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We discuss the role of interference effects in intramolecular electronic energy quenching of an ex-
cited electronic state of a large molecule., For a small electronic energy gap the Stern-Volmer relation
is obtained in the limit of strong coupling, while in intermediate cases the (pressure dependent) quan-
tum yield may exhibit 2 minimum, This prediction was experimentally verified for the radiative decay

of the singlet excited state of biacetyl.

1. INTRODUCTION

The classical Stern-Volmer (SV) equation
which is widely utilized to aceount for electronic
énergy quenching,

Y= (1+%9£[Q})-1 (1)

relates the emission quantum yield ¥, the
Quenching rate constant % , the quencher concen-
tration [Q] and the "pure" radiative lifetime
(k)1 In thig note, we present a quantum mech-
anical electronic energy quenching scheme,
Which yields the SV relation as a limiting case,
and discuss the role of interference effects which

will yield interesting deviations from the classi-
al behaviour,
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THE TWO- LEVELS SYSTEM

We consider strong interstate coupling within
mall polyatomic molecule, or between two ex-
electronic states of a large molecule which
Beparated by a small energy gap. It is well
Wa [1] that no electronic relaxation will be in-
.strong coupling between a small number
romc levels within an "isolated" {collision
E%') Molecule in the 1ow gas phase. The lower
£re electronic manifold {l75}* cannot act as a
tive quasicontinuum. When this molecule

is externally perturbed by an inert gas, the elec-
tronic (non-radiative) relaxation characteristics
of any fsz‘) level in the higher excited electronic
state will be determined by a consecutive decay
mechanism [2] through the |Ij) states, Collisions
which occur during the lifetime of the excited
state provide a vibrationa! relaxation broadening
mechanism for the ]lj) states, whereupon at fi-
nite [Q] the fluorescence quantum yield will be
reduced relative to unity and the experimental
fluorescence decay pattern will be modified.
These features pertain to the occurrence of elec-
tronic relaxation in the externally perturbed
"small" molecule,

As the density of strongly coupled states in
the {I) manifold which are approximately degen-
erate with a given [si) level is low for a "small"
molecule **, we can reasonably consider a sim-
plified model which consists of two strongly cou-
pled vibroric-levels system (fig. 1). A single vi-
bronic level, ¢, of the higher electronic state

* 1 and s will denote the lower and the higher elec-
tronie levels, while ; and { refer to the vibronic
components of these levels, respectively,

** In what follows we assert that the small molecule
case 18 exhibited also by an excited state of a large
molecule characterized by a small effective ener-
gy gap. In this case, we have to allow for strong
coupling of ¢¢ with a small number of ¢; states
{or a single @) and weak coupling with a large
number of ¢y states (or a single ¢;) and weak cou-
pling with & {arge number of tbl states,
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Fig. 1. A schematic representation of the two relevant
vibronic levels and their decay widths. A, The two
level model system, B. Interstate coupling in an ex-
cited state of a large molecule characterized by a
small energy gap. is) is strongly coupled with )(Z}and
weakly coupled with the manifold {|I%}. The latter cou-
pling may provide a width Agp to the nonradiative de~
cay of |s).

]s) is active both in absorption and in emission
from the ground state by a total radiative width
[, (the "pure” radiative lifetime obtained from
the integrated oscillator strength being )11
The other zero order level, ¢, of the lower
electronic state ‘l) is optically inactive, i.e.

Iy = 0. This situation is well documented in real
life provided that the ls) and Il) states of the
"gmall™ molecule correspond to a singlet and to
a triplet state respectively *. The time evolu-
tion of the compound state of the system ¥(f) =
Celtypg + Cy(€) gy + ... canbe represented with-
in the framework of the Wigner-Weisskopf ap-
proximation by the decay matrix (2, 3]

Eg - éi7’5 Vel
N , (2)
Uls Ep - 2y

with the initial condition Cg(0) = 1. Here E¢ and
E; correspond to the energies, while yg = I's +Ag
and y; - o] represent the widths of the zero or-
der states ¢g and ¢, respectively. Ag is the
nonradiative width of the &g state, which can
arise from electronic relaxation to the ground

+  The extension of the argument with the initial con-
dition Cg(0) = 1 for finite I'] is straightforward [2]
and is of interest when the il} state corresponds
to a singlet state which decays radiatively to the
higher vibronic components of the ground electron-
ic stnte,
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state, to a weakly coupled dense manifold {¢ p}
corresponding to the excited state (but not to the
strongly coupled level ¢ ;4 and from vibrational
relaxation (if ¢, is not the vibrationless level),
A} represents the nonradiative width of the ¢
zero order state which again can arise from the
contribution of vibrational relaxation within the
133) manifold and from electronic relaxation to
the ground state. vgf represents the nonadiabatic
coupling matrix element between the states ¢ ¢
and (;bl.

3. CHARACTERISTICS OF THE RADIATIVE
DECAY

The differential photon counting rate P() inte-
grated over the whole energy region is [2]

Plt) - I lc 3)
while the quantum yield, Y, for emission is

given by

v= [ atb@-T, [ jcg)[?or. (4)
0 0

An explicit solution of these equations can be
recast in the form [2]

P = Tsles P
= Iy {(a2 +b2)exp[~yyt]+ (c2 +d?) exp|-yot|

- 2Re(a + ib) (c - id) expf - (g +y2)t]
x exp{- 181 - B2) I}

x {(B1 -ﬂz)2+[%(71-72)]2}'1. {5)

where AE = E¢ - Ep. By, By correspond to the en-
ergies while v and yg represent the widths (re-
ciprocal decay times) of the states which diago-
nalize the decay matrix and are given by

B1,2 = Rery 23 v1,2 = -2lmyy 2, (8)

where

N, g = ~HAE 3l gty

FUAE +3ify gy )2 + 4lug2]11/3 ()
and the auxiliary terms in {5} are
a:ﬁl_AEr b:%(?’l')’z}a
¢ =-By-AE, d=1%o-vp- (8)

The general expression [eq. (4)] for the quantum
yield takes the form
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a2+ b2 2, g2
= -+
Y1 Y2
- %Re {a +1b) (¢ - id)

2(v1 +¥2) +1(B1 - B}

x {(81 - B3)? + [3(y - v2) 2L, (9)

Egs. (8) and (9) display the features of the decay
characteristic of the initially excited ¢g state
via direct radiative and electronic relaxation
channels, and via coupling to an intermediate
level which in turn decays nonradiatively by vi-
brational relaxation. These results lead to the
following conclusions.

(a) The time resolved decay pattern will exhibit
radiative interference effects provided that the
spacing of the states which diagonalize the decay
matrix is comparable to their mean width, i.e.

|31-ﬁ2’ ~ 3l +vg). (10)

Egs. (6) and (7) then lead to the condition

Re{(AE + 3i{yg- )2 + 4lyg,|210/2 s+ 1)
{10a)

Several physical situations can be visualized
which satisfy the requirement for the observa-
tion of quantum beats

AE << [ogy| = dys+vy) (11)
or alternatively
vsil << AE ~ g +vy) (12)

and finally

AE ~|ugr] = Llys4yp). (13)

Relation (11) corresponds to the strong coupling
8ituation (i.e, fusl’ > [AE+ éi(—,«s-n) |) while re-
lation (12) corresponds to the weak coupling lim-
it (i.e. "USII <« JAE+%i{ys-yl)J). On the other
hand, eq. (13} deseribes an intermediate coupling
8ituation,

(b} No observable interference effects in the ra-
diative decay will be encountered when the mean
Width of the independently decaying states con-
“Biderably exceeds their spacing, i.e,

In this case, the decay will be fast on the time

Jcale for the onset of the oscillation,

) Quantum beats will not be amenable to experi-

i;'el:fil.'lbobsn:-:rva.t'mn when the level spacing con-
ly exceeds their mean width, i.e.

AR RN (15)
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Under these circumstances, the fast oscillation
will be averaged out by the measuring apparatus.
(d) The quantum yield feq. (9)] is not necessarily
a monotonously decreasing function of the width
¥1. This conclusion is apparent from numerical
calculations which demonstrate that for interme-
diate cases i.e. AE = Ugl = yg & 9, Y can ex-
hibit a minimum. In this case the time resolved
decay will exhibit interference effects in the vi-
cinity of the minimum,
(e} The quantum yield is expected to exhibit the
Stern-Volmer quenching equation in the strong
coupling limit. When Ivsg’» fAE + 3i(yg - yg)fwe
have for eq. (8) @ = -¢ = -vgyand b =d = 3(yg - ¥})
whereupon eq. (9) leads to
Us
CYs+ v

It is interesting to note that this relation exhibits
a simple branching ratio. We shall now invoke
the following assumptions: (1) the vibrational re~
laxation width v is proportional to the concentra-
tion {Q] of the perturbing gas (which is valid for
relatively low pressure gas phase quenching),
e y, = A?[Q]; (2) the external! perturber does
not ailfect ¥s, L.e. vibrational relaxation of the
¢s state is negligible *. (This assumption is
strictly valid for the vibrationless level of the
ls) state.) Eq. (16) can now be recast in the form
o
vs ar Tl

V=) —+— 16a

ERECI (16a)
which represents a somewhat more general
Stern-Volmer relation allowing for additional
nonradiative decay channels of dg. Cbriously,
when &g = 0, i.e. y¢ = I'g, we retain eq. (1) in
the strong coupling limit.
{f) It is interesting to note that the Stern-Volmer
quenching relation which is exhibited in the strong
coupling limit does not, in principle, exclude the
occurrence of quantum beats in P(f).

Such a situation will be realized when

(16)

bs -yl aE « st| ~ vs + YI- (17)
This condition can be satisfied only provided that
AE K yg = yp m fvszf and will be encountered on-
ly for a system which simultaneously satisfies
the following severe restrictions: (1) near degen-
eracy of the zero order levels; {2) small nonadia-
batic coupling (i.e. jvg7l = T'g); (3) a narrow
range of y; values (i.e. over a small concentra-

* Introduction of vibrational relaxation in the ’s) mani-
fold will lead to considerable complications as it will
connect states which can still decay radiatively and
thus contribute to Y.
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tion region of the perturber). It is highly im-
probable that these conditions will be realized in
real life. We may thus conclude that in practice
a two-levels system where the fluorescence
quantum yield obeys the Stern-Volmer relation
will not exhibit quantum radiative interference
effects.

The simple model discussed herein is ex-~
pected to be useful for the understanding of the
radiative decay of collisionally perturbed small
molecules and the lowest excited singlet state of
a large molecule which is separated by a small
energy gap from the lower lying triplet, Many
heterocyclic molecules and carbonyl compounds
correspond to the second case.

4, MODEL CALCULATIONS

We have performed numerical calculations*
of the dependence of the fluorescence quantum
yield [eq. (9)] on the width y; for the intermediate
case (AE =~v ] ~v) and for the strong coupling
situation. From the results displayed in fig. 2 we
conclude that in the strong coupling [curve (1)]
the SV relation is, of course, obeyed. On the
other hand, in the intermediate case [curve (2)]
the quantum yield exhibits an extremely interest-
ing behaviour first decreasing at relatively low

* We have chosenyg = I'g & 106 em~1 which corre-
sponds to the radiative decay time of a spin allowed
symmetry forbidden n- 7 transition,
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Fig. 2. Fluorescence gquantuun yield versus relaxation
width of the [~level, 1. AE = vgp=1X 107% em™1; Ys =
1 x1076 cm~1, I, AE —vgy =1 x10-6 cm=1;y =

1 x10°6 em-1,
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y1 values and subsequently increasing. The ap-
pearance of a minimum in the quantum yield
curve in the intermediate case occurs when the
energy parameters are so chosen thatyy +y9 »
|Bl - Bglor vg + v =AE {fig. 2) which corre-
sponds to the maximum overlap of the two

levels **, We may conclude that the increase of
the quantum yield for larger y; in the region

¥s + 77 > AE is a pure quantum mechanical effect
which could not have been explained classically.
To demonstrate the role of radiative interference
effects we present in fig. 3 the (normalized) F(¥)
values [eq. (5)] calculated for the same energy
parameters AE, vgy and yg as used for curve (2)
of fig. 2 and for selected values of y;. Curves (1)
and (2) of fig. 3 satisfy eq. (13) and thus reveal
quantum beats. Curve (3) satisfies relation (14)
and does not reveal radiative interference effects,
while the nonexponential decay curve (4) corre-
sponds to the minimum of the quantum yield. We
may thus conclude that in the intermediate case
which exhibits a minimum in the ¥ - y; {or the

Y - [Q] curve), guantum beats will be experimen-
tally observed in the pressure region where the
quantum yield decreases before reaching its min-
imum.

** Comparing the condition y1 +y2 & |bl - b2| with eq,
(13) indicates that the minimum of ¥ corresponds to
the onset of the erosion of observable quantum beats
in the time resolved decay.
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Fig. 3. Population in the s level, |CS(%I2, versus time,

L yi=1x10"8 em b IL ;=1 x107% em™L, 1L 1=

1 %104 em=3, 1V, ;= 2.5 x 1076 em~1, yg =1 x10-6
em=1 in all cases.
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5. EXPERIMENTAL VERIFICATION OF THE
MINIMUM IN THE QUANTUM YIELD

A minimum in the fluorescence quantum yield
was experimentally observed in the decay of the
excited singlet state of biacetyl perturbed by He
gas. The experimental procedure was similar to
that previously employed for monitoring IR emis-
sion resulting from intersystem crossing in mol-
ecules [4]. The experimental setup consisted of
a brightly polished aluminium sphere in which
low pressure (0.05 torr) biacety!, perturbed by
He gas (0 -6 torr), can be excited through a
small aperture and the resulting fluorescence
emission can be detected through another aper-
ture. The low quantum yield (=3 x 10-3) of the
biacetyl fluorescence requires a sensitive detec-
tion system described elsewhere [4]. Fig. 4a re-
veals the relative quantum yield of biacetyl flu-
orescence for excitation by the 4358 A Hg line,
No minimum is observed and a (low pressure)

SV plot will result in a straight line, Fig. 4b ex-
hibits the results of a similar experiment for ex-
citation by the 4047 A Hg line. A profound mini-
mum in the fluorescence yield is observed. Ex-
citation at 3650 A results in a monotonously de-
creasing quantum yield with increasing He pres-
sure which obeys the SV relation,

| &

T

| S S
00040812 16 20 Y] 40 50 60
pHe (mm}

Fig. 4, Experimental relative fluorescence versus He

Pressure. A, for 4358 A excitation. B, for 4047 A ex-

citation, The initial pressure of biacetyl is 0,05 mm in
both cases.

3 6. CONCLUDING REMARKS

..ta&l;llmximate est_imates of the total density ot
'Which,ap’ in th_e triplet manifold of biacety}
citeq strf q‘uagldegenerate with the lowest ex-
N 100? e lfli:hcate that for 4358 ;3; excitation
104 Cm_1 [5] while for 4047 A excitation
/cm [6]. One particular |si) singlet
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state will not couple to all these triplet states
with the same efficiency, as the majority of
states in the triplet manifold will be character-
ized by wrong symmetry and,or small Franck-
Condon factors. The weakly coupled states |1
may provide a dissipative statistical decay chan-
nel characterized by the width 4 ;. = 2”'”5 1 ’ "
As is evident from eq, (9) this width will lead to
the reduction of the overall quantum yield. Fur-
thermore, within the excitation bandwidth not

atl [si) will couple with the same efficiency.
Those which dissipate effectively into the quasi
continoum will give rise to a further reduction
of the overall quantum vield. From the low pres-
sure fluorescence spectra, evidence for the lat-
ter effect is obtal. od [6].

A small number of IIj) levels will be strongly
coupled to Jsi) and may lead to interference ef-
fects. By performing a quantum yield experi-
ment as a function of wavelength one will hope-
fully find some excitation energy for which the
requirement AE =~ ys = y; ~ |vg;| is fulfilled for
some (strongly coupled) |sz) and {If) pairs, and
where a minimum in the pressure dependent
quantum yield will be observed. The actual situ-
ation for biacetyl has been given in fig. 1b. The
width A, results from interaction between fsz')
and the |lj' manifold and is pressure indepen-
dent. At low vibrational excitation in the singlet
manifold we can neglect {pressure induced) vi-
brational relaxation between these states at the
low pressures region employed herein (up to 5
mm He). The vibrational relaxation width A,
originates from the relaxation between Ilj) and
{[Zj)'} and since the vibrational excitation in the
triplet is much higher than in the singlet mani-
fold, the density of states is high there and the
relaxation is pressure dependent.

An attempt was made to {fit the experimental
curve to the theoretical one. Good results are
obtained with AE = 3 x 10-4 em~1, vgy = 1.7 %
10-4 em-1, y¢ =104 em-1 (I = 10-£3 em-1) and
vy = 1.9 % 10-9 x (pressure/torr) em-1. The
quantity y ; provides a good order of magnitude
for the quantum yield (=3 x 10-3). The value of
vy {which was chosen to fit the value of ¥ at the
minimum) is somewhat larger than the value
which corresponds to the simple gas kinetic col-
lision frequency. The probability of meeting the
condition AE = vy depends on the density of
states in the triplet manifold. At 4358 A excita-
tion the density of triplet states is too low and
no interference effects are expected. On the
other hand, for 4047 A excitation the density of
triplet states is ~104 em and a single (or few)
strongly coupled state(s) can presumably be lo-
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cated sufficiently close to the [si)level and a
minimum will be exhibited in the quantum yield,
Finally, at higher (3650 A) excitation energy the
density of states is high, AFE (average) is too low
compared to ¥, and vy and the excited state will
exhibit a normal SV quenching pattern [see eq.
(16} .

We conclude that under appropriate conditions
the minimum in the quantum yield, which is due
to an entirety quantum mechanical effect, is
amenable to experimental detection.
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