university of
groningen

University Medical Center Groningen

University of Groningen

Photon Antibunching and Collective Effects in the Fluorescence of Single Bichromophoric
Molecules

Hubner, Christian G.; Zumofen, Gert; Renn, Alois; Herrmann, Andreas; Millen, Klaus;
Basché, Thomas

Published in:
Physical Review Letters

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2003

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Hubner, C. G., Zumofen, G., Renn, A., Herrmann, A., Millen, K., & Basché, T. (2003). Photon Antibunching
and Collective Effects in the Fluorescence of Single Bichromophoric Molecules. Physical Review Letters,
91(9), 093903-1-093903-4.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.


https://research.rug.nl/en/publications/f3b379f6-e812-4de9-a5f6-2c335b590ea6

VOLUME 91, NUMBER 9

PHYSICAL REVIEW LETTERS

week ending
29 AUGUST 2003
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of Single Bichromophoric Molecules

Christian G. Hijbner,l’>l< Gert Zumofen,2 Alois Renn,2 Andreas Herrmann,3 Klaus Miillen,3 and Thomas Basché!
Ynstitut fiir Physikalische Chemie, Johannes Gutenberg-Universitdt, Welderweg 11, D-55099 Mainz, Germany
2Swiss Federal Institute of Technology, Physical Chemistry, CH-8093 Zurich, Switzerland

3Max-Planck Institut fiir Polymerforschung, Ackermannweg 10, D-55128 Mainz, Germany
(Received 24 April 2002; revised manuscript received 9 September 2002; published 27 August 2003)

The fluorescence of individual pairs of perylenemonoimide chromophores coupled via a short rigid
linker is investigated. Photon antibunching is reported, indicating collective effects in the fluorescence,
which are further substantiated by the observation of collective triplet off times and triplet lifetime
shortening. The experimental findings are analyzed in terms of singlet-singlet and singlet-triplet
annihilation based on Forster type energy transfer. The results reported here demonstrate that the
statistical properties of the emission light of isolated single quantum systems can serve as a hallmark of

intermolecular interactions.
DOI: 10.1103/PhysRevLett.91.093903

Single molecule spectroscopy (SMS) is increasingly
considered for applications in physics, chemistry, and
life sciences, but basic investigations of single quantum
systems also attract the researchers’ interest [1]. In par-
ticular, the temporal properties of photon emission from
single molecules were the subject of numerous studies.
Photon antibunching [2,3], stochastic fluorescence off
times due to excursions of the molecule to the triplet
manifold [4], and quantum jumps [5] have been reported.
Recently, SMS has yielded novel insights into the elec-
tronic interactions in multichromophoric assemblies such
as light-harvesting pigments [6], conjugated polymers
[7], donor-acceptor substituted biopolymers [8], and den-
drimers carrying a variable number of chromophores [9].
The optical and electronic properties of such systems are
strongly influenced by dipole-dipole interactions between
the chromophores, giving rise to excitonic splittings and/
or incoherent Forster type energy transfer. The simplest
type of molecular aggregates that allow a rigorous study
of these important effects are dimers where two chromo-
phores are connected by an either rigid or flexible spacer.
A prominent example of the latter variety are donor-
acceptor labeled macromolecules where fluorescence
resonant energy transfer has been successfully applied
to measure distances and distance fluctuations on the
nanometer scale [10]. In this Letter, we report on single
molecule studies of isolated dimers with two identical
chromophores attached to a rigid linker group. We show
that energy transfer processes between the chromophores
give rise to collective effects, which are reflected in the
unique statistical properties of the emission light of single
quantum systems. The observed photon antibunching
shows features characteristic for singlet-singlet annihila-
tion while collective off times indicate singlet-triplet
annihilation.

The experiments were carried out for benzilic bi-
perylenemonoimide (BBPM) bichromophores, where
two perylenemonoimide (PM) chromophores are linked
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by the benzil motif. Two similar skewed conformers were
reported for BBPM with the long axes of the chromo-
phores at a relative angle of 112.5° and 68.8°, respectively
[11]. For both conformations the interchromophore dis-
tances in the range of 1.5-2.0 nm are well below the
Forster radius Ry = 4.5 nm for the resonant energy trans-
fer between the PM molecules and large enough to pre-
vent coherent coupling at room temperatures. Thus, a fast
excitation hopping among the chromophores is expected.
Thin film samples of = 30 nm thickness were prepared
by spin casting a toluene solution of BBPM (10~° M) and
poly(methyl methacrylate) (10 g/1) onto a glass micro-
scope cover slide [12]. Single BBPM fluorescence inten-
sities were recorded with a homebuilt confocal optical
microscope [12]. An argon-krypton mixed gas laser op-
erated at 488 nm wavelength was used for a circularly
polarized continuous wave excitation of the fluorophores
with an intensity of 20 kW/cm?. Fluorescence photons
were, after appropriate filtering, detected in a Hanbury-
Brown and Twiss detection scheme [13]. Transient inten-
sities were obtained by collecting the photon signals in
bins of custom width. Fast start-stop electronics was
applied to measure interphoton times. During the mea-
surements the sample was held in vacuum at 10~® Torr to
minimize oxygen mediated photodestruction.

A time course of the fluorescence intensity of an in-
dividual BBPM molecule is exemplarily shown in Fig. 1.
Four intensity levels are visible in the trace at the top of
the figure. The lowest level at the beginning and the end of
the trace corresponds to blocked laser light. After open-
ing the shutter, the photon detection rate is approximately
400 kHz. A sudden intensity drop to 200 kHz is observed
at 82 s. In a second step at 91 s the rate drops to 40 kHz,
which is close to the background level of 25 kHz found
in areas without fluorescence. We attribute the two sudden
drops to photobleaching of the individual chromophores
of the BBPM molecule [11]. In what follows we denote
the first photobleaching step by Bl for convenience. A
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FIG. 1. Transient fluorescence intensity of an isolated BBPM
molecule. The top panel shows the whole time course of the
fluorescence with a bin time of 50 ms demonstrating two-step
photobleaching. In the two lower panels blowups before and
after the first intensity drop at 82 s are displayed for a bin time
of 100 us.

reorientation of the chromophores can be ruled out as the
origin of Bl because single PM chromophores attached to
small dendritic residues showed only one-step behavior in
independent experiments. Intensity fluctuations, as ob-
served, for instance, at 60 s, are typical for these mole-
cules and result presumably from slight configurational
changes of BBPM [11]. Because of the distinct orientation
of the two chromophores relative to the direction of light,
the fluorescence intensity does not drop to half of the
original intensity upon Bl, in general. However, to sim-
plify the analysis we focused on the symmetrical case by
selecting molecules that showed an intensity reduction by
a factor of approximately 2 upon Bl to assure that the two
chromophores were excited at similar rates.

We now concentrate on the fluorescence time traces on
enlarged scales in Fig. 1. The random-telegraph functions
result from excursions of the BBPM to the triplet mani-
fold [12]. Comparing the two time traces qualitatively, we
note that on and off times are both longer after event Bl
compared to before Bl. A quantitative analysis can be
performed by computation of the second-order correla-
tion function g®(¢) or by compiling off-time histograms.
The result of the former method is visualized in Fig. 2.
The fits to the function 1 + Ce™*" reveal contrasts C of
0.13 and 0.08 and lifetimes A~ ! of 0.25 and 0.60 ms before
and after BI, respectively. In an approximate analysis
these data can be related to the corresponding average
on and off times 7., and T, by A = 75! + 7} and C =
Torr/ Ton» yielding average on times of 2.0 and 7.3 ms and
average off times of 0.29 and 0.60 ms before and after B,
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FIG. 2. Second order correlation functions g2(¢) of the same
molecule as in Fig. 1 before (squares) and after (circles) the
first intensity drop at 81 s indicative of photon bunching in
the microsecond range. The solid lines are fits to the function
1+ Ce M.

respectively. We also note that during the off times the
fluorescence intensity reaches the background level before
and after Bl. The complete vanishing of the fluorescence
during the off times when both chromophores are still
intact indicates a collective behavior of the two chromo-
phores, and accordingly the term collective off times is in
use for this effect [9]. The collective behavior is assigned
to singlet-triplet annihilation (STA), where the singlet
excitation of one chromophore is efficiently quenched
when the other chromophore is in the triplet state.

The average off times varied weakly from molecule to
molecule and the corresponding histograms over the
values for all molecules (not shown here) are peaked at
0.2 and 0.5 ms before and after Bl, respectively. The
values around 0.5 ms are assigned to the triplet life-
times of individual chromophores attached to the benzilic
moiety. Similar off times were found in the fluorescence
from individual PM chromophores attached to a small
dendritic residue in independent experiments. An expla-
nation for the shorter triplet lifetimes before Bl is pro-
posed below.

The on times show a different behavior. They vary
strongly from molecule to molecule and take values of
0.7-6.3 ms and 1.8-32.0 ms before and after Bl, respec-
tively, in the present experimental data. They change by
factors of 1-10 upon BI, and in almost all cases they
increase by more than a factor of 2 as would be expected
because of the reduced excitation probability by a factor
of 2 when only one chromophore is active. Accounting for
this factor the measurements tentatively indicate a fur-
ther increase of the on times. We conclude that the inter-
system-crossing (ISC) rate, limiting the on times, varies
strongly between both chromophores, in agreement with a
broad distribution of ISC rates found for individual PM
chromophores. Thus, upon Bl the ISC rate and accord-
ingly the on time may strongly change. Adopting the
common idea that photobleaching occurs primarily dur-
ing triplet excursions, it follows that the chromophore
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with the larger ISC rate is more likely to be in the triplet
state and to undergo photobleaching. Thus, the chromo-
phore with the smaller ISC rate is likely to endure after Bl
associated with an increase of the on times.

To obtain more information about energy transfer (ET)
processes, interphoton times of the fluorescence were
studied for periods before and after Bl. Figure 3 shows
the histogram of interphoton times before Bl for the same
molecule as in Fig. 1. At short times, the interphoton time
distribution follows the second-order correlation func-
tion g@(r). Note the different time scales between the
bunching and antibunching regimes in Figs. 2 and 3. A
pronounced dip at zero time difference is observed, in-
dicating photon antibunching. The experimental data fit
well a single exponential behavior from which a dip
minimum of 0.13 and a fluorescence decay time of
4.35 ns is obtained. The experimental dip minimum A is
clearly below 0.5, the value which would be expected for
two independent and identical chromophores as discussed
below. We conclude that efficient singlet-singlet annihila-
tion (SSA) takes place so that simultaneous excitation of
both chromophores is rapidly turned into a single excita-
tion, and thus the probability for a coincident emission of
two photons vanishes [14]. Histograms of dip minima
A = g®(r = 0) are shown in Fig. 4 for BBPM and single
PM chromophores. The histograms are peaked at 0.15 and
range from 0.05 to 0.35. Dip minima A different from zero
are thought to result from coincident background photons
and from the finite time resolution of the avalanche
photodiode detectors. Interphoton times were also re-
corded for the periods after Bl and compared with the
interphoton times before Bl. Within the experimental
errors, g?(7) was the same before and after Bl in agree-
ment with the predictions presented below.

For the discussion of the experimental observations we
introduce simple model considerations. As mentioned
above, at interchromophore distances of 1.5-2.0 nm
fast incoherent ET processes take place at room tempera-
tures and, thus, the excitation jumps resonantly between
the two chromophores. The excitation hopping leads to

t[ns]

FIG. 3. Second-order correlation function g?(¢) recorded for
the molecule of Fig. 1 before the first intensity drop showing
photon antibunching in the nanosecond range.
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equal excited state populations of the two chromophores.
Except for polarization effects, the resonant energy trans-
fer is not supposed to cause significant collective effects
in the fluorescence. Collective phenomena are expected
when two electronic excitations in the dimer are simul-
taneously present. For singlet states we describe these
processes in terms of a reaction scheme

y Sy + 86— St + 8§
St + 8% (1)
N
Sg + S5 — S5 + S,

where, according to standard conventions, Sy, Sy, ... de-
note the electronic ground and electronically excited
singlet states, and the superscripts A and B denote the
two chromophores. The first step is an energy up-
conversion process mediated by Forster type ET while
the second step denotes a fast intramolecular radiation-
less relaxation to the lowest singlet state S;. The two steps
represent SSA, which prevents the system from residing
in a doubly excited state with both chromophores in the §
state. Consequently, after emission of a photon the system
is in the ground state. Therefore, the second-order corre-
lation function is zero at time zero, g@(0) = 0. This is in
agreement with the experimental data in Figs. 3 and 4
within the experimental limitations.

The photon statistics of the bichromophoric system can
be analyzed in terms of rate equations and the second-
order correlation function g (f) can be given analyti-
cally. The expressions are rather lengthy and for clarity
we present solely the main results for the symmetric case
of two identical chromophores. However, we emphasize
that the model applies also to the asymmetric case. In the
two limiting cases where the SSA is faster than all other
processes or where SSA is absent, g (¢) assumes the two
limiting forms

— o~ ki +kyo)t
g(z)(t) _ 1 16 o )t, fast SSA (2)
I—Ee o1kl no SSA.
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FIG. 4. Histogram of the g?(0) values obtained from the
time traces of 50 bichromophores before the first intensity drop
(dark bars). For comparison, the histogram of 14 single PM
chromophores is also shown (light bars).
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Here kg, is the single chromophore excitation rate and &
is the sum of the radiative and radiationless relaxation
rates. Both the prefactor and the relaxation rate are dif-
ferent in the two cases. However, usually the laser inten-
sity is low (excitation rate 4 X 10° s71), as in the present
experiment, so that ky; < k;y and the rates in Eq. (2)
are dominated by k. To the contrary, the value of the
dip minimum g®(0) is zero and 1/2 in the two limit-
ing cases and varies continuously between these two
values for intermediate values of the SSA rate, indepen-
dently of the laser power. The case of fast SSA, consid-
ered for the fit in Fig. 3, gives good agreement with the
experimental data, taking into account the background
fluorescence. Comparing the expression of fast SSA in
Eq. (2) with the situation when only one chromophore is
present, g@ =1 — ¢~ kntk) both expressions differ
solely in the rate. Again, for weak laser excitation, the
rate is dominated by k;o and thus the expressions are
identical. From these results no change of g?(¢) in the
antibunching regime is expected upon Bl in agreement
with the observations.

Further ET and relaxation processes take place when
singlet and triplet excitations are simultaneously present.
As in Eq. (1) we describe these processes by a reaction
scheme

y S8+ T8
S+ TP — Sg +T7 3)
N\
S+ S8,

where T denotes the lowest and 7, a higher electroni-
cally excited triplet state. As for the SSA the first step
represents an energy up-conversion by Forster type ET
followed by a fast radiationless relaxation step either to
the lowest triplet state 7 or, presumably, to the singlet
state S;. Both relaxation pathways are relevant. The first
corresponds to singlet quenching (STA). If this process is
faster than the fluorescence, the fluorescence vanishes
completely when one chromophore is in the triplet state.
This gives rise to the collective off times, as observed in
Fig. 1. The other pathway leads to an accelerated reverse
intersystem crossing and thus to a shortening of the off
times. We propose this effect being responsible for the
observed off-time shortening by a factor of 2—3 when
both chromophores are active.

We have considered three types of ET, namely, ET from
one chromophore in the first excited singlet state to the
other chromophore (i) in the ground state (energy hop-
ping), (ii) in the first excited singlet state (SSA), and
(iii) in the first excited triplet state (STA), where the latter
two are associated with energy up-conversion and popu-
lation of higher singlet or triplet states. The efficiency of
these processes depends on the spectral overlap of the
emission and absorption spectra of the transitions into
which the ET transfer process can be decomposed. It is
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the overlap of the §; — S, fluorescence and the S; «— S,
the S, — S;, and the 7, < T, absorption spectra for
energy hopping, SSA, and STA, respectively. All spectra
except the S, < §; absorption spectrum are known for
PM [15], yielding transfer rates of = 30 GHz for energy
hopping and = 750 GHz for STA. The latter is much
faster than the fluorescence rate of = 0.2 GHz, a precon-
dition for complete STA as observed in Fig. 3. For SSA, a
transfer rate of 100 GHz was recently reported [16]
supporting our interpretation of the antibunching data.

Forster type energy transfer, which depends to the sixth
power on the interchromophore separation, constitutes a
molecular ruler to measure distances in the nanometer
range. Our investigations suggest that by a controlled
increase of the interchromophore distance the contrast
of the antibunching signal gradually approaches the value
of 0.5 of uncoupled chromophores. Similar to the experi-
ment in Ref. [10], our results indicate that the antibunch-
ing signal can be applied to investigate conformational
fluctuations of, say, chromophore-pair labeled macro-
molecules, where the disadvantage of a possibly smaller
Forster radius as compared to a specifically chosen donor-
acceptor pair is outweighed by the chemistry, which is
usually much easier to accomplish for the homolabeling.

We acknowledge helpful discussions with M. Prum-
mer, J. M. Segura, Th. Christ, and B. Sick. This work was
supported by the Volkswagen Foundation priority pro-
gram ‘‘Physics, Chemistry, and Biology with Single
Molecules.”
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