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CHAPTER 1

Introduction

This work deals with two problems which fall into the
general category of the diffusion of triplet exclitons in or-
ganic crystals, The first problem was the investigatlion of
triplet exclton trapping by dislocations in anthracene, and
the second was the measurement of Davydov splitting in pyrene,
In this chapter the pertinent characterlstics of pyrene and
anthracene are presented, previous work 1s discussed, and the

thesis objectives are stated.

A. Pertinent Characteristics of Anthracene and Pyrene

The anthracene and pyrene molecules are illustrated in
Flgure 1,1, These molecules are held in a planar rigid struc-
ture by bonding between trigonal hybrids, as i1llustrated for
pyrene in Flgure 1,2, The & bonds are symmetrical about the
bond axis giving locallzed C-C and C-H bonds, The ' bonds
are to elther slde of the plane which contains the carbon at-
oms, The 77 electrons associated with any carbon atom are
equally shared by 1its nelghbors in the molecule, so that the
I @lectrons are completely delocallzed, This delocallization
of the ii electrons is a contributing factor to the binding
energy of crystals composed of organic molecules, The 7
electrons are easily polarlzed, and the interactlon between
mutually induced dipoles, commonly known as the London Force,
holds the crystal together, Crystals which are bound togeth-

er by this weak interactlion are known as molecular crystals,
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Figel.le Molecular structure of: (a) anthracene; and (b) pyrenc,

(a)

(b) |




Fige 142+ (a) Combined trigonal hybrid orbital and r, orbital; (b)
Localized @ ortitals; and (c¢) z[)elocalizedf'orhitals.
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120°
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Due to the weak crystal forces, the low-lylng molec-~
ular energy levels are relatively undisturbed in molecular
crystals., Figure 1,3a shows the low-lylng energy levels for
a typlcal molecular crystal, including vibrational levels,
The ground state is composed of an even number of electrons
having opposite spins, and is therefore a singlet state, An
excited state is generated by ralsing a 17 electron from the
zero vibrational level of the ground state to a different e-
lectronic state, This can be done in two ways, If the spin
is conserved 1n generating the excited state, it will be a
singlet, otherwise, it will be a triplet, Figures 1,3b and
1.3c show the low-lying energy levels of anthracene1 and py=-
renez'3 respectively, Vibrational levels are not shown in
these fipures,

Normally the triplet state is considered to be unac-
cessible because the selectlon rule, S5=0, does not allow spin
multiplicity to change with an electronic transition, 1In
most cases, however, a small amount of spin orblt coupling
degrades spin as a good quantum number, and the triplet state
can be populated, 1In anthracene the highest value of the ab-
sorption coefficlent for the triplet state is one-mlillionth
that of the singlet state.l'u

An electron which 15 raised to cone of the vibrational
levels of an excited singlet or triplet state will rapidly

(in about 10712

seconds) lose 1ts excess vibrational energy
through coupling with lattlice vibrations until it finds it~
self in the lowest vibrational level of the first excited

singlet or triplet state, Since the Sy to So transition 1is



Fige le3. The first excited singlet and triplet states of:
(a) A typical organic molecule; (b) anthracene; and
{c) pyrene,
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favorable, almost all the 81 excltation 1is lost through radi-
ative decay to the vibrational levels of the ground state,
The lifetime of the S1 state is typically about 10~9 seconds
and the radiation is called fluorescence, In contrast the 'I‘1
to S, transition 18 not favorable, and moat of the radilation
15 lost nonradiatively, In anthracene the radiative lifetime
of this transition is approximately 60 seconds.5 The radia-
tion from this relatively long-lived state is commonly called
phosphorescence,

Normally in sollids the excitation of an electron 1s
associated with a positively charged hole which 1s left be-
hind, In the low=lying exclted states the electron and hole
form an electrically neutral bound palr, This bound pailr 1s
clearly not a statlonary state of the entire crystal, If the
history of the bound pailr is followed subsequent to its for=-
mation, by using the rest of the crystal as a perturbation,
the probabllity of finding the excitation on the original mol-
ecule decreases, and on nelghboring molecules increases, It
was in this way that Frenke16 first introduced the idea of an
excitation wave for rare gases, and later pointed out that the
process could be likened to the motion of a gquas!i! particle,
the exciton, through the crystal,.

The triplet exclton, generated by exciting the triplet
state, has a long diffusion length in comparison to the singlet
exciton, In anthracene, for example, the diffusion lengths for
singlet and triplet excliltons are 0.057 and 108 microns respec-
tively,. DBecause the triplet exciton moves onto many molecules

during 1ts lifetime, a good chance exists for adjacent molecules



to be in the triplet state at the same time in splite of the
fact that the triplet exciton density is small, due to the
weak absorption of the triplet state, A slight coupling be-
tween these adjacent molecules allows their excitations to
eventually combine on one molecule., If the spins of the two
triplet excltons add to zero at the moment of comblnation and
the combined energy 1s enough to cause an 80 to 81 transition,
an excited singlet state will be formed, The combination of
two triplets may also glve rise to a triplet or quintet state,
but the radiative decay from elther of these states will be
relatively small due to its spin forbldden nature, The srea-
tion of a singlet exciton from two triplet excitons is called
triplet-triplet annihilation, and the 1light glven off from the
decay of the exclted singlet state is caligg;¥gtorescence. The
triplet absorption spectrum, which 1s exceedlngly difficult to

measure by direct means, can be determined indirectly by ob-

servatlon of thils delayed fluorescence,

B, Past Work and Thesls Objectives

The long dilffusion of the triplet exciton causes its
lifetime to be strongly controlled by defect trapping. These
defects may be either structural or impurity imperfections,
Lupien and williamsB have found that the lower the ilmpurity
content of crystallline anthracene, the greater the triplet
exciton lifetime, However no study has yet been made on the
effects of structural defects on triplet excilton lifetime,

Recent work by Singh and Llpsettlo indicates peaks in

the delayed fluorescence intensity vs, temperature spectrum
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in anthracene crystals, Siebrand proposed a model to fit

these data by assuming the peaks are due to an assortment of
traps, This model can also be used to analyze the effects
which astructural defects have on triplet excitons, 1f such
defects can be induced in a controlled manner, It is known
that crystals plastically bent to a radius r wlll have a dils-
location density glven by12

N = 1/br 1.1
where b is the Burgers vector. N will be discussed further in
chapter 4, section C,

The goal of the first problem was to find the effect
which dislocations have on the triplet exciton motion, This
was accomplished by the two fold process of: (1) measuring
the steady state delayed fluorescence and triplet decay time
vs, temperature for crystals before and after bending; and
(2) analyzing the resulting data with Siebrand's triplet ex-
citon trapping model,

Since crystal defects play an important role in the
diffusion of triplet excitons, it 1s of interest to explore
other techniques for the measurement of triplet exciton dif-
fusion. Most measurements of the triplet diffusion constant
in the past have involved experiments in whlich a small aree
of crystal 1s steadily 1lluminated and the diffusion of the
exclton is followed by measuring the intensity of the delayed
fluorescence.a' 13-17 It now appears possible 1in certaln cases
to arrive at the exciton diffusion constant for a perfect crys-
tal by doling experiments in an imperfect one, Davydov18 has

shown that the first triplet level in crystals which contain



two or more molecules per unit cell will be split, The split
levels are oppositely polarized, The splitting can be measured
by looking at the delayed fluorescence ilntensity vs. wavelength
for each of the two polarizations, 7This technigque 1s sultable
because the delayed fluorescence spectrum 18 equivalent to the
absorption spectrum. The splitting enables a qualitative dis-
persion relation to be set up and from this dispersion relation
the exciton r.m,s8, veloclty can be calculated. The half width
of the excitation spectrum gives a measure of the scattering
time of the diffusing excitons, From the r.m.s, veloclty and
the scattering time the diffusion constant can be calculated,

9

Recent work by Avakian et al1 on anthracene has shown that
this type of measurement 1ls feasable,

In view of this, the goal of the second problem was to
arrive at a diffusion constant of triplet excitons in pyrene
by measuring the half width of the triplet absorption spectrum

and the Davydov splitting.
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CHAPTER 2
Slebrand's Model of Triplet Exciton Trapping

In this chapter Siebrand's model1 of the triplet exciton
trapping process 1s reviewed, The model 18 then extended to

include a description of the decay of the delayed fluorescence,

A, Differential Equatlons

In the model of triplet exciton trapping constructed by
Slebrand% the triplets are generated by direct excitation of
the triplet state, In this model there are Ni traps of depth
GL with triplet density Yy The free singlet and triplet ex-
citon densitles, x and y, are obtained from the following equa-

tions

& [

dyo w4+ 29y -(A+ZR+¥3oy+ty)y e

dy, _ 2.2
Tf':-"u‘iI * PLY—(CL'.*‘BL*' XCLY)Yi

I 1s the incident intensity, «I is the rate of generation of
free triplet excltons and =.1 18 the rate of generation of
triplet excitons at the trapping sites., a and f@o are the rate
constants for the decay of free triplet and singlet excitons,

respectively, and the (3£'s are the rate constants for the de-
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cay of trapped triplets. ‘K and cix are the rate constants
for triplet-triplet and triplet-trapped triplet annihilation,
respectively, and Py and q, are the rate constants for trap-

th

ping and release, respectively, at the 1 level, The latter

two rate constants are glven by

Py = 24N, 2.4
= - € /kT
and q, = gpe” ¢ 2.5
where N1 and €1'are the density and the trap depth, respec
tively, for the 1'P trap, 2, 1s the triplet exclton velocity

1
times the ti1ap cross-section, and Q, is the pre-exponential

factor 1n the release rate, q1 1s assumed to be the only tem-
perature dependent rate constant,

Equations 2,1, 2,2, and 2,3 can be simplified by making
some reasonable assumptions. For lack of further knowledge it
1s assumed that the cy's are unity, i,e,, we neglect the dif-
ference between the rate constants for triplet-triplet and trip-
let-trapped triplet annihilation. Also =¥1I. the direct absorp-
tion of 1light at the trapping sites, is neglected for lmpuritiles
because their concentration is small (see chapter 3, section A),
and for mechanical defects because measurements of the triplet
absorption spectrum in anthracene crysta152 are in agreement
with the measurements made 1n solutlon,3 i.e.,, there are no me-
chanlical defects in solution, In addition for small triplet ex-
citon densities the bimclecular terms can be discarded except 1in

L
the equation for dx/dt (in the equation for dx/dt the bimolec-

ular terms are the only source of singlet excitons).
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With these assumptions equations 2.1, 2.2 and 2,3 become

2= «I *Z-‘i;ya'(ﬁo*'iﬁ))’ 2.6

%{E"‘: PoY - (‘i;"'ﬁt)h 2.7
ﬂ;-mx+f5y<y+%yi) 2.8

B, Steady State Delayed Fluorescence Intensity

The delayed fluorescence results from the annihilation
of triplet-triplet and triplet-trapped triplet palilrs, These
annlhilations produce singlet excitons which subsequently de-
cay and give off the fluorescence which i1s seen, Therefore

from equation 2,8 the delayed fluorescence I, 1s given by

When the 1lncident intensity is constant the triplet and sing-

let populatlions will be in steady state, The delayed fluoresg-

cence from equation 2,8, with dx/dt = 0, \is
I, = 3¥y(y +2c7'~) 2,10

Also from equation 2.7, with dyi/dt = 0, the trapped triplet

densities are

yy = Ay 2.11

where A, = p,/Mq, + B))
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Substituting equation 2,11 into equation 2,6 with dy/dt=0,

the free triplet density 1s

I 1
)V = = -
B, J.-r%.ﬁi\i]:&t

fiF '8‘/‘60

Putting equations 2,11 and 2,12 into eguation 2,10, the steady

2,12

where

state delayed fluorescence intensity 1is

2
L 1+ %? A,

I - iy
F 4 S, (1 +'§Efini)i_

2,13

It should be noted that the fluorescence intensity is

proportional to the square of the incident intensity., This
is only true if the bimolecular annihilation terms in equations
2,1 and 2,2 can be neglected.u Since an analysis of the ex-
perimental data using all of the bimolecular terms in equations
2,1 and 2,2 is unwleldy, the incident intensity was lowered to
a point at which the square law was true before any data were
taken (see chapter 3, section E), Such a precaution also elinm=-
inates the need fcr introducing saturation effects into the ex-
clton trapping rate., Saturation effects would introduce an ad-
ditional bimolecular term in equations 2,1 and 2,2, However,
Goode and Lipsettu have shown that this term will be negligible
if the square law is valid:b

¥YFor the incident intensity used in this experiment (see chapter
3, section E) it is calculated that since the ratio of trapped
triplet exclitons to free triplet excitons for the traps intro-

duced by plastic deformation is 107 saturation effects can be
neglected,
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Maxima and minima occur in the steady state delayed

fluorescence when dIf/dT = 0, or

dA; _ A V]
g2+ 204 25 (1 + 58)]z0 2

Since the A,"'s decrease monotonically with increasing temper-

i
ature, equation 2,14 will be zero if

1+ S oA -2 1+ ,q_)_.o 2,15
J j: J fL ( ?i J
The physical significance of equation 2,15 1s clarifiled by

consldering the situation that there is only one trap level,

labeled 4, which is operative, Then equation 2,15 reduces to

fq_ = (£ + ﬂq)-i 2.16

Under this condition the second derivative of equation 2,13
(with one trap, labeled 4) is found to be negative, indicating
that the extremum is & maximum, Since Au>'0 it follows from
equation 2.16 that /3u< $ 3,. Therefore, in the case of a
single trappilng level, the steady-state delayed fluorescence
exhiblits a maximum 1if, and only if, the lifetime of the trapped
triplet exciton is more than twice as long as the lifetime of

the free exciton,

C. Decay of the Delayed Fluorescence Intensity
In the triplet exciton trapping experiment both steady

state and transient delayed fluorescence measurements were car-
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ried out, The data from the steady state measurements can be
analyzed with equation 2,13, In order to analyze the decays

of the delayed fluorescence which result from cutting off the
incident excitation, Siebrand's work was extended to include
the transient case, To analyze the decays, equations 2,6, 2.7
and 2,8 must be solved with I=0, Such a solution can be ob-
tained with the aid of an additional assumption if only one
type of trap is effective, Since the singlet excitons decay so
rapldly compared to the triplets,5 we may say dx/dt = 0 shortly
after the excitatlon 1s removed, Therefore, with one type of

trap, say i=l4, equations 2.6, 2,7 and 2.8 become

%: Ta Yy -(ﬂo+f’q)y et
d - .
SR B

2.19

0= -ax +—§-Fy(r+)’4)

From equations 2.9 and 2,19 the delayed fluocrescence is

_'[F-_-—'lz—a’y(y+yq) 2.20

In order to evaluate equation 2,20 for the delayed fluorescence,
y and Yy must be determined by solving equations 2.17 and 2,18,

This i1s done by the following procedure: First, equation 2,17
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is differentiated and becomes

3

d d d 2,21
TE= G (AR

Second, equation 2,18 is substituted for dyu/dt into equation

2.21, and one obtailns

d* d
2R 4 (4, B (Bt R)L 2.22

Third, equation 2,17 is sclved for Yy and substituted into

equatlion 2,22, and the result 1is

d* 2,2
%= (3, Bt rt ) - (G o e n)g Py 7

Equation 2,23 has the general sclution

where

(r‘i (3 14* @4 :%J(iq ﬁq Fq ) 41? 2:25

By following a similar procedure, ¥, 18 found to obey the same

differential equation as y,
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Y, = I)3 e‘ﬂ*t + Dq e £t 2,26

In order to complete the solution to the decay of the delayed
fluorescence, it is necessary to use the initilal conditions to

D, and D Just before the incident intensity

1* 72' 73 L
18 cut off the free and trapped triplet densities are in steady

evaluate D D

state and can he obtained from equations 2.12 and 2,11 respec-

tively, When this 1s done one has

1
y{o) = x 1 8 Py ﬁu c-27
+
° ?’q *@q

and

Py ¥ (0) 2.28
14 + B4

By evaluating equation 2.24 at t=0, one obtains the relation

Y, () =

D, = y (0)-D, 2.29

D, and D, can be related to D, by substituting equations 2,24,

lf
2,26 and 2,29 into equation 2,17 and equating like exponentlial

terms, When this i1s done the result is
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Da = (B * Py ~B.) D, 2.30

and

b= BrecB) ( ay

4 9.,

D1 is obtained by substituting equations 2.30 and 2,31 into

equation 2,26, and evaluating it at t=0, so that

D - ) B -B.-p+ Po T4 2.32
tOA-B oA,

To summarize, for the case of one trap, say i=4, the

delayed fluorescence 1s given by

I =% (v ryx) .20

and the time dependence of the free and trapped triplet den-

sities after the incident intensity 1s cut off 1is

y = D, et L Db, e Pt 2,2k

- At
Y = ])sep;t + chﬁ' 2.26
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!
rl-

where
D = _y(o) (p - p Py Ly ) 2,32
toB-4, P But 9,
Da= y (¢)- D, 2,29
-D - ( "'Pq (‘)’1’) D 2,30
3 %4
Dq (ﬁ + P, - /3-) (Yo ])) 2,31
Ty
and
y(o) = dI 2,27
ﬁ%.*’ ?ﬁ+ﬁq
ﬁq-r';q
( * +1’4+f6‘l \[(iq pq Py~ (3) qu’q 2.25

P

In the special case in which there are no traps equation

2,17 becomes

_i 1_{30), 2,33

The solution to equation 2,33 is

-At
= y(O)e ﬁ 2,34
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where, from equation 2,27 with pu=0. y(0)=-<145°.
By substituting equation 2,34 into equation 2,20 with y,=0,

one obtains

2 _ 28t
f,- 1

It should be observed that the single decay process 1llustrated
by equation 2,35 indicates that the multiple decay exhibited by
equation 2,24 1s a direct consequence of trapping.

In cases in which the delayed fluorescence appears to
have only one decay constant, 1t 1s convenlent to fit the data

to

28t
If = I;oe 2,36

where Ifo i1s the fluorescencs at the start of the measurement,
and {3 18 called the triplet decay rate (or triplet decay cone
stant)., Single exponsntial decay will occur when one of the
D,'s in equation 2,24 and 2,26 is much larger than the other
three, This can happen, as demonstrated in the appendix to
chapter 4, when ﬁ,',_ 1s much greater than both ﬁo and p,. The
definition of {3 18 convenient because a comparison of equation
2,36 with equation 2,35 shows that in the case in which trapping
is ineffective, ﬁ; will be 1dentical to the free triplet decay

rate Ki,.
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CHAPTER 3
Experimental Apparatus and FProcedure for Irapping Experiment

A, Avallabllity and ality of thracene Crystals

The anthracene crystals were prepared at, and made avall-
able by the Solild State Physlics Group of the Brockhaven National
Laboratory.

The crystals were prepared by starting with synthetic ane
thracene (Eastman H 480) and further purifying it by chromatog-
raphy, vacuum sublimation, and zone refinlng.1 The residual im-
purlty concentration was too small to be detected by gas chroma-
tography (less than 1 ppm). Single crystals were grown by the
Bridgman method,

The dislocatlion content of the undeformed anthracene sam-
ples was estimated by counting etch plts on the ab cleavage plane
(see section B for the preparation of a sample from the crystal
boule), Etching was accomplished by immersing the crystals in
fuming sulfuric acid diluted 1:;10 with concentrated sulfuric aciqd,
and then rapidly washing the samples 1in water.z A microscope fo-
cused on the ab plane revealed well defined rhomblc etch pilts.
The undeformed samples were found to have typlcally 1x105 to
5x105 pits/cm®.

B. Preparation of a Sample from & Crysta)] Boule

The crystal boule was cleaved with a razor along the ab

cleavage plane, which was located with the ald of cleavage cracks.
A section about 2 mm in thickness was cut parallel to the cleaved

surface with a xylene-soaked string saw, The string saw was used
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because 1t was found that a razor tended to bend thin sectlions
in the cleavage process, The crystal was then cemented to a
glass slide with "Duco" cement, and both slides were planed flat
with a razor blade, used as a microtome, An optical finish was
obtained by brushing the crystal with a “Kleenex" tissue satu-
rated with xylene, In order to allign the crystal for the bend~
ing which followed, a stralght edge was cut in the ab plane, par-
allel to the a direction. The a direction can be easily located
in anthracene because 1t is the direction of maximum birefrin-
gence3 {see Fig. 3.1), The typical sample was 1 cm2 in the ab
plane and approximately 1 mm thick along the c' direction (the
direction perpendicular to the ab plane).

The triplet lifetime (measurement described 1n Section
E(7)) in these prepared crystals was found to increase with an-
nealing time and temperature, It was found that saturation of
the lifetime could be obtalned by annealing for 1 hour at 443°K,
Accordingly, all crystals were annealed in this manner prior to

bending.

C. Bendi of a Sample

According to Roblinson and Scott.u slip can occur in an-
thracene on both the (001)[01d] and (001)[11@] systems, The
(001)[010) system was chosen as the crystal bending direction be-
cause of the ease in orienting a sample along the }J} direction
(see Fig., 3.1),

The crystal bending was accomplished by placing the an-
thracene sample in a half cylindrical shell so that the a direc-

tion of the crystal, the direction of 1ts straight edge, was a-
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long the axis of the shell, By lowering a sc¢lid c¢ylinder onto
the crystal in a shell of deslred curvature, the crystal could
be bent to the curvature of the shell along the b direction,

To facilitate the bending, the crystal was bathed in water which

4 (Preliminary experiments had shown that

was mailntained at 50'0.
annealing at even 60°¢C for one hour following the bending had no

measurable effect on the triplet lifetimes, and it is therefore

assumed that no dislocations anneal during the bending,) Ballast
was applied to the weight of the s0l1d c¢ylinders in order to sup-
ply the critical shear stress necessary for slip. A strain gauge
was used to monitor the instantaneous downward force on the crys-
tal, The bending apparatus 1s shown in Figure 3,2, The bending
process was terminated when the strain gauge indicated that the

crystal was supporting the full welght of the s0lid cylinder plus

ballast,

D, Condition of the Bent Crystals

The bent crystals were visually clear except for an occa=-
slonal surface crack which was noticed after bending to 0,71 cm-l,
the largest curvature used in the experiment,

Evidence for dislocations was obtained from x-ray diffrac-
tion, When an unbent crystal was x-rayed in transmission, the
radiograph showed distinct diffraction maxima (see Fig, 3.3a),
After the crystal was bent, the diffraction maxima were found to
smear {see Fig. 3.,3b). Upon annealing the crystal at UQBOK for
1 hour the smears divided into a number of distinct images (see
Filg. 3.3c). Diffraction characteristics of this type indicate
5

the formation of polygonization boundaries, These boundaries



Fige 3e3e X-ray transmission radiographs of§ (a) an unbent crystal;

(b) a crystal after bending; and (c) a bent rrystal after annealing for

1 hour at 443°K,
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are known to be formed when thermally activated dislocatlions
move together and decrease the crystal strain energy by forming

small-angle grain boundarles,

E. Apparatus for Trapping Experiment
The trapping experiment involved the measurement of the

steady state and transient delayed fluorescence intensity as a
function of temperature in the range from 6° to 390 K. These
measurements were made before and after the crystal was bent,

The apparatus used in performing the trapping experiment
consisted of the following: (1) a liquid helium cryostat; (2) a
vacuum and helium gas system; (3) a low temperature crystal hold-
er and temperature controller; (4) a high temperature crystal
holder and temperature controller; (5) an optical system; (&) an
electrical system for measuring the steady state delayed fluores-
cence; (7) an electrical system for recording the delayed fluo-

rescence decay (see Fig, 3.4),

(1) Liquid Helium Cryostat

The 1iquid helium crycostat was manufactured by the Janis
Research Company, Inc, The cryostat was desligned to operate in
the range from 4 to 300'K, It consisted of an outer Dewar which
contatned liquild nitrogen, a Dewar which contained liquid helium,
and a chamber in which the sample was cocled, The sample chamber
was accessible to l1ight through quartz windows, A dlagram of the
cryostat 1s shown in Figure 3,5,

The cooling process was accomplished in three steps, 1In
the first step both the liquid nitrogen and liquid helium Dewars

were filled with liquid nitrogen and the sample cooled down to



. A% .
N ?.* b '\\ "-—.

Fip. 3.4, Apparatus for trapping experiment

1. Liguid heliwa cryostat

2. Helivm gas system

3. Low tewmpecrsture controller

4, High tempecature controller

5. Optical systen

6. Blgctrical system for measuring
the steady state delayed fluorescesoce

7« Blectrical system for recording
the delayed flwocesceuce decay

ot



HELIUM FILL
AND N
VENT TUBE -

ELECTRICAL FEEDTHRU
FOR TEMPERATURE CONTROLL

EVACUATION —
PLATINUM Sy
SENSOR 1 o SENSOR

HEATER l

1S -SAMPLE

‘[T HOLDER
JEEE T MOUNTING

Lt BLOCK

CRYSTAL
HOLDER

CRYSTAL =3 ]
HOLDER LIGHT FRON \gefty
DOOR FOWARD )

PORTION OF H =9

OPT

ALVE

I

=5 |

|
THERMAL —{| l
SHORT ==

Eﬁni;mL.
=l | SAMPLE
= CHAMBER

F:L NITROGEN
] RESERVOIR

- HELIUM
RESERVOIR

i%ff&::n 46'

L — HELIUM VALVE

)
i
Y

3
] 1Y
b

|
|
|

'
‘\‘PHOTOMULHPLIER

ICAL SYSTEM

i, .

“BLUE FILTERS

Fige3es5e Cryostat ani low temperature sam;le holder

1€



32

90°K in 10 hours., To aid in this precooling, a thermal short

was constructed between the bottom of the helium Dewar and the
sample chamber (see Fig. 3.5). In the second step liquid helium
was substituted for the liquid nitrogen in the helium Dewar and
the sample was further cooled to 15°K in about 2 hours, At this
point the sample chamber was partially evacuated and 1iquid he-
lium was allowed to flow in by opening a capillary tube between
the helium Dewar and the sample chamber, When the sample was 1im-
mersed in the liquid helium, the vacuum line was closed and meas-
urements were made as the sample began to warm up.

(2) Vacuum and Helium Gas System

In order to preserve the liquid nitrogen and liquid helium
in the cryostat a vacuum system was used which consisted of a
cold trap followed by a diffusion pump and a forepump (see Flg,
3.6a), With this system the cryostat was pumped down to a pres-
sure of 1 micron before adding the liquid helium,

To assure frost-free operation of the sample chamber it
was pressurized with helium at 1 atmosphere before the cryostat
was cooled, This was accomplished by pumping the sample chamber
down to 50 microns, closing the vacuum line and then pressurizing

the sample chamber with helium (see Fig. 3,.6b),.

(3) W Temperature Crysta de d Temperature Cont

The low temperature crystal holder consisted of a copper
bar with a cavity drilled in it, and a copper door (see Fig, 3.5)
The cavity and door had holes drilled through them so that the
ab plane of the crystal could be illuminated from one side, while

the delayed fluorescence was viewed by a photomultiplier from the
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other. The crystal was held 1n place with General Electric
RTV Silicone Rubber,

The crystal holder was bolted to a mounting block which
was provided with the cryostat., The mounting block conslsted
of a 80114 copper cylinder implanted with a germanium tempera-
ture sensor, a platinum temperature senscor and a 15 heater
(see Pig, 3.5). The mounting block was suspended from a three
foot long stainless steel tube which was anchored to a cap at
the top of the cryostat (see Fig., 3.5). An electrical "feed-
thru" mounted on the cap provided access to the sensors and
heater in the mounting block,

The temperature of the mounting block was controlled with
a Cryogenics Hesearch Model TC-103 temperature controller. The
controller operated in the following manner., When a desired
temperature sensor resistance wasgs dialed into the controller the
difference between the real and desired sensor resistance estab-
lished an off balance current in an AC bridge, Thils off balance
current was amplified and used to drive a heater power supply in
the proper direction to bring the sensor resistance to a desired
value, The germanium sensor was used from 6° to 15°K, and the
platinum sensor was used from 15° to 300°K,
(4) High Temperature Sample Holder and Temperature Cont

The high temperature sample holder consisted of & brass
cylinder, two quartz windows, two brass flanges, two copper-
constantan thermocouples, a nichrome heater winding, and a hee
lium gas inlet pipe (see Fig, 3.7). This sample holder was used

to make delayed fluorescence measurements between 300°K and 390°K1
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Since anthracene easily oxidizes on the surface at these tem-
peratures, the sample was kept in a 1 atmosphere hellium envi-
ronment, This was accomplished by attaching the helium gas
pipe (see Fig, 3.7) to the helium gas system (see Pig, 3,6),

The temperature of a sample was controlled by connecting
thermocouple A and the heater (see Fig, 3.7) to an automatic
temperature controller (West Instrument Corp,, Model JP). The
sample temperature was measured from thermocouple B with a cal-
ibrated Hewlett Packard strip chart recorder,
(5) optical System

The optical system is shown schematically in Flgure 3.8,
The purpose of this system was to directly generate only trip-
let excitons, and to observe the delayed fluorescence which re-
sults. A 1000 W xenon lamp was used as the source, Since the

triplet levels absorb light at wavelengths less than 7000 A,6

while the singlet levels absorb below 4000 3,7 the low wave-
length portion of the xenon spectrum was eliminated, This was
accomplished by using the CS 3-67 and CS 3-68 filter combination
which acts as a long wavelength pass filter with a cut-off at
5240 A. The delayed fluorescence emitted by the crystal is com-
posed of wavelsngths greater than 4000 R. In order to keep from
detecting the incident light, a 3400 A to 5000 i band=-pass rilter
combination (CS 4-~72 and CS 5-58) was used before the photomul-
tiplier, This band-pass combination also passes light above

14, 000 ; where the xenon source 18 active, To eliminate this in-

frared a Cusou filter was placed before the xenon source, It was

found that 2 cm of a 0,31 molal solutlon was enough to eliminate
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all the detectable infrared,

To guarantee that only triplet excitons were belng gen-
erated directly, and that the triplet density was small (see
chapter 2, section B) the steady~state fluorescence was tested
for its quadratic nature, This was done by cutting down the
incldent intensity by a factor of two with a neutral density

filter and observing that the fluorescence decreased by a factor

of four.
(6) Electrical System for Measuring the Steady-State Delayed
Fluorescence

The electrical system used in the trapping experiment is
shown in Figure 3,8, In order to measure the steady-state fluo-
rescence intensity the rotating shutter was held open and switch
S was turned to its steady state position (see Fig, 3.8), 1In
this position the current from the EMI 9558 photomultiplier was
measured with an ammeter, The shutter was then closed and the
photomultiplier dark current recorded, To improve the signal to
noise ratio and to malntaln constant photocathode sensitivity,
the photomultiplier was cooled to 0°C, within * 0,25°C, by a
temperature stabilized tube chamber (Products for Research Inc,
Model TE-102 TS).

The incldent intensity was monitored and held at 4,5 mil-
liwatts/cm2 within 22%, The monitoring was accomplished by
using a quartz beam splitter to reflect a portion of the incia-
dent intensity onto a selenium photocell (see Fig, 3.8). The
current from the photocell was measured by an ammeter which was

callibrated in intenslty units with a thermopile.
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(7) Electrical System for Recording the Delayed Fluorescence
Decay

When the incident intensity 1is cut off, the delayed
fluorescence of the crystal decays. If this decay is viewed
directly from the photomultiplier, it is found to be very
nolsy. To get an accurate number for the decay rate many pilc-
tures would have to be analyzed, To eliminate this task a PAR
Waveform Eductor was used to average out the random noise, The
PAR Waveform Eductor 18 a storage bank containing one hundred
RC circuits, When a trigger signal is fed to the Eductor 1t
begins to sweep across the one hundred RC c¢ircults in a deslred
time and places whatever information is found at its input in
the individual capacitors. The process 1s repeated as many
times as there are trigger signals. Signals which occur with
the same frequency as the trigger signal willl be integrated to
their value, while signals which occur in a random relation to
the trigger signal will be integrated to zero,

In order to provide repetitive decays for the Biuctor,
the rotating shutter shown in Figure 3.9 was constructed, The
shutter consisted of a 200 rpm syncronous motor, an iron shutter
blade, and an induction coill trigger pickup, The position of the
shutter 18 shown in Figure 3.8. BEach time the shutter closed &
positive pulse from the inducticn coil triggered the Bductor to
sweep across its memory for 30 milliseconds., By turning switch
S to the transient position (see Fig, 3.8) the repetitive decays
were syncronously stored, The memory of the Eductor was contin-

uocusly monitored by an oscilloscope, When the memory became sta-
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tionary, it was read out on an X-Y recorder. The shutter was
then fixed in the closed position and the dark current of the
photomultiplier was recorded by triggering the Eductor inter-

nally,
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CHAPTER 4
Results and Discussion of Trapplng Experiment

A, Calculation of the Triplet Decay Rate from the Delayed

Fluorescence Decay Data
An example of the fluorescence decay data after the

subtraction of the dark current is shown in Filgure 4,1a,

Each channel of the Eductor 1s represented by a single step

in this data, Because the shutter took about 1,5 milliseconds
to close, data from the first 2 milliseconds of the decay was
not used in the calculation of ﬂ , the triplet decay rate,

The natural logarithm of the delayed fluorescence following
the complete closure of the shutter is shown in Filgure 4,1b,
The polints in this figure correspond to the channels of the
Eductor, From the definition of @ given in equation 2,36,
If=Ifoe‘2‘3t, the slope of the straight line through the points
in Figure 4,1b 1is -2‘3. To improve the accuracy of the calcu-
lated triplet decay rate, the strajight line was fitted by the

method of least squares,

B, Besults

The measured delayed fluorescence vs, temperature spec-
trum in the reglion from 6o to 2?3°K for an anthracene crystal
before and after bending to a radius of curvature of 1,4 cm 1is
shown 1n Figure 4,2, The data for the unbent crystal indicate
maxima 1n the fluorescence intensity at 10, 45° and 175 K., In
the bent crystal these maxima are still present, although dis-

placed downward, and, in addition, the shape 1s quite different
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between 230° and 290°K. The results of similar measurements

in the reglon from 90° to 390 K are shown in Figure 4.3, as
well as the triplet decay constant data, The coincidence of
the data for both the flat and the bent condition of the crys-
tal at 390.K is not a result of an annealing process; repeated
measurements made on the same sample gave the same temperature
characteristics of fluorescence and triplet decay constant, A
recovery of the original values of the fluorescence and triplet
decay constant can be obtained by annealing a bent crystal for
one hour at uu3°x.

The maximum in the delayed fluorescence of the undeformed
crystal at 175°K has been shown by Siebrand1 to be dAue to tem-
perature dependent reabsorption, which is in no waey related to
triplet exciton trapping, If this reabsorption were not present
and if we agsume that there are no traps effective in the unde-
formed sample above 200'K, as we will discuss later, the delayed
fluorescence should be independent of temperature above this
point., Since the delayed fluorescence of the bent crystal re-
covers asymptotically to 1ts unbent value above 250°K, the nax-
lmum in the delayed fluorescence of the bent crystal at 315°K,
as shown in Figure 4,3, is clearly not due to traps introduced
by the bending; this maximum 18 probably caused by temperature
dependent reabsorption,

The delayed flucorescence shows evidence of at least two
simultaneous decay processes occuring in the range of 6 -50°K.
An example of this at 15°K is shown in Figure 4.4, From 50°K

to 390°K there was little evidence of more than one decay proc-
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ess, as 1llustrated by the BOdoK curve of PFigure 4.4, A gqual-
itative explanation of the decay process 1s glven in the appen-
dix to this chapter.

If dislocations are the trapping centers which cause the
increase in the triplet decay constant of the bent crystal with
respect to the unbent one at room temperature, it 1is expected
that this increase should be proportional to dislocation density,
Since the dislocation density is proportional to crystal curva=
ture, the increase in triplet decay constant should be propor=-
tional to this curvature., Triplet decay constants obtained at
room temperature from a crystal bent to different curvatures are
shown in Figure 4.5, These data were found to be reproducible
in different crystals and verify the proportionality of triplet
decay constant to curvature for small curvatures, The deviation
of the data point at 0.7 cm-1 from linearity can be explained as
follows, At large curvatures some dislocations wlll have formed
small-angle graln boundarlies so that they no longer individually
act as traps, 1l.e,, the grain boundary does not act with the same
trapping efficiency as would the dislocations within it were they
dispersed through the crystal, These small angle grain bounda~
rles are visible to the unaided eye in crystals bent to curva-
tures of 0,7 ca~! or above (see chapter 3, section D),

The formation of polygonlzation boundaries in a bent crys-
tal by annealing it at uuj'x for one hour (see chapter 3, section
D), and the recovery of the triplet lifetime for this time and
temperature gives added evidence that dislocations are the de-

fects responsible for the trapping of the triplet excitons,
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The density of dislocations produced by plastic defor-
mation can be obtained by calculation from equation 1,1, N=1/rb,
with the Burgers vector taken to be the b lattice parameter,
6.04 ;,2 or directly by etch pit counting. Unfortunately, it
was not possible to obtaln an etch plt count for the bc plane
of a deformed specimen., However, clearly resolved etch pilts
could be observed in the ab cleavage plane (see chapter 3, sec-
tion A), Good correspondence was shown between the change in
triplet lifetime and estimates of dislocation densities by the
following experiment. An unbent anthracene crystal suspected of
having a large number of dislocatlons was etched in the ab plane,
and the etch pit count was found to be 2:106 em™2, If the dis-
locations are randomly distributed this count indicates a dis-
location density of #1106.3 This crystal showed a decrease in
decay constant from 300 K to 380°K of 7 sec™>, For the bent
crystal of Figure 4,3 this number 1s 11 sec™l, The calculated
dislocation density for an anthracene crystal bent to a radius
of 1,4 ¢cm 18 11.6x106 cm'z. One may now show a correspondence
in these two samples of the change in decay constant per unit
dislocation density in going from BOd'to 380°K. This ratio for
the etched crystal 1is 0.5?1106 cm-z-sec and for the bent crystal
1s 1.11106 cm-z-sec, which shows agreement within a factor of two,

A measurement was made to see 1f there 1s a strain rate
dependence of trapping center production. A crystal was bent at
eight times the normal rate, but no change in the decay constant
within the reproducibility of the experiment was observed. This

indicates that point defects, which may be produced by a velocity
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dependent mechanism from moving dislocations, either are not
produced in significant quantities or play a negligible role

in triplet trapping.

C., Discussion
The temperature dependence of the fluorescence of the
unbent crystals (Figures 4,2 and 4,3) 18 similar to the results

of other investigations, A8 mentioned in chapter 1, Siebrand1
has been able to fit the data of Slingh and Lipsett5 by using a
triplet exciton trapping model (see chapter 2) with three trap
levels, which will be numbered 1 to J in order of increasing
depth. (Note that this is the reverse of Siebrand's numbering
system,) In the following discussion it will be shown that the
presence of one additional trap can be used to explain the essen=-
tial differences between the data taken before and after the bend-
ing process, These differences are: (1) the reduction of the
steady-state fluorescence intensity below 390" K {Figures 4.2 and
4,3); (2) the increase in the decay constant of the transient
fluorescence intensity with decreasing temperature below 39d°K
(Figure 4,.3); and (3) the change in shape of the steady-state
fluorescence intensity with temperature above 200 K’ (Figure 4.3).
The triplet exciton trapping model presented in chapter 2
can now be applied to our results for the temperature dependence
of the delayed fluorescence and triplet lifetime in undeformed
anthracene, 8Since no investigator has reported a triplet life-

time above ~ 23 msec, and since the delayed flucrescence of the

unbent crystal in Figure 4,3 shows little evidence of detrapping
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above 206°K, it is assumed that no traps are effective 1in this
region for the unbent crystal, Therefore, the change in fluo-
rescence intensity and triplet lifetime above this temperature
must be due to traps introduced by the bending, Since the dis-
locations form the only trapping sites which are effective above
200°K, the trapping in this region willl be approximated by a
single trap, labeled 4, To obtain the parameters for this trap
an assumption must be made about the size of the decay constant
of the trapped triplet exciton, fgu. The lack of a maximum in
the delayed fluorescence above 200 K, after excluding reabsorp-
tion effects, indicates that ;34 must be larger than half the
free triplet decay constant,‘go (see chapter 2, sgection B), To
simplify the analysis it will be assumed that /34 is large enough
so that the density of trapped triplets 18 in steady state during
the delayed fluorescence decay, Using this assumption in equa-

tion 2,18, one obtains

= Py ¥ 4.1
YQ"

ot B,

Substituting equation 4.1 into equation 2,17, the rate of change
of the free triplet density, dy/dt, becomes

:iz - - Riﬁgq 4.2
It {&D ' 7? N (1, ’

Since the trapped triplet density, Yy i1s proportional to the
free triplet density, y, the delayed fluorescence, given by

equation 2,20, will decay in the following manner
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Pqtgq )
-2(8. t
I; = I;o e (ﬁ ! 1"~I+ﬁ9 LF.B

A comparison of equation 4,3 to equation 2,36, the defining
equation for A, shows that

A= B, + Pl b b
2W-Ff39

Equation 4.4 indicates that the triplet density will decay with
decay rate f3° at high temperatures, as expected, and that the
decay rate should be f3o + by at low temperatures where Q is
no longer effective, /90, as shown in Figure 4,3, is 48 sec'l.
A comparison of the delayed fluorescence vs, temperature for a
crystal before and after bending indicates that Q begins to
be effective in depopulating the triplets from trap 4 at about
220" K. At this temperature /3 is 74 sec'l. Using this number
and the value for /30. p, is approximately 26 sec'l. With equa-

tion 4,4 in the form

,2,.(_"3__-1)=__£«__ +,L,(.i:.) 4.5
8-, kT

other parameters can be readily determined, Figure 4,6 shows
a plot of the left hand side of equation 4.5 vs, 1/kT, above
220.K, for the decay constant data given in PFigure 4,3, th
the slope of the line in Figure 4,3, 18 0.3 ev, &f , the ver-

tical intercept, 1is 21105. Under conditions of thermal equi-
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6
librium the escape-attempt frequency, Qqr 18 given by
CLO‘-'-'ZNC 4.6

where 2Z is essentially the triplet exciton velocity times the
average cross-section of a molecule, and Nc 1s the density of
excliton states avallable to the escaping exciton, The average
triplet exciton velocity in anthracene 1is 5110“ cm/sec,? and the

- 2
average crogss-section of an anthracene molecule is 31x10 16 cm

Using these numbers Z is 2x1071° cm3/sec. N_, the density of

cl
exciton states 1s just the density of molecules, which 1n an-

21 -
thracene is 4x10 ch 3. The escape-attempt frequency from e~

quation 4.6 1s 8x10%} sec™! and.ﬁu_is 4:106 sec™!,

Attempts were made to fit the triplet decay constant
data above 200°K by using the general one trap formalism pres-
ented in chapter 2, It was found that small values of fA,, (P"ﬁp.)J
caused the calculated fluorescence decay to be nonexponential,
and intermediate values of ﬁh' (ﬁocﬂq<l0‘) , EaVe no reason-
able agreement with the experimental data, This is added evi=-
dence that the assumption of a large ﬁh is correct,

Added evidence of the correctness of the parameters ob-
tained for trap 4 from the triplet decay constant data is galned
by showing that the steady-state fluorescence data can be fitted
by these same parameters, Figure 4,7 shows a plot of the delayed
fluorescence data from Figure 4,3 in the region above 200°K.

The intensity ratlio of the fluorescence of the bent crystal to

the fluorescence before bending is plotted because it 1s indepen-

dent of crystal reabsorption and other processes not related to
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triplet exciton trapping. The dashed line in Figure 4,7 1is

the theoretical intensity ratio obtained from equation 2,13
using one trap, labeled 4, for the deformed sample and zero
traps for the undeformed sample., The parameters used for trap
4 in this figure are identical to those obtained from the trip-
let decay constant data of the bent sample,

A computer calculation of equation 2,13 for the temper-
ature range 6° to 2?3°K wag obtained by varying the parameters
of three different traps to match the experimental curve of an
unbent crystal such as that shown in Figure 4,2, The best re-
sult, in arbitrary intensity units, is shown by the dashed line
in Figure 4.8 and the parameters are given in Table 4,1, These
traps have essentially the same depths as those used by Siebrand1
5

in matching comparable data of Singh and Lipsett, Comparison
of the dashed line of Figure 4.8 with the data for the unbent
crystal (Figure 4,2) shows reasonable agreement in the low tem-
perature region up to 110’K. The differences above this temper-
ature are believed to arise from reabsorption of the crystal,
whose temperature dependence is unknown, and nonlinear effects
which were not included in equation 2,13, A simllar calculated
curve 18 shown in Figure 4.8 for the bent crystal in which one
additional trap, 1=4, was used, If the ratio of the data of
the bent to the unbent crystal is used, as nmentioned earlier,
factors independent of trapping, such as reabsorption, are elim-
Inated. The ratios of both the data and the calculated curves

are shown in Figure 4,8, In this latter comparison of theory to

]
experiment good agreement is seen above 100 K, The disagreement
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in the temperature range of 5d'to 9d’K arises from the lnac-
curacy of the experimental data due to small signal to noise
ratio at low intensity. The scatter of the data from 15°to
30°K about the theoretical ratio arises from the limited pre-
cision of temperature control in this region in which there 1s
such a large change of fluorescence with temperature, The pa-
rameters in Table 4,1 are those which gave the best fit to the
ratio of the experimental data of Figure 4,2,

Although the data of Figures 4,7 and 4,8 were taken in
different crystals, the best fit of the theoretical curves for
both requires the same trap depth of 0.3 ev while the trap con-
centration, which is reflected 1in pu, 1s seen to differ by a
factor of two, All the decay constant data taken on crystals

above 200 K can be fitted with p;=26 sec™!

, While the intensity
data in the same temperature region sometimes require a larger
py for a best fit. It is believed that this disparity arises
becauge the steady-state intensity and the triplet decay con-
stant are affected differently by inhomogeneities in the dis-
location distribution, The effect can be explalned by the fol-

lowing argument, The steady-state delayed fluorescence inten-

sity in the region above 200°K. from equation 2,13, is

1. - _1.1(«1)‘ |- T%ET] v
f 4 Ao (}.*-ﬁf%t%?;j]f_
w4

because trap 4 is the only trap which affects I

£ in this region.

Since fBu 1s much larger than p;, equation 4,7 can be approxi-

mated by



TRAP 4 3 2 1
€. (ev) 0,3 0.3 083 .02
H
-l .
Pi(scc ) 52 20 10¢ 600
-1 6
p (sec™) 4x10 240 20 045
-3 1 11 11 12
N =p fZ(cm”) 3x10 1x10 S5x10 3x10
1
CONSTANT PARAMETLERS
* =10 3 21
Z = 2x10 em-sec

=1
48 sec

E

q = sx10t? set!

TABLE 4.1

Parameters used in curves (1) and (2) of Fige4.8,

*

Z is obtained by multiplying *he average physical crosse
section of an anthracene molecule by the triplet exciton

velocityv,
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2
I - L ¥&I) 5.8
§ 2 + 4 Pu
° 1q+p4

A comparison of equations 4,8 and 4.4 reveals that the steady
state delayed fluorescence should be inversely proportional to
the triplet decay constant, Because of this the triplet decay
constant seen above 200 K is representative of the area of low-
est dislocation content, whlle the fluorescence, which is in-
versely proportional tc the local triplet decay constant, 1is
suppressed in reglons of high dislocation density, Therefore
in the case of an lnhomogenecus distribution of dislocations,
the values of Py arrived at from the decay constant and fluo-
regscence data wil]l not be 1in agreement,

The above analysis has shown that the fluorescence vs,
temperature characteristics of a plastically deformed sample
can be explained by a single additional trap., The effective-
ness of thisgs trap must now be considered, Under the assump-
tion of a diffusion limited trapping process, the rate constant
Py is p4=v6 Nu.' where v 1s the average triplet exciton velocity
and 4 1s the geometrical cross-section of the trap;+ The cal-
culated dislocation density for an anthracene crystal bent to a

radius of 1.4 cm is 1.2x107 dislocation per cm2. If each mole-

-+

Although dislocations are properly treated as line defects with
an effective trapping radius, in the present analysis they are
consldered to be a chaln of point defects for convenience, The
two treatments should be equivalent except for a geometrical
factor of order unity.
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cule along a dislocation line acts as an individual trap, the

14 traps/cmB. Using 5110u cm/sec

7

trap density N, will be 1.,4x10

and the average phys-
=16 cmz

for the average triplet exciton veloclty

ical cross-section of an anthracene molecule of 31x10

Py 1s 3x10u sec'l. The present experimental values of p, are

three orders of magnitude smaller than the value estimated on
the agssumption of diffusion-limited trapping.

Since the good agreement in dislocation content between
etch pit counts and plastic deformation computations shows that
the estimates of dislocation density are reasonable, 1t appears

that the trapping cross-section must be about 3.3:10'18 cm®

, 8
value several orders of magnitude smaller than the geometrical
cross~section, 8Such a small cross-section can mean that there
1s a small probabllity of capture of the excliton by the trap
upon 1ts encounter, A simllar idea of capture probabllity has
been used by Tomura and Takahashl to explain their observation
of small singlet exciton trapping cross-sections by impurities
in anthracene.8 Because of the necessity of introducing an ef-
fective trap cross-section, calculations of trapping kinetics
may be in error without this specific information. The present
experiments yleld the product of the effective cross-section and
the concentration of traps, The concentrations N1 of the traps
1,2, and 3 given in Table 1 were obtained by the assumption of

a cross-section of the molecule and are therefore only as valid

as this assumption,
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APPENDIX

The character of the fluorescence decay at various
temperatures, as illustrated in Figure 4.4, can be explained
qualitatively with the parameters used to rlt the fluorescence
intensity, Table 4,1, The triplet decay constant for the deep-
est trap, f34, is very large compared to elther Py 1ts rate
constant for trapping, or A8 _, the free triplet decay constant
(see Pigure 4,7 and Table 4,1), Using this information, equa-

tion 2,25 reduces to

%, Py
B~ B + P - 4 (A1)
‘i.,,‘*@.,'ﬂ,"(«‘;o

and

~ Ty Py (A2)
Bo ™ g4+ B +
* ! * LBy py-

It 18 clear from these expressions that at any temperature ﬂ+
is much larger than ﬁ[. As a consequence, the coefficlent
which predominates above 200°K 1n equations 2.24 and 2,26 1is
D,, and, from equation 2.17, the fluorescence exhibits a sin-

2
gle decay given by

-2t
L,= —g— D; e *f (43)

Calculationa based on equations (A1) and (A3) fit the decay

data of Figure 4.3 equally well as does the general expression
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(equations 2,20, 2.24, and 2,26) with the same parameters,

The shallower traps cannot be analyzed with a one-trap
model; however, a qualitative discussion can be given, The
long lifetimes in traps 1 and 2 are responsible for the multiple
decay of the fluorescence observed in the region from 6 K to
50°K, To 1llustrate this, suppose that the crystal is at 8 K,
At this temperature, the qi's for traps 2, 3, and 4 are insig-
nificant compared to thelr own decay rates and to ql. As a con-
sequence, traps 2-4 will be totally effecti-re while trap 1 will
be partially effective (ql': 0.4& ). In view of this, equations

2,1 and 2,2 may be approximated by

d
:al%: ==<I+11y1-(‘6°+p'+,>?_+?3+?q)y (A%4)
d
d:: = Py " (11+ﬂ1))’1 (A5)

When the shutter closes, all the traps combine theilr capture
rates to quickly deplete the free triplet population. Because
of its large capture rate and slow decay rate, trap 1 initially
contains over one thousand times the free triplet population.
As a consequence, a point is soon reached in the decay process
at which the rate of release from trap 1 is equal to the rate
of triplet depletion [1 €., 1: Y, ¥ (P1+ P, + P3+ Pyt (go)y] . DBeyond
thlis point the free triplet population can be consldered to be

approximately in steady state because the triplets are captured
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or decay as fast as they are released by trap 4, With this
simplification the solutilons to equations (A4%) and (A5) indi-
cate that both the free and trapped triplet populations will
decay slowly with a rate constant of approximately ﬁ& . S0
long as the other trap populatlons are small in comparison to
¥ys the steady-state approximation to equation 2.3, i.,e,,
dx/dt=0, ylelds

I, = 5%y (y+y)

Because of the 1initilal fast decay of y followed by the slow
decays of y and ¥y the fluorescence wlll no longer exhibit
simple exponential decay, When the temperature of the crystal
is above 50.K traps 1 and 2 will not be significantly pepulated,

and, as a consequence, multiple decays will not be observed.
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CHAPTER 5

Theory of Davydov Splitting

In a molecular crystal the binding energy of any one
electron to its "own" molecule is much larger than its binding
energy to all the other molecules in the crystal, For this
reason the crystal may be treated as an aggregate of noninter-
acting oriented molecules with the intermolecular interaction
used as a perturbation, Using this approach it willl be shown
in this chapter that the presence of several molecules per unit

cell causes a characteristic splitting of the absorption bands,

A, Derivation of the Secular Determinant for the Energy of

an Excited State

The total Hamiltonian for the lattice is

/

H = g H'mu + '“"%F qu,'n(‘i 5.1

where Hm“ is the self energy operator for the molecule in the
= place of the m*" unit cell and Vomng 18 the interaction
operator between the m< and the np molecule, The prime on
the second summation indicates that each palr of interactions

18 to be counted once, and all self interactions (V;H'n“) are

L]

to be excluded,

If the interaction between the molecules 1s small it may
be neglected in the zeroth approximation, In this case the wave
function of the normal state of the crystal may be presented in

the form of antisymmetrized products of the ground state wave
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functions 4mq of the individual molecules

§ =ai ¢ 5.2

where “a" 1s the appropriate antisymmetric operator., If one

molecule:nﬁ 1s excited the state of the crystal is
F £ °
I =o¢ T 5.3
ﬂ

where

Since the molecules are under the influence of the crystal pe-
F
riodicity, a Bloch function should be formed from thelfnﬁ wave

functions, This function takes the form

‘ Lk Oom F
= k é B e f_m_‘ 5.4

where k' 18 a normalization factor,

The secular equations for the energy of an excited state
are obtained in the following manner, By operating on the ex-
cited state wave function (equation 5.4) with the Hamiltonlan

(equation 5.1), one obtains

Z-H ‘V +2 m-('nﬂ F:EFYF 5.5

F
where € 13 the energy of the excited state of the crystal. By
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3 4
multiplying equation 5.5 byir‘ (the excited state of the

crystal with only the pé molecule excited), rearranging the
terms and integrating over all the molecules in the crystal,

one may write

s EF* H 4 av z’_! IF*V P aV éjf“l”dv-os 6
Z ) F s oV 2 g Vg o
F ¥
Substituting equation 5.4 for ¥ and recognizing thatin 1s
independent of the summation over me , the first term in

equaticn 5,6 hecomes

p k-r. r¥ F
FIRST TERM IN EQN. 5.6 = kﬁ;szrt-':L ciué“mic,}dv 5.7

F
Since id iz the sum of permutation products of the moclecular

wave functions for all the molecules, equation 5.7 becomes

’ ‘-'.S'fr F ° F' dv
FIRST TERM IN EQN. 5.6 =I<§B,e~ (E“:éf‘m)jiniq 5.8

F o
where E and Eq are the energles of a free molecule in its

¥
exclted state and ground state respectively. Using the ortho-

normality relationship in eguation 5.3, equation 5.8 becomes

FIRST TERM IN EQN., 5.6 = k’Bse

‘.-k'rf EF 5,9

where §F= (E:J + 3 E:u-()

s 3 PO
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The second term in equation 5.6 can be written as

. key
D TERM IN . 5.6 = it s ] 5.10
SECOND TERM IN EQN. 5 kS Bj,e m's"”

where

;'
Mo ,(Irsz -”'ﬁ s 4V

Using the orthonormality relatlonship in equation 5.3, the
third term in equation 5.6 can be written as

’ ‘-k.rr F
THIRD TERM IN EQN. 5.6 = -k Bs e € 5,11

Reconstructing equation 5.6 from equations 5,9, 5.10 and 5,11

we have

k- kv
gi—'Bée&rP*_nge 1,m
15

F k- r
-€ B,e ':0 5,12
’5,9f S

With a bit of algebra equation 5.12 becomes

' LE'(LL"fp) F F ] _
rZ[% e mmf + (33 - € )5” Bf-'o 5.13

Equation 5.13 represents a different equation for each value
of § which is chosen, Since there are as many values for J
as there are members of the unit cell, the number of equations
represented by equation 5,13 will be the number of molecules
per unit cell, This system of equations has non=trivial solu-

titons 1f the determinant of the coefficlients of these equations
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is zero:

’Z ok -(xg-xp) " N (SF_GF)S |=o .14
1 "

29 if

The solutions of equation 5,14 give as many values for e’ as
there are molecules per unit cell.

It should be noted that the wvalues of €ﬁ which are ob-
tained from equation 5.14 are not the energies which are obtained
from an absorption experiment, In order to obtain the absorp-
tion energies, the ground state energy should be subtracted from
the values found for €F . It 1s shown in Appendix A to this chap-
ter that the energy of the crystal ground state 1s shifted from
its orlented gas value by the addition of a factor which is in-
dependent of k, Because of this the k dependence of the disper-
slon relations for EF are not altered by subtracting the ground
state energy, and properties such as the veloclty of the excltons

and the differences between the values of e’ will not be arfected

B, Crystal Structure of Pyrene

The pyrene crystal is monoclinic with the following unit
cell dimensions: a=13,60 i, b=9, 24 i. c=8,37 R, (<3=100.2'.1
The space group 1is Cgh(le/a) with four molecules per unit cell.1
Figure 5.1 shows a projection of 19 molecules on the ab crystal
plane, Each molecule 1s designated with the number of its unit
caell followed by a number from 1 to 4 indicating the molecule's
position in the unit cell. The position of molecule 1 with re-

spect to the center of symmetry in terms of projections along
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the a and b axes and their perpendicular ¢' 1is (1.520 R,
-1,160 E. 0.463 ﬁ). Molecules 2,3 and 4 are generated from
molecule 1 respectively by the following symmetry operations:
(1) C; = two fold screw rotation about the b axis, (2)¢5ac =
glide plane, ac crystal plane, (3) 1 = inversion through the

center of symmetry.

c. The M, 1P _Interaction Matrix and the Pyrene Structure

The interaction matrix given in equation 5.10 can be

written with the aid of equation 5.3 as

a.4 'T‘P,,,.( adl WE dV 5,15

Mrigg® T BTN

’"*#93
The interaction indicated in the above expression 1s carried

out over the coordinates of all the electrons in the crystal,

Jortner et 312 have shown that the M
pb,q3

interaction reduces

to the sum of two ternms,.

JZ?F* -¥
s 9 P 5.16

P F -* o . F
+ J[(%f‘) P-1)( ¢PJ 4’” )] Vn,q.f Py 4’1} dv

o5 =

where gf')PP is an operator which permutes the electrons among
the molecules; odd permutations are prefixed by a minus sign
and even permutations are prefixed by a plus sign, To illus-
trate the significance of the terms on the right hand side of

equation 5.16, suppose that the p& molecule contains one elec-
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tron numbered 1 and the ag molecule contains one electron

numbered 2, In this case the flrst term on the right hand

side of equation 5,16 is

FIRST TERM ON THE * o ¥ o F
=J¢F W @V, @@ 54y
RT. SIDE OF EQN, 5.16 " T Mgp B g
If the excited state 1s a triplet, and Vpa ag does not inter-

act with spin, the right hand side of equatlion 5.17 wlll be
zero since the spin wave functions are orthogonal (the ground
state 15 a singlet) and can be separated out of the integral,
The second term on the right hand side of equation 5,16 for

this 1llustrative example 1s

¥ ™ X ¥ o F
SECOND TERM ON f ( ¢, () ﬂfm_ ¢” (2) ¢‘i!(1ﬂ VM?,Z) #n(i) ?‘ ;ZJ dv, dV,
THE RT, SIDE = 5.18

OF EQN., 5.16 h * 124 G
[ & @y oA g Q8 @,

Equation 5.18 reduces to

SECOND TERM ON K o g
THE BT, SIDE = _jénca) 4:”(1)\{*‘1(}1,2) @ ¢“(z)a|vialvz 5.19

OF EQN. 5,16

It is5 clear from the above integral that electron 2 has been
"exchanged® for electron 1 on the left hand side of the inte-
grand, Due to this exchange lack of spin orbit coupling will

not reduce this integral to zero, It is concluded therefore
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that the Mp&,qg interaction matrix for the case of one elec-
tron per molecule 1is equal to the exchange 1lnteractlion arising
from the second term on the right hand side of equaticon 5.16
(if there is no spin orbit coupling and the excited state 1s a
triplet), Jortner et a12 have shown that this is also true for
multi-electron molecules,

The exchange interaction falls off rapidly with the dis-'
tance between any pair of interacting atoms or molecules, Kn013
has calculated that the exchange interaction between 0 orbitals
in crystalline argon decreases exponentially with the distance
between the atoms, falling off by a factor of e every four tenths
of an angstrom, More recently Jortner et 312 have indicated that
in crystals of anthracene only the nearest and second nearest
neighbors contribute to the exchange interaction, In anthracene
the nearest, second nearest and third nearest neighbors are at
distances of 5,23, 6.04 and 8,56 i respectively (the distances
given here are between the geometrical centers of the molecules),

On the baslis of the previous discussion it will be assumed

in dealing with Pyrene that all M interactions beyond the

Pdq

¥

first four closest different interactlons are negligible. These
interactions are labheled AZ'AB’ A4 and A5 in Figure 5.1, and
their corresponding intermolecular distances are 6,03, 7.18, 3.93
and 7,62 i respectively, All interactions with molecules on
elther adjacent ab plane are neglected since the closest inter-

-
molecular distance for a molecule of this type is 8,37 A.
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D. Ener of an Excited Triplet State 1n rene

In this section equation 5,14 will be solved for the
energy levels of an excited triplet state in pyrene, Equation
5.14 can be written as

IDSS,l:o

where
_ Lk'(! -V") F_ F
J)as’-ée P Mgy +(§-¢ )555’

It should be noted that the p subscript appearing in the D
matrix has not been included in the notation Dsr « The rea-

son for this 1s that each element of the D matrix should be
independent of the unit cell for which it is belng calculated,
The vector ;p i the position of the ps moclecule, and Iq 1s the
position of the molecule in unit cell q which is translationally
equlivalent to the p3 molecule, To 1llustrate the calculation of
the components of the D matrix in the case of the pyrene struc-
ture in Figure 5,1, suppose p 1s 1, In view of the tight bind-
ing approximation only interactilons Az, AB’ Au and A5 will be
considered, If §=1,

D = Ze;s.(r,-q)m . (EF-GF)SH

Since the interactions which are to be considered do not include

any interactlions for which S=f=1, D11 becomes
F E

D12 is

Figure 5,1 indicates that the only interactlons of the form
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"11,q2 among those which are being consldered are M11,12 and
H11'22. Eq 18 equal to r, for the H11,12 interaction since

molecules (11) and (12) are both in the same unit cell, How-

- -b for the inte tion since the mol-
ever, (gq ry) is =2 M11'22 ractio m
ecule translationally equlvalent to molecule (11) in unit cell
2 1s molecule (21},

Therefore D12 is

-chk-b
Du = mu,:u. + € mn,zz

The symmetry of the crystal indicates that

Miy (o =M

1122 z
Therefore

i k-
D,, = A, (1+e "7 b)

When thils procedure 18 carried out for the other components of

the D matrix, equation 5,14 becomes

B, B, B, B,
l 3 ¢ {
-th-b Sbeb ikelarh) -k
Er-er R, (1+e ) A, le Nt ] ythee 1
) F £ -tk &
ettt g At et p
kb ke +b) kb K =0
Hb[ek--re“% ] ﬂq+ﬂ5c Er_er [4&*9 k-«
k- k ik rh) ike] o8
n..+ﬂ5e“ A(i**e %) 4 “--e ] § ¢
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where the columns in the determinant in eguation 5.20 have
been designated with respect to thelr corresponding coeffi-
clents (Bl‘ B,, B, or Bu) in the secular equations (equation

3
5.13). Equation 5,20 is simplified to

ik .ik-{ke2f) .ikb
g pe bbe il A, mse‘!"
k- b/ -ikb ck-ale
ﬁe | 3 S ﬂq* ﬂ;e e 5.21
ik-(beafe) kb klarb2)| T O
Te A, +A_e § Be
kb ik - .
ﬂ.‘*l-lse Fe ik-ajp (se...tk(e k/2) 8
1 1 T 1
- -7 B_g Bﬂ
where
5=qur
k-b . - k-a
P:Zﬂz(:o.s:_i_b') K-ZASCos_E:'
F'

Equation 5,21 could not be solved for € for a general direc-
tion of k, However, it was found that solutions to this equa-
tion could be obtained for k parallel to the a or b crystal
directions, In the case 1n which k 1s parallel to b, equation
5.21 1is
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[ R S
( i kblz kb .ikb
e e F)qu <@
 kb/, -vkb
(5‘; ) $ R, +Age b 4 5.22
kb . - =
Xetk A, +Ae kb 3 ﬂe‘kuz O
kb o kb
Ry hge ¥ pet*h g
After a bit of algebra equation 5,22 becomes
kb -k
$ Ae a et g B
1Y tkiyz
Re Y% Ree 6 8 v o
-Lkbz 2| T
¥ @ § ﬂ,‘e -Irﬂ;e .23
Kbz , -chb} .
p ¥ Age "+hce
_ -tkbfz
euda.n'.eB4 Eq e B, B,

Equation 5.23 represents four homogeneous equations, When the
equatlion associated with row 1 of the determinant in equation

5.23 18 added to the equation assoclated with row 4, the result

is

. kb2 Y kb,
(5.1-@)(: kb/z Bi +Bz)+(ﬂqe +R5e Z+J e ZB;- Bq =0 5. 24
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When the same operation 1s carried out with rows 3 and 4, one

obtains

(n -tku! Jd./z )(etkUgB +B)+(S*ﬁ)( ~ikb2 +B\ 0 5. 25

Equations 5.24 and 5,25 represent two homogeneous equations in
two variables, and non-trivial solutions to these equations

must satisfy

&b . okb
5+(5 ﬂqe +A e LY ¢
= O
_okb ikb 5,26
que T+A58T+X S'i‘@
*+
e#Bi*Bz ¢\%B_, + By

Solving equation 5.26 for $, one obtains

@ /Jﬂ’ 1'2[(“ +n)CoS 2 "'ﬂ +F| +Zﬂ,’ﬂ COSH: 5,27

In terms of the original parameters in equatlion 5.21, the energy

€f from equation 5.27 1is

¢ 2 !
e = §F* Zﬂz cos L‘z'El ¥ -anjf‘m!(ﬂq*ﬂs)ws%-bﬂ., +h+ LA Acoskd 5.28

where the minus sign before the square root corresponds to the
plus sign in equation 5,27, and vice versa,

Equations 5,24 and §,25 are not the only palr of simule
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taneous equations in two variables which can be extracted from
equation 5,23, When the equation associated with row 4 of the
determinant in equation 5,23 is subtracted from the equation

assoclated wlth row 1, the result is

(S+’?,)(el%8 )+(A etkkirﬂ ;Hiy)( e# 3) 5.29

When the same operation is carried out with rows 3 and 4 of

equation 5,23, one obtalns

(e a0 (8) + (-0)< )0

Equations 5,29 and 5,30 represent two homogeneous eguatlions in

two variables, and non=-trivial solutions to these equations must

satisfy )
e'q.sz 8- Bg 'B B; ckb/z
L o' w
&-65 Ae ? fﬂ_;e . 1
5.31
=0
- kb kb
F2 Zz
Rye “+he*-¥ 3—@

Equation 5.31 gives two new solutlions,

—
e"’ g"_ 4 Az ces B'ZE : ijﬂ;*‘fnb(ﬂqt f)cus‘% fH:-f-ﬂ:-rZﬂ‘ﬁswskL 5.32
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F
Table 5,1 summarizes the solutions for € for the case in

which k 1s parallel to b,

For the case in which k 1s parallel to a equation 5.21 1s

B B B
31 J,Z- -LB l“
_ tka
4 & ¥e © A, +A,
Ka
A S A +A, ¥e ¢
Ko 2] -
¥e © A, A, 3 (Se‘k =0
ﬂq+ﬂ5 Ye * ﬁeﬁka )

After a bit of algebra equation 5,33 becomes

cka.
P4

$ (A+h,)e

ka
(ﬂqfﬂs)c k3 3

tka
(Aph)e S
1) T
-cka
Ege. z BZ

5.33

5.3



—

¢ F
~ Kb 2
S § r2A P +l4 A+ A ArAg)emt ¢ Ay + Ag + AN conits

F F 2
_ Kb !
Ebl — g +2A‘Gﬁ_f +14-A$ 4 4'A3(A4+AS)C0=.K; +A:'+ A:_ +2A+Asamkb

F _ of _ K 2 R
653_ % 1A, Cm.;_b +]4~A3 - +A3LA4+AS)cm%h +4:f A; +2A*A5c.:vkb

F_oF |
€ =% - y ]
" g 2A1602‘_"§- +J‘Hl3 -+A3(A,,+A5)Cm_¥ik +A:+A:. +ZAg A Coa kb

] . F.
Table 5,1, The soluticns for G for the rrse ir whirh k is narnllel to b,
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Equation 5,34 represents four homogeneous equations, When the
equation assoclated with row 1 of the determinant in equation
5.34 45 added to the equation associated with row 3, the result
is

(§+%) (B 1 Bae"t‘léi){(nq fn); 7 @] (quﬁsmz\: o 5.5

When the same operation is carried out on rows 2 and 4, one
obtains

Ka
Z

a ke
Eﬂqfﬂg)ctkﬂffﬁl([}‘...%e L’:—)q-(s-ﬂf)(aqe .'-Bz)::o 5,36

Equations 5.35 and 5,36 represent two homogeneous equations in
two variables, and non-trivial solutions to these equations
must satisfy

- ika

%iaﬁ" Be * +3
St Y (nqmﬁe z +(.3

5.37

ka
(ﬂqfﬂs)e.‘fé $+7

F
The solutions to equation 5.37 are given in Table 5.2 as €,
£
and €Aq-
Equations 5,35 and 5,36 are not the only pair of simul-

taneous equatlions in two variables which can be extracted from
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equation 5,34, When the equation assoclated with row 3 of the
determinant in equation 5.34 is subtracted from the equation

assoclated with row i1, the result is
(§-¥)(8,-8, "A) ¢[ (A, +ﬂ§)e (3](3 ke B ,)=0 5.38

When the same operation 18 carried out on rows 2 and 4 of equa-

tion 5.34, one obtains

(A, fﬂg)c —(3](8 B)e"“LA (§- K)(B % ) o 5.39

Equations 5,38 and 5,39 represent two homogeneous equations in

two variables, and non-trivial solutions to these equations must

gatisfly _ika ka
B&:lee “ 4 S i -'Eh:
- tha.
5‘( (Aq"'n‘)c z —(3
= 0 5.40
Ka
(A‘JT'AS'G 2 -P é_x

F
The solutions to equation 5,40 are given in Table 5.2 as éiz
=
and € .
a3

E. The Eigen Vectors Corresponding to the Energy Levels of an
Excited Triplet State in Pyrene

In this section the eigen vectors corresponding to the

energy levels in Tables 5,1 and 5.2 willl be determined, Since



F F 2 1
_ ¥ L L
€ = ? + 2Asca ka4 14 A + TA (A rAj)cre e s AT AC + 2 AgAg

-
A - HA(A A ) em ko 4 AEL AT 1 2A A,

F F
€..° ? - ZA com B_f_-\

£ _ oF “ b
Gas = f; - 2A,; ¢1"1"-‘1-‘55- +J‘}A;-"I'AILA++A5—)C¢¢E;_‘. +A: TA;_,.+ 2A A

i

F _ oF (2 :
E&* = % + 2A3 Cm.'_’.;_“.‘- —J‘rﬁz + 4‘42 (441/45) "“’52-_‘3‘- +A:+Asl +2A, As

) F. . . .
Table 5.2, The solutions for € in the case in which k is parallel to a.
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the exciton-photon interaction conserves momentum, the exciton
wave vector k 1s equal to the wave vector of the interacting
photon., In the present experiment the triplet state 1s excited
by light in the visible region, and as a consequence the exciton
wave vector is about one thousand times smaller than the extent
of the Brillouin zone ( /b or 1/a), Because of the relatively
small size of the excliton wave vector, the eigen vectors wlll be
calculated 1n the 1limit as k approaches zero,

The four homogeneous secular equations represented by

equation 5,21 can be written as

Sikeb k- (br2) ey r
/ g = K Je g Aythge B\ |5
: ~ukob ko
ll'S.P/z F &
ﬁc ? an‘ﬂge ye ¥ ) Bl ! BZ .
Kk (br& kb F &k-farbf
ek(*fl) A tAce Y Be B’ % B,
kb ' k- (ar b F
Ayt e ye slz pe o) § E?, B
WARS
In the limit as k approaches zero, equation 5,41 becomes
13
E 6 Y Aq*ns B, Bi
F
(B ? ﬂ‘l*% ¥ 8.\ = GF(O) B,
¥ Ryths fF p 8, 5,42

83
Athe A e" /\8, B,
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where GF(O) 13 the excited state energy at k=0,

The eigen vectors associated with the 4x4 matrix in
equation 5.42 are obtalned in the following manner, Since
the sum of the elements in each of the rows 1ls ldentlcal, one

of the eigen vectors must be

5.43

1) = 5

ST

where the factor % is used for normalization. It~should be
noted that the absolute values of each of the components of
eigen vector 1) are equal. This is due to the fact that

the exciltation 1s equally likely to be on any one of the four
molecules in the unit cell, 1.e,, 'uz = constant, The other
three elgen vectors must also have this property. In addition,
since the four eigen values CF are different (see Tables 5.1
and 5,2) and the matrix in equation 5.41 is Hermetian the four
elgen vectors must be mutually orthogonal. With the aid of the

above restrictions the other three esigen vectors are found to be

12> = % -1 5044

1
"1 5.45

™|-

(3> =

+1
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1
14> = # |1 5.46
-1

In order to find out which energies in Tables 5.1 and
5.2 are assoclated with each of the eilgen vectors in equations
5.43 through 5.46, a comparison between the contents of these
tables and the eigen values belonging to the eigen vectors (the
eigen values calculated from equation 5,42) must be made at k=0,
Table 5.3 is used to make this comparison, Column (a) in Table
5.3 1s a listing of each of the elgenvalues assocliated with each
of the [() eigen vectors, Columns (b) and (c) of Table 5,3 list
the contents of Tables 5,2 and 5.1 respectively, evaluated at
k=0, Because of the need to find the absolute value of sums of
interactions in columns (b) and (c) of Table 5,3, a comparison
cannot be made between the energies in these columns and the eli-
gen values in column {(a) without some idea of the relative values
and A_, Since the exchange interaction falls off

2" 73" Ty 5
a
exponentially by a factor of e in about 0.4 A (see section C),

of A A A

the closest interaction should dominate, In view of the fact
that molecule 4 is 2 i closer to moleculs 1 (between centers)
than any other molecule (see section C), it will be assumed that
'Aql is much larger than |n3|,|ﬂzl , or!nf| . If in addition,

Ab is positive we may write that

|2A1r(anng)|= ZA, + (ﬂ.,rﬂs) 5,47



(a) (b} (c)

. f . £ £
> €' i €42 k €yt

1D EF*.ZA1+2R31-(A4+AS) ! §F+2A3+IZA1¥(A4M$)| i g‘:lﬁl*‘)‘a.l*(A‘;*As)\

F
0 [gh2a-2a- (a2 | §-A8 A | §he2a,-124, ¢ (404

13) §F*’~"z‘“3*“4+'°;) 3 g’-zn,'f |28 AAA0)|| 3 g“-zn;lznj-m#,qs)\

14> fF—ZA1+2A3-(A4MS) 4 §F+u3—|2nz+m*+,qg)| 4 EF-zAz—\zA_;-(A#AS)‘

Table 5,3, (a) Energies of an excited state in Pyrene at k=0 (solutions
to equation 5.42); (b) Table 5.2 evaluated at k=0; (c) Table

5.1 evaluated at EfO.

Ie



[2A, - (A18,)| = - 2R, +(R,+A.) 5.48
'zn%*(nqﬂqf)l = ZA,r (ﬂqrﬂ_;) 5,49
lzns-(anﬁg)l =-2R,+ (A, +A,) 5. 50

Substituting equations 5.47 through 5.50 into Table 5.3 gives
Table 5.4, Table 5,4 indicates that

£ F F
éli) l GQL (o) = ébt (o) 5.51
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Therefore, in the case 1in which A, 1is positive and predominates

£ £
over the other interactions, energies € (°) and E%(O) belong to

eigen vector IL) . However, if Ah s predominant and negative

124, + (A, eh)] = -24,- (A, +4,) 5,52

'ZA:-(n‘ffns')l = Z‘qz“(n‘ffﬂf) 5.53

[26,+ (h, A )| =-24,- (A, +A,) 5. 5t



(a) (h) (c)
F F
:> 'F . -
' € @) €a3(o) Cbh(w
f £ , F
D % +2A 42A% (A +n) § +2452A, HAHA) § 124,424, +(Ag1Ag)
¢ F A-{A +A]) e20-28, + (A, +A
D | § 124, -18; -(AgrA)) ? LAt AT s E * 28,7 2hg + Ay Ay)
F _ . F F ,
13y | B7-20,7 24 + (A 14) R-245-24,4(Ag44) £-24,-2454 (A #A()
F Fy2h,-2A -(A 44 F (A
14> §—2A1i243*(ﬂ*fﬂq ? + <Ry 2 4 9 E'2A1+2A3 ( 4-*‘45)

Table 5.4, Contents of Tabl> 5,3 for the case in which A4 is

positive and much larger than |A2| ’ |A3| or lAS\.

£6



o
|24, - (A, 18| = 2h, - (AgrA) 5.55

Substituting equations 5.52 through 5.55 intc Table 5,3 gilves
Table 5,5, Table 5,5 indicates that

E;_)(o) = E:a(o) = e:b(o) 5.56
€5(0) = €, () = €/ (o) 5.57
6:3)(0) : é;co) z e:b(o) 5.58

€:¢>(°) s é;a_(o) = 6:5 (o) 5.59

Therefore in the case in which Ay is predominant and negative

e F F F
€, and €, belong to eigen vector 115, €, and €, Dbelong
to eigen vector |2 .6;; and 6:; belong to elgen vector [3)
and, Ea: and 631 belong to eigen vector |4) . The energiles
associated with each of the eigen vectors |[() are summarized in

Table 5.6 for the case in which A, 18 positive and predominant,

4
and for the case in which Au 18 negative and predominant,



) F . F F
1) €.(0) € .(v) € 'te)
- : “j .

117 ESTRYY +{A1A)] | 1 fria, -2A - (A A) Fraa-1a -(A A)
? 2 3T s §+1 3 2 4 1A % A, o HAg

| € ¢

12> §+2A{ M- (A +A) | 2 [5-24; 724, +(A4+AS) EF* 18, 428, +(AHA)
F F

13 { 1Ay - A, m‘*”‘) 3 1f -2 ¢2A1-(A*+45) ?F‘mz*mg"(ﬂﬂ 4;)
Fo24 424, -(A,+A ' F+ 2A, +2A, +H(A9A F24.-24 +(A4 +As)

14 E' 1 H A Ay HA) ‘f; 3 H14, 475)’ ti- IS KA NG e

Tahle 5454

Tontents of Table 5,3 for the caise in which

A

larger than ].%3] . ‘A3‘ or \AS‘ .

4

is nepative and its absolute value is much



(a)

(b}

LD

A >0
4-

Enerpies correspondinng to each eigen vector

F . F
€
W eﬂd )
2> | ef F
ar) bl
13> ef F
wl ) ebs
14) ¢ F
e“"’ J ebq-
A <O
-~
1e> . . :
Enerpies corresponding to each eigen vector
F F
€ €
1M ae | by
| ef  ef
w3 7 wi
|3 F ef
“l ) b4
| f cf
(P} J b3

Table 5,6, The energies corresponding to each eigen wvector 11D;

t{a) tor the casc in which A, is positive and much
larger than {A,| , [A5] or [A] and; (D) for the case
in whirh A, is negative and igs absolute value is murh
larger than |A,} , 1451 or fad .

QA
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F. Optical Selection Rules

In this section we will determine which of the four
eigen states in equations 5.43 through 5.46 can be optically
excited,

As long as the wavelength of the incident radiation 1is
very large compared to the size of the unit cell, all molecules
in a given unit cell will receive the incident radiation in ap-
proximately the same phase and the transition probability per

unit time 18“

P=c Eo'(fifio)lzs(h)-ae‘) 5.60

where c 1s a constant, E, is the electric field vector of the
incident radiation, 'PF 13 the wave function corresponding to
the excited state, r 1s the sum of the position vectors of all
the electrons 1n the crystal.Io 1s the ground state wave func-
tion (equation 5,2), d) is the frequency of the incldent radlia-
tion, and aér 18 the difference hetween the excited state and
ground state energles,

In order to obtain the selection rules (‘fs r iﬂ) must be
calculated, Since each eigen state ‘L) 1s calculated at k=0,
the corresponding excited state wave function ?:r from equation

5.4 13

F ’ é F
‘f’l. = k '%B“ im« 5.61
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The coefficients Eg: in equation 5,61 are obtained from the
components of the eigen vectors in equations 5.43 through 5.46,
e.g., (Bi. 1 3 Bu)=(i,i.i.§). Using equation 5.4 the matrix

elements (th ,L3 ) for each of the eigen vectors [¢) is

F 5 * ,.‘” F* o
Cwi O 3 ) (i ) ( z) (fm\t (Im)&dt
3 + hy
I’
Since each of the unit cells is identical, each integral in

equation 5,62 corresponding to a different value of m will be
tdentical, and (? r¥) 1s

(4‘1 r¥ 1 ifq r ¥ dt 5.63

q

l|+-¢
hed

where N 18 the number of unit cells 1n the crystal, After sub-
gtituting for the excited state and ground state crystal func-

tions from equations 5.3 and 5,2 respectively, (l}'f,_z;f’) becomes
e ¥
Nk’ ¥ +
Zz [f*il :‘l Pﬂl dt ; SL —z ¢lt Jz
F* o ]
S¢ﬂ ‘T:—"ﬁ’Jt S¢1q Ly ¢14 d¥

where I, 1s the sum of the position vectors of the electrons on

the lth molecule, The rirst, second, third and fourth integrals

5.64

414
I+~

in equation 5.64 represent the ground state to excited state tran-
sition moments for the molecules numbered 1, 2, 3 and 4 respec-
tively., If we denote the transition moment of the 1th molecule

by ﬁi' then from equation 5,64
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(‘l’: rio):%[miz U r My ﬁ\] 5,65

$’ & .

4
Because the molecules are identical, each will have a transi-
tion moment of the same magnitude, §Since the allowed molecular
exclted states for pyrene transform as vectors,5 M; will have a
fixed direction with respect to molecule 1, The transition mo-
ments of molecules 2, 3, and 4 are related to M; by the trans-
formation properties of the space group Cgh (see section B),

Using the properties of thls space group

b
m-.z_ = Cz r_v‘ﬂ 5.66
C b _ b
ma: dﬂ.c m1:LCZ m_‘l""ct- —m-i 5-6?
m, =M, =-m, 5.68

After substituting equations 5.66, 5,67 and 5.68 into equation
5.65

F o }Qk‘ .

(4, )7 [mizcz" m,z(-com ) (- 3} 5.69
: =
‘.

+ 2 —1 +- -1

Equation 5.69 indicates that only eigen states lZ> and\4>'have
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nonzero values for ('hF .;f). Therefore using equation 5,60
we see that only eigen states 2> and [4) can be excited, To
determine the polarizations needed for excitation of each of
these states, the directions of (f*:,;_'fu) and (1{'; ,;I.) must
be found, (?; ,r¥ ) and (l‘b; ,r3) from equation 5,69 are

(‘f’{,:io):f\(k'(ifc;)mi 5.70

The matrix which represents a two fold rotation about the b

axis is

e - o | O 5,71

where the first row of the matrix transforms the a component,
the second row transforms the b component, and the third row
transforms the ¢' component (c' is the direction perpendicular

to the ab plane), Using equation 5,71

£ o .V ftoo0 ~l oo M.
((rz ) .‘__§ ):Nk o °>1‘ 1 0 m 5.72
§ ool o o-l 1

cl

Equation 5.72 reduces to

('4': ) I§o) = ZNI 2‘1; 5.73

O
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):ZN‘" “}4 5,74

My

Equations 5.73 indicate that (?: ,£%) and (4': .z %) are

(hirf

parallel and perpendicular to the b axlis respectively. Since
the transition probabllity 1is proportional to the square of

Eo'( q;'_;-_f), the respective polarizations required to excite
eligen states f?.) and |4> must be parallel and perpendicular to

the b axis,

G, Davydov Splitting of the Triplet State in Pyrene
The Davydov splitting of the triplet state is the dirf-

ference in energy between the allowed triplet transitions at
k=0, Since the elgen states lZ) and'4> correspond to the only

allowed triplet transitions, the Davydov splitting 1is
F £
Arfé o) - 0‘ 5.75
l!}( ) 6}4)(' )

F
by substituting the values for G’Q(O) and sz (0) from Table 5,3

into equation 5,75, one obtains

A = 4[(A2—A3)l 5.76

H. The Energy Dispersion of Eigen States (£) anga |4
Table 5,6 1lists the energy dispersion relations which

are assoclated with each of the eigen states, With the aid of
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this table and Tables 5.1 and 5.2, a list of dispersion re-
lations for eigen states [2) and “{) can be constructed,

Table 5,7 shows such a listing for the case in whilch Ah is
positive and much larger than all other interactions (ln,,l»mzl, lﬂ;lw,ﬂ,i
To i1llustrate the type of approximation used in constructing

F
the elements of this table, let us examine € for the case

125

in which k is parallel to a. In this case Table 5,6 indicates

f

F F
that €, 1is Eaz . From Table 5.2 G"u is

F F ka J z ke z 2 !
€a” & - 28 cos's - NTR AR, (A eos T e N HA AR 577

Following the approximation that A, 1s predominant cver all

4
other interactions, the second order terms in equation 5.77

are approximately zero and

' a
. 2
e:z A fF - ZA} cos%,_- - Jﬂq fZﬂq (A;Zﬂzm%) 5,78

In view of the approximation, the second term under the square
root sign is small compared with the first and the square root

18 expanded to glve

F o~ pf U TN T ka

This result is presented in Table 5.,7. In the case in which Ay
1s negative and predominant the energy dispersion relations for

states IZ> and’4> are identical to those given in Table 5.7.



F ¢
5- Eu) eﬂ‘)

Parallel

F_ F £
b - - - Ko - i
N e‘u § - (A, 1) 2(A;-A) e = &a‘_§-(A*+AS)+1(A3 A,) Com k2
3
Parallel
F o F e s
-(A_ +A - - Ki ~ ef. ) .

te Euxg (A +Ascoanb) ~2(A;-A,) con L Eh‘r £ (A, +As (o k¥ +2(4, ,4‘)@._;_
b

Table 5.7 Enercy ‘ispersion of =i-on states 12> and |4> for the case in which

A is cocitive amnd it larger thanlA A ‘ cr 14
et sasgoe g ] e Y

£oT
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The energy dispersion relations in Table 5,7 are only
applicable for excitons moving parallel to the a or b crystal
direction. In order to calculate the exciton diffusion con-
stant it 1s necessary to know the energy dispersion for all
directions of exciton motion (see section J). Since equation
5.21 cannot be factored in general, as we have already mentloned,
a general dispersion relation must be obtained through appoxi-
mation methods, All of the dispersion relations in Table 5.7
indicate that

5=§’F‘€F=Aq+d 5,80

where d is a factor which is smaller than Ao In the work
which follows we wlll show that if § 1s taken to be in the
form given by equation 5,80, equation 5.21 can be solved in
approximation for a general dispersion relation which is cone
sistent with the results of Table 5,7. Substituting equation

5,80 for S , equatlon 5.21 becomes

A, +d a a
4 12 13 AQ 1'(115_ .o
* .
12 Ay +d Ayt ey %ed
=0
* f
Qu ntl*&if Aq+¢| QRiy
* * *
A‘# "% Uy Q:H A‘l +d
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where _‘Ll_(_, h/z

After a bit of algebra equation 5.81 becomes

»*
ZJ B (alf ¥ qﬂ.s’) Qg_z -%510';,_’*&:‘ 0*5_5"‘1;‘ Q“"

E
“:z-q’:s'qld +a,y 2"'(0“!5'*“‘!5) le.*o' Qpy “Qyy R
5.82
5
* -d A vd Q =
a"'i‘!)- Q}‘f 115 4 34 O
% * *
ar, -d Az~ %y 234 94 rd

Since Au is assumed to be much larger than any other inter-
action, the largest terms in the expansion of the above
determinant are the ones which are quadratic 1in Ab' If all

other terms are assumed to be negligible, equation 5,82 bhecomes
. Z 2
" * » 2
[‘2“_(""*:15f a‘u)] - Iaiz-o‘u oy fa“sq‘ Aq =0 5.83

Solving equation 5,83 for 4, one obtains
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*
: * ¥
ol:(‘hfzf‘hs) t 3 I°*12'°‘13“a‘2.4*'154 5.84

After substituting for 312. a13' a15, azu and ajb from equation

5.81, 4 becomes

d= ﬂ5. ces kh tZ(nz'na) os ‘1'29. Ces BLb 5.85

By substituting equation 5.85 into equation 5.80, one finds that

the energy of the excited state 1s

epz g;:- (ﬂq fA‘ cos k- b_) t 2(H3—ﬂz) COS_IS_Z,Q:“_ c::-.s"—‘*zh 5,86

For the case in which k is parallel to a, equation 5,86 is
F_ _ + ka
¢ E (A4+ASS~Z(A5-AZ)¢05 Z 5.87

Equation 5,87, as anticipated, 1s identical to the results in
Table 5.7 for k parallel to a, Equation 5,86, as also anticli-
pated, is in agreement with the results of Table 5,7 in the case
in which k 1s parallel to b. These comparisons indicate that

the appreoximate dispersion relations for states’2> and hf) are

F - ska . kb
ery (k)= B - (A, thgcosk )T 2(AA) s 28 oo &) 5.88
14>
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I, Veloclty of Triplet Excitons in Fyrene

The velocity of triplet excitons in pyrene can be found

from the energy dispersion relation, equation 5,88, 1In terms
of the components of k along the a and b crystal directions,

ka and k, respectively, equation 5,88 1is

F g - Koa kb
e,g) (k) = E '(ﬂqwﬂq;cas k.})+ Z (As—nz)ms&t— cos —i—— 5,89
147
The a component of the exciton velocity 1is
i € .t 2 ko« k. b
TACEE S b CRUMELE sl 5.90

where the distinction between states 'Z) and.|4> has been dropped
because the velocitlies for these states have the same absolute

magnitudes, In terms of the Davydov splitting A (equation 5.75)
the absolute magnitude of the a component of the exciton velocity

is

a b : :
v, ()] = T s k?za cos 542 5.91

Therefore, by measuring the Davydov splitting one can estimate
the absoclute magnitude of the a component of the velocity. The

b component of the exclton velocity is

36 o
[Vb(“]m - ﬂtli- dk, = A bsm k, = b(A, ")mk‘ Smk: 5.92
14>
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The presence of As in this equation indicates that a measure-
ment of the Davydov splitting 1s not sufficient to determine

the b component of the exciton velocity,

J. The Diffusion Constant of Triplet Excitons in Pyrene

The a component of the triplet exciton veloclty {equa-

tion 5.90) can be used to estimate the triplet exciton diffusion
constant for motlion in the a direction. For lack of further
kKnowledge 1s will be assumed that exciton scattering can be de=-
scribed by a constant isotroplc scattering time, In thils approx-

imation the components of the diffusion tensor are

“_[)L‘:l =7 <Uf (.‘.‘.);1{; (’L)> 5.93

where !5 is the constant isotropic scattering time, and v, (k)

th

is the 1 component of the exciton velocity for all directions

of k., By substituting equation 5,90 into equation 5,93, one

obtains
L 2
'tB‘l b R k. a 2 kl::}
T S a cos L3
Dd.a. ifotz < m V4 3 5.94

After carrying out the average indicated in equation 5,94 over

the extent of the Brillouin zone (zero to a for ka and zero

[ £9
w
to < for kb), D becomes

5.95
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APPENDIX

A, The Crysta] Ground State HEnergy

The crystal ground state wave function constructed

from equation 5.2 is

o ko x°
= k B e ] .
y Zﬁ . AL

where k" i1s a factor which normalizes +’ . By operating on
this function with the crystal Hamiltonian {equation 5.1), one

obtailns

SH VSV Y€y a2

™= ma, afd "'l*.“(ﬂ

»*
Multiplying both sides of equation A.2 by 1" and integrating

over all the molecules, we have

jq)n‘*z Hm‘?odvfg‘ qlo*vm‘me‘yodv =G°SIP.*?AV A3

"“JF

where € 1s the crystal ground state energy.

The first term in equation A,3 is Justif;\_( , the total
ground state energy of the individual molecuI::. Using equation
A,1 the second term in equation A.3 can be written as

() [s =¥ B

Lg‘(E "!_') 4 o °
P 2 2 4V
tp o § "(e Jg,,ﬁ 4 d

ﬂ'l-(;nP A, i



In order to evaluate the above expression we must evaluate t

term in brackets, This is accomplished by looking at the no
-]

malization condition for ?

K .. vke(r,-r, )
f\f ?av=1=(k)2gtaj,67e JI 374V A5

But ¥ is normalized, so

Lk_(:su.‘:t) 1
2 -4 B B-,.l € = k')A A.6
tf SY.

P

With the above relationship one finds that

. ‘ K1Y,
€ ‘;éé.la"“ T “ﬁ?;P JQE‘ V’ F d

A.7

Therefore we find that € 1s independent of k.

11¢

he

T
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CHAPTER 6

Crystals and Experimental Apparatus for the
Davydov Splitting Experiment

A, Avallability and ality of rene Crystals

The pyrene crystals were prepared at, and made avallable
by the So0lid State Physics Group of the Brookhaven Natlonal Lab-
oratory.

The crystals were prepared by starting with a chemical
grade of pyrene (Eastman no,3627) and further purifying it by
chromatography, vacuum sublimation, and zone ref‘ining.1 The
residual impurity concentration was too small to be detected by
gas chromatography (less than 1 ppm), 8ingle crystals were
grown by the Bridgman method,

The decay of the delayed fluorescence in a pyrene crystal
was recorded with the apparatus shown 1n Figure 3,8, This decay

was found to have a triplet decay constant of 160 sec™t,

B. Preparation of a Sample from the Crystal Boule

A section about 3 mam thick was cleaved from the crystal

boule along the ab cleavage plan02 with a razor, The cleavage

plane was located with the aid of cleavage cracks, Both sides
of the crystal were then planed with a glass mounted xylene-
soaked, "Kleenex"” tissue until they were parallel to the ab
cleavage plane and had an optical finish, The typical sample
was 1 cm2 in the ab plane and about 1,5 mm thick along the c'

direction,.
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C, Orientation of Sample

During the experiment the crystal was irradiated by
linearly polarized light directed normally to the crystal ab
plane, The a and b directions of the crystal were oriented
with respect to the incident direction of polarization by using
the optical properties of the monoclinic unit cell, 1In the
monoclinlc unit cell the b axlis 1s a principle axis of the di-
electric tensor.3 As a consequence the other two principle di-
rections lle 1n the ac plane, By rotating the crystal about its
¢c' axis while observing the transmitted light through a crossed
polaroid, two directions of extinctlon were established, The
b axis was distinguished by observing the birefringence along
each of these directions, Since the ac plane 18 a mirror plane
in the monoclinic unit cell, the minimum birefringence should be

observed for the b direction,

D. Apparatus for Davydov Splitting Experiment

The goals of the Davydov Splitting Experiment were to
find: (1) the change in the energy of the (0,0) triplet tran-
sition [(0.0) designates a transition from the lowest vibrational
level of the ground state to the lowest vibiational level of an
excilted state] in a pyrene crystal between its values for light
polarized perpendicular and parallel to the b direction, and (2)
the line width of the absorption line assocclated with the (0,0)
triplet transition for a pyrene crystal.

To accomplish the above aims the absorption spectrum

in the region of the (0,0) triplet transition was ob-
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tained indirectly by measuring the delayed fluorescence vs,
incident wavelength for each of the two polarizations,

The apparatus used in performing the Davydov Splitting
Experiment consisted of the following, (1) a high intensity
light source, (2) a scanning monochromator, (3) a polarizer,
(4) a second order filter, (5) a crystal holder, (6) observa-
tion filters, and (7) an electrical system (Figure 6,1),

(1) High Intensity Light Source

A 1000 watt xenon lamp (Hanovia 976C1) was used as the
source, In order to prevent damage to other parts of the op-
tical system, the xenon lamp was followed by a 2 cm water heat
filter,

(2) Scanning Monochromator

The scanning monochromator consisted of: (a) a mono-
chromator; (b) a syncronous drive mechanism; {(c) a motor power
supply: and (d) a trigger pickup.

(a) Monochromator

The monochromator was manufactured by Jarrel Ash, It
had a quarter meter focal length, and was equlpped with a 1180
groove/mm grating having a 6000 A blaze, With this grating the
linear dispersion of the monochromator 1s advertized to be
33 A/mm,

{(b) Syncronous Drive Mechanism

The syncronous drive mechanism is shown in Figure 6,2,
The monochromator was driven by a two-speed reverslble syn-
cronous motor, which was connected to the monochromator drive

shaft by a bellows coupler, The motor was operated at 1 r,p.m,
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in the direction of decreasing wavelength and at 2 r,.p.m, in
the reverse direction, Data were taken only 1in the direction
of decreasing wavelength, In thils directlion the wavelength
speed was approximately 280 R per minute, Cam 1, mounted on
the drive sharft, was used to trigger (see Trigger Pickup) a
computer of average transients (abbrev,, CAT) into recording
the output from the cooled photomultiplier {(see Figure 6,1),
A second shaft was coupled through gears to the monchromator
drive shaft, and driven at one fifth the motor speed, Cam 2,
mounted on this shaft, was used to control the limits to which
the monochromator could travel (see Motor Power Supply).

(c¢) Motor Power Supply

The purpose of the motor power supply was to drive the
monochromator cyclically between a desired high and low wave-
length, To introduce as little lmpulse as possible, all switche
ing was done after the motor was shut off and allowed to glide
to a stop., The motor power supply 1lllustrated in Figure 6,3 was
composed of a microswitch, two time delay relays, a ratchet relay
and motor switching relays,

The motor was controlled in the following manner, When
the monochromator reached its lower wavelength 1imit microswitch
82 was closed by Cam 2 which caused time delay relay 1 to turn
the motor power off for three seconds, After the first two sec-
onds time delay relay 2 actlvated the ratchet relay, which caused
the motor switching relays to set the motor up for a fast rewind
(2 r.p.m,}., One second later power was restored to the motor by

relay 1, and the monochromator was driven in the direction of in-
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creasing wavelength, When Cam 2 reached 1ts high wavelength
1imit, the switching process was repeated, and the motor was
reversed into the direction of decreasing wavelength at 1 r.p.m,
(4A) Trigger Pickup

The trigger pickup, as mentioned earlier, was used to
initiate the recording of data by a CAT (see Electrical System).
This trigger plckup, illustrated in Filgure 6.4, consisted of a
rotating cam, a microswitch, and a pulse circult,

The trigger pilckup operated in the following manner,
Wwhen 81 was switched from A to B by Cam 1 the charge on C1 was
transferred to 02 through resistor R2. In this way a pulse
with a rise time of under one microsecond was generated across

R When 81 was switched back to A, capaclitor Cy recharged in

o
readiness for the next trigger pulse, To inhibit a trigger pulse
from occuring during the rewind, the battery E in the pulse cir-
cult was open clrculted with the aid of switch 33 in the motor
power supply, and residual charge on C; decayed through R1 and
Ry. In order to avoild inertial lags which occur at the beginning
of the slow scan, cams 1 and 2 were adjusted so that the trigger
pulse occurred about two seconds after the start of the slow scan,
(3) Polarizer

The llght leaving the monochromator was polarized by
means of a calcite crystal polarizer (Karl Lambrecht Crystal
Optics Inc.)., It was found that the light from the xenon
source-monochromator combination had a preferred horizontal
polarization, 1In order to transmit as much polarized light
as possible the axls of the polarizer was set in the horizon-

tal direction.
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(4) Second Harmonic Filter

According to Avaklan,u the (0,0) triplet transition in
pyrene occurs for unpolarized light of 5935 1. At this setting
the monochromator produces second-order light at 2967 X. Since
the singlet levels in pyrene absorb at wavelengths less than
3800 1,5 the second harmonic must be eliminated, This is ac-~
complished by using the Corning CS 3-69 filter which acts as a
high wavelength pass fllter above 5100 i.

(5) Crystal Holder

The crystal holder is shown in Figure 6.5, The crystal
holder was designed to rotate the crystal about its c' axis,
The holder was oriented so that the incident light was normal
to the ab plane of the crystal. In order to avold disrupting
the alignment of the optical system, the position of the crystal
was controlled remotely, This was accomplished by rotating the
crystal holder shaft with a servo motor, The angle between the
b axis of the crystal and the plane of polarization of the in-
cident light was monltored by a potential divider which was
coupled to the servo motor sharft, The voltmeter used to indil-
cate this angle was calibrated and could be read to within %
degree,

(6) Qbservation Filters

The delayed fluorescence emitted by pyrene 1s composed
of wavelengths greater than 4000 i. In order to keep from de=
tecting the incident light at approximately 5900 A, a 3400 A
to 5000 ; band pass filter combilnation (Corning CS4-72 and

CS5~-58) was used before the photorultiplier.
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(7) Kectrical System

The delayed fluorescence from the pyrene was detected
by an EMI 9558 photomultiplier., By cooling the photomultiplier
to -20'C with a temperature stabilized tube chamber (Products
for Research Inc,, Model TE 102-TS), the signal to noise ratio
was increased by a factor of one hundred, The current from the
photomultiplier was measured by an ammeter (Kiethly Model 150 B)
with a time constant of 25 milliseconds, The ammeter provided
a one volt full scale output which was connected to the input
of a Northern Scientific CAT, The CAT was programmed to sweep
through its memory at the rate of 80 milliseconds per channel
upon receliving a trigger signal from the monochromator trigger
pilckup, The resulting data was recorded by a Tally Paper Tape
Punch,

The wavelength separation of the channels of the CAT was
determined by placing a neon source at the entrance slit (0,1 mm)
of the monochromator and recording the spectrum of this source
with a photomultiplier at the exit slit (0.1 mm), Since the (0,0
triplet transition in pyrene takes place at 5935 34 (for unpo-
larized incident light) the neon lines at 5944.,8 i and 5881.9 A
were analyzed 1in order to obtain the wavelength separation of
the channels, The wavelength separation was found to be 0,340 ;

per channel,
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CHAPTER 7

Experimental Procedure, Results and Discussion
of the Davydov Splitting Experiment

A, Experimental Procedure

P, Avakian and E, Abramson have shown that the absorp-
tion peak corresponding to the (0,0) triplet transition in
pyrene is centered at 5935 R for unpolarized excitation.1 In
order to find this absorption peak, the polarizer was removed
from the setup in Figure 6,1 (with 1 mm slits on the monochro-
mator) and the wavelength of the incident light was reduced
from 6500 i until delayed fluorescence was observed (the fluo-
rescence varled as the square of the incident excitation). The
spectrum of the delayed fluorescence from 6000 1 to 5200 A was

similar to that observed by Avakian and Abramson.1

By comparing
the position of a krypton line at 5870.9 i with the position of
the (0,0) triplet transition peak (the longest wavelength peak

in the delayed fluorescence spectrum)} and using the channel wave=-
length separation of 0,340 i per channel (see chapter 6, section
D), the triplet transition peak was found to be located at 5928 K.
At this point cam 2 on the monochromator drive mechanism was ad-
justed so that the monochromator would cyclically scan over the
(0,0) triplet transition peak (see chapter 6, section D) and cam
1 was adjusted so that the trigger pickup generated a pulse 2
seconds after the start of the scan to shorter wavelength, The
polarizer was then replaced and the crystal holder was rotated

to a position in which the incident light was polarized along ei-
ther the a or b direction of the crystal. The (0,0} triplet tran-

sition peak was recorded in 254 channels of the CAT and signal av-
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eraged over 50 scans of the monochromator, A typical signal
averaged (0,0) triplet transition peak is shown by 254

s0lid circles in Figure 7.1,

B. Calculatjion of the Peosition of the Maximum of the (0,0)

Triplet Transition Peak
In order to find the position of the maximum of the

{(0,0) triplet transition peak the signal averaged data was

rit with an elighth order power series by the method of least
squares, A typlcal fit is illustrated by the solid line in
Figure 7.1, The elghth order power series was used because
fits with power serles of lower order had larger mean square
deviations and ninth and tenth order power series gave the
same answer for the position of the maximum with 1little change
in mean square deviation, The position of the maximum was
found by calculating the ordinate of the power series rit at
intervals of a tenth of a channel (in the region of the fit)

while storing the abscissa corresponding to the largest ordinate,

C. HResults and Discussion

Table 7.1 shows the results of experiments performed on
three different samples from the same boule, The polarization
was alternated until a total of five runs (each run represents
50 signal averaged scans) at each polarlization were made on each
sample, Since the wavelength of the excitation decreases with
increasing channel number, Table 7,1 indicates that the transi-
tion which i3 exclited by a polarized light (state|4>') is at

lower energy (lower wavelength) than the transition excited by
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b polarized light (state {£> ), 1In addition the delayed fluo-
rescence at the maximum of the b polarized transition peak was
found to be 404 greater than the delayed fluorescence at the
maximum of the a polarized transition peak, Table ?7,1 also in-
dicates that the mean Davydov splittings for samples 1, 2 and 3
are 2,82 .7, 2,3 .4 and 2.4 % 7 channels respectively (the var-
iation in the mean deviation of these numbers 1s due to difference
in signal to noise ratio caused by differences in the thicknesses
of the three samples}, Since the wavelength separation of the
channels is 0,340 ; per channel, the Davydov splittings of sam=-
ples 1, 2 and 3 1n Angstroms are 0,95 2,24, 0,78% .14 and 0,82%, 2
respectively. The average value of the Davydov splitting for

the three crystals is 0,85%,21 i. In inverse centimeters this

splitting is given by

-8
(0.851.21) x10

an) x%%)

where A[g) and AI4> are the wavelengths corresponding to the

absorption maxima of states |2) and |4)> respectively. Since

),4) is only 1 K larger than'li&> » both )|2> and )Iq> can be

taken to be the unpolarized value of 5928 K, and A 1is Z.b!.6cm'1.
The scattering time can be obtalned from the width of

the (0,0) triplet absorption line. If this line is approximated

by a Lorentzian with a half width at half maximum ", the scat-

tering time T35 from the uncertainty principle will be approxi-

mately
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T = g';;,— 7.2

Since the delayed fluorescence spectrum 1s proportional to the
square of the absorption spectrunm, M will correspond to the
half width of the delayed fluorescence peak at quarter maximum
after correcting for the finite slit width of the monochromator,
In order for this correction to be as small as possible, the
$1it width of the monochromator must be reduced to a practical
minimum, In polarized light a reduction of the slit width to
3 mm was found to give inadequate signal to noise ratio, Since
the splitting 1s small compared with the width of the delayed
fluorescence peak, the half width at quarter maximum can be de-
termined in unpolarized light. In unpolarized light a reduction
of the s1it width to 2 mm was found to give adequate signal to
noise ratlo, and the resultant data had a half width at quarter
maximum of 101 channels or 34,5 R (using 0.340 i/channel) or
98 cm_1 (using 5928 A as the position of the unpolarized triplet
absorption peak), After correcting for the finite slit width
of the monochromator, as demonstrated in the Appendix to this
chapter, the half wldth of the absorption spectrum at quarter
maximum & wag found to be 91 cm—l. Using this value for r '
the scattering time from equatlon 7,2 is 2.9x10"1“ sec,

The values of the Davydov splitting and scattering time
willl now be used to estimate the triplet exclton velocity and

diffusion constant, Using equation 5,93, the root mean square

value of the a component of the triplet exciton velocity 1is
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Substituting in equation 7.3 for the diffusion constant Daa

from equation 5.95,

.l(v = &"{ 7.4

3 and & as 2.4%,6 cm-l in equation 7.4,

,J(U:> = (?.?21.9)::103 em/sec

Solving equation 7.3 for the diffusion constant Daa and sub-

Using a as 13.60 A

-14 _
stituting 2.9x10 sec for &;.

=6 2 -1
Dyg = (1,7*,8)x10 cm =sec
An estimate of the triplet exclton diffusion length can
be made from the diffusion constant and the triplet decay rate,
From diffusion theory 1t is known that the diffusion length L

15“

L = '76: 7.5

where D is the diffusion constant and p is the particle decay

-1

-6
rate, Using 1.7x10 cmz/sec for D and 160 sec for ﬂ (see

chapter 1, section A), the diffusion length L is about 1,5 mi-
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crong, This diffusion length 1s much larger than a lattilce
constant, as one would expect for a triplet exciton (see chap-
ter 1, section A),

In addition to the parameters which have already been
obtained by using the Davydov splitting, some information about
the molecular wave functions can probably be obtained from this

quantity. The Davydov splitting from equation 5.76 1is
= - . 6
6 = 4 I(Az n_,)l 5.7

where A2 and A3 are the molecular exchange interactions illus-
trated in Flgure 5,1, By calculating A2 and A3 for various
wave functions, and using the constraint imposed by equation
5,76, it 1s concelvable that a proper molecular wave function
can be chosen, or at least equation 5,76 may serve as a test
for the rejection of certain choices,.

Finally, the estimated wvalues of the triplet exciton
velocity and scattering time can be used to chocse a theoreti-
cal model which can best predict these parameters, The motion
of an exciton may be described by elther a localized or delocal-
ized model, In the locallzed model, which 1s commonly called the

hopping model.5

exclton diffusion 1s described by a random walk
process, In the delocalized model, commonly called the band
model,6 the exclton 1s described by a plane wave which 1s nearly
stationary and the scattering length 1s taken to be much larger
than a lattlce constant, Since the scattering length is the

product of the triplet exciton velocity and the scattering time,
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[ ]
the scattering length in pyrene i1s about 0,02 A (using ?.?xlO3

cm/sec for the triplet exclton veloclty and 2.9110-1b sec for
the scattering time)}, Since this scattering length is much
less than a lattice constant, and since the band model requires
a length which is long compared to a lattice constant, it 1is
concluded that the locallized model affords the best description

of the triplet exciton diffusion in pyrene,
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APPENDIX

A. Correction in the Half Width at Quarter Maximum of the
0,0) Delayed Fluorescence Peak for the Finite Slit Width

of the Monochromator

Due to finite slit width, the light at the exit slit of
the monochromator will not be strictly monochromatic, For a
moncchromator set at a frequency 0’, the intensity at the exit
slit, for a nearby frequency V , may be approximated by the

triangular distrlbution?

TW-Y) = I(o)[(i;t’;) + 1] Foe D £9&(V'¢s)

TO-Y)=1¢) [- CR) 1) for QI

and

where s 1s the slit width in energy units, Since the triplet
exciton density 1s proportional to the incident intensity and
absorption coefficlent (see equation 2.13) and since the delayed
fluorescence 1is proportional to the square of the triplet exciton
density, if the absorption line is assumed to be Lorentzian, the

delayed fluorescence 1is

N I(OY) 2
I;(J)- k[J(o-b}hr‘ dD] A2

where k 1s a constant of proportionality and QL 1s the fre-
quency at which the absorption 18 a maximum, Substituting in

equation A,2 for the slit Aintensity distribution I(D-:Y) from
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equation A,1 and integrating, the delayed fluorescence inten-

sity becomes

‘ 2 [(s9)%+ Fz]l PR VI (ad+s)
¢ ) &3 [(aD-S)i-f‘z][( +1)z1-l"z'] r ( 5) A.E
4
-1 -5 s §
- 'Iﬁ'(l' és—a)ta.h (h;)ﬂ ) - é—[:—ofah %,Q

where

av=0'-V,

Equation A.4 can be written as
I*« (\)‘) = I;; (‘M)’ FJS) A.5

The ratlo of the delayed fluocrescence at the top of the peak

to 1ts value at quarter maximum from equation A,5 is

__I‘,(ans) = -, A6
]:}(éol:(ﬁ.s) 4 .
“

wherebah 1s the half width of the delayed fluorescence peak
at quarter maximum, Since .Jﬁ_ and s are experimental numbers,
[ can be found by changing its value until the ratio on the
left hand side of equation A.6 is 4; the corresponding value of
[’ is then the true half width at half maximum of the absorption

spectrum, For the present experiment sy was found to be 98

| /‘*
=1
ecm ., Since the linear dispersion of the monochromator 1is 33

1

2 a
A/mm, a ! rm s§1it represents an s of 16,5 A or 47 cm~" (using
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|
5928 A as the average wavelength of the (0,0) triplet transi-

tion peak), Using the above numbers for &Dyy and s in equa-

tion A.6, the value of ' is 9% cm'l, as reported in section C.
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