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Zero Field Splitting of Triplet
Excitons in p-Terphenyl Crystals
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Université Louis Pasteur, 5 rue de I'Université 67000 Strasbourg, France

( Received December 13, 1982)

The zero field splitting (ZFS) of triplet excitons has been investigated in p-terphenyl
crystals at room temperature via a detailed study in a family of planes of the position of
high-field resonances of the modulation by a magnetic field of delayed fluorescence due
to triplet-triplet annihilation. The ratio of the crystal ZFS parameters is D*/E* =
+0.14 + 0.02 and the x*, y* principal axes of the tensor in the ac plane make an angle
of a* = 16° + 1° with the a, ¢’ crystal axes. One of the principal axes is thus oriented
along the long axes of the molecules in good agreement with the predictions of
Sternlicht-McConnell’s average spin Hamiltonian for the exciton.

INTRODUCTION

Crystals of polyphenyl molecules, notably the biphenyl, p-terphenyl,
p-quaterphenyl series, have been attracting an increasing interest in
the last years because of the non-rigidity of these molecules with
respect to the torsional angle about the long molecular axis between
planes of the phenyl rings. Due to the delicate balance that may exist
between competing intramolecular (interphenyl-ring) and inter molecu-
lar forces, this torsional angle and hence the equilibrium molecular
conformation strongly depends on the environment, that is, on the
physical state and on the temperature of the aggregate. Typically, in
the gaseous state the molecules are strongly non-planar, the torsional
angle being reduced in the liquid phase. In the solid state at room
temperature the p-polyphenyl molecules can be considered as effec-
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tively planar, the planarity being thought to result from a time-aver-
aged, large amplitude, torsional libration about the long axis of the
molecule. The high-temperature X-ray or neutron-diffraction detected
crystal structures appear as consisting of planar molecules of D,,
symmetry with a well defined mean molecular plane. The molecules
are packed in the usual C},( P2,/a) monoclinic space group with two
translationally inequivalent molecules in the unit cell as is typically the
case for “rigid” organic molecules of similar size like naphthalene and
anthracene. However, in p-polyphenyl crystals, as damping of the
torsional mode takes place upon cooling, the high temperature struc-
ture is unstable and at low temperatures the solids undergo character-
istic reversible “antiferrodistortive type” phase transitions at which
the molecules become stabilized in non-planar configurations accom-
panied with changes in the unit cell dimensions. For details and
quantitative aspect of the X-ray and neutron diffraction structural
work on these materials, the reader is referred to Refs. 1-4 for
biphenyl, Refs. 5-10 for p-terphenyl, and Refs. 11-12 for p-
quaterphenyl crystals, as well as to references given therein.

These features of p-polyphenyl solids make them ideal prototypes
for studies of critical phenomena in the organic solid state induced by
order-disorder or soft-mode condensation structural transitions.
Closely related to the diffraction work cited above, extensive work can
be found now in the literature reporting studies of infrared and
Raman spectra,'*~1 Brillouin scattering,'® sound velocities and elastic
constants,'¢!7 optical indicatrix and diamagnetic anisotropies,'®-2°
dislocations and rotational disorder,*?-%? transitional heat capacities
and hydrostatic pressure effects,?>2* as well as of inelastic and critical
quasi-inelastic neutron scattering.*-2’ Excited electronic states of
p-polyphenyl crystals have been also attracting increasing interest in
recent years. Specially, neat and mixed biphenyl crystals have been
already extensively studied, notably by absorption, prompt fluores-
cence and phosphorescence emission spectra,®®-3° and by EPR-
ENDOR work*'~3 on the lowest photoexcited triplet state. Recently,
the detailed work of Hutchison et al.** has shown that at low tempera-
ture the biphenyl molecules which are twisted in their ground state,
tend to the planar configuration even in the crystalline environment
upon excitation in their lowest triplet state. Fluorescence and singlet
exciton energy transfers have been recently studied in p-terphenyl
crystals. "% The phase transition in this material has been also
studied by following the temperature dependence of the electron- and
hole-mobility tensor3’ as well as by changes induced in the delayed
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fluorescence dependence on a magnetic field applied along certain
directions in the crystal,® the effect showing in the transition region
around 180 K a qualitatively similar behaviour as that observed for
the Raman scattering data.’® !’

Because of the possibility of long lifetimes and migration lengths,
triplet excitons constitute a sensitive tool to probe molecular solid
state properties.’® The cooperative effects like triplet-triplet exciton
annihilation leading to observable delayed fluorescence, notably its
magnetic field dependence, can yield information on triplet exciton
zero-field splittings, transport, and spin relaxation.**~42 In p-terphenyl
crystals, triplet exciton populations can be easily created by direct
excitation in the first triplet band with commercially available lasers.
Delayed fluorescence has been already used in this material to study
the wavelength dependence of the S, — T, absorption,* the tempera-
ture effects of triplet exciton trapping by deep chemical and shallow
structural traps,* % and the triplet exciton-diffusion tensor compo-
nents at room temperature.*® Recently, Altwegg et al.*” have reported
zero-field splitting (ZFS) parameters for the triplet exciton of p-
terphenyl crystals at room temperature in a paper dealing essentially
with the general problem of the applicability of Suna’s theory*' and
the spin relaxation effect in naphthalene crystals.*® From the experi-
mental data obtained in two planes of a p-terphenyl crystal an exciton
ZFS parametersratiod* = D*/E* = —0.18, and an angle of a* = 1°
for the x*, y* principal ZFS tensor axes in the ac plane were reported
in Ref. 47. The x*, y* axes appear thus as nearly coinciding with the
crystallographic a, ¢’ axes. Now, such position of ZFS principal axes is
inconsistent with the p-terphenyl crystal structure®~7 and the average
spin Hamiltonian picture of Sternlicht-McConnell*® for the triplet
exciton. As is seen in the next section, the average Hamiltonian picture
predicts that in p-terphenyl crystals one of the exciton ZFS principal
axes coincides with the direction of the long molecular axes in the
crystal and hence one should expect a value of a* = 17°. This
discrepancy appeared to us as rather puzzling since Sternlicht-
McConnell’s approach has been found to be a good approximation for
many molecular solids studied up to now. In p-terphenyl crystals the
exciton hopping rates in the ab plane*® have a similar order of
magnitude as those found for other monoclinic crystals, for instance,
naphthalene,*® and it was felt that the problem posed here should be
further investigated in more detail.

In this paper we report a detailed study of the high-field resonance
positions of magnetic field modulated delayed fluorescence in a family
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of planes of p-terphenyl crystals at room temperature. The work
indicates that for this material one indeed has a value of a* = 16° +
1° for the ZFS axes position in the ac plane, the ZFS parameters ratio
for the exciton being actually D*/E* = +0.14 + 0.02.

THE TRIPLET EXCITON ZFS TENSOR
IN p-TERPHENYL CRYSTALS

As mentioned above, X-ray and neutron diffraction work by several
authors®~7 indicates that p-terphenyl crystals at room temperature
belong to the C;,(P2,/a) monoclinic space group with two effectively
planar translationally inequivalent molecules in the unit cell. The
molecular packing is determined by the angles®~’

I4

a b c
L(x) 106.5° 90° 16.9°
M(y) 58.0° 335° 807°
N(z) 1429° 56.5° 104.1° 1

that the L (long), M (medium), N (normal to the mean molecular
plane) axes, chosen as the x, y, z molecular axes in the D,, symmetry,
make with the crystallographic a, b, ¢’ axes, ¢’ being the normal to the
ab plane. A peculiarity of the packing is that the long molecular axis
(L) lies in the ac plane, nearly coinciding (within 1°) with the {102}
direction. Hence, as required by the point group symmetry, the two
translationally inequivalent molecules in the unit cell have parallel
long axes.

In the average Hamiltonian picture for the exciton spin of
Sternlicht—McConnell*® for a monoclinic Cj, space group crystal, the
exciton ZFS tensor components in the crystal g, b, ¢’ coordinate
system are given by

T,= (3D - E)L} +(3D + E)M? —-4DN?  (i=a,b,c’)
T,.,=(D-E)L,L.+(3D+ E)M_M.. - 1DN,N,,

ac’

T;zb = Tbt' =0

where D, E are the single molecule ZFS parameters! and L;, M,, N,,
i =a,b,c’ are the cosine directors of the angles given in (1) that
L, M, N make with the crystallographic a, b, ¢’ axes.

Using for the tensor principal axes (x*, y*, z*) the nomenclature
convention shown in Figure 1, as usually used in triplet exciton ESR
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FIGURE 1 On the left: convention for the labelling of the x*, y* exciton principal
ZFS tensor axes in the ac plane of a monoclinic crystal. The z* axis is normal to the
figure’s plane and taken to coincide with the b crystal symmetry axis (see Ref. 52 in
text). On the right: convention used for the polar (¢, #) angles to specify the orientation
of the applied magnetic field relative to the crystallographic axes a, b, ¢”.

work>*? on monoclinic crystals, the principal values and the position of
the x*, y* axes in the ac plane are obtained through a rotation about
b = z* by an angle a* that will be given by

tanza* = 2T;u~'(Taa - Tc’c')—l'

In p-terphenyl crystals, as L, = 0, this expression simplifies after
some straightforward trigonometry to the simple result

a* = arccos L. (2)

that is, the position of the ZFS tensor axes in the ac plane is
independent in this material of the D, E values of the molecule, being
directly given by the crystallographic data, namely, by the angle that
the long molecular axis makes with ¢’. This feature also allows one to
express the ZFS exciton D*, E* parameters in terms of the molecular
values in the simple form

E*=4iD(1 - N?)~-1E(1 + N?) (3)
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and their ratio d* = D*/E* as

(382 - 1)d - 3(1 — N})

d* =
(1-N)d-(1+ M)

(4)

where d is the ratio D/E for the single molecule and N, the cosine of
the angle that the normal to its plane makes with the b symmetry axis
of the crystal.

The result given by (2) can be arrived at intuitively if one realizes
that, as in p-terphenyl crystals® the molecules are packed with their
long axis L in the ac plane, the two inequivalent molecules in the unit
cell have these axes parallel and the average Hamiltonian must con-
serve this symmetry direction as one of the principal exciton ZFS axes.
In the axes convention of Figure 1, the y* exciton axis thus coincides
with the direction of the long molecular axes and x* must make
according to diffraction data (1) an angle with a of a* = 16.9°. Hence
the experimental value of a* = 1° reported previously*’ appears as
inconsistent with the crystallographic data and with the average Ham-
iltonian picture of Sternlicht-McConnell** which was found up to
now to give a good approximation for the experimental triplet exciton
zero-field splittings in many molecular solids. The experimental work
reported in the next section shows that such is also the case for
p-terphenyl.

EXPERIMENTAL AND RESULTS

Samples typically 1-2 mm thick were obtained by cleavage along the
ab plane from crystal boules grown by the Bridgman method from
material (Merck, scintillation grade) highly purified by two-step 100
zone-refinement passes.>* Room temperature triplet exciton lifetimes
measured either from buildup or decay of delayed fluorescence, ranged
between 20-22 msec and no impurity fluorescence could be detected.
The platelets were oriented by X-rays or conoscopy. The samples
exhibited high-quality conoscopic patterns, which as expected for an
ab plane platelet (the optical plane is the (010) plane) showed clearly
the optical axis along the a direction making an angle of ~ 17° with
the ¢’, perpendicular to the ab plane direction.!®

The modulation of delayed fluorescence as a function of the orienta-
tion of a 6kOe magnetic field was recorded by placing the samples in a
fixed orientation between the poles of a slow, uniformly rotating
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electromagnet whose angular positions in the horizontal plane were
followed by an optical decoder whose output drove the recorder’s
X-axis with a reproducibility of +1°. The crystals were excited in the
triplet band by the 4765 A line of an argon laser (Spectra Physics 164)
through a stack of Schott OG455 and BG12 filters and the delayed
fluorescence was collected by a quartz light guide and detected through
a stack of CS7-37 filters by an EMI 9635 QB photomultiplier whose
output fed recorder’s Y-axis after amplification. In order to obtain the
highest signal-to-noise ratio and reproducibility of the signal with
the lowest excitation intensities, assuring a negligible contribution of
the bimolecular term to triplet decay,’® the samples were excited by a
collimated, uniformly expanded (to ca. 1 cm dia.), vertical laser beam
which, for all crystal orientations, fell onto the ab plane of the
platelets. This was achieved with a sample holder consisting of a small
90° totally reflecting prism in front of which the ab plane platelets
were mounted vertically (¢’ horizontal in the plane of magnetic field
rotation) on a holder which, in turn, allowed a rotation of the crystal
in settings of 5° (£ 1°) steps around the ¢’ axis, thus allowing scans of
the anisotropy of delayed fluorescence in planes at a chosen angle ¢
(see convention on the right in Figure 1) in going from the ac to the
bc’ crystallographic planes. To avoid strains the crystals were held to
the holder’s plate by suction with a small air pump. The setup allowed
one, in this way, to perform the study of the anisotropy in all planes
under identical spatially uniform-low intensity conditions of excita-
tion.

Figure 2 exhibits some of the typical experimental anisotropies of
the modulation of delayed fluorescence by a 6kOe magnetic field
observed for a p-terphenyl sample at room temperature. The ac plane
(¢ = 0°) modulation is characterized by the usual sharp high-field
resonance peaks whose angular separations should be bisected®4! by
the exciton ZFS principal axes. In the portion of the curve shown, the
bisectrix of the two peaks (indicated by arrows in Figure 2) corre-
sponds to the exciton’s x* axis which, as expected from the general
symmetry considerations of the previous paragraph, is indeed found at
a* = 16° (+1°) from the crystallographic a axis. As the angle ¢ is
increased in going towards the bc’ plane (¢ = 90°) the peaks broaden
and approach each other to a minimum separation of only Ag = 32°
in that plane, the b axis being now, as expected by symmetry, the
bisectrix of the two peaks. For planes in the vicinity of the bc’ plane
the two peaks show a markedly asymmetric behaviour as shown in
detail in Figure 3, with the broader resonances shifting more rapidly
away from the b axis. For the ¢ = 90° F § planes the behaviour of
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H I | I [ [

bc plane\ $=90°

NORMALIZED DELAYED FLUORESCENCE (A.U)

c 4 8

i | |
o 30° 60° 90° 120° 150°
MAGNETIC FIELD ORIENTATION

FIGURE 2 Some of the typical experimental anisotropies of the modulation of
delayed fluorescence by a 6kOe magnetic ficld observed for a p-terphenyl sample at
room temperature. For clarity, the anisotropies for the different planes are displaced on
the vertical scale. Data for all planes are drawn using the same arbitrary unit scale for
the relative size of the magnetic field effect. The ¢ = 0° curve corresponds to the ac
plane in which x* gives the position of the principal axis bisecting the two high-field
resonances indicated by arrows. The ¢ = 90° plane is the bc’ plane. The ¢’ axis is the
common origin for the angle # (see Figure 1) for all planes.
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L L [ L 6
o (]

30 60 90 120" 150
FIGURE 3 Details showing the markedly asymmetric behaviour of the resonances in

the immediate vicinity of the bc” plane. The position of planes as given by the angle ¢ is
within an +1° error. The magnetic field is 6kOe.

the two peaks is interchanged giving similar behaviour for positions
6 = 90° + ¢ as expected for the monoclinic structure for which b is a
crystal symmetry axis. In both JM’s and Suna’s theories***' the
position of the high-field resonances is determined by crossings of two
triplet-pair energy levels given by

d*(§ = n*?) +(m*2 = 1#7) = 0 )

where [*, m*, n* are the cosine-directors of the field’s direction with
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respect to exciton’s principal ZFS axes x*, y*, z*, respectively, being
expressed for monoclinic crystals as

1* = cos a*cos ¢sin § + sin a*cos 8
m* = sin a*cos ¢ sin @ — cos a*cos 4

sin ¢ sin 8 (5)

=
*
I

in the axes convention of Figure 1. In Egs. (§) d* = D*/E* is the
ratio of triplet exciton ZFS parameters and a* the angle that the x*
principal axis makes with the crystallographic a axis (b = z*). Figure

P c
a X

16}~

1
b Cc
*
a Y ¢
X Ly €

l P (-]
90° 120° 4150° 180
3)

FIGURE 4 Plot of the (¢, §) positions of the resonances. The open dots give the
experimentally observed positions of the resonances. The solid curve is the theoretical
prediction using Egs. (5) in the text. The best fit shown is obtained for the ZFS exciton
parameters d* = +0.14 and a® = 16 °; the uncertainty on these values is estimated to
be +0.02 and +1°, respectively.
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4 shows the experimentally observed (8, ¢) resonance positions (open
circles) for the family of planes studied, the solid curve representing
the theoretical behaviour predicted by (5). The best fit shown is
obtained ford* = D*/E* = +0.14 and a* = 16°. The experimental
uncertainty on these ZFS exciton parameters is estimated to be +0.02
and +1°, respectively.

The value obtained for a* is in good agreement with the value
expected using the average spin Hamiltonian picture and the known
crystallographic data as discussed above. The experimental d* value
could be, in principle, checked via (4) if the single molecule ZFS ratio
d were known. Unfortunately for the p-polyphenyls series, only the
biphenyl molecule has been up to now studied extensively,*!~?* and its
D, E parameters are now known with great precision from the recent
EPR-ENDOR work of Hutchison et al.** To our best knowledge, the
only experimental data reported for the p-terphenyl molecule is the
D’ = (D? + 3E%)1/2 = 9.6 X 10~ 2 cm ! value obtained from work in
rigid glass at 77 K. Orloff and Brinnen*® have made theoretical
calculations of the ZFS parameters for the polyphenyl series. As
pointed out by them, while their calculated molecular D values can be
considered as reliable, deviating typically only by 5% from the experi-
mental values, the, typically small, E theoretical values should be
considered as only qualitative. Indeed, for biphenyl the calculated D
value® differs from the experimental one*® by only 0.5%, but the
experimental E value has the sign opposite to the calculated one using
the same coordinate system. The experimental molecular ZFS ratio
d = D/E for biphenyl is negative (D > 0, E < 0) in the coordinate
convention L(x), M(y), N(z) used also in this work for the D,,
symmetry. The reported exciton value 4* = 0.14 + 0.02 for the p-
terphenyl crystal would also predict a negative d (D > 0, E < 0) ratio
for this molecule. Figure 5 shows a plot of Eq. (4), the insert expand-
ing the region of interest here. For d* = 0.14 + 0.02 and using the
room temperature X-ray diffraction measured angle between the b axis
and the normal to the mean molecular plane of 56.5° + 0.5°37 one
predicts a molecular ZFS ratio d = D/E = —11 + 2 for the p-
terphenyl molecule. This value seems reasonable, being intermediate
between the biphenyl value and some typical values for polyacene
molecules (e.g. — 6.0 for naphthalene and —8.5 for anthracene). Using
the theoretically calculated value*® of D = 10.3 X 1072 cm™! one
estimates E = —0.9 X 1072 cm™! for the p-terphenyl molecule. For
these parameters and using Egs. (3) one predicts, with an uncertainty
estimated to be at least 20%, the crystal ZFS parameters D* = 0.6 X
1072 cm™! (64 Oe) and E* = 4.2 X 1072 cm™! (450 Oe), that is, the



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:32 21 February 2013

12 V. ERN AND A. FORT
d'}
20

—

~
b--
L

I L 1

-4 -1 -10 -
| A ] q

------ —20-"---""=10 - ---f-F-------10---------20--

FIGURE 5 Plot of Eq. (4) in text, the insert on the left expanding the region of
interest here. The solid curves are for N, = c0s56.5° as given by the crystal data matrix
(1) in the text. The dashed curves (a) and (b) are drawn for N, = cos56° and
N, = cos 57°, respectively, to take into account a possible uncertainty of +0.5° for the
X-ray diffraction determined position of the mean molecular plane. The asymptotes
indicated by the dashed axes correspond to the values d* = —0.12 (d -+ + o) and
d =190 (d* —» + ). The horizontal lines in the insert are drawn to indicate the
possible uncertainty range for the d value.

ordering Y* = +44 X107 2cm™!, Z* = —04 X 10" 2cm ™}, X* =
—4.0x 1072 cm™! for the crystal®’ triplet spin sublevels in p-
terphenyl, similar to that found for anthracene.5?

CONCLUSIONS AND DISCUSSION

Present detailed experimental analysis of the position of high-field
resonance peaks of triplet-triplet annihilation in a family of planes of
p-terphenyl crystals has allowed us to account for the puzzling dis-
crepancy that existed up to now between the theory using the usual
Sternlicht-McConnell’s averaged spin Hamiltonian and the previously
reported*’ near-coincidence a* = 1° of the exciton ZFS principal axes
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x*, y* with the crystallographic a, ¢’ axes. Also, the values a* = 1°
and d* = —(0.18 as given previously would imply a positive molecular
d ratio, which seems unlikely from what is known now on the
polyphenyl series.*>* The origin of the discrepancy raised by these
ZFS parameters, reported from the analysis of just two planes for a
solution grown crystal,?’ is not clear. One possible explanation, how-
ever, could lie in the fact that p-terphenyl is known to occasionally
also grow from solution with a well developed {201} plane.® Such
plane contains the b axis and exhibits thus a two-fold symmetry as the
ab plane the normal to the b axis being actually the (102) direction,
which coincides, within 1°, with the long molecular axis,>~” and hence
with the exciton y* axis. The normal to such plane is not the ¢’ axis as
for a {001} platelet but the exciton’s x* axis, and a plane labeled as ac
plane will be indeed an ac plane but in which the angle 4 is actually
measured from the exciton x* axis. Hence, the § = 90° direction
would correspond to the y* axis which bisects the two high-field
resonances, the plane exhibiting thus a symmetry with an apparent
a* = 0° value. If such were the case, the exciton ZFS parameters
a* = 16° and d* = +0.14 reported in this work will predict using (5)
for the two planes reported in Ref. 47 high-field resonances at
¢ = +72° (£18° from b), and § = 44° and 137°, which indeed
agree, within the experimental error of +1°, with the resonance
positions reported in Ref. 47.

In view of the fact that in p-terphenyl triplet diffusion is aniso-
tropic®® in the ab plane so that Suna’s approach using the
smooth approximation®’ with an isotropic, average lattice spacing R
may lead to an appreciable error, and as additional spin relaxation
mechanisms*”*® may also contribute to the resonance lineshapes, it
was felt that at this stage a computing effort using several adjustable
parameters and questionable approximations to obtain a fit for the
overall magnetic field dependence of delayed fluorescence was prema-
ture, at least, until additional experimental information on p-terphenyl,
for instance, a detailed ESR linewidth study, becomes available. It is
hoped that present work will spur additional interest in this direction
on this material, as well as on other solids of the p-polyphenyl
molecules.
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