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Abstract

A picosecond emission apparatus utilizing a mode - locked Nat3 /phosphate glass laser and
a streak - camera -optical -multichannel- analyzer detection system is described, and some
general classes of experiments in this research area are discussed. Special emphasis is
placed on nonexponential decays. A new type of diffusion controlled chemical reaction
based on rotational diffusion is proposed for study using picosecond fluorescence
depolarization methods. These methods are also useful for the assessment of solvent
dependent molecular shape changes of flexible molecules and the relationship these
structural changes might have with solvent dependent chemical reactivity. The study of
fluorescence probe molecules on surfaces or in biological membranes or macromolecules is
described. The picosecond fluorescence depolarization technique extends the study of
rotation of whole macromolecules or polymers to small molecules or to small molecular
segments in a macromolecule or a polymer. Picosecond emission spectroscopy, combined
with picosecond absorption spectroscopy of the solvated electron, allows assessment of
one -photon photoionization as a primary process in photochemistry and photobiology. A
tentative result indicates that tryptophan photionizes both by direct electron ejection
and by an intramolecular scavenging effect. Because of slow interchange between
conformations that can and cannot lead to intramolecular scavenging, a double exponential
is observed. Picosecond emission and depolarization studies of the fluorescence probes
ANS and TNS give direct evidence for strong solvent attachment effects in the excited
electronic state. A sort of "crystallization" of water molecules around the solute
occurs in the time range of about 50 psec and is D20 dependent. ANS and TNS in mixed
water /ethanol solvents show nonexponential decays which are interpreted in terms of site
inhomogeneities in the liquid state. This discovery suggests that studies of wavelength
dependent emission decays and picosecond "hole burning" experiments are feasible in
the liquid state.

I. Introduction

This paper will describe some recent work on the emission spectroscopy of molecules
following excitation by light pulses having temporal widths of a few picoseconds. There
are two primary reasons for carrying out such studies. The first is to measure emission
decays directly in those cases where nonradiative events have reduced the lifetimes into
the subnanosecond regime. In such experiments the nature of various rapid radiationless
transition processes and their variability with system parameters can be studied.
The second reason for these investigations is to seek out and study the many types of
nonexponential decays theoretically expected on this time scale. These nonexponential
decays can be caused by quantum interference effects, or by the coherent or incoherent
superposition of simultaneous temporal events.

Currently the best method for carrying out these studies is through use of single
shot experiments, utilizing various harmonics of an amplified single selected pulse from
the mode -locked pulse train of a Nd }3 /glass laser. Detection of emission events is made
possible with an ultrafast streak camera, whose output display is optically coupled to
an optical multichannel analyzer (OMA) interfaced with the direct access memory bank
of a computer. These methods will undoubtedly be replaced during the next few years by
lower power, repetitively pulsed, frequency tuned lasers, used with a streak camera or
some similar detector in a signal averaging mode. However, the current technology has
already allowed the frontiers of temporal emission spectroscopy to be routinely pushed
beyond the 10-8 sec range into the 10-11 - 10 -12 sec time regime. Furthermore, the recent
use of ultraviolet laser Pulses for excitation, and the advent of detection sensitivity
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in this wavelength region, has removed many of the limitations inherent in the use of
the Nd +3 second harmonic.

II. Experimental

The experimental apparatus built at the University of Melbourne by the authors has
already been described in some detail in the literature(1,2,3). A similar system at
Texas Tech University is now in the final stages of completion by one of the authors
(GWR). That equipment will be described here. A block diagram is shown in Fig. 1.

a. Laser Oscillator and Amplifier. The laser heads were manufactured by Apollo. The
two heads are identical except that the oscillator head is built to accomodate a 12.7mm
diam. laser rod, while the amplifier head accomodates a 15.9mm diam. rod.

The oscillator and amplifier rod materials are both Nd+3 /phosphate glass (Owens -
Illinois EV2) with output at 1055nm. The phosphate glass is supe4_or to silicate glass
because of lower threshold pumping power and higher amplifier gain.2 These rods, or
the essentially equivalent Hoya LHG -5 rods, have been used in the laboratories at
Melbourne and Texas Tech for the past two years and have proved to be reliable in every
respect.

Both oscillator and amplifier are fired synchronously from a common Apollo power
supply. A variable delay optimizes oscillator- amplifier timing. The threshold
condition for the oscillator is achieved when the 35pf capacitor is charged to about
4.5kV and an output cavity reflector with 50% transmission is used. A voltage
comparator(1)insures that the firing voltage is reproducible to within about +1 volt shot -
to -shot. Firing is in a "rep- rate" mode, 20 sec minimum period to 2 min maximum period,
as determined accurately by an adjustable internal timing circuit in the power supply.
Each laser firing produces a train of about 40 intense pulses by this means, the first
ten or so of which are usable. The energy per pulse from the oscillator is around 1
millijoule, and this can be conveniently increased by amplification to about 15
millijoules. This power is adequate for most experiments using modern 2nd, 3rd, or 4th
harmonic generation techniques. Of course, more power can be obtained if needed by
double -passing the amplifier or by using further amplification stages.

b. Pulse Selection. Pulse selection can be carried out in the usual manner(4)by means
of a spark gap initiated by focussed fundamental pulses reflected from a polarizer
crossed with the polarization of the laser output (horizontal to the table). The level
of intensity of this initiating light must be critically adjusted within 10 -20% by means
of neutral density filters in order to select out pulses early in the pulse train that
have highest intensity. The spark gap switches the half -wave voltage (approx. 6.6kV)
onto a Pockels cell, thereby rotating the polarisation of a "selected" pulse, causing it
to be transmitted by the crossed polarizer. The spark gap and pockels cell supplied by
Interactive Radiation Inc. have good impedence matching with th 5 S3 cables, as
evidenced from the low reflection amplitudes. A coaxial attenuator3' in the spark gap
input cable provides a rectangular trigger pulse of about 25 -50 volt amplitude and "Ins
risetime for synchronously triggering the streak camera.

c. Harmonic Generation. The selected fundamental pulse is polarized perpendicular to
that of the pulse train. It is amplified, then its frequency is doubled, tripled, or
quadrupled by various combinations of harmonic generators. The harmonic generating
crystals as well as the crystal housings and temperature control units (for the temperature
tuned crystals) and gimbal mount (for the angle tuned crystal) were obtained from
Interactive Radiation Inc. The present system consists of: 2nd harmonic, temperature
tuned doubler, type I cesium dihydrogen arsenate (CDA) crystal, optimum temperature
about 34 °C; 3rd harmonic, angle tuned mixer, type I rubidium dihydrogen phosphate (RDP)
crystal; 4th harmonic, temperature tuned doubler, type I ammonium dihydrogen phosphate
(ADP) crystal, optimum temperature about 35 °C. The energy conversion efficiencies
compared with the fundamental are approximately 30 %, 6 %, 4% respectively. Because p2)the
phase matching condition the frequency bandwidth of the 4th harmonic is compressed.
It is feli64hat the temporal pulse width is also compressed compared with that of the 2nd
harmonic.((

d. Streak Camera. The streak camera(7)is a model 675 II (Hadland Photonics) equipped
with an ultraviolet transmitting entrance window and an S20(U.V.) photocathode
set on an ultraviolet transmitting substrate. The system is sensitive to about 200nm.

14 /SPIE Vol. 113 Laser Spectroscopy (1977)

ROBINSON, MORRIS, ROBBINS, FLEMING

in this wavelength region, has removed many of the limitations inherent in the use of 
the Nd+3 second harmonic.

II. Experimental

The experimental apparatus built at the University of Melbourne by the authors has 
already been described in some detail in the literature( l 3 2 > 3 ). A similar system at 
Texas Tech University is now in the final stages of completion by one of the authors 
(GWR). That equipment will be described here. A block diagram is shown in Fig. 1.

a. Laser Oscillator and Amplifier. The laser heads were manufactured by Apollo. The 
two heads are identical except that the oscillator head is built to ctCcomodate a 12.7mm 
diam. laser rod, while the amplifier head accomodates a 15.9mm diam. rod.

The oscillator and amplifier rod materials are both Nd+3 /phosphate glass (Owens - 
Illinois EV2) with output at 1055nm. The phosphate glass is superior to silicate glass 
because of lower threshold pumping power and higher amplifier gain\2) These rods, or 
the essentially equivalent Hoya LHG-5 rods, have been used in the laboratories at 
Melbourne and Texas Tech for the past two years and have proved to be reliable in every 
respect.

Both oscillator and amplifier are fired synchronously from a common Apollo power 
supply. A variable delay optimizes oscillator-amplifier timing. The threshold 
condition for the oscillator is achieved when the 35uf capacitor is charged to about 
4.5kV and an output cavity reflector with 50$ transmission is used. A voltage 
comparator(l)insures. that the firing voltage is reproducible to within about +1 volt shot- 
to-shot. Firing is in a "rep-rate" mode, 20 sec minimum period to 2 min maximum period, 
as determined accurately by an adjustable internal timing circuit in the power supply. 
Each laser firing produces a train of about 40 intense pulses by this means, the first 
ten or so of which are usable. The energy per pulse from the oscillator is around 1 
millijoule, and this can be conveniently increased by amplification to about 15 
millljoules. This power is adequate"for most experiments using modern 2nd, 3rd, or 4th 
harmonic generation techniques. Of course, more power can be obtained if needed by 
double-passing the amplifier or by using further amplification stages.

b. Pulse Selection. Pulse selection can be carried out in the usual manner^'by means 
of a spark gap initiated by focussed fundamental pulses reflected from a polarizer 
crossed with the polarization of the laser output (horizontal to the table). The level 
of intensity of this initiating light must be critically adjusted within 10-20$ by means 
of neutral density filters in order to select out pulses early in the pulse train that 
have highest intensity. The spark gap switches the half-wave voltage (approx. 6.6kV) 
onto a Pockels cell, thereby rotating the polarisation of a "selected" pulse, causing it 
to be transmitted by the crossed polarizer. The spark gap and pockels cell supplied by 
Interactive Radiation Inc. have good impedence matching with the 5Pv^ cables, as 
evidenced from the low reflection amplitudes. A coaxial attenuator^ ̂ in the spark gap 
input cable provides a rectangular trigger pulse of about 25-50 volt amplitude and ~lns 
risetime for synchronously triggering the streak camera.

c. Harmonic Generation. The selected fundamental pulse is polarized perpendicular to 
that of the pulse train. It is amplified, then its frequency is doubled, tripled, or 
quadrupled by various combinations of harmonic generators. The harmonic generating 
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In the "streak mode ", a voltage ramp, triggered from the coaxial attenuator of the
spark gap, is applied so that the middle (linear) ran e of photoelectron deflection is
centered on the output phosphor screen of the streak tube. In the "focussing mode' a
constant voltage is applied so that the image of the slit remains fixed near the center
of the phosphor screen, and in the "synch mode ", the voltage ramp commences to rise from
the focus position, so that a somewhat nonlinear streak covers half the phosphor screen.
This latter mode of operation is for locating pulses in the time domain so that optical .
or cable delays may be added or substracted for synchronisation with the voltage ramp
when operating in the "streak mode ".

e. Image Intensifier and OMA. An EMI 3 -stage image intensifier with bialkali
cathode is optically coupled to the output phosphor of the streak tube by a high
aperture lens. This is not the intensifier normally supplied with the streak
camera, but seemed better for applications using the optical multichannel analyzer. This
is because the OMA, unlike a photographic display, integrates intensity along the slit
image. A fair amount of noise and pin cushion distortion occurs in the intensifier system
normally supplied with the 675 II - a channel plate intensifier coupled fiber optically
to the streak tube. This distortion causes rather highly curved slit images at the
edges of the streak format and a nonlinear horizontal (time) baseline. While these effects
would pose fewer problems for photographic monitoring methods, and, even when using the
OMA, could undoubtedly be partly or mostly corrected in the data analysis, it seemed best
to avoid them altogether with the low noise, flat field intensifier chosen.

An f/0.75 lens couples the image intensifier to the OMA. The OMA consists of a
Princeton Applied Research Corp. silicon intensified target (1205D) detector head and a
1205A console. The 1205D head itself gives rise to a minor amount of pin cushion
distortion and perhaps it will be found, as it was in Melbourne, that the lower gain,
flat field 1205B detector head is adequate. Another problem with the 1205D has been
noise from corona breakdown in the front end of the detector. This was traced to the
design of the tube, which compresses an incredibly large number of high voltage
components into a small volume. A few tubes are apparently much worse than the majority
in this respect, particularly under humid conditions. The problem is now hopefully
corrected. In any case, running the 1205D in an atmosphere of dry nitrogen is a stop-
gap method for correcting this fault.

By using the 1205D detector head, it was originally believed that an image intensifier
stage could be avoided altogether. Even though signals in both the "focus" and "streak
modes" of the camera could routinely be detected without the intensifier, the excess
light intensity needed to obtain usable signals so greatly increased the electron flux
from the streak tube photocathode that considerable defocussing due to space charge
effects was apparent. In order to preserve the time resolutidn of the streak camera,
low input intensities must be usedl(, )Phe final signal -to -noise ratio without an
intensifier with sufficiently low input signals to avoid the space- charge distortions
and as read on the OMA is only about 15 +5: 1, reducing by an order of magnitude the
attainable dynamic range of the detection system. It is hoped by spreading the gain of
the system over the three components - streak tube, intensifier and OMA - intensity
saturation effects can be minimized.

Long focal length lenses ( >1 m f.2.) can be used at various positions along
the optical path to minimize beam divergence. Most transmitting optical elements are
antireflectance coated, while all reflecting elements are coated for maximum reflectance
at the appropriate wavelengths. Elements are ground and polished to A /10 or A /20 to
avoid optical distortions, unnecessary beam divergence and loss of intensity over the
rather long optical paths (`6m). Considering the fact that there are approximately 30
coated surfaces in the light path, attention to these problems prevents the loss of
perhaps as much as 90% of the original pulse intensity. In other words, it effectively
avoids the use of an added amplification stage.

The output of the OMA is interfaced with the direct access memory of a PDP 11T34
computer. This allows data to be buffered as it accumulates so that the OMA can be
used in a two -dimensional configuration. The 2 -D configuration is important for
correcting for slit image curvature caused at high streak speeds of the streak camera or
by image distortions in the 1205D. It is also important when using the streak camera
coupled to a high aperture monochromator, e.g. a J -Y model HL300 monochromator with a
holographically ruled grating, where wavelength data are displayed along the length of
the streak camera entrance slit.

SPIE Vol. 113 Laser Spectroscopy (1977) / 15

PICOSECOND EMISSION SPECTROSCOPY

In the "streak mode", a voltage ramp, triggered from the coaxial attenuator of the 
spark gap, is applied so that the middle (linear) range of photoelectron deflection is 
centered on the output phosphor screen of the streak tube. In the "focussing mode" a
constant voltage is applied so that the image of the slit remains fixed near the center 
of the phosphor screen, and in the "synch mode", the voltage ramp commences to rise from 
the focus position, so that a somewhat nonlinear streak covers half the phosphor screen. 
This latter mode of operation is for locating pulses in the time domain so that optical. 
or cable delays may be added or substracted for synchronisation with the voltage ramp 
when operating in the "streak mode".

e. Image Intensifier and OMA . An EMI 3-stage image intensifier with bialkali 
cathode is optically coupled to the output phosphor of the streak tube by a high 
aperture lens. This is not the intensifier normally supplied with the streak 
camera, but seemed better for applications using the optical multichannel analyzer. This 
is because the OMA, unlike a photographic display, integrates intensity along the slit 
image. A fair amount of noise and pin cushion distortion occurs in the intensifier system 
normally supplied with the 675 II - a channel plate intensifier coupled fiber optically 
to the streak tube. This distortion causes rather highly curved slit images at the 
edges of the streak format and a nonlinear horizontal (time) baseline. While these effects 
would pose fewer problems for photographic monitoring methods, and, even when using the 
OMA, could undoubtedly be partly or mostly corrected in the data analysis, it seemed best 
to avoid them altogether with the low noise, flat field intensifier chosen.

An f/0.75 lens couples the image intensifier to the OMA. The OMA consists of a
Princeton Applied Research Corp. silicon intensified target (1205D) detector head and a 
1205A console. The 1205D head itself gives rise to a minor amount of pin cushion 
distortion and perhaps it will be found, as it was in Melbourne, that the lower gain, 
flat field 1205B detector head is adequate. Another problem with the 1205D has been 
noise from corona breakdown in the front end of the detector. This was traced to the 
design of the tube, which compresses an incredibly large number of high voltage 
components into a small volume. A few tubes are apparently much worse than the majority 
in this respect, particularly under humid conditions. The problem is now hopefully 
corrected. In any case, running the 1205D in an atmosphere of dry nitrogen is a stop 
gap method for correcting this fault.

By using the 1205D detector head, it was originally believed that an image intensifier 
stage could be avoided altogether. Even though signals in both the "focus" and "streak 
modes" of the camera could routinely be detected without the intensifier, the excess 
light intensity needed to obtain usable signals so greatly increased the electron flux 
from the streak tube photocathode that considerable defqcussing due to space charge 
effects was apparent. In order to preserve the time resolution of the streak camera, 
low input intensities must be used.w>°)rhe final signal-to-noise ratio without an 
intensifier with sufficiently low input signals to avoid the space-charge distortions 
and as read on the OMA is only about 15+5: 1* reducing by an order of magnitude the 
attainable dynamic range of the detection system. It is hoped by spreading the gain of 
the system over the three components - streak tube, intensifier and OMA - intensity 
saturation effects can be minimized.

Long focal length lenses (>1 m f.&.) can be used at various positions along 
the optical path to minimize beam divergence. Most transmitting optical elements are 
antiref lectance coated, while all reflecting elements are coated for maximum reflectance 
at the appropriate wavelengths. Elements are ground and polished to A/10 or A/20 to 
avoid optical distortions, unnecessary beam divergence and loss of intensity over the 
rather long optical paths (~6m). Considering the fact that there are approximately 30 
coated surfaces in the light path, attention to these problems prevents the loss of 
perhaps as much as 90% of the original pulse intensity. In other words, it effectively 
avoids the use of an added amplification stage.

The output of the OMA is interfaced with the direct access memory of a PDF 
computer. This allows data to be buffered as it accumulates so that the OMA can be 
used in a two-dimensional configuration. The 2-D configuration is important for 
correcting for slit image curvature caused at high streak speeds of the streak camera or 
by image distortions in the 1205D. It is also important when using the streak camera 
coupled to a high aperture monochromator, e;. g. a J-Y model HL300 monochromator with a 
holographically ruled grating, where wavelength data are displayed along the length of 
the streak camera entrance slit.

SP/E Vol. 113 Laser Spectroscopy (1977) / 15

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/06/2013 Terms of Use: http://spiedl.org/terms



ROBINSON, MORRIS, ROBBINS, FLEMING

III. Some Results

In the past the presence of nonradiative processes(9causing emission decays in the
subnanosecond region could only be assessed through the evaluation of fluorescence
quantum yield data. Since yields depend upon both radiative and nonradiative decay
rates, it was never possible to determine the quantitative cause of lifetime shortening -
often some combination of both radiative and nonradiative rate changes and sometimes
complicated by nonexponentiality. The picosecond emission technique allows the exact
shapes of fluorescence decay curves to be measured in this interesting time domain.

a. Nonexponential Decays. Later in the paper certain examples of nonexponential
decays will arise specifically. Nonexponentiality can be traced to three kinds of
causes: the incoherent superposition of simultaneous temporal events, the coherent
superposition of such events, and quantum interference effects. For simple exponential
decays incoherent superposition means adding the exponentials, while coherent super-
position means adding the rates.

Incoherent superposition arises in the most trivial case when two separate species are
excited and each independently undergoes a temporal decay. If each decay is
exponential, then the result is simply a sum of the two separate exponentials, weighted
according to the relative concentrations of the two emitting species. Less trivial
examples of this case arise if the emitting species resides in two or more different
microenvironments to which its fluorescence lifetime is sensitive. These microenviron-
ments may be different sites in a solid or on a solid surface, they may be different
sites on a biological membrane or a maeromolecule,or they may even be different
microenvironments. in a fluid solution,'' )) where the time scale of change is longer than
the emission decay time. "Hole- burning" experiments in a liquid are even possible on a
picosecond time scale. Examples of these inhomogeneities are more likely to arise in
mixed solvent systems, where there is a great sensitivity of the emitting molecule to
some property of the microenvironment, such as polarity, and where this property by
virtue of the mixed nature of the solvent, is spatially highly nonuniform on the time
scales in question. However, such effects can also occur in pure liquids if intermolecular
bond strengths are great enough to prevent rapid interconversion within the heterogeneous
ensemble.

Ancoherent superposition of temporal events does not lead to a weighted average of
decays, although in some cases the decay can be analyzed as a sum of exponentials.
Coherent superpositions arise from the presence of dependent events. These may occur,
for example, within the same molecule , or within a system of molecules which can exchange
excitation energy. A simple example arises in time dependent fluorescence
depolarisation(l'l, where rotational reorientation accompanies fluorescence decay.

Of course, nonexponential decays can also arise from nonlinear optical effects at
high laser peak powers. Stimulated emission in dilute solutions of dye molecules can
be important, particularrly for strongly absorbing dyes, high peak power excitation and
"head -on" observation.' )1n fact, there is a strong dependence of the fluorescence decay
curves on viewing angle, on emission wavelength, and on whether the emission is observed
directly or the excited state population is monitored by absorption. The emission
decay under such circumstances has been found experimentally and theoretically to have
a resolvable rise time, then a steep decay, followed by 41,1 xponential tail decay
which matches the normal fluorescence lifetime of the dye."'l1

b. Quantum Mechanical Dephasing. Ordinarily, coherence is thought of in terms of
the spatial properties of fields and dipoles. For example, optical coherence depends
on an angular relationship between transition dipole moments in an ensemble of subsystems
following excitation by a coherent electromagnetic field. In the hypothetical 2 -level
subsystem with heat bath, loss of phase can occur with no loss of energy (T2 process),
or the loss of phase can be accompanied by a loss of energy into the heat bath (T1 process),
with T2 < T1. While both T1 and T2 processes result in a loss of phase, the terms
"dephasing" and "dephasing time" are generally applied only to the T2 process. These
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Of course, nonexponential decays can also arise from nonlinear optical effects at 
high laser peak powers. Stimulated emission in dilute solutions of dye molecules can 
be important, particularly for strongly absorbing dyes, high peak power excitation and 
!f head-on" observation.^ 'In fact, there is a strong dependence of the fluorescence decay 
curves on viewing angle, on emission wavelength, and on whether the emission is observed 
directly or the excited state population is monitored by absorption. The emission 
decay under such circumstances has been found experimentally and theoretically to have 
a resolvable rise time, then a steep decay, followed by an exponential tail decay 
which matches the normal fluorescence lifetime of the dye. '

b. Quantum Mechanical Dephasing. Ordinarily, coherence is thought of in terms of 
the spatial properties of fields and dipoles. For example, optical coherence depends 
on an angular relationship between transition dipole moments in an ensemble of subsystems 
following excitation by a coherent electromagnetic field. In the hypothetical 2-level 
subsystem with heat bath, loss of phase can occur with no loss of energy (T 2 process), 
or the loss of phase can be accompanied by a loss of energy into the heat bath (Ti process), 
with T 2 < TI . While both TI and T 2 processes result in a loss of phase, the terms 
"dephasirig" and "dephasing time" are generally applied only to the T 2 process. These
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usages have been clouded by the recognition that there are quantum mechanical interference
effects caused by the suddeness of excitation.(9,13,14) A type of coherence can result
because at t 0 all the phase factors e -iwt in a prepared superposition of stationary
states are virtually equal. Following such a coherent preparation, temporal changes in
the prepared state are caused by a quantum mechanical dephasing of the phase factors,
the greater the frequency width Aw of the prepared ensemble of stationary states(g
faster is the dephasing in accordance with the time - energy uncertainty relation.
The experimental creation of this type of phase is therefore not limited to simple N -level
subsystems, where N is small.

Nonexponential decays are produced in quantum mechanical dephasing unless the
prepared states are weighted in the frequency spectrum as Lorentzian, i.e.'a Lorentzian
shaped molecular line excited by a pulse whose frequency spectrum is a uniform
continuum, a molecular continuum excited by a pulse having a Lorentzian shaped frequenpwc,
spectrum, or other similar cases. This type of coherency can also lead to structure,"
e.g. beats, in the temporal spectrum providing there is structure in the.freauency

spectrum of the molecular levels being excited or in the exciting pulse.(17,18) Beats
"between the molecular frequency and the light source frequency" should also arise
even if neither the light source nor the molecular line have structure, providing the
molecular line is excited just off resonance.

These types of effects have been difficult to observe since finely spaced temporal
structure requires a time resolution somewhat better (- 10 psec) than has been applied
so far to this problem and also requires close to a transform limited pulse over the
appropriate frequency range in order to create the initial coherence. Coarsely spaced
temporal structure (> 10 psec) is easier to prepare and would require not as good time
resolution, but suffers because of random coherence loss from collisions etc during the
observational time. In all cases, thermal population of a large ensemble of initial
states giving a smear of temporal characteristics and the difficulty of matching
molecular levels with the available frequencies of picosecond pulses has made the
quest for this type of quantum interference effect even more difficult. Probably a low
temperature mixed crystal with welticiefined energy states excited with a tunable,
cavity dumped Ar pumped dye laser is is the best candidate for this type of study, but so
far no extensive efforts have been made in this direction. The observation of quantum
interference effects in picosecond time dependent spectroscopy would confirm theoretical
expectations and could provide a further method of studying fine structure in molecules.
Perturbation of the beats by various fields and their dependence on excitation wavelength
would be of great interest.

c. Fluorescence Depolarisation. Randomizing of initially produced transition dipole
orientations in a chromophore offers a method of following angular displacements of
molecules in solution, on surfaces, or incorporated in biological membranes or
macromolecules. Even molecules in the gas phase can be studied, though this has not been
done in the past because the large molecules necessary for nanosecond rotational times
do not have sufficient vapour pressure. Naturally, if the molecular weight and shape
are known, the gas phase experiment would be unnecessary, as the time dependent
fluorescence depolarisation can be calculated from the moments of inertia and the
temperature.

Combined with energy transfer or photochemical reaction studies, the measurement of
accompanying angular displacements would yield information about the angular dependence of
the transfer or the reaction. "What mutual orientation is required for the photochemical
reaction to proceed ?" Thus, picosecond fluorescence depolarisation studies could extend
the concept of a diffusion controlled reaction from the realm of translation diffusion to
that of rotational diffusion.

It is suspected that flexible molecules taycl)on different shapes depending upon the
type of solvent in which they are dissolved. "1)A polar molecule may "stretch out" in a
polar solvent affording the greatest amount of interaction between the polar parts of
the molecule and its solvent environment. The same molecule may "bunch up" in a non -
polar solvent, hiding the hydrophilic part of the molecule within a hydrophobic layer.
Solvent sensitive chemical reactivities may arise from just such effects, i.e. if the
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faster is the dephasing in accordance with the time-energy uncertainty relation. 1^ j 
The experimental creation of this type of phase is therefore not limited to simple N-level 
subsystems, where N is small.

Nonexponential decays are produced in quantum mechanical dephasing unless the
prepared states are weighted in the frequency spectrum as Lorentzian, i.e.'a Lorentzian 
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"between the molecular frequency and the light source frequency 11 should also arise 
even if neither the light source nor the molecular line have structure, providing the 
molecular line is excited just off resonance.

These types of effects have been difficult to observe since finely spaced temporal 
structure requires a time resolution, somewhat^ better (~ 10 psec) than has been applied 
so far to this problem and also requires close to a transform limited pulse over the 
appropriate frequency range in order to create the initial coherence. Coarsely spaced 
temporal structure (> 10 psec) is easier to prepare and would require not as good time 
resolution, but suffers because of random coherence loss from collisions etc during the 
observational time. In all cases, thermal population of a large ensemble of initial 
states giving a smear of temporal characteristics and the difficulty of matching 
molecular levels with the available frequencies of picosecond pulses has made the 
quest for this type of quantum interference effect even more difficult. Probably a low 
temperature mixed crystal with well defined energy states excited with a tunable, 
cavity dumped Ar"1" pumped dye laser^-^'is the best candidate for this type of study, but so 
far no extensive efforts have been made in this direction. The observation of quantum 
interference effects in picosecond time dependent spectroscopy would confirm theoretical 
expectations and could provide a further method of studying fine structure in molecules. 
Perturbation of the beats by various fields and their dependence on excitation wavelength 
would be of great interest.

c. Fluorescence Depolarisation. Randomizing of initially produced transition dipole 
orientations In a chromophore offers a method of following angular displacements of 
molecules in solution, on surfaces, or incorporated in biological membranes or 
macromolecules. Even molecules in the gas phase can be studied, though this has not been 
done in the past because the large molecules necessary for nanosecond rotational times 
do not have sufficient vapour pressure. Naturally, if the molecular weight and shape 
are known, the gas phase experiment would be unnecessary, as the time dependent 
fluorescence depolarisation can be calculated from the moments of inertia and the 
temperature.

Combined with energy transfer or photochemical reaction studies, the measurement of 
accompanying angular displacements would yield information about the angular dependence of 
the transfer or the reaction. "What mutual orientation is required for the photochemical 
reaction to proceed?" Thus, picosecond fluorescence depolarisation studies could extend 
the concept of a diffusion controlled reaction from the realm of translation diffusion to 
that of rotational diffusion.

It is suspected that flexible molecules take, on different shapes depending upon the 
type o'f solvent in which they are dissolved.'A polar molecule may "stretch out" in a 
polar solvent affording the greatest amount of interaction between the polar parts of 
the molecule and its solvent environment. The same molecule may "bunch up" in a non- 
polar solvent, hiding the hydrophilic part of the molecule within a hydrophobic layer. 
Solvent sensitive chemical reactivities may arise from just such effects, i.e. if the
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chemically reactive site were the polar group in the above example. The determination of
molecular shape by means of fluorescence depolarisation studies should be able to
provide information about solvent dependent shape changes, and, combined with other
studies, should shed light on solvent dependent reaction rates. Th4t such studies are
possible with the present technology has already been demonstrated by another type of
experiment.

d. Picosecond Depolarisation. Picosecond spectroscopy allows time dependent fluores-
cence depolarisation studies to be extended(1, 3) into a temporal region three orders of
magnitude faster than any earlier experiments. Molecules having molecular weights
between 100 -1000 in media of low viscosity can be routinely studied by the picosecond
technique.

One obvious reason for these studies is to check the classical hydrodynamic equations
for small molecules. A major question concerns the r024tive motion of neighboring
solvent molecules compared with solute as it rotates. "To what extent do the solvent
molecules stick to and rotate with the solute? Interestingly, the often used Stokes -
Einstein equations take a rather extreme position. The derivation depends on the
velocity vector of the solvent exactly matching the velocity of the solute molecule at
its surface. In other words the solvent sticks to or is otherwise caught up by the
rotating solute and rotates with it.

Another extreme position is the case where there are no tangential components of the
normal stress tensor of the solvent at the surface of the solute. This is an
intuitively more appealing model since it correctly predicts zero rotational friction in
the case of a spherical molecule, or a spheroid rotating about its symmetry axis. The
only source of rotational friction in this limit arises because of fluid being
displaced as the molecule rotates (a "molecular paddle wheel effect "). It has been
shown that the above two limits merge into one ano her either as the ratio of minimum
to maximum semiaxes of the spheroid tends to zero24)or as the roughness of the
molecule increases.( 25)

The above extreme cases relate to the now well known "sticking" and "slipping"
boundary conditions for rotation of a spheroid in a viscous medium. Application of
these two boundary conditions can give widely different theoretical values for the
rotational relaxation times of small, smooth, nonpolar molecules in a nonpolar solvent.
For such systems the "slipping" boundary conditions lead to much better agreement with
experiment than the classical Stokes- Einstein result. The experiments pertaining to(26)
this question, by the way, have until recently been based on lineshape measurements.
A direct picosecond fluorescence depolarisation experiment on a relatively small, non -
polar molecule (BBOT) in a nonpolar medium has now been carried out (Ref. 27 and Table I)
showing that the "slipping" boundary conditions indeed give the correct theoretical
picture. For large molecules, such as proteins, which by their nature have a high
degree of roughness, the limit of "sticking" boundary conditions seems to apply quite
well.

There must be many important classes of small molecules (M.W.<1000) which are not
congruous with either of the above two boundary conditions. Intermediate cases where
the solvent molecules partially stick to and partially slip past the solute surface
must exist. In fact, certain classes of small molecules, which do not conform to the
"slipping" boundary conditions because of a special kind of interaction with their
solvent surroundings might switch over to such boundary conditions as the temperature is
raised. Intermediate cases might then be observed. Such experiments are now taking
place at Melbourne. X28)

Another "limit" exists when there is infinitely strong (compared with KT) solute -
solvent binding. Here, an ambiguity exists. While it is obvious that a layer of
solvent molecules must be included in the determination of volume and molecular weight,
it is not clear whether "sticking" or "slipping" boundary conditions should then be
used for the bound solvent rotating against the unbound bulk solvent. If the
interaction is sufficiently long range, a second layer of solvent in the molecular
weight and size determination may be appropriate. Of course, intermediate cases between
"sticking" and "slipping" are again possible throughout.

The case of attached solvent has already been observed in our laboratory.(1) See also
Table I. The fluorescein derivatives, which are dianions, rotate in aqueous and
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chemically reactive site were the polar group in the above example. The determination of 
molecular shape by means of fluorescence depolarisation studies should be able to 
provide information about solvent dependent shape changes, and, combined with other 
studies, should shed light on solvent dependent reaction rates. That such studies are 
possible with the present technology has already been demonstrated^ 22 )by another type of 
experiment.

d. Picosecond Depolarisation. Picosecond spectroscopy allows time dependent fluores 
cence depolarisation studies to be extended^ 1 *o) into a temporal region three orders of 
magnitude faster than any earlier experiments. Molecules having molecular weights 
between 100-1000 in media of low viscosity can be routinely studied by the picosecond 
technique.

One obvious reason for these studies is to check the classical hydrodynamic equations 
for small molecules. A major question concerns the relative motion of neighboring 
solvent molecules compared with solute as it rotates.^ ^'To what extent do the solvent 
molecules stick to and rotate with the solute? Interestingly, the often used Stokes- 
Einstein equations take a rather extreme position. The derivation depends on the 
velocity vector of the solvent exactly matching the velocity of the solute molecule at 
its surface. In other words the solvent sticks to or is otherwise caught up by the 
rotating solute and rotates with it.

Another extreme position is the case where there are no tangential components of the 
normal stress tensor of the solvent at the surface of the solute. This is an 
intuitively more appealing model since it correctly predicts zero rotational friction in 
the case of a spherical molecule, or a spheroid rotating about its symmetry axis. The 
only source of rotational friction in this limit arises because of fluid being 
displaced as the molecule rotates (a "molecular paddle wheel effect"). It has been 
shown that the above two limits merge into one another either as the ratio of minimum 
to maximum semiaxes of the spheroid tends to zero( 2 ^)or as the roughness of the 
molecule increases.( 2 5)

The above extreme cases relate to the now well known "sticking" and "slipping" 
boundary conditions for rotation of a spheroid in a viscous medium. Application of 
these two boundary conditions can give widely different theoretical values for the 
rotational relaxation times of small, smooth, nonpolar molecules in a nonpolar solvent. 
For such systems the "slipping" boundary conditions lead to much better agreement with 
experiment than the classical Stokes-Einstein result. The experiments pertaining to 
this question, by the way, have until recently been based on lineshape measurements.^"' 
A direct picosecond fluorescence depolarisation experiment on a relatively small, non- 
polar molecule (BBOT) in a nonpolar medium has now been carried out (Ref. 27 and Table I) 
showing that the "slipping" boundary conditions indeed give the correct theoretical 
picture. For large molecules, such as proteins, which by their nature have a high 
degree of roughness, the limit of "sticking" boundary conditions seems to apply quite 
well.

There must be many important classes of small molecules (M.W.<1000) which are not 
congruous with either of the above two boundary conditions. Intermediate cases where 
the solvent molecules partially stick to and partially slip past the solute surface 
must exist. In fact, certain classes of small molecules, which do not conform to the 
"slipping" boundary conditions because of a special kind of interaction with their 
solvent surroundings might switch over to such boundary conditions as the temperature is 
raised. Intermediate cases might then be observed. Such experiments are now taking 
place at Melbourne. (28)

Another "limit" exists when there is infinitely strong (compared with KT) solute- 
solvent binding. Here, an ambiguity exists. While it is obvious that a layer,of 
solvent molecules must be included in the determination of volume and molecular weight, 
it is not clear whether "sticking" or "slipping" boundary conditions should then be 
used for the bound solvent rotating against the unbound bulk solvent. If the 
interaction is sufficiently long range, a second layer of solvent in the molecular 
weight and size determination may be appropriate. Of course, intermediate cases between 
"sticking" and "slipping" are again possible throughout.

The case of attached solvent has already been observed in our laboratory/ 1 ) See also 
Table I. The fluorescein derivatives, which are dianions, rotate in aqueous and
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alcoholic media as if their volume were about double that of the free molecule. In

other words they rotate much slower even than predicted by the "sticking" boundary
conditions and thus lie outside the region bounded by "slipping" and "sticking" limits.
We believe the interaction responsible for this seemingly pathological condition is
strong hydrogen bonding in the vicinity of the negatively charged regions of the solute.

When the solute has one positivecharge,the hydrogen bonding is evidently less strong.
This would be expected from purely electrostatic effects which would cause positively
charged hydrogen atoms of the solvent to be repelled by the solute. In these cases,
interesting enough, the "sticking" limit seems to apply almost exactly.(22,23,29) Even
though this has now been observed in a number of cases (see Table I) it seems to us
that it is very likely caused by an accidental balancing of effects - partial solvent
attachment and intermediate boundary conditions between "slipping" and "sticking ".
This conclusion stems from our present feeling that even though the limit of "sticking"
boundary conditions is well defined mathematically, it can never be achieved physically
through purely sticking effects, i.e. attractive interactions between the solute and
solvent. In particular, a very strong solute - solvent attractive interaction compared
with kT does not lead to the "sticking" boundary conditions. Rather, as mentioned earlier,
the neighboring solvent in that case has to be considered an integral part of the solute,
and it is the rotation of the enlarged molecule that becomes relevant. Weaker solute -
solvent interactions cause the velocity field of the solvent to deviate from that of the
solute at its surface, thus giving rise to some sort of intermediate boundary conditions
between "sticking" and "slipping ". The "sticking" limit can thus be achieved only
through the effect of "roughness" caused primarily by the repulsive part of the solute -
solvent intermolecular potential. Since a high degree of roughness seems improbable
for a small molecule, we conclude that the agreement between experimental rotational
diffusion coefficients for the molecules in Table I and the theory using "sticking"
boundary conditions is fortuitous.

Table I. Rotational Correlation Times in Ethanol (psec)

Molecule T(measured) r(stick) T(slip)

Rose Bengal 680 +70 220 120
Rhodomine 6G 250 +30 220 120
DODCI 160 +30 160 80
BBOT 210 +30 460 260

e. Biological Probe Molecules. A part of our current work that illustrates a number of
concepts discussed earlier in the paper deals with the intrinsic probe molecule
tryptophan and extrinsic probes ANS and TNS The important property of probes is that
their spectral characteristics and fluorescence quantum yields are sensitive to the
microenvironment in which they reside. This sensitivity arises because solute- solvent
interactions in the excited electronic state are different from what they are in the
ground state, and the differences vary with solvent properties such as polarity and
hydrogen bonding strength. Spectral shifts therefore may be highly dependent on these
properties of the microenvironment, as are nonradiative processes, such as ionisation
and other fast spin allowed or spin forbidden nonradiative transitions, which compete
with light emission, reducing lifetimes and yields.

A simple example of a probe is the dye rose bengal (abs.max. _ 550nm) where the
fluorescence lifetime drops from 820 psec in ethanol to 95 psec in water.30 Because of a
decrease in the energy level spacing between the lowest excited singlet and triplet
electronic states, a fast nonradiative transition from the singlet to the triplet can
occur more easily in aqueous solution. The energy level shifts arise from relative
hydrogen bonding strengths in the two solvents.

An even more striking example of the lifetime shortening effect occurs in ANS and TNS,
which can conveniently be excited by the third harmonic of Nd +3 /glass31. In TNS, for
example, the lifetime in ethanol is about 15nsec while in water solution it drops all
the way down to about 60 psec, a change of 250 -fold. In ANS the difference is almost as
striking. Accompanying these lifetime changes are emission spectral shifts of about
one -half of an electron -volt. Because of this great sensitivity to the solvent
microenvironment, mixed water /ethanol solvents show highly nonexponential decays caused
by solvent inhomogeneities throughout such solutions. (Ref. 31 and unpublished work).

+ 1,8- anilinonaphthalene sulfonate and 2,6- toluidinyl naphthalene sulfonate, respectively.
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alcoholic media as if their volume were about double that of the free molecule. In 
other words they rotate much slower even than predicted by the "sticking" boundary 
conditions and thus lie outside the region bounded by "slipping" and "sticking" limits. 
We believe the interaction responsible for this seemingly pathological condition is 
strong hydrogen bonding in the vicinity of the negatively charged regions of the solute.

When the solute has one positive charge,the hydrogen bonding is evidently less strong. 
This would be expected from purely electrostatic effects which would cause positively 
charged hydrogen atoms of the solvent to be repelled by the solute. In these cases, 
interesting enough, the "sticking" limit seems to apply almost exactly.(22,23,29) Even 
though this has now been observed in a number of cases (see Table I) it seems to us 
that it is very likely caused by an accidental balancing of effects - partial solvent 
attachment and intermediate boundary conditions between "slipping" and "sticking". 
This conclusion stems from our present feeling that even though the limit of "sticking" 
boundary conditions is well defined mathematically, it can never be achieved physically 
through purely sticking effects, i.e. attractive interactions between the solute and 
solvent. In particular, a very strong solute - solvent attractive interaction compared 
with kT does not lead to the "sticking" boundary conditions. Rather, as mentioned earlier, 
the neighboring solvent in that case has to be considered an integral part of the solute, 
and it is the rotation of the enlarged molecule that becomes relevant. Weaker solute - 
solvent interactions cause the velocity field of the solvent to deviate from that of the 
solute at its surface, thus giving rise to some sort of intermediate boundary conditions 
between "sticking" and "slipping". The "sticking" limit can thus be achieved only 
through the effect of "roughness" caused primarily by the repulsive part of the solute- 
solvent intermolecular potential. Since a high degree of roughness seems improbable 
for a small molecule, we conclude that the agreement between experimental rotational 
diffusion coefficients for the molecules in Table I and the theory using "sticking" 
boundary conditions is fortuitous.

Table I. Rotational Correlation Times in Ethanol (psec) 

Molecule______T (measured)________T ( stick)_____T ( slip )

Rose Bengal
Rhodomine 6G
DODCI
BBOT

680+70
250+30
160+30
210+30

220
220
160
460

120
120
80

260

e. Biological Probe Molecules. A part of our current work that illustrates a number of 
concepts discussed earlier in the paper deals with the intrinsic probe molecule 
tryptophan and extrinsic probes ANS and TNSt The important property of probes is that 
their spectral characteristics and fluorescence quantum yields are sensitive to the 
microenvironment in which they reside. This sensitivity arises because solute-solvent 
interactions in the excited electronic state are different from what they are in the 
ground state, and the differences vary with solvent properties such as polarity and 
hydrogen bonding strength. Spectral shifts therefore may be highly dependent on these 
properties of the microenvironment, as are nonradiative processes, such as ionisation 
and other fast spin allowed or spin forbidden nonradiative transitions, which compete 
with light emission, reducing lifetimes and yields.

A simple example of a probe is the dye rose bengal (abs.max. - 550nm) where the 
fluorescence lifetime drops from 820 psec in ethanol to 95 psec in water.30 Because of a 
decrease in the energy level spacing between the lowest excited singlet and triplet 
electronic states, a fast nonradiative transition from the singlet to the triplet can 
occur more easily in aqueous solution. The energy level shifts arise from relative 
hydrogen bonding strengths in the two solvents.

An even more striking example of the lifetime shortening effect occurs in ANS and TNS, 
which can conveniently be excited by the third harmonic of Nd+ 3/giass3 1 . In TNS, for 
example, the lifetime in ethanol is about ISnsec while in water solution it drops all 
the way down to about 60 psec, a change of 250-fold. In ANS the difference is almost as 
striking. Accompanying these lifetime changes are emission spectral shifts of about 
one-half of an electron-volt. Because of this great sensitivity to the solvent 
microenvironment, mixed water/ethanol solvents show highly nonexponential decays caused 
by solvent inhomogeneities throughout such solutions. (Ref. 31 and unpublished work).

+ 1,8-anilinonaphthalene sulfonate and 2,6-toluidinyl naphthalene sulfonate, respectively.
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The huge emission shifts in ANS and TNS as the solvent is changed from ethanol
to water are very likely caused by a great change of electronic structure in the excited
electronic state of these molecules. The absorption spectrum indicates little difference
in the solvation properties in the two solvents. See Fig. 2 for a schematic potential
energy diagram which aids in the understanding of water vs ethanol solvent shifts.
Emission is knoah(32)t.o take place primarily from a relaxed configuration in nonviscous
solvents but from an unrelaxed configuration in viscous solvents. Fluorescence yields
in the unrelaxed configuration remain high.

Though the correlation between solvated electron production and fluorescence decay
has yet to be studied on the picosecond timescale, the recent discovery(33) of the
solvated electron absorption spectrum in nanosecond flash experiments strongly suggests
that one -photon photoionization is the main contributor to the nonradiative process in
ANS and TNS. One- photon photoionization is fairly common in aqueous solutions of
organic molecules containing electron donating groups.(34) The anilino group in ANS
and the toluidinyl group in TNS serve this function. Replacing these groups by
hydrogen greatly reduces the solvent shifts and increases the fluorescence quantum
yields substantially.(35) All the above facts indicate that the excited states of ANS
and TNS are extremely polar.

Preliminary picosecond fluorescence experiments have shown that in aqueous solution
ANS and TNS decay as single exponentials with lifetimes of about 300 psec and 60 psec,
respectively. There seems not to be a large temperature dependence in the range 20

-(S§g)
C,

unlike other photoionizing systems as measured by their fluorescence quantum yields. 3

Perhaps the most revealing studies concern rotational depolarization of the fluorescence.
Fig. 3 shows a reasonable model for transitions and solvent reorganizations in ANS /H2O.
Because of the Franck - Condon Principle, electronic excitation occurs from the stable
ground state solvent configuration to an equivalent solvent configuration in the
excited state. The latter configuration is unstable because of the large change in
electronic structure discussed earlier. Solvent relaxation around the excited ANS
occurs and an electron is then ejected. The latter statement is consistent with the
studies in polar media of high viscosity,(32) which show high fluorescence quantum
yields, i.e. slow photoionization.

Based on this model, there are three options. If the solvent relaxation were slow
compared with the fluorescence lifetime, the rotational correlation function <P2(t) >(1)
would be essentially the same as in the ground state where solvent interactions are
normal. Estimates based on both "sticking" and "slipping" boundary conditions, and
taking into account possible solvent attachment, show that the ground state rotational
relaxation time could range anywhere between 50 and 300 psec. Since all evidence points
to complete or nearly complete solvent relaxation relative to the fluorescence decay,
this first option is an unreasonable one.

If solvent relaxation were very fast compared with the fluorescence lifetime, then
the supposed massive solvent attachment in the excited electronic state would give very
long rotational relaxation times. The third possibility is the intermediate case.
Here the rotational correlation function would be highly nonexponential as it changed
from a rapid decay to a slow decay during the solvent relaxation process.

Preliminary work has indeed shown that the solvent relaxation time is of the same
order as the ground state rotational correlation time, measured to be somewhere around
50 - 100 psec. The observed <P2(t)> function takes a deep dive for nearly 1/3 of its
maximum amplitude and then flattens out into a long decay. In D2O the dive is quite
a bit deeper, indicating an approach to the slow solvent relaxation limit. Apparently,
strong hydrogen bonds must be broken and reformed in the solvent relaxation process.
The massive solvent attachment, perhaps almost like a crystallization, to ANS in the
excited electronic state might also explain the small temperature sensitivity of the
fluorescence lifetime, i.e. yield, in this system. If the solvent structure in the
excited state is sufficiently rigid compared with kT, then the effect on fluorescence
lifetimes and yields would be confined to a speeding up of the solvent relaxation
process with increasing temperature. Since this is fast to begin with, a small
temperature effect might be expected.
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The huge emission shifts in ANS and TNS as the solvent is changed from ethanol 
to water are very likely caused by a great change of electronic structure in the excited 
electronic state of these molecules. The absorption spectrum indicates little difference 
in the solvation properties in the two solvents. See Fig. 2 for a schematic potential 
energy diagram which aids in the understanding of water vs ethanol solvent shifts. 
Emission is known(32)to take place primarily from a relaxed configuration in nonviscous 
solvents but from an unrelaxed configuration in viscous solvents. Fluorescence yields 
in the unrelaxed configuration remain high.

Though the correlation between solvated electron production and fluorescence decay 
has yet to be studied on the picosecond timescale, the recent discovery(33) o f ^e 
solvated elec'tron absorption spectrum in nanosecond flash experiments strongly suggests 
that one-photon photoionization is the main contributor to the nonradiative process in 
ANS and TNS. One-photon photoionization is fairly common in aqueous solutions of 
organic molecules containing electron donating groups.(34) The anilino group in ANS 
and the toluidinyl group in TNS serve this function. Replacing these groups by 
hydrogen greatly reduces the solvent shifts and increases the fluorescence quantum 
yields substantially.(35) All the above facts indicate that the excited states of ANS 
and TNS are extremely polar.

Preliminary picosecond fluorescence experiments have shown that in aqueous solution 
ANS and TNS decay as single exponentials with lifetimes of about 300 psec and 60 psec, 
respectively. There seems not to be a large temperature dependence in the range 20 - 80? C, 
unlike other photoionizing systems as measured by their fluorescence quantum yields.(3°^

Perhaps the most revealing studies concern rotational depolarization of the fluorescence. 
Fig. 3 shows a reasonable model for transitions and solvent reorganizations in ANS/H20. 
Because of the Franck-Condon Principle, electronic excitation occurs from the stable 
ground state solvent configuration to an equivalent solvent configuration in the 
excited state. The latter configuration is unstable because of the large change in 
electronic structure discussed earlier. Solvent relaxation around the excited ANS 
occurs and an electron is then ejected. The latter statement is consistent with the 
studies in polar media of high viscosity,(32) which show high fluorescence quantum 
yields, i.e. slow photoionization.

Based on this model, there are three options. If the solvent relaxation were slow 
compared with the fluorescence lifetime, the rotational correlation function <P 2 (t)>(l) 
would be essentially the same as in the ground state where solvent interactions are 
normal. Estimates based on both "sticking" and "slipping" boundary conditions, and 
taking into account possible solvent attachment, show that the ground state rotational 
relaxation time could range anywhere between 50 and 300 psec. Since all evidence points 
to complete or nearly complete solvent relaxation relative to the fluorescence decay, 
this first option is an unreasonable one.

If solvent relaxation were very fast compared with the fluorescence lifetime, then 
the supposed massive solvent attachment in the excited electronic state would give very 
long rotational relaxation times. The third possibility is the intermediate case. 
Here the rotational correlation function would be highly nonexponential as it changed 
from a rapid decay to a slow decay during the solvent relaxation process.

Preliminary work has indeed shown that the solvent relaxation time is of the same 
order as the ground state rotational correlation time, measured to be somewhere around 
50 - 100 psec. The observed <Pz(t)> function takes a deep dive for nearly 1/3 of its 
maximum amplitude and then flattens out into a long decay. In DaO the dive is quite 
a bit deeper, indicating an approach to the slow solvent relaxation limit. Apparently, 
strong hydrogen bonds must be broken and reformed in the solvent relaxation process. 
The massive solvent attachment, perhaps almost like a crystallization, to ANS in the 
excited electronic state might also explain the small temperature sensitivity of the 
fluorescence lifetime, i.e. yield, in this system. If the solvent structure in the 
excited state is sufficiently rigid compared with kT, then the effect on fluorescence 
lifetimes and yields would be confined to a speeding up of the solvent relaxation 
process with increasing temperature. Since this is fast to begin with, a small 
temperature effect might be expected.

20 /SPIE Vol. 113 Laser Spectroscopy (1977)

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/06/2013 Terms of Use: http://spiedl.org/terms



PICOSECOND EMISSION SPECTROSCOPY

Another interesting molecule is tryptophan, which can be excited by the fourth
harmonic of Nd }3 /glass. Tryptophan is indole with an amino propionic acid attached. It is
an important amino acid and a good ip3tinsic fluorescence probe for biological structural
studies. Our recent picosecond work 77 has revealed nonexponential decays, which can
roughly be expressed as sums of two exponentials whose rate constants both increase
markedly with temperature. A picosecond study( 37)of a simple indole derivative (3- methyl
indole) shows a single exponential decay matching the long lived decay of tryptophan,
while 3- methyl indole in concentrated glycine solution gives two exponentials similar to
tryptophan. The simplest way of interpreting these results is to assume that photo-
ionisation (pH 4 -9) occuring at the indole nitrogen can be enhanced in tryptophan by the
intramolecular electron scavenging ability of the amino group and in 3- methyl indole/
glycine through intermolecular scavenging by glycine. The nonexponentiality arises in
both cases because of an incoherent superposition of: 1) slow photoionisation without the
help of a scavenger; and 2) rapid photoionisation when the scavenger is ideally located.
The experiments suggest that exchange between the "two kinds of molecules" is slow on the
time scale of the fluorescence - in the 3- methyl indole /glycine case because translational
diffusion is not fast enough and in the tryptophan case because "trans- molecular" solvent
bonding prevents rapid rotations of the amino propionic acid about its own bonds.
The steep temperature dependence of both photoionization processes seem to be similar
whether or not the scavenging is intermolecular (without diffusion) or intramolecular.

Amino acids can be linked together through peptide bonds. Of particular interest
here is the fact that fluorescence yields of dipeptides of tryptophan vary markedly.
We now believe this effect is due to the varying rates of intramolecular scavenging,
caused by steric effects, in this series of molecules.
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Figure 1. Block diagram of picosecond emission apparatus showing the mode - locked (m.l.)
laser, pulse selector (P.S.), amplifier (AMP.), harmonic generators (H.G.), polarizers
(Pol.), the experimental chamber with sample cells, focussing lenses, etc. (EXP.), the
streak - camera (S.C.) and image intensifier (IIT), the optical multichannel analyzer (OMA),
the direct access memory (D.A. MEM.) and data analysis programs (ANAL.) of the PDP 11 T34
minicomputer, and finally the digital plotter (DIG. PLOT.) or other video or storage
systems (DISK STO. etc.)

More polar solvent Less polar solvent

Solute -Solvent Solute - Solvent
Distance Distance

ANS /H2O

Figure 2. A schematic two -dimensional cut of a solute - solvent potential energy diagram
that explains the small absorption shifts, but large emission shifts, for molecules
such as ANS and TNS in polar solvents.

Figure 3. The "microcrystallization effect" of solvent around an ANS molecule, designated
M (ground) and M* (excited) in the diagram. Rates are in reciprocal nanoseconds and
are approximate.
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Figure 2. A schematic two-dimensional cut of a solute-solvent potential energy diagram 
that explains the small absorption shifts, but large emission shifts, for molecules 
such as ANS and TNS in polar solvents.

Figure 5. The "microcrystallization effect" of solvent around an ANS molecule, designated 
M (ground) and M* (excited) in the diagram. Rates are in reciprocal nanoseconds and 
are approximate.
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