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Theoretical Studies of Transannular Interactions. I. Benzene Excimer Fluorescence
and the Singlet States of the Paracyclophanes
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The changes in the electronic transition energies of benzene which occur on dimerization have been
calculated. It is shown that the energy-level splittings due to the interactions between neutral-excitation
states are too small to explain the observed anomalous emission from concentrated benzene solutions
and the absorption spectra of the paracyclophanes. To extend the theory, the eight-electron problem is
treated for configurationally interacting neutral-excitation and charge-resonance states. Intermolecular
overlap is included in a way consistent with the use of a core potential in the Goeppert-Mayer—Sklar repre-
sentation. Use is also made of Hiickel LCAQO molecular orbital wavefunctions and a linear combination of
four Slater carbon-atom 2p» wavefunctions fit to an SCF function. The anomalous emission from benzene
solutions can now be understood to arise from transitions from the lowest excimer state of a-level parent-
age for benzene molecules ~3 or ~3.3 & apart when ground-state repulsion is taken into account. The
solution absorption spectra of the paracyclophanes are interpreted within this framework of neutral-
excitation—charge-resonance configuration interaction. Finally, dimer symmetries different from De,
have been invesigated in an attempt to understand the absorption spectra of single crystals of [2.2]

paracyclophane.

I. INTRODUCTION

HEN two planar aromatic molecules are parallel

and close to one another, it is to be expected
that the interactions between the m-electron charge
distributions on the two molecules will lead to modifi-
cations of the energies and ordering of the electronic
states. To date, such interactions have been realized in
two classes of experimental conditions.

Forster and Kasper!? observed that the singlet emis-
sion spectrum of pyrene in solution consists of a normal
vibrationally structured band and a broad structureless
band shifted 6000 cm™ to longer wavelengths. From a
study of the absorption spectrum and the concentration
dependence of the emission spectrum, it was suggested
that the structureless luminescence originated from a
species formed by the association of an excited molecule
and a molecule in its ground state. This species has
been named an excimer? Since these original obser-
vations, singlet excimer emission has been observed in
different phases and under a variety of conditions for a
large number of aromatic hydrocarbons.#® Of special
importance for this work is the observation® of excimer
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fluorescence at 31 750 cm™ from concentrated benzene
solutions at room temperature.

Cram and co-workers’” have synthesized a class of
dimers of benzene to which has been given the generic
name paracyclophanes. The paracyclophanes are a series
of molecules in which two benzene rings are linked
together in both parae positions by (CHs), groups. In
some of these molecules, two benzene rings are forced
to remain close to one another by connecting methylene
bridges of differing length. Both the symmetric and
unsymmetric paracyclophanes show characteristic alter-
ations of the absorption spectrum which indicate con-
siderable interaction between the benzene rings.

The theoretical investigation of the nature of the
intermolecular interactions in excimers has developed
along two lines. Forster proposed two requirements for
excimer emission: that the lowest state of the molecule
be 1L, and that a 'L, state lie adjacent to the 1L,
state.®® It was asserted that the 'L, state would be
split such that its lower component would lie below the
11, state components. Forster attributed the excimer
fluorescence to transitions from the lower 1L, component
to the (repulsive) ground state. It is now known that
the first condition is unnecessary, since 9-methyl an-
thracene® and perylene! both exhibit excimer fluores-
cence despite having a lowest state with symmetry 1L,.
Moreover, McGlynn and Azumi'? have shown that the
energy-level splittings arising from dipole-dipole inter-
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actiohts are too small to explain the observations unless
unreasonably small intermolecular separations are as-
sumed.

The second theoretical approach appeals to a low-
energy charge-transfer level as the source of eximer
emission.’®¥ Charge-transfer levels are, in general, very
difficult to locate in systems of the type under dis-
cussion. Tanaka has suggested that an absorption
band in crystalline perylene at 27 000 cm™ is due to a
transition from the ground state to a charge-transfer
state, but Hochstrasser’ has pointed out that the dis-
tinction between a vibronic-coupling pattern and a
charge-transfer transition is not clear at present. In
a very recent paper Pope, Kallmann, and Giachino'
have presented evidence derived from photoelectric-
emission experiments, that the lowest charge-transfer
state in several crystals of aromatic molecules is located
about 0.3-0.5 eV above the first singlet exciton state,

The most recent theoretical work” 2 on the origin
of excimer emission from large aromatic molecules,
other than benzene, has been based on a combination
of the two original approaches. That is, the electronic
states of the dimer are constructed by using the con-
figurational mixing of neutral excitations and charge-
transfer excitations. These investigations have often
used computational simplifications such as parameteri-
zation of the effective nuclear charge in a Slater orbital
exponent,” the assumption of Dy, symmetry for the
excimer state,"1? neglect of the core potential,'® and
the use of semiempirical values for the resonance inte-
grals.!® Because of these approximations, there remain
unsatisfactory features in the theoretical analyses which
may possibly lead to untrustworthy predictions. An
alternative theoretical approach to the problem of trans-
annular interactions involves the use of a supermolecule
approximation in which the = electrons of the two
parallel rings are treated in the LCAO-MO approxi-
mation. A treatment of just this form was carried out
by Koutecky and Paldus® for the case of [2.2] para-
cyclophane using the semiempirical methods introduced
by Pople” and by Pariser and Parr.® It is difficult to
estimate the accuracy of the semiempirical molecular
integrals used in this work.

There are, therefore, two alternative descriptions of
the excited states of a dimer: one is that of the molecular
orbital theory, where all the = electrons of the two
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11 J, Koutecky and J. Paldus, Collection Czech. Chem. Commun.
27, 599 (1962).

227, A, Pople, Trans. Faraday Soc. 49, 1375 (1953).
(1” R). Pariser and R. G. Parr, J. Chem. Phys. 21, 466, 767

953).

interacting systems are included, while in the other the
two interacting systems are treated within the frame-
work of exciton theory including neutral exciton states
(constructed using the tight-binding approximation)
which allow for excitation exchange and charge-transfer
exciton states, which allow for intermolecular electron
delocalization. It can be shown that for the case of two
interacting ethylene molecules the semiempirical
Pariser—Parr-Pople scheme is equivalent to the ex-
tended-exciton-theory formalism.

In this paper we present a theoretical analysis of the
w-electron states of the benzene excimer and of the
paracyclophanes, with attention focused on the expla-
nation of the excimer emission spectrum and the several
paracyclophane absorption spectra. Of all the complex
aromatic hydrocarbons, benzene is the simplest in struc-
ture and therefore an investigation of the benzene case
is fundamental to an understanding of the forces re-
sponsible for excimer formation. However, a compli-
cating feature is introduced by the high symmetry of
the benzene molecule, which leads to degeneracy in the
highest bonding orbital and in the lowest antibonding
orbital. This degeneracy, which must be accounted for
in the formulation of inter- and intramolecular tran-
sitions, makes benzene a somewhat more complicated
case to handle than the higher polyacenes. Dewar and
Longuet-Higgins® have shown how linear combinations
of degenerate wavefunctions can account adequately for
electron repulsion in intramolecular neutral-excited-
state transitions. Similarly, wavefunctions for inter-
molecular charge-transfer transitions, in which an elec-
tron from one of the highest degenerate bonding or-
bitals on one molecule is transferred to one of the two
lowest degenerate antibonding orbitals on the other
molecule, must be constructed from suitable linear
combinations of the molecular orbitals involved.

The computations reported herein make use of the
formalism developed by Choi, Jortner, Rice, and Silbey®
in the study of configuration interaction between neutral
exciton states and charge-transfer exciton states in
molecular crystals. Intermolecular overlap is included
in a way consistent with the use of a core potential in
the Goeppert-Mayer—Sklar representation. Simple
Hiickel LCAO molecular wavefunctions are used
throughout this paper since it is known that the Hiickel
functions are not very different from the best available
semiempirical configuration-interaction-type wave-
functions. All calculations have been carried out using
a carbon 2pr SCF wavefunction to construct the LCAO
molecular orbitals.

II. STATIONARY STATES OF THE DIMER

Since both the benzene excimer and the paracyclo-
phanes contain only two rings, we restrict our attention

2 M. J. S. Dewar and H. C. Longuet-Higgins, Proc. Roy. Soc.
(London) A67, 795 (1954).

% S, Choi, J. Jortner, S. A. Rice, and R. Silbey, J. Chem. Phys.
41, 3294 (1964).
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to the possible electronic states of a molecular dimer.
We assume, for the present, that the molecules are
fixed and nonvibrating. Then, in the zeroth-order ap-
proximation, the totally symmetric ground state of the
dimer may be represented in the form

0= And’¢:, (1)

where @y is the antisymmetrization operator [for neu-
tral (&) molecules] which exchanges electrons only
between molecules, and the superscript (0) refers to the
ground electronic state. Similarly, a localized excited-
state wavefunction for the dimer is

¥ 2 = CGned/, (2)

where ¢y represents the fth neutral excited state of
Molecule 2. Of course, Eq. (2) does not represent a
stationary state of the dimer in that under certain
operations of the dimer symmetry group ¥ 2 will be
transformed into ¥, »/*%. Proper linear combinations of
these two localized states are stationary states of the
dimer and belong to different irreducible representations
of the symmetry group:

g, 4 =2 NSy o 0} 3

where the subscripts .S and A4 refer to the symmetric
and antisymmetric combinations of localized states.
The inclusion of electron exchange bewteen com-
ponent molecules of the dimer requires that we consider
the stationary charge-transfer wavefunctions of the
dimer. Let » denote a highest bonding orbital and ¢ a
lowest antibonding orbital. Then the transfer of an
electron from the rth orbital of Molecule 1 to the ith
orbital of Molecule 2 leads to a wavefunction
R*T®R;~® with the + and — referring to the sign of
the ionic charge. The symmetric and antisymmetric
charge resonance (CR) states are, in analogy with

Eq. (3),
R amt=2"H@QrRH O Ry O£ QR ORH O}, (4)

where @ denotes the intermolecular antisymmetrization
operator for ionized (I) molecules.

III. DETAILS OF THE FORMALISM

A. Dimer Hamiltonian

Turning now to the discussion of the calculation of
the energy matrix, we first note that the dimer Hamil-
tonian may be written:

=30 +5Co+ Ve, (5)
where
21276 2re? zre? e?
V= YT TEELTE (6
" IZJ Ry T.jRy; 75 Ry j>2if€j ©

Subscript capital letters refer to nuclei and subscript
lower-case letters to electrons. The first-order ground-

state and excited-state energies are
B'=e"tel+ (¢ | Viz | 6%1°), (7)
E=e/4e+ (000 | Viz | b/’ e, (8)
e= (A0 | Viz | " ). 9

The energies appearing in Eqgs. (7) and (8) are of
three types: the e? and e/ are the ground-state and
excited-state energies of free molecules, the terms of the
form (¢i¢1 | Viz | pop2 ) represent the interaction of the
charge distribution of Molecule 1 with that of Molecule
2, and e is the excitation exchange energy.

In the following sections we detail the procedure
used in the calculation of the energy splitting term e
[Eq. (9)] We first consider the contribution of the
first-order neutral-excitation interactions to the Davy-
dov splitting. As a refinement, the second-order crystal-
field-induced mixing of nondegenerate neutral-excita-
tion states is then investigated. It is found that neither
of these techniques give predicted splittings which are
in agreement with experiment. Finally, the effect of
configurational mixing of neutral-excitation and charge-
resonance states on the Davydov splitting is explored
and found to adequately predict the observed splittings
for reasonable intermolecular conformations and sepa-
rations.

B. First-Order Neutral-Excitation Splitting
The diagonal neutral-excitation integral of interest is
JilF= (/s | Vie | ¢r/ehs® )= (dr/eps? | Via | "),
(10)

in which the first term contributes only to the band
shift. The second term may be broken down into com-
ponents for, say, the 1By, (p) state of benzene:

JiPP=23{ (a® x| Vie | x5
+ Ga? x| Ve | x4 )+ Gt x” | Vi | a8 )
4+ 0 x| Vo | xa®xe* )}, (11)

Now, for the singlet-state spin components S=0 and
m,=0, we have

x20= 2 @Lua (1) %1 (2) 2 (3)85(4) wa (5)785(6) ]
— @243 (1), (2)82(3) w5 (4) u3(5)25(6) 1} .

As usual, the subscript refers to the molecular orbital
and the bar above denotes Spin 8 while its absence
denotes Spin a. The only nonvanishing terms in the
dimer-interaction-potential operator Vi, are the two
electron-repulsion operators. The result of substituting
Eq. (12) and its analogs into Eq. (11) is the following:

Jr,2PP= = { {ugus | v5ve )+ (ustse | v4vs Y (uanes | vsve )
+ (oqus | vavg )} F 3 (05 | 20202 )
+ (usva | 0093 ) (otavs | vave )+ (0ava | wavs )},

(12)

(13)
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where
(uagtaz | vavs )= (s (@) uz(a)| 75 | s (B)ws(B) ) (14)

and

(asvn | 203 )= (us(@) va(a) | ras™ | u2(B)v5(0) )  (15)

and the # molecular orbitals are located on Molecule 1
and the v’s on Molecule 2.

In LCAO molecular orbital theory, the molecular

orbitals 4, of aromatic hydrocarbons are represented as

linear combinations of carbon atomic 2pr wave-

functions,
=D Cines, (16)
3

where the Cj are the Hiickel coefficients (neglecting
overlap) for the sth molecular orbital. Using (16), Eq.
(14) assumes the form

(uauz l 114”3)
= 2 CiCi2CriCr3 (wl"(a)wl"(a)l ot ] wzk(b)wzl(b) >

ETR)
(17)

In this calculation three- and four-center integrals are
considered to be negligibly small and only two-center
integrals (i=j, k=1l) are evaluated. It is convenient
to use a linear combination of four Slater-type orbitals
fitted to an SCF function for the carbon 2pr, electron,

wi=r cosOZa,-(a,ﬁ/-zr) Yexp(—aur;). (18)

This procedure guarantees that the behavior in the tail
of the carbon 2pw, wavefunction will be reasonably
accurate. It has been shown by Silbey, Kestner, Jortner,
and Rice* that this choice of wavefunction gives good
agreement with the intermolecular overlap and ex-
change integrals computed using SCF functions for a
carbon—carbon segment.

The two-center integrals between two carbon SCF
orbitals located on different molecules were expressed
as a linear combination of five atomic integrals for the
Coulomb terms: o¢ogo, wmoo, omwmo, +-++4+, and
+——+, in the notation of Kotani ef al.¥ These
integrals were computed using a program from the
Laboratory for Molecular Structure and Spectroscopy
of The University of Chicago.

C. Crystal-Field Mixing of Neutral-Excitation States

The simplest first-order Davydov theory in which
the aggregate band splitting is influenced by only one
molecular electronic state is incomplete, even within
the framework of the tight-binding approximation, since
the mixing of other excited molecular states with the
initial state may take place. The effect of this mixing

26 R, Silbey, N. Kestner, J. Jortner, and S. A. Rice, J. Chem.
Phys. 42, 444 (1965).

27 M. Kotani, E. Ishiguro, K. Hijikata, T. Nakamura, and A.
Amemiya, J. Phys. Soc. Japan 8, 463 (1953).

is to redistribute the intensity and energy in the various
energy levels (see Sec. IV).

The relevant off-diagonal matrix element under con-
sideration here is

J1. 7 =1 {7 d % | Viz | dnfpdtdn®? ),  (19)

where f and g denote two different excited molecular
states. In a more convenient form,

Ji =T 140, (20)
Iy /e
=3 { (¢ | Viz | 0027 )+ (1%’ | Vi | d1%0s° )},
(21)
A 9=3{ (" | Via | 19022 )+ (8% | Via | %2 )}
(22)

It may be readily shown that the matrix component
A9 vanishes. This is due to the pairing property of
molecular orbitals in alternant hydrocarbons and to
the retention of only two-center integrals. Evaluation
of the off-diagonal energy-exchange component Ty o/,
for the By, (p) and E. (B, B') states of molecular
benzene gives

T2 =3 () x| Vie | xa®(xe* 4 —x2"%) )

+ OO x> | Ve | ™= x")},  (23)
which reduces to
T1,07 == { (aues | vavs Y— (torts | vavs )}
FL{ (uavy | ugms )~ {uavg | usvs )}, (24)

These matrix elements were calculated (neglecting
three- and four-center terms) using Hiickel wave-
functions.

D. Location of the Charge-Transfer State

The energy of the charge-transfer state relative to
the ground state of the dimer may be calculated from

E(CT)=LP.—~E.A.4G, (25)

where I.P. and E.A. are the ionization potential and
the electron affinity of the free molecule, and G is the
Coulomb interaction between positive and negative
ions, The values of LP.—E.A. for benzene quoted in
the literature are 11.0 2 and 10.66 €V,?® and due to this
uncertainty the calculations have been performed with
a series of values of this quantity. The Coulomb inter-
action G between positive and negative ions was calcu-
lated by assuming a charge distribution given by the
Hiickel molecular orbitals. For ion-pair separations of
2.0 A or greater, the four possible combinations of

(IZSSR). M. Hedges and F. A. Matsen, J. Chem. Phys. 28, 950
958).

27, R. Hoyland and L. Goodman, J. Chem. Phys. 36, 12,
21 (1962).
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degenerate-bonding molecular orbitals and degenerate-
antibonding molecular orbitals lead to the same values
of G.

Equation (25) is strictly applicable only to the gas
phase. In solution, the polarization of the surrounding
medium (P) should be taken into account. In the
calculations reported herein we have not specifically
taken this quantity into account, as the uncertainty in
its value, coupled with that of (I.P.—E.A.), results in
the energy of the charge-transfer state being an adjust-
able parameter.

The on-diagonal matrix element which mixes differ-
ent charge-resonance states is set equal to zero in this
work since these are, at best, higher-order effects and
therefore small in magnitude compared to neutral-
excitation and charge-resonance-state mixing.

E. Configuration Mixing of Charge-Resonance and
Neutral-Excitation States

As the intermolecular separation between the benzene
molecules in the dimer is decreased, the possibility of

intermolecular electron exchange is increased and the
importance of the off-diagonal charge-resonance-
neutral-excitation mixing matrix element is enhanced.
In the calculation of these elements it is assumed that
the molecular wavefunctions are undistorted by the
interaction between the excited- and ground-state mole-
cules or by the interaction between positive and nega-
tive ions, and that these wavefunctions are well repre-
sented by the simple Hiickel molecular orbital functions.
The introduction of core potentials simplifies the calcu-
lation of the matrix elements considerably. However,
one must be careful in the definition of the core and
interaction potentials, since the electron occupation
numbers of orbitals are different in the neutral-excited
molecular pair and in the ion pair. In order to consider
all the possible interactions in a benzene dimer it is
necessary to solve an eight-electron problem. This com-
plication arises from the degeneracy of the highest filled
bonding orbitals in benzene; in the higher polyacenes
only four electrons need be considered. The wave-
functions for the neutral-excited singlet state and the
charge-transfer states are:

B+ igy0 = 2 H AN (1) (2) 240 3) s 2i(4) U (5) B (6) 7(7) 8 (8) ]

Ryt Ry~ (wtad) = 2_%{ @ID"M( l)dm(Z) un(s) ﬁn+AJ'(4) vm(s) 77m(6) ‘1)7,(7) 'Dn(s) :]

Ry (b8 Ryt = 274 G 14 (1) (2) 4 (3) 8 (4) 9 (3) B (6) 04 (T) nr 45(8) ]

— N[t (1) (2)Tn(3) tnyai(4) vm(S) 5 (6) v (7)5a(8) ]}, (26)
— Gt % (1) (2) 1% (3) 90425(4) 9m(5) 5 (6) 2a(7) 5,(8) 1},  (27)
= Q[ U (1) (2) 4 (3) T (4) U (5) 5 (6) Bn(7) nya;(8) 1},  (28)

where m, n represent Molecular Orbitals 2 or 3; Ai=2 or 3 for m, n=2, and 1 or 2 for m, n=3. The quantity Aj is
similarly defined. The core Hamiltonian 3C; 2* for Molecules 1 and 2 is defined to be

5'C1°= V1°+2J11—‘K11,
3Cye=Voet-2J 2 — Ko,

(29)
(30)

where V/1¢ and V¢ are the core potentials of Molecules 1 and 2 (i.e., the bare nuclear potential screened by the
Hartree field of the sigma electrons). Jy* and K;® are the Coulomb and exchange operators for Molecular Orbital

s on the 1st molecule:

Treod (1) = [ (2) [/ rddrand 1),

Ko/ (1) = [[[(2)'(2) frsMran (1),

(31)

(32)

where v’ may equal % or v, and / may equal m or #. The reader should note that the core defined herein contains the
« electrons from the lowest bonding molecular orbital of benzene in addition to the sigma electrons. The eight-

electron dimer Hamiltonian is:

%

GC:

T

1

{ Ti4-30:(8) +3Coe (4) + 2_rii 1,

(33)

>j

where the T'; are the kinetic-energy operators. The mixing elements between the various symmetry-adapted states
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TasLE I. Symmetry-adapted dimer wavefunctions.

Dimer _ Symmetry b
; ~6h Dg Con
24743 9040 ;
. 2y - ‘ . . ;g A {
2’ (R Rz“’+ R} R+ R;(O)R;(3)+R'|(SIR;(2) ) I uly)

-1
242 -
2 (R,“""R;("+R,’"' RS - RyWIRZ). R',"’R;‘z’ )

2t gf0+ 4093) }

Bag

-1 - - * - Y B
2! (RIPRS. IR R R DR 2u 9
y 0
244242 - 4047)
-1 - - ~(a) s -
2! (RIEDRIN Rz RR R IR
.80, .08
2H (408 + 24
- 10, ,0 8
2t (¢|‘4’z'¢| 4:)
| o - -
2 (R:(z) Rz“)’R;‘” R2‘5)+ R'(‘)R;(Z) + R:(5) R;(”)
I : . o
2" (RIPIRI -R1D R 4 g R RPR; @) )

Eulxy)

28 (4745 - £240) )
28 414580400

5! (R]‘z'R'z‘"*R.’“"’R'z"" R,'“’R;"’-R;")R;H!) J Eig
2-' (R:(S) R-;{) - R:(Z) R;(&) - Rl-(4) R;(!) . R:‘?’R;‘Z))

(Table I) may be broken down into components for, say, the By, () neutral state, and the By, charge-resonance
state, viz.,

H G x| 3¢ | RAFORy® )4 (xa®xe®4 | 3¢ | R @Ry ® ) (> 4xe0 | 5C | R W Ry+® )
+ (x4 | 5C | RV Ry Y— (2 4xe? | 3¢ | RO Ry ® )— (3024 | 3 | R ® R+ ® )
— (x| 3¢ | Ry ® Ryt® Y— (5 0x>4 | 3¢ | RO Ry ® ) — (x#5x,0 | 5 | R PRy @)
— (x| 9¢ | R @Ry ® Y— (x35xs0 | 3¢ | R @ Rs+® Y— (x%x** | 3¢ | Ri*@ Ry @)
+ (e Sxe? | 3¢ | RiH® Ry=® Y- {sPxo*® | ' | R ®Ryt® Y+ (5% x? l e [ R—®R;+®)
+ (x| 9| REOREO)). (34
In the above equation we note that the matrix element
far x| € | RO Ry ®)

is identical with
(u®xe*™ | 3¢ | Rim®Ry+® ),

Similar relations hold for the other matrix elements. For the evaluation of the charge-transfer-state mixing with
the neutral o and neutral p excitation states there are a number of other matrix elements which must be con-
sidered. The following relations between these mixing matrix elements greatly simplify their computation:

G xe® | 3¢ | RO Ry Y= (3,2 %xs” 3¢ | Ri*@ Ry ® )
Ot Sx® | 3C | RO RF® Y= (2 4x,® | 3¢ | R ® R @),
(x| 3¢ | Ryt @ Ry=® Y= (x 2 4xe® |3 | Rit® Ry W)
O txe® | 3¢ | Rim® Ryt ® )= (x> *x2° | 3¢ | R @ Ryt ® ). (35)

The evaluation of the terms on the right-hand side of Eq. (35) may be formed from Eqgs. (40)—(43) by interchanging

Index 4 and 5, and 3 and 2.
Up to this point no attention has been given to the nonorthogonality of the neutral and ion-pair wavefunctions
on different molecular centers. The wavefunction of a neutral-excited state on one chromophore is not, in general,
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orthogonal to an ionized state on another chromophore. As a rule, it is important to account for the overlap of
these wavefunctions in an energy calculation since neglect of overlap may lead to alterations of considerable
magnitude and, therefore, to unreliable results. One of the simplest and most efficient orthogonization schemes is
the symmetric orthogonization method of Léwdin.®® Following Lowdin’s scheme as applied by Silbey ef al3 to
the study of Davydov splittings in molecular crystals, we define a set of wavefunctions ¢; which are characterized
by small overlap. Then

¢¢'=¢¢—%Z¢i5ﬁ+%kz;¢k5kzsh— XN (36)
7 s
where
Sui= (i | $1)— 0 (37)
from which
e’ =3 — 22 { S:3C—+3Ci; S} 4+ - - (38)

Higher-order terms in the overlap S may be neglected since the overlap is assumed to be small. Then, for ofi-
diagonal matrix elements which are much smaller than the diagonal elements, we may write

3’ =3Cis— SuICret3 S (3re—3C:s) . (39)

The last term in this expression is neglected for the states under consideration here. Thus, each term in Eq. (35)
must be modified by a nonorthogonality correction; e.g., the first term in Eq. (35) becomes

<X13_5X20 l 3¢ l R1+(3) R2—(4) >_ <X13—5X2° l R1+(3) Rz—(d.) > (X 13—5)(20 l e 1 X13_5X20 )

The terms on the right-hand side of Eq. (35) may be formed from the terms on the left-hand side by interchanging
Index 4 and 5 and vice versa in the following equations. The derivation of the following formulas is due to Silbey.®

3
(X® x| 3 | RO Ry ® ) — (3 Sx | Rit® Ry @ Y (xs* x| 3C | xi*xa” )= (g | V,OMS— ZK'ni"I—ZKms—" T | ug)

1=l

— (vq | w5 ) (us | 2K — T® | 145 )— Z(v4|u, Yui | 2K,2— Jﬂu;)-{—Z(v.lua Yi| T2 | va)

gml

+i{ (wr | 03 ) (ot | vavi )+ (e | 00) (o | vavi ) — Cwia | 93 ) (g | vavi )}, (40)

=1
( ¥ 5x20 \ ¥ | R ®R;+® )‘ <X13—5X2° l R—®Rs+® ) <X1 —Sye? | 3 l X13"5X2°>= 2 (usus l U3 )- (usm l us’l’s)
3
+ (g | v3) oty | —2K 2 | uas )= 22 i | wg ) tnates | e Y+ (ot | 0:) Cooatas | vs;)
=1
— 5 (g | w5 ) (uatts | wtei ) —% (us | 0:) (uamas | 30 )}, (41)
(x* x| 3C | Rit®Ry® )— (x*Px? | Rit®@ Ry ® ) (x:* x| 3C | xa*x2°)

=2 (uaus | uavxs)— (‘05145 | U3 )“ g{ (us l vi) (’uzua l Vg7 )+ (’va | ui) (’uzus | usu.-)}

—Zg{ (vs | w0 ) Custen | gt Y4 (o | 05} Cusan | g2 )}, (42)
(x*xe0 | 3¢ | RO R+® Y— (33 5xa® | R ®Ri+® ) {50 | 3¢ | x®5xa )

=— (us | VOM8— EK,,.—ZK ST L)+ 2 Con| ) (s | —Jm2l“i)"é(ﬂdl%)(“ausl”zvi)

=1 $=1,2,6

$T (ol ) | T Kok u.~>+§: (v | ) Gon | T T | 00). (43)

30 P.-0. wadm, J. Chem. Phys. 18 365 (1950).
31 R, Silbey, J. Jortner, and S. A. Rice, J. Chem. Phys. 42, 1515 (1965).
32 R. Silbey, Ph.D. thesis, Umver51ty of Chicago, 1965.
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Fic. 1. Schematic representation of various configurations of
dimers composed of Dgy monomers.

The remaining eight matrix elements may be generated
by exchanging Index 2 and 3, and Index 4 and 5 on
Molecule 2 only, in Eqgs. (40)—(43). In these equations,
ViG¥8 js the Goeppert-Mayer—Sklar potential

3
VGMS= et Ez T,

8=]1

(44)

and involves the screening of the core by the Hartree
field of the 7 electrons. The computation of the several
integrals given in Egqs. (40)-(43) has been outlined
previously.?

IV. SELECTION RULES AND SYMMETRY

The benzene molecule is planar and hexagonal (point
group D) with a carbon—carbon bond length of 1.397
A. Two of the benzene near-ultraviolet transitions to
the states Bs, (38000 cm™) and By, (48000 cm™)
are symmetry forbidden but are observed experi-
mentally, being vibronically induced.®® It is believed
that the transition to the 1By, (a) state is polarized
along the short (x), (bond-bisecting) molecular axis,
and that to the !By, (p) state is polarized along the
long (y), (atom-bisecting) molecular axis. The third
benzene transition in the ultraviolet, 1Ey,«—4,4, occurs
at 54 500 cm™! and is polarized in the molecular (x, y)
plane In this paper we consider a dimer composed of
two identical benzene molecules, and consider only the
above m—7* transitions. The dimer symmetry De, in
which the two molecules lie parallel to each other in a
sandwich fashion [Fig. 1(a)] has been the model for
the excimers of higher polyacenes most studied by other
workers. The model of the symmetric paracyclophanes
consisting of such an arrangement with the benzene
rings joined by methylene bridges, strictly belongs to
the group Dz However, the additional methylene units
are not included in our approximation, and thus the
paracyclophanes may be treated as belonging to the
group Dg;. Although the perfect sandwich symmetry is

3 J, Platt and H. B. Klevens, Chem. Rev. 41, 301 (1947).

the one which has been most considered as a possibility
for excimer formation by other workers, at present
there appear to be no arguments on energetic grounds
to limit the symmetry to this arrangement. There is
direct structural evidence for deviations from Dy, sym-
metry in the cases of the [2.2] and [3.3] paracyclo-
phanes, and, in addition, it is difficult to reconcile the
observed absorption and fluorescence spectra of single
crystals of [2.27] paracyclophane with a perfect sand-
wich structure. We also consider the dimers of Ds
symmetry consisting of two benzene rings, one of which
has been rotated about its z axis [Fig. (1b)], and of
Ca, symmetry in which the two rings do not lie directly
above one another [ Fig. 1(c) . In addition, we consider
a Dy, dimer in which the aromatic rings are deformed
from the regular Dg symmetry into a symmetrical
boat form of symmetry Cy, [Fig. 1(d)]. These three
dimer models have been selected for a detailed study
from the numerous possible configurations, as there is
evidence for their occurrence and they can lead to
interpretations of the complex crystal spectra of [2.2]
paracyclophane.

The symmetry-adapted stationary states for these
dimer groups are now considered. The localized neu-
tral excited states of the benzene dimer in the Hiickel
approximation® are

$:20,0= 2 (x4 —x#5) xS (45)

:P00= 24 (xS x2 ) xS0, (46)
273 (x40 xS0

94— LA

27 (x 2 5—x ) xS0

in which x.>™* represents an electronic transition in
Molecule ¢ from Bonding Molecular Orbital Number 2
to Antibonding Molecular Orbital Number 4. Corre-
spondingly, the different localized charge-transfer states
are

R}I®OR® RAOR®

R WRH® RORAO

RAOR~® RA®R~®
RWRH® R-ORA®,
(48)

By application of the Wigner projection operator’:* to
the above basis functions, symmetry-adapted stationary
states for each dimer group may be formed. These
results for the three dimer symmetries Dgs, Dg, and Cos
are shown in Table I. When the symmetry is reduced
from Dg;, to Ds by rotation of one benzene unit about
the z axis, the states of By, and By, and B, and By,
symmetry will mix. In the dimer of Cy symmetry, in

3¢ 7, Pople, Proc. Phys. Soc. (London) 68, 81 (1955).

® E. Wigner, Group Theory (Academic Press Inc., New York,
1959), p. 118.

8 H. Eyring, J. Walter, and G. Kimball, Quantum Chemistry
(John Wiley & Sons, Inc., New York, 1957), p. 172.
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which the benzene monomers do not lie directly above
one another, the transitions to the Bi, and B, states,
which were forbidden in the Dg monomer, become
allowed.

In Table IT are depicted the symmetry-adapted wave-
functions for a Dy dimer composed of boatlike benzene
monomers of C;, symmetry. In the monomer, the a
and p states are connected to the ground state by
allowed transitions when the molecule is distorted in
this manner. The corresponding transitions to the sym-

Tasre II. Symmetry-adapted wavefunctions of Di dimer
composed of Cs, bent benzenes.

Monomer Symmetries

Sen Cav

Dimer Wavefunctions
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Fi6. 2. First-order Davydov splitting of the neutral-excitation
states !1B1.(p) and 1E,,(8,8") of molecular benzene as a function
of intermolecular separation in the D dimer. The molecular
1By, () state, which is not shown here, does not split in this
approximation.

The contribution of the charge-resonance (CR) states
to the 1By, (a), ‘B, (p), and 1E. (8, B) state splittings
was determined as a function of intermolecular sepa-
ration in the Dg symmetry. The calculational scheme
employs the diagonalization of the energy matrices of
the individual dimer-group representations separately.
This technique is preferable to a perturbation scheme
since the charge-resonance and some of the neutral-

excitation levels become almost degenerate for certain
intermolecular separations. Figures 3 and 4 show the

I

I

$,-4 9, )

550 035

2’(¢. $2-9, 92 )

ZE(RQ(Z) (4)_ (4 o e(2)

R, 'R
ZHR]

-‘_
22
1

+(3) -(5) R—(5) R*(!)

metric dimer states of & and p parentage (B, and By,)
are also allowed in this D,; dimer.

V. NUMERICAL CALCULATIONS AND RESULTS

The dependence of the neutral singlet-excitation-state
splitting on the intermolecular separation for a dimer
of Dg, symmetry is illustrated in Fig. 2. The 1By, (a)
molecular state does not split under first-order inter-
action because of the pairing property of corresponding
lowest antibonding and highest bonding molecular or-
bitals in alternant hydrocarbons. The 1E;, molecular
state is split significantly more than the 1By, band,
which is to be expected in first order on the basis of the
relative oscillator strengths (0.69 to 0.18). Crystal-field
mixing of these neutral-excitation states is zero in this
symmetry. These small energy-level splittings cannot
account for the observed anomalous fluorescence band
6000 cm™! to the red of the normal fluorescence.

charge-transfer stote

60 000 —

—E,, (8,8

§0 000
.
B, (p)

40 000

Energy (cm™')

30 000

20 000

! | ! 1
25 30 3.5 40
Ring Separation (X)

F1G. 3. Energies of Dg; dimer as a function of interplanar dis-
tance. Low-energy components of states of 'Bgu, 1B14, and 1E;,
molecular-benzene parentage.
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Tasre III. Effect of varying charge-transfer-state energy (Da dimer with ring separation of 3 4).

LP.—E.A.(eV) Dimer states (cm™)
By By, B, By, Ey, By,
10 30 200 29 400 29 300 26 000 41 800 35 100
11 33 900 33 100 31 300 28 400 47 200 38 900
12 36 700 36 000 32 600 30 000 51 100 41 500

states of &, p, and (8, 8) parentage for a dimer of Dg,
symmetry for inter-ring distances between 2.5 and 4.0
A, the value of I.P.—E.A. being taken as 11 eV. At
distances greater than 3 &, the order of the states is as
in the isolated benzene molecule. The lowest state is
thus of a parentage, and the anomalous fluorescence at
~30 000 cm™ from concentrated solutions of benzene
may be assigned to emission from the 1By, state for an
intermolecular separation of ~3.1 A. At small inter-ring
distances (3 A& and less) the mutual separation of the
four states of a and p parentage is reduced, and at
these distances this calculation is not sufficiently accu-
rate to unequivocally assign the order of the states.
For example, at 3 &, the separation of the By, and By,
states is calculated to be ~1 800 cm™. An accuracy of
this magnitude can certainly not be claimed for an
approximate calculation of this type. We return to this
point when discussing the crystal spectrum of [2.2]
paracyclophane. Owing to the uncertainty in the value
of the energy of the charge-transfer state, we have in-
vestigated the effect of varying LP.—E.A. [Eq. (25)].
In Table IIT are presented results for a Dg, dimer, with
ring separation 3 A, LP.—E.A. being taken in the
range 10-12 eV. It can be seen that this has a pro-
nounced effect on the energy levels, and in effect,
introduces an adjustable parameter in interpreting ex-
perimental data.

80 000

70 000

Energy (cm™')

60 000

50 000

25 30 3.5 40
Ring Separalion (&)

FiG. 4. Energies of Dg, dimer as a function of interplanar dis-
tance. High-energy components of states of 'Bey, Biy, and 1E;,
molecular-benzene parentage.

VI. ULTRAVIOLET SPECTRA OF THE
PARACYCLOPHANES

The anomalous absorption bands of the paracyclo-
phanes can be considered as the analogs of the fluores-
cence bands of the benzene excimer. The absorption
spectra of concentrated benzene solutions (and of
crystalline benzene) do not contain any anomalous
absorption bands because the ground-state repulsion
between the chromophores keeps them well separated.
Anomalous absorption bands are found in the absorp-
tion spectra of the small paracyclophanes” since the
methylene bridges guarantee the proximity of the rings.
In this interpretation, the forces active in excimer for-
mation from an excited- and a ground-state molecule
are also responsible for the band splittings in the ab-
sorption spectra of the paracyclophanes.

In Fig. 5 the absorption spectra of the [2.2] and [3.3]
paracyclophanes, as reported by Cram, Allinger, and
Steinberg, are shown.” The crystal and molecular struc-
tures of both these compounds have been de-
termined.”- In both cases the benzene rings are slightly
distorted from their normal planar configuration into a
symmetrical boat form. In addition, in [3.3] paracyclo-
phane, the two rings do not lie directly above one
another. In [2.2] paracyclophane the maximum and
minimum ring-to-ring distances have been found to be
3.09 and 2.75 A, respectively. In the [3.3] paracyclo-
phane the corresponding distances are 3.31 and 3.14 &.
It has been shown that the decrease in symmetry
brought about by these distortions from Dg; symmetry
may affect the selection rules, making transitions for-
bidden in Dg, allowed in the new symmetry group. In
the discussion of the solution spectra of the paracyclo-
phanes a Dg, configuration is assumed. (In reality, the
group of the symmetric paracyclophane is, of course,
Da;, but our calculations do not distinguish between
these.)

The solution spectrum of [2.2] paracyclophane at
room temperature reveals broad structureless absorp-
tion bands showing no vibrational structure with peaks
at 310, 290, 260, and 225 mg. From the results presented
in Fig. 3 for the Dg, model with inter-ring separation of
3-3.1 A we can assign the first band to the transition

¥ K. Lonsdale, H. J. Milledge, and K. V. K. Rao, Proc. Roy.
Soc. (London) A255, 82 (1960).
(135 P.) K. Gantzel and K. N. Trueblood, Acta Cryst. 18, 958
965).
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TasLE IV. Energy levels of Dg dimer composed of bent-benzene (C,) dimers (ILP.—E.A.=11 eV).

Des, Dimer (ring separation 3 A) dimer states (cm™)

Dy, Dimer, dimer states (cm™)

Blu B.:ﬂ B2u Blo

B2u Bsa Bau B2q

33 900 33 100 31 300 28 400

33 300 29 800 31 600 28 500

to a By, state (« parentage), the second band to the
transition to the B,, state (a parentage), the third
band to the transition to the By, state (p parentage),
and the fourth band to transitions to states of 3 parent-
age. Although the calculated energies are rather too
small on the whole, the low-energy onsets of the ab-
sorption bands roughly corresponding to the 0-0 tran-
sitions are quite well reproduced by these calculations
which pertain to a dimer consisting of two planar
molecules (see Fig. 5). Since the rings in the [2.2]
paracyclophane are known to be bent by about 13°%
calculations for this configuration, using the crystal-
lographically determined ring separation, have been
performed. The symmetry-adapted wavefunctions for
this De, dimer have been previously discussed and are
displayed in Table II. The energy matrices of the dimer-
group representations were diagonalized using the con-
figuration-interaction matrix elements, and configur-
ation energies for bent benzene tabulated by Allinger
et al.%® The results of this computation are compared
with that for the Dg, dimer with inter-ring separation
of 3 A in Table IV. It is apparent that the ring bending
affects the By, state most strongly, depressing it below
the Bs, state. The low-energy band might conceivably
consist of the two forbidden transitions to the B, state
(o parentage) and the By, state (p parentage). The
solution spectra are rather uninformative regarding the
nature of these symmetry-forbidden transitions which
can arise from vibronic coupling effects, or from mo-
lecular distortion. To obtain this information we now

[CHa)y  (CHa)y

F16. 5. Ultraviolet ab-
sorption spectra of [2.2]
and [3.3] paracyclo-
phanes.” The positions
of the calculated energy
levels from Fig. 3 for
interplanar separations
of 3.1 and 3.3 A, respec-
tively, are superposed
on the spectra.

log €

o S I T

200 240 280

A mp)

#® N. L. Allinger, L. A. Freiberg, R. B. Hermann, and M. A.
Miller, J. Am. Chem. Soc. 85, 1171 (1963).

320

study the crystal spectrum of [2.2] paracyclophane as
determined by Ron and Schnepp.#

The crystal structure of [2.2] paracyclophane is
tetragonal with a Dy, ¥ space group, and Molecular Site
Group Dqy. These are two molecules per unit cell. The
molecules are arranged in the unit cell with the long
(y) dimer axis parallel to the unique tetragonal axis
and the molecular planes (the dimeric 2y planes) per-
pendicular to one another within the unit cell. Fortu-
nately for our interpretation, no crystal Davydov split-
ting is possible in this orientation. Two types of thin
crystals were used by Ron and Schnepp: the isotropic
crystals had the face perpendicular to the unique axis
developed and gave extinction between crossed polar-
oids for all orientations, whereas the anisotropic crystal
face was not identified, but between crossed polaroids
the crystals exhibited extinction for two perpendicular
directions. Spectra of both crystals were taken at 20.4°K
and exhibited much vibrational fine structure on a
continuous absorption background whose intensity rose
steadily with increasing energy. The isotropic crystal
spectrum, whose broad continuous background begins
to rise in intensity at a higher energy than the aniso-
tropic spectrum, is polarized perpendicular to the tet-
ragonal axis and therefore along the short axis of the
dimer molecules. The anisotropic spectrum, which con-
tains the isotropic spectrum, is polarized in directions
both perpendicular and parallel to the unique crystal
axis, i.e., along the short (x) and long (y) dimer axes,
respectively. The 0-0 transition at 30 361 cm™! is long
axis polarized. This observation was puzzling since it
was felt that the 0-0 band originated from transitions
to a excitation states which are polarized along the
short molecular axis. This work has recently been ex-
tended by Ron and Schnepp, and the following ad-
ditional observation recorded:

(1) The 0-0 line is observed in the crystal spectrum
at 30 361 cm™!, followed by a long progression with
236-cm™! spacing, corresponding to the breathing mode
of the two rings. This transition is long axes polarized.

(2) The assignment of the 0-0 line is unambiguous
in view of the successful measurement of the fluores-
cence spectrum. The fluorescence spectrum is long axis
polarized and the progression is evidently the mirror
image of the parallel component in the absorption
spectrum. No short-axes component was observed in
the fluorescence spectrum.

9 A, Ron and O. Schnepp, J. Chem. Phys. 37, 2540 (1962).
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TaBrLe V. Energy levels for dimer distorted by rotation
gb:{u)t g axis (Da—Ds). (ILP.—E.A.=11 eV; ring separation

Dimer states (cm™)

Angle of
rotation

@) B, By, B, By, Eiy By

0 33 900 33 100 31 300 28 400 47 200 38 900
10 34 100 33 800 30 900 28 700 47 300 38 100

(3) A second electronic transition was observed with
an origin at 30 741 cm™, characterized by a progression
with 232-cm™! spacing, and polarized along the short
molecular axis. The different vibrational spacing in this
transition and the absence of fluorescence from this
state support the assignment of Ron and Schnepp in
which the two different components of the absorption
spectrum represent transitions to two different elec-
tronic states. These experimental data also provide
unambiguous evidence that the first electronic tran-
sition (to the By, electronic state) is a pure electronic
transition and is not vibronically induced.

Two puzzling features remain to be explained:

(a) The polarizations of the transitions.
(b) The relaxation of the selection rules required to
explain these purely electronic transitions.

The theoretical calculations presented herein can be
adequately reconciled with the experimental results of
Ron and Schnepp by invoking the hypothesis originally
introduced by Ron and Schnepp,® i.e., that in the case
of [2.2] paracyclophane a small rotation of one molecule
(by about 3°-5°) about the perpendicular z axis pre-
vents cancellation of the total transition moment for
the By, and B, states and thereby introduces a com-
ponent along the long dimer axis for the By, state (of
« parentage) and a nonvanishing component along the
short dimer axis for the Bs, state of p parentage. The
same conclusions have been reached by Ron and
Schnepp from an analysis of the experimental data.®

In Table V are displayed the results of a computation
for such a Ds dimer in which one benzene ring is twisted
about the 2 axis by 10°. It is evident that the energy
levels are very little affected by such a distortion.
Indeed, it is not considered that such a change as shown
in Table V is significant within the framework of the
approximations used in the calculation. These small
deviations from dimer Dg, symmetry have little effect
on the neutral-excitation splittings, and certainly do
not account for the large shifts observed experimentally.

The energy states for the Dg, dimer, with ring sepa-
ration 3.3 A, together with the solution absorption
spectra of the [3.3] paracyclophane are shown in Fig.

1A, Ron and O. Schnepp, J. Chem. Phys. 44, 19 (1966).

5. As with the [2.2] paracyclophane, satisfactory agree-
ment with experiment is obtained.

VII. DISCUSSION

The calculations presented in this paper show that
neither the anomalous emission from concentrated ben-
zene solution, nor the absorption spectra of the para-
cyclophanes, can be interpreted within the framework
of conventional exciton theory considering only the
interaction of neutral-excited states. Charge-transfer
states have been successful in interpreting the crystal
spectra of a number of aromatic hydrocarbons, and
there is some experimental evidence for their existence,
Their interaction with neutral-exciton states leads to
states which can successfully interpret both these obser-
vations, considering the unavoidable approximation in-
herent in such a calculation. In this calculation the
repulsive forces present in the ground-state dimer have
been neglected. Ground-state repulsive energies of the
order of 0.2-0.3 eV at interplanar separations of about
3.0-3.5 & are thought to adequately represent aromatic
excimer systems.?? If a repulsive energy of this order of
magnitude is taken into account, the anomalous fluo-
rescence from benzene solutions is predicted to occur
for an interplanar separation of ~3.3 & (see Fig. 3),
the emission still occurring from a state of & parentage
(Biy). Calculations based on the extended Hiickel treat-
ment of Hoffmann® indicate a stable excimer at an
interplanar separation of ~3.4 A% which agrees well
with the calculation presented here. A similar approxi-
mation underlies the interpretation of the paracyclo-
phane spectra, and the introduction of the ground-state
repulsion will make the calculated transition energies
smaller than those observed experimentally. A more
detailed calculation of the ground-state repulsion is not
considered to be of value when the semiquantitative
nature of the calculation is remembered. To avoid con-
sideration of the ground-state repulsion term, we may
compare the separation of the lowest two absorption
bands with the value calculated. For [2.2] paracyclo-
phane, the separation of the peaks of these bands
(assigned in our calculation to transitions to the By, and
B,, states, respectively) is observed to be 3000 cm™!
(Fig. 3); the corresponding calculated value for rings
separated by 3 A is 2900 cm~! (Fig. 3). This good
agreement between experiment and our approximate
calculation is very pleasing. We have not made detailed
quantitative estimations of the intensities of the ab-
sorption bands of the paracyclophanes. Indeed, it may
seem incongruous that the lowest transition in the [2.2]
paracyclophane is assigned to the By, state in the Ds,
dimer which will have zero transition moment (Table

4 J, B. Birks and L. G. Christophorou, Proc. Roy. Soc. (Lon-
don) A277, 571 (1964).

4R, Hoffman, J. Chem. Phys, 39, 1397 (1963).

44D, B. Chesnut, C. J. Fritchie, and H. E. Simmons, J. Chem.
Phys. 42, 1127 (1965).
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I). However, the calculations presented here show that
slight distortions from this ideal symmetry have little
effect on the energy levels, but may affect the intensity
of the transitions. Thus, the By, state in Dy, may borrow
intensity from the By, state when the symmetry of the
dimer is reduced to Ds.

Turning to the crystal spectra of [2.2] paracyclo-
phane, we consider that no calculation possible at the
present time can confidently predict the observed tran-
sitions separated by only 380 cm™?, and the results re-
ported here are no exception. Our calculations do pro-
vide reasonable suggestions as to the origin of these
transitions, which can satisfactorily account for the
polarization directions, and the low intensities. The
distortions from Ds, symmetry which we have con-
sidered do not affect the assignment of the lowest
transitions (Bj,), which may become allowed in the
symmetry group of the distorted dimer. It is not pos-
sible to assign the origin of the second transition, for our
calculations strongly suggest that the order of the B,

and B,, states may invert when the dimer is composed
of boat-shaped monomers. For the [3.3] paracyclo-
phane, we consider that such an inversion of these levels
with a calculated separation of ~5000 cm™! is unlikely,
and predict that the two lowest transitions in this com-
pound (unmeasured as yet) are both of a-state parent-
age.
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First Differential Ionization Efficiency Curves for Fragment Ions by Electron Impact
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Electron-impact dissociations which yield an ion pair have been studied, by examination of first-differ-
ential ionization efficiency curves. No evidence has been found for the occurrence of recently postulated

reactions RH—R*+H~ in hydrocarbons.

INTRODUCTION

SING second-differential ionization efficiency
(LE.) curves a study has been made by the
author of direct-ionization electron-impact dissocia-
tions,'~% that produce positive ions and neutral frag-
ments only. Ion-pair dissociations, however, can be
more conveniently studied by first-differential LE.
fragment-ion curves. This is because the threshold
laws for the probability of excitation by electron im-
pact? lead to simple peak shapes in the first-differential
IE. curves for ion-pair processes. On a simple theory
the I.E. curve is a step function for a single-electron,
impact-induced jon-pair process,’ if there is no Franck-
Condon broadening, and hence a delta function in the
first derivative. When there is energy spread in the

* Division of Chemical Physics, C.S.I.R.0O. Chemical Research
Laboratories, Melbourne, Australia.
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2F. H. Dorman, J. Chem. Phys. 42, 65 (1965).

3F. H. Dorman, J. Chem. Phys. 43, 3507 (1965).

4F. H. Dorman, J. D. Morrison, and A, J. C. Nicholson,
J. Chem. Phys, 32, 378 (1960).

§ J. D. Morrison, J. Appl. Phys. 28, 1409 (1957).

ionizing electron beam, the first differential® ionization-
probability curve will become a peak of the same
half-width, in the present case 0.6-0.8 eV. If there is
more than one level within this range, the first-differen-
tial peak will be broader. The problem of separating
the Franck-Condon-type broadening is not considered
here. For processes not involving kinetic energy, the
amount may not be very significant.

Of the three ion-pair processes examined,* using the
first-differential electron-impact LE. curves of the
positive fragment ions, CO—Ct+0~, IL—>I++I-,
0,—0+4-0~, photon-impact data confirmed the latter
two.”® There have been few examinations of the nega-

¢ Experimentally, differentials are measured rather than deriva-
tives. The slight increase in apparent energy spread that this
leads to is not important here for similar ionizing-voltage incre-
ments.

7J. D. Morrison, H. Hurzeler, M. G. Inghram, and H. E.
Stanton, J. Chem. Phys. 33, 821 (1960).

8C. A. McDowell, Atomic Collision Processes, edited by
M. R. C., McDowell (North-Holland Publishing Company,
Amsterdam, 1964), Fig. 6, p. 411, The peak at 17.3 eV is the
same, although there is disagreement above 19 eV for the higher

processes, For the 17.3-eV peak only, see also F. A. Elder, D.
Villarejo, and M. G. Inghram, J. Chem. Phys. 43, 758 (1965).
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