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' The Assignment of First Excited Triplet States

by'optiéally Detected Magnetic Resonance (ODMR) Techniques

Siré:

':Thé'determinafibn of the-oibital symmetfy‘of’eXCited tripiet states of
aromatic and substitutedlarqmatic molecules is a problem which has received
a considerable gmount'of atténtion frbm'thedreticians and expérimentalists
alike. ' In addition fo behzene;l’2’3 the series of haloféubstituted benzenes
has been éxtgnsively studied.h VHoweVer, the unambigous assignment of orbital
triplet symhetries of these molecules has, in_part,‘eluded the investigators.
| In feceht-years, the development of optically détected magretic
reSonanéejtechniques'(ODMR),5’6f7 has~pfo?ided‘experiméntalists with a
deérfﬁl ﬁew-tobl,«yielding data ﬁhiéh; when incorpdrated'intq.the'wealth
of other spééffOSCOpic daté available, may remove the ambiguifies
in the assignment of the first’excited triplet state.of mény molecules.
The value of ODMR teéhniques'liés ih their'abilify to Selectively éxamine
the individuai»mégnétic'suble#els of the‘tripleflstate.',It.isfiﬁ this
context we wish to report the propérties of the first excited triplet state
of p-dichlorobenzene (pCB). | |

Basicaiiy, ﬁhere are two reasonable possibilities fof'the'syﬁmeﬁry of tﬁe

'excitéd'staté of DCB. The first is the state derived directly from the lowest
triplet state,-BBlu, in benzéné, and the'sgcond i$ one of‘the two states
'derivédffrbhithé.benzene 3E1ﬁ state.3 In the coordinate system illﬁstrated
in Figure 1, theSe'correlate-with the DCB states 3§1u and 3B2u respectively.
The latﬁer assigﬁment has:been pfoposed byvCasfrb and'HQChétrasseru for |

DCB and réquires that the chlorines interact with the carbon n electrons
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to effect‘alsignificént splitting of the parent 3E1u_state of benzene in
' ordér tovlower the BBéu ﬁoﬁponent below thetbenzene_?Blﬁ state. The.s
vproblem'cén 5§'fés61Ved if.one considers the'indiyidual_magnetic suhlevels;
of DCB. . | |

Considei_first the totaljspin-orbif symmetries of thé.magnetic sub-
levels of’DCB for‘both triplet;states listed in Tabie 1. it is épparent
that the oniy diffgrence_bétween the two sublevels Ty and Ty is that théy
ha&e their spin-orbit symmetries‘inteféhanged for the two triplet sfates‘
being considered. Furthermore, it can be shown that three A, and three Bay
singlet states arise when one conSiders.explicitiyvthe éhlorine nonbbﬁqing
electronstand in-plane x orbitals. 'TheseAstatés; hereafter referred to'#s
‘nn*‘states,'are ekpeéted to be much lower in enérgy than the corresponding
A, and B3u'0ﬁ* statesvin'Benzene. The importance of this is that the nr*

'

singlet states can have one center spin-orbit coupling matrix elements with

both the“fy dnd'Pz 3ublevels'inreither orbital symmetry. The singlet character

associated with the T

x sublevel, however, arises from smaller two center )

spin-orbit-terms becéﬁsé:one-cénter7terms vanishvfor spin—orbit cbupling :
between wi" sfates.g Consequently, one might expeét most of the electric
dipole activity to originate from the T and T, sublevels:to the ground
'state vibrational manifold;r This is confirmed in part by the polarization of

the emiission and a.bsoi'pt‘.:’Lon,+ and by the lifetimes'of the individual magnetic

sublevels. Using adiabatic fast passage in zero fiéld9 the lifetimes of all

three spin Sﬁblevels were measured in a manner similar to that outlinéd by
. van der Waals and co-workers.;o This is illustrated_in Figure 1.in which -
trap emiésion to the origin (3588 A)vfrom single'cr&stal# of DCB was mon-

- itored. The crystals were purified by zone féfining, 200 passes at 2 inches
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Table 1

Vibrational Band Polarization?

- - in paradichlorobenzene‘in the states B

1u

. |
and Bzu

" The spin-orbit symmetries of the individual magnetic sublevels

Magnetic Spin-orbit
- Symmetry ‘Sublevel Symmetry ag 'blg bzg bJg
Ty B,y (n7¥) X | Y z -
3B1u(nn*)‘ Ty, A, (nﬂ*) - .:Z Y X
Tx B,y (n7¥) Y X - z
- T, By, (ni¥) X Y Z -
Byl 1y Ay ) | -z Y X
Ty B, (7r*) Z - X . Y

'/ and<Y'are in-plane while X is out-of-plane polarization

/ 4‘}
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per hour. Thc sequence of evenls is the following..’First‘the’exciting'

light is reﬁovcd and the fast spin levels (ty and-Tz) aie’allo&ed»to decey
and consequently deplete their population. At a later time, 90ms, the
population from the slow level is placed into a single fast level by adiabatic
; fast passage of the mlcrowave f1e1d and the 1ntensity and decay are measured.
In this way the lifetimes and the radiative rate constant ratios from the
individﬁalpshblevels are obteined. Other experimental'details‘are_similar

to thoee repofted earlier.7"Aesuming that the out¥of—plane,>1x, spin
sublevel ie lowest in energ&, these obsefvations yield lifetimeS’fot the
upper and mlddle spin sublevels of 13 * 1.5 ms and h6 * 3 ms respectively.

The iHVersionfprocess‘is'repeated as a function of time after.the eiciting '
‘light is removed in order to obtain the lifetime of the longAlived 7, Sublevel
(v500 ms) which is common to both the 5.362 GHz (D+1E{) and the 3.604 GHz
(D-{E() zero field transitions. It is apparent from a comparison of the
heights of the_inversions (cr. Figure 1) that the radiative rate constant to’
the origin is lergest from the upper spin sublevel, establishing lts’symmetry
as B3ﬁ since the middle Au>Epin state is expected to be inactife in D,
symmetry.'~Io:addition e'polarized'phosphorescence microwave double e

+
Tresonance spectrum (PMDR) )75 11

- was taken monitoring both the origin and the
bsg vibration (380h'A) .The PMDRISpectra reveal that moet.oftthe outgof-
:plane polarlzatlon to the origin and b g vibretiOn ie associated with the
upper and mlddle spin sublevel respectively. 12 'Itlshould be noted thet the
symmetrles B3u end Aﬁ are related by the rotation operator Ry which.transforms
like B3g ,'thos, the reversal in electric dipole activity tovthe'th'fibration
is exactly what is expected; lndeed_the phosphorescencevspectra'ln DCBl'. |
can in large measpre be explainedla by strohg vibrOnic coupliog of the

ag, blg’ 23 a.nd_b3g modes within the triplet manifold and spin-orbit\

" L u o .
All decays and PMDR's indicate mixed emission consistent with Castro and
Hochstrasser's proposal for a distorted excited state (Reference 4).

f
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coupling betWecn the triplet vibrdﬁic‘stétes and thé singlet manifold

involving only nn*-mrx* matrix elements. - '
Having established that ﬁhe_majority of phosphorescence ihtensity

to the origin and b, vibration arises from the Bsu and Ay spin sublevels

g

respectivéiy,'the determination of the triplet orbital symmetry rests in

assigning the apprOpriate order t6 the Ty and 7, sublevels. IQ terms 6f'the
cbnventionél'Zero field épin dipolar Hamiltoniﬁn, one needvonly determine
the sign of'fhe zero fiéidvasymmetr& paraméter E.l3“ Alternatively, ohe‘
can determine the symmetry.df the lowestvépin sUblevel‘Tx. |
Becauéé'df an unfavo:able ofientation of the two'mdiecules in the
DCB unit 'cel’l,'lh a'iow magnetic field study was inconclusive in‘détermihing
the-sign-of E. Therefore, we resorted to the measurement of the symmetry
of the»lowestﬂspin sublevel. This was accomplishedvby measuring its polar-
‘ vibrations (Cf. Table '1)./ Since the Tx sublevel

ization to the b and bé

1g I3
has a long lifetime, the polarization in the téil_of the phosphorescence

decay is due”predominantly‘tc the symmetry associated with T - A single

crystal‘polarizedvphoéphorescéhce'décay at 1.3°K showed most 6f fhe‘
emission to fhe blg_(38h9 A, g X bzg)'and the-ng (3629 K) to be in-plane
pdiarizea frdm the fast sublevels (Ty and’ré) in the'firét part of the
decéy; however,'ﬁhé out-of-plane polariz§tion to the blg invthe,tﬁil of

the deéay is:about éWice as large as that to"the‘bzg vibration_as determined

by the Polarization ratios given in Table 2. In‘addition; the tail of the

vphosphorescence'to the blg is two and one half as intense as that to the

2g
intensity; This tentatively establishes the-symmetry of T, as B, and the

b, when the emission is normalized'to their respective total phosphorescénce

6rbital symmetry of DCB as 3Blu

and predicts the spin sublevels to be

ordered T, < T, < Ty.



In general it should be possible in other molecules of D symmétfy :

..to determine the orbital symmetry of the triplet state by some combination

of the techniques outlined above.15
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Table 2
@ P . .
~ ¢/b Polarization Ratios in the Phosphorescence Dec
.- o ‘ ‘ '
8g.  Pyg by Dy
T, (0-25 ms) - 1.5 0.7 =~ 0.7 1.5
'r*_(200,ms- 1 sec) 1.9 1.3 0.9 1.8
The a'c face shows similar c/a' ratios. )
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Figure 1

Leo=10-

The phosphorescence decay and microwave induced inversion

jmonitbring'the.trép:origih in p-dichlorbbenzehevfrém\SOOJI;f 

7x“accumulations in a lOQ'¢hannel averager;ﬁwThe.frgcfibngof;iﬁversion

| in both transitions was 0:85,. . -
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