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ABSTRACT 

The effect of saturating the zero-field transitions with micrm1ave 
rad,iation ori the phosphorescence spectrum is demonstrated at lot-1 temperatures. 
The application of this type of double-resonance experiment in determining 
the most probable intersystem crossing routes, the mechanism of'the phos-
phorescence radiation of the different vibronic bands, the determination of 
zero-field splittings, and the electronic distribution in the triplet state 
is indicated. 

. I. INTRODUCTION 

The different vibronic bands in the phosphorescence spectra of most 

molecules are knmm to be highly polarized. This fact indicates that for 

each band the radiative transition probability from one of the three zero-

field sublevels of the emitting triplet state is larger than that f!"om the 

other two. Furthermore, it is generally possible to find in a phosphorescence 

' spectrum different vibronic bands t-lhich originate from different zero-field 

levels of the lm·1est triplet "state. At very lot-1 temperatures, the electron 

spin-lattice relaxation time may become longer than the phosphorescence radiative 

lifetime, and a non-Boltzn~nn population distribution among the zero-field 

(1 2 3) 
levels might result. ' ' As the temperature incre.ases, the rates of 
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the spin-lattice relaxation processes increase and the relative intensity 

of these vibronic bands \·lill then change, reflecting the changes in the 

populations of the zero-field levels from ,.,hich the emissions originate. 

Such changes have been recently observed, (4) and the most probable route 

for the entry to the loHest ,triplet state determined from the changes. in 

relative vibronic intensity ,.,ith temperature ,.,ithin the phosphorescence 

spectrum for 2,3-dichloroquinoxaline. 

The population of· the zero-field levels of the lm-1est triplet state 

can also be varied at a constant, very low temperature by pumping the 

zero-field transitions with micrm-1ave power at the resonance frequencies. 

Since the spin-lattice relaxation times are long, and since sufficiently 

high radiation densities are re~dily obtainable at the frequ~ncies of 

the zero-field transitions, these transitions are easily saturated, i.e., 

the populations of the upper and lm-1er levels of the transition are 

readily equalized. If a population difference existed prior to saturation, 

the population change induced by the microt-7aves can be detected optically 

by monitoring the relative intensities of vibronic bands originating mainly 

from either of the two zero-field sublevels being pumped. Thus, one can 

assign the zero-field sublevel which is responsible for most of the 

intensity in each of the different vibronic bands in the phosphorescence 

spectrum. This assignment :i.s extremely valuable in elucidating the . 

different phosphorescence mechanisms in polyatomic molecules. 

Another equally important application of phosphorescence-rriicro~vave 
. . . 

double-resonance . spectroscopy (P'HDR) is that the degree and direction of 

'spin aligrunent in the let-lest triplet state at lm-1 temperatures can be 

determined. This information is useful in determining the most probable 

. . (ll) 
route for the intersystem crossing process. 
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A third application of PHDR is to determine the zero-field splittings 

in phosphorescent molecules. The prior discussion assumed these ~vere 

kno~vn from ESR experiments, but they need not be. PMDR offers a more 

sensitive technique than the one recently described,(S) which is based 

on observing the changes in the total phosphorescence intensity by the 

application of micro~·!ave radiation. For systems having mixed polarizations 

in the phosphorescence, some vibronic bands would increase in intensity 

while others ~vould decrease in intensity upon micrO~vave saturation. The 

percentage change in the total phosphorescence intensity upon micro-;vave 

saturation generally w<;>uld be smaller than the percentage change in the 

intensity of certain individual vibronic bands originating from one of 
l 

the two zero-field levels being saturated. 

The method is demonst.rated here using 2, 3-dichloroquinoxaline, for 

which temperature stu-dies have recently suggested(4) that the 0,0 band 
., 

originates from the r sublevel and that the (0,0-260 cm-1) band z . . originates 

- 3 (TT Tik) . 
fror.t the Ty sublevel of th~ B

2 
' state. Furthermore, it was concluded(4) 

that the population of the T sublevel is - 7 times large~ than that of 
y 

the T sublevel at 1. 9°K. The PMDR results, reported belmv, shmv that the z 

above interpretations are correct. Furthermore, a definite assignment of 
. -1 

the emitting sublevels and the non-totally symmetric vibration (260 em ) 

appearing in the phosphorescence spectrum can be made. 

l;I. EXPERIMENTAL 

. -3 
A single crystal of 2,3-dichloroquinoxaline in durene ( ...... 10 mole/mole) is 

cut to fit inside a helical slm·l-Have structure of 0.3-cm inside diameter. The 

helix is matched to a rigid coaxial line which supports it ~ertically inside a 

helium dewar. A Hcwlett-rackard signal generator is used as a microwave 

source, and the frequency arid incident power are monitored tltrough a 10 DB 

directional coupler. 
I, I 
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The sample is excited through the open helical structure at 1.9°K 

with. 3SooR radiation. The phosphorescence is recorded, at an angle of 

45° fr~n the exciting light direction, using a 2-meter Jarrell-Ash 

. spectrometer. All experiments were perforrned under c.,V'. conditions 

for both the micro-.;V'ave 'and optical radiations. 

The zero-field energies were detennincd by isolating the 0,0 band, 
I 

-1 •1 -1 
the (0,0-260 em ) band, or the (0,0-490 em ) band using :S 5 em slits 

on the 2-meter spectrometer, and scanning the micr0\·7aVe frequency. In 

order to assign the zero-field levels, a conventional magnetophotoselection 

(6 7) 
experiment ' was carried out in ethanol glass at ~ 100°K using a 

Varian E.S.R. spectrometer. 

III. RESULTS 

A. The microHave spectrum 

The observed zero-field transition energies of 2,3-dichloroquinoxaline 

in durene at 1.95°K are: 

E - E = 1.055 GHz, z y 
E - E = 3.512 GHz, and 

Z X 
E - E = 2.457 GHz. y X 

.• The order of the three zero-field levels as found by the m.agnetophotoselection 

experiment is T < T < T , from 't-7hich 
X y Z 

I D I = 0.09955 cm-1 , IE I = 0.01760 cm-l 

for ·the usual spin Hamiltonian parameters.* 

The.intensity of the 0,0 band increases when the transitions at 

-1 
1.055 and 3.512 GH'z are saturated, while that of the (0,0-260 em ) band 

decreases when the transitions at 1.055 and 2.457 GHz are saturated. Each 

of the three zero-field transitions saturates at approximately 10 11-

·watts of incident patV'er. The largest intensity changes are observed when 

* In an ethanol glass at ,...., 100°K the spin Hamiltonian parameters are 
. I 

, I Dl = 0.0974 cm-1 and IE\= 0.0174 cm-1 • 
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the 1.055 crtz (T ~ i'" ) transition is saturated, and in this note we 
' z y 

will concentrate on the results obtained at this frequency. 

The· zero-field transitions, as shbt·m in Figure 1, exhibit considerable 

structure. The origin of this structurie is not yet fully understood. Af 

. least t~-10 in~eractions have b~en mentioned previously in this context 
. I . 

(5) I I 

for quinoxaline, viz., second-order nitrogen hyperfine and first-order 

nitrogen quadrupole interactions.· Another cause for the observed structure 

might be the presence of more than one trapping site for the guest· molecule 

in the.host lattice. It is wo:rth noting that the individual lines comprising 

.the. fine structure are extremely sharp, e.g., in the 1.055 GHz transition, 

where the highest resolution and signal-to-noise Has obtained, the full 

1 ine width at ha 1f intensity in the lm-1 frequency component is :5 0. 6 MHz. 

The origin of the observed fine structure is nm·i under examination. 

B. The phosphorescence spectrum 

Valuable information concerning the radiative and nonradiative 

properties of the triplet state can be obtained by saturating the zer~­

field transitions and observing the changes in the complete phosphorescence 

spectrum. This is demonstrated in Figure 2, which compares the phosphores-

cence spectrum at 1.95°K with that obtained '\-lhen simultaneously saturating 

the 1.055 GHz transition at 1.95°K, as well as with that obtained at ,.... 20°K 

in the absence of micro\-lave pm-1er. 

'When· saturat.ing with 1. 055 GHz, the intensity of the 0,0 band. 

-1 increased by a factor of~ 4.3, whereas that of the (0,0-260 em ) band 

decreased by a factor of~ 0~1. These results are in good agreement with 
I 

the previous conclusion(4) regarding the 

. -1 
sublevel) and of the (0,0-260'cm ) band 

• I ' 

origin of the 0~0 band (the T 
z 

(the T sublevel). Furthermore, y . 

the observed m_agnitude of the intensity changes is in reasonable agreement 
I 

with. the popolation of the T.' level being seven timris greater tha~ that 
y 
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of the T level, as concluded fro.n the earlier temperature studies.C4) 
z 

Upon saturating the T - T transition, the 0,0 band is predicted to 
z y 

increase by a factor of 4, while the (0,0-260 cm-1) is predicted to 

decrease by a factor of ~ 0.6. Saturating transitions involving the 
' 

Tx sublevel gives results that are consistent in'terms of the sign of 

the intensity changes, but the observed magnitudes are not quantitatively 

understood. They can be qualitatively explained if the emission of certain 

vibronic bands originates from more than one spin level with different 

radiative lifetimes. This possibility is nm-1 under further examination. 
-1 - .· -1 

Figure 2 sho\.JS that the 0,0, the (0 ,0-138 em , ), and the (0 ,0-599 em ) 

bands all increase in fntensity to the same extent upon saturation. The 

-1 -1 . -1 
(0,0-340 em ), (0,0-491 em ), and (0,0-1087 em ) bands also.increase 

in intensity, but to a lesser extent than the previous group. On the 

other hand, the (0,0-260 cm-1) band and all other remaining bands shoHn 

in Fig. 2 decrease in intensity. The - 20°K spectrum in the absence of 

microvTaVe poHer closely resembles the PMDR spectrum at 1.95°K. 

These results indicate that the first and third groupings of bands 

each originate mostly from one of the tHo zero-field sublevels being 

saturated by the 1.055 GHz radiation, whereas the second group of bands 

originate from more than one zero-field level, one of these levels being 

T • z The polarization characteristics of the 0,0 band are similar to those 

of quinoxaline, l.Jhose origin has been shmm to be.the T sublevel. (S) 
z 

It is thus clear that the 
-1 

(0,0-260 em ) band, l.Jhich behaves in a manner 

. opposite to the 0,0 band upon. saturating the T <E-) T transition, originates z y 

from the T sublevel. This is in agreement with its polarization charac­y 

teristics( 9) only if the 260 cm-l vibration is assigned to ana
2 

mode. 

., 
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~IDR will also be very useful in differentiatit1g bctt-7een assignm.ents 

involving different combination bands as ~7ell as hett-lecn assigru·uents 

involving combination bands and fundamentals o:dginating from different 
I : 

zero-field levels. This is accomplished from the observed change in 

their. intens·ity upon micrm-1ave saturation. False origins and their 

combination bands ~lith totally symmetric vibrations originating from 

the same zero-field leyels areiexpetted to change ;heir intensity to 

;the same ext~nt upon 'saturation "t-7ith micro~-1ave radiation. 

In summary, it is obvious that P:t:-IDR spectroscopy will open net-7 

.fields of study of the triplet state. Using. this method, the follm-1ing 

infornia tion can be obtained: 

1. The degree of spin polarization of molecules in the !ouest 

triplet state at very low temperatures can be ascertained. This 

information is useful in elucidating the most probable mechanism(s) for 

the intersystem crossing (singlet~~triplet ·nonradiative) processes in 

polyatomic molecules.· 

2. The initial zero-field level involved in the radiation of an 

individual vibronic band in the phosphorescence spectrum can be assigned, 

along with the mechanism whereby the transition gains intensity.; 

3. The zero-field splittings can be measured directly. 
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figure 1. . The micrm·7ave spectrum of the 'I'" .of- T (right) and T ..tf- T (left) 
Z y Z X 

zero-field tz:ansitions 1 of 2,3-dichloroquinoxal~ne in durene, 

as monitor~d by' detecting the changes of the 0,0 band intensity 

· 3nrrk. 1· 
of the B ·' ··-> A phosphcires'cence at 1.95°K as the microwave . · ·2u 1 

frequency changes. 

Figure 2. The effect of saturating the T ~ T 
z . Y, 

• . J_ 

zero-field m~crm-1ave 

transition on the phosphorescence spectrum of 2,3-dichloro-· 

· quinoxaline in durene at 1.95°K in a PriDR experiment .• 
,. 

From experiments of this type, the mechanism of the phosphores-

cence emission of the individual bands in the spectrum can be 

elucidated. At temperatures for which the electron spin-lattice 

relaxation is slm-7er than phosphorescence, the sign of the 
.· ,' 

intensity change of the vibronic band.s originating from a 

certain zero-field level should yield information concerning 

the most probable route for the s1 .......vr·T1 nonradiative processes. 
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