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Hydrostatic pressure is used to modulate the intermolecular interactions in the conjugated oligqgarenyl,
hexaphenyl. These interactions affect the structural properties and also cause changes in the molecular geometry
that directly alter the electronic properties. We use Raman spectroscopy to investigate the nature of the structural
changes. Our Raman studies in the temperature range of 12 K to 300 K, under pressures up to 70 kbar,
indicate that the potential energy of two neighboring phenyl rings as a function of the torsional angle is
“W"-shaped. The libration of the phenyl rings between the two minima of the “W”-shaped potential can be
modulated by either promoting the molecule to a higher energy state (activation energy of 0.045 eV) by
raising the temperature or by decreasing the intermolecular separation, which makes the potential more “U”-
shaped. Both these situations make the molecule seem more planar. We infer the shape of the potential from
the relative intensity of the inter-ring-€C stretch Raman mode at 1280 thto the C—H bending mode at

1220 cn1? (1128d11220. These results are interpreted within the framework of ab initio electronic and vibrational
spectra calculations of a biphenyl molecule. We have also conducted X-ray studies to check the sample

purity.

I. Introduction To understand the influence of intermolecular interactions

The para-substituted oligophenyls have been found to be N the electronic properties of oligo-and pggra-phenylenes
efficient blue laser dyesand the blue photoluminescence (PL) (PPP_), several_experlments ha\_/e addressed this issue _by studying
with a quantum yield of 30% has been the motivation for using the difference in PL quantum yields (PLQY) between films and
para-hexaphenyl (PHP) as the emitting layer in organic light Selutions. For example, in methylated PPP (m-LPPP), the PLQY
emitting diodes (LEDs}3#By utilizing efficient color conver-  Of solution and film are 100% and 30%, respectivélpecyloxy
sion technigues, the blue emitter PHP can be used to build red-PPP (DO PPP) exhibits a PLQY of 85% in solution and 35%
green-blue LEDS. The electronic properties of this class of N film.1* These studies indicate that in the solid sate, inter-
materials have been predicfeahd were foun@® to be highly molecular interactions alter the luminescent gfflClen(:les. Re-
anisotropic with respect to the molecular axis. The anisotropy ently, Comil et af! have reported a detailed correlated
in the emission process can be used to build LEDs with polarized quantum-chemical calculation on interacting conjugated chains.
emissior® which are of primary importance for backlighting They haye shown hqw |ntgrcha|n coupling affects the electronic
applications in liquid crystalline displays. Though PL quantum &nd optical properties with respect to those calculated for
yield is high enough for the use of PHP in LEDs and other isolated chains.
devices, their properties still need to be improved for commercial  In this work, we use hydrostatic pressure as the parameter
applications. that influences the intermolecular interaction. Pressure changes

Despite numerous efforts to understand the electronic proper-the intermolecular distances and tunes the structural and
ties of oligophenyld? there are still unresolved questions e€lectronic properties of conjugated molecules without changing
regarding thestructure-property relations concerning the the chemical nature of the material. This technique is very
arrangement of the phenyl ringgithin one molecule and the  different from changing the intermolecular interaction via
arrangement of the moleculesth respect to their neighbors ~ chemical substitution, which typically introduces torsion in the
The geometrical arrangement within one molecule and inter- Polymer backboné? We use Raman scattering to probe the
molecular interactions dramatically alter the optical and elec- geometry of a given molecule when it is affected by the
tronic properties of these materiafs. increased proximity of the chains.

A theoretical approach by Rumi and Zéfbishows that
Raman intensities are a test bench for probing the change in
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8.8 —— oligophenyl Ie_ngth_, the lattice co_nstaratsgndb perpendicular _
i O Ref(18) A Ref(19) L to th(_a ch_aln direction decrease, increasing th_e crys_tallographlc
8.6 - X Ref20) O Ref(21) R packing in theab-plane. Because molecular simulations show
i V Ref(22) @ Ref(23) A that the torsional angles decrease upon closer packing, increasing
w 8.4- ; :::::;" : :::g:; | the oligomer length decreases the torsional angles as shown in
- ] ¥ Ref(27) | the inset of Figure 1. The values of the torsional angles are
® 8.2 o L from various works (refs 6, 1618, 27, and 28). Though the
© ] o 4 g * | torsional angles are based on different theoretical approaches,
8.0 o~ © | it is nevertheless interesting to note the trend that increasing
the chain length decreases the torsional angle between neighbor-
7.8-. ; I ing phenyl rings.
" " This paper is organized as follows: We first present the
T T experimental X-ray studies of PHP. This is followed by the
5.7 - e I experimental Raman scattering results of PHP as a function of
5.6- e ﬁ * i temperature and hydrostatic pressure. We discuss the issue of
1 + o° o —— 1} planarization of the molecule based on our experimental results.
5.54 ¥ 01 |8 mrem 4 j L To theoretically describe the effect of planarization on the
] 4 O ¥ 3 Raman spectrum of oligophenyls, we calculated the Raman
X 5.44 %“' o - spectrum of a smaller molecule, namely biphenyl for planar and
® : 3 30 I nonplanar geometries using the restricted Hartfeeck method.
2 5.34 E - The theoretical methodology and results are presented in the
5_2_' R 20 v, [ last section.
o 00 01 0.2 03 04 05 |
5.1 . am [l. Experimental Section

T M | L) v 1 M | v L)
00 01 02 03 04 0S5 The PHP powder was obtained from Tokyo Chemical
Oligomer Length (1/N) Industries Ltd. The X-ray diffraction pattern was measured with

Figure 1. The lattice constants of oligophenyl crystals (a and b) vs @ SIEMENS D501 powder diffractometer. Ni-filtered CuxK
1/oligophenyl length. Increase in the oligophenyl length decreases the radiation was used and the PHP powder was deposited on a
lattice constants. This is a compilation of data from ref 6 and refs 18  nonreflecting monocrystalline silicon substrate. Raman measure-
28. The inset shows the calculated torsional angle between neighboringments were carried out in a backscattering configuration, using
phenyl_rings as a function of 1/oligophenyl length from various the 514.5 nm line of an Ar laser. The scattered light was
theoretical calculations (refs 6, 348, 20, 27, and 28). detected with a SPEX triple monochromator equipped with a
CCD array detector and a holographic supernotch filter. Pressure
studies were conducted in a MertiBassett type diamond anvil
cell (DAC) with cryogenically loaded argon as the pressure
medium. Pressure (P) was measured via the luminescence of a
ruby chip located in the pressure chamber. Temperature was
varied by mounting the DAC in a closed cycle helium
refrigerator.

an independent tool for studying the torsional angles between
neighboring phenyl rings. In our experiments, we see the effect
of two mechanisms; increasing intermolecular interaction caused
by bringing the molecules closer together, and simultaneous
effect of changing the geometry of the molecules. Raman
intensities, in particular the ratio of the intensity of the-C
stretch mode at 1280 crhto the C—H in-plane bending mode

at 1220 cmi? (1128d11220) provide insight into the torsional angle
between two neighboring phenyl rings.

Our experiments indicate that the potential energy of two  ||1.1. Three-Dimensional Structure of PHP. Organic
neighboring phenyl rings versus the torsional angle is “W”- molecules have received renewed attention with recent advances
shaped, changing to a “U"™-shape by application of pressure. in organic crystal growth technique, which now enables organic
Previous work comparing isolated molecules versus crystals optoelectronic devices, such as the solid-state injection #ser.
shows that the “W"-shaped potential becomes narrower, i.e., |n this respect, PHP, which has a very well-defined chain length,
the minima are brought closer in the crystalline form owing to and high PLQY has tremendous potential in the field of organic
the intermolecular forces. A torsional angle of 23 predicted  optoelectronic devices. The conformations of polyphenyls, in
in single isolated PPP chains and°lih the crystalline  solution and in molecular crystal, significantly affect the optical
environmen€. Similarly, the oligomer length is also related to  properties. There have been numerous studies on the crystal
the torsional angle, which is predicted by molecular simula- structure of the oligophenyls of PPP, starting with the deter-

[ll. Crystal Structure of para-Hexaphenyl

tions: inter-ring torsional angles of approximately’ 450° for mination of the structure of biphenyl in the late nineteen
biphenyl and terphenyf**30°~40° for hexaphenyfand 27 twenties?33° The crystal structures of all oligophenyls from
in single isolated PPP chaifs. biphenyl to heptaphenyl have been investigated in detail via

Conventional X-ray probes the lattice structure but does not single-crystal studies. Within this series of oligophenyls, the
give the geometrical orientation of the basis. Rietveld refinement arrangement of the molecules in the crystal structure is similar.
is complicated in these materials due to texture effects andIn the crystalline state, the molecules are arranged in layers,
therefore an accurate estimate of the torsional angle betweenwhere the chains are stacked in a way such that the molecular
phenyl rings is difficult when solely based on X-ray measure- planes are non-coplanar. Within the classification of polynuclear
ments. aromatic hydrocarbons, this type of structure is of the her-

Figure 1 shows a compilation of experimental X-ray data for ringbone type132 The long axes of the molecules are nearly
the oligophenyls of PPP18-27 Refs 6, 26, and 27 are for a PPP  perpendicular to the layers, and therefore, the thickness of a
chain. It is observed from Figure 1 that upon increasing the layer is approximately the length of the molecule.
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Figure 2. (a) The unit cell and the position of the PHP molecules

relative to the unit cell which connects two layers of PHP. (b) The
herringbone arrangement of the PHP molecules within one layer.
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Early attempts to determine the structure of PHRelIZs) L
were done by X-ray powder patterns and by Weissenberg

photograph$334The results are in reasonable agreement with T T x : L
single-crystal investigations performed by using a four circle
goniometer: PHP has a monoclinic unit cell, space gieziga
with a = 8.091 A,b = 5.568 A andc = 26.24 A, and the
monoclinic angles = 98.17.18 The distances between the C
atoms vary between 1.322 and 1.507A, consistent with the value
of 1.41A expected for aromatic bonds of carl$éithe distances calculated
betwea a C atom and the adjacent H atom are determined as I ] I 1 |
0.95A in comparison with the expected distance of 1.68A.

A schematic diagram of the crystal structure of PHP is shown 5 10 15 20 25 30
in Figure 2. The positions of the atoms are taken from ref 18.
The large circles represent carbon atoms and the small circles 20 [dEQ]
represent hydrogen. The unit cell is represented by the long Figure 3. Experimental X-ray powder pattern of PHP (top) and
dashed lines and the layers are indicated by short dashed linesalculated pattern (bottom). The full bars give the position as well as
in Figure 2a. The long axis of the unit celi-éxis) connects  the relative intensity of the X-ray reflections.
two layers of PHP molecules and each layer is represented by
two molecules. The plane of the two short crystallographic axes v ' ' '

003
004

N

of the unit cell (ab-plane) is parallel to the PHP layers. The 8
monoclinic angles is determined by the relative position of
two PHP molecules of neighboring layers, which are in the same
orientation, i.e., the angle of the ab-plane with thexis. The
arrangement of the molecules within one layer is shown in
Figure 2 (b).

Owing to the single bond between neighboring phenyl rings
these rings show torsional motion. These torsions cause large
Debye-Waller factors in the carbon atoms, which are not ,
situated along the long axis of the molectiielhe nature of
the torsional motion of the neighboring phenyl rings is
determined by at least two influences: (ijtramolecular ” b I u I

005 -

intensity [a.u.]

repulsionbetween ortho hydrogen and (2) the tendency toward
planarization in am-electron system due to the resonance
interaction3® Simulations of crystalline packed PHP show a

movement of the phenyl rings in a symmetrical potential where
the amplitude of the torsions is approxima#ély-20°.

I11.2. Phase Determination. The phase purity of the PHP
sample was checked by X-ray scattering studies. An X-ray 1 i | 1 1 1 1
powder pattern of the material is shown in the top panel of
Figure 3; the lower panel shows the calculated powder pattern, 6 8 10 12 14 16 18
and gives information about position and intensity of the X-ray
reflections. The calculation is based on single-crystal ‘8ata 20 [deg]
using the program POWDER CELlA’.The agreement of the Figure 4. Phase analysis of the experimental powder pattern in the
experiment with the calculation and other experimental powder fange of 3—19 (top) reveals small traces of a high-temperature
patterns is quite goo#¥,although (001) reflections are overem- Polymorph of PHP which is designated by open bars (bottom).
phasized. This can be explained by a preferred orientation of the bottom panel of Figure 4. The packing of the PHP molecules
the anisotropic PHP crystallites in the powder because they arein the high-temperature phase is also a herringbone structure
disk shaped in the (001) plane. as is the solved od@with the layer thickness being slightly

Small traces of another crystalline phase are found in the |arger.
powder spectrum of the PHP sample as shown in Figure 4. This
impurity is identified as the metastable high-temperature poly- V- Raman Spectrum of para-Hexaphenyl —
morph of PHP. The position and intensity of the X-ray EXperimental Results
reflections of the solved phase as well as of the high-temperature The Raman spectrum of the oligophenyls has been described
polymorph are given by filled and open bars, respectively, at by several author4®45 and is mainly characterized by four
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Figure 6. Raman spectra of PHP at ambient pressure and at 12 K and

displacement pattern of three nondegenerate Raman modes in PHP. 300 K.

intense modes of fsymmetry. The mode displacement pattern
for three of these modes is shown in the inset of Figure 5. It
has been observed that the ratio of the Raman intensitigs
l1220 is @ good indication for number of phenyl rings in the
moleculetl4246and consequently a test for planarity because
simulations show that a higher number of conjugated phenyl
rings results in a lower torsional angle between the phenyl rings
(inset of Figure 1). Doping, which is redox reaction of a
chemical agent with the oligophenyl resulting in a charge-
transfer process also results in lowering thgdl1220 This can

be explained by the more quinoid structure of the doped
oligophenyl, which is accepted to be more planar than the neutral
benzoid ground stat€.Raman scattering of thenionsof the
oligophenyls (fronp-terphenyl up t@-hexaphenyl) also shows
thatly28dl1220decreases as the oligophenyl length is incred3ed.
For a biphenyl moleculé2sdli220 ~ 25; beyond six phenyl
rings the ratio of the intensities is close to unity, as shown in
Figure 5. The values fdr,sdl1220in Figure 5 are from ref 46,
except for the value ofi2sdl1220 for 7 phenyl rings, which is
from ref 48.

IV.1. Temperature Effects. Figure 6 shows a typical Raman
spectrum of PHP at 1 bar for two different temperatures. The
ring C—C stretch mode at 1600 crhis observed in addition
to the 1220 and 1280 crhmodes. We find that as temperature
is decreased to 12 K, the integrated intensity of the inter-ring
C—C stretch mode at 1280 crhincreases with respect to the
C—H in-plane bending mode at 1220 chas shown in Figure
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Figure 7. Ratio of the intensity of the 1280 cthmode to the 1220

7. The open circles and the solid squares are the experimentakm™* mode in PHP as a function of temperature for two different

results with the 647.1 nm and the 514.5 nm line as the excitation
sources, respectively. Note that the 647.1 nm line is far from
resonance in PHP. The temperature behaviok gff11220 iS

indicative of a smaller torsional angle observed at room-

excitation wavelengths: near resonance at 514.5 nm and off-resonance
at 647.1 nm. The bold line is a fit to the functional foA"(1 — exp-
(—AEn—p/ksT)) and the symbols are the experimental results.

The temperature-dependent Raman studies require that the

temperature changing to larger torsional angle, (more nonplanarfunctional dependence of the potential energy of two neighbor-

geometry) at lower temperatures, similar to what is observed
in lower polyphenyls!®5051The bold line in Figure 7 is a fit to
a functional described below.

ing phenyl rings vs torsional angle is “W"-shapéefas depicted
in Figure 8. The Raman spectra of PHP vs temperature show a
pronounced change lsdl 1220 (Figures 6 and 7). From Raman
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TABLE 1: Calculated and Experimental Energies of Short

Oligophenylst
structure AEns— (eV)
i biphenyl (RHF) 0.145
biphenyl (B3LYP) 0.089
PPP chaih 0.065
- PHP (expt) 0.045: 0.003

2 The first two rows are the results of our calculation for a biphenyl
molecule using restricted Hartre€ock with a polarized basis set-81
G* within the density functional theory. The second column shows
the activation energy in going from a non-planar to a planar geometry.
The activation energy for PHP has been calculated from Figutr&®ef
6.

Energy (eV)

. 0 20 v .
Torsional Angle (degree) " 120 et Penk | 1600 cnr? Peak

-

o
N
¥

Figure 8. Schematic of the potential energy curve between two
neighboring phenyl rings vs torsional angle in PHP. The thick bold
line represents the potential at ambient pressure whereas the dashed
and the dotted line represent the potential energy curve at higher
pressures. The angle corresponding to the minimum in potential energy ¢ ™ 4% e R a—
is chosen in accordance with ref 28; the well depth is derived from Frosus e Pressaurs (kiar
our experiment.

FWHM, (cm 1)
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studies on oligophenyls of different length, it is known thagd 300 K
l1220 decreases with increasing chain length (Figure 5). At the
same time, the torsional angle between phenyl rings decreases
with increasing chain length (see Figure 1). Thereforesd
l1220can be used as an indicator for planarity in these materials

a higherl2sdl1220 corresponds to a lower planarity. Lowering
the temperature leads to an increasé &l 1200 which implies -
a decrease in planarity. Thesdl1200 versus temperature data
(Figure 7) shows a behavior typical of a thermally activated
process described by Boltzmann statistics. Thermal energy is
required in order to populate a higher lying level corresponding
to the planar conformation of the molecules. This level is
characterized by the expectation valge| ¢ | y[for the angle-

operator¢g, which becomes 0 instead &fd at the minima of . y y .

the potential shown in Figure 8. The probability for the system 1200 1240 1280 1320

to be in a nonplanar configuration is proportional 1gsd/l1220. Raman Shift (cm'1)

Therefore, we subtract the Boltzmann term, which is propor- _

tonal o the probablty of iding he PHP molecue i a planar FS4(%% RAmat speee of PuF o 1 b an 21 vt 0 K The
configuration, from unity. We fit the data to and the 1600 crt Raman modes as a function of pressure.

l128d11220= A % (1 — exp(—AE,, . /ksT)) 1)
rings of a biphenyl molecule and for the PPP single chain is

wherekg is Boltzmann’s constant\Enp—p, is the difference in higher than that for the PHP crystal indicating a steeper potential
energy between the nonplanar ground state and the planar statevell (Figure 8). We thus conclude that increasing the temper-
reachable via thermal excitation. By fittinigzsdl1220 versus ature does not change the actual shape of the potential energy
temperature to eq 1, we obtain an activation energ&®f,—p curve but promotes the molecule to a higher energy state which
= 0.04+0.003 eV with the 514.5 nm line amdE,p—, = 0.05 is the more planar configuration. Our theoretical calculations
+ 0.003 eV with the 647.1 nm line. Because the activation of the activation energies are consistent with other ab initio
energies are similar to the two different excitation lines (near calculations of the biphenyl molecui&>*
resonance and off-resonance conditions) the conformational [V.2. Pressure Effects.Although temperature affects the
changes are not a function of any resonance mechanism. population of the higher-lying (more planar) states, pressure

The average value oAEn,-, = 0.045 eV for PHP is increases the proximity of the molecules. The most striking
reasonable when compared to that of a biphenyl molecule. Infeature of the Raman spectrum of PHP is the decrease in the
section V, we calculatAE,,—, from the difference in internal intensity of the 1280 cm peak relative to the 1220 crhpeak,
energy between the planar and nonplanar configuration of a (l12sdl1220 at high pressures (and room temperature) as shown
biphenyl molecule. For biphenyl the nonplanar configuration in Figure 9. Figure 10 shows the ratio of the integrated
reaches its minimum energy when the phenyl rings are tilted at intensities)12sdl1220as a function of pressure. At 1 bar the ratio
an angle of 52with respect to each other. Table 1 summarizes of the intensities is 0.84 and at higher pressures beyond 15 kbar,
our results. The restricted HartreEock method gives a slightly  the average value df2sdl1220is 0.3. The solid line is a guide
higher value forAE,,, compared to the density functional to the eye. This decrease in intensity of the inter-ringGC
method. It is not surprising that the calculated values for the stretch mode at higher pressures is due to the planarization of
biphenyl are higher: the torsional angled) for the phenyl the molecule.

21 kbar

Intensi

C-H in-plane

C-C stretch
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Figure 11. Raman frequencies of the—-€&1 bending mode at 1220
Figure 10. Ratio of the intensity of the 1280 cthmode to the 1220 cm?, C—C stretch mode at 1280 crh and C—C stretch mode at 1600
cm* mode as a function of pressureTat= 300 K. The solid line is a cm! as a function of pressure. Typical error bars are shown for a few
guide to the eye. The inset shows the compressibility of biphenyl and data points. These measurements afe=t300 K and the linear fit is

terphenyl vs pressure from ref 57. above 15 kbar.

The weaker bonds in the-d direction bring the molecules ® 1220 cm”
- : L g - 0.015

closer, thus increasing their intermolecular interaction. These O 1280 cm”
interactions have a profound effect on the potential energy curve 1] A 1600 cm”
of the Raman modes of the molecule. The Raman intensities I
under hydrostatic pressure shed light on the torsional angle of 5 p,0104
the phenyl rings. Upon increasing pressure the “W” shape of g~
the potential energy curve changes; it becomes narrower, starts’3
losing the “W” shape, and becomes more “U” like as shown T
schematically by the dashed and the dotted lines in Figure 8. 2 0.005-
This in turn means that the energetic differenceEf,—p)
between the nonplanar and the planar conformation of the
molecule decreases with increasing pressure. Our experiment

completely confirms the model. The ratiolgsdl1220decreases 0.000 ———
from 0.8 to 0.3 between 0 and 15 kbar, beyond which the ratio 0.00 0.04 0.08 0.12 0.16 0.20
remains almost a constant (Figure 10). Furthermore, changing log[V(0)/V(P)]

the temperature from 10 to 300 K at 20 kbar does not result in gjgyre 12. A log—log plot of the wavenumber ratio(P)iw(P) Vs.
any change ofl128d11220 indicating that maximum planarity  the volume ratio/(0)V(P) for the 1220 crmt, 1280 cn?, and the 1600
between the neighboring phenyl rings is reached. cm™! modes in PHP, beyond 15 kbar. The volume ratio is obtained
We have measured the three Raman modes as a function of"om the compressibility op-terphenyl.
pressure. The frequencies of all modes increase linearly with
pressure beyond 15 kbar and are fit ¢dP) = w(0) +
(dw/dP)xP, whereP is in kbar. A Lorentzian curve fitting routine
was used to determine the frequencies of the Raman modes.
The mode frequencies as a function of pressure are shown in BN
Figure 11. These measurements were all performed at 300 K. w;(0)
The linear fit is only beyond 15 kbar. At lower pressures the
slopes seem to be somewhat different because of the nonplanawherew;(P) is the wavenumber of thith mode at the applied
geometry of the molecule and this region is being investigated pressureP, V(P) is the volume of the bulk solid at pressuPe
with greater detail. All the three Raman modes have similar andy; is a vibrational mode Gneisen parametéf. Because
pressure coefficients. On increasing the pressure beyond 60 kbarthe bulk modulus and the volume dependence under pressure
the 1280 cm! mode interferes with the Raman mode from are not know for PHP, we estimate the ‘Geisen parameter
diamond of the anvil cell at 1333 crh The linearity of the from eq 2 by using the change in volume under pressure for
Raman modes versus pressure is also observed in the work byp-terpheny®’ Figure 12 shows a plot of logf(P)/w(0)] versus
Webster and Batchelder, in which they have measured thethe change in volume under pressure for the three Raman modes
Raman spectra of polg{phenylenevinylene) under press@te. in PHP, beyond 15 kbar. Using a linear fit for all the three

Pressure-induced vibrational frequency shifts in a bulk crystal
are often characterized by

(P "
o )_’@/ @

V(p)
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modes, it can be clearly seen that none of the fits go through changes in the Raman spectrum due to planarization, we
the origin, as one would have expected if eq 2 were valid. Linear calculated the spectrum for a biphenyl molecule in a planar form
regression analysis for all three lines in Figure 12 (where the and with the phenyl rings tilted at 32which is the minimum
intercepts are nonzero) yield a value ©0.09 for the slope. energy condition for the molecule. We employed the restricted
The deviation from eq 2 does not arise from the fact that we Hartree-Fock (RHF) methof to perform geometry optimiza-
use thep-terphenyl data for logf(0)/V(P)] because the intercepts  tions, force constant calculations, and dipole moment/polariz-
for the 3 modes are different; a simple rescaling is different for ability derivatives with a polarized basis set 6-31G* for a
all the three lines. This implies that the three Raman modes biphenyl moleculé! Geometry optimization and total energy
have different compressibilities associated with them. To calculations of the system were also done using Becke’s Three
simulate pressure effects, recent calculations of absorption inParameter Density Functional Hybrid Method (B3LY®P) he
PPP show that changing the perpendicular distance betweerRaman spectrum calculations are done in two steps; first the
chains has a much stronger effect on the broadening as well adorce constant matrix is evaluated and then the eigenvalue
the energy positions compared to changing the in-plane inter- equation is solved to obtain the eigenvalues and eigenvectors.
chain distancé&® Therefore, it is not very surprising that the The Raman scattering activities are proportional to the polar-
volume ratioV(0)V(P) is different for the three Raman modes. izability derivatives taken with respect to the Cartesian coor-
The volume compressibility is dependent on pressure (seedinates. For a system of N atoms interacting via harmonic forces,
inset of Figure 10). At 40 kbar, the pressure dependent volumethe normal-mode frequenci¢e and amplitudeg(f) of mode
decrease is approximatél20% which implies that the lattice ~ f, where f = 1,....... 3 N labels the normal modes, are
constants change by almost 7% on the average. For PHP, wedetermined by a 3N« 3N matrix eigenvalue equation
expect similar volume changes with pressure. Our experiments )
show that the pressure dependence of the Raman modes is linear (@ — o M)x()=0 )
beyond 15 kbar once the molecule is planarized (Figure 11).
The atomic displacement (inset of Figure 5) for the three modes i .
takes place primarilglong the chain directionTherefore, the ~ Mass matrix. Both the force constant and the mass matrices are
observed linearity of frequency versus pressure indicates thatSymmetric. In the harmonic approximation, the intensity of off-
the lattice constarslong the chairalso changes linearly with ~ résonance first-order Stokes scattering is given by

where® is the harmonic force constant matrix, akbis the

pressure. The compressibiligtong the chain directions not N [B(w,) + 10

affected by pressure. Therefore, the pressure dependent part ofI Do ol z f | p |2 X dw—ay)
the compressibility in biphenyl and terphenyl must be due to 77~ -5 £, o ; allgTap f
effects along the-andb-axes, which are perpendicular to the 4)

chain axis. This is also supported from recent calculat¥ns. o ) .
Furthermore, planarization of the phenyl rings would also @L and ws are the incident and scattered light frequencies;
contribute to further increasing the compressibility in &heb wloL — wsis the Raman shifty andy’ are unit vectors along
direction. Interestingly enough, a steep drop in compressibility the incident and scattered.polarlzatlon direction, respectl_vely;
occurs in the low-pressure region, which is the same pressure®(@) = [exp(Bhwr) — 1] is the thermal average occupation
range in which the Raman data of PHP (Figure 10) shows the "umber of mode f at temperatuie = (kgf8) *. P, is the
effect of planarization. Using the average bulk modulus of derivative of the elgctronlc polarizability tensor with respect to
terpheny! (67 kbar) and the unit cell parameters for PHP, we the normal coordinate of modé a and /5 are Cartesian
calculate the average energy stored per PHP molecule due to £00rdinates. The Gaussian program calculates the Raman
volume change at a pressure of 10 kbar to be 0.54 eV. This activities, which are given by the square of the polarizability
corresponds to a maximum energy of 0.1 eV connecting a single (€NSOr in the abqve expression. To pbtaln the Raman intensities,
bond, much higher than the activation energy needed for ©n€ has to multiply by the appropriate prefactors shown in eq

planarization. It is therefore reasonable to expect that at 10 kbar4- )
all the molecules be planarized. The planar and the nonplanar biphenyl molecules were

Furthermore, our observations indicate that all the phenyl optimized with appropriate symmetry restrictions, i@z and

rings of a PHP molecule are planarized to the same extent. TheDz symmetrles, respectlvely: It is known that ab initio self-
evidence of this conclusion comes from the observation that consistent methods overestimate force constants because of

there is little broadening of the Raman modes as a function of which empirical scaling factors are introduced for the calculation

pressure beyond 15 kbar (inset of Figure 9). Broadening of of vibratipnal spectrd-6364This scaling alters thg vibratiqnal .
Raman lines; In partiular the ring € stetch mode at 1600 ;2T O U R (e R Sl PR R
cm™! in PHP is typical for samples consisting of different o S . Ing fact
conjugation length& The Raman modes, we observe, are from we are interested mainly in the ratio of the intensities of the
a similar distribution of conjugation lengths both under pressure inter-ing C—C stretch mode to the€H bend mode.

and at 1 bar. This excludes the possibility that pressure only V.2. Raman Inte_nsny _C_alculatlons._Flgure 13 ShOW.S the
affects certain isolated rings because that would produce acalculated Raman intensities for the biphenyl geometries in the

broader distribution of conjugation lengths. Though the Raman nggglana(; Tortmh Whlere thfe two ghenyl ”nt%S are t'lﬁed by an angtle
experiments probe the intramolecular modes, the planarization®' 2= @nd In the pianar form. Because the nonpianar geometry

of the phenyl rings is a consequence of the increastst- has a lower symmetry there is a greater number of Raman modes
molecularinteraction by the application of high pressure. which get activated. The Raman frequencies are about 8% larger

than the experimental values. Experimentally, for a (nonplanar)
biphenyl molecule?® |1,5d11220 = 25; from Figure 13, we find

V. Theory that the calculation for the nonplanar geometry yieldsdl1220
= 14.5. In the calculation for the planar geometiysdli220
V.1. Methodology for Electronic and Vibrational Struc- decreases to 3.2. In comparing these theoretical results of the

ture Calculations. To obtain a quantitative estimate of the biphenyl molecule to our experimental results on PHP, we have
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T T T T v geometry on the other hand has a much higher value.ef
- Non-planar biphenyl 1 l1220 compared to the planar geometry.

" (a) i VI. Conclusions

[ inter-ring C-C stretch .
-~ 9 . We have conducted a Raman scattering study on PHP where

. we vary the temperature and hydrostatic pressure. From a study

of the relative intensities of the-&C stretch and the €H in

plane bend modes$i6sdl1220, we gain insight onto the torsional

angles between phenyl rings and use the power of pressure to

i N tune intermolecular interaction. We predict a “W"-shaped

I I I I C-H bend 1 potential between neighboring phenyl rings as a function of

1 1 A — torsional angle. Our experiments show that there are two ways

" J ) 7 " of reaching a more planar configuration (a) via promotion of

[ Planar biphenyl 1 the molecule into a higher energy state by increasing the

B (b) . temperature (activation energy0.045 eV) and (b) via changing

3 inter-ring C-C stretch ] the shape of the potential from a “W"-shape to a “U”-shape by

increasing pressure. The latter effect saturates around 15 kbar.
Our analysis of the linearity of the frequency of the Raman

modes beyond 15 kbar indicate that much of the compression

of the unit cell with pressure occurs in the-b plane, bringing

C-H bend 1 the molecules closer together. The increased intermolecular

B I | T interaction acts to planarize the molecules. In the process, all
.

Intensity (arb. units)

I 1 the molecules appear to be planarized to the same extent as
" T Y . evidenced from the unchanged broadening in the 1600'cm
1000 1200 1400 1600 mode.
. A The experimental intensity ratibiosdl1220 decreases by a
Raman Shift (cm ) factor of 2.8 when the PHP molecule goes from a nonplanar to
Figure 13. Calculated intensities of the Raman-active modes between & planar geometry. The ab initio calculations of the smaller
1000 and 1600 cmt region in a biphenyl molecule. (a) Raman biphenyl molecule indicate a change of a factor of 4.5. This

intensities for a biphenyl molecule where the phenyl rings are nonplanar close agreement corroborates our argument.
at an angle of 52with a D, symmetry. (b) Raman intensities for a
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