Submitted to J. of Chemical UCRL-19006

Physics Letters Preprint

e

_ PHOSPHORESCENCE -MICROWAVE DOUBLE -RESONANCE
RECIZIVED (PMDR) SPECTROSCOPY
 pRET

[ADIATION LABGRATORY
e 2 19oY

LIBRARY AND N D. S. Tinti and M. A. El-Sayed,
DOCUMENTS SECTIO A. H. Maki and C. B. Harris
May 1969

AEC Contract No. W-7405-eng-48

S ———
H 3
Sty comminck g

fw E‘«XK

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
& B k J |

L NONT——

UNIVERSITY of CALIFORNIA BERKELEY

R

LAWRENCE RADIATION LABORATORYs,

067-TYDN

o
o



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



/h» | ' B UCRL-19006
PHOSPHORESCENCE-MICROWAVE DOUBLE-RESONANCE (PMDR) SPECTROSCOPY

- ook : N
- D. S. 'Tinti'and M. AL El-Sayed
Department ot Chemlstry
University of California
Los Angéles; California

A. H. Mak]. & .
Department of Chemrstry .

" University of California

Riveréide,iCalifornia :

_ C. ‘B. Harrls :
Inorganlc Materials Research Division
Lawvrence Radiation Laboratory '
‘and Department: of Chemistry
v Un1versrty of California .
. Berkeley, California

ABSTRACT
The effect of saturating the zero-field transitions with microwave
radiation on the phosphorescence spectrum is.demonstrated at low 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 barnds, the determination of

zero-field spllttlngs and the electronic distribution in the triplet state
is 1nd1cated ‘ ’

1. INTRODUCTION -

The‘different vibronic bands in: the phosfhoreécence spectra'of most
;:ﬁoiecules are known to- be highly polarized. ‘This fact inﬁicates that for

each band the radlatlve tran31t101 probablllty from onevof the three zero-'
;fleld sublevels of the emlttlng trlplet state 1s laroer than that from the
other two. Furthermore, it is genera11y~pos51b1e to find in a-phosphorescence
,spectrum different vibronie bands which'originate froﬁ drffereht_aero-fieldj
hlevels of the lowest triplet state ‘At Very'lowvtemperatureé.uthe eleetrbn
.spin-lattice relaxatlon time may become longer than the phosph01escence radlatlve
‘ llfetlme ahd a non-Boltzmann populatron dlstrlbutlon amono the zero- fleld |

(23)

,'levels might result. As'the temperature increases, the rates of

+';Contribhtion No. 2411,
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fhe spin-lattiée relaxation procesééé increase and the relative intensity
of these vibfonic bands will ﬁhen change, refleétfng the changes in the
populations of the zero-field levels frémvvhich the emissions originate.
Sucﬁ changes have been recently observéd,(h) and the mogt probable rouﬁe

for the entry to the lqwest triplet state determined from the éhaﬁges,in
:el#tive vibronic iﬁténsity_&ith #emééfafure wiﬁhih-the phos%horeééence
spectrum for 2,3—dic$1§r§quinoka1ine} - o

The pbpulation of - the zero-field levels of the lowest triplet étate
can also bé varied at-a constant, very‘loﬁvtemperature by pumping the
‘»'zefo-field‘transitions with microwave power at the resonance frequencies.
Since the spin-lattice relaxation timeé are long, and since sufficiently
high radiation densities are regdily-obtainable at the frequencies of
the;éero—fiéld transitions, these ttansitions are easily saturatéd,\i.e,,
the popuiations of ;he upper and lower levels>of'thevtransition are
reédily equalized..va a population difference egisted prior to saturation,
“the populgtion change induced by the microwayés can‘be detected,optically
by monitoring the relative intensities of vibronic bands priginating»maiﬁly
from either of the tﬁo zero~field sublevels being.pumped; Thus, one can
assign the zero-field sublével'wﬁich is responsible fof mostAbf the
intensity in eaéhvof the different vibronic bands in the phosphoresceﬁcé
spectrum. This assignmegt is eﬁ#femely valuéble in glucidating the

different phosphiorescence mechanisms in polyatomic molecules;_

Another equally important application of phosphorescence-microwave
double-resonance spectroscopy (PMDR) is that the degree and direction of
'spin alignment in the lowest triplet state at low temperaturés can be

“determined. This information is useful in determining the most probable

(4)

route for the intersystem crossing process.
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A third application of PMDR is to determine the zero-field splittings
in phosphoréscent molecules. The prior discussion assumed these were

known from ESR éxperiments, but they need not be. . PMDR offers a more
sensitive technique than the one réceﬁtly described,(s) which is based

dn_observing the changes in the~to£a1 phosphorescencevinfensity by the
application of micréwave radiation. EOr systems having mixédvpolarizations
:in thg phospﬁorescencé;'somg vibrbnic Bands would.incre;se,in intensity T
ﬁhile others would decrease'in intensity upon,micrOane'sat;ration. The
percentage change in the total phosphofescenée:inten;ity upbn micfowave'b'
sathratibﬁ generally wguld'ﬁe,sﬁallei'théﬁ fhe peréentage chgnge in—the
intensity of certain'individual vibronié bands originating £rom Oﬁe of

the two zero-fieid‘le?els:beiﬁg saturéted. -

The method ié demonstrated here ﬁsing 2,3-dich1§roquinoxa1ine, fpr
which teﬁperatufé stuﬁies‘hévé ¥ecentiy suggeétéd(a) thét the:q,O bénd
-briginates from the-'l’,.z sublevel_and that the (Q,O}ZSO cm-l) baﬁd originates
”frbm-theéTy sublevél of the 3B§n’ﬁ*) sta;e;v”Furtﬁermoré, it wés'concltded(4)
.tﬁat the populatidp of thé"'I_'y sublevei'is ~'7vtimes,1arger.th$h that of-
tbe T; sublevel at 1.9°K. The PMDR results,vfeportéd below, sho@ thag the

above interprétations are correct. Furthermore, a definite assignment . of

the emitting sublevels and the'non-totally symmetric vibration (260 cm-l)

appearing in the phosphorescence spectrum can be made.

© II. EXPERIMENTAL
[ ’

- A single crystal 6f’2,3-dichloroquinoxa1ine_in durene,(~j10-3 mole/mole) is

cut to fit inside a helical slow-wave structure of 0.3-cm inside diameter. The
“helix is matched to a rigid coaxial line which supports it vertically inside a
helium dewar. A Hewlett-Packard signal generator is used as a microwave

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

"~ directional coupler.
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‘The samnle is excited through the open helical structure at 1.9°
Qith_3SOOX radiation. The phbaphorescenca is recorded, at an’angle of
45° from the exniting'lighﬁ direction, using a 2-meter Jarrell-Ash o
_spectrometer. All experiments were performed under c.w. 66nditions
far both the microwave‘and opfical.radiations;

The zero-field energies were determined by isolating the 0,0 band,
' ;the (0,0-260 em ) band or- the (0, 0 490 cm ) band using < 5 cm -1 slits
on the 2-meter spectrometer, and scanning the microwave frequencya In
;.orAer to aésién the zero-field levels, a conVentional nagnetophotoselaction
'experlment( 7 was carried out in ethanol glass at ~'100 K u51ng a

Varian E.S.R. spectrometer.

IIT. RESULTS

A. The microwvave spectrum

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

" .in durene at 1.95°K are:

E - E = 1.055 GHz, E =-E_ = 3.512 GHz, and E_ - E_ = 2.457 GHz.

z y z X y X -

. The order of the three zero-field levels as found by the magnetophotoselection
experiment is T <7 <17, fromwhich |D|= 0.09955 em L, |E| = 0.01760 cn”?

for the usual spin Hamiltonian parameters.*

The’intensity of the 0,0 band incfeases when the transitions at’
1.055 and 3. 512 GHz are saturated whlle that of the (0,0-260 cm ) band
'decreases when the transitions at 1.055 and 2.457 GHz are saturated Each

.of the three'zero-field tfansitiona saturates at approx1mate1y 10 p-
':watfs of incident power. The largest intensity changea are'nbserved-when

* N . s . .
In an ethanol glass at ~|100°K the -spin Hamiltonian parameters are

; |p] = 0.6974 em™! and |E| = 0.0176 cm”l.
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bthe 1.0?5 Gﬁz,(Ti?—afi).transition“is;satﬁrated; and in this note'we
will concentrate'on.the.results;obtained'at“this frequency.
The«aero-field transitions,;as shomn in Figure 1, exhibit considerable
structure. The origin of“this structune is not.yet fully understood.\ At
bleast,tmo interactions:have been méntibned previously in this'context.

) !, |

_for quinoxaline, viz., second order nitrooen hyperfine and first- order
‘nitrOgen quadrupolelinteractions. Another cause for the observed structure
'might be the presence of more than~one:trapping site for the guest?molecule
iI{n-thebhost’iattice; iIt is worth noting that.the individoal iines comprising
_the. fine structure are extremely sharp, €. g., “in the 1. 055 GHz transrtion,
where the highest resolution and 51gna1 to noise was obtained the full
1ine'w1dth at half 1ntensrty in the low‘frequency component is % Q.6 MHz{
The.origin of*the.observed'frne structure is now under examination;

B. The‘phosphorescence spectrum-

Valuable information concerning the radiat1Ve and nonradiative
propertles of the triplet state can be obtained by saturating ‘the zero-
field transrtions.and observing the~changes infthe complete phoSphorescence
vspectrum. This is demonstrated in'Figure 2, which compares the.phosphores~
vcence spectrum at‘1.95°K'with that obtained when simultaneously“saturating
.‘the 1.055'GHz transition at 1.§5°K,_as well as with‘that’obtained,at ~ 20°K_
in the absence of microwavebpower. |

When saturating with 1 055 GHz, the 1ntensrty of the 0,0 band
increased by a factor of A-4 3, whereas that of the (0,0- 260 cm ) band
" decreased by a factor ofi~'0,7 These results are in good agreement with
(4)

the previous conclusion regarding the origin of the 0,0 band (the T,

sublevel) and of the (0, 0—260'cm ) band (the Ty sublevel)."Furthermore,

the observed magnitude of ‘the. intensrty changes is in reasonable aoreement

with thc population of the Ty level being seven times greater than that
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of the T, level, as concluded from the earlier temperature»studies.(4)
Upon saturating the T, " Ty transition, the 0,0 band is predicted to
increase by a factof of 4, while the (O,Oj260-cm-1) is predicted ﬁo
decrease by a factor of ~ 0.6, Saturating transitions invblvigg the
T#'suﬁievel gives'resufts that areicqnsistent'ip'terms of the éign’of
the intensity changes, but fhe observed magnitudeé are not quantitatively
understood. 'They can be qualitatively'explained if thé emissiqﬁ of certain
.vibronic bands originates.frog more than one spin level with different
- radiative 1ifetimes. fhis possibility is now undef further examinatibn.

Figure 2 shows that the 0,0, the (0,0-138 en"ly, and the (0,0-599 cm 1)
bands all increase iﬁ intensity to-the same exfent uponlsatufafion. The |
(0,0-340'6m-1), (0,0-491 Cm-l), and (0,0-1087 cm-l) Bands also increase
in intensity, but ﬁo a lésser extent than the previoﬁs group.AlOn the
other hand, the (0,0-260 cm-l) band ana all other remainingvbands shown
in fig. 2 decrease in intensity. The ~ 20°K spectrum in the absence of
microwave power closely resembles the PMDR spectrum at 1.95°K.

These results indicate that the first and third groupings of bands
each originate mostly from 6ne of the two zero-field sublevels being
" saturated by the 1.055 GHz radiationm, Qhereas the second group of bands

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

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

1.(®

I

of quinoxaline, whose origin has been shown to be.the T, subleve
‘It is thus clear that the (0,0-260 cm-l)'band,'which behaves in a manner
Aopposite to the 0,0 band upon saturating the TQF—DT& transition, originates

from. the Ty sublevel. This is in agreement with its polarization charac-

_;eristics(g) only if the 260 cm-1 vibration is assigned to an a, mode.

2
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PMDR will‘also beFVery‘useful in differentiating Eetween assignments
:invo1ving different combination bands as:%ell as betweentassignments

fnvolving combination bands and fundamentals originating from different

Azero—field 1evels.,:This is:accomélished from.;he:observed chenge-in
thelr lntenSLty upon mlerowave saturaﬁlon. Felse'origins5endvtﬁeir
: coﬁblnatlon bands w1th totally symmetrlc v1brat10ns or1°1natln° from
_ the same zero-field.leyels a:e!expeCted to.change ;heir intensity to,
‘the same.extent upon eaturetion:with miorooaﬁelradiation. |
.lnlsommary, it is obvious that PMDR speC;roscdpylwilllooen oew_
;fields of stody of the‘tfiplet state. Usiog‘fhissmethod, the following
;information'caﬁ:be obtaineoi | |
| l:? Theldegree‘ofvspin oolarizationyof molecules in fhellOWest
'triplef~sfate at very_lowltemperatures cen be ascertained. This
informatlon is useful in eluc1dat1n° ‘the most probable mechanlsm(s) for
the intersystem crossing (SLnglet-~>tr1p1et nonradlatlve) processes in :
polyatomic molecules.' | | | | '
| 2. .Tﬁe initial zero—field level involvedvln the fadiatioﬁ of an
individoél vibronic band in the phosphorescence spectrum can be>essigned,
;aloog with.the.ﬁechanism.whereoy the‘transltion‘gains intensitfa

3. The zero-field-splittings.can be measured &irectly.'
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_The mlcro"ave spectrum of the T Ty (rlght) and T 4—-7 (left)‘

zero= fleld tranSLtlons of 2 3-d1chloroqu1noxa11ne 1n durene,

~as monltored by detectlng the chanoes of the O O band LntenSLty

3 m,m 1,

fof the BT A phosphorescence at 1 95 K as the microwave

2u 1

fufrequency changes.

The effect of saturatlng the T, < Ty zero-field michWave ‘

tran31t1on on the phosph01escence spectrum of 2,3~ dlchloro-

o hquinoxallne in dLrene at 1. 95°K in a PHDR experlment

From experlments of thls type, the mechanlsm of the phosphores—

.cence em1s51on of the 1nd1V1dua1 bands in the spectrum can be
: elucldated;r At temperatures_for whlch the electron;splnflattlce

‘relaxation is slower than phosphotescence,”the sign of the

intensity change of the_Vibronic‘bands originatihg'from a
certain»zeroffield'level should yieidhihformation’cbhcerning

the most probable route for the Slw&O?Tiynonradiative'pchesses.



0 MHz
|

3512 GHz

Intensity —

horescence

Phosp

hv i

- Fig. 1

- UCRL-19006 -

10 MHz
Fﬁ*—‘"l

frequency



'RELATIVE INTENSITY

-11- " . UCRL-19006 .

- T= l95 K |
Mucrowcve Power Ouf

T=195°K
Microwave Power On
- (1055 GHz)

T“20°K‘“
o Mlcrowove Power Off P

20227 * 20380 20758 20866 21097 21357

(00-1131) - (0,0-977) ~ (00- 590) (0.0-491) - (00-260)  {0,0)

MMNENUMBER (em™"y

Flg_ 2 v :



LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



