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Abstract 

Free base tetra-tertiary-butylphthalocyanine(TBH2Pc) is a pigment with molecular 

weight of 736. In many aspects it is similar to its parent compound porphyrin, which plays 

an important role in electron transfer processes in nature. TBH2Pc can be dissolved in n- 

alkane and forms a solid matrix(Shpo1'skii matrix) at low temperatures, which shows 

quasilinear fluorescence spectra. In slowly grown crystals the TBH2Pc molecules occur in 

two orientations, which are co-planar and have their N-H axes at right angles, thus two 

tautomeric species can be distinguished. 

In this thesis we first identify the most appropriate n-alkane solvent for TBH2Pc by 

analyzing the fluorescence and excitation spectra and then report on the studies of two 

relaxation processes of TBH2Pc. These processes can be seen by selectively exciting the 

molecule into the S1 band and monitoring the time resolved So t S 1  fluorescence behavior. 

It is found that the transition between the lowest triplet state to the ground state singlet 

occurs in times of the order of milliseconds, while another process that lasts tens of 

seconds is a result of the proton tunnelling between the ground states of the two tautomeric 

species. A simplified three-level model and a more comprehensive WKB calculation are 

presented to explain these processes. The So +TI  rate and proton tunnelling rate are 

experimentally determined to be T = (14.3kO.8)~-1 and S= (3.0&0.2)x10-2 s-1 respectively 

and the temperature dependence curve of the tunnelling rate is also given. 
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CHAPTER 1 INTRODUCTION 

1.1 OPTICAL RELAXATION PROCESSES FOR IMPURITIES IN SOLIDS 

Although spin relaxation in magnetic resonance spectroscopy was documented as 

early as 1948[1], relaxation processes in optical transitions could not easily be detected 

until the invention of the laser, which provided a tunable, coherent, high intensity light 

source for narrow band excitation. The difficulty is obvious, since the characteristic time 

of allowed optical transitions corresponds to the life time of molecular states, which is of 

the order of seconds. The observation of this transient process must be performed 

within this time interval after the saturation source is switched off. 

Szabo[2,3] took advantage of the long lifetime@ millisecond range) of the R1 band 

of ruby to directly observe optical relaxation. Personov[4] and Rebane[5] and their 

coworkers discovered that if molecules or ions with an energy level intermediate between 

the levels probed by optical absorption were doped into a material, the lifetime of 

absorption saturation could be very long, even infinite, provided that the decay lifetime of 

the intermediate state into the ground state was very large. This is equivalent to burning a 

hole in the absorption band of the ion or molecule(the terminology of hole is borrowed 

from [I], since in both cases a hole corresponds to the lack of net absorption at specific 

frequency on absorption band). 

The discovery of persistent spectral holes has opened a completely new field for re- 

searchers to probe the intrinsic properties of ions or molecules. For example, the static and 

dynamic properties of spectral holes contain a wealth of microscopic interaction information 



of the host-guest system. To name a few: the kinetics and order of photoinduced 

processes[6-81, bottleneck lifetime[9- 121, spectral diffusion[l3- 151, electric and magnetic 

field effects[l6-181, etc. Of the special interest are the relaxation mechanisms. These 

relaxation mechanisms are conventionally be classified into two categories: non- 

photochemical and photochemical. Here we are only concerned with the latter, which 

usually involves some internal change in the guest ion or molecule itself. This may include 

the photodecomposition[19-221, hydrogen bond rearragements[23,24], photoionization 

and trapping[25-271 and proton tautomerization(switching motion of the inner protons in 

porphyrin-like molecules)[5,6,12,15,28,29]. The latter is light induced tautomerization of 

the pair of central protons in porphyrin-like molecules. In this sense, free base porphyrins 

and phthalocyanines and their derivatives can be viewed as bistable devices, in that either of 

the two tautomers can be stable at low temperatures and light(or heat) can induce 

transformations between the two forms. 

The purpose of this thesis is to investigate the relaxation processes of one of the 

derivatives of phthalocyanine, TBH2Pc(tetra-tertiary butylphthalocyanine) in crystalline 

Shpol'skii matrices. Although hole-burning has been proven to be one of the most 

powerful techniques to study relaxation processes, we took advantage of the method of 

laser fluorescence spectroscopy to avoid certain technical difficulties in hole-burning 

experiments, such as the requirement of extremely narrow band lasers and sophisticated 

absorption apparatus. We report that proton tautomerization processes can be directly 

observed by monitoring the fluorescence intensity as a function of time after excitation; and 

the results report here show that some dynamic information similar to that from spectral 

hole-burning can be successfully acquired by this technique. 

One of the fundamentals for the studies of relaxation process in host-guest system 

is that the electronic and vibrational transition details of the guest molecule must be fully 



known, so that the coherent light source can selectively excite the guest molecule, and the 

luminescence signals can be precisely monitored. Unfortunately, as what will be made 

clear in the next section, spectral fine structures of the guest molecule, especially of the 

polyatomic organic compounds like TBH~Pc, can not be obtained under ordinary 

conditions, as various mechanisms cause serious diffuseness of the spectra. Therefore, an 

intriguing question arises naturally: what special tactic should be used to eliminate(or at 

least to minimize) such broadening of the spectra? In order to answer this question, it is 

essential to review what is known about the spectra of molecules in solid solution. 

1.2 GENERAL NATURES OF MOLECULAR SPECTRA IN SOLID SOLUTIONS 

Molecules in solid solution are in many aspects very similar to impurity centers in 

crystals. Hence, we may take advantage of the main concepts of impurity center theory[30] 

to analyse molecular spectra. The nature of the spectrum of the impurity molecule is 

usually determined by electron-vibrational interactions of two types: interaction of the 

molecule's electrons with its intramolecular vibrations, usually referred to as vibronic cou- 

pling; and interaction with the intermolecular vibrations of the solid solvent, usually 

referred to as electron-phonon coupling. The vibronic coupling leads to a series of vibronic 

bands in the molecular spectrum along with the bands in the purely electronic transition 

region. However, contrary to those of the isolated molecules, the spectral features of 

impurities in solid are not only determined by vibronic coupling but also electron-phonon 

coupling. As is shown in figure 1.1, each vibronic band consists of a narrow zero-phonon 

line(ZPL), as result of transitions in the impurity molecule without any change in the 

phonon number of the solid solvent; and a broad phonon wing corresponding to those 

transitions of molecules with the simultaneous creation or annihilation of solvent phonons. 

The Debye-Waller factor, which is defined as 



where IZPL and I p w  are the integrated intensities of the zero phonon line and the phonon 

wing of the absorption respectively, not only depends strongly on the strength of the 

electron-phonon coupling, but also depends exponentially on temperature(see [3 11 for 

examples). 

Fig. 1.1 Typical spectral line of an impurity molecule in solid. It consists of a zero-phonon 
line(ZPL) and a broad phonon wing(PW). Only one vibronic band is shown. 

Two extreme cases are considered here: (1) the electron-phonon coupling is strong 

( a  << 1). In such a case the intensity of zero phonon line is low even at very low tempera- 

tures. One- or multiphonon scattering cause wide phonon wings which smear out the the 

spectrum. (2) the electron-phonon coupling is weak and the phonon effect has been 

minimized. If we sufficiently lower the temperature, the Debye-Waller factor a = l(for one 

vibronic band), hence fine structure can sometimes be observed. 

However, even at sufficiently low temperature and with weak electron-phonon 

coupling, inhomogeneous broadening still plays a decisive role[31-331, this is because the 

impurity centers in a real solid are situated in different local conditions. This can result in a 



statistical distribution of the spectra that can spread hundreds of cm-I in the frequency 

domain. As figure 1.2 shows a broad fluorescence profile is formed by a series of zero- 

phonon lines. This will usually be the case if the solid solvent is amorphous or quasi- 

amorphous rather than crystalline. 

Figure 1.2 Inhomogeneous linewidth caused by local conditions of 
impurity centers. (a): scheme of guest molecule positions in real solid. 
(b): distribution of homogeneous fluorescence lines result in broad inho- 
mogeneous envelope. 

With the use of lasers, the aforesaid broadening in the fluorescence spectra can to a 

certain extent be eliminated by monochromatic excitation[34,35]. This is because if the 

monochromatic excitation frequency is that of a pure electronic or of the lowest vibronic 

transition, mainly those molecules that possess their absorption zero phonon lines at the 

laser frequency will undergo selective excitation. Then, in the emission spectrum, narrow 

lines belonging only to those molecules will appear, instead of a few broad bands. 

However, monochromatic excitation is not a panacea for eliminating the in- 

homogeneous broadening in fluorescence spectra. The reason is that the "phonon wings" 

in figure 1.2 are not the purely phonon ones. If one considers more carefully, it can be 



found that such a wing is a superposition of the true phonon wings of resonantly excited 

states and fluorescence bands(ZPL + PW) of those who are nonresonantly excited. In 

another words, these impurity centers are not excited only through zero phonon lines but 

also through the phonon wings. As we understand the width of the phonon wing is much 

wider than that of the zero phonon line, the number of nonresonantly excited centers can be 

large. Together they can make an appreciable contribution to the integrated intensity of the 

longwave wing(no longer called phonon wing) close to the fluorescence line and thus 

reduce the a. Theoretically it can be found[34] that the Debye-Waller factor a' in this case 

is between 

az<a'<a 

and the specific value depends on excitation frequency and temperature. 

Hence, in order to obtain the fluorescence fine structure of impurity centers in a 

solid, several aspects should be considered: temperature, monochromatic excitation, elec- 

tron-phonon coupling strength and local condition of impurity centers. While the former 

two conditions can be controlled in the laboratory, finding a matrix that can greatly reduce 

the strength of the electron-phonon coupling and that will be able to provide unique local 

environment for the impurity centers is of eminent importance. 

1.3 SHPOL'SKII MATRICES 

In the foregoing section it has been pointed out already that a salient feature of the 

electronic or vibronic spectra of polyatomic organic molecules in solid solution is their high 

diffuseness. However, with the proper choice of solvent, quasiline luminescence spectra of 

these molecules in crystalline matrices can still be obtained at low temperature. In fact, to 

date most of the high resolution spectra of polyatomic organic molecules have been 



acquired by this method. The strategy was originally put forward by 8. V. Shpolfskii[36- 

381, who studied the high resolution spectra of a series of aromatic hydrocarbons dissolved 

in normal alkanes(paraffins). It turned out that quasiline spectra only resulted when a 

specific kind of aromatic hydrocarbon dissolved in a specific type of normal alkane. 

Consequently, this fact elucidated the mechanism of origin of these spectra named after 

their discoverer. 

Normal alkanes, whose formulae are generally given by CnH2,+,, make good 

solvents for studies of molecular spectroscopy not only because of their chemical 

neutrality, but also because they are transparent even into the far UV region. Structurally, 

n-alkanes are zigzag chains with a period of 0.253nm(Fig.1.3). 

0.253nm 

nonane 

naphthacene 

Figure 1.3 Zigzag structure of n-alkane and its dimensional and configurational 
relations with the impurity center when the best quasilinear spectra emerge. AEter[36]. 

The distance between neighboring carbon atoms is equal to the length of the aliphatic C-C 

bond in diamond structure(i.e. 0.154nm). Aromatic hydrocarbons, on the other hand, 

consist of condensed planar benzene rings, with a period of 0.25nm. From this, one can 

conjecture the reason as to why frozen n-alkane solvents yield spectral fine structure for 



aromatic hydrocarbons: the period of the alkane chains agree with that of the aromatic 

hydrocarbons, so that they can be firmly imbedded in the surrounding alkane unit cells, 

with strictly defined orientation and without rotations*. However, if the length of the 

alkane chain does not agree with the long dimension of the aromatic hydrocarbon, the 

quasiline spectra will be diffuse and even smeared out, owing to the greater degree of 

freedom in the geometric arrangement of the molecules(for the case of chain length longer 

than molecular dimension) or collapse of the guest molecules(for short chain case). Early 

experiments[34] indeed showed that the host matrices of pentane, heptane and nonane were 

only effective for naphthalene, anthracene and naphthacene respectively, as guests and that 

the solvents could not be exchanged. 

The above analysis provides us with a general guideline for the selection of suitable 

solvents, although in the case of the impurity molecules having more complex condensed 

arrangement of benzene rings, the conditions are no longer simple. Recently, Monte Carlo 

studies with an atom-atom potential model were made to understand the nature of the 

Shpol'skii matrix[39]. Such studies found that the porphyrin molecules were best 

interlocked in the Shpol'skii matrix formed by n-octane, which agreed well with the 

experiments[40,41]. The results illustrated therein were no more complicated than those 

simple pictures originally drawn by Shpol'skii[38]. Thus it suggests that simple graphical 

analysis, along with experimental searches, may be a reliable method for choosing the 

appropriate solvents in special cases. 

1.4 ORGANIC SYSTEM STUDIED 

* 
It was found later, however, that the orientation of the molecules in Shpol'skii matrices might not be 

unique. Several favorable positions, called sites, might simultaneously emerge. 



The physically and chemically stable TBH2Pc(mol. weight = 736), like its parent 

compound free base phthalocyanine(H2Pc), is a derivative of porphyrins. These 

compounds are of importance due to their relevance in biological processes. For instance, 

it is well known that porphyrins, such as chlorophylls, play an important role in electron 

transfer processes in nature. On the other hand, the optical properties of these compounds 

in the visible and near UV regions are largely determined by the central porphyrin ring. 

Moreover, the TBH2Pc has higher vibronic density of state and can much more easily 

dissolve in pure n-alkanes than H2Pc do. Hence, investigating the relaxation processes in 

TBH2Pc will contribute to the further understanding of these biologically active molecules. 

The dynamic electronic properties of phthalocyanines are of importance for their use as 

dyes, organic photoconductors and other applications. 

To date there has not been any report on the structure of TBH~Pc, although that of 

the H2Pc has been revealed by X-ray[42] and neutron diffraction1431 analyses. In this 

thesis we only infer the structure of TBH2Pc as that four tertiary butyl groups append on 

the outer benzene rings of the planar H2Pc molecule, without causing any deformation and 

symmetry breaking of the phthalocyanine s tructure(Fig. 1.4). 

Of particular interest are the two protons attached to the aza-nitrogens in the kernel 

of the TBH2Pc. As a result of the equilibrium positions of these two protons, two minima 

appear in the molecular potential scheme shown in Fig 1.5. However, these potential wells 

are not completely equivalent because the molecular structure has slightly deviated from D,, 

to D,, symmetry. Moreover, when the molecules are incorporated into a solid matrix, 

solvent effects may further enlarge this deviation. As a consequence, the TBH2Pc 

possesses two tautomeric species, these two tautomers lead to the splittings in the 

absorption, emission and excitation spectra of TBH2Pc. 



It has been believed that the switching motion of the inner protons in porphyrin 

ceases at low temperatures but it can be induced by light[6,7,8]. By analogy, we expect 

Figure 1.4 Spatial structure of TBH2Pc by assuming that the addition 
of the tertiary butyl groups@) does not cause distortion of the H2Pc. 

that such a photoinduced transformation between species will also occur in the TBH2Pc 

molecule. In chapter 3 we present the results of a study of the phototransformation 

between the two tautomeric species of TBH~Pc, in which we monitored the fluorescence 

intensity decay when the TBH2Pc molecules were abruptly excited by a tunable dye laser. 

During the course our study, we found unexpectedly that the spontaneous transformation 

processes between the ground states of the two tautomers even occured without the 

presence of light(bott1eneck effect). Thus, the investigation of the mechanism of these 

intrinsic dynamic processes of TBH2Pc is the main theme of this thesis. 



Figure 1.5 Schematic of energy levels of the two lowest singlet states of TBH2 PC in 
Shpol'skii matrix. The molecular symmtery coordinate Q involving a rotation of the 

two inner protons. Spectral splitting is defined as A2-  A1 (Cf page 37 for the definitions of notations). 



CHAPTER 2 EXPERIMENTAL APPARATUS AND TECHNIQUES 

2.1 EXPERIMENTAL APPARATUS 

To design the experimental apparatus for the luminescence studies of molecules in 

frozen matrix, the following aspects should be considered: a narrow band tunable light 

source whose frequency range should be capable to cover the transition range of the 

molecule being studied and whose band width should be sufficiently narrow to carry out 

selected photoexcitation; a cryogenic environment for the sample, light dispersion equip- 

ment and signal collecting, processing, recording devices. This leads to our experimental 

setup that is shown schematically in figure 2.1. It can be divided into three related sections: 

excitation section, cryogenic section and data acquisition section. We shall describe these 

sections separately. 

2. 1. 1. Excitation of Samples 

This section consisted of a 4-watt Coherent 52G argon ion laser, a Coherent CR599 

dye laser, a homemade stepmotor and other peripheral devices. All visible lines(but mainly 

514.5nm and 488.0nm) from the ion laser provided continuous pumping for the dye laser. 

When fully pumped, the dye laser was able to produce 120-150mW monochromatic out- 

put. The dye was chosen to be DCM(4-(Dicyanomethylene)-2-methyl-6-(p- 

dimethylaminostyry1)-4H-pyran) dissolved at a concentration of 1.5~10-3M in benzyl 

alcohol and ethylene glycol 1:5 mixture, its high pump efficiency and its wide tuning range 

from 13330cm-1 to 16390cm-1 are suitable for the excitation of the TBH2Pc molecules from 

the ground states to the first excited electronic and vibronic states. A two-plate birefringent 
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filter at the Brewster angle with respect to the horizontal was inserted into the folding cavity 

of the CR599; it played the role of wavelength selector. Turning the graduated thumbscrew 

on the filter's housing would change the angle between the two birefringent axes, and the 

output with 2cm-1 FWHM(full width of half maximum) of its Guassian profile and desired 

wavelength was selected. The thumbscrew could be controlled manually or through the 

stepmotor driven by the microcomputer. The correspondence of wavelengths and scale 

readings on the thumbscrew must be calibrated as frequently as possible with the aid of the 

spectrometer. 

2. 1. 2. Cryogenics 

Experiments at the boiling temperatures of nitrogen and helium were performed 

separately from those at other temperatures, using a multilayer glass dewar shown in figure 

2.2. To achieve the maximum thermal insulation, the two vacuum layers of the dewar 

were pumped to 2x10-5 ton with a diffusion pump. The sample, located at the center of 

the inner chamber was immersed in the liquid helium or nitrogen. Except for two one-cm- 

wide stripes at twelve and three o'clock positions on the dewar wall providing the entrance 

and exit of the light, the entire dewar was silvered. Liquid N2 was filled into the middle 

layer to precool the inner chamber, as this would advoid excessive vaporization of liquid 

He during transfer. Temperatures below 4.2K could also be obtained by reducing the 

helium vapor pressure using a Stokes pump. 

A commercial stainless steel dewar was used for the temperature variation experi- 

ments(figure 2.3). Injecting cold gas helium to the sample can vary its temperature above 

4.2K. Originally, an ideal temperature control unit should have included an automatic he- 

lium valve controlled by the feedback signal from the temperature sensor and a heater near 

the sample. However, since the requirement on the accuracy of temperature in our experi- 



1. to vacuum pump 
2. N2 inlet 
3. He vent 
4. He inlet 
5. to Stokes pump 
6. Nzvent 
7. liquid He 
8. vacuum 
9. liquid N2 
10. sample 

Fig. 2.2 Sectional drawing of the glass dewar used 
in the experiments at 4.2K and 77.3K 
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1. to helium recovery 
2. liquid Nzinlet 
3. to vacuum pump 
4. liquid He inlet 
5. liquid Nz outlet vent 
6. needle valve control 

Fig. 2.3 Metal dewar for the temperature variation experiments 
The inset shows the needle valve magnified 
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ment was not critical, the apparatus could be simplified by building a threaded needle valve 

at the bottom of the helium chamber, such that the helium flow was being able to trans- 

ferred through the spiral capillary tube to the sample chamber. A long steel rod extended 

this needle valve to the exterior of the dewar, so that the valve could be adjusted manually. 

Furthermore, closing or half closing the helium vent valve a would increase the vapor pres- 

sure in the helium chamber, thus increasing the flow rate in the case when insufficient he- 

lium flowed to the sample chamber, despite of the total opening of the needle valve. The 

vacuum separating the chambers was again pumped to 2x10-5 torr and liquid nitrogen was 

used as thermal buffer. However, due to the inherent thermal conductivity of the metal de- 

war, it was absolutely necessary to twine heat belts on the upper part of the helium chamber 

that extends outside the dewar. Such heat source balanced the rapid cooling caused by the 

liquid He, especially when it was being transferred, thus minimizing the contraction of the 

dewar and softening the O-ring seals, preventing vacuum leakage of the dewar. Fused sil- 

ica optical windows on the sample chamber were also sealed by indium wires in order to 

withstand 10-5 torr of vacuum. 

Temperature measurements of the sample were carried out by a type 

T(copper1copper-nickle) thermocouple whose reference junctions were being placed in O•‹C 

ice water and whose detection junction was immersed directly into the sample to ensure the 

optimal thermal contact. The voltage V vs temperature T characteristic curve is shown in 

fig.2.4. Although such a thermocouple loses most of its sensitivity at very low tempera- 

ture(e.g.-1.2pVIK at 5-lOK), yet a DANA 5000 digital voltmeter with an accuracy of lpV 

still provided an accuracy of +,1K or better in our experimental temperature range and made 

this simple, inexpensive thermometer feasible. Owing to the fact that the thermocouple 

used in this experiment might not follow exactly the standard T-V curve, it had been cali- 

brated against the NBS standard[44] by applying the following equation: 



Fig. 2.4 T-V Characteristic of type T thermocouple with icelwater reference 
The inset is the magnified low temperature region showing the 

sensitivity of the thermocouple. Data after [44]. 



where TI is the first calibration temperature 

T2 is the second calibration temperature 

Tn is any temperature between TI and T2 

dl ,  A2 and An are voltage deviations from the NBS standard at TI ,T2 and Tn 

respectively. 

The above interpolation is based on the assumption that the deviation of voltage from the 

standard is a linear function of the temperature between the two calibration points. The TI 

and T2 were chosen to be 4.2K and 77.OK, which were the boiling temperatures of helium 

and nitrogen under the atmospheric pressure at Burnaby Mountain; and the Al and A2 were 

88 and 86 pV respectively. Once An was obtained, a new calibration curve could be 

formed, and the voltage readings could be converted into temperatures. 

2. 1.3. Data Acquisition and Processing 

While an ordinary convex lens focused the laser light onto the sample, a f = 45 - 

135mrn, 1:3.5 photographic lens focused the optical signals emitted by the sample onto the 

entrance slit of a SPEX 1301 OSmeter double grating spectrometer. The spectrometer has a 

5-digit odometer-like wavelength display that permitted a reading accuracy to 0.lcm-l. 

After the signals were dispersed by two 1200-groovelmm gratings, only light with a 

wavelength displayed on the counter was able to pass the ganged intermediate and exit slits, 

arriving at a I?T FW130 photomultiplier tube for photon counting. 



However, there always existed discrepancies between the true and displayed wave- 

lengths; such discrepancies were caused by the backlash of the threads in the grating con- 

trol unit, but they could be calibrated against the following standard neon lines[45] with 

linear interpolation. 

Table 2.1 Deviations of smctrometer wavenumber dis~lay 
in different s~ectrosco~ic r e g i ~ ~ l  

standard wavenurnber(cm-1) 

The FW-130 PM tube with a S20 response was installed into a -20•‹C refrigerating 

housing to reduce the thermal noise. The cathode voltage was set above to 2100V, a high 



setting that compensated the age of the tube. The calibration on the frequency and intensity 

responses seemed unnecessary for the reasons that will become clear later. 

The photomultiplier output fed into a model 1120 amplifier/discrirninator(A/D), a 

SSR model 1 110 digital synchronous photon counting computer(DSC) constituted the 

photon counting signal acquisition section. Due to the necessarily low level signals in- 

volved and the wide bandwidth of the system that permitted high speed counting, the 1120 

A/D was highly susceptible to the interference of radio signals from external sources. 

Therefore, the A/D and its connection to the PM tube anode were heavily shielded. 

DUAL mode was one of the diverse modes of the 11 10 DSC, it was selected to ac- 

cumulate the number of counts sent from the DIG within certain preset time interval@reset 

time per channel). The 3-digit switch on the front panel determines the time duration of 1 

channel N, which could vary from lps to 999s. 

Whenever a counter is used, its dead time z must be considered. Such z, as we 

shall see later, has a direct impact on the accuracy of photon counting as it may enlarge the 

actual time scale of any time resolved process by a considerable factor. It is inherent 

though because the DSC must distinguish the countings of two channels. Ideally, z should 

be several orders of magnitude shorter than N, the acquisition time(Fig. 2.5). For the 

11 10 DSC, however, such z was comparable to N. In fact, the scanning time of the DSC 

was always found to be longer than the product of the preset time per channel N and the 

number of channels. Although no information for the z was provided, it could still be 

found by the following simple method: select a preset time per channel N, using a 

stopwatch to measure a certain period of time t during which a weak laser beam is incident 

on the slit of the spectrometer; then the number of channels receiving the light should theo- 



preset time 
per channel 

time sequence 

Fig. 2.5 Time sequence of the photon countings of the SSR 11 10 DSC 

retically be tlN. However, we can also obtain from the recorder the actual number of chan- 

nels n that received the light, thus the dead time 

As indicated in table 2.2, the dead times were found to be 3.3 milliseconds for the preset 

N=O.Ols and 0.05s. These two settings were used in the later experiments. 

Table 2.2 Calibration results for two preset N's 

N(sec.lchan.) t(sec.) n(chan.) z(msec.1 ave. z(ms) 

0.0 1 15f0.5 1128 3.3f 0.4 

0.0 1 15k0.5 1124 3.3k0.4 

0.01 15k 0.5 1128 3.3f 0.4 

0.05 50k0.5 938 3.3k0.5 

0.05 50k0.5 939 3.3k0.5 

0.05 5OfO. 5 939 3.3k0.5 



An IBM personal computer played a role of central control of data acquisition and 

display in this experiment. On one hand it manipulated the slew of the spectrometer and on 

the other it recorded, displayed and stored data from the DSC, by executing a software 

program MONO (developed and made available by Dr. P. Milford). The main functions of 

this software used in the experiment were: 1. it slewed the gratings to any wavelength po- 

sition that the experimenter desired(in the future, "move the spectrometer to certain posi- 

tion" will imply that the gratings of the spectrometer are moved to certain wavelength posi- 

tion); 2. it scanned the gratings within a certain wavelength range. The initial and final 

wavelength positions, as well as the change in wavelength per step, could be arbitrarily set. 

But the scanning speed, in terms of the time duration per step, was determined by the 3- 

digit switch on the DSC that has been mentioned before(this is exactly the preset N); 3. it 

collected data from the DSC while keeping the gratings in fixed position. The collecting 

speed was again determined by the preset N of the DSC. Finally, the recorded experimen- 

tal data were processed for future analysis and graph drawings by softwares which were 

commercially available(Bor1and's Quattro Pro and KaleidaGraph of the Abelbeck 

Company). 

2.2. EXPERIMENTAL TECHNIQUES 

2.2. 1 Sample Preparation 

The commercially unavailable TBH2Pc was provided by Prof. D. Haarer of the 

Universiat Bayreuth. This blue powder was weighed and dissolved in Aldrich 99+% an- 

hydrous hexadecane to make up a solution with a concentration of (1.00.05)x10-4M. 

High concentration was avoided since it might cause two possible unfavorable effects: the 

quenching of fluorescence in high concentration and the concentration transformation sug- 



gested by Forster and Kasper[46]. It has been pointed out[36] that oxygen would also 

quench the fluorescence intensity by a considerable amount, so that air must be carefully 

evacuated from the lcmx2crnxlmm glass cell containing the sample solution. Then the 

sample cell can be fixed onto the copper cage at the end of the sample rod, which is in turn 

inserted into the dewar's inner chamber. 

It is a known fact[47] that rapid cooling of the sample may prevent crystallization 

and creat an amorphous solid matrix, thus broadening the inhomogeneous linewidth. 

Therefore, in our experiments, the sample was fust placed into the inner chamber before 

any transfer of the coolant, then a slow cooling process(approx. 4K/rnin.) was carried out 

by the temperature gradient generated from the liquid N2 in the buffer layer. Liquid He 

was only transferred after the sample was completely crystallized. 

2.2.2 Searching the Energy Levels of the TBH2Pc 

Previous studies of the TBH2Pc molecules[48,49] had given us information about 

the energy separation between its ground and first excited singlet states. To obtain the ex- 

act energy levels of TBH~Pc, the sample was irradiated with intense laser light. The 0-0 

transition wavelength regions suggested by the above references were then scanned with 

the spectrometer. As this procedure was repeated using various excitation wavelengths, it 

was most likely for us to observe a trace of 0-0 transition, even though the laser might not 

be resonant with the molecule's energy level. The spectrometer was then moved to the ap- 

proximate 0-0 transition position and the laser finely tuned to the wavelength that produced 

the strongest fluorescence intensity. Then the aforesaid region was scanned again. In this 

way, the exact wavelength positions of the 0-0 transition could be approached by succes- 

sive repeats of the procedure. 



The complex vibronic structure of the first singlet excited state could be obtained by 

fluorescence-excitation spectroscopy. The excitation wavelength was continuously varied 

while at the same time constantly monitoring the fluorescence signals at the 0-0 posi- 

tions(since two tautomers existed in the TBH~Pc, two set of fluorescence-excitation spectra 

were obtained). This was accomplished by activating the stepmotor that was connected to 

the laser birefringent filter's thumbscrew. However, spectra with the best resolution could 

only be obtained when several parameters of the instruments were well coordinated. They 

were: the slitwidth of the spectrometer, the preset time per channel N of the DSC, and the 

rotation speed of the stepmotor. 

Because of the limited intensity of the fluorescence signals, wide slitwidth and long 

N seemed favorable for obtaining a good spectrum. However, one had to consider 

slitwidth in terms of spectral bandpass. Under the conditions of fixed grating constant, 

fixed wavelength and spectral order, bandpass was a function of the slitwidth. In our 

wavelength regions of interest, lOOpm and 250pm of slitwidths correspond to l.Ocm-1 and 

5.0cm-I bandpasses respectively. Also, a shorter a data collection time per channel would 

mean higher resolution of the spectra. On the other hand, one revolution of the thumb- 

screw changed the laser wavelength by approximately 140cm-I, thus appropriate motor 

speed would quicken the experimental procedure without losing spectral resolution. 

Having compromised the intensity and resolution, the slitwidth was set to be 

100pm(to allow l.0cm-1 bandpass) and N =0.5second/channel. That is to say, the rate of 

the wavelength change should not exceed 0.5cm-1 per 0.5 second, which was in turn 

equivalent to the motor speed of 0.4rpm, in order to retain f lcm-I resolution. 

Up to this point we had only a picture of fluorescence intensity vs time. To convert 

the time scale to that of the wavelength, we purposely closed and reopened the shutter as 



quickly as possible at the moment of that the thumbscrew scale passed a certain point, so 

that "dark marks" were stamped on the picture. Together with the wavelength-thumbscrew 

scale calibration table, these "dark marks" provided references for the future time-wave- 

length conversion. Taking the uncertainty introduced by linear interpolation into account, 

the wavelength accuracy of the fluorescence-excitation spectra was estimated to be within 

f2cm-1. 

2.2.3. Phototransformations of the TBH2Pc Molecules 

As has been indicated in chapter 1, phototransformation of TBH2Pc molecules in 

frozen matrix manifests itself by exponential fluorescence intensity reduction effects after 

sudden step excitation of the sample with laser light. To observe this exponential effect, 

we indentified one of the vibronic levels of the molecule according to the fluorescence-exci- 

tation spectra and finely tuned the excitation wavelength so that it was resonant with this 

level. After excitation at this wavelength had led to a steady state, a dark pause( in the 

order of few to tens of seconds) was given to the sample and the fluorescence intensity as a 

function of time was recorded upon renewed step excitation. The slitwidth was not of im- 

portance in this type of experiment and it was set to 200pm. However, the setting of N 

must be chosen more carefully. That is, N must be short enough to resolve the transfor- 

mation processes(whose characteristic times are typically tens of millisecond). But because 

of the problem of "short-N-low-counts" an optimal compromise must be found. As table 

2.3 indicates, low photon counts inevitably results in high counting error. 

In this experiment, N = O.OSsec/channel yielded 102 to 1x103 counts per channel. 

Because of this error, data were acquired statistically: 10 trials for each parameter combina- 

tion. As for the temperature dependent experiments, the above procedures were followed, 

and the uncertainty of the temperature was controlled within f lK. 



Table 2.3 Percent Error of Photon Counts of the SSR1110 DSC* 
(95% Confidence Level) 

Counts per Channel Percentage Count Counts Per Channel Percentage Count 
Error Error 

* After SSR 11 10 DSC technical manual, Princeton Applied Science 



CHAPTER 3 RESULTS AND DISCUSSION 

We start this chapter by considering how TBH2Pc may be embedded in solid 

matrices. We thereby arrive at the criterion for the appropriate solvent(s) for TBH2Pc that 

are most likely to give good Shpol'skii spectra. In the same section, fluorescence and 

excitation spectra of TBH2Pc are presented. These spectra not only reveal the electronic 

and vibrational structures of the TBH2Pc but also provide confirmation of the validity of 

the aforesaid criterion. Section 3.2 will discuss the mechanism and pathways of the 

photoinduced relaxation processes between excited states. The spontaneous relaxation 

process in ground states, along with a theoretical model, will be discussed in section 3.3. 

3.1 HIGH RESOLUTION SPECTRA OF TBH2Pc AND THE SHPOL'SKII EFFECT 

3.1.1 Geometrical Analyses of Molecules 

In section 1.3, we have stated that highly resolved luminescence spectra of poly- 

atomic molecules can be acquired, given that at low temperature the spatial dimension of 

crystalline solvent cells are correlated with that of the guest molecules. Such spectra are re- 

ferred to as Shpol'skii spectra. A good Shpol'skii spectrum should possess small inho- 

mogeneous linewidth and a weak the guest-host interaction so that the guest molecule 

retains its level characteristics with minimal perturbation from the host. For our TBH2Pc 

molecules we expected n-alkanes would be the appropriate solvents, because their 

absorption bands are in the region above 65000cm-1[50], remote from the absorption re- 

gions of many organic aromatic molecules; their zigzag structures appear to be compatible 



with benzene ring structures, also the length of the hydrocarbon chain can be changed 

almost arbitrarily to accommodate the guest molecules. More importantly, TBH2Pc differs 

from the H2Pc in that it can be dissolved up to 10-4M into pure n-alkanes(whi1e for latter 

mixed solvent of a-chloronaphthalene and n-alkanes must be used in order to achieve the 

concentration necessary for the detection of the luminescence signals[5 11). Appropriate 

alkanes for TBH2Pc can be found empirically, as has been reported in [52], but such 

attempts are rather haphazard. Some of the n-alkanes with an odd number of carbon 

atoms(e.g. undecane, tridecane, pentadecane) were not tried in this study[52]. As a result, 

certain potential candidates for forming good Shpol'skii matrices might have been ignored. 

In this study, we employed a semi-quantitative spatial analysis of the TBHzPc molecule 

and the crystalline n-alkane. This analysis is not as rigorous as a Monte Carlo 

analysis[39], yet it still provides us a general guideline of selecting the most appropriate 

matrix and it also enables us to graphically visualize how impurities may be incorporated 

into the solid matrix. 

The probable structure and dimension of the n-alkane chain has been illustrated in 

chapter l(Fig.l.3). X-ray diffraction study[53] shows that the unit cells of all crystalized 

n-alkanes are orthorhombic, and that they have the same dimension in the directions of the 

a and b axesvig. 3. I), namely a=0.745nm, b4.497nm. There are four alkane chains that 

coincide with the four edges of the orthorhombic cube, hence the height c of the cube 

increases linearly with the number n of carbon atoms in the n-alkane molecule. The short 

axes of these four chains are oriented in the (1 10) direction of the cell. There is also a fifth 

chain, whose short axis is in (-1 10) direction, located at the center of the cell. 

We now proceed to analyze the structure of TBH2Pc molecule by assuming that the 

distortion of H2Pc backbone introduced by the addition of the four tertiary butyl radicals is 

insignificant. This assumption allows us to attach the tertairy butyl radicals geometrically 



Fi ure 3.1 Arran ements of stalized.alkane unit cells, (A) view from (001) direction, 
alfalkanes have tie same o a. (B) mew from (1 11) dxecbon, umt cell are staggered. 
and c depends on the length of alkane chains 



to the vertices of the outer benzene rings. The positions of the periphery atoms in the H2Pc 

backbone are, with respect to the cartesian coordinates originating at the symmetry center of 

the molecule(fig. 3.2), given in table 3.1. 

Table 3.1 Positions of Selected Atoms in H7Pc and TBH7Pc molecule(Cf. fig.3.2) 

Atoms Positions 
x(nm) 

k0.420 

k0.517 

k 0.477 

k0. 132 

k0.505 

f 0.345 

f 0.554 

k0.815 

k0.704 

k0.628 

Positions 
y(nm) 

f0.507 

k0.408 

f 0.275 

f0.138 

k0.803 

f 0.642 

f0.582 

k0.485 

k0.297 

k0.595 

We also take the C-C bond lengths in the C4H9 p u p s  to be 0.154nm, which identical to 

those in alkanes. Then the dimension of the TBH2Pc molecule are estimated to be 

1.60nmx1.55nm. Taking the radii of the carbon atoms (0.077nm) into account, these 

numbers are correlated to twice the diagonal length(i.e. 1.79nm) in the (01 1) direction of 

the n-alkane unit cell. Such correlation strongly suggests that one possible position of the 

* Data for H2Pc, after Robertson[42]. 
* * Calculated values for TBH2Pc. 
t Will be used in section 3.2.2. 
The "f" signs indicating the quadrant in which the atom situated. 



Figure 3.2 One possible position of TBHzPc molecule in crystalized normal alkane base on 
ball-and-stick model. The molecular plane lies in the (1 10) plane of the alkane unit cell. And 
the graphic shows that pentadecane may be the most appropriate solvent for this particular kind 
of molecule. All positions and interatomic distances are strictly in proportion. 



TBH2Pc molecule embedded in the crystalized alkane may be that the molecular plane of 

the planar TBH2Pc lies in the (1 10) plane of the alkane unit cell, replacing three alkane 

chains. If so, we can also deduce from the graph that the chain length for forming the best 

confinement should be about 1.75nm(again radii of carbon atoms must be considered), 

which corresponds to the chain length of one in tetradecane, pentadecane or hexadecane. 

Any alkane whose chain length is considerably shorter or longer than this may cause col- 

lapse of the ordered structure into an amorphous on or introduce larger degree of freedom 

for possible microstructures surrounding the TBH2Pc molecule. This will broaden or 

eliminate Shpol'skii spectra. 

3.1.2. Fluorescence and Excitation Spectra of TBH2Pc 

To verify the prediction made in the previous section, we dissolved the TBH2Pc 

into tetradecane, pentadecane and hexadecane respectively, all with concentrations of 1 

x10-4M. Then these solutions were slowly cooled down to liquid helium temperature. The 

estimated energy difference between the first excited state Sl and ground state So(O-0 sepa- 

ration) of TBH2Pc was given by Rebane et a1 as 14420cm-1[48]. Thus the samples were 

excited a few hundreds wavenumbers above this region* , and fluorescence signals were 

recorded in that vicinity. Figures 3.3(a)-(c) illustrate the fluorescence spectra of TBH2Pc 

in the three solvents. They are typical Shpol'skii spectra, with quasilinear lines superim- 

posed on a broad background that spread over several hundreds of wavenumbers. Some 

characteristics of these spectra are summarized in table 3.2. Electron-phonon interaction 

between the guests and hosts and the possibility of a mixture of crystalline and amorphous 

regions in the sample are responsible for the inhomogeneous backgrounds in figure 3.3. 

The side bands extend to low energy regions, indicating that electronic transitions are ac- 

* The excitation wavelengths are not arbitary, they must be resonant with certain vibrational 
levels, which can be found from excitation spectra. 
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Figure 3.3. 0-0 fluorescence of TE3H2Pc in (a) hexadecane, 
(b,next page) pentadecane, and (c) tetradecane matrices. 
The doublets are the results of the molecule's intrinsic 

asymmetry and distortions caused by matrices. 

The spectral splittings are (a)2 1, (b) 15, (c) l2crn-l. 



Figure 3.3 (continue) 
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companied by the creation of phonons. In the spectra of TBH2Pc in hexadecane the elec- 

tron-phonon interaction is minimized, resulting in a Debye-Waller factor very close to 

unity. All fluorescence linewidths are <15cm-1, but they are still far from homoge- 

neous(usual1y of the order of 10-3cm-1). Wider Shpol'skii linewidths result either from the 

guest being only loosely confined and retaining the freedom to be randomly oriented the 

surrounding crystalline structure or from the guest being too big to be comfortable incorpo- 

rated into a crystalline structure, with the resulting stresses collapsing the ordered structure 

and leading to an amorphous structure. From this we conclude that hexadecane confines 

TBH2Pc molecules more firmly than the other two solvents do, because the linewidth of 

this spectrum is less than that from the others and its background is negligible. 

of TBH?Pc in n-alkanes 

n-alkane Debye-Waller FWHM (cm-1) Positions of two Splittings 
factors maj . peaks(cm-1) (cm-1) 

pentadecane -0.83 13 - 14 14425Ifsl 15 
14440k1 

hexadecane -0.95 5 - 6  14415Ifsl 2 1 
14436Ifs1 

Spectral splitting is another indication of the tightness of guest molecules being con- 

fined in solid matrices. The fluorescence doublets in figure 3.3(a)-(c) are unequivocally 

identified as the 0-0 transitions of the TBH2Pc by their intensities, and the nature of the 

doublets originates from the asymmetrical molecular potential wells(Cf fig.1.5, page 10) 

caused by the two chemically non-equivalent tautomers(Fo11owing the convention[58], we 

use superscripts to specify different tautomeric species. Superscript (1) represents that 



with higher 0-0 transition, and (2) represents the other. So the excited and ground states 

now become g', s!?, S?), $) etc.). Early experiments showed that similar 0-0 fluores- 

cence splittings of free base chlorin could reach 1600cm-1[54,55], two orders larger than 

that of the free base porphyrin(<lOOcrn-1)[56,57]. Chlorin only differs from porphyrin in 

structure by reducing a double bond in one of the pyrode rings of the porphyrin so that its 

degree of symmetry is less than that of porphyrin. We conclude that molecular symmetry 

greatly influences the spectral splitting. If TBH2Pc is held more tightly by hexadecane than 

by the others, it will be subjected to stronger external forces that cause larger molecular 

distortion, so the splittings will be larger. This is what was observed and as shown in 

figure 3.3(a) and table 3.2. 

We now briefly discuss the excitation spectra of TBH2Pc in hexadecane (figure 

3.4a)and pentadecane(figure 3.4b). Excitation spectra are acquired by continuously 

changing the excitation energy while monitoring the 0-0 fluorescence intensity. Once the 

excitation is resonant with a vibrational level, this level will rapidly decay to the vibration- 

less level of the first excited states, from which the molecule fluoresces to ground levels. 

Because there are always two tautomeric species for TBH2Pc molecule, we expected to 

obtain two sets of excitation spectra. The fluorescence peaks in each progression reveal the 

positions of the vibrational levels in one tautomeric species, relative to its own origins Il,O, 

(1) ) or Il,O, (2) ).* As we will be utilizing these levels in the studies of the relaxation pro- 

cesses, we list them in table 3.3. 

Several points should be noted with respect to this table: 1. the uncertainty in 

* In the future, we use 11, m, (n)) to represent the mth vibrational state on Ith electronic singlet 

state. (n) indicates the type of tautomer. 
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Table 3.3 Vibrational Energy Levels Relative to the $' and S':' 
of TBHZPc in Hexadecane and Pentadecane 

in hexadecane in pentadecane 



Table 3.3 Continued 

in hexadecane in pentadecane 



determining the peak positions not only depends on the accuracy of the instruments but also 

the width of the peaks. For most of them we estimated the uncertainty to be +2cm-1, but 

for some wider ones this may be up to 4-5cm-l; 2. excitation spectra do not provide 

information of the energy differences between Il,0, (1) )and Il,0, (2) ), 10,0, (1) ) and 10, 

0, (2) ) (i.e. the A2 and Al in figure 1.5, pagelo). Just as the fluorescence spectra, they 

only provide information about the A2-A1; 3. the apparently strong ~:"+867cm-1 and 

~:~'+891cm-l are excluded in the table, they are considered to be the vibrational levels of $' 
and SY'[52]. Above the s:" and sY' there will be overlappings of vibrational levels that 

belong to SI and S2 ; 4. the number of vibration levels that appear in the spectra of 

TBH2Pc in hexadecane is more than that in pentadecane. We believe this is a further 

indication that hexadecane holds the TBH2Pc more firmly than pentadecane does, based on 

the greater molecular distortion leading to the lifting of more degeneracies in the vibration 

levels. This effect can also be seen when comparing the excitation spectra of H2Pc ob- 

tained in a free jet[59] and in a Shpol'skii matrix[5 11. The free jet method is considered to 

' be virtually free from environmental effects and there are indeed more vibrational levels 

reported in [5 11 than in [59]. 

To summarize this section: the fluorescence and excitation spectra of TBH2Pc, 

provide clear evidence that hexadecane is the most suitable solvent for the TBH2Pc 

molecule to form a Shpol'skii matrix. This agrees in general with our prediction. Any 

slight discrepancy will be mainly the result of ignorance about the modification of the 

molecular dimension when appending the tertiary butyl groups to H2Pc, as well as ig- 

norance of the guest-host interactions. The work reported in next section was done with 

TBH2Pc incorporated in hexadecane with a concentration of 10-4M unless otherwise 

specified. 



3.2 MILLISECOND RELAXATION PROCESSES AND INTERSYSTEM CROSSING 

The radiative lifetime of a typical molecular excited singlet state is of the order of 1 - 

10 nanosecond. Upon monochromatic excitation, the fluorescence intensity of the 

molecule will quickly reach equilibrium within this time interval, after the light source has 

been switched on. The fluorescence intensity depends on the quantum yield of this 

molecular level. However, different fluorescence behavior was observed in TBH2Pc. 

When it was excited to a vibrational level of its ta~tomer(2)(e.~.~Y'+5 l6cm- f), the 0-0 

fluorescence of this tautomer first reached its maximum, then exponentially declined to 

equilibrium intensity within a time scale of hundreds of milliseconds(figure 3.5). As this 

phenomenon is resembling that observed in studies of ruby[3], we recognized that there 

must exist an intermediate energy level with a relatively long lifetime. This level acts as a 

reservoir, which receives a fraction of the excited population. As a consequence the initial 

ground state population No(t = 0) exceeds that in steady state No(t = =). 

3.2. 1 Simplified Three-level Dynamic Model 

A realistic dynamic model of TBH2Pc luminescence would involve many energy 

levels. But we can simplify this complex physical system by a three-level model. In figure 

3.6, IG), IE) and IP) represent the ground, excited and intermediate states respectively. It 

is obvious that the A is spontaneous emission rate which is of the order of 108 s-1." The 

stimulated absorption rate W is related to A through the Einstein relation 

* Chen et a1[60] showed that the excited state lifetimes of the two tautomers in HzPc are 6.3 and 

3.7 ns, one expects there is no major difference between HzPc and TBHzPc as far as their excited 

life time are concemed[61]. 
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Figure 3.5 Time resolved 0-0 fluorescence behavior of 
'IBH2Pc after abruptly irradiating the sample 
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Figure 3.6. Simplified energy diagram of TBH3 PC. IG) is s:' , IE) belongs to $' 
, and IP) is an intermediate level whose status is currently not known. 



If the laser power is P = 100mW, the laser band width Av = 2cm-1 and cross section of the 

beam o = 10-6m2, this yields 

and 

The characteristic time z of fluorescence intensity reduction in figure 3.5 gives the approx- 

imate value of the relaxation rate T  from excited state to the reservoir, T-10s-1; S  is esti- 

mated to be 10-1.5s-1 for reasons that are explained in the next section. The rate equations 

of this system are: 

dn, -= Wn, - (T+A)n3  
dt 

where N is the total number of molecule under laser irradiation. Through substitution, 

equations (3.5) - (3.7) yield 

d2nl dnl - + ( a  + d) -  + (ad + bc)n, = -dSN 
dt2 dt 

wherea= - $ - W , b = A - S , c =  W , d = - T - A .  

Eqn. (3.8) has a standard solution 



in which 

1 
k,, = -[a + d f d ( a  + d)' - 4(ad - bc)] 

2 

hence 

The last term in eqn.(3.9) is a function of excitation power 

- 

ad-bc ST+SA+WT+WS 

f(W) is the equilibrium ground state population which will be examined in the next section. 

According to our predefined values of A, S, W, T, we have f(W) - 10-o.5N. Thus 

eqn.(3.9) becomes 

T 
--t 

nl .. - c ~ ~ - ( ~ + ~ "  + C,e + f (W). 

Similarly we can also find 

n3 = L(% - an, - SN 
b dt 1 



where W 
g(W) = - f (W) - N .  

A 

Imposing the initial conditions for nl and n ~ :  

and 

we find 

Note that the first terms in eqns.(3.12) and (3.13) are too evanescent in our time scale of 

interest, so the double lifetime in eqn.(3.13) reduces to 

and the fluorescence intensity 

consist of a stable and a decaying part. It is striking how closely the experimental data fit to 

eqn.(3.20). Several hundred trials with different experimental parameters (with each trial 



containing 400 data points) constantly give >0.95 for the regression rate of the curve 

fitting. Moreover, we defined the equilibrium fluorescence intensity Is=Ag(W) and the 

fluorescence reduction 8=Wh(W) . Given g(W)-10-1.5N, h(W)-10-0.2N, their theoretical 

ratio should be 

6 
Our experimental result of - = 3 from figure 3.5 proves the correctness of the approxima- 

1s 

tiont of W. 

A fluorescence intensity equation was proposed in the study of the transformation 

processes of H2Pc in an a-ClN and n-octane mixture[62], viz. 

where F is a function of laser power and oscillator strength of the states, No is the equilib- 

rium ground state population. Noting that by definition the No in eqn.(3.22) corresponds 

to our f(W). We soon identify F as precisely the stimulated excitation rate W. However, 

eqn.(3.20) does not agree with the modified form of eqn.(3.22) in principle[62], where the 

No was claimed to be a linear function of time: 

I = (no - at) + [n - (no - at)] exp(-t / 7). 

Although eqn.(3.23) fits the experimental data better than eqn.(3.22), we stress that the 

mathematical formulation should not be the first consideration. Irrespective of H2Pc or 

TBH2Pc, under no circumstance should the population on certain energy states become 



negative, which would the case in eqn.(3.23) after a certain period of time. Thus 

eqn.(3.23) can only be considered an approximation valid for relatively short time. 

3.2.2 Millisecond Relaxation Mechanism 

Table 3.4 gives the parameters characterizing the relaxation process on $'+5 16cm-1. 

Both fluorescence reduction and steady fluorescence intensity increase with the excitation 
6 

power, but the pattern of the variation of - does not resemble the linear one predicted by 
1 s  

the model*. 

Excitation Power 
(+ 1 mW) 

Steady State intensity 
I,(count) 

fluore. reduction 
G(count) 

876k28 

1736+17 

2800+85 

3838+83 

488Of 82 

5560k76 

** 

This inconsistency leads to further speculation that the relaxation rates T and S may be 

* From eqns.(3.11) b (3.20), it can be found that f = z, which is a linear function of W. 
* * Experiment of P=90mW was performed separately, its data are unable to be compared with 

others. 



functions of excitation power. For this reason, the fluorescence reduction characteristic 

time z under various excitation powers was measured. We found that the z was rather sus- 

ceptible to changes at low excitation power but was unresponsive to changes at high 

power. An empirical equation representing this relation is also given, namely 

where z and P are in the units of second and mW respectively(fig.3.7). The saturated 

relaxation rate Ts, particularly for $'+516cm-l, was determined to be (16.3kO.2)~-1. For 

some higher vibration levels, their Ts's were also determined. They are (12.5k0.8)~-1 for 

~'12'+684cm-l. (l4.2f 1 .O)s-1 for ~ ? + 7  19cm-1, (13.3rt1.8)~-1 for ~';'+1333cm-1, 

(1 5.4f 2.4~)s-1 for s!?+ 10 1 5cm- l. This indifference of the relaxation rates to their 

excitation frequencies contradicts the conclusions drawn in the studies of H2Pc[62] and 

TBH2Pc[52], where T differs from one excitation frequency to the other. In addition, our 

z=(0.16k0.l)s for ~?'+684cm-1 does not correspond to the z=90ms that quoted in [52] for 

the same level. It should be pointed out that if the statistical analysis is ignored, the high 

fluctuations in the measurement of parameters such as z, 6, I ,  can easily mislead one into 

incorrect conclusions. (In our experiments, considering that under some circumstances the 

percentage error due to the fluctuation was even higher than loo%, all trials were repeated 

at least ten times to ensure a higher degree of certainty). 

For a molecule like TBH2Pc, its complex energy level system provides many pos- 

sible pathways for relaxation to ground state after excitation. These pathways can be single 

steps, but in most of the cases they will be combinations of single steps. We rule out 

pathways such as intermolecular interaction: the lx104M concentration yields the inter- 

molecular distance of -30nm, which is far greater than the diameter of the molecule. This 

makes it likely that the guest molecules are well isolated from one another in the solvent 
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Figure 3.7 Millisecond relaxation rate as a function of excitation power 



matrix. An additional confirmation of this comes from that the experimental values of Ts 

for Sy'+684cm-1 and ~:2'+7 19cm-1 measured with a concentration of 1x10-5M. They are 

respectively (16.6k6.9)~-1 and (15.4k7.9)~-1, i.e. virtually no difference from those values 

at a concentration of 1x10-4M. Phonon assisted processes are also deliberately neglected, 

as figure 3.4 shows that this interaction is already minimized in hexadecane. For the 

remaining purely intramolecular processes, the first step of the molecular relaxation from 

the ith vibrational level(say, ll,i,(2))) may be in such a way that the two inner protons 

switch their positions by tunnelling through the potential barrier in the excited state, so that 

the molecule shifts from one tautomeric form to the other; it may also undertake the route of 

radiationless internal conversion* . The probability of the tunnelling effect can not be 

presumed to be small, because the height and shape of the potential barrier in the Sl state is 

not known. To recognize the influence of tunnelling, we examine the 0-0 fluorescence 

spectra of the vibrational levels(gJ+5 16cm-1, S:"+684cm-1, $)+7 19cm-1, s?+ 10 15cm-1, 

~?'+1333cm-1). These levels unambiguously exhibit the millisecond relaxation effect and 

the fluorescences of tautomer (1) can always be found in the spectra(fig.3.8). Note that 

these five levels are rather "isolated" ones, that is they do not coincide with any levels 

belonging to tautomer (1). Hence the very existence of the fluorescence of tautomer (1) in 

these cases can not be interpreted as incidental excitation of the tautomer (1). Rather, it 

should be interpreted as the results of light induced proton tunnelling. Note that since the 

ratio of the 0-0 fluorescencefil)fi2) are all smaller than unity, we are convinced that the 

tunnelling effect plays only minor role. From table 3.5, the ratioJ(l)@) approaches closer 

to unity as the excited vibrational level become higher and higher. This fact further 

confirms our proton tunnelling hypothesis, because under any circumstance the thickness 

of the potential barrier should become thinner as the energy increases, so that it will be 

* Internal conversion can even occur as an intramolecular process between states of the same or 

different multiplicity in the absence of solvent interaction. See, for example, [63]. 



Figure 3.8. 0-0 fluorescence of the two tautomers of 'IBH2Pc. 

The excitation wavelength is s(;) + 1015cm-~. Their 

intensity ratio is t(1)/f(2) = 0.7 1. 



easier for the protons to penetrate. 

Table 3.5 Ratio of 0-0 fluorescence intensities of the 
hvo tautomers under different excitations 

excitation levels $'+ 0-0 fluore. inten. 

ratio $1)#2) 

5 16cm-1 0.32kO.O 1 

684cm-1 0.7 lkO.O1 

7 19cm-1 0.79k0.02 

1015cm-1 0.82k 0.01 

1333cm-1 0.89k 0.02 

Similar to the observations in H2Pc [62], most of the vibrational levels of TBH2Pc 

that exhibit millisecond relaxation phenomena are low lying ones. The lower the level, the 

more salient the millisecond relaxation feature. Moreover, it is worth to mention that mil- 

lisecond relaxation phenomena are also observable in 0-1 fluorescence with 0-0 excitation. 

Recall that the energy splitting of the two tautomers on Sl state is -20cm-1, it makes it very 

difficult for a proton to tunnel through the potential barrier and occupy the higher level at 

the same time. All these imply that although a fraction of the excited population relaxes to 

s:" through proton tunnelling, the tunnelling on the excited states itself is not responsible 

for the millisecond processes. As we have mentioned that the saturated rate Ts is insensi- 

tive to the excitation wavelength, it is very probable that the first step of the millisecond 

relaxation process is that the molecule is internally converted to one level, regardless of 

which vibrational level is excited. This level is, without speculation, the Il,0, (2)) state. 

So far we have not identified the transition that represents the T process in the three- 
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level model. The foregoing internal conversion rate is several orders faster than the 

spontaneous emission rate and it appears to be certain that the millisecond process must oc- 

cur in the subsequent steps of the relaxation. The radiative process of $)+s?' is restricted 

by the Franck-Condon principle, hence there are only two alternatives for the TBH2Pc 

molecule to relax from the vibrationless level of SI to So. The first alternative is to cross 

from Il,0, (2)) to st' through internal conversion, as a result of vibronic coupling with the 

high lying vibrational states of So; while the second one can be from Il,0, (2)) to the low- 

est metastable triplet state via intersystem crossing. The present experiments do not permit 

us to draw a precise picture of the pathway. However, it seems to us that the intersystem 

crossing should dominate the millisecond process, based on the following consideration: 

from the transition rate point of view, the typical internal conversion rate of So c SI of or- 

ganic molecules is 105 - 107s-1[63], we believe TBH2Pc is with no exception. If the ma- 

jority of population are supposed to relax to either $' or s ( ~ ~ )  with this fast rate, it will be 

impossible to satisfy the requirement of the existence of two slow processes in the three- 

level model. On the other hand, although the phosphorescence of TBH2Pc has not been 

observed, it does not imply that there is no triplet state. Besides phosphorescence, there 

also occurs internal conversion to provide a depletion channel for the triplet state. Both 

rates of phosphorescence and internal conversion from triplet state are expected to range 

from 10-1 - 103s-1, which would coincide with the rate T in the three-level model. In the 

study of the photochemical isomerization of free base porphin(H2P) in n-octane matrix at 

4.2K, Volker and van der Waals[6] determined the To ---+ So decay rate to be 92s-'(and 

42s-1 for deuterium porphyrin). This is of the same order of magnitude as the rate T in 

TBH2Pc, supporting our hypothesis that intersystem crossing from To toSo is responsible 

for the millisecond mechanism. Volker et a1 also stated that the high quantum yield of the 

triplet state, which was measured to be least 90 percent[64], was part of the reason for in- 

tersystem c;ossing being a path in the phototransformation. In our case a high phos- 

phorescence yield is not a necessary premise for the observation of the millisecond process 



in TBH2Pc. Even a small phosphorescence yield say, one percent of that of fluorescence, 

would give an intersystem crossing rate still of the order of 106s-1 which is fast enough to 

compete with the fluorescence process and populate the triplet state. Moreover, the flu- 

orescence quantum yield of TBH2Pc is known to be lower than that of H2Pc(which very 

close to unity[61]) and hence intersystem crossing may be more likely than in H2Pc. 

Electron spin resonance experiment showed that for free base porphin the two lowest triplet 

states are of orbital symmetries B2, and B3, respectively[65]. Volker et a1[6] proposed that 

vibronic coupling between these lowest triplet states induced the transformation between 

the two species of H2P, owing to the fact that the vibronic coupling occured via big 

vibrations, as well as that the libration of the inner protons about z-axis(perpendicu1a.r to the 

molecular plane) is a type of proton displacement that only occured in brg normal modes. 

There has not been any ESR experiment for the TBH2Pc molecule to indicate what 

symmetries the lowest triplet state should possess. But if we accept the facts that both 

TBH2Pc and H2P have the same D2h symmetry when they are incorporated in solid matrix, 

as well as that the optical properties of the porphyrin-like compounds are largely 

determined by the central porphin ring, then we may have confidence in asserting that 

similar vibronic coupling will also occur in TBH2Pc, so that it can induce the 

transformation of tautomers. Furthermore, when the vibrational level of the triplet states is 

high, one may no longer speak of the libration of the two inner protons in a well-defined 

potential well, since the motion of the protons can no longer be separated from that of 

electrons. In this case, there will be a finite probability for the type (2) tautomer of 

TBH2Pc to cross from 11, 0, (2)) to T:" with a rotation of the two protons by ~ 1 2 .  

Eventually, the radiation or radiationless transitions from the metastablec' may play a role 

in the millisecond process. 

Before leaving this section, we like to outline all possible relaxation pathways of 

TBH2Pc to avoid confusion of the readers. These correspondingly are: 



(a) vibrational relaxation, 1011 - 1014s-1. 

(b) proton tunnelling, deplete a fraction of excited population. 

(c) intersystem crossing, whose rate is 106 - 107s-1 depending on quantum yield, but it 

does not affect the observation of the millisecond processes. 

(d) fluorescence, most population goes through this channel. 

(e) internal conversion, whose rate may range from 105 - 107s-'.(f) transformation to 

tautomeric species again due to the vibronic coupling in the triplet state 

(g) phosphorescence and internal conversion, 10-1 - 103s-1. 

(h), (i) phosphorescence and internal conversion. Responsible for millisecond process. 

The experimental value of their combination rate is (14.3rt0.8)~-1. 

(i) mechanism and rate are currently unknown, must be very slow according to the model. 

In the above diagram only the one(marked by bold line) among the diverse routes is 

responsible for the millisecond process. Unfortunately, we are presently not able to 



determine which one in routes (h) and (i) is more favorable in the competition, as this 

requires more sophisticated phosphorescence signal detections. 

3.3 NONRADIATIVE TRANSITION BETWEEN GROUND STATES, BOTTLENECK 

EFFECT 

The fluorescence reduction portrayed in figure 3.5 was acquired by abruptly irra- 

diating with laser on to the sample that had no previous excitation history. If one switches 

the excitation on and off alternately, one will notice that the fluorescence reduction 6 retains 

the characteristics of the dark history, that is, it changes as the function of dark time. 

Clearly, even with the absence of excitation the molecule still undergoes a dynamic pro- 

cess. Figure 3.9 illustrates the 0-0 fluorescence reduction effect with different dark pauses 

before the ~7'+516cm-l excitation turned on (prior to the dark pause the molecule was in 

equilibrium state under laser irradiation). Starting with fig.3.9(a) with 5 seconds of dark 

time to fig.3.9(f) with 70 seconds of dark time, the reduction 6 rises by six times, and the 

change eventually slows down and saturates as the dark time exceeds one minute. On the 

other hand, the millisecond characteristic time remains 0.14s unchanged with the dark time. 

Comparing this with the other molecular relaxation processes, this process is rather slow, it 

can be looked upon as a bottleneck, so named as it controls the population that is returning 

to the ground state when the upper level is populated. Before we proceed to discuss the 

mechanism of the bottleneck phenomenon, we like to extend the derivation in the preceding 

section as this may explain our observations. 

3.3. 1. The Three-level Dynamic Model (continued) 

The equations describing the equilibrium state under excitation are eqns(3.5) and 



Figure 3.9 Different fluorescence reductions characterize the dark history prior to the 

 excitation(^ 1(2)+S 16cm-I). The dark times for each picture are, from (a) to (0, Ss, 10s, 20 s , 

30s, 40s, 70s. The x- and y-axes are time and relative fluorescence intensity respectively. 



(3.6) with their left-hand-sides zero, while eqn.(3.7) remains as is. Solving these steady 

state equations yields 

So the$ g, h that appeared frequently in the derivations in the preceding section represent 

the equilibrium populations on each level under steady state excitation. Directly from 

eqm(3.6) and (3.7) we are also able to write down the dynamic equations during the dark 

pause: 

dn, - = -(T + A ) n ,  
dt' 

-= dn, An, +S%,  
dt' 

where the t' starts at the moment when the excitation shuts off. Immediately we find 

n3 = Dle-(T+A)" = D , ~ - ~ " ,  



To determine the constants Dl and D2, let 

then 

so that 

After renewed irradiation of the sample by the laser, the system is again governed by 

eqns(3.5) to (3.7), but the initial conditions (3.15) and (3.16) need now be modified to 

and 

using eqn.(3.13) 



Similar to eqn.(3.20), the fluorescence intensity is IF = An3 and the reduction will be 

which is an exponential function of time. What Eqns.(3.39) and (3.40) imply is clear: the 

dark time will not alter the millisecond relaxation rate but the fluorescence reduction; the 

bottleneck rate S can be directly obtained from the relation between fluorescence reduction 

and dark time. Figure 3.10 shows a set of experimental data (excitation = $) + 516cm-1) 

which is fitted by eqn.(3.40), and the bottleneck rate is found to be (3.1 k 0.2)xlO-2s-1. 

Just because the bottleneck process persists considerably longer than the other pro- 

cesses, its rate S should be insensitive to excitation wavelength. A more precise value of S 

can be determined by averaging those acquired from different excitations, which are tabu- 

lated in table 3.6. 

Table 3.6 Bottleneck Relaxation Rates for Different Excitations 

Excitation ($' +) Relaxation Rate(x10-2s-l) Regression Rate for Curve 
Fitting 

5 16cm-1 3.1f0.2 1 .OO 

684cm-1 3.0k0.4 0.99 

7 19cm-1 2.7k0.3 0.99 

10 15cm-1 3.3k0.6 0.98 

1333cm-1 2.9k0.3 0.99 

Average 3.0k0.2 - 
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Figure 3.10. Dark time dependence of fluorescence reduction 
based on data in fig.3.9. Curve is fitted by eqn.(3.40). 

Here S = ( 3 . 1 ~ . 2 ) 1 0 - ~ s e c ~ '  and regression rate is 0.99. 



3.3.2 WKB Approximation in Proton Tunnelling 

It has been pointed out, at the end of the section 3.2, that the millisecond process is 

substantially the transition from the lowest triplet state to the ground state. If the bottleneck 

process follows subsequently to this transition, it must occur between the ground states. 

Radiation processes are unlikely to be involved. But the molecule, for instance, can change 

its proton position by tunnelling through the potential barrier in a nonradiative relaxation 

process. If such hypothesis turns out to be true, the experimental bottleneck rate should di- 

rectly relate to the proton tunnelling rate in the ground state. 

The semiclassical WKB approximation method is used to estimate the proton tun- 

nelling rate, owing to the simplicity of the procedure it involved, as well as the applicability 

of the method our one dimensional problem. Solving for the protons bounded in the 

TBH2Pc molecule is in principle a many-body problem, for the full Hamiltonian of the 

molecule contains not only the potentials describing the interactions between the massive 

atomic nuclei, but also potentials describing the electron-electron interaction. This type of 

extremely complex situation can only be solved in approximation based on some assump- 

tions, which lead to the simplification of the many body problem to that of an independent 

proton one. The assumptions we use are: 

1. All interatomic and interelectronic interaction are represented by an effective 

molecular potential V(@, which appears in periodic well configuration with barrier height 
R 

Vo, period T and the degree of asymmetry A(the energy difference of the two minima). 

2. We focus on the motion of the two inner protons and assume these to be 

librations in the effective molecular potential V(9 



The conclusion arrived at from the above assumptions is of crucial significance: 

The coupled protons now have their own wave function that can be described by the time 

independent Schriidinger equation. We start the WKB approximation by the quantization 

rule[66] 

in which p(@ = 4- and n = 0, 1, 2, 3.. . , and b, c are turning points(Fig.3.11). 

Due to the fact that the inner protons are strongly coupled, they act as a librating dumb-bell. 

Thus the moment of inertia I=2mr2. The tunnelling probability then depends on the real 
n: 

part of the proton wave function y(@ that spreads in the B < a region(we only discuss 3 
n: 

< & region): 

Hence the transmission coefficient for the nth eigenvalue can be expressed as the square of 

the Re(@ 

The probability per unit time of emergence from well (1) to well (2) is equal to vD[67]. In 

practice, the periodic nature of the potential well (not seen in fig.3.11) makes the tunnelling 
/ 

rate equal to twice the above probability, i.e. Sn=2Dnvn. 

There is no unique mathematical formulation regarding the periodic well molecular 



Figure 3.1 1 Schematic of effective molecular 

potential with ~~=3500cm- ' ,  A=O, 0 =O.O82 11 

(see main text for the definitions of the parameters) 



potential configuration of TBH2Pc, but we found empirically that a Gaussian barrier 

modified by a cosine function is the most suitable among the different periodic 

configurations. That is: 

where the factor of four guarantees the potential zero at W d 4 .  From the absorption 

spectrum of TBH2Pc in the same crystal[68] at lSK, we convert the ratio of the two 

absorption peaks ( sf' : S!' = 6 : 1) to the energy difference of A - 2cm-1, thus it is 

purposely neglected from the formulation. Direct measurements of the barrier height Vo are 

not available at present; but only NMR experiments on the related molecule 

tetraphenylporphrin showed a barrier height of 3500cm-l. So we expect a comparable 

barrier in TBH2Pc[23]. There is even larger uncertainty in the estimation of the moment of 

inertia I: From table 3.1, one can calculate the diagonal length between the two aza- 

nitrogen atoms to be 0.38nm. But the two inner protons are not visible by X-ray 

diffraction. If one takes the N-H bond length to be -0. lnm, the radius of the proton dumb- 

bell r can be O.lnm at two energy minimum positions. However, when the protons are 

situated at any position other than the two energy minima, the r will be considerably longer. 

In fact the libration path of the protons may not necessarily lie on the molecular plane. 

Therefore we estimate the average radius of the proton dumb-bell to be 0.12H.Olnm. 

With the values of Vo, r, and the barrier width o, the integral equation (3.41) can be 

numerically solved with arbitrary precision. At OK the particle only occupies the lowest 

eigenstate, thus the tunnelling rate is acquired by substituting Eo into eqn.(3.43). 

Numerical calculation results are demonstrated in figure 3.12, where many combinations of 



Figure 3.12 Numerical results of proton tunnelling rate at T 
=OK. The horizontal line is the experimental value at 4.2K, 

so the intersects represent the possible combinations of r and 0 .  



r and a can result in the experimental tunnelling rate, namely 3.0~10-%-I. Since r has 

higher degree of certainty we conclude from the tunnelling at 4 . 2 ~ *  that the o must be 

within the range of 0 .075~ to 0.13~. 

In the case of nonzero temperature, the tunnelling situation is slightly more 

complicated.The total rate is obtained by summing up the weighted contributions of each 

state and it becomes a function of temperature 

where 

is a partition function of the canonical ensemble. In practice, the convergence of the above 

equation allows us to truncate finite terms from it within a certain temperature range. 

Figure 3.13 shows the experimental temperature dependence of the proton 

tunnelling rate S. It is worth noting that this experimental temperature dependence will 

narrow further the possible values of r and a. This happens because that while there is 

indeed a wide range of r and o which results in measured tunnelling rate at 4.2K, only a 

sole combination gives the experimental tunnelling rate at 77K, namely (0.34s.02)~-1. In 

other words, this particular combination, r=0.12nm, 0=0.082~, provides a unique set of 

* One should note that there is virtually no difference between OK and 4.2K in terms of tunnelling 

rate. 



eigenvalues which results in measured tunnelling rate. The theoretical curve in figure 3.13 

is the result of S(7) by taking the first ten eigenstates in table 3.7. 

It is not surprising that even this theoretical curve deviates still to some extend from 

the experimental one. While we consider that proton tunnelling plays the main role in the 

tautomeric transformation, we do not rule out other possible mechanisms(such as phonon 

Table 3.7 The First Ten Eieenstates in the Proposed Gaussian-Cosine Potential 
Configuration, 

assisted process). In addition, the experimental data between 20K to 50K have the highest 

uncertainty: this may also contribute to the deviation. 

Finally, it is interesting to compare the bottleneck effect of TBH2Pc in a 

pentadecane matrix to that in hexadecane. We did not investigate this aspect very 

extensively. However, data appear that the bottleneck effect in a pentadecane matrix persist 

far longer than in hexadecane. In the foregoing derivation we have seen that the tunnelling 

rate is extremely susceptible to the potential barrier width and height. It is unlikely that the 

barrier height for the same molecule varies in different solvents, but it is possible that the 

barrier width changes when the molecule is subjected to the stress from the solvent matrix. 

If TBH2Pc receives less stress in the pentadecane matrix, its molecular potential width will 

likely be l&er, so that it causes a longer bottleneck time. This would be in general 

agreement with the conclusion drawn in section 3.1.2. 



Figure 3.13 Temperature dependence of the bottleneck rate S. 
The scattering points are experimental value and the smooth 

curve is WKB approximation. 



3.4 Summary and Conclusion 

Quasiline fluorescence and excitation spectra of TBH2Pc in n-alkane Shpol'skii 

matrices, especially in hexadecane, can be obtained by monochromatic excitation with a 

CW dye laser. These spectra reveal accurately the location of the molecular vibrational 

levels, which provides a necessary premise for the further investigation of intrinsic relax- 

ation processes. A qualitative ball-and-stick model has been established to demonstrate the 

correlation between the chain length of the n-alkane and the quality of the Shpol'skii spec- 

tra, in this sense we found both theoretically and experimentally that hexadecane was the 

best Shpol'skii solvent. However, excitation and fluorescence spectra also indicated that 

the tighter the molecule fitted in the matrix, the greater was the molecular distortion. 

TBH2Pc in hexadecane system was chosen to illustrate the intramolecular photo- 

chemical reactions. The millisecond relaxation process, which is reflected by the reduction 

of fluorescence intensities after resonantly pumping, was directly observed. Our three- 

level model explained exceptionally well that this relaxation process originated from a 

metastable intermediate state. Such state was later identit3ed as the lowest triplet state of the 

tautomer (1). The molecule first crossed from $' to f i) , where tautomer (2) transformed 

to tautomer (I), via vibronic coupling; then the millisecond process was a result of the 

transitions of f l) to s:) . The characteristic time of this process ranged from 100 to 300 

ms, depending on excitation power, but their was no experimental evidence to indicate its 

correlation with pumping state and initial ground state population. The average rate of this 

process was determined to be (14.3fl.8)~-1. 

Different fluorescence reductions caused by different dark times prior to the excita- 

tion revealed there existed a very slow dynamic process in TBH2Pc. From the three-level 

model we learned that this process must follow the millisecond one, and we predicted it 



be the result of concerted two-proton tunnelling through the molecular potential barrier in 

the ground state. This prediction agreed in general well with the numerical result from a 

WKB approximation at OK. However, for the temperature dependence of this rate there 

was a rather large discrepancy with the theoretical calculation, which completely ignored 

the high degeneracy of the molecular vibrational levels. At the same time we do not 

exclude (1) that the mechanism may procede through single step proton tunnelling of the 

molecular potential and (2) that temperature may also change the molecular potential 

parameters. 

It is also interesting to compare our proton tunnelling rate (3.0&0.2)x10-2s-1 to the 

spectral hole recovery rate (-2.6~10-2s-1) of TBH2Pc in the same matrix derived by Haarer 

group[68]. This value is identical with ours within 10%. That is to say, the bottleneck ef- 

fect is completely equivalent to the spectral hole-burning and the proton tunnelling rate is 

relevant to the persistence of the spectral hole. Permanent hole-burning offers potential 

technological applications for data storage in the frequency domain, as the presence of a 

hole at a particular frequency can be used to store a "bit" of information. From this point of 

view, TBH2Pc imbedded in hexadecane may not be a good candidate for optical storage. 

However, initial experimental data in tunnelling rate that we acquired showed that TBH2Pc 

in pentadecane and H2Pc in octane-aC1N mixture persisted even for hours. Therefore, 

although it seems early to conclude that (for the same molecule) less stress from the matrix 

may result in long tunnelling, or hole-burning, time, it has after all pointed a direction for 

the future hole-burning investigations. 
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