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ABSTRACT 

The techniques of both continuous wave and pulsed-coherent optically 

detected magnetic resonance spectroscopy are used to study energy transfer 

processes in the lowest triplet states of two aromatic molecular crystals. 

Of particular interest are the effects of crystal dimensionality and 

isotopic trap states on the efficiency of the transfer process in these 

systems. 

The relationship between the exciton band-to-band micrcl\\'avc 

transition lineshape of a one-dimensional crystal and the properties of 

coherent exciton migration is developed and discussed in terms of coherent 
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exciton trapping experiments on isotopically-mixed single crystals of 

1,2,4,5-tetrachlorobenzene (TCB). Limitations on coherent exciton energy 

transfer invosed by the presence of isotopic trap molecules arc discussed 

in terms of trap concentration and reduced coherence times and coherence 

leng~hs. Experimental data for dilute trap and concentrated trap isotop­

ically-mixed TeB crystals are presented which indicate that exciton-trap 

interactions are the prime cause of loss of exciton coherence in crystals 

with trap concentrations of ca. 5%. 

The transfer of energy between the two types 'of localized, isotopic 

trap states in TCB-mixed crystals is studied using tIle techniques of 

optically detected spin locking and temperature dependence of phosphore­

scence. Direct energy transfer between localized states via virtual 

coupling with the host states is demonstrated as well as indirect energy 

transfer via a host crystal exciton. The results indicate that the 

transfer mechanisms between trap and host states are very sensitive to 

the trap concentration and to the temperature of the lattice and that 

direct exchange is dominant at high trap concentrations. 

The dimensionality of energy transfer in pyrimidine single crystals 

is discussed in terms of previously reported experimental data. Optical 

and optically detected magnetic resonance experiments on isotopically­

mixed pyrimidine single crystals are reported whicll attempt to determine 

the crystal dimensionality by measuring parameters from the spectra of 

dimeric trap molecules. In addition, evidence is shown which indicates 

the existcncc of very cfficient electron-phonon coupl ing in excited 

triplet states of pyrimidine single crystals. 
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INTRODUCTION 

Experimental and theoretical interest in the properties of energy 

transfer in mol~cular solids has been concentrated principally on two 

general types of crystal systems. The first type can be characterized 

as the pure crystal case where the rigorous translational symmetry of the 

cryg·tal.Littice is utilized in the formulation and detection of excited 

states of the crystal as a whole. In this case the theories of Frenkel l 

~ 7 
and Davydov~ can be applied to gain an understanding of the nature of 

energy transfer, especially as it relates to the process of coherent 

exciton transport. The second type involves isolated molecules as guests 

in a host crystal lattice. These guests vary either isotopically, 

chemically, or structurally from the host molecules \vhich comprise the 

majority of the molecules in the lattice. If the concentration of guest 

molecules is low, say one percent or less, and if the excited states of 

the guest and host molecules are sufficiently far ap:lrt in energy, the 

treatment of such isolated molecules is essentially that for an oriented, 

single molecule coupled to a surrounding lattice. lbe strength of this 

coupling to the lattice will then determine the routes for energy transfer 

to and from the guest molecules. 

The work in this thesis is concerned with energy transfer processes 

in isotopically-mixed molecular crystals. At low «4.2°K) temperatures 

the guest molecules in such systems can act as energy "traps" with respect 

to excited state energy. Trap states arc very efficiently populated at 

low temperatures due to the effectiveness of exciton motion in the host 

states as a means of energy transport to such lower energy states. Thus, 

by observing the effects of energy transfer on guest molecules in such 



-2-

systems, it is possible to gain information on energy transfer processes 

in the crystal as a whole while monitoring what are essentially individual 

molecules ill the lattice. Of particular importance is the determination 

of whether or not the excited state energy transfer processes arc efficient 

enough to allow statistical models to be used in describing the relative 

populatiolls of the various energy states in the solid. l~e experiments 

discussed in the following chapters deal solely Ivith cnergy transfer 

pro~esses ill the lowest excited triplet states of aromatic molecular 

crystals, although the concepts of energy transfer involvcd apply equally 

well to singlet states. 

l~e magnitude and direction of the interactions of the individual 

molecules with the rest of the lattice is of prime importance in determining 

the riature of energy transfer in excited states. For this reason it is 

advantageous to work with molecular crystals where intermolecular inter­

actions occur predominately along one of the three crystallographic axes, 

thus leading to efficient energy transfer in one dimension only. In 

aromatic molecular crystals intermolecular interactions occur predominately 

via the n electrons~ This leads to one-dimensional behavior in crystals 

where the planar aromatic rings stack in a lamellar manner with the inter­

molec~lar separation much less along one axis than the other two. 

1,2,4,5-Tetrachlorobenzene (TCB) and pyrimidine arc two molecules which 

exhibit this type of lattice structure. 4 ,5 

TIle excited triplet state of a one-dimensional, pure crystal can be 

characterized by an energy dispersion 

E (k) 2Scos(ku) (0. 1) 

assuming only nearest neighbor interactions to be important. Here S is 
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the magnitude of the intermolecular interaction, a is the separation 

between molecules along the stacking axis, and k charactcri zes l'~lch of 

the states comprising the exciton band of the crystal. S generates a 

group velocity for coherent exciton motion given by V Ck) == 1/11 dE(k)/dk. 
g 

The coherent nature of exciton propagation depends rigorously on tJ1e 

translational symmetry of the lattice, and the presence of phonons and/or 

lattice imperfections,which destroy the translational symmetry, serves to 

shor:ten the exciton coherence time. Each k state then possesses an 

energy width inversely proportional to T(k), the coherence time of the 

exciton k state. Knowing the group velocity and coherence time, it is 

possible to determine the coherence length, 

R,(k) == T (k)V (k) 
g 

(0.2) 

In the limit where lattice vibrations or imperfections reduce the coherence 

time to a value T(k) <; n/48, exciton transfer becomes incoherent, and 

energy transfer must be described in terms of random hops of excitation 

from molecule to molecule in the lattice. 

The main portion of this thesis will deal with the effects of 

isotopic trap states on the efficiency of energy transfer in solids via 

coherent exciton motion. Chapter One is concerned with the effects of 

trap states on the coherence time of host excitons inisotopic;llIY-lllixed 

crystals of TC[3. In Chapter Two the mechanisms of "communication" between 

excited st:1te population in localized trap states and the tleloc:11 izcd 

in terms oj" experiments that measure some of the associated kinetic 

parameters. Chapter Three will deal with energy transfer in the pyrimi-

dine-mixed crystal system. Of principal concern will be the relationship 
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between the crystal structure and tIle dimensionality or topology of the 

transfer process. 

_In all of these cases it is necessary to utilize experimental 

techniques operating on a time scale which is sensitive to energy 

transfer in triplet states of molecular crystals. Optically detected 

magnetic resonance (ODMR) is a technique wllich is particularly well suited 

for such applications. The principles and applications of this technique 

as applied to phosphorescent triplet states have been discussed in detail 

. 1· . 1 6,7 In severa reVIew artlc es. ODMR combines the sensitivity of visible 

and ultraviolet photon detection with the versati1ity of continuous wave 

and pulsed-coherent magnetic resonance spectroscopy. Dlle to thenon~ 

degeneracy of the triplet state spin sublevels, ODMR can be uti1ized in 

a variety of zerofield experiments to elucidate the mechanisms and 

pathways of energy transfer in molecular crystals. 
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CHAPTER ONE 

OPTICALLY DETECTED MAGNETIC RESONANCE STUDll:S OF TRAPP!:D COIIERENT 

TRIPLET EXCITONS IN ISOTOPICALLY-NIXED. CRYSTALS 

OF 1,2,4,5-TETRACHLOROBENZENE 

Introduction 

The coherent properties of one-dimensional triplet excitons, which 

Ivere briefly discussed in the Introduction, arc summ;lrized in Fig. 1. 

As ~an be seen, the translationally equivalent interaction (3 generates a 

band energy dispersion Ivhich has a group velocity pro rile and a dCllsi ty 

of states function associated with it. In addition, at low temperatures 

where the bandwidth, 4(3, is greater than kT (where I? is Boltzmann's 

constant), triplet excitons are characterized by a distribution function 

O(k) = p(k)exp[-E(k)/~TJ which weights the density of states function by 

a Boltimann factor and determines the partitioning of energy between the 

variolls k-states Ivhich comprise the band. 

For one-dimensional molecular crystals such as 1, .l-dihromonaphthalene 

where (3 is relatively large (~7.4 em-I), 8 it is possible to observe 

emission occurring betlveen the individual k-states of the triplet band 

and those of a vibrational band of the ground state. 9 This transition 

has an associated lineshape which reflects the "double-humped" character-

istic of the distribution function. 
-1 

When 8 is relativdy small «I em ), 

as it is for 1,2,4,S-tetrachlorobenzene (TCB), such effects arc very 

diffinll t to resolve in the phosphorescence spectrulIl. 

The observation of such phenomena is important since the separation 

between the double maxima would give the bandwidth, 4(3, and the full lino-

shape and linewidth would be related to the coherence time for the exciton. 
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COHERENT PRGPERT I ES OF EXC I TONS 

~~N-----

E ( }/-- E(k) 

. 0 AI.A2 .. ··.A~~~ 7----- _._---'-___ '---' 
"isolated molecules" "coupled" 0 ± 1T/a 

by {3 

I ~ (3 generates a rate of energy transfer 
between molecules: Vg (k). 

2. Coherence lifetime, T (k), generates a 
width to the state and a mean-free 
path for coherent energy migration 

1- (k) = vg(k)o r(k) 

r(kr
l
", r. (Tkk·r

l 
= f(k) 

3. Distribution Function, D(k), determines 
the partition of energy between states 
of different velocities 

D(k)s'" p (k) exp [-E(k)/kT] 

IImax 

. ivg(k)1 

O~------~----~ 

W\ :1 ) 

ptE) ~ 
o 

D( k) 

Boltzmann 
I 
I 

I 
I 

O~------~I------~~ 
o rr/20 

k states 
XIlL 73·1-3~)·1 

Fig. I. The relationship hetweell the tr<lllsl;ltion;llly equivalent 

interaction, (3, the band energy dispcrsioll, I(k), the grollp 

velocity, V (k), the density of states funcl lon, DeL), and 
a 
l:"> 

the distribution function D(k), for a one-di!nensional exciton. 
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The latter point follows assuming that each k~to-k transition can be 

characterized by a li.neshape function, c.g. a LOl'('ntziall, th(' halfh'idth 

of which would be relate~ to the coherence time T(k). l'he ability to 

determine both Sand -rek) is critical to an understandillg of what sort 

of effects contribute to a loss of coherence. 

In their papers Francis and Harris lO showed that the observation 

of microwave band-to-band transitions associated with cuherent triplet 

excitqrts of perprotonated TeB could be related to the bandwidth and 

coherence time of the exciton. Due to anisotropy in the spin-orbit 

coupling between the singlet manifold of states and the triplet spin 

sublevels, the zerofield splitting across the exciton band dispersion 

is not uniform; Fig. 2. This leads to a unique Larmor frequency for each 

k-state in the band-to-band transition. Each of these k-state transitions 

will be broadened through relaxation or energy transfer processes that 

lead to a loss of coherence. Therefore, the OD~1R spectrum of a triplet 

exciton band-to-band transition should exhibit all of the features of 

the distribution function which characterizes the exciton at a given 

temperature. In this case, however, the separation betl,een the two maxima 

of the double-hump lineshape will not equal 48; rather, the separation 

will be related to 48 by a reduction factor which takes account of the 

magnituue of the anisotropy in the spin-orhit coupling. Similarly, the 

overall width of the OmlR lineshape can be relateu to the coherence time. 

Such experiments require the preparation of high-purity, high-quality 

single crystals which would exhibit a maximum amount of exciton phosphore-

scence. 

Becau.sc of this requirement for high purity, it has proved difficult 
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Fig. 2. The energy dispersion of the triplet magnetic sublevel bands 
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presence of selective spin-orbit coupling to the x sublevel. 

Note the separations betlveen the Spill suhl,.~vels are grc;ltly 

exaggerated for illustrative purposes. 
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to perform similar ODMR experiments on the triplet cxcitons of 'l'C13 isotop-

ically-mixed cl'ystal systems, This inability to directly obscr\'l' Oll~1R 

band-to-band transitions can be circumvented by the observation of 

I 
. . 11 COlerent exc1ton trapp1ng. The phenomena of coherent exciton trappin~ 

results IIIhen a microwave-induced perturbation of the exciton spin llunifoJds 

is transmitted to trapping sites via triplet exciton migration. The 

resulting change of trap spin alignment, theIl, has a direct effect on the 

nature of the trap OD~1R spectrum. The lineshape associated with this 

trap-moni tored exciton spin trans i t ion lIIi 11 depend expl ici tly on \~hctJwr 

exci ton-trap interaction or exci ton-phonon coupl ing is chiefly responsible 

for the loss of exciton coherence. 

Trap-monitored exciton spin polarization can be expressed in terms 

11 
of the trap spin polarization as 

K6N e (W) (K~l + K:l) 
1 J 

= (1. 1 ) 

where 6Nt (w) is the change in trap polarization as a function of frequellcy, 

K is the rate constant associated \~ith exciton tropping, l'.Nclw) is tIl<' 

change in exciton spin polarization as a function of frequelll.:y, alld K. 
1 

and K. are the total depletive rate constants for the trap spin sublevels. 
J 

Now, for a one-dimensional Frenkel exciton 

6NC
(W) = p(w) {cxp[-E(w)/In]} ( 1. 2) 

where pew) is the density of exciton stat~s connected by the microwave 

frequency w, and E(w) is the energy dispersion of the spin manifolds. 

In the dilute trap limit, when exciton-phonon scattering is faster than 

trapping, the effective trapping rate constant K - V D
T

, where DT is the 
g 

density of ttapping sites, and Vg is the average group velocity taken 
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dver the,distribution of varying chain lengths within the exciton spin 

manifold. In this limit LlNt(w) depends upon the Boltzmann population 

distribution and the density of states pew). Consequently, the trap-

monitored exciton electron spin transitions will exhibit a central band 

minimum associated with the minimum in pew) at k = ±TI/2. 

If, h~wever, the principal limitation on the coherence lifetime of 

the triplet exciton is trapping rather than phonon scattering (concentrated 

trap, limit), the effective trapping rate constant is taken to be propor-

tional to the product of the group velocity of the excitons perturbed by 

the microwave field, Vg, and the density of trapping sites, DT. Since 

Vg = l/p(w) for a one-dimensional exciton, 

(1. 3) 

In the concentrated trap limit, then, the change in trap spin alignment 

as a function of micrOl.,rave frequency will depend only upon the Bol tzmann 

distribution of the population within the exciton spin manifolds. 

Studies of coherent exciton trapping using isotopically-mixed 

crystals are ideal. Not only are problems of guest-host solubility 

circumvented, but problems caused by structural defects induced in the 

crystal lattice by i~purity doping are also avoided. In addition, there 

is a capability for creating traps of varying depths with respect to the 

host exciton band as, for example, in crystals of TCB-J 2 where shallO\v 

-1 traps of TCB-hd at a depth of 11 cm to low energy of the TCB-d 2 band 

-1 and deep traps of TCB-h 2 at a depth of 22 cm to low energy of the band 

can be doped in (see Fig. 3). Another advantage of isotopically-mixed 

crystals arises from the fact that the OOMR resonance frequencies of the 
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BAND AND ISOTOPIC TRAP STRUCTURE 

OF PERDEUTERATED 1,2,4,5 TETRACHLOROBENZENE 

~=11.2 em-I 

~ =22.3 em-I 

Ir 
_.1--__ 'C

s 

XBL766-7096 

Fig. 3. The triplet energy level structure for an ;sotopically-mixed 

TCB-u 2 crystal. TS and TO represent the s:lallow anc! cleep 

traps respectively. The band shOlm is for a positjvc (3. 
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electron-spin-only transitions of the TCB-d 2 hand and TCB-hd and TCB-h 2 

traps should vary linearly with trap depth (assuming the exciton to have 

zero trap depth). This linear relationship arises from the nature of 

the spin-orbit perturbation which is chiefly responsible for the variation 

in triplet sublevel splittings with triplet state energy. Locating the 

excit6n band-to-band transition then becomes a fairly easy task provided 

that the resonance frequencies of the two traps are known . 

. The observation of coherent triplet exciton trapping in isotopicallY-

ndxed moleL~l!lar crystals of TeB has provided the fi l'st direct measlIrements 

of S and coherence times for TCB-d 2 excitons as well <IS information on 

the effects of trap concentration on exciton coherence. Furthermore, 

these obsel'vations provide verification of the decay routes for coherently 

prepared tl'ap electron spjn superposition states which will be discussed 

in the ensuing chapter. 

Experiment:l_~ 

The basic experimental design fo~ an optically detected magnetic 

resonance spectrometer is shown in Fig. 4. The major components of the 

spectrometer are: i) a microwave generator, ii) a suitably filtered, 

high pressure Hg arc lamp source for sample excitation, iji) a liquid 

heliulll cryostat containing the sample, iv) a monochrolJlator for isolnting 

the phosphorescence, v) a phototube; and vi) a lock-ill amplifier or signal 

averager for processing the phototube sign~l. A detailed description of 

1 · . . 1 1 12,13 tllS spectrolJleter 15 glven e seWlere. TIVO crystals were used in 

these experiments. The first consisted of 99.7%d TCI3-d 2 prepared by 

14 chlorine suhstitution of 99.7%d benzenc-d
6

. This crystal contained 
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OPTICALLY DETECTED MAGNETIC RESONANCE' PULSE SPECTROMETER 
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XBL 743-5724 

Fig. 4. A block diagram for an optically detected magnetic resonance 

pulse sped rometer. The TTL pulse generator C;11l be lIs('d for 

generating pulse sequences for coherence C'xperiments such as 

optically detected spin lockin~ (see Chapter Two) or for 

anvlitude-modulating thc microwave generator output in a 

continuous wave experimcnt. 
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approximately 1% TCB-hd as determined by mass spectral analysis and 

approximately 0.006% TCB-h 2. l~e second consisted of 97.5%d TCB-d 2 

prepared by repeatedly exchanging TCB-h 2 with concentrated D2S04 in O2°. 
This crystal contained approximately 5% TCB-hd by mass spectral analysis 

and approximately 0.06% TCB-h2 . Single crystals were grown using standard 

Bridgman techniques. ODl-IR experiments were performed whil e moni to ring 

-1 
emission from either the TCB-h 2 trap origin at 26668 elll or froll1 the 

TCB-hd trap II cm- 1 to higher energy of the TCB-h Z tnp. Temperatures 

were varied from 1.35° to 4.210K by pumping on the liquid helium bath 

surrounding the sample. Batll temperatures were determined with a 

calibrated resistance thermometer placed in close proximity to the 

slow-wave helix containing the sample. 

Results and Discussion 

In Fig. 5 are shown the OD~IR D-IEI transitions of the shallow 

(TCB-hel) and deep (TCB-h 2) traps of the 99. 7%d crystal at 1. 50 0K. 

Evidence of coherent triplet exciton trapping can be seen in both spectra. 

In the spectrum of the shallow trap, the broad (~11 Mllz) transition 

centered at about 3543 MHz appears "positive-going" with respect to the 

shallow trap electron-spin-only transition at 3560 ~rnz, both transitions 

correspondillg to a decrease in trap phosphorescence intensity. The slight 

increase in phosphorescence intensity at roughly 3578 ~lllz is due to 

electron-spin poLlrization associated \~ith the deep tr;lp Ivhich h;IS 

detrapped, nligrated through the exciton band, and been retrapped in a 

shallow tr<1J1. The spectrum of the deep trap shows similar evidence of 

exciton tr<1pping. In this case electron-spin-only D-IEI transition at 
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3577.9 NHz corresponds to an increase in phosphorescence intensity. The 

broad (~11 ~llIz) "negative-going" transition centered 3t 3543 ~IIlz corre-
0> 

sponds to the trapped TCB-d2 exciton. The rather substantial dip in 

the transition at 3543 MHz is due to interference from the quadrupole 

transitions of the TCB-h 2 trap. The additional broad, negative-going 

transition with a maximum at 3563 MHz is due to shallow trap polarization 

that has been trapped in the deep trap. At higher temperatures (>1.60 0 K) 

this transition narrows and becomes positive-going. No expl3nation can 

be offered at this time as to why the broadening at lower temperatures 

occurs. 

The linewidth and intensity of the exciton transition was insensitive 

to the application of a homogeneous, but arbitrarily oriented, magnetic 

field of 1 - 20 G while the electron-spin-only transition of the trap 

showed some broadening. At higher fields (20 - 100 G) the electron-spin-

only trap transition showed continued broadening which resulted in a 

masking of the exciton band-to-band transition. This lack of broadening 

of the trapped exciton resonance is consistent with motional averaging 

of the nuclear spin states in exciton electron spin transitions. 

An expanded scale spectrum of the O-IEI exciton transition trapped 

in the shallow trap is given in Fig. 6. This exhibits the characteristic 

"double-hump" appearance discussed previously. The width at hnlf height 

is 11 MIIz, 3nd the two maxima are separated by 8. 5 ~l!lz \vhich eX:lctly match 

the results of measurements of the O-IEI band-to-band transition in TCB-h 2 
10 

crystals. Neither the D+IEI nor the 21EI trapped exciton transitions 

of TCB-d 2 were observed. In addition, the intensity of the o-IEI trapped 

exci ton transition was extremely sen'sitive to tempera ture. The intensity 
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decreased by roughly a factor of two from 1.40 to 1.60oK, and the transi-

tion was unobservable above 1.70oK. 

Using the theories of Francis and Harris lO and Harris and Fayer l6 

which develop the relationship between the energy dispersion of the 

exciton band and the band-to-band microwave transitions, it is possible 

to fit. the omlR data to determine the exciton bandwidth and to determine 

a minimum coherence time associated with the exciton. Specifically, the 

effect of selective spin-orbit coupling introduces an exciton wave vector 

(k) dependence into the microwave band-to-band transition, as mentioned 

previously. The microwave transition frequency in the k-domain, 6E(k), 

is directly related to the band dispersion, 2Scos(ka), of the triplet 

state: 

= 2Scos(ka) (1. 4) 

where 6E is the microwave frequency in the absence of selective spin-

orbit coupling, and f is the reduction factor. By assuming that the 

transition associated with the Larmor frequency of each k-state is broadened 

by a transverse relaxation time which includes exciton-phonon scattering, 

a minimum coherence time can be associated with the width of a band-to-

band transition comprised of a given number of k-states. 

The best theoretical fit to the data \\1as aehi eved for a band comprised 

of 100 k-states, each associated with a Gaussian-broadened transition. 

A Gaussian broadening factor was chosen due to the randomness of chain 

lengths expetted in the iample. The fit, which is shown in Fig. 6, gave 

-1 
a triplet bandwidth, 4S, of 1.20 cm and a minimum coherence time of 

-7 1 
~S x 10 s. This is in good agreement with the bandwidth of 1.3 cm- and 

minimum coherence time of ~9xlO-7 s obtained by fitting the D+IEI band-
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to-haw] transition of TCB-h
2

. 10 These results arc also consistent with 

J d · . 17 18 t 1e . ]~mer parameters 6f .TCB-h
2 

reported by Zewai 1 and llJ1TlS ' and 

also with the recent results of Dlott and Fayer. 19 

Exciton trapping was also ohserved in crystals of a higher trap 

concentration. The ODMR spectrum of the shallow trap of a 97.S%d TCB-d
2 

crys~al is shown in Fig. 7eA). As can be seen, the exciton transition is 

observable but is much weaker in intensity than in the 99. 79"d crystal. 

An e~panded scale spectrum of the same transition is shown in Fig. 7(B). 

Exciton trapping was not observed on the deep trap ODMR spectrum of tIle 

97.S%d crystal. Althoughfue signal-to-noise ratio is poor, it is interesting 

to note that the central band minimum seems to have been removed. The 

superimposed theoretical fit was obtained using the same parameters for 

the bandwidth and broadening fu~ction as for the 99.7%d crystal with the 

exception that the band states were not weighted hy a density of states 

fUI),ction characteristic of a one-dimensional band. For the 97.5°0 crystal, 

then, trapping has become the dominant limitation to coherent migration; 

whereas for the dilute trap 99.7%d crystal exciton-phonon scattering is 

more effective. 

Since the trap-state-to-band-state concentration ratio for the 99.7%d 

crystal is about 1/100 as compared with that for the 97. Sg"d crystal of 

about 1/20, the results of the coherent exciton trapping experjlnents on 

these two systems Ivould suggest a minimum coherence length, ~(k), of at 

least 20 - 100 lattice sites. A coherence length of 100 lattice sites 

-9 corresponds to a cohetence time of -10 s for a one-dimensional exciton 

-1 with 4S = 1.20 cm l~c coherence time obtained from the fit of the 

-7 trapped exciton spectrum associated with the 99.79"d crystal was ~S x 10 s 
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Fig. 7. (A) The shallow trap-monitored o-IEI trapped exciton 

transition for the concentrated trap TCB-d 2 mixed crystal. 

(8) Shows the expanded scale exciton spectrum with the 

superimposed theoretical fit. 
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indicating a coherence length greater than 100 lattice sites and confirm-

ing that for the dilute trap case the main limitation on exciton coherence 

is exciton-phonon scattering. This coherence length compares favorably 

to that for pure TC8-h
2 

crystals of ~l86 lattice sites as determined by 

laser excitation experiments. 20 In the case of TCB-h 2 pure crystalsi of 

course, the trap-state-to-band-state ratio is much smaller, the tl';!PS 

being dne to TCB-h2 molecules with orientational differences. 

Several other interesting conclusions can be drawn from this data 

apart from the value for the bandwidth and the coherence time. By 

establishing the resonance frequency of the TCB-d 2 exciton band-to-band 

transition as 3543 MHz as compared with the 3577.9 MHz frequency of the 

deep trap electron-spin-only transition, it has been shown that detrapping 

processes occurring from coherently prepared superpositions of trap 

electron spin states13 to the band will lead to a definite loss of spin 

coherence due to the 35 MHz difference in resonance frequencies. This 

fact will be most important for the experiments discussed in the next 

chapter. It is also interesting to note that by plotting trap depth 

versus resonance frequency for the deep and shallow traps and the exciton 

band (assuming the band trap depth to be zero), a linear relationship 

results. This nicely exhibits the effects of spin-orbit coupling on the 

resonance frequency of the various sites in this mixed crystal system. 
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CHAPTER TWO 

DIRECT AND INDIRECT ENERGY EXCHANGE BETWEEN 

LOCALIZED TRAP STATES 

Introduction 

It was noted in Chapter One that a mechanism for communication 

between the shallow and deep trap sites in isotopically-mixed TCE crystals 

exists. This was evident from the observation of features characteristic 

of the deep trap spin polarization in the shallow trap OONR spectrum and 

vice versa. Both optical and magnetic resonance studies have shown that 

excitations are transferr~d among different trap sites by at least two 

distinct processes. The first involves the direct 21 exchange of energy 

between trap sites via a virtual coupling with the host states 22 while 

the second is an indirect 23 pathway involving a decay into the delocalized 

host states (exciton band), migration in tIle band, and retrapping. By 

studying these processes, it is possible to obtain information not only 

on the resonance interactions between trap sites, but also on the nature 

of interactions between the trap and host states. In addition, one can 

extract parameters detailing the exciton band structure of the host 

crystal. In earlier experiments 23 the relationship between the trap 

depth (~, below the exciton band), trap concentration, and the relative 

proportion of excited state population channeled into various types of 

traps was obtained by investigating the phosphorescl'llce spectra frolll 

various traps. Such measurements, however, were not capable of giving 

detailed information on the nature of the transfer process. This requires 

I f 11 
. . 24 25 tIe usc o. accitlonal technIques. ' 
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This chapter will be concerned with the application of the techniques 

of temperature dependence of phosphorescence and gptically detected spin 

locking (ODSL)24,13 in an examination of the different routes of energy 

transfer. Specifically, both direct and indirect transfer between traps 

and the host exciton band in excited triplet states of TCB-d 2, containing 

two isotopic traps below the band~ will be elucidated and compared to 

theoretical expectations. 

Optically Detected Spin Locking and the Kinetics of Energy Promotion 

The essential features of the spin-locking experiment can he viewed 

. . 1 . 26 f I I uSlng a geometrica representatIon or a two eve system. The two 

level model is appropriate since at liquid helium temperatures the three 

triplet spin sublevels are essentially isolated from each other, and only 

those levels being connected by the microwaves need be considered. In 

the geometrical picture the time evolution of the ensemble of excited 

triplet states is represented as a "pseudomagnetization" whose orientation 

in the geometric frame can be changed by applied r.f. pulses and fields 

in exactly the same manner as the real magnetization in a conventional NMR 

experiment. 13 Initially the pseudomagnetization is aligned along the z 

axis in the illteraction representation and corresponds to the population 

difference between the two zerofield spin sublevels involved. It should 

be noted that usually only changes in the population differences alter 

the phosphorescence intensity; hence the z component of the pseudom;lgneti-

. 1 I . 17 zation )ccomcs the only observable one in an optically detectel cxperiment. 

. 28 29 Spin locklng , is accomplished by applying a n/2 pulse to rotate 

the pseudomagneti zation into the x-y plane of the frame, follO\~ed by the 
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application of a strong "spin-locking" HI field along the pseudomagneti­

zation to prevent a loss of phase coherence. This results in a coherent 

triplet spin state that is destroyed whenever a fluctuation of the zero­

field transition frequency (Larmor frequency) occurs that is large 

relative to the applied field, yH1. 25 The loss of spin coherence, in 

this case the decay of the spin-locked pseudomagnetization, is monitored 

optically by applying another Tr/2 "probe" pulse30 \vith appropriate phase 

to rotate the spin-locked component back to the z-axis. This produces a 

change in the phosphorescence intensity proportional to the remaining 

coherence in the spin ensemble. 

Several f~atures of the spin-locking experiment make it particularly 

useful as a means for investigating energy migration. First of all, 

population intersystem crossing into the triplet ensemble during the 

course of the experiment enters the geometric frame along the z-axis and 

for "on-resonance" experiments is driven in a plane perpendicular to the 

spin-locked component. 23 In this manner incoming population makes no 

contribution to the change in phosphorescence intensity when the probe 

pulse is applied. More importantly, the spin-locked component is quite 

sensitive to energy transfer processes since most of them involve signifi­

cant changes in the Larmor frequency. As pointed out in the previous 

chapter, energy promotion to different trap species or the host exciton 

band will result in a loss of spin coherence because of a large frequency 

fluctuation the spin-locked ensemble encounters. 

Three principal processes change the total lifetime of the spin-

locked pseudomagnetization, TIp' in a one-dimensional system. These are: 
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i) the promotion of population from the spin-locked state to 

different trap states or the exciton banJ; 

ii) processes leading to radiative and non-radiative decay 

of the triplet state to ground state; 

iii), magnetic relaxation along the spin-locking field. 

Consideration of these proces~e~ leads to the following kinetic equation 

for the time evolution of the spin-locked pseudomagnetization, M(t): 

M (t) = 
T 

M exp (-K Ip t) 
o = (2.1) 

where KP, KL, and K
T1pm 

are the rate constants associated with the loss 

of the spin-locked signal owing to processes i), ii), and iii), respec­
Tl 

tively, and K P is the total decay rate constant. Aclditional decay 

terms must be considered if transl.ationally inequivalent exchange 

b 
. 14 ecomes lmportant. 

The results of spin-locking experiments, when combined 'vi th indepen­
T 

dent measurements of KL and K I pm, will yield KP, the rate constant for 

promotion processes between different trap states and between trap states 

and the host exciton band. 
p 

The temperature dependence of K , and hence 

of the promotion process, can then be used to cletail tIle nature of the 

transfer mechanism (direct or indirect) as well as to ;Implify the 

quali tative results obtained from the temperature depclldence of phospho-

rescence studies. 

The various types of triplet state energy transfer in isotopically-

mixed TCB-d 2 crystals are summarized in Fig. 8. The trap depths of the 

-1 -1 shallow (hd) and deep (h
2

) states are 11 cm and 22 em , respectively, 

below the TeB-d 2 band; hence, phonon-assisted promoti(ln of population 
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BAND-TRAP AND TRAP-TRAP INTERACTIONS 
IN rCB MIXED CRYSTAL 

x 
CI 

x 
X = H D , 

--~----------------~-----------So 

~(HD) 

Fig. 8. A s~hematic for the stru~tuTe of the excited triplet state 

of isotopically-mixed TeB-d 2 cryst<l1s: 6. is the trap depth, 

~llld II, or liD refer to the di fferent isotopic species. The 

sol i.d arrows represent emission to the ground state or trapping 

in trap sites; emission of the exciton to the ground state is 

not shown. The dotted arrows represent cletr<lpping processes 

to the h~lIld, and the wiggly dOllhll'-~lITO\"cd 1 illl~ reprcsents 

the communication between traps via ,<1 direct Illcchanism. 
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out of the deep trap should reveal the relative importance of dctrapping 

processes between the deep trap and the band and_the dcep trap and the 

shallow trap and their dependence on deep trap concentration and 

temperature. 

Experimental 

Two isotopically-mixed TCB samples were preparcd, each cont<1ining 

different proportions of TCB-h2. The first was prepared from 97.5% 

deuterated, zone-refincd TCB. It contained 95.31% TCB-d2, 4.63% TCB-hd, 

and 0.06% TCB-h2. The second sample was prepared by adding a given amount 

of zone-refined TCB-h2 to the 97.5%d TCB-d2 such that the final sample 

contained approximately 5% TCB-h2 on a weight-for-weight basis (more 

precisely, 90.5% TCB-d2, 4.6% TCB-hd, and 4.8% TCB-h2). These samples 

(hereafter referred to as the 0.06% and 5% samples) were analyzed by 

either mass spectral analysis or by proton NI'-IR. Single crystals were 

grown from the melt by standard Bridgman techniques. Both crystals were 

annealed for one week at a temperature 2.4°C below the melting point. 

The quality of each crystal was checked by its ability to give exciton 

phosphorescence. The exciton emission was seen in neither the 0.06% nor 

the 5% crystal below the lambda point of helium, although strong emission 

from the exciton origin was observcd at 4.2°K in the 0.06% sample. 

The experimental arrangemcnt for optically dctectcd magnctic 

rcsonance was discussed briefly in Chapter One. ~1icrowavc pulses of 

,appropriate phases for thc ODSL experiment werc obtainc() as follows. 

The microwavc output of a Hcwlett-Packard 8690B swcepel was dividcd into 

two separate channels by means of an Anarcn Corp. 90° hybrid couplcr. 
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Phases were set by adjusting the relative path lengths in the two channels 

by means of two 10 cm General Radio sliding coaxial lines. Two Hcwlett-

Packard 33l24A PIN diodes were inserted into each channel to switch the 

microwaves. Timing of the pulse sequences was controlled by TTL circlli ts. 

The channels were recombined by means of a 180° hybrid coupler, the 

resultant signal being fed through a band-pass filter to a Varian 6l5M 

20 W traveling wavetube amplifier before delivery to 3. slow-wave helix 

surr<;>unding the sample in a liquid helium cryostat. The temperature of 

the bath could be varied between 1.4°and 4.2°K by pumping on the helium 

and was measured by monitoring the pressure of gaseous helium with an 

NRC Equipment Corp. model 530 Alphatron vacuum gauge. Temperature was 

. stabilized by employing a pressure sensor capable of 3.ltering the pumping 

31 speed. For all measurements at any given temperature, the sample was 

allowed to equilibrate with the bath for at least fivc minutes. 

The experiments were performed as follO\.;s: The sample was illumi-

nated by an Osram HBO 100 W mercury arc lamp filtered by a 3100 A inter-

ference ·filter. Phosphorescence from the TCB-h 2 trap origin was monitored, 

and the D-IEI transition at 3577.9 MHz was pumped. Pulse lengths were 

determined by rotary precession experiments;32 7f/2 pulses were typically 

50- 100 ns. Phases were set by maximizing the initial spin-locking signal. 

The micro\v<lve experiments were repeated at a rate of 3 - 6 lIz and the 

signals time-averaged with a Northern NS-S7S signal averager. 
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RESULTS AND DISCUSSION 

Temperature Dependence of Phosphorescence 

Temperature dependence of phosphorescence stud ies on the 0.06°0 

crystal revealed a marked dependence on temperature of the emission 

intensity for both the shallow (hd) and deep (h 2) traps. A phosphorescence 

spectrum of these two traps in the 0.06% crystal at a fixed temperature 

is shown in Fig. 9,' and the corresponding temperatur.' dependence of the 

emis-sion spectra for the temperature region between 1.40 and 2.loK is 

shown in Fig. 10. As can be seen, the deep trap emission increases while 

the shallow trap emission decreases over the range. At the same time, 

however, the total phosphor~scence intensity from the origin remains 

constant within ~10%. This result strongly suggests that excited state 

population is preferentially transferred from the shallow to the deep trap 

as the temperature is increased. It is clear that at these temperatures 

the communication between the two types of traps is not governed by 

Boltzmann statistics. If one plots the natural log of the emission 

intensity ratio between the shallow and deep traps, IsIID' versus the 

reciprocal of the absolute temperature, one obtains ;1 straight line plot, 

the slope of which is reversed in sign to that expected if Boltzmann 

statistics were the controlling factor. What the temperature dependence 

of these results does show, however, is that there is an energy "gap" of 
. -1 

8 ± 3 em bet\'Jeen the shallow trap to the band. This suggests that the 

transfer of excited state population from the shallow to the deep trap 

in the O. O()~) crystal is occurring indirectly via the host crystal band 

states. A mode1 23 for this transfer process in the triplet state has 

been proposed which entails three basic steps: 
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Phosphorescence Origin 

1.47 
o 
K 

Shallow (HD) 

Energy 
XBL 705-1 :199 

Fig. 9. flloderate resolution phosphorescence spectrum of the pure 

electronic origin in isotopically-mixed TeB (0.06 90) cryst;Jls 

at 1. 47'"K; the exciton origin appears to high energy of the 

lID emission at temperatures around 4.2°K, and 112 emission is 
-1 

located at 26668 cm . 
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EXCITATION DISTRI BUTION 

AMONG ISOTOPIC TRAPS OF LINEAR CHAIN EXCITONS: TCB 
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Fig_ 10. (A) The phosphorescence intl'nsitil'S of 111 <Inti Ill) ;It difCl'l'l'nt­

telllperatures in the (LOb':, crystal: the Iwh;lvinr for tCIllIK'I';ltures 

<lbove 2.1S o K is discussed in the text. (B) The linear behavior 

for 1 n[ I (lID) II (11
2

) ] vs. l/T. 
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i) promotion of trap population by lattice phonons to the 

band states of the host crystal 

ii) migration via a host crystal exciton followed by 

" . iii) retrapping in a different trap state. 

The validity of this model was strengthened by another series of 

experim€nts" involving the Q.06% crystal. It can be recalled from Chapter 

One that evidence of shallow trap spin polarization being trapped in tlle 

omlR" spectrum of the deep trap of TCB-mixed crystals was experimentally 

observable. Furthermore, the intensity of this trapped polarization 

changes with temperature as shown in Fig. 11. If the natural log of the 

ratio of the trapped shallow trap polarization intensity to deep trap 

electron-spin-only transition intensity is plotted versus tlle reciprocal 

of the absolute temperature, a straight line plot results. The slope of 

-1 this line suggests an activation energy of ~10 cm for the process of 

shallow trap spin polarization appearing on the deep trap spectrum. These 

observations were made in the temperature range between 1. 50° and 2.1 rK, 

and as briefly mentioned in Chapter One, there is some ambiguity in the 

spectra obtained at lower temperatures. Taken in conjunction with the 

temperature dependence of phosphorescence spectra, however, these omlR 

data provide further justification for the indirect model of energy 

transfer at low temperatures. 

For the Sou crystal only the emission of the deep (h2) trap was 

observed from the phosphorescence origin over the temperature range from 

1.4° to 2.1°K." Moreover, the emission intensity remained essentially 

constant over this range. This would imply that excited state population 

is partitioned effectively, owing to the high concentration, into the 
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TEMPERATURE DEPENDff~CE OF 

DEEP TRAP MONITORED SHALLOW TRAP 

SPIN POLARIZATION 

D·IEI TRANSITION 

I I I 

, "j 
1.!.~ 

3540 3550 3560 3570 
FREQUENCY (M Hz) 

3580 

XBL7 76-5599 

Fig. 11. The temperature dependence of the deep trap-moilltored shallow 

trap polarization at 3560 MHz as a function of temperature 

for the D-I 1: 1 transition in a 97.5°0 deuterated TCB-d') crystal. 
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deep trap over the entire temperature range. 

The results of the temperature dependence of phosphorescence 

experiments for the 0.06% crystal were in good agreement with the 

- 23-
previously published results for temperatures from 1.4° to 2.loK. 

However, the present data for the 0.06% crystal for temperatures from 

2.1° to 4.2°K is qualitatively similar to the earlier data, but quantita-

tively the agreement is inconsistent in two respects. First, at the 

lambda point of liquid helium (2.17°K) a sharp decrease of approximately 

30%"in the emission intensity of the deep trap is observed. This decrease 

is independent of exciting light intensity, h2 trap concentration, the 

method by which the temperature was regulated, and whether or not the 

crystal sample was annealed or unannealed. Second, the loss of deep 

trap emission intensity between the lambda po~nt and 4.2°K did not closely 

follow an exponential curve characteristic of Boltzmann equilibria but 

instead appeared to falloff more linearly. The scattering of the data 

points in this temperature range, however, is greater than that of the 

data presented previously. Recent results have indicated that this 

discrepancy is due to the onset of bubbling in liquid helium at the lambda 

point.
19 

Nevertheless, from the results presented here it is impossible 

to say with certainty whether or not trap-band communication is governed 

by Boltzmann statistics above the lambda point of liquid llelium in these 

samples. For this reason analysis will be confined to data collected in 

the "kinetic regimc,,23 between 1.4° and 2.1°K. 
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Dynamics of Energy Promotion: Direct and Indirect Transfer 

Processes in TCB 

The results of the optically detected spin locking experiments were 

utilized to extract values of l, the promotion rate constant, for the 

deep (h 2) trap in both the 0.06% and 59" crystals as a function of 

temperature between 1.4° and 2.1°K. The total decay time, T1p ' was 

determined at 10 different temperatures for the O-IEI transition of the 

0.06% crystal and at 11 temperatures for the corresponding transition in 

the 5% crystal. A typical determination of TIp at a single temperature 

for the 0.06% crystal is shown in Fig. 12. Values for KL were calculated 

from experimental measurements of the lifetimes of the T and T zerofield x y 

spin sublevels of the 0.06% crystal at 1.4°K. 23 

T 
1\ value for K 1p was obtained from spin locking lbta of the 21 E 1 

transition of a 19" mole/mole TCB-h2 
trap in a durene host. 23 In this 

the locali zed lies about 1460 -1 energy of the case trap state cm below the 

host 33 
and l is essentially 34 After subtracting the contri-band, zero. 

bution of KL (again determined from individual sublevel lifetimes) to 

T 1 -1 
the total spin-locking decay rate, a value of K pm = 13.8 s was obtained. 

T 
These values for KL and K 1pm were then utilized to extract values 

T 
for KP at each temperature from values for the total decay rate, K 1p 

by use of Eq. (2.1). The effect of error in KP owing to the approximate 
T 

values used for KL and K 1pm is not expected to be great, principally 
T 

because of the large value of K 1p in comparison. 

lbe variation of KP with temperature reflects the extent to which 

phonons couple to the excitation at a given temperature. In the dilute 

concentration limit the promotion of excitation from the localized 



(shallow or deep) tr;lps into the band could involve a state which js in 

"quasiresonance" with the dense manifold of stationary band states, Ik). 

The latter are primarily responsible for the decay to the band, since the 

recurrence probability is relatively small because of the high density 

of band states. In such cases the probability per unit time for the 

interaction of a localized state IL) into Ik) states is 

p (2.2) 

It is the nature of IV
LK

I2 which determines the explicit form of the 

perturbation for the promotion process. If the detrapping probability 

is not k-selective, the density of exciton states at energy I:, above the 

trap energy can be invoked into Expression (2.2). For example, if the 

trap-exciton interaction is via an intermediate state II) and a phonon 

x(e) of energy e, Eq. (2.2) takes the form: 

= (21T/ft) < n(e)T 1< Lx(e) IvU 1 IX(e - 1:,) 

x (2.3) 

The impOrtant thing to note is that the temperature dependence is explicitly 

given in the phonon distribution term (occupation number and phonon density 

of states), and that the problem is now somewhat simplified assuming that 

<V Ik )' which is a radiationless decay matrix element, and <V LI ) arc 

temperature independent. The energy of the phonon (or phonons for a multi-

phonon process) mllst either match the energy I;, (direct process) or exceed 

it (Ramdn process); hence, the total detrapping probability will depend 

on the sum over :111 phonons and also intermediate st;ltes which match the 

required energy. 
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In the low temperature limit, the Planck distribution function 35 

takes a simple form: 

neT) = 1 
£/kT 

e - 1 

-£/kT e (2.4) 

Thus, in the limit where the bandwidth is small compared to ~, as in the 

case of TCB crystals (see Chapter One) or for selective detrapping with 

A th d· . . by23 £ = 0, e etrapp1ng rate constant IS g1ven 

K(T) (L -+ k) = Ae-b,/kT p(~) (2.5) 

where A is a constant. This expression is valid in the limit where the 

density of phonon states is almost constant, e.g. in the linear range of 

2 the dispersion for acoustic phonons. 

Expression (2.5) shows the importancci of at least two parameters in 

considering detrapping in crystals at low temperatures: the density of 

states function and the phonon distribution. 

The above result was shown for the TCB system in different ways. 

In the kinetic regime,23 where no thermal equilibrium exists between the 

localized and band states, the shallow trap excitations to the band arc 

more frequent than those of the deep traps. Consequently, at intermediate 

or low temperatures, the thermal steady state dynamics depend upon the 

tcmperature variation of the band group velocity and the detrapping rate 

constant from the shallmv trap. 23 For a one-dimcnsiona 1, narrow hand TCB 

crystal, the change in group velocity with temperature is rather small. 

lIencc, in the limit where KS (total rate constant for relaxation to the 

ground state from the shallow trap) is small compared to the detrapping 

rate constant, the ratio of the steady state populations of the shallow 

d I . 23 an (cep traps 1S 



(2.6) 

where Cs and Co are the concentration of the shallow and deep traps, 

respectively, Ko is the total rate constant for relaxation to the ground 

state from the deep trap, I\. is the constant associated with Eq. (2.5), 

and p is the exciton density of states. Therefore, the ratio of 

phosphorescence intensity of the shallow anu deep traps as a function 

of ,ihverse temperature should give 6
S

' the energy separation between the 

shallow trap anu the exciton band, as is indeed shown experimentally (see 

rig. 10). Moreover, the "inverse Boltzmann" behavior is explained. 

The second important feature is that Eq. (2.5) indicates that if 

In KP (obtained from OOSL experiments) is plotted versus liT, a straight 

line should be obtained, the slope of which reveals the energy separation, 

6, between the trap state and the final state connected by the promotion 

P 
process. Plots of In K versus liT for the experimental OOSL results 

on the 0.06% and 5% crystals are given in Fig. 12. It can be noted that 

P the In K versus liT plots are essentially linear for both the 0.06% and 

5% samples (see Fig. 12 caption). More importantly, the differing slopes 

of these graphs in~icate that promotion processes are occurring to 

different final states in the two crystals. 

The slope of the data for the o. ()6~ii crystal yielus a vallie for 1\ 

-1 
of 17 ± 3 cm lbis value is on the order of the optical separation 

between the deep trap and the host band. Thus, for the 0.06% crystal, 

where the density of host (d
2

) band states is high, both the phosphorescence 

and ODSL results indicate that trap-to-trap communication is occurring 

predominately by an indirect process through the host band states. It 
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Fig. 12. (A) A schematic for the spin-locking sequence and till' 
hypothetical phosphon'scence response: lSL is tIl(' l('n~;th 
of time the spill··lockillg fil'ld is on; S denotes satur:ltiull. 
and i denotes inversion of popuLltioll betlveen spin sublcvC'ls. 
61 denotes the change in phosphorescence intensity associ:lted 
with the population of ' the coherent state after the til11(, TSL' 
(B) A typical dl'C;IY of a spin-locked spin ensemble of)the 
0.06% crystal at 1.84°1\. (C) and (n) show plots of 1(' 

versus 1fT for the 0.06°" and SOo crystals, respectivcly. 
The va lues for 6[ were obt a i ned from ;1 computer-gellcrnted 
least squares fit of the experimental data to the best 
exponential, KP = Aexp(-6E/hT), with each KP d;lta point 
weighted in inverse proportion to the mngnitude of its 
error. (This error is reflecteJ in the error bar :1ssociated 
l'lith each dnta point in the figure.) The parameters A and 
6E/h obtained from the I cast squares fit Ivere used to 
generate theoretical values for KP corresponding to each 
value of the temperature at which experimental measurements 
were made. In 1 inear plots of In KP versus l/kT, the 
standard deviation of the slope associated Ivith thl' 
experimental data points from that associ atcd with the 
theoretical points was determined to he 2 cm- 1 using 
standard statistical analyses. It is felt, hOlvever, that 
an error of ± 3 cm- 1 more accurately reflects the experimental 
error. 
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might be adued that subsequent experimellts on 99.7% ueuteratcu TCB-u
2 

crystals, where the shallow trap concentration is only -1%, have yielded 

similar activation energies for promotion out of the deep trap. 14 

The slope of the data for the '5% crystal, however, yields a value 

for /), o'f 10 ± 3 cm -1 which is approximately the same as the separation 

between the dcep and shallow traps. This result points toward the 

predominance of direct processes in the 5% crystal. Nonetheless, it 

must be noted from the phosphorescence results that any population promoted 

out of the deep and into the shallow trap is returned by a rapid process, 

either by a direct or indirect route, to the deep trap. This is essentially 

why the 5% crystal shows only TCB-h 2 emission and no TCB-hd emission at 

steady state. 

Excitation Yields and Transfer Times in Isotopically Mixed Crystals 

There has been much interest in mechanisms for long range transfer 

9 22 36 and in transfer times in molecular systems." In clusters of 

isotopic impurities located below a one-dimensional band the transfer 

time can be determined through perturbation theory from a knol>Jledge of 

9 37 the trap depth, the resonance interaction, and the distance between traps. ' 

Such a treatment of trap-to-trap "tunneling" has also met with success for 

isotopically mixed crystals of benzene where the crystal structure is not 

one-dimensional. 36 Conventional optical9 ,22 and magnetic resonance 

experiments38 have elucidated much about the detailed mechanisms important 

111 energy transfer problems, but quantitative data about the kinetics and 

pathways of these transfer processes have been difficult to determine. 

The beauty of the optically detected spin-locking experiment is that it 



can give these transfer times directly and analytically. In addition, 

if the triplet spins are adiabatically demagnetized in the rotating 

39 40 . 13 
frame J 1n zerofield and the kinetics of the demagnetized state 

are co·mpared to the kinetics of the spin-locked state, additional infor-

mation such as the effective quantum yield for mobile band excitons can 

be d~termined.41 This quantum yield has been found to vary from I to 0.1 

depending on the temperature which in turn determines the degree of 

41 scattering of the mobile excitons by the phonons. 

For a one-dimensional crystal, one possible model for treating the 

direct transfer process involves the phonon-assisted tunneling mechanism. 36 

Here the transfer time, t, can be approximately related to the number of 

intervening host lattice sites, n, using perturbation theory: 

n = [log(t/t')J[log(~/a8)J-1 

where t' = TI/a8, the effective nearest neighbor transfer time, and a is 

a measure of the fraction of localized states which arc successful in 

transferring energy, and 8 is the resonance interaction energy. The 

difference in energy between the traps is provided by the phonon reservoir. 

Knowing t(l/Ki') from spin-locking kinetics, a value for n can be determined. 

-1 From Chapter One, 8=0.3 cm for the TCB-d2 system. If it is assumed 

that a == 1, then this approach predicts n to be on the order of 5 to 7. 

It should be noted that the composition of the 5"u cryst~ll gives;) statis-

tical separation between traps of approximately 10 molecules on average, 

in reasonable agreement with the theoretical prediction. The .above 

results were derived by considering only the in-chain interactions since 

the interaction between chains is very small, being approximately 1 MHz.42 
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Additional Considerations 

i\i)plication of the ODSL technique to study the kinetics of promotion 

from the shallow trap has not been mentioned since experim~nts of this 

sort have been precluded by an inability to coherently drive population 

between two spin sublevels of the shallow trap. This would indicate tlwt 

transfer out of the shallow trap is occurring at a rate of at least 2 - 3 

~lHz which is roughly the yll1 value for the microwave fields employed in 

the pulsed coherence experiments. Here y is the electron magneto-gyric 

ratio and HI is the field strength. Another mani festation of the 2 - 3 MHz 

transfer rate is the lack of quadrupole satellite structure 011 the shallow 

trap ODMR spectrum. The electron spin-nuclear quadrupole transitions 

occur only because the electron-nuclear hyperfine interactions mix the 

zerofield spin sublevels. 12 Because this hyperfine coupling constant is 

on the order of 1 MHz, transfer processes occurring at comparable or 

37 43 44 faster rates tend to average ' , the hyperfine interaction to zero, 

thus serving to eliminate the quadrupole satellites from the trap OD~lR 

spectrum. 

This much more effective promotion, in contrast to that out of the 

deep trap, can be explained by the presence of a greater number of phonons 

-1 or combinations of phonons of appropriate energy (11 = 11 cm ) in the 

phonon reservoir. It is also likely that the temperature independent 

p 
terms in Expression (2.5) for K arc different for the shallow trap since 

the slwllow trap wavefunctions would be expected to exhibit more "band-like" 

characteristics than those for the deep trap. 

The kinetics of the trapping process arc less well understood for 

the isotopically-mixed crystal syste~. 
.. . 2 () 

From laser excltatlon experlments 
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on the exciton band of neat TCB-h2 crystalS between 1.25° and 2.00 0 K, 

Shelby, Zewail, and Harris measured build-up times on the order of 1-10 

-1 ms for phosphorescence from the TCB x-traps located 17 cm below the band. 

Similar experiments on TCB-d 2 mixed crystals have ntH yet been performed 

since the presence of two different trap states complicates the intcrpre-

tation of the data. It is clear, at least from the temperature dependence 

of phosphorescence experiments, that the two isotopic trap states are not 

in thermal, i.e. Boltzmann, equilibrium in the temperature range from 

An alternative approach to this problem is to consider the trap-

band system as a two level system with the band "level" weighted by an 

appropriate density of states function. The problem of energy exchange 

between the two levels can then be treated in terms of the exchange 

theory developed by Anderson44 and Kubo and Tomita. 45 Each level has 

associated \'Jith it a Larmor frequency, w, with the difference In Larmor 

frequencies between the levels equal to 8w. From the results in Chapter 

One, ow ~ 17 ~llIz. If the exchange between the two sites or levels is slow, 

that is if 8WT > 1 where T is the lifetime in the upper or exciton level, 

then the ODMR transitions associated with each site should be distinct. 

If, however, the exchange is fast, 8WT « 1, and only a single transition 

at some weighted average frequency should be observable. Therefore, as 

the temperature is raised and the energy exchange begins to quicken, a 

freqllency shift should be observed in the tr<1p OD~IR spectrum. Such 

observations were recently reported for a two site exchange involving the 

f b . d h'} . . b . 1 I 46 lowest triplet state 0 p- enzoqUlnone an a Igler-lYlng VI ronlc eve. 
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For the case of the 0.06% mixed crystals of TeB, no measurable 

shifts were observed in either the shallow or deep trap resonance frequen-

cies over the temperature range 1.4 to 2.1 K. This fact indicates that 

-8 
QWT ;;. 1 and sets a lower limit on T of ~6 x 10 s. Nonetheless, it is 

clear that this problem deserves further investigation. 
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CHAPTER THREE 

USE OF OPTICALLY DETECTED MAGNETIC RESONANCE 

AS A PROBE OF THE DIMENSIONALITY OF 

ENERGY TRANSFER IN PYRIMIDINE SINGLE CRYSTALS 

Introduction 

·Establishing the dimensionality of molecular crystals is very 

important in determining the nature of energy migration. The preceding 

chapters have served to underline the importance of the one-dimensional 

nature of 1,2,4,S-tetrachlorobenzene in facilitating a straightforward 

link between theory and experiment. This link is, of course, critical if 

a thorough understanding of energy transport in molecular solids is to be· 

obtained. A first approach to the problem of establishing crystal 

dimensionality often involves an examination of the x-ray crystal struc-

ture for evidence of the lamellar stacking mentioned in the Introduction. 

In molecular crystals where there are two or more molecules in the unit 

cell it is also necessary to consider the importance of the relative 

magnitudes of translationally equivalent and translationally inequivalent 

interactions, as in Fig. 13. 

2 Using Davydov theory and assuming only nearest neighbor interactions 

to be important, the following dispersion relation can be derived for an 

anthracene-like crystal structure (monoclinic P2 1/a): 

E± (k) 2S.cos(ka) + 2R cos(kb) + 28 cos(kc) ± 48 lCOSC:ika)cosCikb) 
<l 'D c a> 

'!lere the 8. give the magnitude of the interaction along each of the three 
1 

axes (i = a,b,c), and 8 b is the magnitude of the translationally incquiv­
a 

alent interaction betwecn molccules along the a and b axes. The Davydov 
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RESONANT ENERGY EXCHANGE ROUTES 
BETWEEN COHERENT~Y COUPLED MOLECULES 

+- . NON EOUIVALENT EXCHANGE 

.. .. EQUIVALENT EXCHANGE 

XBL 76/-6329 

Fig. 13. The relationship hetween trans1atiollally c'lldvalent and 

translationally inequivalent (non-equivalent) energy 

L'xch:lIlgl' ill ~I lIlo1ecul:ir crysLIl. 
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Spll'ttl'ng2 l'S equal to 8D

ab
. N h . . f d'" . . ~. ow, t e crIterIa .or one- lmenslonallty 

are satisfied when the absolute magnitude of one of the S. 's is much 
1 

greater than thos e for the other two, and Sab ~ O. This is the case for 

TCB. 9,10 If the Davydov splitting becomes meastirable while one trans la-

tionally equiv:llent in.teraction llomilwtcs the other tlVO, then the lIlolecular 

crystal may be described as nearly one-dimensional, as is the case for 

h 
. 47 

P enaZlne. ~lultidimensionality resul ts when the translationally 

inequivalent interaction dominate~ the other interactions in the crystal 

I f h I . . . 1 48 or W len two or more 0 t e argest 1.nteractlons are equl va ent. 

Pyrimidine has a crystal structure5 ,48 which strongly suggests that 

energy transfer in pyrimidine crystals should be one-dimensional. Further-

more, tIle singlet-triplet absorption spectrum for the lowest triplet state 

f " d' I bl d 1" 49 o pyrlllll lne SlOWS no measura e Davy ov sp lttlng. The dimensionality 

of energy transport in such a case will then depend on the relative 

magnitudes of the translationally equivalent interactions along each of 

the three axes. The crystal structure suggests, however, that the 

interaction along the c axis should dominate. 

In order to measure the sign and magnitude of S in pyrimidine, 
c 

Hochstrasser and Whiteman48 performed an absorption experiment utilizing 

crystals containing about 70% pyrimidine-h4 in a pyrimidine-d4 host. 

This gives a cryst;Jl with a pyrjmidine-h4 "sllhlattice" consisting 

predominately of shorter chains (dimers, trilllers, tctr:lII1CrS, etc.). 

Because of the electric dipole l'.k = 0 selection rule, the k = 0 states of 

each typc of N-Iller could be reached in a Tl +- So absorptj on experiment. 

l~erefore, by observing the energy separation between each of these lines 

and the neat crystal 0-0 absorption line, S could be mC;lsur·eu (assliming 
c 

.. ~. !. 
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tinidimensionality). For pyrimidine these experiments48 resulted in a 

smearing out of the exciton band exclusively to higher energy of the 

infinite chain giving S< 0 and 4S '" IS-30 em-t. These experiments were 

hampered, to a large degree, by the weak oscillator strength of the Tl +So 

absorption. From these results it is possible to say that the bandwidth 

is produced by one more translationally equivalent interactions of the 

same (negative) sign. TIlis docs not prove unidimensionality, but as 

mentioned previously, unidimensionality is strongly predicted by the 

crystal structure. It is obvious that another experimental technique is 

necessary to resolve this problem. 

One possibility is the application of the OD~IR techniques mentioned 

in Chapter One. The results of experiments using these techniques could 

then be compared to those expected on the basis of the simple, one-dimen-

sional, <nearest-neighbor interaction model. Direct band-to-band ODNR 

experiments 10 are precluded by the relatively weak phosphorescence from 

the 100\,es·t triplet state. Observation of coherent exciton trapping 11 

would be dependent on obtaining isotopically-mixed pyrimidine-d
4 

crystals 

with a relatively 101V trap concentration. An interesting alternative to 

these approaches is the ODNR spectra of climer trap states in isotopically-

ml'xecl t" 1 17,18,37,50 Th' h" 1 b f 11 I" d crys a s. . IS tec nlque las een success u y app Ie 

to the onc-dimensional crystals of 1,4-dibromonaphthalene37 and 1,2,4,5-tetra-

17 18 50 chlorobcnzcne ' , as lVell as to the nearly one-dimensional crystal 

f I " 47 system 0 plenaZlne. 

Dimer spectroscopy has two principal advantages over other OD~R 

techniques: i) The phosphorescence intensity problem is reduced since 

emission is monitored from trap states \~hich account for nearly all of 
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the phosphorescence intensity at low temperatures. ii) The theory for 

energy transfer is simplified since a dimer is just a two-molecule 

exciton chain. The resonance interaction between the two translationally 

equivalent molecules forming the dimer splits the triplet state of the 

dimer into two levels separated from each other by an amount 28 (compared 

with 48 for an infinite chain exciton band) and from the monomer by 8. 

A~isotropy in the spin-orbit coupling to the triplet spin sublevels would 

also cause a difference in the zerofield splittings between tIle two dimer 

states, . 1 I' 50 I . I" 14 0g;lln ana ogous to t Ie excIton case as s lown In . 'lg. . 

Therefore, if this anisotropy is great enough, it should be possible to 

observe distinct ODMR spectra for each of the dimer states and the 

monomer. Of course, the trap concentration must be high enough (~5 - 10%) 

to assure a reasonable number of dimers, and phosphorescence must occur 

from all three states. For the case of translationally equivalent dimers 

in one-dimensional systems, only one of the dimer wavefunctions will have 

50 a non-zero transition moment to the ground state. The energy difference 

between the zerofield splittings of the dimer states (labelled + or -) and 

the monomer is related to the intermolecular interaction term a by the 

same reduction factor mentioned In Chapter One, 

H:t) - E ±Bt' (3. 1) 

It is important to note at this point tlwt an anisotropy in the Larmor 

frequcncics of the two dimer (or, more genc!';lll)" exciton) states can also 

be induced by a mixing between the plus and minus (or k) states via a 

. '1'1 . 50 magnetIc I amI tonian. This effect is not important for translati"onally 

equivalent dimers of centrosYD@etric molecules since the magnetic axes of 

each monomer comprising the pair are parallel to each other as well as to 
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THE RELATIONSHIP BETWEEN EXCITON AND N-MER DISPERSIONS 
IN ONE -DIMENSIONAL CRYSTAL 
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. . 1 \. . 50 I'ig. 14. The reLltionsll1p between exciton ;lI1l N-Iller llsperslOns 
(N.B. dimer) for a one-dimensional system. The figure on 
the left gives the k dispersion for the exd ton I\'hi Ie 
the vertical lines give the energy position of the N-mers. 
The rest of the K states are not sholVn for the sake of 
clarity. The schematic on the right-hand side of the 
figure gives hoth the energy and microlVave dispersions 
for the different states of the diffel'l~nt clusters. The 
figure clearly shows that there is a one-to-one correspon­
dence hetween the optic,ll and microwave dispersion::;. 
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those of the dimer. In crystals \vhere there is no inversion symmetry 

between the molecules comprising the pair, however, this' mechanism could 

. 37 51 become Important.' This can best be seen by considering the dimer 

wavefunctiolls and Hamiltonian. 

The wavefunctions for a triplet state dimer can be constructed from 

the appropriate spin-orbit functions for each molecule in the pair and 

. by50 are gIven 

(3.2) 

Here <Pj\ and <PB represent the orbital part of the wavefunctions for the 

two molecules, A and B, which comprise the dimer. The asterisks denote 

the molecule being excited to its lowest triplet state. The T. represent 
1 

the zerofield triplet spin functions, and SO refers to the singlet ground 

state spin function. These six basis functions can then be used to 

obtain the dimer energies for any value of the intermolecular potential 

V
AB

. A general matrix element for the dimer Hamiltonian in this basis 

I b 
. 50 

can tlen e wrItten 

15+- (-c .. 0 .. ±( VAB )( T~IT~») 
-+ IJ IJ 1 J 

(3.3) 

HA + H~ is the monomer Hamiltonian (space + spin) for molecule A and 

similarly for molecule B. The U .. are the fine-structure tensor elements. 
IJ 

It can be noted that for translationally equivalent t!imers composed of 

centrosynruetric molecules, the zerofield splittings of the dimer and 

monomer should be identical in the absence of an anisotropy in the spin­

orbit coupling since (T~ I T~) = c... For molecules like pyrimidine 
1 J 1J 
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(symmetry e2v)' however, (T0 I T~) f- 0",51 leauing to Cl possible di ffer-
1 J IJ 

ence in monomer Clnu dimer Larmor frequencies. In Clddition, when the 

triplet principal axes of the monomer and dimer are not parallel, transfer 

bf energy back Clnd forth between th~ dimer mol~6ules wotild provide a 

modulation of the fine-structure axes and would lead to spin~latticc 

relaxation. 

Of course, the magnitude and degree of such effects will depend on 

I 1 f} , ,. (TA, I 1,B, ) . tle va ues 0 tle spIn prOjectIons 
1 J 

For example, for the case 

of 1,4-dibromonaphthalene,37 which has a one-dimensional crystal structure 

but lacks a molecular center of symmetry, there was no measurable differ-

ence found in the zerofield splittings of the monomer and dimer. Never-

theless, these factors need to be taken into account if the OO~IR spectra 

of dimers are to be used in studying the dimensionality of energy 

transfer in pyrimidine. 

The remainder of this chapter will be concerned with the application 

of coherent dimer spectroscopy to studies of isotopically-mixed pyrimidine 

crystals. 

Experimelltal 

Preparation of pyrimidine-d4 was carried out using a modification of 

the method of Smith ;lIld Christensen.
52 2,"1,5,()-Tt~tl';Il'hloropYl'illlidil1l' 

(Eastm[ln) ,,"'as dissolved in anhydrous ether and W[lS exchanged with 9~)':)d 

deuterium gas over a 10% Pd on charcoal catalyst using a Parr hydrogener-

ator with the initial O2 gas pressure set at roughly 3 atm. The reaction 

flask also contained a sufficient amount of 20% NaOH in 020 to neutralize 

the Del evolvetl during the course of the reaction. Twenty percent NaOO 
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in 020 was also utilized, but little difference was noted in the isotopic 

content of the final ptoduct. Following uptake of the theoretical amount 

of 02' the reaction flask was again pressurized to 3 atm, and the exchange 

was continued for an additional 3-4 hours. The :reaction mixture was ,then 

filtered, and the residue was washed with several portions of hot D20. 

The filtrate was then cooled to -5°C, and the aqueous portion of the 

filtrate was saturated with NarnI. This mixture was kept at -SoC for 

about 12 hours. Following this, the ether portion was removed, and the 

aqueous portion was extracted with five portions of anhydrous ether. 

The ether-pyrimidine solutions were combined and dried over anhydrous 

Na 2S04 for 24 hours. After drying, the ether-pyrimidine solution was 

filtered through activated charcoal, and the ether was removed by roto­

evaporation. The pyrimidine product was further purified using two 

different methods. The first method involved repeated (four) vacuum 

distillations. In the second approach the pyrimidine was vacuum-distilled 

into a zone-refining tube which was sealed under -200 microns pressure of 

dried N2 gas. This pyrimidine was then zone-refined for 150 passes at 

10 passes/day in a -15°C cold room, and the middle portion of the zone­

refined material was removed for use in experiments. Both methods gave 

pyrimidine 0nelting point 21°C) of high purity as confirmed by mass­

spectral analysis. 

The pyrimidine-d
4 

prepared by this method, however, showed only -gpo 

deuteration. This low percentage of deuteration in spite of the high 

isotopic purity of the deuterium gas used in the synthesis probably 

resu lted from the use of a hydrogenation apparatus which had been used 

extensively for hydrogen exchange and which contained a substantial amount 
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of adsorbed 112 which could not be efficiently removed by the methods 

avail able. The mass spectrum showed a crystal cociposition of approxi-

mately 68% pyrimidine-d4 , 25% pyrimidine-d3h (presumably with the proton 

substituted in the 2 position on the ring), 6% pyrimidine-d2h2, and 1% 

pyrimidine-dh3. No detectable (>0.1%) pyrimidine-h4 WaS observed. 

Pyrimidine-h4 (Aldrich) which was used as a dopant was purified by 

repeated (three) vacuum distillations. 

CrY'stals were prepared by mixing appropriate amounts of the 9l%d 

pyrimidine-d4 with the h4 dopant and vacuum-distilling the mixture into 

a crystal growing tube. Single crystals were grown from the melt using 

a Bridgman furnace \vhich was placed in a -15°C cold room. The crystals 

were cut, polished, and mounted in a slow-wave helix; the process being 

carried out in the -15°C cold room. The mounted crystals were then 

transferred in an ice-water-salt bath to the liquid helium dewar which 

had previously been cooled with liquid nitrogen. This process preserved 

the crystal quality to a large degree. 

The benzene utilized as a host matrix was purified by zone refining 

MCB Spectroquality benzene for 100 passes at 10 passes/day in a -15°C 

cold room. The benzene from the middle portion of the zone-refined 

material was then used in the preparation of pyrimidine-doped single 

crystals. Crystal preparation was identical to that used for the 

isotopically-mixed pyrimidine crystals. 

Continuous wave and pulsed omlR experiments were carried out as 

discussed previously. Excitation was accomplished by light from an Osram 

HBO IOO-watt lIg arc lamp filtered at 2800 A. Excitation at this \vave-

length populated the second excited singlet state of pyrimidine from 
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which the lowest triplet state is fairly efficiently populated by spin-

b ' ' l' 53 or ltlng coup lng, Phosphorescence decay times were measured by 

appropriately shuttering the exciting light and recording the decays 

on a Northern NS-57S signal averager. Laser excitation experiments on 

the lowest triplet state were performed using a Chromatix CMX-4 flash 

lamp-pumped dye laser and frequency doubling on the emission from an 

oxazine 170 perchlorate (Eastman) dye solution which had an average power 

at "30 pps of -60 mW at 7000 K. 

RESULTS AND DISCUSSION 

The Lower Excited States of the Pyrimidine Molecule 

1~e lower electronic levels of pyrimidine are shown in Fig. 15,54 

The characterization of these levels has, for the most part, been carried 

out on '''isolated'' pyrimidine molecules in benzene or cyclohexane host 

crystals. These two hosts have proved to be particularly good since 

experimental evidence suggests that the guest pyrimidine molecules assume 

predominately one substitutional site in the hosts. It can be seen that 

55 the general rule that spin-orbiting coupling is stronger between 

different orbital types (nn* and nn*) than between like types is followed 

by pyrimidine, Ilence, only the T and T triplet sublevel states can be y z 

significantly involved in the spin-orbit coupling process. 

Burland and SchmicltS4 have done a very careful study of the triplet 

state properties of pyrimidine-h4 and pyrimidine-d4 in ])enzene and cyclo­

hexane hosts uti 1 izing omlR techniques. Their results are summarized in 

Table 1. It can be noted that the lifetime measuremertts confirm the group 

theoretical predictions noted in Fig. IS, Also, the silllilarity hetlvecJ1 
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TH E LOWER ELECTRONIC LEVELS OF PYR-IMIDINE 
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Fig. 15. The lower electronic energy levels of pyrimidine.
54 

The 
vertical scale only represents the general orJering of the 
energy levels. The symmetry 1<1hols in parentheses refl'r 
to the tntal symmetry (Sp:1CC ® spin) of thl' triplet suhlevels. 
The ordering of these sublevels is only knO\'IJl for the 10hL'st 
triplet st<1te, 3 B1 . Sol iJ lines connecting energy levels 
indicate r<1diative transitions with their corresponding 
polarizations; wavy lines connect some of the spin-orbit 
coupled states; and dotteJ lines indicate raJiationless 
internal conversion and intersystem crossing processes. 



··58-

TABLE 1. Pyrimidine zerofield splitting parameters. 

Guest Host D (GHz) E (GHz) 

Pyrimidine-h4 Benzene ± 5.178 + 0.462 
Cyclohcxane ± 4.961 +0.405 

Pyrimidine-d4 Benzene ± 5. 202 +0.4804 

Pyrimidine triplet sublevel lifetimes (in ms) 

Triplet sublevel Pyrimicline-h4 Pyrimidine-d4 

T 324 ± 6 465 ± 7 
x 

T 16.6±0.6 17.8±0.6 y 

T 11.8±0.4 13.0 ± 0.3 
z 
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the lifetimes of the h4 and d4 isomers indicates that the levels decay 

primarily via radiative proccsses J with the radiative strength divided 

about equally between the T and T sublevels. These results could not 
y z 

be completely reconciled with the Zeeman effect studies of Hochstrasser 

56 and Lin on pure pyrimidine single crystals. The results of these 

authors showed that the T sublevel carried 93% of the radiative strength, z 

the other 7% coming from the T sublevel. This discrepancy could possibly y 

be due to differing crystal field effects in the two hosts or to the 

presence of pure crystal exciton states in the neat crystal. Populating 

rate studies for each of the three triplet sublevels of pyrimidine were 

also carried out by Burland and Schmidt. These studies indicated that 

the T sublevel was substantially populated in both benzene and cyclo­x 

hexane hosts contrary to group theoretical predictions. The relatively 

high T sublevel population could possibly be explained by assuming that 
x 

one of the higher triplet states is non-planar. 

Characterization of the Isotopically-Mixed Pyrimidine Crystal System 

As a first step in characterizing the lowest triplet state of the 

pyrimidi ne mixed crystal system, an attempt was made to record the T +- S 
I 0 

absorption spectrum using the technique of laser excitation. This 

techni qlle has proved useful in cases where the oscillator strength of 

J .•. 11 J b J f .. I' 48 t 1e tranSItIon IS very sma , as laS cen s wlmor pyrlmH Inc. In 

this approach absorption of radiation by the triplet state is monitored 

by recol'lling the rcsul ting phosphorescence. For the excitation of the 

lowest triplet state of the pyrimidine mixed crystal, the output of a 

dye laser was scanned in the region of the pyrimidine-d4 absorption origin 



--bO-

9 -1 57 at 3442.2 A (29043 cm ). Emission (to the singlet ground state, as 

well a~ to the first excited vibrational level of the ground state) was 

monitored from the d4 origin and from the origin of each of the isotopic 

trap species (d 3h, d2h2' and dh3). No detectable emission was observed. 

This lack of measurable absorption could be due either to the fact that 

the laser pulses lacked a sufficient number of photons for efficient 

absorption or to the fact that the pyrimidine mixed crystal used in these 

experiments afforded only a 1-cm path length for absorption. 

As a second approach to characterizing the isotopically-mixed 

pyrimidine system, a 0.1% w/w pyrimidine-d4 , -d3h, -d 2h2, -dh3 in benzene 

crystal was prepared. Following excitation into the pyrimidirie singlet 

manifold, a phosphorescence spectrum characteristic of pyrimidine-d4 was 

57 observed which was identical to previously published spectra. In 

addition, the spectrum (Fig. 16) exhibited emission lines which could 

be attributed to the pyrimidine-d3h and d2h2 species, in rough proportion 

to their isotopic abundance. ODMR spectra of the d4 trap site gave zero­

field splittings in good agreement with those obtained by Burland antI 

S I . d 54 c 1ml t. The D+JEJ transition of pyrimidine-d4 is shown in Fig. 17. 

The width at half height of ~4 ~IHz is probably due to hyper fine interactions, 

and its narrowness indicates that the pyrimidine molecules occupy one 

substitutional site in the benzene host. The D+JEJ transition of pyrimi-

dine-d3h was also observed with a similar halfwidth but Ivith a rCS(lIlIIl','(' 

frequency maximum 5 ~!Ilz less than that for pyrimidinc-d4 . 
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OOMR SPECTRUM OF PYRIMIOINE-d 4 IN BENZENE 

0+ lEI TRANSITION 

5670 5680 5690 5700 5710 

FRE Q UENCY (M Hz) 

XB L 776 - 5603 

Fig. 17. Medium power (10 mW) D+II:I ODMR transition of pyrimidine-d
4 

0.1% will' in benzene at I.SDK. 
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Optical and Optically Detected Magnetic Resonance Spectra 

of Isotopically-~ixed Pyrimidine Single Crystals 

The phosphorescence emission spectrum of the 91~od pyrimidine-d4 

isotopically-mixed crystal at 1.4°K is shown (partial) in Fig. 18. The 

emission spectrum at 4.2°K was substantially the same. The emission 

II -1 origin, is -3447.5 1\ (29006 em ), and the spectrum for the most part 

-1 consists of a few broad (10 to 15 cm width at half height) transitions 

superimposed on a rather intense, unresolved background. The two main 

11 -1 peaks in the emission origin are centered at roughly 3448 /\ (29000 cm ) 

and 3453 X (28960 em-I), with the first peak possibly consisting of two 

overlapping lines. The first vibration at 3528 A (29000 - 660 em-I), 

however, shows three well-defined lines. From the single crystal absorp-

57 
tion studies of Hochstrasser and Marzzacco, it is known that the 

pyrimidine-d
4 

exciton absorption origin is 3442.2 A (29043 em-I) and 

that that for pyrimidine-h
4 

is 3458 A (28908 em-I). As can be seen, the 

-1 difference in the origins of the two crystals amounts to 135 cm . ~Iaking 

the rather simple assumption that the origins of the intervening isotopic 

species, pyrimidine-d3h, -d
2
h2, and -dh3, should be spaced equally gives 

-1 a separation of 135/4 ~ 34 cm between traps. This would then predict 

trap origin emission lines at 3447.2 A (d 3h), 3451.2 A (d 2h2), and 3455.3 A 
(dh 3). The low tcmper.1ture spcctrum in Pig. 18 can then be interpreted ill 

terms of these predictions, assuming that the d
4 

end ssion at 3442.2 A is 

too Ncak to be observed. The pair of overlapping lines centered at -3448 A 

could tllen be associated with the pyrimidine-d3h and d2h2 species while 

the line at 3453 A could be identified as belonging to the dh3 isotopic 

species. If there is emission occurring from pyrimidine-h4 , it is 



>-
(j') 

Z 
W 
f­
Z 

w 
u 
z 
w 
u 
(j') 

W 
:::t: 
o 
:r: 
CL 
(/) 

o 
:r: 
0... 

PHOSPHORESCENCE SPECTRUM OF 91 % d PYR!MIDINE-da SL'~GLE CRYSTAL 

* 
I 

~ , ~ li~\ Ii, '~I\: ',' .~ * 
N ~'\'I\,,~lt\ Ijl" I; * I 

T=I.4°K 

N t'/rl/ ,'~ " 
.~\. ,I ii, 1 Ii ~,A"I 

\!i 1 (I J IJl~~~/IW\~~~ -', I' I 11~~~'!1~ H ~ r~\'~~ 
" \, \ 11,11i M iH \li1V ~ 

'J.."fI, 1 \ n ~'m! 
(I I,' ~rl,,11 \~ l ~ ,,~I,l \l~' 

1,1.\.1' ,I \ . 1.1lh I , 
II I',' ""\ (' , I i :-'/" . \\1/1\%:/, ~ , Mil 'II * * * ,~II~\~ I 

II "J * ) J.\I\I L ' \~\.f 

~ \. ~ ~"'''''''''''' ~+,\w,.,.,AiN ,IN' . ~wJ'wt ... ",,"~ .... t"'" 

1 L._ ~ ..I..I L ,_.1 1_1 1-----.l ,_ 

3600 3580 3560 3540 3520 3500 3480 3460 3440 
WAVELENGTH (A) 

XBL 776 - 5604 

Fig. 18. Moderate resolution phosphorescence spectrum (partial) of 91%d pyrimidine-d4 
single crystal at 1.4°K. The lines marked with asterisks are due to a neon 

calibration lamp. 
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probably obscured by the broad background. It must be remembered, however, 

that the mass spectrum of the 91%d crystal showed no trace (>O.l~) of 

pyrimidine-h4. In all cases the majority of the phosphorescence from 

these trap states decayed with a lifetime of abQut 22 ms, the remainder 

decaying with a lifetime >200 ms . 

. Three crystals of the 91%d pyrimidine-d4 were prepared which contained 

5.3%, 12.6%, and 42%, respectively, of pyrimidine-h4 dopant. These three 

crystalS gave phosphorescence spectra (see Fig. 19) consisting of an 

emission line origin at 3458 K (28910 cm- 1) with a broad, unresolved 

emission to lower energy. The width of the pyrimidine-h4 line was fairly 

broad being -10 cm- 1 at half height. 

l~e OOMR spectra for each of these crystals were obtained by fuonitor-

ing the phosphorescence from each of the various trap species. Because 

the OOMR transitions proved to be quite weak in intensity, it was 

necessary to use rather wide (200 to 300~) slit widths on the optical 

spectrometer. This process, which allowed for the collection of more 

light, reduced the resolution to a great enough extent that isolating the 

phosphorescence from a single molecular species was sometimes precluded. 

Only the o-IEI transition could be observed for each of the trap species. 

The following values were obtained for resonance frequency maxima: 

pyrimidine-d3h 4645 MHz 

-d 2h2 
4630 

-dh 3 4625 

-h 4 
4617 

i\l though the omm transitions were quite broad (12 to 15 ~IIlz widths at 

half height), the observable difference in resonance frequency as a 

function of trap depth indicates the existence of an anisotropy in the 
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EMISSION SPECTRUM OF 
PYRIMIDINE -h4 TRAP ORIGIN 

AT 1.4 oK 

3460 3450 
° WAVELENGTH (A) 

% h4 

42 

12.6 

5.3 

X B L 776-5601 

Fig. l~). ~lodorato resolution phosphorescence spectra of the pyrjmidine-h4 
trap origin for various concentrations of pyrimidine-h4 in 91%d 

pyrimidine-d4 host crystals. All spectra were recorded under 

similar experimental conditions. 
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spin-orbit coupling. This anisotropy would also be expected to alter 

the Larmor frequencies of the dimer stateS with respect to the frequency 

of the monomer. 

The OD~IR spectra were recorded in two ways. In the first approach 

the microwaves were amplitude-modulated, and the phosphorescence response 

was processed using a lock-in amplifier. This approach allowed the use 

of very 11igh time constants but necessitated the use of very long sweep 

times. In the second method the spectra were recorded using rapid sweep 

times and very low (or no) time constants with the output of the phototube 

being averaged over 100 or more scans on a Northern NS-S7S signal averager. 

These hJO approaches gave identical spectra. 

The ODMR spectrum for the 5.3% pyrimidine-h4 in the 9I9cjd pyrimidine-d4 

host is shown in Fig. 20. As can be seen, this spectrum has a broad, 

asymmetric lineshape. ODMR spectra for the pyrimidine-h4 species were 

recorded at microwave power levels ranging from a few microwatts to several 

watts. With the exception of a slight broadening at powers greater than 

-1 watt, the lineshape of the pyrimidine-h4 D-IEI transition remained 

unchanged, and no noticeable dimer structure could be resolved. Tllis was 

true even in the 42% h4 crystal. 

Several comments can be made concerning these results. By comparing 

the phosphorescence spectra of the 5.3%, 12. 6 go, and tl2~o pyrimi tli ne-h4 ill 

91~"d pyrimidine-tl4 crystals (Fig. 19), it can be seon that the emission 

line of the h4 molecule neither shifts nor broadens to any appreciable 

extent over the concentration range. Indeed, it seems to narrow at 

higher 114 concentrations. In addition, the h4 emission lineshnpe remains 

fairly synuTIet:rical within the confines of the -3 cm- 1 resolution of the 
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spectrometer. Recalling the absorption experiments of Hochstrasser and 

Whitcman48 mentioned earlier in this chapter, emission from pyrimidine 

isotopically-mixed crystals containing a reasonable number of N-mer trap 

states would be expected to show an asynunetric broadening of as much as 

-1 -1 15 cm The -10 cm width at half height of the pyrimidine-h4 emission 

-1 line would indicate, then, a value for S on the order of 2-3 cm as 

opposed to the somewhat larger value of 4- 7.5 predicted from the work 

48 of Hochstrasser et al. The rather large linewidths of the emission of 

the associated isotopic species in the phosphorescence spectra of the 

undoped 9l~Qd pyrimidine-d4 crystal might also be explained 1n terms of 

the presence of phosphorescence from dimers, trimers, etc. 1n the emission. 

It is to be noted, however, that the emission line associated with the dh3 

species, which by mass-spectral analysis comprises only -1% of the moleules 

in the crystal, is also quite broad. Since pyrimidine has only C2v 

synunetry, it is also necessary to consider whether or not all the different 

possible dh3 molecules (d in the 2, 4, 5, or 6 position) will have the 

same zero-point energies and hence emit light of the same frequency. 

Similar considerations would hold for the d2h2 and d3h species. 

The lack of resolvable dimer st~ucture in the ODMR spectra could 

-1 possibly be explained in terms of the apparent small value of S (2-3 cm ), 

w)licll would in turn lead to a smaller value for the dimer-monomer splitting. 

The experimental results also indicate that the effect of the lack of 

inversion symmetry in the dimer point group in inducing frequency differ-

ences between the monomer and dimer is small. It is also possible that 

this lack of inversion symmetry contributes a substanti al T I-type relax­

ation process to the dimer system, thus broa<.lelling the lines of the <.limer 
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omm spectra to a great enough degree to make them indi stinguislwble from 

the monomer spectrum. If, indeed, pyrimidine is two-dimensional, the 

existence of different values of B in the two types of chains would 

generate different Larmor frequencies for the dimer states in each chain. 

This effect could also cause the observed broadening in the OD~lR spectrum. 

Unfortunately, it is not possible to differentiate these possible causes 

of broadening on the basis of the data available. 

The lack of a difference between the phosphorescence spectra of the 

91%d crystal at 1.4 0 and 4.2°K indicates that there is no efficient 

mechanism for thermalization of excited state population among the various 

trap states at these temperatures. The rather large number of isotopic 

-1 -1 
"barriers" which vary in height from ~34 em to 135 cm no doubt serve 

to effectively localize excited state population on tIle various traps or 

trap chains. 

The rather broad, intense emission to low energy of the trap lines 

appearing in the origin and in each of the vibronic transitioJIS is 

probably attributable to very efficient coupling between the crystalline 

lattice modes (phonons) and the intramolecular excitation. Physically, 

58 lattice modes appear in the electronic spectrum for one of two reasons: 

(i) The excited molecule has an equilibrium disposidon in the lattice 

whjch is different from the one it has in the ground state. Cii) The 

lattice mode perturbs the electronic transition in sllch a manl1er as to 

assist the electronic motion to gain radiative properl ies. It is generally 

believed that reason (i) dominates the excited state-phonon coupling in 

triplL't St;ltl'S of molecuLlI' Cl')'st;lls. S9 
Tn citlwr of the abnvl' CISl'S it 
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is essential that the coupling hetween the electronic motion and the 

lattice vibrations does not vanish. For this to he true the electron 

involved in the observed optical transition has to be effectively involved 

in the binding of the host lattice. The greater the contribution of·the 

electron undergoing the optical transition to the binding of tile crystal, 

the stronger the coupling between the electronic and lattice motion. 

The coupling between the electronic and lattice motion in the lowest 

triplet stnte of pyrimidine is expected to be fairly strong since the 

excited state involves the promotion of one of the nitrogen non-bonding 

electrons into the ring n-system. It is primarily the C-It···N hydrogen 

S4 
bonding which determines the molecular packing in the crystal. Hence, 

the lone-pair nitrogen electrons are involved in both the determination 

of the crystal lattice structure and the formation of the lowest excited 

triplet state in pyrimidine crystals. The extent of excited state-phonon 

Coul,ling is underlined by comparing the emission spectra of 91~d pyrimi-

dine-d 4 as a single crystal and as a guest in a benzene host matrix, 

Figs. 16 nnd 18. It can be seen that in both cases, the omissi on is 

·-1 built on a vibronic progression of roughly 6S6 cm but it must be noted 

that the phonon "side-band" structure in the single cryst<:ll pyrimidine 

spectrum is much more intense. Similar behavior hns been noted in the 

} } f
. 58 Plosplorescence spectra o. pyrazlne. 

Foglizzo and Novak 60 have obtained the Raman spectrum of crystalline 

pyrimidine-h4 at 90 o K. Thirteen Raman-active bands were found in the 

- 1 region of l~() to 3S cm which could be assigned to lattice modes. These 

lattice frequencies arc in the same region as those deter-mined for pyrazine.S8 

It is very possible, thon, that coupling bet\'Jeen the electronic motion and 
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-1 phonons and/or phonon combinations is responsible for the ~300 cm wide 

sidebands observed on the pyrimidine phosphorescence spectrum. Specific 

assignment of these lattice modes will have to be m;lde before a more 

quantitative analysis of the spectrum can be made. 

In sllillmary, the experimental results for pyrimidine-mixed crystal 

systems Clnnot be used to firml,y establish the dimensional i ty of energy 

transfer in the first excited triplet state other than to suggest th;lt 

t~e magnitude of the translationally equivalent interaction(s) is somewhat 

smaller than previously expected. Some interesting manifestations of the 

interplay between the electronic and lattice motions in the excited state 

have, however, been observed. Before more concrete information can be 

obtained, it \vill be necessary to prepare pyrimicline-d4 crystals of a 

much higlll'r deuteration percentage (~99qo), thus allowing the crystalline 

system to be better characterized. 
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