HTML AESTRACT * LINKEES

JOURNAL OF CHEMICAL PHYSICS VOLUME 120, NUMBER 4 22 JANUARY 2004

Conformation of p-terphenyl under hydrostatic pressure
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The conformation ofp-terphenyl (GgHi4,) and deuteratedp-terphenyl (GgD,4) has been
investigated, using high-pressure infrared spectroscopy at liquid-helium temperatures.
First-principles calculations, together with the experimental results, were performed to determine
the structure ofp-terphenyl in the twisted conformation. At low temperatures and pressures,
p-terphenyl belongs to th€, point group of symmetry. In this configuration, the central ring is
twisted with respect to the plane of the outer rings. The symmetry of the molecule is Gggrly
consistent with previous x-ray diffraction measurements. 2@4 American Institute of Physics.
[DOI: 10.1063/1.1634560

I. INTRODUCTION (IR) spectroscopy experiments at high pressures, as well as
) ) numerical calculations of the molecular structure of
Conjugated molecules such as b!pherwterphen_yl, p-terphenyl. The results of the calculations show thatGhg
p-quaterphenyl, ang-hexaphenyl are widely used in light- o 6o ration has a lower energy than the configuration.
emitting deviceSand as laser dyésThe optical properties  1hes |R apsorption peaks which disappear upon the phase
of these molecules are affected very significantly by strucyangition match those calculated aly initio methods for the
tural phase transitions. Conformational changes in the molcé structure. The calculations indicate that gconforma-

ecules, which occur at critical temperatures and pressuregg, is very slightly perturbed fronC,;, symmetry
are of technological and fundamental interest. 2

Structural changes in polyphenyl molecules have been
the subject of intensive study for the last 25 years. Structurdl- EXPERIMENT

phase gr_%nsitions ha\/lt(e)_zobeen studied %tlezr;sively N Mid-IR absorption spectra were obtained with a Bomem
biphenyl, F%-terphenyl, p—guaterpheny’r,' “*and  pag vacuum Fourier transform IR spectrometer with a KBr
p-hexaphenyt” In the case of biphenyl and quaterphenyl, yoamgpjitter. The samples were kept at a temperature of 8 K
there is agreement that the twisted conformation belongs t, o janis continuous-flow liquid-helium cryostat with

the D, symmetry group. The results of recent stutftéSare wedged zinc selenide windows. The spectral range was 500—
consistent with this model. In the casemterphenyl, how-  £400 ¢l and the instrumental resolution was 2 ¢émThe
ever, there is uncertainty about the symmetry of the mOIeCUI?ype-I-diamond absorption band between 1100 and 1400

in the t,W'Ste‘?' conformation. . cm? prevented us from taking data in this range. Further
In-its t\leted. conformation, thqa-terphenyl mo!ecule _details of the experimental setup are given in Ref. 24.
can be characterized by two angles of twist, associated with 1, 4 samples were investigated. First, proteated

the two outer phenyl ring&Fig. 1). If both angles are of the pterphenyl (GgH,l), hereafter referred to simply as

same sign and have the same value, then the molecule hB—%erphenyI, was measured. Second, deuterategtphenyl

C,, symmetry. If the _twist angles have different sign_s, then(Clst), or terphenyld;s, was measured. In the latter
the symmetry group i®,. If the twist angles have slightly - g5 mpje “every hydrogen atom was replaced by a deuterium
different values, then the symmetry group@s. We will  510m with an isotopic purity of 98%. The IR spectra for
denote such low-symmetry configuratio® and C;, if 1 terphenyl are shown in Fig. 2 and spectra for deuterated
molecule resembles that &, or D, symmetry, réSpec- , tarphenyl are shown in Fig. 3. The displayed frequency
tively. There is also a possibility of having one outer ring range corresponds to hydrogen bending modes. These bend-
twisted whereas other rings remain in the same plane. In thiﬁlg modes are in- and out-of-plane modes, as observed in
case, the molecule also belongs to @ggroup. These con-  pinhenyl. When pressure is raised above a critical value, sev-

figurations are illustrated in Fig',l'g . _eral IR absorption peaks abruptly disappear from the spec-
As was demonstrated previousfy® there are certain ym "No hysteresis was observed in our experiments.

IR-active modes in polyphenyl molecules that become inac- 1o pressure-dependent shifts of several out-of-plane
tive upon the phase transition from the twisted to the planahydrogen bending modes frterphenyl are plotted in Fig. 4.
conformation. In this paper we present the results of infraregr,o frequencies shift discontinuously for certain peaks;
namely, the peaks at 567, 573, and 912 ¢nThis observa-
dElectronic mail: mattmcc@wsu.edu tion, together with the disappearance of other peaks, indi-
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FIG. 1. Three possible nonplanar conformationg-@érphenyl. As a guide
to the eye, a set of Cartesian axes are shown for each conformation.
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FIG. 3. IR spectrum of deuteratgsterphenyl below and above the phase
transition pressure. Note that the peak at 625 tis not a disappearing
peak, but rather merges with the peak at 622 tm

parameter hybrid functional of Lee, Yang, and Parwe
used two basis sets, 6-315(d) and 6-31% G(d), to ob-
tain ground state energies and vibrational frequencies for the
p-terphenyl molecule in different configurations. In addition,
higher basis sets were used to check the consistency of the
ground-state energy calculations.

A summary of the energy calculations is given in Table I.
It is clear that theC,,, isomer is consistently more energeti-
cally favorable than th®, isomer. This result is consistent
with previous x-ray diffraction experiments, which indicated

cates the existence of a phase transition. The transition pretiiat the molecules in p-terphenyl crystal hav€,,, symme-
sure lies between 0.2 and 0.6 GPa, consistent with previousy at low temperature¥. The calculated energy difference,
studies?’” which determined a phase transition at approxi-however, is only~1 meV/molecule. Our results contradict

mately 0.5 GPa.

IIl. NUMERICAL ANALYSIS

those obtained in Ref. 28, where it was suggested thddthe
isomer has a lower energy than g, isomer. One possible
reason for such a discrepancy is that in Ref. 28miempir-

ical method was usedCS-INDO), which is usually less ac-

Previous theoretical studies have investigated the confosrate thanab initio methods. TheC, structure was

mation of thep-terphenyl moleculé®?° We performedab
initio calculations ofp-terphenyl using th&AussIAN 98 soft-

unstable—during the calculations, it relaxed to g con-
formation. In addition to the ground-state energies, we also

Ware_packagé(?All calculations were done using the density caiculated vibrational frequencies for bogkterphenyl and
functional theory (DFT) approach with the Becke three- geyteratedp-terphenyl. A comparison between theoretical
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FIG. 2. IR spectrum of-terphenyl below and above the phase transition FIG. 4. Frequencies of three hydrogen bending modgstarphenyl, as a

pressure.

function of pressure.
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TABLE |. Ground-state energies @fterphenyl molecules in different con- T T T LB
formations relative to the planar conformation. 1.0F ¥ m  Experiment 7
® Theory, C,,
Energy(meV) 2 o8k / .
Basis set B O Theory, C,
]
Symmetry 6-31 6-311 6-311 6-311 £ 06 7
group +G(d) +G(d) ++G(2d,p) ++G(2df,2dp) g
Planar,D 0 0 0 0 ‘_g“ 041 .
Twisted,C,, —163.39 -175.57 —178.65 —146.61 o
Twisted,D, —162.41 -174.24  —176.21 —145.39 Z o2k N ]
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and experimental results, discussed in Sec. V, indicates that Wave number (cm ')

the symmetry is th&€, conformation, which is a very slight
perturbation of theC,,, isomer.
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IV. GROUP THEORY

To explain the disappearance of IR activity for certain
vibrational modes, we applied group theory to analyze the
normal modes of the molecule. In this analysis, traxis is
directed along the main axis of the molecule, ¥haxis is in
the molecular plane for the planar conformation, and the [ T T ]
y-axis is perpendicular to_ the plane. Th|s analysis was per- o'goo : '6(')0"3 700 8(')0 ‘960 1000
formed for the three possible conformations shown in Fig. 1, .
as well as the planar conformation. ¥ave number(em’)

m _the case ODZ symmetry, the vibrational modes are FIG. 5. Vibrational modes that become IR-inactive upon planarization, for
classified as follows: p-terphenyl. A comparison between theory and experiment is shown for the

C,n, C,, andD, conformations.
I'=22A®20B,®24B,® 24B;. e 2

Normalized Intensity
o o
> o

o
[
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Modes belonging to th&,, B,, or B3 irreducible represen-
tations are IR-active, for a total of 68 IR-active modes. ForV. COMPARISON BETWEEN THEORY
the C,;, group, the vibrational modes are classified as AND EXPERIMENT

'=21A;®24B;®21A,©24B,,. In Fig. 5 we present all modes that are IR-inactive in the
planar conformation, but become active in g, andC,

twisted conformations, along with the experimental results.
The calculations showed that some modes, which are IR-
active according to group theory, have essentially zero inten-
sity. The C, isomer deviates fromC,, symmetry only

I'=42A® 48B. slightly, as the difference in the twist angles of the outer

In this case, all modes are IR-active. For the planar Configu[ings is only 0.0, There is also a distortion of phenyl rings

. . : which makes them nonplanar, but this distortion is also very
tion, terphenyl bel to tHe t . The vibra- ; K :
':ii‘):]OarI] me(})rgeser;}r/e geivoer:?ks)yo 2n POINL GTOUP. The VIbTa ol —the C—C—C—Cdihedral angle is 0.04°. Results are

also presented for th®, isomer. The results fo€} (not
'=16A;®6A,®5B,3® 15B,3® 9B3,® 158, 9B, shown are nearly identical to those f@.,.

o158 In Fig. 5 it is apparent that there is an intense calculated

su- peak is at 710 cAt, consistent with experiment. For tiie,

Modes belonging to th&,,, B,,, or Bs, irreducible repre- calculations there is also an intense peak at 741'cin the
sentations are IR-active, for a total of 39 IR-active modes. experimental spectrum, however, there is no disappearing

Upon planarization, certain IR-active peaks become IRpeak near 741 citt. This observation, along with the ground
forbidden. We would expect to see 6 modes disappear froratate energy calculations, allows us to conclude that the
the spectrum ifp-terphenyl belongs to th€,, group, 29 p-terphenyl structure i€, . Since theC; conformation de-
modes if it belongs to th®, group, and 51 modes if the viates from theC,,, conformation only slightly, it is surpris-
molecule hasC, symmetry. These “disappearing peaks” ing that this small perturbation causes large increases in the
comprise a special subset of vibrational modes. In the folintensities of certain IR peaks. In Fig. 5, for example, the IR
lowing discussion, we restrict the analysis to those modesode at 710 cm® has zero intensity for th€,,, conforma-
that lose IR activity upon planarization. tion, but it is very intense for th&€, conformation. This

Here, only modes belonging to eith&t, or B, representa-
tions are IR-active, yielding a total of 45 IR-active modes.
For the molecule belonging 0, point group, the modes are
given by
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EESSEEL AL E T T T T VI. CONCLUSIONS
1.0F % .

m  Experiment - (T In conclusion, our experiments on the vibrational prop-
= osf ® Theory, 027 h erties ofp-terphenyl used the fact that these molecules flatten
g ©  Theory, C, ] under pressure, resulting in the disappearance of specific IR
E o6l 3 peaks. Using numerical calculations, we were able to evalu-
§ 1 ] ate the frequencies of the molecular vibrations and determine
T 04l ] the structure of the molecule in its twisted conformation. The
§ ! l close correspondence between the calculated and experimen-
Z 02l b tal spectra indicates that in the twisted conformation, the

central ring is rotated around the C—C bond relative to the
0.0l . plane of two other rings. This molecule h@g symmetry, as
500 550 600 650 700 750 800 850 900 a result of a slight deviation fror@,, symmetry. Additional
Wave number (cm™) experiments and calculations on deuterated terphenyl support
95 I ' . these conclusions.
m  Experiment
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