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. Microwave Induced Time Dependent Effects in

Triplét Phosphoresceice
C. B. Harris =

Department of Chemistry, University of California, Berkeley
and the Inorganic Materials Research Division.
~ of the Lawrence Radiation Laboratory,
" . Berkeley, California 94720

_ Abstract

The changes in the polarization and intensity of phosphorescent
emission from triplet states induced by a resonant time dependent

microwave field coupling magneticISUblevels is described in the

absence of spin lattice relaxatibn._ Specifically, the microwave

field can be used to amplitude modulate the polarization and infénéity .
of phosﬁﬁoréscence from organic molecules or to'fotate thé polarization.
vector of phosphoreséence; In additién, "optical phaée_precession,”
a phenomena closely resembling quantum beéts, is predicted. Finally

the use of adiabatic inversion of the magnetic sublevel populations

to directly measure intersystem crossing is demonstrated.
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Introduction

The optical deﬁection of a radio freqﬁency'resonance in atoms‘ahd
molecules is an area of considerable 1mportance :From the first
experlments of Ferml and Rasettl,l and Breit and Ellett who observed
changes in the’polarizatien of mercﬁry vapor fluorescence under the
influence of'anlapplled alternating maghetic field to the first successful
optical pumping experiments By Brossel and Bitter,3 andiKastler,

‘the methodvcohtinued to provide experimental results on a wide Variety
of problems.- Witﬁ the development of microwave end radio frequency
specﬁféScopy; methods forbdetermining electronlc structure parameters

' sucﬁ as the gefaéfer,'nuclear-elecfron hyperfine, nuclear guadrupole
iﬁteraetion, ete., of molecules in the ground state.became common
plaCe.r Huﬁchinson,s .in a fundamental_experiment, sUCcessfully deﬁected'
the electfen:spin'resohance (ESR) in an excited triplet state of an

. organic moleCule; thus,:provided chemists with avmethod'for determing
excited state-properties of an important class of cempounds. Later,
Geschwindél in a series of experlments opticalkz detected the ESR

of excited.state species in the solid state.

Recently,:the optical deteetion of magnetic resonance (ODMR)
and its accompanying ENDOR in zeeman flelds and in zero field of
organlc molecules in excited triplet states has been successfully
observed bvaharnoff,7 _Kﬁlpam,B van der Waals, eE'§l3,9 and
Harris,leg.gl.lo 'It is generally recognized as.a pewerful method
for bbtéining zero-field splittings, nuclear-electron hyperfine;

‘and nuclear quadrupole interactiqns-of ﬁhosphorescent tfiplet states.
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ODMR may éppear, at first‘sight,'tofbé nere seﬁsitive/than conventional
ESR sincé the_deﬁection of photons requires only ~ 108 molecules
while the detectioh of mdgnetization reduires_~ lO13 molecules.
However, in principle, thié need not be the case. 'If will be shown
.that certain intrinéic properties of phosphorescence may severeiy
restrict the sensitivity of ODMR, even ﬁo the extent that the effecﬁ
vanishes. Specifically, the differencesvin ODMR and EPR arise because
different components of the excited triplet state are being detected
in each methbd. EPR>meéSures the ﬁagnetization of the ele;frons
- magnetic dipole moment preceésing'at the Larmor frequency while
ODMR measures changes ih the polarization and/or intensity of
phoSphofeséencé induced by the time dependent radio frequencyimagnetic
field. Since changes in phosphorescence are being detected in the
ODMR, proper consideraﬁibn'of the phenomeﬁon mﬁSt address itself‘
tq the electric dipole transition ﬁoment between ﬁhe excited triplet
state ahd'the ground singlet statg or a vibration in the ground
staté single£ manifold.

Two questidns immediately arise. (1) To ﬁhat extent is the
‘polarization‘and/or intensity of phosphorescence modulated when the
~magnetic sublevels of the triblet étate are subject to é time
dependent oscillating magnetic field? (é) Is the polarizatipn
and/or intenéity of phosphorescence modulated at_the Larmqr
frequenéj? The following discussion will be restricted to ODMR

in zero field; "It is the purpose of the paper to show in a siﬁple Wdy
1:what explicit"features of the phosphorescence are changed by a time

dependent r-f field and under what conditions interference effects

are manifested in the phosphorescence.

Py

v
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-Discussion.

In general, tﬁe effeCtS‘of first and second order mixing of the
singlet’and tripiet stateébof~a.molecule via spin—oroit and vibrOnic—
spln orblt coupllng are spe01flc for the 1nd1v1dual magnetic sublevels
of the triplet states Thus, each -of three magnetlc sublevels can be
represented by a wavefunction, ¢ » composed of linear combinations of
a triplet, T, and 51nglet states, S . By deflnlng the polarlzatlon, J,
of a s1nglet state as the polarization of the tran81t10n moment .
betweenxan'exc1ted 81nglet state and the ground state s1nglet, SO’
or a Vibratioﬁ.of;thefsinglet manifold, (i.e., < Sng He-R(J) [ 8o > # 0 ;
ué;R(J)_'is the-electrie dipoleioPerator),vthe magnetic SUblevels

of the'triplet'cén be represented simply as:

- o J T L
e S A Geny o @
: ' J:x',y,z v o

where Cg ie.the mixing_coefficient of’Singlet states of‘ J polarization.

~in the ith magnetic eublevel. The coeffioients are'in generai'the sum

of the.coefficients of different singlet étates of the same polarization,
Because of spin-orbit eno electron dipole-dipole ?nterections,

the ,¢i's, will have different energies, _Ei,:.in zero field. It is

assumed_that_the_molecuies'arev"isolated”.and tfanulationally'equivalent.

Natﬁrolly translational hoﬁeqoivalencevand solid state effects will

‘mix the ¢itsi With thesefprelimineries the energies and.anefunetions

ih.the lowest egoited tripiet state and the population, N under‘

steady state conditions in the individual magnetic sublevels are,
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It should be noted that the:processes of ihtersystem crossing,

internal conversion“and,particuiarly phosphorescence depend upoh the
Cg's.” Thus,'they'deferhine, in the absence of spin—lattice reiaxationgj'
the alignment of the lowest tripiet sﬁate, (i.e;, thevnumber of molecules;
Ni’ in eéch of,the“magnetic sublevels). Although the‘phosphoreseent '
.polarization and radiativeJlifetiﬁe of the individuelzﬁaghetic subleveis

are determined hy‘the CJ's, the intensity of phosphorescence depends

i

-additionally upon '~ proper consideration of spin-lattice
relaxatioh and radiationless processes. It wiJl be assumed that the
phosphorescence llfetlmes from the 1nd1v1dual sublevels, %; 5 where L/T ?v

: EE: (C ), are much shorter than the spin-lattice relaxatlon time, T
J

and that radiationless'transitions are absent. The condition Tp < Tl can,

in most molecular crystals, be satisfied by low temperatures, j.e. < 4.2 K. N

l’

Considering only two levels, say ¢x and ¢y’ the time'independent
phosphorescence with J polarization and intensity I(J), is simply
related to the electric dipole transition matrix element between

the states '¢y and »¢y and the ground state singlet, SO'

I(9) ~ v l'<v¢x | “e'R(J-)" S0 ~ ® + Nl <g | “e73(51) | 8> rg- )

The total phosphorescence intensify'from ¢x and ¢y is simply 1l , where
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e 2. o) e ©

J=xX, y, 2

J_Tin all cases"reprééénté.tﬁe p&l&riéaﬁibﬁ of-ﬁhe transition moments.

y  The effect of a time-dependent oscillating magnetic field,

7L((f) ::thngz cos Q%f, Whére Qz'isvfhe‘elgct%o# dipolgltrgn3iﬁi0n moment'operaforﬁ
at a frequency 'ﬁdb ﬁ E¥ia Ey can be easily solved in the'ébSence |
‘of spip—lattice.relantiOn; The result is'té brodﬁdé time dependent

functions ¢¥ (t) and ¢&‘(t);'

| L ifhEt o, ifhEL |

8, (%) = g, cos ¥ H, ¢ e- + i g, sin TH te Byt : (7)

| n . i EL BREY, B T

¢y (t) = 2y CO‘S:Y Hy toe Ey +1ig sin v Hy t e . 0 (8)
“Where. Y Hl is a power factor (v is magnetogyric ratio of.an electron,'v

H., is the magnitude of the rotating ff field) and t is time.

1
‘ Generally speaking EPR treats the magnetic compqnent,12~ T., of
“only.one'time dependent function, say 2 (t), and measures the
magnetization along the x-axis in the laboratory’frame.. ODMR, on the
other hand, must consider thé-singlet character of 25 (t). When
émissign fiom '¢X 'and 1¢Y éahndﬁ be'bptically resolved, both components
% (t) and ‘¢y (t)? must be considered together. The time»dépendent

phosphorescent inténsity of J polarization is simply

(9, ﬁ)' ~N | <g ()] ue-R('J') | S }12 + N | < g, (_fc) | v R(g )v'l Sg > |2 (9)
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and the total time dependent phosphorescence intensity .T(t) is simply:

M(t) = . Z: I(’J',t»)-_. R - (20)

CJ=X, ¥, z _ o . ' Y

[T

Thus, the effect of a time dépendent oscillating magnetic fieid is to -»V
produce a change in the'phosphorescencé polarization, A 1(J, t);
and total intensity, A n(t), given by
AI(T ,8) =1(3 , ) -I(3) C (11w)
CAT(t) = I(E) - W S (11b)
Thevphoéphorescent intensity muét be thought of in terms 6f its
polarized components to properly consider the "phase" factor introduced
by 'hwb-= E* - Ey;' In terms of the singlet mixing coefficients, Ci.,
and populations, . N, 5 equation (lla)éanfbe written as:
n2 g 2 | |
AT(T;t) = {Nx (e + 1, () }_(cos Y HE - 1)+
- S, 2 .
N ()Y + N (cC }sin H.t) + 12) -
{X(y" ,y.(rx) T l) v ( ) : v
_ _ A
J J . . :
{Nx-_Ny } Co Cy s;n 2y Hlt s1n.wbt‘_ \/
It has been assumed that the spiﬂéspin relaxation time, T between

2)

the electron spin states ,¢x and ¢y- is long compared to the power

factor ¥ H, t (i.e., high micfowave power and short times). One can,

1

under pulsed Hy fields, properly ‘consider T

2

13

relaxation phenomenon

and incorporate them into equatibn-(le).
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Result

Many features of=thé effeét.Qf the}?%t) fieldvupon the phosphorescence
can be seen’‘f‘rovmv:'ﬁhi"s's.:'u:n.plif‘iedllF appanch to A (g, t).
| .'(l)} Nb:change:cén:occur.in the'phosphorescent emissioﬁ if
;NX =VN& (i.e.,bfast Tl. proceséés or no selective intersystem crossing).
: Naturally, »Nk and N& can, aﬁlworst, be Boltzmann in ordinary
circumstances.

.“At this point it is instruéﬁive to consider qualitatively ﬁhe effecté
of spin—lattiée-relaxation in'QDMR.: If the spin latﬁicevrelaxation |
ﬁime; :Tl’. betweeﬁisublevels becdmes competitive with the phosphorescent_
lifetime, T;.,_andv radiationléés‘transition from thé triplet are
small, one expects the change in population de/dt and dN&/dt in

gx ‘and »¢y from depletion processes to be

_x. (L. L ' '

-& <T, * x) N (13)
1 T . .
' p

an_ - »

PO B S :

-5 (T + 5 N& , (14)

‘ 1 TP , -

From equation (13) and (14) when T, > T; spin alignmment is maintained

1
and the'timé'averaged (i.é., < cos2 T Hl t > =v<'sivn2 Y H, t > ;-1/2,

< sin @,t > = 0) change in ihtensity < AT > is large,

1

0]

_ ., VS | . :
<AT> = (“Y‘T“}S)(}f"‘l‘) | . (15)
T _’ty
. p P ‘ .
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On the other hand, when the populations become controlled
< . . s E )
by Tlva1a Tl Tp PR Boltzmann distribution between P .and ¢y

is rapidly established. . In this limit, if the sublevels are

saturated:by the application of the microwave field,v< AT >‘is,only:

N e
<AT> =—2-Y(1V- e"AE/kT) -.(—1—-

T4
Y

<) @
Tp :
Tt is clear that very low ﬁemperatures are needed to achieve‘any
B appre01able change in the phosphorescence. | | |

It mlght appear from equation (16) that a small populatlon
difference determined by Boltzmann conditions would always prevail
when Tl < T; and~therefore, provided T; were diffenent from f%
either in polefization or magnitnde, the ODMR effect’wouid always
be observable élthough comparatiﬁely weak. Indeed this is true provided

the T, process is assoclated with a thermalization of '¢x and ¢y

1

.by phonon interactions such as _Raman‘,15 Orbachl6 processes or

even spontaneous emiSSionfrr hetween 2y and ¢y. HoWever, if a-fast
effecfive Tl occurs via a nonthermalization.process such as exiton‘

' hop'p.i'n:g in .movlecular exiton bands one canv conceive of an equal popuiati‘on :

distribution. Consider fhe case of phosphorescence from an triplet

exiton band where the phonon contributions to Tl were long compared

to 1. . If,the'exiton exchange were associated with the translationally

equlvalent molecules in the crystal,spln allgnment would be maintained _
in the ex1ton band since the exchange interaction, (l/r ), is totally
symmetric. If however, exiton exchange were associated with the

“translationally nonequivalent molecules in the crystal, the spin state

of moleCulev i would be redistributed to other spinvstates of molecule J

depending upon the relaﬁive orientation of i 'and J when tfiplet

exiton exchange occurs between the two molecules. Consequently, on the
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time 3céle of an rf or microwave frequepcyvthe pépula#idn NX and Ny
could appear‘equal even with exchange interaction as small as ~ 1 ———
- Under these conditions neiﬁhér‘ODMR nOf ESR would be.detectablé and it
would be necessary to réiSefthe-tempefaﬁufe*(>'2 - 4.2 K) to ensure
that the Orbach:usor Raman16frelaxation procésses'wefe faster thén the
T;'S-‘
| Finallx it is interéétingvto note that evénvin doped molecular
érysfals or in trapping.éités‘of "pure" mdlecular crystals N . .may
vapproéch' N& if.energy is tranSferred from‘the host to the guest via
host e#itén bands?ﬁsNaturally, exactly equal pobulationére@uires rathef
specific ofientations Eetween ﬁolecules‘in the exiton band. .Iﬁ this
case the alignment ratio Nk/Ny would be concentration dependent.
Séecifically 'Nk/Ny would'approach ﬁnity.as the guest concentration
is decreased. Whether ESR or ODMR would be more sensitive in
i,

detecting exiton interactions wéuld then depend upon the Tp s.

nDifferences in fhévmagnitude and polarization between the T;‘s and
§hort phosphorescenﬁ lifetimesvwould favor ODMR while'equal T;'s
and long lifetimes would favor ESR.

(2) No change in the total phoéphofescence,-‘A I(t), is predicted
if ;g: (Ci)2 = :%: (Ci)2 . Another way of expressing:this is to
say: when the rate constants fér phosphorescence from g Iand ¢y
are équal, hoichange in the total'phosphorescent intensify is expected
under J%{(ﬁ). Thebvanishing time averaged‘ihténsity; < A I > is
given in equation (15). |

Althoﬁghvthere may be ndvqhange in the total emission, it ié:§till
possible to see changes in the polarized components if the polarization:
of gy is different from ¢& . Indeéd, in ﬁany éases, greatgr sensitivity

in ODMR can be expected if changes in the polarized components of the

phosphorescences are detected from an oriented singlet crystal.

bl
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(3) In the limit of high spin alignment‘(i;e.; N& > N, three
Ainferésting,phenomenon are predicted. (a).‘in ﬁhe appfoximation that
'.Ci equals zero'for all poiariiationé‘(i.el, ﬁo phosphorescence froﬁ '
the &, ‘sublevel), the phpsphpreséenceffrom v¢& would be amplitude
2 »
ffom ¢y , then plane polarized phosphorgscence would be amplitudé

nodulated as cos2 v H If in addition the light were' J polarized

modulated by cos2 Y Hi t. Tt should be noted that the power factor

Y H, is an experimentallyvadjustable field; thus, the frequency

1 .
of modulation could be varied. (b) If Ci = Ci (54 J) and

" n L . - L
i = Ci =0 (3'#4 J, J')(i.e., phosphorescence from g, and ¢y- has
J and J' polarization respectively and the W

C

‘s from ¢ and.
X .

¢y are equal), then ﬁhe»planevof polarization in phbsphorescence is

rotated at a frequency v H (c) Intermediate cases between (a)

1
and (b) result in ellipiticél components of lightArotating at 'T Hl'
(4)  No modulation effect at the Larmor frequency; @y 5 is

preaicted unless éinglet states df the same pola?ization are mixed
into boﬁh magneﬁic sublevels ¢x and ¢y « If singlet states of the
'same polarization are mixed into both 2. and' Ay and N # N& ,
Lan- "optical phase pregession" occurs. Uhder pulsed Hl fieldé _ '
gnd "optical phase free induction decay" and.an "optical phése echo" .
'bare predicted at a frequgncy. ab . Both.of these phenomena have

analogies in other areas. 1In magnetic resonsnce free induction decay

o o1
and spin echo's are well known to result from a dephasing and rephasing

6£'the magnetization. In optical spectroscopy ai"photon echo' has been

observed and explained22 in terms of the oscillating electric dipole's

phase coherence associated with optical exitations. . The phenomenion
"optical phase precession" is different in so far as it resulis rom

the constructive and destructive interference of the admixed sir =~ is

20
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polarization at a frequency (Ex - Ey)/h . In this respect it is

. . . 2 . :
analogous to quantum.beat_experiments in fluorescence 3 and the

' ! ) : : el‘l'
fluorescent modulation induced in the Hg atomic emission by

??4(t) fieldsi

- (5) No change in the time averaged. intensity of a polarized
5 S o

component J occurs if 'Cx = Cy . This is the case where singlet

states of the ssme polafization are admixed equally into ¢ and _¢ .
Under these conditions equal phosphorescent rate constants of the same
polarlzatlon from these levels WOuld result, and only the Opthdl
phase precession" would be detectable.

(6) Adiabatic_inversion of the population‘vN% and"Ny ‘between
levels ¢, and '¢y is predicted if the power factor T Hy ~and the
time duration of the applied field, t , are adjusted such that

27 Hl t = % 'In magnetic:resonance this is commonlyvreferred to as

adiabatic inversion with a 180° pulse.gsr Tn a zeeman spin system

when a short intense rfvpulse'is applied, a necessary condition for

inversion is that Hl greatly exceeds the local dipolar field.

This insures that all spin in the ensemble are prepared identically

in the time duration of the pulse. . In zero magnetic:field an -

n 26

integer spinssystem such as‘triplet‘states experience ' spln-quenchlng .
In other words the magnetic dipoleQdipole coupling of foreign spins
with the ensemble of zero field triplet states is reduced in much the

same way as electron orbital angular momentum is quenched in

paramagnetic_ions.ef The result is that the triplet state molecules

see a greatly reduced looal dipole field, the line width in the-zeno
field EPR trdns1tlons are relatnvely narrow; consequently, adiabatlic

inversion of the zero field levels can be accomplished w1th smaller Hl

flelds. ~An addltlonal and less restrlctlve way of producing adiabatic

28
inversion is the rapld fast passage method 2% 1t91s known that the zero
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field Hamiltonian'can be transformed to effective zeeman Hamiltonian
in a frame of reference térmed‘the "interaction representation.ﬁ30

'in this_representation a magnetizatibn’is definable and it corresponds
to the alignﬁent of the spin state in the laboratory frame. InverSion‘
of the magnetization in thé‘interactioh representatioh is anaiogous

to pépulation inversion insﬁhe laboratory frame. The condition for
inversion is Qhat'the tiﬁe derivative of'the ef'fective mégnetic field
be sufficiently large that

1
. . - . . oies. 25 .
inversion occurs faster than spin lattice relaxation:” i.e:.,

be less than (v ng) and that v H

2

dpp/at | <<x H

> (rupt | B | a8

Thus, an upper and lower time'on the time'required for inversion are
= 1 gauss. The time through
7 . ,

established. For a rf field Hy

resonance must.belenger than about 10~ 'sec'and Tl' must be ldngerv
than 10f8 sec. Both of-these‘COnditions are,easily_obtainable ét
liquid He temperaturé.

| Adiabatic inversion via fapia fast passage can be used to ﬁeasure
directly the process,of intersystem crdssing.v Consider,fdr.instance,
the situation where intérsystem crossing because 6f Selective,spin
_orbit éoupliﬂg occurs predominanfly'to-one mégnetic sublevel, say‘ ¢y
and the (0, 0) and (O, vibration) phosphoresceuace have their.brigin
from‘ @x.:and ¢y respecti&ely. This ié basically the prevailing
conditions. found in 2,3 dicﬁlorqquinoxaline'doped in durene3l‘or
tetréchiorobénzenaat 1.6 K and is represented in Figure (1) where

the (0, vibration ) is (0, -260 cm-l). If at time, t = ¢,

(a7)

A

the exciting light is



Co-13- UCRL-19693 =

turned off and the popnletions'between ¢# and. 7, are‘inverted via
rapid fast passage in the forward direction (i.e. , dH /dt = posxtlve)
the phosphorescent intensity in the (O 0) band w1lJ go from N /T

to N&/ ‘while the (0, v) emission w11l go from N&/ ¥ %o N%/

At a later tlme t, where (t -t ) << Tg and Tg , the direction
of ‘the microwave sweep is reversed (i.e., eff/dt = negative) the
populatlons will be inverted again and consequently, the (0, O)_and

(0, v) emission will neturn to their values at t,. If incomplete

0

inversion occurs at t = tl and- t = t2 the emission at té will not

return to the t = 0 value but rather to the values:

[I(_vo,. O)J' ;2 _ -,_N.;; 3(1 - _f)‘2v.+ fez + ny zzf(l - f)gol/_i o (19)

i -

-_[I(o, 10 =‘ ] yg(l - f)'e + fef + N §2f(l - f)z "/T'; | (20)

where f 1is the fraction of inversion. It should be noted that
'saturation'of the levels (f = l/é) results in 110 chenge’in emission.
at t = t, ‘since the levels ere'eqnalized at t ="tl;;
If the same sequence of_events is_repeated in the presence of
exciting light and inversionvis complete'etk ty ‘and ~t2, |
lPhosphorescent intensity atv_tz is expected_to be*different from the

the

steady state value at t - because of ihtersYstem crossing into %y'

o
Flrst the 1n1t1al Ainversion at t1 produCcs a populatlon

dlstrlbutlon different than that at steady state (to) 5 thus, the

system will respond to achieve a new,steady state*condition.

Spec1flcally, an addltlonaJ populatlon will build vp in ¢ via

1ntersystem crOSS1ng, (1sc),at a rate proportlonal to the intersy:ztem

1sc

' . -1 ‘
crossing rate constant [%Y ] . Consequently, in the time durat: .n (t2 -t

ISC

a population, N =~ (t,. = t.), dependent upon f¥ and (tn - t.) > lds

N



Sl | ~ UCRL-19693
up in %;- When the system is subjected to inversion at t2 the

phosphorescent intensity in the (0, O) and (0, v) bands will then be

Lo, o) (o <) o [B& G5 (v - tﬁ}/g’f @
! Jo, Lx 7y -
Lo, v (o=t = /%

L - g

L

. From such experiments3l one can ascertain the selectivity of

intersystem crossing and the relative rates or intersystem crossing
. C i j
ratios T, /T?
isc’ isc

¢i apd ¢j.

Wherei i and are the different spin sublevels
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Fig. 1. Adiabatic inversion scheme via rapid fast passage to measure
- intersystem crossing in 2, 3 dichloroguinoxaline.
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