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Optically Detected Adiabatic Inversion in Phosphorescent Triplet States

and the Measurement of Intramolecular Energy Transfer Processes’

, by
C. B. Harris+ and Robert J. Hoover

Department .of Chemistry, University of California, and
Inorganic Materials Research Division, Lawrence Berkeley Laboratory,

" Berkeley, California 9L720

Abstract

The theory and observation of microwave induced population'inveréion
wiﬁhin triplet magﬁetic suble&éls in zéro field are preseﬁted. It.i$‘
shown'that invgrsion via adiabatiq fgst passage can be measured quanti-

. tatively by changes invtriplet phosphorescence and that population in-
vefsion-éaﬁ Be‘accomplished easily anq with microwéve field strengﬁhs
even»l¢wér fhan are required for saturation.v Earametgrs affectingvthe
ébilify to invert the sﬁblevel populations such as dipdlar.intéracticns,
microwave powér and Sweep rates are studiéd. ‘General equatiéns reléting
the intensity‘of phosphorescence and the fraction of inveréion to

T Alfred P. Sloan Fellow
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pérameters associated with energy transfer processes into and from the
triplet state such as intersystem crossing, radiative and radiationless .

relaxation are derived and measured for the “nn* state of 2,3-dichloro-

quinoxaline. Ad&itionally, fime dependent ﬁineﬁic equatiéné‘which
relate phgsbhoréscence inteﬂsity'changes to %hemmicrbw;ve fieid and
energy traﬁsfer-paraméters are derived. From these, the quantitative
effects of the'microwavé field-on thengggg; ground'and exéited singlet
state pbpulations'and the lowést triplet étate population are determined.
Finally,'utilizing these results a ne& method for measuring absoluﬁe
interSyStém croséingvrates aﬁd qﬁanﬁumvyields from méésﬁrementé of micro-

wave induced changes in fluorescence is outlined.
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I. Introduction._

Optically detected magnetic resonance (ODMR) in zero field provides
a powerful technique for investigafing many_aifferent prdperties of aromatic
and azaarOmatic’molecﬁlesbin their trip1et states.l’2 A few parameters
assoéiaéedeith‘electron distribuiidns in excited triplet states such aé
the zéro-field splitting'of the'magnetic sublevels, the nuclear-electron
‘ hypérfine and nuclear quadrupole coupliﬁg constants can be determinedv
from an analysis of the fine structure in the EPR transitions? In addition,
techniques have evolved to determine other properties of the triplet state
‘such és fhe rates andvroutes of intramolecular energy.transfer}’3Specifically,
the intensity and pdlarization of“phosphorescence can be modulated_by con-
" necting the ﬁagnétic‘éubleVels of fhe triplet with a resbnanﬁ ﬁicrowave

L

field. Analysis of thesé'changes makes it possible to detefmine the

relative rates:bf intersystem‘crosSihg into ‘the individual magneticvsub—

: in addition to the radiative and radiationless decay rates from the sublevels
levels/to the ground state vibrational manifold. Several techniques have
beén deVeioped to accomplish these ends. One, that described by van der
vWaals and co-workers,3 relies on the fact that in many phosphérescent
triplet states the total depletion ratev(radiationless and radiative) from
the indi#iaual maghetic sublevels are sufficiently different so that'ﬁhe
population of one or more of the leveis will be depletedvmuqh faster than
the others‘upon extinguishing the exciting light. As a result, if‘a
saturating micrqwave field equalizes the populations of two: of the magnetic
sublevels at vafious times aftgr the exciting source is removed, population

is transferred from the slower level to the partially depleted faster

level resulting in a perturbatioh of the decaying phosphorescence intensity.



on
B& analyzing.fhe phosphorescence decay with and without the microwave
perturbation the éuthors are able to effectively tiﬁe resolve both the
~pre-equnentia_.l and exponential terms of the phosphorescence decay. from
all thréeléf the magnetic sublevels. The sum of.the radiationless and
radiéﬁive decay rateévare given by the exponentigl rate cénstants-while
the rélative\rates of intersystem crdSsing are reflected in the pre-
exponential factors. A éimilaf method:has been reported by El-—Sayedl
in which the microwave field is left on during the full -duration of the
phosphorescenc¢ decay. In addition, El-Sayed has develépea a steady
staté techniquel utilizing continuous microwave saturation of the magnetic
sublevels and‘continuous optical illumination. By using the stéady state
approximatioh in the quantitative interpretation of changes in the
intensity of phosphorescenge induced by the microwave field he is able
f§ ob@ain the same rate constants.

Common to the above fechniques are the éssumptions that spin lattice
relaxétion between the magnetic sﬁblevels is negligible and that satura-v
tion of thevsublevels by the microwave field can both a). be'achievéd, |
and b)_dOes not cause adverse effects such as heating or more :subtle
perturbatiqnsJassociated with strong rf fields. An additioﬁal:assumption
implied in the steady state approximatioﬁ is that the bopulations of the
excited singlet states are independent of any microwave perturbation.

A third method has been_outlinedu for the measurement of the relative
rates of ihtersystem croésing; hpwever; the details have not heretofore
been presented. This method relies on the fact that inversion of the .

magnetic sublevel populations by adiabatic fast passage can be accomplished
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with low microwave power and, more importantly, the fractioﬁ of inversion
can be quantitatively measured{ The virtue of this technique is that
the population inversion can be appiiedvundef a variety of experimsntal
conditions. Indeed, it can be used to elimiﬁate the assumption of
complets saturation in the decay techniques and steady state methods.
In Fhis way itvéaﬁ alss be'ussd‘tb measure:all the salient rate constants.
It should be'pointéd out, however, that the adisbatic inversibn'method
does not provide anyradditional new information beyond that obtainable
from the other techniqués but rather should be considered complimentary
tovthém.‘vThe.usefulness and accuracy of any one technique depends |
impliéit;y‘upon thé‘detailed interplay of all of the rate constants of
the specific molecule under ihvestigation; o
In.thevfollowing sections of this paper'fhe.theory and observations
of adiabatic inversion of the tripleﬁ magnetic sublevel populatisns in
zero field sill be presented. Next, the application of adiabatic inversion
to the determination of all the rate procésses assOciated»with»a phos-
vpphorescéht triplet state will be developed and applied to the triplét
ﬂn* sﬁate of 2,3-dichloroquinoxaline doped in tetrachlorobenzene. Finally,
' equations for thé transient bshavior of phosphorescence ihduced by a
microwavé field will be developed. From these squations the manifestations
of ﬁicrowave induced excited singlet state‘populétioﬁ changes resulting
froﬁ saturation effects will be discussed in the context of measuring
magnetic resonance interactions via flﬁorescencs (as oppssed to phospho-

rescence) and the measurement of absolute intersystem crossing rates.
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II. Optically Detected Adiabatic Inversion in Zero Field 7

In order to simplify the‘discussion of adiébatic inversion for a
molecular triplet state in zero Tield in the presence of a linear polarized
microwave,field conhecting two of the-three'magnetic sublevels we begin
by transforming the spin Hamiltonign from the laboratory frame into an
interaction reprgsentation in.whicﬁ‘the spin Hamiltonian reduces to a Zeeman interi
vaction. In this representation adiabatic inversion of the magnetization

will be equivalent to population inversion Of-the'magnetic sublevels in

the labqratory frame. Specifically, consider a total HamiltOnian;.HT,

composed of the spin-dipolar zero-field Hamiltonian, Hss,band é tiﬁe
dependent rf‘Hamiltonian, Hff, connecting, for example, the Txrand Ty
magnetic sublevels. In the laboratory frame such a Hamiltonian has the
form '

H, = H__ - EYthﬁ;z cos wt - (1)
where 'rH; is the magnitude of the rf field, 1 is the magnetogyric ratio
of‘thevelectron, w is the rf frequency and §Z i$ the magnetic dipole
transitioﬁ moment operatpr. The ?roper description of the spin system
in the iabdratory.frame is given by the time dependent'dehsity matrix,‘
p, where

5 = i/n lo,ul. L - (2)

In the interaction representation the appropriate description of the

spin system is again a time depehdent density matrix p*,_where

ot = U, 3

and



the unitary transformation U connecting the laborétory and interaction
representation is given by

U = exp(iG(t)/m), | (%)
and the Hamiltonian, H¥*, associated with p¥* satisfies the following

equations:

UTHU - (dG/dt)* e | | '(5)

px i/n [p*,H¥]. o (6)

The inﬁeraction representation can be viewed as a unitary transfor-
mation of the laboratory frame which removes the zero-field Hamiltonian

provided the transformation matrix U is explicitly defined as

U = ‘exp(i HSS‘ t/‘ﬁ). - (7)
Therefore it is clear that

H* = —Eiji/ﬁ cos®t U_lézlL., : - (8)
and is nonsecular unless ® = (E#—Ey)/ﬁ where E_ and Ey are the appropriate

eigenvalues of the zero-field Hamiltohian, H If we consider only a

ss”’
_ resonant microwave field then the interaction Hamiitonian becgmeé secular
in first ordef at resonance and has thé form of a Zéeman Hamiltonian in
the rotating frame. Thus
H* = -aAvH§, , = (9)
‘where the effective field YvH; causes a "pseudo" magnetization to process
around z. Stated in-simplest terms, zero-field mégnetic resonance of a
triplet.state can be viewed as that of an integral Zeeman spih system in

its rotatingvcoordinate frame.
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The clarifying feature of this approaéh is that the motion of the
magnetizétion in the interactiop'representation is équivalent to the
dyn&hicsvof the/zero—field alignmgnt of the populatigns associated with
the magnetic subievelé in the laboratory frame. For ihstance, it is
well knéwﬁ ﬁhat the magnetizatiqn of a Zeeman.spin'system can be inverted
.adiabaticaliy by several methodé. Ohe, that'using n pulses, réquires Hi
fields that exceed the loéal dipolar field in order td insure that all

spins are identically prepared in the time duration of the pulse. Another,

adiabatic fast passage, follows directly from the adiabatic theorem which
states that if the time variation of the effective field Heff (in the

present case He = YHi) is slow enough, then the magnetization will

£t
follow the instantaneous effeétive field in the rotating frame. In
addition, however, fhe conditions fdr fast passage in solids are deter-
minéd in large measure by the local_fields seen by the spin system. The
presence of a dipolér.spin system different from that associated with the
resonant spin produces a local field, AHzoc’ which, through magnetic
dipble-dipqle interactioﬁs, essentially adds to the effective field.Heff.
If these local fields vary then the magnetization wili follow the

resultant field He + AHz§c5 so unless the local fields are much smaller

f
than the'effective-field and unless adiabatic inversion of the magnetiza-
ti§n occurs faster than the relaxation time , adiabatic inversion will
be inéomplete. Ofdinarily, adiabétic inversion is at best difficult in
solids in high magnetig fields. A triplet state in zero field would not,

however, be subject to the same restrictions as a spin

system in high fields. The local dipolar field as seen by
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: _ in the absence of an applied magnetic field.
the trlplet states is expected to vanlsh in first order/ As a result,

the contrlbutlon of the dipole- dlpole terms to the linewidth vanishes
and,adiabatic inversion of the magnetization in the rotating frame or,
equivalently; pepulation'inversibn of the magnetic sublevels in the
zero-field laboratory frame may be expected to occur at reasonably low
Ha flelds The reductlon of the local fleld_as seen by the triplet spin
1system’5— dipolar quenching -- can be understood by anaiogy with the

5

- - well-known quenchihg of'iﬁtegral nueleaf spihs in Zero.field or the
quenching.of integral orbital angular momentum bf'electronic’states;
Speeifically, in the interaction representation the dipolar Hamiltonian
contains only non-secular terms when no degeneracy associated with the
in first order

spin eigenstates exists. 7 Consequently//the coupling of the local dlpolar
field to_the integral spin system vanlshes in zero field. Applied to a
triplet:state in zero field, this'meaﬁs that when the molecule possesses
anvasymmetfy around the.principal'zero-field tensor axis (i.é.; the
itriplet has & finite E value) it.may not te'unreasonable to expect.
adiabatic inversion of the magnetie sublevel populations to occum at
- lower Hiy fields than are necessary for saturation. Indeed such has been
observed in the phosphorescent tripiet ek etate‘of 2,3-dichloroquinoxaline
‘and other nn* aﬁdvnn* aromatic triplet states. |

The exﬁerimental detection of ad%abatie inversion in phospherescent
triplet. states by optical means, i.e}, monitorimg the phosphorescences as
a_function of the microwave field, is relatively straightforward when

_rate'processes associated with the individual magnetic spin sublevels

'arevexplicitly considered. It i1s well known that spin-orbit  coupling
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is selective for each of the triplet magnetic sublevels and thus quite
_often their radiative and radiationless rate constants differ in magnitude
and/or~polarization and theirhrelativevpopula%ions can be quite different.
This means that' vchanging the popuiations of the individual @agnetic
sublevels with a miprowave field _céuse; a change in the phospho-
rescent emission. »Considering the intensity of emission from thé magnetic %
sublevels és_propdrﬁional to the rate times the pépulation of the sub-

levels, the emission intensity to a particular vibronic level, I, is

ﬁhere individual magﬁetic sublevel radiative rate constants are K; and

the instantaneous populations are N;(‘ If a microwave field is.adiéﬁatidally
swept through an electron spin transitioh; gay Te ™ Ty’ a certain fraction
f of the population is transferred from One.spin sublevei ﬁé thé‘other and
vice versa, while a fraction.(l—f) is unchangéd. This ﬁeans that the

population in the sublevels T and Ty after inversion are

. o . ° o .
N, = (1-f) Ny +f o (11)
-] o ’ 7 E o .
N& = (Jff)'N& f ffo - ) (12)
while T, remains unchanged. Consequently the intensity of phosphoréséence ‘<

after inversion becomes

) L - Kx[(l-‘)N; , N;] +_Ky[(;;f)m; + £ ]+ KN (13)

-



If the microwave field is swept thrqugh resonance a second time at a
- time T after the first passage and if 7 is short compared to radiative and
radiationless relaxation processes, the poPulatibn can again be altered,

i.e.,

N, = [l—éf+2f2]N; + [Ef(l-f)]N;‘ | (1)
N, = [;-2f+2f2]N;,; [2f(1-f)]N; , (15)

and the phosphorescence intensity again‘changes to a value I> where

I» = Kk[(i-2f+2f2)N;-+ 2f(l—f)N;]-+ K&[(l;2f+2f2)N§

. - (26)

+ or (1-f)Ny 1 + KN

Using Equations (11-16) it is obvious that f, the fraction of inversion,
is simply related to the measured phosphorescent intensities and is
‘independent of both polarization effects and the populations.assoCiated

with the 7, sublevel. Thus the above equations yield

£ o= 1 -’%‘[%f{%fﬂ_ . \:(17)
:It should be hoted that in the eveht saturation is achieved, f = % ;
andvthe phosphorescence intensity ié un@hanéed by'thé secbnd ihversipn,
that is, T1 = Ia. | | |
The above sequence is illustrated diagrammatically in Figure ia'and
“experimentally for 2,3-dichloroguinoxaline in Figure 1lb. .The detailsvbf
Figure‘lb are givén iﬁ the'experimental section. Figﬁre lb‘illustrates

LA

an obtainable f factor for adiabatic inversioﬁ via fast passage of 0.86.
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' The lack 6f a.lOO% inversion is probably in large measure due to thei
eonsequences of forbidden simultaneousfnuclear—electroh transitions.
It is kﬁOanythat the zero-field trensitibns Qf 2,3-dichlbroquinoxaline
eonsists of a manifold of states spiit By the N** muclear

hyperfine amd Ni% nuclear quadrupole interactions. 1In the present case
in addition to sweeping throughout the allowed transition we were forced,
beceuse_of‘resoiﬁtion difficulties, to sweep threugh Several simultaneous

1% 2nd electron spin tranSitidns which have low (~107!) transition

N
moments. Consequently, the f factor is reduced from whet it would be
in the absence of these forbidden transitions. In all likelihood the
electron-only transitions would have f's close to unity.

[Figure 1]

The ease of obtalnlng inversion points out the importance of dipolar
quenching. This can be understoed more completely from the conditions
imposed by the ediabatic theorem. For complete inversion'of the megneti-
zation (or in the laboratory, populatlon) in a system of free splns, the

relatlonshlp between the applied field H in the presence of a radio-

frequency fieid of frequency w and magnltude Hy and local dipolar fields,

AHﬂoc are
. . Lo o g2 : (18)
dt dt ,
> . ‘ v ‘
o> | (19)

Equatlon (18) is the adiabatic theorem and insures that. the magnetlzatlon
is always aligned along the 1nstantaneous total field HT HO + H,. For
a real spln system an addltlonal requlrement must be met. The adiabatic

inversion must take place in a time short compared with any relaxation
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proéesses in the spin system. Thus if 7 is the time required for passage

through resonance, then™®

T~ Hio gﬂo <Te < T, (20

_ where Tliand T> are the characteristic longitudinal and transverse relaxa-
tion times of the system. In a coordinate frame rotating about an applied

field Hy at a frequency w,

W
HT = HO + 'Y- (21)
dHr = dHg + 1dw (22)
at a  radt . T
In zero field, g%m = % g% s thus, adiabatic invérsion can be accomplished

by changing @, the frequency of the applied RF field.

As was‘méntioned above, large fractions of inversion (> 80 per cent)
are relatively eésy to obtain. In an effort to determine the bounds of
some of the quantities expressed in Equations (18;205, a study of thé
inversion factor as a:function of Hji andnggz'was made. A plot of f vs.
dHT/dtv(of rather dw/dt) is showﬂ in Figure 2. For theéeimeasureﬁénts
the origin of the,2,3-dichloroquinoxaline_phosphorescence was monitored
Whiie swéeping the applied microwévé'frequency through the 1.05 GHz.
resonance at various rates (0.1 to 40 milliseconds per 16 MHz); and

using Equation (17) to determine f. One_watt-of rf power was used;
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however, the éctual-power delivered to‘the sample was probably closer to
0.01 w; which corresponds to a field strength of approximately 0.1 gauss ..
at the éaﬁpie.ll The important fgature df_Figure 2 is that adiabatic
inversioh can be accomplished»with,very long sweep times. A rough

estimate of Tz can be made utilizing Equation 20, i.e.,

To 27 H, | |
== >
FANH Ay ? : ' ' (23)
where a frequency Av was swept through‘in a time At. For Hy ~ 0.1 gauss
and At = 40 ms, Tz > 1072 sec. This result is at first sight surprising
‘since the EPR linewidths are ~1 MHz, which implies Ts ~ 1076 sec.
However, the Tz in Equation (20) is the homogeneous Tz, while the line-

width is a sum of both a homogeneous Tz and an inhomogeneous Tz2*, i.e.,

ND = % + Téi . This result is qualitatively consistent with guenching
2 > : , ,
ofvdipolar coupling for integer spin systems in zero field. The quenching

’ A

can be removed by the application of an external magnetic field.
study of the fraction of inversion as a function of an external magnetic’
field ShbWéd that f was reduced as'anticipated from 0.93 in zero field

td 0.5 in a 200 gauss field. To obtain another measurerof T2, one can
estimate.AHEoé via the condition implied’ﬁy Equéfion (19)ﬂ ‘Figure 3b

shows avplot of‘f vs; applied microwave power. Full power (O dB) represehts
an rf field (H)) of apprbximately 0.05 géﬁss. At appréximately 10 4B
atténuation (H1 = 5 x 102 gauss) the inversion factor has been reduced

to 0.5 (i:e., saturation). This implies iocal fields less than ~5 x 107~

gauss, or a Tz longer than ~lO'4usec. This is in qualitative agreement

with the aforementioned results for the dH/dt study.
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[Figure 2]
[Figure 3]

’
The above data indicate that sdisbatic imversion is, in general,'.

easy to accomplish ahd consequently, as will be shown, it can be useful

as a technique‘for determining triplet'state ?ardmetérs. In the»foilowing

sections equations are derived which show how relative populations apd

intersystem crossing rate,consﬁants for the magnetic sublevels éan-be

obtained from optically detected adiabatic invérsion experiments. The

method is then applied to 2,3-dichloroquinoxaline in tetrachlorobenzene.

III. Determination of Triplet State Parameters

from Adiabatic Inversion Experiments

1. General Equations

The determination of the relative populations and intersystem cfbssing
ratios ofbtwo triplet sublevels follows directiy from Equations (10-17).

. Since the fraction of inversion, f, is détermined via Equation 17 from a
meésuremént of Ios Iy apd I, oné must.determine.populationvratios using
only Io and Ii or I, and ie: to avoid mathematicai redundaﬂcy; Having
determined f by Equatién 17, fhe ratio»of Equaﬁions 13 and lQ yiélds for

. population ‘inversion of the x and y sublevels

X,y ey O PRCY o Pe)
Xy - I i K),c[(l f)Nx b f Ny] + Ky[(; f)Ny + f Nx] +‘KZNZ »_
A TX,y - . o o 0 (24)
17 KN +KN +XKN :
o] - X X Yy Z 2z



-h-

where the superscripts indicéte'whiéh'two leveis were inverted. There

are three such equations, one for each of £he three zero-field transitions. -
Equation 2L contains six unknowns in addition to f; these are'Nz; N;,

NZ, Kx; K.y and KZ. Therefore,>for the most general case in which all.

three sublevels emit to the vibronic level being monitored, information

from inversion experiments alone is insufficient to determine all param- - v
eters. .However, the ratios KﬁNg/KiNg aﬁe obtainable f;omva decomposition

of the phosphorescence decay curve. ‘These ratioé.combined with Equation

24 are sufficient to determiné ﬁhe relative triplet-sﬁblevel populations.

For many triplet states not all of fhe magnetic sublevels are active to !
all vibronic bandé. In such cases the equations become simpiified. For

a case where only one of the levels, savay, emits, Equatian 24 reduces to

. (o)
| Ky[(l-f)N; + £ N]

X .
Vo= Y . (25)
KN '
yy
Therefore,
' o
_:N—Xl _ )\.xy'i'f-l . : . (26)
o f ’ '
N
¥y

and the population ratios are obtainable solely from adiabatic inversion
measurements. In another speclal case where T, and Ty emit to the

monitored optical band, it is easily shown by defining € as

Ix’y . . . -
R <A o - (27)
- Il

that
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x __ [etr-2r-2(1-r)n ]2 o
= =.a = v (28)
° 1-2f+er-2(1-f)) > ,

Yy ) :

and | ' : :

Xy 1-f-M)atf 1 (29)
K_ MI(l-a)-1 ° o ‘ .

Thus'adiabatic:inve?sion'data>Yield both population ratios aﬁd the
radiative rate constant ratios for the two levels connected by the
microwavé'field. The number of possible comﬁinations of rate constants
ére too.numerous to analyzé individually; however, the method outlined
abové can be modified to accommodate other cases.

The abo?e.techniQue assumed that the time betweeﬁ'inversions,,r,
. was smali.cdmpared with the triplet state deaétivation rates. - It is
not necessary'to:limit 7 in such a manner (except to determine f.accuiately).
Genéféi.equations can be wriﬁten to cdhsider exPliéitly ﬁhe deéay processes
which résult'from distufbihg the steady state.i This approaéh expresses |
the popﬁlation of level i as a function of time and is given in the

following equations:
N (8) = [N§~- Ni] et 4 w§1 o (30)

‘where N? is the population at t = 0O, Ni is the'equilibrium population at

t o= o (N§,= 0 if no exciting light is present and Ni =:N§s

, the steady
state equilibrium population if-excitihgxlight is present) and ki is the
total decay rate of level i. TFor example, if N; = Nis (i.e., the

excitingviight is left on), then for a case where Ky §C>KX,KZ,:and

inverting levels Ty and T

"
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: . SS ssy  .88] -k t s
Xx’y(t) KY’{[(l-f)Nf' * fst( ] - le’ }e ky * lef ] (31)
KNS |
Yy
R | I A (32)
N,

when inversion is performed at t = 0. Equation 32 reduces to Equation

26 for t = 0. Equation 32 can be expressed in terms of logarithms as

: Nss _ - _ |
lnl" COLES (RN e S -y (33)
ot N o

, y ' ‘
| . NS |
A plot of Equation 33 gives the values k_ and —%E more accurately in
certain cases since orcobtains many points as a¥function of t.  Values
for the steady state population ratios combined with triplet sublevel

decay rates yield intersystem crossing ratios since

N k;_E k
N k k :
p'e p'e y

where the k are the apﬁroprlate 1ntersystem crossing rate conutants

A general requlrement of the adiabatic inversion technlque is that
there be a reasonable population d;fference between the two levels belng
inverted since the change in the optical éignal is proportionalvto N-—Nj.
This technique is apnllcable in any case where saturatlon experlmento are
useful and should be more sen51§1vc. In the next sectlon we apply the

'adiabatic fasl passage populatioh inversion technique to 2,3~d1chloro-

quinoxaline in a tetrachlorobenzenc host.
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2. Applicatioh to 2,3—Dichloroquinoxaline

: The‘bptical and microwave'spectra'of 2,3-dichloroquinoxaline doped

in durene havé been analyzed by El—Sayed'gE 3&.1’13

and Harris et 2}.9
respectively. 'Thé'coriespondingvspectra in a tetrachlorobenzene’host are
only_slightly different. .The'zero—field level ordéring and splittings

| are;shown in Figure b, Phosphofescence.decay cﬁrvesvweré obtaiﬁed by
‘monitoring cither the origin (4679 &) @r the band at h739 X (0,0-260 cm~1).
-Both bands aecayed;as single exponentigls with deéay yates of 5.77 sec™
ﬂand 7.13 séc'l-respectively. This is consistent withvthe results in a
durene hosts ™ the 0,0 band originates from 7, .and the 0,0-260 cmfl band
originétes'from Ty. A small amount of emiséioh (~5%) was present in the
origin-which decayed'with a lifetime of ~2 sec, which undoubtedly originates
from Ty» and agaiﬁ is consistent with the decay schemel in a durene host.
The similarity of dichloroqﬁiﬁbxéiine in the two'hoSts is further supported
by PMDR results in which a change in iﬁtehsity of the origin is obéerVed

in the 1.05 GHz or 3.5 GHz transition but not for the 2.5 GHzrtransifioh.
Likewise, tﬁeVO,O-26O em™t bandiis coupled onlyvto the 2.5 GHz and i.05

GHz EPR transitioﬁs. Thué, dichlofoquinoxgline in tetrachlorobenzene is

an easy test case fo}-adiabatic inversion measurements since the siﬁplified
Eéuation 26 can be used insofar as. one sublevel, to a good approximation,
enmits to each of the two abovementioﬁed bands. Previous experimentsl have
shown that_Nk x‘N& X 6NZ in a durene host. Since the relative triplét
sublevél:lifetimesbare changed only slightly on going to a tétrachioroj
benzene host, the sam; relative_subievel populafion@ are expected és ate

found in a'durené host. Inversioh of the 1.05 GHz transition should
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increase the intensity of the origin and decrease_fhé_intensity of the
0,0-260 cm™" band by a factor of ~6. The observed chahgesigiven in

Table I as Il/Io are aboutia facfor of 7; thus, #he population ratios
obtained via adiabatic fast passage measurements are lndeed closevté
those previously determinedl by steady state methods. Using Equation 17,
the fraction of inversion obtained in Figure lb was 0.86.‘ (Use of a
better matéhed slow-wave helix yielded invérsion.fractions as high as
0.93.) The.data obtéined from identical invérsion.éxperiments_utilizing
the equatipns developed in Section II and all three_zefo-field transitions
while monitoring the origin and 0505260 em™* band are summarized in

Table l, from the measured decay rates ofvTX and T

y

(5.77 and 7.13 sec™t
respectively) and the value N'y/Nz = 8.00, one obtains

= 9.0 .

NWL$<WF

This is lower than the value of ~15 reported by El-Sayed and Tinti; for
fhe du¥ené host. This reduction may bé due ﬁo the external heavy atom
effedt of the tetrachlorobenZene host., The abéve decay rates and inter-
Syétem crossing rates were used to calculate the predicted change in
infensity of the origin upoﬁ_saturation of the 1.05 GHz tfansition using
Equatioﬁ 12a of Reference'l.‘ The intensity changé was measured and found
 to be apﬁroximatély 10% smaller than that ﬁredicted. This is consistent

with the lack of complete saturation obtainable in tﬁis systemn. (See

Section IV.)
' [Table I] -
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Examinafion of Table 1 shows apparently inconsistent values for the
Ny/NZ ratios obtained mohitoring twoAdifferent optical bands. The value
.obtained-monitoring the 0,0-260 cm’? band is inaccurate because the
solution of Equation 26 accidenﬁally gives in the numerator a small
différence of two large numbers. ‘Such'unfortunate arithmetic did not
occui in the evaluation of'ofher ratios. Specifically, the experimentally
Qefermined Ny/Nk rafio obtained monitoring the 0,0-260 cm™* band is close
to that calculated from data obtained monitofing the origin. The ratios
obtained by monit6ring the origin were used in caléulating the inter-

system crossing ratios given above.

[Figure 4]

IV. Comparison of Adiabatic Inversion and Saturadtion Methods

Thé.steady state methods™ and decayvmethods3'depend upon the ability
ﬁo attain cbmplete*saturatioh of zero-field spin sublevels in order to |
quantitatively interpret the éxperimentai results. Generally saturation
is easily attainable in zero field at low temperatures, particularly if
.a high Q micrbwave cavity.is uéed.‘ Hdwe#er, depending upon the sample,
the avéilable microwave power and the cavify,_saturation méy not be )
poSsiblé}‘ This is'particularly trﬁe‘of-low Q bfoad-bandédlslow wave
heiical cavities. Such a case is illustrated in Figure 3a wﬁich-shows

the phosphorescence intensity (origin) of 2,3-dichloroquinoxaline as a

function'of poWer while saturating'the 1.05 GHz zero-field transition.
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.The lack of avplateau at high‘power clearly indicates incomplete satura-
tion. The same saturation curves were.obtained vhen the microwave.field_,
wa.s modulaﬁed over the entire linewidth implying the lack'of‘saturatioﬁ
is ﬁot’due tQ the lack of spin diffusion. Figure 3b shows the fraction:
of iﬁversion>for the same transition uSingxthe ééme poWer and sample.

It isTapparent that‘inverSion fractions greater than 0.5 are attainable

at power levels at 1easta_hundfed times smaller than requifed for‘saturation;
thus, the relative ease of adiabatic inversion méy maké it a preferred
technique in some casés. An additional limitation of saturation tech-
niques which require high continuous power is lack of temperature control
due fo'heat dissipated in the sample. Since power need only be applied

to the sample during passage through resonance in an adiabatic inversion
~experiment (see Experimental Section below), the rms power dissipated in
the samblé can be reduéed by many orders of magnitude. A further difficulty
can arise in the application of éaturation methods to molecules with very
short lifetiﬁes dué to the inability to‘satﬁraté within a lifetinme.

Adiabatic inverSion'téchniques may prove to be a better method in such

~ cases. A general advantage of the inversion method is that popﬁlaﬁions

can be sampled in a very short timé -- e.g., microseconds. Another

(usuallyj very small source of error in séturation experiments is the |
microvave effect on the singlet and ground state populations at
saﬁuration.: (See Section V.) Because adiabatic fast passage experiments

can bé accomplished on a time scale much shorter than triplet state decay

times, any change'in relative triplet sublevel populafions cannot be
communicated to the ground stafé'énd thus to the excited'singlet state

by reabsorption.
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‘In summary?.saturatidn experiments are a useful and powerful technique
in the iibréry of optically detected magnetic resonance methods; however,
in certain specific cases caution is necéssary. Adiabatic inversion provides
a_complimentary technique useful in eliminating many of the poteﬁtial

sources of error in saturation and decay methods.

V. General Rate Equations Including Microwave Pumping

1. Time dependent populations

In section III the general equatioﬁs relating to adiabatic inversion
and the determination of intramolecular energy transfer parameters such
as intérsystem Crossing ratios to the individual sublevels and sﬁblevel
populations were devéloped within the steady state épproximation. Tt is
not necesséry; however;'to‘assume sfeady‘sﬁéte; In fact, relaxation spectra
of the phosphOrescénce after the sublevel populations have been disturbed
from steady state by a microwave field can be useful and_pdwerful for the
determination of kinetic parameters. This was briefly touched upon in
Section IITI but not fully explored. It.is precisely the transient features
Qf‘the ﬁicrowave induced phosphorescence which account for differences in
signal intensity in CW vs. amplitude modulated opticall& detected magnetic
resonance phénomena; A set of general rate equatiéns.are developed in
this:Seétion which describes more fully the time evolution of the_triplet
sublevél populafions in the presence of continuous saturating_micfowave

power. These equations not only describe the dynamics associated with

‘kinetic parameters of the triplet state but also-are useful in elucidating

s
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. what explicit features of the triplet state ratebéénstahts are important
in determining the seﬁsitivity of various optiéal microwave doubie ‘_
resonahce'techniqués. | |

| The‘following discussioh will use the following symbois and

associated definitions.

N, N, N : triplet sublevel populations-

NS,‘NG o excited singiet and ground state populations
ki, 1 = x,¥,2: sum of radiative and non-radiative rate
constants for the triplet sublevels
'ki’ i=x,y,z: intersystem crossing rates to triplet
- sublevels '
k;A: radiative rate constant (1/7) of singlet
' state used for excitation
ks : sum of radiative and radiationless
' (excluding Isc) rate constants of the
lowest singlet state
I ~ rate of absorption of photons for the

transition -used for excitation

The time rate of change for the magnétic sublevel populations connected
by a saturating microwave field in the absehce of spin lattice relaxation
are:

dN& 1

o = K N -KN ¢ w(Ny -N) (35a)
an, I . . ~
—L = X' N -kN +WN -N) . b)
at y s yy (% 3’) _ (35 )- :
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W is the microwave pumping rate which is determined, by the transition

&

probability and applied microwave power. Solution of these two'equations

yields
N (%) = clgrlt + cgergt +Css : ' (36a)
N&(t) = c4erlt + cseret'+ c. , (36b)
ry = ;‘%[(k#+ky) + oWl + %[(kxaky)? + uwgl% s (37)
re = - %t(kx+ky) + 2W] - %{(kx—ky)e + hwg]% . | (38)

The Ci's are constants determined by initial boundary conditions. For

high microwave power, W >> ky,ky and

ry =-3(k k), | (39)

. X - (ko)

ro

If the microwave power is turned on and exciting light is removed at

t = 0 and if
' 0 - o
Nk(o) =N and N&(O) = N& s

then.

N () = (10 + 10) e (K Hk A A(No.; N°).e'9.wt (41)

- ,_ZX.ye A 2Xy_ R

: : 1 t
Coay@ w0y -3k 4k ) 1/© | Oy o-2Wt
N(E) = (M + M) e Py + (N - W) e T (B2

" The secdnd term on the right hand side of Equa%ions 41 and 42 is a transient
. . , o
effect which tends to equalize N& and N&. At high microwave powers,

however, this effect is very fast, 10~® sec; consequently at times longer
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than ~107° sec. Equationsbhl and U2 describe a decay experiment.
Specifically when the exéiting light»is shut off and saturating microwave
'power is turned on at t = O, after equiiibfatioh each level decays
with a rate constant which is thé averagé of the rate constants of the
sublevels in the ab$ence of microwave_power.- |

‘In the case where the sample is constantly irradiated with exciting
light and microﬁave power is turned on, the populations of the.two'levelé
are'équalized at the end of the equilibration time, i.e., N, = Ny =
%(Ni + N;); however, the total population evolves:in time because the
system is no longer at steady state. The change which takes place is
on a time scale comparable to the triplet state lifetime. Specificélly,

 the total population of the two levels connected'by,the microwave field

_assuming that the sublevel populations are equal at t = O is given by

. I I .
. _ kX ky ‘ k.x +ky -’é‘(k +k )t kx .+ KY
m(e) = e - T e s P 22N (43)
' X Yy =( k-x"‘ky) e kx-l-ky)
and Nk =N = %NT. This equation assumes negligible change in the singlet

state ‘population upon microwavé saturation. Although this équatidn is
not exact for t - = because we are neglecting any singlet state population
changes, it is useful in that it describes the time evolution to a new

steady state. Thus

T .1
(kx + ky)

NT(“’) = QW N, "(m\l)_

.2
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and
-1
I I I I -
(o) 20k vk [ kg (45)
NT(O} (kx + ky5 K, ky ,
I I
N . () (kx + k) kxly S (16
Nk(O) (kx + ky) Kl v _ .

Equation 46 is identical to that given by El-Sayed.l The values at
t = o are the new steady staté saturation values resulting from the
microwave perturbation. Table II: contains a summary of NT(w) values

for various relative rate constants.

[Table II]

Figure 5 suﬁmarizes some of the results of Table II and illustrates
the time evolving populatiohiof the sublevels., From Figure 5 it‘is
'apparént when an amplitude modulated ekperiment will be more sensitive
than a CW experiment. Wheh the phospho;escence returns to a value near
its value in the absence of microwave power after the initial tranéient
deéay or build-up, then the steady state value in the presence of micro-
waves is almost equal to that in the absence; consequently the CW |
detected‘signal is weak. On the dthef hand, because of the éizeable
transient at the start of.thé appliéd field, standardlAM phase defection

is likely to yield large signals.
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2; ‘Steady State PopulationvChanges Induced by Microwave Saturation

The_above defiﬁaﬁion hasbneglegted.aﬁyieffects oﬁ the steady étate
_excitéd singlet state populations resulting from changes in the triplet
state populations being communicated to the excited singlet states by
reabsorption. In dilute samples.where the microwave field causes a
large'shift in the steady.sfate triplet population, the singlet popula-
tion can be changed under certain circumstancés. In this sectioh,
gxpressions for the éteady staﬁe'singlet and triplet sﬁate population
ﬁnder-continuous optical excitation are derived. It will be demonsﬁrated
undef what conditions changes in excited singlet state populatiohs occur
uponAsaturation of the triplet spin sublefels with a microwave field, and
how this phenomenon can lead to the fluorescence detection of micrbwave
transitions.

Using the following additionai definitioné:

No : total number of molecules in the sample
kT : "':E:ki

. i .
NT_ : | Nk,+ N& +_Nz R

the populations N; are governed by the following equations:

s _ : I : v 2
prai IN, - (k +xk) N | (47)
Wwn)  Bin,y,z) N - k(x,y,2) Mxy,2)  (48)
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an, ,
—Y - _IN,+kN +kN +kN +KN . (L)
at TG X X vy z z s's

At steady state the above derivatives are equal to zero. Therefore,

from Equation 48

- L | —
: kK (x,y,2
N(x,y,2) = —E%;igfg% Ny | (50)

Using Equation 50 it is easily shown that

kxNk + kyN& +kN = I N, : : _(51)
where
L | | |
T —— . - (52)
' .k, [k,
i1l 1

Equations 47-49 can be rewritten in terms of Np by use of Equation 51

and thus, at steady state

| Il , ,
IN, - (k" + ks) N, = O . (53a)
I Ny + kN +T N = 0 : | ~ (53b)
Ny + N, + N, = N o - (530)

T o - °

Solution of Equations 53 gives

Np = BN, , (54)
- o

(56)

w
52
-
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where-

e AN _
B = [g = 4 1\ + 5% + 1] . . (57)

Kl k

An excitation source such as a PEK-100 watthg—Xé arc lamp gives
I values of ~ 0.1 when exciting a singlet étate which has an oscillatof
corresponding to a lifetime of 1078 sec. This is typical of the lower
singlet states of smallvaromatic hydrocarbons and N-heterocycles.‘
- Taking typical Qalues for'méleCular raﬁe conétants and taking a case

where k; > kI_and k > k_ such that Nk/N ~ 10, we find
X Yy X ¥y o ¥y '

1'\ ~ 5’

B ® 0.02;
thus from Equations 54 and 55
N,
T
—= X 0.076
No _ :
Ng ‘
ﬁ; X 7.6 x 10°° .,

~

Upon microwave saturation of the Tx - Ty_transition

¥ = k¥ = Xx +«kx
kx .Y el X y)
and
IR S (e o I
X y X v

L]

The overbars are the effective rate constants in the presence of a

microwave field. This substitution is possible since under saturation
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Nk = N& and the appropriate rate constants are equal to the average of
the rate constants for the two levels in the absence of a saturating

microwave fileld, Therefore

N

T
I_\f— = }0.0l6.,

O

and

N _
ﬁ— = 8 X 10-9 .
[¢]

Thus, the total triplet state population‘decreases by a factor of ~5
and lowest singlet state population increases by * 5% upon microwave
satuiation of the EPFR transition. The magnitude of these changes are

. of course dependent upon the exact choice of rate constants used iﬁ the
calculatién. The impbrfant point is that a change in singlet state

‘ pépulation of'a'per cent or so is readily measurable. This means that
detection of_zero-field ESR transifions via monitoring fluorescence is
feasibie. As was shown above (see Table II), there are certain possible
combinations of‘triplet stéte rate consténts which, if present, give a
‘much larger change in the tiiplet state population upon miérowave satura-
tion than the factor of fiﬁe mehtibned above. In such cises_large
chénges in'the‘singlet state population can occur.

The quantitative interpretation of a change in fluorescence upon
'microWave saturation of the triplet magnetic sublevelS'éan be used to
determine individual intersystem crossing rates directly. Consider,
for'exaﬁple, the cas;,where inters&stem cro;Sing occurs to Ty and.bnly
T& radiates ﬁo fhe ground state. We will neglect radiationless proceéses

from Ty.. From Iquation 55
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N
s _ I |
N, T8 -

r o= kg .

= ik

2y

N |

S- 28 (58)

N, B

, N
Using Equations 57 and 58 and defining p = 2 == s
s

o .
{g§§ +"£5§¥ll N

ki = (u-l){ ?E +1
Thus, ki is obtainable directly from & knowledge of fluorescence and
phosphorescence 1lifetimes in addition to the'inﬁehsity of exciting light.
vaiﬁtersysﬁem érossing occurs to all sublevels, then three simultaneous
equétions must be.solfed,‘each one utiliiing saturation of 6n¢ of the
three zero-field transitions. “ |

‘This technique is useful only if a measurable change in singlet

state population occurs and caﬁ be moﬁitofedvvié fluorescnece. Under
favorable circumstanées, fhis method could be used to measure absolute
rate constants. It_alleviates many 6f the complications of quantum - ’
‘yigld.measurements such as the integrétion of.the emission over thé .
sﬁectra and phototube calibrations sinéevall measurements can be méde
at one wavelength aﬁd calibration of the exciting iight intensity is
reasonably,straightfqrward.';ThUS, in certain cases this method may be .

easier and more accurate than those presently employed.

t
b
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VI. Experimental

Samples of 1;2,&,5—tétrachlorobenzene and 2,3-dichlofoQuinoxaline
were pﬁrified by repeated 2oﬁe réfining (200 pasgés at 2 hours per'pass)
and recrystallization followed by vacuum-sublimgtion, respectively. A
single cfystal'sample of 2,3—dichloroquin6xaline in tetrachlorobenzene
(~ lO'? m/m) Wwas grown by standard Bridgeman technique. Microwave power
Was obtained from a Hewlett-Packard Mbdel 8690-B sweep oscillétor_used

in conjunction with é Servo Corp. Model 2220 Microwave pbwer amplifier.
AM and FM modulation sigﬁéls for the sweep oscillator were obtained from
a‘Genefal Radio type 1395-A‘ﬁulse generator. Microwave power was applied
to‘thevsample through‘a‘rigid coaxial line terﬁinated with a slowvwave
helix. The sample was suspended in a liguid helium dewar with the sample
in contact with liquid heiium. Temperatures below 4.2°K were obtained
- by pumping on the liquid helium. Phosphoresqence was detected through
“a Jgfréll-Aéh 3/h M Czerney-Turner spectrograph. Light from a PEK-100
watt mercury arc lamp was focuéea-through a watér ﬁilter and a Schott
_ 3100“K interference filter for excitation.‘ A b;ock diagram of the
experimental'setup is shown in Figure;6. Ail nmeasurements were made_at
'l.35°K. »
rFigure 6]'

vTﬁeufrequeﬁéy sweepvfequired to_invért the t}iplet.subleveis’was
obtained by gpplyigg a ramp vqitagé to the F.M. input of the microWave
sﬁeep generator. The ramp Qoltagef(v) was adjusted so that when .

A

V = Vo, the microwave frequency was ab’ the center of the EPR transition

-
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being.ﬁéed f;r invérsion (see Table I and Figure 7).. The FM vbltage was -
swept iinearly=from Vo—%v to Vo+%v in a time;T so that the microwave
freQuehcy_change from a%-%ﬁ to ag+%6 (see Table I):ih a time v. After

a time A, the frequency was sweptﬂback from wb+é6,t9 wo-%S.. Thus by
varying 7 and fixing & one Qaries an/at (Eq. 22). The data in Fig. 2
was obtained by Varying 7 from 0.1 to 40 millisécondsi To obtain the
best signal-to-noise ratio the inversion was performed at 4-second
intervals (to allow reestablishment ofvsteady-state conditions), each
inversion signal being fed into a PAR Wavefo;m Eductor. This averaging
technique greatly imprbved Signal—to—noise'ratios over simpiy photographing
one sample displayed on an oscilloscépe. This method was used for the
inversion measurements, (Fig. 2,3) the saturation measurements shown in

_ Fig. 3, and phosphorescence lifetime measurements. To minimize any
heatingAeffecﬁs, microwave power was'applied to the éample only during
passage through resonance. Microwave power was‘applied by using an

offset squarewave pulse to the AM input of the microwave sweeper.
[Figure 7]

Thé time befweeﬁ inversions, A, (see Fig. 7), was zero for the
10, 20 and 40 ms points in Figure 2, and 0.5 ms for all other data. The
values of & for the three zero-field transitions are listed in Tablé I.
The miérowave sweeper could foliow M éignals which produced a change
of.lO MHz in 80 psec. Thﬁs to iﬁéure linearity in the frequency Sweep;

T valﬁes,below 100 psec were not used. Since the total time for

determining f values (27 + A, Fig. 7) was 0.7 ms and the phosphorescence
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lifetimes of the 2,3-dichloroquinoxaline aré ~ 100 ms, errors introduced
by triplet decayvandhintersystem crossing were negligible in the deter- .
mination of the triplet sublevel populations and intersystem crossing

rates (Table I).

The pbwer level changes for the data in Fig; 3 were made by inserting

Hewlett-Packard precision microwave power attenuators in the transmission

line.
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‘Table I

for 2,3-dichloroquinoxaline.

0,0—Band

w £P 1./1° 8¢ | Power® Ne/ N /N | N/

(o] 1 (o] - y/ Z Yy X X Z
1.05‘ 0.88 7.15 . 16 1.2 -8.00 - -
2.u5h,. 0 - - - - 3470 -
3.50 ‘| 0.85. 2.20 30 1.0 - - 2.30

10,0-260 cm™ Band

1.05 | 0.90 0.166 16 1.2 13.58 - -
2.45 | 0.81 0.56 M 10.0 - 3.50 -
3.50" o - < - R . 3.87

a C o ' cpe e ‘
Zero-field transition used for inversion, GHz.
Fraction of inversion obtained.
Ratio of phosphorescence intensities after and before inversion.

Frequency range swept through to obtain inversion - a sweep time of
100 upsec was used (see experimental section), MHz. ' |

Applied power, watts: one watt gives an effective field of approximately

0.1 gauss.
This value is obtained from the ratio of the two other ratios.

This value is very uncertain because in appiying,Eq.26 the numerator results
from the subtraction of tWo_large numbers to yield a small number with a
consequently high‘error

ixcitation of tth zero flcld trans1tlon produces no change in

Bhastharecrenne 3 ntanad fu
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Table ITI

- Summary of Triplet Sublevel Population Changestpon Microwave Saturation

a 1,1 o0 | =, | - = '
k x/ky kx/ky N x/Ny NT(m)/NT(O) NX(oo) - Ny(oo) Izitlllu;fratec'i
. .gure:
170 o
1 > 1 > 1 1 2(N, + Ny) | 5a
' . 170 o]
1 | <1 <1 1 2(N + Ny) 5a
. 2 |. v
1 ukxky/(kx+ky) | . , 5b
>> 1 | 1 >> 1 by /ky << 1 2N << N va-
>>1 >> 1 2 1o > 5¢
, x y ‘
) (o] O
' < : <<
<1 >> 1 2k, [k, <1 k/ky N << N[ 54

% See text fbr definition of symbols.
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Figure Captions

Figure'lg (a) Schematic representation of»the:ﬁhosphbrescence intensity
change ﬁroduced by inverfing thé pdpulétiohs 6f tﬁo magnetié triplet
sublevels. - Thg'phosphoreSCenCe originates from the level having the
smaller steady state population in the illustration. The intensity
increases to the value at (1) upon inversion. Affer a short tiﬁe the
populations are inverted again and the phosphorescence intensity changes
té the value at (2). The value at (2) is larger than the intitial steady -
- state value because the fraction of inversion (see teXt)vis less than
unity. The dashed line shows décay due to radiative and nén—radiative
processes. ’(b) Oscilloscope tracing of the phosphorescence origin of
2,3-dichioroquinokaline in a tetrachlorobenzene host while inverting the
populatiOns of the Ty and Tz sublevels by sweeping through the 1.05 GHz
ESR transitiohs. The time between'invefsions wasle'ms; a fraction of

inversion of 0.86 was obtained.

Figure 2. vPlot'of the fractidn of inversion iﬁ 2,3-dichloroquinoxaline
as a functionvof the time (1) required to sweep through resonance. The
fraction of inversibn is highest fof short swéep-time (i.e;, iarée du/dt)
because the "forbidden" electron-nuclear transitions cannot follow the

changing field and hence cannot reduce the fraction of inversion as

éxplained in. the text.
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Figure'3; (a) Phosphorescence intensity Qf 2,3-dichloroquinoxaline as
a function_of_applied nmicrowave power. The non-unifbrm shape of the

curve is probably due to the powerédepéndence of the mode pattern inéide
thevhelical:leW-wave'éavity. (b) Plot of the fraction of inversion vs.

applied microwave power.

Figure 4. ' Energy level diagram of the lowest triplet state of 2,3—dichlord—

quinoxaline. Heavy arrows indicate the pfincipal phosphorescence routes.

.Figure 5« Triplet sublevel populations as a function of time after
turning on a saturating microwave field. The‘pdpulations are equilibrated
in-a time T (1 ~ 107° sec) and then change to a new éteady state value
(t = o) With a time constant approximately equal to the triplet state
lifetimeé. The fime ¢ represents a typical modulation périod used in

a.m. modulated experiments.
Figure 6. Block diagram of the experimentél arrangement.

Figure 7. Time dependence of microwave frequency (®w) and power (P) (see

text for details).
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LEGAL NOTICE=

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes -
any warranty, express or implied, or assumes any legal liability or
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.
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