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Doppler-free saturation spectroscopy of pOlyatomic molecules: 
Photochemical hole burning of gas phase s-tetrazine 

A. Kiermeier, K. Dietrich, E. Riedle, and H. J. Neusser 
Institut!ür Physikalische und Theoretische Chemie der Technischen Universität München, Lichtenbergstr. 
4, D-8046 Garching, West Germany 

(Received 1 August 1986; accepted 26 September 1986) 

Doppler-free spectra of two vibronic bands in the Ä (IB 3u ).-X (lAg) transition of the 
photochemically instable s-tetrazine (H2C2N4 ) are presented. For the first time saturation 
spectroscopy is successfully applied to a large polyatomic molecule. Photochemical 
decomposition of s-tetrazine molecules takes place after excitation and prevents the molecule 
from returning to the ground state by radiation and nonradiative processes. This represents a 
particular type of hole burning in the ground state velocity distribution. The elimination of the 
inhomogeneous Doppler broadening enables us to determine collisionless homogeneous 
linewidths. For the 0-0 band a value of r = 190 MHz is found whereas the l6a: band at higher 
excess energy (vi6a = 256 cm - I) shows a sharper linewidth of r = 140 MHz. No rotational 
dependence of the linewidth is found in the 0-0 band up to J levels higher than 70. It is argued 
that internal conversion to the X (lAg) state is the process responsible for the observed 
linewidths and that dissociation takes place on the electronic ground state potential surface. 

I. INTRODUCTION 

Recently we have shown that Doppler-free techniques 
yield important spectroscopic information on intramolecu
lar interactions within polyatomic molecules. 1.2 After elimi
nation ofthe Doppler broadening in the gas phase, the obser
vation of individual quantum states was shown to be possible 
even in larger polyatomic systems. Doppler-free two-photon 
measurements of the prototype system benzene revealed ro
tationalline splittings of several 100 MHz which have been 
attributed to the interaction of the excited light zero order 
state with a dark background state. I Since the inhomogen
eous Doppler broadening is removed in a Doppler-free ex
periment, homogeneous linewidths have been observed 
which directly provide information on intramolecular relax
ation processes. 3 

Even though there exist several Doppler-free methods,4 

only Doppler-free two-photon absorption has so far been 
successfully applied to high resolution studies oflarge polya
tomic molecules in a room temperature thermal distribu
tion. In symmetric molecules, the selection rules for two
photon absorption differ from those of one-photon 
absorption.5 For this reason, the molecular vibronic states 
which can be studied by two-photon absorption cannot be 
excited by one-photon absorption and vice versa. In order to 
obtain complete information on the intramolecular dynam
ics, high resolution spectra of one-photon states are desirable 
in some cases. 

Saturation and polarization spectroscopy are the one
photon excitation techniques which can lead to an elimina
tion of the Doppler broadening. They have first been demon
strated for atoms6 and since that time the techniques have 
been applied to diatomic7 and small polyatomic molecules.8 

In this work, a Doppler-free saturation spectrum is ob
tained for the first time for a large polyatomic molecule, s
tetrazine (ST). ST has been the subject of extensive spectro
scopic studies over the past decade. 9-

12 1t represents a system 
of particular interest since the molecule dissociates into N2 

and 2HCN after excitation into theÄ (IB3u ) state. 13
•
14 This 

may cause some pecularities ofthe saturation experiment to 
be discussed in this work. Even though the quantum yield 
fordissociationisclosetounity,15.16theÄ eB3U )'-X eAg ) 

spectrum reveals rotational fine structure and a Doppler
free high resolution measurement is sensible. The dissocia
tion of this molecule together with its sharp spectrum is a 
precondition for wavelength-selective excitation and disso
ciation and in particular for isotope-selective excitation. Iso
tope separation experiments have been successfully per
formed in s-tetrazine in the solid state14 and the gas 
phase. 13

•
17 The Doppler-free saturation spectra of the pres

ent work provide new information about the spectroscopy 
and the predissociation dynamics of this molecule. A point 
of particular interest will be whether rotation inftuences the 
decay dynamics of Ä (IB3u ) ST. 

11. EXPERIMENTAL 

The experimental setup used for the recording of the 
Doppler-free spectra is shown schematically in Fig. 1. It re
sembles a Hänsch-Borde-type saturation spectrometerl8 

with a reference beam added for increased sensitivity. 
The narrow band tunable cw light is produced by a 

standing wave single-mode dye laser (CR 599) operating 
with Rhodamin 110 dye. With 2.5 W of Ar+ -laser pump 
light, the output of the dye laser is about 100 m W in the 
frequency range needed. The linewidth was determined to be 
about 5 MHz. The wavelength of the laser light was mea
sured with a commercial wavemeter (Burleigh WA-20) to 
an accuracy of 1 part in 106. For a more precise calibration of 
the spectra, the iodine absorption spectruml9 was recorded 
simultaneously. The mode structure of the laser was con
trolled continuously with a scanning Fabry-Perot interfer
ometer whose output signal was transformed into computer
readable information with the help of a home-built 
time-to-amplitude converter. 
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FIG. I. Scheme of the experimental setup 
used for the measurement of Doppler-free 
saturation spectra of s-tetrazine. 
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The main part of the laser light is used as pump beam for 
the Doppler-free saturation experiment. The nonlinear in
teraction with the molecules (saturation) is detected as a 
decrease in absorption of a weak probe beam of the same 
frequency as the pump beam. As the pump and probe beam 
are counterpropagating and aligned collinearly, the two 
beams only interact with the same molecules if the laser fre
quency is equal to the transition frequency of molecules at 
rest and a Doppler-free spectrum is obtained.4

,20 For the case 
of the s-tetrazine (ST) molecule, the "hole burning" (i.e., 
the selective depletion of molecules of one velocity group) is 
not simply the usual optical excitation of molecules but rath
er a photochemical process, as the ST molecules dissociate 
after excitation, For the experimental conditions used (i.e., 
weak absorption and small saturation) the linewidth ob
served in the spectrum is given by the homogeneous 
linewidth of the molecular transition, 20 The saturation spec
trum resembles an absorption spectrum without Doppler 
broadening. Additional "crossover" signals, which are fre
quently observed in saturation spectroscopy of atoms and 
small molecules, are not expected for the ST molecule due to 
the particular arrangement oftransitions and the large spac
ing of rotational branches in the spectrum, 

To suppress the Doppler-broadened lines in the spec
trum, the pump beam is chopped at 2.3 KHz and the probe 
beam signal, which is produced by the light transmitted 
through a mirror with 98% reflectivity, is evaluated in a 
lock-in amplifier. To increase the sensitivity ofthe setup, the 
varying amount of unmodulated signal at the lock-in was 
eliminated by the use of a weak reference beam which is also 
passed through the gas cell and substraction ofthe reference 
and probe signal in the lock-in. Both the probe and the refer
ence beam are detected with matched 1 P28 photomultipliers 
and the output levels are carefully adjusted to equal value by 
adjusting the intensity ofthe reference beam. To avoid opti
cal feedback into the dye laser, the experiment is decoupled 
by a combination ofpolarizer andA /4 retardation plate. In 

\ 
R =0.98 

this way the light is circularly polarized in the gas cello 
The experimental setup was tested by recording the hy

perfine spectrum of iodine. It was found that spectra could 
still be recorded with a ratio of 4 X 10-5 between nonlinear 
ac signal and dc background. For the experiments on ST the 
pump and probe beam were focused into the gas cell ( 17 mm 
path length) with lenses off = 160 mm. This allowed us to 
reach the intensity levels necessary for the partial saturation 
of the transitions of the molecule. Furthermore the cross 
section of the interaction region is drastically reduced by 
focusing of the beams. This proved necessary because of the 
photochemical instability of the ST molecule. For a stable 
molecule excited molecules return to the ground state via 
radiative and nonradiative decay and collisional deactiva
tion. The photoexcited ST molecule on the contrary photo
dissociates with a probability near unity.15,16 This means 
that the molecules are actually destroyed so that the sampIe 
can be permanently bleached out in the interaction region. 
New ground state molecules will only be supplied by diffu
sion of ST into the illuminated region. This process is much 
faster for a small interaction region. To maintain a constant 
density of ST, agas cell with a large volume was used. The 
gas density was monitored by the absorption ofthe laser light 
and the total pressure in the cell, as a large amount of disso
ciation of ST molecules into three product molecules (2 
HCN + N2 ) would result in an increase in the total pres
sure. The Doppler-free spectra and the calibration data were 
stored in ahorne-buHt DCS lab computer and displayed on a 
x,t plotter for on-line control. Consequently the data were 
transferred to a VAX 11/780 for further processing and 
evaluation. 

ST was prepared according to the method of Spencer et 
al. 21 and c1eaned by multiple sublimation in order to avoid 
undesired contribution of water in the gaseous sampie, Be
fore filling the cell, the sampie was carefully degassed. The 
cell was filled with substance in excess ofthe amount actual
ly needed and the desired vapor pressure adjusted by keeping 
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FIG. 2. Red edge of the q Q branch of the 0-0 band in s-tetrazine under 
Doppler-limited resolution (top). Tbe same part ofthe spectrum measured 
with Doppler-free saturation spectroscopy (bottom). 

a cold finger at appropriate temperature. The total press ure 
in the cell was measured with a capacitance manometer. 

III.RESULTS 

A. Spectral analysis 

In Fig. 2 a small portion of the q Q branch of the 0-0 
band is shown under Doppler-limited (top) and Doppler
free (bottom) resolution. The spectrum represents the red 
edge of the q Q branch and consists of rotational lines with 
low J and K c values. As usual, J is the quantum number of 

o 20 40 60 
6v(GHz) 

the total angular momentum and K c is the quantum number 
K of its projection on the figure axis for the limiting oblate 
symmetric rotor. The Doppler-limited spectrum does not 
reveal a rotational fine structure within 10 GHz to the blue 
from the rotational origin. This is due to the Doppler width 
of 720 MHz for the transition frequency of about 18128 
cm -I. On the other hand, a periodic rotational fine structure 
is elearly resolved in the Doppler-free spectrum. Figure 2 
illustrates the increase of spectral resolution obtained when 
the nonlinear signal is observed in the saturation experiment 
as compared to the Doppler-limited signal. 

In Fig. 3 the first 3.3 cm -I ofthe Doppler-free spectrum 
of the q Q branch of the 0-0 transition are shown (middle 
trace). For comparison a calculated spectrum is plotted at 
the bottom of Fig. 3. The spectrum was calculated with an 
asymmetrie rotor program for a parallel (C-type) 9 transi
tion. TherotationalconstantsA ",A ',B ",B ',C"wereusedas 
given by Job and Innes. lO The value C' = 0.109785 ern-I 
chosen for the calculation of the spectrum in Fig. 3 is very 
elose to the value C' = 0.109 79 cm -I ofRef. 10. It has been 
found to yield a better fit of the periodic peak positions (see 
below). All rotational constants are summarized in Table I. 
The calculated line spectrum was convoluted with a Lorent
zian linewidth of 190 MHz. This linewidth gives the best fit 
of the experimentally found linewidth (for a detailed discus
sion see below). The zero point of the frequency scale in Fig. 
3 is the rotationless transition frequency (voo = 18 128.035 
cm - I ). It has been found from a comparison of calculated 
and measured peak positions in the first 40 GHz ofthe spec
trum. Calibration of absolute frequency is performed by 
comparison with the simultaneously scanned iodine absorp
tion spectrum 19 (top of Fig. 3). Linearity of the frequency 
scale during the laser scan is monitored with a 1.5 GHz free 
spectral range interferometer (periodic structure at the ex
treme top of Fig. 3). 

The most striking feature ofthe spectrum in Fig. 3 is the 
periodic structure of the q Q branch. 11 The distance between 
neighboring peaks increases from 400 MHz at the red edge of 
the q Q branch to about 2.7 GHz on the blue side of the 
spectrum shown in Fig. 3. As is seen in Fig. 2, in a Doppler
limited spectrum the periodic structure is not resolved at the 

80 100 

FIG. 3. Doppler-free satura
tion spectrum of the q Q branch 
of the 0-0 band in the 
A ('B,.) .... X ('Ag) system of 
s-tetrazine (middle trace). Tbe 
calculated spectrum (lower 
trace) was convoluted with a 
Lorentzian linewidth of 
r = 190 MHz. For frequency 
calibration the iodine absorp
tion spectrum and the signal 
from an interferometer are 
shown at the top. 
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TABLE I. Rotational constants ofthe s-tetrazine molecule used to repro
duce the experimental spectrum. The constants were taken from Ref. 10 
except C', which was determined in this work. 

Ground state X ( 'Ag) 

A" =0.22696 (em- I
) 

B" =0.21025 
C" =0.1092 

Excited state A (' B 3. ) 

A' = 0.22195 (em- I
) 

B'=0.21718 
C' = 0.109 785 

red edge of the q Q braneh. In this speetrum the peaks ean 
only be resolved at an energy of more than 12-14 GHz to the 
blue of the rotationless origin, i.e., when the distanee of 
neighboring peaks has inereased to at least 1 GHz. The ori
gin of the periodie peaks in the speetrum is explained by the 
Fortrat analysis ofpart ofthe q Q braneh shown in Fig. 4. It 
represents the result of an asymmetrie rotor ealeulation. 
Only those few peaks whieh are loeated close to the rotation
less origin of the q Q braneh (see below) result from single 
rotational transitions. All other peaks eonsist of many rota
tionallines whieh aeeumulate at the peak maximum. The 
peak maximum is given by lines with K e s.J. Using Gora's 
formula22 the position of the q Q braneh lines of a nearly 
oblate symmetrie top ean be approximated by 
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FIG. 4. Fortrat analysis (upper and middle plot) of a small part of the q Q 
braneh between 30 and 39 GHz to the blue of the rotationless origin of the 
0-0 band in theÄ ('B,u) -x eAg ) systemofs-tetrazine. Positions ofrota
tional transitions with different J" (top) and K'; (middle) are given as a 
funetion of energy difference from the rotational origin.The area ofthe cir
eies represents transition strengths. Due to the ordering of the rotational 
transitions, Iines with particular J" and K;' form a peak in the spectrum 
which is characterized by a pseudoquantum number n aecording to Ref. 22 
[see Eq. (4) ofthis work]. 

E = Eo + (n + 1) 2 ( C' - C " ) 

and 

- l/4(2m 2 + 2m + I)(A' -A" +B' -B "). (1) 

Here 

n = 2J-Ke (2) 

m=J-Ke , (3) 
where J = J', J" and K e = K;,I(;. Eo is the energy ofthe 
rotationless transition. Sinee the strongest lines are those 
withKe S. J we may negleetthe m dependent term in Eq. (1) 
and the peak positions in the spectrum of Fig. 3 are given 
by23 

E - Eo = (n + 1)2(C' - C") with n = 1,2,3,.... (4) 
For this reason the peaks in Fig. 3 ean be eharaeterized 

by the pseudoquantum number n. It is interesting to note 
that peaks with n even are made up solely from rotational 
transitions with K e even and peaks with n odd from K e odd. 
This is also demonstrated in the Fortrat analysis of Fig. 4 
whieh represents the exaet solution of the asymmetrie rotor 
problem. Henee, the rotational transitions in the q Q braneh 
are sorted aeeording to the symmetry of the ground state 
rotational wave funetion. n even eorresponds to rotational 
states with K;, K; = oe,ee,24 whereas peaks with n odd 
eontain transitions starting from eo, 00 rotational states. The 
eorresponding symmetries of the nuclear spin wave fune
tions are B3 (ee), Al (eo), B l (00), and B2 (oe) and the 
statistical weights 9 (ee), 8 (eo), 11 (00), and 8 (oe). 25 The 
total statistieal weight of n even peaks is 17 and that of n odd 
peaks is 19. This gives rise to the alternating intensity ofthe 
peaks with n > 15 clearly seen in the ealeulated speetrum of 
Fig. 3 and Fig. 4. In some parts of the experimental speetrum 
(Fig. 3) with good signal-to-noise ratio the intensity ratio is 
weH reprodueed. 

From the energy formula in Eq. (4) and the measured 
speetrum, a value for C' -C" ean be determined. We find a 
value C '-C" = 0.000 585 ± 0.000 006 em -I for peaks with 
n < 60. This value agrees very weIl with the value previously 
found by Brown23 with the same approximation. It is close to 
the value of AC = C '-C " found by Job and Innes 10 from a 
eomplete asymmetrie rotor analysis of this band. The error 
of 0.000 006 em - 1 mainly refleets the experimental uncer
tainty in the ealibration of the frequency seale, and it does 
not take into aecount the uncertainty due to the approxima
tions in Eq. (4). In order to rule out these uneertainties, we 
performed an exact asymmetrie rotor ealculation of the 
speetrum with the value of C '-C" = 0.000 585 cm -I found 
from Gora's approximation. The resuIting ealculated spec
trum was convoluted with a Lorentzian linewidth of 190 
MHz (FWHM) and is shown at the bottom ofFig. 3. Peak 
positions as weIl as peak struetures (n > 50) are found to be 
in very good agreement with the measured speetrum. 

B. Homogeneous IInewldths 

So far the organization ofthe speetrum and the informa
tion about the rotational eonstants have been diseussed. 
Both are important preeonditions for the determination of 
homogeneous linewidths and their interpretation. 
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1. Power broadening and collisional broadening 

The best simulation of the experimental spectrum in 
Fig. 3 was obtained by convolution of the calculated spec
trum with a Lorentzian linewidth of 190 MHz. This corre
sponds to a three- to fourfold improvement of the effective 
spectral resolution as compared to that of Doppler-limited 
spectroscopy. Obviously the spectral resolution achieved in 
the Doppler-free spectrum is not the resolution expected 
from the frequency width (5 MHz) ofthe dye laser. Thus it 
is c1ear that the spectral resolution is not limited by the fre
quency width of the laser light and several other sources 
limiting the effective resolution have to be discussed. 

One of the intrinsic broadening mechanisms in satura
tion spectroseopy is power broadening.26 It results from a 
shortening ofthe lifetime ofthe excited state due to stimulat
ed emission from this state. In order to avoid power broaden
ing the light intensity has to be smaller than the saturation 
intensity I sat • The saturation intensity of the s-tetrazine mol
ecule was measured in a separate experiment without focus
ing of the pump and the probe beam. The overlap of both 
light beams was carefully adjusted by observation ofthe visi
ble ftuorescence of ST and the intensity of the pump beam 
was chosen much smaller than the saturation intensity I sat • 

The saturation intensity of the A +-k band of ST is larger by 
nearly two orders of magnitude than I sat in the well-studied 
transition ofiodine (I.at = 6 W /cm2 7). For the 0-0 band, a 
value of I sat = 200 W /cm2 was found. Since the absorption 
coefficient of both molecules is not very different, we con
c1ude that this difference is caused by the much shorter life
time ofthe excited state in ST. The Doppler-free spectrum of 
the 0-0 band (see Fig. 3) was measured with a pump beam 
intensity of less than 40 W /cm2 which is smaller by nearly 
one order of magnitude than I.at • For this reason we expect a 
very small power broadening of about 2% which certainly 
does not contribute very much to the observed broadening in 
the spectrum. The Doppler-free spectrum ofthe 16a: band 
(see below) was measured with a higher laser intensity. The 
power broadening is estimated to be about 8% in this case. 
After having exc1uded power broadening as the source of the 
observed broadening, the inftuence of collisional broadening 
has to be checked. The spectrum of the red edge of the q Q 
branch was measured for various pressures of ST below 1.5 
Torr. The theoretical spectrum was then convoluted with 
various Lorentzian linewidths to determine which broaden
ing yie1ds the best fit to each experimental spectrum accord
ing to the procedure described be1ow. The linewidths thus 
obtained are plotted in Fig. 5 for press ures ranging from 0.1 
to 1.4 Torr. In the observed pressure range, the pressure 
dependence of the linewidth can be fitted by a straight line 
and the collisionless linewidth is found in the usual way from 
an extrapolation of the straight line to zero pressure. Obvi
ously at the lowest pressure ofO.l Torr, the contribution of 
collisional broadening to the measured linewidth is much 
smaller than the experimental error and may be neglected. 

Tbe slope of the straight line in Fig. 5 yields the colli
sionalline broadening parameter. We find an exceptionally 
large value of Y coll = 290 ± 30 MHz/Torr. Tbis is by more 
than one order of magnitude larger than the collisionalline 
broadening parameter (YcOII = 15 MHz/Torr) of C6H6 

-

o I 
1 2 

p [Torr) 

FIG. 5. Measured pressure dependence of tbe homogeneous linewidth in 
the O-ü band of s-tetrazine in the pressure range between 0.1 and 1.4 Torr. 
Tbe solid line represents the best linear fit to the experimental points. Error 
bars indicate the accuracy of the procedure for the determination of the 
homogeneous linewidth. 

found in our previous ultrahigh resolution Doppler-free 
two-photon experiment.3 Furthermore it is also larger by 
one order of magnitude than the cross sections found for 
rotational relaxation in benzene. 27 The corresponding colli
sional rate constant kcoll = 2111'coll = 1.8X 109 

S-1 Torr- l 

cannot be explained by gas kinetic hard sphere collisions at 
room temperature which would lead to a value smaller by 
two orders of magnitude. Possibly the highly efficient (99% 
quantum yield) dissociation ofST after excitation to the SI 
state results in additional line broadening effects. Even 
though the reason for the extraordinarily !arge collisional 
line broadening parameter (steep slope ofthe Stem-Vollmer 
plot in Fig. 5) is not c1ear at present time, the extrapolation 
oflinewidth to zero pressure is reliable. Since the collisional 
line broadening parameter is very large already at pressures 
above 100 mTorr, a further increase at lower pressure is 
hardly expected. 

From the above discussion it is evident that there is no 
remarkable contribution to the measured linewidth either 
from power broadening or from collisions at the low pres
sure of 100mTorr. The linewidth found from a simulation of 
the spectrum is therefore the actual collisionless homogen
eous linewidth. 

2. 0-0 band: Rotatlonal dependence o'lInewldth 

For detailed analysis of the homogeneous intramolecu
lar Iinewidth a magnified portion of the edge of the q Q 
branch is shown at the top ofFig. 6. It was measured with the 
sub-Doppler resolution of the saturation spectroscopy ex
periment. Tbe focusing conditions (intensity, beam diame
ter) were optimized for this sean so that the signal to noise 
ratio is somewhat better than in the spectrum of Fig. 2. At 
the bottorn ofFig. 6 the calculated rotationalline spectrurn is 
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EXPERIMENTAL 
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FIG. 6. Rededgeofthe q QbranchoftheÄ (IR)u) -X ('Ag) transitionofs
tetrazine. Top: Measured Doppler-free saturation spectrum. Middle: Cal
culated spectrum obtained by convolution ofthe stick spectrum (bottom) 
with a Lorentzian Iinewidth of r = 190 MHz. This Iinewidth gives the best 
simulation of the measured spectrum. Bottom: Calculated stick spectrum. 
For the strongest lines the J, K c quantum numbers are given. 

shown. The convolution of this spectrum with a Lorentzian 
Iinewidth of 190 MHz leads to the spectrum in the middle 
trace. This Iinewidth leads to the best reproduction of the 
measured spectrum. In order to rule out errors due to an 
inaccurate determination of the rotational constants wh ich 
might simulate a wrong Iinewidth we performed an addi
tional test. From the theoretical stick spectrum (bottom 
trace ofFig. 6), it is seen that for the strongest lines K c = J 
and that a periodic structure arises from the particular 
grouping ofthe rotationallines. The periodic peaks shown in 
the measured spectrum (top) and the convoluted spectrum 
(middle) are due to this grouping and do not represent sin
gle rotational lines.The maxima are given by the strong 
K c = J transitions and they are red shaded due to additional 
weaker rotational lines with particular quantum numbers 
(see Sec. III A). Each peak has a sharp edge on the blue side 
which is mainly determined by the shape of the strongest 
line, i.e., the K c = J line. The wings ofthe peaks do not reach 
zero; there is a broad background underlying the peaks due 
to the overlapping wings of all rotationallines with Lorent
zian shape. We found that the peak height to background 
ratio is very sensitive to the width of the Lorentzian line 
shape. From this we determined the homogeneous Iinewidth 
of the rotational transitions. From an analysis of all peaks 
from JKc = 88 to 15 15 we find a value ofy = 190 ± 15 MHz 
for the Lorentzian linewidth which shows no dependence on 
the rotational quantum number within the experimental ac
curacy. 

For peaks with increasing pseudoquantum number the 

situation is more complicated since for n > 15 rotational 
lines with K c < J contribute more strongly to the peaks. An 
estimate can be obtained from the comparison of the 
Doppler-free spectrum with ca1culated spectra of different 
width. The best agreement is obtained for all values of n for a 
Lorentzian linewidth of y = 190 MHz. No difference in the 
linewidth can be found with increasing n, the complete spec
trum up to J = 70 can be fitted with a single Lorentzian 
linewidth of y = 190 MHz. From this it is conc1uded that 
there exists noJ dependence ofthe homogeneous linewidth. 
Hence the intramolecular relaxation rate responsible for the 
Iinewidth is also independent of the rotational quantum 
number. 

3. 16a: band 

In Fig. 7 the red edge of the q Q branch of the 0-0 transi
tion (bottom) (voo = 18 128.035 cm- I

) is compared with 
the corresponding part of the 16a: vibronic band 
(voo = 18047.70 cm-I) (top). The 16a: band (V;6a = 256 
cm - I) is a sequence band of the 0-0 band. It also results 
from parallel transitions. For the low J, K c values observed 
at the edge of the q Q branch, the small di1ferences in the 
rotational constants expected for the two bands would not 
lead to pronounced changes in the rotational structure. We 
can directIy use the rotational analysis ofthe 0-0 band (Fig. 
6) for the determination of the homogeneous Iinewidth in 
the 16a: band. From a comparison ofboth spectra in Fig. 7 it 
is seen that the rotational structure of the 16a: band is re
solved for even smaller J values than in the 0-0 band. Even 

o 10 20 3.0 

II v IG Hz 1 

FIG. 7. Comparison of measured Doppler-free saturation spectra of corre
sponding parts of two vibronic bands in the 
Ä (IR)u) -X' (lAg) system of s-tetrazine. Upper trace: Red edge ofthe q Q 
branch ofthe 160: band. Lower trace: Red edge ofthe q Qbranch ofthe 0-0 
band. 
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TABLE 11. Rotationless transition frequencies and homogeneous linewidths of the 0--0 and 160: bands of 

s-tetrazine as determined in this work. The relaxation rates and corresponding lifetimes which can be deduced 
from the linewidth are given for comparison with the previously measured values (Refs. 12 and 28). 

Transition v(cm- I ) y(MHz) k(S-') 

0--0 18 128.035 190 ± 15 1.19 x 109 

16a\ 18047.70 140± 50 0.88X 109 

a From Ref. 28. 
bFrom Ref. 12. 

though the spectrum is somewhat noisy, it is clear that the 
homogeneous linewidth in the 16a: band is smaHer than in 
the 0--0 band. The procedure described above now yields 
r = 140 ± 50 MHz. Both valuesoftheintramolecularrelax
ation linewidth are summarized in Table 11 together with the 
corresponding inferred relaxation rates k = 21T7'. 

IV. DISCUSSION AND CONCLUSION 

In this work we have shown that Doppler-free satura
tion spectroscopy is feasible on large molecules. As a first 
example, Doppler-free spectra of two bands in the 
A (IB3u ) -x (lAg) transition of s-tetrazine have been mea
sured. At the red edge of the q Q branch the periodic rota
tional microstructure is resolved down to smaller pseudo
quantum numbers (n = 8) than in conventional high 
resolution spectroscopy (n = 23). From a computer simula
tion ofthe periodic structure a precise value for the change of 
the rotational constant C (i.e., aC = C '-C") is obtained. 
This value confirms previous results from Doppler-limited 
spectra. 10.23 

Homogeneous linewidths have been measured for the 
0--0 band and the 16a: vibronic transition leading to the 16a I 
vibrationallevel at 256 cm- I excess energy. The homogen
eous linewidth was found to decrease from 190 ± 15 MHz 
for the 0--0 transition to 140 ± 50 MHz for the 16a: band. 
Even though our results have been obtained by a completely 
different method they compare quite weH with recent life
time measurements ofthese bands by Langelaar et al. 28 Life
time results as weH as the decay rates deduced from recent 
linewidth measurements for the 0--0 band from supersonic 
~m measurements l2 are summarized in Table 11. The 
somewhat larger linewidth in the beam experiment may be 
explained by power broadening as indicated by the authors. 

It is interesting to see that the relaxation rate (0.88 X 109 

S-I) for the 16a1 state with an excess energy of 256 cm -I is 
smaHer than that of the vibrationless level of the A eB3u ) 

state. Most likely the measured relaxation rate represents the 
rate of a photophysical primary process (electronic nonra
diative process) prior to dissociation. Nonradiative pro
cesses have been found to be dependent on the nature of the 
vibrational modes in organic molecules of similar size, e.g., 
in pyrazine29 and benzene.30

•
31 There the electronic nonra

diative process is influenced not only by electronic matrix 
elements but also by Franck-Condon factors which might 
lead to the observed vibrational dependence of the electronic 
nonradiative relaxation rate. 

So far we have discussed the vibrational dependence of 

r(ps) r(ps)' r(ps)b 

838 820 700 
1137 1470 

the measured decay rate. This led to the conclusion that the 
measured decay rate is that of a primary electronic nonradia
tive process. Now the additional experimental information 
about the rotational dependence, presented for the first time 
in this work, has to be discussed. Several attempts have been 
made to study the influence of rotation on the decay of elec
tronically excited ST. Aartsma et al. 32 measured the reso
nant CARS spectrum of the 1008 cm - I vibration and found 
a shift ofthe intensity maximum towards the red edge ofthe 
q Q branch. For a possible explanation of this shift they in
voked an increase of electronic transition homogeneous 
linewidth with increasing rotational quantum number. The 
varying linewidth was thought to be caused by a rotationally 
dependent dissociation or a rotationally dependent nonra
diative process. Picosecond lifetime measurements were per
formed by Langelaar et al. 28 The bandwidth of their picose
cond laser was 60 GHz and did not allow for selective 
excitation of single rotational lines within the 0--0 band. 
They measured the decay rate as a function of the excitation 
energy difference with respect to the central q Q branch. The 
20% change in decay rate was interpreted as due to an in
crease of decay rate with rotational energy. In contrast to 
these results the detailed spectroscopic study and the homo
geneous linewidth measurements in a cooled supersonic 
beam of Brumbaugh et al. 12 did not show a rotational effect 
on linewidth up to J = 4. Obviously, a rotational depen
dence of the relaxation rate is not observed in our experi
ment. Theory of nonradiative transitions33 predicts no rota
tional dependence of a nonradiative decay if it is in the 
statisticallimit. This has indeed been experimentally verified 
in our recent work for the molecule benzene. 34 Single rota
tional levellifetime measurements after pulsed Doppler-free 
two-photon excitation revealed no rotational dependence of 
the electronic nonradiative decay rate which is probably in
tersystem crossing (ISC) in the statistical limit at the excess 
energy of this experiment. This result very much resembles 
the situation present in s-tetrazine shown in this work. We 
again conclude that the observed decay rate is that of an 
electronic nonradiative process in the statisticallimit. In ad
dition, from the lack of rotational effects and the small S 1-TI 
energy gap (4520 cm - I ) 36 in s-tetrazine it can be argued 
that the nonradiative process is more likely internal conver
sion (IC)35 than ISC. The absorption of a second photon 
before dissociation, which has been assumed in the pulsed 
experiments of Ref. 37, can be excluded for the low cw light 
intensities of the present experiment and our previous iso
tope-selective photodissociaton. 17 IC to the X (lAg) state is 
then assumed to be a primary process to the dissociation of 
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ST. From this we may conclude that s-tetrazine dissociates 
according to a RRKM statistical type of dissociation on the 
ground state potential curve rather than by a dissociation 
from a repulsive potential curve. 

In conclusion we have shown that Doppler-free high 
resolution spectroscopy provides valuable information on 
the dynamics of photodissociation. Our results demonstrate 
the importance of rate determining primary nonradiative 
processes for the photodissociation of polyatomic molecules. 
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