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- The Lowest Triplet.State of Substituted_Benzenesz'

I. The-thicaliy Detected Magnetic Resonancé’of\Paradichlorobenzene

: by

M. J. Bﬁékley and C. B'."Haz"'risf

The Department of Chemisﬁry,vUniversity‘df California;'and

the Inorganic Materials Research Division, Lawrence Berkeley ILaboratory,

. Berkeley, California 94720

- ABSTRACT

| The optically detected magnetic resonance (ODMR) of paradichlorobenzene

in its firstl3ﬁn* state-is‘repbrted. The structures of the three zero-field

transitions are interpreted in terms of a Hamiltonian incorporating the
o fo o v _

electronvspinQSPiﬁ, chlorine nuclear guadrupole
interactioﬁs. Tt is concluded ffom an analysis
paremeters that the triplet spin density in the

is small, the chlorine clectric field gradient

the “nr* state as compared to the value for the

and chlorine hyperfine

‘of the spin Hamiltonian

chlorine out-of-plane orbitals
is significantly reduced in

ground state, and that the |

- molecule most likely is distorted to a C,j, configuration.

T Alfred P. Slouan Fellow
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T. Introduction

o Optigdlly detectédvmagnetic reéohance in phdsphdrescent triplet states
has beén'an aféa of considerable.inﬁefést}f3 Not:only has it been'ﬁtilizcd
-as a method for determining parametéfS-genérallyvacdéssible froﬁ_donventiOnal
electrdn spiﬁ resonance; bﬁt it haé-also provided new techniquesu for
elucidating éther phenbména asééciated'wiﬁh ﬁhe triplet‘étate; such a intra—
and intermolecular energy tfanéfer?_6'1n addition, iﬁ has been used to
- ':determine the orbital symmetries of'Céftaiﬁ‘triplet sﬁates.7-8 In this
éénnection.the'first‘éxcited triplet‘staﬁe of benzene and substituted
* benzenes have beeﬁ studied by‘both conVentidﬁal spéctroscopic techniqués
and phospho}escencé microﬁave;doublé'resonance (PMDR) spectrosébp&.h |
Althoﬁgh_mény featﬁres associatedlwiﬁh the Kﬂ* triplet state of benzene
such as,its orbital symmefry and molecular geoﬁefrylhave been‘determined,
‘thé same is thlﬁrue for many substituted benzenes. One particular molecule
~ in this category which has been investigated by both standard optical

spectrdscopy9 ‘and. PMDR techniqueslo is paradichlorobenzene (DCB). The

conclusions for the-ﬁwo investigations differ. CastrO'and Hoc?stfasser,9
.- on the baéis of a high resolution triplet absorption spéctrum have assigned
the orbitai symmetry of the first excited triplet state of DCB as BBéu'
This,ié not the statevderivcd from the acceptédll assignment . for the lowest
triplét state in’benzené,i331u.. ”
‘Oﬁ the basis Of thevreiationships betweén magnetic reédhanée parameters,

the'spin—orbit symmetries of the magnetic sublevels and the phosphorescénce

‘electrig dipole activity as élucidated by optically detected maghetic;



resonance (ODMR) in zero field, the lowest triplet DCB.state has been
. alternatively.assignéd'as 3Blu.8' A complete diécussion‘of thé orbital |
aséignﬁent and'moiecular structure of DCB will be presented in a later
communication.lo - We wiéh fé deal: here with résuits that bear more direcfly
upon the electrbnvdistribﬁtion in the 2mc* state of DCBvas'oBtéined from
zero-field ODMR experiments. In this connection the_iﬁportance of th§
sign of the.zero-field parameter E will be discussed in-cqnnection with-
the orbital symmetry. The major emphasié of this investigation,.however,
Wili bé>éddiessed tovahswering questions such as: Do the chlorineé parti--
cipate significantly in delocalizing the electron sbin in theiDCBanﬁ*‘
state? 1Is DCB distorted, as suggésted by Castrb_and Hochstrasser,9 in
the excited state? And is the electric field gradient tensér at the

chlorines significantly changed upon excitation?



II. Experimenﬁal

A.  Zero-Field Optically Detected Magnetic Resondnce .

'The'haSic experimental arrangement.is shown in Figure l,' The sample
was'nounted inside a microwave helical siow_Wave‘structurelgvattached>to‘
a rigid stainless steel coaxial line. The whole assembly was suspended
in a liquid heiinm dewar. The'iiéht from a PEK 100-watt nercury short
arc lamp was col]lmated and filtered by either .an 1nterference ‘filter
centered at 3100 I or .a combination of Cornlng glass and solution flltcrs
tO’obtain the desired excitation wavelength The phosphorescence wag.
collccted at a 90 degree angle to the ex01t1ng source, focused through
an approprLate Corning filter to. remove cattered llght and isolated by
a‘Jafrell-Ash 3/h meter Czerney—Turner spectrometer equipped with a
- cooled (-20°C) EMI 62568 photomultiplier. The cathode of the photomultiplier
.was held at a negative potenfielvbyia Fluke 415B power supply while the
anode.of the photomuitiplier wes connected to a Keithly model 610. CR
‘electrometer through an adjusﬁable load,fesiston. cThevelectrometer was
finally connected to the signal channel of a PAR model HR-8 lock -in
ampllfler »

nThe microwave»field was supplied.by a Hewlett-Packard sweepnoscillator
model 869QB equipped with plug-in units to:cover the eppropriate range.

_ Its output was connected.to a‘broadiband 1 watt ﬁraVeling wave tube
_ amplifier which was then fed con‘ecutlvely through a dlrectlonal coupler,
a- band—pass filter and an Lbolator and finally terminated on a rlgld 50 Q

coax1al line to which the hcllx was mounted. The 31gnal_requ1red to



o

-~

amplitude modﬁlate the microwave sweep:oscillafor‘was supplied by a
'Hewiepf—Packard'moﬂei 211 AR square wave geﬁerator Which was also connected
to the reference channel of the lock-in amplifier. The output of the
lock-in amplifier drove ﬁhevY.axis of a Hewlett-Packard model T7OOLB X-Y
recorder while the X—axis was driven by the_ramp‘voltagé from‘thé micro-
wave»sweep.oscillatOr.-

The zéro-field ESR experiménts Wereupérformed by monitéring the
change in phosphorescence intensity of theisample whilé vaf&ing the fre-
quency of the modulated micfowé#e field. The majority of the ESR spectra
were obtained by square wave amplitude modulation with a frequency.éf 10
to'EO Hz and a modulation depth of > 25 db. The microwave oscillator |
sweep circuitvwas nmodified by the addition of an assembly which permitted
switching between éxternal éapgcitors. With this afrangement sWeep ﬁimes
as long as several thousand seconds were pqssible permitting the use of
sweep rates as iow as 0.025 MHi/seg. In thié manner advantage could be
taken-of the long tine constants (30-100 sec) available in the lock-in
amplifier. The amplitude of the microwave field was adjusted when necessary

by precision attenuvators inserted at the outpul of the sweep generator.

B. Zero-Field Optically Detected ENDOR

aa .
8

The experimental arrangement normalﬂy'employed for optically detected
ENDOR along with an enlérged‘viewvbf the Sampie, helix and ENDOR coils
is illustrated in Figure 2. The optical and microwave equipment used in

the ENDOR experiments was the same as that used in the ESR experiment.
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exéébt for the additionsof avradierequency field.‘ This was supplied by -
a Hewlétt;Packard‘ﬁodel 8601A sweep 6S§illator ﬁhat covers the region 
from 0.1 to'liobMHz."The rf sweep bscillatér was modified by use of an
- ekﬁernal:timing'capééifor to permit sweep tiﬁes as long.aé‘2000 secdﬁds.
Its'output"'was a;nplitude'modulated by anEG & C model LGloi/N linear
géte: The gate was driven-by thé square wave generaﬁor-which also served
as the reference signal for the iock—in amplifier. The rf was then
amplified ¢6hsécﬁtively by‘tWO broadsbénd distributed.amﬁlifiers, a
‘four watt unit and a 20 watt unit and connected to the ENDOR coils.
TheSé amplifiers have the advahtage'thét they operate over the ranée‘Of
Ll-tp 50 MHz without the need of adjustment{ | |
. The ENDOR coil consists of a "pridge T" constant resiSténce network
in a Helmholtz arrangement.‘ This design has the advantage of appearing
resistive (50 Q) at its input for freéquencies from 1 to 50 MHz. This
.permiﬁs rf fields to be applied to.the sampie'ovei this frequency ranéé.
without adjustment. V
The ENDOR experiments were usually pérformed by saturating an ESR"
transiﬁion with the microwave field ﬁhile varying thé'frequengy of thé>
rf field. Either the micréwave br rf field may be modulated; howéver,
it was ﬁsuallyvpreferable to modulate the latter since in this case dnly
'the‘chahges in ﬁhe phosphoreséence intensity due to the ENDOR resoﬁanées
' aré‘detecfediwith the,locksin,amplifier. On the other hand, if the
microwave field is mOdulatéd,’thére is a ¢onstant signal due to the ECR
.fraﬁsitionvwhichbchangeé'in intensity Whén‘the rf field is swept-thrbugh_'

- resonance.
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A useful modification of the ENDOR experihent'is to simultaneousiy
saturate an ENDOR transition and SW@ep.the micrOWave field. In thisvcase,
cnly.the electron spin traﬁsiﬁions that heﬁe'energy levels in.common with
the nuclear levels coupled by the rf fleld are detected An advantagc of
this technique is that the structure of the ESR trans¢t10n can be '
simplified since.the contributions tc the spectrun from different isotopes
and/or‘nuclei may be isclated. | | | .
It is interesting to note that if both an TSR and ENDOR transition
are saturated while modulatlng thc rf fleld and the phosphozescence spectrum
is scanned, it is possible to isolate the contribution to the phosphcrescence
spectfum from'mOlecules conﬁaining different nuclear isotopes. As ac
example, if the phosphorescencebfrom‘a molecule such as chlorobeniene-is
monltored and a ”Cl ENDOR transition is detected whlle modulating the
rf fleld only the contribution to the phosphozeucence spectrum from
molecules contalnlng the 5c1 1sotope-w1ll be detected. The same experi-
ment may then be repeated detecting only the'contribution from the molecules
containing.the 7ol isotope. | N |
The ﬁeasurement of therBSCl pure nuclear gquadrupole resonance of .
ground state DCB at h.eaK'was‘achieved with the use of a‘marginal oscillator
described by Fayer and Harris.l2 The sample coil was extended by‘plecing
the leads to the coii inside a section'bf stainless steel tubing bent at
a right angle ih order tovsupport the'coii in a liquid heligm dewar. The
dewar used in this experiment was constructed by inserting a small narrow
‘mouth commercial dewar insideva larger wide‘mouth dewar. The cuter dewar

was filled with liquid nitrogen and the inner dewar with liquid helium.
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This arrangement held helium for“about.BOfminutes with the sample in.

place. “Zeeman modulation was achieved by use of a selenoid wound around

‘ the_outer devar.

C. 'Sample o

Fastman Organic.pafadichlorobenzene was‘degaSsed and zone refined
for 100 passes at two inches/hour. ASingie_crystals_of DCB groWn by the
Bridgeman technique were mounted inside the helical slow.wave:structure]'

and Jrradlated through the hellcal w:ndlngs with near uv light. The

‘temperature of the uample was usually lowered to approx1mately 1.3° K by
i pumping on the llquld hellum with three Klnney modcl KTC 21 vaucum pumps

" operated in parallel.
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JII. Resulis

A. The Opbically Detected ESR Spectra

The ODMR spectra of DCB in zero magnetic.fiéid.have been observed
while monitoring the émission from tw§ disfihét'traﬁs.’ Although the
éero;field parameters aré reported for both traps (Cf. Table 2 ) only the ODMR
spectra due to the shallow trap (labeled x)‘will_be diséussed. The chlorine.
nuclear quadrupole and hyperfine structure of the ODMR spectra obsefved o
for the deep trap are essentiaily the same as those for the shallow trap;
however, the zerb-field values are ébout‘S%'lower.- | |

The observed ODMR spectra of DCB are:due to thé interaction of three
isotopically distinct molecular species;: The fractional natural abundances
of the °Cl and ~'Cl isotopes are apbrqximately 3/h and 1/4 respectively.
Since theré are'two chlérine nuclei per molécule; the fractional distrim

bution of the molecular species are:

I ?%c1 - ?%c1 = 9/16
1T 351 - el = 6/16
III 701 - *Tcr = 1/16 .

The spectfa obtained will:therefore be.treatéd as a superposition of ﬁhe
ODMR spectra due to each of the three mblecular Species.

‘The T »va (high freéuency) transitions observed using amplitudé
‘modulation is shown in Figure 3. The remaining two electron spin tfansi-

tions (TX - T, and TZ »‘Ty)have ésséntially the same structure as thé spectra
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illusfrateé for the T '~ Ty transition;iﬂoﬁevgr,ﬂthe signél—touﬁoiée'

ratio of the Tzie‘Ty tran;itiOn was‘sﬁbstantiéliy lower.
'In'Tale.l‘the'possiﬁle ESR transitions involving the.triplet

electrons and one or @ore-éhlorine miclei aré liéted as to type (A,B;C,

D,E, or F) and the hoiecuiar_specieé (I,IT or III) which can undergo

_edch tyﬁelof tranéitidn. The inténsity of the transitions involving.the

electron and oné'Chlorine.spin.(B_aﬁdiC) and those involving the electron

and two chlorine spins (D, E and F)'mﬁst be-considerea separately. The

ratio of the 1nten51t1es of the trancltlons 1nvolv1ng a 51ng1e —.Cl spin

(type B) to those 1nvolv1ng a'ulngle Cl:spln (type C) should be three. to one

on the basis of the ratio of ° Cl td 3701, Thé ratio Cf‘the intensities of

the transitions invblving‘two chlofine'spins is likewisé Ipilgily, = - 9:6:1.
" The stfuCture of the T*;» ﬁy éiegfrpn spin multiplet shown in

“Figure 3 is‘labeledvaccording to the classification'giVen‘in Table 1.

Since the nuclear Quadrupole moment'bf 3501 is laréer than that of Cl

the'outeripair of the four Stfong saﬁélliﬁes-are assigﬁed as type B 2 

. (35Cljvand the iﬁﬁgr pair as type.Cvtransitions (37Cl). As can bé seen,

.thé\fatio.of the‘inténsity of the.transitions labeled B and C-is

approx1mate1y 3 1 as predlcted. The ratio of the oﬁtermost satellités

in Figure 3 are ass1gned to simultaneous double chlorlne trans1t10ns

.(labeled'D and £ on the spectra). The 1ntens1ty of these trans1tlons.1s

also approx1mdtely in the predlcted ratio of 9:6. The.transitions‘éér-

respondlng to 31multaneous.double Cl tranultlons (type F) are not

obSéryéd consistent with the small natural abundance’of the molecular

species responsible for these transitions. The inner pair of satellites
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'(labeled B in Figure 3) may be considered as simultancous electron and

3501 ggg 5701 transitioné; The higher frequency satellite represenﬁs ' .
a simuitaneous.electron spin tranéition, a ~-CL (+ 2 »i %) and a ~7CL

(+ % - i.%) transition whilevthe lower frequency'Satellite represents .. .
the opposite chlorine franéitions. These transitiohs_are thus separated

by thé.différence between the >°C1l and >7cl nuciear quairupdle coupliné
constants. Nafuraily these occur for only those molecules that have one

?SCl and one 37Cl--isotdpe. Since the matrixielements for these double chiorine
transitions are of.a different form than those associated with the éther

double chlorine_transitions,_the intensity of the innerfsatellites

labeled E in:Figuie 3 may not be compared_direétly with the intensity

of. the outer satellites labeled D and F. N

Allvtransitions involving both an electron and a nuclearvspin required

several brders of magnitude greater mi¢rowave‘p§wer to obtain intensities

comparable to the electron only (type A) transition.

B. Optically Detected LNDOR

Chlérine ENDOR transitions Wefe observed by saturating tke ESR
transitioné associated with the T, Ty Or.Tx > T, manifolds. Both the
3501 and ~ ¢l ENDOR resonances were observed while saturating either
ESR transition. Figures ha and. 4b illustrate the ~-CL ENDOR resonances
associated with the"'rx »va and Tx AVTZ transitions respectively. |

As an extension of the ENDOR experiments a 3501 ENDOR transition
was saturated while swegping #he T T, microﬁave transition. Since

only the ENDOR time dependent magnetic field was amplitude modulated and
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the chaﬁge in phOsphorescence'inténéity deﬁéctéd with a.locknin ampiifiér
oniy the ESthransitionsvthat involve at least one *Sc1 spin transition
"werevdetected. The Spectrum dbﬁained from this expériment is shown in-
Figu:evs. As Qould be expéctéd, satellites assjgnéd as,simulﬁanéous
velectron and °7C1 spin transitions (labeled C in Figure 3 aré not observed.
‘All measured frequencies asspéiated with the thrég elecﬁron spin.
zérb—field transitions are givén in Table 3, whiie the ?SCl and_37Cl

ENDOR transitions are listed separately in Table k..
C. - Ground State ~°C1 MQR at L.2°K

Thé pure 2S¢l nuclear quadrupole resonance speétra of DCB in ifs
giound state is shown in Figure 6. Due.to the long spin-iattiée relaxation
- time it was difficulf to‘avoid Satu:atiOn and conséquently the signal
étrength is reduced compared to thét oﬁtained at'room temperature. In
‘6rder to improve the signal-to—noise ratio, a iarge Zeeman field was used

Cto modulate the sample which also produced a distorted lineshape.

<



v. Discussion

" A. The Spin Hamiltonian

The spectra may be éatisfactorily'explained in terms of a Hamiltonian
of the form .
H o= Hgg+ LHy+ Dy, (1)
, i i ,
where the summation is over the chlorine nuclei. The electron spin-spin

Hamiltonian, the chlorine nuclear quadrupole Hamiltonian, HQ, and

Hegr

the chlorine nuclear-electron hyperfine'Hamiltonian, HHF’ are glven by:

. _ya 2 _ 2 oo 2 ' '
Hgg = XS, - ¥s®ozs®,  (2a)
e - ' - B
Hy = 3 (31,7 - 15/m) | - (2v)
and - o o . B
He = AuSyIx o - (2c)

with the axis syétem defined'as'x,'out—of-piane; z, along the C%Cl bond
direction; and y,>the short in-plane axis.
 SeVeral assumbtions héve been made in writing the spin.Hamiltonian
in this form. Since these experiments were performed in the absence of
an extérnal magnetic field, ﬁo information is obtained from the ESR spectra
a5 to the relative orientation of HSS,"HQ and Hy,. The Hés axis system
:is constraihed Ey'symmetry in D, to be along the molecular axis system.

m

If the symmétry of DCB is less than D then this restriction is not valid.

zh

'HdweVer from analysis of thefphosphoreSCence spectra, DCB has been found

to reflect essentially‘Dﬁh symmetry although it is likely to be slightly
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9,10 The orientation of H. in the ground

Q

state of DCB has been'detefmined from Zeeman studies of the chlorine pure

distorted in the excited state.

nu¢lear quadrupole resonancé,lu The principal axis of HQ is”withinione
degree of the C-Cl bond direcﬁion as determiﬁcd from x-ray studies.15

In:éddition a small-de#iation of the principal axiS'éf HQ from this
orientation would only Produce a small error in the measured value of eZqQ.
l and (as is the

This is because‘the’coupling of HQ'and'HSS"is through H

case here) if HﬁF is much less than e“yQ thé error introduced by assuming

HE
that the princiﬁal axis bf:HQ'is along the_molecular axis is small.

ThelaésumptiOn'that HH? is coincident with.HSS and HQ is the leaét
satisfactory- R © However since it was only necessary to ihclude
the Ax#7el§ment of H. and since HHF is an off—diagonal'term in the;spin
Hamiltonian in zero field, a small déviaﬁion of Ax? from the x axis will
only prbduce'a smali error-iﬁ tﬁe magnitude of A#x'

| In addition the chlorine nuclear quadrupole asymmetlry parameter has
_beén_neglected since its wvalue is smail in the ground state (.OL) ;h and
bécaﬁSe.it is only a small off-diagonal term in the spin Hamiltonian
which.cbuldvnot be exﬁerimentally detefmined..

Furﬁhermbre'the hyﬁérfine intefaction due to the four protons has
been dmitteq. .This is jﬁstified on the'basié of the Sméll proton hyperfine
gontribution to the ESR linewidth in zero field'reported_by‘HutchiSOn

et al}6 for the “uic* state of naphthalene. The magnitude of this contri-

bution is far smaller than the obServed linewidths for bCB.
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The choice of basis states used in calculating‘the spin Hamiltonian
"and the effect of‘HQ and HHF on the transition frequencies and intensities
in zero_field'have been treated in detail in an earlier publiéation

17

and wili not‘be:rcpeated here.
| Since the total spin of the system is integéal\we do not have the

 gimplification of a Kramers degeneracy;‘consequently.all 48 nuclear-

electron spin states must be considered.‘ The ODMR spéctra were simulated

by use of a computer‘prbgrAm that diagonalized the spin Hamiltonian and

‘calculated the transition frequenéies and,intensities. The spectra were

calculated for only the 35¢1-25c1 species of DCB. After the best fif to

these transitions was obtained, the nuclear quadrupoie éoupling constant

of 2°C1 was multiplied b& the ratio of the >7CL nuclear guadrupole moment

'to.the 2501 nudlear quadrupole moment (0.78815}L8 in order to obtain the

3Y7Cl'nuclea,r quadrupole coupling constant. ‘Theb37Cl hyperfine interaction

was dbtained.in a similar fashion by multiplying the 35Cl‘hyperfine inter-

action'(Agx) by the ratio of .Y37Cl to’ f3501 (0.8322). ' The $pin Hamiltonian

parameters used in simqiating the spectra observed while monitoring the x-trap

emission are listed in Table 2 along with.the approximate values of HSS

for the y trap and the values reported for benzeﬁe.l9 The best valué

- obtained for the *SC1 nuclear quadrupole coupling constant was -64.50 MHz

(?“c1 = -50.84 MHz) and for the ~°Cl hyperfine interaction Ay = 22 Mz -

(3701: Axx = 18;3 MHZ). The experimentaljand,calculated ESR frequenéies

fof'ﬁhe x trap of DCB are listed in Table 3. With the paraﬁeters used

in the spin Hamiltonian all of the calculated transition frequenéies are

7ithin experimental error. However, a small error in the calculated



frequencies is introduded‘since 8, weignted'avernge of'the transitions
cofresponding to a particular type was'made{ ' |
e.The.obserﬁed and:oelcﬁlatednohlorine ENDQRVtransitions associated
with the T v T and T > T, mu;tiplets are listed in Table h.; Inv_n
addition to the linewidth of‘tne ENDOR transitions, the large rf fields
used in the ENDOR‘exneriments (approximateiy twenty watts) makes the
proper weighting of thevcalculated ENDOR.frequenoies unknown; Therefore

““only the range of calculated ENDOR frequencies is listed in Table k.

‘B. Interpfetation of the Spin Hamiltonian Parameters

- Since both the triplet electron dipole-dipole interaction and épin-
orblt couplln@ between the tr:plet and S1ncht states glve a ﬂamlltonlan
of the same form as in Equation (2a), it is not pOSS1ble from analys1s
of the ESR spectra to separate the “two contr;butlons. However as pre-
v1ously dlqcussedLT.it ie reasonable to'assume that the spin-orbit contri-
V bution accounts for less than )% of the measured spllftlnn in DCB and
therefore will be neglected in the following discussion. |

From previous experlmentalgo 21 2e-25

and theoretlcal snudies of
aromatic molecnles in nn* triplet states it is almost certain that'in
DCB»the largest component of the electron spin—sﬁin-tensor in its principal
axis system is along the molecular axis normei to the plane (x). Indeedn
this is what ie‘observed for the JoWesﬁ ¥ nripiet sta+e-of benzene. 19

The order:ng of the 1nteract10n along the two in-plane molecular axes 1e however

not imrediately apparent. From- the analyoLs of the spectra of DCB utilizing
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phosphqrescence microwave double resonance spectroscopy the component of
the electron spin-spin interaction along thc molecular y (or short in-
plane axis) has been assigned as the lérger of "the two in-plane components
of the eiectron spin-spin tensor.

Since the zero-field splitting parameters D and D¥ <D* = (D% + 3ng%>
are primarily'a function of the size of the w system involved in the.
excitatién,26 the value of these parameters for both DCB. and benzene
should be similar if DCB is a nn*:triplet. As can bé seen in Table 2
the vélues of D and D¥ for both traps of DCB differ from the corresponding
values for bgnzene by only a few percent which is strong confirmation of
the assignment of the excited triplet state,of.DCB'as-a'nn* state. The
zero-fiéld splitting parameter E which is a measure of the anisotropy'éf
the,tripiet electron distribution in the molecular plane is, however; quite
different for both molecules. If the benzene molecule possessed DGh
symmetry in the excited state, E must be zero by symmetry. The finite
value of E for benzene has been explained by de Groot and van der Waalsl9’27
on the basis of a distortion of the benzene ring from the Dy to D+

A quantitative analysis of the E value of DCB is difficuit since
accurate wavefunctions are not-available for the chlorines; However‘
from a simple consideration of the perturbation of thertriplet electron
distributionvin benzene due to the addition of two-para—éhlorines, it'
is expected that the v, level will be loﬁeredfand tﬁé Ty leyel raisedfin
energy.v Since the E value of DCB is larger than the E value of benzene,
this model predicts that in DCB the Ty level is higher in energy than the

T, level; This of coursc gives the opposite sign of E for DCB as compared
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to benZéﬁe, aﬁd is'cOnsisfent with the ordefing‘df thé.tfiﬁlet energy
levels p}evioﬁsly obtainedlfrom anal&sis of the phosphoréscence microvave
douﬁle resonance spectra. |

vIt'islinteresting to note tﬁat in 1,2,k4,5 tetrachlorobehzene_(TCB)
the,inciusion ofvchlorine interactions would‘predict the Tz level to be
higher in énergy than the.fy lgvel;ICOnsequéntly, the E valué>would
hafevthe'samé sign as benzene. Other substitﬁtéd cthfobenzenes should
havé E vélueé between bCB énd-TCB.

The impbrtance of the zero-field splitting éfiDCB and”TéB is that
. thg presence of the chlorines acting as pefturbations on the éxcited
state of benieﬁe'raises the ﬁossibility thaﬁ the symmetry of the e#cited
v state of DCB ahdeCB is different than that of fhé exéiﬁed_state of
benzene. ‘Asvﬁas been Qiscussed8 the sign»of E in part answers this
interesting question. | |

Tﬁé absolute value of the chlorine nuclear'quadrupole coupling constant
(e2qQ)bin'the excited state of ﬁCB is significantly.reduced compared to
"the corresponding value for the ground stafe;

» With the éssumptioﬁ thaﬁ the asymmetry parameter(ﬂ)may be negle¢ted,
the ﬁalue of €°qQ for the 2301 nuclei of DCB in itsbexcited triblet state
at 173°K is —64;5 Miz.  The measure& pure nuclear quadrupole resonance
freqﬁency of DCB in its ground state at 4.2°K 1s 34.831 MHz which, if 7
 is assumed to equal zero, cofréspbnds to a value of e“qQ of -69.662 MHz.
,The,assumption that 1 may be neglected is justifiéd on'thé basié thaﬁ
equ is.hot changed'significantly'for small values of 7 and for the

> , L 4
ground state of DCB at room temperature v is only 0.08." Indeed, from
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the explicit dependence of e®qQ on 1 as illusffated'in Fi@ure Ts ﬁhe
assumption that éRqQ.is simply twice fhe pure NQR transition frequency -
causes a positive error in e“qQ of less than 5% for 1 < 0.5. The sién »
of equ is hot obtained from either the measurement of the pure NQR >
transitioﬁ'frequency‘or the spin'Hamilténian; however; from other theoretical
and expérimental studies equ for Cl is'knowh t§ be negative for covalentlyv
bonded compounds.28 | |

Thé‘increase of Sé'KHz in the pure NQR frequency of the ground state
of DCB upon lowering the temperatufe of the sample from 77°K (v‘= 34.779
MHz)’to:h,?°K (v = 34.831 MHz) is consistent with Bayer's theory29 which
treats.the temperature dependence of the NQR fréquency in terms of the
mol¢cular torsional motions. More important, however, is the fact that
the émall change in the pure NQR'tfanSition frequency.indicates.that
there is ho_major physical change in the énvironmehﬁ of the.chlorine nuclei
in DCB upon cooling. Therefore, the difference in equ between the ground
and excited states of DCB is clearly due to a change in the electric field
gradient (q) al the chlorines upbn excitation. The magnitude of the
decrease in the absolute value of e“qQ upon excitétion is interesting
because: a) the absolute value of e“qQ in the triplet state of DCB is
significantly less than the véluc reportéd for the ground state of Eéz
chlbrinévbonded to ‘an aroﬁatic moiécﬁle?oand b) the decrease inle?qq | -
upon_excitation to the lowest “wn* state of 8-chloroquinolip%land
l,2,h,5 tetrachiordbenzene3§s far less thai the decrease in’equ]for DCB.

In contrast to the electron spin-spin and hyperfine interactions

which are a function of only the triplet electrons, eEqQ is dependent
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upon the distribution of.all electrons. - Since electrons in s. orbitals
have spherical synmetry, they do not contribute to the field gradient.
A‘closed p shell also contributes‘nothihg_to the field gradient, and

33

therefore following the analysié of Bersohh_ the;field_gradient_in
DCB can’be.considcfed.as éfising from a hoiebin the chlorine b, orbital and a
parﬁial hole in the chlorine 12 orbital. ?he total'contribuﬁion is due to two
axially symmetric tensors whosé major axes are péfpendicular. In Table 5 |
'the contributions tq the fiéld gradieht are expressed invterms of the
nunber of holes in the p, and pz chlorihe orbitals,,“

The'difference'in e2qQ fqr the excited andAgibuhd state may ﬁe
weitten, | -

Ae?qQ = ez(qTi— qG)Q' o ’ (3)

where q, ahd,qG_refer to the fieldjgrédient-at the chlorines in the
triplet and ground states of DCB respectively. Equation 3 may be |

eXpressed'in terms of the number of holes in the'pz'énd P, orbitals as

2e"qQ = elop-05] - 3 [ST_§GJQ (L)

Since Aequ is'negati#e, one of the following conditions must be met:
"o >0 ' >0 .. ' clv' ater t a
a) o> Ops OF b).ST By If 9, is greatgr than o,

holes has decreased along the carbon-chlorine bond, and therefore the

the number of

chlorine nuclel -are more successful in competing for electrons in the
excited state. However sincé the sigma electrons are not involved in

the éXcitatiOn; this effect should be very small. If &, is greéter than

T'

o

‘G’ the out-of-planc chlorine QXOrbital has lost electrons.'.An'increase



in the number of holes in the p# ofbital would be the most likely:
explaﬁation of the deérease in équ since thé chloriﬁe 12 orbitals
are allowed‘by symmétry’to interact with the carbon p, orbitals. The
increase in the nﬁmber Qf holes in.the chlorine-pX orbital can come about
from either an incfease in the double bond chdracﬁer of the C-Cl bond
or a "bent" £-Cl bond. Bray, Barnes éhd:BersohHBO haye shown that
although.the ovérlap of the carbon and _chlorine»px érbitals is reduced
with a béht C-Cl bond, the chlorine pX orbitals may 6&erlap with the
sigma‘sysﬁem, consequently ihcreasing thg number of'holes in the px
orbital of'chlorine'(ST) relative to the number of holes in the P, orbital
in the ground state (8G).b

Althoﬁgh it is not poésible a priori to distinguish between thése
btwo pOssibilities_thé interprétation of the change in equ as arising
from a bent C-Cl bond is reasonable in viéw of other-experimental'results.

The phosphdrescence of DCB to the origin is from all three triplet
levels which'requiresvthat DCB have less than D,y symmetry in its J ek
sfate; ‘In addition the strdngest vibronic progression ih the phospho-
rescence spéctra'(ba ) corresponds to a trané C-Cl bending motion which
clearly indicates that this is moét significanf mode of distortion.
Finally thé méasured value of the but—éf—plane chlorine hyperfine inter-
action for the Jnn* state of 8-chloroéuinoline_(15 Miz) is #pﬁrOximately
the same as that observed for the ~mi* state of DCB (22 MHz). However
in 8—chloroquiholine the chiorine nucleaf quadrupole couplingfconstanﬁ
is essentially unchanged‘uﬁon excitation. In view of these observations
it seems reasonable to inferpret the change in e“qQ as arisiﬁg from a

bent C-C1 bond.
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InISummary it appears that'tﬁé chloxihé; doléignificantly influence
the in—planGVQistributién of the tri?let electrons. In fagt thé position
of"the chiofines,is mqstvlikely the méjprkfactor in defermining the sign
vand maghitude of the zero-field splitting parametef E.»VA distortion
of:DCBvis_consisteht with.the,parameters obtained from the spih Hamiltonian
and the phbsphorescepce spectra supportihg the hypbtheSis that the symmetry
6f ICB is reduced.from D.n to'Czh in its “nn* state due to a trans C-Cl

bent bond.
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Table 1

ESR Transitions in Paradichlorobenzene

Transition
__Type =~ ' _Simultaneous Transitions ' Molecular Species
A Electron Spin = i, II, III
B . Electron and “°Cl Spins o m
c Electron and ~'Cl Spins - o II, III
D Electron, ~°Cl and ~°Cl Spins | I
5 Electron, >°C1 and > C1 Spins - 1T

F Electron, ~'Cl and ~'Cl Spins TII



0%

Table 2

' Zero-Tield Splitting Paramcters (Miz)

_ faradichlorobenzene‘* Benzcne+¥h4
X Trap (1.3°X) Y Trap (4.2°K) - In Benzene-dg (1.95°K)

X --2988.75. o ';2967,7 o © -3159.8 |

z 616.07 65k 1 S 1769k

Y . e3e68 Coemzk 1385.0

Dt k833 W16 : .f, 4739.7

g 81831 -829.5 : +192.2°

o wms wermr k7932

?qq . -6h.5 : - -
Caple e -

%‘In order to be consistent with the standard ESR definitions we have

defined "
D = -3/2X-and E = 1/2 (2-Y)

Data from referencec 19 expressed in our axis system.

% ' 3 : : : A S
Phosphorescence origin: X trap (27868 cm™t) and Y trap (27807 em™t).
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Table 3

- Measured and Calculated ESR Transitions of

the mn* State of Paradichlorobenzene (X Trap)

Measured

Frequency (Miz)

5426.7
5419.6
539k4.56
5387.86
5368.73.
5362.20
5355.13
5336.67
5329.7h
5303.8
5296.5

3636.03
3629.65
3611.18
3604.19
1 3597.69
3578.90
3571.88

1791.1
1758.2
1724.5

HEOOOO

.
1O Ut

07

.2h
.25
.31
.22
3

% Estimated value of ©

:Calculated

Classification

Frequency -

5496.91

5419.
539k.
5387.
5368,
5362,
5355.
5366.
5329.
5304,
5297.

3636.
3629,
3611.
360k,
3597.
3576.
3571.
1791.

. 1758.
1726.

56

62 -

79
89
14
12
50
IP)
11
35

13
56
ok
10
43
89

99

13
05

55

BT oH»PEQEEY

WaE>PEHQD

w > w
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Table 4

Measured and Calculated Chlorine ENDOR Transitions of

the % State of Paradichiorobenzeﬁe (X T;ap)-

Measured I'requency Calculated Frequency

in Miz (#.05) _ . in Mz (range)

T - T . Manifold
X y

PPl 32,065 32,96 | 31.56 - 33.03
26.09

37c1 25.12; 26.00 ol ol

T_ - T_ Manifold
X Z

SC13L.75; 3313 3L.53 - 32.9h

25.90

7c1 2bh.9k; 26.19 | | 2L, 79
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Table 5‘
Contributions to the Chloriné Nuclear

Quadrupole Coﬁplz’.ne Constant

| | Contribution to
Chlorine No. of v v v

Orbital Holes ~  [xx Yy - _zz
P o 5 | - 8q -5q/2 -dg/2
P, . o - -dg/2 -og/2 . oq

Total Contribution

Vg = (8 - 9/2)q
_ Vo, = fl/g(a + 0)9.
v = (0 -8/2)q

o
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Figurc Captions“

\

el

Figure 1 Experimental arrangement for'éptically‘detected ST
in zero magnetic field.

“Figure 2  Experimental arrahgemeﬁt for optically detected ENDOR in
zero magnetic field. An enlarged view of the sample and

ENDOR coil.sdhemaﬁié’is shown on the left.
Figure 3~ ODMR of the T# > Ty multiplét'of paradichlorobenzene.’ ="

Figure k4 - 7Sc1 ENDOR'resonance associated with the 7 - Ty and
Ty - T, electron spin transitions.

- Figure 5 °CL ENDOR pumping of the 7, » 7 multiplet.

LA

Figure 6 Pure MQR resonance of the ground state of DCB at 4.2°K.

‘Figure 7 - Plot of the'meésured NQR transition frequency divided by
the nuclear quadrupble coupling constant versus the asymmetry

" parameter ().
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