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Using a stretched-polymer-film technique, we could assign the resonance fields in the electron paramagnetic
resonance (EPR) spectra of the lowest excited triplgt ¢ates ofp- and m-polyphenyl molecules [€Hs—
(1,4-GHy)n—2—CeHs, CsHs—(1,3-GH4)n—2—CsHs, respectively] relative to the spin axes. In this case, the set

of the zero-field splitting (ZFS) parameters is unique f@:olyphenyl molecule but not for m-polyphenyl
molecule composed of more than three benzene rings. Takirapttie as being perpendicular to the molecular
plane and thex axis as being rather close to the longest direction of the molecule, we obtained interesting
relations of the ZFS parameters to the conformation. The present calculations showed phaoligrhenyl
molecules the conjugated system is delocalized along the longest molecular axis gfjd/éiees decrease

by an increase of the composing benzene rings and that foribelyphenyl molecules the;Tcharacter is
localized at every composing biphenyl skeleton and|#Zjevalues are almost unchanged. Concerning the
relative values of ZFS parameters, we obtained kgt |Y| for p-polyphenyl molecules where&X| < |Y|

for m-polyphenyl molecules. Adopting both the valence-bond and the molecular-orbital approximations, we
clarified that such a difference arises from the deformation of the molecular structure by the steric hindrance
among the composing benzene rings. In this case, we emphasized that the influence of the bond angles of the
composing benzene rings is especially important in discussing the ZFS parameters of polyphenyl molecules
in their T; states. Such a relation is illustrated by using the ZFS parameters of the deformed biphenyl molecule.
Comparing the different sets of the ZFS parameters wf@olyphenyl molecule, we clarified the existence

of its conformers, which were assigned to their respective conformations, although the observed set of the
ZFS parameters cannot always correspond to the single conformation.

Introduction assignment of the corresponding conformers was not always
possible.

Polyphenyl [diphenyl(polyphenyl lecul -
olypheny! [diphenyl(polyphenylene)] molecules are com  Toovercome these difficulties, the present work adopted the

osed of benzene rings (phenyl and phenylene groups) withou X X
gny other kinds of sut?stigﬁents){ As a I?esul%{ their%owé)st)excited stretched-polymer-film technigééor the EPR measurements
triplet (T:) states can be well discussed by taking each ©f thep- andm-polyphenyl molecules [§Hs—(1,4-GsHa)n—o—
composing benzene ring as a unit. Especially for the zero-field CeHs: CeHs—(1,3-GHa)a—2—CeHs, respectively] in their T
splitting (ZFS) parameters, the theoretical consideration is very states. Such an_experlment has not.yet been carried out for these
interesting from the viewpoint of the dependence upon the Molecular species, except for the biphenyl molec¢uiéso, the
molecular structure in connection with the conjugation between WOk using a single crystal as a host was restricted to the
the adjacent benzene ringBlevertheless, the recent papers are Piphenyl moleculé:® The ZFS parameters thus obtained can
mainly concerned about the Raman spectroscopp-pbly- be d|s<_:uss§d in connection vv_|th the gepmetr_y of their conform-
phenyl molecules. ers with aid of the theoretlc_al co_nS|derat|on. Because the

In the previous papérwe reported many interesting char- structures of these molecules in their States are expected to

acteristic features on the;Tstates of polyphenyl molecules D€ nearly planar, the approximation within theelectron
obtained through the electron paramagnetic resonance (EPRjframework can be adopted. This makes it possible to discuss
measurements at 77 K. Because these experiments were carrici'® €xperimental behavior rather more easily compared with
out in rigid glasses in which the sample molecules are randomly the cases of the nonplanaipolyphenyl molecules [gHs—(1,2-
oriented, each component of their ZFS tensors could not be CeHajn-2—CeHs] in which every adjacent benzene ring is twisted
assigned in connection with their molecular spin axes. From @round the €C bond connecting these rings. The main
the sets of the ZFS parameters so obtained, therefore, theconformations of the molecules treated in the present work are
shown in Figure 1. In the present paper, the conformations of

* To whom correspondence should be addressed. Fax: 81-45-339-3948.M-quinquephenyl andn-sexiphenyl are classified by using
E-mail: yagimiki@ynu.ac.jp. notations UVmquinquephenyl and UVWh-sexiphenyl, re-
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Figure 1. Main conformations ofn- and p-polyphenyl molecules treated in the present work.

spectively. Here, U, V, and W indicate T (or C), which means described previous§# After the heat treatment, the swollen
the trans (or cis) conformation concerning the Csingle bond films were soaked in methanol (MeOH) solutions of samples

connecting the secondhird, third—fourth, and fourth-fifth until their appropriate amount was penetrated by diffusion.

benzene rings, respectively, as shown in Figure 1. Thereatfter, the films were stretched with about 200% of stretch
In the presence of a magnetic field (magnetic inducBjn in the stretched directiors,

the EPR spectrum of molecules in their States can well be The EPR spectra were measured at 77 K by a JEOL-JES-
elucidated by the following spin Hamiltonian: FE1XG spectrometer. The excitations were carried out using

an Ushio USH-500D 500 W mercury arc lamp or a Canrad-

Hs=qugB:S+ SD-S Hanovia 1 kW Xe-Hg arc lamp through 5 cm of distilled water

2 2 5 and a Toshiba UV-D33S glass filter. The details of the

= QugB-S+ D[S — S+ LRI+ E(S ~ %/) experiments were almost the same as those in the previous

3,7
—QEBS-X§2-Y§i-2z8t  (s=1) (O
. . . Experimental Results
gfere\;\lt;‘:zei;ﬁm:gzgal‘fttk?:'r ‘r’:::rl]tme;né?gtagd;]ge ﬁg't?gt;?(?g p-Polyphenyls. The observed EPR spectra of the low-field
9 9 - p paper, g 'AMs = +1 transitions for the Tstate of biphenylp-terphenyl,

system is taken as follows: tieaxis is perpendicular to the 54, qaterphenyl in stretched PVA films are shown in Figures
molecular pla}ne, the axis is rather close to the angest direction 2, 3, and 4, respectively. It is difficult to obtain PVA films
of molecule in the molecular plane, and thexis is perpen-  coniaining a sufficient amount of the othgepolyphenyl
dicular to the other axes. molecules by diffusion in their MeOH solutions. For the
p-polyphenyl molecules in their;Tstates, each stable conforma-
tion is restricted to be only one with planar form, as can be
Samples of polyphenyl molecules and solvents used are thesupposed from their canonical structures.

same as those used in the previous wofkhe poly(vinyl To determine the directions of the magnetic principal axes,
alcohol) (PVA) films were obtained by the same method as the EPR spectra were measured in stretched PVA films by

Experimental Section
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Figure 2. EPR spectra of the low-fieldMs = +1 transitions for the
T, state of biphenyl molecule in (a) MeOH glass and stretched PVA

films (b) B||s, (c) B||c, and (d)B||n.
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Figure 3. EPR spectra of the low-fieldMs = +1 transitions for the
T, state ofp-terphenyl molecule in (a) MeOH glass and stretched PVA

films (b) B||s, (c) B||c, and (d)B||n.
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Figure 4. EPR spectra of the low-fieldMs = +1 transitions for the
T, state ofp-quaterphenyl molecule in (a) 2-methyltetrahydrofuran glass

and stretched PVA films (bB||s and (c)Bj|c.

applying the magnetic field parallel to the various directions of
the films. According to the general relations concerning the
orientation of guest moleculéshe assignment of the resonance
field is straightforward. The intensity of thésignals is strong

J. Phys. Chem. A, Vol. 106, No. 37, 2002611

TABLE 1: ZFS Parameters of p- and m-Polyphenylst

molecule X Y z D E

biphenyl 0.0399 0.0327-0.0727 0.1090-—0.0036
p-terphenyl 0.0398 0.0218-0.0616 0.0924—0.0090
p-quaterphenyl 0.0398 0.0179-0.0576 0.0864—0.0111
m-terphenyl 0.0312 0.0410-0.0729 0.1094 0.0049

0.0313 0.0406-0.0724 0.1086 0.0046
0.0356 0.0368-0.0724 0.1086 0.0006
0.0311 0.0405-0.0723 0.1085 0.0047
0.0356 0.0368—0.0723 0.1084 0.0006
0.0313 0.0405-0.0724 0.1085 0.0046
0.0355 0.0369—-0.0724 0.1085 0.0007
m,p-quaterphenyl 0.0397 0.0213-0.0609 0.0913-0.0092
1,3,5-triphenylbenzene 0.0355 0.03750.0738 0.1107 0.0010

(E)-m-quaterphenyl
(2)-m-quaterphenyl
m-quinquephenyl

m-sexiphenyl

a Experimental values in units of crhare given.

to sin the film planec, as shown in Figures 2c, 3c, and 4c.
Further, the intensity of th& signals is strong when thg is
perpendicular to the film plane, as shown in Figures 2d and
3d. Accordingly, all of the observed signals could reasonably
be assigned. For the low-fieldMs = 41 transitions, the
resonance field of th& signal is observed to be the lowest and
increases with increasing the number of the composing benzene
rings. As a result, th¢Z| value of ZFS parameter decreases in
the same sequence. On the other handXtkignal is observed

at lower field compared with th¥ signal (Y| < |X| < |Z|), as

in the case of the Tstate of biphenyt ® The ZFS parameters
thus determined are listed in Table 1.

m-Polyphenyls. In the previous work, we obtained the
following two distinct characteristic features ofpolyphenyl
molecules: (1) The resonance fields of theignals are scarcely
changed, and (2) for the molecules composed of at least four
benzene rings, a signal near 265 mT was also observed. Such
a signal shows the existence of at least two conformers. For
the two conformers ofn-quaterphenyl, their peaks are almost
overlapped with each other and the outeand Y peaks are
attributed to the ) conformer, whereas the inner peak near
265 mT is due to theX andY signals of the Z) conformer as
mentioned in the previous wo#k.

To determine the directions of the magnetic principal axes,
the stretched-PVA film technique was applied, as in the case
of p-polyphenyls. Form-polyphenyls, the intensities of the
detected EPR signals are not always sufficiently strong for the
assignment, because the sample molecules are generally difficult
to penetrate into the host PVA films. Exceptionally, the resolved
EPR spectra could be observed only farterphenyl and
m-quaterphenyl, as shown in Figures 5 and 6, respectively. For
their low-field AMg = £1 transitions, the resonance field of
the Z signal is the lowest and is close to that of biphenyl.
However, theX signal is observed at a higher field than the
signal (X| < |Y| < |Z]), as shown in Figures 5 and 6. This is
a quite different feature from the results of biphenyl and
p-polyphenyls in which the relation ofY| < |X| < |Z] is
satisfied. In actuality, such a relation could not be explained
without the deformations of the composed benzene rings from
those ofp-polyphenyls. The details of these reasons will be
discussed carefully in the succeeding sections. For the other
m-polyphenyls observed in the previous warihe resonance
fields were assumed to be in the same sequence. In the present
experiment, however, we could not obtain any information about
the difference in the direction of the spin axesndy, between

when the externaB is parallel to the stretched direction of the (E) and ) conformers ofm-quaterphenyl because of the low
film s, as shown in Figures 2b, 3b, and 4b. On the other hand, resolution of the EPR spectra shown in Figure 6. The ZFS

the intensity ofY signals is strong when thH& is perpendicular

parameters thus obtained are also listed in Table 1.
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Y X in these moleculesthe total WFW of the T; state in these
z + 1 molecules can be well constructed from these 1 electronic
{ structures with each nearly equivalent contribution.
@ N
Y=(n- 1)*1’2211!i 2)

(b)

-/\J\//_,V For simplicity, we assumed that the molecules treated are
© planar and all of the angles between the long axes of the two
__.___/\__,_,&___‘_/\_/\/,\, biphenyl skeletons sharing the same benzene ring are Thé

ZFS tensors of the 1Tbiphenyl skeletons in all of the structures
@ o~ Wi's are transformed to the common magnetic axis system, and

"_W the ZFS tensor of a whole;Tn-polyphenyl molecule is well
obtained by superposing the transformed ZFS tensors ofithe T
220 240 260 280 200 biphenyl sk_eletons with each equivalent weight. After the

transformation of the above ZFS tensor of the whole molecule
B/mT to the principal axis system, the ZFS parameters and the
Figure 5. EPR spectra of the low-fieldMs = +1 transitions for the directions of the principal spin axes of & Tpolyphenyl
T, state ofmterphenyl molecule in (a) MeOH glass and stretched PVA  molecule are easily obtainable.
films (b) Blls, (c) Blc, and (d)BjIn. Because the above transformation of magnetic axes can be
carried out in the molecular plane, thaxis is preserved to be

4 I X perpendicular to this plane as a rule. Therefore,|#idor D)
(2) v ! value is unchanged from that of the Biphenyl skeleton within
_../\.__%_.._.__.‘_,/\'\’\/____J____ the present approximation. This shows the fact thaf Zhgor
D) values ofm-polyphenyls are nearly the same as that of the
® T, state of a free biphenyl (free, Biphenyl) molecule. However,
TN s as far as only the ZFS values of freg Hiphenyl are used, the

relation of |X| > |VY| is still preserved after the above
transformation of magnetic axes, as numerically given by the
values marked (B) in Table 2.
. . . \ . . . . . , , For the steric interaction between tbegho-hydrogen atoms
200 220 240 260 280 300 belonging to the adjacent benzene rings, there are- (2)
hydrogen atoms concerned simultaneously with those of the two
B/mT different adjacent benzene rings in thepolyphenyls (G\Han+2)
Figure 6. EPR spectra of the Iow-fie_IAMs=j:1 transitions for the (n = 3), whereas there is no such hydrogen atom in the
T: state ofm-quaterphenyl molecule in (a) MeOH glass and stretched 1, 1y hhenyls. This fact suggests that the conformations of the
PVA films (b) B||s and (c)B]||n. . . : .
composing benzene rings in thepolyphenyls are essentially
different from those of the-polyphenyls. To confirm this fact,
the ZFS parameters of the biphenyl skeleton were tentatively
deduced from the experimental values for the skate of
m-terphenyl (. mterphenyl) by adopting the above transforma-
For the T; state ofm-polyphenyl molecules, the number of tion in the reverse order. In this case, the WF used was
their conformers increases with an increase of the composingconstructed from the two electronic structures corresponding
benzene rings, as shown the typical conformations in Figure 1.to [(CsHs—CsH4)(T1)—(CeHs)(G)] and [(GHs)(G)—(CeHas—
However, the assignment of resonance fields was not possibleCsHs)(T1)]. If the angle between the long axes of these biphenyl
for each conformer in the previous workecause the molecules  skeletons is assumed to be 22the ZFS parameters obtained
measured were randomly oriented in organic rigid glasses.  for the T; biphenyl skeleton in the T m-terphenyl are as
In the previous experimentsye showed that th& (or D) follows: X = 0.0263,Y = 0.0459, andZ = —0.0729 cn.
values ofm-polyphenyl molecules are very close to that of the These values distinctly satisfy the relation [off < |Y| for
biphenyl molecule in its Tstate. This fact can be well explained m-polyphenyls.
by taking the following main electronic structures into consid- Hereupon, theX andY values of all of the planar conformers
eration! First of all, we should remember the fact that the for the otherm-polyphenyls G,Hs+2 were intended to be
T1(wr*) state of the benzene molecule is fairly high compared evaluated by using th& and Y values obtained from the; T
with that of biphenyl relative to each ground (G) state and the biphenyl skeleton in the Tm-terphenyl described above. The
contributions of the T state of the single benzene skeleton in ZFS parameters thus obtained generally satisfied the relation
the m-polyphenyl molecules are very small. For the States of [X| < |Y] as given by the values marked (T) in Table 2,
of m-polyphenyls (T m-polyphenyls), which are composed of although there remains some ambiguity whéis close toy.
n benzene rings (§&Han+2), therefore, the mainn( — 1) However, some sets of these ZFS parameters are not always
electronic structures can be well constructed fram—( 2) different among the respective conformers of the same molecular
benzene skeletons in their G states and a biphenyl one in its T species. For the conformers giving the same calculated ZFS
state (T biphenyl skeleton). In the present work, such struc- values, only a single set of the EPR peaks was apparently
tures are expressed as-CsHs)(G)i—1—(CeHa—CsHa)(T1)— observed within the resolution of our EPR equipment, possibly
(CeHa)(G)n-i—1—H] (1 = i = n — 1). The corresponding wave because the ZFS parameters of these conformers are indistin-
functions (WFs) are denoted Bli’'s (1 < i < n— 1). Because guishably different from each other. These facts suggest that
the contributions of overlaps (or cross terms) among the the T, biphenyl skeletons in the;Tm-polyphenyls are essentially
canonical structures with the lowest enertj§’§) are very small different from that of the free fbiphenyl. The origin of such

©

Simplified Assignment Based on Valence-Bond Method
for ZFS Parameters and Conformers inm-Polyphenyl
Molecules
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TABLE 2: Calculated ZFS Parameters (cntl) and the Direction of the x Axis, 8 (deg}, for m-Polyphenyls Assigned by Using
the Simplified VB Method

molecule X Y z D E 0
biphenyl expt 0.0399 0.0327 —0.0727 0.1090 —0.0036
@) 0.0263 0.0459 —0.0729 0.1094 0.0098 0.0
m-terphenyl expt 0.0312 0.0410 —0.0729 0.1094 0.0049
(B) 0.0381 0.0345 —0.0727 0.1090 —0.0018 0.0
m-quaterphenyl expt 0.0313 0.0406 —0.0724 0.1086 0.0046
(E) @) 0.0304 0.0418 —0.0729 0.1094 0.0057 45.0
(B) 0.0384 0.0342 —0.0727 0.1090 —0.0021 45.0
expt 0.0356 0.0368 —0.0724 0.1086 0.0006
2 @) 0.0361 0.0361 —0.0729 0.1094 0.0000 0.0
(B) 0.0363 0.0363 —0.0727 0.1090 0.0000 0.0
m-quinquephenyl expt 0.0311 0.0405 —0.0723 0.1085 0.0047
TT (M 0.0312 0.0410 —0.0729 0.1094 0.0049 0.0
(B) 0.0381 0.0345 —0.0727 0.1090 —0.0018 0.0
expt 0.0356 0.0368 —0.0723 0.1084 0.0006
TC @) 0.0336 0.0386 —0.0729 0.1094 0.0025 30.0
(B) 0.0372 0.0354 —0.0727 0.1090 —0.0009 30.0
cC (m 0.0336 0.0386 —0.0729 0.1094 0.0025 0.0
(B) 0.0372 0.0354 —0.0727 0.1090 —0.0009 0.0
m-sexiphenyl expt 0.0313 0.0405 —0.0724 0.1085 0.0046
TTT (©) 0.0309 0.0413 —0.0729 0.1094 0.0052 20.4
(B) 0.0382 0.0344 —0.0727 0.1090 —0.0019 20.4
TCT (M 0.0322 0.0400 —0.0729 0.1094 0.0039 0.0
(B) 0.0377 0.0349 —0.0727 0.1090 —0.0014 0.0
expt 0.0355 0.0369 —0.0724 0.1085 0.0007
TTC (@) 0.0341 0.0381 —0.0729 0.1094 0.0020 30.0
(B) 0.0370 0.0356 —0.0727 0.1090 —0.0007 30.0
TCC (O] 0.0341 0.0381 —0.0729 0.1094 0.0020 —30.0
(B) 0.0370 0.0356 —0.0727 0.1090 —0.0007 —30.0
CTC (M 0.0341 0.0381 —0.0729 0.1094 0.0020 0.0
(B) 0.0370 0.0356 —0.0727 0.1090 —0.0007 0.0
cce (©) 0.0341 0.0381 —0.0729 0.1094 0.0020 0.0
(B) 0.0370 0.0356 —0.0727 0.1090 —0.0007 0.0

a Angle of thex axis from thel axis (see Figure 1). Hypothetical planar conformation in which the interactions among the hydrogen atoms are
disregarded: (T) using the ZFS parameters of the composing biphenyl skeletons obtained fromrftesploényl and (B) using the ZFS parameters
of the composing biphenyl skeletons obtained from those of the free biphenyl.

differences can adequately be explained from the deformationusing the PariserPar—Pople-type (PPP-type) approxima-
of benzene rings, as in the case of quinoid and antiquinoid forms tion'®11 with the zero-differential overlap (ZDO) treatmé&ht
in the T, state of benzene molecéiésee also Appendix). Asa by including configurations arising from all of the single
result, all of the benzene rings approximately become close to excitations relative to the G state. In this case, the molecular
the structures of the ;Tm-terphenyl rather than those in the structure was assumed to belong to the symmBtryand the
free Ty biphenyl, as will be described in the succeeding seétion. composing benzene rings are regular hexagons. The adjacent
In this case, it is possible to improve partly the present results C—C bond distances of the benzene rings are 1.397 A, and the
by changing the molecular geometry, especially by changing distance of the central ©C bond, which connects the two
the angles between the long axes of the biphenyl skeletonsbenzene ringsR(C;—Cy), is 1.400 A. As a result, the relation
sharing the same benzene ring from 13ad by taking account  of |X| < |Y| < |Z| was obtained in disagreement with the
of slightly different ZFS parameters of the inner biphenyl experimental result as listed in Table 3, although the difference
skeletons from those of the side ones and so on. However, webetweenX andY was very small.
did not carry out such modifications extensively, because the T4 examine such a disagreement, at first we took up the
present purpose is obtaining the general trend of the ZFSisfiyence of the many molecular spispin interaction integrals,
parameters not the apparent numerical agreement with theynich were neglected by the use of the ZDO approximation.
experimental values within the present simple treatment. Thereupon, all of the two-, three-, and four-center sysipin
interaction integrals were evaluatédy using the Gaussian
expansions of Slater-type atomic orbitals (GE-STAOSs) of
Biphenyl. Biphenyl is the simplest polyphenyl molecule and O-ohata, Taketa, and Huzinaga (the orbital exponent of 2p
the T, state of its skeleton is one of the fundamental units of STAO of carbon used is 1.58)Then, the ZFS parameters were
the planar T m-polyphenyl molecules, as described in the calculated by including these spispin interaction integrals
previous papet.Before discussing the Tstates of polyphenyl  using the WFs obtained by PPP-type approximation described
molecules extensively, the; Btate of the biphenyl molecule  abovel®! Such a treatment is generally similar to that used
should carefully be examined from the theoretical viewpoint. for the T, state of naphthalene molecule by Godfrey, Kern, and
Because the molecular structure of the frediphenyl is planar Karplus!* However, we could not still obtain the relation of
or nearly planar, the ZFS parameters were evaluated from the|Y| < |X| < |Z| as shown in Figure 7. This means that the
electron spir-spin interaction by the molecular orbital (MO) approximation with the ZDO adopted in the present work does
method adopting the treatment withirelectron framework as  not have a significant influence upon the evaluated ZFS
was used in the previous work of the Ftates of benzene, parameters, especially upon the relative magnitude afidY.
triphenylene, and coronefiélhe calculations were performed The absolute values of ZFS parameters thus obtained are

Molecular Orbital Considerations
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TABLE 3: Calculated ZFS Parameters (cnm?) and the 0.06
Direction of x Axis, 6 (deg}y, for p-Polyphenyls Adopting the
Semiempirical MO Method with Zero-Differential Overlap

Approximation ® 0.05 ...
molecule X Y Z D E 6
bipheny! (P) 0.0410 0.0338-0.0748 0.1121-0.0036 0.00 0.04 P~_ X e Y
(R) 0.0317 0.0431-0.0748 0.1122 0.0057 0.00 | Sagmmmm el
p-terphenyl (P) 0.0406 0.0277-0.0683 0.1024—0.0064 0.00 X Ty T
(R) 0.0327 0.0356—0.0684 0.1025 0.0014 0.00 0.03 I . Y omTITmm—emioo_IIm
p-quaterphenyl  (P) 0.0413 0.02470.0660 0.0990—0.0083 0.00 - e
(R) 0.0340 0.0321-0.0661 0.0992—0.0010 0.00 g 002 | X
p-quinquepheny! (P) 0.0420 0.023%0.0651 0.0977—0.0095 0.00 = )
(R) 0.0349 0.0303-0.0652 0.0978—0.0023 0.00 & ~ ~
p-sexiphenyl  (P) 0.0425 0.0222:0.0647 0.0971—0.0102 0.00 005 F =X, = yl
(R) 0.0356 0.0292—-0.0648 0.0972—0.0032 0.00 ’ 4' 4 2 %
m,p-quaterphenyl (1) 0.0331 0.03540.0685 0.1028 0.0011 8.57 —
(2) 0.0406 0.0279-0.0685 0.1027—0.0063 1.80 006 b > 6 65 z ]
(3) 0.0371 0.0314—0.0684 0.1027—0.0029 18.97
2 Angle of thex axis from thel axis (see Figure 1p. Treatment of 007 +
ref 8 (treatment A) was adopted: (P) all of the composing benzene
rings were prolate-hexagonal formlCsC:C, = JC3C,Cs = 115°),
(R) all of the composing benzene rings were regular-hexagonal form; -0.08 L 1 L L
(1) same as (R); (2) composed opderphenyl skeleton with structure 1.397 1419 1441 1.463 1.485 1.507
(P) attaching a regular hexagonal benzene ring; (3) composed of two 1397 1383 1369 1355 1341 1327

biphenyl skeletons with structure (P). C,-C, bond length / A

C,-C3 bond length / A

006 F_Y
X Figure 8. Variation of the calculated ZFS parameters of biphenyl
003 F X molecule with symmetryD., as a function of the bond lengths in the
— benzene rings. The two hexagonal benzene rings with symrbetry
g 000 F Y with R(C;—Cy) = 1.400 A were assumed. The dotted, broken, and
2 003 solid lines show the cases when the bond anglelG§C,C, (= ©A)
g2 used in the benzene rings is £1015, and 120, respectively.
N
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Figure 7. Variation of the calculated ZFS parameters of biphenyl 0.04

molecule with symmetr{C,, as a function of the twist angle between
the two benzene ringsy. All of the spin—spin interaction integrals
were included, and the two regular hexagonal benzene ringR{@tt

C) = 1.400 A andR(C;—Cy) = 1.500 A were assumed for the purpose
of the easier evaluation of the spispin interaction integrals.

0.03

0.02

ZFS / cm-1

relatively large compared with the calculated ones marked (P)

in Table 3. This is mainly because the 2p AO used was the 0.01
expansions (four Gaussians) of the STAO with an orbital

exponent of 1.59, whereas the previous calculation used the

double¢ SCF-AOs® Next, we examined the influence of the -0.07 zZ
ZFS parameters upon the rotation around the centralGg
bond. As a result, the relation ¢¥| < |X| < |Z| was obtained -0.08 3 A L
at the twist angles more than abouf 2éithough such structures 130.0
are less-stable in the; Btate of biphenyt® In this range, the 1100 1150 120.0 1250 |
: . . i 125.0 1225 1200 117.5 115.0
|Z| value rapidly decreases with an increase of the twist angle,
although the MOs used become less reliable with an increase £CgC1C, bond angle / degree
of the twist angle because of the increase of the mixing between £C,C,C;3 bond angle / degree

the so-called orbitals with the unpaired electron orbitals. These Figure 9. Variation of the calculated ZFS parameters of biphenyl

results are shown in Figurel¥ Hereafter, the ZFS parameters molecule with symmetnDz, as a function of the bond angles in the

were calculated using the treatment of the previous Wik benzene rings. The two hexagonal benzene rings with symrietry

reduce the tedious evaluations with all of the sgpin and withR(C—C) = 1.397 A andR(C,—Cr) = 1.400 A were assumed.

interaction integrals, and the numberings of atoms used in

biphenyl are shown in Figures 8 and 9. parameters upon the bond lengths and the bond angles was
Owing to the interaction between tbetho-hydrogen atoms, examined within the assumption that the molecule and each

the benzene rings of biphenyl in crystalline state are actually composed benzene ring belong to the symmety [C1—Cy

deformed from the regular hexagon, although the molecule is and G-—C, are in one of theC, axes (the long axis) in the

not perfectly planat’18 Therefore, the dependence of the ZFS molecular plane]. As a result, we can express Bt= R(C;—
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Cy) = R(C3—Cy) = R(C4—Cs) = R(Ce—Cy) = R(Cy—Cy) = skeletons belongs t®,. In this case, all of the €C bond
R(C3—Cys) = R(C4—Cs) = R(Ce¢—Cy), RB= R(C,—C3) = distances connecting the adjacent benzene riR§s)( were
R(Cs—Cs) = R(C2—Cz) = R(Cs—Cg), RC= R(C;—Cy), OA taken as 1.400 A. As was supposed from the calculation of
= 0CeC1Cy = OC3C4Cs = OCeCyCyr = OC3CxCs, and BB biphenyl in the previous section, however, the observed relation
= [0C1CC3 = OC,C3C4 = HC4CsCs = C5CeCp = OC1CrCx of Y] < |X| could not be obtained fop-terphenyl and

= 0CyC3Cy = OC4Cs5Cq = UC5CsCyr = 180° — OA/2. In p-quaterphenyl by assuming that all of the benzene rings are
the free T biphenyl, the central €C bond distanc&Cshould regular hexagons with the adjacent C bond lengths of 1.397

be shorter than that of the planar G state, in consideration of A, as given the values marked (R) in Table 3. With reference
the main canonical structures in which the-Cy is a double  to the previous calculation of the Biphenyl molecule, the ZFS

bond! However, the steric hindrance between tbeho- parameters were evaluated by assuming the deformed hexagonal
hydrogen atoms increases with a decrease ofRfieln the benzene rings with the symmetry B, and the same bond
following calculations, therefore, tHRCwas taken to be 1.400  distances. In this case, the bond angles of every benzene ring
A instead of the 1.340 A of the€C double bond. were taken a®A = 115 and©®B = 122.5 (C,;—Cy is aC,

First, the dependence of the ZFS parameters upon the bondaxis for each benzene ring along the molecular long direction).
lengths was examined assuming that the bond angl€3Asf As a result, we could obtain a relation pf| < |X| < |Z] in
are between 120and 110. Here, the deformed structures of agreement with the experimental results, as listed the values
benzene rings were chosen at regular intervals to be thosemarked (P) in Table 3. This shows the fact that in the T
between the regular hexagon and the hexagon with tw@€C  p-polyphenyls every benzene skeleton is deformed from the
double bonds and four-€C single bonds [1.39% RA< 1.507 regular hexagonal structure because of the steric hindrance
A and 1.327< RB < 1.397 A]. In this range, the change of the betweenortho-hydrogens of the adjacent benzene rings, as in
Z value is rather remarkable, and the relative magnitude of the the case of the Tbiphenyl. For the inner benzene skeletons,
X andY values is changed ne®A = 115 at aboutRA = the structures should be slightly different from those of the side
1.410 A, as shown in Figure 8. This means that the change ofbenzene rings in each of which twortho-hydrogens are
bond angles plays a more important role for the variation of concerned. However, such a slight modification was not done
the ZFS parameters compared with the change of bond lengthsin the present work. ThgZ| (or D) value obtained here decreases
The other structures were not numerically examined, becausewith an increase of the number of the composing benzene rings
the RBs should not be larger than 1.397 A, as can easily be in agreement with the experimental relation. Therefore, these
deduced from the canonical structures of thestate with the results can semiquantitatively elucidate the experimental results

lowest energy. obtained in the present work and in the previous whak, listed
Next, the dependence of the ZFS parameters upon the bondn Table 3.

angles was examined more clearly assuming that all of th€ C m-Polyphenyls.The ZFS parameters of-polyphenyl mol-

bond lengths of benzene rings are eq&h= RB= 1.397 A, ecules in their T states were calculated by the treatment used

andRC= 1.400 A. The bond angles are chosen within a range in the case ofp-polyphenyls. The main difference in the
of 110° = ®A < 13(. In this range, th& values obtained are  structures of the Tm-polyphenyls from the Tp-polyphenyls
scarcely changed, and the relative magnitudes oXtlaed Y arises from the steric interactions among tittho-hydrogen
values are reversed ne@A = 117, as shown in Figure 9.  atoms of the adjacent benzene rings. Fepolyphenyls, there
This is actually similar to the case of the Jtate of the benzene  are three closely locateattho-hydrogen atoms each of which
molecule with the deviation cflCCC bond angles from 120 s connected to the adjacent benzene rings, as was described
within Dz, symmetry, except that the structure of the benzene previously, whereas fop-polyphenyls two ortho-hydrogen
ring with X = Y'is the regular hexagon (see Appendix). In this  atoms only are concerned. As a result, the bond angles in each
case, the small variation of the centrat-C bond distanc&C benzene ring for these two groups should be different. At first,
is not significantly influenced upon the trend of ZFS parameters the ZFS parameters of, n-terphenyl were examined assuming
concerning the conformations of the composing benzene rings.the total molecule with symmeti@,, and each benzene skeleton

In the crystalline state of biphenyl, the bond angles of with symmetryDy,. In this case, the long symmetry axis of
0CeCiC, = OCgCyCy are 117.3 and 115.3 for the ground each side benzene skeleton is parallel to theCCbond
states of the neutral molectiland of the anioA® respectivelyt? connecting the central benzene ring to the side benzene ring.
On the other hand, these angles of the neutral biphenyl in its The adjacent €C bond lengths in all of the benzene rings are
T, state were obtained to be 114.8y using the AM1 1.397 A and the distances of the-C bonds connecting to the
approximatior?® In consideration of these facts, the composing adjacent benzene rings are 1.400 A. The direction of eae@ C
benzene rings in the Tstate of planar biphenyl molecule are  bond connecting the two benzene rings is assumed to the
prolate, probably with1CsC,C; = OCgCyCy = 115, In this opposite one of the bisection between the other tw@®onds
condition, the relation ofY| < |X| < |Z| is distinctly satisfied. sharing the same carbon atom. Under these conditions, several
From these observations, one could learn that the variation of calculations were carried out by changing the bond angles of
the bond angles plays an important role for the relative the benzene skeletori&| = |Y — X|/2 becomes too small when
magnitude betweeX andY compared with the variation of the  ®Sincreases an®Asdecreases. Her@Sdenotes the]CCC
bond distances, although these changes should not occubond angle of the carbon atom where @ symmetry axis of
independently? It appears that the origin of the relation [of the central benzene skeleton passes through, Wiledenotes
< [X| is the deformation of the benzene skeletons arising from the one of the side benzene ring where the above-mentioned
the steric hindrance between tbeho-hydrogen atoms of the  |ong symmetry axis of the side benzene passes through. (For
adjacent benzene rings. example X = 0.0354 andY = 0.0373 cm! when©S = 12¢°

p-Polyphenyls. The ZFS parameters g-polyphenyl mol- and®As= 114, andX = 0.0379 and¥ = 0.0349 cm! when
ecules in their T states were calculated using the treatment ®S= 123 and®As= 114°). On the other handE| becomes
adopted in the previous wdtly assuming that the symmetry  too large wher®S decreases (for examplX,= 0.0289 andy
of both the total molecules and their composing benzene = 0.0439 cm! when®S= 115 and®As= 12¢°). As a resullt,
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TABLE 4: Calculated ZFS Parameters (cnm1) and the Direction of the x Axis, 0 (deg), for m-Polyphenyls by Adopting the
Semiempirical MO Method with Zero-Differential Overlap Approximation and the Regular Hexagonal Benzene Ring

molecule X Y Z D E 0
m-terphenyl 0.0334 0.0394 —0.0728 0.1092 0.0030 0.00
m-quaterphenyl £) 0.0335 0.0390 —0.0724 0.1086 0.0027 30.73

2 0.0350 0.0374 —0.0725 0.1087 0.0012 0.00
m-quinquephenyl TT 0.0336 0.0387 —0.0723 0.1085 0.0026 0.00
TC 0.0347 0.0377 —0.0724 0.1085 0.0015 10.18
CcC 0.0364 0.0360 —0.0724 0.1086 —0.0002 0.00
m-sexiphenyl TTT 0.0337 0.0386 —0.0723 0.1085 0.0024 29.83
TTC 0.0344 0.0379 —0.0723 0.1085 0.0018 34.42
TCT 0.0351 0.0373 —-0.0723 0.1085 0.0011 0.00
TCC 0.0354 0.0369 —0.0724 0.1086 0.0008 —23.23
CTC 0.0350 0.0374 —-0.0724 0.1085 0.0012 45.88
CccC 0.0358 0.0367 —0.0725 0.1088 0.0005 0.00
1,3,5-triphenylbenzene Q) 0.0354 0.0354 —0.0708 0.1062 0.0000 0.00
2) 0.0295 0.0412 —0.0707 0.1061 —0.0058 0.00

a Angle of thex axis from thel axis (see Figure 1. Treatment of ref 8 (treatment A) was adoptégiypothetical planar conformation in which
the interactions among the hydrogen atoms are disregarded: (1) composed of four regular hexagonal benzene rings and (2) composed of a biphenyl
skeleton with the deformed benzene ring&C(C,C, = 0C3;C4Cs = 115°) attaching two regular hexagonal benzene rings.

the preferable set of ZFS parameters is obtained approximatelyto the opposite one of the bisection between the other tw@€C
from the structure with three regular hexagonal benzene bonds sharing the same carbon atom. As in the cases ofithe T
skeletons. p-polyphenyls, the calculated ZFS values are not always close
Then, the ZFS parameters of them-polyphenyl molecules  to the experimental ones. However, the result of model 2 is
were calculated assuming that all of the benzene skeletons arenost satisfactory in explaining the previous observation that
regular hexagons in which the adjacentC bond lengths are  the EPR spectrum is fairly close to that for the prterphenyl
1.397 A and the €C distances connecting the adjacent benzene with |Y| < |X|. On the other hand, model 3 of the two-biphenyls
rings RCs) are 1.400 A. The results obtained satisfy the form with|Y| < |X| and model 1 of the four-regular-hexagonal-
experimental relation ofX| < |Y| < |Z|, as listed in Table 4. benzene form withX| < |Y| could not well elucidate the above
From our measurements, some EPR spectra for every conformeibservation. These results are listed in Table 3.
are not always distinguishable from the others. The calculated For the T, state of 1,3,5-triphenylbenzene, the ZFS parameters
ZFS parameters are fairly close to those evaluated in thewere similarly calculated by assuming the following two planar
previous section. In the present case, the slightly separated setstructures with the €C bond distances of the benzene skeletons
of ZFS parameters were actually obtained for the above and those connecting the adjacent benzene rings being 1.397
experimentally indistinguishable conformers, although the dif- and 1.400 A, respectively. Model 1 with symmetBg, is
ferences among them are very small. However, these valuescomposed of four regular hexagonal benzene rings, and model
should not be final, because the structures of the composing2 with symmetryC,, is a biphenyl skeleton with deformed
benzene rings should not always be the same with each otheibenzene rings@A = 115) attaching two regular hexagonal
because they are influenced by the respectively different sterichenzene rings. The agreement with the experimental values is
interactions. The ZFS parameters may possibly be obtainablebetter for model 1 despité = 0, whereas th& value is about
more adequately by using the optimized structural constants,three times larger than the observed value for model 2. This
although the structures of the 3tates in rigid glasses are almost  may suggest that the deformation in theIl3,5-triphenylben-
impossible to determine exactly. Because the main purpose ofzene from model 1 is not so large as that assumed in model 2,
the present work is obtaining the general trend of the ZFS that is, the deformed structure is changeable among three kinds
parameters upon the conformation, especially upon some of theof such structures with different biphenyl skeleton (model 2) at

most sensitive factors among the structural constants, furtherthe experimental temperature. The numerical results are given
calculations were not extensively carried out using the so-called in Table 4.

optimized structures.

Other Polyphenyls. In the present experiment using the gome Remarks
stretched-polymer-film technique, the EPR measurement for the
T, state ofm,p-quaterphenyl [gHs—(1,3-GsH4)—(1,4-GsHa)— In the present work, the jTstates ofm- and p-polyphenyl
CeHs] was not performed for assigning their peaks with Mmolecules were assumed to be near planar. This is because the
reference to the spin axes because of the difficulty in determin- conjugated systems in thesg Molecules are expanded in the
ing the direction of the spin axes exactly. On the other hand, whole carbon skeletons. For the B-polyphenyls, therefore,
only a calculation of the ZFS parameters similar to those of the the main origin of the relation afy| < |X| < |Z| should not be
previous sections was carried out by assuming the following the loss of the coplanarity among the composing benzene rings,
three planar structures: (1) that composed of four regular although such arelation is obtained for biphenyl when the twist
hexagonal benzene rings; (2) that composed pftarphenyl angle between the adjacent benzene rings fairly increases. For
skeleton with the deformed benzene rings used in the previousthe overcrowded molecules such apolyphenyls, however,
calculation @A = 115°) attaching a regular hexagonal benzene such an effect should be taken into consideration.
ring; (3) that composed of two biphenyl skeletons with the  For the direction of the principal spin axes in théensor of
deformed benzene rings as was used in the calculation ofthe T; conformers withouC, symmetry axis, the result of the
biphenyl previously. In these models, the-C internuclear simplified valence-bond (VB) treatment does not always
distances of the benzene skeletons and those of tH@ kibnd coincide with that of the MO consideration. This is because of
connecting the adjacent benzene rings are taken as 1.397 anthe difference of the contribution of the excited configurations
1.400 A, respectively. The direction of each bond was assumedincluded in these calculations. For the simplified VB treatment
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0.10

adopted, the excited configurations are relatively localized at
every biphenyl skeleton and the spigpin interactions and also
the spir-orbit ones in this part are implicitly included exten-
sively because of the use of the experimentally determined ZFS
parameters. For the present MO consideration, all of the excited
configurations included are those arising from the single
excitations relative to the G state, although the long-range-spin
spin interactions within this approximation are taken into
account. In the directions of the calculated principal spin axes,
therefore, some discrepancies arose between these two treat-
ments, especially for the relatively large molecules. Actually,
it is very difficult to find host crystals suitable for the
experimental determination of the spin axis for each conformer.
In consideration of these facts, the present work is generally
successful for the assignment of the ZFS parameters within the
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ZFS / cm-1

0.00

R(C-C)=1397A

. " . L z
present experimental condition. 0.10
Conclusion -0.12 ' ' '
110.0 1150  120.0 125.0 130.0
For the T states ofm and p-polyphenyl molecules, the 1250 1225 1200 1175 1150
assignment of the ZFS parameters relative to the spin axes are (AQ Z£CgC;C; bond angle / degree @

successfully carried out from both the experimental and the £C1C,C; bond angle / degree
theoretical viewpoints. The fundamental difference in the ZFS rjgyre A1, Variation of the calculated ZFS parameters of benzene
parameters of these two kinds of species was experimentally molecule with symmetry,, as a function of the bond angles.

found from the relatively small molecules using the stretched-
polymer-film technique, that is|Y| < |[X| < |Z| for p-poly-
phenyls andX| < |Y| < |Z| for m-polyphenyls. The origin of

the relative magnitude of th&X and theY value can be
satisfactorily explained from the different structures of the
composing benzene rings between these species using the VB
and MO methods. With an increase of the number of the
composing benzene rings, the decrease oflZhealue in the
p-polyphenyls is because of the delocalization of the conjugated
system along the long axis of the molecule, whereas the scarce
change in them-polyphenyls is the localization of the;T
character in the every composing biphenyl skeleton. In the
course of the present elucidation of thgpblyphenyl molecules,

the importance of the bond angles of the composing benzene
rings in the ZFS parameters is emphasized by using the result
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Figure A2. Variation of the calculated ZFS parameters of benzene

The Dependence of the ZFS Parameters in the 1TState molecule with symmetryD,, as a function of the bond lengths.

of the Benzene Molecule,,) upon the Variation of Bond

Angles. In the previous papérthe dependence of the ZFS
parameters¥ andE) for the T; state of the benzene molecule
upon the variation of €C bond distances was calculated from
the electron spirspin interactions using the Parisd?arr—
Pople-type approximatidh'with the zero-differential overlap
(ZDO) treatmenrt by including configurations arising from alll
of the single excitations relative to the ground state. In the
present note, the dependence of the ZFS parametels é&nd

Z) for the T, state of benzene molecule upon the variation of

= [JC3C4Cs < 130C°. Comparing with the previous cases of the
dependence of the -€C bond distances witAR(C1—C,) =
AR(C3_C4) = AR(C4_C5) = AR(CG_Cl) = _AR(CZ_C3)/2
—AR(Cs5—Cg)/2 within Dy, symmetry shown in Figure A2,
we learn that the present cases of oblate form Wi@C,C, >
12 and of prolate form witH1CsC1C, < 12C° are relatively
similar to the cases of quinoidal and antiquinoidal form,
respectively.
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