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.. The Interpretation of Optically Detected ZNDOR in Zero Field "

and their relationship to luN'NuCIear Quadrugole Interaétioﬁs

in 3(ﬁﬂ*) States of Quinoline and Quinoxaline..

M. J. Buckley, C. B. Harris ¥
Tnorganic Materials Research Division of the
Lawrence Radiation Laboratory, and the
Department of Chemistry of the

University of Californiz-
Berkeley, California 9L720

A. H. Maki¥
Deﬁartment of Chemistry

University of California, Riverside-
Riverside, California

Abstract

It is shownlthat the proper assignment of th ENDOR transitions

in azaar&matic ﬁ,ﬁ* triplet statesmust take into considerétion the
COntriﬁution of'thegélectpon,magnetic moment operator to the inﬁegsiby

of a given trénsition. In quinoiine and quinoxaline, the electfdn'magnétic_
moment operator is found to give the dominate cbntributionltovENDOR
intensities, and to a high degreé of accuracyvthe nuclear moment opcrator

' may_be_neglectéd. An erroneous ENDOR assighmenﬁ of gquinoxaline is corrected
on this basis, and the ENDOR of guinoline is assigned. In particuiar,

we find for thesc molecules that the dominant ENDOthransitioné do not
jield the th quadrupole parameters_equ and 1 independently,‘bﬁf only

the value of 3 equ(l - n/3)/k.

* To whom correspondence should be addressed.
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- I. Introduction

Optical detection of electron spin resonance in zero field of

azaaromatit‘nn* triplets was first repor.ed by’Van der Waals and Schalidt

(1) (2

on qulnoxallne Later, Tlntl, El- Sayed, Maki, and Harris further

‘reflned the optlcal zero field detection technigue by using a high
resoluﬁidn grating spectrometervto observe the mégnetic resonanée'effect

in individuai vibronic baﬁds. The fine structure of the zero field |
transitibnsvwere quantitatively explained indgpendently for the‘quinoxaline

(3) k,5) .

triplet >’/ and for the 2 3-dichldrouinoxaline triplet(

The flrst successful optlcal ENDOR expcrlment in zero field was.

(4,5)

publlshed by Harris, Tlntl, El-Sayed and Maki on 2,3- dlchloroqulnoxallne

lIt was shown by these authors that the ENDOR transitioﬁ3could be understood

quantitatively in terms of a Hamilﬁonian incorporating the luN-nucleaf
quadrupole coupling:and'hyperfine interactions iﬁ-the excited:state.
Subsequently3 Chan, Schmidt; and van der Waals(6) reported similar experiments
on-quinOxaline in its triplet state. | .

Although, the experimental results of both groups are in substantial

agregment Tor these two similar molecules, the interpretation of the ENDOR
traﬁsitiéns put forth is quite different. The correctvassignment_of the
observed ENDOR transitions depends upon the.chéice of the‘proper transition
moment operator. Since the niuclear and electron spin states are mixéd. by
the -hyperfine interaction, the most general ‘expression for‘thé intensity

of an ENDOR transition'shguld include the interaction of both the eléctron
and nuclear dipole moments with the appliedzi‘ magnetic fie}d(7)r It is

the purpoée of tﬁis conmunication to demonstrate that.the use §f é transition
momeﬁt operatorlwhich includes only the nuclear dipole monent may lead

°

to an incorvect assignment of the ENDOR transitions resulling in an erroneoud
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the '
interpretation of/Anuclear quadrupole interaction. In addition it will

\
be shown that major features of the ENDOR transitionSand associated
quadrupole interactions ¢an be understood quantitatively using only the

transition moment operator of the electron dipole moment.

*-II. Discussion

The fine structure in the optically detected zero field transition
of pﬂosphorescent triplet states, as‘well as the freguencies and
intensities of the ENDOR transitions can be understood in terms of the -

spin-Hamiltonian.
ﬁ[ = ?J/SS * Z[(#Q)n * ('{ﬁﬂ?)n] @
n .
where 3%33 is the zero field splitting Hamiltonian,

2

' « 2 . .2 S -
?{SS = - OCSX + YSy +Z8, ), : (2)

and (?¥Q)n and (?%éF)n are the'nuélear quadrupole interaction and the
electron—nﬂélear hyperfine intefaction of the nth nucléus. We will discuss
the ENDOR traﬁsitions reported ig azanaphthalenes(4’5’6)

First, we will focus on the triplet ¥ phoéphofescenﬁ state of
quinoline (1 - azanabhthaleﬁe), with the foliowing simplifications: -
(2) ignore the proton‘hyﬁerfine interactions in the Hamiltonian, (e.g.
equétion 1), (b) assume that the principle axes of‘the three tensor

interactions, 7%ss’§%%a’ and ?Q;F’ coincide, and (c)  assume the y and

z components of 7}

I may be neglected. Apvroximation (c¢) is justified
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(8,9)

in so far as single crystal EFR measurements of quinoline and similer

-3-
B : ' A 2k s . X (8,9)
molecules has shown that A, > A _, A - for the = N hyperfine interaction.

_ : XX Yy Czz : o '
Approximation>(c) mekes (b) irrelevant as far aS?%éHF is concerned since
the."approximateY hyperflne tensor has cylindrical symmeury and because
the X-axis is normal to the molecular plane and therefore a common

also
principle'axis. It 1s&reesonable to assume that the principle axis of
?%Q will be close to the direction of the nitrogen lone pair orbital
(app10x1mately a.lonrr the molecular Y- ax1s) The principle Y-axis of %fss
is known from. single crystal measurewents( ) to deviate only a few
I | .
degrees from the lone pair direction in the molecule, so approximation

(b) is not too serious even for 7/ For quinoline (n = 1) thesc simplifications:

allow us to write _ o o ' B e o l
#Q Y1 (-xv, z)I " | (3)
and
iq%F = Axx Sﬁ-ix ' : | | (1)

The simple product functions, ‘uv'> ;' T xv,‘form a set‘of eigenfunctions

which diagonalize 7¥53 and ?yé. ‘fu and x, .are the electron and nuclear
,sﬁin functions while u and v correspond to X, y and z. Wiﬁh this choice

of basis functions only ?%l' is off diagonal in the Hamiltonian matrix;

thus, it maybe dealt with ea51ly by flrst order perturbation theory. This
approach and nomenclature has been used by Chan, Schmidt, and van der Waals(6),
and an energy level diagram appropriate to quinoline is given as figure 3

| (6) |

in thelr communication . The zero field energies are arranged in the

~ zL g
order EZ > Ey > Ex° The principle result of usihg 7/;F as a perturbing
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Hamiltonign is.a shift of the |zz> and lzy> levels to higher energiles

and a shiftvof the |yz> and ‘yy> ié&els to lower energies by an amount
o = Aix /(ﬁi - Ey)' Satéllites occurring in the'zero.field magnetic resonance
Ti - TZ multiplet gain intensity fromhmixing the states iyy> with lzz>

and |yx> with |zy> via 7¥%F' " The satellites are thus transifions

b (xy) > - !(zz)f>, and l(xz>’> - |(zy) >, occuring at E, - E tot (eé - Ey).
The primes indicate the pefturbed basis functions resulting from the
perturbation ?¥;F' These satellites are separated by 2v- where

v_.= 3 equ - n/3]/4 assuminé’n is positive. "equ and 1 are the th
nuclear quadrupole coupling constant and asymmetry parameter réspectively
in the n* triplet state. Thus, the positions oflthe satellites relative
tp Ez - Ex-are determined only by a and the value of v_ which is the
frequency.éf one of the pure th nuclear quadrupole transitions.
Saturation of either satellite leads to a non-Boltzmann distribution

of nuclear levels in the Tx_and'rz manifolds. Thus, in principle, ENDOR
becomes possible in.both manifolds. However, in order to propérly assign
the ENDOR transitions which might be observed it is necessary to estimate

their relative intensities from the theoretical model which has been

(,5) differ from the interpretation

(6)

developed. It is in this context that we

put forth by Chan, Schmidt and van der Waals.
If we let ?%gf(t) represent the time-dependent perturbatibn

Hamiltoniah due to the rf field used to induce the ENDOR transitioﬁs,

then the intensity of an BENDOR transition is given by

B~ 1< o] Hhale)| (> B (5)

with

N L
,‘ﬁr_f(t) =7('/'2(‘°).’( YaI+7v,.8) : . (2 :

e
e B e s s T D e e

TR
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where v labels the electron spin manifold; v and w refer to nuclear states.

'In equaﬁlon C f, (t) is the rf magnetlc fleld; T, is the magnetogyrlc

ratio of'th- and‘Y is the”electroh.maﬂnet0§yric'ratio. In equetion 5
the states ‘ (av) "> are elgenfunctlonsof the spln-Hamlltonlan, 1nclhd1ng

the perturbatlon,?%gmﬂ‘ Consequenuly, they are no* pure electron spin

states which diagonaliie ?J’ . Ir they were, the second term 1In equatlon 6
would not contrlbute to the 1nuens1ty of the ENDOR transzulons, and that

tern could be ommltted, as in fact 1t was bj Chan, Schmidt and van der Waa (6)
For qulnollne, in the approx1matlon Qe are using, the loweqt spin manlfOTd
Ty is not admixed w1th the others; whereas ’cheTy andsz manlfolds are
mixed together by ?{L Therefore,<the_intensity of an ENDOR;transition
in the Tz,menifold is . |

vtz 2 o 2 o |
B A R o

where p=A f(E -E)=~2x 1072, ‘On the other hend, in the 7_ manifold
xx' Tz Yy : X
. :I[x N Y;Q . »
xy ~ 'n - (8)

It may immediately be seen by inserting numbers for the constants

in equations 7 and 8 that ;DTZZCZT ~ hBQ Y 2/y 2 ~ 2 x lO5
Xy

The ratio depends on the polarization of 4%’(t) since !xx > - Exy >
is Z-polarized while b zy) > - S(zz)'> is X-polarized. For gquinoline
dissolved in Qurene, however, the effect of polarizatioen is not important

G0),

because of the relative orientation of the two sites in durene
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The contribution.of the electron magnetic.#omént to the inteﬁsity
of an ENDCR.transition is.éeen'to ﬂe many orders of magnitude greater than
the contribution of thé nucleér magnetic moment operator. It can be
gésily shbﬁn that»the Tz xy - TZ xz transition isrthe only ENDOR transition
”of any aﬁpreciable intensity having an energy level in common.with either
of the weak satelliﬁe; of the T¥ - T, microWave'ﬁrgnsition. The ENDOR
transition in fact coﬂnects levelscommon to both satellites. All other
ENDOR transitiops‘in both the Tz;and“Tx manifolés would be many orders
of magnifude weaker. :lg pracﬁice)thereforg,nd ENDQR transition in the
T manifold is expectga tolhave appréciable inténsity. The contribution
‘ oflthé nuclear magnetic moment of th to ENDOR ;ntensities is insignificant.
Even the small mixing of electron'spin stétes due to previously ignored
igmtrix elements 6f‘¥fﬁ£ (i.e. Ayy’.Azz) would b; more effective by a
factor of ~“lO3 in inducing ENDCR trénsitions in the Tx manifold than a
simple coﬁsidération of the nuclear moment. 'it is thus no oversimplification
to state that in azaaromatic mm* triplgts such as quinoline and quinoxaline,
the_intensities of ENDOR tiansi%%ons of th can be undefstood by considering
2252 the: electron magnetic mgment'opérator(h’S). If weak ENDOR transitions
are dbserved,»they.may be assigned corréctly by considering a more exact
version of%FfHF or a refinement of some of the other approximationé in
the model which may lead to intensity enhancement of the ENDOR.

Chan, Schmidt, and van.der Waals (6) used only the nuclear magnetic
moment operator, i.e. ?%;f(t) = 4{;(t)"rn.?, and predicted four ENDOR
transitions of comparable intensity cormon fo eéch satellite, two of these
transitioﬁs being degenerate. As has been deménstrated, only one ENDOR 
transition should have .any appréciable intenéity. This is in fact observed
expcriméntdlly. Specifically one ENDOR transitibn has been detected at

~ 3.0 MHZ())- Our model allows us to assign this ENDOR transition energy

,_1_
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' diazanaphthanlene). The approximations remain the same as for quinoline
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to v. (i.e. ~ 3.0 =3 equ(l - q/3)/§) as lzy > - Izz > if the
T X, = 1T X _ or 7T 'x"» T, Xy mlcrowave satellite is belnc saturated.
x 'z z Y Y z (11) in our laboratorleu
/have observed an ENDOR transition
~ 3.1 MHz vhile saturating the'ry Xz'9 TZTy sauelllte* t as pred1Cbed Ty
our model. It can be shown that this ENDOR transition is the only allowed
transition via the electron magnetic moment operator in the Ty manifold
and it is.degenerate with the | zy > - | zz > transition in the T,
manifold and ag&in»equal to v_. ;Consequently, e2qQ and 71 cannot be obtained
independently unless.at'lsast one other “HF element,. A, spd/orvAyy,
contributes intensity to additional ENDOR transitions related to
'x+'5'3equ(1 + 1/3)/% and/or yo‘= equ-ﬂ/e iespectively(u’s).

*We now reexamine’briefly the interpretation of the ENDOR transitions

associated with the T T, mlcrowave transition of gquinoxaline (1,4-

| but now the nuclear Hamiltonian contain interactions of two equivalent -

N nuclei. Thus

%;[Gﬁ/é)n . 6%FHF)h] € (I gk) + AXX Sx (le + i2x) ' (9)

k—x,y,

The set of twenuy seven functlons T Xl Xoy? and T (le X2w Xl XEV) defined a:

+ .
Tu(xlv XQW)— (u, v, w correspond to x, y, and z) diagonalize the first

* Data from 1of3

M quinoline in Durene at 1.6°K in the 0-0 phosphorescent -
emmi:ssion.

T o . ' . ' . s .
Two sites are resolved in the Ty - TZ microwave transitions with Ez - Ey

differing by ~ 5.9 MHz.. We obsérved the ENDOR transiiion on the low
energy site (EZ - E = 908.9 Hz) where the second order hyperfiné
splitting between iyx > - lzx > and the degenerate pair yz > - [zz >
yy >.»‘Izyl> is resolved. The value obt °1ncd for Axx from the second

"

order splitting is ~ 21.2 MHz.
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two terms éf the Hamiltonian (equation 1). These may be used as basis
functions with 7&%5‘ as a perturbation.Hamiltonian; As 1n the case of
quinoline the states of the Ty manifold are not mixed‘with states of the Ty
and T, manifolds, but the states of the latter manifolds are mixed together by
ngF' Because two 3 x 3 matriceS”each involving fwo basis states of the same
- electron spin ﬁénifold‘occur when the 27 x 27 matrix is reduced the
compléte'Solutién cannot be obtained by first ordgr perturbation theory.
Thé‘problem was solved using a computer prograi for diagonalizing.the
~secular deﬁerminant3 generatihg ghe perturbed wavefunctions and computing
the transition moments of‘all the magnetic dipole tranSitions using the

electron magretic ~moment-operator. - An_ energy level diagram for the

nine nuclear states.comprising the.TZ manifold of quinoxaline is drawn

to scale in figure 1 and Table I gives the states which are’mixed with
‘each dominate state oflﬁhe T, manifold upon diagonalizing the secular
determinant. The spin Hamiltonian parameters used for the mmerical
calculation were v_ = 3 quQ (1 - 7/3)/% = 2.938 MHz, while all other
paranmeters were those obtained by Chan, Schmidt and van der ﬁéals(6 )o

We will juétify éur choice of v_ below. These pafameters indeed predict

8 strong central multiplet for the T~ T, microwave transitién which is
flanked by two péirs of satellites in agreement with the observed épeétruﬁ
and interpretation put forth by Schmidt and van der Waals(l’3){ For
consistency with the‘nomenélature adopted by these authors wevnumber these
lines 1-5 in order of increasing frequency. The nuclear states of the

T, manifold associated with transitions within each of these satellities

are numbered in figure 1.
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Chan, Schmidt, and van der Waals(él)'ébserQed three strong ENDOR
ﬁransitioné with the microwave frequency fixed on lines 2 or 4. The
frequencies of -these ﬁransitions were thé sane for each'satéllite. We

label these ENDOR transitions'vl', Vé', and ?3

frequency. From the arguments given above in connection with quinoline,

' in order of increasing

these transitions gain their intensity from the electron magnetic
moment operator. Since there is no mixing of the’Tx'manifold in our

approximation we assign these three ENDOR transitions to the Iz manifold .

Three strong ENDOR transitions afe found within the T, manifold from

10 Yo and v3. It

may be verified that these transitions gain intensity from the electron

-our calculation aﬁd are indicated in figure las v

‘magnetic momgnt operator by examiﬁing the mixture of states given in
Table I. Furﬁhermove,'éach transition connects a state associated with
.line 2 with one'éssociated with line L, ana hence all thfee ENDCR
transitions should occur on edch line. To a high dégree of approximation
the doubly‘degenerate transition labeled v2 in figurevl occurs at the
pureluN nuclear guadrupole freguency v_. If we identify Vo with the
observed frequency v2',we obtain excellent agreement of:all transition
frequencies-as shown in Table II. We have indeed assigned all of'thev
iﬁtense ENDOR liheé using only the v_ pure nuclear quadrupole tranéition
frequency. In fact we have found that in the approximation»Ayy, AZZ = 0,
there is no feature in ﬁhe miérowave mltiplet or in the ENDOR spectrgm
which changes.withéiﬁqlaS‘long as v_ remains invarient. We have recomputed

the microwéye spectrum and the ENDOR trarsitions ( Vs Yo and y3)’
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varing 7 between O and 1.0 vwhile keeping v_ constant.v A1l transition
frequencies and~iﬁtensitie$'in the calculation remain unchangéd. The
invariant of the ENDOR”transitions is not'surprising if one notes in
‘figure 1 tha%t these transitions each involve the flip éf'a single nucleus
.between thevxy and X, nuclear sfétes. The change in quadrﬁpo;e energy»
is thus hv_ = € - ey in each case. The fact that three fregquencies
occur is entirely a result of the electron-nuclear hyperfine perturbation.
By failing'tb recogniZe the‘imédftance of the electron magnetic
moment operator in determihing the intensity of an ENDOR transition:
Chan, Schmidt and van der Waals were Jled to.a misassignment of an ENDOR
transition. This is not surprising siﬁcé tﬁe use of only the nuclear
magnetic momept éperator in the transition moment_ﬁredicts a hogt of
ENDOR transitions of comparable but extremely weak intensity; They

assigned the v_' transition to 9% =3 quQ ( 1+ 1/3)/4, and thus came

3
to the erroneous conclusion that équ'and 1 could be obtained independentl
from the thfee‘iﬁtense ENDOR frequencies. These authors also réport the
dbser&ation of‘other'extrémely»weak ENDOR signals.' Thesé signals are
probably attributable to nuclear transitions which gain intensity

from the émall nyperfine components A, and Ayy via the electron mggngtic
moment operatof. A generalization which can be made for azaaromatic sk
triplet states is that a hyperfine tensor element.Aii gives rise to N
intensity for lb'l\l{ nmucleus transitions in the plané normél to i. Correct

assignmeﬁt of the weak ENDOR ftransitions would allow quQ and n to

be obtained independently since they would be related to v, =3 quQ(l + n/3)/k

2
and Vo = e qQ n/Eo
Finally, our assignment predicts that only one intense ENDOR transition
should B2 observed on each of the outer satellities. The transition

should occur on iine 1 while the 4ransition Vl should occur on line 5.

"3
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Table 1
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" State of Figure 1

Principle States

Admixed States

T2 Xax Xox

.
(Tz Xlx.xéz)"
Tz Xlé Aoy,
(7, Xy xgz)+
(7, X1y xgy)i
(v, 1y *éz)'

2 le Xoy

+
(Ty X1 xgy)
N e
(Ty le ng) 2 TZ le X.Qy
Yy Xay Yoy Ty Xz Ko

(7,

+

(T, Xqy %) s T, %y, X
y "y ez z “lz "2z

NG 2 -1 .
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Table II

Calecvlated and observed ENDOR frezuencies and Intensities

for Quinoxaline

- Calculated ' ' Observed'
Frequency (MHz) Intensity f " Frequency (Miz)  _ Intensity
vy 2239 . 3., 3.4 v,' 2.2393 3.8, 3.5
Vo 2.936 . 2.7, 2.7 vy 2.9384 '~ 10.0, 10.0
Vs 3.850 2.0, 2.0 v3' '3.7900 2.7, 8.1

.X.
First entry line 2, second entry line k4.
T_Reference 6.
Calculated where 103 is the infensity of a fully allowed electron

spin transition.




(1)
(2)

(3)
(k)

(5)

(6)

(7)
(8)

(9)
(20)

(31)

Tetters L (1959)409.

| UCRL-191k5
-1h-

References

J. Schmidt and J. H. van der Waals; Chem. Phys. Letters 2 (1968) 6Lo.

D. S. Tinti, M. A. El-Sayed, A. H. Maki and C. B. Harris, Chem.

- Pnys. Letters 3 (1969) 3h3.

J. Schmidt and J. H. van der Waals, Chem. Phys. Lettérs'g (1969) suh.

C. B. Harris, D. S. Tinti, M. A. El-Sayed and A. H. Maki UCRL-19053,

~ July, 1969.

C. B. Harris, D. S. Tinti, M. A. El-Sayed and A. H. Maki, Chem. Phys.

3

I. Y. Chan, J. Schmidt and%yan der Waalé, Chem. Phys. Letters E,

(3969) 260. |
A. Abragram, Nuclear Magnetism (The Clarendon Press, Oxford, 1951)

‘p. 193.

J. S. Vincent and A. H. Maki, J. Chem. Phys., 42, 865 (1965);

Y. Gondo and A. H. Maki, J. Chem. Phys. 50, 3270 (1969).

J. S. Vincent and A. H. Maki, J. Chem. Phys. 39, 3085 (1963).

J. M. Robertson, Proc. Roy. Sco. (London), AL, 594 (1933);

A1h2, 659 (1934).

M. D. Fayer, C. B. Harris and D. Yuen, unpublished results.

e e R



e

UCRL-19145 .

1606k

1613k

el

1610

1612

1609~
1608+

1607

1605

mmO&W_

Quadrupole Hyperfine
N(2)

mNXXv . <<v
! _NXNV\ | ZZX)! -

! 1ZX2),122%) w 12220 % (4 (55
. / \“j / iy v 1, \3)
2R P 7z |
\ . W\\\ - . . y ~ Y N |
\\ | Z2) ;,H
1 ./ \ - /
b / \ . N/\\v _
: AN / 53 v b
,, L uzXw, 1200, |
\ f\ \
/ m / \
’ I\ == / -
\ INZZ, |27y ZZY)
\ \\\ o '
\lzyy i ]
. \ Vo
/ | ZYYY |
v y (1),(2)
L 1ZYY) /s

Ehergy levels o%ﬂtheAfz electron spin manifold of quinoxaline. See Table I

Figure 1.
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