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LIFETIME-LIMITED PHOTOCHEMICAL HOLE-BURNING 

DJ s-TETRAZINE-BENZENE MIXED CRYSTALS AT 2 K 

I&men DE VRIES and Douwe A. WIERSMA 
Laboratory for PhysicaI Chemistry, University of Groningen, Groningen, The Netherlands 

Received 12 July 1977 

We show that the technique of photochemical hole-burning can be utilized to measure sub-nanosecond fluorescence liie- 
times of molecular excited states. s-tetrazine is taken as an example and from the width of the hole (0.7 * 0.1 GHz), burned 
in the origin of the lowest t Bju *- lArg transition at 2 K in a benzene mixed crystal, a fluorescence lifetime of 455+<% ps is 
obtained_ The coherence lifetime of the 16 ai vibronic transition is found to be 25 ps. 

1. Introduction 

Recently several reports on homogeneous line- 
widths [l-3] of S, f So electronic origins (zero 
phonon lines) in molecular mixed crystals show that 
at low temperature (5 1.5 K) the contribution of pure- 
ly phase-destructive events to the homogeneous line- 
width is at most a few tens of MHz. One then expects 
that for short (sub-nanosecond) fluorescence lifetimes 
the homogeneous linewidth is completely determined 
by this lifetime. Of course this can be exploited using 
the photochemical hole-burning method to determine 
subnmosecond fluorescence lifetimes of excited 
states in molecular mixed crystals, which otherwise 
are only obtainable using picosecond lasers. In the 
light of recent results of (stimulated) photon-echo 
measurements on a molecular radical [4] we wish to 
make a limitation here to molecules which exhibit 
two-level system behaviour at the laser frequency. 

In this letter we report as an example of the meth- 
od, the results obtained on the S1 t- So electronic 
origin of s-tetrazine in a benzene host lattice [S] _ 
s-tetrazine is attractive as a testcase as the sub-nano- 
second fluorescence Iifetime in a benzene solution at 
300 K was previously measured (450 + 55 ps) using 

picosecond laser techniques [6]. From the hole-burning 
experiment at 2 K we would therefore expect to fmd 
a similar number. At low temperature s-tetrazine was 
shown to photodecompose into N2 and HCN [7] 

while the photodissociation quantum yield obtained 
in the gas phase was 1 [5]. 
We have also performed hole-burning at 2 K on the 

16 a; vibronic transition in the S, + So absorption 
spectrum of s-tetrazine in benzene [S] . Finally we 
comment on the different inhomogeneous widths of 
the electronic and vibronic transitions. 

2. Experimental 

The mixed s-tetrazine in benzene crystals were pre- 
pared as described in ref. [S] . No attempts were made 
to orient them. During the experiments the crystals 
were immersed in superfluid helium in a glass dewar. 

The results of fig. I were obtained using basically 
the excitation technique described in ref. Ii]. In order 
to prevent burning during probing of the absorption 
lines, the probing power needed to be reduced so much 
that the resulting signal-to-noise ratio obtained was 
very poor. We therefore introduced an acousto-optic 
modulator (SORO M 30 M) in the laser beam right in 
front of the sample. The first order beam from the 
modulator was directed to the-sample through attenu- 
ating colour glass filters and modulated during probing 
at 300 Hz. The s-tetrazine emission signal from the 
photomultiplier was then detected using a lock-in am- 
plifier. Burning during probing was further prevented 
by scanning the dye laser relatively fast, about 200 
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MHz$s, across the absorptfon profile. The excitatian 
spectra of the 5801.8 a origin and the 5632.0 a vi- 
bronic tine were obtained tflrough detection of the 
emission band at 60.5’7 a [Sj using a fm Jarrell-Ash 
monochromator. The average absorption probe power 
for the 5801.8 a line was 0.1% of the IO mW burning 
power and for the 5632.0 A line ca. 3% of the 50 mW 
burning power. 

3.. Results 

Irt fig. I b a hip-resoiution scan of the origin ab- 
sorption line at 580 I.8 A is shown to have a gaussian 
tineshape with 24-2 f. I Gllz fwhm From this line- 
shape we conclude that this line is mainly inhomogene- 
ously broadened. This is confirmed by the hole-burning 
experiment on this transition. The hole burned was 
persistent at 2 K for at least the time of the experi- 
ment (*4 h). Fig. lc shows a h~~-r~s~Iution tracing 
of this hole and its width is measured to be 0.8 + 0.1 
GHz. For the hole-width extrapolated to zero burning 
time we find 0.7 -+ 0.1 GI-Iz. Since the effective laser 
Linewidth during the burning time is only a few per- 
cent of this hole-width we wiIl ignore its contribution 
in the calculation of the homogeneous width. 

In fig. Id a hip-resolution scan of the vibronic ab- 

D LUREmf AN 

Fig. 1. cw-dye-laser-induced excgtation (absorption) spectra 
of &) the origin at 5801.8 A and cd) the vibronic transition 
a? 5632.0 A of s-tetrazine in benzene <a) at 2 K. The dye-laser 
was scanned through the absorption regions with instantaneous 
bandwidth (= resolution) of < 20 MHz. The dotted spectra 
were obtained after 5 s burning (effective bandwidth 35 MHz) 
in the ori@n and 15 s burning (effective bandwidth 35 MHz) 
in the vibronic line (at the top). (c) High-resolution scan of 
the hole burned in the origin- 

sorption fine at 5632.0 a, in contrast to the origin, is 
shown to have a lorentzian lineshape with 14.2 f 1 
GHz fwhm. From this one would con&de that this 
line is mainly homoge~euusly broadened. The hofe- 
burning experiment confirms this assumption: after 
burning this absorption line is decreased as a whole 
(fig. ld). Note that these hole-burning results for s- 
tetrazine are quaIitativel,v similar to those obtained 
for dimethyl s-tetrazine [l] *. 

Further note in figs. Ib and Id the marked differ- 
ence in ifi;tomogeneous width of the origin and the 
vibronic transition. 

4. L)iscussion 

To obtain the homogeneous linewidth of the origin 
from the hole-width we proceed as foIlows. In the 
limit of zero burning time we may in our case apply 
the hole-burning theory of Sargent III and Toschek 
[8,9] where we only have to consider the incoherent 
absorption coefficient atiC_ For Em(v), the emission 
detected as a function of laser frequency V, we have, 
when Beer’s iaw applies, 

where 19 is the intensity incident on the sample and z 
is the length of the exciting light path through the 
sample. When o(V) z -+I 1, as is appropriate in our case, 
we get Em(g) 0: CIL(Y)Z. This means that for the hole 
detected in emission we can use the expression for Q: 
of Sargent III and Toschek feq. (17) of ref. [9 I). We 
then obtain for the hole-width (fwhm): 

Aw = 2nAu = (21T2) {I + [I + E~t(E./h)2 Tr TX] li2} , 

where TX is the Iongitudinrd and T2 the transverse 
relaxation time in the opt&I analog of the Bloch equa- 
tions [lo] . Esat is the electric field amplitude of the 
saturating beam, g is the electric-dipole matrix element 
and fi is Planck’s constant~2~. When power broadening 
is negligible, which we assu_me to be the case, one can 

+ Recently we reseated the hoi~bu~g exPer&nents on the 
5875 a origin of DMST in durene at 1.8 K with a frequency 
stabilized (within 2 MHz over 5 s) and intensity stabilized 
(to better than 0.5%, bandwidth 150 kHz) Spectra-Physics 
580 A dye laser. The results gave a homogeneous linewidth 
of 24 It 5 MHz which is compIeteIy determined by the 6 ns 
Xifetime, 
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easily see that the hole-width & (fwkn) is twice the 

homogeneous width ljnTZ _ We incidentally note here 
that this result, without comment, was also used in 
our first report on i>hotochemical hole-burning [l] _ 
From the hole-width in s-tetrazine we then calculate a 
homogeneous linewidth of 350 f 50 MHZ. As this 
width most certainly is only due to a T1 process, 
which implies l/zT2 = 
455”75 

l/27rT1, we calculate T1 = 
_55 ps. It is gratifying to note that the lifetime 

calculated from the photochemical hole-burning is 
identical to the one measured in solution at 300 K [6J _ 
The usefulness of the photochemical hole-burning 
method in dete~ining sub-nanosecond ~uorescence 
lifetimes is hereby clearly demonstrated. 

Consider now the 5632-O A lineshape and linewidth. 
Above it was concluded from the hofe-burning result 
that this line is mainly homogeneously broadened_ 
From Voigt simulations of the lineshape using Posener’s 
tables [ 1 l] we conclude that the homogeneous line- 
width of this transition is larger than 9.5 GHz. Thus 
we have 9.5 GHz < 1/7rT2 < 14.2 GHz or for the co- 
herence lifetime 22.4 ps < T, < 33.5 ps. 

From the Voigt analyses it follows that the inhomo- 
geneous width of the vibronic line is smailer than 8 
GHz- Compared to the 24.2 GHz origin i~omogeneous 
width this is a rather remarkable result. Furthermore 
0.1 crnwf- resolution absorption spectra of several 
singlet vibronic lines of s-tetrazine in benzene at 1.8 K 

show large variations in linewidths [123. Obviously 
more experiments need to be done to clarify these 
differences in inhomogeneous and homogeneous line- 
widths. 

In conclusion we remark here that from spectra of 
different sites in mixed crystals [ 131 one also can infer 
that electronic and vibronic transitions of one site can 
have different inhomogeneous widths; the recent ex- 
periments of Gorokhovski and Rikas f14] further con- 
firm this point. 

We are indebted to the Netherlands Foundation 
for Chemicai Research (S.O.N.) for generous financial 
support of this investigation_ 
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