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A series of picosecond excite-probe experiments was 

performed on various concentrations of aqueous and etha-

nolic solutions of rhodamine B in order to determine the 

existence of dimerization in those solutions. The results 

of induced dichroism and rotational diffusion-free measure-

ments indicate that no dimerization occurs in the ethanolic 

solution in the concentration range of 5 x 10~^M to 
- 3 

1 x 10 M. Significant dimerization was observed to occur 

in the aqueous solution. The excited state lifetime of the 

aqueous dimer was determined to be 100 psec, and primary 

pathway for excited state decay appeared to be nonradiative 

in nature. The orientational relaxation time for the dimer 

was determined to be greater than 400 psec, as compared to 

250 psec for the monomer. This is the first evidence to 

suggest the presence of a larger molecular species in 

equilibrium with the monomer, 

In a second set of experiments, the rotational 

diffusion-free measurements were spectrally and temporally 

resolved. This was achieved through the use of a pico-

second transient transmission spectrometer. The shorter 

wavelength component of the transient transmission spectrum 



was attributed to the dimer and decayed completely within 

300 psec following excitation. The longer wavelength 

component was assigned to the monomer and exhibited a very 

slow decay. The spectral resolution of these measurements 

definitely indicates the presence of two molecular species 

which possess drastically different absorption profiles 

and excited state lifetimes. 



TALBE OF CONTENTS 

Page 

LIST OF TABLES v 

LIST OF ILLUSTRATIONS vi 

Chapter 

I. GENERAL INTRODUCTION 1 

Chapter Bibliography 24 

II. GENERAL EXPERIMENTAL TECHNIQUES 26 

Excited-Probe Techniques 2 7 
Picosecond Fluorescence Measurements. . . 45 
Chapter Bibliography 49 

III. ORIENTATIONAL RELAXATION AND EXCITED 
STATE LIFETIME MEASUREMENTS OF 
RHODAMINE B 50 

Theoretical Aspects of Induced 
Dichorism for a Single Component 
System 52 

Method of Induced Dichroism for a 
Single Component System 60 

Method and Analysis of Induced 
Dichroism for a Two Component 
System - RB in H2O 73 

Method of Diffusion-Free Excited State 
Lifetime Measurements -
RB in H20 8 7 

Effects of Energy Transfer-
RB in H90 99 

Orientational Relaxation and Excited 
State Lifetime Measurements -
of RB in Ethanol 106 

Summary and Discussion 112 
Chapter Bibliography 124 

IV. TEMPORALLY AND SPECTRALLY RESOLVED 
TRANSIENT TRANSMISSION MEASUREMENTS OF 
AQUEOUS RHODAMINE B 126 

1 1 1 



TABLE OF CONTENTS, CONTINUED 

Page 

Experimental Procedure, Results and 
Analysis 138 

Apparatus A 138 
Apparatus B. . . . 146 
Apparatus C 158 

Summary and Discussion, 185 

Chapter Bibliography 189 

APPENDIX A. 191 

APPENDIX B 200 

BIBLIOGRAPHY 203 

IV 



LIST OF TABLES 

Table Page 

I. Ratios of Monomers and Dimers 81 

II. Excited State Lifetime and Orientational 
Relaxation Times 114 

v 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Concentration Dependence on the Visible 
Absorption Spectra, Aqueous Rhodamine B, 
Ethanolic Rhodamine B 3 

2. Monomer and Dimer Extinction Coefficients 
Aqueous Rhodamine B, Ethanolic 
Rhodamine B 6 

3. Exciton Energy Level Diagrams for 
Parallel Dimer, In-Line Dimer, Oblique 
Dimer, Sandwich Dimer 9 

4. Low Temperature Absorption and 
Fluorescence Spectra of the Aqueous 
Rhodamine B Dimer 14 

5. Energy Level of a Parallel Exciton Dimer 
including Vibronic Coupling 17 

6. Geometrical Configuration and Proposed 
Equilibria of the Ethanolic Rhodamine B 
Dimer 21 

7. Modified Interferometer for Use in 
Picosecond Excite-Probe Experiments . . . 28 

8. Schematic of the Picosecond Excite-Probe 
Apparatus Used in This Investigation. . . 35 

9. Representative Spatial Profile of the 
Optical Excitation Source 41 

10. Experimental Arrangement Used for 
Subnanosecond Fluorescence 
Measurements 46 

11. Pulse Polarization Vector Diagram 53 

12. Technique for Measuring the Decay of an 
Induced Dichroism 62 

VI 



LIST OF ILLUSTRATIONS, CONTINUED 

Figure 

13. 

14. 

15. 

Representation of the Rotation of the Probe 
Polarization Ep, During (0 Delay) and 
Following Saturation (+ Delay) 

Transient Probe Transmission through 
Crossed Polarizers for a 1 x 10-4M 
Ehtanolic Soluition of DODCI. . . . 

Page 

65 

67 

Semi-Logarithmic Plot of the Transient 
Probe Transmission for 1 x 10~4M 
Ethanolic Solution of DODCI . - . . - 70 

16. Preliminary Results for Induced Dichroism 
Experiments 76 

17. Transmission Data for Induced Dichroism 
Measurements 83 

18. Transmission Data for Induced Dichroism 
Measurements 85 

19. Geometrical Arrangement for the Performance 
of Diffusion-Free Excite Probe 
Experiments 91 

20. Diffusion-Free Transient Transmission Data 
for 4.6 x 10-3m, 4.6 x 10"4M and 
4.6 x 10"5M Aqueous Solutions of 
Rhodamine B 95 

21. Diffusion-Free Transient Transmission Data 
for 4.6 x 10~3M, 9.2 x 10"4M, and 
9.2 x 10"^M Aqueous Solutions of 
Rhodamine B 97 

22. Temporally Resolved Fluorescence of a 
9.2 x 10-4M Solution of Aqueous 
Rhodamine B . . . 101 

23. Temporally Resolved Fluorescence 
Measurement of a 4.6 x 10"3M Aqueous 
Solution of Rhodamine B 103 

24. Induced Dichroism Transmission Data of a 
1 x 10"^M and 5 x 10"Ethanolic 
Solution of Rhodamine B 108 

Vll 



LIST OF ILLUSTRATIONS, CONTINUED 

Figure Page 

25. Induced Dichroism and Diffusion-Free 
Transmission Data for 5 x IO'^M 

Ethanolic Solution of Rhodamine B . . . . 110 

26. Symmetry Axis of the Xanthene Chromophore. . 116 

2 7. Two Possible Excited Decay Routes for 
the Rhodamine B Dimer 120 

28. Presentation of Transient Transmission 
Difference Spectrum for a Single 
Component System 128 

29. Calculated Difference Spectrum for a 
1 x 10~Solution of Aqueous 
Rhodamine B 133 

30. Energy Distribution for a Continuum 
Generated in D2O 136 

31. Schematic of Excite-Probe Apparatus Which 
Utilizes a Varialbe Wavelength Probe. . . 140 

32. Transient Transmission Data for Rotation-
Free Lifetime Measurements 147 

33. Experimental Apparatus for Excite-Probe 
Measurements Using Variable Probe 
Wavelength 149 

34. Transient Transmission Data When Using a 
Continuum Probe as Compared to Data 
Obtained for the Case Where Excite and 
Probe Pulse are Derived from the Same 
Second Harmonic Pulse 153 

35. Transient Transmission of the Sample When 
Probe has a Wavelength of 590 nrn 156 

36. Transient Transmission Spectromator Which 
Utilized Picosecond White Light Source. . 159 

37. Representative Set of Sample and Reference 
Continua Measured with OMA 165 

vx 11 



LIST OF ILLUSTRATIONS, CONTINUED 

Figure p a g e 

38. Ground State Absorption Spectra Measured 
With Conventional Spectromator 
Compared to that Measured by 
Picosecond Spectromator 168 

39. Transient Transmission Spectrum of a 
9.2 x 10"^M Solution of Aqueous 
Rhodamine taken at 30 and 100 psec 
After Excitation 172 

40. Transmission Spectrum of 9.2 x lO'^M 
Solution of Aqueous Rhodamine B Taken 
at 200 and 300 psec Following Excitation. 174 

41. Transient Transmission Spectrum of a 
9.2 x 10"^M Aqueous Solution of 
Rhodamine B Taken at 30 and 300 psec 
Following Excitation 178 

42. Comparison of the Transient Transmission of 
Concentrated and Dilute Solution of 
Rhodamine in Water Taken 30 psec After 
Excitation, Comparison of the Relaxed 
Transient, Transmission of a Concentrated 
Solution of Rhodamine B to the Maximum 
Transient Transmission Curve of a Dilute 
Solution 181 

43. Comparison of the Experimental and Calculated 
Transient Transmission Curves of 
9.2 x 1 0 " % Solution of Aqueous 
Rhodamine B 183 

44. Vector Diagram Relating the Orientational 
Aspects of Excite-Probe Experiments . . . 192 

IX 



CHAPTER I 

GENERAL INTRODUCTION 

Large organic dyes of the xanthene family (I) have 

been used popularly as biological stains, commercial 

dyestuffs, and acid-base indicators. One.of the most 

recent and significant applications of these dyes, however, 

has been that of active media for dye lasers [1]. Dyes 

suitable for this application must possess large absorption 

coefficients for efficient optical excitation (or pumping) 

as well as high fluorescence quantum yields for efficient 

radiative emission [2]. Since the substituted xanthenes 

rhodamine B (RB) and rhodamine 6G (R6G) possess both of 

these qualities, it is not surprising that these are two 

of the most common laser dyes found in use today. 

X 
0 v ^ - x ' 

RB-(X=X'=CH2CH3,Z=H,Y=COOH) 

R6G-(X=CH2CH3,X'=H,Z=CH3,Y=COOCH2CH3) 



The versatility of these dye lasers is unparalleled by 

that of any other type of laser currently available. Dye 

lasers, when operated in the continuous mode, may be tuned 

over the broad fluorescence band of the dye, with a spectral 

-1 7 
purity of 1 MHz (.003 cm ), and powers of up to 3 watts/cm 

[3]. Appropriate pumping sources for tLe dye laser will 

allow for pulsed operation where the pulse duration may vary 

from 500 microseconds (10~6 sec) [2] to 170 femtoseconds 

(10 sec) [4J. In order to improve or alter the per-

formance of these dye lasers it is necessary to try to 

understand the photophysical processes which occur within 

these dyes following excitation by the pumping source. 

Early spectroscopic investigations of rhodamine B 

[5-9] and rhodamine 6G [9-12] reported that the absorption 

spectra and fluorescence quantum yield of these dyes 

varied greatly with a change in solvent or solute concen-

tration. 

Rhodamine B and rhodamine 6G behave similarly; thus 

the remainder of this discussion is confined to the anal-

ysis of the spectroscopic properties of rhodamine B. 

When the concentration of rhodamine B is increased in 

aqueous solution, a higher energy maximum appears in the 

visible absorption spectrum [9] (Figure la), accompanied 

by an apparent decrease in the fluorescence quantum yield. 

An ethanolic solution of rhodamine B also exhibits a con-

centration dependence in the absorption spectra (Figure lb); 



Figure 1, The concentration dependence on the 

visible absorption spectra of a) aqueous rhodamine B, 

and b) ethanolic rhodamine B. Solid lines represent 

concentrated solutions and broken lines represent dilute 

solutions. 
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however, the band maximum was observed to be red shifted 

with no decrease in fluorescence quantum yield. In addi-

tion, a single isosbestic point was found in the visible 

absorption spectra of both the aqueous and ethanolic 

solutions, which indicated the presence of an equilibrium 

process. This equilibrium has been attributed to a ground 

state dimerization [5-9]. Through concentration-dependent 

studies, Selwyn and Steinfeld [9] were successful in ex-

tracting extinction coefficients for the aqueous and 

ethanolic rhodamine B dimers, as shown in Figure 2. The 

spectral band shapes and intensities were adequately ex-

plained with exciton theory [7-9, 13]. 

The exciton model [13] is based on the assumption that 

the dimer or aggregate is bound in such a manner as to 

retain the integrity of the individual chromophoric sub-

units (monomers). Upon excitation, the degenerate energy 

levels of the subunits are split through an interaction 

between the two transition dipoles, resulting in the forma-

tion of two exciton states. Assuming the transition di-

poles can be treated as classical dipoles, the magnitude of 

the splitting of the exciton states is a function of the 

separation and the relative strength of the dipoles; thus, 

for a closely bound dimer composed of strongly absorbing 

rhodamine dyes, an extremely large exciton splitting or 

shift would be expected [7], Additionally, treatment of 



Figure 2. The monomer and dimer extinction 

coefficients (e = liters/mole x cm) for a) aqueous 

rhodamine B and b) ethanolic rhodamine B. 



r̂ 
'O 
x 
<x> 

d'2 ! \ 

/ ^ 2 

500 535 570 

Wavelength (nm) 



8 

the transition dipole moments as classical dipoles allows 

the prediction of the relative intensity of the optical 

absorption arising from the transition to either of the 

exciton states. This is illustrated in the exciton energy-

level diagrams of the four geometrical configurations of a 

dimer presented in Figure 3 [13]. The solid arrows indi-

cate the geometrical and phase relationship between the 

transition dipole moments of the individual monomers which 

compose the dimer. In the first electronic transition of 

xanthene dyes, this transition dipole moment is believed 

to be parallel to the long axis of the chromophore [6]. 

The broken arrows represent the exciton "allowed" transi-

tions . 

Figure 3a represents a dimer in which the transition 

moments are in a parallel configuration. Levels D-̂  and 

are the exciton states which arise from the splitting of 

the monomer energy levels. Excitation to the energetically 

lower out-of-phase configuration represented by D-̂  would 

be forbidden, because the parallel out-of-phase dipoles 

cancel, resulting in zero for the overall transition dipole 

moment. The constructive addition of transition dipole 

moments of the in-phase configuration, represented by D2 

indicates a finite value for overall transition dipoles 

moment for the electronic transition. The magnitudes 

of the transition dipole moment for each of the exciton 

transitions are given by [14]: 



Figure 3. The exciton energy level diagrams for 

a) the parallel dimer, b) the in-line dimer, c) the 

oblique dimer and d) the sandwich dimer. 
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M = /§ (Ma • Mb) 

where M and are unit vectors representing the individual 

monomer transition dipoles. Since the oscillator strength 

(f) for electric dipole transitions is proportional to the 

square of the transition moment (M) [15], the absorption 

arising from an allowed electronic transition from the 

ground state (G) to level T>2 would possess twice the in-

tensity or oscillator strength compared to that of a single 

monomer. In addition, this absorption of the parallel 

dimer would be blue (higher energy) shifted over that of 

the monomer. 

The exciton energy diagram for a dimer composed of 

monomers with in-line transition is shown in Figure 3b. 

The in-phase electrostatically favorable configuration of 

level D-̂  results in an allowed transition from the ground 

state to D^. Accordingly, the transition to D2, the out-

of-phase representation would be forbidden. Equation 1-1 

also predicts the magnitude of the transition dipole moment 

for an in-line or head-to-tail dimer. This type of dimer 

would necessarily possess a red-shifted absorption spectrum 

with twice the oscillator strength of that of the monomer. 

An oblique dimer, or one that is neither parallel nor 

in-line, is depicted by the energy level diagram of Figure 

3c. In this intermediate case, transitions resulting in 
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the population of states and D2 are both allowed, but 

perpendicularly polarized to one another [13, 14]. The 

ratio of the oscillator strengths for the two transitions 

is expressed by 

£1 2 
R = ~r = tan (0/2) 1-2 

2 

where f^ and f^ are the oscillator strengths for the 

transitions to state D-̂  and , respectively, and 0 is 

the angle formed by the polarization axes of the transi-

tions of the two monomers [8]. 

A fourth geometrical configuration of the dimer is 

illustrated in Figure 3d. In this dimer, the monomers are 

coplanar or stacked upon one another as in a twisted sand-

wich [8, 13 14, 15], The angle 0 relates the axes of 

the two transitions. These transitions would be oppositely 

polarized and the ratio of the oscillator strengths for the 

electronic absorptions would be represented also by equa-

tion 1-2. Spectroscopically, the oblique dimer would be 

indistinguishable from the twisted sandwich type dimer. 

A cursory examination of the aqueous RB dimer absorp-

tion spectrum in Figure 2a suggests that the aqueous dimer 

is either an oblique or sandwich dimer [7-9], where the 

chromophores are nearly perpendicular (0=80°) to each other. 

In addition, the ethanolic dimer solution exhibited a red 
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shifted absorption band which suggested that the dimer was 

of the in-plane or head-to-tail conformation [9], The 

fluorescence quantum yield of the head-to-tail dimer 

would not be expected to deviate significantly over that 

of the monomer [9, 13, 14]. However, a sandwich dimer 

could experience a dramatic decrease in an observed 

fluorescence. A radiative decay from state D2 of a 

twisted sandwich dimer would not be expected since D2 is 

the second excited singlet state. A dimer in the D2 state 

would be expected to undergo rapid internal conversion to 

state D1, wherein radiative decay to the ground state might 

follow. The dimerization which results in formation of D-ĵ  

reduces the singlet-triplet splitting of the dimer [13, 16], 

A decrease in this splitting increases the possibility of 

efficient intersystem crossing, resulting in a reduction 

in the fluorescence efficiency [14, 17]. 

Qualitatively, the exciton model did account for the 

solvent and concentration dependence observed by Selwyn 

and Steinfeld [9] and the previous investigators [5-8]. 

The photodynamics of the RB dimer appeared to be well 

understood until the low temperature (77°) absorption and 

fluorescence spectra (Figure 4) of the aqueous dimer was 

published by Kajiwara, et al [18]. Two significant aspects 

of the latter study were the observation of band A at 610 

nm in the absorption spectra and the polarized fluorescence 

excitation and emission spectra which revealed the relative 
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Figure 4. The low temperature absorption and 

fluorescence spectra of the aqueous rhodamine B dimer, 
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polarizations of the absorption and emission bands. Bands 

B and C of the absorption spectrum were positively polar-

ized with respect to one another and obliquely polarized 

to weaker band A. Simple exciton theory, however, could 

not predict the appearance of the three absorption bands 

or the observed band polarizations [13, 14, 18]. 

In a subsequent publication, Chambers, et al [19] 

suggested that the aqueous RB dimer was in fact a parallel 

dimer and interpreted the low temperature spectra accord-

ingly. The energy level diagram devised for this analysis 

[19] is shown in Figure 5. Energy levels 4 and 5 corre-

spond to the D 1 and exciton energy levels of Figure 3a. 

Energy level 1 corresponds to the ground state energy and 

all other levels arise through vibronic coupling, or a 

mixing of the vibrational and electronic wavefunctions. 

The sign of each level (+ or -) indicates the relative 

symmetry of these two states [19]. Band C was assigned to 

the transition to the D2 exciton level (Figure 3a, or level 

5 in Figure 5) and band A to the forbidden transition to 

the Dj exciton level (or level 4 of Figure 5). Band B was 

assigned to the transition to an energy level of similar 

symmetry to level D2. This is represented by the transi-

tion from the ground state to state 7 of Figure 5. 

The weak dimer fluorescence is believed to originate 

from the D-ĵ  exciton level (level 4 in Figure 5) . Time 

resolved measurements of this emission at 77° revealed a 
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Figure 5. The energy level diagram of a parallel 

exciton dimer including vibronic coupling. 
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radiative lifetime of 38 nsec [19]. This slow decay rate 

would be expected since this transition is "allowed1" only 

through vibronic coupling. Other excited state deacti-

vation processes (most notably intersystem crossing) 

would be expected to compete favorably with this slow 

radiative relaxation rate, resulting in a low fluor-

escence quantum yield. 

Although there is disagreement in the literature 

concerning the structure (twisted vs parallel) of the 

aqueous RB dimer, there is, however, full agreement that 

the dimer exists. This is not the case with the reported 

head-to-tail ethanolic dimer. Drexhage attributes the 

origin of aqueous dimerization to an intermolecular inter-

action between the hydrophobic alkyl substituents on 

either end of the xanthene chromophores [20], While 

this monomer-monomer attraction is expected to be large 

in an aqueous solution, it would be quite small in an 

ethanolic solution because the alkyl moiety of the solvent 

molecules can surround or effectively shield the ethyl 

substituents of the RB molecule. Thus, the equilibrium 

observed in the latter solution was suggested to be that 

of an acid base equilibrium as shown below (II). 
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Spectral studies have shown that the deprotonated 

(zwitterion) dye molecule exhibits a definite blue shifted 

absorption with respect to that of the protonated dye [21]. 

This would result in an overall red shift in the absorption 

curve. Stopped-flow concentration-jump experiments per-

formed by Wong and Schelly [21] confirmed the suppositions 

of Drexhage, but also indicated the presence of the dimer-

zation equilibria. From these studies, it was concluded 

the monomer must be protonated to participate in this 

dimerization [22], A schematic of these equilibria and 

a possible dimer configuration are depicted in Figure 6. 

The resulting dimer, linked through either one or two 

R'-CCOH*•*N(C2H^)linkages would correspond to a head-
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Figure 6. A geometrical configuration and proposed 

equilibria of the ethanolic rhodamine B dimer. 
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to-tail dimer in agreement with the original interpreta-

tions by Selwyn and Steinfeld [9]. 

Thus, the spectroscopic studies of rhodamine B indi-

cate the geometric nature of the aqueous RB dimer is 

uncertain and the very existence of the ethanolic dimer 

is indeed questionable. Therefore, the goals of the re-

search presented in this dissertation were twofold. 

Initially, various techniques of time-resolved spectro-

scopy were to be employed to further characterize the 

ground and excited-state molecular properties of the 

aqueous RB dimer. The information obtained, and the 

techniques developed in that study would then be utilized 

in an effort to secure evidence which would support or 

refute the claims of rhodamine B dimerization in an 

ethanolic solution. 
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CHAPTER II 

GENERAL EXPERIMENTAL TECHNIQUES 

The photophysical nature of the aqueous and ethanolic 

solutions of rhodamine B places severe constraints upon the 

selection of experimental techniques required for charac-

terization of the excited-state processes occurring in 

those solutions. The reported 1.5 nsec radiative lifetime 

[1, 2] of the aqueous rhodamine B monomer suggests the need 

for subnanosecond temporal resolution, and although the 

aqueous rhodamine B dimer has been reported to fluoresce at 

77° [3, 4], no such emission has been observed at room tem-

perature [2], suggesting the need for an optical technique 

which also allows for the measurement of nonradiative ex-

cited-state decay processes. The only experimental method 

which fits both t>f the above criteria is the picosecond 

excite-and-probe technique of absorption saturation [5]. 

The purpose of this chapter is to describe the excite-

probe experiment in general and the excitation source and 

data acquisition system in particular. Also included in 

this chapter is a brief description of the subnanosecond 

fluorescence apparatus located at the Center for Fast 

Kinetics Research (CFKR) on the Austin campus of the 

University of Texas. This apparatus was used in the 

26 
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investigation of the effects of concentration dependence 

on the fluorescent lifetime of ethanolic and aqueous solu-

tions of rhodamine B. 

Excite-Probe Technique 

In this experiment, a single pulse from a high power 

picosecond laser is directed into a modified interferometer 

similar to that illustrated in Figure 7. A large portion 

of the pulse is reflected from a beam splitter (BS) and 

is designated the excite pulse. The excite pulse travels 

through a right-angle prims (P^) an<^ is focused into the 

sample. The weaker portion of the original pulse passes 

through the beam splitter and then through a right-angle 

prism (P2) which is mounted on a mechanical translation 

stage. Upon exiting the prism, the weak pulse, or probe 

is reflected from the beam splitter and focused to the 

same region of the sample as the excite pulse. If the 

optical pathlengths of the excite-and-probe are equal 

(through adjustment of the mechanical stage), then the 

probe pulse will arrive at the sample precisely at the 

same time as the excite pulse and the transmission of the 

probe will reflect any changes in the sample which were in-

duced by the excite pulse. Thus, by mechanically varying the 

probe path length, the sample may be interrogated before, 

during, and after excitation. Since the velocity of light 

in air is approximately 3 x 108 m/sec, one millimeter 
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Figure 7. A modified interferometer for use in 

picosecond excite-probe experiments. 
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change in optical path length corresponds to 3.3 x 10 ^ 

sec. Therefore, the temporal resolution for this type of 

experiment is dependent on optical pulsewidth and mechan-

ical resolution of the translation stage. 

As stated above, any transient optical changes in-

duced by the excite pulse may be detected with the probe. 

One such change which is readily detectable is the satura-

tion of an absorption of the sample. This is accomplished 

by increasing the intensity of the excite pulse until the 

transmission of the excite exceeds the normal Beer's 

Law sample transmission. Effectively, this transient 

"bleaching" results in the removal of a measurable number 

of molecules from the ground state absorption process. If 

the probe pulse were allowed to traverse the sample immedi-

ately following excitation, this saturation or removal of 

ground state absorbers would be reflected in an increased 

probe transmission. This can be shown in the following 

manner: The transmission of a randomly polarized probe 

through a randomly oriented sample (isotropic) at some time 

prior to the arrival of the excite pulse may be written as 

T (°°) R = exp [-Nal ] H_1 

where t O ) r is the normal Beer's Law transmission of the 

sample, N is the number of molecules per unit volume, a 

is the absorption cross section, and 1 is the sample 
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path length. Since the optical output of high-power pico-

second lasers is linearly polarized, only one third of the 

randomly oriented molecules possess transition moments 

which are parallel to the excitation polarization and 

thus effective in absorbing that radiation. - For the case 

of linearly polarized light, equation II-l simply becomes 

T(°°) = exp [- Sal] . II-2 

Immediately following saturation by a linearly polarized 

excited pulse, the transmission of a probe which is polar-

ized parallel (II) to the excite would then be expressed by 

T(0) = exp [-(^ - ANo(0)^)al], II-3 

where T(0) is the instantaneous probe transmission at time 

t = 0 immediately following saturation. The quantity 

ANQ(0)|| represents the number of molecules removed from 

the ground state absorption process being monitored by 

the parallel polarized probe. Making use of equation II-2 

allows equation II-3 to be rewritten as 

T (0) = T ( o o ) exp [A N q (.0) crl ]. II-4 

Through the use of a serial expansion of an exponential 

the instantaneous probe transmission of an optically 
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saturated solution takes the form 

(crlAN (0) ) 
T(0) =T(oo) [l+alAN (0) + £ Li n _ 5 

U || L • 

I£ the level of saturation is small (i.e., AlaN, (0) is 
d || 

small), then the series may be truncated after the first-

order term in saturation (alAN^O^ , reducing equation 

11-5 to 

T (0) = T O ) + T O ) [ALANOC0) ]. II-6 

If the sample is composed of absorbing molecules 

fixed in a rigid transparent matrix or glass, the small 

induced saturation (excited state population) will decay 

exponentially with the normal molecular radiative or non-

radiative decay constant given by 

AN0(t)|! = ANq(0)((exp [ - -£]. II-7 

Substitution of equation II-7 into II-6 results in an 

expression which describes the transmission of the probe 

at time t following excitation. This expression is 

T (t) = T O ) + T O ) [alANQ (0) exp (- — ) ] . II-8 

Unfortunately, most molecular systems of interest 
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must be investigated in solution. In a fluid, or solu-

tion, molecular rotation will allow molecules involved in 

the saturation to rotate from the saturation "plane," 

adding rotational diffusion or orientational relaxation 

as a primary decay route for the induced saturation. 

Lessing and Von Jena [6] and Shank and Ippen [7] have 

examined this problem in detail and a summary of their 

treatment is presented in Appendix A. The inclusion of 

rotational diffusion in the decay scheme of a saturation 

induced by a linearly polarized excite pulse and monitored 

with a weak probe pulse which is polarized parallel to 

the excite results in the production of an expression 

describing the saturation decay which has the following 

form 

AN CO) 
ANoltJu= [ANoC0) § Je xp [- ( ~ + 

a T 

AN (0) 

+ __2 exp [-( _)( t)]. n - 9 
i 

The total number of molecules in the excited state at t = 0 

is given by A N Q ( 0 ) , while A N Q ( 0 ) / 3 is the number of molecules 

that would be effective in absorbing radiation in this 

polarization (parallel) if all the molecules are randomly 

oriented. As can be seen from Equation 11-9» the decay of 

the saturation is a complex function of excited state 
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decay (T ) and rotational diffusion (X ). A similar 
& or 

expression has been derived [6, 7] for the decay of a 

saturation induced by a linearly polarized excite pulse 

and interrogated by a perpendicularly polarized probe. 

This expression has the final form 

AN (0) 
AM Ct) -[AN (0) - — ° ]exp[-( -i -

L 1 t£ or 

AN (0) 
e*P[- (t) ]. 11-10 

T £ 

Note that the only difference in II-9 and 11-10 is In the 

first term of the decay expression. Although both II-9 and 

11-10 are complicated functions, performance of excite-probe 

experiments at various probe polarizations allow the deter-

mination of x^, and x Q r, separately. This is described 

further in Chapter III. 

Experimental Apparatus 

The apparatus used in the excite-probe measurements of 

this investigation is schematically depicted in Figure 8. 

The primary components of the apparatus are the laser 

system, second harmonic generator, the delay optics, the 

sample, detectors and microprocessor. 

Laser system. This system has been described in great — 

detail elsewhere [8]; however, a brief description is in 
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Figure 8. A schematic of the picosecond excite-probe 

apparatus used in this investigation. 
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order. The laser is a commercially available (Quantel 

International, Model YG40) Nd:YAG laser. This system is 

comprised of a laser oscillator (OSC), electrooptic switch-

out (EOS), amplifier (AMP) and pulsewidth ratiometer (R). 

Upon firing, the passively modelocked and apertured 

oscillator (OSC) produced a short train of optical pulses 

(5 to 7), with each pulse approximately 35 (FWHM) psec in 

duration, possessing a gaussian spatial profile and 

separated by 8 nsec. 

The electrooptic switch (EOS) consists of a set of 

pockels cells located between two crossed Glan-Taylor 

polarizers. The oscillator output passes through the 

first polarizer, the pockels cells, and is then reflected 

off the second polarizer into a fast photodiode. When 

the signal on the detector reaches a preset value, this 

triggers a high-voltage power supply, resulting in a short 

high-voltage electrical pulse being applied to the pockels 

cells. This electrical pulse is that of the quarter-wave 

voltage for each pockels cell, so that an optical pulse 

passing through the cells during the application of the 

voltage has its polarization rotated a total of 90°. This 

pulse is then the correct polarization to pass through 

the second polarizer. The duration of the high-voltage 

pulse is adjusted so that only one optical pulse Is 

switched out. The photodiode may also be adjusted to 

select one of the most intense pulses in the train. 
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Typical energies of the single switched-out pulse range 

from 0. 4 to 0 . 8 mJ. 

A small portion of the single switched-out pulse is 

deflected off a glass slide (BS^) into the pulsewidth 

ratiometer section of the apparatus. This ratiometer (R), 

as shown in Figure 8, is comprised of two detectors, and 

a KDP type I second harmonic generation crystal (SHG). 

Immediately following the second harmonic crystal is a 

set of filters (F) which reject residual 1064 nm radiation 

and pass only the second harmonic at 532 nm, which is 

monitored by detector D£. Detector monitors the funda-

mental at 1064 nm. Glenn and Brienza [9] have shown the 

optical pulsewidth is inversely proportional to the inten-

sity of the second harmonic divided by the fundamental 

squared (^/D^) ) . This pulsewidth ratiometer may then 

be calibrated by performing pulsewidth measurements uti-

lizing autocorrelation techniques [10], Monitoring the 

pulsewidth from shot to shot is necessary because, as the 

experiments progress, the laser performance may degrade, 

resulting in incomplete modelocking and fluctuating pulse-

widths . 

The largest portion of the single switched-out pulse 

is passed through the optical amplifier (AMP). This pulse 

may be amplified up to approximately 8 mJ, but for most 

applications 3 to 5 mJ is sufficient. 
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Second harmonic generation.--The intense picosecond 

pulse is then frequency doubled with 10 to 20 percent 

efficiency in either a type I or type II second harmonic 

generation (SHG) crystal. Extreme caution must be observed 

so as not to exceed the damage threshold of these crystals 

when utilizing high-power picosecond pulses. The efficiency 

of frequency doubling is proportional to the square of the 

electric field of the fundamental frequency [11]. This non-

linear process then results in a shortening of the duration 

of the second harmonic pulse to 0.70 7 of the fundamental 

pulsewidth [12]. 

D e l a y optics.--After the residual fundamental (1064 

nm) is removed from the beam with dielectric filters, the 

second harmonic (532 nm) pulse is directed toward the 

optical delay. A small portion of this pulse is reflected 

into detector Dj, which serves as a reference for th.e exper-

iment. The remainder of the optical pulse is then split 

into two portions by a dielectric beam splitter (BS4) for 

use in excite-probe experiments. The transmitted portion 

of the green pulse, now designated the excite pulse, is 

passed through a Glan-Taylor prism polarizer (to ensure 

clean polarization) and focused into the sample with a 132 

mm focal length lens (L^). The distance between the sample 

and lens is adjusted such that beam spot size within the 

sample is approximately 1 mm (FWHM). The spot size is 
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determined by mounting a 200-micron pinhole on an x-y trans-

lator in place of the sample and scanning horizontally and 

vertically across the spot, recording the intensity trans-

mitted through the pinhole on detector D4. A typical beam 

scan is shown in Figure 9. 

As can be seen from Figure 9, the pulse has retained 

a. gaussian spatial profile. The energy of excite pulse 

is measured with a Gen-Tec (Model ED-100) calibrated pyro-

electric detector at the position where the excite beam 

impinges on the sample. Generally, the energy of the excite 

pulse is .03 to eQ5 mJ * Assuming that the temporal pro-

file of the excitation pulse is gaussian, it is possible 

to calculate the peak power (P) incident on the sample 

with relation 

P -
F
 ~ r - ~ — > 11-11 

irlu) J /TT T 
o o 

where E is the energy in joules, is the spatial half-

width at the 1/e point and xQ is the temporal half-width 

at the 1/e point. For a 25 psec (FWHM) pulse focused to 

a 1 mm (FWHM) spot, containing .05 mJ of energy, the peak 

power would be 1 megawatt/cm . This energy measurement 

also allows direct calibration of the reference detector 

(D3). The remaining detectors (D4 and D5) can then be 

calibrated relatively against D,. 
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Figure 9. A representative spatial profile of the 

optical excitation source. 
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The portion of the original green pulse which was 

reflected off BS4 is directed into the double-pass prism 

arrangement shown in Figure 8. The two prisms, mounted 

side by side on a step-motor-driven translation stage, have 

80 mm of travel, corresponding to 320 mm actual change in 

optical pathlength. Therefore, the probe may be delayed 

up to 1 nsec with respect to the excite pulse. The probe 

is then attenuated to approximately 5% of the excite pulse, 

using calibrated neutral-density filters. It is then 

passed through a Glan-Taylor polarizer and focused with a 

132 mm focal length lens (I^) to the same spot (spot size 

and position) within the sample as the excite pulse. To 

ensure that the delay optics are correctly aligned, the 

sample is replaced again with a 200 urn pinhole and the trans-

mission through the pinhole is recorded on detector D„ at 

various positions of the translation stage. If the trans-

mission is not constant at the various delays, BS4 is 

adjusted and the measurement is repeated until the 

transmission is constant. 

Samples.--All samples, or dyes were laser grade 

chemicals obtained from Eastman Kodak and used without 

further purification. Ethanol and water were used as 

solvents. The water was demineralized and distilled, and 

the ethanol was absolute. The samples were placed in 
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quartz spectrophotometer cells with pathlengths that varied 

from 0.1 mm to 10 mm. 

Detectors.--The detectors used in this study have been 

described elsewhere [13]. Basically, the detectors consist 

of an integrating photodiode (United Detector Technology 

PIN 6D silicon photodiode) followed by an amplifier and 

peak detect and hold circuit. The signal from the detector 

is proportional to the energy incident on the photodiode. 

The linearity of detector response was checked against the 

calibrated Gen-Tec pyroelectric detector. Band pass filters 

with a peak transmission at 530 nm (approximately 501) and 

a 20-nm band width were placed in front of each detector 

(D2 "
 D5^ t 0 e n s u r e that residual fundamental or sample fluor-

escence was not striking the photodiode surface. Addition-

ally, calibrated neutral-density (thin metal film) filters 

were used to attenuate the signal prior to the detectors 

to keep all signals within the linear region of the de-

tector sensitivity. 

Microprocessor.--The microprocessor used in this 

apparatus is a Southwest Technical Products Model 6800 

Microprocessor. This microprocessor was interfaced with 

the laser, detectors, and the step-motor-driven translation 

stage. Therefore, with appropriate programming, the 

microprocessor initiated the firing of the laser, recorded 

the signals, and then moved the translation stage by some 
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predetermined distance. In addition, the 68 K bytes of 

storage allowed the microprocessor to be programmed to 

ratio signals from any of the detectors and then perform 

the further statistical calculations on those ratios. 

As stated earlier, the pulsewidth ratiometer was cali-

brated using optical auto-correlation techniques. The 

microprocessor was programmed to accept data arising from 

pulses which varied no more than +15 percent from that 

ratio. These laser pulses were considered "good" laser 

pulses. Further limits were placed on the reference 

detector (D^)> restricting the excitation energy to +25 

percent of some fixed value. This served to reduce data 

variability due to the shot-to-shot flucations. 

Picosecond Fluorescence Measurements 

Time-resolved fluorescence measurements were performed 

on various solutions of rhodamine B. The results and inter-

pretations of those measurements are discussed in Chapter 

III. The apparatus used in these measurements is shown 

in Figure 10. 

The excitation source for these experiments is a 

frequency-doubled, mode^locked Nd:YAG laser identical to the 

laser described in the previous sections. Attempts were 

made to limit the energy in green (532 nm) picosecond pulse 

to .05 mJ or less. The excitation pulse was then focused 

with a 100-mm focal length lens (L^) to a spot on the 
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Figure 10. The experimental arrangement used for 

subnanosecond fluorescence measurements. 
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surface of the sample cell (5 mm oc 10 mm fluorescence 

cuvette). The diameter of the spot was approximately 1 mm 

(FWHM). Sample fluorescence was collected with an identical 

100-mm lens (L2), passed through several filters to remove 

scattered green excitation radiation, and then imaged on 

the input slits of a Hamamatsu C979/1000/1098 Streak Camera 

System. This system is basically an ultra-high-speed (10 

psec temporal resolution) time-resolved photometer. The 

streak camera is triggered by a fast photodiode, and the 

signal recorded by camera is transferred to a CRT video 

terminal for viewing. Fluorescence traces may then be 

transferred to a PDP-11 laboratory computer for storage or 

processing. Traces are also available via a thermal printer 

which interfaces to the PDP-11. 
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CHAPTER III 

ORIENTATIONAL RELAXATION AND EXCITED STATE 

LIFETIME MEASUREMENTS OF RHODAMINE B 

Dimerization, the process of formation of a new 

molecule composed of two monomeric subunits, necessarily 

possesses twice the molecular weight of the monomer, as 

well as an increased molecular volume over that of the 

individual subunit. A solution, such as an aqueous solu-

tion of rhodamine B, in which a monomer-dimer equilibrium 

has been shown to exist, would then be expected to contain 

two types of solute molecules with each possessing a 

significantly different molecular volume. These differ-

ences in mass and molecular volume would also predict 

similar changes in the molecular behavior of the monomer 

and dimer in solution. The rate of molecular rotation, 

or the orientation relaxation time, TQr, is given by hydro-

dynamic theory (Stokes-Einstein rotational diffusion) as 

T = HX 
or kT • III-l 

In this equation k is Boltzmann's constant, n is the 

viscosity of the solvent, and V is the hydrodynamic volume 

of the solute. The hydrodynamic volume, or "effective 

50 
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molecular volume" also includes any solvent aggregation 

about, or attachment to, the solute molecular framework. 

Assuming that the monomer and dimer possess similar solute-

solvent interactions, the expected change in molecular 

volume upon dimerization would then be expressed as an 

increase in the hydrodynamic volume and a proportional 

increase in T o r> the orientational relaxation time of the 

solute. Nelson and Smyth show that the Stokes-Einstein 

model is a valid representation of rotational diffusion in 

solutions in which the solute molecular volume is at least 

three times that of the solvent molecular volume [1], Thus, 

it would seem desirable to perform an experiment or series 

of experiments which would allow the measurement of orien-

tation relaxation times for the rhodamine B monomer and 

dimer, and also establish a relationship between the rota-

tional diffusion data (molecular volumes of the monomer and 

dimer) and the concentration dependent absorption spectra 

of rhodamine B. 

Absorption coefficients and the dimer dissociation 

constant provided by Selwyn and Steinfeld [2] allow for a 

reliable calculation of the ratio of dimer absorption to 

monomer absorption at any particular concentration or 

wavelength. Thus, the choice of the type of experiments 

to be performed is directed toward those which rely on 

optical absorption processes for the extraction of x 
or 

The method chosen for this investigation was the excite-
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probe technique of "induced dichroism via anisotropic 

absorption saturation" [3]. This technique, first reported 

by Eisenthal and Drexhage [3], and later refined by Shank 

and Ippen [4], utilizes a plane-polarized picosecond optical 

pulse to induce anisotropy in the sample by saturating the 

absorption of those molecules with transition dipoles 

aligned parallel to the optical polarization. The optical 

anisotropy or dichroism is measured and time resolved by 

monitoring the probe transmission through crossed polari-

zers. The temporal decay of the transmission is due to 

excited state decay and molecular orientational relaxation 

[4]. This is shown in detail in the following section. 

Theoretical Aspects of Induced Dichroism 

for a Single Component System 

As discussed briefly in Chapter II, optical absorptions 

may be saturated using intense picosecond pulses. If the 

pulse is linearly polarized, molecules whose transition 

moments lie largely in the plane of the optical field will 

be preferentially excited. This nonuniform distribution 

of ground and excited state molecules results in an aniso-

tropy which may be detected in the following manner. The 

probe polarization is rotated to angle with respect to 

the excite polarization as shown in Figure 11, where the 

excite polarization follows the z direction. Prior to 

sample saturation the transmitted probe intensity I (1) is 
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Figure 11. Vector diagram relating the polarization 

of the electric field of the excite pulse (E) to the 

electric field of the probe pulse (E ) through the angle 

i>. E u and E ± t respectively, are the parallel and perpen-

dicular polarization components of the electric field of 

the probe pulse. 
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Ip(l) = 1(0) exp [-al], j j j_2 

where the a is the average absorption constant of the 

sample and 1 is the sample pathlength. The corresponding 

expression for the electric field of the transmitted probe 

is then 

E p U ) = E(0) exp[-^|] „ ni-3 

The polarization of Ep may be broken down into components 

which are perpendicular (E^) and parallel (E ) to the 

excite polarization. These components are 

E = E cos jh T T T . 
II P ^ 111 - 4 

and 

Ei = Bp S l n ^ III-5 

As the parallel component traverses the sample it is 

attenuated through absorption and is written 

B p ^ E | ( C ° ) e ^ P ] z , l n _ 6 

where the letter z denotes that the polarization lies on the 

z axis, and ( is the sample absorption constant in the 

parallel plane. Similarly, the perpendicular component 
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may be written as 

E j U ) = CO) exp [- °£i] i t l n _ 7 

where a x is the sample absorption constant for this polari-

zation and x denotes the polarization is along the x axis. 

The electric field of the transmitted probe may be written 

as a function of both polarization components through the 

addition of III-6 and III-7 to give 

Ep(l) = En(0) exp [- z 

+ El ( 0 ) e xP I" *• 111 - 8 

Making use of relations III-4 and III-5 allows III-8 to be 

written as 

E p ^ ~ Ep^°Hcos^exp [—LL] z 

«!_ 1 
+ sin ip exp [-

Ill- 9 

Prior to the saturation, the absorption constant for the 

parallel polarization (a|f) i s equal to that of the per-

pendicular polarization (o^), 0r a,,= -oi = where | 

is the number of molecules effective in absorbing any 

particular linear polarization and a is the absorption 
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cross section. Immediately following saturation at some 

time t, a „ becomes (f-AN^Tt^ )a and a becomes ( | - A T T t ) ) a 

where AN q(t) is the number of molecules removed from probe 

absorption due to saturation. The probe electric field 

is now 

E p ( 1 ) E p ( 0 ) e x P [ - ^ j p H c o s If exp [AN Q ( t ) | ( z 

+ sin 4, exp [ZH^Tt) I n _ 1 Q 

.za-In order to investigate the rotation of the polari: 

tion of the electric field, two unit vectors are introduced, 

One is parallel to incident probe polarization (v n) and 

the other perpendicular to the incident probe polarization 

( v !)• These vectors have the form 

Vj | = cos ip z + sin x, III-ll 

and 

V 1 ~ S ^ n $ z + COS l[) x . 111-12 

The parallel component of the transmitted field is 

E p ( 1 ) ' v n * y ^ P t - ^ H c o s V x p i A N ^ a i ] 

+ sin 2 $ exp [aN^Tt) x2l]}. n i . 1 3 
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and the perpendicular component is 

EP("1') 'vj_"Ep(°)exP["^p] {sin^cos ipexp [ aNq (t) ^~] 

sin^cos^exp[ANo(t)^^] }. 111-14 

If an analyzer polarizer is placed in the path of the 

transmitted probe (aligned perpendicular to the incident 

probe polarization), only the perpendicular component 

represented by 111-14 will pass through the polari: .zer, 

Making use of a serial expansion of an exponential, 

exP[x] = l+x+2i« • •, the small transmitted electric allows 

the field to be written to first order in saturation and is 

Eĵ (l) Ep (o) exp [-^~] sin^cos^ 

^ [ A N o C t ^ - A N o C t ^ J L l n _ 1 5 

Rewriting the latter expression in terms of intensity 

yields 

M 1 ) " I0(
1)exp[-^|i]sin2^cos2

l 

•G1 
x{[ 2ANo(;t)ii~ANo(t)| 1 • III-16 
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Therefore, the instantaneous transmission at time t 

through crossed polarizers is given by 

T (t) = exp[-^^]sin2iJjcos24^~~-

x{[4N0(t)||-AN0(t)1]
2}, m . 1 7 

where the quantity AN^Tt),, - AN^Tt)j_ is the anisotropic 

population difference. The substitution of equations 

II~9 and 11-10 for AN0(t)M and respectively, 

shows the temporal decay of the transient transmission 

through crossed polarizers and is given by 

T Ct) - exp [~^-] sin^cos2^-0 I 

x[ANo(°)l |-ANo(0)1]
2exp]- (2t)]. Ill-18 

1 or 

This expression is in agreement with that published by 

Shank and Ippen [4]. 

It should be noted that the decay of the transient 

transmission is due only to the decay of the anisotropic 

population difference through rotational diffusion and 

excited state decay. If the lifetime of molecules in the 

excited state is extremely long, the decay is then due 
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primarily to rotational diffusion. The orientational re-

laxation time T Q r may also be determined if the lifetime 

of the upper state is known. 

Method of Induced Dichroism for a 

Single Component System 

The purpose of this section is to describe the exper-

imental apparatus and method of measurement of t the 
or' 

orientational relaxation time, for a molecule in solution. 

In order to simplify this task, this section is confined 

to the discussion of single component system (a single 

type of solute in solution). The molecule 3,3'-diethyl-

oxadicarbocyanine iodide (DODCI) is a commonly used laser 

dye and modelocking agent in dye lasers [5]. Spectroscopic 

studies performed in this laboratory indicate that this dye 

exhibits no evidence of dimerization in ethanol and so 

was chosen to illustrate single component systems. The 

orientational relaxation time for this dye in ethanol 

has been reported by Shank and Ippen as 200 psec [4], 

Examination of DODCI with the apparatus in this laboratory 

will then allow a direct comparison to results of outside 

laboratories. Thus, the ethanolic solution of DODCI will 

serve as our laboratory standard. 

As stated previously, the method of "induced dichroism" 

is a saturation experiment requiring intense picosecond 

optical pulses. The excitation source described in 
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Chapter II supplies such a pulse, measuring 25 psec in 

duration (FWHM) at a wavelength of 532 nm. For these 

studies, the level of saturation is defined as T(t)/T(»), 

the ratio of the transmission of the excite pulse under 

saturation conditions, T(t), to the transmission of the 

excite under linear Beer's Law transmission conditions 

T(t). For this initial experiment, the level of saturation 

of T(t)/T(»)=2 w a s s e l e c t e d . T h e p i c o s e c o n d p u l s e ,s d._ 

reeled into a delay apparatus depicted in Figure 8. A 

dichroic beam splitter within the apparatus reflects a 

large portion of the pulse while transmitting a small 

portion to be used as an optical probe. The larger portion, 

or "excite" pulse is passed through a polarizer, to ensure 

clean polarization and focused to a 1 mm (FWHM) spot within 

the sample. The intensity of the excite pulse is sufficient 

to slightly saturate the absorption of the sample at 532 

nm. The sample, now partially saturated in a single plane, 

becomes anisotropic. As the excite pulse exits the sample' 

cell, the anisotropy begins to decay. The technique for 

measuring this decay is illustrated in Figure 12. The 

attenuated probe pulse (51 of the excite) is passed through 

a delay line (-loo psec to 1,000 psec) and a polarizer set 

at * = 45° with respect to the excite polarization and 

focused to the same 1 mm spot as the excite beam. The 

probe pulse now has equal components perpendicular and 
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Figure 12. Technique for measuring the decay of an 

induced dichroism. 
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parallel to the saturation polarization. As the probe 

pulse traverses the isotropic sample prior to the arrival 

of the excite or saturation pulse, both probe polarization 

components, perpendicular and parallel are absorbed equally, 

This is shown in Figure 13 (-Delay). When the probe is 

delayed such that it passes through the sample during ex-

citation (0 Delay in Figure 13), the parallel polarization 

component will experience an increased transmission over 

that of the perpendicular component. 

The net result is a rotation of the probe polarization. 

This rotation is detected by passing the transmitted probe 

through an analyzer polarizer (90° with respect to the 

original probe polarization) placed directly after the 

sample and in front of a PIN photodiode detector. The 

analyzer was aligned by extinguishing the probe with the 

polarizer while blocking the excite beam. Although an 

extinction ratio of 103:1 was achieved using the crossed 

polarizers, scattered radiation from the excite beam (off 

of the sample cell surfaces) often reduced the ratio of 

signal to background to 50 to 1. By varying the delay 

of the probe pulse with respect to the excite, the rise 

and subsequent fall of anisotropy may be measured. Figure 

14 is the experimental result for such a measurement of 

DODCI (1x10 4 M in ethanol) with the minimal background 

subtracted. Each data point is the average of ten 
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Figure 13. A representation of the rotation of the 

probe polarization Ep, during (0 Delay) and following 

saturation (+ Delay). 
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Figure 14. Transient probe transmission through 

crossed polarizers for a 1 x 10"4 M ethanolic solution 

of DODCI. 
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acceptable laser pulses. The error bars represent the 

standard deviation from that average. From the transmission 

expression of equation 111-18, it should be clear that the 

decay of an optically induced dichroism will decay expo-

nentially with a single measured decay constant, T 
' meas 

Figure 15 is a semi-logarithmic plot of the DODCI trans-

mission data shown in Figure 14. With 20 psec after zero 

delay, the transmission appears to decay as a single expo-

nential with a measured decay constant (1/e) of 92+5 psec. 

From equation 111-18 it should also be obvious that follow-

ing the passage of the excite pulse the relationship between 

Tmeas' T£, a n d T
o r

 i s S i v e n hY 

1 - 1 + 1 

j- + 111-19 
meas Lor Lz 

Using the literature value of (1.2 nsec) [4, 6], the 

measured decay constant x m e a s and relation III-19 results 

allow one to obtain an orientational relaxation constant 

of 220 psec for DODCI in ethanol. This value is in 

agreement with the value of 200 psec reported by Shank and 

Ippen [4]. 

This agreement also implies that the level of satura-

tion used in this experiment, T(t)/T(«,) =2, was sufficiently 

low so that the excited state lifetime of the molecule was 

not significantly altered. This is an important aspect. 
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Figure 15. A semi-logarithmic plot of the transient 

probe transmission for a 1 x 10 ^ M ethanolic solution of 

DODCI. 
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when performing the saturation experiments on premier laser 

dyes. A large level of saturation would result in an 

abnormally large excited state population, increasing the 

possibility of the sample undergoing stimulated laser 

emission. Fleming et al. [7] and Busch et al. [8], have 

shown that with sufficient energy in a picosecond satura-

tion pulse, the excited state lifetime of DODCI in ethanol 

may be reduced from the spontaneous radiative lifetime of 

1.2 nsec to a stimulated lifetime of tens of picoseconds. 

It is imperative then to perform saturation experiments 

at the lowest saturation levels which still allow for 

adequate probe detection. 

The fast non-exponential decay near zero delay is an 

experimental artifact resulting from coherent coupling of 

the excite and probe beams [9]. The probe pulse, derived 

from the excite, possesses a polarization component paral-

lel to the excite polarization. When the pulses are 

overlapped spatially and temporally, the beams interfere 

to produce fringes. These fringes produce an absorption 

grating [9] within the sample resulting in a portion of 

excite beam being diffracted into the probe detector. The 

appearance of this coherence spike masks any extremely fast 

decay processes, but can be used in the determination of 

zero delay on the delay apparatus. 



73 

Method and Analysis of Induced Dichroism for a 

Two Component System - RB in H20 

While the experimental technique for measuring an 

induced dichroism in a multicomponent system is identical 

to that used for a single component system, the analysis 

of the decay is certainly more complex. In order to 

model the two component solution of dimers and monomers, 

each component is assumed to behave as an independently 

absorbing species. 

Implicit in this model is that the rate of the monomer-

dimer equilibration must be slow compared to the events 

being measured. The equilibrium process for this ground 

state dimerization has been shown to occur on a microsecond 

timescale [10]. The above assumptions must also hold for 

the excited state species. That is, formation of an ex-

cited state dimer by the association of a ground state 

monomer must also be a slow process compared to the events 

being measured. With these suppositions in mind, an 

expression describing the instantaneous transmission through 

crossed polarizers of a two component system may be ob-

tained using the same treatment which yielded the trans-

mission expression for a single component system. The 

resulting expression is given in the small saturation limit 

by 

a 
_c 
V -M- O II — 

T c p - W l V t O n -AMoCtl^ + C j V f g ) (AB^Tt)M-SD^Tt) )]
2 , 

111- 20 
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where C is a concentration dependent constant, od is the 

dimer absorption cross section, am the monomer absorption 

cross section, D the number of dimers, M the number of 

monomers, (AM^t),, -¥T(t) 1 is the anisotropic population 

difference of monomers and (ADq(t)(-ADq(t)j ) is the 

anisotropic population difference of dimers. A descrip-

tion of this expression is given in Appendix B. As in the 

case of a single-component system, the decay of the aniso-

tropic population difference is due to excited state decay 

and orientational relaxation (or rotational diffusion). If 

the excitation and probe pulsewidths are negligible com-

pared to the decay of the anisotropy, and using equations 

11-9 and 11-10, (ANrrt)M-M^It)±) and (AD^Tt)( r ® ^ t ) ) 

have the form 

(AMo(t)|rAMo(t)J_)»(AMo(0)||-ffi^0)x)eXp[- -1 III-21 
m 

and 

( A V ^ rAr,o(t)P-tAr)o(0)!i"ADo(0^! ) e x P [ - ~ ] > III-22 
~ d 

where 

T m T1? T m 1 1 1 - 2 3 

£ or 

and 
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1
 + 1 

t, d d 
d T T £ or 

The monomer excited-state lifetime and orientational re-

laxation time are represented respectively by xm and 

m , d , d ^ 
or' a n d Tjl a n d T

o r
 a r e t h e d i m e r excited state lifetime 

and orientation relaxation time. It is clear from the above 

equations that the decay of the induced dichroism is 

a complicated function of four parameters: the excited-

state decay of the monomer and dimer and the orientational 

relaxation time of the monomer and dimer. The excited 

state lifetime of the aqueous rhodamine B monomer is 

reported to be 1.5 nsec [11, 12]. Assuming that the 

aqueous rhodamine B dimer lifetime, measured at 77° does 

not change substantially from the reported value of 38 

nsecs [13], the decay of the induced dichroism for this 

two-component solution of monomers and dimers would then 

be predominated by orientational diffusion of the two 

species. A dilute solution containing few dimers would 

then be expected to exhibit a faster decay of induced 

dichroism over that of a concentrated solution in which 

a substantial number of dimers are present. 

Preliminary results for induced dichroism experiments 

performed at a saturation level of 1.5, for 4.6 x 10"3 M 

and 4.6 x 10 M aqueous solutions of rhodamine B are shown 

in Figure 16. The obvious features of the transient 
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Figure 16. Preliminary results for induced dichroi 

experiments for 4.6 x 10 ^ M and 4.6 x 10 M aqueous 

solution of rhodamine B. 

sm 
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transmission curves include the relatively narrow corre-

lation spike near zero delay and the unexpected fast decay 

of the more concentrated solution. 

In order to assure that the fast decay observed in 

the concentrated solution was not due to stimulated emis-

sion induced through excess saturation, experiments were 

performed at saturation levels varying from 1.2 to 1.7. 

No observable changes in the decay as a function of degree 

of saturation were detected. A saturation level of 1.5 

provided an adequate signal-to-noise ratio and was used 

in the remainder of saturation experiments of aqueous 

rhodamine B. It is also obvious from the data presented 

Figure 16 that the pulsewidth of the excitation and 

probe pulses are not negligible when compared to the fast 

decay of the concentrated solution. This is to say, 

substantial decay of one of the two components may be 

occurring between the front edge of the excitation pulse 

and the trailing edge. Thus, in order to extract the 

overall decay constants for the monomer and dimer, decay 

curves for intermediate concentrations must be obtained 

and the transient transmission expression (equation 111-20) 

modified to include a finite pulsewidth. The resulting 

transmission expression is given by 

T ft) = C[n(t) + (^) 2 gBCt)]2, IH-25 
ni 
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where n ( t ) and $(t) are time dependent integrals defined by 

IllL2]dt III-26 n(t) = l j e (t')expl-
e m 

and 

3 (t) = f \ (t')exp]- 111-27 

In equations 111-26 and 111-27, Ie(t) represents the 

temporal intensity profile of the excitation pulse and 

1/T and 1/T, are the overall decay rates defined in 
' m d 

equation III-23 and 111-24 respectively. The effect of 

the finite width of the probe pulse is determined by 

convolution of the instantaneous transmission expression 

(equation 111-25) with probe intensity profile, i.e., 

s c P
( T ) * CVt}IP(t-T)dt' 1 1 1 - 2 8 

where I is the probe intensity profile. The excite and 

probe intensity profiles are both modeled as gaussian 

intensity functions of the form 

I(t) = exp [-yt2], 1 1 1 2 9 

where the full width at e 1 pulse width is 
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T p - 2/ (7) 1 / 2 > i n " 3 0 

for a pulsewidth of 25 psec (full width at half the maxi-

mum) , tp = 3 5 psec. 

Extraction of measured monomer and dimer decay con-

stants by fitting equation 111-25 to the experimental data 

requires that the ratio of the number of dimers to the 

number of monomers, D/M, for each concentration be deter-

mined and that the ratio of the dimer and monomer absorp-

tion cross sections a^/am, be known. The monomer-dimer 

equilibrium of aqueous rhodamine B has been described [2] 

by the mass-action expression 

K - 2x2C/(l-x), 111-31 

where K is the equilibrium constant, x is the mole-fraction 

of monomer, and C is the concentration. The mole-fraction 

of monomer, x, and the dimer-to-monomer number ratio, D/M, 

- 3 
were determined for concentrations between 4.6 x 10 M and 

-4 

4.6 x 10 M using equilibrium constant of 6.8 x 10 M. 

These results are tabulated in Table I. The dimer-monomer 

cross section ratio, ad/am, of 2.4 at the excitation-probe 

wavelength, 532 nm, was taken from the spectroscopic data 

of Selwyn and Steinfeld [2] shown in Figure 2a. 
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TABLE I 

RATIOS OF MONOMERS AND DIMERS 

CONCENTRATION 

C(M) 

MOLE-FRACTION OF 

MONOMER, X 

DIMER/MONOMER RATIO: 

D/M 

4.6 x 10~3 0. 24 1.61 

9.2 x 10 ^ 0.45 0.61 

4.6 x 10 ^ 0.57 0.38 

9.2 x 10"5 0.82 0.11 

4.6 x 10"5 0.89 0.06 
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Using the experimental configuration of Figure 12, 

the probe transmission was measured as a function of time 

delay between excite-and-probe pulses for five concentra-

- 3 -4 
tions of aqueous rhodamine B: 4.6 x 10 M, 9.2 x 10 M, 

4.6 x 10"4M, 9.2 x 10"5M and 4.6 x 10 5M. Sample cell 

lengths varied from 0.1 mm to 10 mm resulting in the 

product of the sample concentration times the optical 

-3 "4 

length being held constant for the 4.6 x 10 M, 4.6 x 10 M, 

9.2 x 10"5M and 4.6 x 10"5M solutions. This product was 

allowed to vary for the fifth solution (9.2 x 10 M). The 

data for these solutions have been normalized and are 

presented in Figures 17 and 18. The lines through the 

data represent numerical fits of equations III-25 through 

III-28 to the experimental data using the constants sup-

plied in Table I. As can be seen from equations III-25 

through III-28, the numerical fits were made by varying 

only two parameters, xm and x^. The best visual fit to the 

data for all five concentrations was obtained for an over-

all monomer decay time t^=215 psec and an overall dimer 

decay time t^=95 psec. Recalling that the overall decay 

constant is a measurement of orientational decay and ex-

cited state decay, a dimer decay constant of 95 psec 

suggests the dimer is either undergoing a rapid excited 

state decay or orientational relaxation at twice the rate 

of the rhodamine B monomer. Since the latter appeared 
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Figure 17. Transmission data for induced dichroism 

measurements of 4.6 x 10 ^M, 4.6 x 10 M and 4.6 x 10 M 

aqueous solution of rhodamine B. 
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Figure 18. Transmission data for induced dichroism 

measurements of 4.6 x 10_3M, 9.2 x 10'^M and 9.2 x 10~5M 

aqueous rhodamine B solutions. 
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unlikely, it would seem the reported excited state life-

time for the rhodamine B dimer of 38 nsec, which was 

measured at 77°, was not at all representative of the room-

temperature photophysical behavior. Thus, it was necessary 

to perform room-temperature experiments which would allow 

the measurement of the excited state lifetimes of the 

rhodamine B monomer and dimer under the same experimental 

conditions used in the induced dichroism experiment. 

Method of Diffusion-Free Excited State 

Lifetime Measurements - RB in H^O 

Picosecond excite-probe saturation experiments similar 

to those described in the previous section have been de-

signed allowing the rotational diffusion-free measurement 

of the excited state lifetimes of molecules in solution 

[14]. Although the techniques are similar, in that both 

require that the sample saturation be induced by an intense 

picosecond pulse, the methods of measurement of the decay 

of the saturation are very much different. In order to 

clarify the differences in these methods of measurement, 

it is necessary to briefly and qualitatively review the 

effects experienced by a probe pulse as it traverses the 

saturated region of a sample. 

The transmitted probe intensity, T(t) , may be de-

scribed as was done for equation II-6 and is given by 
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2 
T(t) = T O ) [1 + alAN + ( a ^ N ) +... ] III-32 

P P ^ • 

where T(°°) is the normal Beer's Law transmission of the 
P 

probe, AN is the total number of molecules involved in 

the saturation, and a is the average sample absorption 

cross section for all polarizations. 

If the level of saturation is small, or as the ratio 

of T(t) /T(«0 approaches unity, the higher-order satura-

tion terms become very small. The method of induced 

dichroism, as presented in the previous sections, measures 

the rotation of the polarization of the probe pulse which 

arises from the anisotropic (ANQ(t)^,^) portion of the 

second order saturation term. 

All other polarization components, hence, the majority 

of the probe intensity is rejected by the analyzer polar-

izer. Removal of the analyzer polarizer would result in 

the measurement of the full intensity of the probe pulse. 

If the maximum saturation level is below 1.5 times that 

of the Beer's Law transmission, or T(t) /T(°°) £ 1.5, the 

entire second order saturation (isotropic and anisotropic) 

term of equation 111-36 can easily be shown to be less 

than 1% of the total transmitted probe intensity. Without 

the analyzer polarizer, and considering experimental error 

+10!, the detection of this 1% of the overall signal would 

be impossible. Experimentally then, removal of the analyzer 

polarizer reduces equation 111-30 to 
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T(t)p = T (°°)p [1+alAN] . 111 - 33 

Recalling that the sample saturation (AN) induced by a 

linearly polarized and probed by linearly polarized probe 

(equations 11-9 and 11-10) decays as complex function of 

x Q r and x^. It has been shown theoretically and experi-

mentally [14] that effects of molecular diffusion may be 

negated by choosing the appropriate angle between the 

excite-and-probe polarizations. This can be seen if we 

examine the full transmitted probe intensity when the 

probe polarization is at an angle ^ with respect to the 

excite polarization as shown in Figure 11. This trans-

mitted intensity (from the transmitted probe electric 

field, equation III-10) is given by 

I (1) = I (0)exp[-^|i] {cos2ij;exp[AN (t) al] 
P P O U I | 

. 2 
+ sin>exp[ANo(t)1al] }. 111 - 34 

Expanding the saturation terms to first order as done 

above yields 

Naln r 2 Ip(l) = I pCO)exp[-^]{cos>[l + AN^Tt')1|al] 

. 2 
+ sin>[l + AN (t), al] }. 111-35 
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Substitution of II-9 and 11-10 for ANQ(t)| and ANq (t)̂  , 

respectively, and gathering like terms transforms equation 

111-34 into 

N 1 alAN (0) , 
I (t)=I (0)exp[—i—] {1+ * exp[ 

T £ 

. 2 
+ al [cos i|;ANQT0) + sin>ANo(0) - 1/3ANQ(0)] 

exp [-(-I + -L-)(t)]}. 111 - 36 
I or 

A cursory examination of 111-36 reveals that rotational 

diffusion effects may be removed if some angle p exists 

for which 

cos^ANo(0)n+sin iMNo(0)± = 1/3 ANQ(0). 111-37 

There is such a "magic" angle and it has been shown 

to be 54.7° [14]. Thus, by modifying the experimental 

apparatus used in the induced dichroism experiment by 

removing the analyzer polarizer and orienting the probe 

polarization such that it is 54.7° with respect to the 

excite, it is possible to measure (to a first order 

approximation) the decay of the isotropic saturation as 

a function of , the excited state lifetime. The ex-

perimental arrangement reflecting these changes is shown 

in Figure 19. 
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Figure 19. The geometrical arrangement for the 

performance of diffusion-free excite probe experiments. 
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The change in the instantaneous transmission (i.e., 

the difference between the transient transmission T(t) and 

the linear Beer's Law transmission) for the geometry of 

Figure 19 for a single component system is represented by 

M . alN (0) 
AT(t) = exp [ — ~ ] ( 2 ) exp [—-] . 111-38 

T £ 

A similar expression can be developed for two component 

systems in the small saturation limit. Again, we know from 

the previous experiments the effects of a finite pulsewidth 

must be taken into account . This expression has the form 

AT(t) = C'[n'(t) + (2)Ĉ )V(t)] ; ln.39 
m 

where C' is a concentration dependent constant and where 

n"(t) and 3^(t) are time dependent integrals representing 

the convolution of the gaussian excitation pulse (of the 

form of 111-29) and are given by 

n'(t) = )exp[-(t-t')/T™]dt' 111-40 

and 

B'U) = • 111-41 
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Again, the effect of the finite width of the probe 

pulse in determining the change in the transmitted probe 

intensity", AS(t), is calculated by convolution of the 

instantaneous change in sample transmission, T(t) with 

the probe temporal intensity profile, I (t), to obtain 

A S ( X ) = (Z AT(t) IpCt-T.)dt , 111 - 4 2 

where x is the probe delay. 

Rotation-free measurements were performed on aqueous 

solutions of rhodamine B, using the same experimental 

parameters (saturation levels of 1.5) and concentrations 

used in the induced dichroism experiments and tabulated 

in Table I. The experimental data obtained from these 

measurements are presented in Figures 20 and 21. The 

solid lines through the data represent the "best" visual 

fit of equations III-38 through I11-41 to the data. 

The data points are the average of ten acceptable laser 

pulses. The error bars represent the standard deviation 

from that average. Excited state decay constants of 

m d 
T£ ' n s e c and t^=100 psec were extracted for the monomer 

and dimer respectively. The excited state monomer decay 

constant observed in these experiments is in excellent 

agreement with the 1.5 nsec lifetime reported by Koester 

and Dowben [11] and Willig et al [12]. The measured 

dimer excited lifetime of 100 psec has not been previously 
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Figure 20. Diffusion-free transient transmission 

data for 4.6 x 10"3M, 4.6 x l(f4M, and 4.6 x 10_5M 

aqueous solutions of rhodamine B. 
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Figure 21. Diffusion-free transient transmission 

data for 4.6 x 10 ^M, 9.2 x 10 ^M, and 9.2 x 10~^M 

aqueous solutions of rhodamine B. 
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reported. Although the nature of the primary decay route 

of the dimer is unknown, the lack of observed fluorescence 

at room temperature [12] suggests this ultrafast decay 

proceeds via nonradiative channels. 

Effects of Energy Transfer - RB in 1^0 

Recent reports [12, 15] indicate that energy transfer 

from the excited state monomers (M*) to ground state dimers 

(D) might play an important role in the overall excited 

state decay processes of moderate to concentrated solutions 

of rhodamine B. The model used for extraction of the 

excited state dimer lifetime, t^, assumed no interaction 

between monomers and dimers on a subnanosecond time scale. 

If a significant number of excited state monomers are 

deactivated through energy transfer to ground state dimers, 

the population of excited monomers will decay at a faster 

rate at higher concentrations (i.e., x"1 is not constant). 
X/ 

This transfer process would then generate excited state 

dimers in addition to those produced through saturation. 

Thus, it was necessary to investigate the contribution of 

energy transfer in aqueous systems of RB in concentration 
- 3 - 5 

rate of 5 x 10 M to 5 x 10 M. This was accomplished by 

performing time - resolved fluorescence measurements on all 

five of the concentrations used in these experiments. Since 

the dimer has not been observed to fluoresce at room 

temperature, any fast fluorescence decay may be attributed 
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to energy transfer to the nonradiatively decaying dimer. 

These measurements were performed with the fluorescence 

apparatus described in Chapter II. 

No changes in the fluorescence decay rate was observed 

- 3 - 5 
over the concentration range 1 x 10 M to 5 x 10 M. A 

-4 

fluorescence trace of a 9.2 x 10 M solution is shown in 

Figure 22. The solid line through the data is the best 

fit of a single exponential with a decay constant (1/e) of 

x^= 1.50 +_ 0.15 nsec. This is in excellent agreement with 

the reported values [11, 12] for the monomer fluorescence 

lifetime and excite-probe measurements of a dilute solution 

(5 x 10 ^M) reported in the previous section. 
_ 3 

At a concentration of 4.6 x 10 M, the fluorescence 

decay was noticeably faster than that at 9.2 x 10-4M. A 

fluorescence trace of this solution is shown in Figure 23. 

Again, a solid line through data is the best fit of a 

single exponential with a decay constant (1/e) of 1^=820+80 

psec. In order to determine how this effects the excite 

probe measurements, let us examine the linear rate equations 

which describe the excited state populations of the monomers 

and dimers. These are given by [15] 

. -c-i-jM* . ( i ) M. m . 4 S 

Ti T 

and 
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Figure 22. Temporally resolved fluorescence of a 
4 

9.2 x 10" M solution of aqueous rhodamine B. 
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Figure 23. Temporally resolved fluorescence measure-
- 3 

ment of a 4.6 x 10 M aqueous solution of rhodamine B. 
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d D* r 3̂  * , 1 
d T = - (-d)D* + 111 - 4 6 

T? T 

where M* is the concentration of excited monomers and D* 

is the concentration of excited dimers. The excited-state 

decay constant for the monomer is given by and that of 

the dimer by The energy transfer decay constant is 

given by Solutions to the above equations are 

and 

M*(t) = M* exp [- ( — + ^ t ] 111 - 4 7 
T£ T 

1 

i (TT) (M*) 
D* (t) =D*exp [ - (-|) t] + [—1 2 _] 

X l (_1 + _1 1-j 
\ m t d) 

;xP["C^)t]-exp[-(-i + ^ t ] , 111 - 4 8 
T T"1 rp 
T i SL T 

where M* is the initial number of excited monomers and 

D* is the initial number of excited dimers produced through 

saturation. 

Clearly, expressions III-45 through 111-48 are depend-

ent on the number of monomers and dimers in solution, and 

therefore, concentration dependent. Assuming the experi-

mentally determined decay constant of the 9.2 x 10~4M 

solution is x™ and the decay constant of the 4.6 x 10'^M 

solutions is a measure of -I + -I, then tt = 1.8 nsec for 

-3 T£ TT 
a 4.6 x 10 M solution. Although energy transfer appears 
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to be a primary pathway for decay of the excited state 

monomer, insertion of tJ, and the measured dimer life-

time of = 100 psec into expression 111-48 shows the 

generation of excited state dimers through energy transfer 

during the first 300 psec of our experiments is negligible 

compared to the number of excited state dimers produced 

through saturation. As can be seen from equations 111-25 

and III-39 and Table I, the dimer contribution to the over-

all decay of saturation predominates the measurements. A 

shortening of the monomer lifetime by a factor of two 

would not seriously affect the transmission measurements 

- 3 
of the 4.6 x 10 solution. 

In summary, these measurements of the rhodamine B dimer 

are insensitive to energy transfer processes. 

Orientational Relaxation and Excited State 

Lifetime Measurements of RB in Ethanol 

Induced dichroism and rotation-free excited state 

lifetime measurements of rhodamine B in ethanol were 

performed at saturation levels such that the instantaneous 

sample transmission was 1.3 times that of the normal 

Beer's Law transmission and at concentrations ranging 

- 3 - 5 
from 1 x 10 M to 5 x 10 M. Measurements were attempted 

- 3 

on a 5 x 10 M solution, but the decay appeared to be 

intensity-dependent in range of saturation required for 
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an adequate signal-to-noise ratio. It was assumed this 

power dependence was due to stimulated emission. 

Data obtained from the induced dichroism and rota-

tion-free measurements exhibited no detectable concentra-

tion dependence. This is illustrated by the comparison 

of the induced dichroism transmission data of a 1 x 10_3M 

and 5 x 10 5M solution shown in Figure 24. Figure 25 con-

tains the induced dichroism and rotation-free transmission 

data for a 5 x 10 solution and is representative for 

all data taken for this series of solutions. The rotation-

free decay constant was measured to be 2.0 +_ .5 nsec. 

This was confirmed by streak camera measurements which 

yielded 2.0 +_ .2 nsec for the fluorescent decay constant 

of the solution. These measurements are slightly faster 

than the reported lifetime of 2.5 + .1 nsec [16] and 

2.4 + .1 nsec [12]. Assumption that the ethanolic solution 

is a one-component system allows the extraction of a 

measured decay constant of 9 7 10 psec from the induced 

dichroism data of Figure 25. Utilizing equation 111-19, 

Tmeas = ^ psec, and the excited state lifetime measure-

ment yields an orientational relaxation time of 215 psec. 

It is important to notice the large uncertainty in the 

lifetime measurement will not increase the orientational 

relaxation time more than the estimated accuracy of the 

techniques (+ 101). 
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Figure 24. The induced dichroism transmission 

~ 3 - 5 
data of a 1 x 10 M and 5 x 10 M ethanolic solution of 

rhodamine B. 
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Figure 25. The induced dichroism and diffusion-

free transmission data for a 5 x 10 4M ethanolic solution 

of rhodamine B. 
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Summary and Discussion 

Excited-state lifetime and induced dichroism measure-

ments were performed with subnanosecond resolution on 

aqueous and ethanolic solutions of rhodamine B. The 

measurements of the aqueous solutions exhibited a strong 

concentration dependence which has been ascribed to a 

ground state dimerization equilibrium. Under the assump-

tion that the aqueous solutions contained only monomers 

and dimers [2], the concentration dependent studies 

allowed the determination of the excited state lifetimes 

and overall decay times for the aqueous monomer and dimer. 

With reliable room temperature excited state lifetimes 

for the monomer and dimer, and the overall decay constants 

Tm an<* Td ^ r o m t^ie induced dichroism experiment, it is 

now possible to determine the orientational relaxation 

times for the monomer and dimer. Substituting T =215 
m 

psec and t® = 1.6 nsec into equation 111-23, yields a 

diffusion time of = 250 psec for the monomer. Since 

the overall decay constant = 95 psec and the measured 

excited state lifetime are identical within experimental 

error (estimated to be + 101 for both techniques), an 

accurate dimer orientational relaxation time cannot be 

determined from equation III-24. However, insertion of 

the above dimer decay constants at either limit (+ 10%) 

into equation 111 — 24 indicates the dimer orientational 

relaxation time must be greater than 400 psec. The excited-
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state lifetime and induced dichroism measurements per-

formed on the ethanolic solutions of rhodamine B showed 

no apparent concentration dependence. Modeled as a single 

component system, the orientational relaxation time and 

excited state lifetime were determined. The results from 

these experiments of the aqueous and ethanolic solutions 

of rhodamine B are tabulated in Table II. 

Also shown in Table II are calculated orientational 

relaxation times for the aqueous and ethanolic rhodamine 

B molecules assuming two different types of rotational 

motion in solution. That is to say, the xanthene molecules 

either rotate in solution as a sphere with the diameter 

of that sphere being the larger molecular dimension; or 

the molecules rotate as oblate ellipsoids spheriods. 

The rhodamine B appears to be a relatively flat 

molecule and was approximated as an oblate ellipsoids 
O O 

spheriod having 4A and 14A axes and as a sphere with a 
O 

diameter of 14A. These dimensions were estimated from 

band lengths, van der Waals radii [17, 18], and molecular 

models. In the same fashion ellipsoidal dimensions were 
O o 

determined for the aqueous sandwich dimer (8A x 14A) and 

the head-to-tail configuration (Figure 6) of the proposed 

ethanolic dimer (8A x 21A). 

Calculations of T Q r for a rhodamine molecule rotating 

as sphere CTQP1161'6;) j,s accomplished by utilizing equation 

III-l and calculating the molecular volume by using 
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TABLE II 

EXCITED STATE LIFETIME AND ORIENTATIONAL 

RELAXATION TIMES ̂  

RB - H20 RB - Ethanol 

Monomer Dimer Monomer Dimer 

T(b) 
I 1.6 nsec 100 psec 2.0+5 nsec -

T ( C ) 

£ 
1.5 nsec - 2.1 -

T(d) 
or 355 psec 355 psec 425 psec 1500 psec 

T(e) 
or 185 psec 240 psec 220 psec 850 psec 

T ( « 
or 250 psec <400 psec 215 psec -

(a) Unless otherwise noted, estimated errors are +10 

(b) Results of excite-probe measurements. 

(c) Results of streak camera measurements. 

(d) Calculated for a sphere with a diameter of 
the longest molecular dimension. 

(e) Calculated for an oblate ellipsoid. 

(f) Results of induced dichroism measurements. 



115 

the long axis of the above ellipsoids as the diameter of 

the sphere. 

The orientational relaxation time for an oblate 

ellipsoid has been given as [19], 

-robl= 1 _ nV 
Tor 3D_[ + 3D 11 kT ' 111-49 

where Dj_and Dj | are the axial diffusion coefficients 

describing rotation about the elliptical axes perpendicu-

lar and parallel to the summary axis of the oblate ellip-

soid. In the case of rhodamine B, this symmetry axis runs 

through the bridging oxygen atom and bisects the xanthene 

chromophore. This is illustrated in Figure 26. The 

diffusion Constants D | and D| | have been given gy Fleming 

et al [20], and Tao [21] as 

Di + |P[C2pj-ns- P l 111-50 
(P "I) 

D = — P (P S) r> T T T 
II 2 D ' 111 - 51 

(P "I) 

where p in the axial ratio of the ellipsoid, D = kT/6, 

the diffusion constant for a sphere having the same 

volume of the ellipsoid, and where 

C _ n 2.-1/2. - 1 , 2 . 1 / 2 , , 
S - CI"P ) tan £ CI-P ) /p]. 111- 52 
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Figure 26. The symmetry axis of the xanthene 

chromophore. 
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Using the axial ratios, the volume of the oblate ellipsoid 

for each of our molecules, and equations 111-49 through 

III-52, the orientation relaxation time for the rhodamine 

B monomers and dimers are calculated. 

As can be seen from Table II, the single experimental 

orientation time for rhodamine B in ethanol is in very-

good agreement with the T Q r calculated for an oblate 

rotator. The fact that only one component was observed 

in these diffusion studies of the ethanolic solution 

suggests dimerization does not occur as a function of 

concentration in the solution of rhodamine B in ethanol 

over the concentrations examined in this study. This is 

in agreement with the diffusion studies of dilute solutions 

or rhodamine B in ethanol by Sadkowski and Fleming [16]. 

The experimental orientational relaxation times for the 

aqueous rhodamine B molecules are somewhat larger than 

predicted for an oblate rotator. This may be a result 

of excessive aggregation of water molecules about the 

carboxylic acid functionality of the rhodamine B monomer 

and dimer. Even though an accurate determination of the 

orientation time for the aqueous dimer is impossible, the 

fact that it is significantly larger than the monomer 

orientation time is very significant. This is the first 

physical evidence for the presence of a larger molecular 

species (dimer) in equilibrium with the monomer in the 

aqueous solution of rhodamine B. 
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The extremely short excited-state dimer lifetime of 

100 psec was an unexpected but significant result of this 

investigation. The lack of dimer fluorescence at room 

temperature [12] would indicate this fast decay is non-

radiative in nature. A schematic showing a possible decay 

route is shown in Figure 2 7a. The double molecule, ir-

radiated at 532 nm is excited to some high vibrational 

level of state S^. Rapid internal conversion to the 

lowest vibrational level of may occur in a matter of 

picoseconds [22]. Since fluorescence from is not 

observed, this could be interpreted as a result of rapid 

intersystem crossing into the lowest triplet state, T^, 

followed by rapid nonradiative relaxation to the ground 

state via vibrational cascade. 

Another possibility accounting for the observed 100 

psec decay is illustrated in Figure 27b. The molecule 

is once again placed in a high vibrational level of , 

followed by rapid internal conversion to the lowest 

vibrational level of . After undergoing intersystem 

crossing to T.^ and assuming^ is a long lived state, 

a second photon (probe) might be absorbed exciting the 

dimer to some higher triplet level (Tn). This process 

would suggest a fast decay (or ground state recovery) 

but in reality would be a measure of the rate of inter-

system crossing from to T-̂ . This process would not be 
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Figure 27. Two possible excited decay routes for 

the rhodamine B dimer. 
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expected to occur in the monomer because the triplet yield 

for the monomer is extremely low [5]. The triplet yield 

for the dimer is unknown, but as explained in Chapter I, 

exciton theory would predict an increase in the dimer 

triplet yield over that of the monomer {23]. 

If the absorption coefficient for the proposed T ^ T 

dimer transition was equal to that of the S1«-SQ dimer 

transition, the two processes would be indistinguishable 

in our experiments. Both of the decay paths suggested 

above are in keeping with my model of a two-component 

system with each component acting independently of one 

another. 

A third possibility which jnight account for the fast 

decay is in violation of the model of independent systems. 

Once the dimer has been excited to the first singlet 

level S1, it again would be expected to decay rapidly to 

the lowest vibrational level of S;L. The nature of the 

decay of is unknown and could be a dissociation of the 

excited state dimer into a ground state monomer and an 

excited state monomer. The production of a monomer In 

the ground state would allow the monomer to participate 

in absorption processes accounting for the apparent fast 

ground-state recovery we have associated with tke dimer. 

If the lowest singlet state of the dimer is energetically 

lower than that of the monomer, as suggested by Chamgers 

et al [13], dissociation of the dimer would result in the 
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formation of a ground state monomer and monomer in a high 

vibrational level of the ground state. Relaxation of the 

vibrationally excited species would then be expected to 

occur in a few picoseconds [22]. The overall result of 

this dissociation would be the formation of two ground 

state monomers with the observed 100 psec decay being a 

measure of the dimer dissociation. Since both molecules 

absorb at the excite-probe wavelength of 532 nm, we are 

not able to reject this process in our analysis. 

Therefore, in order to determine the pathway of decay 

of the excited state dimer, it would be necessary to 

perform these transient transmission studies as a function 

of time delay and wavelength. This, then is the subject 

of the following chapter. 
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CHAPTER IV 

TEMPORALLY AND SPECTRALLY RESOLVED TRANSIENT 

TRANSMISSION MEASUREMENTS OF 

AQUEOUS RHODAMINE B 

Saturation experiments such as those described in 

the previous chapter require an excitation source of 

extremely high intensity. The Nd:YAG laser used in those 

studies is considered a standard reliable source of high 

power picosecond optical pulses. Unfortunately, the Nd: 

YAG laser, like other popular solid-state picosecond lasers 

(Nd:glass, ruby), operates at single wavelength (1064 nm) . 

This infrared pulse, through the use of nonlinear optical 

techniques, may be frequency doubled to 532 nm; frequency 

tripled to 355 nm; or frequency quadrupled to 266 nm. 

These three wavelengths in the visible and ultraviolet 

offer some variability in the choice of excitation 

frequency; the Nd:YAG laser, however, cannot be considered 

tunable. As a result, most excite-probe experiments are 

conducted at a single wavelength. 

In order to extract useful information from these 

experiments, it is necessary to have an understanding of 

the photophysical properties of the molecules under investi-

gation. Thus, this chapter will discuss the development of 

126 
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a multiwavelength transient spectrometer used in characteri-

zing the aqueous solution of rhodamine B. The determina-

tion of the excited state lifetimes of the rhodamine B 

monomer and dimer through saturation measurements required 

several assumptions to be made. The major assumption was 

that once the monomer and dimer were promoted to their 

respective excited electronic states, the excited molecules 

then returned to the ground state without any photodegrada-

tion, photoisomerization, or any interaction with one 

another. It also assumed that two photon absorption was 

negligible in the sample. Again, these limiting supposi-

tions were required in order to develop a model which 

would allow for extraction of the excited state lifetimes 

from the single wavelength saturation experiments of a 

two component system of monomers and dimers. 

Ideally, saturation or transient transmission ex-

periments would be performed by saturation of the sample 

at a single wavelength, and probing the resulting optically 

"bleached" sample at all wavelengths. This is schemati-

cally shown in Figure 28a for a single component system 

following the above assumptions. The solid line represents 

the normal transmission spectrum of the sample without 

excitation. The broken line represents the transmission 

spectra of the saturated sample. At small saturation 

levels, the sample transient transmission at 532 nm would 

be adequately described by equation III-38. Since this 
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Figure 28. A presentation of transient trans-

mission difference spectrum for a single component system. 
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experiment would probe at all wavelengths (\) this equation 

can then be suitably modified to yield 

TX(t) - T X 0 ) = T V ) CaAlAN), VI-1 

where T (t) is the transient transmission spectrum taken 

at time t following saturation, T̂ (oo) is the normal Beer's 

Law transmission, a* is the ground state absorption cross 

section of the sample at wavelength A, and AN is the number 

of molecules removed from the ground state through satura-

tion. The difference spectra of the single component 

system described in Figure 28a is illustrated in Figure 28b. 

If the excited state population, AN, returns to the ground 

state via normal radiative and nonradiative processes, 

the difference spectra will exponentially decay to zero 

while retaining the same overall spectral profile. If the 

sample underwent any photoinduced processes which resulted 

in the formation of a different ground state species, the 

decaying difference spectra would not retain the same 

spectral profile, but would instead reflect the ground 

state transmission profile of the new species. 

Absorption of the multiwavelength probe by the excited 

state species (step wise two photon absorption) would result 

m a more negative going difference spectra, again leading 

to a deformation of the expected transient transmission 

profile. 
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This type of transient transmission experiment would 

be very informative in the investigation of a two component 

system such as the aqueous solution of rhodamine B. A 

concentrated solution is comprised of molecules in monomeric 

and dimeric forms. The monomers and dimers not only posses 

drastically different transmission (or absorption) profiles 

but also undergo excited state decay at substantially dif-

ferent rates. The transient transmission at 532 nm of the 

two component rhodamine B system would be described by 

equation 111-39. Again, this expression may be modified 

to account for transmission at all wavelengths and is 

given by 

> v i am fO) 
T (t) - T A(» =» T (co) (—° ){a lexpt-t/x"

1] 
o m 

A-, r0dD, _ r +- / d 
+ ad 1 (FM ) e X p [" t / xil^ I V" 2 

m x 

A . 

where am is the ground state absorption cross section of 

the monomer at wavelength A , a* is the dimer absorption 

cross section at wavelength A. } A M q ( 0 ) represents the 

excited-state population of monomers produced through 

saturation. The weighting factor a^ D/ a
m
M relates the 

relative strength of the saturation of the dimer popula-

tion to that of the monomer population. This factor 

was determined by assuming small saturation limits; the 
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ratio of dimer to monomer saturation is proportional to 

the ratio of dimer absorption to the monomer absorption at 

532 nm, the excitation wavelength. The difference spectrum 

_ 3 

for a 1 x 10 M solution of rhodamine B in water can be 

calculated using equation IV-2 at time t = 0, or during 

excitation, by using the monomer-dimer equilibrium and 

absorption information provided by Selwyn and Steinfeld 

[1], and is shown as the solid curve in Figure 29. This 

transmission curve includes both monomer and dimer contri-

butions. The second curve (broken line in Figure 29) 

represents the calculated difference spectra taken 300 psec 

after excitation, using the monomer (1.6 nsec) and dimer 

(100 psec) decay constants extracted from the concentra-

tion studies presented in Chapter III. As can be seen 

from Figure 29, after 300 psec, the excited state dimer 

population would be expected to undergo complete relaxation 

to the ground state, while approximately 80% of the monomer 

signal remained. The obvious change in the spectral pro-

file as a function of time would be direct evidence support-

ing the results of Chapter III, or the claim that the dimer 

is in fact the fast decaying species in the aqueous solution 

of rhodamine B. 

In the preceding paragraphs, the importance of 

performing saturation experiments at multiple wavelengths 

has been stressed, but up to this point there has been 
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Figure 29. The calculated difference spectrum for 
- 3 

a 1 x 10 M solution of aqueous rhodamine B. 
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no explanation of how these measurements might be performed. 

A conventional spectrometer does not possess the temporal 

resolution for such experiments, but a transient spectro-

meter may be constructed utilizing a picosecond continuum 

generated from a single picosecond pulse [2-7]. Alfano 

and Shapiro [8, 9] first discovered the intense picosecond 

continuum could be generated by focusing an infrared 

picosecond pulse into various materials [8, 9]. The 

continuum, with a peak intensity centered near that of 

the laser wavelength, was shown to extend from the far 

infrared into the ultraviolet spectral region [10]. 

This energy distribution for a continuum generated in D2O 

using a 1064 nm laser pulse, is shown in part [10] in 

Figure 30. Although the exact nature of this generation 

process is not known, it has been suggested that the 

continuum arises through the production stimulated stokes 

and anti-stokes frequencies within the continuum media 

followed by a nonlinear parametric mixing of those fre-

quencies within the media [11]. Since the continuum is 

generated through nonlinear processes from a picosecond 

pulse, the temporal characteristics of this pulse of 

white light are similar to those of the laser source. 

The continuum, used in conjunction with the second harmonic 

of the Nd:YAG laser (532 nm) provides the optical sources 

required for the performance of the time and spectrally 

resolved transient transmission spectra described above. 
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Figure 30. The energy distribution for a continuum 

generated in D20. 
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The purpose of this study was then to perform 

spectrally resolved transient transmission experiments 

on an aqueous solution of rhodamine B in order to further 

cnaracterize the photophysical behavior of the monomeric 

and dimeric forms of this dye molecule. To accomplish 

this, the construction of a picosecond transient trans-

mission spectrometer was required. The results obtained 

from this study confirm the identity of the fast decaying 

species as that of the dimer. Interpretations of these 

results also allow for clarification of the primary route 

of decay of the excited state dimer. 

Experimental Procedure, Results and Analysis 

In order to facilitate construction of a picosecond 

transient spectrometer, fabrication of two preliminary 

apparati was necessary. Construction and evaluation of the 

results obtained with these two experimental arrangements 

laid the groundwork for the design and completion of the 

transient spectrometer. The experimental procedure, results 

and preliminary analysis of data obtained using each of the 

three apparati are presented in the remainder of this 

section. 

Apparatus A 

A single optical pulse, 35 psec in duration, is ex-

tracted from the 1064-nm output of the modelocked Nd:YAG 
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laser described in Chapter II. This pulse is then amp-

lified to an energy of approximately 8 millijoules (mJ). 

All excitation and probe frequencies are generated from the 

8 mJ pulse. After the amplification process, the intense 

infrared pulse is directed to the apparatus as shown in 

Figure 31 (using right angle steering prisms). Prisms 

were used at this point rather than mirrors because it was 

found that front surface mirrors (gold coated) were highly 

susceptible to damage when used with extremely high energy 

picosecond pulses. A small portion (roughly 10%) of the 

pulse was reflected off an uncoated pyrex microscope slide, 

serving as a beam splitter (BS^), to be used as the source 

of the excite pulse for this experiment. This small pulse 

was then frequency doubled to 532 nm in an Inrad Type I 

Lithium Iodate Frequency doubling crystal. All residual 

1064 nm radiation was removed using interference filters. 

The green excitation pulse was directed into the delay 

apparatus while a small portion of that pulse was reflected 

off a beam splitter (BS2) and into a suitably filtered 

detector (D^ to serve as a source reference. 

As the pulse exited the delay apparatus, it was 

focused with a 333-nm focal-length lens (1^) through a 

2-mm aperture to a 1-mm spot within the sample. The 

purpose of the aperture was to aid in the elimination of 

scattered laser radiation which would be detrimental to 

detection of the pulse. Upon exiting the sample, the 
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Figure 31. Schematic of an excite-probe apparatus 

which utilizes a variable wavelength probe. 
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transmitted excite is reflected off a mirror (M^, re-

collimated (L2),
 anc* focused into another suitably 

filtered PIN photodiode detection (D2). Monitoring the 

ratio of energy detected by D2 over that measured by 

yields the overall transmission of the sample. Placing 

filtration in the path of the excite pulse prior to the 

sample allows the adjustment of the level of saturation 

transmission to 1.5 times that of the Beer's Law sample 

transmission. 

The large portion of the 1064 nm source pulse which 

was transmitted through BS^ was directed with a right angle 

prism into the probe producing section of the apparatus. 

The intense infrared pulse was focused with another 333-mm 

focal-length lens (L4) into a 10 cm quartz windowed stain-

less steel cell (CS). The cell contained a mixture of 

H20 and D20 (1:1) which was used as the continuum gener-

ating medium. The distance between and the continuum 

cell was adjusted such that the resulting beam focus lay 

at the point when the pulse was approximately three 

quarters of the way through the cell. The continuum that 

emerged from the cell was not always spatially or spectrally 

uniform, but at times contained concentric rings of various 

colors, similar to the stimulated anti-stokes rings ob-

served by Terhune [12]. In order to disrupt this spatial 

irregularity, the continuum was passed through a piece of 

finely ground scatter glass (SG). The scattered continuum 



143 

was crudely recollimated with a 60-mm focal-length lens 

(L ) . Following collimation, the continuum was passed 

through several 1064-nm interference filters to remove the 

remainder of the infrared pulse. When laser performance 

was good (i.e., high power in a short pulse) the efficiency 

of the production of the continuum was approximately 75%. 

When laser performance degraded, the efficiency also de-

graded. Shorter focal-length-lenses (223 mm and 100 mm) 

were also tried in order to produce smaller spot sizes at 

the focal point in the continuum cell in an effort to pro-

duce higher pulse peak powers and increase continuum produc-

tion efficiency. The short-focal length lenses did produce 

a high peak power within the cell, in fact sufficiently 

high to produce dielectric breakdown of continuum-generating 

media. This breakdown was visible as well as audible. 

Dielectric breakdown resulted, as one might expect, in very 

poor continuum conversion efficiency. For this reason, 

the longest practical focal length lens available (333 mm) 

was used in these experiments. 

The continuum probe was then passed through^ a calclte 

Glan Taylor polarizer (P) which was adjusted to transmit 

optical radiation polarized at 54.7° with respect to the 

excite polarization. This angle was chosen in order to 

allow performance of transient transmissions experiments 

free from the effects of rotational diffusion 113]. 

Following the polarizer, a narrow-band spike filter was 
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used to select the appropriate probe wavelength from the 

picosecond continuum. The relatively monochromatic probe 

was then passed through the beam-splitting device shown 

in the inset of Figure 31. This allows the separation of 

the probe into two beams of approximately the same intensity. 

The portion of the probe which passed through the beam 

splitter (BS3) was designated as the sample probe and was 

focused through the same aperture and to the same spot 

within the sample as the excite pulse. Emerging from the 

sample, the probe was recollimated and reflected off a 

mirror (M4) into a filtered detector CP^)• The second 

probe pulse, depicted by the dashed and dotted line in 

Figure 31, traveled in a parallel path above the sample 

probe. The probe following the upper path is used as a 

reference probe and focused through another 2 mm-aperture 

which is 1 cm above the aperture described earlier. After 

passing through the aperture, the reference probe is re-

collimated and focused into another photodiode detector 

(D3) . The ratio of energies detected by D 4 and D 3 (J^/Dj) 

was then a measure of the sample (and sample cell) trans-

mission of the probe. 

In order to prove that the continuum was a suitable 

source as a probe, the initial experiments were conducted 

with excitation and probe wavelengths at 532 nm, the same 

as were used in the experiments of the previous chapter. 

This probe wavelength was obtained by placing a narrow 
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band spike filter (5-nm bandwidth (FWHM) with a peak 

transmission at 530 nm, immediately after the polarizer 

(P) and in front of the beam splitter (BS^) shown in 

Figure 31. This experimental configuration was effectively 

identical to that shown in Figure 19 which was used for 

rotation free excited state lifetime measurements, the 

primary difference being the nature of the generation of 

the probe, and the intensity of the probe. For these 

experiments, the probe intensity was estimated to be O.lo 

of the excite. As a result of this weak nature of the 

probe, the probe detectors had to be set on the highest 

sensitivity available, resulting in a signal-to-noise 

ratio of approximately 20 to 1. The use of the automated 

data acquisition system described in Chapter II allows 

discrimination against poorly developed continuum arising 

from laser intensity fluctuations. By setting upper and 

lower limits (in the software) on a mean reference probe 

energy, data are only accepted for laser pulses which 

produce continua that are similar to each other. This 

resulted in rejection of the data for approximately 90-6 

of the laser shots. 

The most concentrated solution of rhodamine B in 

H20 which allowed sufficient detectable sample transmission 

by the probe was a 9.2 x 10 solution placed in a sample 

cell .1 mm thick. 
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The transient transmission data obtained for this 

solution of rhodamine B are shown in Figure 32. The data 

points are the average of ten acceptable laser shots 

(constant pulsewidth and constant energy in the Reference 

probe continua). The large error bars are believed to 

arise from the fact that the excite and probe pulses were 

produced through two different nonlinear processes. For 

comparison, excite~probe data for this concentration of 

rhodamine B where the excite and probe were derived from 

the same 532-nm pulse (.Figure 21) is also shown in Figure 

32. Although the data taken with the continuum probe is 

much "noisier" than that taken with the second harmonic 

probe, the rise and decay of the transient transmission 

for both sets of data are in good agreement with each. 

other. This agreement implies the temporal width of the 

continuum is approximately that of the second harmonic 

used for the excitation pulse. Other investigators have 

shown this to be the case in the production of the continuum 

[10, 14], but it was important that this laboratory confirm 

their findings before continuing this investigation. 

Apparatus B 

The second experimental arrangement used in this study 

is illustrated in Figure 33. The primary difference between 

this apparatus and that described in the previous section 

and Figure 32 is the method of selection of the probe 
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Figure 32. The transient transmission data for 

rotation-free lifetime measurements in which the probe 

was generated by a continuum and also data for a measure-

ment in which the probe was generated from the excite 

probe, 
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Figure 33. An experimental apparatus for excite-

probe measurements using a variable probe wavelength. 
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wa.velsn.gth. For this experiment, the spike filter (SF) 

of Apparatus A was removed, allowing all frequency compo-

nents to pass through the sample. As the sample and 

reference probe exit the aperture and sample cell, both 

beams were collected by a large-diameter (50 mm) 200-mm 

focal length lens. The two continua were then focused to 

separate points (vertically displaced from one another) on 

the input slits of a Spex .220-meter monochrometer (Model 

1670) with a cylindrical lens (50 mm focal length). The 

monochromator, equipped with 1.25-mm slits, a 1200 line/mm 

grating, and blazed at 500 nm, had a spectral band pass of 

5 nm. As the divergent transmitted probes passed through 

the exit slits of the monochromator, both were recollimated 

as well as was possible and the sample probe (solid line 

in Figure 33) was spatially separated and focused into a 

photodiode detector (D3). The reference probe was de-

tected in a similar matter. Once again the transmitted 

probe as extremely weak after passage through the wave-

length selection device (in this case, the monochromator) 

resulting in a signal-to-noise ratio for probe transmission 

measurements being similar to that found in the measurements 

using Apparatus A. 

The primary advantage of this apparatus over that 

of Apparatus A is the ability to monitor the transmitted 

probe at any wavelength simply by setting the monochromator 

at that wavelength. 
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Once again, the most concentrated sample of rhodamine 

B was the 9.2 x 10 solution contained in a sample cell 

.1 mm thick. 

With the monochromator set on a central wavelength of 

532 nm, an excite-probe experiment was performed on the 

above sample. A small amount (about 10% of the overall 

signal) of scattered excite beam was detected at all 

optical delays by the sample probe detector (D^). This 

scattered radiation was found to be relatively constant 

at each delay and was subtracted from the probe transmission 

with the probe detector noise. The transient transmission 

data for this experiment are shown in Figure 34. Again, 

for comparison, excite-probe data where the excite and probe 

are derived from the same second harmonic (532 nm) pulse 

are also shown in Figure 34. Once again, the agreement 

between the two sets of data is reasonably good. The sig-

nificance of this agreement lies in the fact that all 

wavelength components (infrared through the visible) of 

the probe are passing through the excited region of the 

sample without altering the overall decay of the excited 

sample. Since the probe also contains components which 

are the same wavelength as the rhodamine B monomer fluor-

escence, it is possible that amplification of this component 

as it traversed the excited region of the dye would result 

in a rapid depopulation (through stimulated emission) 

of the excited state rhodamine B monomers. Although the 
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Figure 34. Transient transmission data when using 

a continuum probe as compared to data obtained for the 

case where the excite and probe pulse are derived from 

the same second harmonic pulse. 
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data presented in Figure 34 fairly well refute this 

suggestion, the monochromator was adjusted to a central 

wavelength of 59 0 nm. Very little monomer or dimer ab-

sorption occurs at this wavelength (see Figure 2), but 

this is near the fluorescence maxima of the rhodamine B 

monomer. The transient transmission of the probe at 590 

nm is shown in Figure 35. The large error bars and "noisy" 

data are thought to be due to poor laser performance and 

the nonlinear optical generation of the probe. The 

obvious slow decay suggests the transient increase in 

transmission of the probe at 590 nm is due to transient 

gain [15, 16] or probe amplification by the excited state 

monomer population. It has been shown that under small 

saturation conditions and using a weak probe, the decay of 

transient gain is a function of the spontaneous excited 

state decay of the fluorescing species 115, 16]. The solid 

line through the data is the convolution of an excitation 

and probe pulse (25 psec FWHM) and the 1.6-nsec excited-

state lifetime decay constant extracted for the rhodamine 

B monomer in the previous chapter. This experiment clearly 

shows that the multiwavelength probe induces rapid depopula-

tion of a portion of the excited state population of the 

sample, but does not interfere with ground state recovery 

measurements performed at other wavelengths. 

It is obvious, though, that the concentrated solutions 

of rhodamine B do undergo complex decay following excitation. 
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Figure 35. Transient transmission of the sample 

when the probe has a wavelength of 590 nm. 
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Monitoring the decay of a transient transmission (gain) 

resulting from only excited-state monomer decay yields 

only the slow decay expected from the monomer. Probing 

the excited sample in a region where both monomers and 

dimers participate in the decay of a transient transmission 

yields a fast decay. These results suggest the fact that 

decay is in fact due to the presence of dimers in concen-

trated solution as was suggested in the previous chapter. 

Transient gain was not observed in the spectral region in 

which the dimer might be expected to fluoresce (Figure 4 

in Chapter I). This would confirm [17] the lack of any 

relatively intense dimer fluorescence even on a fast time-

scale . 

Apparatus C 

Schematically depicted in Figure 36 is the third and 

final experimental arrangement used in this investigation. 

The major improvement in the apparatus is found in the 

area of probe detection. This was accomplished through 

the conversion of the medium resolution spectromator used 

in apparatus B into a low resolution spectrograph followed 

by the addition of a two-dimensional electronic detector. 

This conversion enabled a full double-beam transient trans-

mission spectrum to be recorded for a single laser shot. 

The spectromator conversion began with the replacement 

of the 1.25 mm entrance slits with .25 mm slits. Next, the 
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Figure 36. A transient transmission spectromator 

which utilized a picosecond white light source. 
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1200 1/mm grating was replaced with a less dispersive 

version containing 150 1/mm. The final modifications to 

the spectromator included the removal of the exit slit 

assembly and replacement of the rear focal mirror (M^) 

with a mirror of a longer focal length. This mirror re-

placement was necessary in order to move the focal plane 

of the spectromator 76 mm beyond the monochromator housing 

to the surface of the detector. Focusing both the sample 

and reference probe on the entrance slit (but vertically 

displaced from one another) resulted in two dispersed 

and vertically separated (parallel) spectra being imaged 

in the focal plane of the spectrograph. While film has 

been used successfully to record the content of the dis-

persed spectra [3, 6], two-dimensional electronic detectors 

have been developed, rendering photographic techniques ob-

solete [2, 4, 7]. For this series of experiments, a 

Princeton Applied Research Corporation optical multichannel 

analyzer (OMA) system was employed for detection purposes. 

The OMA consists of a microprocessor (Model 1215) controlled 

multichannel detector controller (Model 1216) and a silicon 

intensified target (SIT) vidicon (Model 1254) detector. 

The SIT vidicon tube is essentially a standard vidicon 

detector equipped with an electrostatically focused image 

intensifer preceding the actual vidicon detector surface. 

Application of a high voltage to the intensif'i&r a.node 
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(3 to 9 kV) results in signal amplification of up to 200 

times that achieved with a standard silicon vidicon. 

The active or sensitive region of the vidicon de-

tector is a 12.5 mm x 12.5 mm square area located in the 

center of a silicon disk 16 mm in diameter. The disk or 

target is impregnated with a microscopic array of photo-

diodes, each separated by approximately 8ym. These diodes 

possess a common cathode and isolated anodes. An electron 

beam, 25ym in the diameter, selectively scans the anodes 

beginning at the bottom left-hand corner of the target, 

progressing upward to the top, then moving left to right 

reading out the signal from the diodes, simultaneously 

recharging them. This scanning process results in the 

division of the active area of the detector into a 500 x 

500 cartesian array of 25ym channels. The signal (pro-

portional to the recharging current) is integrated over each 

vertical column of channels (AY) for each of the horizontal 

channels (AX), digitized, and then stored on disk in the 

memory of the microprocessor. Use of the microprocessor 

interfaced detector controller allows selective scanning of 

any portion of the active area of the detector as well as 

the ability to break up the active region into as many as 

256 horizontal segments which are then scanned over the 

horizontal axis (AX = 0 to 500 channels). The integrated 

intensity of each of the segments or tracks may again be 
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stored or displayed on the video terminal (CRT) of the 

microprocessor as a function of X. 

For use with the spectrograph described earlier, the 

vidicon detector was scanned over two tracks (X = 500 

channels, Y = 150 channels) separated vertically by 100 

channels. Track 1, the upper track, measured the intensity 

of the dispersed spectrum of the transmitted sample probe 

and track 2, that of the reference probe. The 150-line-per 

millimeter-grating dispersed 240 nm of continua across the 

monitored regions of the detector (tracks 1 and 2). Each 

track was scanned four times in order to remove all signal 

and fully recharge the photodiodes. Wavelength calibration 

of the spectrograph/detector combination is easily performed 

by placing a standard mercury light source in the optical 

axis of the laser near the continuum generation cell. 

As suggested previously, the SIT vidicon detector 

sensitivity varies as a function of intensifier anode 

voltage. The greatest detector sensitivity is obtained 

by applying a full 9 kV potential to the intensifier anode. 

Greater detector sensitivity also results in an increased 

background signal (stray room light and dark current). 

Reduction of the anode voltage to 5 kV reduces the detector 

sensitivity to the point where room light is negligible and 

the primary source of background signal is the vidicon dark 

current. Operation at this reduced voltage allowed adequate 

sensitivity for probe detection. 
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Detector linearity at 5 kV anode voltages was de-

termined by reflecting a small portion of the 532-nm 

excite pulses into the spectrograph. The vidicon response 

was compared to that of a previously calibrated photodiode 

detector and found to be linear from 0 to 10,000 counts 

of integrated signal intensity per horizontal channel (X), 

per track. Saturation of the image intensified on the 

vidicon target apparently occurs when picosecond optical 

pulses contain enough intensity to register over 10,000 

counts per channel. For the experiments reported here, 

data were acquired for laser pulses which produced continua 

registering no greater than 8,000 counts (including dark 

current) at any channel (X) or point in the spectra. 

A representative set of sample and reference continua 

measured with the OMA without a sample in place is shown 

in Figure 37. The broken lines running through the spectra 

represent the dark current of the detector. Measurement 

of the dark current is accomplished by blocking the laser 

and recording the resulting signal found on the vidicon 

detector. Experimentally, it was observed that the dark 

current stabilized (to +_. 51) after approximately six hours 

of operation. After obtaining a set of transmitted spectra 

and a set of dark current measurements, the spectral infor-

mation may be processed by subtracting the dark current 

from the raw data and the dividing track 1 by track 2, 
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Figure 37. A representative set of sample and 

reference continua measured with the OMA.. 
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resulting in a baseline transmission curve for this pico-

second transient transmission spectromator. 

There was some concern in this laboratory over the 

resulting low slit-width resolution (limited to 8 nm) of 

this modified spectromator. In order to determine the 

effective resolving power of the apparatus, a ground-state 

-4 

absorption spectrum of 9.2 x 10. M solution of aqueous 

rhodamine B (.1 cm cell) was recorded. This was done in 

the following manner. After blocking the excite beam, 

the transmission spectra was obtained by placing the sample 

in the path of the sample probe. The reference probe 

bypassed the sample and both continua were recorded on 

the OMA. After subtracting the dark current from the raw 

data, the sample and reference spectra were ratioed within 

the microprocessor. Ten transmission curves resulting 

from laser shots which produced acceptable continua were 

averaged. That average was divided by the baseline trans-

mission curve (discussed above), which was also the average 

of ten shots. The logarithm of the inverse of this norm-

alized transmission curve is shown in Figure 38. The 

absorption spectrum of the same solution obtained using 

a conventional spectromator (.Cary Model 14) is represented 

by the broken line in Figure 38. Although the agreement 

of the two measurements appears quite good, there is a 

large uncertainty (approximately + 20%) associated with 

the spectrum obtained using the picosecond apparatus. It 
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Figure 38. The ground state absorption spectra 

measured with a conventional spectromator (broken line) 

compared to that measured by the picosecond spectromator 

(solid line). 
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is believed that this uncertainty arises from the fact 

that the continua have a peak intensity at approximately 

the same wavelength as the absorption maxima. 

When attempting to ratio large irregularly shaped 

spectral profiles and extremely small irregular profiles, 

large uncertainties can arise. Although the absorption 

spectra taken with the picosecond apparatus is the average 

of ten laser shots, only one out of ten laser shots pro-

vided either sufficient continuum for detection or low 

enough intensities in order to keep from saturating the 

detector. Since the OMA is not interfaced with the re-

mainder of the laser system, the average cycle time between 

laser shots is approximately 20 seconds. 

In an attempt to reduce the effects of both of the 

above experimental problems, a slightly different experi-

mental technique was employed in the transient transmission 

studies of rhodamine B. For these studies, both continua 

were allowed to pass through the sample. The sample 

continua probing the excited region and the reference 

continua probing an unexcited region. This resulted in 

the attenuation of both probes and therefore fewer problems 

with detector saturation. The transmitted intensity profile 

for the reference beam is denoted as 1^, or th_e Beer's Law 

transmitted intensity at a particular wavelength (X). 
C 

The corresponding sample beam is denoted as I'r(t), the 

sample transmitted intensity a particular wavelength A, 
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and measured at some time t, with respect to the excite 

S R 

pulse. The ratio of T^(t)/T^ can easily be shown to be 

directly proportional to the sample transient transmission. 

In order to obtain the desired instantaneous change in 

sample transmission (described by equation IV-2), it is 

also necessary to measure the normal linear sample trans-

mission without or prior to the arrival of the excite 

pulse. This is accomplished simply by blocking the excite 
S 

beam and recording T^(°°), the transmitted sample probe 
R 

intensity and T^, the transmitted reference probe. The 

S R 
ratio of T (<»)/T^, can be shown to be directly proportional 

to the linear sample transmission. The difference spectra 

S S R 

[T^(t) -T^(oo) ]/T is then a direct measure of the instan-

taneous sample transmission (AT) at some time t with re-

spect to saturation by the excite pulse. 

Transient transmission measurements using the above 

-4 

procedure were performed on a 9.2 x 10 M solution of 

rhodamine B in water at five fixed optical delays. The 

raw data at each delay was processed in the following 

manner. Dark current was subtracted from each spectra 
S R 

and the two corrected spectra was ratioed (T.(t)/T..) and 
A A 

stored on disk. Ten sets of ratioed spectra were obtained 

at each of the five delays and subsequently averaged for 
that delay. The excite beam was blocked and the ratio of 
Rr /tR 

a m / t A 
R R 

T (°°)/T was obtained in a similar fashion. Figure 39 

and 40 are the resulting difference spectra [T^(t) -T̂ (<»•) ]T^] 
A A A 
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Figure 39. The transient transmission spectrum of a 

-4 

9.2 x 10 M solution of aqueous rhodamine taken at 30 

and 100 psec after excitation. 
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-4 

Figure 40. The transmission spectrum of a 9.2 x 10 M 

solution of aqueous rhodamine B taken at 200 and 300 psec 

following excitation. 
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for the five delays (-50, 30, 100, 200 and 300 psec). 

Broken lines appearing in the spectra are estimates of the 

spectral profile after removal of scattered excitation 

radiation. The difference spectrum for the negative delay 

(transient transmission of the sample prior to excitation) 

represents the baseline for this set of transient trans-

mission curves. Maximum transient transmission was observed 

at 30 psec following excitation and is plotted with each of 

the remaining spectra for comparison purposes. Although 

the spectra are quite noisy, a qualitative interpretation 

of the decay of the transient transmission is possible. 

Predominant features of the transmission curve at the 

30 psec delay are two maxima at approximately 560 nm and 

523 nm. In the absorption spectrum of a concentrated 

aqueous solution of rhodamine B (Figure la), the short 

wavelength maxima occurring at approximately 520 nm has 

been assigned as an absorption of the dimeric rhodamine B 

molecule [1]. Therefore, the maxima appearing at 523 nm 

in the transient transmission spectra is assigned to the 

saturation of that absorption. Similarly, the maxima 

at 560 nm in the transient transmission spectra is due 

to monomer saturation, as well as some dimer influence. 

Following the decay of the 523-nm peak from a delay of 30 

psec to 300 psec, the maxima were observed to virtually 

disappear. This would be expected if the maxima are due 
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to dimer saturation since the lifetime (1/e) of the dimer 

is believed to be approximately 100 psec. 

The transient transmission maxima at 560 nm also 

decays between the 30-psec and 300-psec delays, but only 

to about 80% of the maximum value. This decay is not 

believed to be due to monomer decay, but primarily due to 

dimer saturation in that region of the spectrum. 

In order to prove that the transmission maxima at 523 

nm were due to dimer participation, transient transmission 

measurements were performed on a 9.2 x 10 solution of 

aqueous rhodamine B. The sample was placed in a 1-mm cell, 

and the procedure used for procuring the difference spectra 

was identical to that used for the more concentrated solu-

tion. Although data were collected at the same optical 

delays (-50, 30, 100, 200, and 300 psec) as in the investi-

gation of the concentrated solution, Figure 41 shows only 

data for transient transmission 30 psec and 300 psec follow-

ing excitation. This is because very little change 

appeared in the transmission curves between the 30 and 300 

psec delays. A cursory examination of the transient trans-

mission curve of the dilute solution reveals no maxima at 

523 nm, just a monotonic rise in transmission from about 

490 nm to a plateau at 560 nm. The majority of the 

transient signal in the region from 570 nm to 590 nm 

is believed to arise from transient gain of the sample. 

The lack of the transient dimer maxima at 523 nm is not 
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Figure 41. The transient transmission spectrum of 

a 9.2 x 10 5M aqueous solution of rhodamine B taken at 

30 and 300 psec following excitation. 
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surprising since a distinct dimer peak is also absent from 

the ground state absorption spectra of the 9.2 x 10_SM 

solution. The equilibria data of Selwyn and Steinfeld [1] 

indicate the dilute solution contains only 9% dimers while 

-4 

in the 9.2 x 10 solution, 38% of the molecules are in 

the dimeric state. In Figure 42a, the transient trans-

mission curves obtained for the dilute and concentrated 

solutions at 30 psec following excitation are normalized 

and plotted against one another. From this comparison, it 

is relatively safe to assume that the rapidly decaying maxima 

at 523 nm is associated with the dimer molecules. Support 

of this assumption is shown in Figure 42b, where the relaxed 

transmission spectrum (300 psec) of the 9.2 x 10_4M solution 

is compared to the maximum transient transmission curve 

(30 psec) of the 9.2 x 10 solution which contains few 

dimers. These two spectra are virtually identical, veri-

fying the 523 nm maxima is associated with the aqueous 

rhodamine B dimer. 
Finally, in Figure 43, the transient transmission 

-4 

spectra of the 9.2 x 10 M solution taken at 30 psec and 

300 psec are plotted with calculated transmission curves 

(broken lines) generated from equation IV-2, using the 

equilibrium information from Table I and monomer and 

dimer absorption profiles from Figure 2. The calculated 

curve for the 30 psec delay was scaled to the maximum of 
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Figure 42. a) Comparison of the transient trans-

mission of concentrated and dilute solution of rhodamine 

in water taken 30 psec after excitation, b) Comparison 

of the relaxed transient transmission of a concentrated 

solution of rhodamine B to the maximum transient trans-

mission curve of a dilute solution. 
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Figure 43, A comparison of the experimental and 

calculated transient transmission curves of a 9.2 x 10~4M 

solution of aqueous rhodamine B. 
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the experimental transmission curve. This was done for 

comparison of the relative intensities of the two transi-

tion maxima. The significance of the comparison is that 

the ratio of intensities of the two band maxima in the 

experimental spectra is in reasonable agreement with the 

calculated intensities. This suggests that the model de-

veloped in this study for two component systems of absorbers 

is a valid model. Without measurement of this kind, it is 

extremely difficult to validate such a model. 

The second calculated curve in Figure 43, that of 

the 300-psec delay, was scaled linearly with the 30-psec 

calculated curve. As can be seen from the figure, the 

experimental spectrum does not appear to decay as fast as 

predicted, but spectral profiles for the calculated and 

experimental curves are similar. The discrepancy in 

magnitudes is most likely due to the shot-to-shot fluctua-

tions of the laser, which would result in a fluctuation in 

the magnitude of the saturation, and therefore in the 

transient transmission spectra. 

Summary and Discussion 

Ground state recovery experiments were performed on 

several concentrations of aqueous rhodamine B. The re-

covery was monitored as a function of time and wavelength. 

These measurements allowed the determination of the molec-

ular species responsible for the rapid excited-state decay 
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observed in the excite-probe experiments described in 

Chapter III. Rapid decay of the higher energy region 

(523 nm) of the transient transmission spectrum suggests 

the rhodamine B dimer is undergoing a fast excited state 

decay. This process is probably nonradiative in nature, 

since no transient gain was observed in the wavelength 

region where low-temperature dimer fluorescence had been 

reported [17]. 

The decay scheme most probably responsible for the 

dimer deactivation is shown in Figure 26a, of Chapter III. 

In this scheme, the dimer is excited to some vibrational 

level of . Rapid internal conversion to lowest vibra-

tional level of may occur in several picoseconds [18]. 

The observed 100-psec dimer decay is then a measure of the 

combined rate of intersystem crossing to a low-lying 

triplet state, followed by the return to the ground state 

via vibrational cascade. 

Another possible decay route is that of photoiso-

merization. Once the dimer has been excited, the monomer 

subunits may undergo a twisting motion resulting in a 

more stable excited state configuration. Such a photo-

isomerization has been reported for 1,1-binapthal [19] 

and several carbocyanine dyes [20], In these instances, 

the rate of isomerization was shown to be significantly 

faster than the rate of rotational randomization. If the 

energy of stabilization is large, the photoisomer may 
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then lie in an excited state potential well, which overlap 

into the upper vibrational levels of the ground state 

singlet . The excited state dimer would then undergo 

rapid nonradiative decay through vibrational deactivation 

as does azulene [21]. The photoisomerization deformation 

would then be the rate determining step in the rapid decay 

(100 psec). This interpretation would account for the 

discrepancy between the fast dimer excited state presented 

here, and the reported low temperature dimer lifetime of 

38 nsec [17], At 77°, the dimer would be fixed in position, 

unable to undergo deformation. 

Although excited state dimer deformation is possible, 

photoinduced dissociation is unlikely. Dissociation of the 

excited dimer would result in the production of at least 

one ground state monomer. Therefore, the low-energy (560 

nm) portion of the transient transmission spectra would 

appear to decay rapidly (or rapid ground state recovery), 

while the high-energy dimer transmission maxima would not 

be expected to decay. This would be exactly opposite to 

the experimentally observed behavior. In addition to the 

production of a ground-state monomer, the dimer dissociation 

might be expected to produce an excited-state monomer. 

This fluorescing molecule would be expected to participate 

in gain processes and would have resulted in a rise in 

the transient gain signal of the monomer (discussed in 

the previous section, Apparatus B). Such a rise was not 
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observed, indicating that the above dissociation process was 

not occurring. 

The last excited-state process discussed in Chapter 

III which would result in an apparent rapid ground state 

recovery of the dimer was that of two-photon absorption. 

In this scheme, the electronically excited dimer relaxes 

to the lowest excited singlet level, S^, followed by inter-

system crossing, resulting in the population of T-̂ , the 

lowest triplet level. The molecule in the triplet state 

could then absorb a probe photon, giving the appearance 

of ground-state recovery. It is highly unlikely this 

process is occurring in the aqueous rhodamine B system, 

since the proposed dimer triplet-triplet transition would 

have to possess the same absorption profile as the dimer 

singlet-singlet profile. 

It is concluded then, as a result of these studies, 

that, once electronically excited, the rhodamine B dimer 

undergoes rapid nonradiative decay via intersystem crossing 

or photoisomerization, followed by dissipation of excess 

energy through vibrational .motion. 
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APPENDIX A 

ORIENTATIONAL ASPECTS OF TRANSIENT 

TRANSMISSION MEASUREMENTS 

Picosecond excite-probe techniques are performed with 

polarized laser radiation optically saturating the absorp-

tion of molecules in solution with a polarized excite pulse 

results in the sample becoming anisotropic. This anisotropy 

will decay as a function f molecular rotational diffusion 

and the decay or ground state recovery of the photoexcited 

molecules. Lessing and von Jena have modeled the decay of 

this anisotropy and examined the orientation aspects of 

monitoring the decay with a polarized optical probe. The 

following is a summary of this treatment of this subject. 

In this model, we examine the effects of excitation 

and decay on molecules whose transition dipole moment 

(vector r) lies at some angle 0 with respect to the z axis 

of the spherical coordinate system shown in Figure 44. 

Following excitation (an optical pulse I) polarized along 

the z axis, the balance rate equation for the ground state 

population is 

9N (9,t) 7 N.(0,t) 
— = - 0 c o s ei(t)No(e,t)+-~ 

Ji 

+ DV2No(0,t) A-1 
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Figure 44. The vector diagram relating the orienta-

tional aspects of excite-probe experiments. 
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where a is the absorption cross section, N-^(0,t) is the 

number of molecules which were placed in an upper state 

by excitation and subsequently decay with a lifetime t 0, 
A/ 

2 

D is a diffusion constant for the molecule and V is the 

Laplace operator in spherical polar coordinates. Thus, 

the first term in the rate equation corresponds to the 

saturation of the system and the second two terms, the 

recovery from saturation. Partical conservation 

( N o ( 9 , t ) + N 1 ( 0 , t ) = N / 4 T r ) allows expression A-l to be 

rewritten as 

a N o ( e , t ) 2 

^ = -acos ei0(t)N0(e,t) 

[N/4tt-N (0 , t) ] ? 

+ DV N (0,t) A-2 
0 

and also implies the diffusion constant is identical for 

molecules in the ground and excited state. 

Absorption of a Parallel Probe 

The degree of absorption of a probe polarized parallel 

to the z axis may be determined by projecting r onto the 

electric field of the probe E^Oi), squaring the result and 

then averaging over all angles. The resulting equation for 

the absorption of a parallel probe is 
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o 
= /^^d^/^dScos^SN (0,t)sin0=N (T)n A-3 

ldx o Y o o ' o il 

where N Tt),, is defined as effective number of molecules 
o v -Ml 

that absorb the parallel probe. 

We can rewrite A - 2 in terms of A N q ( t ) and it has 

the form 

3N0 (t) || 217 71 4 
~3t— = " a Io ( t ) /o d<l>-/'o

d0N
o(

e>t)cos s i n 

+ ^-/27rd(f>/^d0cos20 [N/4ir-No(0,t) ] sin0 

+ D/27Tdrf)/7rd0cos20V2N„(0,t)sin A-4 
O Y 0 ov ' 1 

Integrating each of the components A-4, using 

A-3 and 

No(t)E/
2lTd<}> S2J dcJ)No(0,t)sine A-5 

where NQ(t) is the total number of molecules in the ground 

state at time t allows A-4 to be written as 

3N (0, t) ? 7 

— — = - a I o (t)/Q
Trd4)/^d0No (0 , t) cos 0sin0 

N ^ t ) 11 
+ 3r r " 6 D ^n^) + 2 D Nft) A-6 

x£ Ti o o 
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After the excitation pulse has passed, A-6 becomes 

d N f t ) -i M 

~d2 =tT [ I " N o ^ m I - 6 D ^ +2D No(t)n A-7 
' I 

Defining 

AN0(t)=N-N0(tj A=8 

as the total number of molecules in the excited state at 

time t, and 

- F A-9 

as the number of molecules removed by excitation, we can 

substitute A-8 and A-9 into A-7 to yield 

w a r m 

~dt = "(t7 " «D)AN^tj 2DAN0(tl A-10 

which is a linear first-order differential equation and 

may be written as 

jT[ANo(t)||exp[(?l+6D)t]=2dANo(t)exp[(T^+6D)t] A-ll 

Integrating A-ll from t^ to t yields 
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AN' o(t) =AN(JCt1) exp[-(^+6D) J 

+ 2df\ A NCf'Jexpf-(—-+6D) (t-t') Jdt' A-12 1 0 

Since AN (t) is the total number of molecules in the 
o v J 

ground state, it is not affected by diffusion, allowing 

us to write 

AN0(t")=AN0(t1)exp[- (t'-tj) (^) ] A-13 
9* 

Substitution of A-13 into A-12, followed integration and 

rearrangement gives 

AN (Ci) , 
ANQ lO H =[AN0(t1) J ]exp[ (^-+6D) (t-tj) ] 

AN (1 ) 1 

£ 

where 6D=-^—. At t=0, A-14 then becomes II-9. 
Tor 

Absorption of a Perpendicular Probe 

The absorption of a perpendicular probe may be 

determined in the same manner as for the parallel probe 

in the previous section. Projecting F onto the electric 

field of the probe E squaring the result and then 

averaging over all angles, results in the following equation 

of a perpendicular probe 



198 

di ,2tt , , .it 
=/^"d(J)/Me(sinecos0)"No(0,t)sin9ENo(t)|| A-15 

where Nq(t) is defined as the effective number of molecules 

that absorb the perpendicular probe. Just as we did for 

the parallel probe, we can rewrite A-2 in terms of Nq(t) 

and it is given by 

9N Ct) ? 7 

— ^ — - = -aIQ (t)/Q
1Td(j)/^d0No (0 , t) cos <}>cos 0sin 0 

+ — (sin0cos<jO^[N/4TT-N (0,t)]sin0 
T ^ O O T V L ' 0 v > ^ j 

+D^7Tdcj)/^d0 (sin0cosc()) (0 , t) sin0 A-16 

Integrating A-16 and using A-5 and A-15 allows A-16 

to be written as 

9N (0,t) ~ _ _ _ 
— = -aIQ (t)/Q

1Td(j)/^d0No (0 , t)cos <j>cos 0sin 0 

N 
+ ^ " ~ ^ T " 6 D i^TT)J-+2D N ° w A " 1 7 

After the excitation pulse has passed A-17 becomes 

dNc(t) N N (t) 
-5t- = 3 ^ - ' 6 0 No(t) A-18 
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„ 1 AN0Ct)j. = [AN0(t1)j_- 3 J exp [ ( — +6D)(t-t1)] 
I 

AN.Ct,) i 
+ — ^ exp[-(t-tx) (—) ] A-19 

1 
Again, 6D= and when t^=0, A-19 becomes 11-10. 

or 



APPENDIX B 

TRANSMISSION THROUGH CROSSED POLARIZERS 

FOR A TWO COMPONENT SYSTEM 

Assuming the monomers and dimers are acting as inde-

pendent absorbers, we can develop an expression describing 

the transient transmission through crossed polarizers. 

Expression II-9 represents the overall sample trans-

mission of the electric field of a probe pulse polarized 

at 45° with respect to the excite polarization. In this 

expression au and a( are the overall absorption constants 

for the parallel and perpendicular polarization components 

of the probe. For our two component systems of monomers 

(M) and dimers (D), immediately following excitation at 

some time t, the absorption constant for the parallel 

polarization may be written as 

a II 3̂ "AM© Ct)|i D 2 + (3 -ADo(t) ) 2 B-l 

and the absorption constant for the perpendicular polariza-

tion is given by 

aj_ - (j -
 +C§ b"2 
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Insertion of B-l and B-2 into equation 111-9 allows 

us to write an expression for the transmission of the 

electric field of the probe pulse in terms of monomer 

and dimer saturation in the following form, 

E (l)=E(0)exp[-i(omM/3+odD/3)l] 

+{exp[ (AM0(tt)1|am +ADQ(:t)||l/2]costj>z 

+ exp [ ( A M Q + A D Q U ) J _ A D ) 1/2] sinifjx} B-3 

The portion of the field of B-3 which passes through 

crossed polarizers is given by 

E (1)-V =E (0)exp[-(amM/3+adD/3)l/2] 

cosU>siniJ;x{exp [ (AMrt (.t) a + A D (t) a,) 1/2] 
o M II 

-exp[(AM0(t)!am+AD^Tt)!ad)l/2]} B-4 

Rewriting the latter expression in intensity and 

expanding to second order in saturation gives 

2, . 2 , „1 I ( (1) = I (0)exp[-(amM+adD)l/3]cos ljjsin AMQ U) ) ( 

-AM
0(t), )a d]

2l 2 B-5 
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In order to evaluate this expression we must evaluate 

the relative strengths of (AMq (t)(j-AMQ (t) j ) and (ADq (t)(| -

AD(t)J_) . In the small saturation limit, that is the ground 

state population is not altered significantly then 

(ADqU)||- APo(t)j_)^gdg ^ ^ 

( A M q ( t ) n - A M o ( t ) ± )
 am M 

Using B-6 as a weighting factor, expression B-5 may 

be rewritten as 

I | (1) = 1 (0) exp [ - (amM+a^D) 1/3] cos^sin^ 

om2 
x [ ( A M (t) - A M (t) ) 

4 o n o ̂  - | ' 

°cU2 D,2,2 
+ g]'l' B-7 

This expression is 111-20 in Chapter III. 
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