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ABSTRACT

The van der Waals complex T.Ar nas been prepared by expanding argon
seeded with s-tetrazine through & nozz’s. The complex dissociates

when excited to single vibronic levels of the 51(133u state of tetra-
zine. Information about both the vibrational state distribution of the
dissociation fragment T and vibrational relaxation which takes place
in the complex has heen obtained from spectrally resolved and time-
resolved fluorescence.

The relative yields of relaxation and dissociation processes depend
upon the excass vibrational energy e, absorbed by the van der Waals
modes. The magnitude of £,y Was varied using different sequence transi-
tions of the van der Waals modes, by tuning the laser successively

to different wavelengths within tha contour of a particular absorption
band. The observed effects can be interpreted qualitatively in terms
of the momentum gap Taw.

The dissociation of the E;T state of T.Ar proceeds via two consecutive

steps. Lower and upper limits to the dissociation energy Dé {of the

—r _ )
ba” state) are 276 cm 1 and 448 cm 1. Energy transfer from the l6a mode

as well as from the 16b mode to the van der Yaals bond gives rise to
dissociation of the complex. The dissociation rates are in the order

of 10%"1 ang they are dependent on €

1. INTRODUCTION

Van der Waals complexes are suitable prototype systems for studies of
photodissociation and vibrational redistribution in polyatomic molecules.
Generally, the dissociation energy Da of a van der Waals bond 15 smal-
ler than a quantum of a molecular vibration, and therefore excitation

of a singte vibronic level of a molecule which {s part of a weakly bound
complex will eventually cause rupture of the van der Waals bond, The
rate of the vibraticnal energy transfer process within the complex,
giving rise to dissociation of the complex, competes with other de-
activation rrocesses of the electronically excited compiex. Experiments
in which the supersonic expansion technique is combined with sophisti-
cated spectroscopic techniques have given {nteresting resuTtsl.

The resuits of such studies have fritiated extensive theoretical

worke.

Spectroscopic studies of vibrational predissociation and vibrational
relaxation of vibronically excited complexes of s-tetrazine and argon
have been reported in references 3 and 4. The spectra showed three
different kinds of emission bands: ()} resonance emission from the
originally excited level of the complex, (ii) emission bands originating
from vibronic levels of the complex populated by intramolecular vi-
brational energy flow within the complex, which might pe collision-
induced, and {1ii) emission from dissociation products. The torsional
mode 16a appeared to be particularly important in the vibrationatl
predissociation process. The observed emission spectra and the decay
times of selectively detected emission bands give rise to the con-
clusion that one quantum of mode 16a 1s transfarred to the van der

Waals bond thus causing dissociation of the complex, No other modes

than 16a were found to be directly involved in the disseciation process.



o

witpresent ctudy we will show that tha cnergy of one guantum of
the 16a made iz not enough to cause dissgciaticn nf the complex. This
impiies that energy transfer of one 16a quantur. can only give rise
to rupturey of the van der Waals bond if the initial stats containg
already a sufficient amount of vibrationa! energy in tne van der Waals
modes. The disznciation process is schematicaily represented by arrow
ain 7ig, 1 and the vibrational redistribution process is represented
by arrow b. The redistribution process might be induced by coilisions.
In this paper we will zxamine the effect of collisions and the influ-
ence of excess vibrational energy stored in the van der Waals nsdes
on the pracesses disnlaved in fig, 1.
Detailed information about fluarescence ane absorption spectra of
tetrazine vapour and tetrazine-argon van der Waals complexes i3

available 1n the literature 5,6

. A schematic representation of some
nermal modes of tetrazine, according to ref. 7, is given in fig. 2.
Only modes with relatively low frequencies have been represented; the

frequencies in the ground state and the excited electronic state are

given in table 1. Levy and coilaborators6 have reparted high resolution

spectroscopic studies of s-tetrazine ({T) and the van der Weals complexes

T.X and T.Xy (X= He, Ar or Hy}. The structure of the spectra is con-
sistent with a geometry in which X is situated on the aut-of-piane 02
axis of tetrazine. For the complexes T.X2 the spectral shifts (with
respect to the corresponding transitions of T) are twice as large as
for T.X. This indicates that the X species are occupying equivaient
positions. Throughout this paper we will denote vibrenie Tevels and
transitions in the complex T.Ar with a line on top of the assignment

(e.q. E;g denotes a transition in T.Ar).

2. EXPERIMENTAL

The complexes T.Ar and T.Ar2 were produced in a supersenic expansion
of argon seeded with approximately 0.03% of s-tetrazine. The carrier
gas was conducted through a steel bottle containing s-tetrazine

at a temperature of {1B+1)}0C, - A free yet was formed by expansion of
the gas through a 0.050 mm pinhole inte a chamber pumped by a Roots
pump {360 m3/h} backed by a mechanical forepump (25m3/h). The stag-
natien pressure of the gas was varied between 1 and 1.6 bar. The
continuous jet was crossed by a focused laser beam at & distance z
downstream of the nozzle. The diameter of the laser beam was approxi-‘
mately 0.03 mm in the central part of the jet. In our experiments

z was changed between 0.03 and 1.5 mm by moving the nozzle with
respect to the laser beam which was fixed in -space., The dimensions

of the observed area were taken as small as possible (i.e. < 0,1 mm

x 1.G mm depending on z) in order to avoid detectien of fluorescence
emission from molecules outside the jet.

Optical excitation of the van der Waals molecules was achieved with

a dye laser synchronously pumped by an argon-ion laser. The band-
width of the exciting Tight was 0.1 or 0.2 or 1.0 cm_l. Time-resolved
measurements of the fluorescence were carried out with picosecond
pulses (Tp = 7 ps or 80 ps) from the mode-locked laser system. The
fluorescence emission was dispersed with a 1.5 m Jobin Yvon mono-
chromator THR 1500 (C.24 rm/mm) equipped with two exit slits in order
to allow either spectrally resolved or time-resolved heasurements. In
most of the experiments the spectral bandwidth of the detection Sys-
tem was 10 cm™ !, sometimes it was 15 o™l Before and after each
experiment a calibration of the wavelengths and the linewidth of the

dye laser was performed with an accuracy of +1pm (i.e. = 0.03 cm'l).



Fluorescence spectra were measured using a cooled magnetically defocused
EMI 9558 QA photomultiplier. For the time-resolved measurements a
Philips XP 2020 photomultiplier or a Varian Cross-field VPM 154 M

was used. The photomultiplier is attached either to a Photon Counting
System or to a Single Photon Counting system. The time resclution of

the detection system is better than 100 ps.

Peak positions of emission bands could be obtaired with an estimated
accuracy between + 1.5 em™L and +2 em”? depending on the intensity

of the emission band. The estinated error in the peak positions of

the excitation bands is less than + 1 cm_1 except for very weak bands.
Before each series of sxneriments s-tetrazine was destilied into a steel
bottle which forms part of the gas supply 1ine to the nozzie. s-Tetra-
zine was synthesized according to the method of Spencer, Cross and
Hiberg7 . After the last s*ep of the preparation s-tetrazine is
sublimated several times hy means of a freeze and thaw cycle in order

to get rid of volatile impurities. The end product is stored in the

dark under vacuum at -20°C,

3. RESULTS AND DISCUSSICH

a. Spectroscopic cbservations.

Fig. 3 shows the 03 band of the‘f1uore5cence excitatton spectrum of
T.Ar. This spectrum exhibits also the moltecular Og band which appears

as an extremely weak feature 23 cm™*

to the blue of the EE band. Three
stronger bands appear at +34, +38 and +43 n':m'1 from the BE band. These
bands must be aséribed to the complex because their relative intensi-
ties with respect to the EE band zre independent of the experimental
conditions. The band at +43 r;m'1 which exhibits the same spectral struc-
ture as the BE band, is ascribed to the ;g transition, i.e. the tran-
sition v"= 0 + v'= 1 of the {totally symmetric) van der Waals mode o.
The bands at +34 and +38 (:rn'1 are probably due to transitions in which
the pon-totally symmetric) bending modes Ex_ﬁnd 8, are involved. In the
emission spectrum of T.Ar, observed after Dg excitation, again three
weak bands are present. They appear at positions-33, =37 and -41.5 c:m'1
from the BE band.

The relative intensities of both the c% absorption band and the o

ol

emission band, with respect to the intensity of the parent band Og

are approximately 0.02. The low Franck Condon factors indicate that
electronic excitation of the complex causes a very small change of the
equilibrium distance T-Ar, while the lower part of the 1ntermolecu1ar_
potential is only slightly changed.

It is not clear why the spectra should exhibit ;E and ;§ transitions
of the nentotaliy symmetric bending modes. Perhaps the corresponding
bands must be ascribed to transitions Eg and ;g.

Tre zero-point-level flucrescence spectrum of T,Ar is red-shifted

23+ 1.8 cm'1 with respect to the 0% fluorescence spectrum of the



free tetrazine molecule. Apparently, the intermolecular potential well
is 23 cm'l deeper in the excited electronic state than in the ground
state. The vibrational structure of both spectra is identicai. The main
emission bands are lﬁbg, lbag, 6ag, Ba? and several €3 procres~

sions of these bands. The spectral shifts of the bands are (23 + 1.5)
en L excent for the Ig;g band which is shifted (-18 + 1.5} en”! with
respect to the lﬁbg band in the spectrum of the free tetrazine molecule.
Tab?é 2 shows the frequencies of éome bands in the fluorescence exci-
tation spectrum of T.Ar, including the weak hot band EEEE. The frequen-

cies ( ) are referring to the peak positions of the excitation bands.

Vyac
In these experiments the emission was always detected in a resunance
band , for instance, the excitation bands Dg and Baé were measured by

detecting the ﬁag and g;g emission bands respectively. The spectral
shifts of the excitation bands(with respect tc the corresponding bands
in the spectrum of the uncomplexed motecule)are not identical. This in-

dicates that the depth of the intermolecular potential is slightly af-

fected by the vibrational mation of the nuclei of the tetrazine molecule.

This effect seems to be more pronounced in the excited electronic state
than in the ground state.

The fluorescence excitation bands all display the same spectral struc-
ture (cf. Fig. 3). This structure has not yet been analysed. The band
contour is 2 superposition of rotational structure and sequence band
structure of activated Van der Waals modes. The contribution of such
sequence transitions v" + v' with av = 0 to the band contour is indica-
ted by the following experiment. When the taser frequency is tured
successively to different positions within the excitation band, the
spectral positions of the resonance emission bands snift in the same

way. As an example, Table 3 gives the positions of the main emission

bands of the cemplex (center of the band} for three different frequen-

¢ies (excitation bandwidth 0.1 cm'l) within the E;g excitation band.

The shifts observed for the intense resonance emission band E;g equal

those of the excitation frequency, Mithin the exnerimental error this

is also the case for the much weaker resonance emission band Baélﬁag.

On the other hand, the shifts observed for the emission bands IEEE and

g¥, which originate from a relaxed level of the complex, are snaller, but they
both show an increasing blue shift, This behaviour is also exhibited by the
weaker relaxed emission bands of the T.Ar complex {not oresented in Table 3).
The observations are plausible when the formation of the van der Waals
complexes in the supersonic jet is considered. These species are for-

med by three-body collisions, the third particle is required for the
stabilization of the complex. In a supersonic expansion equilibration

of translational and rotational degrees of freedom is more efficient

than the equilibration between vibrational and translational degrees

of freedom. For this reason it is concluded that in the electronic

ground state of the complex several levels of the Van der Waals modes

are populated.

Fig. 4 displays a schematic representation of a ilorse type intermolecular
rotential as a function of the distance between the argon atom and the
molecular plane of 1B3u s-tetrazine for some molecular vibronic states.

For each of these curves the vibrational levels of the van der Waals
stretching mode are shown. When the laser frequency is tuned into the

blue wing of the excitation band, levels v' > 0 of the van der Waals
vibration are excited via sequence transiticns v" + v' with av = 0.

This is due to the fact that the freguency of the van der Waals vi-

bration in the excited electronic state is higher than in the ground

state; the shapesof the potential curves are probably very similar

in both electronic states. Resonance emission bands should exhibit



the same spectral shift as the excitatics frequency. The observation
that emission bands originating from rela..® -wals of *he complex

show & smailer shift than the excitation frequency can pe cunsidered as
an indication that the viberational energv transfer within the complex

s vllision-induced, so that energy relaxation takes place.

A lower 1imit to the intermolecular well depth can be deduced from
the observation of tha E%EE excitation band. This weak band could
be observed at distances from the nozzle up to 1.5 mm which implies
that the tomplex T.Ar in its vibraticnal state IEE; exists at least
1 us after itwas formed. Since vibrational predissociation times of
T.Ar appear to be shorter than 1 ns (section 3b), the appearance of
the EEE? excitation band at distances relatively far downstream of
the nozzle indicates that the magnitude of the 16b guantum is too
small to break the Van der Waals bond. Therefore a lower limit to
the dissociation energy D; in the electronic ground state is 254 cm.1

for the vibrational level IEE;. If it is assumed that Dg is indenendent of

the rolecular vibrations in the electronic around state, a lower 1init of

256 + 23 = 277 ¢ * for Dé in the vibrationless %3u state follows from table 2.

An upper limit to DO follows from the observation that excitation of
the E;T level always gives rise to dissociation of the complex. In
these experiments the dissociation fragment tetrazine is formed in the
16a1 vibronic state (not in the 0° state). This result is independent
of the position of the excitation frequency within the E;g band. There-
fore the upper 1imit to Dy is 703-255 = 448 ol for the 6al state of
the complex.

This value is probably too high since the dissociation fragment tetra-
zine appears to be rotaticnally excited (see fig. 5). For this

reason, the calculated value of 448 cm'l must be reduced with the ro-

tational energy gained by the tetrazine molecule. However, it should

be noted that such a calculation is not reliable when the energy of

the initial state is not known with certainty. We attribute the appearance
of rotational energy in the liberated tetrazine molecule, at Teast in
part, to the popuiation of levels v, > 0 by optical excitation of the
van der Waals stretching vibration in the E;T state. More experiments
have to be done in order to elucidate this point.

The observed difference between the frequencies of the van der Waals
stretching mode in ground and excited electronic state is approximately
1.5 cm'l. This value is in agreement with the observed difference of

23 (:m'1 betwsen the potential well depths if we assume Morse puteh—
tials with the same steepness parameter for both electronic states

and a value of Dy between, say, 275 and 450 L.

b. Vibraticnal relaxation and dissociation.

In ref. 4 we have reported the preliminary results of time-resolved
experiments dealing with the decay of selectively detected emission
bands in the dispersed fluorescence ,observed after excitation of the

gal level of T.Ar. The main bands in this spectrum originate from the

prepared level 6a1, from the relaxed levels 1532, 16aI16bI and EI

, and
from the 16a1 lTevel of the tetrazine molecule which is formed by
dissociation of the complex. The decay times of these levels were
obtained from the slope of a semilogarithmic plot of the fluorescence
intensity versus time.

Ar indication of the processes which take nlace after excitation of the
8;1‘1eve1 was obtained from a comparison of these decay times with
those observed after direct excitation of the corresponding states of

tetrazine in a supersonic jet. These latter decay times are almost

identical with those measured in the static gas phase at room tempera-
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ture. it Turned out that th: decay times of the reiaxed levels 16a° and

lﬁaIlﬁbI of T.Ar are significantly sharter than those measured for te-
—— —
trazine. On the other hand, the decay times of the leveis vu suu &°

of T.Ar and ?Gal of the Tiberated tetrazine appeared to be identical
with those measured directly for tetrazine in the gas phase or in a
supersonic jet. From these observations it was concluded that the
vibrational predissociation of the gngstate proceeds via twc con-
secutive processes: firstiy, a vibrational relaxation process

E;I + IE;E or g;T - EEETEEST, which has rno significant effect on the
lifetime of the optically prepared state g;T, and secondly, the ac-

tual dissociation process which is fast enough te cause a significant

rediction of the lifetime of the lﬁa2 and lsallﬁbl states of the con-
plex. Since no emission from tetrazine in the vibrationlass ctate

0% was ebserved, it was concluded that one quantum of the torsional
vibration 16a is transferred from tetrazine to the van der Wazlishend
giving rise to the ejection of the argon atom.

This conclusion is supported by the results obtained after excitation
of the Eg;ﬁ level of T.Ar. The main emission bands originate from

the prepared level EE;E and from the 16al level of the dissociation
fragment. Once again, the lifetime of the ;g;? level appeared to be
reduced with respect to the lifetime of the 16a2 tevel of uncomplexad
tetrazine.

According to this interpretation of the preliminary data presented

in ref. 4 an important dissociation channel of vibronically exci-
ted T.Ar is based on the transfer of one quantum of mode l6a to the
van der Waals vibrations, probably the stretching mode. It has to

be noted that the 16a quantum (255 cm'l) is smaller than the Tower

1 for the 0°

limit to the dissociation energy D, which is 277 an
state and (according to table 2) 278 - 15 = 263 em” ! for the 1622

state. Therefore it must be concluded that after the vibrational re-

: U R ; e
laxation process da - 1647 which might be coilision-induced, has taken
place, the excess vibrationai energy stored in the van der Waals modes

exeeds the energy difference D; - £55 cm—l. The observation that on-
tical excitation of Eg;? can aive rise to the dissociation rrocess
Eg;? > 16a1 + Ar implies that in these experiments a sufficient amount
of energy is absorbed by the van der Waals modes (as a result of
sequence transitions v » v' with av = 0) to compensate for the
enargy deficiency Dé - 255 cm_l.

In the present paper we wili pay attention to: (i) the role played by
collisions between the van der Waais complexes and the atoms of the
expanding carrier gas, and (ii) to the effect of optical excitation of
van der Waals vibrations on the yields of relaxation and dissociation
processcs. The results of improved time-resolved measurements will be
considered.

In order to obtain information ébout the influence of collisions we
have varied the distance z between the illuminated part of the jet and
the nozzle. The collision frequency and the collision energy decrease
strongly with increasing z. The energy absorbed by van der Waals
vibrations has been varied by using different excitation frequencies
Yaxc within a particular absorption band. When Vaxe is shifted to the
blue the complex ends up in higher levels of the van der Vaals nodes in
the excited electronic state {cf. section 3a).

In our experiments collision - induced vibrational relaxation of un-
complexed tetrazine is negligible (i.e. the intensity of relaxed
emission bands is less than 0.5% of the intensity of resonance

emission). This means that the distribution of vibronic states of tetra-

zine formed in the dissociation reaction is not disturbed by collisions



in the jet., However, under the same experimental conditions collisio-
nal effects may not be nenliaible for van der “aals

complexes, even for large values of z. This is because the hard
sphere cross section of the complexes is greater than that of
uncomplexed tetrazine and especially, because the density of
vibrational states of the complex is considerably higher than

that of the free molecule, due to the contribution of the van

der Waals vibrational manifolds. For these reasons it is inevitable
that vibrational relaxation of the complexes is influenced by
collisions in the jet. If the density of the background levels,

due to the contribution of stretching and bending modes, is
sufficiently high, vibrational energy flow will occur in an isolated
complex, but generally the efficiency of this process will be
enhanced by collisions,

Fig. & shows a part of the fluorescence spectrum obtained after

—

excitation of the GaD band at 18808.8 cm'1 {frequencies are given

as Vyac? wavelengths are presented as ) }. When the excitation

air
is achieved at 18808.8 cm™ ! the complex ends up in the lowest
vibrational level{or in the lower levels) of the intermolecular
potential well {cf. section 3a). It depends on the width of the
rotational contours of adjacent sequence bands of the van der Waals
modes whether the excitation process gives rise to the population

of single levels of the van der Waals vibrations or not.

The spectrum displayed in fig.6 was obtained for z = 0.03 mm. The
most striking changes of the relative peak heights in the spectrum
when z is increased, are (i) an increasﬁng contribution of resonance
emission from the excited Teve! E;T and (i) a decreasing contri-
bution of the emission from the relaxed combination level Ig;T_IEET;

leading finally to the disappearance of band na. 2 in the spectrum

- 14 -

for z > 0.8 mm. On the other hand, the relative contributions of

the emission bands 3 (originating from the molecular dissociation
fragment) and 4 {originating from level iEZ?) to the total fluorescence
intensity (which decreases because of the lower partical density
further downstream of the nozzle) do not change significantly when

z s increased. When the excitation is achieved in the blue wing of
the E;Z absorption band (v, . > 18 812 cm'l) the changes in the
relative intensities of the emission bands exhibit a simular dependence
on z, but these changes are considerably smaller, In the latter case
the complex is prepared in higher vibrational states of the van der
Wazls modes than in the former case.

These observations indicate that the efficiency of the vibrational
energy flow in the complex is stightly enhanced by collisions when

the density of background levels is high, whereas the energy flow

is completely collision-induced when the level density is low

Ga'I 16aI 16b{ Inter-

{ef. fig.4) as demonstrated by the example >
molecular energy transfer during a collision compensates for the

energy separation between initially prepared and final levels.

The z-dependence of the relative intensities can be understood cualita-
tively as being a consequence of decreasing collision frequencies

and decreasing collision energies when z is increased. More experimental
data are required to get quantitative information about collisional effects.
The relative intensities of the emission bands depend on both z and

Vexe® The data given in table 4 demonstrate the influence of the excitation
frequency {bandwidth 0.1 cm'l}on the efficiency of vibrational energy

flow within the complex. For increasing values of Vexc the intensity

of resonance emission from the excited level E;T decreases whereas the
intensity originating from relaxed levels of the complex increases,

These observations are in agreement with the arguments given above,

since an increase of Vaxc J1ves rise to the preparation of complexes
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in higher levels of the van der Yaals vibraticns (due to tre excitation
of higher members of the van der Wasls sequence bands), which implies
that the density of the van der Waais manifold in the final vibronic
state is higher, As a consequence, the intramolecular energy flow

to the final state is more efficiant whether this processis collisfon-
induced or not.

From the data given.in table 4 it follows that the dissociation pro-
cess yielding tetrazine in the 16a1 state becomes less efficient for

8

exc® This is in agreement with the momentum gap Taw °,
2

as well as the energy gap law °, which predict that vibrational

increasing v

predissociation (VP) is less efficient when the fragments are pro-
duced with more translational energy. A plausible explanation for

the increasing yield of T(lsbl) seems to be the increasing efficiency
of the relaxation process g;T -+ 16a116bI which will be followed by a
VP process lsaI16bI > 16b1 + Ar in which again one quantum of the

léa mode is transferred to the van der Waals bond, or by a VP process
16a116bI »—lﬁal + Ar. Table 4 shows that the dissociation channel
yielding T(lsbl) is closed for the lowest value of Vexc although
energy is transferred towards 16a116b1. This indicates that only

the dissociation process lﬁaIISbI -+ 16a1 + Ar takes place when the
16a116bI level is prepared with hardly any excess energy in the

van der Waals modes. Apparently, the energy of the 16b quantum is
sufficient to break the van der Waals bond. If this dissociation
process is not assisted by excess energy of the van der Waals modes
in the 16aI16bI state, the energy of thellﬁb quantum is to be éonr‘:_
sidered as an upper limit to D;, i.e. 403 cn”! for the ISaIIGbI'state,
Enerqy transfer from the 16a mode to the compiex bond can give.rise
to rupture of this bond only when the van der Waals modes have ab-
sorbed sufficient energy.

We have contfrued the time-resolved experiments 4 which have been

By 250 ¢m

-1 -

'reported recently, using an improved method which allows the determi-
natien of rise and decay times of fluorescence signals on a sub-
nanosecond timescale with higher accuracy than before. Details of

this work will be nublished e]sewhereg . The Tifetimes of the
Sl-vibronic levels of tetrazine are determined primarily by photo-
dissociation of the molecule which gives rise to the formation of

HCN and NZ' The quantum yield of the molecular photodissoctation
process is approximately unity 10 . The photodissociation rate
dppears not to be influenced by the formation of complexes T.Ar since
the lifetimesof most of the vibronic levels of T and T.Ar are identi-
cal. Therefore it seems reasonable to consider the observed difference
between the lifetimes of T(16a2) and T.Ar(IEEE) as due to an additio~
nal decay channel (i.e. dissociation of the complex into T and Ar)
which competes with the photodecoﬁbbsition of the molecule. The rate
constant for vibrational predissociation, kyps follows from the dif-
ference between the decay times. véry recent]& we have ohserved that
the decay time of the ;E;E level depends-on the amount of excess
enérgy éw stored in the van der Waals vibrational manifold. The magnitude
of € can-only be estimated. A quantitative interpretation of the rela-
tion between ew_SHd Vexc is not yet possible since the structure of the
excitation bands is not yet analysed in sufficient detail. Furthermore,
€, Might be reduced by collision-induced deacﬁivation of the van‘der

Waals vibrations,

For &, = 0 (direct optical excitation of the 1632 level} we have found

kyp = 0.54 x 1095'1'and for estimated values of e, = 175 em™! and
e obtained rate constants kyp = 2.3.x 10%71 and

kyp = 0.95 x 1071 respectively (E;T excitation).

vp ! 0
The dissociation channel 16a2 -+ lf:.a1 + Ar is ¢losed for £y = 0, since
the energy of one quantum of the 16a mode it less than Da. Only the

dissociation channel 16a2 » 0% + Ar is energetically apen. The latter



Thannz: 35 frog efficient than the Sreser one, according tc the momen-

tum yap la.. {or the energy gan law}. Dicsnsistion of T Ar inta

] . . . . . - vl
T(1627) + Ar will te po<aibla for vt Brnoamt cines Ly v 785 - 400 om

mrotably aveeeds DDH When " is fnoreased to approximately 230 :n_l
the disrociation rate is v siuced, which < agali 14 zgreement wiin lie
MEW20 "L gay aw.

AL ruant) getailsd stusies are rarried cut which are dealing wih

the dependerce v the relative +i:oids of relaxation and 4 ssocietion

—_—

OTEGUCTS upon th Sosition of Lour #10hn tn absorption oands lﬁag

antd ggg of T.4r. Those studies are performed in combinatiop wit) Lipe-
resolved mezsurements of seizctively detected emission bards, fram
these experiments it foilows that it ic again the 1éa mooe wiich s
involved in the VP process oilowing upt:cal excitation of the E;?
level,

Similar studies concerned with the complex T‘Ar2 are in progress. The

data obtained after excitation of the E;I level of T.Ar2 show that

vibrational relaxation of this complex is more efficient than for

T.Ar under the same experimental conditions (p0 and z) and with corres=
ponding aositions of Vexc within the absorption bands. The experiments
with T.Ar2 demonstrate that alse in this case the l6a mode is involved

in the principal dissociation channel.
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Gl o ar opmmetss spo. oo some of the nor: o Lris

~F oretetrazine ih the SU(iﬂ. ) and ’31(183u) electronic 37 ites,

9
-y i ey i e
vibrazion 1 L Y = 43 ' 16b | oi7p
RSt B SRS SO DV SO i .
; ‘ i
species a b b,. ! a b by by, P cpaes
’ - | UL U S N O S I ! 3 o Table 4. Relative intensities of fluorescence bands after 6aj excitation
frer;‘.‘:vzra-;y 50 16u3 801 1 994 736 640 336 254 904 of T.Ar. Relative intensities are normalized to 100 for the
-1 R ; — S ' o . . ) Y
tem %) sy | 785 G651 osee 703 362 [ @55 403 | 681 sum of the intensities. Excitation frequency (v, ) in cn .
e Tt ' R - Excitation bandwidth 6.1 cm ~, z = 0.03 mm, Py = 1.2 bar.
1 Tl T U P | T2 1 1
Vaxc 62, 17h1 51 16.311t3b1 lﬁa2 16231 16a1
18808.8 38.8 (1) 3.9 5.0 14.3 Q 38.14
Table 2. Spertral shifts of flu.rcscence cxcilation bands of T.Ar. The 18812.3 29.5 5.0 4.7 g.7 17.4 8.0 25.7 |
[
miniss §ign indicates a shift to the red with respasct to the i
J . : , , b 185816.4 14.6 5.2 6.3 13.8 23.6 14.4 22.1
corresponding band in the excitation spectrum of uncomplexed . 0 N

tetrazme
— ETTazInE ,
| — | | |
| excitation band 0o 15_@1._1I 16a | mTj J 6h2
! observed frequency 18105 | 18261 | 18629 | 18809 | 16886 |
(v cm'l) : ‘
vac’ SRR SIS SRR SUSRPRIPR |
| i
shift (cm™!) -23 -17 8 | -2 | -4
— e . - - B 1 i |
i estimated P+l + 1.5 +1 P+l +1 l
i accuracy (en” ) L i l 1 |

Table 3. Change of spectral position Vam of emission bands resulting from

a change of the excitation frequency Vexe' Frequencies (v
1

and shifts are given in cm

VEC)

| Vexc 18808.8 o mmza 18816.4
AVB_ZE +3.5 +4.1
— 1 Vem I Ve ‘ Ven | em | Vem
6ab T17336.5 +3.6 17340.1 3.9 17344.0
630_2116;”2 18138.1 +2.6 | 18140.7 3.2 18143.9
16a5 . 17961.0 +1.0 | 17962.0 +1.3 17963.3
3 | 17787.2 2.5 ¥ 17789.7 +1.1 17790.8 |
| ,




CAPTIONS TO FIGURES 6. Part of the fluorescence spectrum cbtained after excitation of the
6al Tevel of T.Ar, Yoy = 18808.8 cn”l, laser bandwidth 0.2 em™l,

1. Schematic dfagram of the T.Ar intermolecular potential for two detection bandwidth 15 cm'l, Py * 1.25 bar, z = 0.03 m.
different vibronic states of s-tetrazine. Thé levels of the Assignments:
van der Waals stretching mode are shown as well. Vibrational 0: resonance emission from the g;T Tevel of T.Ar,
predissociation and vibrational relaxation of T.Ar are indica- 1: EEE¥, 2: lﬁailbb%, 3: 16ai (tetrazine molecule), 4: EEZE,
ted by arrows a and b respectively. 5: E;E¥, 6: I? or Gbi, 7: E?_

2. Schematic representation of some normal modes of s-tetrazine.

3. Part of the fluorescence excitation spectrum of T.Ar near the
Og transition. Laser Tinewidth 1 cm'l. Fluorescence was detected

at 17369 cm™ !

{Ga? transition), bandwidth 10 cm ', P, = 1.5 bar,
z = 0.03 m. The amplification factor has been changed from

I to 20 beyond 10 em™! From the origin.

4. Schematic diagram of the T-Ar intermolecular potential for six
vibrenic states of s-tetrazine. The level schemes of the van der
Waals stretching mede (u0 =43 cm'l} are shown, D; is assumed to
be approximately 300 e L,

5. Part of the fluorescence spectrum after excitation into the -G—;g
absorption band of T.Ar. The emission between 577 and 578 nm
originates from the rotationally excited 16a1 level of the tetra-
zine fragment. The strong bands at 576.6 nm and 580.3 nm are due
to the tramsitions EZ; (resonance emission) and EE;EE;? {relaxed
emission) respectively. Detection bandwidth 10 cm_l, Py = 1.3 bar,

Z = 0,056 mm.
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