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Abstract—The intensity I, of the sensitized delayed fluorescence (SDF) of an
anthracene single crystal depends in the simplest case on four quantities:
The generation rate k, o I, of triplet excitons (I, = excitation intensity), the
rate of surface quenching of triplet excitons and the rates of monomolecular
and bimolecular decay of triplet excitons. For this case the intensity depend-
ence I, = I,(I,) is derived for the stationary state and compared with experi-
mental results obtained with erythrosin as a sensitizer. The agreement
between theory and experiment is satisfactory.

1. Introduction

In a preceding publication® the connection between sensitized
photoconduction and sensitized delayed fluorescence (SDF) of
anthracene single crystals was investigated. A simple reaction
scheme was proposed for the dependence of the intensity I, of the
SDF on the surface generation of triplet excitons and on the decay
processes, competing with triplet—triplet-annihilation. This reaction
scheme is shown once more in Fig. 1.

In the present paper the quantitative consequences of this model
are derived and compared with experimental data.

2. Spatial Distribution n(z) of Triplet Excitons in the Stationary State
2.1. PropucTION AND DEcay oF TrrpLET ExcITONS

Triplet excitons are generated at the crystal surface with the rate
ky:
ky = Lpencnpr = Ignsens = Iy (1)
263
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I, = excitation intensity in photons ecm=2s71,
€, = natural molar extinction coefficient in cm? mol1,
¢ = concentration of adsorbed dye in mol cm2,

ner = quantum yield of the energy transfer
1ID*¥ 1L Ao, >D434*

nsens = yield of triplet excitons with respect to I,

k, <e, ¢ is justified because only a small fraction of the light is
absorbed.
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Figure 1. The simplest reaction scheme for the sensitized generation of
triplet excitons *4A* with the rate k, o« I, and the decay of triplet excitons by
surface quenching @,, monomolecular decay @, and bimolecular decay @,.

Triplet excitons are consumed by three processes:
1. Quenching of triplet excitons at the surface with the rate @,:

D, = k;n(0) - (2)

(k, = surface quenching rate constant; n(x) = concentration of
triplet excitons at a distance « from the surface).
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2. Monomolecular decay of triplet excitons in the bulk of the
crystal with the rate @, :

o, =B I: n(@)dz (3)

(8 = monomolecular d;acay constant).
3. Bimolecular decay of triplet excitons by T-T-annihilation with
the rate @,:

b, = yj n(z)*dz (4)
0
(y = T-T-annihilation rate constant).

In the stationary state the production of triplet excitons equals the
decay of triplet excitons:

b= k) +8 | ne)e+y [ e Q
0 0
ko = Q, + @1 + ¢g (5&)
and in the bulk of the crystal (x > 0) the equation
d?n
DT _ pria) - yieyt = 0 (6)

holds (D = diffusion constant of triplet excitons for the direction x L
crystal surface).

2.2, SIMPLIFYING AsSUMPTIONS CONTAINED IN EQs. (5) AND (6)

The equations (5) and (6) contain several simplifying assumptions:

(a) The crystal surface is illuminated homogeneously and the
diameter of the illuminated area is large compared to the diffusion
length of triplet excitons in a plane parallel to the surface (see Sec. 4).

(b) The surface is an ideal plane surface.

(¢) The direct generation of triplet excitons by 14 — 34* absorp-
tion is neglected. This assumption is easily justified experimentally
by the measurement of the delayed fluorescence I,, in a blank
experiment when no dye is adsorbed on the surface. For thin crystals
(d <100 um) the condition I,, <1072 I, was usually fulfilled.

(d) The finite thickness d of the erystal is not taken into account.
This is justified if for the diffusion length L = D of the triplet
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excitons d>5L. 7 ~10"%sec and D =D, ~107% cm?s71® gijves
L ~107*em = 1 um. The crystal thickness was usually between 10
and 100 pm.

(e) The constants %,, 8, v do not depend on the excitation intensity
I, At least for %, this is not a trivial assumption. If for the triplet
energies E(34A*) and E(3D*)

E(*A*) ~ E(°D¥), (7)
triplet excitons can be quenched at the surface by T-T-ET and
deactivation of 3D*:

sg%.. 1D v1g . sps (8)
sD* ko 1]) (9)

In homogeneous solution the reverse energy transfer (8) has been
observed, e.g. with D = eosin or erythrosin.® In the stationary state
k, can be written as

ka = kao +kAD ¢’ = kao +k31 (10)

kp
kp+kpa
¢’ is a constant with the dimension of a length (see Sec. 5.3). A
consequence of (8) is the possibility of mixed T-T-annihilation (11):
SD¥ +-34% o (AD*+A) > D™ + At (11)
i.e., to the balance equation (5) a second surface quenching term
k,n(0)? should be added. Thus, the simplifying assumption con-
tained in (5) is
kogn(0) <y + Ky
(f) B does not depend on z. It should be noted that the intensity
dependence I, « I,2, derived in Sec. 3.1 for low excitation intensities,

does not depend on this assumption. For I, « I, it is sufficient that
n(z) = n(0) : f(x)—with n(0) «< I, and f(x) independent of I,

2.3. SoLuTION OF THE DIFFERENTIAL EQUATION (6).
With the boundary conditions

limn{x) =0; lim dn(z) =
>

0 12
lim =~ (12)

one obtains from (6):
n(x) = noexp (—z/L){g/[1 - (1 -g)exp(-=z/L)]}* (13)
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with 7, = n(0) and

L ~ (DB = (Dryt (1)
= 3BT 4 2\
7= ne [(H 38 ) 1} e
With (13) one gets for the integrals @, and &b, in Eq. (5a):
@, = B[ nodz = pualy (16)
By 7| norde = pymtp 210 (17)
0

It is useful to define two other quantities: The average distance of
T-T-annihilation from the surface, z7r, is defined by

T = J: n(x)“xdx/J? n(x)®dx (18)

— 29(1-g+¢lng)
xrr = }L
S S (R
The average decay constant B of triplet excitons in the bulk of the
crystal is defined by

(19)

B= J: (B +yn(z)) n(z)dx / j: n(x) de (20)
B = B(1+D,/P,) =ﬁ+%’)’no2;g (21)

3. Connection Between &, and the Measurable SDF 1,
3.1. LimitiNg CasE @, < @,

For small excitation intensities I, the T-T-annihilation can be
neglected as a process leading to the decay of triplet excitons, i.e.
vy <B, g~1and @, <P, In this case the following equations
are obtained :

n(x) = noexp (—z/L) (13a)
P, = fn,L (16a)
O, = dynL (17a)

zrr = 4L (19a)

B=8 (21a)
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n(x) is an exponential function of . The rate v,(x) of generation of
singlet excitons by T-T-annihilation is then also an exponential
function :
va(%) = dyfno’exp (- 2z/L) (22)
(f is the probability of formation of a singlet exciton by a T-T-
annihilation; f ~0.4“. The exponential dependence of v,(x) on z
has been used for the determination of the diffusion constant
D =D,®. wvy(x) can be compared with the rate vpr () of prompt
generation of singlet excitons by direct excitation in the near UV :
Upr (%) = To0xp (- o) (23)
(« = absorption constant of anthracene). The exponential functions
in (22) and (23) are identical if 2/L = «. In Fig. 2(a) fluorescence
spectra of an anthracene single crystal are shown for different
penetration depths 1/« of the excitation light. With increasing 1/«
the first maximum at 400 nm decreases because of increasing re-
absorption of the short wavelength fluorescence. Figure 2(b) shows
identical spectra of prompt fluorescence and sensitized delayed
fluorescence.
The exponential function in (22) is independent of the excitation
intensity. Therefore the fraction of singlet excitons which are
quenched at the surface is constant, and

Iy o« D, (24)
holds. The balance equation (5) reduces to
Tonsens = ko = kyng+ BnoL (25)
or
ng «< Iy (26)
and with (17a)
1 2
I = 0y = ol = by (p215) < 12 (27)

3.2. GENERAL CaSE

In the general case I, is only approximately proportional to @, for
two reasons:

(a) With increasing excitation intensity Zrr decreases, i.e. the
quenching of singlet excitons at: the surface increases. Let P,(zrr)
be the probability that a singlet exciton is not quenched at the
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surface. For a pure anthracene crystal P,(zrr) is approximately
the quantum yield of the primary fluorescence. In the general case
the rate v,(x) of generation of singlet excitons by T-T-annihilation is
a non-exponential function of #. Approximating v,(x) by v4(z) =
exp ( — z[xrr) and assuming that every singlet exciton that contacts
the surface is quenched, one gets®:
PEmm) = T

(28)

(L, = diffusion length of singlet excitons ; L, ~ 400 A for the direction
¢’ 1 a,b-plane®).

(b) With decreasing zrr the fluorescence reabsorption also
decreases. The average wavelength of the observable fluorescence is
shifted to shorter wavelengths. I, < @,P,(x7r) is still valid, if the
spectral sensitivity 3(A) of the measuring system is constant in the
spectral region of the anthracene fluorescence and if the increase of
total reflection of fluorescence light with decreasing A is neglected.
With the used combination, Schott blue filter BG 12 (8 mm) + RCA
photomultiplier 1 P 21, the maximum of 9(A) was at 400 nm; at
450 nm $(A) was only } of the maximum. Thus 9(A) was far from
being constant. The probability that the emitted fluorescence is
measured, Py, increases with decreasing zpy. Thus generally

I, « @, Py(@rr)* Py(rT) = Pof (RrT). (29)

4. Experimental

For details of the experimental technique see Ref. 1.
The SDF of anthracene was measured with erythrosin as a sensi-
tizer. Erythrosin was chosen for three reasons:

1. With erythrosin a higher intensity I, of the SDF was found than
with eosin Y or rhodamine B.

2. The properties of the heterogeneous system anthracene single
crystal/adsorbed dye/aqueous dye solution were constant for
hours in the case of erythrosin.

3. With erythrosin a practically normal time dependence I(f)
was found.® Thus a necessary condition for the applicability
of the model in Fig. 1 was fulfilled.
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The excitation intensity of an argon-ion-laser beam was varied with
calibrated neutral density filters. In addition the relative excitation
intensity was monitored by measuring the fluorescence intensity of
the dissolved erythrosin. At the end of the experiments I, was for a
given [, less than 10%, lower than at the beginning. The maximum
deviation of I,(y,z) from the average /(y,2) was estimated to be less
than 209, (y,z-plane perpendicular to the beam direction z).

Spectra of the SDF were measured with a Bausch and Lomb high
intensity monochromator with an additional Schott filter BG 12
(4 mm) for suppression of stray excitation light. For the selective
measurement of the fluorescence intensity at 400 nm (first maximum)
and 422 nm (second maximum) Schott double band interference
filters DEPAL with an additional BG 12 (4 mm) were used.

Orientation of the crystal: The crystal was situated between two
crossed polarizers. Visible linearly polarized light passes unchanged
through the crystal if the crystallographic a-axis or b-axis is in the
plane of polarization. Thus, if complete darkneéss occurs the polari-
zation of the light is parallel to one of the two axes. For the
differentiation between the two axes use was made of the fact that
the fluorescence spectrum of crystalline anthracene depends on the
penetration depth of the exciting light. The crystal was excited in
the second absorption maximum at 373 nm with polarized light and
the fluorescence intensity I was measured at 400 and 420 nm. The
ratio 1(400)/1(420) is greater for polarization parallel to the b-axis.

The experiments reported in this paper were performed before the
oriented adsorption of erythrosin‘®) was known.

5. Results and Discussion
5.1. INTENSITY DEPENDENCE OF THE SDF

In Fig. 3 experimental values of the intensity I, of the SDF are
shown in relative units as a function of the excitation intensity
Iy: I, = I,(I,)—full circles. The curve @, = @,(I,) has been calcu-
lated. In the dashed curve @, the increasing surface quenching of
singlet excitons has been taken into account (cf. Eq. (28)):

®, = 9, P/arr)/P/(L/2) (30)
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Figure 3. Intensity dependence of the SDF of an anthracene single crystal.
Experimental values: I,(I;)—full circles; (2.6-¢,)-1—empty circles (for the
definition of #, see Fig. 4); @, =1,(400)/I,(420)—symbol ¢. Calculated
curves: mg, ®s, Dy, B, Brot DfTrr (the vertical scale of Byt and Dfzypr is
the same as for B), zpy/L. The curve @y, has been calculated from experi-
mental values. Hxaperimental conditions: Aqueous solution with 1.6-10-*M
erythrosin, 10-2 M NaOH, 1 M KCl in contact with the a,b-plane of an anthra-
cene single crystal. Temperature: 22 °C. Excitation at 514 nm.
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In the calculation of @, = ®,(I,) the triplet concentration n, was
used as independent variable. ®,, @,, ®, were calculated for a given
nq with Egs. (2), (16), (17); k, was obtained from the balance Eq. (5a),
and with ngens, /o, Was obtained from Eq. (1). The following values
of the constants were used :

B=143571, D =5-10"7 cm?sec™?,®
y = 210711 ¢m?® sec™1.®

The constants k, and 7gens Were used as adjustable parameters. The
curves n, Dy Py, B, Bios D/Zrr? and zrr/L in Fig. 3 were calculated
with -
k, = 0.08 cn 871 7geng = 8.1+ 1075,

Figure 3 shows that the experimentally found intensity dependence
I(I,) can be described quantitatively by the model in Fig. 1.
Especially at low excitation intensities the expected quadratic
dependence I, « I 2 has been found. At high intensities the experi-
mental values [, lie between the two calculated curves @, and @,’.

The values of the constants k, and nsens are to some extent arbitrary
for two reasons: Firstly because of the uncertainty introduced by
the unknown function f(zrr) in Eq. (29), secondly because of the
uncertainty of the constants y and D,. For this reason possibly
only the order of magnitude of k, and 7sens is correct.

5.2. TiME DEPENDENCE I, = I,(¢)

It has been pointed out® that at constant excitation intensity I,
the intensity I, of the SDF should rise monotonously and finally
attain a stationary value. Figure 4 shows that this is approximately
the case even with the highest excitation intensities used.

The complete analysis of the time dependence I,(f) requires the
calculation of P,(t). In principle the rise of @, can be calculated
from the partial differential equation

6n‘(;:,t) -D 627;5:&) — Bu(z,t) - yn(z,t), (31)

the balance equation
kot) = kn(0,t)+ B J. n(z,t)dz +y Jw n(z,t)2dx + gi ro n(z,t)dz, (32)
0 0 0

and from the condition n(x,t) = 0, if the excitation begins at ¢ = 0,
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Figure 4. Definition of the rise time ¢, of the intensity I, of the SDF. Ex-
citation intensity for the upper curve: I, 1.0-10!® photons cm-? sec~!; for
the lower curve I, is by a factor 0.34 lower.

The decay of @, can be calculated from (31), from the boundary
condition

km(ot) =D (%) S (33)

and from the stationary distribution n(x) at ¢ = 0, if the excitation
ceases at £ = 0. The numerical calculation of @,(t) certainly consti-
tutes a considerable computational task. However, for certain
purposes a much simpler approach is sufficient.
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The experimentally observable rise of the SDF can be character-
ized by the rise time ¢, ¢, is arbitrarily defined by I,(t,) = 0.9
(I 3)max (see Fig. 4). The intensity dependence of £, can be estimated
in two ways. The diffusion of triplet excitons into the bulk of the
crystal is limited by monomolecular and bimolecular decay. The
average decay constant for both processes is in the stationary state g
(see Eq. (20)). Therefore one should find approximately 1/, « B.
Figure 3 shows that in fact (2.6:¢,)"* = 8. In view of the arbitrary
definition of ¢, and of the experimental uncertainty of ¢.( +109),
the close fit of the calculated curve to the experimental points has to
be regarded as fortuitous. By analogy with a homogenous distri-
bution of triplet excitons, one should expect for the absolute values:
t,>7 = 1/8. In contrast to this {, = 7/2.6 < 7 is found. This is
certainly caused by the complete neglect of surface quenching of
triplet excitons, which is the dominating decay process in nearly the
whole intensity range.

Another approach to the estimation of the intensity dependence of
t, can be based on the fact that the average distance zrr of triplet—
triplet-annihilation from the surface decreases with increasing
excitation intensity—see Fig. 3, zpr/L. The time required to attain,
at x =z7r, a definite fraction of the stationary value n(Zrr)siat
therefore decreases too, and one should expect approximately
t, « xpr®/D. In fact the intensity dependence of ¢, is nearly as well
represented by zrr?/D as by 7.

The decrease of zry with increasing I, has been observed more
directly by the measurement of the intensity I, at 400 and 420 nm,
I,(400) and 1,(420). With decreasing Zyr the ratio @, = 1,(400)/1,(420)
increases, because the fluorescence reabsorption decreases (see Fig. 3).
The slope of @, is of the right order of magnitude. This is shown by
comparison of ¢, with the corresponding ratio Qp, of the prompt
fluorescence. One should expect Q, ~ @y, if zpyr = 1/x. With this
assumption the curve @y has been calculated from the excitation
spectrum® Qpr = Qpr (x(7)).

The initial slope of the decay curve of I, can be estimated by
including surface quenching in the average decay constant of triplet
excitons:

,’s;=,3<1+%+%) (34)
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If the excitation ends at ¢ = 0, one should find

dlnl, iln &, _
)~ ~- 2B (35)

1, is only approximately proportional to P, because zrr increases
monotonously for ¢ > 0. Experimentally this can be demonstrated
by measuring the decay of I, at 400 and 420 nm: 7,(400) decays
faster than ,(420). An example of the applicability of (35) is given
by the lower curve in Fig. 4. One finds (dInI,/dt),_, ~ —9-104 g1
and 2 By, = 4.0- 104571,

If the initial slope of the decay of I, is mainly determined by the
surface quenching constant k,, it can be used to decide whether the
change of an external parameter leaves k, unchanged or not; e.g.
application of a voltage®) decreases I,. If the decrease of I, is only
due to a decrease of k,, then, for a given stationary value of I,, the
initial slope of the decay of I, should be independent of the applied
voltage.

5.3. INTERPRETATION OF THE CONSTANT £k,

The dimension of k, is cm 872, From k, a first order rate constant
k,’ can be obtained by the following consideration: Let the crystal
surface be a pure (001) plane. Then it is reasonable to assume that
triplet excitons are quenched by a surface reaction only if they are in
the first monolayer of anthracene molecules. The thickness of
thislayeris ¢’ = 9.17-1078 cm.® Thus the rate of surface quenching,
®,, can be written as

. o
D, = kn(0) = f—,’E n(zx)dz = k,’ L n(x)dx
With %, = 0.08 cm sec™ one obtains k,” = k,/c’ ~1-108gec™t. %, is
the decay constant of the contact pair D...34* with respect to
surface quenching. D stands here for the total adsorption layer and
not only for the adsorbed dye.

CoxcLuDING REMARK

It should be possible to clarify the role of the reverse T-T-ET
S4*+ D - A +3D* by the measurement of the phosphorescence of
the adsorbed dye. In this connection it is noteworthy, that the dye
solution can be removed after sufficient dye has been adsorbed, and
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that the SDF can be observed also at 77 °K: The absolute intensity
and the excitation spectrum of the SDF are not very different at room
temperature and at 77 °K.

In principle, some of the quantities occurring in the model can be
determined independently. The absolute value of }f®, can be
determined by the comparison of the SDF I, with a prompt fluores-
cence Ip: If a(¥) = 1/zrr, and if the absorbed intensity I,(9) is
known, then #f®, = I,(¥) follows from I, = I, (7).

The rate of light absorption by the adsorbed dye, Ise,c, can be
measured directly.® Thus, if k, is known from the intensity de-
pendence I4(I,), the quantum yield 7, of energy transfer can also be
determined. 7, is the quantity needed for the comparison of
different sensitizers.
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