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FACTOR GROUP SPLITTING IN THE LOWEST TRIPLET
OF p-BENZQQUINONE¢, CRYSTALS

STATE
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Polarized Stark-modulated Zeeman absorption experiments on p-benzoauinone-da single crystals at 2 K show the factor
group splitting in the origin of the lowest B, g (n*) iriplet state at 18649 cm™ to be 0.62-0.06 cm™t. The ordering of the
c:ystal states is such that the orbital plus state lies at higher energy. The absence of 2 measurable factor group solitting in
the YA, (n=*%) state at 12.1 cm “! from the origia is takan as a further confirmation of the vibronic nature of this state. The
ZFS parameter D of this level is found to be —10+3 GHz.

For an understanding of the dynamics of energy
migration in organics, b2 it coherent or incoherent, a
knowledge of the intermolecular exchange forces,
beth translational equivalent (t.e.) and translational
inequivalent (t.i.) is indispensable [1]. We became re-
cently intrigued by the energy migration processes in
p-benzoquinonedy (PBQ-d, ) crystals [2] and started
therefore a study of the intermolecular exchange
forces in this crystal. In this note we present the re-
sults of a Stark—Zeeman experiment which measures
the ordering and splitting of the factor group states in
the Laporte spin forbidden origin of the lowest nn"
triplet state in PBQ-d crystals. The results of this ex-
periment also confirm the suggested {3,4] double min-
imum potential energy surface of the lowest electroni.
cally excited state in PBQ. In a previous paper [4) we
reported, using Stark modulation spectroscopy, the
position of the origin of the lowest Blg(nﬂ'*) triplet
state in pure PBQ-d4 crystals. The origin intensity in
this experiment was electric field induced through
coupling with a 3Au(nﬁ*) state at 12.1 em~! from
the origin®

Even under the highest optical resolution (= i
cm 1) used in that experiment neither of these levels

* In a previous paper [4] we erroneously reported the inver-
sion spiitting in pure PBQ-d4 crystalstobe 13. 5 cm -t

showed a splitting, from which one must conclude that
the factor group splitting of these states is within the
optical linewidth. In these circumstznces polarized
Zeeman absorption experiments may be helpful as
was first demonstrated by Clarke and Hochsirasser [5]
in a study of the factor group splitting in the lowest
triplet state of phenazine.

This experiment is based upon the notion that in
a monoclinic erystal (b-symmetry axis) with 2 mole-
cules pzr unit cell, the electric dipole intensity in the
triplet factor group components is induced through
spin—orbit coupling with uniquely polarized singlet
factor group states [6]. In fact for the case of one
molecular active spin substate the osciilator strength
for absorption into the crystal field spin states is, for
light polarized parallel to the & axis, proportional to,

) e (S H G 30t T ug(+) - 512, (1)

and for light polarized perpsndicular to the §-axis:
I (T2 = 1008 18,1 305 T ug(—)B 1%, (2)

where [, = h(a) + h,(8) is the crystal spin—ozbit
coupling opzarator, 1w~ the mixing singlet and - u~

the triplet factor group states, T; the crystzal spin sub-
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Fig. 1. Schematic Zeeman pattern for a strang magnetic ficld
parallel to the crystai & axis {(symmeiry axis) of an orbitally
allowed triplet state in a moneclinic crystal with 2 molecules
per unit cell and different polarizations (eil5 and elb) of the
incident light. The solid lines r2present 5 and the dashed ones
cc polarized transitions. Note that the ZFS in the factor
group compornents is exaggerated and that the factor group
splitting (2 V) is cbtained from 2 measurement of the dis-
tance between the correspondiag Zeeman components for
different polarizations {(s||b and e1b).

states / =¢*, b or c* in a moneclinic crystal, gg(3)

the singlet factor group transition moment polarized
parallel (for +) and perpendicular (for —) to the & axis,
and & and §, unit vectors in the direction ef polariza-
tion of the exciting light. These expressions show

that for an orbitally allowad triplet level the [T, +),
[T,=—7and |T,+—) factor group states are polarized
parailel to the crystal b axis. The other factor group
states | T, —). | T,«+) and |T.+) are polarized perpen-
dicular to the crystal & axis. Tna high magnetic field
(gBH > ZFS parameters!) pzrallel to the crystal b axis
|T,+> and | T, —) remain eigenstates of the total hamil-
toman {ignoring small level crossings effects [7]),
while in this limit the other eigenstates of the system
occome:

z-lf‘z(lTa,,-i) LT, +3).

In the presence of a factor group splitting the polariz-
ed Zeeman specira for H!|b thus show a characteristic
asyinmetric pattern for el{d that reverses on rotating
the piane of pelarization to €1&. The situation is de-
picted schematically in fig. 1. Careful measurement of
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Figz. 2. Diagram showing the molecular and crystal factor
group Stazk effect selection rules for the lowest excited trip-
let states in p-benzoquinone. Note that the ® Ay state is a vi-
bronic level of the 3B]_g state.

the difference in peak position of {Tp+) and |T,— for
€ll& and eLb respectively and 115 thus yields dlrectlv
the factor group splitting 2V, ;. So far we have ignor-
ed the effects of the molecular zero field splitting
(ZFS) on the Zeaman spectra. In the limit where the
t.i. exchange interaction (¥ 5, is much larger tllan the
crystal ZES parameters &, thus V,; >P; (i =a",b,c),
the asymmetry in the Zeeman patLem is still dommat-
ed by the factor group splitting. In the situation where
P; 2 Vg, the asymmetry in the Zeeman spectrum is
determined both by the ZFS and factor group split-
ting and an anisotropic Zeeman study in this case
yields both 2¥ 5 and the ZFS parameters [7,8]. Final-
ly in the limit £; > 2V, the asymmetry in the Zee-
man pattern is determined by the ZFS paramsters

only and a rotation of the plane of polarization will
not reverse the asymmetry in the Zeeman spectrum.

It is interesting however to note that as long as the
relation g8A > P; holds for all values of aﬁ, for a
magnetic {leld parallel to the b axis the elﬂenfunctlons
of the total hamiltonian can always be represented, to
high accuracy, by the fcllowing crystal field spin states:

[Ty and 27V2(T,«b*ilT ). (3)

This shows that in a high magnetic field for &b (sym-
metry axis) the factor group states are always unique-
ly polarized.

We wiil now turn to the case of PBQ-d , which
crystallizes in the monoclinic space group Py, 4, [9]
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Fig. 3. Polarized Zeeman absorption (A) and Stark-modulated
Zeeman absorption (B) spectra of the triplet state origin of
crystalline p-benzequinone-ds with optical resolution of 1

m ! at 2K. The spectra were calibrated using known iron
arc emission line positions. The figure clearly shows the effect
of rotating the plane of polarization of the incicent light from
parallei (upper} to perpendicular (lower) to the & axis. Com-
pare also figs. 1 and 2. The magnetic field (46 kG) is parallel
to the b axis and the electric field (48 kV/cm) perpendicular
to it (|| p(102) axis).

with two molecules in the unit cell. The molecules are
all nearly parallel in the 201 cleavage plans. Polarized
Zeeman experiments on the A (rm*) level in the cri-
gin region of the lowest Blc(n“ ‘) triplet state of PBQ
4 further show that oniy the z -spin substaie (L =z2)
is active, coupling to a molecular By, (z-polarized)
state. The results obtained from the previous discus-
sion thus can be immediately applied to the polarized
Zezeman spectra of the Stark induced origin, if the ad-
ditional seleciion rules imposed by the electric field
on the system are included. It is therefore necessary
to realize that the molecular By, and A triplet states
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in the crystal thus correlate with the A (-r) B, ( } and
A, (#), B,(-) factor group states Lespectwcly (in Cap)-
The electrc field (&) thus only couples thoss factor
group states that are polarized along its spatial orienta-
tion, e.g., with Ellb the following transitions will be
observed: AU(T) < Ay(#) and B(--) < B, (). Wth
E'b(l[p(lO”) axis) the transitions A ((F) < By~ ) an

B ( ) < A, (+) are induced as shov ¥ in fig. 2.

" With these things in mind we will now consider the
Stark-modulated Zeeman a2bsorption spectra shown in
fig, 3 for H||& and £L5({lp(102) axis). Fig. 3 shows
the absorption and Stark modulated absorption spectra
in a magnetic field parallel to the crystal b axis. Careful
examination of the polarized Zeeman absorption spectra
of fig. 3 in the molecular 3A,(n7") state region shows
that the asymmetric Zeeman pattern is polarization
independent. The asymmetry in the Zseman pattern
of this state must thus be due to a3 ZFS eifect and as-
suming £/D <€ 1, which is an excellent a<sumption for
the ZFS parameters of the molecular 3Bln(n,. ) state
[2], we calculate from the Zeeman spectrum Df3A
(n7")) = —10£3 GHz. In the Stark induced Zeema
pattern in the origin region of the By (an") triplet
state we ovserve 4 clear asymmeiry that reverses on ro-
tating the plane of polarization of the excitation. The
contribution of the zero fleld splitting to this asym-
metric pattern can be best calculated from the meas-
ured ZFS parameter of PBQ=<, in this state [2] {deter-
mined through interpolation in a PBQ-d, host crystal)
and is found to be i0.05/cm™!. Including this shift

the factor group splitting is found to be 2V, ;= 0.62
+0.06 cm~!. Recalling that for H|5 and €| only the
A, (+) factor group component of the upper state is
ooserved and that an electric fizld perpendicular to &
couples this state to the Bg(—) component of the low-
er state, fig. 3 clearly shows the orbiial plus (B,) fac-
tar group state to lie at higher energy )

This conclusion is fully confirmed by Stark—Zea-
man experiments for H#Lb (J|p(102) axis) and £l &,
where the Stark induced Zeemazn factor group pattern
of the origin obeys the same polarization selection
rules as those of an orbitally allowed state.

It is interesting to note that these Stark—Zeenizn
experiments on PBQ-d, confirm the suggested corre-
lation [2] between the lowest electronic states of p-
benzoguinone 2nd toluquinone, Trommsdorff has re-
cently measured the factor group splitting in the allow-
ed origin of the lowest triplet state of toluquinone [8]
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and found 2V = 0.32 cm—! with the same orbital
level ordering. Further the absence of a factor graup
splitting (2V 5 o8 <005 (_‘m*l\ in tha 34 (ﬂf: ) state
('at 12.1 em~! from the origin in PBQ~d4) mcely con-
firms the assignment of this state [3,4] as a vibronic
level of the Blr(mr ) tiiplet state. Finally the tremen-
dous increase in ZFS parameter |D| from 3.0+1 GHz
in the zero point level to 10.0£3.0 GHz in the A, vi-
‘bronic level explains (at least partiy) the Dre\nous1y
reporied {10} hypersensiiivity of the ZFS parameter
D of the zero point level to asymmetric isotopic sub-

stitution.
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