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By using a Fourier-transform infrared spectrometer contained in an inert gas glovebox system (oxygen and
water concentrations:<0.1 ppm), high-quality infrared absorption spectra have been observed for the radical
anion and dianion ofp-terphenyl in tetrahydrofuran solutions. Density functional theory with the B3LYP
nonlocal exchange-correlation functional and the 6-311+G** basis set has been used for the calculations of
the structures and infrared spectra of the neutral species, radical anion, and dianion ofp-terphenyl. The observed
infrared spectra of the radical anion and dianion are in good agreement with those calculated by density
functional theory. The origin of the strong infrared absorption intensities characteristic of the radical anion
and dianion are discussed in terms of changes in electronic structures induced by specific normal vibrations
(electron-molecular vibration interaction).

1. Introduction

In conducting charge-transfer complexes, conducting poly-
mers, and some kinds of biological systems, electron transport
is supported by ionic species of molecules, whose structures
are different from those of neutral species. Since vibrational
spectra are sensitive to changes in molecular structures,
vibrational spectroscopy is considered to be useful for studying
structural characteristics of ionic species and electron transport
in these systems.1-3

Conjugated conducting polymers such as poly(p-phenylene)
have attracted much attention from both fundamental and
practical viewpoints because of their interesting physical proper-
ties.4 To understand the optical and electrical properties of
nondegenerate conjugated polymers such as poly(p-phenylene),
polarons5-7 and bipolarons6-8 are proposed as elementary
excitations. A negative (positive) polaron and a negative
(positive) bipolaron correspond, respectively, to a radical anion
(radical cation) and a dianion (dication) which extend over a
certain number of repeating units.

Since the radical ions and divalent ions of oligomers can be
considered to be good models of polarons and bipolarons in
doped conducting polymers, quantum chemical calculations for
the radical ions and divalent ions ofp-oligophenyls have been
carried out at various theoretical levels for studying polarons
and bipolarons in doped poly(p-phenylene).9-17 Experimentally,
Furukawa et al.18,19 have analyzed the Raman spectra of Na-
doped poly(p-phenylene) on the basis of the Raman spectra of
the radical anions and dianions ofp-oligophenyls and have
concluded that negative polarons and bipolarons are generated
in Na-doped poly(p-phenylene). In ref 18, the Raman spectra
of the radical anions and dianions ofp-oligophenyls (p-terphenyl
to p-sexiphenyl) were measured successfully, because the Raman
measurements were possible for solutions in a completely sealed

glass apparatus. Alternatively, the infrared absorption spectra
of the radical ions and divalent ions ofp-oligophenyls have not
yet been reported, with the exception of a work on infrared
measurements of the radical anion of biphenyl by the use of
mid-infrared optical fibers.20

Efforts have been made to measure reliable and high-quality
infrared absorption spectra of organic radical ions and divalent
ions produced by various methods such as chemical reactions,20-26

electrochemical technique,27 electron bombardments,28-34 vacuum
ultraviolet photolyses,35-38 pulsed-glow discharge,39,40 X-ray
irradiation,41 and low-temperature co-deposits with alkali met-
als,42,43 and so forth. However, it is not easy to observe the
infrared spectra of radical ions and divalent ions, because
they are generally unstable at room temperature and in the air.
In particular, reliable infrared spectra of only a small number
of anionic species with conjugatedπ-electrons have been
measured,20-24,26,27,33whereas the infrared spectra have been
measured for the cationic species of many polycyclic aromatic
hydrocarbons (PAHs) in the matrix-isolated condition.28-38

This is partly because radical anions and dianions are very
sensitive to molecular oxygen and water, and partly because
many radical anions and dianions are intrinsically unstable in
the isolated state.

In the present study, we have used a new approach to the
spectral study of unstable radical and ionic species in solution
by the use of an inert gas glovebox system, in which the oxygen
and water concentrations are less than 0.1 ppm. We have
obtained high-quality infrared and electronic absorption spectra
of radical anion (charge:-e, spin: 1/2) and dianion (charge:
-2e, spin: 0) ofp-terphenyl in solutions by using a Fourier-
transform infrared spectrometer and an ultraviolet and visible
spectrometer contained in an inert gas glovebox system. The
observed infrared spectra have been analyzed on the basis of
density functional theory calculations at the B3LYP (Becke’s
three-parameter hybrid method44 using the Lee-Yang-Parr
correlation functional45) level. Some specific vibrational modes
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of the radical anion and dianion have extremely large infrared
absorption intensities. The mechanism that gives rise to the large
infrared intensities for such vibrations is discussed.

2. Experimental Section

The experimental setup for infrared and electronic absorption
measurements using a Fourier-transform infrared spectrometer
and an ultraviolet and visible spectrometer contained in an inert
gas glovebox system is shown schematically in Figure 1.
Infrared spectra were recorded at room temperature on a Fourier-
transform infrared spectrophotometer (JASCO FT-IR 4100) in
the glovebox system. Interferograms were accumulated at 100
times and averaged to obtain a satisfactory signal-to-noise ratio.
The wavenumber resolution was 4 cm-1. Electronic absorption
spectra were measured on an ultraviolet and visible spectro-
photometer (JASCO V-530) in the glovebox system.

The degassed and anhydrous tetrahydrofuran (d8-THF and
h8-THF) solutions of neutralp-terphenyl were prepared using
a vacuum system and introduced in the glovebox system. The
radical anion and dianion ofp-terphenyl were prepared by
bringing their neutral solutions into contact with a sodium mirror
in the glovebox system. The progress of the reduction reaction
was controlled by the time of contact between the solution and
the sodium mirror, and was monitored by measuring electronic
absorption spectra. After the formation of the radical anion and
dianion of p-terphenyl was confirmed by their electronic
absorption spectra, their THF solutions were transferred to a
CaF2 cell (BioTools BioCell) with an optical path length of 123
µm. The infrared and electronic absorption spectra of the radical
anion and dianion ofp-terphenyl were obtained from such THF
solutions in a CaF2 cell.

The structures and vibrational properties (harmonic frequen-
cies, vibrational patterns, and infrared intensities) were calcu-
lated for the neutral species, radical anion (charge:-e, spin
multiplicity: 2), and dianion (charge:-2e, spin multiplicity:
1) of p-terphenyl. Counterions were not included in the
calculations for the radical anion and dianion. Density functional
theory calculations at the B3LYP (Becke’s three-parameter
hybrid method44 using the Lee-Yang-Parr correlation func-
tional45) level in combination with the 6-311+G** basis set were
performed by using the GAUSSIAN 03 program.46 The “Ul-
traFine” grid was used for numerical calculations of two-electron
integrals.

Sincep-terphenyl has three benzene rings and two inter-ring
C-C bonds (Figure 2), geometry optimizations for the neutral
species, radical anion, and dianion ofp-terphenyl were per-
formed for two possible conformers: one with a helical
conformation (D2 symmetry, gauche+-gauche+ with respect to
the two inter-ring C-C bonds) and the other with an alternately
twisted conformation (C2h symmetry, gauche+-gauche-). An
almost planar structure was obtained for the dianion ofp-
terphenyl and, therefore, the geometry optimization of this
species was finally performed underD2h symmetry. No imagi-
nary frequency mode was found at the optimized structures of
all the species. The calculated wavenumbers are multiplied by
a single scale factor of 0.9751 for the helical radical anion,
0.9758 for the twisted radical anion, and 0.9759 for the dianion,
each of which was determined to obtain the best fit between
the calculated wavenumbers and the observed wavenumbers.
Calculated atomic displacements in each vibrational mode were
depicted with the VLX program.47

3. Results and Discussion

3.1. Molecular Structures. The numbering of atoms in
p-terphenyl is shown in Figure 2. The structural parameters
calculated at the B3LYP/6-311+G** level for the neutral
species, radical anion, and dianion ofp-terphenyl are listed in
Table 1. The density functional theory calculations have shown
that p-terphenyl in the neutral state has two conformations
around two inter-ring C-C bonds: a helical structure (D2

symmetry) and an alternately twisted structure (C2h symmetry).
The calculated energy difference between the two conformers
is 60.7 J mol-1 (14.5 cal mol-1) and the twisted structure is
slightly more stable than the helical structure. The calculated
values of the torsional angles around the inter-ring C1-C4 and
C1′-C4′ bonds in the helical structure are+40.0 and+40.0°,

Figure 1. Schematic diagram of the experimental setup for infrared and electronic absorption measurements using a Fourier-transform infrared
spectrometer and an ultraviolet and visible spectrometer in an inert gas globebox system. GB: glovebox, IGP: inert gas purification system,
FT-IR: Fourier-transform infrared spectrophotometer, UV-VIS: ultraviolet and visible spectrophotometer, GRA: glass reaction apparatus, PC:
personal computer.

Figure 2. Numbering of atoms and the Cartesian coordinate system
for p-terphenyl.
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respectively, and those of the twisted structure are+39.5 and
-39.5°, respectively. Similar two conformers have been cal-
culated at the BLYP/6-31G* and B3LYP/6-311+G** levels.17,48

X-ray and neutron diffraction studies49-51 have shown that
p-terphenyl exhibits a nearly planar structure in the crystalline
state at room temperature, whereas it takes a twisted structure
in the crystalline state below 193 K. In the gaseous state, it has
been reported thatp-terphenyl takes a twisted structure.52

Recently, the infrared and Raman spectra observed in solution
and in the melt have been explained by the coexistence of the
helical and twisted conformers, on the basis of the density
functional theory calculations.48

The density functional theory calculations have also shown
that there exist two conformers for the radical anion: a helical
structure (D2 symmetry) and an alternately twisted structure (C2h

symmetry). The calculated energy of the twisted structure is
lower than that of the helical structure by 279.4 J mol-1 (66.8
cal mol-1). The calculated values of the torsional angles around
the C1-C4 and C1′-C4′ bonds in the helical structure are+9.0
and+9.0°, respectively, and those of the twisted structure are
+12.8 and-12.8°, respectively. These values of the torsional
angles calculated for the radical anions are smaller than those
for the neutral molecule. In contrast to the neutral molecule
and radical anion, the calculated structure of the dianion is planar
(D2h symmetry). The planar structure of the dianion ofp-
terphenyl has been also obtained by the calculation at the BLYP/
6-31G* level.17

As shown in Table 1, the C2-C2′ (C3-C3′), C1-C4, and C5-
C6 (C8-C9) bonds are shortened and the C1-C2 (C1-C3), C4-
C5 (C4-C9), and C6-C7 (C7-C8) bonds are lengthened upon
going from the neutral molecule to the radical anion and from
the radical anion to the dianion. The shortening of the inter-
ring C1-C4 and C1′-C4′ bonds is closely associated with the
increase in planarity upon going from the neutral molecule to
the radical anion and from the radical anion to the dianion,
mentioned above. It can be concluded that the addition of one
and two electrons top-terphenyl leads to changes from a
benzenoid structure to a quinoid structure, and the changes upon
going from the neutral species to the dianion are larger than

those occurring from the neutral species to the radical anion.
These structural changes upon going from the neutral molecule
to the radical anion and from the radical anion to the dianion
can be understood qualitatively from the character of the lowest
unoccupied molecular orbital (LUMO) of neutralp-terphenyl,
which is considered to be occupied with one and two electrons
in the radical anion and dianion, respectively. The calculated
LUMO of neutralp-terphenyl was antibonding for the C1-C2

(C1-C3), C4-C5 (C4-C9), and C6-C7 (C7-C8) bonds, and
bonding for the C2-C2′ (C3-C3′), C1-C4, and C5-C6 (C8-C9)
bonds. Therefore, when neutralp-terphenyl is reduced to the
radical anion and dianion, the bonds where the LUMO is
antibonding become longer and those where the LUMO is
bonding become shorter. Similar structural changes have been
calculated at the BLYP/6-31G* level.17

Other significant changes are found in the calculated bond
angles of the radical anion and dianion. In particular, both the
C2-C1-C3 and C5-C4-C9 angles are reduced by 4.8° upon
going from the neutral species to the dianion. These changes
may be due to the repulsion between H2‚‚‚H5 and H3‚‚‚H9 in
the planar structure of the dianion.

3.2. Electronic Absorption Spectra of the Radical Anion
and Dianion of p-Terphenyl. Electronic absorption spectra of
the radical anion and dianion ofp-terphenyl in THF solutions
are shown in Figure 3, parts a and b, respectively. The THF
solution ofp-terphenyl, which was originally colorless, became
green shortly after it was brought into contact with the sodium
mirror. At this stage, the solution showed electronic absorption
bands with their peaks at 462, 830, and 912 nm (Figure 3a).
After sufficiently long contact with the sodium mirror, the
solution turned blue, and the absorption maximum was observed
at 648 nm (Figure 3b). The electronic absorption spectra at the
above two stages (Figure 3, parts a and b) closely resemble,
respectively, those of the radical anion and dianion ofp-
terphenyl reported by Balk et al.53 These similarities indicate
that the first-stage (green) solution (Figure 3a) contains the
radical anion and the second-stage (blue) solution (Figure 3b)
the dianion.

It is worth pointing out that the concentrations of the radical
anion and dianion in THF solutions used for the electronic and
infrared absorption measurements can be determined, because

TABLE 1: Structural Parameters Calculated at the B3LYP/
6-311+G** Level for the Neutral Species, Radical Anion,
and Dianion of p-Terphenyl

bond lengths /Å and angles/ deg

neutral radical anion dianion

helical twisted helical twisted planar

τ(C2C1C4C5) +40.0 +39.5 +9.0 +12.8 0.0
τ(C2′C1′C4′C5′) +40.0 -39.5 +9.0 -12.8 0.0
r(C1C2), r(C1C3) 1.402 1.402 1.427 1.427 1.447
r(C2C2′), r(C3C3′) 1.390 1.390 1.378 1.378 1.372
r(C1C4) 1.484 1.484 1.450 1.450 1.418
r(C4C5), r(C4C9) 1.403 1.403 1.427 1.426 1.451
r(C5C6), r(C8C9) 1.392 1.392 1.387 1.387 1.382
r(C6C7), r(C7C8) 1.394 1.394 1.402 1.402 1.414
r(C2H2) 1.084 1.084 1.084 1.085 1.086
r(C5H5) 1.084 1.084 1.083 1.083 1.085
r(C6H6) 1.084 1.084 1.087 1.087 1.091
r(C7H7) 1.084 1.084 1.084 1.084 1.086
θ(C2C1C3) 117.6 117.6 114.3 114.5 112.8
θ(C1C2C2′) 121.2 121.2 122.8 122.8 123.6
θ(C5C4C9) 118.1 118.1 115.1 115.2 113.3
θ(C4C5C6) 121.0 121.0 122.3 122.2 122.9
θ(C5C6C7) 120.3 120.3 121.3 121.3 122.3
θ(C6C7C8) 119.4 119.4 117.7 117.8 116.3
θ(C1C2H2) 119.5 119.5 119.7 119.5 119.2
θ(C4C5H5) 119.5 119.5 119.5 119.4 119.1
θ(C5C6H6) 119.7 119.7 119.0 119.0 118.4
θ(C6C7H7) 120.3 120.3 121.1 121.1 121.8

Figure 3. Electronic absorption spectra of the (a) radical anion and
(b) dianion ofp-terphenyl in THF solutions.
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the molar absorption coefficients of the electronic absorption
bands of the radical anion and dianion ofp-terphenyl have been
reported.53 Using the reported molar absorption coefficients
(∼28 200 mol-1 dm3 cm-1 for the 462-nm band of the radical
anion and∼80 900 mol-1 dm3 cm-1 for the 648-nm band of
the dianion),53 we calculated that the concentrations of the
radical anion in THF solution in Figure 3a and the dianion in
Figure 3b were 1.36× 10-3 and 1.67× 10-3 mol dm-3,
respectively. Since the both electronic and infrared absorption
measurements were carried out for the identical solutions, we
can also determine the molar absorption coefficients of the
infrared absorption bands of the radical anion and dianion of
p-terphenyl on the basis of the concentrations obtained from
the electronic absorption measurements.

3.3. Infrared Absorption Spectra of the Radical Anion and
Dianion of p-Terphenyl. The infrared absorption spectrum
obtained from a 1.36× 10-3 mol dm-3 solution ofp-terphenyl
radical anion is shown in Figure 4a. In this figure, bands due
to the solvent (d8-THF or h8-THF) are already subtracted. The
infrared absorption bands arising from thep-terphenyl radical
anion were observed at 1564, 1491, 1296, and 1177 cm-1

(Figure 4a). The infrared spectra of thep-terphenyl radical
anions calculated at the B3LYP/6-311+G** level for the
alternately twisted and helical structures are shown in Figure
4, parts b and c, respectively. The calculated spectra of the
twisted and helical structures (Figure 4, parts b and c) reproduce
reasonably well the observed infrared spectrum (Figure 4a).
Since the calculated spectra (Figure 4, parts b and c) closely
resemble each other, it is not possible in the present study to
determine whether thep-terphenyl radical anion in solution takes
the twisted and/or helical conformation.

The infrared absorption spectrum obtained from a 1.67×
10-3 mol dm-3 solution of p-terphenyl dianion is shown in
Figure 5a. In Figure 5a, bands due to the solvent (d8-THF or
h8-THF) are already subtracted. The infrared bands arising from
the dianion were observed at 1564, 1483, 1430, 1332, and 1177
cm-1 (Figure 5a). The infrared spectrum of thep-terphenyl
dianion calculated at the B3LYP/6-311+G** level is shown in
Figure 5b. The observed infrared spectrum (Figure 5a) agrees
well with the calculated spectrum (Figure 5b). The spectral
patterns of the observed and calculated infrared spectra of the
p-terphenyl dianion (Figure 5) are similar to those of the radical
anion (Figure 4), as a whole. In contrast to this similarity, the
spectral patterns of the infrared spectra of the radical anion and
dianion are quite different from that of the neutral molecule
(not shown).

As mentioned above, we can determine the molar absorption
coefficients of the infrared absorption bands of the radical anion
and dianion ofp-terphenyl on the basis of the concentrations
obtained from the electronic absorption measurements. The
molar absorption coefficient of the most intense infrared
absorption band of the radical anion at 1491 cm-1 is 3430 mol-1

dm3 cm-1, and that of the dianion at 1564 cm-1 is 7820 mol-1

dm3 cm-1. Generally speaking, infrared bands with molar
absorption coefficients larger than 200 mol-1 dm3 cm-1 are
referred to as “very strong”.54 For example, the molar absorption
coefficients of CdO stretching bands of carbonyl compounds,
which are well-known as very strong infrared bands, have been
reported to be 300-1500 mol-1 dm3 cm-1.54 Therefore, it is
evident that the infrared intensities of some vibrational modes
of the radical anion and dianion are extremely large.

The calculated atomic displacements for some of theau modes
with strong intensities of thep-terphenyl radical anion with the
alternately twisted conformation (C2h symmetry) are shown in
Figure 6a-d. Since the calculated atomic displacements for the
b1 modes with strong intensities of the helical conformer (D2

symmetry) of the radical anion are almost the same as those of
the twisted conformer (C2h symmetry) (Figure 6a-d), they are
not shown. Figure 6e-h shows the calculated atomic displace-
ments for some of theb1u modes of thep-terphenyl dianion
(D2h symmetry), which give rise to strong infrared intensities.

Figure 4. (a) Observed infrared spectrum of thep-terphenyl radical
anion in THF solutions and the infrared spectra of the (b) alternately
twisted and (c) helical structures of thep-terphenyl radical anions
calculated at the B3LYP/6-311+G** level.

Figure 5. (a) Observed infrared spectrum of thep-terphenyl dianion
in THF solutions and (b) the infrared spectrum of thep-terphenyl
dianion calculated at the B3LYP/6-311+G** level.
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Transition dipole moments associated with theau modes of the
twisted radical anion, theb1 modes of the helical radical anion,
and theb1u modes of the planar dianion are parallel to the
molecular long axis (thez-axis in Figure 2). Similar to the
spectral patterns of the radical anion (Figure 4) and dianion
(Figure 5), the vibrational modes with strong infrared intensities
of the radical anion (Figure 6a-d) and dianion (Figure 6e-h)
also resemble each other, except for the considerable difference
in wavenumber between theν29 mode of the radical anion
(Figure 6c) and theν35 mode of the dianion (Figure 6g). These
two modes can be assigned mainly to the out-of-phase inter-
ring CC stretch. The upshift of the out-of-phase inter-ring CC
stretch upon going from the radical anion to the dianion reflects
the increasing bond order of the inter-ring C-C bonds, i.e.,
structural changes from benzenoid to quinoid mentioned above.

The strong infrared band observed at 1564 cm-1 for the
radical anion (Figure 4a) corresponds to theν26 mode (Figure
6a, au symmetry) calculated at 1568 cm-1 for the twisted
structure (Figure 4b) and/or theν27 mode (not shown,b1

symmetry) calculated at 1567 cm-1 for the helical structure
(Figure 4c). The strong band observed at 1564 cm-1 for the
dianion (Figure 5a) corresponds to theν32 mode (Figure 6e,
b1u symmetry) calculated at 1564 cm-1 (Figure 5b). In theν26

mode of the radical anion (Figure 6a) and theν32 mode of the
dianion (Figure 6e), the two terminal phenyl rings change their

shapes out of phase in the direction from benzenoid to quinoid.
When the C1-C4, C5-C6, and C8-C9 bonds shrink and the C4-
C5, C4-C9, C6-C7, and C7-C8 bonds stretch in the right phenyl
ring, the deformation of the left phenyl ring takes place in the
opposite phase. In other words, one of the phenyl rings (the
right ring in Figure 6, parts a and e) changes its shape in the
direction of the structural change from neutralp-terphenyl
(benzenoid) to its radical anion and dianion (quinoid), and the
other phenyl ring (the left ring in Figure 6, parts a and e) changes
its shape in the opposite phase. As a result, the former ring
becomes more anionic and the latter less anionic by the
vibrational deformation shown in Figure 6, parts a and e.
Therefore, a partial negative charge is transferred from the latter
ring to the former by these vibrations. Since the charge goes
back and forth as the vibration proceeds, theν26 mode of the
radical anion (Figure 6a) and theν32 mode of the dianion (Figure
6e) generate the large dipole derivatives, namely the large
transition dipole moments. The strong infrared absorption
intensities associated with theν26 mode of the radical anion
(Figure 6a) and theν32 mode of the dianion (Figure 6e) are
considered to originate from the above-mentioned mechanism.
This situation is closely related to that encountered in previous
studies55-62 on charged polyenes and related molecules, in which
some bands in the fingerprint region have strong infrared

Figure 6. Atomic displacements calculated at the B3LYP/6-311+G** level for (a-d) some of theau modes of thep-terphenyl radical anion with
the alternately twisted conformation, (e-h) some of theb1u modes of thep-terphenyl dianion, and (i) one of theb1u modes of the biphenyl radical
anion.
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intensities. In those cases, the strong infrared intensities are
induced by the vibrations along the bond-alternation coordinate.

The strong infrared band observed at 1491 cm-1 for the
radical anion (Figure 4a) can be assigned to theν27 mode (Figure
6b, au symmetry) calculated at 1492 cm-1 for the twisted
structure (Figure 4b) and/or theν28 mode (not shown,b1

symmetry) calculated at 1493 cm-1 for the helical structure
(Figure 4c). The strong band of the dianion at 1483 cm-1 (Figure
5a) corresponds to theν33 mode (Figure 6f,b1u symmetry)
calculated at 1490 cm-1 (Figure 5b). In theν27 mode of the
radical anion (Figure 6b) and theν33 mode of the dianion (Figure
6f), when the C1-C4 bond shrinks and the C1-C2, C1-C3, C4-
C5, and C4-C9 bonds stretch around the one inter-ring C-C
bond (the C1-C4 bond), the deformation around the other inter-
ring C-C bond (the C1′-C4′ bond) takes place in the opposite
phase. In other words, the C2C1C3-C5C4C9 part around the C1-
C4 bond and the C2′C1′C3′-C5′C4′C9′ part around the C1′-C4′
bond change their shapes out of phase in the direction from
benzenoid to quinoid. As a result, the C2C1C3-C5C4C9 part
becomes more anionic and the C2′C1′C3′-C5′C4′C9′ part less
anionic by theν27 mode of the radical anion (Figure 6b) and
the ν33 mode of the dianion (Figure 6f). Therefore, a partial
negative charge goes back and forth between the right and left
parts around the inter-ring C-C bonds. The large dipole
derivatives along the molecular long axis induced by theν27

mode of the radical anion (Figure 6b) and theν33 mode of the
dianion (Figure 6(f)) result in the large infrared intensities of
these vibrational modes.

Theν29 mode of the radical anion (Figure 6c,au symmetry)
and theν35 mode of the dianion (Figure 6g,b1u symmetry)
correspond, respectively, to the infrared bands observed at 1296
cm-1 in Figure 4a and at 1330 cm-1 in Figure 5a. In theν29

mode of the radical anion (Figure 6c) and theν35 mode of the
dianion (Figure 6g), when one of the inter-ring C-C bonds (the
C1-C4 bond) shrinks, the other inter-ring C-C bond (the C1′-
C4′ bond) stretches. Therefore, the charge flux between the right
and left parts around the inter-ring C-C bonds is also induced
by the ν29 mode of the radical anion (Figure 6c) and theν35

mode of the dianion (Figure 6g), similar to theν27 mode of the
radical anion (Figure 6b) and theν33 mode of the dianion (Figure
6f).

The infrared band observed at 1177 cm-1 for the radical anion
in Figure 4a corresponds to theν30 mode of the radical anion
(Figure 6d,au symmetry) calculated at 1172 cm-1 for the twisted
structure (Figure 4b) and/or theν31 mode (not shown,b1

symmetry) calculated at 1173 cm-1 for the helical structure
(Figure 4c). The infrared band of the dianion observed at 1177
cm-1 in Figure 5a corresponds to theν36 mode (Figure 6h,b1u

symmetry) calculated at 1169 cm-1 for the dianion (Figure 5b).
Theν30 mode of the radical anion (Figure 6d) and theν36 mode
of the dianion (Figure 6h) are assigned mainly to the CH in-
plane bending mode. However, it is noted that theν30 mode of
the radical anion (Figure 6d) and theν36 mode of the dianion
(Figure 6h) have a small contribution from the molecular
symmetry coordinate, in which the right and left phenyl rings
change their shapes out of phase in the direction from benzenoid
to quinoid. The vibration along this molecular symmetry
coordinate induces a very large dipole derivative as described
above for theν26 mode of the radical anion (Figure 6a) andν32

mode of the dianion (Figure 6e). Therefore, in spite of the small
contribution of this molecular symmetry coordinate to theν30

mode of the radical anion (Figure 6d) and theν36 mode of the
dianion (Figure 6h), the intensities of theν30 andν36 modes are
considered to become large.

In order to elucidate the relationship between the infrared
absorption intensity and the distance of charge flux, we compare
the molar absorption coefficient of theν26 mode of the radical
anion of p-terphenyl (Figure 6a) with that of the similarν49

mode of the radical anion of biphenyl (Figure 6i).20 The molar
absorption coefficient of theν49 mode of biphenyl is 493 mol-1

dm3 cm-1, while that of theν26 mode ofp-terphenyl is 2470
mol-1 dm3 cm-1. If we suppose that the quantities of partial
negative charges transferred between the two pheynyl rings are
almost the same for theν49 (Figure 6i) andν26 (Figure 6a) modes
on the basis of the similarity of the atomic displacements in
each two phenyl rings between the two modes, then the intensity
of the ν26 mode (Figure 6a) is considered to be about 4 times
larger than that of theν49 mode (Figure 6i), because the distance
of charge flux induced by theν26 mode is about twice longer
than that by theν49 mode. Actually, the molar absorption
coefficient of theν26 mode ofp-terphenyl (2470 mol-1 dm3

cm-1) becomes about 5 times larger than that of theν49 mode
of biphenyl (493 mol-1 dm3 cm-1).

It is also worth comparing the molar absorption coefficient
of theν26 mode of the radical anion (Figure 6a) with that of the
similarν32 mode of the dianion (Figure 6e), in order to elucidate
the relationship between the infrared intensity and the charge
incorporated in the molecules. The molar absorption coefficients
of the ν26 mode of the radical anion and theν32 mode of the
dianion are 2470 and 7820 mol-1 dm3 cm-1, respectively. This
result indicates that the infrared intensity of theν32 mode of
the dianion including two excess electrons is larger than that
of the ν26 mode of the radical anion including one excess
electron.

Strong infrared absorption intensities of the radical anion and
dianion may also be understood qualitatively in terms of the
vibronic theory proposed in 1970 by Peticolas et al.63 The
infrared absorption intensity of a fundamental vibrational
transition,Ig1rg0, can be expressed in the harmonic approxima-
tion as63

whereHe is the electronic Hamiltonian;µ is the dipole moment
operator;|g0〉 and|g1〉 represent the vibronic wavefunctions of
the ground electronic state with vibrational quantum numbers
0 and 1, respectively;Q is the normal coordinate;|g0〉 and|s0〉
indicate the electronic wavefunctions of the ground and excited
electronic states at the equilibrium structures, respectively;Eg

0

andEs
0 are the energies of these states; andω is the frequency

of the normal vibration. From eq 2, one can understand that
the infrared intensity of a vibrational band results from the
vibronic coupling between the ground and excited electronic
states. Strong infrared intensities come from the electronic states
satisfying the following conditions: (1) the transition energy,
Eg

0 - Es
0, is small; (2) the matrix element of the dipole moment

operator,〈s0|µ|g0〉, is large (allowed transition); (3) the matrix
element of the vibronic coupling operator,〈g0|(∂He/∂Q)0|s0〉, is
large.

The radical anion and dianion ofp-terphenyl give rise to
strong electronic absorption bands in the visible to near-infrared
region: 11 000 and 21 600 cm-1 (912 and 462 nm) for the
radical anion (Figure 3a) and 15 400 cm-1 (648 nm) for the
dianion (Figure 3b). These absorption bands should be polarized
parallel to the molecular long axis. On the other hand, neutral

Ig1rg0 ∝|〈g1|µ|g0〉|2 (1)

〈g1|µ|g0〉 ) x2p

ω
∑
s*g

1

Eg
0 - Es

0 〈g0|(∂He

∂Q)
0
|s0〉〈s0|µ|g0〉 (2)
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p-terphenyl gives rise to a strong band in the ultraviolet region
at 35 700 cm-1 (280 nm).18 Therefore, the transition energies
(Eg

0 - Es
0) of the radical anion and dianion is smaller than that

of the neutral species. Moreover, since theau modes of the
radical anion and theb1u modes of the dianion shown in Figure
6, parts a-d and e-h, respectively, induce the changes in the
electronic structures of the radical anion and dianion, these
vibrational modes are probably effective for the vibronic mixing.
Therefore, the matrix elements of the vibronic coupling operator
for the au modes of the radical anion in Figure 6a-d and the
b1u modes of the dianion in Figure 6e-h should be larger than
those for the modes of the neutral species. The transition dipole
moments associated with theau modes of the radical anion and
theb1u modes of the dianion are parallel to the molecular long
axis. Thus, the strong infrared intensities of the radical anion
and dianion are considered to originate from their visible to
near-infrared electronic absorptions through the vibronic cou-
pling, although further theoretical and experimental studies are
required for a more quantitative analysis. Time-dependent
density functional theory (TD-DFT) calculations, which will
tell us the excitation energies and oscillator strengths of the
transitions from the ground electronic state to the excited
electronic states of the radical anion and dianion, should be
useful for the analysis of the strong infrared intensities of these
charged species due to the vibronic coupling.

Doped conjugated polymers give rise to infrared absorptions
due to vibrational transitions and electronic absorptions in the
region from visible to infrared, which are associated with high
electrical conductivities.4 Thus, studies on the intensities in the
infrared absorption spectra of charged oligomers and doped
polymers may lead us to a better understanding of high electrical
conductivities in doped polymers.

4. Concluding Remarks

In the present study, we have carried out the infrared and
electronic absorption measurements of the radical anion and
dianion of p-terphenyl in an inert gas glovebox system. The
system constructed in the present study for both infrared and
electronic absorption measurements can be generally applied
to the spectroscopic measurements of unstable species existing
in solution such as reaction intermediates.

The structures and infrared spectra of the neutral species,
radical anion, and dianion ofp-terphenyl have been calculated
by using density functional theory at the B3LYP/6-311+G**
level. The specific vibrational modes with the strong infrared
intensities of the radical anion and dianion ofp-terphenyl induce
the changes in the electronic structure. Such electron-vibration
interactions are responsible for the generation of charge fluxes,64

which give rise to the strong infrared intensities of the radical
anion and dianion.
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