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General Introduction

Chapter 1
GENERAL INTRODUCTION

A number of methods are available to gain Insight. In the
properties of molecules by spectroscopy of their electronic
states. Molecules can be studied In the vapour phase, In
solution, in their own or in the host crystal or in a noble gas
matrix. However, in the condensed phase and in solution the
effects of the surrounding have to be considered together with
the properties of a bare molecule. If one is interested in the
spectroscopic behaviour of the free, isolated molecule,
information can be obtained only iIn the vapour phase. The
vapour-phase absorption spectra of intermediate and large-size
organic molecules, however, exhibit rotational broadening and
vibrational sequence congestion, produced by an overwhelming
number of the transitions originating from thermally populated
rotational and vibrational levels. This puts a constraint on
the spectroscopic Information that can be extracted from such a
*hot* vapour spectra.

The use of a supersonic expansion allows the preparation
of internally cold. Isolated, gas-phase molecules and thereby
retains the advantages of the solid state or matrix isolation
spectroscopy at cryogenic temperatures without the disadvantage
of intermolecular perturbations.

Nowadays the molecular spectroscopy using the supersonic
jet together with laser excitation has undergone a very fast
development. New experimental techniques have been introduced
and a vast amount of refined spectroscopic information has been
obtained. A review on this topic, covering a period up to 1979,
has been published in Ref. [11. Later developments (up to 1987)
are reflected in the review [21. Below only the basic princip-
les of jet cooling and laser-induced Tfluorescence (LIF)
spectroscopy of isolated large organic molecules on the ground
of review [11, necessary for understanding the rest of this
thesis, are presented.
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1.1 Supersonic Jet

A free supersonic Jet Is formed on expanding the mixture
of the sample vapour and the carrier gas through a small
orifice (diameter 0.1-1 mm) or nozzle Into vacuum. Physically
It means that the thermal energy (enthalpy) of the gas Is
converted Into the kinetic energy of the directed flow, which
results In a very low translational temperature (characterizing
the distribution of random velocity component) in the Jet.
Commonly He or Ar are used as a carrier gas because atomic
gases do not have vibrational degrees of freedom which restrict
cooling. He as a better coolant is mostly used in case of a
pulsed jet (Its opening is synchronized with the repetition
rate of the pulsed laser) but cheaper Ar is used in case of a
continuous Jet. The optimum stagnation pressure (pressure of
the gas mixture before expansion) is some atm for He and some
tenth of atm for Ar. At lower stagnation pressures cooling
becomes worse (the supersonic flow turns finally into the
subsonic one) and at higher pressures clustering starts (Van
der Waals complexes of the molecule of interest with Ar or He
atoms) or the evacuation pumps cannot maintain the vacuum
because of increased flow. The other adjustable parameter
stagnation temperature (temperature of the gas mixture before
expansion) determines the concentration of the sample molecules
in the jet. The sample compounds with lower vapour pressure
require the application of higher stagnation temperature. Too
low temperature lead to a weak LIF signal, but too high
temperature, to an extensive self-clustering and quick exhaus-
tion of the sample.

Rotational and vibrational degrees of freedom of the
molecules Introduced are cooled by the vibrational-rotational
energy transfer to the cold translational bath of carrier gas
atoms during the expansion into vacuum. The energy transfers by
successive Tformation and predlssoclatlon of Van der Waals
complexes (Ar with the seeded molecule) rather than simply by
collisions T31. The initial stage of expansion 1is nearly
adiabatic. Downstream the nozzle the flow is transformed to a
colllsionless one without thermodynamic equilibrium between the



General Introduction

translational, rotational and vibrational degrees of freedom.
Rotational and vibrational populations are therefore characte-
rized by different temperatures Trof and Tv1p- Typically Tror
of 2-15 K and TVi b of 10-50 K are observed In the Ar jet. In
most cases the excited state lifetime of the molecule under
Investigation is considerably shorter (tens of ns) than the
mean time interval between collisions in the region where the
jet is intersected by the laser beam. This time interval is
typically longer than 1 ms as estimated by the theory from Ref.
[4], thus there is no doubt 1in regarding the jet-cooled
molecules as free ones.

Being caused by the remainder pressure of the ambient gas,
the free jet is surrounded with a standing shock-wave system,
as revealed by visualization of the flow [61. The axis-
symmetric shock wave (Mach barrel) ends with a planar, perpen-
dicular to the flow axis planar shock wave called Mach disk.
The temperature in the flow jumps to near its stagnation value
after passing the Mach disk, therefore, the laser beam should
intersect the jet before it. For our Jet in typical conditions
the distance from nozzle orifice to Mach disk is estimated to
be of 3-6 cm using an empirical formula from Ref. [5l. The
spatially dependent and non-Bolzmann population distribution,
characteristic of the shock-wave structure, gives rise to the
so-called hot bands in the spectra originating from vibratio-
nal ly excited levels of the molecule under study. However, the
lowest vibrational level is still the most populated one in the
cold core of the Jet.

1.2 Laser-induced fluorescence spectroscopy

Laser-induced fluorescence (LIF) spectroscopy Is based on
the laser excitation of a free Jet and the detection of
spontaneously emitted fluorescence photons. The energy absorbed
from the laser beas in the Jet is usually too low for a direct
absorption detection but sufficient for LIF detection. There
are two types of LIF spectra. In LIF excitation spectroscopy
the wavelength of the exciting laser is tuned and the total
undispersed fluorescence Is collected, the spectrum being the
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total emitted light as a function of the exciting wavelength.
This spectrum is the product of the absorption spectrum and the
Fluorescence quantum yield. In dispersed fluorescence spectros-
copy, the exciting laser is fixed at a particular absorption
wavelength of the molecule and the emitted light is dispersed
with a monochromator. The spectrum is the intensity of the
emitted light as a function of the wavelength of the emitted
light.

It should be noted that not all molecules can be investi-
gated by the standard version of jet LIF spectroscopy: their
transition strength, fluorescence quantum yield, and vapour
pressure (at stagnation temperature) should be large enough in
the wavelength region available to gain a noise-free LIF
signal.

Excited and ground electronic state vibrational frequen-
cies and the intensities of the vlbronic bands is the direct
information which can be extracted from the excitation and
dispersed fluorescence spectra. The frequencies from jet
spectra are in general more accurate and reliable than the ones
determined from the vapour absorption spectrum because of the
lack of the congestion of the bands.

Unlike vapour phase spectra, where the fluorescence comes,
as a rule, from the excited state origin level after relaxa-
tion, in case of free jet there is no energy loss due to
collisional relaxation. The Tfluorescence comes therefore from
initially excited vibronic level or at Ileast from nearly
isoenergetic levels coupled to the initially excited level.
These isoenergetic levels can belong to a quasicontinuum of
other vibrational levels of the same electronic state (in case
of intramolecular vibrational redistribution) or that of
another (triplet) state (in case of intersystem crossing).-

The spectral width of a pulsed dye laser radiation is
usually not narrow enough to resolve individual rotational
transitions of large molecules. However, it is often enough to
know the shape of the rotational contour of vibronic bands to
assign vibrational symmetries of respective modes. Such an
assigning technique is called rotational contour analysis.
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1.3 Experimental set-up

The basic configuration of the experimental set-up
representing a typical LIF spectrometer Is shown In Fig. 1.1.
The entire set-up can formally be divided into three parts: a
laser source providing for the excitation beam, the fluorescen-
ce collecting optics and signal-processing electronics, and the
gas system providing for continuous work of the supersonic jet.

Laser system consists of a XeCl exclmer laser, which pumps
a three-stage (oscillator and two amplifiers) pulsed dye laser.
IT necessary, the laser beam can be frequency doubled by a KDP
crystal, which 1is angle-tuned by an autotracer during the
scans. A microprocessor-based dye-laser controller ensures a
simultaneous scanning of the grating and the intracavity etalon
for high-resolutlon scans and generates calibration marks for
the wavelength scale of the spectra. The second monochromator
and a Fe/Ne hollow cathode lamp serve for the calibration of
the dye laser wavelength counter.

An unfocussed laser beam entering the vacuum chamber
through a Brewster-angle quartz window is collimated by 3
mm-dlameter diaphragms mounted inside a pipe (an arm baffle) In
order to minimize the stray light. The arm baffle for the
outcoming beam has larger (8 mm) diafragms. The Tfluorescing
region of the jet is imaged by lens systems to a photomultipli-
er for the excitation spectra and to the entrance slits of a
monocromator followed by a photomultiplier for dispersed
fluorescence spectra. The signals from the photoraullpllers are
procecced by a boxcar integrator, the analog output of which is
recorded as a spectrum on a paper sheet.

The assembly for jet formation is presented In Fig. 1.2.
Ar gas from the pressure vessel is directed through a regulator
and a flowmeter to the heatable sample container mounted Inside
the vacuum chamber, which is continuously evacuated. The
distance between the Jet formation orifice and the laser beam
usually set to 5 mm can be varied by adjusting the height of
the entire assembly. The refilling of the sample holder with a
new sampie after its exhaustion can be accomplished only by
opening the container.
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monochromator

pho tomultiplier
photodiode

mono chromato r filter
doubling crystal
beam shift compensator
hollow cathode lamp
scattering plate

Figure 1.1: Block diagram of the experimental apparatus.
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Mach disk
- free supersonic Jet
laser beam

el foil with an orifice
heating wire

sample holder

sample powder

thermocouple

to pressure gauge
Tl Ar inlet

Figure 1.2: A schematic cross-section of the sample container
assembly. The envelop of the shock-wave structure and the lasei
beam position are shown graphically . The thermocouple and the
pressure gauge monitor the stagnation temperature and the
stagnation pressure, respectively.

The configuration of the set-up used Is accommodated tc
the needs of a particular experiment. Therefore a detailed
description of the equipment used and the measuring technique
appiied 1is presented in the experimental sections of the
following chapters.

1.4 Preview of the present work

This thesis consists of four investigations with rather
different problems and aims. However, all the investigations
presented are grounded on the laser-induced fluorescence (LIF)
spectroscopy of free supersonic Jet. Hence it can be stated
that the purpose common throughout this thesis is to demon-
strate many-sided possibilities of this nowadays already a
standard technique.

Chapter 2 deals with the LIF saturation effect, which Is
important in most of the Jet experiments on molecules with a
large transition moment. Main attention is paid to the rotatio-

n
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nal contour analysis and the Influence of saturation on the
rotational contours of qulnlzarln. Various effects affecting
the saturation curve (fluorescence Intensity as a function of
the excitation Intensity) are discussed.

Chapter 3, a complementary one to Chapter 2, Is devoted to
investigating the problems why the fluorescence from qulnlzarin
jet Is polarized and how the fluorescence polarization aniso-
tropy of qulnlzarln jet Is affected by saturation. The experi-
mental results are compared with a model calculation.

In Chapter 4 benzimidazole and benzotrlazole molecules are
Investigated. Since the Jet spectra of these molecules have
been measured for the Tfirst time, a detailed vibrational
analysis Is carried out. The Interest In these molecules Is
motivated by the different nature of their two excited electro-
nic states (XLa ancb 4) and by possible proton transfer
effects.

Chapter 5 describes the probing of a new method for
Introduction low-volatile blomolecules Into a supersonic jet
for LIF spectroscopy. A practical outlook Is the coupling of a
Jet-based LIF detector to a supercritical fluid chromatograph.
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Saturation of the rotational contours

Chapter 2

THE EFFECT OF SATURATION ON THE ROTATIONAL BAND CONTOURS
OF 3ET-COOLED QUINIZARIN

2.1 Introduction

Cooling in a supersonic Jet of a carrier gas is nowadays a
widely used technique to obtain structured, free from thermal
congestion, spectra of large organic molecules. In most of the
jet experiments pulsed dye lasers, with a high peak power are
used to excite molecular fluorescence. Therefore It seems quite
actual to take Into account the saturation effects which appear
as a power-dependent distortion of excitation spectra if a
molecule with a large oscillator strength is excited.

The Tfirst direct measurement of nonlinear dependence of
fluorescence intensity on excitation intensity (saturation
curve) was performed for K2 vapour [11, where the transition
from linear to square root dependence was interpreted as an
optical saturation of a two-level system with inhomogeneous
broadening. The saturation of vibronic spectra of antracene and
perylene impurity molecules In cooled matrices has been studied
in Refs. [2,31; dipole moments of vibronic transitions and
fluorescence lifetimes of a number of Sx levels have been
obtained by processing the saturation curves for excitation and
for stimulated dumping. The saturation of vibronic excitation
spectra of Jet-cooled qulnlzarIn has been examined and the
dependence of the laser mode-structure on saturation intensity
was estimated in Ref. [43

Tunable narrow-bandwidth dye lasers permit to resolve the
rotational contour shape of vibronic bands in the excitation
spectrum of large jet-cooled organic molecules. An analysis of
rotational band contours can give valuable information about
the rotational temperature, relaxation rates, the transition
dipole moment direction, the extent of the geometry change upon
the electronic transition even if the individual rotational
lines cannot be resolved. Vibrational symmetries of the modes
corresponding to the observed bands can often be assigned by
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their contours [51.

The present work has aimed at the measuring of the satura-
tion curve for the 0-0 band of S1«S) transition, an analysis of
rotational contour shapes of vibronic bands In the S1<S)
excitation spectrum and an Investigation of the distortion of
the 0-0 band contour at high excitation intensities.

2.2 Experimental

A free continuous Jet of cooled 1,4-dlhydroxy-9, 10-
antraqulnone (qulnlzarln) molecules was formed by expanding a
mixture of qulnlzarln vapour and Ar carrier gas at 16 kPa Into
vacuum through a 0.2 mm orifice. To get sufficient vapour
pressure the qulnlzarln powder was heated up to 140°C. The
measured Ar flow rate was *<20 cm3*atm/mIn. The vacuum chamber
was pumped by a booster pump NVBM-0.5 (700 1/s) backed by a
rotary pump 2NVR-5D (6 1/s), which ensured a vacuum of 0.1 Pa.

The fluorescence of qulnlzarln was excited with a VL-18
pulsed dye laser (coumarln-30 dye) pumped by a ELI-5 exclmer
laser. The spectral width (FMHM) of VL-18 radiation, measured
by calibrated interferometers, was 0.25 cm-1 and 0.045 cm"1
without and with an 5 mm (0.67 cm-1 FSR) intracavity etalon,
respectively. Typical pulse energy, measured by an IMO-2N
power-energy meter, was 0.8 ml. Pulse-to-pulse stability was
about 5% (with an etalon 0.2 mJ and 20%, respectively). The
temporal shape of the laser pulse, recorded with a fast-
response vacuum photoelement FEK-22, was close to a Gaussian
with FWHM 4 ns. An unfocussed laser beam with the cross-section
of about 3 mm2 was directed perpendicular to the vertical Jet
axis 5 mm downstream the nozzle. Fluorescence was collected
with a condenser at cross angles with respect to the jet axis
and the laser beam and directed to a photomultiplier FEU-106.
The signal was processed with a boxcar-integrator BCI-280 and
recorded by a X, Y-recorder.

The saturation curves were measured by recording the signal
from the photomultiplier (the fluorescence intensity If) to the
Y-axis and the signal from the photodiode (the excitation
Intensity 10) to the X-axis of the X, Y-recorder. Both signals

14
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were separately analog-processed with an Integrator and a
logarithmic converter. Continuous attenuation of the excitation
intensity was ensured by an absorbing cuvette containing a dye
solution with slowly increasing concentration, through which
the laser beam was directed. Briefly, the concentrated ethanol
solution of 6-aralnophenalenon was dropped Into the dye punp
initially filled with water. To be sure in the linearity of the
registration system only one order of the dynamic range of the
photomultiplier and the photodiode was used: iIn case the
X-signal decreased more than 10 times, then one of the three
filters with about 10X transmission, Initially set In front of
the photomultiplier and the photodiode, was removed and the
right position of the recording pen was restored by adjusting
the knobs of the recorder. This procedure was repeated three
times in order to cover the whole attenuation range of 1 (four
orders of magnitude). Linearity of the detecting system was
checked by the X, Y-plot recorded by the same procedure as for
saturation curve, but by using the scattered laser light
(without jet) Instead of the qulnlzarln fluorescence signal.
The X and Y axes were calibrated by neutral filters with known
tranmission.

The absolute values of the excitation intensity 1 were
determined from the measurements of the laser pulse parameters:
pulse energy, its duration and cross-section area of the laser
beam. The accuracy of the 1 value (its relative uncertainty
was estimated to be a factor of two) was determined mostly by
the beam cross-section measurement, by using a burning pattern
on the photoplate left after exposition with the laser bean.

2.3 Rotational band contours

Quinizarin is a flat molecule with C2v symmetry (Fig. 2.1).
The 0-0 band at 19917 cm-1 is the strongest one in the SkeS)
excitation spectrum [6]. The rotational constants of qulnlzarin
were estimated to be A=0.024 cm-1, B=0.013 cm-1, C=0.0085 cm-1
based on the calculated constants for antracene taken from Ref.
[51 and standard bond length for =0---H-O- fragments (see Fig.
2.1).

4*
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The vibrational structure of the S1*£() excitation and
dispersed laser-induced Tfluorescence spectra of Jet-cooled
qulnlzarln has been Investigated In Refs. [6,71. In these works
the vibrational frequencies. Intensities of vibronic bands and
supposed mode symmetries are tabulated. Higher resolution of
our laser system permitted us to measure also the rotational
contours of the vibronic bands in the excitation spectrum.

Figure 2.1: The structural formula and the principal inertial
axes of qulnlzarln molecule.

The rotational contour of the O0-0 band measured at
different excitation intensities is shown In Fig. 2.2. The P,
U, and R branches and their power-dependent distortion is
clearly visible. The distance between the maxima of P and R
branches marked by g can be used for the estimation of the
rotational temperature Troi( in the Jet. Considering that q <<
Z*ZBJm, where sz ,U,Tmt~7E is the approximate J quantum number
for the rotational lines from which the maxima of P and R
branches are formed (see Chapter 3) and that B Is the interme-
diate rotational constant, we get T q2/16B, where T i
expressed in cm 1 units. The measured P,R distance of 1.2 cm—
corresponds to Tmt» 10 K and Jm* 23.

The unsaturated width of the Q branches of all the 19 bands
from 0-0 band up to 0-0+486 cm-1 band measured were determined
by the spectral bandwidth of the laser (dy=0.045 cm-1). Such a
width of the Q branch implies that the relaxation time of
vibronic levels is longer than (2acgk)_1= 0.12 ns. Indeed, time
resolved measurements (8L have shown a single exponential decay
with 1=3.8 ns after excitation into the 0-0 band. Moreover, the

16
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narrowness of the Q branch Implies that the upper and the
ground state rotational constants are the same within 0.5% and
hence the geometric configuration changes but to a little
extent on excitation. It can be shown by using the symmetric
top (where A>B=C) rotational energy formulas that the residual
width of the Q branch due to the difference of the B constants
aB is approximately [B.72 . The observed width of the Q branch
0.045 cm*“1 corresponds to 0.5% upper limit for [AB/B. The same

Figure 2.2: Rotational contour of the 0-0 band (19917 cm ) at

different excitation intensities. For each contour the attenua-

V%i/m,,;‘actor from the full intensity of the laser beam (9.1*105
cnr).
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upper limit 1is crudely valid for [JA: for larger [JA the
K-structure of the rotational spectrum should determine the
effective width of the Q branch. The Doppler broadening in a
free Jet is mainly caused by the variation of the component of
the flow velocity along the laser beam, briefly, by diverging
the flow [9]. The Doppler width was estimated to be *0.02 cm-1
by using the expression apOm>=gn/c, where u * 600 m/s is the
flow velocity of Ar jet and gu * 0.5u is its variation.

The vibrational modes of qulnlzarln are classified
according to the irreducible representations of C2v group:
there exist 25 totally symmetric at modes, 24 in-plane b2
modes, 11 out-of-plane bx modes, and 12 out-of-plane a2 modes
[7]1- The vibronic transitions to a: modes in the excitation
spectrum are allowed with the transition moment being parallel
to the long in-plane axis (dVa), because both SQ and Sx
electronic states have ax symmetry. A number of weak bands in
the excitation spectrum between 0-0 and 0-0+486 cm-1 bands
(corresponding to 117, 159, 185, 214, 251, 282, 313, 360, 395,
44, 451, 473 cm-1 modes) are assigned in Ref. [61 to forbidden
transitions (see Fig. 2.3). These weak transitions are supposed
to be Induced by Hertzberg-Teller coupling to some upper
electronic state with bx or b2 symmetry. If it is indeed so,
then these forbidden bands should have transition dipole moment
parallel to b- or c-axis (see Fig. 2.1); dub for ~ modes or
dlic for b2 modes. a2 modes are also forbidden within the
Herzberg-Teller approximation.

Since the transition dipole moment can only lie parallel
to one of the a, b or c principal axes (see Fig. 2.1) because
of symmetry restrictions, the rotational spectra of a hybrid
type are excluded for qulnlzarin. If the rotational spectrum Is
of a pure type (a-type if dila, b-type if dllb and c-type if d\c)
and the molecular configuration does not change considerably on
transition, then the knowing of only the shape of the rotatio-
nal contour is enough to distinguish b-type spectra from a- or
c-type spectra: a- or c-type rotational spectra show a strong Q
branch but b-type spectrum has a dip instead of the Q branch in
the middle of the contour [5, 101.

From the absence of b-type contours in the excitation

18
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5 500 .
T S GO, R PR L

_1_
100 200 300 5‘ 4(% 1o,cufl

Figure 2.3: A part of qulnazarin excitation spectrum. The zero
for gv corresponds to the 0-0 band. Dipole-forbidden vibronic
bands are Indicated by asterisks.

spectrum we conclude that all observed forbidden transitions
are of c-type and, consequently, induced by out-of-plane bg
vibrations. Forbidden bands have been assigned to out-of-plane
modes also in Ref. [7]. However, in Ref. [6] some of the
forbidden bands have been assigned to In-plane bx modes,
contrary to our results.

2.4 The saturation curves of the 0-0 band

The measured saturation curves (the fluorescence intensity
IT as a function of the excitation intensity I ) in case of
excitation into the P branch of the 0-0 band with an intracavl-
ty etalon and without it are presented in Fig. 2.4. Both curves
show a transition from linear dependence at a low excitation
intensity to sgare root dependence (with twice lower slope in

IS
5*
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the logarithmic scale) at high I;- The nonlinear (superlinear)
dependence at low excitation intensities, which occurs also iIn
the case of linearity check with a scattered laser light may be
caused by the inclining of the laser beam by thermal lensing
effects in the dye used for beam attenuation (see the descrip-
tion of the experiment).
The saturation curves are well described by the formula
w1/ /M +T 71T, @.D
where ISat is the saturation intensity. This formula describes
the saturation of absorption for excitation with a continuous
monochromatic light in case of an [Inhomogeneously broadened
two-level absorbing system according to the theory presented in
[11,123. In case of Jet-cooled qulnlzarln the rotational
structure (In additidn to the Doppler broadening) plays the

Figure 2.4: The saturation curves (logarithm of the fluores-
cence intensity as a function of that of the excitation
intensity) for excitation into P branch of the O0-0 band
contour: D laser with etalon (FWHM=0.045 cm ); 2) without
etalon (FWHM=0.25 cm1). The straight lines represent the
linear and sqare root dependence In the low- and high-Intensity
limit, respectively. The saturation intensities (150 W/cm and
430 W/erir) are marked by vertical lines.

20
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role of inhomogeneous broadening: different lines In the band
contour come from different rotational states. The least square
fitting of the observed saturation curves to Formula (2.1)
yields for 1 the values of 150 W/cm2 (laser with an intraca-
vity etalon) and 430 W/cm2 (without etalon).

The saturation effect in the case of a single line
(without inhomogeneous broadening) is described by

If (0 Ie/ a-= Ie/ISat ) - 2.2
According to (2.2) at high intensities, | *1 t* the fluores-
cence intensity If (which is proportional to the power absorbed
from the laser beam) approaches a constant value, but according
to (2.1), where inhomogeneous broadening is taken into account,
I continues increasing proportional to /I'\ This difference
has a simple physical explanation: an increasing number of (not
completely saturated) neighbouring Ulines are involved into
absorption at high intensities, because of the power broadening
of every homogeneous line according to
L> = &vg /1 + Iellsat7 , 2.3
where [OpO0 is the homogeneous IlInewidth, determined by the
Fourier transform of the upper state lifetime: [OMN0=(2wc.T)~1-
The S state O-level lifetime of 3.8 ns [8l corresponds to the
homogeneous width of 1.4#10~3 crrfl. The power broadening (of b
single line) can be treated as a larger saturation-induced
decrease of absorption at small detunings (laser frequency from
the absorption resonance) compared to that of large detunings
resulting in an effectively broadened absorption Ilneshape.
Although this rate equation treatment ignores coherent effects,
a more consistent theory [111 gives the same result (2.3) for
power broadening.

The power broadening appears directly in the observed 0-0
band contour as a power-dependent broadening of the G branch
(see Fig. 2.2). The distortion of the whole contour can be
modelled by convoluting the unsaturated contour shape (inhomo-
geneous distribution function) with the power-broadened
homogeneous width according to (2.7). The width of the Q branch
at 1106 W/cm2 estimated by (2.3) 1is about 0.1 cm-1. Larger
value of the observed width (0.4 eral) remains still inexpli-
cable.
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2.5 Time-dependent and laser mode-structure effects

Though the Formula (2.1) describes the observed saturation
curves well enough, the value of Isftv obtained by a direct
fitting to (2.1) depends on several experimental conditions. In
order to get purely molecular parameters (the transition moment
for the 0-0 band) it Is necessary to estimate also the Influ-
ence of the factors, which remain beyond the approximations
within which the Formula (2.1) has been deduced:

- Finite duration of the laser pulse (about 4 ns),

- population loss due to the nonradiative processes and the
fluorescence ending at the excited vibrational levels of SQ
after excitation Into the 0-0 band (“'open™ two-level system),

- nonmonochromatic excitation (laser mode structure effects)

- nonuniform Intensity distribution in the laser beam (spatial
structure of the transversal modes),

- rotational structure instead of spectrally uniformly distri-
buted lines with the same transition probability.

The influence of time-dependent effects in case of pulsed
excitation is estimated by solving the rate equations for an
open two-level system:

dp2/dt= W(Pj-Pii) - P2/*

dpx/dt= W(p2-px) + ap2 lo @5
where a is the probability for a ground-“state population after
emitting a fluorescence photon (a s t-1). Initially only the
ground state is assumed to be populated: p2(t=0) = 0 and
px(t=0) = 1 . The excitation probability W is modelled by a
rectangular pulse with the length tx in the time domain, and a
Lorenzian with FWHVM Aw = I/T in the frequency domain:

W(Ie,t,u—u,d) = Ie ® /72r ISat [|+(2t)2(W—bIO)2] - 2.5
Note that ISat is defined so that the double rate of stimulated
transitions, 20, is equal to the decay rate I/t if le=lsat and
eaV _ -

The 1irreversibly absorbed energy (the absorbed energy
without the part returned to the laser beam by stimulated
emission) and the total fluorescence yield are proportional to
the time-integrated upper state population:

F(le'w-V =1 p2(V dt * @ 6
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Saturation of the rotational contours

In principle F(le,ub>0) represents the shape of a power-
broadened homogeneous line in case of pulsed excitation. This
function calculated for Ie:103 Isatx (at higher intensities
larger deviation from stationary case Is expected) Is presented
in Fig. 2.5 for a closed (a = r_1) and a completely open (a =
0) two-level system (curves 1 and 2 respectively). The case of
an open system Is the closest to the reality (it will be shown
below that only a 0.0017 fraction of Sj O-level population
returns to the same rotational states of SO O-level by fluores-
cence) . For both cases the duration of the laser pulse tl was
taken equal to the upper state decay time t”r. The measured
values of t and T are 4 ns and 3.8 ns, respectively. Curve 3
in Fig.-2.5 corresponds to the stationary case: a closed system
under continuous excitation. In this case p'a('e’«_«’u) Is
presented instead of F(|©,U—WU). Only in the stationary case
(@ is exactly valid and the power-broadened IlIneshape remains
Lorentzian til,121. For a quantitative comparison of the pulsed

-60 40 -20 0 20 40 [p1, T" na

Figure 2.5: Calculated power-broadened homogeneous line shape
at the excitation intensity | =10JI for: D pulsed excita-
tion and closed 2-level system ft =r iftd a~\/x)\ 2) pulsed ex-
citation and open system (t =r ana a=9); 3) continuous excita-
tion and closed system (t »® and a=I/r).
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and the stationary case all three curves are normalized so that
their wings overlap, because at large detunings from resonance
(or low excitation intensities) the population changes are
always linear to 1 .

In case of Inhomogeneous broadening the fluorescence yield
(or intensity) is expressed as a convolution of F(le,u-«0) (or
pz(l©, M H) in the stationary case) with the inhomogeneous
distribution function g(wQ) :

1 a/ K <=, , du . @.7

ITf the Inhomogeneous distribution is flat enough (g(aQ) »«const),
then the fluorescence Intensity is simply proportional to the
area below the F(Ie,u—uol curve. The rotational contour near
the maximum of P branch is sufficiently flat to justify this
assumption (the saturation curves were recorded under excita-
tion into the P branch). The fact that the difference of the
areas below curves 2 and 3 in Fig.- 2.5 being about 1.3, shows
that the stationary approximation is valid within 30%. However,
it should be noted that for a more correct treatment coherent
effects should be taken Into account: Bloch equations should be
solved.

The pulsed dye laser has generally a multi-mode radiation.
Experiments [131, performed on VL-18 laser have shown that
within the bandwidth of the laser radiation determined by
spectrally selective elements (grating and etalon) several
modes occur, whose Intensity and spectral position vary
occasionally from pulse to pulse. However, the frequency
interval between the neighbouring longitudinal modes nmmm=1/21,
which 1is determined by the effective resonator length 1,
remains fixed. For a VL-18 laser 1= 26 cm and mm =0.02 era"l.
Each mode 1is supposed to have a Fourier-limited width
nmm=21n2/nctl=0.0037 enfl for a Gaussian-shaped 4 ns laser
pulse. Inside the measured bandwidth of the laser radiation J/iu"
(the average envelope of the modes) there exist about
m:Ai>1/an modes: 1i.e. 13 modes without etalon or 2-3 modes
with etalon.

At low excitation Intensities le- where the interval
between modes exceeds the power-broadened homogeneous width au,
the saturation appears at m (the number of modes) times larger
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Intensities because all the modes act independently, while each
mode shares on the average 1/m part of the measured I© . Hence
also the apparent saturation intensity | t© measured by
fitting the saturation curves to (2.1), should be larger than
the real one designated below by I‘sax . Indeed, excitation with
a larger number of modes (without etalon) results In higher
Isatx (see Fig- 2.4). In the high Ie limit, where the power-
broadened homogeneous line covers the whole laser bandwidth,
the excitation can be regarded as monochromatic and (2.1) is
again valid. These considerations lead to the Tfollowing
corrected formula for the saturation curve:

I,|E (0o Ie/ /1 + Te70rsat7 . 2.8
where a=l if Ay>|7|y,1, a=np /Lv if ,Clpmm<,u,y<,qml, and «=m if
,ﬂpC,D,pram;T:,ﬂ,Pl/,ﬂpmm, om is expressed by (2.3) and FsatA Is the
saturation intensity in case of single-mode excitation. The
nonmonochromaticity of each mode can be taken into account by
introducing an additional parameter £, depending on the ratio
of a single mode and power-broadened homogeneous widths.
However, estimations showed that the influence of R Is neglib-
le.

The Tfitting of the saturation curves to the corrected
Formula (2.8) yields for I' the values 75 W/cm2 (laser with
etalon) and Fsat’\—140 W/cm2 (without etalon). These Fsat values
are accurate within a factor of two, which is determined mostly
by the calibration error of che 1 scale of the saturation
curves.

The pattern burnt on a photoplate held cross to the laser
beam near the jet showed a nonelementary distribution of the
incident light due to transversal modes (an unfocussed beam was
used in all experiments). In the following we examine with a
simple model the possible influence of a nonuniform spatial
excitation intensity distribution on saturation curves. Let
there be two regions in the cross-section of the laser beam
with the areas S1 and S'c? (Si/S£= a and the intensities Iel and
Ie*_ (Iel./le2= b), respectively. Let the total area S — Sl+28,,
and the total power IeS - IeI,Sl IeZOS,Z be fixed. The total
fluorescence Intensity is proportional to (slifl+s21f2>/S"
where the fluorescence intensities are expressed according to
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<2-1)- In* and rf2 /rsat e2" it Iel"lez»lsa: is
valid. In the linear region (at low le> If and | are always
proportional Independent of the spatial intensity distribution,
therefore only the complete saturation (Iel"l«z’»lsat) is the
case of interest. After some substitutions we obtain:
.« (a/0+1) /'I;;ZE I 1(agl)(abHV =x /1 T1,  (2.9)
where the factor x = (a/B+l) //(a+l) (ab¥D)™ shows how much the
fluorescence intensity differs conpared to the case of spatial-
ly uniform excitation, where b=l and, consequently, x=1 .
Calculations for estimated parameters a=0.25 and b=10 give
x=0. 8, hence the effect of transversal modes can be ignored.
Although different rotational lines have different transi-
tion strengths according to the rotational selection rules, it
can be shown (see the explanation in Chapter 3, part 3.4), that
within certain approximations (symmetric top, J*I, uniform
distribution of K and M states) the ensemble-averaged (over all
K and M rotational states at fixed J ) transition strength is
the same for every P, Q, and R branch and for every J states
(see Fig. 2.6). Consequently, the shape of the P, 0, and R
branches is determined by the density of the rotational lines

-J+1
-J
-H
—J2
-J3

;RJQ

-
)

Figure 2.6: Electronic-rotational transitions in case of a
synraetrical top molecule. The lines of a particular branch @,
Q, or R) starting from the same J state but different K and M
states, coincide because of IM=0 and [K=0 selection rules. The
mean transition strength of these overlapped lines is indepen-
dent of A3 (it is the same for all three branches). Solid
arrows represent excitation into the P branch and the subsequ-
ent fluorescence.
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Saturation of the rotational contours

in the spectrum and the rotational population prior to excita-
tion rather than by differences in the strength of the rotatio-
nal lines. Therefore, the apparent saturation intensity, being
related to the average strength of a number of transitions,
does not depend essentially on the spectral position inside the
contour. Near the maxima of P and R branches the shape of the
contour Is also flat enough to be treated as a uniform inhoroo-
geneous distribution.

2.6 Transition strength of the 0-0 band

Now we can use the formula derived for a closed two-level
system (with single homogeneous absorption line) to caclulate
the transition dipole moment of the 0-0 band:

d0= [~9T2c"“7 5" N SFatTllg , (2.10)
The energy and phase relaxation times, Tr and T2, and the Sj
lifetime T are assumed to be related to each other by T1=T2/2=r
[14], because no collisions occur during t (7=3.8 ns). However,
In (2.10) a factor 9 considering the rotational effects is
added to the original formula taken from till; this factor
takes Into account the random (Isotropic) orientation of the
transition dipoles (factor 3) and the distribution of the
transition strength to P, Q and R branches (another factor 3).
The latter is based on the fact that each rotational state of
S Is a common starting state for three lines, one line per
each P, G, and R branch If parallel transition (dlla) for
symmetric top is assumed (see Fig. 2.6). Thus the effective
saturation intensity for a conceivable ensemble of space-fixed
transition dipoles oriented parallel to the electric field
vector of the incident laser beam Is 9 times less than the
17 = 75 W/cm-1 for the ensemble of freely rotating molecules.
The transition dipole moment dQ of the 0-0 band is calculated
to be of 0.74 D. The uncertainty interval is determined by a
factor of 15: 0.5 D<d < 1.1 D.

The transition moment dQ can be related to the effective
radiative lifetime for fluorescence back to the zero level of
SQ (the sum fluorescence of the P, O, and R branches) by the
well-known formula for the Einstein A coefficient (A«l/T ):
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t'r6= 64 *4w5*g? / 3 hc3, (2.11)
where i is the 0-0 band frequency (in Hz). It turns out that
rgo = 740 ns. The ratio of the lifetimes, T/Tro = 0.005,

represents a part of the population excited to O-level of
which returns to O-level of SO by fluorescence. It should be
noted that to the same rotational levels of SQ depopulated by
the excitation returnes a three times less part (0.0017) of the
excited population through one of the three branches of the
rotational spectrum. The remainder population loss of S1
O-level is a result of radiative (fluorescence to vibrationally
excited levels of S0) as well as nonradiatlve (intersystem
crossing to triplet Tx or Internal conversion into SQ vibronic
levels) decay mechanisms. In the dispersed Tfluorescence
spectrum, following excitation Into the origin band of quiniza-
rin [6], the fluorescence intensity of the origin band makes
about 1/5 of the total fluorescence intensity. Hence the
Fluorescence quantum yield (the share of radiative processes in
the total decay rate) of a free qulnizarin molecule Is about
0.005*5 = 2._5k.
The strength of the 0-0 band can be characterized besides
the transition moment by the oscillator strength
f0 =8n2 mex?)dg / 3he2, .12)
where e and m_ are the electron mass and the charge, respec-
tlvely, or by the integral cross-section
°0 =8*4do73hc - (2.13)
The calulated values are ¥ = 0.005 and a* =1.4*10-4 cm2/s.
Both quantities have the error intervals from half up to twice
of their values.

In case of a homogeneously-broadened Lorenzlan-shaped
absorption line with the width [y the integral cross-section al
and the peak cross-section are related to each other by

o*=nfpac/2. .19
The peak cross-section characterizes the attenuation of the
probe beam tuned into the peak of the absorption line, provided
the spectral width of the probe beam is much less than that of
the absorption line. The O0-0 absorption band of qulnizarin
dissolved in hexane has about 400 cm-1 width and 3*10-17 cm2
(peak) cross-section [41, which correspond to the integral
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cross-section of 6*10-4 cm2/s being close to our value. For the
0-0 band of a free qulnlzarln molecule the homogeneous Ilne-
wldth (the width of single electronic-rotational lines) was
determined by the lifetime broadening APO=(2xcr) _i=l.4*10~-3
cm“l and the characteristic peak cross-section for these lines
expressed by <0=20*/3ncAt"0 was estimated to be of 7*10-13 cm2.
This value can be experimentally checked by the use of a
continuous-wave dye laser tuned Into selected rotational lines.
It is well known that saturation leads to a relative
enhancement of the weak bands in the excitation spectrum. If
all the vibronic bands are saturated (Ie»lSati where Isaé. is
the saturation intensity for the band, marked by 1) then the
Intensities of different bands in the excitation spectrum are
proportional to their transition moments (Instead of being
proportional to squared transition moments of the bands),
because of the rotational contour effects discussed above. This
proportionality (Ifia d.) at a fixed excitation intensity
Ie»lsati obviously follows from (2.1), provided that Isatia
I/d12 (see (2.10)) and Iﬁ« d12 in the linear limit (Ie«lsat.i.).
For this reason the saturation effects should be carefully
checked to avoid a wrong interpretation of the excitation
spectra if molecules with a large oscillator strength are
excited with a pulsed (especially focussed) dye laser beam.
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Saturation of the fluorescence anisotropy

Chapter 3
SATURATION OF THE FLUORESCENCE ANISOTROPY OF THE QUINIZARIN 3BT
0.1 Introduction

A polarization-sensitive detection of gas-phase molecular
absorption and fluorescence under linearly or circularly
polarized excitation is a powerful method for the investigation
of the effects of free rotation, collisions and external
electric or magnetic fields [1-41 Various parameters descri-
bing partial orientation and alignment of the ensemble of
molecules can be extracted from these measurements [5L In the
majority of polarization-based measurements diatomic molecules
have been studied, because they possess the simpliest possibi-
lity lor the investigation of the effects influencing on the
orientational characteristics of a molecular ensemble [2-4]. In
case of large organic molecules showing inhomogeneous spectral
congestion in vapour phase it 1is essential to apply the
jet-cooling technique [61 to carry out the polarization
measurements in collision-free environment by using the laser
excitation into a selected single vilbronlc band.

Tne existence of the nonzero stationary TfTluorescence
anisotropy for freely rotating large molecules was theoretical-
ly predicted for the first time in Ref. C7J for an ensemble of
symmetric tops in the classical limit case. In the same work
the theoretical results were compared with the experiment on
the vapour of TOPOT (1,4-bis(5-p-tolyloxazol-2-yl)benzene)
scintillator. Later the quasiclassical theory was generalized
to describe also asymmetric tops 18], In Ref. [9], both quantum
and classical treatment were used to investigate the influence
of the intramolecular vibrational-rotational energy transfer on
the anisotropy of the noncolliding ensemble of symmetric tops.
In a complementary experimental work C103 jet-cooled pyrimidine
molecules were used to elucidate the vibrational and rotational
effects from fluorescence polarization measurements, while the
laser frequency was tuned within the rotational contours of
selected vibroriic bands.
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The decrease of laser-induced fluorescence anisotropy
(optical alignment) along with the Increase of the excitation
intensity for Na9 vapour was observed and explained in Ref.
[11l1 by a balance between anisotropic optical excitation and
collislonal relaxation, which tends to restore the equilibrium
population in SQ with |Isotropic distribution of angular
momentum projections. At high excitation Intensities the
resultant nonequilibrium population of SQ rotational states
compensates partly the optically induced anisotropy resulting
In a decreased degree of fluorescence polarization.

The present work, being complementary to the one presented
in Chapter 2, alms at investigating the dependence of fluores-
cence anisotropy on the excitation Intensity for jet-cooled
qulnizarin in case of selective excitation into the P, 0, and R
branches of the 0-0 band rotational contour of S1*~S) transi-
tion.

3.2 Experimental

A detailed description of the setup has already been
presented in Chapter 2, therefore, only the modifications
needed for polarization measurements are described here. In all
measurements a VL-18 pulsed dye laser (repetition rate was 5
Hz) with an Intracavity etalon (laser line FWHV was <«*0.045
cm-1) at a fixed wavelength, tuned into the 0-0 band rotational
contour of qulnizarin (x=502.02 nm), was used.

The geometrical arrangement used Is depicted in Fig. 3.1.
Vertical polarization (along the symmetry axis of the Jet,
marked by z) of the laser beam was ensured by a Gian prism. The
time-integrated undispersed fluorescence was collected along
x-direction, perpendicular to the jet axis and the laser beanm.
A polaroid in front of the photomultiplier was used to select
z-polarized (vertically) or y-polarlzed (horizontally) fluores-
cence. The anisotropy of fluorescence Is expressed, as usual,
by the polarization degree

p = (Ifz—l;fy)/(l_fzﬂtfy) . G.D)
A single measured value of the polarization degree was an
average of about 2500 single pulse measurements of the z- and
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y-polarized fluorescence Intensities, Ifz and 1 , respective-
ly. The fluorescence signal was recorded on the Y-axls of the
X, Y-recorder, while X was the time axis. I’;Z and fy were
recorded one after another by rotating the polarizer 90 after
every 500 laser pulses to avoid a systematic error due to the
signal drift. To calculate the polarization degree p the values
of If.r and 1 were measured afterwards by a ruler from the
obtained plot as the corresponding distances from the O-slgnal
line. The attenuation of the laser beam was accomplished by
using calibrated neutral filters.

z

Figure 3.1: Geometrical arrangement of the Tfluorescence
polarization measurements: y- or z-polarized fluorescence
following z-polarized excitation along y direction is collected
along x direction into the photodetector.

3.3 The observed effects

The experimental values of the polarization degree p are
presented in Fig, 3.2 by closed symbols as a function of the
logarithm of the relative excitation intensity log( Iellsat) in
case of excitation into the P, Q, and R branches of the 0-0
band rotational contour (see Fig. 2.1). Three observations were
brought out from these measurements:

- excitation into the Q branch (particularly at low Ie values)
results in a larger anisotropy compared to the excitation Into
the P or R branches,

- the anisotropy of the fluorescence decreases If the excita-
tion intensity Is raised,
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- at high excitation Intensities the degree of polarization is
a nonzero constant, being the same for each of P, Q and R
branches.

Figure 3.2: Fluorescence polarization degree p as a function of
the excitation intensity for excitation into P, O, and
branches of the 0-0 band rotational contour. |1 =150 W/cnr is
assumed. Relative error of experimentalsapoints alon
Io(1 71 ) scale is 0.1 and along p scale, 0.2 i
Ig(le/lsat)*-1 and 0.1 for all the other points. Theoretical
resu?tssHfe presented by dashed curves.

3.4 Model calculations

In order to explain these phenomena, model calculations
aimed at simulating the dependence of the polarization degree
on the excitation intensity, were performed. The real jet
containing quinizarin molecules we describe for simplicity by
an ensemble of symmetric tops with rotational constants
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satisfying A/2=B=C and being the same for SO and Sx electronic
states. The estimated rotational constants are A=0.024 ea-1,
B=0.013 cm-1, and C=0.0085 enfl (see Chapter 2). The rotation
is then characterized by wave functions WJ,K,M>, where the
rotational quantum numbers J, K, and M characterize the total
angular momentum and 1its projections to molecular a-axis and
laboratory z-axis, respectively; -JsK,MsJ. For qulnizarin the
transition dipole moment is parallel to a-axis (dHa); see
Chapter 2. As the a-axis is assumed to be the top symmetry
axis, the selection rules are [K=0 and pgvw=0 for linearly
polarized excitation. The selection rules for the J quantum
number, giving rise to P, 0, and R branches, are pl=-1, 0, and
1, respectively.

Next we take Into consideration that the estimated mean
rotation period t=2n/1/kT=70 ps is much less than the Sx
lifetime t=3.8 ns. Here 1=h/8n2cB Is the inertial momentum
corresponding to the rotational constant B=0.013 cm-1 and T=10
K is the rotational temperature. The duration of a single turn
t is roughly the stabilization time of the fluorescence
polarization anisotropy to a stationary value. As t«wr, the
transient effects can be excluded and we can confine oneself
taking into account only the stationary rotational 1J,K, W
states, which allows us to use the well-known (quantum-
averaged) rotational transition probabilities (Hanle-London
factors) for the symmetric top.

The Intensity of i-polarized fluorescence (i = z, Vy) is
expressed, as in £9], by

T = £ W _@,0LKM LK Y W@, LKW, G2

fl J.KM 62 Adr-1 1l
where is the effective (considering the saturation)
absorption (or excitation) probability for z-polarized light; n
is the initial thermal population of Sb, rotational levels; WH'
is the probability of fluorescence with z- or y-polarization.
The sum over O/1 (over P, Q, and R branches) takes into account
that total undispersed fluorescence is detected. The sum over
J, K, and M represent averaging over an ensemble of different
rotational states of SQ.

The rotational transition probabilities W.(AJ, J,K,M) for
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absorption and fluorescence from 13, K, M> state Is determined by
the sum of squared nonzero matrix elements of the scalar
product of the transition dipole moment and the field strength
d*E=cos-£( d, E)=cosz(a, 2) In the I3fK,M> basis [121. The probabi-
lities VM AJ, J,K,M) for X-, y- and z-polarizatlon are presented
in Table 3.1, based on the matrix elements taken from [12]. The
sum over J in Formula (3.2) includes only the J states which
take part in absorption.

Table 3.1: Rotational transition probabilities for the parallel
transition (JK=0) of the symmetric top

Branch, Polari- w(Aad, J, K, M (¢ RATAY)
Aj zation, it I»l;
pitl u-M/J, v»K/J
a © z, 0O M2K2 L?V*Z
J2@3+1)2
p, -1 s 0 (32-M2) (J2-K2)
J2(432-1) H 1-u2)( 1-v2)/4
R, 1 z o [@+D) 2-MAH( I+ 2-K2J J
' ’ 232(3+1)2
o o xory # DPODA]K2 (1-u2) 272
232@3+D) 2
o, -1 X ory, # B(I-1)+M2(I2-K2)
2J2(432-1) K 1+12) (1-v2)/8

[3@+3)+M2+2][(3+1)2-K2] .

R, 1 X ory, #1
2(HD (2I+D)(2I+3)

The Initial equilibrium population of the rotational states
is determined by the Bolzmann distribution:

n(J, K @ (23+1) *exp( -E/KT), @G-3)
where 2J3+1 -fold M-degeneracy is taken into account and E =
BI(J+1)+(A-B)K2 Is the rotational energy of a symmetric top.
Distribution (3.3) plotted as a function of the J quantum
number determines also the shape of the P and R branches. As
regards the shape of rotational branches, one can ignore the
(A-B)K2 term and sum the n(J, K) expression over the K states,
because the rotational lines starting from different K states
are approximately overlapped due to the pgk=0 selection rule
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(see also Fig. 2.6) [13]. This procedure results In a merely
J-dependent function with an additional 2J3+1 factor: n(@d) «
(23+1)2*exp[-BI( J+1)/KT], whose maximum corresponds to J=/ET7B
if <bl is assumed. Hence the maxima of P and R branches come
from the rotational states with J quantum numbers close to
J =/KT/S. An estimation for B=0.013 cm-1 and T=10 K yields
JLU:ZS, thus the high-J-approximation (3»1) is justified. This
approximation enables one to simplify the expressions of
transition probabilities (see Table 3.1). Furthermore, the sums
over M and K in (3.2) can be replaced by integrals over
continuous variables defined by u:coseM=M/J and v=coseK:K/J ,
where -lIsu, vsl.

Concerning the fluorescence ansotropy the K dependence of
the initial rotational population cannot be ignored yet.
Considering that J»1 and presuming that the rotational cons-
tants satisfy A/2=B=C, we obtain from @G.3): nQ@,v) *
exp[--BJI2(1+v2)/KTI. This expession shows that the population of
K states at thermal equilibrium Is nonuniform (depends on
v*K/J) or, in other words, the angular distribution by ©K is
anisotropic. In this case of prolate top the states with O0K-w/2
or with v-l0 are more populated, hence the total angular
momentum J is preferentially perpendicular to a-axis (*Ua). The
population of degenerate M states is assumed to be uniform;
this means an isotropic orientation of /1 vectors with respect
to the laboratory z-axis. For the /1 states in the vicinity of
the maxi of the rotational branch excited into ( m) the
factor BJ /KT Is close to unity This enables a further
simplification of the population term: n(V) < exp(-v"). As not
a single term after the sum sign in (3.2) depend any longer
directly on J, the sum over J is omitted in the following
calculations.

The effective excitation probability Wrsfl which takes
into account the saturation in case of inhomogeneous broade-
ning, 1Is expressed by

Wei,‘,UJ, uVv) = WZ // m . V\IZ~TTsat'i , [€X))
where WZ is the excitation probability from Table 3.1 and th_
iS the saturation intensity of a nonrotating molecule in case
the transition moment is parallel to the electric vector of the
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exciting field: d»E. T is related to the measured saturation
intensity by lgat=Isat/9» as discussed in Chapter 2. Indeed, It
can be shown that the transition probability averaged over
(uniformly distributed) K and M states Wav,f:jf WI(u,v) du dv /
SJ du dv , where both u and v run from -1 to 1, is always equal
to /9 for every of i= X, y, or z polarization and for every of
P-, Q-, or R-type transition.

The above-mentioned approximations lead eventually to the
following expressions of Ifz and 1 for calculating the
polarlz”~ion degree:

1 =// c [(1-u2)(1-v2)/2 + u2v2] exp(-v2) dudv ,

VANN | G.5)

If =// ¢ [(1+u2)(i-v2)/4 + (i-u2)v2/21 exp(-v2) dudv ,,
wherey 00

—(uv2) /7 /1 + a uv2
In case of excitation into the Q branch and

c=(1-u2)(1-v2) /7 4 /1 + a (L-u2)(1-v2T
in case of excitation Into P or R branches; a=9 Iellsat..

The Integrals (3.5) were calculated by using a BASIC-
language computer program based on Simpson method. The theore-
tical curves of the fluorescence polarization degree p (in per
cents) as a function of the excitation intensity are plotted
with the dotted lines In Fig 3.2. Ihe saturation intensity Isax
was taken to be equal to 150 W/cm in the calculations of p ;
the laser mode effects, the account of which yields a smaller
value of Isat, were ignored for simplicity (see Chapter 2). The
asymptotic values of the polarization degree in the t
limit are calculated to be of 16.6% for the Q branch and of
7.6% for the P or R branches. In the opposite limit 1 *1 at
respective calculated values are 4.7% and 3.9%. Ignoring the
initial K-anisotropy (the factor exp(-v2)) gives larger
anisotropy for the Q branch but smaller for the P or R branch-
es: 22.2% and 5.9% in case of Ie«lSat and 9.1% and 2.4% In
case of 1> respectively.

3.5 Interpretation of the results

Larger anisotropy resulting from excitation into the Q
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branch compared to that from P- or R-excitatlon have a clear
explanation. According to the selection rules shown In Table
3.1 the rotational states with [IMIIKI-*J or OM.OK* are
preferentially selected by Q excitation but the states with
IMi, IKi-0 or 9M eK-*/2 by P or R excitation with z-polarlzed
light. In the case of free rotation of the symmetric top
molecule the symmetry axis a (and the transition moment dla)
precesses around the total angular momentim vector J as
depicted In Fig. 3.3. 3 vector Itself remains space-fixed
because of the angular momentum conservation law. It Is obvious
from Fig. 3.3 a that If eM»eK#0» the molecule rotates so that
the total angular momentum vector J and the transition moment
remains nearly parallel to z-axls resulting In a larger
anisotropy of fluorescence. On the contrary, for the rotational
states with OM»eK-w"2 the transition moment deviates largely
from z-axls during the rotation (see Fig 3.3 b).

Figure 3.3: Graphic representation of the free rotation of the
symmetric top molecule. The angular momentum vector /1 forms an
angle e with the vertical laboratory frame axis z and an angle
0 with the symmetry axis of the molecule (@-axis). In the
rotational states characterized by the small angles e and e
the precession of a-axis around the /1 vector changes the di-
rection of the transition moment (dda) to a little extent (a),
contrary to the case of nearly right angles B and e (b).

The saturation of the fluorescence anisotropy can easily be
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explained by an ensemble of space-fixed isotropically distribu-
ted transition dipoles as an example. In the unsaturated limit
1 «l the absorption probability is always <xcos2e (see Fig.
3.4 a); the angle 0 is defined by 0="(d, B) a, 2). The corres-
ponding fluorescence polarization degree p amounts to 50%. In
case of homogeneous broadening (single line) the effective
absorption probability Wct_tZCOSZO/( 1+1&00320/I5at) approaches a
constant value and, hence, the optical induced anisotropy
vanishes to zero in the limit 1 »1 t- Physically this means
that all the dipoles, except only those lying exactly parallel
to the horizontal plane, are excited (see Fig. 3.4 b). In case
of inhomogeneous broadening Weff=cos20//i+lecos20/Tgat" , which
gives V\Ieff«cos© In the Ie)éla t’\ limit (see Fig. 3.4 c). The
remaining angular dependence (p=1/3 In this case) is a result
of the involvement of incompletely saturated neigbouring lines
into the absorption by the power-broadening effect.

Figure 3.4: Polar diagrams representing the absorption probabi-
lity for an ensemble of randomly oriented space-fixed dipoles:
& In the unsaturated_limit; b) for a single homogeneous line,
I 71 =10 , © for inhomogeneous broadening, 1 /1 =10 . The
efciSfftg light beam is assumed to be polarizedsaalong the
vertical axis.

The same experimental value of the polarization degree for
all the P, 0, and R branches at high excitation intensities is
explicable by the contribution of the neighbouring P and R
lines Involved into absorption in case of Q excitation.
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The initial distribution of M states, which characterizes
anisotropy with respect to the laboratory frame, was assumed to
be uniform. However, the alignment of the ensemble along the
jet axis has experimentally been observed for some diatomic
molecules (12, Na2> [141. In principle, the resultant initial
anisotropy (the M-anisotropy Induced by collisions in the
beginning of jet expansion together with the K-anisotropy of
the thermal population) can be determined by measuring the
polarization degree of fluorescence (3.1) in case of excitation
with x-polarized light. The optically induced part of the
measured anisotropy is then zero because of x-symmetry of the
optically excited molecular ensemble. It should be noted that,
according to the theory, the alignment of both M and K states
is nessecary to get a nonvanishing degree of polarization;
isotropy of one of the M or K manifold gives unpolarlzed
Fluorescence.

It should also be noted that all the above discussion is
about an ensemble of freely rotating molecules. The fluores-
cence anisotropy would be suppressed to zero if the collision
frequency would be much larger than the inverse excited state
lifetime of molecuille being probed.
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Spectra of benzotrlazole and benzimidazole

Chapter 4
S «-« SPECTRA OF JET-COOLED BENZIMIDAZOLE AND BENZOTRIAZOLE
4.1 Introduction

The near-UV slinglet-singlet absorption transitions of
benzo-derivatives of flve-membered heterocycles, including
indole, benzimidazole and benzotrlazole, are %A type
transitions to two excited electronic states, Sj and S2,
labelled by XL& and *Lll), according to the suggestion of Platt
til. Such a labelling permits the distinguishing of these two
states. According to the usual group-theoretical labelling both
states are totally symmetric and therefore indistinguishable,
because the only symmetry element for these molecules is the
plain where the atoms lie. Both transitions are dipole allov;ed
because of their in-plane transition dipole moments [21.

Among these molecules the most thoroughly studied one Is
indole. Its weaker XL’B transition with the oscillator strength
=0.01 has a dominant 0-0 band (origin) and short Franck-Condon
orogressions of a few modes, but the *L (f=0.07) transition
forms a broad band with a hardly noticable vibrational struc-
ture In the absorption spectrum. The origins of ><|_a and H,,b
states may lie close in energy, although the absorption maximum
of 4.a state lies 3000 cm”} above the ‘]Lb origin [2—41_1 The ILb
origin of gas-phase indole is located at 35233 cm 53 A
large amount of recent experimental work has been devoted to
finding out spectral and temporal manifestations of the
near-lying 1 state for jet-cooled Indole, substituted indoles
and their complexes with various solvents (see Refs.[6-91 and
references therein!. On the grounds of experiments and quantum
chemical calculations W01 it can be concluded that 1L1 state
exhibits a locally excited character but La state, a charge
transfer character.

The room-temperature UV absorption, fluorescence, phospho-
rescence spectra and respective polarization spectra of
benzimidazole and benzotrlazole solutions with various solvents
have been measured and analyzed in Ref. [23. Benzimidazole
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shows a structured Lb band and a broad L band whose origin
lies about 40C0 cm*“ higher than origin. For benzotrlazole
the opposite ordenlng of 'L and L. states has been found: 1
origin lies about 4000 cm®"1 lower than that of *L state. Both
absorption bands are broad and smooth; however, the fluores-
cence coming from A, state exhibits a clearly-visible vlbra-
tlonal structure 123, Vibrational structure of the vapour-
phase S «3 absorption spectrum of benzimidazole has Deen
Investigated In Ref. [111. Rotational constants of benzimid-
azole and benzotrlazole have been determined by a 0-0 band
contour analysis of the vapour absorption spectra in Refs. 21
and [13], respectively. The data concerning the ground-state
vibrations derived from Raman and IR spectra have been summa-
rized In Ref. [143 for benzimidazole and in Ref. [15] for
benzotrlazole.

BENZIMIDAZOLE

b~

EH

BENZOTRIAZOLE, BENZOTRIAZOLE,
1H-TAUTOMER 2H-TAUTOMER

Figure 4.1: The structural formulae of indole, benzimidazole,
and two tautomers of benzotrlazole: IH-tautomer  with
CS -symmetry and 2h-tautomer with Ccv—symmetry.

An Important peculiarity of benzimidazole and benzotri-

M
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azole 1is proton tautomerism [16]. Both molecules have two
Identical tautomers (1H and 3H); benzotrlazole can form. In
principle, also a 2H-tautomer (Fig.- 4.1). However, experimen-
tally only the IH-tautomer of benzotrlazole has been observed
in the crystalline phase "[17]. In solution the equilibrium
mixture of both tautomers may exist [16]. The problem is
analogous in the case of 1,2,3-triazole molecule, where only
2H-t,automers are observable in the gas phase, while in solution
both tautomers have been found [18].-

The present work 1is aimed at obtaining spectroscopic
information about isolated benzimidazoie and benzotrlazole
molecules, especially about the proton tunnelling or transfer
effects in excited states. This paper includes also the results
of our previous work about benzotrlazole [19], the spectra
being recorded once more with a better resolution. The influ-
ence of mode-mixing effects and the nature of the first excited
state (1I.a versus th!) on the observed excitation and single-
vibronlc-level dispersed fluorescence spectra will be dis-
cussed.

4.2 Experimental

Although the melting point of benzotrlazole (98°C) is much
lower than that of benzimidazoie (172°C), the oven temperature
for benzotrlazole was kept at a higher value (160°C) than for
benzimidazoie (140°C) in order to increase its weaker Tfluores-
cence signal. The mixture of the sample vapour with the Ar
carrier gas (typical pressure 20 kPa) was continuously expanded
into vacuum through a 0.2 mm orifice. The vacuum of 0.2 Pa was
maintained with a 700 1/s Booster pump NVBM-0.5 backed by a 5
1/s rotary pump 2NVR-5D. No differences were found in the
excitation spectra after twofold recrystallization of the
samples from ethanol, therefore commercially available chemi-
cals without any additional purification were used afterwards.

Fluorescence was excited with a frequency-doubled dye laser
VL-22, pumped by an ELI-73 excliner laser at a repetition rate
of 5 Hz. A frequency-doubled unfocussed dye laser beam (diame-
ter 1 mm, FWHM 0.4 cm*“1l, pulse energy 40 uJ) crossed the jet 5

45



Chapter 4

m downstream the nozzle. The excitation spectra were obtained
by measuring the total undispersed emission. The dispersed
fluorescence spectra were measured by one half of a DFS-24 0.82
m double monocromator in the second order of the 1200 groo-
ves/mm grating The aperture angle of the collecting optics
(the ratio of the lens diameter to its distance from the jet)
was 3/3.5 for the undispersed emission and 5/18 for the
dispersed emission. In both cases the signal was detected by a
W photomultiplier FEU-106, processed by a boxcar-integrator
BCI-280 and recorded with a chart-recorder.

Dye laser wavelength counter was calibrated by using a
Fe/Ne hollow cathode Hlamp and an auxiliary monochromator
(MDR-23). The calibration procedure was as follows: at first
the monocromator was tuned to a selected Ne emission line, then
the scattered laser radiation was directed into the monocroma-
tor and the dye laser wavelength was ajusted to the maximum
transmission of the monocromator; after that the difference of
Ne line wavelength and the reading of the dye laser wavelength
counter were written dow. This procedure was repeated with
every next Ne reference line until all the wavelength region of
interest was covered. During the measurements the wavelength
marks generated by the dye laser controller or by the disper-
sing monocromator circuitry were recorded on a paper sheet
together with the spectrum. Such a calibration technique
guaranteed a *2 cm“l uncertainty of band wavenumbers (in W) in
the excitation spectra. For the fluorescence spectra the
precision of band wavenumbers was determined mostly by the
width of the slits (the resolution) of the dispersing monochro-
mator .

The excitation spectra were not normalized to laser
intensity. In these spectra strong bands may have partly been
affected by saturation effects. The dispersed Tfluorescence
spectra- were normalized to the total fluorescence signal. Some
of the fluorescence spectra are quite noisy due to photon
statistics of a weak signal. No cut-off Tfilters were used to
discriminate against the scattered laser radiation. For the
resonance fluorescence signal the amount of scattering was
found to be neglible for the 0-O band of benzimidazole and
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about 20% for the 0-0 band of benzotrlazole, In case the laser
beam was accurately aligned. However, for weaker bands the
contribution from scattering could be considerably larger.

4.3 Benzimidazole

4.3.1 Excitation and 0-0 band fluorescence spectra

Figure 4.2 shows the S1<8) fluorescence excitation spectrum
of benzimidazole. The data obtained from this spectrum are
presented In Table 4.1. Some hot sequence bands (with Intervals
11, 52, 63 and 138 cm-1) appeared torwards the red of a very
strong 0-0 band at 36032 cm-1, because of Insufficient cooling
In our continuous Ar jet. In the absorption spectrum of
benzimidazole vapour till strong sequences emerge from these
bands. The hot bands are assigned to the 1«1 vibronic transi-
tions of low-frequency out-of-plane modes. In the far infrared
spectrum of indole [201 three such vibrations were observed:
out-of-plane deformation of the five-membered ring (189 cm-1),
butterfly mode (206 cm-1), and out-of-plane deformation of the
benzene ring (415 cm-1). The pattern of hot bands Is well
repeated for the fundamentals up to 729 cm-1. For hot bands
associated with higher-frequency fundamentals the intervals
(particularly the 11 cm-1 one) are perturbed by mode-mixing
effects.

Figure 4.3 shows a dispersed TfTluorescence spectrum
following the excitation Into the 0-0 band. The ground-state
vibrational frequencies up to 1700 cm-1 determined from this
spectrum and correlated with the ones from infrared, Raman and
solid state fluorescence data from [141 are summarized in Table
4.2. The similarity of band intensities in our 0-0 band
fluorescence spectrum and in that of solid benzimidazole from
[241 helped us greatly to correlate the bands; however, some
uncertainties remain. The 1079 cm-1 band is tentatively
correlated with the 1138 cm-1 NH In-plane bending mode observed
in crystalline benzimidazole. A large frequency shift can be
explained by hydrogen bonding in the solid phase. The band at
1395 cm"™1 Is too strong to be attributed to the 776+620 cm-1
combination band only; therefore, this band may correspond to
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the 1412 cm-1 fundamental in the fluorescence spectrum of the
solid. Some weak bands at 433, 852 and 1424 cm-1 are correlated
to IR and Raman bands for which out-of-plane symmetry was
established. Their existence can be explained in terms of the
Hertzberg-Teller coupling. The out--of-plane symmetry of the
strong 1360 cm-1 band is still doubtful. For shortness only the
assignments of a few stronger combination bands are included

637+096

Figure 4.2: F]uno=-envonce excitation spectrum of benzimidazoie.
The zero for m< corresponds to the 0-0 band.
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Table 4.1: Assignments of the excitation spectrum of benzimid-
azole. Accuracy is #2 cm . Hot bands are marked by h, funda-
mentals by f and uncertain assignments by ?.

At-(cm 1 assignment fnem 1) 1 assignment
-138 m h 1032 w (729+303) ?
-76 w h,-63-11 1041 w
-63 m h 1092 m
-52 w h 1123 m (729+396) 7
-23 w h, -2*11 1133 W
-11 s h 1173 W
0 Vs origin 1190 m
158 0 Tt 1193 m
188 W f 1216 m
237 ww 1221 m
303 w T 1257 s
369 w f 1262 s f
384 vw h,396-11 1276 vw
396 w f 1291 w (729+566)
414 ww h,477-63 1310 ww
462 ww h,477-11 1321 m f
477 w f 1339 w
501 vw h,566-63 1343 w
514 ww h,566-52 1361 ww (960+396) ?
538 W 1381 ww
555 w h,566-11 1395 w
566 s f 1420 vw
593 m h,729-138 1437 ww (960+477) ?
651 w h,729-63-11 1449 w
665 m h,729-63 1459 m 2*729
677 w h,729-52 1469 w
700 w h,729-2*11 1480 m
715 s h,729-11 1531 w (960+566)
729 Vs f 1556 vw
767 W 1562 vw
828 m f 1611 i
884 m f 1624 vw
895 m h,960-63 1661 W
923 U 1676 W
936 s L 1691 m (960+729)
944 S h,960-11 1700 vw
960 Vs f
964 S

into Table 4.2, though most of these bands are assigned. The
frequencies of the ground and the excited state fundamentals
agree well with the ones determined from the vapour-phase
absorption spectrum [111. However, in the vapour-phase spectrum
the 36023 cm-1 feature assigned to the 0-0 band in Refs.
[11,121, may actually be a sequence band.
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Figure 4.3: Dispersed fluorescence spectrum of benzimidazole
excited into the 0-O band. Resolution 0.045 nm (6 cm x). The
zero Tfor [p corresponds to resonance fluorescence; Ai>>0

indicates shifts to the red.
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Table 4.2: Frequency shifts of the bands of the dispersed 0-0
band Ffluorescence spectrum of jet-cooled benzimidazole together
with the Raman, infrared and fluorescence data of solid
benzimidazole, and symmetry assignments for fundamentals from
[24]. The relative Intensity, I, Is shown for the jet and the
solid state fluorescence data.

jet fluor. 1 Raman solid fluor. assignment
a(em ®» 1 Wen™) mer 1 oy(em ) o
0 400

414 6 419 419 1 a’

433 5 424 422 a’

467 1

502 7

543 17 544 547 542 7 a’

620 36 619 620 617 16 a’

776 190 772 780 77 86 a’

839 21 837

852 8 848 851 849 3 a

869 5

939 10 950 962 963 2 a

1009 82 1006 1008 1003 34  a’

1021 15

1052 2

1079 75 1138 1.1 1138 3B  a’

1115 2 1115 1112 a’

1154 18 1155 1160 1159 5 a

1183 4 1185 1191 1193 4  a’

1207 6 1200 1206 a’

1240 8 2*620

1254 46 1250 1251 a’

1268 102 1263 1277 1277 100 a"

1297 2 1295 1306 a’

1318 13 (776+543)
1344 8 1349 a’

1360 38 1360 1368 1365 6 ar

1395 44 1410 1414 1412 13 a’&(776+620)
1429 3 1421 a"

1458 8 1460 1463 a’

1482 7 1485 1481 a’

1498 4 1500 a’

1535 4

1552 45 1549 1 2*776

1612 10 (776+840)
1631 18 1620 1623 1621 9  a’&(1009+620)
1699 10 1079+620
1785 34 51009+7763
1852 33 1079+776
2043 12 1268+776
2277 22 . 1268+1009)
2347 28 (1268+1079)
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4.3.2 Fluorescence from the vilbronic levels of

In order to find out a correspondence between the excited
and the ground state modes the fluorescence spectra of the
strongest excited state fundamentals were recorded. In the case
of a good overlap between the excited and the ground state wave
functions the strongest feature in the dispersed fluorescence
spectra following the excitation into the upper state vibronic
levels is the band corresponding to the av=0 (1) vibronic
transition, which serves as the origin for the other bands
forming a spectrum resembling the one resulting from O0-0
excitation. The distance between the av=-1 (resonance fluores-
cence) and the uv=0 bands is the frequency of the ground state
mode sought for (see Refs. [21,223). The ground state counter-
parts of the excited state modes up to 729 cm“l determined in
this way are given in Table 4.3. The 433, 467 and 635 cnfJ
modes in the fluorescence spectrum following the excitation
into the 0-0+303 cm-1 band, are probably out-of-plane modes
mixed with one another by the Dushinsky effect.

Excitation Into the hot sequence bands associated with the
0-0 band yields spectra similar to the 0-0 band dispersed
Fluorescence but shifted to an apparent origin (the resonance
band) due to the difference iIn out-of-plane mode frequencies
for S and S . Only for the -138 cm*“l hot. band a very weak
extra band in fluorescence, shifted by 210 cm“l to the blue
from the resonance band, was detected.

Excitation into the bands higher than 800 cm'l1l above the
0-0 band produced a pattern of bands iIn the av=0 region in
emission, whose complexity increases with the excitation
energy. The frequency Intervals and the relative intensities
for stronger bands in the av=0 region are listed in Table 4.3.
Figs. 4.4, 4.5 and 4.6 show the fluorescence spectra following
the excitation into the 960, 964, and 2*729 cm*“l bands above
the Sx origin, respectively.

The complexity of the fluorescence patterns in the Uv=0
region of spectra, which increases together with the density of
vibrational states, indicates that the fluorescence comes from
the level (or a number of overlapped levels) representing a
superposition of several zero-order vibrational states coupled
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Table 4.2: Frequency shifts of the bands of the dispersed 0-0
band fluorescence spectrum of jet-cooled benzimidazoie together
with the Raman, Infrared and fluorescence data of solid
benzimidazoie, and symmetry assignments for fundamentals from
[14]. The relative Intensity, 1, Is shown for the jet and the
solid state fluorescence data.

jet Fluor. IR Raman solid fluor. assignment
dpct ) 1 v(m ) fp(ct ) ap(cm-1) 1
0 400
414 6 419 419 1 a’
433 5 424 422 a’
467 1
502 7
543 17 544 547 542 7 a’
620 36 619 620 617 6 a’
776 190 772 780 77 86 a’
839 21 837
852 8 848 851 849 3 a'
869 5
939 10 950 962 963 2 a’
1009 82 1006 1008 1003 34 a’
1021 15
1052 2
1079 75 1138 1.1 1138 3B a
1115 2 1115 1112 a’
1154 18 1155 1160 1159 5 a’
1183 4 1185 1191 1193 4 a’
1207 6 1200 1206 a’
1240 8 2*620
1254 46 1250 1251 a’
1268 102 1263 1277 1277 100 a’
1297 2 1295 1306 a’
1318 13 (776+543)
1344 8 1349 a’
1360 38 1360 1368 1365 6 a¥r
1395 44 1410 1414 1412 13 a’&( 776+620)
1429 3 1421 a”’
1458 8 1460 1463 a’
1482 7 1485 1481 a’
1498 4 1500 a’
1535 4
1552 45 1549 11 2*776
1612 10 (776+840)
1631 18 1620 1623 1621 9  a’& 1009+620)
1699 10 1079+620)
1785 34 1009+776
1852 33 1079+776
2043 42 1268+776
2277 22 1268+1009)
2347 28 1268+1079)
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Figure 4.4: Dispersed fluorescence spectrum of benzimidazole
excited into the 0-0+960 cm"1 band (the “bright” component of
960; 964 crrfl Fermi-resonance doublet of S1>. Resolution 0.068
nm (9 cm ).
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Figure 4.5: Dispersed fluorescence spectrum of benzimidazole
excited into the 0-0+964 cm 1 band (the “dark®™ component of
960; 964 cm_  Fermi-resonance doublet of S ). Resolution 0.09
nm (12 cm ). 1
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Figure 4.6: Dispersed fluorescence spectrum of benzimidazole
excited into el 0-0+2*729 cm overtone band of the breathing
rrodo.  Posui utiori 0.14 nm (18 cm  >. Note the scale gap.
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(7]

Figure 4.5: Dispersed fluorescence spectrum of benzimidazole
excited into the 0-0+964 cm band (the “dark®™ component of
9%60; 964 cm  Fermi-resonance doublet of S ). Resolution 0 09
nm (12 cm 1
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(or 2) quanta in the breathing mode of Sx and end in levels of
SO with up to 4 breathing quanta combined with excitation of
all other active SO-modes. For the 0--0+729 cm-1 band this is
actually the case, only the 776+1145 cm-1 combination band
being anomalously strong. However, the dispersed fluorescence
spectrum of the 0-0+2*729 cm-1 band (Fig. 4.6) contains in
addition to the zero-order band pattern other bands due to mode
mixing (the strongest are the 1154, 776+1009 and 2*1009 cm'1
bands) and an almost continuous background located to the red
from 278.5 mm. Due to anharmonic couplings the 2*776+1079 and
2*776+1154 cm-1 combination bands are relatively strong
although the 2*776 cm-1 band is very weak. The appearance of
the continuous background indicates that IVR begins to have
effect at 1450 cm-1 above the Sx origin.

Table 4.4: Franck-Condon analysis of the 776; 729 cm-1 breathing
mode of benzimidazole. Calculated squared FC factors for the
distortion parameter r=0.7 are compared with the observed
relative intensities (in parentheses) of relevant bands in
fluorescence spectra excited into 0-0, 0-0+729 and 0-0+2*729

cm bands.
v’ v
0 1 2 3 4
0 0. 61 0. 29 0. 08 0.02
©.62) (@©-2 (©.07) (0.0
1 0. 31 0. 16 0. 32 0. 16 0. 05
(0.25) (0.15 (0-34) (0.16) (0.04)
2 0.07 0. 37 0.01 0.24 0. 20

©.08) (.33 (0.03) (O.29) (.29

4.4 Benzotrlazole

4.4.1 Excitation spectrum

Figure 4.7 shows the S1<SQ fluorescence excitation spectrum
of jet-cooled benzotrlazole. The observed bands are listed In
Table 4.5. All the bands located to the red from the strong 0-0
band (34927 cm'1l) are attributed to hot sequence bands, because
their intensity relative to that of 0-0 band decreases when Ar
pressure is raised. Two hot bands at -566 and -540 cm 1 from
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the origin are supposed to be 0-1 vlbronlc transitions origina-
ting from the 566 and the 540 cm-1 ground state modes, respec-
tively, because they are too far away from the 0-0 band. Some
of the hot bands are assigned to 566 cm-1 red shifted repeti-
tions of the cold 1<0 bands located In the 500 cm-1 region
based on their similar relative Intensities. Hence they
represent 1<l transitions starting from the 566 cm”l vibration
of SO. Some hot bands may naturally belong to the 1<l transi-
tions of out-of-plane modes.

A quick onset of the congestion of bands towards the blue
In the exitation spectrum hints to strong anharmonicity of the
upper state potential. Above 1200 cm-1 from the 0-0 band only a
weak and broadened band, assigned to the 795+481 cm-1 combina-
tion band, appears. The rapid intensity decline indicates an
effective coupling to some nonradlatlve manifold. The continu-
ation of the absorption towards the blue is clearly visible In
the absorption spectrum of benzotrlazole In solution [21.

4.4_.2 Vibrational analysis of St origin fluorescence

The low-resolutlon dispersed fluorescence survey spectrum
of benzotrlazole excited to 0-0 band is presented in Fig. 4.8.
The same spectrum taken with a better resolution is shown in
Fig. 4.9. Its 90 nm extent and its intensity maximum lying In
the centre implies a large change in geometric configuration on
S -SQ electronic excitation. The frequencies and assignments of
the observed bands are shown in Table 4.6. We had no success in
correlating the observed fundamentals In our spectrum with the
IR and Raman bands known from solution spectra [151, because of
large discrepancies between the frequencies and intensities of
the bands. Only the strong 540 cm-1 band seems to correspond to
the Raman band of the same frequency. If It is indeed so, then
the 540 cm-1 mode cannot be triazole ring torsion as suggested
In £151; it must be an In-plane mode, provided that benzotrl-
azole is planar In both SO and Sx states. The 783 cm-1 breath-
ing mode, which forms strong band in the Raman and the IR
spectra, does not appear in our 0-0 band fluorescence spectrum.
Also, the lack of 566 cm-1 band is surprising, because in the
exitation spectrum there exist both the -540 and the -566 cm-1
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hot band.

An analysis of the higher-frequency part of the 0-0 band
dispersed fluorescence spectrum (Table 4.6) revealed that It Is
dominated by the combination bands of strong 540, 1153, 1242,
1405, and 1447 cm-1 fundamentals. It shold be noted that the

d;o

Figure 4.7: Fluorescence excitation spectrum of benzotrlazole.
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Table 4.5: Assignments of the fluorescence excitation spectrum
of benzotrlazole. Accuracy +2 cm .

cm-1) 1 assignment Op(ct x) | assignment
-566 m h 716 vw
-540 m h 721 w
-210 w h 740 w
-183 w h 774 s
-127 m h,-566+439 795 Vs
-93 m h 828 w
-86 m h,-566+481 851 m
-59 w h,-566+510 894 S
-49 w h,-566+519 914 S
0 Vs origin 947 vw
24 w h 959 w 2*481
67 vw h,-566+633 974 w
238 m 988 m (510+481)
331 m 998 m (519+481)
339 m 1006 a
374 W 1018 w 2*510
381 w 1045 S
439 s 1089 m
481 vs 1094 m
510 S 1102 m
519 m 1108 m
633 w 1274  vw  (795+481)
655 2
663 w
679 w

band assigned to 1405+1127 cm"1l combination is surprisingly
strong, nevertheless the 1127 cm 1 band is relatively weak and
does not form any strong combination with the 1242 cm 1 band. A
comparison of the 0-O band fluorescence spectra in Figs. 4.8
and 4.9 reveals that the strong features in the low-resolution
spectrum are formed by a number of bands coinciding within the
spectral resolution of the monochromator, while the intensity
of some single band is generally weaker than that of resonance
Fluorescence. The intensity maximum lies in the region where 3
vibrational quanta of 1153, 1242, 1405, and 1447 cm"1l modes
combine. The third overtones of these vibrations are already
very weak compared to the combination bands. This means that on
electronic transition the geometric configuration of benzotri-
azole shifts along several normal coordinates, but not along
the coordinate of a single mode as stated in our previous work

T19].
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O+1M+LL,

Figure 4.8: Dispersed fluorescence spectrum of benzotrlazole
excited into the 0-0 band. Low resolution, 0.45 nm ( 43 cm ).
The 1153,1242,1405, and 1447 cm 1 rtsodes together are labelled

by m (see Fig. 4.9).
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Table 4.6: Assignments of the dispersed origin Tfluorescence
spectrum of benzotrlazole. The spaclngs bv between successive
combination bands Involving the 1405 and the 1447 cm mode are
listed to demonstrate the i1nfluence of anharmoniclty.

AKcT 1) | assignment &v(cm LjL 1| assignment 6p(cm-1)
0 Vs 2484 m  2*1242
540 s T 2528 s (1405+1127) 32
590 vw Tt 2560 s {(447+1127)
626 w L U 1405+1153) 39
836 vw L 2599 s (1447+1153)
963 w f 2646 s 1405+1242 42
998 w f 2688 s 1447+1242
1078 w 2*540 2778 s (2235+540)
1127 m f 2807 s 2*1405 a1
1153 S T 2848 vs  (1447+1405) 36
1192 w Tt 2884 m  2*1447
1242 s T 2982 w  (2444+540)
1374 w f
1405 Vs Tt 3429 m  (2884+540)
1447 Vs f 3488 m
1511 w  (963+540) 3572 m
1536 w  (998+540) 3641 s (2*1242+1153)
1633 w 3685 Vs 1405+1153+1127)
1664 m E1127+540 3719 s 1405+2*1153) 34
1691 s 1153+540 3753 s (1447+2*1153)
1727 ww  (1192+540) 3792 vs  (1405+1242+1153) 48
1779 s (1242+540) 3840 S 1447+1242+1153)
1943 s 1405+540 3898 m 1405+2*1242) 34
1984 s 1447+540 3932 Vs (1447+2*1242)
2066 w 3970 vs 2*1405+1153) 29
2122 m 3999 Vs 1447+1405+1153
2205 w 51242+963 4094 s 1447+1405+1242) 33
2235 m 1242+998 4128 m 2*1447+1241)
2272 m 4255 s (1447+2*1405) 33
2315 m  2*1153 4288 s (2*1447+1405)
2336 m 4331 s (3792+540)
2389 m  (1242+1153)
2410 m 4828 m *”(4288+540)
2444 w 5083 s (3932+1153) 2

5129 m  (3970+1153) *?

We tried to simulate the 0-0 band fluorescence spectrum
In the framework of a model of Independent (parallel) harmonic
oscillators [27]- The Intensities (squared Franck-Condon
factors) of the fundamentals and the overtones of each mode
were taken proportional to y2vA/l, where y Is the distortion
parameter and v Is the number of quanta for the corresponding
mode. The intensities of combination modes were calculated as
products of the intensities of fundamentals from which they are
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Figure 4.9: Dispersed fluorescence spectrum of benzotrlazole
excited into the 0-0 band. High resolution. 0.14 nm ( 13 cm ).
Note the scale gap.
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made up. A qualitative resemblance with the experimental
spectrum was obtained with a set of distortion parameters 0.85,
0.95, 0.95, 1.0 and 1.0 for 540, 1153, 1242, 1405 and 1447 cm-1
modes, respectively. We did no go on with a more refined
modelling because the measured intensities of the bands are
poorly reproducible due to the weak signal strength.
In the third column of Table 4.6 the frequency differences
of combination modes in the pairs made up by combining the 1405
cm“l and 1447 cm-1 fundamentals with the same set of other
modes are listed. These level spacings are well reproduced also
between the respective combinations with 540 cm-1 mode. The
variation of these spacings is explained by anharmonic coupling
effects (Fermi resonances). It should be noted that only static
coupHngs can influence the fluorescence spectrum resulting
from the 0-0 band excitation.
The dispersed Tfluorescence spectrum following the excita-
tion into the 0-0+481 cm-1 band is shown in Fig. 4.10. The

FE 11

Figure 4.10: Dispersed fluorescence spectrum of benzotrlazole
excited into the 0-0+481 cm band. Resolution 0.54 nm ( 51
cm-*). Two progressions of 540 cm 1 mode are Indicated.
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Table 4.7: Assignments of the strongest features iIn the
dispersed fluorescence spectrum of benzotrlazole excited to the
0-0+481 cm band. Many features assigned to fundamentals are
also observed in the 0-0 band fluorescence spectrum.

Ay(cTt b 1 assignment
0 S
430 w f
540 w f, 540
670 w f
980 m f, 963 & f,998
1160 m f, 1153
1320 s f
1420 s f, 1405 & T, 1447
1860 m (1320+540)
2400 s €1320+2*540)
2760 Vs 1320+1420)
2840 Vs 2*1420
2940 Vs 1320+3*540)
3300 Vs 1420+1320+540)
3490 Vs (1320+4*540)
3840 Vs (1420+1320+2*540)

frequencies of some features determined from this spectrum are
listed in Table 4.7. Unlike the 0-0 spectrum, the 540 cm-1 band
is weak, but there exists a long progression (up to v=4) of the
540 cm-1 mode is built on the 1320 cm-1 band. Two progressions
of the 540 cm-1 mode are marked in Fig. 4.10. Mode mixing by
the Dushlnsky effect may be responsible for such a modification
of the spectrum: the formation of a long single-mode progres-
sion at certain mixing parameters has theoretically been
predicted in [28l. Thus, we cannot state firmly that the 481
cm-1 mode is the upper state counterpart of the 540 cm-1 mode.

4.5 Conclusions about the excited electronic states

The first excited state of benzimidazoie has been assigned
to 1]l and that of benzotrlazole, to XL, on the basis of
solvent shifts and fluorescence polarization measurements of
the corresponding solutions [2]. We retained the same assign-
ments for isolated molecules. Short progressions and a very
strong 0-0 band in the excitation spectrum and the fluorescence
spectrum from Sx origin in the case of benzimidazoie point to a
good Franck-Condon overlap between SB and SI %XL ) wave
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functions. Only the breathing mode forms a somewhat longer
progression. On the contrary, the overlap of SQ with the
(xLa) wave function for benzotrlazole Is poor: an analysis of
the Tluorescence spectrum following the excitation into the 0-0
band Indicates that the ground-state equilibrium configuration
differs strongly from that of the excited state along the
normal coordinates of several modes.

The geometric configuration and atomic masses of benzimid-
azole, benzotrlazole and also Indole are quite similar;
therefore, close vibrational frequencies are expected to be
observed in the spectra of these molecules. A tentative
correlation between some low-frequency in-plane modes marked by
a, b, c and d is established for these three molecules in Table
4.8. In the excitation and the 0-O band fluorescence spectra of
benzimidazole and indole b and c¢c modes are intense, but in the
spectra of benzotrlazole a and d modes dominate. The prominence
of particular modes In absorption and emission Is related to
certain changes of molecular geometry on electronic transition,
which In turn depends on the the excited state wave function
(4a or 1I.b). Moreover, in a recent study two-photon excitation
of jet-cooled indole with linearly and circularly polarized
light permitted one to distinguish the XL and 7LV type of
vibronic bands [71. It appeared that the vibronic Dands of a

Table 4.8: Frequency shifts (in cm”1l) and relative intensities
of the bands belonging to the modes marked by a, b, c and d, in
the excitation spectra (S state data) and In the 0-0 band
fluorescence spectra (6 slate data) of Indole, benzimidazole
and benzotrlazole: for benzotrlazole L -character modes (a and
d) dominate, but for benzimidazole afid indole L -character
modes (b and c) are more intense.

mode indole® benzimidazole benzotrlazole
So S1 So Sl So S1
a 542( 10) 480( %) 543( 17) 477( 10) 540(vs) 481(ws)
b 611(40) 540( 4D 620( 36) 566( 45) 632(0) b -
760( 180) 718( 175) 77S( 190) 72S( 175) 783(0)b -
d - 785(28) - ~ - 795( vs)

a) data about indole are taken from 122J
b) Raman frequency taken from [151.

(¢]
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and d modes exhibit a *L_ character but that of b and c modes,
a’ . character. The L Or tge L character of bands 1is not
reflected in their dispersed fluorescence spectra: the fluores-
cence spectra of Indole [22] and benzimidazole following
excitation into the a and b bands differ only with respect to
the ground-state frequency. This can be explained if we assume
that the strongest 1*1 band in fluorescence Is induced by the
same type transition as one finds for 0-0 band (XLb for indole
and benzimidazole), although the relevant transition In
absorption (k0 band) may be either of *La or xLb type.

In case of benzotrlazole it is possible that one of the two
different tautomers (Fig. 4.1) corresponds to the equilibrium
configuration of the ground state, while the other tautomer, to
that of the excited *L state. Briefly, proton transfer
(tautomerlzation) accompanies the electronic transition. Proton
transfer, dissociation by NH bond breaking and/or the crossing
of the ILa and b potentials may be responsible for the rapid
termination of the excitation spectrum of benzotrlazole 1200
cm-1 above the *La origin. In case of benzimidazole the barrier
Is probably too high to see spectral manifestations of proton
tunnelling.
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Chapter 5

SUPERCRITICAL G2 AS A SOLVENT FOR SAN»LE INTRODUCTION
INTO A SUPERSONIC JIET FOR LIF SPECTROSCOPY

5.1 Introduction

It is well known that the supersonic jet technique permits
the production of an ensemble of isolated molecules with very
low rotational and vibrational temperatures desirable for
spectroscopy. Laser-induced fluorescence (LIF) and resonance-
enhanced two-photon ionization spectra (RE2P1) of jet-cooled
large organic molecules consist of a relatively small number of
narrow clearly-resolved vibronic bands.

Usually the jet of free, cold molecules of interest is
formed by a simple heating of the sample in the atmosphere of a
carrier gas (He or Ar) and a subsequent expanding of the
mixture into vacuum. However, a large number of molecules (most
of the biologically important molecules) are low-volatile and
thermally instable: thermal decomposition of these molecules
occurs at lower temperatures than the one providing enough
vapour pressure for LIF spectroscopy .

Several sophisticated methods of introducing such molecu-
les into a supersonic jet expanding into vacuum have been
probed in order to avoid thermal decomposition:

- blowing the molecules out from hot surface of a metal cavity
by the carrier gas pulses formed by a pulsed valve with
subsequent free jet expansion (a sample film inside a cavity Is
prepared preceningly) [1],

- the same as the usual continuous jet technique, but instead
of a pure sample a mixture of the sample powder with a special-
ly chosen compound (uracil, diatomaceous earth) is used 12,3],
- pulsed laser desorption of the sample film prepared on a
brass surface iIn a vacuum chamber and a subsequent cooling of
the desorbed molecules penetrating into the expanding jet of
the carrier gas [41,

- forming the jet by expansion of a supercritical fluid (C02
NO, Xe, freons, etc. in a supercritical phase) with dissolved
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molecules of Interest Into vacuum [5].

The desorption method takes advantage of the shortness of the
time Interval during which molecules are exposed to high
temperature for evaporation. In other methods (especially the
supercritical fluid method) lowered (dangerless for decomposi-
tion) temperature Is applied.

By definition the supercritical phase corresponds to
pressures and temperatures exceeding their critical values. In
the supercritical phase the difference between the gas and the
liquid vanishes. Most often CO2 Is used as a supercritical
fluid in practical applications, because C02 has easily
achievable values of the critical temperature Tcr = 31.3 °C
and the critical pressure PCI_: 72.9 atm.

Nowadays much attention is paid to a new chromatographic
technique - supercritical fluid chromatography (SFC), where
supercritical fluids are used as a mobile phase [6].- SFC
separation can be applied also in case of the mixtures contai-
ning low-volatile and thermally instable compounds (taking
advantage of relatively high solubility of these compounds in
supercritical fluids), whose vapour pressure is not high enough
for gas chromatography. Like other chromatographic methods SFC
has a broad range of practical applications, for example
environmental monitoring, analysis of foodstuffs and fuels,
separation of drugs from mixtures etc. [73

SCF chromatography with mass-selective detection has
recently become an actual field of research [6,7]- Mass-
selective detection without spectral selectivity is somewhat
easier to realize, as no jet cooling is needed for that. The
adding of the spectral dimension, which can be accomplished by
equipping the SCF chromatograph with a supersonic jet interface
for mass-selective RE2P1 detection, may open new perspectives
in chemical analysis. Therefore, In case of spectroscopic
measurements, it is actual to Investigate how the organic
molecules dissolved in a supercritical fluid can be introduced
into a jet expanding into vacuum. Although a number of results
have been gained with mass-selective and/or RF2P1 detection
[6.7], we confine oneselves to LIF detection available to us.
Some promising results in this field have already been achle-
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ved: LIF spectra of Jet-cooled perylene dissolved In C02 fluid
[51 and LIF detection of jet-cooled chloroantracenes followed
by separation with SCF chromatography [81.

This motivated us to probe the performance of the super-
critical fluid method for well-studied test molecules qulnlza-
rIin and phenol. The purpose was to apply this method to
molecules (concretely to amino-acids tryptophan and tyrosine),
whose spectra cannot be obtained by simple heating technique.

5.2 Experimental

The laser system based on ELI-5 exclmer laser and VL-18 dye
laser and the fluorescence registration system are described
in Chapter 2 of this thesis.

For experiments with supercritical C02 a new Jet system was
assembled based on the design from Ref. [41 (see Fig. 5.1).

mixing

volume
Ar
sample+C0o— >~200atm c
stainless steel //s 1Pa

capillary ﬂ

Figure 5.1: Schematic cross-section of the jet Interface for
LIF spg((:)&roscopy of jet-cooled molecules dissolved in supercri-

tical

Prior to measurements a HPP 5001 high-pressure piston pump
for chromatograph was filled with COg from a pressure vessel
through a silica-gel dryer coloumn and a molecular-sieve Tfilter
coloumn. The gas collected into the piston pump was compressed
until liquid CO2 with the desirable pressure was formed (from
80 up to 500 atm). The pump was connected with a sample cell
(extractor) mounted in an air-thermostate. The sample cell had
previously been filled with the compound of interest. The
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outlet of the cell is equipped with a porous metal filter to
avoid the solid particles being carried forward. The tempera-
ture of the cell could be set from room temperature up to
100°C. If necessary, the supercritical conditions for CO02 could
be chosen for better dissolving of the sample.

The solution of the sample was directed through a 0.8 ran
diameter (0.2 ran inner diameter) stainless steel capillary into
a mixing volume (see Fig. 5.1), where CO2 could be mixed with
Ar in case better cooling in the jet was desired. The end of
the capillary was squeezed in order to form a restrictor to be
used for keeping high pressure in the system. The flow rate of
C02 through the restrictor was adjusted by squeezing it with
pliers until it was about 1 ml/min at 200 atm pressure. Higher
flow rates and pressures resulted in a poor vacuum in the
vacuum chamber because the evacuation capability of the vacuum
pumps was exceeded. During the measurements the stationary
pressure desired was ensured by selecting the proper speed of
the pump piston. The piston speed is displayed on the scale of
the selector switch directly in volume-flow-rate units
(MmI/min).

The length of the mixing volume (the displacement of
the restrictor from the nickel foil with «.200 mT orifice ) was
typically set to «2 ran. The pressure in the mixing volume
(measured by a pressure gauge connected to the Ar inlet) was
between 0.1 and 1 atm. In the vacuum chamber the jet containing
cooled molecules of interest intersected the laser beam. The
stainless-steel capillary from the sample chamber to the
restrictor was heated up to 100°C with 2-3 A current directed
through it and the temperature in the mixing volume was kept at
100-150°C by heating the jet assembly with a wire heater.
Additional heating of the jet assembly was necessary to avoid
the clustering of C02, which eventually lead to the freezing
(by Joule-Thompson effect) and the clogging of the restrictor.

5.3 Results and discussion

At first test experiments with phenol and quini®arin were
carried out with the aim to optimize the experimental condi-
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tlons (temperatures and pressures In the sample cell and the
mixing volume and the flow rate of Ar) for LIF measurements.
The 0-0 band rotational contour of phenol excitation
spectrum Is presented In Fig. 5.2. The adding of Ar gas Into
the mixing volume yielded a contour compressed about two times
a r0t=9 K) as compared with the one obtained by using pure CO,E
as a coolant (T mt=35 K). The rotational temperatures were
estimated from the distance between the maxima of P and R
branches as described in Chapter 2. For qulnlzarln the same
effect was observed: the adding of Ar lowered the rotational
temperature. Worsened cooling with pure CO2 can be explained by
the release (storing into the translational-rotational bath) of
the thermal energy from CO2 vibrational degrees of freedom via
vibrational relaxation of C02 during expansion into vacuum.

Figure 5.2: Rotational contour of phenol 0-0 band at different
measuring conditions: a) without Ar (p=24 kPa in the mixing
volume); b) with Ar (p=44 kPa: 24 kPa of COo and 20 kPa of Ar).
Conditions in the sample cell: P=200 atm and T=40°C.

Fluorescence excitation spectrum of phenol is presented in
Fig. 5.3. Towards the red from the most intense 0-O band at
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Figure 5.3: Fluorescence excitation spectrum of phenol: a)
region to the red from the 0-0 band; b) region to the blue from
the 0-0 band (P=200 atm, T=40°C, p=44 kPa)
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36349 cm-1 (275.1 M) there are weak bands with the intensities
being some percent of 0-0 intensity. A majority of these weak
vibronic bands are assigned to hot bands by comparing our
spectrum with the phenol vapour absorption spectrum presented
in Refs. [9,10]. Most of the hot bands represent 1-1 transi-
tions of the modes of the benzene frame. The intensities of hot
bands were quite insensitive to Ar addition. The vibrational
temperature was estimated to be on the average 150 K, based on
experimental band Intensities and ground state vibrational
frequencies from Refs. |9, 10].

Besides hot bands some bands belonging to Van-der-Waals
complexes of phenol with 1 up to 3 water molecules were
identified. Among these the strongest (the 0-0 band of the
phenol-H"O complex) is shifted 353 cm-1 to the red from the 0-0
band of bare phenol [11]. Some bands red-shifted from vibronic
bands of bare phenol were also assigned to phenol-(H20)
complexes (they were located to the blue from 0-0 band of
phenol). Among these the strongest band had 353 cm-1 red shift
from 6a vibronic band. The weaker bands assigned to phenol-
water complexes with two or more water molecules had very poor
reproducibility. The water additive may come from phenol sample
itself (no attempts were made to purify and dry i) or from CO2
despite drying it with silica gel water absorber.

Both quinizarin and phenol are thermally stable molecules
and their jet spectra can easily be obtained by the standard
technique. However, we showed that for the supercritical
technique the heating of the sample cell up to 40°C and the
heating of the capillary up to 100°C is enough to get a normal
signal. In case of the ordinary continuous jet technique the
quinizarin powder should be heated up to 140°C to get the
vapour pressure necessary for LIF measurements. The lowering of
the temperature in the sample cell below 31.5°C (by using
liquid CO2 instead of supercritical) did not change the signal
noticeably. All the spectra obtained were still very noisy and
poorly reproducible, probably because of a fluctuating gas flow
out of the restrictor. A serious complication that often
occured was the clogging of the restrictor.

Initially we used a 50 m 1inner-diameter quartz capillary
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with a restrictor formed by the stretching of the capillary in
a gas flame and the subsequent cutting. A visual observation of
the clogged restrictor by microscope showed red crystals of
quinizarin recrystallized from C02 solution in the narrowing
end of the capillary. The recrystallization there is greatly
favoured by lower temperature and pressure. The restrictor
(squeezed tip) of a heatable stainless steel capillary appeared
to be more imaue against clogging (probably because of its
shortness and higher temperature) and it was restorable in case
the clogging occurred. Therefore, afterwards we used only the
stainless steel capillary.

We also tried to get the excitation spectra of amino acids
tyrosine and tryptophan (their origins lye close to 281 nm and
287 mm, respectively). These molecules have a very low vapour
pressure because of a large permanent dipole moment induced by
amino and carboxyl groups. Experiments aimed at getting their
jet spectra by an ordinary method failed: a black viscous
compound was formed in the cases when tyrosine or tryptophan
was kept at *300°C for a long time (about an hour). Neverthe-
less, nice spectra of tryptohan were obtained by heating
one-to-one mixture of tryptophan and uracil powder at tempera-
ture 210°C and a subsequent cooling in a continuous Ar jet £21.
Despite our efforts we did not get any signal by using super-
critical technique. It is possible that tryptophan and tyrosine
have very low solubility in supercritical CO", as the clogging
of the restrictor occurred rarely compared to experiments with
quinizarin and phenol. Moreover, almost all the tyrosine powder
inserted into the sample cell remained there after several
hours of measurements, while in an analogous case quinizarin
and phenol were completely lost. The neglible solubility of
tyrosine and tryptophan in CO* and N0 supercritical fluids was
stated also in Ref. [121. We tried to increase the solubility
by adding a polar solvent (methanol) to C02, nevertheless, LIF
signal was not achieved.

To investigate the stability of the gas flow (which
determines the quality of the spectra) the flow out of the
restrictor (into ambient air) was visualized by illuminating it
from one side. A conically expanding fan of @2 clusters was
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observed with slightly fluctuating density and shape. The
solubility of samples was qualitatively examined by directing
the flow from the restrictor to a glass plate. In case of
quinizarin a red spot was formed by <10 s, but for a tyrosine
sample only a water drop condensed from the ambient air was
formed on the glass plate. However, after a long-time exposure
(10 min) and the drying of the plate a thin tyrosine film was
left.

A detailed experimental and theoretical study of the
performance of capillary restrictors, where the conditions
leading to the onset of clustering were elucidated, 1is presen-
ted in Ref. [13]. In principle, condensation should not occur
if the initial pressure and temperature are such that during
the adiabatic expansion CO2 remains gaseous. For example, more
than 140°C is needed at <00 atm pressure to avoid condensation
according to CO02 phase diagram, hence additional preexpansion
(in the mixing volume iIn our construction) is not necessary.
However, in case of the gas coming out of the restrictor was
directly expanded into vacuum, the formation of macroscopic C02
clusters (droplets) made LIF measurements impossible because of
the scattering of the laser light. Maybe it is easier to keep
the restrictor hot by using a construction with a mixing
volume, because otherwise, the bare restrictor ending in the
vacuum chamber 1is quickly cooled down by the Joule-Thompson
effect, resulting in an extensive clustering. The collisional
dissociation of @,, clusters may also play an important role
during the preexpansion in the mixing volume.

Our experience shows that the introduction of a sample
dissolved in a supercritical fluid into a free jet for LIF
detection is feasible, however, because of technical complica-
tions (the clogging of the restrictor, poor quality of the
spectra), very tedious and troublesome. Nevertheless, this
method may be suite well for some other fluorescing blomolecu-
les.
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Main results

MAIN RESULTS

1. Saturation curves (fluorescence intensity as a function of
excitation intensity) of jet-cooled quinizarin excited into the
0-0 band of S1<S) transition (at 19917 cm-1) have been measured
by using a pulsed dye laser. The saturation curve measured
under 0.045 cm-1 FWHM excitation exhibits the transition from
linear dependence to sqgare-root dependence at the (saturation)
intensity of 150 W/cm2. The observed square root dependence at
high excitation intensities is explained in terms of inhomoge-
neously broadened (thanks to the rotational structure) two-
level system. The influence of time-dependent and laser
mode-structure effects on the saturation curve are discussed
and estimated.

2. Rotational contour of the 0-0 band of quinizarin has been
recorded at various excitation intensities. The broadening of
the Q branch from 0.045 cm-1 (at 100 W/cm2) up to 0.4 cm-1 (at
10b W/cm2) is interpreted as a power broadening. Out-of-plane
symmetry is assigned to all non-totally symmetric vibrations of
S , appearing in the excitation spectrum up to 486 cm”l1l mode,
based on the rotational contour analysis of respective vibronic
bands.

3. Transition strength characteristics of quinizarin S1<§)
origin band have been determined by using the measured satura-
tion intensity and the known lifetime of Si O-level (3.8 ns).
The transition dipole moment of 0.74 D and the oscillator
strength of 0.005 have been obtained. The fluorescence quantum
yield has been estimated to be 2. Bh.

4. The polarization degree of the undispersed laser Induced
fluorescence following excitation into the 0-0 band of jet-
cooled quinizarin has been measured as a function of excitation
frequency and intensity. Excitation into the Q branch results
in a more polarized fluorescence (the maximum value of the
polarization degree was **17f) than the excitation into the P or
R branch (maximum degree was -—-9%). The polarization degree
decreases along with the rise of the intensity of the excita-
tion pulse and remaines constant (of *2X) If the ecxitation
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intensity exceeds 6*103 W/cm2 independent of the branch being
excited.

5. The results of polarization saturation experiments are
compared with theoretical predictions. The qulnlzarln jet is
modelled with a thermally populated ensemble of freely rotating
symmetric tops, taking into account saturation in case of
inhomogeneous broadening. A simple interpretation of the
difference of the fluorescence anisotropy following excitation
into the Q branch and P or R brances is presented.

6. Laser-induced S -SO fluorescence excitation and dispersed
fluorescence spectra of jet-cooled benzimidazole and benzoti-
azole molecules have been measured for the first time. The
first excited singlet state is assigned to 1L1 for benzimld-
azole (origin at 36032 cm ) and to a for benzotrlazole
(origin at 34927 cm 4 .

7. The correspondence between the vibrational modes of Sx and
SO states has been established for benzimidazole on the ground
of dispersed fluorescence spectra following the excitation into
the respective vibronic bands. For the modes with frequencies
below 800 cm-1 one-to-one correspondence has been found, but
for higher-frequency vibrations mode mixing has been observed.
A Franck-Condon analysis of the breathing mode (729 cm-1 in Sx
and 776 cm-1 in SO) yielded a distortion parameter of 0.7.

8. The absence of Tfluorescence Tfor benzotrlazole excited
higher than 1300 cm-1 above its origin 1is explained by a
rapid nonradiative decay. A vibrational analysis revealed that
the progressions of several in-plane modes (540, 1153, 1242,
1405, and 1447 cm-1) cover about 8000 cm-1 of the dispersed
fluorescence spectrum following the excitation into the origin
of the Sx (xLa> state of benzotrlazole. The intensity maximum
of this spectrum has been found to lie in the region where
three quanta of. 1153, 1242, 1405, and 1447 cm-1 modes combine.

9. A comparative analysis of the excitation and Sx O-level
fluorescence spectra of benzimidazole, benzotrlazole, and
indole has permitted the assignment of xLg and 1Lf types to
several low-frequency (< 800 cm-1) modes common for these
molecules.



Pohitulemused

MONEDE JOAS JAHUTATUD ORGAANILISTE
MOLEKULIDE LASERSPEKTROSKOOPIA

POHITULEMUSED

1 On saadud kullastuskdoverad (Fluorestsentsi intensiivsuse
s6ltuvus ergastuse intensiivsusest) joas jahutatud klnisariini
molekuli si<D ulemineku 0-0 joone (19917 cm*“1l) jaoks.
Kullastuskdovera korral, mis on mbddetud 0.045 cm"1 spekraal-
laiusega ergastusel impulss-varvlaseriga, toimus  Uleminek
lineaarselt soltuvuselt ruutjuursdltuvusele (kiullastus)inten-
siivsusel 150 W/cm2. Ruutjuursdltuvust suurtel ergastusinten-
siivsustel on seletatud kui kullastusefekti mittehomogeenselt
laienenud (tanu poodrlemlsstrtruktuurile) kahenivoolise suUsteemi
korral. On hinnatud ajast s6ltuvate ja laseri moodstruktuuri
effektide mdju kullastuskdverale.

2. KlInisariini 0-0 joone poorlemiskontuur on registreeritud
erinevate ergastusintenslivsuste korral. Podorlemiskontuuri Q
haru laienemist 0.045 cm-1,st 100 W/cm2 intensiivsusega
ergastusel kuni 0.4 cm_1’ni 106 W/cm2 korral on télgendatud
killlastus-laienemise avaldumisena. Vibroonjoonte pddrlemls-
kontuuride analulisi tulemusena on kindlaks tehtud, et kdik
ergastusspektrls esinevad Sx seisundi mittetalsstmmeetrilised
vonkumised kuni 486 cm"1 vonkumiseni omavad simmeetriat, mille
korral aatomite nihked or risti molekuli tasandiga.

3. Moddetud kullastusintensiivsuse ja teadaoleva seisundi
pohitaseme eluea (3.8 ns) pohjal on mdaratud Kinisariini 0-0
joone Uleminekutdendosust iseloomustavad parameetrid: ulemineku
diipolmoment (0.74 D) ja ostsillaatori joud (0.005). Fluores-
tsentsi kvantsaagis on hinnatud <2 5X’le.

4. On uuritud joas jJahutatud Kinisariini spektraalselt
lahutamata fluorestsentsi polarisatsiooni soltuvust ergastuse
intensiivsusest ja sagedusest. 0-0 joone poorlemiskontuuri U
harru ergastamine andis rohkem polarlseeritud fluorestsentsi
(maksimaalne polarisatsiooni aste 1™) kui P v8i R harru
ergastamine (maksimaalne aste 9%). Ergastusintensiivsuse kaswul
muutus Fluorestsents vahem polariseerituks. Kui ergastuse
intensiivsus Uuletas 6*103 W/cm-1 jai fluorestsentsi polarisa-
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Main results

intensity exceeds 6*103 W/cm2 independent of the branch being
excited.

5. The results of polarization saturation experiments are
compared with theoretical predictions. The quinizarin Jet is
modelled with a thermally populated ensemble of freely rotating
symmetric tops, taking into account saturation in case of
inhomogeneous broadening. A simple interpretation of the
difference of the fluorescence anisotropy following excitation
into the Q branch and P or R brances is presented.

6. Laser-induced S1-SQ fluorescence excitation and dispersed
fluorescence spectra of jet-cooled benzimidazole and benzoti-
azole molecules have been measured for the first time. The
first excited singlet state Is assigned to 4 for benzimld-
azole (origin at 36032 cm A) and to La for benzotrlazole
(origin at 34927 cm A).

7. The correspondence between the vibrational modes of Sx and
SO states has been established for benzimidazole on the ground
of dispersed fluorescence spectra following the excitation into
the respective vibronic bands. For the modes with frequencies
below 800 cm'1l one-to-one correspondence has been found, but
for higher-frequency vibrations mode mixing has been observed.
A Franck-Condon analysis of the breathing mode (729 cm-1 in
and 776 cm-1 in SO> yielded a distortion parameter of 0.7.

8. The absence of fluorescence for benzotrlazole excited
higher than 1300 cm-1 above its Sx origin is explained by a
rapid nonradiatlve decay. A vibrational analysis revealed that
the progressions of several in-plane modes (540, 1153, 1242,
1405, and 1447 cm-1) cover about 8000 cm-1 of the dispersed
Fluorescence spectrum following the excitation into the origin
of the S1 (1La) state of benzotriazole. The intensity maximum
of this spectrum has been found to lie in the region where
three quanta of. 1153, 1242, 1405, and 1447 cm-1 modes combine.
9. A comparative analysis of the excitation and Sx O-level
fluorescence spectra of benzimidazole, benzotriazole, and
indole has permitted the assignment of xLa and 1Lf types to
several low-frequency (< 800 cm-1) modes common for these
molecules.
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