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Geometry and torsional motion of biphenyl in the ground and first excited 
singlet state 

Hoong-Sun 1m and E. R. Bernstein 
Department ojChemistry, Colorado State University, Fort Collins, Colorado 80523 

(Received 13 January 1988; accepted 2 March 1988) 

The lowest excited singlet state of biphenyl (BP) and a number of its isotopically and 
chemically substituted analogs have been studied by supersonic jet laser spectroscopy. The 
symmetry species of this excited state in BP can be classified as B 2-:; in the GI6 extended 
molecular symmetry group GI6 (EM). The symmetry-allowed origin of the biphenyl-h 
SI +-So electronic transition occurs at 35 268 cm -I. The frequency ofthe torsional moti~n in S 
is determined to be - 65 cm - I. The potential parameters for this motion in SI are V2 = 1195 1 

cm - I, V4 = - 190 cm - I, and V6 = 18 cm - I. The torsional motion for the ground state ( - 50 
cm - I) can be described by V2 = 50 cm - 1 and V4 = - 148 cm - I. The change in the dihedral 
angle between the two benzene rings in BP upon So to SI excitation is determined to be _44· 
based on a Franck-Condon factor calculation. Several fundamentals of the molecular 
vibrations are assigned in the SI state. The exciton interaction between the coupled benzene 
rings in biphenyl is suggested to be large ( > 103 cm - 1 ). 

I. INTRODUCTION 

Biaryl molecules, of which biphenyl is the prototypic 
example, are of fundamental interest for two reasons. First, 
they are typically composed of two chromophores coupled 
by a single C-C bond so their energy levels and dynamical 
behavior can be thought of in terms of these two interacting 
moieties. In fact, exciton or exchange interaction between 
the two halves of the molecules has often been invoked to 
explain the electronic properties of biaryl molecules. 1 Sec
ond, the conformational structure and dynamics of these 
molecules give insight into the behavior of nonrigid large 
molecules. These important concerns notwithstanding, a de
tailed study of the vibronic states ofbiaryl molecules in gen
eral, and biphenyl in particular, is difficult due to the diffuse
ness of their gas phase spectra. The broad featureless gas 
phase absorption spectra of these systems are due to hot 
band transitions from low lying (torsional) vibrations of the 
ground state. Condensed phase spectra, on the other hand, 
cannot be used to determine structure, interactions, and dy
namics of these nonrigid molecules because these properties 
are greatly perturbed by the condensed phase intermolecular 
interactions. 

Expansion of biaryl molecules in a supersonic jet cir
cumvents these problems: hot bands are removed from the 
spectrum and structural data derived from an analysis of the 
spectroscopic data pertain to the free molecule. Supersonic 
molecular jet laser spectroscopy has been employed in the 
past to study various biaryl systems. Low frequency modes 
and torsional potentials have been identified through laser 
jet spectroscopy in 1,1' -binaphthyl/ 9-phenyl-anthracene 
and its derivatives/ and 9,9' -bianthryl.4 

Biphenyl, on the other hand, has proven difficult to 
study even with jet cooling techniques. A complete analysis 
of the biphenyl molecular absorption spectrum is not avail
able, although the torsional frequency in the excited state 
has been assigned.5 Biphenyl undergoes a large conforma
tional change upon excitation (SI +-So)6 and the inter-ring 

exciton interaction is quite large for the planar excited state. 7 

Consequently experimental and theoretical perturbation ap
proaches to analysis of the biphenyl spectrum have not been 
terribly fruitful. 

Since biphenyl is a nonrigid molecule which undergoes a 
large geometry change upon excitation from So to SI' point 
groups are not appropriate for the determination of spectro
scopic selection rules. In such circumstances, molecular 
symmetry groups developed by Longuet-Higgins, Bunker, 
and others8 must be generated and employed. We develop 
and employ in this work the appropriate extended molecular 
symmetry group8(d) for biphenyl [G16 (EM)] and classify 
the electronic, torsional, and vibrational states according to 
its irreducible representation. 

In this paper we report supersonic molecular jet mass 
selected excitation spectra for biphenyl and a number of its 
isotopic and chemical derivatives. The proper selection rules 
are obtained for the vibronic-contorsional transitions of this 
molecule based on the GI6 extended molecular symmetry 
group GI6 (EM). Based on these data and considerations 
the origin for the biphenyl SI +-So transition is suggested and 
the spectrum is analyzed in detail up to 900 cm - 1 from this 
origin. Potential parameters for the torsional motion in both 
So and Sl are presented. The conformational change between 
So and SI is determined by simulating the intensity pattern 
found in the torsional progression. This calculation is car
ried out employing the eigenvectors of the torsional modes. 
Finally, data obtained from the spectra of isotopic and che
mically substituted biphenyls are used to determine the exci
ton interaction between the two rings in the excited state. 

II. EXPERIMENTAL PROCEDURES 

The experimental apparatus has been described in detail 
previously.9 A pulsed valve is used to generate the molecular 
beam. Samples are placed inside the valve and heated near 
their melting points to increase their concentration in the 
beam. The supersonic molecular beam passes through a 
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p = (11 ')(26')(35')(44')(53')(62) 

3'·-----"2', 6-5 ,5' ------6' 6--5 
, , / '" '- / '" 

FIG. 1. A feasible conformational 
transformation in G.6 (EM), 
which is not possible in the D2~ 
symmetry point group. The sym
metry element for this transforma
tion is given in the figure. The 
transformation is a rotation of one 
benzene ring by 180' about the in
ter-ring C-C single bond. The 
atom numbering of BP-h 10 is also 
shown. 

4/' "1'--1 '4 - 4/ '-'1'--1 '4 " / "" /' ,,/ -"- /' 
5'-6' 2-------3 3'-2' 2-------3 

6'"", ......... 5 
'4~ 

3/ """2' 

skimmer and then into the ionization region of a time-of
flight mass spectrometer (TOFMS). The cold molecules are 
excited to SI by the doubled output of a Nd+ 3/yAG 
pumped pulsed dye laser focused into the ionization region. 
The light intersects the molecular beam at right angles to its 
direction of travel. The flight tube is perpendicular to these 
two directions. A second photon of this beam is absorbed to 
create the ion (e.g., C12Hit ). 

Biphenyl-h lO (BP-h lO ), 4-methylbiphenyl (4-CH3-
BP), 4,4' -dimethylbiphenyl [4,4'- (CH3) 2-BP], and 4,4' -di
fluorobiphenyl [4,4'-(F)2-BP] are obtained from Aldrich. 
The biphenyl-dlO (BP-d lO ) is purchased from MSD Iso
topes. Samples of 4-fluorobiphenyl (4-F-BP), 2-fluorobi
phenyl (2-F-BP), and 4-chlorobiphenyl (4-CI-BP) are 
purchased from Pfaltz and Bauer. The samples of 4-deutro
methylbiphenyl (4-CD3-BP) and half deuterated biphenyl 
(BP-hsds) are provided by J.1. Seeman and H. V. Secor who 
synthesized them at Philip Morris USA Research Center. 
All samples are studied as received and not further purified. 

Biphenyl and many of its derivatives do not readily cool 
in a supersonic expansion. Several carrier gases are used to 
cool these molecules: high pressure He ( - 10 atm), He/CF 4 

mixtures, Hel Ar mixtures, N2 and Ar. Pure Ar (- 2-3 
atm) is apparently the best expansion gas in terms of cooling 
BP and its derivatives. BPI Ar clusters, which undoubtedly 
form in this expansion, do not interfere with these studies 
because mass detection is employed in all experiments and 
the reported features appear in all expansion gases em
ployed. 

III. GROUP THEORETICAL CONSIDERATIONS 

A. Molecular symmetry group for biphenyl 

The ground state equilibrium geometry of biphenyl is 
not planar: the dihedral angle between the two rings is 
42 ± 2°.10 The excited geometry is planar6 (vida infra). The 
point group for the ground state molecule is D2 and the point 
group for the excited state molecule is D2h • Neither point 
group is of course adequate for a treatment of the vibronic 
transitions ofBP. Further, if torsional tunneling is feasible in 
either state, the BP molecule must be considered nonrigid. 
Various conformers ofBP are possible if the molecule is non
rigid; e.g., see Fig. 1. Thus, point groups are inadequate in 
describing the behavior of the nonrigid, spectroscopically 
accessed BP molecule. 

Molecular symmetry groups,8 composed of permuta
tion and permutation-inversion elements, are employed for 
the study of nonrigid molecules in general. Following the 
procedure outlined by Bunker,8(d) the appropriate molecu
lar symmetry group can be established for BP: the group is 
G I6 (MS). BP is, however, a molecule composed of equiva
lent rotors joined by a single bond in a linear fashion (similar 
to dimethylacetylene) and thereby admits a double valued
ness for the torsional coordinate. Two coordinate transfor
mations correspond to each element of GI6 (MS). The GI6 

(MS) group must be extended (like the "spin-double" 
groups are for point groups) to generate the extended molec
ular symmetry group G I6 (EM).8(d) 

The permutation-inversion groups isomorphic to D2 

and D2h point groups are subgroups of G 16 (EM). The corre
lation between G I6 (EM) and these subgroups is given in 
Table I. 

B. Symmetry species In G11 (EM) 

t. Dipole moments 

The molecule fixed x, y, z axes are chosen such that z is 
the longest axis containing the inter-ring single bond, x bi
sects the smaller inter-ring dihedral angle a of the equilibri
um geometry in the ground state, and y is perpendicular to 

TABLE I. The correlation table of G. 6 (EM) with D2 and D2~ symmetry 
group_ 

G.6 (EM)" D2~ D2 

A.~ Ag A 
A2~ B .. B. 
Ai;; Au A 
Ai;; B.g B. 
B.~ Ag A 
B2~ Blu B, 
B.-;; Au A 
B 2-; B.g B. 
E+ B2u + B,g B2 +B3 
E- B2g + B3u B2+B3 
E. Ag +A. 2A 
E2 B.g + B.u 2B. 
Eg B2g +B3g B2+B3 
Eu B2u + B3u B2+B3 

" The species notation for G.6 (EM) is that of Merer and Watson (see Ref. 
13). 
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y 

6' ..•. _.. f 5 ;;.::r:fia- X 

3~' "'2' 

FIG. 2. Definition of molecular fixed axes and the torsional angle coordi
nate for BP-h,o' The carbons labeled 4, 1, I', 4'lieon thezaxis. Thex,yaxes 
vary smoothly with the torsional angle and always bisect the torsional an
gIe. Because of the double valuedness of the torsional coordinate, the tor
sional angle coordinate is not the dihedral angle a but half that angle r. 

these axes with a right-hand convention. 8
(d) For some con

formers, the x axis is oriented to bisect the larger torsional 
angle consistent with the original axis definition but con
trary to Mulliken's conventional notation for rigid mole
cules. II This definition dictates that the torsional angle is 
al2 = r (defined, as usual, as increasing in the counter
clockwise direction away from the x axis, observed along 
+ z). The axis system and the coordinate r are depicted in 
Fig. 2. With this axis system, the symmetry species for the 
dipole moment in G I6 (EM) areB i:; (J.lz) and Eu (J.lx,J.ly )· 

2. Electronic state 

In order to obtain the appropriate symmetry species for 
the electronic states of BP in GI6 (EM) the approximate 
Huckel method usually used for 'IT electron systems in rigid 
molecules is employed. 12 Since we must employ molecular 
symmetry groups, the procedure is somewhat modified. 

First, label each carbon nucleus and 2p ( 'IT) -electron or
bital on each carbon. The 2p ( 'IT) -electron orbitals are consid
ered to be the elements of the 'IT-system basis set for the trans
formation operators. Second, the elements of the symmetry 
group are applied to the BP molecule in the following man
ner: the permutation elements affect only the nuclei while 
the inversion elements affect the nuclei, their displacements, 
and the electron coordinates. 8

(d) Third, superimpose each 
new transformed molecular configuration on the original 
one. The reducible character of each element is then ob
tained by counting the 2p{ 'IT) orbitals whose positions are 
unchanged by the transformation. Fourth, reduce the reduc
ible character set in terms of the irreducible character set and 
the representations of the molecular orbitals for BP are de
termined. Fifth, the wave functions for each molecular orbi
tal (LCAO-MO) can be obtained, by the use of G I6 (EM) 
projection operators, in terms of 2p ( 'IT) -electron orbitals. 
The approximate energy levels can then be calculated for 
these MOs of specific GI6 (EM) symmetry. The 'IT-electrons 

TABLE II. The symmetry species of the wave functions of free internal 
rotation in G'6 (EM). 

Symmetry species Free internal rotation functions· 

0, +4, + 8, .. , 
- 2, - 6, - 10, .. . 
+2, +6, + 10, .. . 
- 4, - 8, - 12, .. . 

± 1, ± 2, ± 5, .. . 

• r/Jo = (l1.[21i), r/J +m = (ll..{ii) cos rna, r/J _ m = (ll..{ii)sin rna. 

are then placed in these orbitals and the symmetry species of 
the ground and various excited states are obtained in the 
usual manner. The ground state is found to have A ii sym
metry and the first excited state is found to have B 2~ symme
try. 

3. Tors/onal mot/on 

The symmetry species of the torsional modes can be 
found from the one-dimensional free rotor modes of the two 
ring system, as classified in the G I6 (EM) group, because the 
torsional modes can be written as linear combinations of the 
free rotor wave functions. 13 The free rotor wave function and 
their GI6 (EM) symmetry species are listed in Table II. 

A barrier to internal rotation in BP transforms free ro
tor motion into torsional motion. 14 The symmetry species of 
the torsional mode in the rigid conformations for BP are A in 
D2 (So) andAu inD2h (SI)' From the correlation table (Ta
ble I) we find that A of D2 correlates to A ii, B ii, E 1, A ;; , 
and B 1-;; in GI6 (EM). The free-rotor basis set spans this set 
ofGI6 (EM) irreducible representations. Therefore, one can 
expect (see Tables I and II) that the first eight energy levels 
of the free rotor converge to the first energy level of the tor
sional motion (fundamental) in the ground state of BP, and 
the next eight free-rotor levels converge to the second level 
(first overtone) of the D2 torsional mode, etc. A parallel 
argument suggests that for the rigid planar D2h excited state 
of BP four free-rotor levels correlate to each of the torsional 
motion symmetry states Ag and Au: namely, A I~' E I , B I~ 
correlatetoAg andA .-;;, E., B.-;; correlatetoAu' The energy 
level correlation between the different limiting groups is de
picted in Fig. 3. The calculational demonstration of this cor
relation is presented in the next section. 

The G.6 (EM) symmetry representations of the other 
normal modes of BP can be determined by considering the 
effect of the symmetry operations discussed above on the 
detailed displacement patterns of each mode. 

C. Selection rules 

Since the electronic and vibration eigenstates of BP are 
functions of the torsional angular coordinate r, the vibronic 
transition moment must be written as follows8

(d) : 

(1) 

The symbols in this expression have their usual meanings. 
The above matrix element must not be zero if a particular 
transition between ground and excited BP states is to be al-
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V=l 
(A) 

~-u,E"B,~ 

A;g,E"Blg 

V=o A;u, E"B; 
(A) A;g, E"B1g 

Free Rotor 

V=2 
(Ag) 

V=l 
(Au) 

V=o 
(Ag) 

FIG. 3. The correlations of the torsional energy levels in the D2 (So) and 
D2h (Sl) limits with the free internal rotation energy levels [Gl6 (EM) 1 for 
BP-h lO• The II indicates the vibrational quantum number at each limit and 
the symmetry species in parentheses are the symmetry representations for 
each level in each limiting case. 

lowed and thus the direct product of the symmetry species 
[in GI6 (EM)] of all functions in Eq. (1) must contain the 
totally symmetric irreducible representation of GI6 (EM), 

A I~' 
Both the og and any torsional level transitions are al

lowed under these considerations. The selection rules for 
other vibrational modes are that A I~' B I~' A i-;;, B 1-;;' E I , 

Eg , Eu ' E + , and E - species can be observed in the spectrum. 
Modes which transform as irreducible representations A 2"!;' 
A 2-;' B 2;;' B 2-;' and E2 of G I6 (EM) cannot be observed as 
fundamentals in the spectrum of BP: these species correlate 
to the Big and Blu irreducible representations of the D2h 

point group. 

IV. CALCULATIONS OF ENERGY LEVELS AND 
FRANCK-CONDONFACTORS 

A torsional motion is considered to be a hindered inter
nal rotation (of the rings with respect to one another about 
the z molecule fixed axis) dependent only on the ring dihe
dral angle a ( = 2r) and governed only by the potential 
term Veal. The free rotor Hamiltonian thus becomes 

a2 

H= -B ayl + V(2r) (2) 

in which B is the rotational constant of the rotor ( = h I 
8rcI) and I is the reduced moment of inertia about the 
rotation axis. 15 The general form of the potential energy 
term for the torsional motion is represented by a cosine 
Fourier series 

1 
V(2r) = - I Vn (1 - cos 2nr)· 

2 n 

(3) 

Using the wave functions of the free rotor as a basis set, the 
eigenfunctions for torsional motion can be expressed as 

t/J;(r) = I e",;r/lm (r), m = 0, ± 1, ± 2, ... (4) 
m 

in which r/lm is a free rotor eigenfunction with the mth free 
rotor quantum number and em; are the coefficients of r/lm in 
t/J; (r)· The r/lm specific to the BP coordinate system are 

1 r/l", = - cos mr, m = 1, 2, 3, ... , 
fi 

1 r/lm =--, m=O, 
{2ii 

(5) 

"" 1. ,/,,,, =-slOmr, 
fi 

m = - 1, - 2, - 3, .... 

The eigenvalues and vectors are found for the torsional mo
tion by solving the secular determinant 

(6) 

The nonzero matrix elements of this equation are given in 
Table III. Note that t/Jdepends on r = a/2 and V = V(2r). 
This calculation demonstrates that each torsional level of the 
ground electronic state (D2 symmetry) is eightfold degener
ate and each torsional level of the excited electronic state 
(D2h symmetry) is fourfold degenerate with regard to the 
free-rotor GI6 (EM) symmetry energy levels. 

The calculated energy levels are fit to the observed 
ground and excited state torsional energy levels, as discussed 
below, to obtain values for the potential energy parameters. 
Because both accurate eigenvalues and eigenvectors (for 
Franck-Condon factor determination) are required from 
this calculation and the resulting determinant is so highly 
degenerate, the full determinant must be prediagonalized ac
cording to symmetry blocks before a numerical eigenvectorl 
eigenvalue routine is employed. The individual symmetry 
blocks are then numerically diagonalized with the standard 
diagonalization routines. 

The relative intensity distribution of the transitions in
volving overtones of the torsional motion built on the og in 
the one-color TOFMS spectrum ofBP can provide informa
tion on the change in dihedral angle between the equilibrium 
geometry of the ground state and that of the excited state. 
The torsional eigenvectors can be written for the ground and 
excited states as t/J;'(r) and t/J;(r+ (), respectively, in 
which () is the difference in the inter-ring dihedral angle 
between the ground state and excited state equilibrium con
figurations. The Franck-Condon factors for a transition 
between the zero-point level of the ground state and tor
sionallevels (j) of the excited state can be expressed as 16 

<t/J;(r+ ()It/JO'(r» 

=(~e~'jr/l",'(r+{) I~e~.or/lm.(r») 

= I e~je~O cos(m{), m = 0, ± 1, ± 2, ... , (7) 

This expression is complicated by the fact that the 
ground and excited state energy levels appear so highly de
generate in the group of the basis set. Transitions between 
GI6 (EM) states of the same symmetry are allowed and thus 
the transition intensity is written 

Intensity (odd overtones) 
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TABLE III. Matrix elements associated with the Hamiltonian operator: 

d 2 1 
H= -B-z-+- I V.(I-cos2nr)· 

d r 2 

m: negative integer m: 0 and positive integer 

d2~ 
(~m·1 dy2 I~m> = - m

Z 
(m' = m) 

d2~ 
(~m·1 dy2 I~m> = - m

Z 
(m' = m) 

(~m·1 ~~ I~m> = 0 (m'#m) (~m.1 d2~ I~m > = 0 (m' #m) 
dr 

(~m·JVnl~m> = V. (m'=m) 

(~m' JV.I~m> =0 (m'#m) 

(~m·JV.I~m> = V. (m'=m) 

(~m' JV.I~m> = 0 (m'#m) 

(~m·lcos2nrl~m> = ~ (Im'I-lml =2n) (~olcos 2n rl~m > 

1 = (~m·lcos 2n rl~o> = - (m = 2n) 
J2 

1 
(~m·lcos2nrl~m>= -- (Im'I+lml=2n) 

2 
(~m·lcos 2n rl~m > =..!.. (1m' ± ml = 2n) 

2 

(~m·lcos2nrl~m>=0 (Im'I±lml#2n) (~m·lcos 2n rl~m > = 0 (1m' ± ml #2n) 

a: IFC (A l~ -A l~) 12 + IFC (E1 +-E1W 

+ IFC (B l~ -B l~ W + IFC (E1-E1 )1 2
, 

Intensity (even overtones) 

a: IFC (A l~ +-A I~) 12 + IFC (E1 --E1 ) 12 

+ IFC (B l~ --B l~) 12 + IFC (E1 +-E1) 12. (8) 

The different symmetry GI6 (EM) free rotor eigenstates 
comprising the D2 and D2h rigid molecule torsional levels do 
not mix and are thereby in a sense "accidentally" degener
ate: the expressions in Eq. (8) are thus properly "incoher
ent" sums. The EI states are truly degenerate, however, and 
their sums must be obtained "coherently"; i.e., 

IFC (EI +-EI ) 12 = (IFC (Ela +-Ela ) 1 

+ IFC (Elb +-Elb ) 1 )2. (9) 

The displacement angle () is determined by a best fit to the 
experimental observations: if the equilibrium ground state 
confirmation is known, the equilibrium excited state confor
mation can be determined. 

v. RESULTS AND INTERPRETATIONS 

The one-color TOFMS of the SI +-So transition ofBP is 
presented in Fig. 4 and the features are assigned in Table IV. 
The intensity of the og transition is quite small for this sys
tem and a very long progression in the torsional mode can 
readily be identified. The general form of this spectrum is 
expected based on the assumed large conformational change 
undergone by BP upon So to SI excitation. Consequently, the 
assignment of the origin is not immediately obvious. Many 
theoretical 17 and experimental (solutions, 18 crystals 19) 

studies have served for estimates of the origin position in the 
spectrum but these are not accurate enough to assist in the 
gas phase determination of the og band. 

A. og transition 

The peak at 35 258.0 cm -I, the lowest energy cold fea
turein the spectrum, is assigned to be theSI -So origin orDg 
transition. This feature is shifted to the blue by approximate
ly 2100 cm - I from the assigned og in the crystal: this gas-to
crystal shift is comparable to that observed for tolane.20 Sev
eral experimental results support this assignment. First, the 
general pattern of the spectrum and the detailed peak posi
tions for BP-h lO, BP-hsds, and BP-dlO are all very similar in 
this spectral region even including the small observed nega
tive anharmonicity in the torsional mode (see Fig. 5 and 
Table V). This is good evidence in support ofthe origin as
signment in all three samples. Second, comparison of the 
origin shift for substituted BPs with respect to the BP as-

61 

WAVENUMBER (cm -1) 

FIG. 4. One-color TOFMS of BP-h 10 in a supersonic expansion of argon at 
10 psig. The weak feature at 3S 268 cm -, is tentatively assigned as the 
S, .... So origin (og) band. The torsional progression is bracketed with excit
ed state torsional spacings shown in em - '. The peak marked by • is assigned 
as the sequence band of the torsional mode (T: ). The peaks marked with 
capital letters are vibrational mode fundamentals in S, (cf. Table IX). 
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TABLE IV. TOFMS spectrum and assignments for BP-h lO in the energy 
range 35 2~36140cm-l. 

35258.0 
35270.8 
35319.4 
35335.6 
35382.6 
35404.5 
35430.2 
35447.7 
35470.1 
35491.8 
35512.1 
35 527.1 
35536.7 
35538.1 
35553.2 
35577.1 
35588.1 
35600.4 
35603.2 
35604.5 
35615.8 
35642.2 
35645.6 
35649.7 
35663.3 
35670.2 
35673.0 
35680.5 
35705.4 
35709.5 
35711.9 
35728.4 
35735.7 
35741.9 
35745.3 
35771.5 
35778.0 
35793.5 
35805.3 
35809.8 
35835.9 
35842.1 
35844.9 
35858.9 
35875.7 
35878.5 
35900.8 
35908.5 
35912.0 
35923.9 
35925.3 
35940.6 
35944.1 
35966.5 
35974.6 
35979.7 
35990.2 
35993.0 
36003.6 
36011.2 

o 
12.8 
61.4 
77.6 

124.6 
146.5 
172.2 
189.7 
212.1 
233.8 
254.1 
269.1 
278.7 
280.1 
295.2 
319.1 
330.1 
342.4 
345.2 
346.5 
357.8 
384.2 
387.6 
391.7 
405.3 
412.2 
415.0 
422.5 
447.4 
451.5 
453.9 
470.4 
477.7 
483.9 
487.3 
513.5 
520.0 
535.5 
547.3 
552.8 
577.9 
584.1 
586.9 
600.9 
617.7 
620.5 
642.8 
650.5 
654.0 
665.9 
667.3 
682.6 
686.1 
708.5 
716.6 
721.7 
732.2 
735.0 
745.6 
753.2 

Assignment" 

00 
o 

T: 
T' o 

n 
T2 o 

Ti 
A~ 
T3 o 

T~ 
A~T~ 
T' o 

B~ 
T~ 
C' o 
A~T~ 
T S 

o 
BbT~ 
D~ 
T~ 
C~T~ 
AbT~ 
T~ 
Eb 
BbT~ 
D~T~ 
Ti 
CbT~ 
A~Tri 
T7 o 

E~Tb 
B~T~ 
D~T~ 
T2 , 
CbT~ 
AbTg 
T~ 
EbT~,bTri(d) 

DbT~ 
T9 , 
C~Tri,A~T~(d) 
T9 

o 

EbT~ 
B~Tg 

D~Tri 
T'o o 
Cb Tg,A ~ Ti, (d) 
TIO o 

EbTri 
B~T~ 
F' o 
DbTg 
Til , 
C~T~,A~T~(d) 
T~' 
EbTg 
B~Tb 
F~Tb 
D~T~ 
T'2 , 
C~T~,A~T~(d) 

TABLE IV. (continued). 

36017.5 
36031.3 
36037.0 
36040.6 
36043.5 
36048.5 
36056.4 
36061.4 
36070.0 
36078.6 
36081.5 
36087.9 

759.5 
773.3 
779.0 
782.6 
785.5 
790.5 
798.4 
803.4 
812.0 
820.6 
823.5 
829.9 

G' o 
TI2 o 
H' o 
E~T~ 
]' o 

B~T~ 
D~Tb 
FbT~ 
TI3 , 
C~T~ 
A~T~o 

G~T~ 

a A through] are the notations for the observed S, modes of BP-h lO• T is 
the notation for the torsional modes in S, of BP-h lO• 

signed origin and the substituted toluenes with respect to the 
intense toluene origin presents very similar trends (see Table 
VI) for both series. This again is corroborating evidence that 
favors the present og assignment of the spectrum. We are 
thus reasonably confident that the SI ..... SO og transition for 
BP-h 10 lies at 35 258.0 cm -I. 

B. Torsional modes 

A long harmonic progression is built on the origin at 
35 258.0cm- l

, the spacing of which is -65cm- 1 for BP-h lO 

x 5 

BIPHENYL -hlO 

BIPHENYL - h5ds 

x 5 
BIPHENYL-dlO 

o 100 

WAVENUMBER (em -1) 

FIG. 5. The TOFMS of BP-h lO, BP-hsds, and BP-d lO around <fa region of 
each species. The S, origins of BP-hsds and BP-dlO are at 35367.4 and 
35 469.6 cm - , , respectively. The pattern of the spectra of these three isoto
pic species is nearly identical. The spectra show the isotope effect on the 
spacings of the torsional vibration. 
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TABLE V. The observed torsional spacings for S, of BP-h lO, BP-hsds, 
BP-dlO• 

Assignment'\ Samples BP-h lO BP-hsds BP-dlO 

T~ 61.4 60.4 58.0 

T~ 63.2 60.7 58.6 
T3 

0 64.1 61.9 58.7 

T~ 65.4 62.0 60.2 

T~ 65.0 62.8 60.7 
Tg 65.1 63.1 61.1 

Tb 63.2 65.7 60.8 

T~ 66.1 63.7 60.7 
Tg 66.4 64.9 60.6 
T~o 64.9 65.0 60.5 

T~' 65.7 61.2 
T~2 64.8 60.8 
T~3 65.4 62.1 

(see Table V and Figs. 4 and 5). The peak intensity in this 
progression increases to the eleventh member (T 61

) and 
then begins to decrease. Figure 5 and Table V show the iso
tope effect on this progression. Chemical derivatives ofBP at 
the 4-position or the 4,4' -positions show little or no substitu
tion effect for this torsional progression while derivatives at 
other positions show considerable changes in the progres
sion and its interval (see Fig. 6). The frequencies for the 
torsional motions of all biphenyls studied are collected in 
Table VII. We can conclude from these data that the main 
progression observed is that of the z axis torsional mode. 

The best fit potential parameters are obtained by match
ing the observed and calculated torsional spacings. V2, V4 , 

V6 potential parameters are required for the excited state 
surface and V2 and V4 parameters are required for the 
ground state surface. The results of such calculations are 
found in Table VIII. The eigenvectors obtained for this ener
gy level set are used to determine Franck-Condon intensity 
factors and the displacement angle e. e is found to be 44°. 

c. Sequence bands 

Additional transitions appear in the spectrum of BP 
that are not members of the og torsional mode progression 
( T ~ ). In particular, a feature can be observed at 13 em - 1 to 

TABLE VI. The substituent effect on the position of the S, origin in bi
phenyl derivatives. 

Substituent 

4-CH3 

4-F 
2-F 
4-Cl 

Biphenyl (35 258.0 em -I)" 

_ 609b 

-632 
+ 235 
-760 

Toluene (37477.4 em-')" 

-744 
-617 
+84 
e 

"The figures in parentheses are the origin of each species. 
bThe negative sign indicates red shift and the positive sign indicates blue 
shift from the S, origin of its nonsubstituted species. 

C No data are available for this species. 

BIPHENYL-hlO 

4-FLUOROBIPHENYL 

4-CHLOROBIPI-£NYL 

2-FLUOROBIPHENYL 

400 6 I I 
100 200 

WAVENUMBER (em -1) 

FIG. 6. The TOFMS of BP-h 10' 4-CH3-BP, 4-F-BP, 4-Cl-BP, and 2-F-BP 
around their og regions. The S, origins of the species are as follows: 
4-CH3-BP (34649.2 em-I), 4-F-BP (34626.2 em-I), 
4-Cl-BP (34497.7 em-I), and 2-F-BP (35435.9 em-I). The torsional 
spacings are nearly the same for the derivatives substituted at position 4. 
For 2-F-BP, the torsional spacings are significantly reduced. 

the blue of the og transition (see Fig. 4): this feature serves as 
an origin for another progression in the torsional mode. The 
feature and the progression built on it also appear in the BP
hsds and BP-dlO spectra. This 13 em-I feature can be as
signed as (1) a low frequency fundamental, (2) a BP-Ar 
cluster fragmentation peak, (3) an exciton state, and (4) a 
sequence band. The first two options can be dismissed quick
ly. The 13 em - 1 feature is too low in energy for any funda
mental considering that the lowest (out-of-plane) mode in . 
So is 77 em - 1 and that the molecule becomes more rigid in 
the excited state_ This feature and its progression are present 

TABLE VII. The energy of the torsional motion in the S, state for biphenyl 
and its derivatives. 

Samples 

BP-h lO 

BP-hsds 
BP-d lO 

4-CH3-BP 
4-CDr BP 
4-4'-(CH3 h-BP 
4-F-BP 
4-4'-(F)2-BP 
4-Cl-BP 
2-F-BP 

65 
63 
60 
66 
66 
70 
64 
70 
60 
35 
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TABLE VIII. Experimental and calculated SI torsional energy levels of 
BP-h to• 

Assignment ~Vexptl (em-I)" ~Vc"lcd (cm-I)b 

T' 61.4 61.7 
T2 124.6 124.4 
T3 189.7 188.0 
TO 254.1 252.5 
T~ 319.1 317.6 
T6 384.2 383.3 
T7 447.4 449.3 
T" 513.5 515.4 
T9 577.9 58\.5 
T to 642.8 647.3 
Til 708.5 712.7 
TI2 773.3 777.5 
TI3 840.7 841.2 

"Measured from the vibrationless level of the SI state, i.e., the zero-point 
level of the torsional potential. 

bIn the calculation, the following parameters are used: B=0.387 em-I 
(the reduced rotational constant), V2 = 1195.0 em-I, Vo= -190.0 
em-I, V6= 18cm- '. 

as BP-h lO, BP-dlO, and BP-hsds are expanded in He and N2. 
Choice three above would suggest that the interaction 
between the rings is quite small (- 13 cm - I): thus this ex
change effect should be removed in the mixed isotope BP
hsds which is certainly not the case. We discuss the exciton 
interaction between the ring more completely below. 

Finally we are left with the conclusion that the 13 cm - 1 
feature is a sequence band. We suggest that this is a sequence 
band of the torsional motion with an So fundamental value of 
- 50 cm -\ and an S 1 fundamental value of - 65 cm - I. 

D. The remaining features 

In addition to the main torsional progressions built on 
the og and 13 cm - 1 hot band transitions, other vibrational 
modes are found in the spectra of BP and its derivatives. A 
number of other assignments can be tentatively suggested 
based on the ground state fundamentals,21 selection rules, 
and spectra of various BP derivatives. Table IX contains a 
summary of these assignments. Since in the D2h symmetry 

TABLE IX. The suggested correlation of the fundamentals in SI with those 
in So. 

Fundamentals Fundamentals 
(cm-')inS, (em-I) in So Mode 

172.2 (A)a 116 (B2u )h in-plane bend 
269.1 (B) 260 (B2g ) 

280.1 (e) 2X91 (B ,u ) out-of-plane bend 
342.4 (D) ? ? 
387.6 (E) 315 (Ag) stretch 
667.3 (F) 609 (B3u ) 

795.5 (G) ? ? 
779.0 (H) 2X315 (Ag) stretch (overtone) 

"The characters in the parentheses indicate the assignments in Table IV. 
bThe symmetry species in D2h the planar geometry of biphenyl. Data from 

Ref. 21. 

excited state the molecule is quite rigid and planar, a number 
of the out-of-plane bending and stretching motions will in
crease in energy as the molecule undergoes the S 1 - So transi
tion. 22 

E. Inter-ring exciton interaction 

The magnitude of the exciton interaction in BP must be 
at least greater than 200cm- 1 becauseE(BP-h lO ) - E(BP
d lO );::::::200 cm- I and BP-hsds has the same spectral struc
tures does BP-h lO and BP-dlO• One can get some qualitative 
appreciation for the size of this interaction by studying 
asymmetrical derivatives of BP, such as F-, CI-, CH3-BP, 
for which the ring resonance is removed by more than 600 
cm -I. While the absolute energies of the 4-CH3-BP and BP 
spectra are quite different, the qualitative features are quite 
similar and the og energy shifts for the substituted molecules 
suggest only substituent shifts and not resonance interaction 
differences (see Fig. 6 and Table VI). Of course some new 
features appear for 4-CH3-BP, but since they also appear for 
4- (CH3 ) 2-BP and 4-CD3-BP their exciton origin is not sub
stantiated (see Fig. 7). In particular, the doublet feature at 
- 115 cm - 1 in 4-CH3-BP appears at - 90 cm - 1 in 4-CD3-
BP. Since the splitting of the feature is roughly constant and 
its isotope shift is - 20%, we suggest that this feature is a 
sequence band. Note that in the asymmetrically monosubsti
tuted BP systems both exciton components should be al
lowed and possibly observed. Different patterns arise for the 
spectra of 4-F-BP, 4-F 2-BP (Fig. 8), and 4-CI-BP (Fig. 6). 
No hot bands are found in these systems and only the tor
sional mode progression is seen below 300 cm - 1 to higher 
energy of the origin. The spectra of 4-F-BP and 4-F2-BP are 
also very similar. 

The main conclusion here is that the inter-ring exciton 
interaction is quite large, probably greater than 1000 cm - I. 

More will be said about this point in the Discussion. 

4-METHYLBIPHENYL 

4,4'- DIMETHYLBIPHENYL 

1 I I 360 0 100 200 

WAVENUMBER (cm -1) 

FIG. 7. The TOFMS of 4-CHr BP, 4-CDr BP, 4-4'-(CH3)2-BP around 
their SI origin regions. The SI origins of 4-CD3-BP, 4-4'-(CH3)2-BP are 
(34664.8 em-I) and (34312.4 em-I), respectively. The spectra of these 
derivatives are quite similar to those of BP-h 10' 
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4-FLUOROBIPHENYL 

4,4'- DIFLUOROBIPHENYL 

WAVENUMBER (em .1) 

FIG. 8. The TOFMS of4-F-BP and 4-4'-(F)2-BP around theirClg regions. 
TheS, origin of4-4'-(F)2-BP is (34270.8cm-'). The spectra of the two 
species show similar patterns. 

VI. DISCUSSION 

In this section we discuss our three most important re
sults: the torsion mode frequency and thus the ground and 
excited state potential energy surfaces for BP nonrigid inter
nal motion; the intensity pattern (Franck-Condon factors) 
for the torsional mode progressions observed and thus the 
SO-SI displacement angle 8; and the inter-ring exciton inter
action. 

A. Torsional mode frequency and excited state 
geometry 

As the progression in the torsional mode increases in 
energy, its intensity and spacings become more difficult to 
identify due to spectral crowding and possible Fermi reson
ances with other fundamental and combination modes. This 
can be seen in Fig. 4 and Tables IV and VIII for BP-h lO• 

Intensity and frequency problems are the most obvious at 
the seventh to eighth member ofthe BP T~ progression for 
which this feature clearly becomes a triplet: the specific peak 
is difficult to identify and the intensity is confused. The prop
er spacings, features, and intensity pattern can nonetheless, 
be extracted by comparison with spectra of other isotopical
ly and chemically substituted BPs as evidenced in Figs. 5 and 
6 and Tables V and VII. Note, however, that the intensity 
maximum for the chemically substituted biphenyls occurs at 
peaks 16 to 18 of the T ~ progression. The ground state angle 
and T, mode fundamental energy are different in the chemi
cally substituted biphenyls from those found in biphenyl it
self even though the SI T I fundamental seems quite similar. 

Calculations also assist in the assignment of the maxi
mum intensity peak in the T~ progression: 625 free-rotor 
basis functions are employed to calculate 22 torsional mode 
levels. Accurate energy values for this progression are ob
tained, by including a negative anharmonicity which is 
uniquely generated by a negative V6 term. 

In order to determine the torsion angle difference 
between the ground and excited state, good Franck-Condon 
overlap integrals must be obtained from accurate vibrational 
wave functions for the observed progression. Thus the 

E (cm- 1) 

250 

o 

E (cm- 1) 
200 

50 

\ 
\ 

-45 0 

Torsional angle (~) 

So 

FIG. 9. Best-fit effective potentials for the torsional motion of BP-h '0 in the 
excited state (top) and the ground state (bottom). In the excited state, the 
potential has a single minimum and in the ground state the potential has 
double a minimum. The potential barrier of the ground state is shallow so 
one can expect a large anharmonicity in the torsional levels. The potential 
barrier is large in the excited state and the torsional level is expected to be 
harmonic. 

ground state potential surface must be determined. A pre
vious determination23 of the ground state z torsion gives a 
fundamental energy of 105 cm - I. 24 This is clearly too large: 
the ground state value must be considerably less than 65 
cm - I because the excited state is considerably more rigid 
than the ground state. Based on sequence and hot bands we 
have chosen a T, energy of -50 cm- I (see Table IV). Un
fortunately, dispersed emission spectra could not be ob
served at high enough intensity to obtain a value for the 
ground state torsion directly. The ground state potential val
ues are V2 = 50 cm- I and V4 = - 148 cm- I

. The ground 
and excited state surfaces are plotted in Fig. 9. With So and 
SI eigenfunctions for the torsional mode, the Franck-Con
don intensity pattern for the T~ torsional progression is cal
culated as presented in Eqs. (7), (8), and (9). Peak eight in 
the progression is always calculated to be the most intense 
for a wide range of So potential parameters V2 and V4 • This 
coincides with the observations for BP-d lO and BP-hsds: the 
BP-h lO spectrum must be perturbed in this region by Fermi 
resonance and spectral congestion. The intensity patterns 
observed for the chemically substituted BPs are also consis
tent with this determination of the maximum intensity peak 
in the T~ progression. The value of the excited state dis
placement angle is thus 8 = 44° for the isotopically substitut
ed BPs and the two aromatic rings in BP are within experi
mental error coplanar in the SI excited state. 
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-,.. 
'e 
(J ->-
Cl ... 
Q) 
c 
Q) 

(J 

c 
o ... ... 
(J 
Q) 

4i 
Q) 

> ;::; 

~ 201 
°O~--~2dOO~--7~~---r6*OO~--~~br-

Exciton interaction energy (cm- 1
) 

FIG. 10. The electronic energy splitting for SI as a function of the magni
tude of the exciton interaction. The energy levels for the h to and d to species 
are marked on the figure with a dot-dash line. The solid line refers to the 
energy levels of BP-h,ds. The dotted line marks the energy center between 
BP-h to and BP-dto energies. The energy of BP-hsds coincides with the ener
gy center between the BP-h to and BP-dto features for large ( > 103 cm - I) 
excitation interaction. This energy relation between the three BP isotopes is 
exactly what is observed experimentally. 

B. Estimate of the Inter-ring exciton interaction in S1 

The biphenyl molecule has been thought of in the past as 
a strongly coupled dimer of benzene.7

(h) This approxima
tion leads one to think of the inter-ring interaction in the 
biphenyl SI state in terms of exchange or exciton interac
tions,25 

The three isotopically substituted BPs (h 10' d 10, h5d5) 
give strong evidence that this interaction is quite large as 
demonstrated in Fig. 10. If the exciton interaction is small 
(the benzene case), 25 isotopic substitution should diminish 
the effect of the exciton interactions on the observed hsd5 

energy levels. Thus for exciton interactions that are compar
able to the 200 cm - 1 d 101 h 10 isotopic shift, nonlinear effects 
on the hsld5 transition energy would be observed. One 
would not expect to observe in this instance the 0, 100,200 
cm - 1 h 10' h5d5' d 10 symmetrical linear energy differences 
that are apparent in the spectra (see Table X). Moreover, 
the isotope effect observed for hlOlh5dsidlO is exactly that 
expected considering separate benzene rings in the strong 
coupling limit. Thus the exciton interaction must be quite 
large for BP, probably greater than 103 cm -1. This conclu
sion is well substantiated by the asymmetrical chemically 
substituted BP for which both levels of the exciton structure 
should be observed. 

TABLE X. The isotope effect on the shift of SI origin. 

Species AVexptt (cm- I ) AVealed (cm- I
) 

BP-h to 0 0 
BP-hsds 99 99 
BP-dto 201 198 

VII. CONCLUSIONS 

Cooling biphenyl and its derivatives in a supersonic ex
pansion removes both sequence structure and hot band 
structure to the extent that good high resolution vibronic 
spectra (TO FMS) can be obtained and analyzed for this set 
of molecules.26 Our work has lead to the following conclu
sions: 

(1) The extended molecular symmetry group [G16 

(EM) ] is the appropriate group for the free biphenyl mole
cule. All biphenyl energy levels can be characterized by the 
irreducible representations of G16 (EM). Selection rules for 
con torsional, vibrational, and electronic transitions can be 
determined with this group. 

(2) The lowest singlet excited state ofBP is of B 2;; sym
metry in G16 (EM) and the transition from So to SI is al
lowed. 

(3) Torsional frequencies are identified for all BP iso
topes and chemically substituted species studied. 

(4) Potential parameters are determined for this tor
sional mode in both the So and SI states for BP. 

(5) A Franck-Condon analysis of the T~ torsional pro
gression yields the change in the ring dihedral angle upon 
excitation. The rings are coplanar in SI but rotated by _44· 
with respect to each other in the ground state. 

(6) Biphenyl in the SI state should probably not be con
sidered as a dimer of benzene. The exciton interaction 
between the two "components" of biphenyl in the SI state is 
quite large; probably greater than 103 cm - I. This large ex
change interaction is of course consistent with the observed 
planar geometry in this state. 
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