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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 op-terphenyl in tetrahydrofuran solutions. Density functional theory with the B3LYP
nonlocal exchange-correlation functional and the 6-8%1* basis set has been used for the calculations of

the structures and infrared spectra of the neutral species, radical anion, and digrierpbenyl. 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 glass apparatus. Alternatively, the infrared absorption spectra
. . of the radical ions and divalent ions pfoligophenyls have not
In conducting charge-transfer complexes, conducting poly- yet heen reported, with the exception of a work on infrared

mers, and some _kin_ds of bi_ological systems, electron transport,,aasurements of the radical anion of biphenyl by the use of
is supported by ionic species of molecules, whose structures . infrared optical fiberg

are different from those of neutral species. Since vibrational . . .
spectra are sensitive to changes in molecular structures,, Efforts have peen made to measure rel!ablg and hlgh-.quahty
vibrational spectroscopy is considered to be useful for studying infrared absorption spectra of organic radical ions and divalent

structural characteristics of ionic species and electron transportIons produce_d by various methods such as chemmgirea%‘%ﬁ?ﬁs,
in these systems:3 electrochemical technig@églectron bombardment&,;3* vacuum

i 5—38 _ i ,40 YW
Conjugated conducting polymers such as peiylienylene) gltray|qlet4;l)hotolyse§, pulsed-glow dlsc_harg_@, X ray
: irradiation;! and low-temperature co-deposits with alkali met-
have attracted much attention from both fundamental and

. i . = ) : als#?43 and so forth. However, it is not easy to observe the
practical viewpoints because of their interesting physical proper- . ;" o S . .
ties? To understand the optical and electrical properties of infrared spectra of radical ions and divalent ions, because

nondegenerate conjugated polymers such as palgénylene) they are generally unstable at room temperature and in the air.
polaron§~7 and bipolarors® are proposed as elementéry In particular, reliable infrared spectra of only a small number
excitations. A negative (positive) polaron and a negative of anlonléz(kszgggsgg W:h con]tlrj]ga.tefnl-eledctronstha\ée bet;a n
(positive) bipolaron correspond, respectively, to a radical anion measurea,’ === »=""whereas e infrared spectra have been
(radical cation) and a dianion (dication) which extend over a measured for the cationic species of many polycyclic aromatic
certain number of repeating units. hydrocarbons (PAHSs) in the matrix-isolated conditfén?®

. N . . . This is partly because radical anions and dianions are very

Since the radical ions and divalent ions of oligomers can be -

considered to be good models of polarons and bipolarons in sensitive to molecular oxygen and water, and partly because

doped conducting polymers, quantum chemical calculations for many radical anions and dianions are intrinsically unstable in
the radical ions and divalent ions pfoligophenyls have been the isolated state.
carried out at various theoretical levels for studying polarons ~In the present study, we have used a new approach to the
and bipolarons in doped polyfphenylenef~17 Experimentally, spectral study of unstable radical and ionic species in solution
Furukawa et at19 have analyzed the Raman spectra of Na- by the use of an inert gas glovebox system, in which the oxygen
doped polyp-phenylene) on the basis of the Raman spectra of and water concentrations are less than 0.1 ppm. We have
the radical anions and dianions pfoligophenyls and have  obtained high-quality infrared and electronic absorption spectra
concluded that negative polarons and bipolarons are generated®f radical anion (charge:-e, spin: 1/2) and dianion (charge:
in Na-doped poly¢-phenylene). In ref 18, the Raman spectra —2€, spin: 0) ofp-terphenyl in solutions by using a Fourier-
of the radical anions and dianionsmbligophenyls (p-terphenyl transform infrared spectrometer and an ultraviolet and visible
to p-sexiphenyl) were measured successfully, because the Ramaspectrometer contained in an inert gas glovebox system. The
measurements were possible for solutions in a completely sealedbserved infrared spectra have been analyzed on the basis of
density functional theory calculations at the B3LYP (Becke’s
*To whom correspondence should be addressed. Fe&1-48-858- three-parameter hybrid methfddusing the Lee Yang—Parr
9473. E-mail: sakamoto@chem.saitama-u.ac.jp. correlation function#P) level. Some specific vibrational modes
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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,-J¥S: ultraviolet and visible spectrophotometer, GRA: glass reaction apparatus, PC:
personal computer.

of the radical anion and dianion have extremely large infrared Z Hg Hs Hy H, Hs Hes
absorption intensities. The mechanism that gives rise to the large l \C —d \C '_C/ \C -
infrared intensities for such vibrations is discussed. Y /0 R /7 R /7 R
H7'_'C7' C4'_'C1' C1’—C4 C7_'H7
i : N /N /N /
2. Experimental Section Ce—Co Cy—Cs Co—Cg
The experimental setup for infrared and electronic absorption Hﬁ \Hg. Hé \H3 Hg/ \Ha

measurements using a Fourier-transform infrared spectrometer; o, e 5 - Numbering of atoms and the Cartesian coordinate system
and an ultraviolet and visible spectrometer contained in an inert tor p-terphenyl.
gas glovebox system is shown schematically in Figure 1.
Infrared spectra were recorded at room temperature on a Fourier- Sincep-terphenyl has three benzene rings and two inter-ring
transform infrared spectrophotometer (JASCO FT-IR 4100) in c—c ponds (Figure 2), geometry optimizations for the neutral
the glovebox system. Interferograms were accumulated at 1003pecies, radical anion, and dianion pterphenyl were per-
times and averaged to obtain a satisfactory signal-to-noise ratio.tormed for two possible conformers: one with a helical
The wavenumber resolution was 4 thElectronic absorption  onformation D, symmetry, gauche-gauché with respect to
spectra were measured on an ultraviolet and visible spectro-the two inter-ring G-C bonds) and the other with an alternately
photometer (JASCO V-530) in the glovebox system. twisted conformation@z, symmetry, gauchie-gauche). An

The degassed and anhydrous tetrahydrofudgAlfiF and almost planar structure was obtained for the dianionpof
he-THF) solutions of neutrap-terphenyl were prepared using  terphenyl and, therefore, the geometry optimization of this
a vacuum system and introduced in the glovebox system. Thegpecies was finally performed undg, symmetry. No imagi-
radical anion and dianion of-terphenyl were prepared by  nary frequency mode was found at the optimized structures of
bringing their neutral solutions into contact with a sodium mirror g the species. The calculated wavenumbers are multiplied by
in the glovebox system. The progress of the reduction reaction 3 single scale factor of 0.9751 for the helical radical anion,
was controlled by the time of contact between the solution and (9758 for the twisted radical anion, and 0.9759 for the dianion,
the sodium mirror, and was monitored by measuring electronic ggch of which was determined to obtain the best fit between
absorption spectra. After the formation of the radical anion and he calculated wavenumbers and the observed wavenumbers.

dianion of p-terphenyl was confirmed by their electronic  cajculated atomic displacements in each vibrational mode were
absorption spectra, their THF solutions were transferred to a gepicted with the VLX prograrfi?

Cak, cell (BioTools BioCell) with an optical path length of 123
um. The infrared and electronic absorption spectra of the radical ; ;
anion and dianion gb-terphenyl were obtained from such THF 3. Results and Discussion
solutions in a Caf-cell. 3.1. Molecular Structures. The numbering of atoms in
The structures and vibrational properties (harmonic frequen- p-terphenyl is shown in Figure 2. The structural parameters
cies, vibrational patterns, and infrared intensities) were calcu- calculated at the B3LYP/6-3#1G** level for the neutral
lated for the neutral species, radical anion (charge, spin species, radical anion, and dianionpsterphenyl are listed in
multiplicity: 2), and dianion (charge=—2e, spin multiplicity: Table 1. The density functional theory calculations have shown
1) of p-terphenyl. Counterions were not included in the that p-terphenyl in the neutral state has two conformations
calculations for the radical anion and dianion. Density functional around two inter-ring €C bonds: a helical structureD§
theory calculations at the B3LYP (Becke’s three-parameter symmetry) and an alternately twisted structu@g,(Symmetry).
hybrid method* using the Lee-Yang—Parr correlation func- The calculated energy difference between the two conformers
tional) level in combination with the 6-3HG™ basis setwere  is 60.7 J mot! (14.5 cal mof?) and the twisted structure is
performed by using the GAUSSIAN 03 progrdfnThe “Ul- slightly more stable than the helical structure. The calculated
traFine” grid was used for numerical calculations of two-electron values of the torsional angles around the inter-ring-C, and
integrals. C1—Cy bonds in the helical structure are40.0 and+40.0°,
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TABLE 1: Structural Parameters Calculated at the B3LYP/

N
6-3114+G** Level for the Neutral Species, Radical Anion, 0.5+ $ (@)
and Dianion of p-Terphenyl 04
bond lengths /A and angles/ deg §
neutral radical anion  dianion 037 5

helical twisted helical twisted planar 0.2+
7(C2C1C4Cs) +40.0 +39.5 +9.0 +12.8 0.0 @ 014
7(C2C1C4Cs) +40.0 -395 +9.0 -12.8 0.0 e
r(CiCy), r(C:Cs)  1.402  1.402  1.427 1.427  1.447 800
r(C.Cz), r(CsCs) 1.390 1.390 1.378 1.378  1.372 s 2 )
r(CiCy) 1.484 1.484 1.450 1.450 1.418 o) ©
r(CiCs), r(CsCs) 1.403  1.403  1.427 1426 1.451 < 45
r(CsCe), r(CsCy)  1.392 1.392  1.387 1.387  1.382
r(CeCr), 1(C:Cs) 1.394 1394  1.402 1.402  1.414
r(CoHo) 1.084 1.084 1.084 1.085 1.086 1.0+
r(CsHs) 1.084 1.084 1.083 1.083 1.085
r(CeHe) 1.084 1.084 1.087 1.087 1.091 054
r(CH») 1.084 1.084 1.084 1.084 1.086 '
60(CCiCs) 117.6 117.6 114.3 114.5 112.8
0(C1C-C2) 1212 1212 1228 1228 1236 00—, . : :
6(CsC4Co) 1181 1181 1151 1152  113.3 400 600 800 1000
6(C4CsCs) 121.0 121.0 122.3 122.2 122.9 Wavelength / nm
gggzgsg) 1203 120.3 1213 1213 122.3 Figure 3. Electronic absorption spectra of the (a) radical anion and

7Cs) 119.4 119.4 117.7 117.8 116.3 by diani fo-teroh lin THE soluti

0(C:CoH5) 1195 1195 1197 1195 1192 (b)dianion ofp-terphenyl in THF solutions.
6(C4CsHs) 1195 119.5 1195 119.4 119.1
0(CsCeHe) 119.7 119.7 1190 1190 1184 those occurring from the neutral species to the radical anion.
0(CsC7H7) 1203 1203 1211 1211 1218 These structural changes upon going from the neutral molecule

respectively, and those of the twisted structure-a89.5 and to the radical anion anq frpm the radical anion to the dianion
—39.5, respectively. Similar two conformers have been cal- can be understood qualitatively from the character of the lowest

culated at the BLYP/6-31G* and B3LYP/6-3+G** levels 1748 unoccupied molecular orbital (LUMO) of neutrglterphenyl,
X-ray and neutron diffraction studiés5! have shown that which is considered to be occupied with one and two electrons

p-terphenyl exhibits a nearly planar structure in the crystalline in the radical anion and dianion, respectlv_ely. The calculated
state at room temperature, whereas it takes a twisted structuré‘UMO of neutralp-terphenyl was antibonding for the, €C,

in the crystalline state below 193 K. In the gaseous state, it has(C1~Ca), Ca—Cs (C4=Co), and G=C (Cr—Cy) bonds, and
been reported thap-terphenyl takes a twisted structife. bonding for the ¢=Cz (C5—Cs), C1—Cs, and G—Ce (Ce~Co)
Recently, the infrared and Raman spectra observed in solutionbonds' Therefore, when neutrafterphenyl is reduced to the

and in the melt have been explained by the coexistence of therad_igal da_nionb and dia}nion, thedbohnds whhere thhe ILLLJJI\IC/I% is
helical and twisted conformers, on the basis of the density antibonding become longer and those where the IS
functional theory calculation bonding become shorter. Similar structural changes have been

The density functional theory calculations have also shown calculated_ at.t.he BLYP/6-31G* levél. )
that there exist two conformers for the radical anion: a helical ~ Other significant changes are found in the calculated bond
structure D, symmetry) and an alternately twisted structu@( angles of the radical anion and dianion. In particular, both the
symmetry). The calculated energy of the twisted structure is C2~C1—Cs and G—Cs—Cs angles are reduced by 4.8pon

lower than that of the helical structure by 279.4 J TH(66.8 going from the neutral spfecies to the dianion. These c_hanges
cal molY). The calculated values of the torsional angles around May be due to the repulsion betweegr+Hs and H+-Hg in
the G—C, and G —Cy4 bonds in the helical structure a#€9.0 the planar structure of the dianion.

and+9.0°, respectively, and those of the twisted structure are  3.2. Electronic Absorption Spectra of the Radical Anion
+12.8 and—12.8, respectively. These values of the torsional and Dianion of p-Terphenyl. Electronic absorption spectra of
angles calculated for the radical anions are smaller than thosethe radical anion and dianion pfterphenyl in THF solutions
for the neutral molecule. In contrast to the neutral molecule are shown in Figure 3, parts a and b, respectively. The THF
and radical anion, the calculated structure of the dianion is planarsolution ofp-terphenyl, which was originally colorless, became
(D2n symmetry). The planar structure of the dianion pf green shortly after it was brought into contact with the sodium
terphenyl has been also obtained by the calculation at the BLYP/mirror. At this stage, the solution showed electronic absorption

6-31G* levell” bands with their peaks at 462, 830, and 912 nm (Figure 3a).
As shown in Table 1, the & Cy (C3—Cz), C;—Cy, and G— After sufficiently long contact with the sodium mirror, the
Cs (Cg—Co) bonds are shortened and the<C, (C;—Cs), Cs— solution turned blue, and the absorption maximum was observed

Cs (C4—Cg), and G—C7 (C;—Cg) bonds are lengthened upon at 648 nm (Figure 3b). The electronic absorption spectra at the
going from the neutral molecule to the radical anion and from above two stages (Figure 3, parts a and b) closely resemble,
the radical anion to the dianion. The shortening of the inter- respectively, those of the radical anion and dianionpef

ring C;—C4 and G:—Cy bonds is closely associated with the terphenyl reported by Balk et &.These similarities indicate
increase in planarity upon going from the neutral molecule to that the first-stage (green) solution (Figure 3a) contains the
the radical anion and from the radical anion to the dianion, radical anion and the second-stage (blue) solution (Figure 3b)
mentioned above. It can be concluded that the addition of one the dianion.

and two electrons tg-terphenyl leads to changes from a It is worth pointing out that the concentrations of the radical
benzenoid structure to a quinoid structure, and the changes uporanion and dianion in THF solutions used for the electronic and
going from the neutral species to the dianion are larger than infrared absorption measurements can be determined, because
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Figure 4. (a) Observed infrared spectrum of theerphenyl radical €M * (Figure 5a). The infrared spectrum of tipeterphenyl

anion in THF solutions and the infrared spectra of the (b) alternately dianion calculated at the B3LYP/6-31G** level is shown in
twisted and (c) helical structures of theterphenyl radical anions  Figure 5b. The observed infrared spectrum (Figure 5a) agrees
calculated at the B3LYP/6-3#1G* level. well with the calculated spectrum (Figure 5b). The spectral

the molar absorption coefficients of the electronic absorption Patterns of the observed and calculated infrared spectra of the

bands of the radical anion and dianionpsferphenyl have been p-tgrphenyl dianion (Figure 5) are similar to tho_se (_)f t_he_radical
reportect® Using the reported molar absorption coefficients anion (Figure 4), as a whole. In contrast to this similarity, the
(~28 200 mot dm? cm1 for the 462-nm band of the radical spectral patterns of the infrared spectra of the radical anion and
anion and~80 900 mot! dn? cmt for the 648-nm band of  dianion are quite different from that of the neutral molecule
the dianion)3® we calculated that the concentrations of the (nOt shown).

radical anion in THF solution in Figure 3a and the dianion in ~ As mentioned above, we can determine the molar absorption
Figure 3b were 1.36x 1073 and 1.67x 1073 mol dnrs, coefficients of the infrared absorption bands of the radical anion
respectively. Since the both electronic and infrared absorption and dianion ofp-terphenyl on the basis of the concentrations
measurements were carried out for the identical solutions, we Obtained from the electronic absorption measurements. The
can also determine the molar absorption coefficients of the molar absorption coefficient of the most intense infrared
infrared absorption bands of the radical anion and dianion of absorption band of the radical anion at 1491 &is 3430 mot*
p-terphenyl on the basis of the concentrations obtained from dm?® cm™*, and that of the dianion at 1564 cfnis 7820 mot*

the electronic absorption measurements. dm® cml. Generally speaking, infrared bands with molar
3.3. Infrared Absorption Spectra of the Radical Anionand ~ absorption coefficients larger than 200 mbdm® cm™* are

Dianion of p-Terphenyl. The infrared absorption spectrum referred to as “very strong* For example, the molar absorption

obtained from a 1.36< 10-3 mol dn 3 solution ofp-terphenyl coefficients of G=0 stretching bands of carbonyl compounds,

radical anion is shown in Figure 4a. In this figure, bands due which are well-known as very strong infrared bands, have been
to the solventdg-THF or he-THF) are already subtracted. The reported to be 3081500 mot* dm® cm~1.54 Therefore, it is
infrared absorption bands arising from theéerphenyl radical evident that the infrared intensities of some vibrational modes
anion were observed at 1564, 1491, 1296, and 1177 cm of the radical anion and dianion are extremely large.

(Figure 4a). The infrared spectra of tipeterphenyl radical The calculated atomic displacements for some oéthmodes
anions calculated at the B3LYP/6-3tG** level for the with strong intensities of thp-terphenyl radical anion with the
alternately twisted and helical structures are shown in Figure alternately twisted conformatiorCg, symmetry) are shown in

4, parts b and c, respectively. The calculated spectra of theFigure 6a-d. Since the calculated atomic displacements for the
twisted and helical structures (Figure 4, parts b and c) reproduceb; modes with strong intensities of the helical conformg (
reasonably well the observed infrared spectrum (Figure 4a). symmetry) of the radical anion are almost the same as those of
Since the calculated spectra (Figure 4, parts b and c) closelythe twisted conformer@,, symmetry) (Figure 6ad), they are
resemble each other, it is not possible in the present study tonot shown. Figure 6eh shows the calculated atomic displace-
determine whether theterphenyl radical anion in solution takes ments for some of thé;, modes of thep-terphenyl dianion
the twisted and/or helical conformation. (D2n symmetry), which give rise to strong infrared intensities.
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(a) v,s Obs. 1564 cm"‘ v,, Obs. 1564 cm-1 (i) v,q Obs. 1566 cm-1
Calc. 1568 cm-1 Calc. 1564 cm-1 Calc. 1571 cm-1
(b) v,, Obs. 1491 cm-1 (f) v,; Obs. 1483 cm-
Calc. 1492 cm-1 Calc. 1490 cm-1
(c) v,y Obs. 1296 cm" (@) v Obs. 1332 cm1
Calc. 1292 cm-1 Calc. 1332 cm-1
(d) v4, Obs. 1177 cm-1 (h) vs Obs. 1177 cm-1
Calc. 1172 cm-1 Calc. 1169 cm-1

Figure 6. Atomic displacements calculated at the B3LYP/6-3G** level for (a—d) some of thea, modes of the-terphenyl radical anion with
the alternately twisted conformation,{B) some of theb,, modes of thep-terphenyl dianion, and (i) one of the, modes of the biphenyl radical
anion.

Transition dipole moments associated with #enodes of the shapes out of phase in the direction from benzenoid to quinoid.
twisted radical anion, thie; modes of the helical radical anion, When the G—C,4, Cs—Cs, and G—Cg bonds shrink and the/&

and theby, modes of the planar dianion are parallel to the Cs, C4—Cg, C—C7, and G—Cg bonds stretch in the right phenyl
molecular long axis (the-axis in Figure 2). Similar to the  ring, the deformation of the left phenyl ring takes place in the
spectral patterns of the radical anion (Figure 4) and dianion opposite phase. In other words, one of the phenyl rings (the
(Figure 5), the vibrational modes with strong infrared intensities right ring in Figure 6, parts a and €) changes its shape in the
of the radical anion (Figure 6&d) and dianion (Figure 6€h) direction of the structural change from neutgterphenyl
also resemble each other, except for the considerable d'ﬁerence(benzenmd) to its radical anion and dianion (quinoid), and the
in wavenumber between the; mode of the radical anion ey phenyl ring (the left ring in Figure 6, parts a and €) changes
(Figure 6c) and thess mode of the dianion (Figure 6g). These its shape in the opposite phase. As a result, the former ring
two modes can be assigned mainly to the out-of-phase inter-p, ..o nes more anionic and the latter Iess’ anionic by the
ring CC stretch._ The upshift of.the ou.t-of-phase .intgr-ring cc vibrational deformation shown in Figure 6, parts a and e.
stretch upon going from the radical anion to the dianion reflects Therefore, a partial negative charge is transferred from the latter

the increasing bond order of the inter-ring-C bonds, i.e., ing to the f by th brati Si the ch
structural changes from benzenoid to quinoid mentioned above, N9 t0 he former by these vibrations. Since the charge goes
back and forth as the vibration proceeds, themode of the

The strong infrared band observed at 1564 trfor the . . . o .
radical anion (Figure 4a) corresponds to themode (Figure radical anion (Figure 6a) and tle, mode of the dianion (Figure
6e) generate the large dipole derivatives, namely the large

6a, a, symmetry) calculated at 1568 cmfor the twisted JC . - !
structure (Figure 4b) and/or the;; mode (not shownp, transition dipole moments. The strong infrared absorption
symmetry) calculated at 1567 cifor the helical structure int.ensities associated with theg modg of the r_adical anion

(Figure 4c). The strong band observed at 1564 cfor the (Figure 6a) and thes, mode of the dianion (Figure 6e) are

dianion (Figure 5a) corresponds to thg mode (Figure 6e, considered to originate from the above-mentioned mechanism.
by, symmetry) calculated at 1564 cin(Figure 5b). In thevss This situation is closely related to that encountered in previous
mode of the radical anion (Figure 6a) and the mode of the studie8>-52 on charged polyenes and related molecules, in which
dianion (Figure 6e), the two terminal phenyl rings change their some bands in the fingerprint region have strong infrared
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intensities. In those cases, the strong infrared intensities are In order to elucidate the relationship between the infrared
induced by the vibrations along the bond-alternation coordinate. absorption intensity and the distance of charge flux, we compare
The strong infrared band observed at 1491 &rfor the the molar absorption coefficient of thes mode of the radical
radical anion (Figure 4a) can be assigned tathenode (Figure ~ anion of p-terphenyl (Figure 6a) with that of the similaie
6b, a, symmetry) calculated at 1492 cinfor the twisted ~ mode of the radical anion of biphenyl (Figure &)The molar
structure (Figure 4b) and/or the,s mode (not shownb; absorption coefficient of the,g mode of biphenyl is 493 mot
symmetry) calculated at 1493 cinfor the helical structure ~ dm® cm™, while that of thevze mode of p-terphenyl is 2470
(Figure 4c). The strong band of the dianion at 1483 £(Rigure mol~* dm® cm™%. If we suppose that the quantities of partial
5a) corresponds to thes; mode (Figure 6f by, symmetry) negative charges transferred between the two pheynyl rings are
calculated at 1490 cm (Figure 5b). In thev,; mode of the ~ @lmost the same for they (Figure 6i) and ,s (Figure 6a) modes
radical anion (Figure 6b) and thes mode of the dianion (Figure ~ ©N the basis of the similarity of the atomic displacements in
6f), when the G—C4 bond shrinks and thes€ C, C;—Cs, Ca— each two phenyl rings between the two modes, then the intensity
Cs, and G—Cg bonds stretch around the one inter-ringC of the vz mode (Figure 6a) is considered to be about 4 times
bond (the G—C,4 bond), the deformation around the other inter- larger than that. of thesg mode (Figure 6|), because Fhe distance
ring C—C bond (the G—Cy4 bond) takes place in the opposite of charge flux induced by the,s mode is about twice Iong_er
phase. In other words, theC;Cs—CsC4Cy part around the & than _that by thevso mode. Actually, the molar absorption
C4 bond and the §C,Cy—CsCaCy part around the €-Ca coefficient of thevzs mode of p-terphenyl (2470 mot* dm?®
bond change their shapes out of phase in the direction from €M ) becomes about 5 times larger than that of themode
benzenoid to quinoid. As a result, the@C;—CsC4Co part of biphenyl (493 mof* dm® cm™). _ o
becomes more anionic and the.CC3—CsCsCo part less It is also worth comparing the molgr absorptlc_)n coefficient
anionic by thev,; mode of the radical anion (Figure 6b) and ©f theves mode of the radical anion (Figure 6a) with that of the
the v33 mode of the dianion (Figure 6f). Therefore, a partial Similarvs; mode of the dianion (Figure 6e), in order to elucidate
negative charge goes back and forth between the right and leftthe relationship between the infrared intensity and the charge
parts around the inter-ring €C bonds. The large dipole incorporated in the molecules. The molar absorption coefficients

derivatives along the molecular long axis induced by the O the v2e mode of the radical anion and the, mode of the

SOE$°|u|g°D )

mode of the radical anion (Figure 6b) and thg mode of the ~ dianion are 2470 and 7820 méldm® cm™, respectively. This
dianion (Figure 6(f)) result in the large infrared intensities of eSult indicates that the infrared intensity of the mode of
these vibrational modes. the dianion including two excess electrons is larger than that

The vz mode of the radical anion (Figure 6a, symmetry) gfegt'foﬁ% mode of the radical anion including one excess
igrdretgsgr?g Tgsdpeecotgvg]ls ?O'?Eg)ir; fﬁzlrglérﬁaigléuosbﬁmfgg 1296.. St_rong infrared absorption intensities_ of _the ra_ldical anion and
omL in Fig’ure 42 and a’t 1330 cthin Figure 5a. In thev d_|an|o_n may also be unde_rstood quahtatlv_ely in terms of the
mode of the radical anion (Figure 6c) and ng.ode of t?]ge vibronic theory proposed in 1970 by Peticolas efalhe
dianion (Figure 6g), when one of the inter-ring-C bonds (the |nfrar_e_d absorption intensity of a fundamenta}l V|brat|(_)nal
C1—C, bond) shrinks, the other inter-ring-a bond (the G— Eirg:s;téosn,lgl_go, can be expressed in the harmonic approxima-
C4 bond) stretches. Therefore, the charge flux between the right
and left parts around the inter-ring-C bonds is also induced
by the v, mode of the radical anion (Figure 6c) and thg Igl_goDl@ll/AlgODlz (@)
mode of the dianion (Figure 6g), similar to thg; mode of the o 1 9H
radical anion (Figure 6b) and tg; mode of the dianion (Figure [G1/u|g0C= \/: z - Bo (_e)
6f). 0 &SE 0 dQJo

The infrared band observed at 1177 ¢for the radical anion
in Figure 4a corresponds to thgy mode of the radical anion  whereH. is the electronic Hamiltonian is the dipole moment
(Figure 6d.a, symmetry) calculated at 1172 cinfor the twisted  operator;/g0Cand|gllrepresent the vibronic wavefunctions of
structure (Figure 4b) and/or thes; mode (not shown); the ground electronic state with vibrational quantum numbers
symmetry) calculated at 1173 cifor the helical structure 0 and 1, respectively is the normal coordinatég®Jand |s°0]
(Figure 4c). The infrared band of the dianion observed at 1177 indicate the electronic wavefunctions of the ground and excited
cm1in Figure 5a corresponds to tirgs mode (Figure 6hbyy electronic states at the equilibrium structures, respectiggfy;
symmetry) calculated at 1169 cifor the dianion (Figure 5b). andES are the energies of these states; anid the frequency
Thewvso mode of the radical anion (Figure 6d) and themode of the normal vibration. From eq 2, one can understand that
of the dianion (Figure 6h) are assigned mainly to the CH in- the infrared intensity of a vibrational band results from the
plane bending mode. However, it is noted thattlemode of vibronic coupling between the ground and excited electronic
the radical anion (Figure 6d) and tlvgs mode of the dianion states. Strong infrared intensities come from the electronic states
(Figure 6h) have a small contribution from the molecular satisfying the following conditions: (1) the transition energy,
symmetry coordinate, in which the right and left phenyl rings E® — EQ, is small; (2) the matrix element of the dipole moment
change their shapes out of phase in the direction from benzenoidoperator,[s°|«|g°C is large (allowed transition); (3) the matrix
to quinoid. The vibration along this molecular symmetry element of the vibronic coupling operatag?|(dH/9Q)o|°]) is
coordinate induces a very large dipole derivative as describedlarge.
above for thev,g mode of the radical anion (Figure 6a) ang The radical anion and dianion gfterphenyl give rise to
mode of the dianion (Figure 6e). Therefore, in spite of the small strong electronic absorption bands in the visible to near-infrared
contribution of this molecular symmetry coordinate to the region: 11 000 and 21 600 crh (912 and 462 nm) for the
mode of the radical anion (Figure 6d) and thg mode of the radical anion (Figure 3a) and 15 400 ch(648 nm) for the
dianion (Figure 6h), the intensities of the, andvss modes are dianion (Figure 3b). These absorption bands should be polarized
considered to become large. parallel to the molecular long axis. On the other hand, neutral
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p-terphenyl gives rise to a strong band in the ultraviolet region (2) Gussoni, M.; Castiglioni, C.; Zerbi, G. Bpectroscopy of Adinced
at 35 700 cmt (280 nm)!8 Therefore, the transition energies Materials (Adances in SpectroscopyClark, R. J. H., Hester, R. E., Eds.;

0 0 of th dical . d d" . . I h h John Wiley & Sons: Chichester, 1991; Vol.,19251.

(Ey’ — ES) of the ra lical anion and dianion is smaller than that (3) Furukawa, Y.; Tasumi, M. livlodern Polymer SpectroscopBerbi,

of the neutral species. Moreover, since #gemodes of the G., Ed.; Wiley-VCH: Weinheim, 1999, p 207. _

radical anion and the;, modes of the dianion shown in Figure | (4|«3) K|'Ies§'9s:|2" Ed.Conjugated Conducting PolymerSpringer-Ver-

. - h ag: Berlin, .

6, parts .&d and e-h, respectlvel_y, mdupe the chgnges in the (5) Su, W. P.. Schrieffer, J. Feroc. Natl. Acad. Sci. U.S.A98Q 77,

electronic structures of the radical anion and dianion, these sg25.

vibrational modes are probably effective for the vibronic mixing. (6) Brazovskij S. A.; Kirova, N. N.Sa. Phys. JETP Lett1981 33,
i i ; i 4.

Therefore, the matrix eleme_nts of the v_|bro_n|c coupling operator (7) Bishop, A. R.. Campbell, D. K.: Fesser, Klol. Cryst. Lig. Cryst.

for the a, modes of the radical anion in Figure-6d and the 1081, 77, 253.

by, modes of the dianion in Figure && should be larger than (8) Brédas, J. L.; Chance, R. R.; Silbey, Rlol. Cryst. Lig. Cryst.

those for the modes of the neutral species. The transition dipole1981 77, %119- - o o eh

moments associated with tagmodes of the radical anionand Fggl):,hE;'S B Jéié’sz ggn%gsng" Fripiat, J. G.; Andge M.; Chance,

the by, modes of the dianion are parallel to the molecular long ~(10) Cuff, L.; Cui, C.; Kertesz, MJ. Am. Chem. S0d994 116 9269.

axis. Thus, the strong infrared intensities of the radical anion  (11) Ehrendorfer, Ch.; Karpfen, Al. Phys. Chem1995 99, 10196.

and dianion are considered to originate from their visible to 83 :;:g g Hzgng :j gﬂgm E%igg? ig? éggf-

near-infrared electronic absorptions through the vibronic cou-  (14) Rubio, M.: Merchi, M.; Orfi, E. Roos, B. OJ. Phys. Chen995

pling, although further theoretical and experimental studies are 99, 14980.

required for a more quantitative analysis. Time-dependent (15) Furuya, K.; Torii, H.; Furukawa, Y.; Tasumi, Mthem. Lett1996

density functlonal_theory (T.BDFT) CaICL_JlatlonS, which will (i6) Furuya, K.; Torii, H.; Furukawa, Y.; Tasumi, M. Mol. Struct.

tell us the excitation energies and osgllator strengths of. the (Theochem1998 424, 225.

transitions from the ground electronic state to the excited (17) Honda, K.; Furukawa, Y.; Furuya, K.; Torii, H.; Tasumi, M.

electronic states of the radical anion and dianion, should be Ph{fé)cgﬁrmukaRV\?SZYl-Ogh?ssuslé H.: Tasumi, Bynih. Met1993 55, 516

useful for the analy5|s of the s_trong_lnfrared_ intensities of these (19) Furukawa, Y. Ohtsuka, H.: Tasumi, M.. Wataru, I.. Kanbara, T.:

charged species due to the vibronic coupling. Yamamoto, T.J. Raman Spectros¢993 24, 551. _

Doped conjugated polymers give rise to infrared absorptions 208%0)735561';3;20%0' A.; Kuroda, M.; Harada, T.; Tasumi, MMol. Struct.
dug to wbraupnal tran;mons and -electronlc ab§orpt|oqs |n.the @1) Kachkurova, I. YaDokl. Akad. Nauk S. S. S. B965 163 1198.
region from V|S|bl_e '_[(_) infrared, whlph are ass_omate_d_ Wlth high  (22) Kachkurova, I. YaTeor. Eksp. Khim1967, 3, 498.
electrical conductivitie4.Thus, studies on the intensities in the (23) Dodson, C. L.; Graham, J. B. Phys. Cheml973 77, 2903.
infrared absorption spectra of charged oligomers and doped _(24) Juchnovski, I.; Kolev, Ts.; Rashkov, $pectrosc. Lett1985 18,

polymers may lead us to a better understanding of high electrical™ (5 £argle, D. H., JrJ. Org. Chem197q 35, 3744.

conductivities in doped polymers. (26) Torii, H.; Ueno, Y.; Sakamoto, A.; Tasumi, Man. J. Chem2004
82, 951.
. (27) Bewick, A.; Pons, S. InAdvances in Infrared and Raman
4. Concluding Remarks SpectroscopyClark, R. J. H.; Hester, R. E. Eds.; John Wiley & Sons:

. . Chichester, 1985; Vol. 12, p 1.
In the present study, we have carried out the infrared and (28) Szezepanski, J.. Roser, D.: Personette, W.: Eyring, M.: Pellow, R.:

electronic absorption measurements of the radical anion andvala, M. J. Phys. Chem1992 96, 7876.
dianion of p-terphenyl in an inert gas glovebox system. The  (29) Szczepanski, J.; Vala, M.; Talbi, D.; Parisel, O.; Ellinger,JY.

; ; Chem. Phys1993 98, 4494.
system _constructe_d in the present study for both infrared apd (30) Szczepanski. J.: Chapo, C.: Vala, Ghem. Phys. Let1993 205
electronic absorption measurements can be generally appliedyz,.
to the spectroscopic measurements of unstable species existing (31) Szczepanski, J.; Vala, NNature (Londoh 1993 363 699.

in solution such as reaction intermediates. (32) Vala, M.; Szczepanski, J.; Pauzat, F.; Parisel, O.; Talbi, D.; Ellinger,

; . Y. J. Phys. Chem1994 98, 9187.
The structures and infrared spectra of the neutral species, (33) Szczepanski, J.; Wehlburg, C.; Vala, @hem. Phys. Lett1995

radical anion, and dianion @Fterphenyl have been calculated 232 221.
by using density functional theory at the B3LYP/6-31G** (34) Szczepanski, J.; Drawdy, J.; Wehlburg, C.; Vala,Giem. Phys.

A ; ; Lett. 1995 245 539.
level. The specific vibrational modes with the strong infrared (35) Hudgins, D. M.; Sandford, S. A.; Allamandola, LJPhys. Chem.

intensities of the radical anion and dianiorpaterphenyl induce 1994 98, 4243.
the changes in the electronic structure. Such eleetuiration (36) Hudgins, D. M.; Allamandola, L. J. Phys. Chenil995 99, 3033.

interactions are responsible for the generation of charge ffitxes, (g? :ﬂggmz % "&{ij'ﬁﬁ;ﬁg{'}g LLJhP@;]S'scgeh?nﬁgigg’?sfgf

which give rise to the strong infrared intensities of the radical 34§2_) oins, = 1 Pl TS ' ’

anion and dianion. (39) Szczepanski, J.; Personette, W.; Valaem. Phys. Let1991,
185 324.

; ; (40) Szczepanski, J.; Personette, W.; Pellow, R.; Chandrasekhar, T. M.;
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