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L. MOLECULAR PHYSICS CF POLYATOMIC MOLECULES.

1. Introdustion.

The past decennium has presented a tremendous increase of
activity in the study of physical and chemical action of ra-
diation. Short lived states and intermediates can now be
reoutinely prepared by picosecond and subpicosecond lasers.
Flucrescence emission spectroscepy is a common technique

in mclecular physics research. Picosecond luminescence
measurements, however, have heen developed onlv in recent
years and is still not a standard technique in photophysical
and photochemical research. Nevertheless photcbiologists

and biochemists have shown their interest in picosecond

luminescence techniques in literature.

2. Absorption of light by molecules.

By absorption of light (UV and visible) a molecular species
can be prepared in an electronic excited state.

Molecular absorpticon spectra are used for identification,

to characterize the electronic levels of the molecule or to
prepare a molecule in a certain excited state.

A fluorescence excitation spectris is the most sensitive
manner for identification and characterizaticn of electronic
levels. In this method the fluorescence emission is observed
at a fixed wavelength.

5till the most commonly employed presentation of these spec-
tra is a measure of (relative] intensity on the ordinate and
the wavelength, energy or frequency function on the abscissa.
It is adviseable, although not yet common, to present spectra
linearl? with respect to energy on the abscissa (in units of
cm_l) because the energy of and energy differences between

molecular transitions are of fundamental interest.

In polyatomic molecules the electronic transitions belong to
excitation of electrons in either n- or I-orbitals within

the chromophore groups. The electrons ars then excited to T*

snoibonding orbitals and hence can be classified as n-0* and
I-N* transitions. {(cf. the lecture notes of D.A. Ramsay)
Molecules with unsaturated groups (chromophcres) like

~. 7~ ~

c = C s, £ = N— , ¢ = 0, -N = N-

< ~ v
mostly absorp in the UV. The absorption is dependent upon the
number, conjugaticn and position of unsaturated bonds in the
molecule. n-H* transitions may shift the absorption spectrum
to the visible like in aza benzenes (see I-4).

3. Characterization of electronic energy levels.

If only electronic energy changes as a result of a molecular
transition, than just single lines would be observed as in
atomic spectra. As known, the transitions are accompanied

by changes in vibrational and rotational energy levels so
that a series of bands are observed, for large molecules in
solutions even spread out to very broad bands. From vibratio-
nal and rotational analysis of electronic transitions changes
in the geometry of excited electronic states can be obtained.
While a jump of an electron upon absorption of light occurs

in approx. 1(}_16 s. and a molecular vibration period is

of the order of 10_13 S, it is allowed to separate both
transitions in first order (Born Oppenheimer separation).
The electronic transition prcbabilities are dependent on the
level multinlicitvy and svimetry of the wavefunctions of the
appropriate electronic states.

The absorption intensity gives a first measure of the transi-
tion probability. Hence the oscillator strength presents a
first indication of the characterization of the electronic
transition and can also be used to predict the radiative
lifetime of the excited state.

A detailed description is given by Strickler and Berg [ 1].
A simple to use expression is:

2 = 2900 a2 Ug [ eav (1, in seconds)

Tr

where [ & &% is the area under the curve of molecular extinc-

tion coefficient plotted against wavenumber, 00 is the wave-



number of the maximum of the absorption band and n is the
refractive index of the solvent.

A rough but handy calculation of ths radiative lifetime can
be obtained with

N 104 € (s
T max
r
S0 for Rhodamine 5G with €max x10° one calculates a radiati-
ral g

ve lifetime of the order of 10 ~s.

If the molecule is excited to an unstable state, the mole-
cule will dissociate and the fragments are dissipated with
varying amounts of kinetic energy, not quantized, and the
absorption band will not show a band structure.

If the trapsition is to a stable excited state, which trans-
fers to an unstable state which dissociates, the spectra will

be somewhat diffuse. This is named electronic predisscciation.

4. Stationary molecular states.

A molecule can exist in various states, each characterized
by a distinct energy and distribution of nuclei and
electrons.
In first approximation the internal energy of a free molecule
can be described by
E = Ee + EV + Erot Ee= electronic energy
EV= vibrational energy
Erot= rotational energy
The wavefunction¢i, characterizing a molecular state, is one
of the stationary sclutions of the Schrédinger equatiocn. The
energy Ei' a measurable physical property is known if the
wavefunction ¢i is known. For organic melecules only approxi-
mate solution can be derived, where interactions are fre-
quently neglected in the derived models (i.e. Born-Oppen=-
heimer separation, Spin-orbit coupling, etc.). (For a more
detailed description seethe lecture notes of G. Amat).

5. Energy level diagram and transitions of S-Tetrazine.

S5-Tetrazine C2H2N4 (fig. 1.1) is a molecule of an iso-elec-
tronic family (homologous with benzene) of aromatic, nitrogen
containing ring compounds: the azabenzenes.

For the understanding and interpretation of the spectra and
fast fluorescence phenomena we will compare the MO descrip-
tion with benzene.

The MO-model is a naive but instructive way of describing

the electronic spectra of benzene and as we will see also

for s-tetrazine. The LC-AO-MO treatment of benzene is des-
cribed in many textbooks, in which the malecular orbitals are
constructed from the six atomic I-orbitals.

A similar approach for S-tetrazine is possible including the
four pairs of nitrogen lone pair AG's.

!
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Pigl 1.1. Sym-tetrazine with inmertial awes in ground and first exeited
singlet state, The arrows dencte the geometry changes upon
excitation to the 8,-state.

The zeroth order representation of the low lying electronic
states of benzene and s-Tetrazine will be compared and dis-
cussed with the use of Fig. 1.2.



Z—Z

E(ip%cm-1)

g-Tetrazine

_.5_
o =
a2 a9 o)
. L R
E vy T
f | ol [ 1
= | I I 11 i
1 1 t !
N
-
o 3 2 =
o — N bl o
» 1—m "'"m "‘m v—m '—{
7
=
1 1 1
© < N
—
o 3
o N = =
o 0 o o
§ ””’/,,J
L\\HH\\K\E\\L’
e %]
| Q
=
| !
I c
\ ;> | |
Z--2Z oo 2 @
= % g ' ~ m f)
fo) o i £ L0
=
. L}
aQ — | t
c ! |
~ i |
o \ / “ |
17 o = | o a
[ [ hnd
o & | o @
i

Energy

- MG level diagram of s-tetrazine

‘

i

g,

6. Transition moments and selection rules.

The energy level diagram of s-Tetrazine can be represented
{as is the case for most aromatic molecules) by a Jablonski
diagram. Optical transitions can take place between these
levels by absorption or emission of light gquanta. The diffe-
rent transitions, cptical and radiaticonless, are indicated
in fig. 1.3.
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Fig. 1.3. Jablongki diagram for s-tetrosine. The rate comsto ity ki are
deseribed in chapter IT.

The probability of the SO—Sl optical transition is propor-
tional to the radiation density at frequency “50*51 and to
the square of the optical transition moment |M | 2; with

M o= <¢51 fe| ¢50> .

-

P being the cperator werking on ¢50 which is specifi¢ for
the transition .

Sympely considerations tell us whether this integral is
zer7 0r net. They are based on symmetry of the wavefanc-

lons and the »peratcr,

T
The zelecstior tules for 2lectronic and vibronic tvansi-

L ke diszoussed and compared wich the

Chrnecved Jpechtra Wi - kel of the zimple 17.A0-M O level

cption spers - o are presen-
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IT. FLUORESCENCE DECAY EXPERIMEN.S

1. Kinetics.

Luminescence decay studies have been performed and improved
in the last decennia from the time range of seconds to the
femtogecond regime. Nearly every ten years an improvement

"in the time resolution of 3 orders of magnitude has been
obtained.

Subsequent to excitation into the first excited state a mole—
cule can luminesce or undergo various non radiative processes
as internal conversion, intersystemcrossing and decomposi-
tion (see fig. 1.3).

The following mechanism will be discussed:

hy *
{2-1) M — M excitation
* k
{2-2} M —ly u o+ hUF radiative transition
- * X
(2-3) M ___2¢ M internal conversion

products photodecomposition
* k 3 .
(2-4) M* __139 M intersystemcrossing
{(2-5) M + Lo S Y relaxation or products (collision induced)

If the system is excited under isclated conditions by an op-
tical S-pulse than the decay will foiliow:

* *
M (t) = M0 exp{-(k1+k2+k3)t} (2-6)

s * I3
with M0 is the concentration of the excited state at t=0,
Then, the l/e-lifetime is defined by

-
I

= 1/(k1+k2+k3) {2=-7)
and the radiative lifetime by

. 1

T =

r Kl

The fluorescencs guantum yield ¢F is obtained by

T kl
b, = —— = : (2-8)
F ST KK,k

The radiative lifetime T, can thus be obtained by measuring
¢F and 1.

In principle the above given descripticn holds for molecules
in any phase. For isolated molecules in the gas éhase at low
pressure, where the time between two cecllisions is long com-
pared to the lifetime, we are able to study the radiative
and non radiative transitions as a function of vibrational
energy. On the other hand by adding collisicon partners it is
pcssible to study relaxation processes in the one collision
regime.

There are however practical problems: at a low vapour pressure
we normally encounter low optical densities. Time-correlated
single photon counting 1s a practically technigue to study

the dynanic¢ properties of these systems.

For decay times of the order of 10"95. a maximum vapour pres-

sure of abcut 10-3

bar has to be selected to study molecules
under iseclated conditions.

Equation (2-6) then describes the first order kinetics and
eg. (2-7) presents the lifetime of the prepared state of the
molecule. The decay times obtained for s-Tetrazine at 1 mbar
vapour pressure are given in figqure 3.4.

The fluorescence quantum yield is obtained with the help of
eq. {2-8). For the 00 level we obtained a decaytime of

830 ps and a calculated radjiative lifetime of 850 ns i.e.

_ 83010712

F o gs0-107°

-3 .

2. Fluorescence decay techniques.

The techniques for measuring fluorescence decay times can be
divided in phase shift methods and pulse methods.

2.1. Phase shift methods.

The phase shift method is based on excitation with modulated



light. The fluorescence will be shifted in phase with respect
to the exciting light depending on the .. 7.+ims of the exci-
ted state. With help of a phase sensitive detection the decay
times can be calculated. The methed is a good alternative

for the puise methods, but will not further he discussed in
the scope of this lecture.

2.2. Pulse methods.

a. ExXcite and probe method.

This method is based on the accurately known speed of light.
An excitation pulse firstly prepares the molecules in the
excited state. Then an interogating second pulse (probe)
examines the system at a certain time delay. The recovery of
the ground state molecules (as a result of fluorescence or
internal conversion) can be obtained with this method as a
function of time delay between the excite and probe pulse.

The time delay is measured as an difference in optical path-
length, i.e.

=1
Imm o:: —2ei0_em -1 ps.

3.10%m/s

The method is described in more detail in the lecture of
Prof. W. Xaiser.

b. Direct methods using ultra-fast detectors.

Since the developments of picosecond and subpicosecond laser
Pulse techniques , a S-pulse excitationscurce is available
for most fluorescence studies to prepare a molecule in it's

excited state, followed by a study of the emission as a func-
tion of time.

The measurement of the temporal intensity profile I (t) with
picosegond time resolution and high sensitivity is the key

to the study of dynamical processes in matter. The difficulty
in obtaining high time resolution is often due to the low
light level of the signal to be detected. High intensity ps
laser pulses can be measured with measuring equipment having

a short responme time like Silicon photodiodes and streak came-—
res (see table I; first cotumn).

Table 1., Detector response time and detection limits.

T
1 Response | transit | sensitive [detection limit
ito § -~pulse| time area
| (ns) spreadl) (diameter) | (Photons/event)
(ps)
Si-photodicde 50ps ~ 50um 100
SPAD- -4 3)
photodicde 20 20 35um 10
PM  XP 2020 2.5 220 Smm 3.1077 4
X-Field 150ps 2302 Sx6mm 1078 X
M.C.P 0.9 70 18mm 107?
Streak camera 2ps 0.025x5 mm 10 j;
Synchrascan 10ps 0.025x5 mm 107t
1}

measwred by SPC; 2Jpreliminary, preobably sofar limited by o
electronics; 3)ealeulated from lit_erature values; 4] at —78%,

{(The optical methods: two photon fluorescence; measurement of

autocorrelationfunctions with second harmonic generation etc.

will not be discussed.)

The measurement of a (weak) fluorescence decay has to make

use of a fast photodetector with high internal amplification

and can be performed

(i) by measuring the waveform of the detector current pulse
(by sampling and averaging techniques) or

(i1} by measuring the time position of the single photon
response of the detector with respect to the excitation
pulse and then accumulate many of such events in a hysto-
gram.

The resclving time for averaging techniques is dependent on

the delay of the arrival time of the photons at the photo-

cathode of fast detector and on the jitter of this delay.

Hence

. 2
l"\‘tzwer. - s

]

n

+ t ts response function of
the detector amplifier

ot
3

transit time spread



For time correlated single photon counting only the transit
time spread contributes i.e.

btgpe * T4
So, the time resolution of the single photon counting methcd
in combination with a fast photomultiplier is in favour of
averaging and sampling methods.
We will discuss in the sections 4 and 5 of this chapter the
streak camera- and SPC-technique (so called photochronoscopy)
but first we will describe the excitation source well suited

for these systems: the synchronously pumped picosecond dye
laser.

3. Synchronously pumped cw dye laser system.

For a detailed description the author refers to the lecture
notes of Prof. B. Wilhelmi. A description of authors system
as used for the experiments presented in this lecture is
given in the following reprint of a letter in Optics Communi-
cations (1976}).

The linewidth of the tunable ps-pulses around 550 nm can now

be selected between 30 cm-l (‘vlpsj and 0,03 crn—1 (~800 ps}.

Reprint from Optice Commniecations, Vol. 18, nr. 1 (1976) 24-26.

C8  GENERATION OF §30-670 nin AND 265-335 nm
PICOSECOND PULSES IN A CW DYE LASER BY
MODE-LOCKED SYNCHRONCOUS PUMPING
1. de VRIES, D. BEBELAAR and I. LANGELAAR
Urnversity of Amsterdam, Laboratory for Physical
Cherusery. Nicuwe Prinsengracht 126, Amsterdam,
the Netherlands

A number of approaches has been published to produce Lyot-filter for Rhodamme 6G a pulse dusation of 7 % s and

tunable picosecond pulses by mode-locking ¢ cw dy e laser with a bandwidth of 80 pm (0.8 A} is observed. This perinrnuince
Rhodamine 6G as the lasing dye. We have chosen ror the method ' transform hmited assuming a gaussian pulse shap: (ac At =
of synchronous pumping by 1 mode-lucked argon-ion laser 1.52). Far a 2-elements Lyot-tilter we obtained 4.5 ps and
[1.2]. This approach gives a system that is easier to operate, 2120 pm.

which is especially important when frequency doubling of the Tn the literatuie 2] ot was suggested that the optical pulse

dye laser pulses is used. The 1.5 m argon-ion luser (R-51 i sheuld consist of two palses 330 ps apeit e Lwies the dis-
mode-locked by an acousto-optic loss madulatur, The ou sheet My ) Although the detection systom s faxt
at 514.5 nm consists of a train of pulses (H ps FWHAD 12 2% 1o .erarate the two pul
Da & SHz with an aveage power of 11 W The cavety o a et anly > pulse travers in the dye las
stroam dye laser 1Cr 190} was entended (o |5 my
to the repetiogen fregueney of Jie pamo pulaee
mirror My {13 1),

Vhe dur A
Sichetson

wi observei it

vy Fhe time Jelay

the pLUmp pulat ami the s dve et
RINTINL
ar opumum ih

Rawwn 51

For Rhodamine B, 6G and sodium fianscein (530
670 nm} typical average output powers are given in fig. 3. 1t
was observed that the pump thresheld for lasing in mode-locked
operation (200 mW) is four times lower than with cw pump-
ing (800 mW), Average cutput powers of generzted uv piso-
second pulses between 263 and 335 nm are given in fig. 3
as weil, With angle tuned KDP crystals an energy conversion
of about 0.05% i obtained. With a 90° phase-matched ADP
crystal much higher efficiencies are found. Around 270 nm
we measured a conversion efficiency of 2% and may thus
expect far Rhedamine 6G with a 90° phase matched ADA
crystal an average mode Jocked uv output power of at least
S mw.

The obtained tunable picosecond puises at high repetition
rate are very attractive for the study of spectrally resolved
dynamic processes in molecules. Even in the uv region
(fig. 3} the energy per pulse (105 105 photons) is sufficient o
measure {luorescence decays in the ps and ns time range with
the single photon counting technique. Results obtained for
organic melecules at low vapour pressures will be discussed.
For example for s-tetrazine at 1071 torr decay rates between
2% 10% and 8 % 108 sec ! are obtained depending on the
vibronic level excited.

Fig. 2. Detector limited mode-locked dve laser pulse observed
with a fast photadiode (f'whm = %0 ps) and a sampling otcillo-

scope {50 psjdiv).
T average power visible {mWV] e
average power ux uW) ————
00 | : 4 300
Rhodamine BG
50 | 1
Anhodamine B
200 [ 12
160 -— r
. 4 ~
Na-tlucrescein ’ »
’ A
o0 - , S 0o
g ’ e
» - .
. / ~
o’ / IR
o .. S o \\ --.“\
- e T T . ’e ~ Nea
LA x5 L - .~ .
5% s sho  sho 50 sa0 560 600 0 0 810 B0 650 880 670

2o 12801 2901 13004 301 320} 1330+
wavelngth nm) —=

Fig. 3. Tuning curves of mode-iocked average power for three different dyes. Tuning ¢element: 3-elements Lyot filter. Average pump
puwer at 514 nm: 1.1 W. Puise duration: 7.5 ps at 600 nmn, — average pawer visible output in mW, ~« .- average powar uv output
in W with angle tuned KDP crystals, —%— thid with 90° phase matched ADP crystal.

REFERENCES
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2. Jdu Haeeds, LW Chedsmod and P ctle, Appl.Phys.Lett. 26 (1975) 1.
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4. Streakcamera photochronoscopy.

The streakcamera, the use of which was already suggested in
1956, is one of the few instruments that can directly measure
the time versus intensity profile of a picosecond optical
event. It can produce a linear and real time measurement
without the need for deconvelution or curve fitting.

The main part of the streak camera is the electron optical
streak tube, the operation of which is presented in fig.2.1l.
The incident optical signal is first directed onto a slit

and is subsequently imaged ontoc the photocathode of the streak
tube. The optical signal generates photoelectrons which are
accelerated at high potential and focused onto the phosphor
gscreen of the streak tube. The intensity of slit image on
phosphor is proportional to the intensity of the incident
optical signal. By applying a time-varying high voltage to
the streak tube deflection plates, it is possible to deflect
the image across the phosphor screen, thus generating a
time~intensity profile of the optical signal. The distance
displacement of the streak image is directly related to time,
while the image intensity represents the optical signal inten-
sity.

/- STREAK TUBE
INPUT GPTICS OPTICS
=\ T /-~ OUTFUT -

Mg SEIT |
DIFFUSER
MCP
I IGAIN
T T MONITOR

SWEEP MoDE | STREAK TUBE our
GENERATOR CONTROL

TRIGGER RESET

’;lo"

STREAK SPEED

HV POWER

lav POWER 4 LINE

?ig. 2.1, Block diagram of a streak comera.

The time resolution of the streak camera is determined by
photoelectron time dispersion as well as the image deflection
velocity and spatial resolution of the streak tube.

Let us first consider the photoelecton time-dispersion effect.
Because of pair production and lattice-scattering mechanisms
in the photocathode, photoelectrons are emitted with a dis—
tribution of velocities. The effect is small when the inci-
dent optical signal has a wavelength near the photocathode
cutoff but becomes more pronounced with shorter incident
wavelengths. The distribution in initial photoelectron energy
and velocity gives rise to a distribution in the transit times
of the photoelectrons through the streak tube. This causes

a broadening in the streak trace and a loss in temporal re-
solution. The spread in transit times may be written

td = miv/eE
Av is the distribution of initial photoelectron velecities,
e/m is the charge/mass of the electron and E is the electric
field at the photocathocde.

The more rapidly the electrons are accelerated to high velo-
city, the faster they forget their initial velocity distribu-
tion. The initial photoelectron velocity distribution is a
function of both photocathode type and incident wavelength
but typically Av ~ 2 x 107 cm/sec. Modern streak tubes such
as the Photochron II or IV can produce extraction fields of
10-20 kV/cm so the typical photoelectron transit time sprea-
ding is < 1-2 ps.

Let us next consider the role of the deflection velocity and
the spatial resolution in the time resclution of the streak
camera. These factors, neglecting photoelectron dispersicn
and nonlinear saturation effects, determine what is termed
the technical time resoluticn of the streak camera. Consider
the streak image of an input optical signal consisting of

twe short pulses separated by an arbitrarily small delay time



At. The distence ngaratlon to .the streak 1mages on the phog-
phar =

reen of tha streak tube is de: crmined by the -deflec-
tion velocity Vs to be Ad = AtVS. The rescivariiivy of the
two pulses will be governed by the dynamic spatial resolu-
tica of the streak camera and thus is:

tT = l/R‘-:‘S

Through the use of high-voltage Krytron switches, writing
‘speeds of up to 2 x lOlUcm/sec have been obtained.

With the use of higher streak speeds the output image inten-—
5ity at the phosphor screen of the streak tube decreases be-
cause the photoelectronsz become dispersed over a larger area.
Unfortunately if the incident Optical signal intensity is
increased the streak tube image becomes defocused. In order
to avoid this parasitic effect, the photoelectron densities
must be maintained below what is termed the photocurrent
limit. The causes of this limit are not well known. The
problem has in part been circumvented through the use of
image intensifiers to process the streak image before recor-
ding. Early experimental systems employed a large ang messy
magnetically focused cascade intensifier for this purpose,
howeyer, later schemes used higher efficiency and less bulky
fiber-cptically coupled microchannel plate intensifiers

Some modern streak tubes incorporate the intensifier direct-
ly as a part of the streak tube.

In the absence of saturation effects, the streak camera res-
ponse is determined mainly by the technical time resolution

and photoelectron dispersion. The streak response to a laser
pulse of duration tp is thus:

+
tT + t

[\%)
T

2
d

assuming gaussian profiles. Experimental time resolutiocns of
< 2ps have been demonstrated.

.We note that the spectral sensitivity range of the streak

camera has been greatly extended through the use of different
photoCathode-ﬁaterials. The use- of an‘Sl-phdtocathode provides

,sensitivitY“d swn to wavelenght of ~ 1200 nm, while good photo-

cathodes function well into the UV.

The image intensification is performed by a microchannel plate
electron multiplier.The microchanne! plate consists of numercus
electren channels hored into the plate and coated with a high
resistance material having secondary electron emission.

By applying a high voltage bias to the opposite sides of the
microchannel plate, a potential gradient is produced along the

_channel. A photcelectron incident into the channel will thus

collide with the walls to produce secondary electrons which
will be accelerated by the potential and undergo further multi-
plication. Finally the electron groups leave the channels and
impinge on a phosphor output screen where they form an intensi-
fied version of the input image. The spatial rescolution is

20 lp/mm.

The gain of the intensifier is determined by the biasing voltage
across the channel plate as well as by geometry of the channels.

2

Gains of approximately 10° to 5 x 104 are obtained depending on

the bias voltage.

The streak camera and intensifier measure the time versus inten-
sity variaticn of a plcosecond event by producing a corresponding
distance versus intensity variation in the streak image. An
Optical Multichannel Analyzer (OMA) functions to record the
optical output of the streak camera and convert it into usable
digital form.

Figure 2.2 shows the time intensity profile with a camera set at
the maximum writing speed for a set of pulses separated by 67 ps.
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Fig. 2.2. Streak camera trace of two pulses separated by £7 ps.

To facilitate the recording of pericdic low-intensity signals
generated by cw modelocked lasers, the streak traces may be
superimposed, allowing the signal to be integrated directly
on the phosphor screen of the streak tube. The high data-
accumulation rate provides a substantial increase on sensiti-
vity and dynamic range over single-event streak cameras while
allowing direct and linear measurement of the time—inﬁensity
variation of the optical event.

Synchronously operating streak cameras are provided by using
a synchronized repetitive high-voltage deflection signal to
the streak tube.

The minimum sensitivity of the streak camera (10-19J)dynamic
range {n 103) and system time resolution {1-25 Ps} will be
discussed. Also a fluorescence decay experiment will be
Presented.

Streak cameras provide the shortest resolving times of all
electronic methods i.e.down to ~ 1 ps.
The method still has sone drawbacks:
— the resolving time is proportional to the time range scan
- the linearity is not high
— the equipment is expensive and not easy to operate
= the minimum sensitivity lies around 1 photon per event.

If such a high time resclution is not needed (i.e. not possible
in high resolution spectroscopy) or if weak signals over a long
time range have to be measured the S P C method (next section)
has to be preferred.

5. Single pheton counting photochronoscopy.

5.1. Fluorescence detection and signal processing.

Fluorescence signals have to be observed via a high resolution
monochromator (preferably with twe exit sliteg) 1f high spectral
resolution and time resolution has to be combined. This system
then also enables one to perform absolute calibration of the

dye laser wavelenght and linewidth before and after each decay
experiment. Mest of the time resolved experiments in our lab were
carried out with a Philips XP 2020 photomultiplier and a single
photon counting system (SPC). The time resolution of this combi-
nation allows to measure decay times down to 100 ps without the
need of convolution techniques. The usefulness of the SPC is

due to its linearity high dynamic range and good signal to noise
ratio in combination with an extremely high sensitivity. It
allows decay time measurements of signals as low as 25 counts

per second; the pulse repetition rate of the laser heing 85 MHz.
These are realistic signal levels encountered in our study on
single level decay measurements of s-tetrazine vapour.

A block diagram of the excitation and the detection system is
shown in fig. 2.3. The single photon counting electronics consist
of standard Ortec modules. The Constant Fraction Discriminator
has been selected to give lowest jitter (about 20 ps FWHM) and walk
(25 ps peak to peak over a 20 dB range). The apparatus is used with
the start and stop reversed. In this mode the start pulse going
to the Time to Amplitude Converter (TAC) is delivered by the DPMT
and the stop pulse is derived from the laser pulse repetition
rate. The TAC produces an output pulse with a height proportional
to the time interval between a start and stop pulse. A Multi
Channel Analyser (MCA)accumulates the pulses from the TAC. The
display of the MCA will be a histogram of the detected photons

in time which is equivalent to the fluorescence decay curve.
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The maximum time interval during which the fluorescence decay
can be viewed is the pericd between the laser pulses and is

in our case 10 ns. In order to obtain an accurate interpreta-
tion of the decay curve over at least three decades, we accu-
mulate in the MCA to 104-counts at the top of the decay

curve, For SVL studies on s-tetrazine a measurement normally
takes less than 1 minute ©unting time; for weak SRL studies
with a signal level of 25 cps the operating time increases to

1 or 2 hcurs.

For decav times > 2 ns a low vcltage electro-optic modulator

is employed to decrease the repetition rate of the dye laser.
This enables one to record the fluorescence decay with a time
window larger than 10 ns.

The modulator power supply and the start pulses to the TAC

are synchrenized by dividing the modelocker drive fregquency

of the icn laser. The PMT-signal then delivers the stop pulses.
The start pulses start the time-tc-amplitude converter (TAC).
If a stop pulse arrives within a preset time after the start,
the TAC supplies an output pulse with a height proportional

to the time interval between start and stop. The pulse serves
as input to the multichannel pulseheight analyser and in this
way a photen counting histogram of accumulated counts (ordinate)
versus time (abscissa) is obtained. Conversion to absolute time
is done by calibration using a pulsegenerator with known re-
petition fregquency (Ortec Model 462 Time Calibrator}. A scheme
of the standard SPC configuration is given in fig. 2.4.

One of the problems of this technique for long decaytimes (pile-up)
originates from the TAC. Cnce a stop pulse has been arrived

within the pre-set time window, the TAC cannot detect a se-

cond stop pulse in the same time window.

Pile-up can be removed by surpressing measurements in which
multiple stop pulses occur. For a continuous light source an

estimate can be made on the basis of Poisson-statistics.

W0} = @a
W(l}

Mp o Zi o= Lo (L8 o)

f
3
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(@) W(0}, W(l) and W(2 2) are the probabilities for zero, one and
two {or more) stop pulses within the time window, respectively
The quantity a is the mean number of stop pulses in the time
window. Pile-up disteortion is negligible when W(> 2)<<1, say
10-3. Then a is known and fixes W(l).

Pile-up distortion can be much better surpressed by a device
which counts the number of stop pulses in the time window of
the TAC: when two stop pulses are couted, storage of the TAC
cutput pulse in the multichannel analyser is prohibited.
With this pile-up inhibitor it is allowed to maximize W(l).
Then a=1 and W(0) = W{l1) = 0.37, i.e. the stop frequency may
be just adjusted to 0.37 count per measurement.

counts

Fig.2.5a shows the result for a constant light source. Clearly,

a kind of "anti" pile~up 1s present. It turns out that for the
. tme time window (1 to 4 ps) and repetition frequency (100 kHz) used,

the busy time of the multichannel analyser is responsible for

80.000 _p‘.n-"-n—-‘\:/‘.-’.‘.h"."‘.".-%‘”a’\-ﬂ—.\‘oﬂ\.—M?"’f‘.ﬁ\.‘\_fﬁ“—i—ﬁ\'ﬁ‘wﬂ‘\ﬂ'\““ﬂ‘f-hI-V_—.d'- this distorticen (i.e. sometimes the TAC supplies a pulse while

the multichannel analyser 1s not ready with the storage of the

() previous one). The distorsion is removed by prohibiting measure-
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ment during the busy time of the multichannel analyser. Fig.2.5b

shows the final result. No pile-up i: . 3,000
counts per channel 2% any ratio of sw0p frequency to start
frequency.

A typical result for the broad band detected emission of Izw

vapour is presented in fig. 2.6.
5.2. The photomultiplier tubes {PMT) .

The response of the apparatus tc a delta pulse has been mea-
sured as a function of wavelength for several photomultiplier
tubes. The results are shown in fig.2.7 for a Philips 56 DUVP
and a XP 202C tube. A half-width of 620 ps is observed with
the 56 DUVP, a widely used tube in single photan counting sys-
tems in the past. The response, however, changes considerably
by going to shorter wavelength. The best results we have ch-
tained so far are with the XP 2020 and are only slightly de-
pendent on wavelength (curve b, fig.z.7),

Pig. 2.7. Wavelength dependence
of the photormultiplien
response (FWAM) to a
delta pulse:
+, Philips 58 DUvP;
10 0O, Philips XP 2020(a);
0, Philips XP 2020,
T but after selecting the
fastest area of the
vhotocathsads (b). The

fnsj

s total electromic jitter
g 15 ps.
&:::::::::::::ja
L]
wectronic jither
Atnen) Ry
300 %00 300 800

The céntribution of the first dynode to the response can be
decreased by changing the operating voltages and then selec—
ting the fastest area on the photocathode so that the transit
time spread of the photo electrons is at a minimum. This gives
an overall instrumental response of 230 ps (FWHM) at 580 nm.
The results are reviewed in table 2. By using a special mode]
Cross field photomultiplier we expect a further improvement

of the instrimental resolution to 20-50 rs FWHM.

Table 2. Photomultiplier response

time resolution FWHM (ps)
field- estimated contri-
strength bgtion
Type photo- at cathode; measured {photo- first
cathode (V/cm) cathode dynode
56 DUVP bialkali 40 620 540 290
(K2CsSb)
XP 2020 " 180 a 320 120 290
kb 220 120 190
1)
X-field PM GahAs 2000 230 2q-50
1)

preliminary; probably limited by CFD electromics.

Some of the decay results presented in the last chapter are
performed with a Cross-Field photomultiplier.
The response function of the XP 2020 PMT to a delta pulse at
A=583 nm is given in fig. 2.8.

4x104 .
10}
Response XP 2020
to delta pulse at Ax585nm
10 FWHM:235ps
counts/ - 1/e:' 98ps
1 channel
10°} : ,
'~ 2
H '
H B
10 ; :
. - ) 50 ps /channal
a 0 20 ____ 30 40 50
time {ns)

Fig.” 2.8, fiespomse function of the X¥P 3020 photomultiplier to a S-pulse
of h = 585 nm.



Note that the ordinate is a logarithmic scale. The "afterpulses"

are at least 3 orders of magnitude smallei *™=m +he main signal.

The respons function shows a

and a 1/e-dacay of 98 ps.

The afterpulses around t =

signal with a half-width of 235ps

14 and 22 ns, are due to processes

in the photomuliplier; the weak pulses around 2¢ and 30 ns are

the next pulses from the dye
ratio of the modulator of at
Thé PMT response for the SPC
pulses are reversed is given
response function is used to

time of Erythwsine B in this

laser indicating an extinction
least 104.

system when the start and stop
in figure 2.9. at A=546 nm. This
analyse the fluorescence decay

wavelength area.

"
Response of XP2020
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FWHM: 240ps 108
1fe: 95
/ ps countsy
channe}
N - 102
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T 10
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Fi{g, 2.9. Respomse functiom of XP 2020 to S-pulse at A=548 wm.
Start and stop pulses are reversed.

5.3. Fluorescence decaytime of Erythrosin B.

Erythrosine B is a iodine substituted fluorescein dye from which
is known, that the fluorescence yield is drastically reduced
(0.5) to water (0.02) as solvent,

In acetone we observed a decaytime of 2.28 ns, which indicates

by going from acetone

a quantum yvield of approximately 0.57 using a radiative life-
time of 4 x 10—95.

The results cbtained from Erythrosin B in methanol and water
are given in f£ig. 2.10. In methancl the decaytime T = 460 ps,

can directly be obtained from the logarithmic plot as given

Fig. 2.10. Fluorescence decay curves of Evythrosine B tn methandl (o) and
water (b) measured by the aingle photon counting tachrique;
Tf(methanol) = 460 pe; Tf {water) < 125 ps.

Erythrosin B solved in water, however, gives a fluorescence
intensity profile which slightly differs from the response
function of the detector as given in fig. 2.8,

in fig. 2.10a.
.'M -10‘
ErythrosinB i Erythrosin B
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Aget:553nm F . lip?  FWHM: 360ps H
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The 1/e-decay indicates a decaytime of T<125ps. A full convo-
lution of the fluorescence intensity profile versus time of
Erythrosin B in water with the equipment responsefuncticn gives
a lifetime of 1=80 + 5ps. The convoluted profile, with a decay-—
time of 80 ps, of the experimental intensity profile of
Erythrosin B in water as obtained in fig. 2.10 is oresented

in fig. 2.11.

i + .
counts, t Erythrosin B in water
ahanne decaytime T=80ps

103

r ) L
100 : 3 3

- time [ns) 4

Fig. 2.11. Fluorescenze decay curve of Erythrosin B in water. Thin line:
rart of the experimental curve of fig. £.10b (100 eharmels).
Fatline: intensity profile caleulgted with a decay time of
80 ps and the detector respomse function of fig. 2.9.

6. Monochromator time dispersion.

In many spectroscopic applications it is desirahle to measure

the time evolution of a given portion of a complicated emission
spectrum. Special care is requiged when using a nonoc-

chromator for time-resclved SPeCtrescopy becduse it produce:

a temporal broadening in the optical signal. fo. a grating mono-
chromator the origin nf this Lroadening :ffect lies in tre dirfrac—
tion process itself. I a liabt wave is 4

from a grating, theos

1]

R S 4= AN AT

reflected from

successive grating rulings. Thus if there are N grating grooves
the time dispersion produced in the diffracted beam in first
order is:

At = Ni/c (2-9)

Typical 1/4-m and 1/2-m menochromateors employ 5-cm sguare gra-
tings with ~ 500 lines/mm and v 1200 lines/mm respectively.
For an incident signal at 6000 & the resulting time dispersion
is ~ B0 ps and v 120 ps.

There are two basic approaches for reducing the time disper-
sion produced by grating monochromators. The first approach
is to decrease the number of grating grooves, N. The time
dispersion is then reduced since it is proportional to N.

The number of grating grooves may be reduced either by using
a coarser grating with fewer lines per millimeter or by
masking a portion of the grating, thereby restricting the
aperture and exposing fewer rulings. While this solution is
simple to implement, it has the disadvantage of decreasing

the resolution of the monochromator. In particular, the resol-

ving power of the grating is also proportional to the number
of rulings:

AMAN = N (2-10)

Thus there is a trade-off between the time dispersicn and re-
solving power. This can he expressed by combining egquations
(2-9) and (2-10) to yield the familiar uncertainty relation
limit:

AvAt = 1 {2-11)

The second approach for reducing the time dispersion consists

of compensaticn for the diffreciicn process rather than adjusting
W. It must be stressed that 7. (2-11) gives only a leower limit,
achieved at minimum s1it widrh (v Sumd, Under rracticzl =xperi-
mental conditions wich opened slits Av-At might be as high as

PO oo na L The

TOonpeaTation may be ascompl: shed by emploving a
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special double grating monochreomatoer as shown in fig. 2.12.
The second grating functions to bring the time dispersion in-
troduced by the first grating hack to the theoretical limit.
Consider a short pulse of light which is directed through the
entrance slit of the monochromator. The ray at one side of
the grating will travel a shorter path compared to one
depicted on the opposite side. The wavefront of the light
beam as indicated in the figure at the entrance slit will be
tilted at the exit elit i.e. one side of the beam has been
delayed with respect to the other side. With an identical
monochromator as a compensator the inverse process occurs

at the second grating. The optical path lengths from the en-
trance slit of the monochromator to the exit slit of the
compensator are thus equal, regardless of where the ray is
diffracted on the gratings. It is worth noticing that this

is not a standard double menochromator.

The advantage of the use of a compensator overa reduction

of the number of grooves is a higher throughput of light
when the slits are opened wide.

monocchromator eompensator

/

Fig. 2.12. Compensated monochromator
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It is interesting to note, however, that the spectral resolu-
tion is limited by the duration of the optical signal. This
arises because a short optical pulse has a limited spatial

as well as temporal extent and only interacts with a small
area of the grating at any instant. The effective number of
grating rulings that the pulse diffracts from is reduced in
proportion to its temporal duration. Thus the duration of the
cptical signal and the spectral resclution obtainable are in-

versely related.



ITI. SPECTROSCOPY OF S-'PETRAZINE VAPOHR,

1. Fluorzscence of isolated moleculies.

Congicerations of the first order kinetics of an isclated mole-
cule (no collisions during the excited state iifetime’ are
given in chapter IT . 1o study the kinetics of single vibra-
tional levels of s-tettazine the absorption and emission spec-
tra should ke known in great detail. In the absorption spectrum
{fig. 1.4) we mainly observe progressicns of rthe totally
symmetric vibration 6a.

Further we observe a number of sequences around thes origin due
to hot bands of the 16a and 16b modes, which have a large
Boltzmann factor at room temperature.

Some of the normal modes and their frequencies in ground and
excited state are presented in Appendix A.
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Fig. 3.1. Part of the loser—induced abscption spectrun of isolated s-tetra~

aine vapour (Pz0.5 Torr), Assignments have baan given in the figure.

Anm}

Fig. 3.2. Part of the fluorescence excitation gpectrwn corresponding with
the absorption spectrum of fig. Z.1. )

The laser induced absorption spectrum with a resolution of
1 1

~ 0.8 em ! in the neighborhood of the origin of the "By <« A,
electronic transition is given in fig. 3.1.

For compariscn we also present the fluorescence excitation
spectrum (fig. 3.2) in the same spectral region. Both results
are to be compared with the absorption spectrum of fig. 1.4.
Single vibronic level transitions are well separated in these
spectra. Only a much higher spectral resolution enables one

to resclve the rotaticnal structure of the vibronic bands.
S-Tetrazine, being a large molecule, has a large Doppler width
(0.024 em™! at T = 300K} and a short decay time, so that com-
plete resolution of the rotational structure is excluded.
Single vibronic level emission spectra of isolated s-Tetrazine
can be obtained after preparing the molecule in its first ex-
cited singlet state by the appropriate vibronic transition.

The emission spectra of the 16&1, 16b2

and 6al level are re-
presented in fig. 3.3, examples of the detailed knowledge of
the photophysics of the s-Tetrazine molecule. The decaytimes
of the different vibronic levels are represented in fig. 3.4
and will be discussed.

For the rotational structure s~tetrazine can be described as

an oblate symmetrical-ton molecule.

2. Collision-induced vibrational energy flow in a=Tetrazine.

Fluorescence studies of S-T vapour with added foreign gases
at different pressﬁres are used to follow the level to level
energy flow. Because of the short lifetimes of the excited
states it is possible to perform measurements of the fluores-
cence spectra at pressures where not more than one hard
sphere collision has occurred. Hence intramolecular relaxa-
tion channels can be followed as a result of one single col-
lisional step.

The fluorescence spectra obtained after excitation of single
vibronic levels are simple as stated in the preceeding section
and the vibrational structure of these spectra is well resol-
ved so that the relative intensities of the various emission

bands can be determined accurately. As an example we will
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focus our attention in this lecture on the vibrational deacti-
vation of the combination level 16a’lébl. A part of the emis-
sion spectrum originating from this level is shown in Fig. 3.5a
This spectrum was obtained after excitation into the lsailﬁbi

band at a vapour vressure of 0.5 torr. Fluorescence decay rmeasure-

ments show that the collision-free lifetime cf this level
varies between 1420 aﬁd 1900 ps dependent on the rotational
quantum numbers.

The spectra shown in Figs. 3.5b and c were measured at a pres-
sure of 125 torr He and 500 torr Xe respectively. The resonance
bands are due to emission from the pumped level 16a116bl and
the new emission bands, which are absent in Fig. 3.5a, can be
ascribed to transitions originating from the levels 16a2, lsal,
166 and o°.

Fig. 3.6 shows the levels to which vibrational energy transfer
out of 16a116b1 can be observed under single collision condi-
dions.

Accurate time-resolved experiments of vibrational relaxation,
specially of the population growth of the relaxed levels, are
not meaning full because of the variation of the lifetime with
rotational energy. These experiments will be discussed in

the molecular jet results of Van der Waals complexes in Chap-
ter IV.

3. Molecular jet spectra of s-Tetrazine.

For a description of the use of a molecular beam in spectros-
copy the reader is referreu to the lectures of Prof. A. Dymanus.
We used for our experiments a supersonic expansion of argon
gas seeded with ~ 0.03% s-tetrazine. The expansion was con-
ducted through a nozzle of 50 or 100 um with an Ar stagnation
pressure between 1 and 1.5 bar. For the time and spectrally
resolved emission we used the equipment as described in chap-
ter I1. The change of the velocity distribution of the mclie-—
cules in the superscnic jet is defined by a temperature with
heip of a Maxwell-distribution. The relative velocity between
the particles-decrease asz & functicen of the distance to the
nozzle.

For the translational fers

= 300K, noczoliz odom
(TO 3 ., noz

—x04 __, | x01 .  x04 __, x10

¥
570

575 580 nm

Fig.3.5. a. Resonance fluorescence from level lﬁallﬁbl measured at a
pressure of 0.5 torr. Figs. b and ¢ show the same part of the
spectrum after addition of 125 torr of helium and 500 torr of
xzenon respectively. Because of the large variations in the
relative intensities of the emission bands, different parts of
the spectrum have been recorded with different attenuation fac—
tors, These factors are givenm in the figurve.
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Displocement in Nozzle Diometers

For vibrational levels the cooling is dependent on-the normal

mode. We therefore have to define a vibrational temperature

(Tsfgr) for each normal mode.

It is expected that normal modes with low frequency are better
cooled than others having a higher freguency.

Even in the collision free region of the jet for the lowest
vibrational energy mcdes a Tifir > 100 K is expected.

The collision free region is reached after about 10 nozzle
diameters for s-Tetrazine. The fluorescence excitation and
emission spectra of the eal molecular level are presented in
fig. 3.8. The results show that collision induced vibrational

relaxation at the molecular jet conditions are not observed.

Fig. 3.8.a. Fluorescence exeita—
tion apectrum of the
16ad s—tetrazine mole—
cular transition in
a supersonic jet.
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Fig. 3.8.b. Part of the fluorescence emiasion spectran of the Eal level
of the s~tetrazine molecule. Note: all emiasion ia from the
6a* level.
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Fig. 3.8. Fluorescence decay curves of s—tetrasine in a supersonic jet;
a. with a laserpulse of 7 ps (FWAM) giving an 1/e decay response
of ~ 100 ps. -7
b, with a laserpulse of 720 ps (FWHM, Av = 0.02 om ~) giving
an 1/e decay responseof ~ 240 ps.



iv. S-TETRAZINE-Ar VAN DER WAALS MOLECULES.
For the decaytimes of the molecular levels (fig. 3.%) the

zame iifetime is observed as at ro.o.. - cocoaes {(fig. 3.4).

The Yinetic considerations will be disca d in tr 3
& dlscussed In tne next 1. Consecutive vibrational redistribution and predissociation

processes.

chapeer for s-Tetrarine-Ar vVan der Waals meolecules.

S-Tetrazine argen complexes T—Arn (n=1,2) are formed in a super-
sonic expansion of argon seeded with s-tetrazine. The expan-—
sion was conducted through a nozzle of 50 of 100 um with an
argon stagnation pressure hetween 1 and 1.5 bar. From spec-
trally resolved measurements it is clear that vibraticnal re-
distribution processes as well as vibrational predissociation
processes take place after SVL excitation within the complex.

From rise and decay time experiments it can be concluded, that
after excitation of the 6al complex level, the above mentioned
processes are consecutive and not parallel. It appears that
the out of plane mode 16a couples with the Van der Waals
stretching mode. The predissociation rate of the 16a2 complex
is observed to be 2.3 x 10°s L.
This section will be discussed on the basis of the following
preprint.

CONSECUTIVE VIBRATIONAL REDISTRIBUTION AND PREDISSOCIATION FPROCESSES IN

S~TETRAZINE-ARGON VAN DER WAALS COMPLEXES

Authors: J.J.F. Ramaekers, L.B. Krijnen, H.J. Lipa, J. Langelaar and
R,P.H. Rettschnick,

Lagers in Chemistry, 1983 {in press)
Contents: Introduction; Supersonic jet speetroscopy; Kinetios.

2. Special topics concerning s-Tetrazine and its Van der Waals

complexes.

In this lecture a selection of special topics will be made on
the basis of the students interest and the available time. The
student is referred to the Appendix A-I which contains a pre-
print of the paper "Energy cunversion in Van der Waals complexes
of s-Tetrazine and Argon", Faraday Disc. Chem. Soc. (1983} {in
press).
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Preprint from: Lagers in Chemistry (in press, 1883), J.J.F. Ramackers et al.

INTRODUCTION

In a supersonic expansion of s-tetrazine seeded in argon, Yan der Waals-
camplexes are created during the cooling process. The weakly bound
complexes are stable in the region after the nozzle and can thus be
studied by laser induced excitation and flucrescence spectroscopy
[1,2,3]. The T-Ar, (n=1,2) complexes as well as the parent molecule
tetrazine can be studied in the supersonic jet under identical con-
ditions by selective excitation. A good comparison then is pessible
with the known 5V spectra of s-tetrazine in a vapour at room .
temperature under isolated conditions and in the single collision
reqime [4,5]. Ifter SVL excitation of the complexes, resonance
emission from the prepared level is observed in combination with
vibronic Tevel emission from other modes which is atfributed to either
compiex emission or to emission from the parent molecule [2,3]. In
this paper we willattribute these resuits to vibrational relaxation
and vibrational predissociation processes. The different channels

are followed in time by means of fast decay and_rise time experiments.
The characterization of the fluorescence emission and

excitation spectra is available in literature [1,4,5). In a vapour

at room temperature (0.5 torr) no vibrational relaxation processes
are observed in the different vibrational levels studied. On the
other hand the decay times observed in the excited state for the
different single vibronic levels up to 1000 cm'l change from < 100 ps
up to 1.5 ns. It is assumed that this is due to internal conversion

processes followed by photochemical decomposition.

SUPERSONIC JET SPECTROSCOPY

In the supersonic jet experiments with a nozzle diameter of 50 and

100 um and an Ar stagnation pressure of 1.2 bar with 0.03% s-tetrazine
vibrational relaxation processes in the tetrazine molecule itself are
not observed (i.e. < 0.5%) in a region after the nozzle from 0 to 5 mm.
The dimension of the area excited by the synchronously pumped CH dye
laser and observed by a high resolution monochromator in all experiments
was of the order of 50 x 50 um,

In contrast to the observation with the molecular species we ob-

served efficient vibrational relaxation and vibrational predisso-
ciation effects when the Ar Van der Waals complex species were

excited under the same conditions. We have assumed [3] that soft
callisions or orbiting collisions are efficient to induce vibrational
relaxation in the s-tetrazine-Ar complex assisted by perturbation of
the molecular vibration by the Van der Waals bound Ar atom.

Dispersed fluorescence spectra are obtained with narrow band laser ex-
citation (ac = 0.1 cm-l) by means of a 1.5 meter J.Y. grating monochro-

1

mator (0.24 nm/mm) at a resolution of 1 cm ~. Fluorescence excitation

and emission spectra were measured for the 0°, 16a2, Gal and 6b2

le~
vels of the molecular and complex species. The fluorescence excita-
tion spectrum which reveals the Og transition of the T-Ar complex
shifted -23 a:m'1 with respect to the molecular transition is presen-
ted in reference [6]. Blue shifted bands at 34 and 38 cm ', and 43 cm )
from the T-Ar complex band are attributed to resp. the Van der Waals
bendino {2x) and stretching modes.

Dispersed fluorescence emission spectra of the T-Ar complexes were
obtained for the single vibronic levels Ea, ;EZZ. E;T and EEE. {The
complex levels and transitionsare indicated by a bar above the mole-

culdr level notation.)
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The spectra could be well compared with the known resonance emission
spectra of the parent molecule [4]. The emission spectra of the mole-
cular species and the complex species which have to be compared, were
run under the same conditions in the cold molecular jet. The results
will be discussed. For each transition, the main observed emission
bands are represented in tables I-IV. The full interpretation of the
resutts will be discussed elsewhere [6]. The main SVL emission bands
of T-Ar after EE excitation are given in table I.

Tho main transitions from the spectra of tetrazine-argon after Iggg,
EEE and g;grexcitation are summarized in table II, III and IV res-
pectively. Relative fluorescence intensities are presented in these
tables for the appropriate excitation wavelengths. It is worth noti-
cing that the relative fluorescence intensities are strongly dependent
on the excitation wavelength within the broad (3 cm-l, FWHM) excitation
band of the particular transition within the complex.

A comparison with the resonance emission of the parent molecule shows
that several vibrational levels are populated in the complex as a re-
sult of intermelecular or intramolecular vibrational relaxation.

The emission snectra of gal T-Ar and T-Ar, were published in

ref, [3]. In figure 1 we present the emission spectrum after Egg ex-

citation. The results given in table IIT and IV both for Egg as well

as for E;g excitation indicate,that as a result of vibrational reiaxation

within the complex, mainly the Iﬁaz, 163116bI and ET levels are for-

med,
Vibrational predissociation, a relaxaticn process of the complex with

_— . . o1
ejection of the argon atom, mainly oroduces tetrazins in the ‘oz and

1

16b" levetl.
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Fig. la. Part of the flucrescence emission spectrum of the s-tetrazine
argon complex after 6bu excitation. {18889 cm-l). betectign
bandwidth = 10 cm L.
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Table I. Main bands of the 0° fluorescence spectrum of T-Ar (Excita-

so . D
tion: 0O

OBSERVED
FREQUENCY

17370
17338
17328
16635
16603
16593

,18105 en” 1y,

RELATIVE
INTENSITY

100
1.2
1.5

63
0.4
0.8

ASSIGNMENT
T T-Ar

0
6&1

6al
Gal
Gag
Gag

v
662

0 0 0
{By}l + Gal (Bz)1

(e}

(s )1 + Baz (Bz)l
(0.0

Table II. Part of the emission bands of T-Ar after excitation

in the lﬁag transition at 18630 cm )

. {It is inevitable that

also the molecular transition lﬁag is excited).

OBSERVED
FREQUENCY

17967
17960
18046
18128
18263

RELATIVE
INTENSTITY

239
160
111
45
8

ASSIGNMENT
T T-Ar
2
16a2
. 16a21
16a) (16a )
00
0 1
16bl

Table !II. Part of the emission bands of T-Ar after exc1tat1on

of the EEZ
OBSERVED RELATIVE
FREQUENCY INTENSITY
18388 32
18280 32
18187 30
18157 100
18048 77
17962 40
17790 10

Tevel (18889 cm )

ASSIGNMENT
T T-Ar
2 0
. 6b0 16b2
16b
1 1.1
lﬁa1 15b1
270
. Gb0 6
16a1
2
16a2

1

%1

- 4y -

Table IV. Part of the emissicn bands of T-Ar after excitation of

OBSERVED
FREQUENCY

18765
18304
18268
18182
18138
18123
18073
18048
18008
17961
17894
17862
17455
17799
17787
17585
17565
17528
17446
17404
17394
17370
17337
17312
17294
17219
17226
17207
17142

the g;T

level (18809 cm 1),

RELATIVE
INTENSITY

14

13

16

99

37

W M =~ N - -

oh M

26

I
16a1

1
16a3

15a} 6ag

ASSTGNMENT

T-Ar
1

3 GbU
16b1
)
lsai 3

6a;

6ag 16a] 16b] 6bY
sal 1669
6a6 sb°
16al 166] 620
al 16b1 6a1
sa} 1620
ay 15a2
gal
6a 8&1
Gaé
Gaz {c )1
lﬁa

l6as 6a
i 5
Ga 4
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in addition to the spectra, we have perforaed time resolved expari-
ments to analyse the individual kinetics and to deduce whether the dif-

ferent processes are taking place parallelly or are comsecutive,

In this paner we will analyse the results obtained for the T-Ar

compiex excited in the 6a1 and 16a—2 level.

1

After excitation in the 6a~ level the emission spectrum tells us

that the vibrational energy mainly flows to the 16a2 mode of the
complex and to the 16a1 mode of the molecular species.
The first process

6al + 1622 (1)

must be due to vibrationa) redistribution; the second process due to vi-

brational predissociation either from the 6a* level directly i.e.

6al + 162} + Ar (2)

or from a consecutive process of process (1) i.e.

16a% + 162l + Ar (1a)

A first indication is obtained from the graphically determined decay
times for the three levels, as compared with the decaytimes of

s-tetrazine in the same vibraticnal levels (table ¥V ).

Table V . Graphically determined decay times (ps) for several levels

. T-Ar T-Ar
s-Tetrazine {after exc in 6ag) (after exc in 16a°)
5al 520 6al 520
162° 1540 162° ~ 600 lﬁaz1 ~ 800
16a} 1450 1631 1500 16a 1400

In the 631 level a similar decay time is observed for excitation of the
melecule and for the arqon complex. This indicates that the processes
{1} and (2) do not combete with the main deactivation nrocess,

j.e. thepmotodisseciation of s-tetrazine into its products HCN and

Ny. For the ;E;Z level we see a drastic reduction of the decay

time indicating that the predissociation process (j3)is an extra

channel competing with the nhotodecomposition of the molecule.

A similar reduction in decaytine is observed after direct excitation

of the EEEE level of the complex. Here the predissociation channel

16a° + 16al + Ar (3)

also reduces the decay time of the 16a2 level, In order to proof these

interpretaticns we performed risetime experiments for the different
levels mentioned in the processes (1) to (3). For this we used a
fast cross-field photomultiplier with a risetime of 80ps (10 to 90%).
Unfortunately the decay time of this detector was not as fast as its
rise-time, the cause of which is not understood yet. It will, how-

ever, not influence the decay times presented in this paper.
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Fig. 2. txperimental growth and decay curve of the g-aT fluorescence
emission after excitation within the Ea-g band of the s-tetra-
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Fig. 3. Datted curve: Experimental growth and decay curve of the iéa

using the experimenta! curve of fig. Z as input.

Process: Sal » lé-az 3 Decaytime 1(lﬁa§) = 330 bs.

The growth and decay of the prepared g;T level of the T-Ar complex
was measured and is represented in fig. 2 {dotted curve). The
observed growth of this resonance emission eguals the risetime

of the detector and electronics, because the excitation was per-
formed with a short {7ps, FWHM) pulse from the synchronously pumped
dye laser. The decay time obtained for the E;T complex level is

520 ps, similar to that observed for the molecular species in the
6al level (table V).

The experimental growth and decay curve of the formed IEEZ Tevel is
represented in fig. 3 (dotted curve). If we assume, according to
process {1}, that the IE;E level is formed directly from the excited
E;I level, then the growth and decay has to be a convolution of the
pulsefarm of the E;T emission with the decay time of the IE;Z level. The
best fit with the experimental curve is obtained with a decay time of
330 ps. (fig. 3, drawn curve). It is worth to mention here that this
decay time is a factor of 2 shorter than that graphically obtained
from the logarithmic plot of the experimental curve, not taking into
account the growth and decay of the level from which it is formed as
is the case for the numbers given in table V and ref. {3].

Finaily the growth and decay of the 16a1 Tevel was measured and com-
pared with the calculated curve as if it was formed either by process
(la) or by process {2). If the lﬁa1 level is formed according to the
predissociation process (la} than a convolution of the pulseform of
the EE;Z enission with the appropriate 16a1 decay time has to givé the
best fit between calculated and experimental curve. If on the other
hand process (2) is the correct channel for the predissociation pro-
cess than the convolution has to be carried out witn the pulseform
of the E;T emission. The best it is obtained in agreement with pro-

cess {la) {fig. 4). Hence the results indicate that process {2) can
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be neglected, which brings us to the conclusion that predissociation
of the T-Ar complex does not take place directly from the prepared E;T
Tevel.

On the other hand vibrational predissociation is appreciable from

the IE;Z level of the complex. We might conclude that a S-tetrazine

argon complex prepared in an in-plane vibraticnal mode 6al first
has to redistribute its vibrational energy to an out of plane ;g;f
complex mode before it predissociates to a molecular species in the
16a1 Tevel and an argon atom. Hence vibrational relaxation and
vibrational predissociation of a Van der Waals complex are consecu-
tive processes and do not take place varallelly from the prepared
EET-leve1. From the results presented in figure 3 we caTculate

a vibrational predissociation rate of 2.3 x 1075™% for the 16a2

—
Tevel. A similar result is obtained by kinetic studies of the 16a®
tevel after direct excitation of the Iggg band. Cleariy, a coupling
between the out of plane 16a mode of s-tetrazine and the Van der
Waals stretching mode (43 cm"l) is also illustrated by the results

nresented in this paper {see also ref [6]1).
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Fig. 4. Dotted curve: Ey#_rimental growth and decay curve of the léa1
emission after 630 excitation.

Q@wﬂ curve!: Best_ fit computer simutation for the ISal emissian
using the_drawn curve of fig, 3.

Process: 16a° » 1651'. uvecaytime r(lﬁalj = 1450 ps.
Dashed_curve: Computer similation for I\E-.a1 emission using the

curve of fig, 2 as input. A good fit cannot be obtazined.
Process: 6a' » lﬁal; Decaytime r(lball = 1450 ps.
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