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We report on striking evidence for a room temperature structural phase instability in p-hexaphenyl,
inducing a nonplanar conformation of the molecules. Solid state proton NMR and single crystal x-ray
diffraction allow the analysis of the organization, the individual dynamics and the involved symmetry
breaking. The analysis of Raman spectra above and below room temperature reveals a singular behavior
suggesting a modification of the overlap between the electronic wave function induced by the non-
planarity. These results provide a new basis to answer fundamental issues related to molecular and
electronic materials and, in particular, luminescent organic devices.
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Beyond the technological issue of organic optoelec-
tronic devices in plastic electronics [1,2], the physical
properties of conjugated molecular compounds including
the link between their structure and their electronic and op-
tical characteristics are of fundamental interest in the un-
derstanding of organic and biological materials. Inten-
sively studied for their electroluminescent properties, the
so-called 7 conjugated compounds constitute a vast class
of materials that can be used as active elements in organic
light emitting diodes (OLEDs) [3]. Since Burroughes e al.
originally demonstrated that a green-yellow light emission
could be achieved in such a device [4], experimental
improvements have now yielded a blue emission [5] with
an outstanding quantum efficiency [6]. While the latter
seems to be explained by spin dependent exciton formation
[7,8], one could expect that the molecular planarity should
tune the emitted wavelength by governing the band gap [9—
12], thus suggesting a key role of the conformation.

Among the most promising materials are crystalline
oligomers and polymers of para-polyphenylene vinylene
and para-polyphenylene. Oligomers offer advantages
over polymers for applications involving highly ordered
structures. In particular, p-hexaphenyl (abbreviated be-
low as p-nP, with n = 6) has the ability to self-assemble
into polycrystalline samples [13], layers [14,15], nano-
fibers [16,17], insulated wires [18], and adsorbed single
molecules [19]. Because of its considerable interest for
applications from blue-light OLEDs to nanofibers, much
work has been devoted to this prototypical compound, but
fundamental questions remain concerning its structural
organization.

In this Letter, we report on a first evidence of an im-
portant room temperature structural change in para-
hexaphenyl. From a solid state proton NMR study, a quan-
titative description is obtained for the dynamics, the col-
lective phenomena, and the ordering in both high and low
symmetry phases. Both x-ray diffraction and Raman spec-
troscopy experiments performed on single crystals above
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and below room temperature reveal the strong coupling
between structural and molecular properties.

In molecular crystals, the structural instabilities result
from a delicate balance between weak forces, and so
temperature, weak pressure, or atomic substitutions can
drastically change the involved local potential. The oligo-
phenyl series represents such an example. In the gaseous
state, the molecules exhibit nonzero torsional angle be-
tween phenyl rings due to competing intramolecular
forces: the delocalization of 77 electrons and the repulsion
of ortho-hydrogen atoms. These forces induce a double-
well intramolecular potential as a function of the dihedral
angle, whereas in the crystalline state, the competing in-
termolecular forces favor the planar conformation. To
change the resulting potential, one may modify either
intramolecular forces by increasing the number n of phenyl
rings or intermolecular ones with external parameters such
as temperature or pressure.

The common feature of short oligophenyls is their high
temperature high symmetry monoclinic phase with space
group P2, /a, proof of a mean planar conformation of the
molecules in the crystal [20]. Upon lowering the tempera-
ture, the first three compounds of the series (n = 2 to 4) are
known to present structural instabilities yielding a static
nonplanar conformation of the molecules. In biphenyl
(p-2P), the phase transition is displacive and governed
by a soft mode [21]. In para-terphenyl (p-3P) and para-
quaterphenyl (p-4P), a local double-well potential de-
scribes the individual dynamics and the phase transition
is of the order-disorder type [22,23]. No structural or
dynamical information exists concerning the most interest-
ing, p-6P.

The polycrystalline sample of para-hexaphenyl was syn-
thesized by electroreduction of monobromoterphenyl in
the presence of a zero-valent nickel catalyst [24,25].
Purification of the powder was carried out in a four-zone
oven specially designed to allow sublimation and conden-
sation of the material in a glass tube installed in a preset
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temperature gradient. Pure hexaphenyl was isolated in the
temperature range 470—540 K under a residual pressure of
10 Pa. It was characterized by UV-visible, Fourier-
transform infrared spectrometer and resonance Raman
scattering spectroscopies. Single crystals of p-6P were
obtained by sublimation after some weeks in a sealed
tube placed in an oven at a temperature around 583 K.

The nuclear spin-lattice relaxation time and resonance
line spectra were studied using a Bruker SXP spectrometer.
The spin-lattice relaxation time was measured by the satu-
ration 90° pulse method at the Larmor frequency of w; =
80 MHz.

The temperature dependence of the spin-lattice relaxa-
tion time measured over a broad temperature range is
presented in Fig. 1 for p-6P, displaying the strong decrease
of the spin-lattice relaxation time at room temperature. It is
the NMR signature of a critical slowing down of pretransi-
tional collective fluctuations on approaching from both
sides of the transition temperature 7. [26—28]. Collective
critical fluctuations are common features for group-
subgroup continuous phase transitions. In the high sym-
metry phase, they reveal the appearance of short range
ordered clusters within the disordered phase. Approach-
ing the phase transition, these clusters grow larger [diver-
gence of the correlation length & ~ (T — T,.)~”] and live
longer [divergence of the correlation time 7.~ (T —
T,)~%” measured at a critical wave vector]. The spin-lattice
relaxation rate is proportional to the spectral density J(w),
namely, the Fourier transform of an autocorrelation func-
tion. This function must integrate the contribution of these
different collective modes with their relative weights
[29,30]. In the fast motion regime, 1/7, > w,, the spin-

T(K)
300 250 200
T T T
&9 *
100+ * R4

o
¥

T T T
0.0040 0.0045 0.0050

1T (K™

T T
0.0030 0.0035

FIG. 1 (color online). Spin-lattice relaxation time as a function
of the inverse of temperature for p-6P. The straight line fits the
activated behavior. The inset displays the variations of the
critical temperature T, (upper panel) and the activation energy
E, (lower panel) compared to 7, (dotted line) for the p-nP as a
function of the number of phenyl rings (n).

lattice relaxation rate behaves essentially like J(0) :
1/T) ~ &~ (T —T,)~". 1/T, is then expected to diverge
on approaching the transition temperature as long as the
fast motion regime is valid. In this high symmetry phase,
these collective critical pretransitional fluctuations govern
the spin-lattice relaxation rate in a temperature range from
T.to T, + 30 K as discussed further.

In the ordered phase equivalent arguments hold, reflect-
ing the divergence of the static and dynamical susceptibil-
ities on approaching the phase transition from below 7. In
this phase, the critical fluctuations are dominant in the
resonance process in a narrower temperature range, defined
here approximately by 7, — 15 K<T <T..

Far above T, the spin-lattice relaxation time is governed
by an Arrhenius law characterizing the individual reorien-
tational jumps of the molecules in a local double-well
potential. In the fast motion regime encountered here, the
frequency rate 7! of the jumps with 7(300 K) = 1.8 X
10719 s is much higher than the Larmor resonance fre-
quency. The expression of the spin-lattice relaxation rate
reads 1/T, = 10/3y*AM, g, with y the gyromagnetic
factor and AM, = 1.2 G? the second moment variation
of the proton NMR resonance line; 7 = 7, exp(E,/T)
and the activation energy E, = 1050 K = 100 K charac-
terize the double-well potential consistent with an order-
disorder mechanism for the phase transition (E, > T.).
Concerning the series of short oliphenyls p-nP, it is worth
noting that one deduces from equivalent measurements
[26] a clear saturation of both activation energy and tran-
sition temperature as shown in the inset of Fig. 1. In the
polymer the typical number of phenyl rings is n = 10-30;
this saturation could infer a structural change around room
temperature.

Single crystal x-ray measurements were performed on
an Oxford Mar 345 diffractometer with rotating anode.
Superstructure Bragg reflections appear at the critical
(1/2,1/2,0) point of the high symmetry monoclinic
Brillouin zone. This means a doubling of the a and b
lattice parameters when keeping a pseudomonoclinic
description for the low symmetry phase. Temperature evo-
lution of such superstructure is reported in Fig. 2 and
reveals a second order phase transition with significant
diffuse scattering above T. = 293.5 K. According to the
description of a continuous phase transition of this type, an
order parameter 7 is defined here by the difference of
occupation probability of two conformations 7 = p;—p,.
In the case of p-6P, these molecular conformations are
(D (+, -+, —, +, —)and 2) (—, +, —, +, —, +), where
+ and — symbols indicate the positive and negative direc-
tion of rotation of each phenyl ring around the long axis. In
the high symmetric monoclinic phase (7 = 0) this poten-
tial is symmetric and the molecule is on average planar.
The symmetry lowering at the phase transition reflects a
preferential occupation of one of the two wells, namely,
one molecular conformation. Thus, at very low tempera-
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FIG. 2 (color online). Temperature dependence of averaged
x-ray intensity of the superstructure reflections (1.5,1.5,1) and
(—1.5,1.5, —1) measured on a single crystal of p — 6P.

tures when 7 = 1, the molecules show a static nonplanar
conformation.

From the superlattice reflection whose intensity is pro-
portional to the square of the order parameter 1 ~ (T, —
T)B, one deduces the rather low value 8 = 0.15 = 0.05.
This suggests the low dimensional nature of this phase
transition resulting from the quasi—two-dimensional ar-
rangement of these long oriented molecules.

The fundamental problem now concerns the reanalysis
of the structural, electronic, and photonic processes in light
of this phase transition. Because the last operates exactly at
room temperature and most of the data were collected
below that temperature, possible misinterpretations have
been allowed. So, we have performed Raman measure-
ments using a triple XY Raman spectrometer (DILOR/
Jobin Yvon) and the 733.7 nm line of a Ti-Sapphire laser
to improve resolution, spanning a range of temperature
above and below T.. We have focussed on two intramo-
lecular modes displayed in Fig. 3 and identified as the
inter-ring C-C stretch mode at 1278 cm™! and the C-H
in-plane bending mode at 1221 cm™'[13,31,32]. Since
these modes have been predicted to couple geometry to
electronic structure most strongly [31,32], one can there-
fore expect an influence of this conformational transition.
Indeed, one observes in Fig. 3 opposite shifts of the fre-
quency for these modes with temperature. In order to get a
more precise description, one has plotted in the upper panel
of Fig. 4 the temperature dependence of these two modes.
While the high frequency mode softens linearly with tem-
perature as expected, we note that the other one displays an
anomalous increase in the transition region. To avoid the
regular temperature behavior, the difference Av = v 575 —
V1201 1s shown in the lower panel of Fig. 4, and thus reveals
a singular dependence consistent with the discussed phase
transition at 7. = 293.5 K. From our measurements, it
appears that the frequency shift behaves as the x-ray in-
tensity and thus as the square of the order parameter. While

FIG. 3 (color online). Raman spectra at various temperatures
obtained on single crystals of p-6P. The inset exhibits the more
complex structure of these modes at low temperature.

this result calls for further theoretical work to connect this
frequency shift to the order parameter, we note that simu-
lations carried out for the poly-para-phenylene displays a
decrease in the frequency of the 1221 cm™! mode for
increasing torsional angle in qualitative agreement with
Fig. 4 [31].

In the literature, previous authors [13] have interpreted
the intensity ratio of these modes Ij,75/I;2,; to discuss
planarity of these molecules up to room temperature with-
out the knowledge of the reported phase transition. In this
context, they use a Boltzmann description and extract an
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FIG. 4 (color online). Variation of the frequencies of the two
main Raman modes v ,7g and v5,; as a function of temperature
(upper panel). The lower panel displays the temperature depen-
dence of the difference Av = v573 — V2, Where the subscripts
indicate the high temperature frequencies.
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activation energy for the local double-well potential of 480
K, quite different from the one reported here. Actually,
since the nonplanarity evolution results from a phase tran-
sition governed by an order parameter one should thus
expect a temperature dependence reflecting a singular
behavior at T.. While our experimental intensity ratio
I,275/11221 seems to behave anomalously at the transition,
it appears that it is too dependent on the fit procedure to be
discussed confidently. Indeed, a lower temperature Raman
spectrum as displayed in the inset of Fig. 3 reveals a
complex structure of these modes, each of which consists
of at least two peaks structure, while the high temperature
broadening of these modes implies a sizeable overlap that
prevents also any quantitative analysis of the areas.

Many other techniques are expected to probe this order-
disorder phase transition since it involves both conforma-
tional and electronic states. In particular, photoluminescent
data up to room temperature clearly show a redshift in both
p-6P powders and films [33]. It is important to note that
self-organization found in crystals is similar to the one
found for powders and thin films [15] with exactly the
same crystallographic parameters. As predicted by several
authors in p-Polyphenyls, when the torsional angle be-
tween the phenyl ring decreases the overlap between the
electronic wave functions is improved and thus the band
gap is reduced [12]. So, one recovers an experimental
result that could be reinterpreted considering the influence
of the order parameter in light of this phase transition.
Finally, it worth noting that the order of magnitude of the
redshift is consistent with the previous theoretical predic-
tion for a reasonable dihedral angle of the order of 20°
[12], suggesting that numerous electronic properties
should be reexamined in detail.

In this Letter, we show that hexaphenyl offers a unique
opportunity to address the fundamental question of the
structural organization of an organic optoelectronic mate-
rial. The first evidence of a phase transition is reported and
analyzed, revealing different fundamental processes
around the transition temperature. The saturation of differ-
ent properties such as local double-well activation energy
and transition temperature arises from the comparative
study of oligophenyl from n =2 to n = 6. Regarding
this tendency, an analogous phase transition from planar
to nonplanar conformation may be predicted in the poly-
mer, with a critical temperature around room temperature.
The analysis of both x-ray and Raman measurements
reveal a singular dependence at the transition and suggests
that this conformational change could also affect electronic
properties such as photoluminescence. Because of the
potential of these materials in optoelectronic and photonic
devices, the related properties should be reconsidered in
light of these structural changes.

We are grateful to J. Gallier and L. Toupet for fruitful
discussions, and to F. Lari for technical help.

(1]
(2]
(31

(4]
(3]

(6]
[71

(8]
(9]

[10]

[11]
[12]

[13]
[14]
[15]

[16]
[17]

(22]
(23]
(24]
[25]
[26]
(27]

(28]

[29]
(30]
(31]
(32]

(33]

215502-4

H. Sirringhaus, N. Tessler, and R. Friend, Science 280,
1741 (1998).

J. Brédas, D. Beljonne, V. Coropceanu, and J. Cornil,
Chem. Rev. 104, 4971 (2004).

R. Friend, D. Bradley, and P. Townsend, J. Phys. D 20,
1367 (1987).

J. Burroughes, Nature (London) 347, 539 (1990).

G. Grem, G. Leditzky, B. Ullrich, and G. Leising, Adv.
Mater. 4, 36 (1992).

Y. Cao, I. Parker, C. Zhang, and A. Heeger, Nature
(London) 397, 414 (1999).

M. Wohlgenannt, K. Tandon, S. Mazumdar, S. Ramasesha,
and Z. Vardeny, Nature (London) 409, 494 (2001).

J. Wilson, Nature (London) 413, 828 (2001).

J. Brédas, B. Thémans, J. Fripiat, J. André, and R. Chance,
Phys. Rev. B 29, 6761 (1984).

B. Champagne, D. Mosley, J. Fripiat, and J. André, Phys.
Rev. B 54, 2381 (1996).

M. Miao, J. Chem. Phys. 109, 9623 (1998).

C. Ambrosch-Draxl, J. Majewski, P. Vogl, and G. Leising,
Phys. Rev. B 51, 9668 (1995).

S. Guha, Phys. Rev. Lett. 82, 3625 (1999).

E. Zojer, Phys. Rev. B 61, 16538 (2000).

E. Faulques, Phys. Rev. B 65, 212202 (2002).

F. Quochi, Appl. Phys. Lett. 84, 4454 (2004).

F. Balzer, V. Bordo, A. Simonsen, and H. Rubahn, Phys.
Rev. B 67, 115408 (2003).

F. Cacialli, Nat. Mater. 1, 160 (2002).

S. Hla, K. Braun, B. Wassermann, and K. Rieder, Phys.
Rev. Lett. 93, 208302 (2004).

C. Toussaint, Acta Crystallogr. 21, 1002 (1966).

H. Cailleau, in Incommensurate Phases in Dielectrics,
edited by R. Blinc and A.P. Levanyuk (North-Holland,
Amsterdam, 1986), Vol. 2, p. 71.

J. Baudour, Y. Delugeard, and H. Cailleau,
Crystallogr. Sect. B 32, 150 (1976).

J. Baudour, Y. Delugeard, and P. Rivet, Acta Crystallogr.
Sect. B 34, 625 (1978).

K. Faid, A. Siove, C. Chevrot, M.-T. Riou, and G. Froyer,
J. Chim. Phys. 89, 1305 (1992).

L. Athouel, G. Froyer, M.-T. Riou, and M. Schott, Thin
Solid Films 274, 35 (1996).

B. Toudic, J. Gallier, P. Rivet, and H. Cailleau, Solid State
Commun. 47, 291 (1983).

F. Owens, C. Poole, and H. Farach, Magnetic Resonance
of Phase Transition (Academic, New York, 1979).

K. Muller and H. Thomas, Structural Phase Transition II,
Topics in Current Physics (Springer Verlag, Heidelberg/
Berlin, 1991).

L. Landau and E. Lifshitz, Physical Kinetics, Course of
Theoretical Physics, Vol. 10 (Pergamon, Oxford, 1981).
B. Toudic, H. Cailleau, and J. Gallier, J. Phys. I (France) 2,
829 (1992).

L. Cuff and M. Kertesz,
(1994).

G. Heimel, D. Somitsch, P. Knoll, J. Brédas, and E. Zojer,
J. Chem. Phys. 122, 114511 (2005).

S. Guha et al., Phys. Rev. B 67, 125204 (2003).

Acta

Macromolecules 27, 762



