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THE LOWEST TRIPLET STATE OF SUBSTITUTED BENZENES: II.
. THE PHOSPHORESCENCE MICROWAVE DOUBLE RESONANCE - SPECTRA
AND ORBITAL SYMMETRY OF THE 3'lT'ﬂ""‘ STATE IN PARADICHLOROBENZENE '
M. J Buckley, C. B. Harrls*f and R. M. Panos

ABSTRACT

Pﬁosphoféscenge miercﬁave dbuble‘reeonance (PMDR)‘spectre of para-
dichlorebenzene have been ebtained monitoring low temperature (~1.3°K)
trep'phosphorescence and used to make symmetry essignments of various
vibronic bands present in the spectra. In addition, ratios of radiative
rate constants=of individnel tfiﬁlet'sPin sublevels to several vibrational
banas,'the.intrinsic lifetimes of all three triplet spin sublevels, end‘
vselective polerized phosphorescence from individuelvspin suble#els te
© various vibrational'bahdg have beeﬁ nmeasured. _Ap:analysis of tﬁese data
is presented along Wifh’explieit.considerationsnpf:the para -chlorine
perturbation on the ercmatie ring. Finally, the:relafienships between
the orbital symmetries and the sign and maénitﬁde of the zero-field
electron spin dipolar interactions in the triplet state are presented for‘
_ several haldbenzenes and on these bases en assignment of the orbital
symetry of‘ﬁhe lowest excited triplet state of p-dichlorobenzene.is |

made.

* Alfred P. Sloan fellow

¥ To whom correspondence should be addressed.



Introduction

The classifiCation of the'Orbital symmetry of excited triplet states
of aromatic and substituted aromatic molecules is a problem which has -
" received & con81derable amount of attention from theoreticians: and experi-
mentalists alike. Early investigators, while-attempting to establish the
assignmenttOfpthe lowest triplet'state’of~benzene from a vibrational
analysis-of:the phosphorescence, cOncluded that the transition was essen-
_ tiallyldipole forbidden'andvthat'the‘weak phOsphorescence activity originated
_'fromva vibronic coupling of the'eeg uibrations'.l . This uibronic coupling‘ ‘
» Of'the engmoaes has been cited as evidence for either a sBiu or 332u staterl’a
Theoriéts-have generalky'agreed that av3Blufstate would be lowest in
energy.B" - Ina clas$ic study, Albrecht has set_down the possible routes
by which‘dipole allowed character might find its'waybinto the benzene
| Tlv-aso'transition.lk His findings, along with the oscillator strengths
and’phosphorescence'polariZation,’allowed him to propose the 3Blu'assign-‘
ment which has since gained,wide'acceptance;

In addition tovbenzene, substituted benzenes such as hexachloro-, tetra- -
chloro};'paradichloro- and paradibromobenzene have'been studied. A 3Beu‘assignnient
bas been‘proposed for thellowest triplet state of hexachlorobenzene onv
'the basis of polarized phosphorescence spectra,fsvwhile single crystal
”polarized T, e-So absorption spectra led Castro‘and Hochstrasser to
propose an 1dent1cal assignment for the p- dihalogenated benzenes.6

It is not generally,posslble, because of the spinrforbidden nature
of phosphoresCence transitions, to unambiguously assign the triplet.

orbital symmetry without & complete knowledge of the spin—orbit symmetries



of all threeetripietfspin‘suhlevels. ‘Two techniones have been recently:
deveioped'tobdetermine-these symmetries through an analysis of the spin
subievel origins in the vibrational bands of the phosphoreSCence spectrum.
" The first, based upon the'high-fieid Zeeman effect'empioyed by
Hochstrasser; et 31.7 has heen effectirely used'tovdetermine the nsgnitudes and
signs of the‘iero;field parameters.' Aaditionallygfin cases where the’
.aPﬁliéd mﬁgnetic:field'affects_a'resolvable splitting of the spin sub-
.levels,‘thisrtechniQue could be used to determine the symmetry of»éxcited
:triplet states. The technique'hes~the Virtue'of not restricting inﬁesti-
gations to only'thevlowest triplet state since,it‘cen be applied to
Tl « So absorption spectra. I | ’

" A second technique has evolved recently from the application of
optically,detected magnetic resonance (ODMR) studieS‘to‘molecules in
phosphOrescent'triplet'states; ODMR techniques have proven quite useful
for the determination of a mumber of properties associated w1th excited
triplet states, such as ‘the zero-field splittings, nuclear electron hyper- |
fine and.nuclear quadrupole interactions. Indeed, knowledge of these
properties can shed light on the orbital nature of the triplet state.

These techniques provide experimentalists with a powerful new tool,

Yielding data which;vwhen incorporated'into the wealthiof spectroscopic

data araiiable, can remove the present ambiguities in the assignment of
the_orbital'symmetries of excited triplet states in nany nolecules. For
instance;vit is well known that the msgnitude of the zero-field parameter

' 9

D is related to the spatial distribution of the electron spins’ in the

triplet.state and can therefore be used to7distinguish between an n¥*




and a nr* state. In addition to parameters directly related to the
electron distribution in the tripiet state, ODMR cen he'used to determine-
expiicitly the intrinsic lifetimes of indivicual triplet spin sublevels'
and also thelr relatlve radiatlve activity to various vibratlonal bands

present’ in the phosphorescence spectrum. 8,10 It 1s Pprecisely these sort

- of data which are necessary for the unambiguous assignment of triplet

state orbital symmetries. We have therefore applied ODMR . techniques to

- the problen of determining the orbital symmetry of the lowest triplet:

state in paradichlordbenzene (DCB).

i



Eﬁperiment and Results - -~ .

A. Sample

- Samples of Eastman Organic paradichlorobenzene (DCB) were degassed and‘
extensively'zone-refined (eooipasses at two inches/hodr). Single crystals )
of DCB were grown by Bridgman techniques and mounted inside a helical slow
'*wave structure which was suspended in a llquld helium dewar. ‘When polarlged data
were collected crystals were elignedvconlscopically to detect phosphbrescence

from the crystellographic be face. The exciting light was'incident on the.afb

face and was incident from a direction perpendicular to the bc face. Temperatures

lower than h 2°K were obtained by pumping on the liquid hellum.

B. Phosphorescence Microwave Double Resonance Spectroscopy (PMDR)_

PMDR spectre‘were obtained in a manner siﬁilar.to that previously reported.ll
Unpolarized .bﬁoefhoreScenceverission wasimonitored at 90°vto the exciting
source, focused through eppropriate.filters,'and iéolated:by e’Jdrrell-Ash
 3/4 meter Czerney-Turner spectrometer equipped with a cooled (-20° C) EMI
62568 photomultiplier. The three zero-field transitions of DCB were ob-
served at 5.362 GHz, 3.605 GHz and 1.758 GHz, as reported by Buckley a.nd
Harris. | | |

13 of poB (origin =

In addition to the reported exciton phosphorescence
v27890 cm'l), emission from a shallow trep which will be referred to as
the x trap {origin = 27865 em™t) and a deep trap which will be referred
to as the y'trap (origin = 27807 cm 1) was observed. fThe DCB sample was

found to be extremeley sen81tive to its recent thermel history.: The'
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emission of beth'the exciton end the x trap was observed at‘h.2°K'with
’approximateiy equal'intensityQ ‘Upon~cooiing the sample‘tq 1.3°K only the
X trap‘emissidn was'observed. If the temperature of the DCB crystai was
lowered to 4.2° K rapidly (approximately 20 minutes), exciton emission was
not dbserved but the emiss1on fram the y trap was observed in addition to
that fram,the x trap. Upon cooling the sample below-h.Q K, the 1ntensity

of the x trap emission increased while the intensity of the y trap emission

decreased until at 1.3°K only the x trap emission was observed. The y

trap’emission'is‘belieVed'to'Be due to triclinic inclusions in the mono-

elinic.DCB'lattice;f'This was tested by preparing a triclinic sample of DCB which

' contained approkimately 0.01 mole percent p-dimethoxybenzene as an impurity

_ to stabilize the trieclinic form at helium'temperatures. Since the same phos-

phorescence origin as well as the same ODMR tran51tion frequenc1es were

observed for both the y trap and the tricllnic form of DCB, . the y trap 1spresumab13
due to triclinic inclusions.

' We will concentrate in the remaining discuss1on on the monoclinic

form, i.e., the x trap. Each of the PMDR spectra illustrated in Fig. 1

was obtained:while saturating one of the three microwave zero-field transi-

tions. The‘mierdwave field was amplitude modulated at 25 eps and

. the spectra were obtained by standard phase detection techniques. All of

the vibrenie transitions increase in intensity for each of the PMDR experi-

ments. Since & lock-in amplifier was used, any decrease in intensity

‘while monitoring the emission to a vibrational level of the ground state

would have caused the PMDR transition to go negative rether than positive.
The relative increase in intensity of the vibronic band et 0,0 +1579 em™?

(denoted b& ¥ in Fig. 1) compared to the origin is striking.'.Tﬁe relative



increase in intensity of the vibronic band ‘is greatest while saturating

the 3.604 GHz transition, v:vhile the relative increase in intensity of the

origin is greatest for the 5.362 GHz transition. Other vibrationswhich have been -

‘assigned as ag b_ehave in & manner similar to the o'rigin and therefore it bis clear
. that the ‘vibratibn"'a.t 0,0 +1583 em™! is not exclusiv‘ely'va.n ag vibration as
" previously as'signed, s."an,e all vibrations with _the same symm_etiry should

maintain a constant intensity ratio within all_'_three PMDR spectré..

C. Adiabatic Inversion

The inversion experiments were conducted at 1.3 +0.05°K employing
essent’ié.ll_y’ the same procedure .tq be reported eisewhere.lh ‘Microwave power
was obtained from a Hewletﬁ-Pé.ckard Model 8690-B .szegépv oécillat‘or,‘ a.mblified
via a 20‘ %ré.tt .tz"a.veiing_wé;r.e tube, and vfas a.pplied._to’:'tvhe.vsa.mz.)l._e through a rigid '
coa.xia.l ’lirie téi'minated with a slow wave helix. "The freduency sweep re-~
quired to 1nvert the triplet sublevels was obtalned by applylng & ramp
‘voltage to the FM input of the micrcwave sweep generator. The ramp v
voltage was adjusted so that at Vo the microwave frequency was
a)o, the center of the EPR transition being used for ihvaision. The FM
voltage was swept linearly from V_ - iV to v, + 2V in a time T so that
the _microﬁave frequency cha.néedfrom ibo - %6 to » wo + é& in a time 7.

Maximum inversion was achieved by adjusting the power s the fime T (~100 pusec),

and the ramp voltage V. Optimm inversion was obtained at a rate of
~10 MHz/100 usec. :

Simple phosphorescence deca.y studies at 1.3°K show that the DCB
triplet state possésses two short-lived sublevels a.nd one relative:Ly

long-lived sublevel. Using the inmversion technigue the lifetimes of all




three spblerelS'were measured iﬁ the same manner as reported by Schmidt,
Veeﬁenzahd van‘der'Waels;lo :The:experiment depends upon an examination
of the‘fime evolution of the éﬁission’intensity to,epchosen vibretional
band in the phosphorescence spectrum The event sequence occurred as
follows. The excitation source, & 100 joule flash lamp (~20 usec duration)
was triggered flrst, wrth'the exc1tat10n light focused on the sample
through a vater filter and a Schott 3100 & interference filter. A PAR
ﬁaveform educborbwas triggered a short time_after the excitation flash
'(~100'usec),and the population inversiOn operabionlhiras-performed after
a variable delay which was adjusted to allow the tWO.short-lived spin p
. subleVels'to decay.' The waveform eductor served to store outpﬁb fram.
subcessive event sequences'and thereby improve the signal-to-noise ratio.
' Successive efent sequences were separated b& a four second delay:fo insure
.complete decay"of the triplet sdblevels. lHowever, only the first one
second of each sequence was sampled and stored in the waveform eductor.
These obsexvatlons confirmed the simple decay data, show1ng the sublevels
- with l/e llfetlmes of 13 +1.5 msec, 46 +3 msec, and about 600 msec, and,
further,_establlshed the long-lived sublevel to be common to both the
5.362 and the 3.604 GHz transitions. Inversion wes observed at times as.
‘long as several‘seconds after excitation, thereby establishing that at
very ;ow temperatures (~1.3°K) spin;iettice relaxation may be neglected.
.Figﬁre 2 illustretes the,phosphorescencevto the origin in the inver-
sioﬁ experiment described abore from the accummulation of time average

experiments. Following the excitation flash; the two short-lived spin
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sublevels decay, thus depleting theirvpopulatiOns. ‘The inversion operation

is triggered after a time‘long compared to the Shorﬁilifetimes'(~90 msec) .

thereby placing population from the long-llved sublevel selectively into
one of the now almost empty short-lived sublevels., In this manner one can
dbtain ratios of radlative rate constants from the ratio of 1nten31ty of
the inversion s1gnal at T 90 msec *(5.362/3. 60U GHz).
" From PMDR spectra, vibronlc bards of varying symmetrles were 1dent1-
fied and a systematic series of the 5.362 and 3.604 GHz invers1ons were
‘a;so applied to several of the prominent vibrational bands in the phos-
phoresoence spectrum which yvielded the data listed in T&ble 1. Monitoriné'
Vemission from the’crysta.llogra.phicl5 be face, polarization ratios obtalned _
for this same series of 1nversions are reported in Table II.
In additlon, polarization of emission from the long-llved spinbsﬁbf
| level was measured by_eliminating the inversion operafion and monitoring

the polariied emission in the tail of the phosphorescence decay to vibronic

bands at 3629 R and 3849 A. Table III illystrates these data. .
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' dichlorobenzene (DCB) in D_,

o Discussion

The T, 4‘8"phosphore5cence, because of its spin-forbidden

nature, derives its transition ‘Probability from singlet states admixed

into the triplet state via spinaorbit coupling.l6 It has been shcwn that
within molecules of relatively high point symmetries the triplet state

spin sublevels generally exhibit selective spin-orbit coupling with excited
singlet states, consequently, one and sometimes two spin sublevels con-
tribute the majority:of phosphorescencé'intensitj;l7 | |

A completely unambiguous ass1gnment of the orbital symmetry of the

triplet states requires, in addition to ‘the polarization of the phos-.

.vphorescence from the active spin sublevels, a knowledge of the magnetic

orientation of these spin sublevels relative to the molecular axes. An

vexplicit consideration of the spin ~orbit symmetries for paradichlorobenzene

(DCB)jintboth a Blu and a Bzu state will easily demonstrate this-require-

_ment.

Zero-th order wavefunctions for each. triplet sublevel taken as a

product of spatial (orbit) and spin functions, transform as the direct

.product_of the 1rreducible representations of each~part. Eigenfunctions

of the spin angular ‘momentum operator transform, in zero magnetic field,
as rotations which 1n the point group D n are B (R ), B (R ), and

B3g(Rx) Table IV outlines the total spin orbit symmetry of the sublevels

.for the above orbital‘symmetries for.the lowest triplet state of para-

!

=h’

An examination of Table IV reveals that the only differences between

the Blu.and the Beu assignments are: (1) the,spin-orbit symmetry of
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the Ty spin'sublevel and (2) the megnetic orientation of the B3u an,d‘Au

(T or T ) spin-orbit states.

We have neglected to consider the two other poss1ble symmetry ass1gn- |

ments for the lowest triplet state in DCB ( A ) and B ), since they |

correspohd“to‘nﬂ*'or ok COnfigurations} Experimental evidence indicatesv

- a 7% configuration is corféét:; Early support for this contention came
'fromtthe"observation that the DCB T, e—'Solabsorption spectrum exhibits a -

significant amount of out-~of-plane polarization.v6’ 13 Furthermore, the

s . : 1
experimental values for the zero-field parameters D and D¥ (D¥* = (D%+3E%)3)

of DCB differ by only a few percent from those of.benzene.le’18

' measurement of the chlorine hyperfine'interactionl2 indicates_that the -

para-chlorines of DCB possess a much smaller spin density than'might be .

 expected for a 3nnk state, Lo

By'aﬂalogy to benzene18’20 and from previous studies of aromatic-

molecules in mm* triplet s‘t:ad;es,al-“'29 it is reasonable ‘

to assume that in DCB the largest ccmponent of’ the electron spin spin
tensor in its principal axis system is along the molecular axis normal
to the plane. In the coordinate system illustrated in Fig. 3,,the,lowest
~ energy triplet sublevel would then be Tx.""

The cbservation that the long-lived (~600 msec) spin sublevel 1is
common to both the 3.604 GHz (D-|E|) and 5.362 GHz (D+]_E|) zero-field
transitions, together with the above considerations, allows us to assign
the lowest energy'sublevei as the long-lived sublevel. The remaining
spinvsublevels, Ty and T, &re then associated with spin eigenfunctiohs

of the zero-fieid_Habiltonisn'asymmetry paremeter E.

Finally,
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‘Thé zéfﬁéfield’splittiné parametei-E'is a meaguré pf'the anisotropy

of thé'triplet:electron_sPiﬁ distributionzin the mblecplar plane and should be
equal to zerc if the ﬁoleculgf plane poSseSSes:a fotééional symmetry -
greater thanvcz; The small'ﬁut finite value for E heasured‘in benzene18
requireS'exCesé triplet spin density on carbons 2,_3,-5 and 6 (see Fig. 3).
It becomes imhediatély apparent thﬁt{this spin configuration has the effect
of inéréasiﬁg the dipoiar repulsién'terms along the ﬁolécuiar Z axis. The
triplet state sublevels in benzene therefore exist, in order of.increasing
energy, T# << . <'Tz’; correspohding to & pdsitivefsign for E. (We have
ch&hged the de Groot et g;?j%oordinate Sysﬁem into one similar to the.co- |
ordinate syStem used here for DCB to facllitate comparison. )

| In‘thé absence of appreciable spin-orbit coupling contributions_té'_
_ the zerd-fiéld"spliﬁtings,‘the effect on the Carboh spin.dénsities with'_b
‘the:addition of chiorine subétituents to a,benzené rihg'can be understood
.qualitaﬁively in terms of the one-electron’moieéﬁiai orbitals that form
the basiS'for the excited state. 'Figure'hfillustrates wa possible’per;
turbations.that can occur with chlorine pare-substitution. Since the

chlorine oﬁteof-plane p-orbitals‘(n) form linear combinations that trans-

. form as bag ahd»bsu in D and since the ehétgies of these orbitals would

=h
be'appfoximately at the chloriné valence state ionization potentia129 and

“thus somewhere bet&een the bef;zene30 éaﬁ'and elg orbitals, the bzg(e)'MO derived
>from the benzéne elg MQ wduld bg_raised in énergy While the predominantly ."
éhiorine bag(l) MO would‘be lowered. The b3u interactions unfortﬁnately

cannot be’éasily predicted from first order perturbation theory. Two

_possible orderiﬁgs are apparent depending ﬁpon the magnitude of the
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chloriné-benzene interactions. First, the b, (3) orbital derived from

the benzene e, MOYCOuld be lowered»nia chlorine interactions. This would

-depend upon many factors, few of which can be even qualitatively estimated.,

The participation of e _;g_z_chlorine d-orbitals would, for 1nstance, lcwer this state
‘relative to its au'(l) degeneratelpartner since the-au state has a node

through the pararpositions-end'cannot interact with,out-of;plane orbitals.

The other possibility is for‘the b, ,(3) MO to increase in energy via
carbon-chlorine bonding. The nore electronegative the-sﬁbstituent (as '

would be the case in fluorine substitution) the more likely this eituation.' -
In either ef the above cases the symmetry of the lowest.occupied MO in

the ground state of DCB is expected to be bag(a); therefore two excited -

state orbital symmetries can arise. B 1s derived from atbag ~b,
_ transition while ‘the state B,, i8 derived from the transition bég' - .

If we c0nsidef the triplet states with'one_of the unpaired electrons in
the b (2) MO and the other in an.a (1) oi b (3) MO,:the sign of the spin .
dipolar term E can be anticipated in each case know1ng that the para-sub-
stitution does not appreciably affect the value of D.‘ Aside from a small
delocalization of the electron spin on the two chlorines the distribution
' of the spin density on the carbons of the ring is given by the carboncoefflcients

‘in each one-electron MO. Since both the a (1) and b_ (3) MO's (Cf. Figure 5)

-have a nodal,plane-through the 1l and 4 pos1tions the spin den51ty in these . _

MO's would be concentrated on positions 2, 3, 5 and 6. Carbon 2, 3, 5
and’ 6 coefficients in the: b og and b}u MO's are only about half those of
carbon 1 and h; consequently the para-carbons have four times the spin

.density of the'bthefs in these MO. Naturally the chlorine affects these
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coefficients to a degreeAEy delocalizing a small amount of spin densityA

as eVidencéd by the out-of-plane chlorine,hyperfiﬁe couplingAconstant
(~25'MH2).12‘ Figure 5 summarizes the spin densities on each carbon and the
symmetriés"for'the‘appropriate one-electron MO's. Table V summarizes the
appropriate spin sublevel ordering and spin densities for the two possible
orbital symmetries 3Blu and‘3Bgu in para-dichlorqbenzene and s-tetra-
chlorobenzene (TCB). It is expectéd that the lowest occupied MO in TCB

would be bié(l); however the ambiguity of the first unoccupied MO remeins the

. same as in DCB. In the‘casé of TCB, chlorine d-orbitals would tend to lower

. e aaas , CLoN wmA e g ; T .3 3
the & relative to the bsu(3) MO. ' In either molecule in both the "B . and “B_,

' excitedIStates.the direction and a rough estimate of the in-plane spin dipolar

- repulsion can be ascertained using the sbin densities in Table V. Con-

sider,_for example, the 3B1u state in DCB. The spin density is principally
localized on the para-carbon pdsitions; thus the'dipolar repulsion between

carbons 2-3 and 5-6 is reduced resulting in the_rélspiﬁ sublevel being

lower in energy than x In addition the E values should be "large". On

the other hand, a DCB 332u state would show & "small" E value since the
spin density is unifoimly distributed\over the carbons exéept for the
fact that the para-carbon spin density would be less than the remaining

carbons because of the spin delocalization on the chlorines; thus the

_‘largestvdipolar interactions would be along z. Consequently T, would be

higher in energy thén'ry. These arguments have been extended to TCB,

(ef. Table V). It is noteworthy that in either symmetry 3Blu'or 3B2u

the spin-orbit symmetry associated with the highest spin sublevel is

B,y in DCB and A in TCB. This is consistent with the observation that
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phospﬁofescehcé to the origin in DCB (see below) and:in_TCB3l origiﬁates from the | %
upper (Bjﬁ) anq.ﬁiddle (BBu) spin sublevels;reépectiVéLm.in DCB a#d TCB. o~
‘ ”One‘cah'afgﬁe er'a 3Bl'u"a.s‘signment.ih both moieéules béséd upon ﬁhe

fact that the me@Suf€d>E values in both ﬁo;ééules"are_réthefblarée. In |

32 it is-

fgét, in DCBl2 it is 65%'6f its maximum allowed valﬁe‘and in TCB
70% of its maximum allowed-valué'before £he prihcipai'coorginate system
'bf ﬁhé zér@—field Hdmilﬁbnian ﬁust be,changed.9 This we believe is a
large enough.an156tropy in the zero-field splitting to provide evidence
- for a 3Blu'a.ss'ignment for both DCB and TCB.

Tﬁe applicatioﬁ_of én.external magnetic field éould in prihcipler
vefifyzthe sublevel order. Such a field application has been_atﬁempted
on‘DCB‘in:tﬂis laboratory, but the unfavoréble_orientation of the two
molecules‘iﬂ the DCB unit cell15 prevented us from obtaining conclusive
data by a low‘ﬁagnetic field ODMR study. |

The érdering;of the spin-orbit states-in DCB has been estdblished"
by determining which spin sublevel hés the.largeéﬁ radiative dipole' - ' i
_actiﬁity to the phosphorescence origin. _Since in Dzh-the spin sublevel o
that transforms as Au is formally dipole fbrbidden, the principai
- activity Should be from the spin sublevel that transforms as Bzu' vIn
the 331u or 332u states this would correspond to Ty or Tz respectively.

Delayed adiabatic inversion data illustrated in Fig. 2 and Table I - A

demonstrate that the principal activify is from the upper spin sublevel.

3

The important point of Fig. 2 is that the ratio of the radiative rates _ ' ".. !

(Ty/Tz) is much greater than unity. Accepting the qualitative description = o
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of E above as correct these data tentatlvely establish the symmetry of
‘the. phosphorescent triplet in DCB as B
‘ Thé‘3Blu ass1gnment is further substantlated by polarlzatlon measurements

(cf.’Tahle>III) taken while monitoring emission from the DCB crystal-
15 '

lographic'hc.face in the tail of the phoSphorescence decay to vibra-

. tional bands at 3529 R _(0,0+369 ¢m‘1) and 3849 & (0,0 +(1579+309) em™1)

v g 3& 2g
‘combination band3h‘respectively.' These measurements indicate that emission

which have been assigned as a b‘é fundamental6’33 andab_ (b__ xb_)

from'thellohg¥lived sublevel (Tx) is out;oprlene pOlerized to the blg
bend;‘while po1arizetion is mixed to the-bzg'bahc.‘-ln addition, phospho- .
rescence_from Ty to the blg bend is about two and one-half times as in-
tense as tnat to the bzg when the emission is normeiized to their'respec-
tive total phosphoreScence ihtensity. These datea point’to a BEQ spih-orbit
symmetry for the Tx sublevel cons1stent with the B orbital.assignmeht
~(ef. Table IV)

It'is apparent from the datavthat‘the Bsu'ehd‘Aﬁ spin-orbit‘states
contribute most to the dipole activity in DCB phosphorescence. This |
'activity and ourvobservation that the lowest triplet,state of DCB possesses
two‘short-liVed (lifetimes: 13 +1.5 msec and h6:t3 msec) and one relatively
long-lived spin subievel (~6OO msec)-can be understood when further aspects
of the chlorlne perturbations are considered more explicltly ’

Intr1n51c emlssion lifetlmes of the trlplet sublevels are 1nversely
proportional to the radlative and/or radlatlonless transition probability,

and thereby proportional to the amount of singlet character mixed into

the triplet state'primarily by spin-orbit coupling.. The measured magnitudes
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of the DCB triplet sub level lifetimes/(rv'andrrt) are about a factor of
' | 35

10> shorter than those of benzene. ‘This observation points to a e

significant amount of spin-orbit coupling presumably due to the addition _

i

. of two chlorine nuclei to the benzene ring. A natural assumption then
is that the most effectively spin -orbit coupled s1nglet states would be ' , | j
those states formed from molecular orbitals which.lnclude to a large |
,degree the atomic.orbitals of thevtwo'para-chlorines. The symmetries of
these possible chlorine perturbing orbitals using all chlorine valence |

. .

e’
The lowest unoccupied molecular orbital in benzene has e symmetry.

electrons except the out-of-plane pn .are b

v 1u’ 'ba ’ b

30
In the'point,group Deh the.e2u MO reduces to a b3u and an &, Md; Singlet
statesvfashioned from the combinations of these'nolecular'Orbitals andp

the nolecular“orbitals admixed with para-chlorine atouic orbitals will
transform as the direct products of their respective irreducible representa-
tions;*7Singlet states which might admix any electric dipole character intoi
the triplet sublevels must be antisynmetric.with respect to inversion. ' , i

ThlS restrlction limits the consideration of possible perturbing 31nglet

states”to 1113"' (b 'x a (B); 8y XV (B)) and A (o x 8,(B); b, x b (B))

'(where'B denotes MO derived from benzene ezu in D eh‘symmetry). Also; the

presence_of'carbon-chlorine bondsv(as'opposed to carbon-hydrogen bonds)
would lower the energy.oftsome on* states of Au and B3u.symmetry relative - “"f’ |
to those,in-benzene. Finally, the A and B, States have one-center - -
spin-orhit coupling matriX‘elements with the T, and Ty sublevels while

the nn¥* character associated with T arises only from -
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17 Consequently one might expect most of

two-center spinhorbit terms.
the phosphoréscencé to originate from T&'and T, as‘the‘experimental data
demonstrate. | |
| We have exclu_d.ed.frol.n"discussiOn 'vibronic'coﬁpiiné in the singlet
and triplet manifolds. This topic deserves speclal attention and is the
subject- of another 1nvestiga.tion.3l
: While'the'ODMR techniques ‘employed in this study have helped remove

the primary amblgulties (i.e., spin sublevel origins of phosphorescence),
the present observatlons ‘'of DCB: phosphorescence are subject to other-
ambigu1t1es whlch aiso plagued preV1ousv1nvest1gators, i.e., crystal field
- ; effects'and:possible'chsnges in the ekcited'state geometry.' In fact, both
the'polarized and”honPOiarized'inversioh data (Tables I and II).poiht to

& Significant“relaxatioh'of D, syrmetry restrictions in the phosphorescence
emission. o o o

, The D h symmetry restrictions require that emlssion to any totally
symmetrlc v1brat10n should orlglnate from the T (B ) sublevel whlle
.the=¢z(Au)_sublevel should be completely inactive to such vibratlons.

The measured value of the radiative rate cohstant ratio for Ty(Bsu):Tz(Au)
‘ to the origin (Tahle I) is only about 4:l. Moreover, while emission from
' Ty shows predomlnantly out~-of- plane polarlzatlon as expected, emis51on

from TZ displaysva slightvln-plane polarizatlon. Further, 1t is found
‘ thet the priﬁary emission route to E!Sfl vibrational band in the phos-

phorescence spectrum is from the Ty(B3u) sublevel, and that'every’band

also derives a significant amount of intensrtyufrom the Tz(Au) sublevel.
This can be seen from the ratios reported in Table I which are approximately
‘equal to the spin sublevel radlatlve rate constant ratios for the vibrational
“bands listed. |
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“The PMDhispectreyshown in Fig;"l‘clearly-reveal'that-all optical tfansi;,.n,
tions are coupled by all three microwave transitions. . |

The vibrational band found at 3804 K (0,0 +1579° a’n'l) is most per-
plexing'in~thisﬂrespect. This ‘band has been assigned as an ag fundamental
by some investigators.6f36’37 PMDR spectra (Fig. 1) clearly ‘show that it . | N
behaves differently than other ag vibrations. ‘A tentative ng assxgnment
was therefore made on the basis of reported laser Ramsn studies;33 however, -
the microwave-imversion dste_subsequentlyyfailed to display the expected
ng behavior for-this band. Any b}g'band in the phospho:escence spectrum'would |
be expected-tovexhibit a reversal of activity from spin sublevels Ty and T, compared
to the origin (or any totally symmetric vibration). Eveh tsking intO'account |
a slight relaxation of symmetry restrlction‘we would expect most of its -
intensity to be derived from the Tz(Au:x ng = Bsﬁ) sublevel. ‘Our observa-
tions, in fact, show a marked increase in emissioh from the T, sublevel in -
the PMDR's. However, most of the emission remains from T_, as ev1dent from
the radiative rate constant ratios from ry and Tz, i.e k§0’0+1579) k£020+1579)
1.k 1. These anomalous characteristics allow us to suggest that the .
(0,0 + 1579 cm™*) band is, in actuality, associated with both an a, and
a b, vibration which'our instruments were unable to resolve.

A definitive explanation for thefmixeo phosphorescehce observed in
-DCB is beyond the scope of data currently'available. We have, however, - ' _--4‘
considered vafious possibilities. Explicit considératibns;of the crystel
field effects focused on the surroundlng chlorine atoms, since the reduc-
tion of molecular symmetry D h to Ci site symmetry would occur in all.
likelihood via the chlorine crystal field contributions (e.g., thevheavy

atom effect). An onslysis of the DCB crystal.structurels shows that the

S
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 sum of weighted (1/]|r|®) vectors from each of the 2H'nearest chlorine

atoms surrounding any DCB molecule yields a resultant vector

0.87 % + 0.31 § + 0.38 2, relative to the DCB molecular axes. Such a

field vector could mix both the in-plahe zero-field épin sublevels and the
out-of-plane spin sublevel with each in-plane spin state. Obviously,

this  chlorine-field vector possesses suitable geometry to account for

the mixed DCB phosphorescence, but a_duantitative aééessﬁent of the

strength ‘of the external chiorine inf1uence'willAbe necessary before we
can venture any definite conclusions. _
Aside from crystal-field effects, the relaxation of symmetry restric-

tions observed in DCB trap phosphoreSCenCe'might also be due to a dis-

tbrtion_of'the'molecule itself. 'However, the question of the exact nature

of this'distortion'rémaihs'as yet unanswered. The distortién may be
cauééd by a rearrangement of the nuclear skeleton either under the influence
of the‘ekéited state electronic potential or as an inhereént
characteriétiC' of the tfap. It is noteworthy, however, that the chlorine
field gradient in the excited-étate is substaptiall&"lower than in the
ground staté- As has been discusse_d}2 ﬁhis can be due in part to a dis-

tortion and in part to increased carbon-chlorine = bonding in the excited

‘state. The average decrease in chlorine field gradients in =¥ states in

those moleétles thus far investigated where no distortion is suspected is
about. 3% (8-éhloroquinoline,38 1?2,M,S-tetra.chlorobenzene,3l and 1,k4-
dichloroquinoxaline39). ‘An average décreéSg of 3% may well represent the
increaséa n character of the C-Cl bond; .DCB, on the other hand, shows

an & decréase in the chlorine field gradiént, Perhaps the additional_
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5% decrease is due to an out- of-plane chlorine distortlon. The»PMDRvand
inversion data do not exclude thls possibility. Further experlments are

needed to resol&e thls question adequately. N

Attempts made in thls l&boratory to observe the ODMR spectra of DCB
_dcped 1nto}su1table hosts (known crystal structure and an ‘absence of

heavy atoms) have as”@ét;prdved unsuccessful.
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TABLE I

) Relative Inversion Heights -
~ (Normalized to phosphoreScence'intensity)

.

p+|E| =~ D-|E| . Ratio D+|E|
~ origin (0,0) - 0.50  0.12 Bzl
b,o(0,0 +(1579+309) cu™)® 0.47 018  2.6:1
bzg(o,o +.309.cm'l) N | 0.53 ‘0.12 f 4.6 : 1
b,,(0,0 £ 1579 cwH)® 0.0  0.28 1.h:1

& See text for discussion of assigmments of these bands.
b These ratios are approximately equal to the radiative rate constant .
ratios (ry/rz) in the bands listed.
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~ " Polarized Inversion Heights (b/c ra.tio)

D+|E|

D-|E|

Origin (0,0)

© 1,,(0,0 + (1579+309) em)

b, (0,0 + 309 cm™?)

bzg(0,0‘4:l579 emt)

- 0.49

0.95

0.83 |

0.65

1.k5

1.38

1.67'

1.00
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TABLE TII

b/c polarization ratios in the phosphorescence décay*

Origin blg b.zg by,
T T, (0-25 msec) 0.7 1.4 1.k 0.7
s (200 msec - 1 sec) 0.5 0.8 1.1 0.6

* The a'c face shows similar a'/c ratios.
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TABLE IV j
The spin-orbit symmetries of the individual magnetic sublevels.
_ . - R 3 3 ’
in paradlchlorobgnzene in the states. Blu and Bzu )
’ I
Orbital Magnetic- Spin-orbit Vibrational Band Pola.rizationa' ‘1
ymmetry . _Suble-vel Symmetry .a.g P o8 b3‘g
. l * . - ‘ _ - . f
_ Ty . B'3U. (mt ) X Y Z B | |
3 S S » o ™ |
Biu(.n;r*)__, S T, oo By (n*) | z Y - X
Tx Bzu ‘(mr*) : Y X - ' Z
o Byl X ¥z -
B, (m*) Y a, (on¥) -z 4 X
Ty Blu (mrex) Z - X. Y
a § ~ SR : -
Z and Y are in-plane long and short axes, respectively, according to
the coordinate system in Fig. 3, while X is out-of-plane. ;
. !

i
i
i
!
i
i
!
;
i
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 TABIE V
S ‘ ‘ "_Predictedepin>: e "ApproXiﬁate:Cdrbon_Spin bénéiﬁies‘ :
" Molecule = Triplet State Sublevel Order - EValue . 5 fl3 L 6
o (Spin-Orbit Symmetry) i 2T > _
35 o T > T, >> 'rx | "large" : o
DCB 1 EEE S a nega%ive 0.67* 0.165 0.165 0.67* 0.165 0.165
(bzg'* ) (B, > 84, > By _ - ' o |
. ] E > S>> 1 ) .
. JB T 1" ll" _ _ , .
DCB , 2u , z ¥ x pi’::tive 0.33% 0.33 0.33 0.33*% 0.33 0.33
(bag'q gu) (Bzu > Ay > Blu) | ' ' |
’ g, T >T.>> 1 ‘ - . |
TCB. - i e Yy ox "large" ~0 0.5% 0.5% ~0 0.5% 0.5%
N ' ' positive o B :
. (blg - a.u) (Au > By, >§ Bau) |
B ( . ) Ty 7T % "small" 0.33 0.33* 0.33% 0.33 0.33* 0.33*
b, .= b negative o L
1g 3w (8, > By, >>Bm)

* . .
Indicates appropriate chlorine positions. At these positions spin density values are a -
‘maximm since any spin delocalization on chlorines bonded to these carbons would reduce

the carbon spin densities.
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Figure Captions -~

Th
Figure 1. (g) Unpolarized phospharescence épectrumvin”parg-Qich;Cro-v "
| - benzene. _ |
(b) The 5.362 GHz (D+|E|) zero-field FMDR'éfectrum.i‘ V‘ ' é
f(c) The 3.604 GHz (D-|E|) Zero~fiéid'ﬁMDR spectrum,
>(d) The’l,758 GHz (2|]) zero-field PMDR spectrum.

All spectra were obtained at 1.3°K. - , L

Figure 2. »Thé-phosphorescénce decay and microwave induced inversion
monitoring the x-trap origin at 1.3°K in para-dichloro- RN
benzene from 168 accumulations in a 100 channel averager. Eo

The fraction of inversion in both transitions was 0.85. o

Figure 3. Para-dichlorobenzene zero-field splittings for the phosphorescent A

triplet state in the coordinate system i;lustrated.

Figure k. ‘The one-electron n molecular orbitalslbf benzene and para- ’ - i
dichlorcbenzene with a qualitative assessment of two - o

podsible effects of the péra-chlorine substitution.

Figure 5. The symmetries‘of various benzene one-electron molecular

orbitals in Deh along with appioximate spin density - - |

:
i
i
:
i
¢
i
!
H
]
1

distributions on the‘individual carbon atoms in the

appropriate molecular orbitals.
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Qualitative Effects of Parachlorine Substitution in the Benzene w-Orbitals.
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| '_Symmetry and Spin Density Distribution in Substituted
~Benzene One-Electron Molecular Orbitals.
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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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