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Abstract

We report on pressure-induced structural changes in crystalline oligo(para-
phenylenes) containing two to six phenyl rings. The results are discussed with
particular emphasis put on the implications these changes in intermolecular
distances and molecular arrangement have on important bulk properties of this
class of materials, such as optical response and charge transport. We performed
energy dispersive x-ray diffraction in a systematic study on polycrystalline
powders of biphenyl, para-terphenyl, p-quaterphenyl, p-quinquephenyl and
p-sexiphenyl under hydrostatic pressure up to 60 kbar. Revisiting the crystal
structures at ambient conditions reveals details in the packing principle. A
linear relationship between the density at ambient conditions and the number
of phenylrings is found. High pressure data not only yields pressure-dependent
lattice parameters and hints towards pressure- induced changes in the molecular
arrangement but also allows for an analysis of the equations of state of these
substances as a function of oligomer length. We report the previously unknown
bulk modulus of p-quaterphenyl, p-quinquephenyl and p-sexiphenyl (By = 83,
93 and 100 kbar, respectively) and its pressure derivative (B, = 6.4, 7.5 and
5.6). A linear dependence of the bulk modulus on the inverse number of phenyl
rings in the molecules and on their ambient conditions density is found.

1. Introduction

In the last three decades, since the discovery of conducting polyacetylene, m-conjugated
hydrocarbon materials have attracted a lot of attention. In particular, -conjugated organic
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polymers seem to be promising candidates for low-cost, easy-processing materials for electro-
optical and electronic applications. However, chemical and structural defects often make a
quantitative understanding of the physical properties of these materials difficult. For that
reason, shorter, crystalline, and thus ordered, oligomers of the parent polymers have been
the focus of another, closely related line of research that has been successfully pursued for
decades. The structural long range order in these (poly)crystalline, organic, -conjugated
molecules and their chemical purity not only make their intrinsic physical properties more
easily accessible and understandable, but also permit their use in high performance device
applications [1-3]. Approaches based on the self-assembly of smaller molecular units [4] or
even polymers [5] now try to combine high purity and structural long range order with easier
(solution) processability.

Significantinsight into many properties of these materials can often be gained by studying a
single, isolated molecule [6-8]. Nevertheless, for transport phenomena determining the perfor-
mance of (opto)electronic devices, intermolecular interaction in terms of wavefunction overlap
and low frequency (external) phonons will play a crucial role [9]. Moreover, important optical
features such as the luminescence quantum yield in the solid state can drastically differ from
that of the molecules in solution [10]. Last but not least, the strong anisotropy of the conductiv-
ity and the dielectric function often found in crystals of short polycyclic organic molecules [11]
is closely related to the specific way of molecular packing. Hence, a detailed understanding of
the crystal structure and the arrangement of the molecules relative to each other is a prerequisite
for understanding important bulk and thin film properties in this class of materials.

In the present study we focus on the oligomers of poly(para-phenylene) (PPP), the
oligo(para-phenylenes) (OPPs) containing two to six benzene repeat units: biphenyl (2P),
para-terphenyl (P3P), p-quaterphenyl (P4P), p-quinquephenyl (P5P) and p-sexiphenyl (P6P).
These molecules are representative of the group of rigid rod-like, polycyclic, m-conjugated
compounds. While 2P can be seen as the simplest model system for this series of materials,
P3P and P4P are used as UV laser dyes [12], in scintillation counters [13] and as wavelength
shifters [14], whereas the longer POP is used as the active layer in thin film organic LEDs
(OLEDs) showing polarized blue emission [2]. Also the polymer PPP [15] and its planarized
derivatives [16] have been extensively studied in optoelectronic applications.

A deeper insight into the nature of intermolecular interactions and the packing forces
acting between molecules can be gained by modulating the intermolecular distances. Applying
pressure to the sample is a ‘clean’ way to tune the degree of intermolecular interaction. A
multitude of experiments have been conducted under high pressure on a variety of crystalline
organic molecules yielding exciting results on structural [17], vibrational [18] and optical
properties [19] as well as transport phenomena [20]. There are essentially two different kinds
of atom—atom interactions in molecular crystals. On one hand there are strong, covalent
intramolecular bonds and, on the other hand, there are weak, van der Waals-like forces
acting between separate molecules. Since the former are stronger by at least two orders
of magnitude than the latter (intermolecular phonons [21] at a few 10 cm~!, intramolecular
vibrons around [22] 1000 cm~' and larger), it is justified to regard the molecules as rigid
bodies upon compression as a first approximation.

2. Methodology

2.1. Experimental details

All measurements were performed at the beamline F3 at the HASYLAB of the DESY
synchrotron facility in Hamburg, Germany. A detailed description of the beamline can be
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found in [23]. For the experiments, that have been conducted in Debye—Scherrer geometry,
we used white light radiation from a bending magnet. The scattered intensity was recorded
with an energy dispersive Ge detector (~10-60 keV) mounted at a fixed 26 angle of about2.5°.
After the calibration of the energy scale with the Koj, Koy, KB and KB, fluorescence lines
of Ag, Eu, Te, Ta and Se, the detector angle was calibrated with Ag and NaCl as standards.

The OPP samples 2P and P4P have been purchased from Fluka, P3P from Aldrich and P6P
from Tokyo Kasei Kogyo Co. Ltd. These chemicals were of >99% purity and were therefore
used without further processing. P5P was synthesized following the Suzuki route [24] and
purified by resublimation in a zone oven under an inert gas atmosphere.

In order to apply hydrostatic pressure, a Syassen—Holzapfel [25] type diamond anvil cell
(DAC) with an Inconel gasket was used. As a pressure transmitting medium cryogenically
loaded liquid nitrogen and a methanol:water 4:1 mixture was utilized. The pressure was
determined by the ruby fluorescence method [26] and via the energetic position of the 111
and 200 reflections of NaCl and subsequently its equation of state (EOS) [27]. As could be
concluded from the linewidth of the ruby fluorescence bands under pressure, hydrostaticity
was guaranteed even when using no pressure transmitting medium at all. Two independent
pressure runs were conducted for each of the materials.

2.2. Refinement

The Bragg peaks in energy dispersive x-ray diffraction (EDXD) patterns are rather broad and
the energy resolution is low. Due to the resulting strong overlap between adjacent reflections
and due to the very limited total number of observed peaks (< 10), we could not hope to perform
a Rietveld refinement on our data, which would have allowed us to extract additional structural
information concerning the atomic positions within the unit cell. Instead, a LeBail fit [28] has
been performed on the experimental diffraction patterns in order to determine the monoclinic
unit cell parameters as a function of pressure. The fitted peak intensities and widths have not
been further exploited. A Gaussian lineshape has been assumed for the diffraction peaks of
the sample and the NaCl pressure calibrant. While the total fit is relatively stable concerning
the a and b lattice constants, ¢ and B are harder to determine independently, since the 00/
reflections only yield the unit cell height ¢ sin 8. Pairs of reflections with indices hk/ and —hkl
are needed to separate ¢ and f:

sin 8
h)2 L (k)2 a2 1\2, 2h '
V() sin? (1) + 2 eosp
In addition to that, an error on ¢ (being the longest lattice constant) contributes least to the

total error of the fit, as can be seen from equation (1) (¢ in denominator). Consequently, the
scattering and the error on ¢ and B is higher than on @ and b.

)]

di =

3. Results and discussion

3.1. Crystal structures at ambient conditions

At room temperature the OPP molecules all crystallize in the monoclinic space group P2;/a
with Z = 2 molecules per unit cell. These two translationally inequivalent molecules sit at 000
and % %O. The molecules are arranged in layers parallel to the ab plane with the long molecular
axes almost perpendicular to the plane of the layer. The molecules within such a layer are
arranged in the so-called herringbone-pattern. Figure 1 shows a view along the long axes of
the molecules of one layer. The distinctive pattern is determined by the unit cell axis @ and b



3378 G Heimel et al

Figure 1. View along the long axes of molecules within one layer of a para-terphenyl crystal. The
herringbone angle 6 is defined as the angle between the planes of two translationally inequivalent
molecules. The two shorter lattice constants a and b determine the rectangle that is the base plane
of the unit cell. Upon applying hydrostatic pressure, the unit cell axis a shortens twice as much as
the unit cell axis b and the molecules twist around their long axis as indicated by the curved arrows.
For more details refer to the text.

and the herringbone angle 6, the angle between the planes of two translationally inequivalent
molecules. In figure 2 we represent the arrangement of two layers of molecules relative to each
other. The long molecular axes come to lie within the ac plane and are tilted with respect to
the ¢* axis (perpendicular to the ab plane) by the setting angle x. While the unit cell height &
(=csin B) determines the interlayer distance, the monoclinic angle 8 determines the way two
layers are packed on top of each other. Note that x not only determines the specific topology
of the top and bottom ‘surfaces’ of one such layer but also describes a kind of ‘linear slip’ s
(see figure 2) between two adjacent molecules within one layer. Aromatic rings tend not to
stack directly in a coplanar way. One always observes a tilt and a slip between molecules in
polyaromatic compounds [29]. In table 1 we report the literature data [30-35] on the unit cell
parameters a, b, ¢ and 8, the molecular arrangement determined by 6 and x as well as the unit
cell volumes Vj and the densities pg of the investigated substances at ambient pressure and
room temperature.

While the unit cell axes a are practically equal for oligomers of any length (asis b), ¢, h and
Vo increase linearly with increasing oligomer length n. The setting angle x is approximately
equal for all oligomer lengths as a result of the intermolecular packing forces within one layer.
Consequently, the monoclinic angle 8 does not evolve monotonically with the number of rings
in the molecule, because it needs to readjust the layers on top of each other in order to provide
a comparable interlayer stacking for all compounds. Additionally, the unit cell of the shortest
and the longest molecule, 2P and P6P, is chosen a little different from that of the oligomers
P3P, P4P and P5P. In contrast to 2P and P6P, where the ¢ axis is tilted (with respect to the c*
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Figure 2. Side view of the unit cell of para-terphenyl. The molecules form layers with the
molecular axis tilted by the setting angle x with respect to ¢* (perpendicular to the ab plane). This
brings the molecules out of a totally coparallel arrangement by inducing a ‘linear slip’ s between
adjacent molecules along the a direction. The monoclinic angle 8 is responsible for the way two
layers adjust on top of each other. It also relates the unit cell height £ to the lattice parameter c.
Upon applying hydrostatic pressure the molecules tilt, as indicated by the curved arrows, and the
two layers slide in the directions indicated by the broad arrows. For more details see the text.

axis) in the direction opposite to the long molecular axis, in P3P, PAP and PSP (see figure 3(a)),
the ¢ axis and the long molecular axis are tilted in the same direction with respect to the ¢* axis
(see figure 3(b)). The molecular arrangement is similar; only the unit cell choice is different
in a way that +a in 2P and P6P corresponds to —a in P3P, P4P and P6P.

At this point we would like to revisit in more detail the data listed in table 1. A closer
inspection reveals that the unit cell volume at ambient pressure V increases linearly with
oligomer length n, with a slope ky, = 64.19 A3 and an axis intercept of dy, = 184.56 A3
Since also the molecular (and unit cell) mass m increases linearly with n (slope k,, = 152 amu,
axis intercept d,, = 4 amu), we can derive the analytic chain length dependence of the ambient
pressure density pg as

knn +d,, N 1

= ~ k
po kvol’l +dv0 o

= +dp,. )
As indicated in equation (2), one can develop the centre expression into a Taylor series over the
inverse number of phenyl rings (1/7) up to first order to get an (approximate) linear relationship
between pgp and 1/n on the far right-hand side. Developing around the centre 1/n = 1/3 of
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Figure 3. Schematic representation of the two different unit cell choices for oligo(para-
phenylenes). In the unit cell of biphenyl and p-sexiphenyl (a), the ¢ axis is tilted in the opposite
direction with respect to the ¢* axis as the molecules are tilted, while for p-terphenyl, p-
quaterphenyl and p-quinquephenyl (b) the ¢ axis and the molecules are tilted in the same direction.
The broken and chain lines represent the two different groups of translationally inequivalent
molecules. See the text for details.

Table 1. Monoclinic lattice parameters a, b, ¢ and B of the oligo(para-phenylenes) biphenyl
(2P), p-terphenyl (P3P), p-quaterphenyl (P4P), p-quinquephenyl (P5P) and p-sexiphenyl (P6P)
together with the herringbone angle 6 and the setting angle y that determine the orientation of the
two inequivalent molecules relative to each other and to the unit cell edges. Also reported are the
respective unit cell height 2 (=c sin ), the unit cell volume Vj and the densities py at ambient
pressure and room temperature.

Material a(A)  b(A) (@A)  B(eg) hA) VoA  O(deg) x (deg) po (amu A73)
2p* 8.12  5.64 9.47 9540 943 43177 11376 17.37 0.713
2pP 8.12 563 9.51  95.10 9.47 43303 11250  17.09 0.711
P3p* 8.11 5.6l 13.61  92.02 13.60 61899 114.13  17.47 0.743
p3pd 808 560 1359  91.92 1358 61458 — — 0.748
P4P¢ 811 561 1791 9580 17.82 81068  114.13 1747 0.755
P5pf 807 558 2206 9791 21.85  983.92  114.38  17.40 0.776
P6P* 809 557 2624 98.17 2597  1170.18  114.45  17.60 0.783

4 Values taken from [30].
b Values taken from [31].
¢ Values taken from [32].
d Values taken from [33].
¢ Values taken from [34].
f Values taken from [35].

our interval of interest (1/2 to 1/6) yields a k,, = —0.21 amu A=3 and d,,, = 0.82 amu A3,
This analytical chain length dependence of the ambient pressure density py of the OPPs is
shown in figure 4 together with the literature data from table 1.
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Figure 4. Bulk modulus of the oligo(para-phenylenes) containing two (2P) to six (P6P) phenyl
rings as a function of the inverse number of phenyl rings 1/n. The error bars indicate the statistical
errors of the fit of the Murnaghan EOS (equation (3)) to our experimental data (see figure 8). The
full line is a linear regression on our experimental data. The triangles refer to the right-hand side y
axis and represent the densities of the oligo(para-phenylenes) as a function of the inverse number
of phenyl rings 1/n (see table 1). The broken line through the density points represents our model
chain length dependence (see equation (2) and the text for details).
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Figure 5. EDXD pattern of p-terphenyl recorded at ~2 kbar. The crosses in the upper panel
correspond to the experimental data, while the full line represents our fit. The lower panel shows
the residue. The thin vertical lines mark the position of those reflections for which Miller indices
are given above them. Note that the two lines at ~42 and ~48 keV are the /71 and 200 reflections
of the NaCl pressure calibrant.

3.2. Chain-length-dependent compressibilities

In order to give an impression of the quality of the diffraction patterns and our peak fitting
procedure, we present in figure 5 a sample diffraction pattern of P3P at ~2 kbar together
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Figure 6. Lattice parameters a (left panel) and b (right panel) of oligo(para-phenylenes) containing
two to six phenyl rings as a function of hydrostatic pressure. The left and right y axis cover
the same range (1.2 A). The lattice parameters of all oligomers have the same length at ambient
conditions and moreover show the same pressure dependence. Note that lattice constanta is reduced
approximately twice as much as lattice constant b in this pressure region. The filled symbols are
data taken from [36].

with the Miller indices of the respective Bragg peaks. The pattern has been normalized to 100
counts. The crosses in the upper panel represent the experimental data, the full line corresponds
to our fit and in the lower panel the difference between the experimental and fitted pattern is
shown.

From these refinements, we were able to determine the monoclinic lattice parameters of
2P, P3P, P4P, P5P and P6P up to about 60 kbar. At pressures higher than that, the decreasing
signal to noise ratio prohibits recording diffraction patterns within a reasonable integration
time. In figure 6, the lattice constants a and b are plotted against pressure p. One can see
that not only are the values at ambient pressure virtually identical (see table 1) but so also is
their pressure dependence. The left and right y axes in figure 6 span the same length (1.2 A).
While a decreases by around Aa ~ —1.1 A up to ~60 kbar (Aa/a ~ —14%), b decreases
less than half of the amount of a (Ab ~ —0.4 A, Ab/b ~ —7%). These findings agree well
with previously published results available [36] for 2P and P3P (see figure 6).

In figure 7, we present the monoclinic angle g, the lattice constant ¢ and the unit cell
height & as a function of pressure for 2P to P6P. The values for ¢ and & at ambient pressure (¢
and h, respectively) have been subtracted for better comparison between different oligomer
lengths. As one would expect, the layer thickness & decreases for all molecules (about —0.6 A
for 2P to P5P and around —1.0 A for P6P). Also, the lattice constant ¢ decreases with pressure
(~—0.4 to ~—1.2 A). Interestingly, the monoclinic angle B decreases for 2P and P6P (by
about —4°) while it increases for P3P, PAP and P5P by roughly the same amount. This will be
discussed in more detail below.

In order to extract the bulk moduli of the investigated compounds we fit Birch [37],
Murnaghan [38] and Vinet [39] EOS to the unit cell volume V (=abc sin B) as a function of
pressure. These three types of EOS yielded slightly different results. Literature data on the unit
cell volume change with pressure exist for 2P and P3P up to 35—45 kbar although no concise
information can be found on the effect of pressure on the lattice parameters [36, 40, 41]. The
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Figure 7. Monoclinic angle of the oligo(para-phenylenes) biphenyl (2P, outermost left top panel)
to p-sexiphenyl (P6P, outermost right top panel) as a function of hydrostatic pressure. The middle
panels show the pressure-induced decrease of the lattice constant ¢ and the lower panels show that
of the unit cell height /. For the sake of clarity the ambient pressure values for ¢ and / (co and hq
from table 1) have been subtracted.

Murnaghan EOS has been used on 2P and P3P before [41]. Performing a least squares fit
of Murnaghan’s EOS in its form V = f(p) (see equation (3)) to all of these literature data
yields a chi-squared value at least four orders of magnitude smaller than with any other EOS.
Hence, we conclude that this EOS is best suited to describe OPPs in that pressure range (and
to compare our findings with literature data). The analytical form of the Murnaghan EOS we
used is

/N
V:V0(1+M>BO 3)
By
where By is the bulk modulus and B|) is its derivative with pressure. In figure 8 the unit cell
volumes are plotted as a function of pressure together with the best fits according to equation (3).
The numerical values for Vj, By and B are given in table 2 together with the above-mentioned
previous results on 2P and P3P. One has to keep in mind that our data can only be compared
to the literature if one restricts the fit to the (lower) maximum pressures achieved therein. In
the topmost block of table 2, we list our results up to 60 kbar. The values presented in the
middle block of table 2 are obtained by fitting either the V (p) or the V/Vy(p) data found in
the literature to our EOS (equation (3)), where the numbers in brackets result from fitting our
data up to the same maximum pressure as reached in the experiments they are compared to
(35 kbar in [36], 40 kbar in [40] and 45 kbar in [41]). In the lower block of table 2 the values
for By and B, as determined by Vaidya and Kennedy [41] (who use a slightly modified EOS
on their own data set as well as on that of Bridgman [42]), are given.

In figure 4 the values for By from table 2 and pg from table 1 are plotted against the inverse
number of phenyl rings n. We note the linear dependence of both By and py as a function of
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Figure 8. Unit cell volume of oligo(para-phenylenes) containing two (2P) to six (P6P) phenyl rings
(from bottom to top) as a function of hydrostatic pressure. The symbols represent the experimental
data while the full curves are the least squares fits to the Murnaghan EOS (equation (3)).

1/n (see also equation (2)). Higher density means less compressible volume ‘between’ the
molecules and thus a higher bulk modulus (a lower compressibility). As a consequence of the
data presented in figure 4 and the brief discussion above (equation (2)), one can expect a linear
dependence of By on py, which is indeed found (see figure 9).

3.3. Rearrangement of the molecules

We would now like to address the question of the arrangement of the molecules in the unit cell
and relative to each other. As one can learn from figure 7, the unit cell height # decreases upon
increasing pressure for all oligomer lengths. Looking at the molecular layer arrangement in
figures 2 and 3 leads to the conclusion that the molecules can only give way by tilting more
strongly with respect to the ¢* axis, thus increasing x. As a consequence, the monoclinic
angle B must increase in P3P, PAP and P5P and decrease in 2P and P6P in order to conserve
the interlayer stacking, e.g. the way in which the top and bottom ‘surfaces’ of two adjacent
layers come to lie with respect to each other regarding the displacement in the a direction.
In figure 7 one can see that this expected behaviour of B corresponds to the outcome of the
experiments. In 2P and P6P, the top layer slips in the a direction, while it slips in the —a
direction in the case of P3P, P4P and P5P in order to readjust the position of two layers relative
to each other. The above discussed mechanism of pressure-induced molecular rearrangement
is schematically depicted in figure 2 for the sample case of P3P. Note that increasing x means
also an increased linear slip s (see figure 2) of two adjacent molecules within one layer along
the a direction and thus an increasing deviation from the strictly coparallel arrangement of
said molecules. Assuming the unit cell height  to be equal to the ‘height’ one molecule needs
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Table 2. In the uppermost block we report the unit cell volume at ambient pressure Vj, the bulk
modulus By and its pressure derivative B, of biphenyl (2P), p-terphenyl (P3P), p-quaterphenyl
(P4P), p-quinquephenyl (P5P) and p-sexiphenyl (P6P). All parameters were determined by fitting
the Murnaghan EOS (see equation (3)) to our experimentally determined pressure-dependent unit
cell volume V. In the two lower blocks we list the results found in the literature for 2P and P3P.
The values in brackets in the two lower blocks are obtained by fitting our data to the Murnaghan
EOS (see equation (3)) up to the same maximum pressure as reached in the experiment they are
compared to.

Material ~ Vp (A%) By (kbar)  B)

2P 434.28 43 8.4
Our data P3P 628.30 72 6.1
up to P4P 814.18 83 6.4
60 kbar P5P 969.65 93 75
P6P 1160.66 100 5.6

2p? 433169 59(45) 12.9(8.1)

Literature 2Pb — 50(48) 8.6(7.9)

v/ Vo data ZPC‘ — 51(48) 8.2(7.9)

ftted to 2p° — 52(48) 8.2(7.9)

our EOS p3p? 615.059  57(44) 12.7(7.7)

p3pP — 67(65) 8.3(8.3)

P3P° — 58(65) 8.4(8.3)

2p° — 54(48) 7.8(7.9)

By and B, ZPZ — 45(48) 9.9(7.9)

as reported 2P‘ — 54(48) 7.9(7.9)

in [41] 2p° — 51(48) 8.6(7.9)

P3P© — 60(65) 8.1(8.3)

P3P° — 54(65) 8.1(8.3)

2 Values taken from [36] (data up to 35 kbar).
b Values taken from [40] (data up to 40 kbar).
¢ Values taken from [41] (data up to 45 kbar).
d Since V( p) instead of just V/Vy(p) is given in [36], Vj could also be extracted from the fit.

in the crystal and neglecting compression of the interlayer distance permits us to estimate this
pressure-induced increase of x. From the respective values at ambient pressure, &g and x( one
can easily calculate the effective length | of a molecule as

ho
l= . “)
COS Xo
Provided / does not change with pressure (rigid body) we can further estimate x at any pressure
pas
h
X = arccos(%). 5)

The estimated values for A x (=xo — x) up to maximum pressure are summarized in table 3.
They compare reasonably well to ab initio results on 2P [43] and P3P [44] and to experimental
results found for similar compounds [45].

Considering the molecular arrangement within the herringbone pattern depicted in figure 1
and the fact that not only the absolute but also the relative decrease of the lattice constants a is
more than twice that of the lattice constants b (see figure 6) leads to the only plausible conclusion
of how the molecules can react to the external stress. The molecular arrangement must relax by
increasing the herringbone angle 6 (see figure 1 and table 1). This mechanism is schematically
represented in figure 1, where the molecules located at 000 turn counterclockwise and those
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Figure 9. Bulk modulus of the oligo(para-phenylenes) containing two (2P) to six (P6P) phenyl
rings versus their respective density (see table 1). The error bars are the statistical errors of the fit
of the Murnaghan EOS (equation (3)) to our experimental data (see figure 8). The full line is a
linear regression of our experimental data.

Table 3. Estimate of the pressure-induced increase of the setting angle x between long molecular
axis and the ¢* axis. The unit cell height at ambient pressure /¢ and its value at 60 kbar A6 kbar Were
taken from figure 6. The setting angle at ambient pressure o was taken from table 1. The effective
molecular length/ and the setting angle at 60 kbar xg0 kbar Were calculated according to equations (4)
and (5), respectively. The change of x from ambient pressure to 60 kbar A xmax = X60 kbar — X0
is also listed.

Material o (A)  xo (deg) 1 (A)  heorvar (A)  X60 kbar (d€8)  Axmax (deg)

2P 9.45 17.23 9.89 8.90 25.90 8.67
P3p 13.55 17.47 1420  12.95 24.23 6.81
p4p 17.80 17.47 18.66  17.25 22.42 4.95
P5P 21.80 17.40 2285 21.20 21.88 4.48
pep 26.00 17.60 27.28  24.80 24.61 7.01

located at %%O rotate clockwise around their long axis, thus approaching a cofacial, brick-like
arrangement. Contrariwise, a higher compressibility along the a axis than along the b axis can
be motivated by the fact that the translationally equivalent molecules are more closely packed
in the latter direction compared to the former. Additionally, the pressure-induced rotation of
the molecules along their long axis (increase of the herringbone angle 8) can only be caused
by the interaction of translationally non-equivalent molecules. Again, these considerations are
in accordance with previously found results on comparable compounds [43—45].

3.4. Outreach

Clearly, a smaller unit cell leads to an increased overlap between the electronic wavefunctions
of the individual molecules, especially between those within one layer (parallel to the ab plane).
This increase in electronic interaction will have several consequences regarding optical and
transport properties. As one can see in figure 1, the shortest intermolecular distances are in
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the b direction and along the diagonal, in the ab direction. These will also be the directions
where the intermolecular ‘bonding’ and the major interaction takes place. Consequently,
the electronic properties along these directions will be influenced most strongly by pressure-
induced shortening of the intermolecular atom—atom distances. It has been shown that, in
an independent particle band structure of these materials, the band dispersion in these two
directions and thus the total bandwidth will increase for both the valence and conduction
bands [44, 46]. As aresult the bandgap will decrease and the optical absorption edge will shift
towards longer wavelengths upon applying hydrostatic pressure. The fluorescence quantum
yield will, on the one hand, be quenched by the increased intermolecular interaction (solid state
quenching) [10]. On the other hand, the increase of x leads to an increased linear slip s (see
figure 2) between the molecules and thus brings the transition dipoles further out of coparallel
alignment, which will increase the respective oscillator strength [47]. The latter effect should
be rather small since x increases by only a few degrees up to the maximum pressure (see
table 3). Increased band dispersion, and thus total bandwidth, will enhance the conductivity
within the layers [9]. However, recent quantum chemical calculations showed that even small
changes in the arrangement of molecules with respect to each other (Ay > 0 — As > 0) can
drastically affect the overlap between the frontier molecular one-particle wavefunctions [48].
Thus, upon applying hydrostatic pressure, one would suspect an overall, but not necessarily
monotonic, increase of the conductivity.

4. Synopsis

We investigated intermolecular interactions and molecular packing in small, -conjugated
organic molecules. By performing energy dispersive x-ray powder diffraction under high
hydrostatic pressure (up to 60 kbar) we probed the packing forces in polycrystalline samples
of oligo(para-phenylenes) containing two (biphenyl) to six (p-sexiphenyl) phenyl rings. We
found that the respective bulk moduli increase linearly with the inverse number of phenyl rings
and are thus in a linear relationship with the corresponding density at ambient conditions.
For the first time we report the bulk moduli By and their respective pressure derivative B,
of p-quaterphenyl (By = 83 kbar, B = 6.4), p-quinquephenyl (By = 93 kbar, B, = 7.5)
and p-sexiphenyl (By = 100 kbar, B) = 5.6). Upon increasing hydrostatic pressure the
lattice constant a decreases about twice as much as lattice constant b (and ¢) in all investigated
materials. This causes the molecular planes to tilt more towards a cofacial alignment within one
layer’s herringbone pattern. The decreasing unit cell height causes the rigid rod-like molecules
to give way by tilting their long axes away from being perpendicular to the ab plane. From
these pressure-induced modifications on the molecular packing, we expect the bandgap and
the optical absorption edge to shift towards lower energies, the luminescence quantum yield
to decrease and the intralayer conductivity to increase.
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