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Infrared spectroscopy of biphenyl under hydrostatic pressure
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Changes in the conformations of conjugated molecules affect the optical and electronic properties
significantly. Hydrostatic pressure has been used to probe the conformations of biphenyl (C12H10)
and deuterated biphenyl (C12D10) at liquid-helium temperatures. Infrared~IR! spectra of these
materials have been taken up to a pressure of 2 GPa. A disappearance of certain IR absorption peaks
has been found to occur between 0.07 and 0.45 GPa, due to the phase transition from a twisted to
a planar conformation. Numerical simulations together with group-theoretical analysis have been
performed to identify the nature of the vibrational modes that lose IR activity upon planarization.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1494776#
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I. INTRODUCTION

With the recent advances in organic light-emittin
diodes1 and lasers,2 organic materials have received attenti
for optoelectronic device applications. In conjugated po
mers, thep-electrons are delocalized along the molecu
resulting in band gaps in the visible region of the spectru
The conformations of conjugated molecules affect the opt
properties significantly.3 As molecules transform from
twisted to planar conformations, the overlap betweenp-
electrons on neighboring rings increases, resulting in a
shift of the band gap. The application of hydrostatic press
is an excellent means for probing the vibrational, structu
and optical properties of conjugated molecules.4 Raman
spectroscopy has been used to investigate the planariz
of para-hexaphenyl.5,6 Combined experimental and comput
tional studies of biphenyl showed a redshift in the opti
spectra due to conformational changes.7

Polyphenyl molecules, such as biphenyl, undergo
phase transition in which the molecules transform from
twisted to a planar conformation. In biphenyl, the phase tr
sition has been studied by the methods of electronic abs
tion and emission;8 neutron,9 x-ray,10 Brillouin,11 and Raman
scattering;12 nuclear magnetic13 and electron paramagnet
resonance.14 In these studies it was found that such a tran
tion occurs when either temperature8–11,13or pressure12 rises
above certain critical values. In Ref. 12, however, only t
sional lattice modes were observed experimentally. In
present work we analyze the behavior of theinternal hydro-
gen modes in biphenyl under pressure.

It is now known that the biphenyl has, in fact, two in
commensurate phases, II and III. In both of these phases
phenyl rings are twisted,15–17 but the angle of the twist is
modulated through the crystal structure. The difference
tween the modulation vectors distinguishes the two pha
At atmospheric pressure the transition from high-tempera
phase I to phase II occurs atT540 K, and from phase II to
phase III atT517 K. The critical pressures at liquid helium
temperatures are approximately 0.18 and 0.05 GPa, res
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tively. Our experimental technique is sensitive to the tran
tion from phase II to phase I, when the molecules transfo
from a twisted to a planar conformation. This pressu
induced ‘‘flattening’’ leads to the novel observation that ce
tain peaks in the IR spectrum disappear.

Recently we reported the flattening of para-quaterphe
under hydrostatic pressure, and the transition point was
termined to be between 0.7 and 1 GPa at liquid-heli
temperatures.18 The phase transition in para-quaterphenyl
sulted in the disappearance of five infrared~IR! absorption
peaks in the spectral range corresponding to hydrogen
of-plane bending modes. A group-theory analysis suppo
the supposition that certain IR peaks disappear upon
narization. However, there was an uncertainty about the c
acter of motion of atoms within the molecule for tho
modes that lose IR activity in the planar conformation.

In order to resolve these problems, a new series of
periments was performed on biphenyl and deuterated bip
nyl. The substitution with deuterium provides addition
spectroscopic information, in order to determine the ex
identities of the vibrational modes. One may expect tha
biphenyl molecule under pressure behaves similarly to
of para-quaterphenyl. The smaller number of atoms in bip
nyl, as compared to para-quaterphenyl, is advantageous
ab initio calculations. In this paper, experimental and grou
theoretical results for biphenyl and deuterated biphenyl
presented, as well as the results of numerical simulation
the IR spectra for these molecules.

II. EXPERIMENT

To generate pressures up to 2 GPa, we used a pis
cylinder diamond-anvil cell.19 Type-I diamonds with culet
diameters of 700mm were used. After a 250-mm thick stain-
less steel gasket was indented to a thickness of 100mm, a
340-mm diam hole was drilled in the center of the indent
tion. Nitrogen was used as a pressure medium and
loaded into the gasket hole, along with the sample, by liq
immersion.20 To determine the pressure at liquid helium tem
8 © 2002 American Institute of Physics
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peratures, we measured the IR absorption peak of then3

vibrational mode of isolated carbon dioxide impurities in t
solid nitrogen matrix.21

Mid-IR absorption spectra were obtained with a Bome
DA8 vacuum Fourier transform IR spectrometer with a K
beamsplitter. The samples were kept at a temperature of
in a Janis continuous-flow liquid-helium cryostat wi
wedged zinc selenide windows. The spectral range was 5
5000 cm21 and the instrumental resolution was 2 cm21. The
type-I-diamond absorption band prevented measurement
tween 1100 and 1400 cm21. An off-axis parabolic mirror and
light-concentrating cone focused the light through the fi
diamond and onto the sample. The light then passed thro
the second diamond and onto a Ge:Cu photoconductor de
tor. After a spectrum was measured, the diamond-anvil
was warmed to room temperature and the pressure was
justed.

Two samples were investigated. First, protreated bip
nyl (C12H10), hereafter referred to simply as biphenyl, w
measured. Second, deuterated biphenyl (C12D10), or
biphenyl-d10, was measured. In the latter sample, every
drogen was replaced by a deuterium, with an isotopic pu
of 98%.22 The IR spectra for biphenyl are shown in Fig.
and spectra for deuterated biphenyl are shown in Fig. 2.

Peaks that disappear at high pressures are indicate
arrows. The spectral range from 500 to 1100 cm21 corre-
sponds to out-of-plane motion of hydrogen atoms in wh
the atomic displacement is perpendicular to the plane of
appropriate ring. There are three peaks in the biphenyl s

FIG. 1. ~a!–~b! Absorption spectra of biphenyl below and above the pha
transition pressure, at a temperature of 8 K.
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K

0–

e-

t
gh
c-
ll
d-

-

-
y

by

h
e
c-

trum in the range 500–800 cm21 that disappear upon th
phase transition@Fig. 1~a!#. The spectral range from 1100 t
1800 cm21 includes in-plane hydrogen bending modes. Up
substitution with deuterium, hydrogen-related frequenc
should decrease by some factor, which in an ‘‘ideal’’ case
&. From Fig. 2~a! it is seen that there are two peaks, at 5
and 655 cm21, that disappear in deuterated biphenyl. Re
tive to the hydrogen peaks at 679 and 790 cm21 @Fig. 1~a!#,
the deuterium peaks are shifted downward by a factor
than&. The deviation from the ideal case is due to anh
monic effects as well as significant motion of the carb
atoms. In the observed spectra the strongest peaks
found to be due to out-of-plane hydrogen motion.

The pressure-dependent shifts of several out-of-pl
hydrogen bending modes are plotted for biphenyl in Fig.
In Fig. 4 we plotted the normalized intensities for two pea
that disappear after the phase transition, as a function
pressure. The intensity of the peak at approximately 8
cm21 was chosen as a reference for the normalization. A
pressure between 0.07 and 0.4 GPa, the integrated a
bance of the peaks at 790 and 841 cm21 drops to zero, to
within experimental uncertainty. Our results are in agreem
with those of Ref. 12, which reported a phase transition
0.18 GPa.

III. GROUP THEORY

To explain the disappearance of IR activity for certa
vibrational modes, we applied group theory to analyze

-FIG. 2. ~a!–~b! Absorption spectra of deuterated biphenyl below and abo
phase-transition pressure, at a temperature of 8 K.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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normal vibrational modes of the molecules. Thez-axis in our
analysis is directed along the main axis of the molecule,
x-axis is in the molecular plane for the planar conformatio
and they-axis is perpendicular to the plane. A schema
diagram of biphenyl in its twisted conformation is shown
Fig. 5~a!. The twisted conformation of biphenyl belongs
the D2 point group. The vibrational modes can be classifi
as follows:

G515A% 13B1% 16B2% 16B3 .

Modes belonging to theB1 , B2 , or B3 irreducible represen
tations are IR-active, for a total of 45 IR-active modes. F
the planar configuration, biphenyl belongs to theD2h point
group. The vibrational modes are given by

G511Ag% 4Au% 3B1g% 10B2g% 6B3g

% 10B1u% 6B2u% 10B3u .

Modes belonging to theB1u , B2u , or B3u irreducible repre-
sentations are IR-active, for a total of 26 IR-active mod
Upon planarization, some of theB1 , B2 , and B3 modes
transform intoB1g , B2g , and B3g modes, which are IR-
inactive. This disappearance of certain IR absorption peak
in qualitative agreement with our experimental observatio

In our previous work, we proposed two models.18 The
first model assumed that there are only nearest-neighbo

FIG. 3. Frequency shifts of four biphenyl peaks, corresponding to hydro
out-of-plane bending modes, as a function of pressure.

FIG. 4. Normalized intensities of two modes that lose IR activity up
planarization.
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next-nearest-neighbor interactions between hydrogen ato
From this assumption, it follows that certain IR modes wou
be degenerate. In the case of biphenyl, there would be t
peaks that disappear in the IR spectrum, twoB1 modes and
oneB3 mode. In the twisted conformation,B1 modes induce
a dipole moment alongz-axis. In the second model, the dis
appearing modes are assumed to belong to eitherB2 or B3

representations, which have induced dipole moments al
the y- and x-axis, respectively. Such modes would ha
greater intensities than theB1 modes, due to the larger in
duced dipole moments. As shown in the next section,
calculations tend to support the second model.

In Fig. 5~b!, one of theB3 modes is shown schemat
cally. The cross sections of the phenyl rings are represe
as rectangles and the dipole moments, induced by the mo
of hydrogen atoms, are shown by the arrows. In the twis
conformation, the mode has a net induced dipole momen
the x-direction. In the planar conformation, the dipoles e
actly cancel, so that the mode is IR-inactive.

IV. NUMERICAL ANALYSIS

Ab initio calculations are used extensively to model m
lecular and atomic systems. Some recent calculations of
biphenyl structure can be found in Refs. 23 and 24. We a
performedab initio calculations in order to simulate the IR
spectra of biphenyl and deuterated biphenyl, usingGAUSSIAN

98W.25 We used the density functional theory~DFT! Becke
3-parameter method26 with the Lee–Yang–Parr correlatio
functional and the basis set 6-31G(d), which addsd-orbitals
to heavy atoms. The results of our calculations are consis
with those of Rubiet al.23 and Furuyaet al.24

For the twisted structure, the calculated dihedral an
between two phenyl rings is 38° for biphenyl and 35° f
deuterated biphenyl. Electron diffraction experiments on
phenyl in the gas phase yielded a dihedral angle of 40°
good agreement with our calculations.27 Numerical optimi-

n

FIG. 5. ~a! Schematic diagram of the biphenyl molecule in the twist
conformation. The solid hexagons represent phenyl rings.~b! Schematic
diagram of one out-of-plane hydrogen bending mode, that becomes
inactive upon planarization.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



ve

3751J. Chem. Phys., Vol. 117, No. 8, 22 August 2002 Spectroscopy of biphenyl
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TABLE I. Vibrational modes in biphenyl (C12H10) that are IR active in the twisted conformation but IR inacti
in the planar conformation.

Calculated Experiment

Frequency
~cm21!

Normalized
intensity Symmetry Mode character

Frequency
~cm21!

Normalized
intensity

559.9 0.2622 B3 H out-of-plane 552.9 0.272
628.6 0.0006 B2 C–H in-plane NDa NDa

714.7 1 B3 H out-of-plane 679.3 0.745
796.9 0.88 B3 H out-of-plane 789.7 1
860.9 0.086 B1 H out-of-plane 840.7 0.720
938.5 0.15 B3 H out-of-plane 912.1 0.041
968.7 0.1248 B2 H out-of-plane 965.8 0.377
995.6 0.0096 B2 H out-of-plane NDa NDa

1116.1 0.061 B1 H in-plane NDa,b NDa,b

1192.9 0.0002 B3 H in-plane NDa,b NDa,b

aND5not discovered.
bCalculated frequency lies within the diamond absorption band.
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zation of the geometric structure of the molecules yield
configuration that belongs to theC2 point group. This low
symmetry is due to a distortion of the phenyl rings. Howev
the deviation from planarity in each phenyl ring is ve
small. To a good approximation, we can consider this m
ecule as belonging to theD2 point group, and our previou
group-theory analysis remains valid. The vibrational spec
calculations were made with the symmetry restricted to
D2 point group. The planar conformation of the molecu
belonging to theD2h point group, turns out to be stable du
ing the calculations. One of the calculated frequencies
imaginary, however, indicating that the planar configurat
is not a minimum on the potential energy surface.

A correspondence was made between vibrational mo
in the planar and twisted conformations by examining sim
larities in the character of motion, reduced mass, freque
and IR intensity for any given pair of modes. Frequenc
that are IR-active in the twisted conformation but IR-inacti
in the planar conformation, as predicted by this computat
for the twisted conformation of biphenyl, are listed in Tabl
c 2005 to 134.121.128.99. Redistribution subject to AI
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together with the experimental results. The frequencies
vibrational modes in deuterated biphenyl are given in Ta
II. In biphenyl, we did not observe hydrogen in-plane mod
because the frequencies of those modes lie within the
mond absorption band. In deuterated biphenyl, howe
these modes are shifted downward in frequency and th
fore become observable. In both tables the intensity norm
ization was carried out with respect to the highest-intens
peak. In order to illustrate the disappearance of IR-act
peaks, the calculated intensity of two peaks at 715 and
cm21 is plotted as a function of dihedral angle between
phenyl rings~Fig. 6!. The outlying data point at 38° is prob
ably due to the fact that all other angles correspond to n
optimal structures. The experimental intensities and frequ
cies approximately match the theoretical ones, with
exception of the experimental peak at 840.7 cm21 for biphe-
nyl. According to Fig. 3, there is a possibility that this pe
simply merges with the peak at 836 cm21, and is not in fact
a ‘‘disappearing peak.’’ The average ratio of experimenta
calculated frequencies for biphenyl and deuterated biphe
n
TABLE II. Vibrational modes in deuterated biphenyl. (C12D10) that are IR active in the twisted conformatio
but IR inactive in the planar conformation.

Calculated Experiment

Frequency
~cm21!

Normalized
intensity Symmetry Mode character

Frequency
~cm21!

Normalized
intensity

567.07 1 B3 D out-of-plane 544.5 0.340
602.82 0.0018 B2 D in-plane1ring

distortion
NDa NDa

668.63 0.14 B3 D out-of-plane 655.3 0.752
670.04 0.1456 B1 D out-of-plane NDa NDa

784.29 0.264 B1 D out-of-plane1ring
distortion

786.3 0.337

789.11 0.161 B3 D out-of-plane1ring
distortion

789.5 0.444

838.72 0.4535 B3 D in-plane1ring
distortion

832.5 1

844.02 0.0789 B2 D in-plane 838.8 0.187
862.8 0.0301 B2 D in-plane 853.0 0.188

1071.88 0.0005 B2 D in-plane NDa NDa

aND5not discovered.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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are 0.98760.013 and 0.98860.005, respectively. These va
ues are consistent with the known overestimation of frequ
cies by this calculation method.25

In Tables I and II the characters of the vibrational mod
are described briefly. ‘‘H out-of-plane’’ corresponds to t
hydrogen atoms moving perpendicular to the plane of a p
nyl ring. ‘‘H in-plane’’ corresponds to the hydrogen atom
moving in the plane of a phenyl ring. ‘‘C–H in-plane’’ mean
that carbon atoms are moving significantly as well. The sa
descriptions apply for the deuterium atoms. ‘‘Ring disto
tion’’ indicates that carbon atoms are moving in or out of t
phenyl-ring plane together, but asynchronously with the d
terium atoms. Calculations of the normal modes indicate
induced dipole moments are directed predominantly perp
dicular to thez-axis. Exceptions to this rule include the ca
culatedB1 modes for biphenyl and deuterated biphenyl,
1116.1 cm21 ~Table I! and 784.3 cm21 ~Table II!, respec-
tively.

Thus the calculations are consistent with the experim
tal results and support the second model proposed in Ref
which stated that the disappearing peaks areB2 and B3

modes. The first model, in which only nearest- and seco
nearest neighbor interactions were taken into account, ca
eliminated.

V. CONCLUSIONS

In conclusion, experiments on the vibrational propert
of biphenyl showed that these molecules flatten under p
sure, resulting in the disappearance of specific IR peaks.
ing numerical calculations we were able to evaluate the
quencies of molecular vibrations and identify the nature
those modes that disappear upon planarization. The c
correspondence between the calculated and experim

FIG. 6. Calculated intensity of two IR peaks as a function of the dihed
angle between phenyl rings.
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spectra indicates that the majority of these vibrational mo
have induced dipole moments that are perpendicular to
main axis of the twisted molecule.
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