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Oplically Detected Adiosbotic Invernion in Thosphorescent Triplet States

and Lhe Meoswrement of Inbramolecular YFnergy Transler Processes

by

[
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il | - . | ' \\‘ .
Department of Chemistry, University of California, and
- Inorgenic Materials Research Division, Lawrence Berkeley Laboratory,

Berkeley, California 94720

Abstraqgf

The theory and observation of micfowave.iﬁduced porulation inversion
vithin triplet magnetic sublevels in zero field are presented. It is
vshown'that inversion Via'adiabatic‘fast passagejcan be measured quaﬁti~‘
" tatively by changes in triplet phOsbhorcscénce and that population in-
version can be accomplished easily and with microwvave field‘strengths
even lower than.are required for cw-saturation. Pafameters affecting the
.abiljﬁy fo.invcrt the subievel bopulutiéns such aé dipolar interactions,
microanC bowcr énd swéep rates are studied.b Gcncral équatiohs rélating
‘ﬁhe intensity of phosphof;sconce'and thevfraction of invcrsipn to
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. parameters associated with encrgy transfer processes into and from.the
triplet. state such as.intersystem crossing, radiative and radiationless
~relaxation are derived and measured for the ~“mn* state of 2,3-dichloro-

quinoxaline.
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such as the routes and rates of intramolecular energy transfer.

S ' ~ 07 I... Introduction

Opticully detected megnetic:resonance (OMMR) in zero field provides
a power technique for investigating many different properties of aromatic
and azaaroma L1c molecules in thelr Lrlplet states. A few parameters

associated with electron distributions in excited triplet states such as

the zero- fleld splitting of the magnetlc sublcvols, the qnuclear- electron

hyperfine and nuclear guadrupole coupling- constants can be determlneq from
an analysis of the fine structure in the EFR transitions. In addition,

techniques have evolved to determine other properties of the triplet state

2,3,4

‘Specifically, the intensity and polarization of phosphorescence can be

V4

modulated by connecting the magnetic sublevels of the triplet with a
fesonant microwave field. Analysis of these changes makes it possible

to determine the relative raﬁes of intersystem crossing into the individual

"magnetic sublevels in additioh to the radiative and radiationless decay

'retes from the sublevels to the gronnd stete'vibrational manifold. Several
techniqﬁes have-been developed to accomplish these ends.

One,vthat described.by Schmidt, Veeman and van der Waelse utilizes
the difference in triplet'state magnetic suhlevelvlifetimes to measure

the mlcrowave induced 1nten31ty changes in the phosphorescence decay
Tinti and

- Another method, described by/El Sayed quantltatlvely measures the micro-

wave induced phosphorescence under steady-state 1llum1nat1ng~cond1t10ns.
Common to the above techniques are the assumptions that spin lattice

relaxation between the magnetic sublevels is negligible and that satura-

tion of the sublevels by the microwave field can both" a) -be achicved,
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and b} doecs not cause advg*bo effects sucu us h0¢twng ér more ‘uﬁtle“
;pertﬁfbdtions a5 ocnated w1th Lrong rf fl@ldo An addltlonal assumptibnb
implicd in_theAsteadyustate approximation'is that'fhe'pogulations:of the
éxcitéd°§ggg£é§ states are'indépehdent of‘any microwavevpérturbdtioﬁv

A third method has been outliiuedl‘L for the measurement of the rel ative
ratésbbf intersystem Crossing; howé?er, the'detailé have not hereﬁdfére
'beeﬁ preuonted This method relies on the - fact that inversion of the
magnetlc sublevel populatlonﬂ by adlabatlc fast passage can be accompllshed

w1th low microwave power and, more 1mportantly, the fractlon of inversion

can be qualitative]y ﬁeasured. The virtue of‘this tgchnique is that the
’populatibn inversion‘can bé applied under a'Variéﬁy of experimental condi-
tions. Indeed,'it can be used toieliminate the assumption of compieﬁe
saturation in the decay techniques and steady state methods and in fhis
way it can bé applied to the measurément 6f all the salient'rate'coqétdnts.
-, In the following sections of this ﬁapef theAtheory and observations
of adiébatié iﬁvérsion of the triplet magnétic éublevel populations in
zero field will be presenﬁed. Next, thé appiicafion pf adiabaﬁic inVersion
to the determinétion of all'the rate processes’associated‘with.a phospho—'
rescent trlplet state will be developed and applled to the trlplet ek
.state of 2 33~ dlchloroqulnoxallne doped in tetrachlorobenzen. Flnally, the

»dlfferent_technlques will be compared.
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IT. Opticallvaetected Adiasbatlc Inversion in Zero‘Field

. n ordér to simplify the discussiohvof adiabatic.inQefsion fof a
molecular triplet state in zero field.in the préseﬁce of a linear polérizéd
microwave field qonnecting two of the three magnetic sublevels we will
considef‘the problem in the frameWorkbdf the’interaction representation.
The ihteraction representatidn can be viewed as a unitary tfanéfofmation
of the_laboratory frame which removes the zerd—field Hamiltoﬁign. The
effective Hamiltonian in:the fotating frame is non-secular unless the
'applied‘mictcwéve‘field is resénant in which.case the Hamiltonian becomes
secular in first Order'énd has the form of avZeeman.Hamilfonian ih ifs
rotating frame. Thus zero-field magnetic resonance of a triplet state
can be viewed és thaf of én integral Zeeman spin system in thevinter_
action represehtation. | |

The clarifying featﬁre of this approach is that the motion of the

\

‘magnetization in the interaction representation'is equivalen£ to the

~.dynamics of the‘zero-field alignment of the populations associated with

the magnetic,sublevéls in the laboratory frame. It is well known that

the magnetization of a Zeeman spin system can be inverted adiabatically

- by several methods. One; that uSing'n_pulses, requires Hi'fields that

exceed the local dipolar field in order to insure that all spins are

vs

'idenﬁically'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 Hopp (in the

present casc Heff = Y H1) is slow enough, then the magnetizaﬁi@n will

follow the instantancous effcetive field in the rotating frame.
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The cxperimental delection of adisbatic inversion in phosphorescent

triplet states by optical means, i.e., monitoring the phosphorescences as

a function of the microwave field, is relatively straightforward when : N

rate processes associated with the individual magnetic spin sublevels

are explicitly considered. Considering the intensity of emission from-
the magnetic Sublevels as proportional to the fate.times the population

of thé:sublevels, the emission intensity to a;particular-vibronic level,

_ % |
I, = 2; KN, , B GN

i=x,y,z

Iy, is

where individual magnetic sublevel radiative rate constants are Ki and

the instantaneous populations are N?Q If a microwave field is adiabat-

ically swept through'ép electron spinvtransition; say T »-Ty, a certain
fraction £ of the population is transferreq'from.one spin sublevel to
the other and vice versa,_ﬁhile affréctioh (1-f) is.unchanged. "This
mean; that the popu;ation ig the sublevels Ty and Ty gfter ;ﬁversion are

no= (1) W+ £ 5 '7 (2
N, = (1-f) N; F LN, - (3)

y

"while Tz‘rémains unchanged. Consequently ﬁhe intensity of phosphorescence ' *

after inversion becomes ' _ ' v - .

I, = Ifx[(l-f')N‘; + N;] + Ky[(l-f_)vN; v £ N +;KZ NZ . '(};)

. J
If the microwave field is swepth through resonance a second time at a

time 1 after the first passage and if © is shorl compared to radiative
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ar:l radintionless relaxation processes, the population can again be

" raltered, i.e.,

N, [1-2f1207 1 ;_{n:(l.f)]Ny | (5)
no= (et nd v e g (6)
y A v (=530

- .and the phosphofescence intensity again changes to a value L., where

I, = K, [(1 Of4+21" )N + 2f(l f)N ] + K [(1- D42 )N

+ 2£(1- £)W] + K N . -‘ | (7)

Using Iq. (2-7) it is obv;ous that f the fractlon of 1nverolon, is
simply related to the measured phosphorescent 1ntens1t1es and is inde-
pendent of beth polarization effects and the populations associated with

/

~ the T, sublevel. Thus the above equations yield

f=»1._.J:[.I_2_-_'I_°]... (e

2 |11,

It should be noted that in ‘the event saturatlon is achieved via the Tirst fast
passage then I = 3 ‘
/ and the phos phorescence intensity is unchanged by the second 1nvers1on,
that is I, = I,.
The above sequence is illustraﬁed diagrammatically in,Fig. la and
experimentally for 2,3-dichloroquinoxalinevin Fig. 1b. The details'of
- Fig. 1b. are given in the experimental section. ‘Figure 1b illustrates
" an obtainable f_factof.for adiabatic inversion via fast passage of 0.86.

The lack of a 1007% inversion is probably in large measure due Lo the

‘consequences of forbidden- simultaneous nuclear—eleetron transitions.
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lt:is’knownj that'the‘zefp-fiéld‘transiﬁibﬁf of ‘3 dLCthTOQanOKL1Lne
j cﬁhsists qf abmanifold of Statesvsplit by the'N i} nuclear‘hyperf;nc and
‘ Ni4 nuclear qu@drupole_inteféctiéns. In the preéent'caée.in'addition to
| sweeping through thé allowe& tfansitidh we were'féfced, bécauée of reso-
lutioh difficulties, to sweep through severai $imultaneous ** and eléctron
_spin transitions.Which havé low (flO;l) transition mbments. Consequently,
 the fvfaétof is rédﬁced from what it would be in the-ébsenéé:of:these
forbidden transitions.‘ in all likeiihobd_the electron50nly_trénsitions

would have f's close to unity.

III. Determination of Triplet State Parameters

from Adiabatic Inversion EXperiments

1. General Equatidns

N The determination of the relative populatiOns and intérsystém

: cross1ng ratios of two trlplet sublevels follows dlrectly from Eqs (l 8)
Since the fraction of inversion, f, is determined via Eq. (8) from a
measurement of I,, I, and I, one must determlne_population ratios‘
using 6nly Io,énd I, or I, and I2, to avoid mathematical redﬁndancy;
YHaVihg déterminéd f by Eq.(8), the ratio of Egs.(4) and (1) yields for

: pobulatiOn.inﬁersioﬁ of the x and y‘sublevels ”

IV g (0N + £ ] ¥ K [(2- f)N + f n ] + K, N° ()

'_)‘Xy
' XY L o :
I KN+ Kymy + KN




=T

where the superscripls indicuté which two levels were inverted. There
are three such equations, one for each of the three zero-field transi-
tions. liquation (9) contains six unknowns in addition to f; these are

N§,~No, No, Kx’ K.y and KZ. Therefore, for the most generdl case in which

yooz
all three sublevels emit to the vibronic level being monitored, informa-
tion from inversion experiments alone is insufficient to determine all
parémeﬁers. HoWever, the ratios KiNz/KjNg are obtainable from a decompo-

sition of the phosphorescence decay curve. These ratios combined with

'Eq.(9) are sufficient to determine the relative triplet sublevel popula-

'

'tidns.v For mdny triplet'states not all of the magnetic sublevels are
_active to all vibronic bands. In such cases the equations become simpli-
-fied. Tor a case where only one of the levels, say Ty’ emits, Eq.(9)

reduces ‘to

' o o,

: CKG[(L-£)N, + £ N ] o

X*y - Ky 6y X | (10)
Yy |
.Therefofe,'
. S
N Xy ,
Ao hetfos ()

N° f .

¥y

and the'population ratios are obtainable’solely from adiabatic inversion
measurements.‘ In another special case where T and 1y emit'to the monitored
optical'band,_it,is easily shown;by defining € as

X » .

‘ I?"y - | |

7 ' - _
1




" that -

© o 1
N o ferr-ero(a-)a 12 (13)
N R W=rrwc WY G DY B o .,'3
Y o | B
and
K, C(A-F-N)eaf L (1)

N A : :
K, = wf(l<)-I °

'Thﬁs adiabatic inveféion data yield both'population rétios aﬁd the
radiativé‘rate cohstant ratios for the two lévels connected by the micfo—
wave field. The number of possible combinations of rafe coﬁstants are
~too nﬁmerousvto‘analyze individually; however, th¢ méthod oﬁtlined above
can be mbdified‘tq accommodate other cases. |
<Thé above téchnique assumed that the time betwéen inversions, T,

was small compared with the triplet state deacfivation rates. It is

not necessary to limit 7 in such a manner (except to determine f accurately).

General equations can be written to consider expliéitly the. decay processes
which result from disturbing the steady state. ~This approach expresses
the population of 1evel ias a-fuhction of time and is giveﬁvin the

.following equations:

(o]

_ kit

- Nijie‘ v Ng , o (15)

‘where N? is the population at t = O, N is the equilibrium population
at t = o (Ni = 0 if no exciting light is present and Ni = Nis, the steady
" state equilibrium population if exciting light is prcsent) and ki is

the totsal decay rate of level i. TFor example, if N? = Nis‘(i.e., the
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exciting light is left on), then for a case vhere K,y o KX’Ky’ and

inverting Jevels 1, and Ty,

-kyt

) | . se “SS . ss ss
: K [{[(l—f)l\l + FN.7] - N } e + 00| .
X5V, % T |
O . S§ " y 1 (16)
‘ K I
Yy
SS ‘ -‘
N7 .
Y N (17)
NuS

y
- when inversion is performed at t = 0. Equation (17) reduces to Eg.(1ll)

for t = 0. Egquation (17) can bevexpressed in terms of logarithms as

J.n[l%—)—'—l] N b T (18)
| S y

A plot of Eq.(l8) gives the values ky énd' NiS/Nis more accurately in
certain cases since one obtains many poinfs as a function of t. Values
for the steady state population ratios combined with triplet sublevel

decay rates yeild intersystem crossing ratios since

NS kﬁI,‘_kx. o
-l - (29
R R | |

pe X y A

. where the ki are_the appropriate ihtefsystem crossing rate céﬁstants.
The édiabatic inversion technique is;cbmplementary to’fhe

conventional 1SR method developed by Schwoerer and Sixl.6v Thé ODMR

ﬁechnique enables‘a direct quantitativeideteimination of the:pOpulétion

and ‘intersystem crossing rate ratios to be made while the complex nature
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of Lhe cguations involved iﬁ the convenﬁibﬁal ESR mcthéd mdke duahtitutive
- measurements difficult. : |

| A'genergl réquirement of the adiabatic inversion technigue is that
there be a reasonable population differenée between the two levels being
inverted _éince the change in ﬁhe optiéal;signal is.broportional to
SN, -NL. This technique is applicaﬁle\in any case where>cw—saturation

173 - : o : . . ,
experiments3 are useful and shou;d be nore sensitive.. In the next
section.wc apply the adiabatic fast passége §opulation'igversibn'technique

to 2,3-dichloroguinoxaline in a tetrachlorobenzene host.

2. Application to 2,3—Dichloroquinoxaline'

The optical and microwave spectra of 2,3-dichloroquinoxaline doped

3,7 2

in durené have been analyzed by El-Sayed EE_él' and Harris et al.” ~
;respectivély; Thé cdrresponding spectfa.in a tetrachlorobenzene host
are oﬁly slightly different. The.zero—field le&el orderings and split-
tings ére shown in Fig. 2. _Phosﬁhbréscenée decay curves Were:obﬁained
by ﬁonitorihg either the origin (M679 R) or the bandrgt h739 R
(0,0-260 cm~'). Both bands decayedvas sihgle‘exponentials with decay

1

rates of 5.77 sec” - and 7.13 sec”t respectively. This is consistent

with the results in a durene'host:3 ,TheTO,O band originates from T,
and.the 0;0—260 em™* band originates from fy. A smallramount‘éf
emisSion (NS%) was present in the'origin which decayed with'a lifetime
of ~2 sec,'which undoubtedly originatés from Tx, and agaln is consistent
~with the decay.scheme3 in éfdurené host..'The similarity of dichloro-

quinoxaline'ip the two hosls is further supported by PMDR results in
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whicﬁ,a chlogc in inﬁensitypof the_origin-isVObserved.in:thevlgOS GHiz
or 3.5 Gz transition bﬁt not for the 2;5 GMZ.transition. likevise,
the O,O-E6O,cm“1 band is coupled only to the E,S'GHZ and 1;05 GHz EPR
’trunsiﬁions, lhus, dichloroduinoﬁaline in ﬁetrachlorobenzene'is‘an
eésy pest case for adiabatic in&ersion meesupements Sihce the simplified
Eq.(11) can be used insofar esvone‘Sublevel, to a éood appfoximation,
emits £§ each of the two”abovementioned<bands. Previous experiments3

" have shown that N, ~ N %'6N in‘a-durene host. Since.the felative
thriplct sublevel lifetimes are changed only slightly on g0ing to a -
“tetrachlorobenzene hoot the ‘same relative sublevel populations are

- expected as are fTound in a durene host. Inversion of the 1.05 GHz
.traneition should increase the intensity of the origin and deorease the
" intensity of the 0,0-260 cm™* band by a factor of ~6. The observed
changes given in Table I as Il/IO are about a.factor of 7; thue, the

' population ratios obtained via'adiebatic‘fastvpassage measurements are

3 by steady state methods.

indeed close to those previously detcrmined

-“U81ng Eq.(8), the fraction of 1nver31on obtained in Fig. 1b was O. 86
(Use of a better matched slow-wave helix yielded inversion_fractions as

.high as 0.93.) The data, obtained from identical inversion'experiments
utilizing the equations developed in Section II and all three zero-field
 transitions while monitoring the origin and 0,0-260 cm™” band are sum-
“marized in Table I. From-phe ﬁeasufedfdecay rates of T, aod_r&(5.77

| -and 7.13 see'] respectively)‘and.the value‘of Ny/Nz = 8.00; one obtains

k;/ki = 9.0. .This is lower thdn the value of ~15 reporfed,by Tinti and

3

Fl-Sayed” for the .durene host. This reduction may be.due to the external



" hecavy atom cffcet of tne tétr&chlordhon;cne host. The ubovc,décay rutcm
.andtintursystém cro0u1ng rdLL» were u Ld to calcu1ate the predicted
change in intensity of the origin upon saturation of the 1.05 GHz. ‘ T
transition using'Eq. 124 of.Ref. 3; The intensity change waé-measured
énd found to be approximately lO%'smallef than>that.predicted. This is
consistent with the lack'of complete saturation obtainable in this
systen (Sce Section IV). | |

Examination of Table I shows apparently inconéistént values for the
Ny/NZ ratios_obtained monitoringvtwo difforent optical bands. The value
obtained monitoring the 0,0-260 cm™" band is inqccurate because the
solution of Eq.(11) accidentally gives in the numerétor a small differencé
of twovlarge numbers. Such unfortunate arJthmetlc did not occur in the
evaiuation of other ratios. Spec1f1cally, the experlmentally determlned
N&/N 'rutio obtained’monitorlng the O, 0-260 cm™ 1 band is close to that
calculated from ‘data Obtalned monltorlng the orlgln. The ratlos obtalned.
by monltorlng the origin were used in calculatlng the 1ntorsystem cross-

1ng ratios given above.

v, Comparison of Adiabatic Inversion and Saturation

The ease of obtaining inversion points out the importanCevof dipolar
quenching; This can be understood more completely from the conditions
imposed by the adiabatic theorem. For complete inversion of the magneti-

zatlon in rotatlng frame or populatlon inversion in laboratory frame

“in a system of free spins,
the reLatnonghlp between the applled Tield H in the presence of a radio-

frequcncy field of irequency 0 and magnitude 0, and local dipolar fields
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Equation (20) is the adiabatic theorem and insures that the magnetization

is always-aligned'along_the inétantanéous total field H  i'Hob+ 1, For

T 1e
a real spin system an additional requirement must be met. The adiabatic
_inversion'must take place in a time short compared with any relaXation

~processes in the spin system. Thus if T is the time required for passage

through resonance, then

dHO ‘
gt <, @
where Tl and T2 are the characteristicvlongitﬁdinal and transverse relaxa-

tion times of the system. In a coordinate frame rotating about an applied

field H, at a frequency w,

Hp = Ho+ = - (23)
e _'.C.l_H_‘Z + 1 (2k)
at at oy at . ‘
.4 - '
dHT' h' 1 do

T T FaE s thus, adisbatic inversion can be accon-

plished by changing w, the frequency of the applied RF field.

In zero field,

As was mentioned above, large fractions of inversion (> 80 percent)

arevrelatively easy to obtain‘9 In an effort to determine the bounds
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of somec of the quantities expressed in Eqgs. (20-£2), ‘a study. of the

inversion Tactor as a function of Hi and dHT/dt was made. A plot of

1 vs,'dHT/dt (or rafhér doy/dt) is shown in Fig. 3. For these measuTe -
ﬁents the origin of fhe 2,3-dichloroquinoxaiine phosphorésccnce was
monitored while sweepihg thevapblied microwave frequéncy thfough the

1.05 GHz resonance at various rates (0.1 to 40 millisecdnds per 16 MHz),
and using Eq.(8) to depermihe f. One watt of rf power was used;

however, the actual power deliveredvto.the sample Was'probably closer

3 to 0.01 w. which corresponds to.a fieldlsfrengthvof approximateiy 0.1
~gauss at the sample,lo The important feature qf'Fig; 3 is tha£ adiabatic
'inversion'can be accomplished with very long sweep times. . A rough
eétiméte ofvTZ can ﬁe made utilizing Eq.(EE); i.e.,

- Ty 2vH, v ' v

where a frequeﬁcy Av was swept through in a time At. For H ~ 0.1 gauss
andvétiz Lo mé; T, > 107% sec. This result is at first sight surprising

since the EPR linewidths are ~1 MHZ, which implies T, ~ 107° sec.

However, the ‘T, in Eq.(22) is the homogeneous T», while the linewidth

is a sum of both a homogeneous T, and an inhomogeneous T ¥, i.e.,

AW = %_ + §l¥ + This-result is'qualitativeiy-consistent with quénching
. of dipolar coupling for integer spin systems in zero field. The quench-

. ing can be removed by the application of an external magnetic field. 1

A study of the fraction of inversion as a function of an external mag-
netic field showed. that £ was reduced as anticipated from 0.93 in zero

field to 0.5 in a 200 gauss fleld. o obltain unother measure of 'I'.
L _ ; - _ L )
. ; . ,
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one can éstimﬂtelﬁﬂﬂdc'via thg conditiOn.impliedbby‘Rq,(zl);! Fiéure )
shows a'plot of £ vs. applied microwave pover., Full power'( 0 dn).

represents an rf field (1,) of approXimatély”O}OS Eauss. . At approximately
10 dB'aLtenuation (1, = 5&10"3 gauss)_the inversion fdctorvhas been re;

duced to 0.5 (i.e., saturation). This implies local fields less than

- ~5 x10™" gauss, or a T? longer than Ale—'4 sec. This is in qualitative

agreement with the aforementioned resulted for the dH/dﬁ study.
Thé.decay methods? andZSteady state méthods3 depend'upon the abllity

to attain complete éaturation of‘zero-field-spin sublevels in order to

quantitatively interpret the experimental results. CGenerally saturation
is easily attainable in zero field at low temperatures, particularly if

~a high Q microwave cavity is'used. However, depending updn the sample,

i

the avalilable microwave‘powef and the cavity, saturation may not be

possible. This is_particularly'true of low Q broad-banded slow wave

~helical cavities. Such a case is illustrated in Fig. La which shows

the phosphorescence intensity (drigin) of 2,3—di¢hloroquindxaliﬁe as a

function of power while saturating the 1.05 GHZ zero-field transition.

The lack of a plateau at high power clearly indicates incomplete satura-

-tion. The same saturation curves were obtained when the microwave field

was modglatedbover the entire linewidth-implying the lack of saturation

is not due to the lack of spin diffusion.. Figure 4b shows the fraction

of inversion for the same transition using the same power and sample.

It ié.apparent that inversion fractions greater thanud.S are attainable

via adiabatic fast passage at power lévels.at least a hundred times

smaller than required for saturation via application of continuous
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micrbwave powér;" thué, the‘relaﬁivé éa$e‘df.adigbatic”inVersion'ﬁay
make it a preferred_technique in some cases.__An additional limitation
':6f:satﬁfation teéhniduéslwhich‘réQuife ﬁigh cdﬁfiﬁuous pdwer'is_laCK
of téﬁperature control due to heat dissiﬁated in the'sémple. Since power
'>néed.only be applied té the éamﬁle during ﬁaésdgé through resonance in“
an adiaﬁdtic inversibn'exﬁerimenﬁ (see Section V ), the‘rms power dis-
sipated in the sample can be reduced by ﬁany orders of magnitude. A
further difficulty cén'arise in the application of safuratioh methods
to molecules with Qery short lifetimes due to the inability to saturate
within a lifetime. - Adiabatic inveréionvfechniques may prove to be a
better méthod in such cases. A general advantage of the'inversion.method
is that pbpulétions‘can'be sampled in a very short tiﬁé -- €8, micro-
ISégqnds; Another (ﬁSually) very small source of error in saturation .
experiments is the microwave effect on the singlet and ground state
populations at saturation. Because adiabatic:fast bassége'experiments
can be accomplished on & time scale muqh'shorﬁér than triplet state
decay fimes, any'change in relative triplet sublevel populaéions cannot
be cdmmunicatéd'to the ground state and thus to the excited singlet
state by rea.b'sorp’c:i.on._l2 . ' | |
- Invsummary, saturation ve’xperiments are a us'eful'and,pbwerful tech-
nique iﬁ the libfary‘of'optiéally detected magnetic resonapce.ﬁethods;-
however, in certain specific cases caution is necessary. Adiabatic
inversion provides a cqmplementary technique useful in eliminatiﬁg manyi-

of the potential sources of error in saturation and decay methods.



T

.._17;

V. Ixperimental

i Semples of l,Q;M,S—tetrechlorobehzene‘and 2,3;dich]oroquinoxoline
were pUrified by rebeafed zone refining”(EOb paSses aﬁ 2 houfe per pass) .
and recry‘t ,11lization followed by vacuum subllmltlon, reupectlvely A
single c1ysial sample of 2,3- dlchloroqulnoxallne in tetrachlordbenzcne
( 1077 m/m) was grown by standard Brldgemdn technlque . Microwave power

was obta:ned from a Hewlett-Packard Model 8690 B sweep oscillator used

4inyconjunction with a Servo Corp. Model 2220 Microwave power amplifier.

AM end'FM'modulatiOn signals for'the'sweep oscillator were obtained

from a General Radlo type 1395-A pulse generator. Microwave power was

: applled to the sample through a rlgld coax1al line ternunated with a

slow wave helix. The sample was suspended_ln e llquld hellum dewar
withrthe sample in contact with'liquid helium.v Temperaturee below 4.2°K
were obtained_hy‘pumping on the liqﬁid helium.v Phosphorescenee.was
deteeted through a_Jafrell-Ash 3/h M'CzerneyéTurner'epeetrogfaph. Light

from a PEK-100 watt mercuiy arc lamp wasrfoeused through a water filter

~and a Schott 3100 & interference filter for excitation. A block diagram

of the experimental setup is shown in'Fig.'S..-All measurements were

~made at 1. 35°K.

The frequency sweep feoulred to- invert the trlplet sublevels was
obtalned by applylng a ramp voltage to the F.M. 1nput of the mlcrowave
sweep generator.v The ramp voltage (V) was adgusted so that when
vthe center of the EPR transi—

V = V,, the microwave frequency was g,

.tlon being used for inversion (see Tablc I and Tig. 6) The F.M.



18-

voltage.was swept lihearly from Vg, -‘;V' to 'VO + %V' in'dvtimc 1 80
that the microwave frequency changc from oy - %ES to ab'+a%;6 (see - .
Table I) in o time t. After a tlme A, the frequency was swept back from

d% + 28 to o -'%23. Thus by varying T and fJXlng O one varies dH/dt

2 ‘ (o}
(Eq.(24)). The "data in Fig. 3 were obtained by varylng 1 from 0.1 to
Lo milliseeonds_ "To obtain the best signal-to-noise ratiovthe inversion
was ﬁerfefmed et h—seceﬁd ihtervels (to‘ellow‘reestablishment'of steady-
stete'cenditions); each inversion signal'being fed into & PAR Waveform
.Eductor. This averaglng technlque greatly 1mproved 31gnal to-noise
'ratlos over simply photographlng one sample dlsplayed on an osc1lloscope.
This method was used for the inversion measurements (Fig. 3,4
:satufatien measurements éhoﬁh in Fig; h and phosphorescence lifetime:
ﬁeasurements. To mlnlmlze any heating effects, nicrowave power was, |
applled to the sample only durlng passage through resonance. Mlcrowave
epower was applled by us1ng an offset squarewave pulse to the A M. 1nput-
‘ of the mlcrowave sweeper.‘h.' |

~ The time between inyersion, A (see Fig. 6),.wae zero for.the 10,
20 and 4O ms points in Fig. 3’and-d,5 ms for.all other data. The
values of 8 for the three ieroéfieldltransitione_are listed in Tabie-I.
The microwaveteweepertceuid'follGW;F.M. Signals which pfoduced:a change
“of 10 MHz in 80 usec. Thus. to insﬁrellinearity ih the frequeneyJSWeep, 3
T values below 100 psec were not used. Since the tetal time fer deter-
minihgvf values (21 +sA; Fig. 6) was 0.7 ms ahd'the'phosbhorescence |

lifetimes of the 2,3—dichloroquinokaline are ~100 ms, errors introduced-
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by triplet decay and'interéystém_crossing were negligiblé in the deter-

mination of the triplet‘sublevel'pbpulations and intersystem crossing

- rates (Table I).

The power level'changes for the data in Fig. 4 were made by in-
serting Hewlett-Packard precision microwavé_pqwer attenuators in the

transmission line.
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. The condltlons for fast passage in SOlldS are determlned in large

measure by the local fields seen by the spin system. The presence
of a dipolar spin system different from that associated with the

resonant spin prbduces a local.field, AHﬂoc’ which, through magnetic -

dipole—diﬁole interactions,'essentially adds to the effective field

Heff' It these local flelds vary then the magnetlzatlon will follow

the resultant field H o HZoc’ 8o unless the local flelds are

much smaller than the effectlve field and uhless adiabatic inversion

of‘the magnetization occurs faster than the relaxation time, adiabatic

inversion will be incomplete. Ordinarily, adiabatic inversion is at

‘best difficult in solids in high magnetic fields. A triplet state in

zero field would not, hdweVer,'by subject to the same'restrictions

-

as a spin system in high fields. The local dipoler field as seen
by the triplet states is expected to vanish in first order in the
absence of an applied magnetic field. As a resuit, the contribution

'Nof.the dipole~dipoie terms to the linewidths vanishes and adiabatic

inversion of thé'magnetization in the rotating frame 6r, equivalently,
population inversion of the magnetic sublevels in the zero-fieid
1aboratory_frame_may be expected to occur at reasonably low Hl

fields. The reduction of the local field as seen by the triplet -

_ spin system ~- dipolar'quenching —4:can be understood byvanalogy?
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field or the quenching of integral orbital anguvlar momentium of

10.

11.

2D .

with {he wellfKHOWn quenching of integral-nucléar spins_in 4LETO

1

‘electronic states (J. H. van Vleck, Phys. Rev. 7h, 1168 (1948)).
Specifically, in.the interaction~représentation the dipolar:

Homiltonian contains only non-secular terms when no generacy

associated with the spin eigenstates exists (J. Schwab and E. L.

Hahn, J. Chem. Phys. 52, 3152_(1970)). Consequently, in first

. order the coupling of the local dipolar fieid to the integrdl'spin

system vanishes in zero fiéld. Applied to a triplet state in zero
field, this means that when the molecule possesses an asymmetry
around the principal zero-field tensor axis (i.e., the triplet

state has a finite E value) it may not be unreasonable to expect

~adiabatic inversion»of the magnetic sﬁblevel populations to oceur

at lower H, fields than are necessary for saturation. Indeed such

has been 6bserved in the phosphorescent triplet nn* state of

'2,3-dichloroquinoxaline and other nrn¥* and ¥ aromatic tiiplet

states (M. J. Buckley, C._B. Harris and R. M. Panos, unpublished
results).
Microwave field-strength measurements are obtainable from'inversion

experiments using n-pu.’L'ses..lL Experiments similar to those reported

by Schmidt et al. (J. Schmidt, V. C. van Dorp, and J. H. van der

Waals, Chem. Phys. Letters 8, 3u5 (1971)) were perfofmed'and a

. measure of H, obtained (See Eq. 12 of Ref L and Eg. 11 of Schmidt

ot 21.).

Yo W. Teppelmeier and E. L. Hahn,-Phys.'Rcv._l&£, 724 (1966)..
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If onc cénsidérs,an aromatic molecule with d lowest excited singlet'
state lifetime of'wlOmﬁ seé and fypical»V£lues éf intersystem cross-
ing rates and triplet state lifebimes with k> ki and k> k_so

that Nk/Ny ~ 10 dné{find;}(c. B,'Hafrié’andlﬁ; J. Hoover, unpublished
results) from the steady state solutions of ﬁhe'différentiai equdtioﬁs
describing the populatioﬁs 6f the excited and ground states thaﬁ
saturatidn'ofvfhe TX—Ty zerd-field ﬁransition changes‘thevtotal

excited triplet state population by a factor of five and the lowest

'eXcited'singlet state popﬁlétion by about five percent. The important

point is that a change in fluorescence intensity of a.per cent or

50 is easy to measure and thus the detection of zero—field ERS

- transitions by monitoring fluOrescenée is feasible. ‘The_quantitatiVé

interpretation of such a chanée in fluorescence can then.be used to

determine individual intersystem crossing rates directly.
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‘ Table 1
Summary of 'I=‘;xpc:i-:imcntul Adiabatic Tast Paussege Tuversion Reésults -
" for 2,3-dichloroquinoxaline .
) [
0,0-Band h
a b . C d . e . o ) o o o o
w - I/ o Power °/N N /N N/N
. | f Tl/IO ower™ | Ny/ . | y/ A S .
1.05 | 0.838 7.15 16 | 1.e 8.00 - -
h o - _ T
2.5 0 - - ~ b - - 3. -
3.50 0.85 | 2.20 30 | 1.0 - - 2.30
0,0-260 em™t Band

1,05 | 0.90 0.166 | 16 1.2 13.56 - -

2.45 0.81. | 0.56 L | 10.0 e 3.50 -

h | | £

3.50 0 - - - - - 3.8

a .  a s : . .

 Zero-field transition used for inversion, GHz.

b . o _— o
Fraction of inversion obtained. -

o R . S . L o S
Ratio of phosphorescence intensities after and before inversion.
Frequeney range swept throush to obtain inversion - a sweep timc of
100 jisec was used (see'experimental section), Milz. : ’
Applied power, watts: one watt gives an effective field of approximately “

0.1 gauss. - '

o s L . ' - s
This vslue is oblained from the ratio of the two other ratios.

& Ihis volue is very uncervtain because in applying £qg.31 the numerator resulls
from the svbirection of two Iarpge mumbers to yicld nosmall nuinber with a
consequent,ly high crron. '

h o . g " Coo
Excitation of thls;zcro field Lransition produces no change in

'phouphuvusycncc intensity.
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Figure 1.

Figure 2.

FMigure Captions

(e),SchematiC'representetion of the»pheephorcscence intensity-
ehange produced by invertiné’tne populations of two magnetic
triplet sublevels. The phosphorescence originate§~frem the

level having the smaller_steady state'population.in the illustra-

tion. The intensity increases to the valiue at (1) upon inversion.

| After a short time thenpopulations are inverted again and the

phosphorescence intenéiﬁy changes to the value at (2). The

~value at (2) is larger than the initial steady-state value .

because the fraction of inversion (see text) is less than unity.

The dashed line shows decay due to radiative and non-radiative

processes

(b) Osc1lloscope trac1ng of the pho phorescence‘origin of

2 3 dlchloroqnlnoxallne in a tetrachlorobenzene host whlle

| inverting the populatioﬁs of the Ty and,Tz sublevels by sweeping

_through the l 05 GHz ESR transmtlons The tlme between inver-

sions was 10 ms; a fractlon of inversion of 0. 86 was obtalned

One hundred milliwatts of_microwave power was used, of which

100 pwatts probably reached the sample.

Energy level diagram of the lowest triplet state of

2,3-dichlorequinoxaline.v Heavy arrows indicate the

principal_phosphorescence routes.



Figuré 3.

Figure L.

Figure 5.

Figure 6.
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Plot_éf_the fraétiﬁh of inversion_in'2?35dichidroquinokaline

as u.function.of the time (T) rcquiréd to sweép'through
resonance. The fraction of inversion is highést for short.v»'
sweep time (i.e., large»dﬂ/dt) becéﬁse fhe,"forbidden";electron~
nuclear transitionS'cannqt follow the'éhahging field ahd hence
cannot.feduc¢ the fréction‘of inVersion és explained in the

text. Resonance was swept through in 100 microseconds.

(a) Phosphorescence intensity of 2,3-dichloroquinoxaline as

a function of applied microwave power. The non-uniform shape

-of the curve is probably due to the power-dependencé of the

mode pattern inside the helical slow-wave cavity.

(b)) Plot of the fraction of inversion vs. applied nmicrowave

pover. Resonance Was swept through in 100 microseconds.
Block diagram of the experimentai arrangement.

Time dependence of microwave freguency (@) 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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