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The tunneling methyl groups in dimethyl-s-tetrazine (DMST) doped single crystals of durene 
were investigated by high resolution optical spectroscopy using spectral hole burning. The 
experiments probe the level structure as well as the relaxation dynamics of the tunneling 
methyl groups in different electronic states of DMST. The tunneling splitting differs by 1.24 
GHz in the ground and the first excited singlet states of DMST. In the ground electronic state, 
relaxation (spin conversion) between the spin 3/2 (A) and l/2 (E) tunneling levels was 
measured between 1.5 and 12 K. The spin conversion time is larger than 100 h at 1.5 K and 
decreases with Arrhenius-type behavior above 3.5 K. The activation energy of 20 cm-’ also is 
observed as a phonon sideband in emission, and is, in agreement with theoretical predictions, 
tentatively assigned to a librational mode of the methyl group. 

I. INTRODUCTION 

Tunneling is a purely quantum mechanical phenome- 
non linked to the wavelike properties of particles which ex- 
tend their probability density into classically forbidden re- 
gions of the potential. As a result, the energy levels in 
symmetric double or multiwell potentials show small split- 
tings. Tunneling phenomena depend critically on the mass 
and on the height of the potential barrier. Quantum motions 
are rarely observed for heavy particles in condensed phases. 
At low temperatures, frictional forces tend to localize the 
particle, while at higher temperatures the motions are usual- 
ly well described as classical diffusion processes. A notable 
exception are rigid body rotations of small molecules or mo- 
lecular groups. An example is the rotation by 120” of a meth- 
yl group, where the symmetry of the potential is due to the 
indistinguishability of the three protons and cannot be 
broken by any static or dynamic deformation of the environ- 
ment. ‘1’ 

thereby tunneling splittings. Other methods such as electron 
(ESR) and nuclear spin resonance (NMR) also have been 
used to determine tunneling splittings (see Refs. 1 and 2 for 
earlier work and Ref. 3 for recent deuterium NMR meth- 
ods). Both INS and NMR are limited to the ground elec- 
tronic state of a molecule and require pure or highly concen- 
trated samples. For free molecules in the gas phase, 
information about tunneling splittings also can be obtained 
by high resolution optical spectroscopy in molecular beam 
experiments.4 

Neglecting very small nuclear spin-spin coupling terms, 
the wave functions of a methyl rotor are products of spatial 
and spin wave functions. As a rotation by 120” is equivalent 
to an even permutation of the three protons, only totally 
symmetric wave functions are permitted, and wave func- 
tions of A (E) spatial symmetry must be associated with a 
nuclear spin of 3/2 ( l/2). Rotors in different spin states thus 
can be regarded as different species (spin isomers) and re- 
laxation between states of different nuclear spin is a very 
slow process. This process is called spin conversion. 

Recently, we have shown5 that spectral hole burning6 
experiments offer an alternative method to study rotational 
tunneling in solids by optical techniques. The method can be 
used to study extremely low ( 10B6 molar) concentrations 
of tunneling systems imbedded in host crystals. It is there- 
fore well suited to determine the influence of the matrix on 
tunneling splittings. In addition, the t%mneling splittings of 
electronic ground and excited states can be compared. One 
purpose of this paper is to outline the means by which this 
information is obtained from the spectroscopic data. 

Because neutrons possess both mass and spin, inelastic 
neutron scattering (INS) is the most direct method to in- 
duce transitions between A and E states and to measure 

Another issue of current interest is the understanding of 
the spin conversion process between IA,3/2) and IE, l/2) 
tunneling states. 7,8 These highly forbidden processes rely on 
the existence of small terms in the Hamiltonian which cou- 
ple nuclear spins (dipole-dipole interactions), and which 
couple the tunneling system to the phonons of the crystal. At 
temperatures where thermal energies are lower than the tun- 
neling splitting, so that in equilibrium a significant popula- 
tion difference exists, the conversion times may reach years 
so that measurements become impractical. At higher tem- 
peratures, spin conversion, is temperature dependent and 
mechanisms for this process have been proposed.7 
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fenwaldring 57, D-7003 Stuttgart, Germany. tron absorption measurements,g subsequent to a tempera- 

J. Chem. Phys. 96 (Q), 1 May 1992 0021-9606/92/096335-09$06.00 0 1992 American Institute of Physics 6335 



ture jump, have been used to measure spin conversion, while 
for small tunneling splittings a new field-cycling NMR 
method has recently been developed.8 Our technique of spec- 
tral hole burning offers yet another, very direct access to the 
measurement of spin conversion, which is complementary to 
the above methods. Spectral hole burning allows one to man- 
ipulate the population of spin isomers independent of the 
temperature of the lattice. The subsequent recovery of the 
steady state is monitored optically with high sensitivity. It is 
another objective of this paper to present a full analysis of the 
method. It is illustrated by a systematic experimental study 
dimethyl-s-tetrazine doped into durene single crystals. 

The outline of the paper is as follows. After a description 
of the experimental procedures (Sec. II), we present in Sec. 
III an analysis of the spin conversion kinetics describing the 
population of the tunneling levels associated with two (inde- 
pendent) methyl groups. The population changes induced 
by frequency selective laser irradiation are taken into ac- 
count and the response of the system in the different experi- 
ments is analyzed. The experimental results, including con- 
ventional optical spectroscopy, are presented in Sec. IV and 
are discussed in Sec. V in relation with recent theoretical 
models of spin conversion processes. Finally, in Sec. VI, we 
conclude. 

100 MHz using a homemade wavemeter and/or using an I, 
vapor absorption cell. The appropriate laser power for burn- 
ing and reading was adjusted using neutral density filters. 
The reading power was at least a factor of 100 lower com- 
pared to the power used for burning. No significant hole 
burning was observed due to the reading sequence. Record- 
ing (reading) of the hole burning spectra was done by scan- 
ning the dye laser and detecting either the transmitted flux of 
light or the fluorescence of DMST at longer wavelengths. 
The fluorescence was detected by an AsGa photomultiplier 
using appropriate broad band optical filters to exclude the 
excitation wavelength. In order to improve the signal-to- 
noise ratio the signal were normalized to the simultaneously 
detected laser intensity. Up to 100 scans over a frequency 
range of 10 or 30 GHz were averaged using a microcom- 
puter. 

II. EXPERIMENTAL 

Di-methyl-s-tetrazine (DMST) was obtained from R. 
M. Hochstrasser. Durene (s-tetra-methyl-benzene, TMB), 
naphthalene (NA ), and p-dibromobenzene (DBB) were 
used after extensive zone refining. Zone-refined, perdeuter- 
ated TMB (TMB-d,,) was a gift from H. Zimmermann. 
Single crystals of TMB, NA, DBB, or TMB-d,, doped with 
10m3 mol DMST were grown by the Bridgman technique. 
Owing to zone refining effects during the crystal growing 
process, most of the DMST is removed from the doped crys- 
tal. The estimated concentration of DMST is 10m5 molar. 

Measurements of spin conversion were done by record- 
ing the evolution of the hole burning spectra as a function of 
“waiting” time at different temperatures. Below 4.2 K all 
operations (burning, waiting, reading) were performed at 
constant temperature. Spin conversion at higher tempera- 
tures was monitored by using measurement cycles (see Fig. 
1) . Burning and reading were done in the liquid helium bath 
at temperatures below 4.2 K (typically 1.5 K) while the 
sample was heated by raising it above the helium bath during 
the waiting time, t,. Since spin conversion rates dramatical- 
ly decrease with decreasing temperature, and as temperature 
changes can be made sufficiently rapidly, contributions from 
spin conversion at lower temperatures during these cycles 
may be neglected. Nevertheless, this procedure limits the 
measurements to spin conversion times of longer than - 10 
s. The measurement of very long spin conversion times, on 
the other hand, was limited to about 100 h by the hold time of 
the cryostat. 

III. SPIN CONVERSION KINETICS 
For one methyl rotor, the two lowest levels of A and E 

spatial symmetry are associated with nuclear spins of 3/2 
and l/2, respectively, so that each of the two levels is four- 
fold degenerate at the resolution of our optical experiments. 

The crystals were immersed into a helium bath cryostat. 
Pumping on the bath provided temperatures between 4.2 
and 1.5 K. Temperatures above 4.2 K were obtained by rais- 
ing the sample above the liquid helium bath, where the heli- 
um gas provides a temperature gradient from 4.2 to about 
100 K depending on the position above the liquid. In order to 
improve the temperature stability of the sample above the 
He bath, a stainless steel tube surrounding the sample was TEMPERATURE 

installed in the cryostat. In this way, we reduced convection t 
currents and thereby temperature fluctuations. Tempera- TR 
tures were measured by a carbon and/or platinum resistor 
close (-mm) to the sample. The temperature stability was 
better than + 0.1 K in the liquid and about + 0.2 K in the 

TB gas. 
All spectroscopic measurements were done with the 

sample immersed in liquid helium. Conventional high reso- 
lution fluorescence and absorption spectra were measured at 
4.2 K. Hole burning spectra were recorded using a single 
mode dye laser (Coherent 590-21) with rhodamin 6G, 
pumped by an argon ion laser (Coherent Innova-90). The 
bandwidth is - 5 MHz and the output power -20 mW. 
Absolute wavelengths were determined with an accuracy of 

FIG. 1. Temperature cycles for the measurement of spin conversion at high- 
er temperatures. r, is the temperature at which the hole burning and the 
recording of the spectra is done, T, the temperature for which the spin 
conversion time is determined. Except for short spin conversion times 
(z 10 s), the waiting times t, are long compared to the time it takes to 
change the temperature of the sample. 
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Denoting by NA andN, the population of the two levels, and 
by A their energy difference, the relaxation to thermal equi- 
librium is described by 

I I 
- ICEA + k/m NE 

= + k, - kACAE NA ’ II I 

where the ratio of the two rate constants is governed by the 
Boltzmann factor p 

p = kAE/kEA = exp( - A/kT). (2) 
Deviations from thermal equilibrium after a tempera- 

ture change, or, in our experiments, induced by optical exci- 
tation decay with a characteristic time constant (spin con- 
version time) 7, 

served. Integration of Eq. (4) with different initial condi- 
tions is straightforward, even though the explicit expressions 
are somewhat cumbersome. Relaxation to thermal equilibri- 
um occurs with rates of l/r, and 2/rC. 

(1) The optical transitions of DMST are inhomogeneously 
broadened and this broadening masks the difference in tun- 
neling splitting between the ground and excited electronic 
states. The narrow band laser excites DMST molecules 
whose transition frequency is resonant with the laser. As all 
the levels, I&4 ) and IE,E > and the degenerate levels IA,E ) 
and 1 EJ > that describe the states of a pair of methyl rotors, 
are thermally populated, three classes of DMST molecules 
are selected by the laser. These classes can conveniently be 
characterized by the frequency of the IO,&4 ) -, Il,&4 ) 
transition, where the quantum numbers 0 and 1 refer to the 
ground IO) and excited 11) electronic state of DMST. For 
rotors in the IA,A ) state (class AA) the frequency address is 
the laser frequency, v=, while for rotors in the thermally 
populated states, IA,E >, I E,A > (class M), and I E,E ) (class 
EE), the frequency addresses are vr. - S and vr. - 2S, re- 
spectively, where S is the difference of the tunneling splitting 
of one methyl rotor in the electronic states 11) and 10) of 
DMST 

rc = (k/m +&A)-‘. (3) 
Because in the mixed crystals studied both the guest 

DMST and the host TMB molecules occupy centers of inver- 
sion,” all methyl groups (of either the guest or the host 
molecules) occur in pairs. The two methyl groups of a pair 
are related by the center of inversion that is occupied by the 
guest molecule in the host crystal, and are therefore equally 
coupled to the optical transitions of DMST. The distance 
between the two methyl groups is greater than 5 A so that 
direct coupling between them is expected to be very small, 
and is indeed undetectable in our experiments. The level dia- 
gram and the spin conversion rates of such a pair of equiva- 
lent but uncoupled methyl groups is shown in Fig. 2. 

Denoting by NIM the total population of the two degen- 
erate levels IA,E > and j&4 ) and by NAA and NEE the popu- 
lations of the j&4 ) and I&E ) levels, respectively, the relax- 
ation of the system is described by - - 

d 
z 

N EE -2 B o N.m 
NM =k,. 2 --Cl+81 W - N,u 
N AA 0 1 -W NAA 

In thermal equilibrium the population is 

N EE 

NIU 

(4) 
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S=A,-Ab,. (6) 

This description of the population relaxation applies 
separately to each of these classes and NT signifies the num- 
ber of pairs of methyl groups within a given class. Since, in 
our crystals, the inhomogeneous frequency distribution, 
s INH 9 is much larger than the difference in the tunneling 
splitting, 6, for the sake of simplicity in the following analy- 
sis we do not explicitly introduce this frequency distribution. 
The existence of a limited (as compared to S) inhomogen- 
eous bandwidth does not pose any problem. The evolution of 
the central hole at vr. and of the sideholes (or antiholes) at 
vr. -f S and at vr. & 26 is-simply given by the sum of the 
intensity changes resulting from the population changes of 
the three classes of molecules affected by the laser. 

N AA 

where NT is the total number of pairs of methyl groups ob- 

A 

A 

r L 

A 

v 

I’%A iky > lkc, j,l’” 
IkA 1 k,t:E I’%A lkAE 

3 

We analyze in the following the response of the system 
(5) after changes in the initial conditions corresponding to dif- 

ferent situations realized in our experiments. In all cases we 
assume that the sample is in thermal equilibrium (Boltz: 
mann factor 8) prior to laser irradiation, so that the popula- 
tion for each class is given by Eq. ( 5 ) . The time evolution of 
the population can be monitored under the following condi- 
tions; (a) experiments in which hole burning and subse- 
quent relaxation to equilibrium occur at the same tempera- 
ture, (b) experiments in which the temperature of the 
sample is increased after laser irradiation so that the relaxa- 
tion takes place at a higher temperature, and (c) experi- 
ments in which population transfer between different tun- 
neling levels is governed by population relaxation in the 
long-lived triplet state. 

FIG. 2. Energy level diagram and spin conversion rates for two uncoupled 
methyl groups in the lowest librational state. 

In a type (a) experiment the population decrease at the 
laser frequency for the three classes of spins is NL /( 1 + P) 2 
for NAA of class AA, 2flNL/( 1 + 8) 2 for NM of class M, and 
fl*N,/( i + PI2 for NEE of class EE. The total population 
loss is NL . The intensity variation of the central hole H, at 
the laser frequency vr. is 

J. Chem. Phys., Vol. 96, No. 9,i May 1992 



6338 Hartmann etal.: Tunneling in molecular crystals 

H, = I(1 +4P2+P4) +4P(l -P+B2, 

Xexp( - t/7,) + 6f12 exp( - 2t/7,)] *A. (7) 

For the first sideholes, H, 1 at frequencies vr. + 6, the 
change is 

H *,=2fl[1+82-(l--P)2exp(-~t/~C) 

- 2oexp( - 2r/7-,)I .A. (8) 
And for the second sideholes, H k 2 at the frequencies 

vL f 26, the change is 

H f2 =/I’[ 1 - 2 exp( - t/~,) + exp( - 2t/~=)] .A. (9) 
Here A is a constant that depends on the concentration, 

burning efficiency, absorption cross section, etc. Note that 
the intensity of the sideholes is symmetric about the central 
hole(H+, =H-,,andH+, =H-,)andthattheintensi- 
ty ratio of the holes after full relaxation is 

H,:H, 1 :H+, = (1 + 4fi2+p4):2P(1 +P2>:fi2. 
(10) 

sions are not given here as they are cumbersome and are not 
required for the following discussion. Importantly, the in- 
tensity of the sideholes is no longer symmetric about the 
central hole. If S is positive (i.e., the tunneling splitting in- 
creases when the DMST molecule is electronically excited), 
the intensity ratios, after full thermal equilibration, are 

H+I:H-l =,&?‘$=exp[A,(l/kT, - l/kT,)] (12) 
and 

~H,,:H-, =fi’2:fi2=exp[2Ao(l/kT, - l/kT,)]. 
(13) 

These ratios are inverted if S is negative. In all of our 
experiments, the relaxation occurs at temperatures equal or 
higher than the burning temperature so that fi I>/?. The ob- 
servation of an intensity imbalance can therefore be used to 
determine the sign of the change of the tunneling splitting 
upon electronic excitation of the chromophoi. This makes it 
possible to evaluate the tunneling splitting A, in the ground 
electronic state. 

This ratio approaches 6:4: 1 in the high temperature lim- 
it of fi = 1. Experimental measurements of the spin conver- 
sion time were performed by observing the evolution, as a 
function of time, of the ratio H * 1 :H, to its equilibrium val- 
ue, R,, . This evolution was fit to the expression 

H*,:H,(t) =REQ[l-exp( --t/7,)]. (11) 
This approximate expression agrees to better than 10% 

with the exact expression of H * 1 :H, (t) as given in Eqs. (7) 
and (8). This is demonstrated in Fig. 3 for the limit of high 
temperatures (fl = 1 >, where the deviations from the exact 
expression are largest. At lower temperatures (/5’< l), the 
agreement is better and in all cases the differences are 
smaller than the experimental uncertainty. 

In a Type (b) experiment the initial conditions are the 
same as in Type (a); burning is done at a temperature T, 
[fl = exp( - A,/kT, ) 1, but spin conversion occurs at a dif- 
ferent temperature, TR , characterized by the Boltzmann fac- 
torfi ’ = exp ( - A,/kT, ) . The resulting expressions for the 
central hole H, and the sideholes H + 1 and H, 2 are there- 
fore different from those in Type (a). The explicit expres- 

It should be noted at this point that an intensity imbal- 
ance between the holes at ~fr: S and & 26 also can occur in 
systems where the above condition of S,,, ,S is not ful- 
filled, when the line is burned off the center of the inhomo- 
geneous distribution. It is easy to see-that the intensity imbal- 
ance in this case is independent of the sign of S and that the 
sidehole which lies closer to the center of the inhomogeneous 
line is always more intense. As a result, the intensity ratio 
H + 1 :H _ 1 changes sign as the burning frequency is shifted 
from the high to the low energy side of the line so that this 
effect can easily be distinguished from an imbalance due to 
the difference in T, and TR , as discussed above. 

Iti a Type (c) experiment, after excitation to the elec- 
tronically excited singlet state 11) of DMST, a certain frac- 
tion of the molecules relax to the triplet state, 1 T), before 
returning to the ground electronic state, IO). Spin conversion 
in the paramagnetic triplet state is significantly faster than 
that in the diamagnetic single states. Thus this process can 
compete with the decay of the metastable triplet state which, 
in DMST, has an average lifetime of T= = 100 ,us.” To cal- 
culate the fraction of population transferred in an optical 
pumping cycle, we assume for the three spin sublevels the 
same tunneling splitting and the same average decay rate, 
l/~i, to the ground state. We can’make these &stimpti% 
because we are interested only in the relative intensities of 
the population changes (the assumptions are invalid in the 
case of an accidental degeneracy or crossing of tunneling 
levels associated with different electron spin sublevels as 
might be achieved in an applied magnetic field). The popula- 
tion transfer in the iriplet state may be calculated by adding 
to Eq. (4) a homogeneous decay term and a feeding term. 
The steady state population in the triplet state is given by 

-2 B’ 0 N EE 

k’. 2 EA -(l+P’) 2P’ - NM 
-~ 0 1 - W’ NAA 

TIME t/~ 

FIG. 3. Comparison of the exact [Eqs. (7) and (S)] (broken line), and 
approximate [Eq. (11) ] (full line), expressions describing the thermaliza- 
tion of the tunneling level populations. 

N EE F EE 

- l/7= NIM + FM = 0. (14) 
N AA F AA 
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Here kLA is the rate of spin conversion in the triplet 
state andP ’ is the Boltzmann factor in this state, which may 
be different from the ground state value fi because the tun- 
neling splitting may be different. Equation ( 14) is solved for 
each of the three classes of molecules and the ratio of the 
nonzero feeding terms for each class is then given by the ratio 
of the ground state populations of the corresponding levels, 
where fi is again the Boltzmann factor for the ground state 

FEE:FM:FAA =fi2:2@1. (15) 
The population surplus (“antiholes”) values AH + 1 

and AH + 2, created at frequency intervals of k 6 and k 26 
from the pumping laser shows [as in Case (b) ] an intensity 
imbalance, which, again under the assumption of S > 0, are 
given by 

AH+,:AH -, =B’:P=exp[(A,-Ar)/kT] (16) 

and 

AH+,:AH -2 =bt2:B2 = exp[2(A,- h’,)/kT]. 
(17) 

Here A0 and Ar are the tunneling splittings in the 
ground IO) and triplet state I T > , respectively. The tempera- 
ture is constant in this experiment. 

The intensity ratio of the second to the first antihole is 

AH+,/AH + 1 =PKYl +PP’, + (1+8>*( 1 +B’1, 

- (ryrT]. (18) 
In our experiments the triplet state lifetime rT is much 

shorter than the spin conversion time r; in this state and 
fi~fl’=: 1, so that Eq. ( 18 ) reduces approximately to 

AH + 2 :AH +, = (l/4)*(7&). (19) 

The second antihole therefore is very weak and difficult 
to observe at low temperatures when the rate of spin conver- 
sion is small. At higher temperatures when the rate of spin 
conversion increases, spectral broadening becomes impor- 
tant and again makes the observation of the weaker second 
antihole difficult. The antiholes decay with the ground state 
spin conversion time r, in the same way as the sideholes 
develop in the type (a) and (b) experiments. 

IV. RESULTS 
A. Formation of spectral holes 

DMST undergoes irreversible photochemical reactions 
upon optical excitation in the gas phase and in liquid or solid 
solutions.r2 In TMB crystals photodecomposition has been 
followed by spectral hole burning.13 The formation of side- 
holes, due to the tunneling methyl groups had not been 
searched for in these early experiments and was monitored 
only recently,5 motivated by analogous observations in 
translational proton tunneling processes.14 

The inhomogeneous optical linewidth of DMST in 
TMB is 0.3 cm - r. This is an extremely small value and 
presumably reflects a very well defined site geometry. Addi- 
tional lines on the high energy side of the absorption origin 
have been assigned to 13C or 15N labeled species. l5 To avoid 
saturation effects we have in most cases performed the hole 
burning experiments on the weakly absorbing “isotope” line 
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FIG. 4. Hole burning spectra, performed on the absorption line of DMST in 
TMB at 5875 A, immediately after hole burning at TB = 1.75 K (bottom 
spectrum) atid after relaxation at T, = 6.0 K for time intervals as indicated 
(upper spectra). The vaIues of the times t that are indicated are the sum of 
the waiting times f, at the temperature TR. 

at 1.2 cm - ’ above the DMST absorption origin. We have, 
however, checked that hole burning experiments performed 
on the origin give the same results. 

Figure 4 (bottom) shows a hole burnt for 10 s with 1 
W/cm2. The hole width of 200 MHz is already saturation 
broadened. Reducing the laser fluence to about 10 mW/cm2 
results in holes close to the lifetime width of 50 MHz. Spec- 
tral holes also have been burnt into the absorption lines of 
DMST doped into naphthalene (NA), p-dibromobenzene 
(DBB), and perdeuterated durene (TMB-d,4). Lifetime 
limited stable holes could be burnt using NA and DBB. 
These holes also were present without significant broaden- 
ing after temperature cycles of about 100 s up to 100 K. No 
sideholes due to methyl group tunneling have, however, 
‘been detected. 

Surprisingly, hole burning in TMB-d,, is quite different 
from that in TMB-h,, host crystals. With similar laser 
fluence burning was much more efficient in TMB-d,, and 
the resulting holes were saturation broadened to the ex- 
treme. However, even at 1.5 K hole filling was very fast, 
occurring on a time scale of minutes. Moreover, after tem- 
perature cycles to 100 K holes are completely filled within 10 
s. From these observations we conclude that besides photo- 
chemical hole burning reversible photophysical processes 
also occur. In TMB-d,, host crystals these processes domi- 
nate hole burning due to the photochemical decomposition 
of DMST and prevent the search for side holes. This, in itself 
interesting, behavior is still under study. 

Burning DMST in TMB-h,, at 1.75 K results, as men- 
tioned above, in the formation of a hole at the burning fre- 
quency (Fig. 4). Waiting at this temperature for about 10 h 
does not lead to the appearance of additional holes. Heating 
the sample to 6 K for some minutes results in the formation 
of two and, for longer waiting times at 6 K, of four equally 
spaced sideholes (Fig. 4, top spectra). These side holes are 
due to the tunneling levels of two (uncoupled) methyl 
groups with the hole separations equal to the difference of 
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the tunneling splitting in the electronic ground IO) and excit- 
ed 11) singlet state. ’ From Fig. 4 it’ is evident that some 
broadening of the central hole occurs during this tempera- 
ture cycle and that the integrated hole intensity is effectively 
reduced indicating that the spectral hole burning processes 
are, in part, reversible. The results shown in Fig. 4 corre- 
spond to Type (b) experiment as explained in Sec. III. 

Burning the holes at temperatures above about 2.5 K at 
low laser intensity corresponds to a Type (c) experiment 
(see Fig. 5, bottom) and results in the formation of two sym- 
metrically spaced antiholes at the same positions as the side- 
holes. This demonstrates that, besides chemical and physical 
hole burning, population hole burning occurs among the 
tunneling levels.’ As outlined in Sec. III, these effects are due 
to the redistribution of population among tunneling levels in 
the ground or excited state. Here we shall mainly concen- 
trate on two aspects. One is the identification of the tunnel- 
ing methyl groups and the other is the quantitative analysis 
of the spin conversion kinetics as monitored by the decay of 
antiholes and the formation of sideholes as a function of time 
and temperature. 

B. Hole and antihole shapes and intensities 
With regard to temperature two different experiments 

were performed. Either hole burning and detection of holes 
at later times were done at the same temperature [Type (a) 
and (c) experiments] or burning at low temperatures ( 1.5 
K) was followed by a temperature cycle (see Fig. 1) prior to 
measuring again at low temperature [Type’ (b) experi- 
ment] . In each of these cases the holes, sideholes, and anti- 
holes are saturation-broadened, approximately Lorentzian 
lines of the same width. Above about 3.0 K holes are homo- 
geneously broadened. Burning at the center of the inhomo- 
geneous optical absorption line always results in the forma- 
tion of pairs of sideholes, H, 1 and H, 2, with equal 
intensities. After full relaxation the relative intensities are 
1:4:6&l, as predicted by theory. When burning off the ten; 

ter of the inhomogeneous line we observe, as predicted in 
Sec. III, a higher intensity for the sideholes closer to the line 
center. 

Type (a) and (c) experiments correspond to idealized 
situations. In fact, we found that at temperatures below 
about 2.5 K the spin conversion times are so long that only 
the central hole can be seen. The spectrum does not evolve 
measurably over hours. Burning at 2.7 K and higher tem- 
peratures results in the immediate appearance of antiholes. 
The integrated intensity gain at the antiholes is smaller than 
the intensity loss at the central hole. In the subsequent time 
evolution of the spectrum the antiholes decay and the holes 
grow at the same positions, as is demonstrated in Fig. 5 for a 
temperature of 3.3 K. Varying the laser intensity favors one 
or the other burning mechanism (population transfer vs 
photochemistry), but we always observed both contribu- 
tions at these temperatures. This was taken into account in 
the analysis of the data. Above about 5 K the homogeneous 
hole width becomes larger than the splittings so that anti- 
holes and sideholes are masked and spin conversion mea- 
surements can no longer be performed in this way. 

In experiments of Type (b) the intensity of sideholes is 
recorded (at low temperature) as a function of waiting time 
at elevated temperatures so that the spin conversion at these 
temperatures is monitored. A typical kinetic curve for the 
spectra of Fig. 4 (cycling temperature: 6 K) is shown in Fig. 
6 together with a fit according to Eq. ( 11) . Note that within 
experimental error and as predicted by theory, the equilibri- 
um value of 2/3 is approached at long times. 

Spin conversion times determined by both kind of ex- 
periments are plotted in Fig. 7 as a function of l/r,, where 
T, is the temperature at which spin conversion takes place. 

The fact that the widths of the holes and the sideholes or 
antiholes are the same to within the experimental accuracy 
of about 5% implies that the value of 6 = A, - A, is con- 
stant to better than 1% for all molecules probed by the hole 
burning. This insensitivity of the tunneling potential to inho- 

’ t = 95 min 
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FIG. 5. Hole burning spectra of DMST in TMB recorded at T, = TRm = 3.3 
K. Bottom spectrum after 10 s burning. Upper spectra after waiting times in 
the dark at 3.3 K as indicated. 

z 
;j 

. 

E l/6 
e 
E 

ig = 1.75 K 
TR = 6.0 K 

Or I 
0 5 10 15 20 25 

TIME t (min) 

FIG. 6. Thermal equilibration of spin level populations after holebuming at 
1.75 K and subsequent excursion times to 6 K. The full line is a fit to the data 
points according to Eq. ( 11) and corresponds to a spin conversion time of 
.ri = 5.6 min. 
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RECIPROCAL TEMPERATURE (l/K) 

FIG. 7. Spin conversion times as a function of l/T. ( X  ) indicates data 
points that have been obtained with TR > T, and (0) those for which 
T, = T,. 

mogeneities of the crystal demonstrates again that the sites 
are very well defined as was already indicated by the small 
optical linewidth. 

C. Optical spectra of DMST in TMB 
High resolution emission and absorption spectra of 

DMST in TMB-h,, already have been described.“,‘5 The 
methyl group libration was not identified in this matrix 
whereas a methyl group libration of 42 and 50 cm - ’ has 
been assigned to DMST in pure and inp-xylene host crystals, 
respectively. l1 To obtain more detailed information we have 
reinvestigated the optical spectra of DMST in TMB. Besides 
the already reported transitions we observed, as shown in 
Fig. 8, weak transitions at + 13.9, + 15.5, and + 57.2 
cm-’ in absorption and at - 14.3, - 20.2, and - 56.3 
cm-’ in emission. Additionally, in both cases a broadband 
is centered around 45 cm - ’ , which is not likely due to elec- 
tron-phonon coupled modes. Emission spectra of DMST in 
TMB-d,, show transitions at 17 and 57 cm - ‘. The lowest 
frequency modes in the infraredI and Raman” spectra of 
TMB between 20 and 400 cm - ’ were observed at 45 and 53 
cm-‘, respectively, and have been assigned to a transla- 
tional phonon16 or a methyl group libration.” 

V. DISCUSSION 
A. Tunneling splittings 

The appearance of four equally spaced sideholes with 
the observed intensity ratios proves that we are dealing with 
two (uncoupled) methyl groups. This is expected as DMST 
oocupies a site of inversion symmetry in the crystal and all 
methyl groups occur as equivalent pairs.” An interesting 
question is whether the methyl groups that are monitored in 
these experiments belong to the guest or the host molecules. 
Excitation of DMST changes the potential not only for the 
methyl groups of DMST but also of neighboring TMB mole- 
cules. 

Methyl group tunneling in pure TMB crystals has been 
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FIG. 8. Absorption (top) and fluorescence (bottom) spectra in the region 
of the electronic origin for DMST in TMB at 4.2 K. The spectra are plotted 
on relative energy scales to enable direct comparison. Excitation of fluores- 
cence was via a vibronic band of DMST and the intensity of the O-O band in 
this spectrum is suppressed by reabsorption. The sharp lines close to the 
origin of the absorption are assigned to minor ( ‘%, “N) isotopic species of 
DMST. 

studied by NMR as well as INS. The former experiments 
indicated tunneling frequencies between 17 and 30 MHz,” 
while in INS inelastic peaks between 3.8 and 13.5~ GHz 
where reported. I9 It is generally accepted that the rotation of 
methyl groups in ortho substituted aromatics is strongly hin- 
dered due to their mutual repulsive interaction.20 Vapor 
phase studies of o-xylene, for example, indicate a (purely 
intramolecular) barrier height of around 700 cm-’ ,2’ 
which is not much change’in the solid.2i A somewhat lower 
value of this barrier was proposed in more recent work based 
on supersonic jet studies.23 Such barrier heights correlate 
well with the NMR tunneling frequencies but are in variance 
with the more direct INS results, which indicate a barrier of 
less than 200 cm- ’ (for a pure V, potential). The origin of 
this contradiction is, at present, unexplained, but the over- 
whelming evidence is in favor of a high barrier. Excitation of 
a neighboring DMST molecule would have to lower this bar- 
rier to less than 300 cm - ’ if the observed tunneling splitting 
difference of S = 1.24 GHz were to. be assigned to TMB. 
Given that the origin of the barrier in TMB is predominantly 
intramolecular and would be little affected by the excitation 
of a neighboring molecule, we reject this interpretation. The 
optically measured value of S = 1.24 GHz is therefore as- 
signed to the difference in tunneling splitting of the methyl 
groups of DMST in-the ground, So, and first excited, S,, 
singlet states. The rotation of the methyl groups in gas phase 
DMST is nearly free24 and the hindering potential in the 
TMB host is due to intermolecular forces. As the tetrazine 
ring expands upon electronic excitation the size of DMST 
increases in S, . Steric hindrance of the DMST methyl groups 
due to the environment is therefore likely to increase, leading 
to a decrease of the tunneling splitting in S, (i.e., S < 0). 

Recently, Friedrich et aL2’ reported similar observa- 
tions of antihole formation for DMST dissolved in n-octane 
crystals, where two antiholes were seen at frequency differ- 
ences of f 30-GHz from the central hole. Because of the 
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extremely narrow optical line width of 0.3 cm - ’ in our sam- 
ples, such a large splitting would be directly observable in 
our experiments. In TMB we ,observe a value of 1.24 GHz, 
while in NA and DBB the value of 6 is smaller than the width 
of the central hole of about 100 MHz, because no sidehole 
formation was observed even after long waiting times at 100 
K. A large spread of the tunneling splittings of DMST in 
different environments supports the idea that the hindering 
potential is predominantly intermolecular, in agreement 
with the proposition based on molecular beam experiments 
that the rotation of the methyl groups in gas phase DMST is 
nearly free.24 

order to observe the tunneling level structure. The technique 
is therefore naturally adapted to measure the rate of this 
highly forbidden process and complements existing NMR, 
neutron absorption, and calorimetric techniques that have 
been used to study this process.8*gr26 In addition to the 
ground state, spin conversion in electronically excited states 
also is revealed in our experiments even though no systemat- 
ic, quantitative study was made in this case. In the following 
we discuss, in relation with recent theoretical studies,’ our 
measurements of spin conversion in the ground electronic 
state of DMST in TMB host crystals as summarized in Fig. 
7. 

In Sec. III we have shown [Eqs. ( 12) and ( 13) ] that it 
is possible to extract from the intensity ratios of the sideholes 
H, , /He r and H, 2/H _ 2 the tunneling splitting in the 
ground electronic state. The intensity ratio observed in our 
experiments, when burning at the center of the inhomogen- 
eously broadened optical line, is 1 f 0.1. This observation 
sets an upper limit of 0.3 cm - r or 9 GHz for the tunneling 
splitting in S,. This limit agrees also with the intensity ratio 
of 2/3 observed for H + r /H, after full thermal equilibration 
[see Eq. ( 10) of Sec. III]. 

The straight line fit in the Arrhenius plot of log rc vs 
l/T (Fig. 7) indicates that an Orbach-type relaxation pro- 
cess occurs over more than 3 orders of magnitude in time 

r, = r, exp( i- E,/kT). (22) 

The activation energy is E, = 20 cm - ’ with a pre-expo- 

B. Methyl group librations 

While tunneling splittings correspond to the lowest en- 
ergy excitations of a methyl rotor, the same hindering poten- 
tial determines also the higher frequency excitations which 
are librational modes. In the following we discuss the rela- 
tion of the two with regard to possible spectral assignments 
and the discussion of spin conversion (Sec. V C) . 

In units of B = h /(4mI) ~~5.22 cm- ’ , where I is the 
moment of inertia of the CH, group about the threefold axis, 
the Hamilton operator for the torsional motions of the meth- 
yl groups can be written as 

nential factor of To = 1.6 s. Power law fits of the data over the 
same range were unsuccessful. At low temperatures, where a 
slight deviation from an Arrhenius plot can be seen, the data 
are roughly proportional to T6 or T’. A change to a different 
temperature law at very low temperatures is theoretically 
predicted’ and indeed has been observed for NH: in KBr.26 

H= -d2Y -+ (v,/2)(1 -C0~3~) 
dp2 

+ (V,/2)(1--0~6~). (20) 
The lowest energy levels were calculated by diagonaliz- 

ing this Hamiltonian in a basis set of free rotor wave func- 
tions 

Recently, Hausler and Wiirger have presented theoreti- 
cal models for temperature activated spin conversion pro- 
cesses.’ They have evaluated by perturbation methods the 
magnitude of dipolar nuclear spin-spin coupling terms and 
the rotation-phonon coupling term in the Hamiltonian, 
both of which must operate in order to induce transitions 
between the ]A,3/2) and ]E,1/2) tunneling levels. Because 
of the l/3 distance dependence, dipole-dipole interactions 
between the protons of the tunneling methyl group are the 
largest. Except at very low temperatures, the dominant con- 
tribution to the temperature dependence of the spin conver- 
sion rate stems from phonon processes involving the simul- 
taneous excitation of the methyl group libration. The 
activation energy, E,, for this process corresponds therefore 
to the frequency of this librational mode. 

Wiirger has made explicit estimates of the pre-exponen- 

Y, = (l/&r)exp( -imp) with [ml&V. (21) 
Calculations with a basis set of N = 25 produced eigen- 

values for the five lowest levels that were accurate to within 
O.l%, as was checked by calculations with N = 200. 

With the constraint that the tunneling splitting has to be 
smaller than 9 GHz, we find no satisfactory combination of 
values of V, and V, that allows to assign the phonon side- 
band at 57 cm- ’ to a librational mode. Assigning the ob- 
served phonon sidebands between 15 and 20 cm - r to the 
methyl libration is compatible with the above limit for the 
tunneling splitting and implies that the height of the barrier 
is greater than 400 cm - i . This assignment also requires that 
the V, contribution dominates. 

tial factor, rO, as a function of a hindering V3 potential (as 
reflected in the tunneling splitting). Our value of r, would 
indicate a splitting of 2.4 GHz, in agreement with the upper 
limit deduced in this work. For such a splitting the exponen- 
tial law should dominate above about 4 K while Raman and 
direct phonon processes should take over at lower tempera- 
tures. This is again in good agreement with our observations 
but more data at low temperatures (i.e., measurements of 
very long conversion times) are required in order to estab- 
lish firmly the low temperature behavior. 

According to this analysis, the observed activation ener- 
gy of 20 cm - ’ would correspond to the methyl group libra- 
tional mode, which substantiates the assignment proposed in 
the preceding section. Even though this agreement with the- 
ory is very satisfactory, it should not be taken as definitive 
proof. The phonon sidebands could correspond to other lo- 
cal phonon modes and measurements in deuterated DMST 
are underway to firmly establish the proposed assignments. 
Also the present assignment indicates that V, terms of the 

C. Temperature dependence of spin conversion 
The use of spectral hole burning to investigate the tun- 

neling of methyl groups requires spin conversion to occur in - 
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potential dominate, while the numerical estimates of 
Wiirger were made for a pure V, potential. 

In the remainder we discuss briefly the kinetics of anti- 
hole formation. Dipolar interactions between proton and 
electron spins are larger than those between protons by the 
ratio of gyromagnetic moments of the electron to the proton 
spin. Paramagnetic impurities are therefore efficient in in- 
ducing nuclear spin conversion.’ Owing to the optical excita- 
tion, the triplet state of DMST is populated via intersystem 
crossing and provides a transient paramagnetic species. In 
the triplet state nuclear spin conversion is faster than in the 
singlet states so that during the optical pumping and relaxa- 
tion cycle population is transferred from the optically excit- 
ed tunneling levels to levels that are not resonant with the 
laser. This results in the formation of antiholes as discussed 
in Sec. III. The fact that the formation of these antiholes is 
observed only at temperatures above 2.5 K indicates that 
spin conversion in the triplet state also is strongly tempera- 
ture dependent. The determination of the absolute rate of 
this process requires the knowledge of the yield of triplet 
formation and quantitative measurements of the number of 
photons absorbed. It will be interesting in future work to 
make these determinations and also to explore the influence 
of magnetic fields and microwave-induced transitions be- 
tween electron spin sublevels of the triplet state. The fact 
that the second antiholes are unobservable indicates that 
AH&.,/AH* i <5X 100~. This observation sets ,a lower 
limit for the spin conversion time in the triplet state [see Eq. 
(19)‘) ofrf>0.4msforT<3.5K. 

VI. CONCLUSION 
In this work we have shown that the spin conversion 

process for DMST in TMB can be properly described within 
the framework of recent theoretical models. The optical hole 
burning technique demonstrated here should be widely ap- 
plicable as it does not require a photochemical sensitivity of 
the molecule, as is the case of DMST, but only the presence 
of the triplet state. Of course, very small tunneling splittings 
cannot be investigated as laser and optical linewidths set a 
lower limit in the range of tens of MHz. The tunneling split- 
ting in at least one of the electronic states involved in the 
optical transitions must therefore exceed this value. On the 
other hand, optical methods are unique in measuring direct- 
ly the change of tunneling splitting between different elec- 
tronic states, an information that was obtained only by a 
combination of INS, NMR, and ESR techniques in previous 
work.27 The method also is particularly well suited to probe 
dilute impurity species and to explore thereby the contribu- 
tion of different host materials to the hindering potential. 
Another very novel aspect is the possibility to compare pro- 
tonated and deuterated methyl groups for the same molecu- 
lar systems. The optical techniques also can be used in mag- 
netic fields and can easily be combined with magnetic 
resonance techniques, so interesting perspectives are opened 
for the study of the relaxation behavior of tunneling methyl 
groups. 

Notes added in proo$ The change, at lower tempera- 
tures, from an exponential to a T’ power law for the spin 

conversion process, as indicated in Fig. 7, was confirmed by 
recent measurements. 
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