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I. INTRODUCTION No complete review of these ultraviolet properties

Anthracene has been subjected to a good deal of ex-
perimental and theoretical investigation both for practi-
cal purposes (it is carcinogenic and a good scintillator)
and for academic reasons, it being a relatively simple
representative of a large and interesting class of sub-
stances. This review deals principally with experi-
ments performed on single crystals with ultraviolet
radiation; absorption, reflection, photoconduction,
and fluorescence are the major areas reviewed. In
order to interpret the experiments it is necessary to have
some knowledge of the theoretical work on the energy
levels in the crystal, and the earlier sections of this
article are devoted to a brief outline of this theory.

581

appears to have been written, although some of them
have been briefly described in review articles covering
different fields, e.g., triplet excitons (71) and electron
energy transfer between organic molecules (118).
This review covers systematically the work reported
to the end of 1965 and includes some references later
than this date where the papers have been easily avail-
able.

II.

Anthracene (Ci:Hi) is an aromatic organic com-
pound, the molecule consisting of three benzene rings.
Two of these molecules fit into a unit cell as shown in

STRUCTURE oF THE MOLECULE AND CRYSTAL
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Figure 1.—Anthracene molecules in & unit cell.

- a

Figure 2.—Disposition of anthracene molecules in the (ab) crystal
face.

Figure 1, one at a corner and the other at the center of
the ab face of the unit cell. One can be transformed
into the other by reflection in the ac plane and transla-
tion along the g axis by a/2. The unit cell has dimen-
stions @ = 8.561 A, b = 6.036 A, ¢ = 11.163 A, and the
angle 8 is 124° 24’,

The anthracene crystal belongs to the monoclinic
normal class; 7.e., it has one twofold axis of symmetry
(the b axis) and a center of symmetry. Almost all
experiments performed on anthracene have used the
(001) erystal face, a face along which perfect cleavage is
possible, and which contains the ¢ and b axes. The
molecules are seen end on from this face as shown in
Figure 2. Full details of the crystallographic structure
can be obtained (79, 110).

Quick identification of the planes and axes of anthra-
cene can be achieved by the following method (85), if
the accuracy obtainable from polarizing microscopes is
not required. First the (001) face can be found because
of its perfect cleavage, which reveals a smooth, shiny
surface. The crystal is then cut in the form of a plate
with the (001) faces in the plane of the plate. This
plate is placed on a sheet of paper with a thin, straight
line drawn on it. In general, double refraction causes
two images of the line to be seen through the plate. As
the plate is rotated about a normal axis, the double re-
fraction disappears at two positions 180° apart, where
the a axis lies along the line. Therefore the b axis,

which lies in the plane of the plate, is at right angles
to the line drawn on the paper. The remaining axes
and major faces can be identified from the geometry
described in the beginning of this section.

III. MorLecuLAR ENERGY LEVELS

A. m-MOLECULAR ORBITALS IN BENZENE

Molecular orbital methods have proved better than
the valence bond approach in calculating the energy
levels of the anthracene molecule. The valence bond
method (70) has led to erroneous conclusions as to the
nature and number of the excited states and will not
be considered here.

It is convenient to start the treatment of the anthra-
cene molecular energy levels with the consideration of
benzene, since anthracene consists of three benzene
rings. Trigonal hybridization occurs in the carbon
atoms of benzene: a hybrid is formed between the 2s,
2p., and 2p, orbitals giving three directed new bonds
in the zy plane which are mutually inclined at 120°.
Thus the six carbon atoms in benzene lie in a plane,
forming a regular hexagon; the six hydrogen atoms also
lie in this plane. Each of the six carbon atoms is
joined by o orbitals to one hydrogen atom and to the
adjacent two carbon atoms. The six 2p, electrons are
distributed among a set of molecular orbitals formed by
linear combination of these atomic 2p, orbitals, result-
ing in = bonds.

The 2p, orbitals are delocalized since the wave func-
tions describing each of them, ¥, (n = 1, 2,..., 6), over-
lap their two neighbors equally. Therefore the molec-
ular orbitals are given by the linear combination

Y = Cl‘pl + Cg\ﬁz T CG‘PG (Eq 1)

with the constants Cy, C,, ..., Cs determined by the
fact that they should lead to stationary states. Equa-
tion 1 defines the m-type molecular orbitals of benzene.
There are six independent combinations of this equa-
tion yielding six w-molecular orbitals each with a defi-
nite energy. The six = electrons are distributed among
these orbitals, yielding for each distribution a #-electron
configuration. The configuration for the ground state
will obviously have two electrons in each of the three
lowest orbitals. The other configurations provide a
wide variety of excited states. The electronic transi-
tions between such configurations were named N — V
transitions by Mulliken (84). The characteristic spec-
tral properties of benzene (and anthracene) are almost
entirely due to these N — V transitions. Therefore,
in the investigation of the absorption spectrum of the
molecule, all except the = electrons can be ignored.
There are several such theoretical treatments in
existence, and the main points of some of these, as ap-
plied to anthracene, are considered in the following sec-
tions.



ULTRAVIOLET PROPERTIES OF CRYSTALLINE ANTHRACENE 583

2 4 []

Y

9 [l 13

Figure 3.—The anthracene molecule.

B. COULSON’S LCAO APPROACH

The anthracene molecule, shown in Figure 3, has
three twofold rotation axes of symmetry: the z, y, and
z axes, as well as a plane of symmetry zy so that the full
symmetry is Dj,. Detailed discussions of symmetry
applied to this sort of problem are given by Mulliken
(84) and Hochstrasser (53). One way of characterizing
the symmetry properties of the allowed molecular orbi-
tals is to label them in terms of what happens on reflec-
tion in the three fundamental planes. Using Coulson’s
notation (33—-35) each orbital can be either symmetrical
(S) or antisymmetrical (A). Since we are dealing with
= orbitals, each of these molecular orbitals will be anti-
symmetric in the plane of the molecule and will there-
fore have thelabel A,. Because this label is common to
all these orbitals, it is often omitted from the descriptive
symbol for the orbital, which would then be a combina-
tion of the remaining labels S; or A;, S, or A,.

The LCAO molecular orbitals of anthracene are
given by

14
Y = lzcr‘pr (Eq 2)
The symmetry properties discussed above must be re-
flected in the values of the expansion coefficients C,
of Eq 2. Coulson indicates symmetry 8,5, by P,
ASS, by Q, S;A, by R, and A A, by S.

The results of group theory show that for the Dy,
symmetry there are only eight distinct types of molecu-
lar orbital, UZ.Z., Alg, Alu, Blg, Blu, B2g, Bzu, Bsg, and
Biu. Elementary arguments can be used to show that
the types P, Q, R, and 8 correspond to the group theory
symbols By, Bag, Bsg, and Ay, respectively. Theremain-
ing four group theory symbols correspond to symmetry
assignments similar to P, Q, R, and S but which have
the common symmetry S, instead of A,. These are o
orbitals.

A detailed examination of Eq 2 shows that there are
four molecular orbitals of each of the types P and R,
and three each of Q and S. The relative energies of
these 14 molecular orbitals have been calculated by
Coulson (33, 35). The ground state is

P2, Qi3 R34, Po?, Qo2 §% Ri?

where the suffixes have been assigned so that Py islower
than P,, ete. Examination of Table I shows that two

electrons sharing any one molecular orbital have com-
bined symmetry A;, and this, therefore, is the symmetry
of the ground state. Table I shows the symmetry
representation corresponding to any two electrons in
any pair of orbitals of the types P, Q, R, and S.

TaBLE I
SyMMETRY Crass OF PropucT oF Two ELECTRONS
P Q R S
P All BSu B2u Blg
Q BSu Alg Blg B2u
R Bzu Blg Alg B3u
S By By Bsu Ay

Each of the types of level could be either singlet or
triplet while the ground state, with all orbitals doubly
occupied, must be the singlet 'A;,. Table I also indi-
cates that for the g — u selection rule to hold, the only
allowed transitions are to Bj, and B, configurations.
The three allowed transitions of lowest energy obtained
from Coulson’s calculations of the relative energies of
the 14 molecular orbitals are shown in Table II.
Transition N = V; is forbidden because the excited con-
figuration is Byg.

TasLe IT
N — V TRANSITIONS IN ANTHRACENE
Excited
Transition Description confign Polarization
N—V, Ry2 — RqP; Bn Yy
N—=V, sz - QzPs Ba T
N—=V, R, — R\Ps B Yy

C. OTHER LCAO CALCULATIONS

There have been a number of attempts to make the
molecular orbital treatment more sophisticated. Pari-
ser (90) used a theory based on the LCAQO approxima-
tion which includes interaction between the configura-
tions forming the excited states. Furthermore Pariser
adjusted some theoretical quantities by empirical or
semiempirical procedures to make the theory more
practicable. His calculations confirm previous results
as well as predict a number of highly excited states.
In a more recent investigation (93) similar results are
obtained using self-consistent field molecular orbitals
and only limited configuration interaction instead of the
extensive configuration interaction and ““crude’ orbitals
of Pariser.

Theoretical results similar to those already discussed
are obtained by Dewar and Longuet-Higgins (42) and
Pople (98). These calculations include triplets. Some
of Pople’s results for anthracene are contained in Table
III. Thesecond transition is predicted to be very weak
and close to the intense first transition, so that it is
very difficult to separate them experimentally. The
theoretical levels are seen, however, to be in qualitative
agreement with experiment.
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TaBLg III
TRANSITIONS IN THE ANTHRACENE MOLECULE

Excited ~—Frequency, cm~1=——  Excited ~—Frequency, cm~1—
confign Theoret Expt! confign Theoret Ezxpt!
Bow 30,000 26,500 8By 18,000 14,700
1Bsu 33,500  (28,000) Bsa 32,000 ces
Bs, 45,500 39,000 *Bsu 33,500
Bsa 52,000 45,500 B 43,500

D. THE PERIMETER MODEL

A method which is quite frequently used to label
molecular states is that of Platt (64, 96) who uses a free
electron “perimeter’”’ model. The method assumes that
the = electrons of planar conjugated systems are free to
move along the bonds throughout the system. The
classification of = orbitals is like that of the orbitals of
a free electron traveling in a one-dimensional loop of
constant potential around the perimeter. The perim-
eter free-electron orbitals and their energies are calcu-
lated by distorting the perimeter into a circle of the
same circumference and assuming this system to corre-
spond to a plane rotator so that the energies are

E = ¢*h?/2ml? (Eq 3)

where ¢ = an integer 0, 1, 2, ..., A = Planck’s con-
stant, m = electronic mass, [ = length of perimeter (in
angstroms), and E = energy in reciprocal centimeters.
It can be seen from Eq 3 that the energy levels are
quadratically spaced and are doubly degenerate (except
for the lowest with ¢ = 0), since electrons may travel
either clockwise or counterclockwise around the loop.
The total momentum number @ = Zg may take on

values 0, 1, 2, ..., and such states are designated by
A, B, C, .... When @ takes on values 2n, 2n + 1,
2n + 2, ... for systems with n benzene rings, these

states are identified by K, L, M, ..., irrespective of the
value of n. The highest filled level has ¢ = n, and the
four electrons in this level are called f electrons, those
in the level immediately below e electrons, and so on.
The first empty level has ¢ = n - 1 and is called the
g level, the one above the h level, and so on.

The electrons have been assumed to move under the
influence of a potential which, to a first approximation,
is constant, resulting in doubly degenerate excited
states. Since the potential is provided by the atoms
of the benzene ring, it follows that the potential is not
constant but periodic. This fact, together with the
inclusion of the effects of the cross-links between atoms
3,10 and 5,12 of Figure 3, removes the degeneracy.
Each state thus splits into two components which are
labeled by subscripts a and b.

The most important transitions are those from a
filled to an empty shell. Spectra produced by the
excitation of two electrons will be weak and will require
higher excitation energies. For a transition from an f
to g level, the new states are

Q=Mn+1)=n=10r2n+1

which are B and L states, respectively. On removing
the degeneracy these become B,, B, L., Ly, and since
electron or hole spins may be parallel or anti-paral-
lel each can be either singlet or triplet, giving a total
of eight possible states for the f3g configuration.

Platt’s model has been extended by Moffit (81).
This has enabled further calculation to be made, the re-
sults of which account for the more prominent features
of the electronic spectra of cata-condensed hydrocar-
bons.  Experimental results of McClure (77) on the
polarization of m-electron transitions in aromatic mole-
cules agree with the predictions of the perimeter model,
certainly for the lower excited states. The first three
allowed singlet states are L,, L,, and J,, respectively,
corresponding to the three transitions described in
Table I1.

IV. CrystalL ENERGY LEVELS

A. FIRST-ORDER THEORY

The most satisfactory description of the crystalline
energy states of aromatic substances thus far produced
is that based upon the “exciton” or nonconducting ex-
cited states (47, 48, 94). This concept enabled Davy-
dov (40) to determine theoretically the energy levels
of anthracene-like molecular erystals using what might
be called a weak-coupling model in which the interaction
energy between molecules is assumed to be small com-
pared with the intramolecular energy. This work has
been extended by Craig and Hobbins (36-38).

In this exciton migration model the unperturbed state
can be represented by a collection of molecules which
are not interacting with each other. If the Schrodinger
equation is used to describe the energy levels of the kth
molecule, then the ground state of the erystal is written,
following the assumption of weak coupling, as a simple
product of molecular wave functions of the collection
of N unexcited molecules. A set of excited states is
obtained by assuming that if the collection of molecules
were separated from each other by an infinite distance,
N — 1 of the molecules would be in the ground state,
the other (the pth, say) would contain the energy of ex-
citation.

The molecules in the crystal do interact with each
other slightly, and to represent this interaction a small
term, the interaction potential ¥, must be included in
the unperturbed Schrodinger equation. This potential
operator has the full symmetry of the crystal lattice so
that the wave functions must also have this symmetry.
Since the interaction is in this instance a purely crystal-
line phenomenon, we have here the first effect of the
crystalline field on the molecular states.

The energy levels E and wave functions & of the crys-
tal are defined by the equation
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N
2 Hy+ 2. Vi)® = E®
k+1 1>k

According to first-order perturbation theory, the energy
of the ground state is

N
Eg = kzlwk + 22feeVassndr (Eq4)

where w; is the isolated energy of the kth molecule in
the ground state described by the antisymmetric wave
functions {;. Primed quantities would indicate an
excited molecule.

It follows that the crystal wave function is

N
&, = 3 aud
=1
where
N
Z a*a, =1

l

I
—

®, is one of N crystal excited states all belonging in the
weak coupling model to the excitation of one molecule
to an excited state. The quantity a,,*a, is the prob-
ability that the pth molecule is the excitation ‘“‘site.”
When N is large the coefficients differ from one another
only in their phase factors, and may be obtained from
the usual secular equation

det|(ZHy, 4+ ZZVip)pe — &5E] = 0
The diagonal elements can be written
Jo,*(ZH, + 22Vi)¢, dr — B (Eqd)

Since ¢, is the wave function of the zeroth approxima-
tion to the erystal excited state for which the excitation
is located at the pth molecule, it 1s seen that for the
diagonal elements the excitation is localized at this pth
molecule. Remembering this when we use Eq 4 in
Eq 5 we get for the diagonal elements

;'wk + w,” + ;'g}:ﬁfz;vm"{kﬁ -+
;?p,{llvml‘{p’{l - E (Eq 6)

where the primed sum indicates that the excited (pth)
molecule has been omitted.

The nondiagonal elements are of the form S ¢p*-
(ZZVi)¢,dr. Since for these elements p = g, the ex-
citation is not localized on a particular molecule, and the
expression similar to Eq 6 for nondiagonal elements is

I, = g-p,g-qlqukpfq, EqT7)

The excitation can be said to have transferred from
molecule p to molecule ¢ under the influence of the
interaction potential. This is the exciton. Equation
7 is an expression for the exciton “exchange’ integrals
for an exciton hopping for the pth to the ¢th molecule.

The magnitude of the energy transferred in this way
is obtained by subtracting the ground-state energy (Eq

4) from the diagonal elements of the energy matrix.
This gives a secular equation whose roots are the crystal
excitation (exciton) energies. If in particular only the
pth elements are considered, we obtain from this sub-
traction

bw, + D — AE (Eq 8)

where Aw, = w,” — w, and

D= ;'{(rp’rzimerp'rz) — @t Voitot)}

B. THE INCLUSION OF SYMMETRY

The molecular wave functions must be combined in
such a way that these combinations transform like
representations of the unit cell group. The relations
between representations of the molecular group Day
and the unit cell group Cy, are included in Table IV
(37).

TaBLe IV
REPRESENTATIONS OF THE UNIT CELL GrOUP Cyy

Associated Dgn

E Can 1 ob representation
Ag 1 1 1 1 Ay, By
Au (Tb) 1 1 -1 -1 Bzu; Bau
B; 1 -1 1 -1 Ay, Bia
Bu (7a) | | 1 Buy, Ba

Unit cell wave functions y are now defined, corre-
sponding to the excitation of the two molecules (identi-
fied by subscripts 1 and 2) in the unit cell individually.

vf = 2 (g = ¢y)

The - and B-unit cell functions formed by combining
the g-type molecular wave functions transform like
the A, and B, crystal species, respectively, those from
Bay and B;, molecular functions like By, and A,. Com-
bining the v* into a form which must transform like a
representation of the space group gives

M
0(F) = (N/z)-%;[exp(ﬂ?-ff)]v“"*@‘,) (Eq 9)

where 7 is a lattice translation with components a, b,
and ¢ and k, = 2n0/M.a for ¢ = 0, =1, =2, ...,
*=M,/2. onumbers the 3/, cells along the a axis, and %,
is a wave vector of the reciprocal lattice. Similar results
obtain for the b and ¢ directions.

C. APPLICATION OF THE SELECTION RULES

The selection rule for the wave vectors may be de-
duced from the transition dipole moment integral for
the transition from the ground state &g to the excited
states . It can be shown that this transition
moment vanishes unless £ = 0. This selection rule
applies to the rigid lattice. The band width may be-
come finite on account of the excitation of lattice vi-
brations, although even then the transitions for which
% = 0 are still the most intense.
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This transition rule means that of the manifold of
levels described by Eq 9 only two are effectively excited.
Thus from starting with a single molecular electronic
level, we now have two levels in the crystal, corre-
sponding to

g — 3°(0) (Eq 10)

A further selection rule is obtained from the fact that,
since the unit cell has a center of symmetry, only g = u
transitions are allowed from the ground state, as is the
case with a single molecule. It follows that only those
transitions are allowed which correlate with allowed
molecular transitions, and their polarization may be
read from Table IV. Thus crystal transitions related
either to molecular transitions A;, — B, (short axis
polarized) or A;, = B3, (long axis polarized) have their
a components polarized in the ac erystal plane and their
B components along the b crystal axis.

D. DAVYDOV SPLITTING

It is found that the o and B crystal states correspond-
ing to a given molecular state not only are polarized in
different directions, but have different energies. The
difference in energy is called the Davydov splitting and
is caused by the exchange interaction of molecules which
are not translationally equivalent, 7.e., of the different
molecules of a unit cell. The exchange interaction of
molecules which are translationally equivalent simply
displaces the spectrum of the crystal relative to that of
the free molecule. If I; is the exchange interaction
term for translationally equivalent molecules and I,
the term for molecules not translationally equivalent,
then

Il = ;I;I, andIQ = ZI;m (Eq 11)

m
where p runs over molecules translationally equivalent
to the Ith molecule and m runs over the others. The
exciton Coulomb term D of Eq 8 also contributes to
the displacement of the crystal lines or bands relative
to those of the free molecule. Thus the energy of the
transition from ground to crystal excited state can be
written

AE*? = Aw+ D+ 1 =1, (Eq 12)

The upper sign refers to the o wave functions, the
lower to the 3. The Davydov splitting is equal to 27,.
It differs from the usual splitting of levels in crystals in
that it occurs even for molecular states which are not
degenerate. Since it is brought about by the wandering
of excitation energy in the crystal, it is confined to the
excited states.

E. SECOND-ORDER EFFECTS

Craig (36) has shown that the effect of second-order
perturbations on weak transitions is not negligible.

The effect is particularly noticeable when a strong mo-
lecular transition is found near the weak one. Then
intermolecular forces bring about interaction between
the strong upper state of one molecule and the weaker
upper state of a neighboring molecule, leading to in-
tensity stealing. Under these conditions the second-
order effects become comparable with those of the first-
order.

Quantitatively, Craig shows that the intensity trans-
fer should be most noticeable when the weak system is
0.1 to 0.2 times as strong as the intense one, and greatest
in the crystal direction in which the strong transition
has its major component.

F. VIBRONIC LEVELS

Vibronic wave functions {™-¢"™ can be written for the
rth excited electronic state, where ¢"™ is the vibrational
function corresponding to the nth quantum state of the
vibration. In general the vibration differs from one
electronic state r to another. For the less complex
aromatic compounds, however, there is a simplification
of both the second-order perturbation and the vibra-
tional energy problems in that there is usually only one
very intense system. Therefore the energy-level sys-
tems can be considered to consist of a weakly excited
first upper state {! with a progression of vibrational sub-
levels, and an intensely excited second upper state {2
without vibrational structure, plus further upper
states {7.

In anthracene vapor spectra, {* isfound to have up to
five members of the vibrational progression with a
mean spacing of 1400 em—! between successive sub-
levels. The spacings are very nearly equal for both
vapor and solution spectra, but in the crystal the inter-
vals are distorted and differ along the a and b direc-
tions. The Davydov splittings are also found to differ
from sublevel to sublevel. However, since the Davy-
dov splitting is small for this the first band, the dif-
ferences in splitting are neither very noticeable nor very
certain, different crystal specimens of anthracene giving
different results.

V. Excitons

A. CHARACTERISTICS OF THE EXCITON

The exciton not only plays an important part in
shaping the ultraviolet properties of anthracene, but is
itself an interesting subject of study. We have seen
that excitons correspond to the “hopping’ of the crystal
energy of excitation from one molecule to another since
the localization of the excitation state in a particular
molecule does not correspond to a stationary state of
the crystal as a whole. The stationary state is ob-
tained by allowing the excitation state to be delocalized
over all molecules of the same kind in the form of an
excitation wave. This type of exciton is called a
Frenkel or molecular exciton. However, Wannier
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(116) and Mott (83), who were concerned with the
optical properties of semiconductors, view the exciton
as a conduction band electron and a valence band hole
which are bound together and traveling through the
erystal, although they may be separated by an ap-
preciable distance. This type of exciton is usually
called the Wannier—-Mott exciton.

Knox (65) has pointed out that these two views are
not as unrelated as they may seem. Since an excited
atom can be described essentially as an electron bound
closely to an ion by the Coulomb interaction, the two
excitons differ physically merely in their “radi,” ..,
in the degree of separation of the electron and hole.
Frenkel’s case corresponds to a tight-binding, Wan-
nier-Mott’s to a weak-binding approximation. The
absorption spectra of ionic erystals, and particularly the
alkali halides, are interpreted in terms of an exciton
which has binding intermediate between the Frenkel
and the Wannier-Mott. Knox summarizes the ex-
perimental evidence which provides a striking verifica-
tion of the validity of the three approximations.

If an exciton is produced by the absorption of an in-
cident photon, the initial wave vector of the exciton
will be the same as that of the photon since momentum
must be conserved. In this case, since the electric vec-
tor of the photon is perpendicular to the direction of
propagation, the dipole moment of the exciton will be
perpendicular to the wave vector [, so that all excitons
formed in this way are transverse. Interaction of the
exciton with lattice vibrations or imperfections can
cause it to be scattered, and such a scattering process
can change a transverse to a longitudinal exciton and
vice versa. It has been shown (76) that the transverse
exciton energy increases with % so that the effective
mass for this exciton is a positive quantity. The re-
verse is true for longitudinal excitons. The importance
in this variation of the exciton characteristic lies in the
fact that the exciton with negative effective mass has a
smaller chance to decay radiatively. This point is
discussed more fully by Davydov (41).

Davydov distinguishes between two limiting cases of
the excitation wave: (1) free excitons—the transfer of
the exciton from one molecule to another is much more
rapid than the intramolecular vibration frequencies, so
that the change in the forces of interaction between
neighboring molecules when one molecule in the crystal
is excited cannot displace the molecules to a new equilib-
rium position before the exciton has transferred; (2)
“localized” excitons—the excitation propagates much
more slowly than the intramolecular vibration fre-
quency so that the molecules do have time to occupy
new equilibrium positions before the exciton can move.
The progress of the exciton is impaired since local de-
formations arise in the crystal.

It can be shown that the “localized’”” excitons do not
correspond to stationary crystal states and that spon-

taneous emissions take place into states in which all the
excitation is distributed over the lattice vibrations.
Thus there is little likelthood of radiative emission from
a ‘“localized” exciton. This is important since an ex-
citon, originally free, may become “localized” through
interactions with phonons, defects, impurities, or sur-
face molecules during its diffusion through the crystal.

B. DECAY

There are basically two ways in which the energy of
excitation of the erystal can be transformed (assuming
no photochemical reaction to take place) after a photon
has been absorbed. It can either be degraded to heat
or reradiated as electromagnetic waves. Since the two
processes are not mutually exclusive the luminescence
is usually of a lower energy than the incident radiation.
Transformation of excitation energy to heat may be by
direct conversion into lattice vibrational energy or the
excitation may suffer intramolecular conversion to
vibrational energy of the atoms which make up the
molecule. The latter process has been called intra-
molecular deactivation.

Most organic crystals have luminescence spectra
which are independent of the energy of excitation, the
fluorescence being observed to originate from the lowest
excited singlet state of the molecule. It is obvious then
that the nonradiative transformation of the excitation
from higher to this lowest excited state must take place
much more rapidly than the natural decay of the higher
excited states which have half-lives of 10-1 to 10—
sec. Hochstrasser (52) argues that since the quantum
yield of fluorescence from these higher states is negligi-
ble, the nonradiative decay of excitation energy must
have a half-life of the order 102 and 10—2% sec. Simi-
lar values have been estimated experimentally by other
means (113). This process of nonradiative decay to the
lowest excited state is called internal conversion and is
extremely efficient for anthracene.

If the probability that a given exciton luminesces is
denoted by P;, that it transforms to a “localized’’ ex-
citon by P,, that it decays to lattice vibration by P,,
and that it suffers intramolecular deactivation by P,
then the ratio 4 of the number of excitons emitting their
energy as luminescence to the total formed is

— Pl
Pi+ P, + P, + P,

Each of the variables in Eq 13, as well as the implemen-
tation of the equation itself, is treated fully by Davydov
(41).

The luminescence will decrease as the temperature
rises since the number of free excitons will drop as the
result of enhanced thermal transfer to “localized” states
and to lattice vibrations. The same end result is ob-
tained (8) if the crystal is allowed to oxidize or if the
surface is damaged by radiation or abrasion. This

7 (Eq 13)
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process is discussed in more detail in section IX. Simi-
lar results are obtained for 2-aminocanthracene in al-
cohol solution (117).

C. TRAPPING

Self-trapping of the exciton can result from large
exciton—phonon coupling and makes itself apparent in
the localization of the excitation at some definite site
in the lattice, followed usually by nonradiative decay.
Trapping can also take place at a crystal defect which
has a sufficiently large capture cross-section, or at a
crystal surface. This may occur without strong phonon
coupling. The experimental evidence for these phe-
nomena has been reviewed by Knox (65).

Sidman (104) believes that his interpretation of the
gap between the anthracene absorption and fluorescence
origins in terms of trapped exeitons constitutes evidence
for the trapping of excitons. He shows semiquanti-
tatively that it is possible for trapped excitons to exist
in anthracene: there is a shift of —2140 em~! of the
0-0 band of the lowest A, — B,, transition in the erystal
relative to the vapor. The Coulomb exciton term D
and exciton exchange energy I of Eq 12 are responsible
for the shift. The necessary condition for the trapping
of the exciton is |D| >> |I|, where I = I, + I,.  Sid-
man quotes calculated values of I and D as —650 and
—1490 em™!, respectively, so that the condition for the
trapping of excitons in anthracene is met theoretically.
However, the existence of the gap between the first
strong absorption and the fluorescence origin is open
to doubt (4). Absorption and luminescence spectra
measured on highly purified crystals at 4°K indicate
that the absorption spectrum of anthracene is relatively
simple and that there is no energy gap in the purest
crystals.

D. SCATTERING

Excitons can be scattered by phonons, point defects,
dislocations, and surfaces. The mean free path of ex-
citons as defined by scattering with acoustic phonons
has been investigated theoretically, and Knox (65)
gives an expression for this path. Such a path for an
exciton in a simplified model of anthracene has been
estimated (1) to be 20 u. It is found that the exciton
diffusion coefficient is 1 cm? sec—! which exceeds meas-
ured values by more than an order of magnitude. The
discrepancy is ascribed to the role played by “localized”’
excitons, the presence of lattice defects, and the ap-
proximate nature of the calculation. Knox discusses
qualitatively, giving references to further work, the
scattering by dislocations and surfaces.

E. DIFFUSION

Early evidence for the diffusion of excitation energy
within crystals was obtained from the fluorescence
spectrum of anthracene which had a trace of naphtha-

cene impurity introduced into it (49). In the pure
cerystalline state naphthacene hardly fluoresces, whereas
dissolved in solid anthracene it fluoresces brilliantly
with its characteristic yellow-green color, the host
crystal fluorescence being quenched. Since the pro-
portion of naphthacene molecules in the mixture is
negligible, it is obvious that the initial absorption of
light must be by the host crystal. The excitation is
then transferred to the impurity where the excitation
decays, giving the fluorescence characteristic of the
impurity. Northrop and Simpson (87) have per-
formed experiments on the efficiency of fluorescence
transfer in solid solutions and find most of the results
can be explained by a simple theory of exciton migra-
tion. In view of the small number of impurity mole-
cules present it is clear that a simple process of re-
absorption and reemission of the fluorescence cannot
account for the effects (78).

Simpson (109) has attempted a direct measurement
of the diffusion of excitons in anthracene. The basis
of his experiment is the fact that a phosphor containing
luminescence centers can be used as a detector of ex-
citons. This makes it possible to detect the diffusion
of excitons from an activator-free crystal into a con-
tiguous crystal containing centers capable of trapping
the exciton. Naphthacene-doped anthracene was used
as the detector.

One surface of a thin anthracene specimen was
covered with the detector and the opposite surface il-
luminated in the fundamental absorption band. The
luminescence emitted by the detector is due partly to
excitation by those incident photons which are not ab-
sorbed in the specimen and partly due to excitons which
are formed in the specimen and diffuse to the detector
where they are trapped and fluoresce. The two con-
tributions are separated by a measurement of the
transmission of the specimen alone so that the flux of
excitons into the detector can be determined. It is
assumed that the motion of the excitons can be de-
scribed by the ordinary diffusion equation including
terms for the creation and decay of excitons. Thisequa-
tion is solved using boundary conditions which fit the as-
sumptions that (i) there can be no transport of excitons
across the front surface which is free and (i) the detector
in contact with the back surface is a perfect absorber of
excitons.

The agreement between theory and experiment is
good. Simpson finds that when a diffusion length of
L = 460 A is used in the solution of the diffusion equa-
tion, the theoretical exciton flux compares well with
the measured transmission associated with the excitons.
Regarding the motion of the exciton as a random walk
allows this diffusion length to be used to obtain the
displacement R

R = 6Dr = 6L? (Eq 14)
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Figure 4.—The absorption spectrum of anthracene. The solid
curve is the @ spectrum, the dotted curve the b spectrum (19,
75).

giving a root-mean-square displacement between the
points of origin and decay of the exciton of 1120 A.
The mean number of steps in the absence of impurities
will be 10° and the mean free path of the exciton
0.2 u.

F. TRIPLET EXCITONS

Measurements on the diffusion of triplet excitons
in anthracene have been made recently (119), the re-
sults yielding a diffusion coefficient (0.2-1.0) X 10—2
em? sec~! and a diffusion length 70-150 x in a direction
perpendicular to the ab plane. The thickness of the
crystal was found to have a marked effect on the life-
time of the triplet state. A similar value for the dif-
fusion coefficient has been reported elsewhere (61), al-
though measurements which involve a different experi-
mental technique (6, 68) show values for the diffusion
coefficient about two orders of magnitude smaller.
The implications of this discrepancy have been dis-
cussed (68). Reviews of earlier work on the triplet
state in general (71) and on the role played by triplets
in energy transfer in solution (118) have recently ap-
peared.

VI. ABSORPTION

We have seen that the crystal states are dertved from
the molecular levels and that these are polarized either
along the long or the short molecular axis. The change
in levels which takes place in going from molecule to
crystal is different for each of these polarizations. In
addition the change depends on the intensity of the
molecular transition so that the analysis of the experi-
mental crystal spectrum in terms of the molecular
states is in some instances uncertain. There are many
experimental absorption spectra reported in the litera-
ture and Figure 4 is a composite of two of these spectra
(19, 75). The experimental methods which have been

used and the difficulties experienced in measuring such
spectra have been discussed by Craig and Walmsley
(39).

A. TRANSITION I

1. Davydov Splitting

The theory predicts that the first excited state in the
molecule has symmetry B, and in the crystal one
should therefore see two components with small Davy-
dov splitting, the intensity along the b axis being some-
what greater than along the @ axis. That this is found
experimentally can be seen from Figure 4. Craig
and Hobbins (38) find that where Davydov splitting
occurs for this transition it involves a b component dis-
placed to lower frequencies and an a component to
higher. They find that at —140° the splitting is in the
range 10 to 50 cm~! which is compatible with a B,y
upper state but not a Bs,. They also establish that
the interval between the second and third vibronic
peaks is greater than that between the second and first
(lowest energy) peaks, which is claimed to indicate an
A, — By, transition.

Sidman (104), who studied the spectrum at 4°K, was
not able to confirm the splitting of vibronic states found
by Craig and Hobbins, He found that the absorption
maxima occur at the same energy in both ¢ and b
polarization to within the limits of his experimental
error of =20 em—! which were set by the band width.
The discrepancy may be resolved by studies (26, 78)
which show that the spectra of both naphthalene and
anthracene depend upon the strain to which the crystal
is subjected. An examination of the absorption spectra
of 23 anthracene crystals to see if the spectra were re-
producible from one specimen to another showed (46)
that the Davydov splitting of the absorption origin at
25,350 em~! amounted to as much as 60 em~! in some
crystals and was practically zero in others having the
same thickness.

It has been pointed out (22) than an inaccuracy of
orientation of the light vector incident on the crystal
along the b axis has a strong influence on the measured
values of Davydov splitting. When special precautions
were taken to eliminate this inaccuracy, larger Davy-
dov splittings than those reported elsewhere were ob-
tained, although different values were still found for
different crystals. The mean values at 20°K for
erystals ranging in thickness from 0.05 to 0.1 u are 230,
145, and 80 em—! for the first three vibronic sub-
levels in increasing order of energy, respectively. Wolf
(121) reports similar results.

2. Polarization Ratios

The polarization ratio, which is taken here to be the
ratio of the area under the b-axis to the a-axis absorp-
tion curves, was found by early experimenters to be
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about 2. When more care was taken with the polariza-
tion of the incident light in the experiments (121), the
ratio was found to be about 3, and more recently (22)
the ratio has been measured for the first three vibronie
sublevels of this transition individually, the ratios ob-
tained being 5, 4.5, and 3.2 in increasing order of sub-
level energy, respectively. If the crystal is thought of
as an oriented gas in which there is no interaction be-
tween the molecules, the calculated value for the ratio
is 1/16 and 7.7 for transitions which are respectively
long- and short-molecular axis polarized. More re-
fined calculations which include second-order effects
(39) yield ratios of about 1/2 and 3 for long- and short-
axis polarizations, respectively, indicating that this
crystal state has its origin in a short-axis polarized
transition.

3. Oscillator Strengths

The formula for finding the reduced oscillator
strength is

faver = 144 X 10~°fesp.0d7 (Eq 15)

where 7 1s in em ™, ¢ is the molar extinction coefficient,
and ¢’ is an axis at right angles to the a and b crystal
axes. If this formula is used, thenf, + f, 4+ f, should
be approximately equal to the oscillator strength for
the transition in solution, f;. Table V lists the values
of f, and f, reported in the literature together with the
experimental method used in each case.

The solution oscillator strength is fi = 0.10, so the
figures in Table V imply f = 0.01. Theoretical cal-
culations (19) show that a Bsy, upper state would have
fer > fa Jo, but a By upper state would have f,» = 0.01,
lending further support to the B,, assignment.

TaBLE V
OSCILLATOR STRENGTHS FOR TRANSITION I
fa h Method Ref
0.015 0.033 Direct absorption 14
0.025 0.064 measurements 19
0.017 0.04 23, 62
0.057 0.10 Extrapolation of 89
0.013 0.057 refractive indices 43
0.025 0.06 Reflection 14

A possible explanation for the widely varying values
of oscillator strengths is found in the measurements (24)
of the absorption coefficient at 20°K which show that
the coefficient depends markedly on the thickness of the
crystal. Decreasing the crystal thickness from 0.40
t0 0.16 u increases the absorption coefficient at the first
vibronic peak by almost a factor of 2. Absorption
curves measured at room temperature over the same
range of thickness proved to be independent of thick-
ness. A similar low-temperature effect is reported
elsewhere (46). The variation of the absorption with

thickness has been associated with the effects of spatial
dispersion which will be discussed in section VII.

B. TRANSITION II

Transition II oceurs in solution at about 250 myu (56)
and does not have the well-defined vibrational pro-
gression of transition I. This is a very intense transi-
tion, the oscillator strength being reported to be 2.3
in solution (38) and 1.6 for the vapor (75). Using f =
2.3, calculations show (37) that the Davydov splitting
should be 16,000 and 1,000 em~! for B;, and B,, upper
states, respectively. The crystal absorption spectrum
shows a maximum at 268 mu in b polarization, and,
since this state has been assigned (section III) to be
B, the corresponding maximum in a polarization
should appear at about 190 mu. The intense peak
appearing at roughly this wavelength in @ polarization
in Figure 4 has been taken, therefore, to be the a com-
ponent of transition II. Comparison of erystal and
solution extinction coefficients (19) confirms the as-
signment of system II to a B, upper state.

C. HIGHER TRANSITIONS

The b component of transition III is clearly seen in
Figure 4 at 221 mu. The experimental oscillator
strength is f, = 0.16 (18), while theoretically values of
0.005 and 0.2 for long-axis (B;,) and short-axis (B,)
polarizations are obtained (75). Thus the transition is
probably to a By, upper state. This agrees in polariza-
tion with the assignments of Ham and Ruedenberg (50)
of the state to 1B, in perimeter model notation and of
Pariser (90) to the state (in his notation) By, + which
is similar to our Byy.  Platt (96) has assigned the transi-
tion to the !'C,, which is forbidden in the molecule.
Since the upper state is probably B,,, the splitting
should be small and the ¢ component found near the b.
This a component is probably hidden under and en-
hanced by the strong a component of transition II,
which would account for the unusual shape of the a
component in the region 190-220 my.

The small peak in the b spectrum at 207 my is taken
by Lyons and Morris (75) to be the b component of
transition I'V which they consider to be long-axis polar-
ized with the a component buried under the nearby
strong a absorption.  Pariser (90) predicts a transition
with this polarization and of approximately the in-
tensity observed to lie at 170 mu. There is no clear-
cut indication of an electronic transition in the solution
spectrum in this region (55), and it cannot be stated
with certainty that this is, in fact, an electronic transi-
tion.

Transition V is intense in solution with an oscillator
strength f, = 0.4, and appearing, from the crystal spec-
trum in Figure 4, to have its major component along
the b axis, with f; comparable with f;. This would in-
dicate a Bsy upper state although extrapolation from
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Figure 5.—The reflection spectrum of anthracene. The solid
curve is the a spectrum, the dotted curve the b spectrum (128).

the free molecule to crystal states becomes uncertain
at energies as high as this.

VII. REFLECTIVITY AND OPTICAL CONSTANTS

A. REFLECTIVITY

The reflection spectrum of anthracene along the a
and b axes is shown in Figure 5, the wavelength range
being from 120 to 700 mu, although only that part of
the spectrum between 220 and 400 mu was measured
(128). The remaining parts were calculated as de-
seribed in section VIL.B. The measurement was made
at an angle of incidence of 20°. The reflection spec-
trum between 220 and 400 my has also been reported
elsewhere (19). There is no significant difference be-
tween the two reported spectra. It can be seen from
Figures 4 and 5 that the reflection follows the absorption
spectrum quite closely, especially where the absorption
is high. For example, the b component of transition
IT occurs at 268 my in the absorption spectrum and has
its counterpart at 270 mu in the reflection spectrum.
In addition there is very little shift in the vibronic peaks
of the first transition between the spectra.

Reflection spectra for the (001), (010), and (1'00)
spectra, using unpolarized incident light, have also been
made (126). (The (1'00) face is in the plane lying at
right angles to the (001) and (010) crystallographic
planes; it is not a true crystallographic face.) The un-
polarized spectra for the (001) and (1’00) faces re-
semble quite strongly the b-polarized spectrum while
that for the (010) face shows the vibrational progression
of the first transition only very weakly. These results
are to be expected since the b axis lies in the (001) and
(1'00) faces.

It has also been shown (126) that ultraviolet irradia-
tion for a period of several hours reduces the reflec-
tivity slightly, while abrasion or aging in air reduce it
markedly. It isassumed that all these agents enhance
the oxidation of the crystal surface (44, 69) which is

responsible for the reduction in reflectivity. Crystals
which have been aged in the atmosphere for a period
of 1 year or more, and presumably have an appreciable
layer of oxides on the surface, show a different reflection
spectrum from freshly cleaved specimens. A pro-
nounced peak appears at about 250 mu while the long
wavelength reflectivity is unaltered. Anthraquinone
has an intense absorption band near 250 mu (105, 106)
while being very nearly transparent at the longer (340
to 400 mu) wavelengths. It has been assumed that
the pronounced peak is caused by the surface layer of
anthraquinone while at the longer wavelengths the
reflectivity remains characteristic of the bulk material
since anthraquinone is transparent in that region.

B. OPTICAL CONSTANTS

1. Reflection Method

It is difficult to measure the ultraviolet optical con-
stants of substances like anthracene by conventional
transmission methods because they are so highly ab-
sorbing in this spectral region. The obvious recourse
is to reflection methods, but in the case of anthracene
these also present problems because the crystal is
biaxial. Since two constants are to be determined
(real and imaginary parts n and k of the refractive in-
dex), at least two independent measurements are re-
quired in the conventional reflection techniques (7,
108, 115). The anisotropy of the erystal means, how-
ever, that these two measurements correspond in gen-
eral to a different pair of constants so that it is not pos-
sible to obtain a unique solution for these constants.
The method of Price-Robinson (100, 101) has recently
been extended (128) to solve this problem.

This method uses the Kramers-Kronig dispersion
relation (82, 114) to calculate the imaginary part of the
reflected light amplitude as a function of frequency from
the real part which is measured. Knowledge of the
real and imaginary parts of the reflected amplitude al-
lows optical constants to be evaluated. In principle
the method requires that the reflectivity be known at
all frequencies, but in practice (17) it is found that the
reflectivity spectrum need be known over a frequency
range only somewhat larger than that over which it is
desired to obtain optical constants.

The reflectivity spectrum has been measured between
220 and 400 my (19, 128) and extended to longer wave-
lengths (128) by calculating the reflectivity from re-
fractive indices measured (43) between 400 and 700 mp
for both ¢ and b polarizations. The extension to
shorter wavelengths used the criterion (5) that the
spectrum as a whole yields a phase which is everywhere
positive and has a minimum at 283 my, the near-ultra-
violet absorption minimum for anthracene. The
complete reflectivity spectrum has been reproduced in
Figure 5.
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Figure 6.—The optical constants of anthracene along the a axis.
The solid curve is the absorption index and the dotted curve the
refractive index (128).
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Figure 7.—The optical constants of anthracene along the b
axis. The solid curve is the absorption index and the dotted
curve the refractive index (128).

2. Calculations of the Constants from Reflection

The Kramers—Kronig relation which was used (128)
had the form

1 <
8, = — ;j; In

where 6(5.) is the phase in radians at the particular
wavenumber 7, and |r(5)| is the magnitude of the re-
flected amplitude expressed as a function of wave-
number 7. The dispersion relation was applied to each
of the reflection spectra R, and R, of Figure 5 to yield
8, and 6, respectively, using Bode’s method of solution
(13). It has been shown (128) that if light is incident
on the (001) face of anthracene with the (010) in the
plane of incidence, then one electric displacement vector
is in the plane of incidence, the other perpendicular to it.
When these conditions are used in the usual method of
deriving Fresnel’s equation of reflectivity at normal
incidence (15), the equation

s ﬁ"]'d-% (n r@)|]ds (Eq 16)

J—7

nl + 'l.kl - 1
= Eq1

T 1 ik + 1 (Eq 17)
is obtained, where [ can be either the a or b axis. Since
Ty = W exp (1) (Eq 18)

it follows that
ny = el (Eq 19)

U R AT 27| cos 6, a
and
2! [P

k, = i, sIn 6, (Eq 20)

1 + 17'1]2 - 2?7'1] CcOos f/l

The optical constants »; and k; caleulated from Eq 19
and 20 are shown in Figures 6 and 7.

8. Validity of Reflection Optical Constants

Experiments have been performed (20, 21, 25) which
show that the Kramers—Kronig relations possibly are
not valid for the dispersion process in anthracene and
related substances at low temperatures and at fre-
quencies in the exciton absorption band. The in-
validity is ascribed to the effects of spatial dispersion.
A theory using the concept of spatial dispersion in the
region of an exciton band has been developed (54) to
obtain an expression for the reflectivity in this region.
A radical departure from the shape of reflectivity peaks
expected from the classical theory is found, the most
striking aspect of the new peaks being very sharp sub-
sidiary spikes. These spikes have been observed ex-
perimentally in the reflectivity spectra of CdS and
ZnTe when the temperature is below 20°K. Above
this temperature the reflectivity is that which is ex-
pected classically. It is concluded that spatial disper-
sion does not reduce the utility of Kramers—Kronig
determinations of optical parameters near sharp exciton
dispersion peaks since such determinations are related
to effective optical parameters only. The optical
constants shown in Figures 6 and 7 were obtained at
room temperature and cover a much wider frequency
range than the exciton band, and were therefore con-
sidered (128) not to be seriously affected by spatial
dispersion.

4. Optical Constants from Absorption

The optical constants along the a and b axes in the
first absorption band of anthracene have been measured
by an absorption method at 20 and 293°K (23). The
absorption indices are slightly higher at the lower tem-
perature, although they are generally lower than those
obtained from the reflectivity. The latter method,
however, yielded refractive indices which were gen-
erally lower. Optical constants obtained by the ab-
sorption method show the same wavelength dependence
as those in Figures 6 and 7, although they cover only
the first absorption band.
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VIII. PHOTOCONDUCTIVITY

A. EXPERIMENTAL METHODS

These are basically two types of cells which have been
used to measure photoconduction in anthracene. In
the surface cell two electrodes are connected to the same
crystal surface, separated by a gap of 1 or 2 mm. This
type of cell has given reasonably consistent results,
and in particular it shows that the photocurrent plotted
as a function of the exciting wavelength follows closely
the crystal absorption spectrum (27, 28, 72). The
other type of cell, the sandwich cell, has electrodes on
opposite sides of a crystal which is typically 3 mm thick.
Results with this type of cell have not been consistent.
Thus there are reports that the photoconductivity ex-
citation spectrum does not follow the absorption (66,
67) as well as those which find a close correspondence
(112).

The discrepancies between different results can be
attributed to several causes. In the first place the sur-
face of the crystal has been shown to play a leading role
in the formation of charge carriersin anthracene. Thus
a large component of the photocurrent is a surface
phenomenon, dependent critically on the surface condi-
tion of the crystal. A smaller component of the cur-
rent, originating in the bulk of the crystal, is less de-
pendent on crystal condition, and, since the different
types of cells tend to favor measurement of one com-
ponent over the other, disagreements arise.

Differences in electrodes are also thought to be the
cause of discrepant results. The use of an electrolytic
solution as an electrode (112), instead of the older con-
ductive glass sheets or semitransparent metal electrodes,
gives results in a sandwich cell which are in agreement
with those of the surface cell. Pope (97) is of the
opinion that most, if not all, of the energy difference be-
tween the fundamental absorption band energy and
that needed for the production of charge carriers in the
crystal is provided by an electrode—crystal interaction.
In an investigation of the current-voltage relationship
of anthracene photoconduction with a number of elec-
trode systems (99), it is shown that the nonohmic be-
havior and the accompanying strong crystal polariza-
tion effects arise from large potential barriers near the
electrode.

Anthracene is a very good insulator which is the
reason why photoconductivity measurements are often
marred by electrode and space charge effects. A
measurement technique (58, 59) in which a pulse of
light usually about 1 usec long is transmitted through
semitransparent electrodes not in contact with the
crystal eliminates these problems. The electrodes pro-
vide a field of the order 1 kv em~! which causes the
charge carriers produced in the crystal by the light
pulse to drift. This drift results in redistribution of
charge in the external circuit which can be observed on
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Figure 8.—The photoconductivity excitation spectrum of
anthracene (dotted curves) and the absorption spectrum (full
curves) (112).

an oscilloscope, providing an indication of the number
and drift mobility of the carriers.

B. THE EXCITATION SPECTRUM

Despite earlier variations (introduced mainly by
electrode and space charge effects), it is now generally
agreed that the relative quantum efficiency for the
production of carriers as a function of the exciting light
follows closely the absorption spectrum of the crystal.
This can be seen from the excitation spectrum in
Figure 8, which is the work of Steketee and de Jonge
(112). This spectral dependence has been accounted
for (72) by assuming that photoconduction is a surface
phenomenon. Initially light is absorbed in the crystal
and an exciton formed. This exciton diffuses through-
out the erystal, and, if it reaches the surface, could pro-
duce a charge carrier there. The average distance of
the point of origin of the exciton from the surface is
determined by the wavelength of the exciting light.
Thus, for a wavelength which is strongly absorbed, ex-
citons are formed near the surface and have a high
probability of reaching the surface and a high photo-
current is observed. This brings about the observed
similarity between the excitation and absorption spec-
tra.

Figure 8, which was obtained with a sandwich cell
and electrolytic electrodes, has been analyzed in terms
of the diffusion of excitons to the crystal surface where
charge separation takes place. The diffusion equation,
including terms for the creation and decay of excitons

on(z) . 0¥n(x) —aw _ N(x)
o =D g Tl r

(Eq 21)

was solved with the boundary conditions n(0) = 0 and
n(d) = 0 where n(z) is the number of excitons at a dis-
tance z from the illuminated face of the crystal, D the
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diffusion coefficient in the z direction, = the mean life-
time of an exciton, I, the photon intensity, « the crystal
absorption coefficient, and d the crystal thickness. If
the photocurrent is assumed to be directly proportional
to the exciton flux through the interface between the
positive illuminated electrode and the crystal, then the
result of solving Eq 21 shows that the photocurrent is
proportional to the absorption coefficient, which is ob-
served experimentally. The mean free diffusion path
(D7)"* of an exciton is estimated to range from 700 to
2000 A for different crystal specimens of anthracene.
Since the length of the diffusion path will depend on the
amount and nature of impurities and imperfections in
the crystal, this variation is not unexpected. These
values for (Dr)"/* are in agreement with those reported
elsewhere (45, 109).

At wavelengths shorter than those shown in Figure 8,
the resemblance between photoconductivity curves
and the absorption spectrum apparently ceases (28),
and it is thought that this might be due to some ex-
perimental failure since this region of the spectrum is
very difficult to work in. On the long-wavelength side,
photocurrents have been excited in anthracene by the
6943-A ruby laser line (51). At room and higher tem-
peratures the currents are proportional to the square
root of the intensity of the exciting light. This pro-
gressively changes to a linear relation as the temperature
is lowered to —25°. The results do not support the
contention (95) that a double-photon excitation of the
first excited singlet state of anthracene has occurred, nor
do they indicate exciton dissociation as the cause of the
free carriers. Instead the observed photocurrents
have been attributed to single photon excitation of
anthracene ions or trapped carriers.

C. THE BULK PHOTOCONDUCTIVITY

The above interpretation of photoconduction in
anthracene assumes that charge carriers are formed by
the interaction of excitons with the crystal surface.
There is, however, a body of experimental evidence
which suggests that the photoconductivity is not en-
tirely a surface phenomenon (66, 67, 73). In order to
explain the existence of the small but definite bulk
photoconductivity in anthracene, the possibility of ob-
taining ionized excited states as the result of light
absorption has been examined (74). These states are
estimated to lie at energy levels accessible to visible and
ultraviolet light. Since the anthracene molecule has a
positive electron affinity, the electron may be trapped
at the nearest neighbor molecule and the conduction
produced by the subsequent movement of the hole
through the crystal. The term ‘‘separated exciton’
has been coined to describe this situation.

An investigation (88) into the anthracene bulk
photoconductivity using a technique of growing thin
single crystals between glass flats, which avoids spurious

space charge effects as well as surface photooxidation
to which anthracene is very susceptible, yields results
which are interpreted in terms of exciton—exciton inter-
action leading to molecular ionization. Further experi-
ments (107) show that if exciting light is used which is
weakly absorbed (and therefore excites those molecules
lying well into the bulk crystal), then the photocurrent
is proportional to the square of the intensity of the light.
This indicates that a bimolecular process, such as ex-
citon—exciton interaction, is taking place. In addition,
the observed rate of carrier production is in agreement
with that calculated (30, 31). For strongly absorbed
light a unimolecular process must oceur since the photo-
current is linearly related to the light intensity as has
been widely observed. In this case the excitons are
being formed close to the illuminated surface and the
exciton—surface interaction is presumably responsible
for the majority of the carriers. The reabsorption of
fluorescence and the diffusion of excitons through the
crystal will tend to mix these two carrier-producing
processes.

Kearns (57) has examined theoretically three possible
mechanisms of photoconduction in organic molecular
crystals: the production of charge carriers as the result
of (1) the interaction of two singlet excitons, (i) the
interaction of two triplet-state excitons, and (iii) the
interaction of a singlet with a triplet exciton. De-
pending on illumination conditions and crystal purity
it is found that any one of these may be the dominant
mechanism for the generation of free carriers by a multi-
ple exciton process.

Investigation into the production of charge carriers
by exciton—exciton and by exciton—surface interactions
(60) reveals that, as a result of the very high carrier
production rate predicted for the exciton-exciton proc-
ess, it is necessary to invoke some type of carrier re-
combination in order to reconcile theory and experi-
ment. Examination of the direct electron-hole recom-
bination process shows that while it can explain the
observed carrier quantum yield, it cannot at the same
time account for the experimental intensity and absorp-
tion coefficient dependence. Introduction of mono-
molecular surface recombination does, however, en-
able all data to be fitted to the theory.

D. THE EFFECTS OF IMPURITIES, DEFECTS, AND GASES

It has been found (86) that impurities which quench
the fluorescence of anthracene greatly reduce the
photocurrent, but that an impurity which leaves the
fluorescence unchanged has no influence on the photo-
conduction. «-Particle bombardment (129), neutron
bombardment (32), and abrasion (69) reduce both the
photoconductivity and fluorescence efficiencies, From
experiments like these in which like effects are noted on
photoconduction and fluorescence excitation, it has been
concluded (32) that these two phenomena are compet-
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ing processes in the disappearance of the exciton. It
has been suggested that the exciton disappears at a
molecule located at a dislocation and that both the in-
corporation of impurities and extensive radiation
localize the exciton and produce internal quenching of
the fluorescence and photoconductivity.

The photoconductivity is found to increase in the
presence of gases which are electron acceptors (e.g.,
oxygen) and to decrease when the ambient gases are
electron donors (102). The behavior in the presence
of oxygen has been widely observed. If, after this in-
crease in the presence of oxygen has been observed, the
crystal is placed under hard vacuum, then the photo-
current is found to return to its original value. This
indicates that the increase is due to an interaction with
adsorbed oxygen molecules. It also indicates (and this
has been deduced from other experiments as well) that
the majority carries in anthracene are holes.

IX. FLUORESCENCE

A. EMISSION

The emission spectrum of anthracene lies almost
wholly outside the ultraviolet, and for this reason will
not be considered here in any great detail. There are
three components to the emission: fluorescence, which
will be discussed in this section and which corresponds
to a radiative transition from the excited singlet states
to the ground state; phosphorescence, which is a
longer wavelength emission than fluorescence and has
a longer decay time although the decay is exponential;
and delayed fluorescence, which has the same spectrum
as fluorescence but a longer, nonexponential decay.
Phosphorescence and delayed fluorescence have re-
cently been reviewed in some detail (71, 91).

The fluorescence originates from the first excited
singlet state regardless of which absorption band is ex-
cited, indicating that internal conversion from the
higher to the lowest excited state is very efficient. A
mirror-image relationship between absorption and
emission spectra (16, 92) shows that the vibronic sub-
levels of the ground and first excited states are similar.
The relationship is more readily apparent (29) if the
number of quanta emitted per unit frequency interval
vs. frequency is plotted. This method of plotting has
the further advantage that the area under the curve is
directly proportional to the fluorescence efficiency of the
substance which allows unknown quantum yields to be
obtained from comparison with some standard. In-
spection of the mirror-image relationships indicates
a progressive red shift and increased separation of the
0-0 bands in going from vapor through solution to
solid-state phases of anthracene.

Fluorescence spectra of both microcrystal and thick
anthracene crystal have been measured (11) and from
the results the degree to which fluorescence is reab-

sorbed in the crystal obtained. The reabsorption is
quite significant because of the considerable overlap
between the crystal absorption spectrum and the
molecular fluorescence spectrum, the latter being
assumed to be the same as the spectrum of the micro-
crystal. The reabsorption reduces the quantum efhi-
ciency from the molecular value0.94 (11, 124) to a thick
crystal value 0.79. The decay time of the fluorescence
is also affected by the reabsorption (9), increasing from
10 nsec for a thin flake to 31 nsec for a thick crystal.
The decay time is independent of thickness for a erystal
more than a few millimeters thick if surface oxidation,
which readily reduces it, can be avoided. Birks (8, 9)
has summarized all reported values of the decay time
and accounted for the variations by allowing for the
effects of reabsorption and surface quenching of excitons.

The decay of the fluorescence of a thick crystal which
has been freshly cleaved is a pure exponential (10) while
that for a crystal with oxidized surfaces appears to have
two exponential components. This finding is supported
by a study (63) which shows that, if the effects of re-
absorption in a nonhomogeneous medium, such as
anthracene with a surface layer of oxides, are taken
into account, the decay of fluorescence will be non-
exponential. Reabsorption effects have also received
general treatment elsewhere (2, 3, 80).

Detailed examination of the emission spectrum shows
that it is very variable with experimental conditions
(122), and it is clear that imperfections and impurities
have a marked effect on fine structure within the spec-
trum. The emission is also sensitive to radiation
damage (103) and abrasion (69) of the crystal, both of
these treatments decreasing the fluorescent efficiency.
v-Ray irradiation of anthracene in air, vacuum, or
helium atmospheres produces the same degradation of
the emission showing that the change is not due to oxi-
dation. Both intense ultraviolet irradiation and a-
particle bombardment reduce the fluorescence output
(12). The transfer of excitation in mixed crystals, a
field of investigation in which anthracene is used ex-
tensively, has been reviewed recently by Birks (8) who
also treats the use of anthracene as a scintillator in
great detail. Energy transfer in solution (118) and
solid state (120) have also been reviewed.

B. EXCITATION

The efficiency with which fluorescence is excited in
anthracene has been measured as a function of the wave-
length of the exciting light (123, 125) and found to have
an inverse relation to the absorption spectrum, although
the relationship is less clear-cut at shorter wavelengths.
It is found that both aging or abrasion of the crystal
surfaces reduce the excitation efficiency markedly, while
at the same time the structure in the excitation spec-
trum becomes more pronounced. The dotted curve in
Figure 9 is typical of measured excitation spectra.
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Figure 9.—Fluorescence excitation spectra of anthracene. The
dotted curve is experimental, the full curve theoretical (127).

The variations in the excitation spectrum have been
analyzed quantitatively (127) by assuming that they
are principally the effect of a layer of anthraquinone
which forms when the crystal is abrased or aged in the
atmosphere. A model which takes into account selec-
tive absorption of incident radiation in this surface
layer of anthraquinone, specular reflectance by the
bulk crystal, quenching of the fluorescence »ia non-
radiative exciton decay at the surface, and the absorp-
tion characteristics of the bulk erystal (including re-
absorption and reemission of part of the fluorescence)
was used to obtain a theoretical fluorescence excitation
spectrum. This spectrum is the solid line in Figure
9. The agreement between the measured and the calcu-
lated spectrum is quite good. It isfound that structure
in the spectrum at wavelengths longer than 270 mgu
is determined mainly by the quenching of excitons at
the crystal surface, while below this wavelength the
direct absorption of incident light by anthragquinone
is important in determining spectrum structure.

Blue fluorescence in anthracene has also been excited
by the 6943-A ruby laser line (111). Both the ordinary
fluorescence and the delayed fluorescence are observed,
the ordinary component arising from biphotonic ab-
sorption of the laser radiation. The delayed com-
ponent arises from both biphotonic excitation of the
singlet state followed by radiationless transition to the
triplet (fourth-power dependence on laser intensity) and
direct excitation of the triplet state (fluorescent in-
tensity varying as the square of the incident intensity).
The delayed fluorescence then follows as the result of
bimolecular annihilation of the triplet excitons.
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