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Energy transfer enhancement by oxygen perturbation of spin-forbidden electronic transitions
in aromatic systems
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Triplet-triplet energy transfer in multicomponent organic systems is usually entirely ascribed to a Dexter-
type mechanism involving only short-range donor/acceptor interactions. We demonstrate that the presence of
molecular oxygen introduces a perturbation to the electronic structure of one of the involved moieties which
can induce a large increase in the spin-forbidden transition oscillator strength so that the otherwise negligible
Forster contribution dominates the overall energy transfer rate.

DOI: 10.1103/PhysRevB.82.125113

In the last few years multicomponent organic systems for
sensitized up-conversion have been grabbing the headlines
allowing to blueshift the light at power densities comparable
with the solar irradiance.!™ Therefore they are presently
considered one of most promising ways to improve the effi-
ciency of the incoming new generation solar cells. As a
consequence there is actually a renewed interest about phe-
nomena involving forbidden transitions in organic molecular
systems since these processes play a crucial role in the sen-
sitized up-conversion photoluminescence (PL). Not only the
efficiency of these systems but also the performance of all
the phosphorescent organic light emitting devices®® are usu-
ally controlled by the presence of molecular oxygen, which
introduces significant quenching effects. For these reasons,
understanding the interactions between oxygen and conju-
gated molecules is of essential importance.

It is well known that molecular oxygen O, in its triplet
ground state can induce the de-excitation of metastable trip-
let states trough several mechanisms including collisional
quenching, energy transfer (ET) or photoinduced chemical
reactions.’”!! Moreover, the interaction between O, and aro-
matic moieties can raise the oscillator strength of the other-
wise completely forbidden singlet to triplet (Sy="T7)) transi-
tion. Thus, this effect has been used as a standard technique
to obtain informations on the electronic structure of the trip-
let state of small oligocenes by direct measurements of the
perturbed S,— T, one photon absorption in solution.'> No
effects on the enhancement produced by oxygen on the phos-
phorescent 77 — S transition have been so far reported, and
very little is known on its effects on the ET, where O, has
been considered a sort of excitation-carrier between donor
and acceptor moieties,'> but not as the responsible of any
enhancement of their ability to directly interact.

In the case of the sensitized up-conversion in bicompo-
nent organic systems, a large triplet population triplet states
is obtained on the up-converting moiety by ET from the light
harvesting species, thus understanding the role of the O, on
the triplet-triplet ET becomes crucial. Aim of this Letter is
the demonstration that the resonant energy transfer between
organic molecules involving spin-forbidden transitions can
be enhanced by the presence of molecular oxygen that raises
the T)— S transition dipole moment in moieties containing
polycondensated aromatic rings.
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The samples investigated are mixed solutions of Pt(IT)oc-
taethylporphyrin (PtOEP), acting as light absorber, and of
9,10 diphenylanthracene (DPA), which is known to have
completely forbidden triplet to singlet transitions. Both mol-
ecules have been purchased by Sigma-Aldrich and used as-
is. PtOEP and PtOEP/DPA solutions in tetrahydrofuran
(THF) have been prepared in a glove box under argon atmo-
sphere with an oxygen concentration below than 1 ppm. The
PL measurements have been carried out by exciting the
samples with the second harmonic of a pulsed Nd:Yag
laser at 2.33 eV (532 nm). CW measurements employed a
Hamamatsu spectrometer C10083CA (bandpass 8 nm) for
the signal detection while the time-resolved ones have been
done in photon counting mode with a Hamamatsu R943-02
photomultiplier coupled to an Ortec 9353 multichannel
scaler. The overall time resolution was better than 50 ns.

Sensitized up-conversion takes place through the follow-
ing photophysical steps: (i) one photon absorption of light by
a donor molecule (PtOEP) producing singlet excited states,
(ii) population of triplet states through fast intersystem cross-
ing (ISC), (iii) ET toward metastable triplet states of the
acceptor molecule (DPA), and (iv) triplet-triplet annihilation
(TTA) giving rise to high-energy singlet excited states of the
acceptor moiety from which the up-converted emission takes
place. These systems are usually prepared in a carefully con-
trolled atmosphere to prevent the oxygen quenching of all
the long living triplet states involved. However, the unusual
high efficiency of the ET step always observed suggests also
an active role for the interaction between the residual O, and
the aromatic molecules in addition to the ordinary collisional
and photochemical processes.

The influence of paramagnetic molecules with S,# 0 on
spin-forbidden electronic transitions has been described in
the early 1960s by Hoijtink,'*!> who demonstrated that the
role of the pure magnetic interaction had been previously
overestimated.'®!” Let’s consider a ground state aromatic
molecule as DPA and a paramagnetic molecule P with a
triplet ground state as O,(S.=1). During the lifetime of the
collision complex, singlet and triplet electronic states of DPA
are mixed thanks to the exchange interaction with P.!4-1° By
applying first-order perturbation theory it is possible to esti-
mate the finite transition dipole moment of the spin forbid-
den transition Sp— 7T of DPA produced by the intensity bor-
rowing from the allowed Sy— S, transition. The oscillator
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strength f for the lowest singlet-triplet transition in DPA un-
der the influence of O, becomes'*

for = | 2f (1)
So—le ESI _ ETI So—vsl s

where Hpy is the relevant matrix element for the exchange
interaction. In oligocenes, the oscillator strength of the S,
— T, is so small that also a such perturbation can raise its
value by several order of magnitude.

In order to verify if the nonvanishing oscillator strength of
the 7)=3S, in DPA may give an additional dipole-dipole
contribution to the resonant ET, we analyzed all the pro-
cesses controlling the sensitized up-conversion as a function
of the oxygen concentration. The PtOEP/DPA system, when
excited in the Q absorption band of the porphyrin at 2.33 eV,
shows two main photoluminescence peaks: (i) at about 2.83
eV originating from the blue up-converted DPA emission and
(ii) at 1.92 eV arising from the red residual PtOEP phospho-
rescence. In a recent paper, we modeled the kinetics of the
sensitized up-conversion and obtained expressions for the
intensity of blue and red emissions as a function of the pho-
tophysical ~ parameters characterizing the employed
molecules.'®!” By following the same approach, it is pos-
sible to give an expression for the ratio between the energy

transfer rate in presence of oxygen (kgy) and in an oxygen
free solution (kgr). If the excitation power density is low
enough to ensure that the TTA is not the main deactivation
channel for the DPA excited triplet states, it is easy to dem-
onstrate that

7A\2 - - |2
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k
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where k., ko

and I are the radiative decay rate, the ex-
perimentally measured decay rate (kgcp is the sum of the
decay rate of donor triplets in absence of acceptor kLT) and the
transfer rate kgy), and the PL intensity of the PtOEP, respec-
tively; k‘/} and I, are the decay rates of the excited triplet
states of the DPA, and its up-converted PL intensity. The
signed (unsigned) quantities refer to oxygen contaminated
(free) solutions. All the parameters in the right side of Eq. (2)
can be experimentally measured. Since the PL intensity im-
mediately after a pulsed excitation is equal to the number of
excited states times the radiative decay rate, the ration be-
tween the time-resolved PL intensities at =0 without and
with oxygen gives A. From the same time-resolved measure-
ments it is possible to evaluate the donor decay rates and of
consequence Z. The emitting DPA singlets are indirectly
populated by TTA from the corresponding triplets, therefore
their PL decay time coincides with twice the triplet lifetime
that is necessary to calculate (). Finally O is simply obtained
from the time-integrated PL intensities of the different emis-
sions.
The parameters defined in Eq. (2) have been measured as
a function of the oxygen amount in solution, which has been
increased by exposing the sample prepared in glow box to air
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FIG. 1. (Color online) A, €, Z, 0, and I" experimental values

for a PtOEP (10~ M)/DPA (3 X 10~ M) solution (THF), upon
laser excitation at 2.33 eV, as a function of the O, uptake.

for increasing times. All of them are sensitive to the O,,
which is responsible of several quenching processes of both
the donor and the acceptor excited states according to the
T1+3E;(02) — 8o+ 1Ag(Oz) reaction scheme. As a conse-
quence, the triplet nonradiative decay rates k? and k/} in-
crease in presence of oxygen with negative consequences on
the up-conversion yield regardless any possible effect on the
transfer efficiency.”!?

Figure 1 reports the experimental values of A, Q, Z, 0,
and I" as a function of the exposition time to air. A, that
depends on the radiative decay rate of PtOEP 7| — S|, transi-
tion, is almost constant. This is not surprising since in this
molecule, differently from the DPA case, the presence of an
heavy atom enhances the spin-orbit coupling.'®?® Therefore
the small extra contribution to the oscillator strength possibly
coming from the interaction with the O, is negligible.

The effect of the O, on Z, i.e., on the PtOEP total decay
rate, is only slightly larger than that on A. In fact, since we
are working with a large excess on DPA, in the oxygen-free
solution kfxp is very fast being mainly determined by the ET
rate. The addition of O, introduces a new nonradiative decay
channel, which is however not so fast to compete signifi-
cantly with the ET, at least in the investigated O, concentra-
tion range.

On contrary, the presence of O, strongly decreases the
ratio between the up-converted blue PL and the residual
PtOEP red emission inducing a reduction of © of about 4
order of magnitude. The overall up-conversion efficiency is
therefore reduced because of the activation of nonradiative
depopulation channels of the DPA triplet states, on which the
up-conversion yield depends quadratically. This large
quenching effect can be directly observed on () because: (i)
the T, — S, is completely forbidden in DPA, resulting in a k‘;
of only 800 Hz in the oxygen-free solution. The small oscil-
lator strength induced by the interaction with the O, is there-
fore very important and (ii) {) depends on the square of the
ratio K/ k.

Despite the sharp rise of DPA triplets decay rate, from the
data reported in Fig. 1 it is evident that the oxygen-induced
decrease in I, is less pronounced than expected. This can be
explained only by assuming an enhancement of the ET rate
in presence of O,, that partially counterbalance the quench-
ing of the T, states. The I values, i.e., the relative changes in
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FIG. 2. (Color online) Relative emission quantum yield & of
PtOEP in THF solution (107 M) as a function of DPA concentra-
tion, in absence (dots) and in presence of O, (squares and hexa-
gons). Solid and dotted lines represent the best fit of the experimen-
tal data or have been computed as described in the text. Inset:
molecular structures of PtOEP and DPA.

kgr vs the O, concentration calculated by Eq. (2), are re-
ported in Fig. 1, which shows that the ET rate increases by a
factor 100 in respect to its value in an oxygen-free solution.
These findings unambiguously demonstrate that the resonant
ET rate involving completely forbidden transitions of organic
molecules can be enhanced by the exchange interaction be-
tween molecular oxygen and aromatic rings.

It is now possible to discuss the relative weight of the
Dexter and Forster contributions to the overall ET in our
typical multicomponent system for sensitized up-conversion
in presence of O,. To this end we have investigated the
PtOEP emission relative quantum yield ¢ as a function of the
acceptor concentration for solutions both with and without
oxygen. For a solution with a fixed oxygen concentration (in
absence of the acceptor) the donor triplets decay rate le) is
determined by radiative and nonradiative decay processes,
including in these latter the oxygen quenching. The addition
of an acceptor opens a new quenching channel for the donor
through the ET, thus reducing ¢=k%/[k?+kgr]. Here kg is
the total energy transfer rate given by the sum of the Dexter
and Forster contribution kgp=kpeX® + kg™,

Figure 2 shows the measured ¢ as a function of the accep-
tor concentration (Cpps) for PtOEP 10~ M THF solutions.
The reported values have been normalized to the PtOEP PL
yield in absence of acceptors.

The analysis of these data must take into account for
the direct donor-acceptor ET, as well as for the ET enhance-
ment arising from the molecular diffusion. The relative
weight of these two processes depends on the relative values
of the diffusion length D7y, (where D is the total diffu-
sion coefficient and 7, is the excited donor lifetime in ab-
sence of any acceptors) and the square of the mean
donor-acceptor distance s*. Since we used a low viscosity
solvent (7=0.48 cP at 300 K) and small molecules (effec-
tive radius Refo=8.7 A, R?ﬁ-=4.5 A calculated accordingly
with Ref. 21) which imply D as large as 4.5X 107> cm?,
having Toz(kIT))“=69.9 us the requirement for the so
called rapid-diffusion limit is fulfilled. Indeed, even at
the lowest acceptor concentration (Cpps=2.5X 107> M) at
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which s=1.5X 107 c¢m, D7y/s*~19> 1. In this regime all
donors are identical, their PL decays are single exponential
and they experience the maximum of ET efficiency.?>>

For the oxygen-free sample, since the DPA T, =S, tran-
sition is completely forbidden, the long-range Forster contri-
bution to the overall ET is negligible. Therefore this set of
experimental data has been fitted by considering a pure Dex-
ter interaction mechanism. In the rapid-diffusion limit, by
using the Perrin?>?7 approximation, kpe"'“=47DCppsRpx
being Rpy the characteristic interaction distance. With a mea-
sured k2=1.43%x10* Hz, the best fit gives Rpy=9.8 A a
value very close to the sum of the PtOEP and DPA effective
radii (ReT;J)CT=RZCf-+R?ff= 13.2 A) thus demonstrating that the
donor and acceptor must come in close contact to make the
ET effective. It is not surprising that the obtained Rpy is
slightly smaller than ReTfOfT since in the calculation of the
effective radius the molecules are considered spheres, with
an overestimation of the minimum approaching distance for
approximately flat molecules such as PtOEP and DPA.

The same measurements have been repeated after the ex-
position of the solutions to the air for few minutes. In this
case k- increases about 30 times to 4.35X 10°> Hz as a con-
sequence of the PtOEP quenching induced by the O,. The ET
process becomes less efficient but its decrease is not as large
as expected. Indeed, the theoretical dependence of & on the
DPA concentration calculated for Rpy=9.8 A and k?=4.35
X 10° Hz (see Fig. 2 dotted line) is much more shifted to-
ward large DPA concentrations than the measured value (Fig.
2 squares). Therefore, the experimental data have been fitted
including also the contribution to the ET of a long-range
Forster interaction which is, in the rapid-diffusion limit,
kS =4 mCppaRS kY / (3a%), being a the closest approach
between donors and acceptors.’>?3 By using for a the Rpy
previously obtained, the best fit gives a Forster radius of
202 A (by using a:RgT;;T: 132 A Rps increases only
slightly to 23.3 A). It should be noted that the plots of & vs
Cppa reported in Fig. 2 do not allow to discriminate between
Dexter and Forster contributions since in the rapid-diffusion
limit both these processes imply the same linear dependence
of kg on acceptor concentration. This explain the overesti-
mation of Rpy reported for a similar systems probably still
containing traces of 0,.?8

In order to verify if the observed ET rate behavior is given
by an increase in the interaction distance and not to other
quenching related effects, ¢ values as a function of the ac-
ceptor concentration have been also recalculated from the
DPA up-converted PL by using the equation'®

ez -6)
LT P=|=| =] =(=] (-9 @
4 [T4] </??) Di l?}( 9% ()

As it is evident from the Fig. 2 (hexagons) these data are
fully consistent with those obtained from the direct measure-
ment of the PtOEP relative quantum efficiency, confirming
the oxygen-induced ET enhancement.

In conclusion, it has been demonstrated that the ET be-
tween spin-forbidden transitions of organic donor/acceptor
pairs can be enhanced by the presence of molecular oxygen,
given by its exchange coupling with the acceptor molecule.

125113-3



MONGUZZI et al.

During the lifetime of the collisional complex (acceptor)
+0,, this interaction perturbs the acceptor electronic struc-
ture, generating a finite moment for its lowest spin forbidden
T,— S, transition. The Forster-type contribution to the over-
all energy transfer becomes dominant at large O, concentra-
tions. This shed light on the anomalously large ET radius
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(>20 A) previously observed in such family of systems in-
volving polycondensated aromatic rings acting as acceptors.
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