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Planarity of paraHexaphenyl
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We present experimental and theoretical findings on the geometry of polycrystaliadexaphenyl
via Raman scattering. The planarity of the molecule is affected by hydrostatic pressure and temperature.
Our studies indicate that the potential energy curve which governs the torsional motion between neigh-
boring phenyl rings is “W” shaped. We determine the activation energy to promote the molecule from
a nonplanar to a planar state to be 0.04 eV, in good agreement with our quantum chemical calculations.
From the relative intensities of tH280 cm™! to the 1220 cm™! Raman modes we show that high pres-
sure planarizes the molecules, modifying the “W”-shaped potential energy curve to a “U”-shaped one.
[S0031-9007(99)09073-0]

PACS numbers: 61.50.Ks, 36.20.Ng, 61.41.+e, 81.40.Vw

The para substituted oligophenyls were found to be Geometry optimization and total energy calculations of the
efficient blue laser dyes [1] and the blue photoluminessystem were also done using Becke'’s three parameter den-
cence with a quantum yield of 30% in the solid state hasity functional hybrid method [5].
been the motivation of usingara hexaphenyl (PHP) as  In the crystalline state the molecules are arranged in
an emitting layer in organic light emitting diodes (LEDs) layers with the long axes nearly perpendicular to the
[2]. While there have been numerous studies trying tdayers, so that the thickness of a layer is approximately
understand the electronic properties of these highly lumithe length of the molecule. PHP has a monoclinic unit
nescent materials [3], there are many unresolved struaell, space grouf2,/a with a = 8.091 A, b = 5.568 A,
tural questions, one of which concerns the planarity ofandc = 26.24 A, and the monoclinic anglg = 98.17°
the molecule associated with the arrangement of phenyl’]. Within the classification of polynuclear aromatic
rings with respect to each other. The potential energy ohydrocarbons, this structure is of the herringbone type and
two neighboring phenyl rings versus the torsional angleshows outstanding optical properties [6].
is “W”-shaped and the depth of the two wells governs Experimental x-ray data show that increasing the
the planarity of the molecule. We use temperature andligomer length of polypara-phenylene (PPP) reduces the
pressure dependent Raman scattering to address the isdattice constantsz and b, which are perpendicular to
of planarization. Our experiments on PHP clearly indi-the chain direction [7,8]. This implies that on increasing
cate that at higher pressures the molecule becomes plan#te oligomer length the crystallographic packing in the
i.e., the torsional angle between neighboring phenyl ringsab plane is increased. Molecular simulations predict this
decreases, which changes the “W"-shaped potential to #iend: interring torsional angles of approximatefy’—50°
more “U’-like potential. for biphenyl and terphenyl [9]30°-40° for hexaphenyl

The PHP powder was obtained from Tokyo Chemical[7], and27° in single isolated PPP chains [10] are found
Industries Ltd. Raman measurements were carried out intheoretically. This means that increased packing is a
backscattering configuration, using the 514.5 nm line of awonsequence of stronger planarization.

ArT laser. The scattered light was detected with a SPEX A closer look at x-ray data reveals that PPP and its
triple monochromator equipped with a charge-coupled deeligomers adopt conformations such that the phenyl rings
vice (CCD) detector and a holographic supernotch filterwithin each molecule aren the averagecoplanar, but
Pressure studies were conducted in a Merrill-Bassett-typendergo torsional motion with respect to the single bond
diamond anvil cell (DAC) with cryogenically loaded ar- connecting them [7]. The torsions cause large Debye-
gon as the pressure medium and ruby luminescence as thi¢aller factors for the carbon atoms not situated along the
pressure calibrant. A Lorentzian curve fitting routine waslong axis of the molecule. The nature of the torsional
used to determine the frequencies and intensities of the Raotion of the neighboring phenyl rings is determined
man modes. For our calculations we employeddhess- by at least two opposing influences: tirgramolecular
IAN94 ab initio program [4] with a Restricted Hartree-Fock repulsion between ortho hydrogen and the tendency
scheme to perform geometry optimizations, force constartowards planarization in ar-electron system due to the
calculations, and dipole moment/polarizability derivativesresonance interaction [11]. The crystalline environment,
with a polarized basis set 6-31G* for a biphenyl molecule.however, tends to planarize the molecules. A torsional

0031-900799/82(18)/3625(4)$15.00 © 1999 The American Physical Society 3625



VOLUME 82, NUMBER 18 PHYSICAL REVIEW LETTERS 3 My 1999

angle of27° is predicted in isolated PPP chains d7d in  (Fig. 2 and inset of Fig. 1), accompanied by an increase in
crystalline environment [10]. Simulations of crystalline the frequency of the modes.
packed PHP show a torsional angle:020° [12]. Both the temperature- and pressure-dependent Raman

The Raman spectrum of the oligophenyls has beestudies indicate that the functional dependence of the
described by several authors [13-18] and is mainlypotential energy of two neighboring phenyl rings versus
characterized by four intense modesAf symmetry. It torsional angle is “W"-shaped as sketched in Fig. 3
has been observed that the Raman intensity ratio of the if21]. The expectation valuéy|¢|¢) for the torsional
terring C-C stretch mode 4280 cm™' to the C-H in-plane  angle operator¢ of higher levels is 0 instead of-8
bending mode at220 cm™! (I1280/11220) is inversely pro- at the minima of the potential in Fig. 3. The ratio
portional to the number af conjugated phenylringsinthe I1g0/11220 versus temperature (Fig. 1) shows a behavior
polymer chain [14,15,19]. Itis therefore also an indicatortypical of a thermally activated process described by
of planarity since simulations show that a higher numbeBoltzmann statistics. The probability for the system
of conjugated phenyl rings result in a lower torsionalto be in anonplanar configuration is proportional to
angle between them [7,9,10]. For biphetiysg/11220 = I280/I1220. Therefore we subtract the Boltzmann term,
25 and beyond hexaphenyl,go/I1220 is close to unity. which is proportional to the probability of finding the PHP
Even Raman spectra of thenions of the oligophenyls molecule in aplanar configuration, from 1 and we fit the
(from p-terphenyl top-hexaphenyl) show thatgy/71220  data to
decreases with increasing oligomer length [16]. .

Figure 1 shows,s0/11220 for PHP as a function of tem- Laso/Tiz20 = All = exp(=AEwp—p /kT)]. (1)
perature. The ratio increases from 0.8 to 1.2 between 308ere kg is Boltzmann’s constantAE,,—., is the differ-
and 100 K, below which it stays a constant. Since a higheence in energy between the nonplanar ground and the pla-
T280/ 1220 corresponds to a lower planarity, lowering the nar thermally excited stated; = I1250/11220 atT = 0 K.
temperature causes a decrease in planarity. This behaviBy fitting the data in Fig. 1 to Eqg. (1) we obtain an acti-
is indicative of a structural change where thweragecpla-  vation energyAE,,—., = 0.04 eV.
nar conformation observed at room temperature changes We also calculated\E,,,_., from the difference in in-
to nonplanar at lower temperatures, similar to trends obternal energy between the planar and nonplanar configu-
served in lower polyphenyls [20]. The Raman spectrum ofations of a biphenyl molecule [22]. The Hartree-Fock
PHP under pressure shows a further decreasggy 11220 method yieldAE,,., = 0.145 eV compared to the den-

sity functional method which yieldA E,,,—., = 0.089 eV.
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FIG. 1. The ratio of the intensity of thd280 cm™' to FIG. 2. Ratio of the intensity of thé280 cm~! mode to the
the 1220 cm™! mode in PHP as a function of temperature. The 1220 cm™!' mode as a function of pressureZat= 300 K. The

line is a fit to the function in Eqg. (1) and the squares are thesolid line is a guide to the eye. The insets show the energy
experimental results. The inset shows the Raman spectrum @iositions of 0-0, 0-1, and 0-2 vibronic peaks observed in the
PHP at 1 bar and 21 kbar &t = 300 K. PL spectra of PHP at 16 and 300 K under pressure.
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tion shows that the “U”-shaped potential has already been
reached by 15 kbar, and that increasing the temperature
cannot cause further planarization.

We note that there is no broadening of the Raman lines
as a function of pressure (Fig. 1, inset). Broadening of all
Raman lines is typical for samples consisting of different
conjugation lengths [23]. Therefore the observed Raman
modes are from a similar distribution of conjugation
lengthsboth under pressure and at 1 bafThis excludes
that pressure only affects certain isolated rings since that
would lead to a broader distribution of conjugation lengths
and broadening of the Raman modes.

.20 0 ' 20 ' Photoluminescence (PL) of PHP under pressure also re-

Torsional Angle (degree) flects the effect of planarization. The PL energy positions

) ) show a more rapid pressure dependence below 15 kbar for
FIG. 3. Schematic of the potential energy curve between Woneasurements both at 16 and 300 K, shown in the inset of

neighboring phenyl rings versus torsional angle in PHP. The_. o . .
thick line represents the potential at ambient pressure whereaad- 2. The PL emission of PHP is characterized by a

the dotted and the dashed lines represent the changing of tiell-defined vibronic progression. The highest emissive
“W” potential energy curve to a “U” shape at higher pressurestransition is the 0-0 transition, which takes place between

The angle corresponding to the minimum in potential energithe zeroth vibronic level in the excited state to the ze-
Ids chosen in accordance with Ref. [12], and the well depth IS, yibronic level in the ground state. The 0-1 transition
erived from our experiment. . . .
involves the creation of one phonon. The 0-0 PL transi-
tion is not observed at 1 bar due to self-absorption effects.
From the energy calculations of a PPP chain in Ref. [10]The general trend of a sharp change in the PL energies at
it is observed thal\E,,—., = 0.065 eV. The calculated lower pressures is clear from the inset in Fig. 2. This
values for the activation energy are higher for two rea-agrees very well with the first principles calculation in a
sons: biphenyl is shorter than hexaphenyl and calculationBPP chain which predict a decrease in the band gap by
for both biphenyl and PPP chain are done feolated almost 1 eV, when the torsional angle between the phenyl
moleculeswhere we expect the planarizing forces to berings changes betweei®° to 0° [10].
weaker than for our sample which is an ensembl®n§ Our data show that the difference in the PL vibronic
molecules in arystallineenvironment. replicas Avp) is not identical to the frequency of the ob-
Therefore the molecule undergoes a structural changserved Raman modes. Also the pressure dependence of the
with increasing temperature, which promotes it to a higheRaman modes andlvp, is different. The same behavior
energy state, namely, the more planar configuration. Thig observed in the work of Webster and Batchelder [24].
description does not require a change in the shape of thehis is due to the PL spectra showing contributions from
potential energy curve. However, upon increasing presevertones and combinations of different phonon modes.
sure the potential energy curve does change: it becomesIn order to describe the effect of planarization on the Ra-
narrower and starts losing the “W” shape changing to-man spectrum of oligophenyls theoretically, we have cal-
wards a “U” as shown schematically by the dashed andulated the Raman spectrum of a simpler molecule, namely
the dotted line in Fig. 3. This in turn means that the en+the biphenyl and compared thgg,/112; ratio for the pla-
ergetic difference AE,,—p,) between the nonplanar and nar and nonplanar geometries. While smaller, the biphenyl
the planar conformation of the molecule decreases witlmolecule is suitable since changes in the torsional angle
increasing pressure. Our experiment confirms this modebetween neighboring phenyl rings is involved. The planar
The ratio ofl,,30/11220 decreases from 0.8 to 0.3 betweenand the nonplanar biphenyl molecules were optimized with
0 and 15 kbar, beyond which the ratio remains almost @ppropriate symmetry restrictions, i.&;, and D, sym-
constant (Fig. 2). Using the known average bulk moduimetries, respectively. Sindgygo/l1220 is much larger for
lus of terphenyl (67 kbar) in the range of up to 10 kbarnonplanar biphenyl than for nonplanar PHP, we have to
and the unit cell parameters for PHP, we calculate theompare the ratio ofj,59/11200 for the nonplanar geome-
average energy stored per PHP molecule at a pressutg to the planar geometry (Table 1). The experimentally
of 10 kbar to be of the order of 0.1 eV, which is much obtained ratio of the intensities §s/11220 ) of the nonpla-
higher than the activation energy required for planarizanar geometry to the planar geometry of=4 (.2/0.3) for
tion (AEnp,—p). Therefore we conclude that at 10 kbar all PHP is close to the calculated value of 4:5 (4.5/3.2)
the molecules are completely planarized. Confirming thisfor the biphenyl. Note that we consider the low tempera-
we found that varying the temperature at 20 kbar does ndure value ofl,,30/11220 for the experimental nonplanar
result in any change afi»g0/11220 indicating that maxi- geometry since the molecule is most nonplanar at low tem-
mum planarity has been reached. The former observgeratures and atmospheric pressure. These calculations

Energy (eV)
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