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Picosecond Studies of Excited State 
Proton Transfer Reactions 

Steven Paul Webb 

Abstract 

The detailed kinetic processes for the excited state proton 

transfer (!SPT) of I-naphthol in H20 and D20 are investigated. 

This process is studied using both time dependent and steady state 

techniques. This work has resulted in the most accurate determination 

yet .. de for the many, excited state rate constants for this system. 

Previously unobtainable measurements of the extremely faint fluore-

scence of the I-naphthol neutral species are carried out using time 

resolved and steady state methods. Questions regarding the nature of 

the solute/solvent system are discussed with respect to the effect of 

the solvent on the excited state processes. The use of the proton 

1 

transfer process as a probe of solvent interactions is also considered. 

Twenty picosecond, 266 am pulses from a Nd:YAG laser were used 

for excitation in the time resolved study. The very rapid fluorescence 

decays were determined using a streak camera system. that was capable 

of extensive real time data correction and signal averaging. Steady 

state spectral measurements were carried out using a sensitive, com-

puter-controlled spectrofluorimeter. 

The data from both types of measurements were analyzed and evalua-

ted in terms of a two-state (excited state) system involving adiabatic 

!SPT and diabatic proton quenching of both the neutral and anionic 

I-naphthol species. Only by combining the techniques of time dependent 

and steady state measurements and by performing experiments that are 

capable of measuring both very weak and very rapidly evolving signals 



can the ESPT reaction of l-naphthol be adequately understood. 

A model based on data obtained using both these techniques is 

presented. Computer simulations based on this model are compared to 

the actual temporal and spectral data. Analyses of the data based 

on the reaction scheme and kinetic model presented here yield the 

rates for proton transfer and reprotonation as: 2.5 x 10 10 sec-1 and 

6.8 x 10 10 M-1 sec- l in H2O (pKa* - 0.4); and 7.9 x 10 9 sec- l and 

4.8 x 10 10 M- l sec- l in D20 (pKa* - 0.8), respectively. The numerous 

other rate constants necessary to fully describe the ESPT reactions in 

I-naphthol are also accurately determined. Comparisons between the 

results obtained in H20 and D20 are made with respect to the influence 

of "the solvent. Investigations involving added salts, mixed solvents, 

and applied pressure permit a the qualitative assessment of the role 

of the solvent environment in the ESPT process. 
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A. Background 

Chapter One 

Introductio~ 

1 

The interactions of acids and bases are some of the most funda­

mental processes in chemistry. The original model of acid/base reac­

tions depicted acids and bases as simple proton donors and acceptors 

(Br~nsted definition). The scope of the theory was later expanded by 

the more general idea of electron pair donors and acceptors (Lewis 

definition)l. The thrust of many investigations in organic and physi­

cal chemistry has been to uncover the role which acids play in a reac­

tion. Proton transfer reactions are the simplest in the general theory 

of acids. Although proton transfer is an elementary reaction, attain­

ing a complete understanding of this fundamental process is a difficult 

problem. The almost countless experiments performed to provide new 

insight into this phenomenon attest to its actual complexity. 

The study of proton transfer reactions encompasses both solute 

and solvent interactions. Solute studies probe the structural proper­

ties that determine the acid/base properties of a molecule. Gas phase 

studies of acidity focus on these molecular features, since the 

molecules are isolated from any solvent interactions. In liquids, 

where most chemistry occurs, proton transfer is complicated by solvent 

effects as well. Not only is the solvent directly involved in the 

proton transfer process, but it may also act to stabilize the resultant 

conjugate base. Therefore, the solvent influences the motion of the 

proton in a manner which is very different from that in the isolated 

solute. The great disparity between gas phase and solution phase 



acidities emphasizes this difference l • In addition to the solute 

structure, interactions between solute and solvent molecules raise 

new questions concerning solvent structure. For example, the orienta­

tion of the solute with respect to neighboring solvent molecules would 

be expected to influence the rate of proton transfer. Investigations 

of acids and bases in solution are aimed at answering some of the 

questions involving the role of the solvent in proton transfer reac­

tions. Expanding our theoretical and experimental knowledge of this 

simplest of acids, the proton, builds the foundations of chemical 

understanding. 

Numerous and varied approaches have been used in the analysis 

2 

of the proton transfer process 2- 17• This work describes the investi­

gation of excited state proton transfer (ESPT). ESPT refers to a 

proton transfer process which occurs along an excited potential energy 

surface. The aromatic aCid, I-naphthol (Fig. 1), was chosen for this 

study. Like many aromatic acids 31 , the acidity of I-naphthol increases 

dramatically upon electronic excitation, resulting in proton transfer 

to the solvent. This reaction results in the formation of the elec­

tronically excited conjugate base. Since these fundamental molecular 

processes occur on rapid timescales, their direct observation requires 

an equally rapid experimental technique. In this work, the ESPT pro­

cess is initiated by excitation using a picosecond laser. Fluorescence 

from the excited acid and its conjugate base is monitored to identify 

the events occuring on the excited surface. Finally, a kinetic analy­

sis of the data provides insights into the mechanism of these events. 

Excited state photochemical reactions are used to investigate 

proton transfer phenomena for two reasons. First, it is experi-



X OH 

2 

6 3 

x = H : 1- Naphthol 

X = 0 : 5,8 - Dideutero.-I-Naphthol 

OH 

2 - Naphthol 

Fig. 1: The molecules investigated in these experiments: I-naphthol, 
5,8-dideutero-l-naphthol, and 2-naphthol. 

3 
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mentally feasible to monitor the detailed kinetics on a very fast 

timescale. This information is not accessible with other methods 18- 20 • 

Second, electronically excited species have a different electronic 

charge distribution than the ground state species. Thus the study of 

excited species probes electronic characteristics which affect the 

reaction mechanisms and rates. 

ESPT dynamics have direct application to the study of other 

processes. In biological systems21 , the ESPT process is used to 

analyze protein structure. Since the proton transfer process is 

sensitive to solvent properties (e.g. polarity, basicity, or hydro­

gen bonding), the ESPT reaction can be used to probe the environment 

immediately surrounding an ESPT-active molecule. A moiety capable of 

ESPT is incorporated into a specific site of a protein. If the probe 

resides in a r.egion where water is excluded (hydrophobic region), then 

the proton transfer rate will be reduced compared to a water-rich 

location (hydrophilic region). Therefore, the ESPT rate helps to 

determine the protein conformation. Further, the ESPT reaction has 

been suggested as a source for generating protons 8• Since the absorp­

tion of light radically changes the acid properties of some molecules, 

ESPT can create local regions of high acid or base strength. This 

process is known as the laser pH jump technique. This proton source 

may be applied to the initiation of catalytic reactions. If very fast 

(picosecond) laser excitation is used, then ESPT becomes a "picosecond 

switch" for the initiation of some other chemical event. To best 

apply ESPT in such schemes, to these practical uses, an understanding 

of the fundamental kinetics of the ESPT process is required. 

Investigations of ionization reactions by themodynamic measure-
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ments yield results which shed light on relationships between struc-

ture, chemical reactivity, and solute/solvent interactions 22• Since 

ionization reactions involve the solvent as well as the solute, these 

studies can be used as an effective probe of the "structure" of water 

and aqueous solutions 23- 28• Initial studies of ESPT reactions focussed 

mainly on the importance of solute structure and reactivity. Once the 

ESPT phenomenon was identified, the energetics of the process were 

easily determined spectroscopically. However, detailed analyses of 

the precise interplay between the solute and solvent demands more 

refined techniques. 

The first observations of the ESPT event by Weber 29 in 1931 were 

met with some confusion. It was noticed that some aromatic acids, when 

excited, would emit light at highly Stokes-shifted (red-shifted) fre-

quencies. Further, the Stokes-shift was dependent on the pH of the 

solution. In the late 1940's, Forster demonstrated that the emission 

arose from the electronically excited conjugate species, even though 

it was not directly excited 2• An analogous scheme may be presented for 

proton abstraction from water by an excited base. The following gen-

eral ESPT reaction scheme was proposed: 

ROH + (ESPT) 

An important feature of this scheme is the existence of an adiabatic 

proton transfer reaction occurring on the excited state surface. 

Examples of such events are relatively rare 30. Wp.ller stud1;d the 

ESPT process in many organic aci.!s and bases and extended the theories 

of Forster and his treatment of the process (the F6rster cycle 2a , out-

lined below). Weller further developed the kinetic theory and per-

formed analyses based on steady state methods, fluorescence titrations, 



Forster Cycle Thermodynamic Model 

A* 

A 
- -----------

N --....- ---

For the ESPT Reaction Process: 

N """===; A - ;>' 

Fig. 2: The Forster Cycle thermodynamic model, as applicable to the 
2-level ESPT process. 

6 
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and time resolved measurements 3- S• Since this early pioneering work, 

many reviews have appeared, citing numerous investigations into ESPT 

reactions 31-32. 

The ~orster cycle is a thermodynamic analysis of the ESPT process. 

This analysis provides a simple means to estimate the excited state pKa 

* (pKa ) based on a knowledge of the ground state acidity constant and 

spectroscopic measurements. The four-level scheme of the Forster cycle 

is shown in Fig. 2. 

Two assumptions are involved in the application of the Forster 

cycle to ESPT reactions. The first assumption is that the 0,0 transi-

tion energy can be determined for both the protonated and deprotonated 

species. The 0,0 transition energy is the energy of the electronic 

transition between the lowest vibrational levels of the ground and 

excited states. These levels define the zero point energy for each 

state. Therefore, the 0,0 transition measures the thermodynamic 

enthalpy difference, ~, between the ground and excited states. The 

second assumption is that the entropy change, ~, for the ground 

state proton transfer reaction is identical to the ~ for the excited 

state process. If 6S is the same in both states, then the entropy 

terms cancel in the calculation of the free energy,~. This simplifi-

cation allows the measured enthalpy difference for the two reactions 

to be directly converted to the free energy difference. With these 

assumptions in mind, an energy cycle can be written as 

(1) 

where ~ and vA are the 0,0 transitions between the ground and excited 

state for the neutral and anionic species, respectively. From basic 

thermodynamic considerations we have 
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M; .. AlI - T65 ... -2.3RT log Ka (2 ) 

and 

pKa - AH/2.3RT - 6S/2.3R (3) 

so that 

* ApKa - pKa(ground state) - pKa (excited state) 

- (AHgs - AHes )/2.3RT (4) 

since asgs - 6Ses is assumed to be O. Inserting Eq. 1 into Eq. 4 and 

rearranging gives the explicit expression for the excited state acid 

dissociation constant in terms of "known" quantities, 

(5) 

or 

(6) 

where 6v is in wavenumbers and represents the difference in the 0,0 

transition energies of the neutral and the anion, and T - 298 K. For 

ESPT reactions where the proton is transfered to the solvent, the emis-

sion from the conjugate base is generally red-shifted. For these cases 

* * the energy gap between A and A is less than that between Nand N (see 

* Fig. 2). The excited state pKa is therefore smaller than the ground 

state pKa and N* is thus a stronger acid than N. Since the Forster 

cycle is easy to apply and requires relatively simple experiments, 

many systems have been analyzed by this technique. Changes in pKa 

of six to seven pKa units upon electronic excitation are commonly 

predicted 3} Although the Forster cycle has been employed extensively, 

the assumptions necessary for this simple treatment of ESPT reactions 

* can lead to inaccurate assessments of the pKa • The determination 

of 0,0 transition energies is not always straightforward. Absorption 

and emissidn spectra do not provide this information directly. The 
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vibrational progressions apparent in gas phase spectra typically are 

not present in solution phase spectra. In solution, solvent interac-

tions broaden transitions, causing spectra that are diffuse and struc-

tureless. The energies of the absorption and emission maxima are often 

averaged to obtain the 0,0 transition energy, but this technique is not 

accurate for all systems. Indeed, only when the system consists of two 

electronic states with no higher, interacting excited states, and only 

when these states are equally influenced by solvent interactions will 

this approximation be valid. In such cases, the absorption and emis-

sion spectra are mirror images of each other. This averaging technique 

fails for cases where multiple excited states or solvent reorganization 

is reflected in disparate absorption and emission spectra 33• In 

* assessing the accuracy of the pKa derived from the Forster cycle 

method, it is important to realize that a fou·r nanometer error in the 

determination of the 0,0 transition energy will result in an error of 

* one pK unit in pKa • 

The assumption that the two ~'s of the ground and excited state 

reactions will have the same sign is reasonable. In both reactions an 

uncharged species, N (or N*) forms two charged species, R+ and A (or 

A*). The magnitude of the entropy change, however, would be expected 

to be unequal for the ground and excited states. The different elec-

tronic structures should lead to solvent organizations that will be 

substantially different around the ground state and excited state 

species. The quantitative effect of this assumption is difficult to 

assess and will certainly vary from system to system. 

A more informative analysis of excited state proton transfer 

would be obtained from direct, time resolved measurements. The same 
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* thermodynamic pKa can be determined from the ratio of the forward and 

reverse ESPT reaction rates. In addition, more information is obtained 

because the two rate constants are uniquely determined. The effects of 

solute structure or solvent interactions may be explored in relation to 

the forward and reverse rates. Also, no assumptions are made about 

entropy effects, and studies of the ESPT rate constants as a function 

of temperature can yield the entropy change for the ESPT reaction. 

In order to obtain a complete kinetic analysis of ESPT reactions 

the technique of fluorescence titration is coupled with lifetime 

measurements 2S ,31. Fluorescence titration is a steady state method 

developed extensively by Weller 3• Steady state means that the system 

is continuously excited into a quasi-stationary state or dynamic 

equilibrium. The fluorescence is collected over time to give the 

relative quantum yields for the two excited state species. The 

technique is called fluorescence titration since measurements of the 

relative fluorescence yields are determined as a function of the pH. 

Under favorable conditions and with the proper fluorescence lifetimes, 

the desired forward and reverse rate constants are found. The details 

and the exact form of this analysis are presented in Chapter three. 

B. ESPT in I-Naphthol 

The 1- and 2-naphthol isomers, Fig. 1, make an ideal comparative 

system. The 2-naphthol molecule has been extensively studied and 

provides the model system for the description of the fluorescence 

titration technique 31• For 2-naphthol, a Forster cycle calculation 

gives an excited state PKa of about 2.8, matching the value determined 

from both fluorescence titration 1S and by complete time dependent 14 
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analyses. In fact, all excited state pKa measurements for 2-naphthol 

reported in the literature fall within ~.5 pK units 3l of each other. 

The exact reaction scheme for the 2-naphthol system has been presented 

in various forms l5• * Nonetheless, the pKa shows little deviation. The 

reason for this agreement is twofold. First, the system does not 

deviate from the proper four state model shown in Fig. 2. As a well-

behaved system, 2-naphthol is relatively unaffected by solvent interac-

tion. Intense emission is observed from both of the excited species. 

Second, the lifetimes and formation times for the excited state species 

can be measured with nanosecond techniques. 

ESPT in I-naphthol would be expected to be similar to 2-naphthol 

based on the similarity of the two structures. Many experiemnts have 

been performed on I-naphthol 6, 7,33,35. As in 2-naphthol, the emis-

sion from the excited conjugate base (the I-naphtholate ion, hereafter 

termed the anion) is intense. The intensity of the signal stems from 

an equally long lifetime and efficient ESPT process as in 2-naphthol. 

All of these previous studies suffer from a serious problem, however. 

The emission from excited I-naphthol (hereafter termed the neutral) is 

either absent or extremely weak in aqueous solution4,l6. Manyexplana-

tions have been proposed for this lack of signal including: proton 

quench1ng l3 ,l6, solvent quenching 32 ,35,43, electronic/structural 

features 7,38,39, excited state level crossing 33 ,38,4o-42, and remote 

quenching (quenching by protons at the aromatic ring)3&-38. Previous 

to this study, no accurate kinetic measurement of neutral had been 

made. Without this information, many of the above explanations are 

purely speculative. 

This work investigates the "peculiar" nature of I-naphthol. The 
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focus of the work is the resolution of the anomalous kinetic behavior 

of I-naphthol by the application of time resolved detection and steady 

state emission techniques. Both time resolved and steady state measure­

ments with sufficient sensitivity to detect accurately the presence of 

the neutral have been made. Temporal and quantum yield measurements 

have been performed as a function of solution pH to better understand 

the relative importance of the various kinetic processes in the ESPT 

reaction. The nature of· the analysis is outlined in Chapter three. 

Also, studies have been performed to elucidate isotope effects and 

·solvent interactions. These experiments include: the effects of 5,8 

di-deuteration of the aromatic ring 37a , the full kinetic study in 

D20, the use of mixed solvents (ethanol or acetonitrile with water), 

the changes due to added inorganic salts, and the study of the ESPT 

reactions at high pressure. 

The ring deuteration study probes the possibility of diabatic 

quenching of the aromatic nucleus, as suggested by Weller 36• From 

molecular orbital charge density calculations, NMR studies, and photo­

chemical methods, the 5,8 positions are known to be photolabile 37b• 

The question, then, becomes: does proton attack at these positions 

provide an additional, non-radiative decay channel to the ground 

state? Such a decay route is not manifest in 2-naphtho1 38• A 

secondary isotope effect in the diabatic quenching rate would support 

this mechanism. 

The other investigations address the role of the solvent in the 

ESPT reaction. Deuteration of the solvent affects any hydrogen (or 

deuterium) bonding, especially in relation to proton abstration 44• 

Solvent quenching will also be different in ~O. The mixed solvents 
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and salts cause restructuring of the solvent, in this case the water, 

network. Thus, the overall entropy, caging, hydrogen-bonding, and 

water quenching will be altered 45 ,46. Finally, pressure modifies the 

water structure without changing the solvent or introducing additional 

solutes 26 ,47. The results of these experiments and a discussion of 

their implications are presented in Chapter four. 

In all of these studies, the small quantum yield of the neutral 

suggests exceedingly short lifetimes. The picosecond time resolved 

emission apparatus used in these studies is capable of measuring weak 

signals on short timescales. Chapter two describes the details of 

the picosecond apparatus and experimental techniques employed in this 

study. The results in Chapter four demonstrate the necessity of using 

picosecond techniques for analyzing the ultrafast ESPT reactions in 

I-naphthol. 
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Chapter Two 

Experimental Apparatus and Techniques 
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Advanced techniques are often required to understand basic chemi­

cal phenomena. Chemical events in solution typically occur on the 

timescale of molecular collisions. 19,20 Picosecond laser techniques 

expand our knowledge of chemical dynamics by probing these fundamen­

tal events. 18 Since the laser and detection apparatus are such an 

important tool, this chapter is devoted to the description of the 

picosecond laser apparatus and the experimental techniques used in 

this work. 

The basic goal in the investigation of an ultrafast process is the 

direct observation of chemical the event. Laser light is a useful tool 

to monitor these fast molecular reactions. Tunable laser light often 

allows specific events to be singled out. A second requirement for di­

rect observation is measurement on the timescale of the event. The 

picosecond laser system in our laboratory meets these requirements. 

Traditionally, kineticists have depended on the interactions of 

two competing reactions. Kinetic information was achieved by compari­

son of the product distributions between a reaction with a known rate 

and the unknown reaction. Later, reaction rates began to be measured, 

not only by competing chemical processes, but also by direct spectro­

scopic techniques. Kinetic information has also been derived via 

Fourier transform of the spectral linewidth. These measurements re­

quired high spectral sensitivity. Also, inaccuracies occur due to the 

difficulty in sorting out the contributions of the homogeneous and 

inhomogeneous components of the linewidth. 
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The theory and the goals of time resolved laser spectroscopy are 

the same as these earlier techniques. By using the absorption of light, 

a process which occurs on a timescale of 10-15 seconds, to initiate a 

chemical process, it is possible to directly measure the time evolution 

of the subsequent chemistry. It is important that the initially exci­

ted species or state be formed in a time short compared to the rate 

process of interest. 

Two extremes in the preparation of an excited state can be consi­

dered: continuous wave excitation (CW) or delta-function pulsed exci­

tation. CW excitation refers to the continuous input, or pumping, of 

light energy into a system. The result is a dynamic equilibrium be­

tween the laser light and the evolving state. Only by transforming the 

spectral response can any temporal information be obtained. The sample 

is constantly absorbing and emitting photons such that the resulting 

spectrum measures a complex average of many processes. Conversely, 

delta-function pulses are light pulses which are infinitely short in 

time. These pulses produce an excited, reactive state in a single 

instant in time. The state evolves and emits in time as a function 

only of chemical and physical processes. For a state that emits, the 

emission intensity is directly related to the population in the excited 

state. Therefore, its kinetics can be measured. With such initiation 

methods, direct measurements can be made without complications due to 

continuous perturbations by the excitation field. In reality such in­

fintely short pulses are not achievable. Instead, pulses of finite 

width are used. This condition forces a limitation on the rates of pro­

cesses that may be studied to those reactions that occur on a timescale 

that is long compared to the pulse width. As pulses become "short" 
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relative to the reaction time, they approximate the delta-function ex­

citation process. Data obtained from "long" pulse excitation require a 

mathematical treatment to remove the pulse response. The optimum situ­

ation requires the use of the shortest possible light pulses as the ex­

citation source. Unfortunately, shorter pulses result in smaller num­

bers of photons for a given power density. A threshold exists which 

limits the maximum useable power density either to the damage threshold 

of the material in the experiment or to a level where the onset of any 

undesired, non-linear optical effects occur. Therefore, weak signals 

are almost an inevitable problem in ultrafast spectroscopy. 

In addition to a fast excitation source, direct measurements of 

ultrafast emission processes require a detection system that can mea­

sure the time-evolving emission of the state on an appropriately short 

timescale. A detector must be able to analyze very rapidly rising or 

falling emission intensities. The ability to produce a state in an ex­

ceedingly short time is useless if the rates of the resulting reaction 

cannot be measured. The detector must also be sufficiently sensitive 

to measure the low signal levels inherent in ultrafast experiments. 

Ultimately, the energy resolution achieveable with short laser 

pulses is limited by the Heisenberg uncertainty principle. Simply put, 

the uncertainty principle requires that the product of the temporal 

duration and the spectral range be a constant. Therefore, as pulses 

become shorter in time they become less certain, or broader, spectrally. 

In a laser cavity there is a limited gain bandwidth or allowable spec­

tral width that can be supported. Pulse durations from any laser cavi­

ty cannot be shorter than the inverse bandwidth of that cavity. Very 

short (15 fs, fs - 10-15 seconds) pulses have been generated by the 
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interaction of short laser pulses with fiber optic pulse compressors 

that allow for further spectral broadening and therefore shorter pulses. 

Of course, some of the utility of the laser pulses may be diminished 

by the spectral broadening. 

Similarly, detectors have their own limitations. The two impor­

tant processes in many laser spectroscopy experiments are emission and 

absorption. In emission, the emitted light intensity is proportional 

to the population of excited species. Time' resolved emission monitors 

how the population of the state decays in time. Ultimately, these 

photon signals are'converted into electrical responses by some sort of 

photodetector, typically either a photomultiplier, or a photodiode. 

This conversion from photons to electrons is generally very fast (less 

than a few ps) except in the photomultiplier. Photomultipliers are 

multi-element devices whose response is a function of the geometry of 

the elements and the electron-accelerating voltages. Typically, the 

response times of photomultipliers are many hundreds of picoseconds. 

Presently, the major limitation in most of these devices is the speed 

at which the electrons travel in the circuit, and the timing jitter of 

the electronic components. A single foot of electrical cable with one 

ohm internal resistance and twelve picofarads of capacitance will 

convert a delta function electronic signal into a twelve ps response. 

Similar broadening occurs in all circuits. The timing jitter of an 

electrical signal is important in applications where chemical changes 

are mirrored in electronic signals which are measured relative to each 

other in time. This type of jitter results in variations in measure­

ments and broadening of signals of at least tens of picoseconds. Some 

techniques minimize the inaccuracies due to jitter and broadening by 
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determining the average total response including jitter. A mathemati­

cal means of removing this broadened response is performed in a manner 

similar to that for broad laser input pulses. In fact, it is gen­

erally the total response function of both the laser and the detection 

system, in the absence of any chemical or physical event, that is 

measured. This response function is removed from the actual data by 

mathematical means (deconvolution). At best, rate processes which are 

no faster than one tenth the time of this response signal can be accur­

ately determined. 

This chapter will detail the active/passive, modelocked Nd:YAG 

laser and the streak camera detection system developed and operated in 

our laboratory 52. Illustrative comparisons to the widely used "sync­

pump" dye laser with single photon counting detection will help point 

out the features sought in both the laser and the detection system4 &-Sl. 

Many examples of other experiments carried out on this system will 

further demonstrate its utility in the study of a variety of primary, 

chemical events. Standard steady state measurements that are important 

to a more complete picture are described. The sample preparation 

techniques used in this work are also described in this chapter. 

B. Experimental Apparatus 

1. Picosecond Laser System 

The laser (Quantel YG400) used in these experiments utilizes a 

solid~state, Neodymium-doped, Yttrium/Aluminum/Garnet (Nd:YAG) crystal 

as the gain medium. The active element, Nd+3 , emits at its fundamental 

wavelength of 1064 nm. An important feature of this laser is the abil­

ity to generate high-powered, short-duration (20-25 ps) pulses. These 
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pulses occur due to the "modelocking" process which results from the 

design detailed below. The uniformity and stability of the pulses are 

functions of the laser cavity elements and alignment. 

The laser cavity (see Fig. 3) consists of the laser head, active 

and passive modelockers, apertures, and optics. Lasing occurs when a 

larger fraction of excited Nd+3 atoms exist relative to the non-excited 

species (population inversion). This population inversion is driven 

by the absorption of light from two, three-inch-long Xenon flashlamps 

pulsed at 10 Hz by a high-voltage, pulse-forming network at 1.1 kV. 

Relaxation is sufficiently rapid that separate lasing events occur on 

each firing of the lamps. For stable operation it is important to 

maintain a constant temperature in the laser head. This temperture 

control is accomplished by flowing cooling water (28°C, Neslab recircu­

lator) around the lamps. "The optical arrangement produces a stable 

cavity configuration for the generation of the laser light. The opti­

cal components are: a rear reflector (99+% reflecting, +75 cm radius 

of curvature); an intracavity dispersing lens (f- -30 cm) that acts in 

conjunction with the curved rear mirror a~ a compensator for any ther­

mal lensing in the laser rod; and an output mirror (70% transmitting 

at 1064 nm) to couple out a fraction of the intracavity light without 

causing too much loss in the laser. All the optics are high quality 

and appropriately coated (CVI Corp.). 

The 0.07" ceramic apertures are placed approximately at beam 

waists of comparable diameter in the cavity. These apertures limit 

the possible spatial modes, or transverse electronic modes (TEM), to 

TEMOO. TEMOO has no spatial nodes in the beam cross-section. A TEMOO 

beam approximates a Gaussian intensity profile normal to the laser 
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propagation direction. This mode has the best characteristics for 

interactions with other elements. There are no "hot spots" as the 

intensity is well distributed and homogeneous. 
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The actual generation of short duration pulses is a result of the 

interaction of the laser light with the modelockers. The passive 

modelocker is responsible for most of the pulse shortening and part 

of the pulse formation. Specifically. this modelocker consists of a 

short-pathlength (100 ~ ). flowing dye cell that is in contact with 

the rear reflector to minimize losses from optical surfaces. The 

dye (Kodak Q-switch dye '9740) is dissolved in 1.2-dichloroethane and 

acts as a Q-switch and saturable absorber in the modelocking process. 

Initially. the dye cell passes only a single photon-packet that has 

sufficient intensity to bleach the dye. The generation of such pulses 

is a random process that occurs in the laser head during excitation. 

This single pulse repasses through the laser medium. increasing in in­

tensity by stimulated emission. This one pulse is further shortened in 

each subsequent pass through the dye. The dye is then acting as a 

saturable absorber. Intensity is removed from the "wings" of the 

pulse. thus shortening the temporal duration. The active modelocker 

(Intra Action #ML-505-Q) operates mainly to form and stabilize the 

pulse. It allows only for the propagation of a pulse or wave packet 

that is in phase with the acoustic wave in the crystal. Simply. a 

radio-frequency (RF) transducer establishes a standing wave in a quartz 

crystal. Five·watts of 45.870 MHz RF are absorbed by the crystal. 

This absorption induces an acoustic wave in the crystal which generates 

a time dependent index of refraction. The index change deflects (by 

diffraction) any laser light which is out of phase and passes the in-



22 

phase light. Therefore, only this single mode is allowed to propa­

gate through the cavity. This selectivity results in considerably 

enhanced intensity stability by reducing the propagation of "noise" 

pulses. This device must also be carefully aligned, temperature­

controlled, frequency selected, and cavity-matched. Only certain 

standing waves can be established in a crystal, given by the crystal 

length and temperature and is determined by maximizing the absorption 

of the RF signal. Cavity-matching means that the length of the cavity 

(and therefore the transit time of a photon) is such that the frequency 

of the appearance of the photon at the crystal matches the frequency 

of the standing wave in the crystal. The cavity matching equation is 

given as 

2F - c/(2L) 

where F is the RF (Hz), cis the speed of light in air '(3.0 x 1010 

cm/sec), and L is the cavity length (cm). For the frequency used 

here a cavity length of approximately 1.6 meters is optimum. 

The output of the laser (Fig. 4) is a train of pulses. Each pulse 

in the train represents one round trip passage of a single pulse. The 

separation of the pulses is given by the cavity round trip time (2L/c). 

The round trip time for this cavity is 10.9 nanoseconds (ns). The in­

tensity of the pulses is a complex function of the laser parameters, 

but, in general, follows the intensity profile of the exciting lamps. 

Under optimum conditions, identical pulse trains would result for 

every firing of the lamps. 

For the experiments described here, only a single pulse is selec­

ted from the train. The next task is the amplification and propagation 

of this single pulse to the sample and detector, Fig. 5. 
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Fi~. 5: Diagramatic representation of the time resolved emission 
apparatus. SHG - Second harmonic generator (KDP crystal); 
DM - Dichroic mirror;· FHG - Fourth harmonic ~enerator (KDP 
crystal); BS - Beam splitter; F - Filter; GT - Glan 
Thompson polarizing prism; L - Lens. 
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Single pulse extraction is accomplished by a Pockels cell (Quantel, 

PF 302). A Pockels cell works using the optical properties of KDP 

(potassium dihydrogen phosphate). An applied potential across a crys­

tal of KDP causes it to act as a waveplate (by electronically-

induced birefringence) to rotate the polarization of light passing 

through it during the applied electronic signal (the Pockels effect). 

Since the output pulses of the laser are horizontally polarized, 

the Pockels effect can be used to selectively rotate the polarization 

of a single pulse from the train of pulses. A voltage ramp on the 

crystal during the passage of a single pulse results in that pulse 

being rotated to vertical polarization. Once a single pulse is per­

pendicularly polarized relative to the other pulses, it is a simple 

matter for a Glan polarizer to pass specifically that pulse. The 

triggering of the voltage ramp is initiated by a previous pulse from 

the train. At the beginning of an experiment, the sensitivity of the 

trigger is adjusted to select a pulse from either the center of the 

train or late in the train, depending on the application. The most 

intense pulses are found in the center of the train, while shorter 

pulses can be selected later in the train. 

The single pulse is expanded 1.75 times through a collimating 

telescope and amplified in a second laser head. Amplification is a­

chieved by stimulated gain in a Nd:YAG rod which is pumped by 4" flash­

lamps at between 1.5 and 1.8 kV. The gain is between 10 and 30 times 

for this voltage range, producing single pulse energies of 3-6 mJ. 

Depending on the application, harmonics of the fundamental at 532 

nm or 355 nm are generated after the amplifier. These new wavelengths 

are formed by non-linear optical mixing in angle-tuned, type II, KDP 
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crystals. In this manner two photons of 1064 nm are added to make 

the 532 nm light (frequency doubling). Similarly, a 532 nm photon can 

be summed with a 1064 nm photon to form the third harmonic at 355 nm 

(frequency summing). The residual IR and a fraction of the green (532 

nm) beam are used to activate photodiode triggers (R.P. #5082-4220) for 

the streak camera and the readout array of the detector, respectively. 

These two beams, originally collinear through the crystals, are separa­

ted by a dispersing, Pellin-Broca prism. The IR beam is further 

shortened and temporally filtered (by removing any satellite pulses) to 

ensure a sharp leading edge for triggering. 

The desired color, either green or UV (355 nm), is propagated 

along a fixed optical delay to allow time for the triggers to acti­

vate the detectors. The last leg of the delay line contains a reduc­

ing telescope (2X) and, when desired, additional non-linear crystals. 

A type I KDP doubler for the generation of the fourth harmonic 

(266 om) can be placed in the green line as is the case for this study 

of I-naphthol. In other studies, a pair of KDP crystals are put in 

the 355 nm beam to function as an optical parametric source (OPS). 

The OPS forms tunable light in the visible (450 - 640 nm) and IR (760 

- 1640 nm) by the decomposition of a 355 om photon 57. The chosen fre­

quency is split into a major and minor fraction. The minor fraction is 

used as a marker pulse (see below). This pulse is suitably attenuated, 

diffused, and focussed onto the slit of the streak camera. The major 

fraction is appropriately delayed with respect to the marker pulse, 

and sent through a Glan polarizer, to ensure vertical polarization. 

The pulse is cylindrically focussed onto the front edge of a magneti­

cally-stirred, 1 cm square cuvette containing the sample solution. 
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For the fluorescence experiments used in this study, the first 1 mm of 

the sample fluorescence is collected with a lens (at f2) at right 

angles to the excitation beam. The fluorescence is passed through a 

second G1an polarizer (24x24 mm in size, but apertured to allow through 

only a 20 mm dia. beam) which is mounted in a rotary stage for setting 

the detection polarization. The signal is filtered using 10 nm band­

pass interference filters, recombined with the minor fraction, and fo­

cussed onto the slit of the streak camera via a 1:1 imaging telescope. 

2. Streak Camera System 

A streak camera is an ultrafast, optical-signal measuring device 

which determines photon intensity as a function of time. The active 

element in the camera is a photocathode which converts a photon beam 

into an electron current. This current is an exact analog of the 

photon emission from the sample as it evolves in time. The electron 

beam is dispersed horizontally by a deflecting voltage ramp at a fixed 

and measurable rate. The temporally spread beam strikes a phosphor 

screen that converts the electrons back into photons. It is this 

"streak image" that is analyzed. The streak image provides a direct 

measurement of the light intensity from the sample in time. Throughout 

the process of photon-elect ron-photon conversion, care must be taken 

that saturation of the signal does not occur. Saturation manifests 

itself in two ways in the camera. First, the normal problem of satura­

tion is the loss of a linear correlation between the signal in and the 

signal out. This non-linearity causes a distortion in the data which 

is difficult to distinguish from a real response. The second problem 

is more subtle. As more electrons are formed at the photocathode per 



short time interval, the electrons will spread out due to space­

charge repulsion. This spatial spread appears as a broadening of 

the signal in time. To avoid these problems, operation at low input 

intensity is preferable. The outcome is a reduced signal-to-noise 

ratio. It is therefore necessary to average many shots. Repetitive 

operation has been a prime goal in the development of the system. 

The details of the operation of the streak camera used in the present 

system are described below. 
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The streak camera is a Had1and Photonics Imacon 500. This camera 

has a quoted temporal resolution of 2 picoseconds. In this work the 

camera was operated at the firing rate of the laser (10 Hz). The 

workings of the detection system are described as follows. The elec­

trons at the photocathode are swept in time as determined by a timebase 

switch on the camera which ranges froa 0.02 to 34 ns/mm across the phos­

phor. The electron signal is intensified using microchanne1 plates by 

a factor of up to 1000 times prior to its striking on the final phos­

phor screen. The streak image is lens relayed to an intensified, 1024 

channel, photodiode array (Tracor-Northern, IDARSS) and the information 

from the array is stored in a microprocessor-controlled mainframe 

(Tracor-Northern 1710). The 1:1 coupling of the entire streak camera 

phosphor to the array yields a maximum time window for a given streak 

speed. The disadvantage of maximizing the time window is distortion 

effects that occur at the edges of the detector due to the non-uniform 

deflection of the photoelectron beam (pin cushion distortion). These 

distortions require correction. 

The array mainframe, like the camera, is triggered by the laser 

pulse. The operation of the mainframe is controlled by a DEC LSI 11/73 
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minicomputer. Sets of seven scans, where each scan is a single laser 

shot consisting of the marker pulse and fluorescence decay signal, are 

accumulated in the mainframe and then transfered sequentially to the 

computer. The computer controls the laser pulse rate by opening and 

closing a shutter situated before the pulse selector. The pulses are 

accepted at the maximum processing capability of the computer. Effec­

tive data collection rates of nearly 3 Hz are presently obtained. In 

this manner, the accumulation of at least 500 shots, with all the 

corrections explained below, is routine. 

C. Analyses, Calibrations, and Corrections 

The specific operation of the computer and the photodiode array 

signal detector is as follows. A short program is run on the detector 

mainframe which. acquires and saves an averaged, negative, dark trace 

into 1/8 of the memory buffer. This spectrum serves as a correction 

for dark counts in each of the data scans. By transfering the negative 

of the dark trace to the seven areas for each scan (1024 channels per 

area) a dataset is automatically background-corrected when the signal 

is summed into its memory spot. Once the dark spectra are in place, 

the array is enabled and ready to accumulate the seven laser shots (or 

scans for the fluorescence in time). Each scan is made up of five 

"reads" of the 1024 channels of the diode array. The array is read 

five times in order to accurately integrate the signal from the phos­

phor screen. 

The LSI 11/73 program analyzes each laser shot based on user­

supplied parameters. The information to be supplied includes: a cor­

rection dataset (see below), the time window (or range) for the marker 



pulse, the acceptable minimum height of the marker pulse, and the 

position of a time window where no signal is to be found (a null re­

gion). The marker pulse (pre-pulse) sets limits on the electronic 

jitter which occurs on a shot-to-shot basis. An acceptable scan is 
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one in which the marker pulse and the fluorescence signal are roughly 

centered on the array. Time jitter sometimes causes either the pre­

pulse or the fluorescnece to partially miss the detector. Generally, 

at least 750 channels are maintained for the signal. The limit on the 

acceptable height of the prepulse determines whether a laser shot of 

sufficient energy was registered. Variation in laser power per shot 

causes some pulses to be too weak to generate a useable amount of sig­

nal from the sample. This restriction also eliminates the possibility 

of a noise "spike" being counted as a prepulse. Establishing a null 

signal area has two functions. First, since no signal should exist in 

this region, a pulse appearing there often signifies an unwanted satel­

lite pulse which may distort the fluorescence signal. Second, the jit­

ter of a particular scan may cause the emission signal to fall in the 

prepulse window. If the signal is sufficiently intense, it can be con­

fused as a prepulse. This condition would result in signal in the null 

area and the scan is rejected. Since only the prepulse establishes 

both acceptability and the time reference for signal averaging, small 

signals that are correlated to this pulse can be correctly accumulated. 

The acquisitions are started once the parameters for the exper­

iment are set and the number of scans are entered. The computer sends 

a signal to open the shutter. A 16 bit, addressable ADAC 1664 ATTL 

board generates this control signal. After the seventh data scan has 

been taken the computer closes the shutter and begins the transfer of 
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the data from the array mainframe to the computer. The data is tested, 

corrected, and summed. The summed output is displayed on a monitor 

scope via a DT 2771 D/A point plotter with Direct Memory Access. The 

cycle reinitiates with the signal that opens the shutter. 

Due to the timing jitter, each dataset must be shifted so as to be 

referenced to the same "time-zero" point. The center of the marker 

pulse serves as this reference point. However, the response of the 

detector system is not uniform from channel to channel in either time 

or intensity. Therefore, the corrections explained below must be 

applied to each unshifted dataset, and not simply to the final, 

composite data. 

Temporal calibration of the detection apparatus requires some 

standard with a known time response. The calibration technique must 

cover time ranges from 300 picoseconds to thirty nanoseconds (i.e. the 

time windows of the fastest and slowest streak speeds, respectively). 

Calibrations are performed using etalons. Etalon traces are the sig­

nals produced when a single pulse is reflected between the surface of 

two, opposed, partially-reflecting mirrors. Similar to the laser 

cavity which produces a train of pulses separated by the round trip 

time, these mirrors also function to create a series of pulses separa­

ted by the time it takes the input pulse to traverse the mirrors. 

Each peak is the fraction of the pulse which is transmitted through 

the final mirror. Specifically, a pulse enters the air-gapped, pair of 

mirrors and some fraction of the pulse passes through both mirrors. 

The major fraction of the light, however, reflects internally between 

the two mirrors. At each mirror on each pass another fraction of the 

light is transmitted. Therefore, the signal from an etalon is a series 
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of peaks separated in time by a known amount (2L/c) with an exponen­

tially decaying intensity as a function of the mirrors' reflectivity. 

By setting and measuring the air-gap between the mirrors and then 

recording the signal produced at the detector, the time per array 

element is calculated. This procedure can be performed at each streak 

speed of the camera. 

Two considerations must be followed regarding the construction 

of the etalon. First, the mirror surfaces must be absolutely flat 

and arranged perfectly parallel to each other. In practice these 

conditions cannot be met and the result is that the beam will eventu­

ally "walk-off" itself, especially as the air-gap is increased. This 

walk-off determines how many peaks may be focussed onto the slit of 

the streak camera. Second, the total reflectivity should be high 

(at least 80% reflecting) to maximize the number of etalon pulses of 

measurable intensity. Too small a reflectivity will result in too 

large an exponential decay of the peak-to-peak intensity. Too high 

a reflectivity means that little light will escape per pass of the 

mirrors and the whole etalon trace will be of low intensity. 

In the analysis of the raw etalon traces, several critical 

observations are made. From the physics governing the etalon 

formation, etalon peaks with a constant spacing and an exponential 

decay of intensity are expected. Instead, peaks are found which vary 

in separation and decays are observed which are neither exponential 

nor exactly alike in successive acquisitions. These observations 

demonstrate both the non-uniform temporal and intensity responses of 

the detector system. These inconsistancies, due to shot-to-shot fluc­

tuations, are eliminated after averaging even a few scans. However, 
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the need for the time and intensity corrections remain. 

The rationale for the construction of the correction set goes as 

follows. First, a temporal uniformity must be established across the 

entire time window. Once the timing is correct, then the intensity can 

be normalized to give an equal response for an equal number of photons/ 

unit time/channel. This combined time/intensity correction scheme is 

applied to each dataset prior to signal averaging. Only by making the 

corrections can experimental fluorescence decays be accurately obtained. 

The time base correction is generated from the analysis of 

several etalon traces at each streak speed. A plot is made of etalon 

separation versus the mean,channel position for that separation. 

Figure 6a shows such a plot for the fastest streak speed. No net time 

can be created or destroyed by the correction function. Therefore, the 

correction redistributes the same total time (average time/channel 

times the number of channels) of the raw uncorrected data into a more 

uniform arrangement. This redistribution is done, essentially, by 

rearranging the intensity/channel by borrowing from or donating to ad­

jacent channels. For example, an uncorrected channel may represent a 

larger-than-average amount of time. This channel would have a corre­

spondingly larger signal intensity for a given input than an average 

channel. Therefore, by removing some fraction of the intensity and 

donating it to some channel with a smaller-than-average time window, 

the amount of time/channel will become equivalent across the array. A 

channel contains more than the average amount of time if it has a 

smaller than average etalon spacing (points below the line in Fig. 1). 

The effectiveness of this correction can be seen in Fig. 6b. Here, the 

same set of etalon traces were summed, one with correction (Fig. 6b) 
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and one without (Fig. 6a). The reduction in the standard deviation of 

the separation is considerable in the corrected set. An important 

outcome is that the average spacing is not affected (less than 1% 

change in this case) by the correction, only the uniformity of the 

spacing is improved. Further, both Figs. 6a and 6b show that the 

averaged scan resembles a good exponential decay. This is not always 

the case in the individual scans that made up these averaged eta10ns. 

The time base correction is fixed by the geometry of the streak 

camera screen and the photodiode array. As long as this arrangement 

is unchanged, the calibration, which is rather tedious and time con­

suming, need not be retaken. Such a situation is not true for the 

intensity correction. The channe1-to-channe1, intensity non-uniformity 

is dependent on the input geometry of the fluorescence into the streak 

camera. The geometry necessarily changes as the alignment of the sam­

ple fluorescence is changed for each new experimental set-up. There-

. fore, new intensity corrections are taken at the beginning of each 

day's experiment or whenever changes are made in the sample collection 

geometry. Fortunately, this correction procedure is relatively simple. 

Emission scans are accumulated and temporally corrected at the 

same streak speed and alignment geometry of the experiment. Correc­

tions are performed using a fluorescing species whose lifetime is 

known to be "long" with respect to the streak speed. A typical ca1i­

brant used in this. laboratory is ruthenium tris(bipyridine) dichloride, 

whose radiative lifetime is nominally 600 nanoseconds (in water). 

This lifetime is much longer than the time window of even the slowest 

streak speed (34 ns)53. Such a cali brant should produce a uniform 

intensity across the detector, since little decay occurs over the time 



of the measurement. Instead, some deviation is found due to 

irregularities in the intensity response. The correction factor 
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is the multiplicative inverse of the response. This correction factor 

is combined into the time base correction to create the final complete 

correction set which is called by the main operating program. 

The completely corrected datasets are saved, if desired, for 

analysis of the decay kinetics. Two types of analyses are performed. 

For long time (relative to the pulse width), single-exponential, decay 

measurements, logarithmic plots are fit by a linear least squares' 

routine to yield the lifetime. These lifetime determinations are often 

used as fixed parameters in the more involved kinetic calculations 

which are explained next. Kinetic analyses of more complex decays are 

based on a best fit of the data either to a model kinetic scheme or to 

the simplest scheme of exponentials necessary for a proper match to the 

raw data. Fits are determined by minimizing the sum of the squared 

residuals of the raw data and the kinetic expression. By varying the 

exponential and pre-exponential factors, and minimizing the difference 

between synthetic spectrum and the raw data, the computer iterates to 

the best fit. The synthetic spectrum also incorporates the instrument 

response function by convolution. All fits are performed on a VAX 

11/780 for speed of calculation. 

An extension of the time resolved emission technique is the con­

struction of time-evolving spectra. Fluorescence spectra can tell 

many things about the state of the emitting species. A spectrum, 

as it changes in time, describes how a state or transitory species 

evolves over the course of a reaction. An example of a state evo­

lution process of interest in this laboratory is the interaction of a 
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solute with the solvent. How the solute is affected by hydrogen-bond­

ing, dielectric relaxation, and viscosity of the solvent are important 

questions. Here, not the solute alone, but the solute/solvent complex 

changes in time. In the excited state the solute/solvent complex 

shifts to a new equilibrium orientation to accommodate its new elec­

tronic configuration. This re-equilibration is manifest by a spec­

tral red-shift, as in Fig. 8. Besides this type of process, spectra 

in time can indicate whether an excited state reaction is occuring. 

An excited state reaction would result in one excited species producing 

another. ~ese two species would normally have two, different fluore­

scence spectra. By observing the decay of the spectrum from the initi­

ally formed species, and the appearance of a second spectrum, informa­

tion is gained about the coupling between these two emitting species. 

Direct coupling is signaled by an isobestic, or isoemissive, point in 

the time evolving spectra. 

Time-evolving spectra are measured by the following procedure. 

Time resolved scans are taken at individual, 10 nm bands throughout 

the fluorescence region of interest. This series of scans is fit by 

the normal computer analysis to create a series of "deconvoluted", 

single-wavelength, fluorescence decays as a function of time. Next, 

the total fluorescence signal for each band is normalized to the 

corresponding fluorescence yield under the equivalent wavelength band 

in the steady state spectrum. Finally, individual time cuts which 

give the intensity at a single point in time are taken' from each 

wavelength dependent scan. These intensities create an intensity 

versus wavelength plot at that particular time. These spectra are 

necessarily crude since the wavelength resolution is determined by 



t 
UJ 

r > 

r1g. 8: 5chelUtlc representatl,=,.", of the grouDd and excited state poten­
tial aurfaces for a statea (aolute/solvent atate) undergoing 
re-equl1lbratlon. lnitlal excltatlon and rapid, vibrational 
relaxatioD (points a to b) produces a high-energy, Don-relaxed 
coaplex vhich adlabatically relaxes to the 51 minimum potential 
veIl (c) vhile fluoreaclDg. Points d to a represent the same 
proceas on the ground atate aurface. 

40 



• 

41 

10 nm band pass filters. Nonetheless, valuable information is obtained 

from these plots. 

D. Comparative Features of the Laser and Detection System 

Some features of the Nd:YAG laser system are worth comparing 

to high-repetition rate systems. The points to consider are: power, 

output frequency range, laser repetition rate (or, more importantly, 

data acquisition rate), and pulse width. The central feature in the 

system described here is the large peak power-several hundreds of 

microjoules per 25 ps pulse. This power is easily boosted by the 

addition of any number of Nd:YAG amplifiers (10-30 times per amplifier) 

to tens or hundreds of milijoules. High power is important since it 

can be traded off for tunability and/or temporal width. 

Tunability is accomplished with various combinations of non-linear 

optics. Both the generation of the laser harmonics or the tunable 

light from the OPS result from the use of KDP crystals. An additional 

feature of the OPS is the pulse narrowing which shortens pulses to be­

tween 1/2 to 1/3 their original width. Temporal narrowing may be a­

chieved for the fundamental frequency as well. Saturable absorbers, 

dye solutions similar to the passive modelocker, are used in the beam 

prior to amplification for this narrowing. Power levels after these 

schemes of frequency conversion or temporal narrowing are still sub­

stantial, being in the range of at least a few to tens of microjoules. 

The repetition rate of the Nd:YAG, 10 Hz, is slow compared to many 

other lasers and the combined data acquisition rate is presently detec­

tor/computer limited to <3 Hz. These conditions can be contrasted to 

high-repetition-rate systems. These systems produce pulse widths of a 



couple of picoseconds which are tunable only over narrow wavelength 

regions, determined by the laser dye. Repetition rates- up to tens of 

megahertz are obtained, but data rates often two orders of magnitude 

slower are normal. Finally, the high repetition rate means low power 

levels, usually in the nanojoule range. 
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Two major characteristics can be compared in a streak camera 

system versus, for example, single photon counting (SPC)4a,so,S1 or 

other S4- S6 detection systems. They are: 1) the signal-to-noise ratio 

which determines the reliability of the analysis of the data and 2) the 

temporal resolution. The signal-to-noise ratio is superior in high re­

petition rate systems (MHz data collection rates) where very large sta­

tistical averages can be made (SPC is an example that requires high 

averaging). However, the temporal resolution of the streak camera is 

between one and two orders of magnitude better than in SPC experi­

ments. a ,S1 Fitting techniques often allow measurements down to 1/10 

of the instrument response function which is typically hundreds of 

picoseconds for SPC versus about twenty five picoseconds for the system 

described here. 

For complex, multiple exponential signals, analyses based on com­

puter fits to the data with minimized, randomly distributed residuals 

are the most accurate and unbiased. This method of analysis is best 

performed on data with high signal-to-noise ratios that have been 

statistically averaged. -This streak camera system, though not commen­

surate with the signal-to-noise of SPC data, is capable of averaging 

at least 500 shots routinely. This averaging considerably improves 

the signal, especially as compared with other streak camera systems 

which often accumulate, at most, tens of shots. Obtaining an absolute 

• 
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measurement of multiexponential decays is nonetheless difficult from 

streak camera measurements and subject to some judgement. However, 

this camera measures single-exponential picosecond rise times more 

precisely than other methods. This ability stems from the high time 

resolution, low jitter, and accurate corrections (for the irregulari­

ties in the response). Few examples of reliable, rapid rise times 

exist in the in the literature from SPC data. This lack of results is 

due mostly to the temporally-large, instrument response function. 

Other two-photon correlation methods, such as pump/probe absorption or 

fluorescence upconversion techniques, also yield good multiexponential 

fall times. However, they suffer from artifacts such as coherence 

spiking and pulse-to-pulse variations which must be precisely under­

stood and carefully controlled if accurate, rise time measurements are 

to be made. 51 

E. Applications 

This laser/streak camera apparatus has been applied to a variety 

of experiments ranging from simple pulse diagnostics to complex 

biological systems. When properly calibrated and corrected, events 

on timescales ranging from the pulse width (about twenty ps) to several 

nanoseconds can be observed without complications from the instrument 

response function. With computer fitting, responses down to a few 

picoseconds have been achieved. A brief description of the types of 

experiments already performed on this system will demonstrate its 

versatility and the range of chemical phenomena which can be studied. 

The direct observation of individual laser pulses allows for the 

immediate characterization of laser/optical conditions. 58-60 Such 
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single pulse measurements, when combined with simultaneous, spectral 

measurements, yield direct evidence for transform-limited pulses. 

Also, the conditions necessary to produce the shortest pulses can be 

studied. The effect of intracavity pulse compression by self-phase 

modulation has been studied by determining the temporal widths of 

pulses extracted from various positions in the pulse train, Fig. 9. 60 

Pulses down to a few picoseconds in width and near the transform-limit 

were found under certain conditions. 

The large peak powers of the laser permit the generation of 

tunable light via non-linear crystals. This tunability can be used 

in investigations of the effect of excess excitation energy in excited 

electronic states. Such an experiment was performed on rhodamine 6G 

to ascertain the effect of excited state vibrations on the rotational 

lifetime and the rotational anisotropy. The importance of vibronic 

distortion of the excited state emission dipole and the effect of 

local solvent heating are evaluated. 61 Since the excitation-laser 

light is linearly polarized, a prefered distribution of excited states 

is produced due to the alignment of the absorption dipole with the 

laser. This non-random distribution is a unique state which decays 

to the normal, polarization-scrambled excited state as a function of 

the reorientation time of the emitting dipole. By observing polarized 

emission, a measurement of the rotational reorientation time is possi­

.ble. Rotational effects are monitored by the proper selection of 

excitation and emission polarizations through the setting of Glan 

polarizers. Parallel and perpendicular fluorescence polarizations 

are shown in Fig. 10 for rhodamine 6G. The intensities have been 

normalized at long times relative to the rotational reorientation 



• 

a 

b 

28.S ps 
(FWHM) 

6.5 em-' 

(FWHM) 

c 

9ps 
(FWHM) 

'i,. 9: Si.ultaDeoul, lpectral/te.,oral .. aluremeDtl of a pulle al 
a functioD of pOlitioD iD the pull. traiD. Trace. a (100 
Ihot averaRe) aDd b (Iin,le Ihot) represeDt the temporal and 
S'Pectral re.ponle, relpectively, of a pulle takeD fro. the 
.tddle of the .adelocked traiD. Tracrl c aDd d vere limilar­
ly .... ur.d fro. a liDlle pulle takr.~ DiDe pull.1 palt the 
-'ddle of the traiD (approzt .. tely 1/50th of the power of a,b). 

45 



,... Vertica I 
en 
~ .-c 
=-
~ 
a-
0 
a-
~ 

.c 
a-
0 

Horizonta I -
~ .. 
en 
c 
CI,) .. 
c -

o 600 1200 1800 

Time (ps) 
Fig. 10: Vertical and horizontal components of the fluorescence 

decay of rhodamine 6G in ethanol with 476 nm excitation. 
The two sets of data w~re tail matched over the last 100 
ps depicted in the figure. 

46 

• 



47 

time (i.e. tail-matching 62). No dependence was found on either the 

rotational time or the anisotropy due to the excess vibrational energy 

(Figs. 11 and 12). The implication is that rapid, vibrational relaxa­

tion and energy dissipation occurs in this system. 

Since the sensitivity of the system is high, emission measurements 

ulilizing narrow, 10 nm bandpass interference filters are possible, 

even in the case of weakly emitting or very dilute samples. Time­

evolving spectra with 10 nm resolution can give insight into solute/ 

solvent reorganization, as explained above. Such studies are being 

tried on 4-aminophthalimide in various hydrogen-bonding solvents, Fig. 

13, to test what effects dominate the excited state re-equilibration. 63 

Many solvents have been studied. A good correlation has been found 

between the dieletric relaxation time of the solvent and the rate at 

which the emission spectra shift in time. 

One of the most important features of this apparatus is the a­

bility to average hundreds of shots accurately and efficiently. Signal 

averaging makes possible low intensity experiments. This point is 

dramatically depicted in Fig. 14 for the light-harvesting units of 

algae and cyanobacteria called phycobilisomes. In this figure the 

need for signal averaging (Fig. 14a) is apparent. In fact, these 

data were taken at approximately 1000 times higher intensity than 

normal. Under attenuated conditions the need to signal average is 

even greater. The attempt to compensate for the lack of signal by 

increasing the input power is often inappropriate. The result can be 

additional, undesired, excited state processes such as the exciton 

annihilation depicted in Fig. 14 or stimulated emission. 

Once the excitation conditions were established, a study to find 
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how energy flows in phycobi1isomes was performed. 64a Phycobilisomes 

are made up of many macromolecular units (or disks) which are further 

composed of multitudes of chromophores. Thus, the energy transport 

important for photosynthesis in these systems is complex. The applica­

tion of overly intense excitation distorts the kinetics of this system 

away from the processes that occur naturally. A two-fold experiment 

was designed to measure the inter-disk energy transfer between two 

specific structural units, called phycoerythrin and phycocyanin, in 

the phycobi1isome, WT 6701. One experiment 64b involved the comparative 

use of a WT 6701 mutant, CM 25. The object was to discover the differ­

ence in the rise time, which describes the energy transfer time to the 

terminal emitter in each phycobilisome. Since the mutant lacked 

phycoerythrin, a shorter path for excitation transfer to the terminal 

emitter exists in this phycobilisome. The shorter path in the mutant 

was reflected in a faster rise time of the emission from the terminal 

acceptor. An analogous experiment involved the analysis of the w1ld­

type phycobi1isome, WT 6701. The experiment used tunable excitation 

to bypass the phycoerythrin units. This experiment is equivalent to 

the mutant study but relies on a single phycobilisome. Similar results 

were found and determined the transfer time to be 25 ps for transfer 

between these units. 

The application of the tunable OPS and the use of reliable rise 

time data were also required in a similar study on the energy flow 

within a particular phycobilisome unit, phycoerythrin. These experi­

ments showed -instantaneous- rise times of the emission independent of 

the absorbing chromophore. This result suggests very rapid internal 

energy transfer. These two types of experiments helped establish that 
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the rate-limiting step in the energy transfer process in phycobilisomes 

is inter-disk rather than intra-disk energy transfer. 

In addition to the solution work described above, this laser sys­

tem and the time resolved emission technique have been applied to a 

wide range of other experiments. Studies have been performed on solids, 

both doped films and single crystals, and on gas phase species. Also, 

solute/solvent interactions are presently being extended by investiga­

ting the effect of temperature on the excited state solute/solvent re­

organization process. Also, studies have been performed to examine 

the role of pressure in chemical processes. 

Analysis of a transition metal complex, ruthenium tris(bipyri­

dine)++, in aqueous solution elucidated the nature of the photo­

physics of its excited state. Insight was gained concerning the role 

of spin-orbit states in heavy atom molecules 53. For this molecule, 

the degree of localization of the electron with respect to the ligands 

in the charge-transfer excited state was debated. Another issue was 

whether the observed emission was from the excited singlet or triplet. 

Picosecond Raman experiments, coupled with nanosecond Raman studies 

from the literature, resolved the charge localization debate. This 

study showed that a localized state with the electron residing on a 

single bipyridine ligand was formed within the 25 ps pulse width. The 

question of the spin multiplicity of the emitting state arose from 

the long (hundreds of nanoseconds) decay time. This decay time was 

longer than expected for a singlet state. Therefore, the triplet 

state had long been hypothesized as the emitting state. Questions were 

raised as to what happens to the initially formed singlet state. Does 

it emit? The fluorescence rise time (Fig. 15) was analyzed with respect 
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to a two-state, singlet and triplet model. A prompt rise time for ex­

citation at both 532 nm and 355 nm proved that the emitting state was 

formed instantaneously without signal from a second state. The rapid 

intersystem crossing time implied by these results suggested that the 

heavy ruthenium atom couples the spin-orbit singlet and triplet states. 

A unique opportunity in liquid studies was afforded by the adddi­

tion of a high pressure cell developed in this laboratory. This 

apparatus made possible solution phase studies in the picosecond 

regime at pressures of up to seven kbar (approximately 7000 atm)65. 

Considerable interest has been generated regarding the effect of 

the solvent on solute dynamics. Since the inception of the Debye­

Stokes-Einstein (DSE) equation, which relates the bulk property of sol­

vent viscosity to solute rotation, numerous theories modifying the DSE 

equation have evolved to describe how solvent viscosity alone can ac­

count for the observed solute/solvent interactions. These theories 

treat the solvent as a continuous medium characterized by its viscos­

ity. This medium provides a frictional force on the motion of the sol­

ute. By knowing the parameters of the solute size and shape, predic­

tions are made relating molecular reorientation to solvent viscosity. 

As previously mentioned, rotational reorientation times can be deter­

mined via spectroscopic methods by proper selection of excitation and 

emission polarizations. Studies in the past relied on solvent varia­

tion or temperature changes to bring about changes in the viscosity. 

These methods can change the solute/solvent interactions and/or intra­

molecular potentials. Pressure effects, while changing solvent viscos­

ity, cause unique perturbations in terms of these interactions. 

Studies on rhodamine 6G (Fig. 16) in a linear alcohol series and a 
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pressure series showed that different rotational reorientation times 

are observed under isoviscous conditions when hydrogen bonding between 

the solute and solvent is possible~7. Such dramatic differences are 

not found for less interacting solutes 66• 

All these investigations prove the utility of the system. Many 

of the experiments would be difficult or impossible to do with other 

laser or detection systems, especially where tunability or accurate 

rise time information is required. Certainly measurement of these 

fundamental processes without time resolved techniques would be much 

more difficult and subject to more ambiguities. 

F. Sample Preparation and Steady State Methods 

In spectroscopic studies and in particular these investigations 

that require the measurement of fluorescent signals, impurities which 

emit in the region of interest must be avoided. Also, undesired side 

reactions must be eliminated. In picosecond experiments, impurities. 

which fluoresce with a long time constant with respect to the process 

of interest can be mathematically removed from the fluorescence signal 

if they are not too large. Generally, only law quantum yield, fluore­

scing impurities can be tolerated. 

The most careful procedure used in the time resolved, picosecond 

measurements of 1-naphthol as a function of pH was as follows. The 

1-naphthol was HPLC purified and stored in sealed vials under nitrogen 

(L.C. Labs). Solutions of water (steam distilled, Alhambra) and con­

centrated HCI (AR grade, Baker) were freeze-pump-thawed for at least 

three cycles to remove any dissolved oxygen. All sample concentrations 

were then measured by dilution to between 10-3 to 10-4 M, pH adjusted 
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1 cm quartz cuvettes, all while inside a glove bag under nitrogen. The 

solution pH was determined on a pH meter for solutions between pH 2 

and 10 and titrated against a standard for those outside this range. 

Identical results were found following a simpler, modified proce­

dure. Recrystallized (from hexane) and sublimed 1-naphthol was used 

at approximately 10-4 M. Solutions were of the same quality but were 

degassed when necessary by purging with nitrogen. This degassing step 

was also found to have no bearing on the measured kinetics. In all 

cases, solutions were prepared and run on the same day. Highly basic 

solutions were run within a few hours of preparation, since these high 

pH solutions discolored after several hours. 

Non-aqueous solutions were made up in the following manner. 

For the deuterium study 100 atom % D20 (Aldrich gold label) was ob­

tained. The pD was adjusted with DCI and NaOD (Aldrich gold label). 

A glove bag and sealed cuvettes were used to avoid water contamination. 

The pH meter was calibrated by a sodium acetate-d3/D20 buffer. The 

I-naphthol was recrystallized and sublimed. Ethanol (Gold Shield, 95%) 

and acetonitrile (spectral grade) were obtained without further purifi­

cation for the mixed solvent studies. Solution mixtures were prepared 

on a per cent volume basis. For the salt studies all salts were analy­

tic reagents and used directly. All pH measurements were uncorrected 

for these additional species. 

Absorption measurements were taken on a spectrometer (Beckman 

Model 25) and referenced to a water blank. Full absorption spectra 

were determined for each of the samples used in the steady state 

measurements. Beer's law plots for the neutral (I-naphthol) and the 

anion (l-naphtholate) showed linear behavior to at least 5 x 10-5 M, 



the concentration used in all the steady state analyses. The excita­

tion wavelength, 266 nm, was selected for compatability between the 

laser and steady state measurements. This wavelength is not a good 

analytic wavelength for absorption, since it is not at an absorption 

maximum. 
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Steady state determinations were performed on a Flurolog II Spec­

trofluorimeter (Spex Industries). The excitation source, a 150 W Xenon 

lamp, was intensity-corrected by a concentrated rhodamine 6G quantum 

counter and photomultiplier. The overall response was calibrated via 

normalization to a standard lamp spectrum (Optronix 245). Both pairs 

of excitation and emission slits were maintained at 2 Mm. Sample fluor­

escence was collected at right angles from the dilute solutions,S x 

10-5 M, to minimize any geometry-dependent responses. Scans across the 

entire output range were measured at 1 nm steps with an integration 

time of 1 sec/nm. Intensity was read as photon counts on a cooled pho­

tomultiplier and single-photon-amplifier-discriminator. For the exci­

tation spectra of the H20 sample, emission was monitored at the peak 

of the anion fluorescence (485 nm) for both pH 7 and pH 12 solutions. 

All the data were stored on a computer (VAX 11/780) for later 

analysis and plotting. For extraction of the weak emission signals 

from the neutral species, normalization and subtraction of the anion 

signal were performed. The "pure" anion signal was obtained from the 

spectrum of a pH 12 solution. Easiliy identifiable and quantifiable 

signals were thereby obtained for the emission from neutral I-naphthol. 

Normalized excitation spectra were generated by digitizing the corre­

sponding absolute absorption spectra and dividing them into the excita­

tion spectra. All of these measurements are presented in Chapter four. 
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Since the initial identification of the excited state proton 

transfer reaction by Forster 2a , much work has gone into the develop­

ment of schemes to quantitatively analyze the kinetics and thermody­

namics of such processes. Most notably, Weller derived the integrated 

rate equations for the coupled, two-state, ESPT process, as shown in 

Fig. 17. Weller also developed a system of analysis based on the mea­

surement of relative emission quantum yields, henceforth refered to as 

the steady state method 4• The general methods for the time dependent 

analysis are easily deduced from these same integrated rate expressions. 

A detailed derivation of the equations used in both the time dependent 

and steady state methods is given in the Appendix. Equations from the 

Appendix will be utilized throughout this chapter and will be identi­

fied by the format: (AI). The goal of this chapter will be to outline 

the procedure used to determine the rate constants for the ESPT reac­

tion in I-naphthol. A simpler but similar scheme has been used previ­

ously in a completely time dependent analysis of the ESPT reaction in 

2-naphthol by Laws and Brand 14• A reasonably complete (and comlex) 

analysis based entirely on steady state results has been carried out 

by Selinger and Harris for _1_ 16 _ and .2-naphth~ll~. - - --- - -

The analysis presented here makes use of both steady state and 

direct time resolved results. The advantage of using both methods 

of analysis is two-fold. First, the more information there is avail­

able to describe a system, the better and more reliable the analysis. 

Second, knowledge of both the temporal and steady state responses of 
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Fig. 17: The ESPT reaction scheme for 2-naphthol. This model employs 
the minimum number of rate processes required for a general 
description of ESPT in 2-naphthol molecule. The rate constants 
are: forward proton transfer (kI)' fluorescence and radiation­
less decay (kf + kr are defined as k for the neutral, kf' + 
kr ' ar~ defined as k' for the anion) , and reprotonation 
~ (H30 ). 
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the system will often allow for a more complete evaluation of a given 

model, an evaluation which might not be possible using time resolved 

measurements alone. 
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The goal of this approach is not simply to develop a model to be 

fit with rate constants, but rather to analyze all of the existing data 

to assess the validity of a given model. Two results may occur. First, 

the data may fit the model correctly, in which case the rate constants 

obtained will provide insight into the relative importance of each of 

the individual molecular processes that determine the overall ESPT 

reaction scheme. The second possibility is that the model is not 

entirely consistent with the data, implying that the model does not 

provide a complete description of the important processes. Of course, 

conditions may exist where a particular model is applicable, but only 

over a selected range of conditions. 

A model is desired that consists of a reaction mechanism 

that predicts the interactions of the various rate constants as a 

function of the solution pH and provides an adequate fit to the data. 

Once the scheme of analysis has been developed, it will be demonstrated 

that various modifications to the scheme must also be considered. 

Since data is taken as a function of the solution pH, all effects other 

that those resulting explicitly from the hydrogen ion concentration 

must be further accounted for. The rationale be hand these corrections 

will be presented separately, following a description of the basic 

model and the associated scheme of analysis. This should help minimize 

any confusion surrounding the basic model. It will be seen that these 

corrections to the basic model do alter the kinetic model that will 

be presented, but do so in a straightforward manner. Further, it will 
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be demonstrated that the exact nature of the corrections is not yet 

precisely known. A totally unambiguous selection of the proper cor­

rections is not yet possible. A detailed discussion of this matter is 

given below~ 

Since a model will be presented and appropriate rate constants 

will be determined, a comparison of the complete results to the raw 

data is possible. A computer program was written to perform such a 

comparison. The general features of the program will be described. 

The quantitative evaluation of the model and the conclusions that can 

be drawn from such an analysis, along with the pertinent experimental 

data will be presented in Chapter four. 

Many rate constants are necessary for a complete description of 

ESPT in 1-naphthol. In addition to the six fundamental rate constants 

shown in Fig. 18, there are many algebraic combinations of these funda­

mental rate constants that, for simplicity, will be given their own 

symbol. All these terms are defined and derived in the Appendix. It 

is suggested that the most rigorous reader will find it useful to read 

the Appendix before reading the next section. For the more casual 

reader, it is perhaps sufficient to realize that a given rate constant, 

kn, can be distinguished as belonging to a process involving the 

excited neutral species if it is unprimed, while a primed constant 

refers to a process involving the anion. 

B. Theoretical Models and Methods 

The establishment of a model is a necessary step in understanding 

the results of any experiment~ A "simple" model is often easy to 

apply and may yield general and far-reaching conclusions. However, 
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Fig. 18: The ESPT reaction scheme for I-naphthol. This model, as con­
trasted with the simple 2-naphthol case, has the added 
proton dependent, bimolecular quenching rate constants given 
by kq and kq ' for the neutral and anion, respectively. All 
the other rate constants are as given for the 2-naphthol case. 
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except for equally simple systems, such models can be severely limited 

in their range of application. Conversely, a "complex" model that can 

account for all the data often becomes tedious to apply and may not be 

applicable to a broad range of other systems. Another "feature" of 

a model is its inflexibility. Once chosen, a particular model pre­

dicts only certain occurances and cannot account for any anomolous 

behavior. Further, evaluating the differences between a faulty model 

and "noisy" data can be a difficult task. The approach taken here is 

to strike an appropriate compromise between simplicity and complexity 

so as to devise a reaction scheme that is sufficiently complex to 

accurately fit the data yet still general enough to apply to other 

systems. Determination of this middle ground will depend on the 

system(s) and the degree to which a "match" between the model and the 

data is judged acceptable. For the 2-naphthol system, much has been 

learned by the fitting of various kinds of data with various models. 

The increased complexity of the I-naphthol system provides a stringent 

test of any model of ESPT. 

The general model for ESPT is given by (AI) and is depicted in 

Fig. 17. This reaction scheme shows the possible existence of adi­

abatic equilibrium between the two excited state species. For the 

I-naphthol case, Fig. 18, this model includes six rate constants as 

given by (AJ) and (A4), where kt + kr are defined as k, and kt' + kr' 

are defined as k'. The constants kr and kr' refer to any process or 

sum of processes which diabatically and non-radiatively depletes the 

neutral and the anion, respectively. These processes may include, for 

example, crossing to the triplet or internal conversion to the ground 

state. Such processes are assumed to be pH and solvent independent. 
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As shown in the Appendix, there are only certain circumstances for 

which an ESPT equilibrium is established. In general, methods that are 

independent of equilibrium thermodynamics will therefore be needed. 

The model presented here is independent of equilibrating excited 

states but requires certain other conditions. First, all the rate con­

stants are unimolecular, pseudo-unimolecular, or bimolecular (with pro­

tons always acting as one of the species). Second, the pseudo-unimo­

lecular rate constants are treated as if they were strictly unimolecu­

lar, that is, the solvent is considered a continuous medium with no 

orientational or structural properties. Lastly, all the rate con­

stants are assumed to be independent of the solvent over the full 

range of pH studied. Both the time dependent and steady state analyses 

meet the requirement of being independent of equilibrium conditions. 

The time dependent method directly follows the rates of reaction 

as given by (Al8) and (Al9). The rates are found from the change in 

excited state populations. These populations are determined by 

monitoring the intensity of various fluorescence signals as a fuction 

of time using the picosecond time resolved emission technique described 

previously. Each integrated rate equation consists of the sum of 

two exponentials. In addition to the exponential terms, the pre­

exponential factors also contain kinetic information. In practice 

the extraction of reliable information from pre-exponential terms is 

difficult. Both of these expressions, (Al8) and (Al9), have identical 

exponential terms. The neutral species shows a double exponential 

decay, while the anion has one rising term (evidenced by the negative 

pre-exponential factor) and one decaying term. Each of the exponen­

tial factors, Gl and G2, represent a complex combination of the six 



rate constants and are explicitly pH dependent. A measurement of 

these exponentials at several pHs will then distinguish the various 

rate constants. 
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The steady state method relies on a measurement of the relative 

emission yields as a function of pH. These measurements reflect a 

competition between all the rate constants. They are independent of a 

maintained, excited state equilibrium since it is this very competition 

which essentially thwarts the establishment of the equilibrium. 

Further, as shown in Section C of the Appendix, the steady state method 

is similar to the summation of many pulsed experiments. Both studies 

provide kinetic information. As the solution pH is changed, a new 

distribution is established among the excited state species. This 

distribution is determined by the various competing rates. Spectro­

scopic integration of the individual signals from each excited species 

measures these competing kinetic rate constants, as given by (A46) and 

(A47). Equations (A46) and (A47) may be used directly if the spetro­

scopic measurements provide absolute quantum yields. However, the form 

of these equations requires a knowledge of the natural lifetimes, kf 

and kf'. By making relative determinations of the quantum yield, the 

effect of the natural lifetimes is eliminated as given by (A6Sa) and 

(A6Sb). 

Implicit in this quantum yield analysis is that, in the absence 

of quenching, the sum of the relative quantum yields from the neutral 

and the anion at any pH will be.l. This result is the outcome of the 

definition of the normalizing quantities, ~' and ~A'. These quantum 

yields account for the fluorescent and non-radiative rates. Therefore, 

at any pH where there is no additional quenching, the only processes 
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remaining in the model are the ESPT rate constants, kl and k2e Since 

these rate constants are adiabatic, they do not reduce the total quan­

tum yield by maintaining the same total population on the excited 

state surface. 

The techniques for the application of the ESPT model are summar­

ized as follows. For the time dependent analysis, an exciting pulse 

creates a single excited state species, which in these examples is the 

neutral, I-naphthol molecule. This excited species will evolve in time 

by decaying to other, non-emissive states or by deprotonating and for­

ming the excited I-naphtholate anion. These events can be monitored by 

detecting the fluorescence intensity from either species as a function 

of time. Since the emission spectrum of the anion is considerably red­

shifted from that of the neutral (see Figs. 20 and 2l) both species 

fluorescence may be observed independently~ Observation and analysis 

of either fluorescence signal will yield the desired kinetic parameters, 

as given by the exponential and pre-exponential terms. These terms are 

then related via a series of experiments at different solution pH, dis­

tinguishing the proton dependent from the proton independent rate con­

stants. Unless quenching effects are small, all of the rate constants 

cannot be determined solely by time dependent methods without measure­

ments of the pre-exponential factors. Equation (A18) may be solved for 

the ratio of the two pre-exponential terms to yield al as shown below: 

(7) 

or 

(8) 

where Nl and N2 are the pre-exponentials for the Gl and Gz exponen­

tial terms, respectively, and al is given by (Al) and (A3). The term 



"a1" can be calculated from Eq. (8) if the exponentials G1 and G2 are 

known. A plot of of a1 versus hydrogen ion concentration will result 

in k1 + k from the intercept and kq from the slope. The problem 
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then reduces to the case where the quenching of the neutral is ignored 

(explained in the Appendix). However, experimental techniques are 

often not able to assess accurately the pre-exponential factors. Other 

techniques are better suited to gain this same kinetic information. 

The steady state measurements reported here were designed to 

provide reliable quantum yields. The quantum yields can be obtained 

simply from the peak intensity of the emission for each species. The 

model assumes that the intensity at any point in the emission spectrum 

of each species is dependent only on the kinetic rate law, (A46) and 

(A47). Therefore, each wavelength of the emission mirrors the same 

excited state and the same reactive rates. Peak responses are chosen 

since they give the maximum dynamic range. Of course, shifts in the 

peak maximum or changes in the shape of the emission curves are not 

accounted for in the model. Their occurance shows that the real system 

may be deviating from the model. Unlike the time dependent analysis, 

the steady state method is unable to determine the various rate con­

stants. The steady state method can, however, relate the various rate 

constants to one another. However, an absolute, temporal measurement 

must eventually be made. Normally, the individual rates of decay of 

the two excited species in the absence of proton transfer are deter­

mined. In the absence of ESPT these states are decoupled and the 

kinetics are simplified. These temporal measurements are usually easy 

to perform and display Simple, single exponential kinetics. All that 

is required experimentally are two liquid solutions. One solution, 
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at a pH much less (two or more pH units) than the pKa*, is used to de­

termine the time resolved emission from the isolated neutral species. 

The other solution, at a pH much greater than the pKa, is selected for 

the determination of the anion. As discussed in the Appendix, the 

assumption is that these solutions do not introduce new decay channels 

(which changes k and k') nor are the other rate constants affected by 

these pHs. If those assumptions are all true and if the lifetimes are 

known, then all the rate constants may be determined from the steady 

state analysis. 

c. Method of Analysis 

Both time dependent and steady state methods may be used inde­

pendently under favorable circumstances to analyze all the processes· 

which occur in an ESPT reaction. In many real systems like l-naphtho1, 

the model consists of complex kinetics. Also, the data is too diffi­

cult to be obtained reliably in anyone set of experiments. The most 

informative method is to combine the features of both techniques. This 

section will describe the specific equations used in the the analysis. 

The starting point of the analysis is· obtaining the data. For 

the l-naphthol system the rapid kinetics demand the use of picosecond 

methods to obtain reliable, time resolved fluorescence data. This 

combination makes possible the determination of the exponential decays, 

Gl and G2, from either the neutral, or the anion, or both. A sensitive 

spectrofluorimeter with low dark counts and high sensitivity is also 

required for this particular molecule. Since the natural lifetime, 

llkf, is much longer than the decay time, l/Eki , for the neutral 

species, the quantum yield of fluorescence is very small. This small 

yield, coupled with the sizable emission from the anion, means that 



differentiation of the two species will be difficult, even though 

their respective emission maxima are well separated. Evaluation of 

the fluorescence intensity of each species at several pHs will yield 

steady state quantum yields according to Eqs. (A46) and (A47). 
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The most useful solvent condition to begin the analysis of the 

data is at neutral pH (pH 6-7). In this region some important consi­

derations prevail. First, since the solution pH is less than the 

ground state pKa (9.2), only the neutral is excited, as required by 

the initial conditions of the model. Second, since the solution pH is 

greater than the excited state pKa*, ESPT will occur. (The pKa* may 

be estimated using the Forster cycle to be less than 3. 4 ,6 ,33) 

Thirdly, the most important aspect of this pH region is that the bi­

molecular processes which are dependent on the proton concentration 

will be negligible compared to the other rates. The third point sug­

gests that the kinetics will be much simplified at this pH. The 

reciprocal of the anion lifetime at this neutral pH gives the first 

rate constant, k'. Since quenching is negligible, the model requires 

that the sum of the relative quantum yields is 1 (see the arguements 

leading up to Eq. (A64». The relative quantum yield of the anion is 

obtained by a measuring the ratio of the fluorescence maxima at this 

pH relative to a high pH (much greater than the pK). The individual 

spectra are first normalized to the absorbance and lifetimes as given 

by (A53)-(A55). The relative yield of the anion and the fluorescence 

spectrum of the neutral at pH 6-7 will give the quantum yield of that 

species in the absence of proton transfer and quenching,~' (A59). The 

values for the relative yields at all the pHs can then be determined 

for both species. Kinetic information is obtained by the use of Eqs. 
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(A6Sa) and (A6Sb). Moreover, 

by combining (A6Sa) with (A69) we obtain, at neutral pH: 

The determination of G1(pH 7), obtained from the time dependent analy-

sis of the fall time of the neutral or the rise time of the anion, will 

give two more rate constants, k1 and k. A reasonable estimate for 

* the excited state pKa is now possible. Since most reprotonation rates, 

k2 , lie between 10 10 and lOll M-lsec-1, therefore, within a single pKa 

unit range, the pKa* is .given by: -log (k1/Sx10 10). 

No conclusions can yet be drawn about the quenching rates nor the 

exact size of the reprotonation rate at this pH. To find these rates, 

additional analyses are needed. However, the analysis schemes vary 

depending on the degree of quenching in the model. What is described 

below is a method which considers the quenching of both the neutral 

and the anion by protons. 

Two steady state and two time dependent plots can be made as 

functions of (H+): equations (A71),(A66b) and (A72),(A73), respective­

ly. The plot of (A71) versus (H+) gives the ratio, k/k1 (intercept), 

and the sum, k2 + kq ' (slope). This calculation is possible because 

k' has already been determined. Equation (A66b) yields direct informa-

tion about the quenching terms. The lefthand side of Eq. (A66b) is 

plotted versus [1 + (~ + kq')(H+)/k']. Since the ratio, k1/k, 

and the sum (k2 + kq ') are known from (A71) and k' is known, kq ' 

(intercept) and kq/k (slope) can be determined. Using the value of 

k measured at neutral pH, Eq. (9), all the rate constants are 

calculable. Equation (A66b) is dependent on accurate values from 



(A71) and is prone to large scatter of the plotted points. Equation 

(A72) and yields rate constants similar to those from Eq. (A71). A 

plot of G1 + G2 versus (H+), with k' known, gives kl + k (intercept) 

and k2 + kq + kq ' (slope). Equation (A73) can be rewritten as 

G1*G2 • [k1+k+kq (H+)][k'+(kz+kq ')(H+)] (10) 

and then redefined as 

(11) 
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The values for k3 and k4 come from a combination of the other three 

equations. This equation, like (A66b), is more involved and is depen-

dent on previous results. In addition, it consists of products and 

differences of very large numbers. Nonetheless, this plot does give a 

direct measure of k2 (slope) if kl is found by other means (Eq. (9), 

for example). All tog~ther these calculations should provide the best 

possible average. The accuracy of these equations can be checked by 

the calculations performed on the numerical model (described in Section 

E). First, the corrections which must be applied to the hydrogen ion 

concentration are discussed. 

D. Calculations of the Acid Strength 

Two types of corrections must be considered for ionic solutions, 

such as HCl dissolved in water. First, the proton concentration must 

be converted to activity. Second, Weller 4 has shown that a cor-

rection must be made for the ionic screening effect if the derived 

kinetic parameters are to be independent of the ionic strength of the 

solution. This screening effect is important only for rates involving 

ionic species, namely the processes involving the anion and protons. 

These two effects are somewhat related and an exact and appropriate 



treatment of them has not been previously carried out. In this study 

corrections were made for all the solutions to reflect the hydrogen 

ion activity, (H+). A second factor, F±, as defined by Weller, was 
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used to correct for the ionic screening and was applied to these acti-

vities. The form of each of these corrections is explained below. 

The activity coefficient, Y±, was calculated from Eq. (12) 

for the thermodynamic activity as derived empirically by Harned 

and Owens 68: 

logy± - -0.502IC + 0.1312c + 0.0063c 2 -
1+1.4091'c 

10g(l+O.03604m)-0.0004 (12) 

where c is the concentration in moles/liter and m is the molality, 

given in terms of the concentration by 

m - (-0~998 + {(0.998)2 +4(0.018)c )/2(0.018) (13) 

This correction was used for all the titrated solutions (below pH 2). 

Since a properly calibrated pH meter reports activities directly, solu-

tions measured by it need not be further corrected by an activity coef-

ficient 69• Equation (12) is reportedly valid to 4 M solutions of Hel. 

The corrected concentrations were next used to determine the 

effective, ion-independent concentrations by the Debye equation 69 used 

by Weller: 

-log F± - AZ21f / (1 + Barr ) 
i 

(14) 

where the coefficients A, Z, B, and "a" refer to thermodynamic and 

stoichimetric quantities which were taken from Weller~ to give: 

log F± - -1.02/C / (1 + 21e) (15) 

where c is now the hydrogen ion activity. The range over which Eq. 
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(15) is applicable is not known. In Chapter four, these corrections 

are explicitly used by plotting versus (U+)*F± rather than just (U+). 

The ionic screening is therefore eliminated in interactions between the 

anion and protons (reflected in the rate constants, k2 and kq '). 

However, these plots would over-correct the interaction between the 

neutral and protons (given by the constant, kq) by the factor F±. 

Therefore in the Appendix, expressions containing kq should be read 

as kq/F± and (U~ should be read as (U+)*F±. 

This ionic screening term is explicitly dependent on the hydrogen 

ion concentration. Therefore, this correction factor introduces a 

non-linear proton dependence •. By incorporating this factor into the 

hydrogen ion activity in the plots, the non-linearity is removed. The 

isolation of this non-linear factor is possible for each equation 

except Eq. (A72), which is explicitly written as 

(16) 

Equation (16) is explicitly non-linear in proton concentration. Thus, 

a plot of G1 + G2 versus either (H+) or (H+)*F± cannot yield a 

straight line. However, Eq. (16) will be plotted as a linear equation, 

neglecting the effect of the factor, F±. The accuracy of this 

approximation will be verified by the assessment of the linearity of 

the computer plot for this equation. 

E. Computer Modelling 

Exact solutions exist for both the time dependent and steady 

state analyses for the ESPT reaction scheme. Therefore, calculations 

based on the model can be compared to the real data. This comparison 
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establishes the pH regions and the kinetic conditions where the model 

is appropriate. Two types of information will be generated for compar­

ison: 1) simulated data and 2) numerical plots. 

The simulated data follow Eqs. (AlB) and (A19) for the generation 

of time resolved traces, as would be found from time dependent analy­

ses. Since the important aspect of these time resolved spectra are 

the shapes and not the intensities, they can be scaled to match the of 

the raw data. For direct comparison to the raw data, these fluore­

scence traces are convolved with a model excitation pulse (see Chapter 

two for the details of the convolution technique) and are plotted on 

the same time scale as the streak camera data. Simulated data plots 

of both the neutral and the anion relative quantum yield versus pH 

were made based on Eqs. (A65a) and (A65b). Thus, these plots are also 

directly comparable to the plots based on the raw data. 

The graphical plots follow the equations specified in Chapter 

three, Section C. By definition these plots must be linear, except in 

the case of Eq. (16). The absolute numbers from the simulated data 

can be dirctly compared to the experimental values. 

The only information supplied to make both the simulated data 

and the graphical plots are the six rate constants specified by the 

ESPT model. A comparison of the simulated and experimental data thus 

provides a test of this ESPT model. The results of these comparisons 

are presented in the next chapter. 
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Chapter Four 

Results and Discussion 

A. Introduction 

It has long been known that adiabatic proton transfers can occur 

on exited potential energy surfaces 2• The details of the dynamics of 

this general class of photochemical reactions may be understood on 

many levels. From Forster cycle calculations to multicomponent kinetic 

analyses, increased awareness is gained as the full scope of the many 

processes involved in ESPT reactions are developed. Much has been 

learned by observing the ESP! process as a function of the solute 

structure or the conditions of the solvent environment. The possibili-

ty exists to probe these interactions by observing the changes that 

occur in the forward proton transfer rate constant, kl. This rate 

can be measured directly if it is the dominant process in the ESPT 

reaction. Measurements of the lifetime of the initially excited spe-

cies determine the proton transfer rate in these cases and serve as 

the probe of structural and environmental effects. Since the ESP! 

reaction can act as a very rapid "stop watch", fundamental processes 

whose interaction times are very short may be observed. 

There is, as yet, little information on how to predict, ~ priori, 

ESPT rate constants. Similarly, little is known about the relative 

importance of the various ESPT rates, especially the forward proton 

transfer rate. If the lifetime of the initially excited species can 

be isolated, then kl can be determined. The rate constant k, is then 

derived from the lifetime of this species at neutral pH (assuming, 

* of course, that pKa «pH 7 «pKa ). In the special cases where the 



proton transfer quantum yield is approximately equal to 1 (see Eq. 

(A74», kl is the dominant rate (relative to k) and may be directly 

measured. In either case, isolation of ki from the other processes 

can be made in any experiment at neutral pH conditions. 
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This study has focussed on the ESPT reactions of I-naphthol for 

three reasons: 1) prior to this work, the precise relationship between 

all of the rate processes was not known, 2) historically, the molecule 

showed anomalous behavior compared to similar molecule 2-naphthol, and 

3) the fast forward ESPT rate has the potential for being a fast "stop 

watch" with which to investigate solute/solvent interactions. In 

order to ascertain the details of the ESPT process in I-naphthol and 

to evaluate the validity of the model, the full kinetic scheme was 

determined for I-naphthol in H20 and D20. The three sections of this 

chapter present the results obtained in this investigation and a dis­

cussion of their significance. These sections give the details descri­

bing: 1) the general observables from the experimental measurements, 

2) the analysis according to the model scheme, and 3) the investiga­

tions of solvent structure via ESPT in I-naphthol. 

B. Experimental Observables 

As has been generally observed for molecules undergoing ESPT2, 

the absorption and emission spectra of I-naphthol reveal important 

information regarding the various ESPT processes. The absorption 

spectra of I-naphthol in H20 and ~O, Fig. 19, point out the very 

different spectral properties of the two ground state forms of 

I-naphthol: the neutral (I-naphthol), and the anion (I-naphtholate). 

The anion absorption spectrum taken at pH (pD) > 12 is both 8ignifi-
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Fig. 19: Absorption spectra for the neutral (N) and anion (A) in H20 
(trace a) and D20 (trace b). The traces show that the 
absorption isosbestic points for both solutions occur at 
approximately 303 nm. 
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cant1y red-shifted and more diffuse (less structured) than that of the 

neutral taken at pH (pD) - 7. In comparison to the neutral, these 

features in the anion spectrum are generally indicative of a higher 

degree of solvent interaction28 ,43. Such differences are expected, 

when comparing an ionic and an uncharged species in solution. The 

difference between the absorption maxima is expected to be reflected 

in an equivalent separation in the emission spectra. Finally, in the 

ground state no difference is apparent in the interactions between 

1-naphtho1 and either of the two solvents. 

The emission traces, Figs. 20 and 21, demonstrate the result 

that was puzzling to investigators in the 1930's and 1940's. Later 

these traces were recognized as the characteristic spectral signature 

of an excited state proton transfer •. Each trace in the figures was 

taken at a pH well below the ground state pKa, so that only the 

neutral was excited. The dominant fluorescence, however, is at 480 

nm, identical to the emission found from exciting the anion directly 

in a pH 12 solution. In the case of 1-naphtho1, the fluorescence 

from the anion is the dominant signal with an intensity nearly 100 

times larger than the fluorescence from the neutral species. In fact, 

the spectra of Figs. 20a' and 21a' display all the spectral features 

that are usually reported at any pH for this molecule. The spectra on 

the left side of these figures show the emission of the neutral which 

can be accurately obtained only by subtracting out the large anion 

component. The spectra labeled c' (pH 1.4 and pD 1.7 for the two 

solvents) show both species prominently as the pH is now low 

enough to cause proton dependent rates to reduce selectively the signal 

from the anion to a level more comparable to the uncharged neutral. 



Pig. 20: EmissioD 8pectra for the neutral (left) and anioD (right) 
at various pBa iD relative iDtensity units. The pHa (cor­
rected) are: 5.3 (a,a'), 2.2 (b,b'), 1.4 (c,c'), 0.9 (d'). 
0.4 (e,e'), -0.3 (f). The neutral spectra have been obtained 
by 8ubtracting off the normalized aDion 8ignal (from a pH 12 
solution). Trace a haa been spline-amoothed to reduce 80me 
of the Doi8e (no difference in the peak respon8e). Note the 
different intenaity scales between the neutral and the anion. 
Trace c' shows the neutral signal (shoulder at 380 om) which 
is giveD io c by thi. subtractioD method of the anion Signal. 
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rig. 21: Eat •• ion apectra for the neutral (left) .nd .Dion (right) 
.t v.r1oua pDa in relative intenaity uDita. The pDa (cor­
rected) .re: 6.5 ( •••• ). 3.1 (b.b·), 1.7 (c,c·). 0.9 (d.d'). 
0.4 (e.e'). The neutr.1 apectra have been obtained by aub­
tractinl off the normalized anion aigna1 (fro •• pH 12 
aolution). Trace. haa been apiine-slIOothed to reduce aome 
of the noise (no difference in the peak response). Note the 
different intenlity acalel berween the neutral and the anion. 
Trace c' ahowa the neutral aignal (ahoulder .t 380 am) which 
ia liven in c by thia aubtr.ction method of the anion algna1. 
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The signal from the neutral never gets larger than 1.5 times its 

value at neutral pH (Figs. 20a and 21a). This small signal can be 

detected only with a sensitive fluorimeter. For the highly acidic 

solutions, the neutral response (measured in concentrated acid) has 

been subtracted from the anion. 

The large spectral separation of the neutral and the anion (380 

nm and 480 nm, respectively) can be exploited to obtain temporal mea­

surements of each species, independently, by spectral filtering. A 

comparison of the time resolved emission intensities from the anion 
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at pH 12 and pH 7, Fig. 22a, provides evidence that some additional 

process is occurring in the pH 7 case. The pH 12 emission from the 

anion displays an "instantaneous" rise within the instrument resolu­

tion, consistent with the fact that this spec~es w~s directly excited. 

The slow rising fluorescence at pH 7is indicative of the formation of 

an intermediate state(s) prior to the generation of the excited anion. 

Since at this pH the initially excited species is the neutral form, 

this rise time strongly suggests that an adiabatic ESPT process is 

occurring. Further supporting evidence comes from the measurement of 

the excited neutral lifetime at the same pH, Fig. 22b. The match 

(within experimental error) of approximately 33 ps for the fall time 

of the neutral and the rise time of the anion is direct proof that 

these species are coupled, as expected in an ESPT reaction. The low 

quantum yields for the neutral observed in the steady state spectra 

would predict and are consistent with the very fast decay time observed 

for this species. 

The temporal data requires careful analysis to extract accurate 

kinetic parameters. The integrated rate equations, (Eqs. (A18) and 
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Fig. 22: Time resolved emission data for the fluorescence of the 
neutral and anion. Trace a presents the I-naphtholate rise 
time at two pHs: pH 12 where the anion is directly excited 
and shows prompt emission, and pH 7 where the neutral is 
directly excited and produces the anion by the ESPT process. 
Trace b compares the emission kinetics of the neutral (ROH., 
350 nm detection) and anion (RO-, 550 nm detection) at pH 7. 
Both the fall (neutral) and rise (anion) times show the same 
response time of 33. ± 5 ps. 
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(A19» indicate that the exponential factors Gl and G2 may be obtained 

from analysis of the fluorescence lifetime of either excited species. 

Due to the complexity of the pre-exponential terms, analysis of the 

anion (only one pre-exponential term) is more accurate. Also, the sig­

nal intensity from the anion is more intense than the neutral at most 

of the pHs studied. Further, the anion fluorescence may be collected 

through a broad, high wavelength pass filter. This collection condi­

tion maximizes the emission to the detector. Increasing the signal is 

important for the high acid solutions where the signal is particularly 

weak. However, time resolved emission measurments of both excited 

state species provides a cross-check on the exponential factors. The 

longer-lived (slower rate process described by G2 is determined from 

the fall time of the anion. Figure 23 shows this decaying signal and 

its logarithmic plot of the intensity for the anion at pH 1.1. Since 

the production rate,Gl, is much more rapid, the effect of this rate 

process on the fluorescence of the anion is negligible on this time­

scale. Therefore, the anion signal displays a single exponential 

decay with a time constant of 320 ps. 

The change in G2 with pH, from pH - 12 to pH - 0, is dramati­

cally depicted by the anion decays shown in Fig. 24. A least squares 

analysis of the logarithmic plots of these intensity versus time plots 

yield the value of G2. The values of G2 are used as fixed constants 

in the determination of Gl which requires analysis at higher time reso­

lution. Therefore, the curve-fitting routine varies only one exponen­

tial to find the best-fit value of Gl from both neutral and anion 

fluorescence data such as that shown in Fig. 22b. This procedure 

allows for the determination of Gl from two separate pieces of data. 
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Fig. 23: Time resolved fluorescence signal (trace a) and semi-log plot 
(trace b) for I-naphtholate at pH 1.1. Detection at 550 nm 
yields the decay of the "long lived" emission from the anion 
as given by I/G2. The slope of the log plot determines the 
value for this decay as 316 % 20 ps. 
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An important aspect of the ESPT process is portrayed in the time 

evolution of the complete spectrum. At time zero, only the initially 

excited species contributes to the emission spectrum. The intensity of 

this spectrum will decay in time, as per the kinetic rate law. An 

additional spectrum, in this case that of the anion, will grow in at 

the rate of the neutral decay. Ultimately, the anion decays with its 

radiative lifetime, which is reflected by the decay of its spectrum. 

Each wavelength point in this composite spectrum is a linear combina­

tion of the spectra of the two species, dependent on the overall kine­

tics given by Eqs. (AI8) and (AI9). The amount of each component is 

determined by its emission intensity at that particular wavelength. 

At some wavelength the two pre-exponential terms for the GI exponential 

factor for anion and the neutral will be equal but opposite in sign 

and will cancel. The kinetics of the composite spectrum at this unique 

wavelength have only a single exponential term given by the decay rate 

G2. This particular wavelength is called the isosbestic, or iso-emis­

sive, point. All measurements of the intensity at this spectral point 

from time equal zero to times much less than the decay time, G2, will 

have the same value. All other wavelengths will have intensities that 

change with time at a much faster rate than G2. In fact, the composite 

spectra will change at the rate given by GI. Only in a coupled, two 

state system will a clear isosbestic point exist. This feature can be 

used, therefore, for the identification of such a two state system63• 

Spectra in time, as mentioned in Chapter Two, may be generated by 

taking single temporal slices from a series of intensity versus time 

plots taken at many wavelengths. Such a series of wavelengths are 

shown for I-naphthol in H20 in Fig. 25. Time resolved spectra for 



I-naphthol in H20, Fig. 26, and D20, Fig. 27, show the'results of 

this analysis. These spectra are plotted over a time range where, 

except for the last time slice in each figure, the decay due to the 

G2 process is negligible. Both spectra clearly show isosbestic 

points at 454 nm and 430 om for H20 and D20, respectively. The 

crude features of the spectra are due to the modest 10 nm resolution 
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of the filters and the difficulty in analytically fitting the intensity 

versus time plots near the isosbestic point. Even at this low resolu­

tion the two state nature of the system is unmistakable. 

C. Method of Analysis 

The observations in the previous section suggest that the use of 

picosecond measurements can indeed enhance the understanding of ESPT 

reactions. In fact, picosecond time resolution is necessary for the 

I-naphthol system. For a more complete knowledge of the processes 

occurring in I-naphthol the full kinetic analysis, as explained in the 

Chapter three, is applied. 

Much can be learned from the data obtained at neutral pH (Fig. 

22b). Equation (9) describes the relationship at pH 7 between the 

forward proton transfer quantum yield and the measured rise time of 

the anion (or fall time of the neutral), GI. Application of Eq. (9) 

requires a relative measurement of the steady state emission intensi­

ties of the anion at pH 7 and pH 12. This ratio of anion quantum 

yields represents the proton transfer yield. It describes the fraction 

of the anion produced via ESPT, relative to direct excitation of the 

anion. The closer this ratio is to one, the more excited state anion 

is being produced by the neutral species. A value of one for this 
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Pig. 26: Time-evolving apectra for 1-naphthol at pH 6.5 in H20. Each 
curve, A to P, representa a later time slice for the com­
plete apectral responae, which includes emission from both the 
neutral and the anion. Curvea A to P are for the .pectrum at: 
0, la, 30, 50, 90, aDd 400 pa, reapectively. Not~ the clear 
iaoabeatic point (aee text) at approximately 454 nm. Spectrum 
P atases the isoabestic point aince at this time, 400 ps after 
excitation, a measurable degree of the excitated state pop­
ulation, which ia mostly the anion, has decayed. The spectra 
are plotted linearly in wavenumber (energy scale). 
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ratio would mean that all the initially excited neutral molecules 

deprotonated before any other decay process occurred. The emission 

from the anion would then be of equal intensity at pH 7 (indirectly 

produced) as at pH 12 (directly excited). In all other cases, where 

competing processes deplete the neutral before deprotonation, the 

amount of anion will be correspondingly diminished. Since there are 

only two processes (k1 and k) involving the neutral at pH 7, a measure­

ment of the proton transfer quantum yield, given by this ratio of 

anion emissions, and Gl will determine both of these rates (Eq. (9». 

Several procedures are possible for the determination of the 

relative yield of the anion emission. The most informative technique 

is shown in Fig. 28. Spectra a and b in Fig. 28 show the normalized 

excitation scans for I-naphthol in H20 for pH 12 and pH 6.5, respec­

tively. These spectra have been normalized by dividing by the absorp­

tion spectra. The montitoring wavelength (excitation is scanned) is 

the peak response of the anion at 480 nm. According to lasha's and 

Vavilov's rules 70, a single species will emit from the lowest vibra­

tional level of the lowest excited state regardless of the initially­

produced state. Thus, the expected result for Fig. 28a would be a 

line of slope zero. This expectation also stems from the fact that at 

these low concentrations, 5 x 10-5 M, the response of a spectrometer 

should obey Beer's- law. Therefore both absorption and excitation 

spectra should yield the same response within a normalizing factor. 

This linearity is clearly not found in Fig. 28a and forewarns that 

instrumental discrepancies are prevalent. By the same argument, Fig. 

28b would also be expected to be a line with zero slope, if the proton 

transfer process were wavelength independent. Within the limit of 
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at pH 12 and ~ne neutral (b) at pH 6.5. The detection wave­
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the instrument the ESPT process is apparently wavelength independent 

(between 250 nm and 330 nm). The ratio of the spectra in Figs. 28b 

and 28a gives the spectrum in Fig. 28c and is precisely the quantity 

~A/~A" (which is correctable to ~A/~A')' but as a function of the ex­

citation wavelength (see Eqs. (AS3), (AS4), and (A65a». The plot in 

Fig. 28c, is also expected to be a line with zero slope, even if 

instrumental artifacts occur in the two other spectra. The effect of 

artifacts should cancel. Some cancellation is apparent but some non­

linearity remains, presumably due to intensity dependent instrumental 

artifacts. A small, single-valued region does exist from 285 nm to 

310 nm. This region of the spectrum encompasses the 303 nm absorption 

isosbestic point of the neutral and the anion. Near this point the 

absorption and excitation intensities for the two species are most 

nearly equal. At the isosbestic they are identical. Therefore, the 

most complete cancellation of experimental artifacts will occur in 

this region. Therefore, the best method for the determination of the 

relative emission from the anion is by excitation at the absorption 

isosbestic 15 ,16. 

The value for the relative anion emission intensities for I-naph­

thol in H20, as seen in Fig. 28c, is measured to be 0.71. This ratio, 

'A/~A"' is not the final number but must be corrected to reflect the 

conditions at pH 7 (Eq. (ASS». The correction factor, TO'/TO"' is 

0.94 (7550/8000) which gives the corrected value of 0.76 for ~A/~A'. 

Using the measured rise time (or fall time) for the anion (or neutral), 

I/G1 , of 33 ps at pH 7.1 gives an estimate for kl of 0.023 ps-l and 

for k (which equals kf + kr ) a value of 0.007 ps-l (Eq. (9». An 

identical procedure for I-naphthol in ~O gives the following results: 



absorption isosbestic = 303 nm, ~A/~A" - 0.66, TO'/TO" - 17200/20000 

- 0.86, ~A/~A' - 0.77, I/G1(pH7) - 105 ps, kl - 0.0073 ps-l, and 
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k - 0.0022 ps-l. A comparison between the two solvents is enlighten­

ing. There is little difference between the spectra in D20 and H20. 

For example, the absorption spectra in both solvents have essentially 

the same isosbestic point. However, the steady state emission intensi-

ty for the anion in D20 is greater than in H20, as is its lifetime. 

Both results are increased by nearly the same factor of two. The 

probability of proton transfer is essentially identical for the two, 

indicating that the ratio of the deprotonation rate, kl' to the 

rate, k, is also unchanged by isotopic substitution. Thus, both kl 

and k must be equally perturbed by the isotope effect. The most inter-

esting comparison is between the two kl values. The ratio of these 

two rates gives an isotope effect of about three. More about this 

isotope effect will be presented after the complete analysis. 

These preliminary estimates portend intriguing results when all 

the rates are compared. Tables I and II present the pH(D)s used in 

the time resolved and steady state experiments with all the correction 

factors as explained in Chapter three. Tables III and IV list the 

picosecond data, while Tables V and VI present the values obtained 

from steady state meBsurements for H20 and D20 solutions, respectively. 

The steady state data in Tables V and VI have been normalized accord­

ing to Eq. (AS8) such that the sum of the relative quantum yields is 

unity at neutral pH. 

Fluorescence titration curves are presented in Figs. 29 and 30. 

In these curves the relative quantum yield of the neutral (A) and the 

anion (B) are p10ted verses the corrected pH. In both of these curves 



Table 1 

[H+] CH+) + 
pH Yt F± CH )*F t pH

F m 

10-12 12. 10-12 

7.9x10 -8 7.1 7.9x10 -8 1.0 7.9x10 -8 7.1 

3.2xlO -7 6.5 3.2x10 -7 1.0 3.2xlO -7 6.5 

5.0xlO -6 5.3 5.0xlO -6 0.99 5.0xlO~6 5.3 

l.OxlO -5 5.0 1.0xlO -5 0.99 9.9xlO -6 5.0 

l.OxlO -4 4.0 1.0xlO -4 0.98 9.8xlO -5 4.0 

4.0x10 -4 3.4 4.0x10 -4 0.96 3.8xlO -4 3.4 

1.3x10 -3 2.9 1.3x10 -3 0.92 1.2x10 -3 2.9 

2.5x1--3 2.6 2.5x10 -3 0.90 2.2x10 -3 2.7 

7.9x10 -3 2.1 7.9xlO -3 0.84 6.6x10 -3 2.2 

2.0x10 -2 1.7 0.876 1.8x10 -2 0.78 1.4x10 -2 1.9-

3.2x10 -2 1.5 0.854 2.7xlO -2 0.75 2.0xlO -2 1.7 

6.3x10 -2 1.2 0.820 5.2xlO -2 0.69 3.6xlO -2 1.4 

7.9xlO -2 1.1 0.809 6.4xlO -2 0.67 4.3xlO -2 1.4 

1.0xlO -1 1.0 0.797 8.0xlO -1 0.65 5.2x10 -2 1.3 

1.6xlO -1 0.8 0.776 1.2x10 -1 0.62 7.4x10 -2 
1.1 

3.2xlO -1 0.5 0.757 2.4x10 -1 0.56 1.3xlO -1 0.9 

6.6x10 -1 0.18 0.774 S.lxlO -1 0.50 2.6x10 -1 0.1, 

1.0 0.0 0.818 8.2x10 -1 0.47 3.8xlO -1 n . .:. 

l.4 -0.13 0.883 1.2 0.45 5.4x10 -1 
0.3 

2.5 -0.4 1.2l 3.0 0.40 l.2 -o.ns 
3.2 -0.5 1.49 4.7 0.39 1.8 -0.3 

4.0 -().6 1.98- 7.9 0.37 2.9 -o.s 
10.0 -1.0 30.4* 304. 0.32 9.7 -1·.0 

Table I .how. the hydrogeu iOD cODceDtration., activitiel, aD~ correc­
ted value I for the kinetic aDd .teady Itate analYlel. See the Theory 
chapter for the meaning of the Y: and F: correctionl. Initial concen­
tration. are in aolaritle •• 

* Extrapolated beyond the applicable range. 
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Table II 

[ 0+] 
m pO y± 

t (0+) F± 
t 

(D+>*F± pDF 

10-12 12. 10-12 

7.9xl0 -8 7.1 7.9xlO -8 1.0 7.9xlO -8 7.1 

3.2xlO -7 6.'5 3.2xlO -7 1.0 3.2xl0 -7 6.S 
3.2x10 -6 S.S 3.2xl0 -6 1.0 

.~ 
3.2xlO S.S 

-S 4.6 -5 0.99 -5 4.6 2.Sx10 --- 2.SxlO 2.5xl0 

2.0xl0 -4 3.7 2.0xlO -4 0.97 1.9xlO -4 3.7 
- -4 

7.9xlO 3.1 7.9xlO -4 0.94 7.4xlO -4 3.1 

2.0x10 -3 2.7 2.0xlO -3 0.91 1.8x10 -3 2.7 
- -3 

2.SxlO 2.6 2.SxlO -3 0.90 2.2xlO -3 2.7 

S.Ox1--3 2.3 S.Ox10 -3 0.86 4.3xlO -3 2.4 

1.0xlO -2 2.0 1.OxlO -2 0.82 8.2xlO -3 2.1 

1.6xlO -2 1.8 0.89 1.4xlO -2 0.80 1.1xlO -2 2.0 

2.SxlO -2 1.6 0.87 2.2xlO -2 0.76 1. 7xlO -2 1.8 

3.2xlO -2 1.5 0.85 2.7xlO -2 0.75 2.0xlO -2 1.7 

S.OxlO -2 1.3 0.83 4.2xlO -2 0.71 3.0xlO -2 1.5 

7.9xlO -2 1.1 0.81 6.4xlO -2 0.67 4.3xlO -2 1.4 

1.OxlO -1 1.0 0.80 8.0xlO -2 0.65 S.2xlO -2 1.3 

1.6xlO -1 0.8 0.78 1.2x10 -1 0.62 7.4xlO -2 1.1 

2.7xlO -1 0.6 0.76 2.0xlO -1 0.57 1.2x10 -1 0.9 

1.0 0.0 0.82 8.2xlO -1 0.47 3.8xlO -1 0.':' 

12 -0.06 0.84 9.7xlO -1 0.46 4.5xlO -1 0.35 

2.0 -0.3 1.0 2.1 0.42 8.7xlO -1 0.06 

5.0 -0.7 2.9* 14.5 0.35 5.1 -0.7 

Table II ~ve. the deuterium iOD concentration •• activities. and correc­
ted value. for the kinetic and ateady atate analyse.. See the Theory 
chapter for the meaning of the Yt aDd 't corrections. Initial concen­
trations are iD molaritie •• 

* Extrapolated beyond the applicable range. 
t Same equation uaed a. in the calculation for BCI. 



Table III 

C
1

(1/ps) 

10-12 8000 1.25xlO -4 

7.9x10 -8 33 7550 3.0x10 -2 1.3x10 -4 

9.9x10 -6 29 7540 3.4x10 -2 1.3x10 -4 

1.2x10 -3 25 6130 4.0x10 -2 1.6x10 -4 

6.6x10 -3 34 3920 2.9x10 -2 2.6x10 -4 

2.0x10 -2 35 1430 2.9x10-2 7.0x10 -4 

3.6x10 -2 27 800 3.7x10 -2 1.3xl0 -3 

5.2x10 -2 30 500 3.3xl0 -2 2.0xlO -3 

7.4x10 -2 25 320 4.0xlO -2 3.2x10 -3 

1.3xl0 -1 25 160 4.0x10 -2 6.1xlO -3 

2.6xlO -1 24 78 4.2xl0 -2 1.3xlO-2 

5.4x10 -1 19 59 5.3x10 -2 1.7xlO -2 

1.2 8 33 1.3x10 -1 3.0xlO -2 

2.9 8 19 1.3x10 -1 5.3xlO -2 

Table III pre.ent. the time re.olved. kinetic results for I-naphthol in 
H20 a. a func~ioD of pH. giving the best fit values to the exponential 
decay curve. according to the ESPT kinetic 1IOdel. All ti •• are 
accurate to ~ 10 % or 5 p. (whichever i. larger). 
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Table IV 

10-12 20000 5.0xl0 -5 

7.9xl0 -8 105 17200 9.Sxl0 -3 5.8x10 -5 

3.2x10 -6 104 16800 9.6xl0 -3 6.0x10 -5 

7.4x10 -4 102 15200 9.8xl0 -3 6.6xl0 -5 

l.8x10 -3 100 1200 1.0x10-2 . 8.3x10 -5 

4.3x10 -3 102 8150 9.8x10 -3 1.2x10 -4 

l.lxlO -2 97 4200 1.0x10 -2 2.4x10 -4 

.1. 7xlO -2 105 2400 9.5xlO -3 4.2x10 -4 

3.0xl0 -2 106 1300 9.4xlO -3 7.7x10 -4 

5.2xl0 -2 81 680 1.2xlO -2 1.5xl0 -3 

7.4x10 -2 85 500 1.2xl0 -2 2.0xl0 -3 

4.5xl0 -1 45 110 2.2x10 -2 9.3x10 -3 

8.7xl0 -1 43 83 2.3x10 -2 1.2xl0 -2 

Table IV showe the time resolved. k1net1e results for I-naphthol in 
~O a. appropriate to the ESPT .adel. All times are accurate to 
~ 10 % or 5 ps (whichever 1. larger). 
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Table V 

3.2xlO -7 7.0 58.5 0.202 0.69 0.29 

5.0xlO -6 8.3 64.0 0.240 0.76 0.32 

9.8xlO -5 8.5 63.6 0.246 0.76 0.33 

3.8x10 -4 8.5 56.2 0.246 0.67 0.37 

2.2x10 -3 9.6 36.2 0.278 0.43 0.65 

6.6x10 -3 11.0 20.4 0.318 0.24 1.33 

1.4x10 -2 11.2 9.95 0.324 0.12 2.70 

4.3xlO -2 11.3 3.29 0.327 0.038 8.61 

1.3xlO -1 11.4 0.94 0.330 0.011 30. 

3.8xlO -1 10.5 0.32 0.304 0.004 80. 

1.8 7.1 0.15 0.205 0.002 114. 

9.7 1.7 0.0 0.049 0.0 

Table V gives the steady state results for I-naphthol in H20. ~ and 
~A are the absolute values (in uncalibrated spectrometer units) for 
the peak responses for the neutral and anion species, respectively. 

t . 
~' is chosen such that the sum of the relative quantum yields 

* (~/~' + ~A/~A') is equal to one at pH 5.3. 
~A' is chosen such that the relative quantum yield of the anion 
is 0.76 (corrected value, see text) at pH 5.3. 
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3.2x10 -7 12.5 U8. 

2.5x10-5 13.1 127. 

1.9x10 -4 14.9 127. 

7.4x10 -4 16.7 98.9 

2.2x10 -3 24.9 77.5 

8.2x10 -3 33.1 28.3 

2.0x10 -2 34.1 13.3 

4.3x10 -2 29.2 4.0 

1.2x10 -1 27.0 1.3 

3.8x10 -1 19.0 0.2 

5.1 l.8 0.0 

Table VI 

~ /~,t 
N N 

.22 

.23 

.26 

.29 

.44 

.58 

.60 

.51 

.47 

.33 

.03 

.72 

.77 

.77 

.60 

.47 

.17 

.• 081 

.0024 

.0079 

.0012 

.0 

.31 

.30 

.34 

.48 

.94 

3.4 

7.4 

21-

59. 

. 275. 

Table VI gives the steady state results for 1-naphthol in D20. ~ and 
~A are the absolute values (in uncalibrated spectrometer units) for 
the peak responses for the neutral and anion species, respectively. 

t ~' is chosen such that the sum of the relative quantum yields 
. (~/tN' + ~A/~A') is equal to one at pD 4.6. * ~A' is ~tosen such that the relative quantum yield of the anion 
is 0.77 (corrected value, see text) at pD 4.6. 
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Fig. 29: Fluorelcence titration curves for the neutral and anion in 
H20. Table V lilts the relative quantum yields for the 
neutral and the anion, plotted here VI. pH (A and B, respec­
tively). The pHI hAve been corrected for the ionic screening 
effect (see text). The relative yields were obtained by 
requiring the IU. of both the relative yields of the neutral 
and the anion to equal one at pH 5.3. 
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Fig. 30: 'luoreaceDce titration curvea for the neutral and aniOD in 
D20. Table VI liata the relative quaDtum yielda for the 

'Deutral and the anion, plotted here va. pD (A aDd B. respec­
tively). The pDa have been corrected for the ionic acreening 
effect (aee text). The relative yielda vere obtaiDed by 
requiring the aua of both the relative yielda of the Deutral 
and the anion to equal one at pD 4.6. 
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the appearance of some quenching mechanism, especially in strong acid, 

is apparent from the deviation of the sum of the relative quantum 

yields from one. The plots of the neutral in the D20 solution shows 

an increased, less quenched, response at higher acid strengths than 

in H20, while the anion yields are essentially the same. Quantitative 

evaluations from fluorescence titration curves are not directly 

possible. At first glance it might appear that, as with normal, 

ground state titration curves, the PKa* might be read from the inf1ec-

tion point of the plots. Interestingly, such an inspection would give 

a pKa value of ~.6 when determined from the anion (for either solu-

tion), which is a value not far from what would be calculated by the 

Forster cyc1e 16 • However, the position of the inflection point is 

a function of the kinetics, specifically the relative excited state 

lifetimes and the quenching rates 31 • Without a knowledge of these 

* rates, the inflection points only give a crude estimate of pKa • 

Quantitative results require a plot of the ratio of the neutral 

to the anion relative quantum yields (Table V and VI for H20 and D20, 

respectively, and Eq. (A71» versus corrected proton activities. 

Equation (A71) shows that both the ratio k/kl' and the sum, k2 + kq ' 

can be obtained from such a plot. Plots of Eq. (A71) for H20 and 

D20 are given in Figs. 31 and 32, respectively. They yield: k/k1 -

0.27 (~O) and 0.27 (D20); (~+ kq ') - 0.104 ps-l (H20, at pH 5.3, 

G2 - k' - 1.32 xl0-~ ps-l,) and (~ + kq ') - 0.077 ps-l (D20, at pD -

4.6, k' - 5.8 x 10-5 ps-l). Again, the ratio k/k1 is found to be inde-

pendent of the isotope. These plots are useful only for moderate 

acid strengths where ~A/~A' may be accurately determined. Non-linear 

quenching effects not accounted for by the model are thought to become 
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rig. 32: Plot of Eq. (A71) fro. the value. given in Table VI for 
1-naphthol in D20, aee text for the .. aning of thele plot •• 
The aolid liae isa leaat square'a fit to the data. The 
dashed line ia the plot to the co~uter 8imulated data. 
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important at higher acid concentrations. The dashed line in 

these and future plots of the data show the computer-generated line 

using the final values listed in Table XI. The solid lines are the 

best-fit lines to the data. 

110 

The time resolved technique of plotting Gl + Gz versus corrected 

hydrogen ion activity (Eq. (A72), Tables VII and VIII) gives the neces­

sary additional ~nformation to solve for kl and k when used in conjunc­

tion with Eq. (A7l). The intercept, which is very reliable, estab­

lishes the sum, kl + k + k', as 0.032 ps-l (H20, Fig. 33) and 0.010 ps-l 

(D20, Fig. 34). These results give a value for kl of 0.025 ps-l (H20) 

and 0.0079 ps-l (D20), and a value for k of 0.0068 ps-l (H20) and 

0.0021 ps-l (D20). These values validate the estimates made earlier 

using the proton transfer quantum yield and the value of Gl at pH 7. 

The slope of these plots are sensitive to quenching and the corrections. 

Over the range used, however, the data compares reasonably well to the 

computer-derived line. The linearity of the computer-derived line 

justifies the estimation that these data will be linear versus correc­

ted hydrogen ion activity. As discussed Chapter three, the equation 

is not a linear function of the hydrogen ion activity with the correc­

tions involved. The slope from these plots gives the sum of the proton 

dependent terms, k2 + kq + kq', (where the correction on kq is ignored) 

as: 0.097 ps-l (810) and 0.048 ps-l(D20). Compared to the results of 

Eq. (A7l), the discrepancies are apparent. The slope of Eq. (A7l) is 

steeper (larger value) than Eq. (A72), yet the former slope represents 

a smaller quantity, k2 + kq ', than the latter, k2 + kq + kq '. For 

both solvents this difference is of the same magnitude and direction. 

The only recourse is to average the two methods, since both techniques 
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Table Vll 

7.9xlO -8 7.9x10 -8 0.0301 -2.0xlO -7 

1.0x10 -5 9.9x10 -6 0.0341 2.4x10 -7 

1. 3xlO -3 1.2xlO -3 0.0402 -1.6xl0 -6 

7.9xlO -3 6.6xlO -3 0.0293 -1.8xlO -5 

2.7xlO -2 2.0xl0 -2 0.0297 -4.9xlO -5 

5.2x10 -2 3.6xlO -2 0.0383 -7.5xlO -5 

8.0xlO -2 5.2xlO -2 0.0350 -1.lxlO -4 

1.2xlO -1 -2 7.4x10 . 0.0432 -1.2xlO -4 

2.4xlO -1 1.3x10 -1 0.0461 -2.3x10 -4 

5.1x10 -1 2.3xlO -1 0.055 -3.7xlO -4 

1.2 5.4x10 -1 0.069 -1.2xlO -3 

Table VII presents the calculated, time resolved, kinetic parameters 

u8ed in Eqs. (A72) and (A73) for graphing vs. (U+)*F: to yield linear 

plots. 

'k3 is the term {(k1 + k) + kq(U+») with (k1 + k). 0.032 ps-l, 

kq • 0.006 ps-l, and k4 18 the te~ lk' + (~ + kq')(H+)*F!] 

with k' • 1.32 x 10-~ ps-l and (~ + kq '> • 0.1 ps-l. 
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Table VIn 

7.9xl0 -8 7.9xl0 -8 9.5lx10 -3 -3.0x10 -8 

3.2x10 -6 -6 3.2xl0 . 9.6lx10 -3 -1.9xlO -9 

7.9xl0 -4 7.4x10 -4 9.81x10 -3 -3.7x10 -7 

2.0x10 -3 1.8xl0 -3 1.01x10 -2 -8.3xl0 -7 

5.0xl0 -3 4.3x10 -3 9.92xl0 -3 -2.0xl0 -6 

1.4xl0 -2 1.1x10 -2 1.05x10 -2 -4.7xl0 -6 

2.2xlO -2 1.7x10 -2 -3 9.92xl0 . -6.9x10 -6 

4.2xlO -2 3.0xl0 -2 1.02xl0 -2 -1.2xl0 -5 

8.0x10 -2 5.2xl0 -2 1. 73x10 -2 -1.5xl0 -5 

1.2x10 -1 7.4x10 -2 1.38xl0 -2 -2.3x10 -5 

9.7x10 -1 4.5x10 -1 3.14x10 -2 -1. 7 10-4 

Table VIII pre.ent. the calculated. time re.olved. kinetic parameters 

u.ed in !q •• (A72) and (A73) for graphing va. (D+)*'% to yield linear 

plot •• 

t ~ i. the term [(k1 + k) + kq(D~] with (ki + k) • 0.010 ps-l. 

kq • 0.004 p.-l, and k. i. the ter. (k' + (kz + kq')(D+)*F~l 
with k' • 5.8 x 10-5 p.-l and (~ + kq ') • 0.060 p.-l (ave. of 

(A71) and (A72». 
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The .olid liDe 1. a lea.t .quare'. fit to the data. The 
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are equally valid. The final check on this averaging scheme is evalua-

ted later by a comparison of the real data to the computer-calculated 

"data". 

A unique equation is given by Eq. (A66b). The plot of this com-

plex function, Tables IX and X and Figs. 35 and 36, provides a way to 

determine the two proton dependent quenching rate constants. Due to 

the complexity of the function, an e~aluation of the appropriate plot-

ting region and an estimate of the accuracy of the resulting values is 

difficult. Since quenching terms are prominent in both the slope and 

intercept of this equation, a reasonable assumption would be to use 

the full range of values, including high acid data where quenching is 

more dominant. Actually, the plot illustrates that it is the low acid 

strength data which show the most scatter. The results from these 

graphs are (using the previously established rates and with k2 + kq ' 

from Eq. (A71»: kq ' - 0.048 (0.0091 in D20) ps-l and kq D 0.006 

(0.004 in D20) ps-l. The plots from the computer model for these 

two solvents show that the accuracy of this equation is only qualita-

tive and should only be used as a check on the results from other 

equations. The estimate for kq obtained from this equation is needed 

in the next analysis, the calculation of Eq. (A73). Since the contri-

bution of kq in that calculation is relatively small, the estimate 

found here is probably sufficient. 

The last plot (Eq. (A73» links together all the results found 

previously. The product, Gl * G2, is determined from the data, 

Tables VI and VII. The values of k3 and k4 may be taken directly 

from any previous result, average of results, or an iteration of 

results and plots. For the H20 case a single evaluation from this 



Table IX 

CH+) CH+).':!: F± (C"+).F J-l*(C~ I~'+~ 1~,)-1_11. 
± A ANN (1/'t+Ck2+k~)(H+)/k'l 

(l+kl/k+Ck2+k~)C"+).'±/k'Jt 

4.0xlO -4 1.8xlO -4 0.96 1145. 1.36 

2.5dO -3 2.2xl0 -3 0.90 1195. 3.08 

7.9xlO -3 6.6dO -3 0.84 1189. 7.4 

1.8dO -2 1.4xl0 -2 0.78 1407. 15.1 

6.4xl0 -2 4.3xl0 -2 0.67 1561. 52. 

2.4dO -1 1.1dO -1 0.56 1593. 190. 

8.2xlO -1 1.8xl0 -1 0.47 1800. 647. 

4.7 1.8 0.39 3032. 3700. 

Table IX shows the 8teady 8tate parameter8 (with kinetic rates from Eq. (A71» which yield a 
yield a linear plot aa de8cribed by Eq. CA66b). 

t kl/k - 1/(0.27) and (k2 + kq ') - 0.104 pa- 1 froll the plot of Eq. (A7l). .­.... 
0' 
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2.0dO -1 
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.99 

.91 

.94 

.90 

.82 

.n 

.61 

.51 

.41 

Table I 

ICO+)*F .-l*IC+ I.· .. 1+.)-1_11* 
t A AN" 11/'t+Ck2+k~)CO+)/k'l 

11+k1/k+Ck2+k~)CO+)*'t/k'lt 

0 1.04 

- 110 1.2 

890 1.9 

320 3.1 

S30 11.6 

600 29. 

1000 68. 

1110 210 

2100 850 

Tabla X Ihowl the Itead, Itate para.etar. (with kinatic rate. fro. Iq. (All» which ,leld a 
,iald a linear plot al delcrlbed b, Iq. (A66b). 

t kl/k • 1/(0.21) and (k2 + kq') - 0.060 p.-l fro. the averase of the plota of Iqa. (A71) 
and (A12). 

--...., 
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equation was performed, which produced results which correlated well 

with the previously determined numbers. The value for k2 + kq ' of 

0.10 ps 1 came from Eq. (A7l). The slope of the line gave (Fig. 37) 

a value for k2 of 0.08 ps-l and therefore a kq ' of 0.02 ps-l. These 

values were then averaged with the results of Eq. (A72) (where k2 + 

kq ' - 0.097 kq - 0.091) and Eq. (A66b) to yield the final values 

of k2 - 0.068 ps-l and kq ' - 0.033 ps-l. For the D20 case, the 

iterative method was found to work with equal accuracy. The iterative 

procedure was started using an initial k2 + kq' value (from (A72» 

of 0.044 ps-l. These conditions returned a value for k2 of 

0.049 ps-l, demonstrating that an averaged value from Eq. (A7l) and 

Eq. (A72) would be appropriate. A second step through Eqs. (A66b) and 

(A73) (Figs. 36 and 38, respectively), using an average value for (k2 + 

kq ') of 0.060 ps-l, gave the results reported above for Eq. (A66b) 

and a value of 0.048 ps-l for~. This value for k2 was reasonably 

close to the number obtained in the first iteration by Eq. (A73). 

This determination of k2 can serve as a second check on the value of 

kq ' found from Eq. (A66b) of 0.0091 ps-l. By calculating kq ' from the 

previous results (kq ' - 0.060 - 0.048 - 0.012 ps-l) the internal 

consistency of these results is demonstrated. The computer plots of 

Eq. (A73) show very good agreement for both solvents. 

The method of analysis described above demonstrates the utility 

of using "overlapping" techniques that depend on both time dependent 

and steady state results. No single equation nor set of equations for 

either of these methods can give the most accurate results. The aver-

aging of values is only possible with both time dependent and steady 

state data. The final results from this complete analysis are given 
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in Table XI. 

The final values were inserted into the computer program for the 

generation of simulated data. The computer-derived titration curves, 

plotted from Eqs. (A65a and A65b), are shown in Figs. 39 (H20) and 40 

(D20) • 

The marked points are the actual data taken from Figs. 29 and 30. 

The match is qualitatively good. For the H20 solution, the anion 

curve is nearly exact. However, the neutral appears insufficiently 

quenched in the simulation around pH 1, but does demonstrate similar 

curvature, compared to the raw data at very low pHs. The exact deter­

mination of how the various rates control these features is as yet un­

clear. More extensive modelling and/or sensitivity analyses would be 

required to see how each parameter changes the magnitude and shape of 

the simulations. For the D20 titration curves the observations are re­

versed. The computer-plotted titration curve for the neutral matches 

reasonably well with the data throughout the entire pH range. However, 

the anion which has the same overall slope misses at the inflection 

point. 

The time resolved data also shows good agreement with the compu­

ter curves. Figure 41 (H20 solution) exhibits remarkably good, es­

sentially quantitative agreement for the three, randomly chosen pHs. 

Both the neutral and anion kinetics are well matched. As previously 

mentioned, the computer-modelled data was simply scaled and shifted to 

best coincide with the real data, but the shapes of the curves are 

solely dependent on the kinetic parameters. The ~O case, Fig. 42, 

is not as well matched, especially at high acid concentrations. The 

anion "fits" at the higher two pHs are very good, while the neutral 
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Table XI 

Values * H20/HCI D20/DCI H2o/Hel t 2-Napthol§ 

To"{pH 12) 8000 ± 400 20000 ± 1000 8000 9000 

To'{pH 7) 7550 ± 400 17200 ± 1000 

To{pH 7) 150 ± 30 480 ± 90 440 7900 

IA/IA" 0.71 ± 0.05 0.66 ± 0.05 0.68 0 .. 62 

IA/~A ' 0.76 ~ 0.05 0.77 ± 0.05 

k1 2.5 ± 0.5 0.79 ± 0.16 0.47 0.0075 

k 0.68 ± 0.14 0.21 ± 0.04 0.23 0.0125 

k' 0.0132 0.0058 0.0125 0.011 
± 0.0007 ± 0.0003 

k2 6.8 ± 1.4 4.8 ± 1.8 1.4 4.6 

kq 0.6 ± 0.2 0.4 ± 0.2 0.17 0.0024 

k ' q 3.3 ± 1.4 0.91 ± 0.3 2.8 0.6 

pK* 0.4 ± 0.2 0.8 ± 0.3 0.5 2.78 

Table XI lists the best fit and averaged kinetic values for the 
ESPT processes for 1-naphthol in H20 and ~O solutions along with 
previous I-naphthol/H20 and 2-naphthol results. 

* All the rate constants are reported in ps-l (x100) and 
M-1ps-l x100) for unimolecular and bimolecular processes, 
respectively. All times, T. are in picoseconds. Errors in 
temporal measurements are .based on the maximum deviations ob­
served, errors in rate constants are based on an estimate from 
the fits and averaging. 

t See ref. 16 
f See ref. 15 

~----.~. 
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misses slightly at each pH, being over-compensated at one extreme and 

under-compensated at the other. Since the fluorescence titration data 

for the neutral matched well with the model using these same parameters, 

this result is surprising. Also, an interesting result is that the 

anion matches at the two higher pHs yet the accuracy of the fit for 

the neutral, with the same kinetic parameters, seems poor •. Nonetheless, 

it is concluded that the resulting kinetic scheme and values are cor­

rect within the error of the analysis. 

The model can be evaluated in terms of the final "fits" to the 

steady state and time dependent data. Qualitatively and within the 

error of the measurements, the kinetic scheme presented does account 

for the observed data. This favorable comparison does not, of course, 

guarantee that the proposed scheme presents the only possible mechan­

ism, nor that it is complete. Only the major processes have been con­

sidered. Further, While the final values may be internally consistent 

with the model, it is important to remember that they are dependent on 

the form of the applied corrections, especially the factor, F±, that 

is used to correct for ionic screening. The model also simplifies the 

real conditions at high acidities (low pH). The known 16 quenching 

effect of the counter ion, Cl-, is included in the proton quenching 

rates. The (u+) and (Cl-) dependent quenching rates may may not be 

linearly additive at each pH. Also, the disruption of the solvent 

shell by these ions is not completely accounted for, regarding its 

affects on the non-radiative components of the rate constants, k and 

k'. In non-aqueous solutions, the radiative lifetime of the 1-naphthol 

neutral (To) is considerably longer than in aqueous solution (see 

the following section). Such a disruption of the solvent occurs in 
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concentrated sulfuric acid as well. One group, Tsutsumi and Shizuka 13 , 

reported a value for To of 7800 ps, measured in concentrated sulfuric 

acid. This value does not fit the model nor their data for the other 

pH solutions. Also, it does not agree with the data presented here. 

The use of extreme conditions of pH to determine k is analogous to 

comparing gas phase to solution phase acidities. The correlation is 

inaccurate, since the surroundings are so very different. 

The final values found in this study can be compared to those 

found by Harris and Selinger for I-naphthol 16 and 2-naphthol lS in 

H20, Table XI. Their analysis for I-naphthol represents the best 

previous work. They relied on the steady state approach, coupled with 

a temporal measurement of To' and a guess for To. The analysis for 

2-naphthol is acceptable, since the ESPT reaction in this molecule is 

more easily determined than in I-naphthol. Interesting comparisons 

can be drawn between I-naphthol in the two solvents, H20 and D20, 

and between 1- and 2-naphthol. 

As mentioned above, the deuterium isotope effect seems to have 

a similar influence on the two unimolecular rates for the neutral, 

k1 and k. Both of these rates must therefore be similarly dependent 

on the solvent. 

The greatest difference in the rates for the two solvents occurs 

in the forward and reverse proton transfer rates. In the former a 

large isotope effect (factor of 3.1) is found while in the latter a 

much smaller change (1.4 times) is measured. The slowed deprotonation 

rate upon isotopic exchange is reasonable if breaking the O-D bond is 

the rate-determining step. The reprotonation does not deviate much 

from the diffusion controlled rate (0.045 ps-l, calculated by Weller 67 ) 
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for either solvent. All the rates varied either by this ratio of 

three (kl,k,k',kq ') or by approximately one and a half (k2,kq). Thus 

by comparison, the proton (deuteron) is significant in the former rate 

processes and is of a secondary nature in the latter. 

Stryer~~ noticed similar factors in the isotope effect for the 

forward and reverse rates in 2-naphtho1. He saw generally that the 

absolute quantum yields, which are reflective of the processes given 

by k and k', all show isotope effects of between 3 and 4 when ESPT pro­

cesses were involved. Even when proton transfer was slow (relative to 

the excited state lifetime), molecules with a labile proton displayed 

an isotope effect in the quantum yields. In cases without a labile 

proton, no isotope effect was seen. These observations, in accord 

with the complete kinetics presented here, suggest that hydrogen­

bonding in these systems with labile protons is an important feature 

in the solvent quenching of the excited state. 

A pronounced isotope effect is not seen for the proton dependent 

quenching of the neutral, given by kq• This observation may be an in­

dication that the counter ion, C1-, dominates the quenching of the neu­

tral. Another possible explanation for this small difference is that 

the quenching occurs at the naphthalene ring. Such a process would 

reflect the activation barrier of the protonation (deuteration) step 

and not the effect of the e1ectrophi1e (H+ or D+). In either case, 

this quenching does not appear to be influenced by either the solvent 

hydrogen-bonding nor the interaction of the solvent with labile protons. 

The comparison of the reaction rates for 1- and 2-naphtho1 reveal 

important differences between these two molecules. Additionally, al­

though it is not shown in Table Xl, the neutral lifetime in non-aqueous 
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solvents in not much different for 1- and 2-naphthol. In water, the 

similarities between the lifetimes of the neutral species vanish. 

This large difference between the lifetimes of the neutrals emphasizes 

the curious similarity between the lifetimes of the anions. These 

lifetimes suggest that the anomalous effects in I-naphthol are mostly 

due to features in the neutral rather than the anionic species. 

The most significant difference between these two molecules in 

water is the deprotonation rate, kI. Since a similar diffusion 

controlled reprotonation, k2, exists for both systems, this factor 

of 300 in the increased rate of kI means that I-naphthol is a much 

stronger acid in the excited state. This factor of 300 for kI also 

partly explains why so little fluorescence from the protonated species 

is seen in neutral pH solutions. However, the proton transfer quantum 

yield for I-naphthol is only twice that of 2-naphthol, despite the 

much larger kI for I-naphthol. The reason for this relatively small 

increase in the quantum yield in I-naphthol is the equally large 

increase which occurs for the non-radiative rate, k. Since both of 

these rates are equally influenced by the solvent in contrast to 

the rates in 2-naphthol, different solute/solvent interactions between 

the two systems is suggested. 

Both neutral (protonated) species have comparable quenching con-

stants, k q, relative to their proton transfer rates. The corresponding 

anion quenching rate, kq', is proportionately much larger for 1-

naphthol. Since this quench is solvent dependent (D20 study), 2-

naphthol must be much less influenced by solute/solvent interactions. 

This large quenching rate constant further explains why so little 

* emission is seen for this system even as the pH approaches the pKa • 
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The exact cause for these large differences is not clear and is beyond 

the scope of the experiments described here. The D20 study, however, 

indicates that the solvent definitely plays a role. Also, the elec-

tronic structure of the solute greatly affects the ESPT rates, as 

demonstrated by the comparison of the 1- and 2-naphthol isomers. The 

survey work presented in the next section will begin to elucidate some 

of the details of what is occurring in the ESPT reaction of I-naphthol. 

D. Investigations of the Effects of Solvent Structure on ESPT 
in I-Naphthol 

The observations presented below describe some initial inves-

tigations into the solute/solvent interactions which make I-naphthol/ 

H20 such a unique system. The study of the ESPT reaction in these 

altered, aqueous systems will help deduce these interactions 32• The 

experiments presented here are solvent effects brought about by: added 

salts, mixed organic solvents (with water), and increased pressure. 

Again, both time resolved and steady state measurements were performed. 

All the studies reported here involve measurements at either neutral or 

very high pH. The observations were made on the effect of various 

perturbations on the rapid kinetics described by GI, i.e., the rate 

processes reflected in kl and k. In the past, investigations of the 

neutral fall (or the anion rise) times have been linked solely to 

changes in the proton transfer rate constant, kI, without regard for 

the potential changes which may be occurring in k 23- 26• The optimum 

analysis would measure both the relative quantum yield, ~A/~A" and 

GI to obtain directly both ki and k (see Eq. (9». Proton transfer 

quantum yields in many of these experiments are difficult to relate 

accurately since numerous solvent parameters change upon going from 
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pH 7 to pH 12 solutions, especially for the mixed solvents. A further 

complication is the determination of the absorption isosbestic point, 

which must be carried out for for each solution, prior to measuring 

the relative quantum yields. The measurements made in this survey 

were done using 266 nm excitation, thus being directly comparable to 

the laser excitation wavelength used for the time resolved studies. 

Reported below are the general observations of the fast kinetics and, 

when applicable, the features apparent in the steady state spectra. 

These qualitative findings are informative. 

In addition to the solution studies, the I-naphthol isomer, 5,8-

dideutero-l-naphthol, was also investigated. Only time resolved pro­

cesses were analyzed in this system. A pH 7 solution was investigated 

to determine if the isotopic substitution had any pronounced affect on 

the proton transfer kinetics. As expected, the analysis of the neutral 

and anion kinetics duplicated those of normal I-naphthol at this one 

pH. The study of the full pH range, in both H20 and DzO, is warranted. 

The anticipated result is a change in the quenching constant, k q , and 

possibly in kq '. These proton dependent constants are expected and 

are observed to be unaltered at pH 7. 

Analyses involving the modification of the solvent by various 

external means seem to be a fruitful venture, not only for under­

standing more about ESPT processes, but also for learning about the 

solvent "structure" itself 27 ,47. Huppert 26 investigated the kinetics 

of some hydroxyaromatic compounds in various salt solutions. These 

solutions are expected to have an effect on the solvent organization. 

He found a linear relationship between the deprotonation rate (measuring 

Gl and claiming that kl » k) and the activity of the water determined 
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from vapor pressure measurements. An attempt was made to rationalize 

the solute/solvent processes of ion pair formation, recombination, 

and diffusion with respect to the ionic screening and the restruc­

turing of the water cage. He concluded that the dominant effect of 

the added ions was the hindering of the ion pair formation process. 

These investigations were performed on molecules with ESPT rates of, 

at least, a factor of 3 slower than 1-naphthol. 

The preliminary results presented in Table XII agree with the 

above study, except for Na2S04, which shows no effect even at 1 M. 

In summary, no deviation is demonstrated up to ionic strengths of one, 

whereupon the neutral lifetime shows an increase, Fig. 43. The effect 

of these salts on the other rate processes may be expected to be 

equally important. The disruption of the rapid, proton transfer is 

further revealed in the steady state spectra, since emission from the 

neutral is directly apparent in the higher concentrations of salts. 

However, without accurate quantum yield measurements, the possibility 

remains that these observations are due solely to changes in k rather 

than kl' or most likely, to changes in both rate constants. The 

quantum yield of the anion is apparently diminished at increased salt 

concentration, for example by about 80% on going from, 0.1 to 1. M CsCI. 

The ratio of the quantum yields, pH 6.5 to pH 12, is unchanged for 

these salt solutions. This crude result, with the time resolved mea­

surements, suggests that kl is most strongly affected by the added salt. 

Experiments which alter the solvent provide information about 

the role of solute/solvent interactions in ESPT. Similar to the D20 

solvent comparison, mixed solvent studies can give insight into the 

influence of solvent on the processes given by kl and k 28 ,35. Water 



Table XII 

Salt [Cone.] K [Anion Cone. J K ATime· 

0.1 0.1 0.1 0 
HaCl 1.0 1.0 1.0 6 

5.0 5.0 5.0 58 

CaCl 0.1 0.1 0.1 0 
1.0 1.0 1.0 5 

0.04 0.08 0.1 0 
KgC12 0.33 0.6 1.0 3 

1.0 2.0 3.0 28 

lCSCN 0.1 0.1 0.1 0 
1.0 1.0 1.0 3 

0.04 0.04 0.1 0 
Ha2S04 0.33 0.33 1.0 0 

1.0 1.0 3.0 0 

Table XII .how. the difference in lifetime (l/Cl) for I-naphthol in 
various •• lta and concentrations at pH 6.5 • 

. . t Sillple ionic atrength: ". 1/2 t C %i 2 
* ATime i. the inereaae in the lifetIme (in pa) of I-naphthol 

in the .alt aolution relative to pure vater (32~ pal. 
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clustering around the solute is also observable 25• However, these 

studies involve complex analyses. Comparisons between systems with 

changing solvents are not unambiguous 45• Martynov, et al. 24, investi­

gated the change of (kl + k) in polar and non-polar solvents as a 

function of added water for I-naphthol. They used mainly steady state 

techniques on the anion since they lacked the time resolution and 

sensitivity to investigate both species. They noticed a basic differ­

ence between strong hydrogen bonding and low hydrogen bonding solvents 

(ethanol and DMF versus heptane and acetonitrile). In the pure sol­

vents they found a pronounced difference in the anion lifetime (shorter 

for ethanol and DMF) and fluorescence spectra (more diffuse for the 

hydrogen bonding solvents). They concluded that partial removal of 

the labile proton in the excited state by these hydrogen bonding sol­

vents assisted in the deactivation. They further hypothesized that 

the ability to hydrogen bond created an inversion in the excited state 

manifold (from lLb to lLa )l3,40,4l. Further, this inversion of states 

distinguishes I-naphthol from 2-naphthol where the lLb is the emitting 

state l7• 

Robinson, et al. 25, studied the clustering of water as determined 

by the kinetics of the ESPT reaction of 2-naphthol in methanol/water 

mixtures. They noticed a disappearance of the anion emission in solu­

tions greater than 50% methanol. They modelled the proton transfer 

rate as being a function of water cluster size, which is modulated by 

the amount of methanol. By comparing their data to this scheme, they 

predicted that the optimal cluster size of water, suitable for accep­

ting a proton, is four. They concluded that the proton transfer pro­

cess is activated by the appropriate water structure. This conclusion 



is similar to that reached by Huppert 23 , where salts were found to 

modify the water activity with regard to the ion-formation (proton 

transfer) step. 

Time resolved and steady state measurements of ESPT with regard 
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to solvation processes were obtained for I-naphthol in the mixed sol­

vents ethanol/water and acetonitrile/water. For a given concentration 

of I-naphthol, the absorption intensity for the neutral shows a gradual 

decrease with increasing water concentration for both solvent mixes. 

This change signals a probable difference in the radiative lifetime of 

the neutral as a function of the mixture. At high pH, the anion ab­

sorption displays no such trend with the solvent. In the emission 

spectra the intensities of the anion greatly increase at the expense 

of the neutral, as the concentration of water is increased, as expected 

for the increased ESPT. The emission from the neutral is structured in 

the mixed solvents compared to the diffuse structure in pure water 24• 

Throughout the ethanol mixtures some structure remains while for aceto­

nitrile the structure disappears as soon as water is added. These 

observations suggest that broadening occurs as a result of interactions 

of I-naphthol and water. The quenching by water, observed by reduced 

neutral emission, is more severe in the acetonitrile/water mix than in 

the ethanol/water case. Together these observation show that 1-

naphthol/H20 interactions are more hindered in the ethanol solutions 

compared to the acetonitrile solutions. 

The time resolved data are extremely complex and difficult to 

model even at pH 7. The data would involve multiple kinetic com­

ponents if inhomogeneous micro-environments are possible. Thus, the 

decay rates would be dependent on the particular orientation or 



type of solvent nearby 45. Since the proton transfer process to 

water is so fast for I-naphthol, such non-statistical behavior might 

be seen on these very fast timescales. Another concern is that 

emission from the neutral might be appearing at the detection wave­

length of the anion. This effect will increase the observed rise 

time. The traces in Fig. 44 display the trend in the data. As the 

water concentration is reduced, the decay processes for the neutral, 
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kl and k, are similarly reduced. The data listed in Tales XIII and 

XIV present some further ·trends. A disconcerting feature is the appar­

ent mismatch between the neutral, I-naphthol, fall time and the anion, 

I-naphtholate, rise time. According to the model ascribed for pure 

water, these two times, measured at the same pH, should represent the 

same kinetic properties (given by Gl). The discrepancy shown here is 

a factor of two. Additionally, it is the rise time (formation rate 

of the indirectly produced species) which shows the shorter time. 

Other explanations exist, in addition to the two mentioned above. 

One explanation considers a local, ground state micro-environment 

which promotes direct excitation of the anion. The absorption spectrum 

gives no hint of ground state anion at neutral pH, nor is it reasonable 

to expect ionization to be favored by the addition of these organic 

solvents. The possibility of a non-vertical transition, where excita­

tion of the neutral species directly produces the excited anion, is 

not a new concept. It is simply a rephrasing of the excited state 

micro-environment argument. In this case, deprotonation takes place 

"instantaneously" relative to any emission from the neutral. If this 

were not the case, the neutral lifetime would also display this initial 

rapid loss. Such kinetics require sub-picosecond reaction times even 
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Table XIII 

Anion 
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360 

Table XIII list. the app.rent lifetime. of I-naphthol in various 
volume/volume aixe. of acetonitrile/vater and ethanol/water. a.sum1n~ 
.ingle exponenti.l kinetic.. All .olutions .re at approximately 
pH 6.5. loth f.ll .nd ri ...... urement •• hould reflect the •• me 
proce •• , namely l/Cl (.ee text). All reported time •• re 1n pico­
.econd. .nd .re .ccur.te to no better than 10%. 
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Table XIV 

pH 12 

8.0 
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Table XIV present. the l-narhtholate emission lifetime (~(detect) > 
550 na) at pH 6.5 and 12 a. a function of .olvent mixture.. All 
time are in nano.econds t 10 I. 

143 



for a nanosecond, natural lifetime 53. Continued investigations into 

these processes are warranted. 

An important feature of the mixed solvents data is that both 

polar solvents, one a hydrogen bond donnor and acceptor (ethanol) 
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and the other only a hydrogen bond acceptor (acetonitrile), act in 

an identical, albeit unusual, manner as reflected in their various 

emission times. Also, both solvent mixes display an increasing anion 

lifetime with the addition of solvent at both pH 6.5 and 12 until 

maximizing at approximately a 50/50 mix. Although these lifetimes 

are is not directly connected to the ESPT process, the long lifetime of 

the 50% mixture suggest that this solvent structure is somehow unique. 

In part of his study, Robinson 25 found a minimum in the sum of kl and 

k at 50% methanol/water for 2-naphthol. He attributed this minimum to 

a competition between the two rates. The proton transfer process, kl' 

being large and dominant in pure water and the intra-molecular deacti­

vation, k, being large and dominant in pure methanol. For unexplained 

reasons he claimed that the sum of these processes reaches a minimum 

at the 50% point. The observations here show qualitatively that the 

proton transfer rate does rapidly decrease (increasing neutral life­

time, Table XIII) with increasing organic solvent, while the intra­

molecular rate processes (as a function of solvent, Table XIV) reach a 

slight minimum (maximum in lifetime) at the 50% mix. These results 

agree very well with the shape of the plot of k + kl versus solvent 

mixture given by Robinson. 

The study of ESPT processes and water structure as a function of 

pressure is a relatively new topic. Recently, Huppert and Rentzepis 26 

presented results showing the effect of pressure on the proton transfer 
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of a trisulfonated pyrenol in water and D20. They measured the life­

time of the protonated species in neutral water versus pressure to 

investigate the effect of the activation volume and water structure 

on k1• They found a linear increase in the rate by a factor of three 

over the pressure range of 0-8 kbar (about 1 to 8000 atm). This rate 

increase was attributed to either the increased freedom of motion 

afforded to the water, because of the weakening internal hydrogen-bon­

ding, or the closer arrangement of solute to solvent due to increased 

pressure. They assumed that under the pressures studied that no in­

trinsic change occurred in the solute. Again, it appears that it is 

the short range interaction, the orientation of the adjacent water 

molecules, that fascilitates the proton transfer. 

The results presented in Table XV and shown in Fig. 45 follow the 

same trend as those given by Huppert 26• In fact, the ratio of the fall 

(or rise) time at room pressure versus that at 3 kbar falls within the 

error of his data. The ratio of the anion rise time from at~ospheric 

pressure to 5 kbar also falls on this line. This obserVation implies 

that the pressure effect on the proton transfer rate is independent of 

the solute. Further, G1 rates of up t07 x 10 10 sec- l (the reciprocal 

rise time of the anion at 5 kbar) demonstrate that rapid interactions 

occur at high pressure. Additionally, it was found that the anion 

lifetime at neutral pH (G2 • k') was independent of pressure up to 5 

kbar. This fact indirectly supports Huppert's claim that the pressure 

has little affect on the intra-molecular processes for the neutral, k, 

since both k' and k might be similarly affected by pressure. The simple 

proof of this conclusion would come from relative quantum yield measure­

ments of the anion (resulting in the proton transfer quantum yield) as 



Table XV 

Pre.aure (ltbar) Fall time Use time 

0.001 38 :t 5 30 :t 4 

1.5 30 :t 4 20 :t 3 

2.0 27 :t 4 19 :t 3 

300 21 :t 3 17 :t 3 

4.0 t 17 :t 3 

S.O t 14 :t 4 

Table XV gives the neutral fall time and anion riae time, 1ICI' for 
I-naphthol at pH 6.2 aa a function of presaure. All times are 1n 
picoseconds. 

t Signal too weak to determine accurately. 
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Plg. 4S: Temporal response of the anion rlse tlme (SSO nm detection) 
as a function of applied pressure for I-naphthol 1n vater at 
pH 6.2. Curves C to A shows the response of pure H20 at I bar 
(l2 ps), 1500 bar (20 ps), and 3000 bar (17 ps), respectively. 
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a function of pressure. The expected outcome would be an increase in 

the proton transfer quantum yield with increasing pressure. Such exper­

iments await the coupling of the pressure cell to the fluorimeter. 



Chapter Five 

Conclusion 
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The work presented here represents the first direct, real time 

measurements of the fluorescence decay of the neutral I-naphthol mole­

cule. Such determinations, when compared with the rise time of the 

fluorescence signal of the anion, show the 1:1 coupling of the two 

species on the excited potential surface. An adiabatic, excited state 

proton transfer is indicated. The combination of steady state tech­

niques with fast, time resolved methods produces the most accurate, 

composite picture for the processes of an ESPT reaction, especially 

when diabatic, proton dependent quenching is included. Previous 

studies of ESPT reactions have rarely coupled these two techniques. 

Failure to inc1ud~ all the temporal and quantum yield measurements 

results in inaccurate representations of the processes given by the 

ESPT mode1 13,lS. Isolation of the proton transfer rate process (given 

by kI) fron the nonradiative paths (given by k), requires either an 

~ priori knowledge of the magnitude of these rate constants or an 

investigation of both time resolved and steady state measurements, for 

example as given in Eq • .(9). 

Since a model was selected for the proposed reactions of excited 

I-naphthol, direct comparisons can be made between the theoretical 

responses of the system and the actual data. Such comparisons have 

been made for both pulsed laser (time resolved) experiments and 

for continuous wave spectrof1uorimeter (steady state) experiments. 

The results validated the proposed mechanisms within the framework and 

limitations of the model. Using the final, derived rate constants, 
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the model was demonstrated to simulate accurately many of the features 

of the data as determined by either time resolved or steady state meanso 

Deviations of the simulated "data" from the actual data help to eluci­

date the more subtle aspects of the problem. When used in conjunction 

with improved experimental data, further computer modelling will aid in 

the understanding of how the system reacts to its changing environment. 

Full kinetic analyses of I-naphthol in H20 and D20 point out the 

importance of the solvent on the various rate processes. Comparisons 

of 1- and 2-naphthol present further implications regarding the effect 

of solute structure on the ESPT processes. The exact mechanisms for 

these solute/solvent interactions are not yet fully understood. The 

important aspects to be considered in future work are: 1) the nature 

of the excited state, i.e., how the charge transfer characteristics 

activate a group with a labile proton by removal of charge density from 

the heteroatom; 2) the structure of the solute; i.e., the ability to 

hydrogen-bond to the solvent and thereby diabatically relax to the 

ground state; 3) the intrinsic structure of the solvent, i.e., the 

long and short range interactions and aggregations; and 4) the solvent 

orientation, i.e., whether the proton transfer is directly possible or 

if solvent re-positioning is necessary. Preliminary tests by solute 

and solvent schemes have been tried and can be compared to the condi­

tions in "pure" water, but additional work is needed. Further, in depth 

studies and new experiments are necessary to explore areas such as the 

dependence on excitation wavelength and the effect of temperature. 

The results presented here demonstrate the power of the combination 

of time resolved and steady state analyses for the study of these 

complex systems. 
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Appendix 

A. The ESPT Rate Equations 

The kinetic schemes pictured 1n Figs. 17 and 18 are typical for 

the study of ESPT in 1- and 2-naptho1, respectively. In general we 

could write for a equilibrating excited state pair, N and A (signify-

ing an excited neutral and anion, respectively): 

1:k. 
1 - 1:k. 

1 -

where k2 = .k
2

(H+) and is therefore a constant at any given pH; (H+) 

is to denote hydrogen ion activity as opposed to [H+] which will be 

used to describe the concentration as determined by titration or di1u-
, 

tion; and 1:k. (or k.) refers to all the non-ESPT (other than k1 and 
1 1 , 

k
2

) processes which occur from the excited neutral or anion, respec-

tively, and further specified below. For the case of 1-napththo1, we 

define 1:k. as: 
1 

1:k. = k f + k + k (H+) = k +k (H+) 
1 r q q 

The analogous rate constants for the anion are denoted- with primed 

superscripts. Some further definitions to simplify the form of the 

rate equations are: 

a1 - processes which deplete the neutral 

and 

a
2 

- processes which deplete the anion 
, 

= Lki + k2 

(A3) 

We can then write the differential rate expressions as follows: 

(AS) 
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which can be rearranged and the derivative taken with respect to time 

to yield, 

(ASa) 

(Asb) 

and the expression for the anion concentration, 

A = -a A + k N 2 1 

where N and A mean the usual time derivatives of the concentrations, 

and N is the second derivative with respect to time. Equations (ASa 

and b) can be inserted into (A6) to yield: 

We then define the following substitutions: 

Gl * G2 = a l a 2 - k l k2 , 

which gives for Gl an~ G
2

: 

and 

Gl = .s(al +a
2

) +,,(al -a2 )2 + 4klk2 

G2 = .S(al +a
2

) -,,(al -a2 )2 + 4klk~ 
The general solution of the coupled differential equations is 

-G t 
1 N == c e 1 

(AS) 

(AlO) 

for which the initial conditions are-such that at t=O only the neutral 

species is formed at a concentration equal to N. This condition is 
o 

true in these experiments since the neutral is the only ground state 

species present to absorb the incident light. Equation (A12) becomes: 



and (ASa) 1S 

(A14) 

At the initial conditions: 
, 

k2A(O) = o. = alc l -Glc l + a l c2 - G2c2 
(AIS) 

which allows for the solution of c
l 

and c
2 

as: 

c = 1 
(A16) 

(AI7) 

The final, complete form for the integrated rate equations which give 

the time dependent concentrations relative to the initial concentra-

tion, N , is: 
o 

B. Equilibrium Conditions: 

(AlB) 

(AI9) 

For any pulsed experiment, where the species are initially formed 

and then decay to zero concentration, thermodynamic equilibrium, K, is 

established only for an instant in time as given by the following 

considerations: 

K • AI/N (A20) 

or the kinetic definition 

+ where AI equals A * (H). 'We have at some time, t', an equivalence 

between the thermodynamic and kinetic equilibrium: 

(A22) 



k -G t l 

(G 1 G ) [(a l -G2 )e 1 
1- 2 

which, solving for tl, yields 

A4 

(A23) 

(A24) 

An approximate, stationary state condition can be set up for an appre-

ciable time when the equilibrium rates, kl and k2' are large compared 

to the rates which depopulate the excited states. The following con-

ditions then hold: 
I 

k l , k2 » k, k I, k ,k , ••• (A2S) 
q q 

a l ~ kl and a
2 

:!! k2 (A26) 

G
l 

:!! a l 
+ a

2 
and G2 :!! 0 (A27) 

I 

For kl :!! k2 the equilibrium concentrations, which will be reached 
I 

within a few (-S) lifetimes of kl + k2' can be expressed as: 

= 

which, as t ~ =, gives the correct equilibrium condition: 

A kl -S = _ 
N k' 
eq 2 

(A28) 

(A22) 
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Therefore, there exist conditions for which thermodynamic equilibrium 

can be directly determined from the excited state populations. 
, 

Similarly, when k2 » kl , equations (A28) and (A29) reduce to 

give 

(A30) 

, 
which will reduce to equation (A22) when t ~ 5/k

2
• The case where 

, 
kl » k2 is somewhat more complex since the equilibrium constant 

evolves in time as: 

A/N = kl (1 __ -,",1 t) j(kl _-kIt + k~) 
which reduces to (A22) when both: 

-k t 
l-e 1_1 and 

ii. 

(A3l) 

(A32) 

(A33) 

Condition (i) is met when n (the number of forward proton transfer 

lifetimes: t = n/k
1

) 1S greater than or equal to 5. Condition (ii) 
, 

is met as a function of the ratio of kl/k2 as: 

-n e < .01 (A34) 

, 
of 1010 , for which, using a typical k2 we can see for two examples 

, 
if kl /k2 = 100, then n ~ 9, t == 9.2 ps (A35) 

or 

, 
= 105, -2 if kl/k2 then n ~ 16, t = 1.6 x 10 ps (A36) 

Thus, the number of lifetimes for equilibration becomes greater, but 

the overall time for equilibrium to be established is less. We have, 

therefore, a simple means to evaluate the equilibrium conditions, but 
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only in the regime where equilibrium can be well established relative 

to the decay of the two excited states. This condition is seldom 

realized in practice. However, there is a second technique which 

relies on steady state concentrations of the excited states, yet does 

not require that equilibrium ever be established between them. This 

technique is derived in the next section. 

c. Steady State Method and Quantum Yields: 

The steady-state method differs little from a single pulse 

analysis with regards to the kinetic expressions already derived. A 

prerequisite is that the conditions of the analysis must be such that 

there is no time-dependent absorption or emission over the time of the 

measurement. These conditions mean that sufficiently small absorption 

occurs so as to not ''bleach'' the sample and to not. deplete signifi­

cantly the excitation source. Under these conditions each photon 

which is absorbed acts as a "single pulse" and so the whole system 

responds as the sum of many single pulse experiments. Therefore, as 

long as the integration time is constant (or normalized) from experi­

ment to experiment, the relative intensities of the system under dif­

ferent conditions (i.e., pH) can be compared. 

Let us consider a simple case for the coupled, two state scheme 

outlined for the ESPT reaction, but assume that the only deactivating 

process is the fluorescence of the two excited species. We will con­

tinue to use the normalizing value, No, as in the initial conditions 

but having the slightly new meaning as being the sum total of the 

absorption directly into the neutral (no directly produced anlon as 
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before) • Obviously, we expect to find the total em~ss~on quantum 

yield, ¢ , to equal one. We have 

¢=¢N+¢A (A37) 

00 00 

= 1 k f [ N dt + k
f i A dt) (A38) 

N 
0 

a = 1 k f + k1 and a = 2 
k

f 
+ k2 (A39) 

where k f and k f are th~ fluorescence rates for the neutral and anion, 

respectively. The time integrated yields can be considered as origi-

nating from all emission wavelengths or any particular wavelength, 

assuming that the kinetics are wavelength independent. From equations 

(A18) and (A19) we can write 

which 

and 

. GO 

f N. dt = _N..;..o~ 
G1-G2 o 

GO 

f A dt 
Nok1 

= G
1

-G2 
0 

solve to give: 

1'" (-G2t -G1 t) e -e . dt 

o • 

, f"N dt -
o 

Noa21(a1a2-k1k2) 

GO 1 Adt = 

o 

, 
Nok1/(a1a2-k1k2) 

= 1 

(A41) 

(A42) 

(A43) 

(A44) 
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which is the desired result. We can easily expand this solution, 

(A44) , to include any and all deactivating rates, including the proton 
, 

quenching rates, k and k , to yield: 
q q 

, , 
~ = (k f a 2 + k fk l )/(a l a2 - k1k2) 

, 
= (k f a 2 + kfkl ) /D (A4S) 

~N = k f a
2

/D (A46) 

, 
~A = k fk1/D (A47) 

~Pt = k 1a2/D (A48) 

where ~Pt is the proton transfer quantum yield. 

The absolute quantum yields are simplified by relating them to 

quantum yields in,pH regions where the kinetic expressions simplify. 

What is tried is to measure the quantum yields in region~ where there 

is no proton transfer, that is measure the anion at a pH much greater 

than the ground state pK and the neutral at a pH much less than the 

excited state pK*. Under these conditions the kinetics reflect two, 

separate, uncoupled states. ,This seemingly straightforward analysis, 

assuming one can guess the pK*, would yield the following simple rate 

equations: 

dA' /dt 

dN' /dt 

, , 
= -(k + k )A' 

f r 

= -(k f + kr)N' 

(A49) 

(ASO) 

and the following quantum yields (normalized as above, N = 1) o , , , 
~ A = kf/(k f + kr ) (AS!) 

, 
~N = kf/(k f + kr ) (AS2) 

where the primes denote the special condition of no proton transfer. 
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Two difficulties must be considered before accepting these data. 

Since these normalizing values are generally measured at extremes.of 

pH one must consider: 1) are the states (solute + solvent) in the 

ground and excited states the same at all pH's or, in other words, are 

these extreme pH's reflective of the same rate processes at mild pH's; 

and 2) are there additional processes which may be important and 

occurring at these pH's? Since this work has been concerned with the 

l-naphthol case, the consideration of the above points will be 

addressed relative to l-naphthol. 

First, with regard to the anion, it should be noticed, and will 

be shown below, that the fluorescence lifetime of the anion at a neu-

tral pH (between 6 and 7) should be the same as at high pH (for exam-

ple, 12, noting that the ground state pK = 9.2). This equivalence is 

due to the fact that at pH 7 the dominant processes for the anion are: 
, 

k l , k f , kr since the other rate constants, k2 and kq , are bimolecu-

lar with proton concentration and are thus negligible. Since these 

two lifetimes are different and if we assume that k f 1S intrinsic to 
, 

the molecule itself, then the rate constant k (pH 7) 1S not equal to 
r 

" k (pH 12). A simple correction can be made for this difference which 
r 

will aliow us to find an effective quantum yield of the anion relative 

to the yield in the absence of proton transfer under conditions at 

pH 7. The following definitions and calculations apply: 

" 
, , 

" 
, 

" ~A(pH 12) = kf/(k f + k ) = k To r f 
(AS3) 

, , , , , 
~A(pH 7) - kf/(k f + k ) = k To = k /k' 

r f f 
(AS4) 

So 
, 

" 
, 

" ~A(pH 7) = ~A(pH 12) To/To (ASS) 



where the T'S are the measured lifetimes. 

Similarly, for the neutral species, the conditions actually 

determined in high acid solution (pH«pK*) must be expressed as: 

* 

* 4>N = (A56 ) 

(A57) 

where T is the measured lifetime at known hydrogen ion activity, 
o 

+ (H). This expression is a constant only at a given. acidity and 
o 

is further valid only if kl is negligible as outlined below. What 

is often done, and is true under the kinetics of the assumed model 

scheme, is to note that at pH 7 (far from both the pK and pK*) all 

quenching terms dependent on the proton concentration vanish. This 

means that: 

(A5S) 

, 
4>N = kf/(k f + kr ) (A59) 

I 

Since 4>N' 4>A' 4>A are all measurable, 4>N can be determined. 

AIO 

For the above statements to hold three points need to be shown: 

1) the fluorescence lifetime of the anion, unperturbed by the presence 

* of the neutral, must be measurable at pH 7; 2) T must be unaffected 
o 

by k l ; and 3) equation (ASS) should be verified. 

Point (1) can 

able quantity, G
2

, 

be rephrased to state: is the kinetically measur­

'-1 ' 
equal to (TO) (= k f + kr = k') at pH 77 The 

, 
kinetics simplify in this region to the following: 1) kl » k2 and 

, , 
2) k2' k ,k are all small since they are proton dependent, bi-

q q 

molecular rate constants and limited to effective maximum size of 

4 -1 -1 11 -1 -1 
10 M sec (since the diffusion controlled rate is -10 M sec ) 

which is much less than normal radiative rates. We have, then: 



.. 

, 
a =k'=l/T 

2 0 

All 

(A60) 

(A61) 

which means that G
2 

must equal a
2 

and therefore G1 must equal a 1 (from 

(AS». From (A9) we know that 

= a a -1 2 
(A62) 

, 
which can be true only if k1k2 « a 1a2 , but since part of the 

product, a l a
2

, is klk', then (A62) holds since we know, at least, 
, 

tha t k' » k
2

• 

The proof of eq. (A5S) involves the same approximations as above, 

which are proper at this pH. From equations (A46) and (A47) and 

noting that D is equal to Gl *G2(=a l a
2

) we have: 

~N = k fa 2/a1a2 = kf/a l 
(A63) 

(A64) 

Combining (A63) with (A59), (A64) with (A54), and using (A60) and 

(A6l) we get the desired result: 

ka
2 

k
1
k' 

=--+--al a
2 

a l a
2 

k k' + k k' 
1 

= --r.( k:-1-+"":'k~):--:-k""l"- = 1 (A64) 

Lastly, we must consider the applicability of (A56) and (A57) to 

* see when TO is independent of k1 • Two cases can be considered which 

will effectively decouple the k1 process. First, kq(H:) »k1: this 

condition simply means that the neutral will decay via this proton 

quenching and very little neutral will deprotonate to form the anion. 

The measured decay will then reflect soley this quench, though these 
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conditions also imply very little fluorescence intensity whenever 

+ k (H ) »kf • A further consideration is that k will likely be equiv­
q 0 

alent to kl (same order of magnitude) or smaller. Thus, this term 

will also be lost in this lifetime measurement. The second case 1S 

, '+' + 
when k2 » kl and k2 » kq(Ho)' where k2 is equal to k2 (Ho ). 

The rationale here is that, at the low pH necessary to be below the 
, 

pK*, k2 will dominate, forcing the equilibrium (if ever established) 
, 

to the neutral (Le Chatlier's principle). That k2 must be larger 
, + 

than k (H ) is necessary so that a "sink hole" does not exist for 
q 0 

the anion which can effectively siphon out the neutral via the anion 
, 

even though k2 may 

the above argument 

be much larger 
. , 

that k (H+) is 
q 0 

than kl • We make the assumption in 

the dominant deactivating path, 

as seems likely considering the low pH. All these points must be 

* * known a priori if analyses containing To or 4>N are used. 

D. Analytic Expression Employing Steady State and Kinetic 

Measurements vs. pH: 

There are many possible ways to combine and analyze the data to 

extract the desired rate expressions. This analysis will follow a 

route applicable to the l-naphthol experiments. The general scheme is 

to apply a formalism which uses the most reliable data. Assessment of 

reliability will depend on the particular experiment. We will assume 
, *" , 

in these analyses that GI , G2 , 4>N' 4>A' 4>N' 4>A' LO' LO' and LO 

are all experimentally obtainable. The first four terms are the pr1mary 

measurables; the first two being from kinetic determinations and the 

latter two from steady state analyses. All four are pH dependent. 

The other terms come from similar experiments but at particular pH's 
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and serve as normalizing functions which allow for the calculation of 

these rate constants which are not directly measured. 

We have the following relative quantum yield expressions: 

, 
~A/~A = kl k'/(Gl *G2) = klk'/D 

(
!/>A+!/>N)-l= 
~' ~' A N 

(A47)/(A54) = (A6Sa) 

(A46)/(A59) = (A6Sb) 

+ ' + + [k1/k+1+k
q

(H )/k][1+(k
2

+k
q

)(H )/k'] - k
1
k

2
(H )/(k k') 

, + 
k1/k + 1 + (k2+k

q
)(H )/k' 

(A66a) 

which can be rearranged to: 

(A66b) 

a formidable but useful equation. For completeness we can also write: 

(A67 ) 

where (A68 ) 

with and (A69) 

(A46)/(A56) = (A70) 

We will concern ourselves with equations (A6Sa), .(A6Sb), and (A66b). 

A further, useful combination comes from dividing (A66) by (A6S) to 

obtain: 
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(A71) 

From the kinetic analysis we already have: 

(A72) 

, 
Gl *G2 = a l a 2 - klk2 

+ '+ + = [kl+k+kq(H )][k'+(k2+kq )(H )] - k l k
2

(H ) (A73) 

One final consideration is the simplifications which can be made at 

pH 7. Equation (A65a) can be used to describe the relative emission 

of the anion under conditions where the proton dependent rates can be 

considered negligible. This phenomenon occurs at all pHs where the 

hydrogen ion concentration is small and the solution pH is well above 

the excited state pK*. Over this region the relative quantum yield of 

the anion is given approximately as: 

, 
~A/~A = klk'/(kl+k)(k') = kl/(kl+k), (A74) 

where (kl+k) is simply Gl • 

For 2-naphthol or similar systems where quenching is negligible, 

much of the analysis can be simplified. In actuality quenching effects 

have been determined in 2-naphthol, but the corrections do not change 

the relative ESPT rates (that is, the pK* does not change significant-

ly)~ A determination solely from kinetic measurements is capable of 

determining the desired rate constants. Equations (A72) and (A73) 

become: 

(A75) 



• 
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+ from which plots versus (H ) will give k2 and k. Since k' is the 

lifetime of the anion and is found from either a separate experiment 

at pH 12 or from G2 at pH 7, kl is obtainable from the intercepts. A 

solution also exists for the kinetics of a system which includes proton 

quenching of the anion by a completely time dependent method. The new 

equations for Gl +G
2 

and Gl *G
2 

are now: 

Gl 
+ G

2 = (kl +k+k') + ' + (k
2

+k
q

)(H ) (A77) 

Gl * G2 = (kl+k)[k' + ' + (k
q 

+k
2

)(H )] 
+ 

- k l k
2

(H ) (A78) 

which may be combined with equation (A77) to give the final equation: 

(A79) 

Therefore a plot of (A77) versus (H+) will give (kl+k+k') as the 
, 

intercept and (k2+kq ) as the slope, which can both be used in (A79). 
, 

Since the determination of k' (= liT, the reciprocal lifetime of the 
o 

anion) is possible, the unique evaluation of k (and therefore k l ) is 

possible from the intercept, which then allows for the calculation of 
, 

kq from the slope and, further, yields k
2 

• 
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