V33 1143 1146 aig Q/Q' 

V34 1151 1157 aig Q 1163 

V35 1168 1176 aig Q 1183 1183 

V36 1185 1190 big Q 1206 

V37 1192 1200 big Q 1215 

V38 1206 1215 big 1207 aig Q 1225 

V39 1258 1266 aig Q 1274 

V40 1291 1298 Q l308 

V41 l312 

V42 l330 l334 aig l340 aig Q l342 l343 aig 

V43 l350 big 1355 big Q/Q' 

V44 l377 l369 big Q l372 

V45 1411 1340 Q 1410 

V46 1418 1408 aig 1421 aig Q 1428 
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V47 1431 Q 1438 
V48 1451 aig Q 1450 
V49 1477 1466 big 1459 big Q 1467 
VSO 1482 1480 
VSl 1492 1500 aig 1502 aig QIQ' 
VS2 1507 aig QIQ' 
VS3 1518 1516 big 

VS4 1531 1544 aig QIQ' 
VSS 1565 big 1565 big QIQ' 
VS6 1600 aig 1601 aig QIQ' 
VS7 1628 big 1623 big QIQ' 
VS8 1684 aig 1692 aig Q 1674 
VS9 1775 aig Q 1774 
V60 1843 aig Q 1821 
V61 1862 
V62 1870 big QIQ' 
V63 1879 aig 1882 aig Q 1890 
V64 1892 big QIQ' 
V6S 1927 aig QIQ' 1932 
V66 1950 aig QIQ' 
V67 1981 big QIQ' 
V68 2017 aig Q 2020 
V69 2035 big QIQ' 
V70 2042 big QIQ' 
V71 2082 big Q 2091 
Vn 2100 aig Q 2106 
V73 2196 aig Q 2192 
V74 2262 

a Label assIgned to vIbratIonal modes 111 this work 
b Energy shift from Q(O,O) band (em-I). Shift is to the blue for FDMCD and excitation and to the red for FLN 
and MCPL 
C Mode symmetry: aig = alg or a2g; big = bIg or b2g 
d Electronic state with which the mode is associated. Q'IQ refers to transitions to states arising from coupling 
between Q and Q'. 
e Bands assigned as vw (very weak) by Huang et at have not been included. 

7.4.4.3 Comparison of JT -Active Modes with Calculated Values 

The relationship between the JT displacement, AJT, and the predicted vibrational 

overtone intensity, as derived by Fulton and Gouterman under the assumption of a single 

vibrational mode,23 is given in section 5.4. The transitions of relevance to selective 

excitation at low temperatures are those from the zero-point level of the ground electronic 

state, to the first excited vibrational level of the Q state. For FLN, the transitions of 

interest are from the lowest Q-state vibrational level to the first vibrationally excited level 

of the ground state. The required overlap integrals (5.11) then simplify to: 

I AJT [-AJ~] 
1(1 ±AJT 00)1 = -{2 exp 4 (7.9) 

for selective excitation, and 
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1(0 A [-A. ] 11 0)1 = -$ exp 4 (7.10) 

forFLN. 

The assumption of a single JT mode is clearly not valid in the case of ZnPc, but a 

more comprehensive analysis is intractable and these expressions at least provide a means 

of estimating AJT from the overtone intensities. Unfortunately lack of correlation between 

the Q-state partners (section 7.4.2.3) and interference from the Q' transition (section 7.4.3) 

lead to broadening and overlap of the vibronic bands in the selective excitation spectra. 

For this reason the intensities were obtained from an FLN spectrum, in which these 

interferences are not present. 

The squares of the overlap factors in (7.10) determine the intensities of the 

overtones as fractions of the fluorescence intensity of the whole Q band. When A.JT;$ 0.3 

such relative intensity can be used to approximate A.JT according to the relationship 

~2IJT AJT ~ IQ (7.11) 

where JJT is the intensities obtained by integrating over the JT overtone and IQ is obtained 

by integrating over the whole Q-band envelope. A comparison between these 

experimentally determined A.JT values and those calculated in chapter 0 is shown in Figure 

7.19. 

0.30 
.. From semi-empirical MO calculation ~3 

Derived from experiment 

0.25 

0.20 

0.15 

0.10 

0.05 

1600 

Figure 7.19. Comparison between calculated and detennined IT displacements of ZnPcl Ar 
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Precise agreement between the experimental and calculated JT displacement 

parameters is not to be expected since the approximations inherent in deriving both are 

substantial. However, in a qualitative sense the two sets of results are mutually consistent 

to the extent that JT overtones with a variety of displacement parameters are both expected 

and observed throughout the entire Q-band region. 

Selective Spectra of ZnTBP/Ar 

Selective excitation, FDMCD and FLN spectra were collected for the Q-band 

transition of ZnTBPIAr. The data are less complete than for ZnPc/Ar, principally for two 

reasons. Firstly the only dye available for the study of ZnTBP was R-590, the lasing 

envelope of which did not encompass the entire Q-band region so that only the higher

energy vibrational overtones could be studied in excitation. Secondly, the (spontaneous) 

fluorescence envelope of this dye (Figure 2.8) coincides with the Q-band fluorescence 

region of ZnTBP. (Dye bands, identified by measuring the fluorescence spectrum of the 

dye itself, can be observed in the FLN spectra as indicated in Figure 7.23.) The 

consequent interference in the selective MCPL spectra was even more severe than for 

ZnPcl Ar, to the extent that the MCPL signal was completely obscured. Despite these 

restrictions, the spectra have enabled assignments of many previously unresolved JT -active 

vibrational overtones and also (together with a ZINDO/S-CI calculation) provide indirect 

support for the assignment of the Q' band in ZnPc (section 7.4.3). 

In general, ZnTBPIAr has many characteristics in common with ZnPc/Ar. Under 

standard deposition conditions the resulting Q band is unstructured with an origin 

bandwidth of ~ 55 cm-l (Figure 7.20), which compares with a typical bandwidth of 65 em'l 

for ZnPcl Ar. Upon annealing ZnTBPI Ar, sharp structured sites appear on the blue side of 

the origin Q band while overall the intensity within the Q-band origin is redistributed 

towards the red (section 5.2). This is consistent with the formation or pair-interactions 

observed in matrices of ZnPc/Ar (section 4.3). 

The selective excitation and FDMCD spectra of ZnTBPI Ar are also similar to those 

of ZnPc/Ar. Two bands of opposite sign are observed in the FDMCD indicating that 

relaxation within the excited-state manifold is fast with respect to the fluorescence lifetime, 

and the fact that the higher-energy band is broader indicates a lack of correlation between 

electronic partner states. 
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An impurity band observed by VanCott et al. in the spectra of ZnTBP/Ar7 also 

appeared at 15660 cm-1 in this work (Figure 7.20). The selective excitation and FDMCD 

of this band (Figure 7.21) are consistent with a relatively large, low-symmetry molecule; 

large to account of the many transitions, and low symmetry to be consistent with the very 

weak MCD. (Weak MCD is consistent with pure ill terms, which in tum implies an 

absence of formal degeneracy.) 

It is not Imown what the impurity is; it may be a side product of synthesis or a 

breakdown product created at hot spots in the sublimation oven of the matrix-deposition 

system. However it does not interfere significantly with the spectra of ZnTBP and so no 

attempt has been made to analyse it further. 

ZnTBP/Ar 
Mcn 0.2 

F~4t~ 
~/T-I 

o 

2"- -0.2 

Absorption 
A 

1 

V Impurity 

~ 
0 

15500 16000 16500 17000 17500 18000 18500 

E/cm-1 

Figure 7.20. Absorption and MCn spectra of ZnTBP / AI". The arrow marks an impurity band. 
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Figure 7.21. Selective excitation and FDMCD spectra of the ~ 15652-cm-1 impurity band in the absorption 
spectrum ofZnTBP/Ar. 

7.5.2 Assignment of Vibrational Overtones 

Selective excitation and FDMCD spectra of ZnTBP/Ar are shown in Figure 7.22, 

and FLN spectra are shown in Figure 7.23. Vibrational frequencies and symmetries are 

listed in Table 7.2. Also given are the excited-state frequencies determined by VanCott et 

al. for ZnTBP/Ar,7 and by Even et al. for ZnTBP in a supersonic expansion,24 as well as 

the ground-state frequencies by Fielding et al. for ZnTBP in a n-octane single crystat25 and 

Sevchenko et al. for ZnTBP in a Shpol'skii matrix,z6 

As with ZnPc/Ar, the use of selective techniques has enabled the assignment of 

many more excited-state vibrational modes than could be assigned by VanCott et al. using 

conventional absorption and MCD.7 Of the overtones accessible within the envelope of the 

dye used, those that coincide with VanCott et al. agree both in symmetry assignment and 

vibrational frequency (within experimental uncertainty). There were differences between 

the frequencies measured in this work and those determined by Even et al., but again this is 

as expected. The vibrational frequencies in the gas phase will change due to the absence of 

coupling with the host medium that occurs in condensed host/guest systems. 
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FLN spectra for ZnTBP/Ar were not as well resolved as those of 

however there were still 18 vibrational overtones observed, comparable with the 19 in a 

doped single crystal ofn-octane,25 and 15 in a Shpol'sldi matrix.26 
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16400 16600 16800 17000 

E / cm-I 

ZnTBP/Ar 
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Figure 7.22. Selective excitation and FDMCD ofZnTBP/Ar with Eobs = (a) 16327 em-I, and (b) 14691 em-I, 
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Eexc = 16326 cm l 

Eexc = 17023 cm-I 

14500 15000 

Figure 7.23. FLN spectra ofZnTBP/Ar. 
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Table 7.2. Vibrational wavenumbers and symmetries for the Q-band overtones of ZnTBP 

I Excited State Ground State 

Even24 Van Cote This work Fielding25a Sevchenko26b This work 

labe freqd freqd syme freqd syme freqd freqd freqd 

VI 123 129 big 132 big 131 137 132 

V2 238 224 big 
V3 248 243 aig 243 aig 242 244 246 

264 
366 

V4 386 377 big 375 big 387 
456 

V5 468 475 big 480 big 482 486 492 
515 512 

V6 540 543 big 

559 
V7 577 583 aig 584 aig 596 

Vs 676 big 

V9 691 691 aig 694 aig 703 703 703 
698 

VIO 704 715 big 

VII 729 730 big 745 740 740 
739 

VI2 764 763 big 
816 
820 

Vl3 827 824 aig 827 aig 827 827 833 

V14 839 836 ail! 
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VIS 845 845 aig 
861 

V16 919 big 
v17 935 936 aig 938 aig 

943 
948 

VIS 957 957 big 

VI9 1009 aig 

V20 1020 aig 

VZl 1032 1023 big 1032 big 
V22 1083 alg 
VZ3 1107 aig 1103 aig 
V24 1114 1114 alg 

1121 
1151 

V25 1160 1146 big 1160 big 

V26 1181 1177 aig 1174 alg 
V27 1187 1188 alg 
V28 1196 
V29 1208 
V30 1274 

1280 1262 alg 
1293 
1315 1316 alg 
1323 

V31 1350 
1388 1379 big 
1466 1450 aig 

V32 
1516 1515 alg 

V33 1528 
1598 alg 

V34 1660 big 

a spectra collected with ZnTBP in a single crystal ofn-octane 

h spectra collected in a Shpol'skii matrix 

C label only relevant for wavenumbers assigned in this work 

d vibrational wavenumber in cm-l 

e symmetry of vibrational mode: alg = alg or aZg; big = big or b2g. 

958 

1074 
1125 

1160 

1238 
1251 

1324 

1341 
1351 
1457 

1573 

1626 

7.5.3 Support for the Assignment of the Q' Band of ZnPc 
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962 

1066 
1123 1122 

1130 

1159 1160 

1237 
1253 1257 

1334 

1343 

1456 
1472 

1570 1587 

1624 1640 

In Figure the absorption and FLN spectra of some of the overtone bands of 

ZnTBP/Ar are plotted as a function of the shift from the origin. contrast to ZnPc/Ar the 

spectra are much closer to mirror images. The main differences can be attributed to a 

Duschinsky effect. The V32 overtone is much less intense than V34 in the FLN spectrum, 

but in absorption the relative intensities of the two corresponding bands are reversed and 
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their frequencies are slightly different. These changes are compatible with a Duschinsky 

rotation angle (section 1) of aD ~ 25°,* 

ZnTBP/Ar 
Absorption 

\p 
2000. 

~~ 

( 
{ 

I 
Figure 7.24. Comparison of the Q-band absorption and FLN spectra of ZnTBP/Ar plotted as a function of 
the shift from the origin. 

Despite these differences, there is no evidence of an additional underlying 

electronic transition in ZnTBP/Ar analogous to Q' of ZnPc. That is, there is no section of 

intensity in the selective excitation spectrum that does not correspond to a vibronic 

transition in the FLN spectrum. This result is consistent with a ZINDO/S-CI calculation 

on ZnTBP. The relevant molecular-orbital energy-level diagram is shown in Figure 7.25. 

The 7eg(n*) ~ 2alu(n) excitation, assigned in section 7.4.3.4 as being chiefly responsible 

for the Q' transition of ZnPc, is again responsible for a wealdy allowed transition. 

However in ZnTBP it is predicted at a much higher energy, at -30500 cm'!, more than 

5000 cm-l above the B transition. 

* Note that there is a large error associated with this value due to the extent of overlap between the 

V32 and V34 overtones. 
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ZnTBP ZnPc 

Figurc 7.25. Molecular-orbital energy-level diagram for ZnTBP from a ZINDO/S-CI calculation compared 
with that for ZnPc. The HOMO - LUMO energy separation is 35000 cm'l for ZnTBP and 31850 cm- l for 
ZnPc. The calculated frequencies for the Q, Q' and B transitions in ZnTBP are 14700 cm,l, 30570 cm'l and 
28490 em,l respectively, compared with 14350 cm'l, 28450 cm,1 and 33750 cm'] for ZnPe. 

Although the most significant structural difference between ZnPc and ZnTBP is the 

substitution of the meso-nitrogen atoms in ZnPc for carbon atoms in ZnTBP (Figure 1.1), 

this does not appear to be directly responsible for the shift of the Q' transition between 

these two systems. Figure 7.26 shows a schematic diagram of the 2alu(n) and 7eg(n*) 

MOs of ZnPc and ZnTBP as determined by ZINDO. It can be seen that the atomic orbitals 

of the meso atoms are only weakly involved in these excitations. The likely explanation is 

a change in the mixing between configurations; for ZnPc the Q' transition is 96% 7eg(n*) 

*- 2alu(n) excitations while in ZnTBP it is only 84%. In this respect the mechanism for 

the shift is similar to those for the Q and B bands, as outlined in chapter 1.2. 
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Figure 7.26. MO diagrams of the 2alu(n) and 7eg(n*) orbitals predominantly involved in the Q' transition for 
ZnPc and ZnTBP as determined by ZINDO calculations. The differences between the orbitals for the two 
compounds are undetectable. 

Conclusion 

Selective excitation and FLN, together with the associated selective FDMCD and 

MCPL spectra, have been collected for the Q bands of ZnPc/Ar and ZnTBP/Ar. These 

studies mark the first examples of the application of the latter two techniques. 

The spectra of both species are consistent with fonnal lEu +- I Aig transitions in 

which crystal fields split the nominally degenerate excited states, and where relaxation 

within the lEu manifold is fast with respect to the fluorescence lifetime. The band shapes 

indicate a lack of electronic correlation between the partners of the lEu state due to CF 

inhomogeneity, although more highly correlated, well-defined sites can be obtained by 

annealing. The spectra for ZnPcI Ar provide evidence for an electronic state (designated 

Q') underlying the higher vibrational levels of the Q state. On the basis of the 

spectroscopic evidence (particularly from the selective FDMCD) in conjunCtion with a 

semi-empirical (ZlNDO/S-CI) MO calculation, it is proposed that the Q' state is also lEu, 

and that it arises predominantly from 7eg(n*) +- 2alu(n) excitations centred on the inner 

ring of the ligand. Although fonnally allowed, the calculation predicts that the lEu +- lAlg 

Q' transitions is intrinsically weak, and much of the transition intensity is attributed to HT 

coupling between the Q and Q' states. 

In all, 65 vibrational overtones were observed in the excitation spectra of ZnPcl AI 

and in the FLN spectra. Fifteen excitation bands were associated with HT coupling 

between Q and Q'. The selective FDMCD enabled these to be further classified as seven 

aig and eight big modes (i = 1 or 2). Of the non-HT modes associated with the Q transition, 
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24 were totally symmetric while 20 were JT -active modes. Due to poor SIN in the MCPL 

spectra only 11 of the ground-state modes could be further characterised, of which 5 were 

totally symmetric and 6 JT -active. 

ZINDO/S-CI calculations on ZnTBP predict that the transition arising from the 

7eg(rc*) +- 2aluCrc) excitations, those responsible for the Q' transition in ZnPc, lies to much 

higher energy. This, together with the lack of experimental evidence for a Q' transition in 

ZnTBP, provides support for the assignment of the Q' state in ZnPc. 

Eighteen ground-state and 28 excited state vibrational modes were observed for 

ZnTBP/Ar. The selective FDMCD spectrum enabled the latter to be classified as 13 totally 

symmetric and 14 JT -active modes. 
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This thesis has described the optical and magneto-optical spectra, obtained using a 

combination of absorption, laser-induced fluorescence and hole-burning techniques, of 

three zinc porphyrin derivatives isolated in Ar matrices. 

A single-beam spectrometer (Charlie) was designed and constructed to allow the 

collection of absorption, fluorescence or selective excitation spectra simultaneously with 

the associated MCP data: MCD, MCPL or FDMCD respectively. As well as assembling 

optical and electronic hardware, this involved writing appropriate software to monitor and 

control the spectrometer and lasers, and to collect calibrate and manipulate the data. The 

program written to achieve these tasks also has functionality to simplify the collection of 

HB spectra. 

The spectrometer sample chamber can accommodate either a helium refrigerator, 

for low-cost matrix preparation at -15K, or a super-conducting magnet and cryostat 

(Katherine) for lower temperatures (-4.2 K) and the high magnetic fields (:::; 5.5 T) 

required for the collection of MCP data. 

Laser line-narrowing has been used to measure the first reported examples of 

selective MCPL and FDMCD spectra. These techniques are invaluable for the study of 

polyatomic molecules in condensed-phase systems in which broad bandwidths that arise in 

conventional MCD spectra, due to crystal-field inhomogeneities, leave much information 

unresolved. The selective FDMCD, in some cases, provided better SIN than a 

conventional MCD spectrum of the same system. This SIN enhancement is possible 

(assuming that the quantum efficiency of the fluorescence process is sufficiently high) in 

any system in which an excited state degeneracy has been removed (for example, by a CF), 

and in which electronic relaxation within the excited-state manifold is fast with respect to 

the fluorescence lifetime. Unfortunately, the SIN of the MCPL spectra was poorer and 

they suffered additional interferences from the spontaneous fluorescence of the laser dye. 

The latter interference could in future be overcome by filtering out the spontaneous 

fluorescence from the laser dye prior to irradiating the sample. Although there are no 

commercially available filters suitable for this task, a monochromator designed for high

power (laser) throughput could be used. 

The two main areas of interest in this work were: 
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(i) The intermolecular interactions between MP molecules in an argon matrix, and 

(ii) The JT effect in the Q(lEu) states ofMPs. 

ZnPs are well suited for these studies, as they are closed-shell, so their spectra are 

not complicated by charge-transfer transitions, or spin-orbit coupling effects. The main 

subject molecule was ZnPc, although ZnTBP and ZnOET AP were also studied. 

The appearance of the Q-band absorption spectrum of ZnPc/Ar and ZnTBP/Ar can 

vary markedly, both in structure and bandwidth, for matrix samples prepared under 

apparently similar conditions. l
-
3 To help determine whether these effects are due to 

intermolecular interactions, a new MI technique was developed in which the argon is 

introduced through the rear of the cell from which the sample is sublimed. This has 

enabled the attainment of much sharper ZnPcl Ar absorption spectra than has previously 

been achieved, suggesting that intermolecular interactions do playa role in the appearance 

of the spectra. 

Annealing these samples generally leads to the development of sharp structure in 

the blue of the Q(O,O) envelope, while at the same time causing an overall redistribution of 

intensity towards the red of this envelope. It is proposed that the red absorbance is due to 

pairs (and perhaps other small aggregates) of interacting ZnPc molecules. This hypothesis 

is supported by both selective excitation and fluorescence spectra. The former technique 

demonstrates that excitation spectra obtained at the red and blue ends of the origin band 

envelope are virtually identical (except for a wavelength shift) and thus the chemical 

species have the same structure. On the other hand a fluorescence spectrum of the Q origin 

band, obtained by exciting into high-energy vibrational overtones of the Q transition, 

consists of two, largely separate envelopes, suggesting that the absorption by two 

physically different types of species is responsible for this band. 

That the Q-band red sites are due to coupling between ZnPc molecules is further 

supported by HB spectra. For a sample with negligible absorbance in the red-sites region, 

HB cannot be observed. However, when the sample is annealed to give a large popUlation 

of red sites, then HB is readily achieved throughout the entire Q-band origin. In addition, 

the efficiency of hole-burning increases towards the red. These results are in accord with 

the MPcl Ar HB mechanism proposed by Dunford et al. involving intermolecular triplet

state charge separation followed by rapid singlet recombination.4
,5 
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The Q transition of D4h ZnP systems is lEu ~ I Alg, the excited state of which is 

susceptible to the Jahn-Teller effect. One of the implications of this effect is that the 

excited state may be displaced along vibrational coordinates of big, b2g symmetry and 

therefore, vibrational overtones due to these displacements appear in the spectra of the Q 

band. The use of (FD)MCD is ideal for studies of these systems since the circular 

polarisation of transitions to totally symmetric vibrational overtones is opposite to that of 

JT-active overtones. Thus (FD)MCD spectra can be used to unambiguously differentiate 

between the two types. 

A commonly used approximation when studying JT effects in the Q state ofMPs is 

to assume a single effective JT-active mode (usually the lowest energy mode at -150 cm-I
). 

Since MPcs clearly have several modes with JT potential, the approximation is essentially 

equivalent to assuming that one mode has a dominant effect as a consequence of a 

significantly larger displacement. The validity of such a model was examined using the 

program JTCFZ which generates and solves the E ® b vibronic Hamiltonian and calculates 

the absorption and MCD spectra for E ~ A transitions in the D4h point-group. The 

Hamiltonian also accounts for CF (both of the same and 'opposite' symmetry to the JT

active coordinate) and Zeeman effects. JTCFZ was used to simulate the absorption and 

MCD spectra of ZnOEP/Ar, ZnPc/Ar, ZnTBP/Ar and ZnOETAP/Ar. Despite the fact that 

the lowest vibrational overtone of these systems is clearly JT -active, JTCFZ could 

adequately model only the spectra of ZnOEP for which the assumption of a single JT mode 

is more justifiable. (Absorption and MCPL spectra collected by Gasyna et al. shows that 

most of the overtone intensity for the Q band of this system is due to HT coupling with the 

higher-energy B state. There appears to be only one intense JT -active vibrational overtone 

associated with the Q state.6) 

Although applicability of the single-mode model is limited, JTCFZ provided 

insight into some of the effects that occur in CF-JT systems. It shows that, despite 

opinions to the contrary,6 MCD & terms associated with the origin and first vibrational 

overtone of an E ® b ~ A transition can be asymmetric even in the absence of a CF. The 

asymmetry is slowly reduced as the frequency (lium) of the JT-active coordinate is 

increased, but the angular momentum associated with the origin transitions remains 

quenched (according to the Ham factor) regardless of the value of limIT, 
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Given the limitations of the single-mode model, a more general theoretical study of 

the JT displacements of the Q state was conducted. A NCA was carried out on ZnPc to 

determine the frequencies and normal coordinates of the JT modes. A semi-empirical 

(ZINDO/S-CI) MO calculation was then performed, distOlting the molecule along each 

calculated JT-active coordinate, QJT. This enabled the determination of the +- lAlg 

transition energies as functions of QJT, from which the displacements (AJT) of the excited 

state potential energy surfaces could be determined with respect to that of the ground state. 

Although the results of these calculations are not highly accurate they are qualitatively 

very informative. They demonstrate that many of the potential JT -active coordinates of 

ZnPc have significant Q-state AIT values and that JT overtones are therefore, expected 

throughout the entire Q-band envelope. 

These qualitative predictions were confmned by selective FDMCD spectra for 

ZnPc/Ar and ZnTBP/Ar, which enabled many more vibrational overtones to be observed 

and assigned (as tota11 y symmetric or JT -active) than has previously been possible. 

Finally, a comparison of the selective excitation and FLN spectra of ZnPc supports 

earlier suggestions of the presence of an additional transition (Q') underlying the Q(2,O) 

region of the spectrum. This was previously attributed to a z-polarised I A1u +- lAIg 

transition arising from 6eg(7t*) +- 2eu(Np) excitations,? but the appearance of et-term-like 

features in the FDMCD reported in this work are inconsistent with this assignment. On 

the basis of the experimental results - together with ZINDO/S-CI calculations that indicate 

no eu(Np) orbitals lie at a suitable energy - this transition has been reassigned to lEu +-

lAIg associated predominantly with 7eg(7t*) +- 2alu(7t) excitations. According to the 

ZINDO calculation, this should lie between the Q and B transitions and, although formally 

allowed, it is intrinsically weak. It is also proposed that much of the intensity in the Q(2,O) 

region comes about due to HT-coupling of this state with the Q state involving alg, a2g, bIg 

and b2g vibrational coordinates. 

ZINDO calculations in ZnTBP provide further support for the assignment of the Q' 

transition. In this case the Q' transition is predicted to lie at much higher energy above the 

B transition. This is in accord with the spectra of the Q band of ZnTBP/Ar, which show no 

evidence of an underlying transition in this system. 
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Future Work 

The new deposition technique developed in this work may be further enhanced by 

preheating the argon before it enters the sublimation oven. The number of collisions per 

Ar atom will then be increased, which will further reduce the probability of MP molecules 

aggregating with one-another rather than the host atoms. 

Further HB studies of MPcl Ar systems need to be carried out to determine the 

mechanism more defmitively. Doping electron donating or withdrawing groups into the 

matrices could enhance the efficiency of HB if electron transfer is truly involved and 

should result in MPc± ions becoming trapped in the matrix, which could subsequently be 

identified spectroscopically. 

Annealing studies of ZnPc/Ar and ZnTBP/Ar in conjunction with a moment

analysis treatment of the absorption and MCD spectra may provide insight into the 

orientation of the low-energy sites that give rise to the sharp bands in these spectra. 

Footnote on 

Although not reported in this thesis, a portion of time was devoted to the study of 

MnPc in this work. The MI absorption and MCD spectra of this paramagnetic compound, 

in comparison to those of the ZnPs, are rich in structure. 8 Attempts were made to assign 

some of the transitions in these spectra. The wavefunctions were constructed for the 

ground CEu),8 and numerous excited states, and the Schr6dinger equation solved, allowing 

for electron repulsion, spin-orbit coupling and Zeeman effects. The absorption and MCD 

spectra where then simulated for each of these transitions. 

Unfortunately, attempts to assign the experimentally determined transitions on the 

basis on these simulations were largely fruitless. Due to the spin and orbital degeneracy in 

the ground state there is a vast number of charge-transfer and ligand-based transitions to 

consider, many of which result in spectral bands with similar characteristics. 

More success may be had in the future by comparing the results from these 

calculations with a semi-empirical MO calculation for MnPc. 
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