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1 Introduction

Optical characterization of a single molecule
complete spatial orientation using intra-molecular
triplet—triplet absorptiony

b

Remigiusz Trojanowicz,® Ludovic Douillard, ¢2¢ Lydia Sosa Vargas,

Fabrice Charra® ¢ and Simon Vassant (2 *@

Progress in single molecule fluorescence experiments have enabled an in-depth characterization of
fluorophores, ranging from their photophysical rates to the orientation of their emission dipole moments
in three dimensions. However, one crucial spatial information remains elusive: the molecule orientation
relative to its emission dipole moment. One can retrieve the latter only by the use of another non-
colinear transition dipole moment. We experimentally demonstrate the optical retrieval of this
information for single terrylene (Tr) molecules in a 30 nm thin para-terphenyl matrix. We show, through
second-order correlation measurements at varying excitation power and polarization, that Tr molecules
experience an optically induced deshelving of their triplet states, mediated by two orthogonal intra-
molecular triplet—triplet absorption dipole moments. We take advantage of these two transition dipole
moments to retrieve the full orientation of the Tr molecule, employing a 3-level scheme for the
molecule photophysics and analytical calculations for the exciting electric field distribution. This modelling
approach enables us to accurately describe both varying power and polarization measurements, giving
access to the molecule’s photophysical rates and to its complete orientation in three dimensions. This
includes the orientation of the singlet emission dipole moment in the laboratory frame, and the orientation of
the molecule plane with respect to the singlet emission dipole moment.

An important property of a single-photon emitter is the
orientation of its absorption and emission transition dipole

The groundbreaking work of Moerner and Kador' demon-
strated the feasability of reaching the single molecule limit
with absorption optical measurements. Shortly thereafter, Orrit
and Bernard® demonstrated that fluorescence provides a much
better signal to noise ratio. The sensitivity achieved at the
single-molecule level allowed for the observation of blinking,
caused by quantum jump of the molecule from the bright
singlet to the dark triplet manifold.? Progress in the field over
the past decades enabled a profound understanding of pheno-
mena at play in the photophysics of single emitters.? This has
given rise to numerous applications, methods and experi-
mental works in spectroscopy, super resolution microscopy
and photonic quantum technologies.*®
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moment. The interaction of both dipoles with their local
environment strongly depends on their spatial orientation. This
applies to the interaction of the absorption dipole with the
excitation light, as well as the interaction of the emission dipole
with its environment (such as interfaces or nearby objects) via
the local density of optical states (LDOS). Knowledge of the
intrinsic and extrinsic properties of single emitters provides
valuable information for their use as probes, spanning from
fundamental physics experiments to practical applications.
Many experimental efforts have been devoted to measuring
the orientation of the singlet emission dipole moment of
emitters. Various techniques have been employed, including
polarization analysis of fluorescence,”® back-focal plane
imaging,”'® defocused images'’ or excitation point-spread-
function engineering.'” For more detailed information on these
methods and additional references, we direct the reader to
reviews from Moerner’s™® and Brasselet’s'* groups. However, to
the best of our knowledge, there is currently no experimental
optical technique capable of retrieving the orientation of the
emitter around its emission dipole moment.To obtain this last
information, another transition dipole moment is required.
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Fig. 1 Molecular system of the study. (a) Guest: terrylene, (b) Host: para-
terphenyl, (c) Coordinate system with angle definition for the terrylene
molecule orientation. The black arrows (x, y, z) correspond to the labora-
tory frame. The red arrow correspond to the absorption/emission transi-
tion dipole moment of the singlet manifold. The smaller green arrow
correspond the dipole moment transition of the “orthogonal” triplet—
triplet absorption (see text for details), (d) 3-level system for terrylene
and associated rates.

We will show that intra-molecular triplet-triplet transition dipole
moments can serve this purpose and outline how we experimen-
tally access this information, despite the fact that triplet states are
usually dark.

To achieve this, we use terrylene molecules (Tr, Cs3oHjyg)
embedded in a para-terphenyl matrix (pT, C,3H,4), a paradig-
matic guest/host system in single molecule fluorescence experi-
ments (see Fig. 1). We chose this particular system for the
following reasons: (i) Tr is highly photostable in a pT matrix,
(if) the molecules are oriented preferentially perpendicular to
the glass substrate, (iii) the pT matrix has domains of low
thicknesses (~30 nm) and (iv) it is a well-studied system. The
earliest report on this dates back to 1994."” Since then, numer-
ous studies have been conducted, spanning from liquid helium
temperature®'®'” to room temperature,*?° and involving
thick (several microns) pT crystals. In a notable study, Fleury
et al.'® characterized all the photophysical rates of Tr, using a
3-level scheme (Fig. 1d). They observed an excitation power-
dependent deshelving of the triplet state (ks in Fig. 1d). This
observation was later confirmed by the group of Kozankiewicz”"'
who measured this deshelving rate across a large range of
temperatures (5 K to room temperature).

The Tr/pT guest/host system has also been employed in a
thin film configuration, where Tr molecules showed an aligned
emission dipole almost perpendicular to the glass substrate,
accompanied by a remarkably high photo-stability.>> This thin
film configuration paved the way for pioneering nano-
photonics experiments, enabling the quantitative measure-
ment of the influence of nanoantennas on the very same single
molecule, through scanning probe microscopy.”>** Further-
more, the thin film configuration allowed the integration of
single Tr molecules as tools to inverstigate the impact of more
complex structures on their emission properties and photo-
physics, such as plasmonic nanoparticles,”*>® dielectric
and metallic local probes,”” planar dielectric antennas,”® or
hybrid nanostructures.>® In our specific case, the thin film
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configuration is particularly appealing as it provides a good
knowledge of the excitation electric field distribution.

In this paper, we report fluorescence measurements of single
Tr molecules in a sub-30 nm thick pT film under ambient
conditions. We measure the second order auto-correlation func-
tion of the fluorescence signal with respect to excitation power
and polarization on the same single molecule. Our findings reveal
that two transition dipole moments are necessary to describe the
optically induced deshelving of the triplet state. This intricate
process involves two intramolecular triplet-triplet transitions
followed by reverse InterSystem Crossing (r-ISC) to the singlet
manifold. Thanks to the simple excitation field distribution inside
the thin film and within the framework of a 3-level system, we
utilize these two triplet-triplet transitions to obtain the complete
molecule orientation. This includes the three-dimensional orien-
tation of the singlet transition dipole moment and the orientation
of the molecule’s plane around its singlet transition dipole
moment. Furthermore, we extract all the rates involved in Tr
fluorescence photophysics, identifying two populations of mole-
cules, distinguished by the magnitude of the triplet state deshel-
ving rate as a function of the excitation polarization.

2 Results and discussion

The electronic states involved in the fluorescence process of Tr
molecules can be reduced to a 3-level system as illustrated in
Fig. 1d."*?° S, denotes the ground singlet state, S, is the first
excited singlet state and T, is the lowest triplet state. Experi-
mental findings have demonstrated that the spin degeneracy of
the triplet state is only lifted at temperatures below 17.5 K.*°
Since our work is conducted at room temperature, we consider
only a single triplet level T;. The population dynamics of the
various levels are governed by a system of three linear differ-
ential equations:

s, —ki2 ko k31 ns,
ns, | = | kiz  —(kas +ka) k3 | ns, |,
’;lTl 0 ks —(k31 + k32) nr,

1)

where for example ng represents the population of the S, level,
and 75, denotes its time derivative.

Referring to Fig. 1d, k;, represents the excitation rate from
the singlet ground state S, to the bright excited state S;, while
1/ky, is the fluorescence lifetime, k,3 the intersystem crossing
(ISC) rate from S; to a dark triplet state Ty, k3; the T, to ground
singlet non-radiative depopulation rate, and k3, a power depen-
dent triplet deshelving rate.'® The latter can be interpreted as a
process in which the triplet level is pumped into higher triplet
states (T,~T, transition, with n = 5 or 6*), followed by a r-ISC to
the singlet manifold. It’s worth noting that such process is
not unique to Tr but is observed in many other molecules.*?
A 4-level system model was tested in ref. 33 using data from
ref. 28 and it showed no difference compared to the 3-level system
beyond the experimental noise. In the end, in agreement with the
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18720 the electronic structure of the Tr molecule at the

literature,
excitation wavelength used in this work (532 nm) is described by a
3-level system.

Solving eqn (1) yields the time evolution of the level popula-
tions, from which one can derive an analytical formula for the
second order correlation function g®(7) for the steady state

under a continuous-wave excitation:**

()1t +7))
(1(0)?
where (—4,) and (—43) denotes the eigenvalues of the system in

eqn (1), and A is the bunching amplitude given by (see details
in ESIt):

g (x) = — = (I A 4 A, ()

22(1(31 + k3 — )q)
A= . 3
(ksa + k31) (43 — 22) G)

Assuming an emission quantum yield of 1 for Tr," the total
rate of photon emission R, is given by:

karkiaks
R =—— = > 4
' Jads (4)

These four quantities (1,, 43, A and R;) are solely function
of the rates of the system. The detected count rates R is then
given by:

R= ”Rta (5 )

where # is the detection efficiency of our experimental system
(around 4.5%).

The excitation rate k;, and the triplet state deshelving rate k;,
both exhibit a linear dependence on excitation power,?2%28:33
Therefore, by measuring g(1) at different powers, one can extract
all the rates involved in the fluorescence process, including those
related to the dark triplet state, which is responsible for the
molecule blinking. However, previous reports did not consider
the respective orientation of the excitation electric field and the
molecule. For instance, the power experienced by an absorption
transition dipole moment varies with the input polarization as
|-E|?, where u is the transition dipole moment of the molecule
and E is the excitation field. In our study, we employ two
complimentary measurements: a variation of excitation power at
fixed excitation polarization and a variation of the excitation
polarization at fixed excitation power. Subsequently, we demon-
strate that the latter type of measurement unveils a complex
behavior: ks, involves two transition dipole moments.

Experimentally, we utilize a home-made confocal inverted
microscope that is equipped with a spectrometer, a Hanbury-
Brown-Twiss detection scheme and a home-made tuning-fork
based atomic force microscope (TF-AFM). Terrylene molecules
were synthetized following the procedure outlined in ref. 35
and samples were prepared as in ref. 22. Using TF-AFM, we
ensure that Tr molecules in pT films of thickness below 30 nm
are studied (see ESIt). The excitation is provided by a 532 nm
continuous-wave laser in total internal reflection via a
high numerical aperture microscope objective. The laboratory
reference frame is illustrated in Fig. 1c, where (x, z) is the plane
of incidence. We specifically select molecules exhibiting a
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maximum fluorescence intensity at 578 + 1 nm. Employing a
combination of half-wave plate and polarizer allows us to vary
the excitation power in a continuous way. Another half-wave
plate is used to rotate the excitation polarization before enter-
ing the microscope. The excitation polarization can thus be
changed from transverse magnetic (or p, electric field in the
(x, 2) plane) to transverse electric (or s, electric field in the (y, z)
plane). Fluorescence photons are collected through the same
objective, filtered and recorded while continuously varying one
of the half-wave plate (either for power or polarization). For
clarity, we refer hereafter to a “power scan” for the measure-
ment at different excitation power, and a “polarization scan”
for the measurement at different excitation polarization angle.
More comprehensive details on sample preparation, the optical
setup and measurement procedures are provided in the ESL¥

The result of a typical power scan are depicted in Fig. 2,
where the measured count rates R, 4,, 4; and A are plotted as a
function of excitation power (see ESIT for all molecules).

The measurement includes data points for both increasing
and decreasing excitation powers, which are almost indistin-
guishable in Fig. 2. This shows the stability of the measurement
apparatus, the pT matrix and the Tr molecule up to an excita-
tion power density of 370 kW cm™>.

The polarization scan measurements are illustrated in Fig. 3
and 4, presenting R, 4,, 43 and A4 as function of the excitation
polarization angle (see ESIt for all molecules). When the
detected count rate becomes very low, we lack sufficient
photons to construct a meaningful g®(c) function, which
accounts for the absence of experimental data points at excita-
tion polarization angles with a low-emission rate.

Two distinct types of behavior are evident. The first one
(Fig. 3) where the count rates R, ,, 43 have their maxima at the
same excitation polarization angle. The bunching amplitude A
shows a behavior that aligns with the power scan: it starts
with a low value at low count rates, reaches a maximum when
R =~ 500 kHz and then decreases at higher count rates. A slight
asymmetry is observed for the value of A at 30° and 125°
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0.01, . .
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Fig. 2 Typical evolution of the measured count rates R, 1, A3 and the
bunching amplitude A as a function of excitation power (ramping up and
down). The colored areas represent the 68% confidence intervals of the
second order correlation function fit results. Dashed black lines are result
of a global fit function (see text for details).
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Fig. 3 Evolution of R, 1, 23 and A and as a function of input polarization angle for an in-phase (ip) molecule. Colored markers are experimental data
points. Dashed black lines are result of a global fit function (see text for details). The colored areas represent the 68% confidence intervals of the second
order correlation function fit results. Left and right panels are respectively linear and polar representation of the same data.
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Fig. 4 Evolution of R, 45, 43, and A as a function of input polarization angle for an out-of-phase (oop) molecule. Colored markers are experimental data
points. Dashed black lines are result of a global fit function (see text for details). The colored areas represent the 68% confidence intervals of the second
order correlation function fit results. Left and right panels are respectively linear and polar representation of the same data.

excitation polarization angles, which will be discussed later.
We refer to such molecules as in-phase (ip) molecules.

The second population (Fig. 4) exhibits a similar behavior
for R and 4,, but a distinctly different dependence for 4; and A:
A3 is out of phase with R and 4,, with its lowest value being ~
10 kHz higher than the lowest values of ip molecules. The
bunching amplitude shows a maximum, close to the count
rates maximum, with a clear asymmetry around 100°. For these
molecules, the evolution of 4; and A do not align with the power
scans and cannot be easily explained. We refer to these mole-
cules as out-of-phase (oop) molecules. It’s worth noting that the
values of /; and A are very similar for both ip and oop molecules
at the maximum count rate polarization angle, rendering them
indistinguishable if one analyzes only power scans.

Theoretical calculations®® show that the absorption dipole
(So—S; transition) and the emission dipole (S;-S, radiative

This journal is © the Owner Societies 2024

transition) are oriented along the long axis of the molecule
(red arrow in Fig. 1a). Experimentally it was confirmed that the
absorption and emission dipoles are aligned.*” Therefore,
we assume colinear absorption and emission dipoles along
the long-axis direction of the terrylene molecule (red arrow in
Fig. 1a and c).

In our initial attempt to model the polarization scans, we
considered a vertically oriented dipole above the interface,
utilizing the rates deduced solely from power scans. We could
reproduce qualitatively the main features of most of the
ip molecules (except for the asymmetry in A, and an offset
of the curves along the excitation polarization axis). However,
it proved impossible to replicate the behavior of the oop
molecules.

Subsequently, we incorporated the molecule’s orientation
with respect to the sample plane and to the excitation beam (i.e.

Phys. Chem. Chem. Phys., 2024, 26,16350-16357 | 16353
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the laboratory frame (x,y,2) in Fig. 1c). We defined 0 for the
polar angle, ¢ for the azimuth angle (see Fig. 1c for a schematic
with angle definitions). For an accurate depiction of the mole-
cule’s interaction with the excitation field, we calculated the
distribution of the excitation field both analytically®® and
numerically.?* We emphasize here the critical role played by
the 30 nm thickness of the para-terphenyl film. Although we do
not precisely know the molecule’s depth within the film, the
excitation field components remain relatively constant within
the 30 nm pT thickness (see ESIT). This is not the case for
thicker films.

However, considering the long-axis orientation of the
molecule was not sufficient to describe the asymmetry in the
bunching amplitude for ip molecule, and we couldn’t even
qualitatively reproduce the behavior of oop molecules. To
develop a model capable of describing both ip and oop mole-
cules, we must introduce two absorption transition dipole
moments to characterize the triplet state deshelving process.
These can be regarded as two distinct T;-T, transitions that
later cross back to the singlet manifold by r-ISC. This hypoth-
esis is consistent with a density functional theory (DFT) study,
predicting a T,-Ts transition and a T;-Ts transition respectively
at 2.34 eV and 2.40 eV, with non-zero oscillator strength.'
These energies are close to our excitation energy (2.33 eV).
Additionally, this is in line with transient absorption experi-
mental measurements of 2,5,10,13-tetra-t-butylterrylene (a Tr
derivative with similar spectral properties) in benzene*® reveal-
ing two triplet-triplet absorption broad peaks centered at
2.25 eV and 2.42 eV, overlapping at our excitation laser energy
(2.33 eV). Consequently, we can excite these two intramolecular
triplet-triplet transitions with our excitation laser. However, the
orientation of the associated transition dipole moment in the
molecule’s reference frame is not reported to our knowledge.
Symmetry consideration, as Tr belongs to the D,, symmetry
point group, suggests a contribution aligned with the singlet
absorption dipole moment, i.e. along the long molecule axis,
red arrow in Fig. 1a, and a second one orthogonal to the singlet
absorption dipole, ie. along the molecule short axis, green
arrow in Fig. 1a. We then express k3, as the sum of these two
orthogonal transitions:

k3z = 0'32a|ﬂ32a'E|2 + 0'320|P-320'E|2, (6)

where we introduce two distinct triplet deshelving absorption
cross-sections: 03, and 03,,, respectively for aligned and
orthogonal to the singlet transition dipole moment, p3,, and
U320 are the T;-T,, transition dipole moment vectors and E the
electric field of the excitation laser. The molecule orientation
around the singlet dipole should then be specified. We define
the angle « for the molecule rotation around its singlet dipole
transition moment (see Fig. 1c). It’s important to note that o3,,
and og3,, are not the direct T,-T,, absorption cross sections, but
the product of the T;-T, absorption cross sections and the r-ISC
rate from the T, levels back to the singlet manifold.
Considering all these elements, we define a global fit func-
tion to simultaneously adjust R, 4,, 43 and A, for both power
and polarization scans. To obtain meaningful results in this
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fitting procedure, we fix the depth of the molecule inside the pT
film at 15 nm above the pT-glass interface. We also fix the
singlet absorption cross-section of Tr at o4, = 1.2 x 10 *¢ cm?,
which will be justified later. The free parameters include the
molecular rates k,1, k3 and k3, the molecule orientation angles
0, ¢ and «, and the two triplet deshelving absorption cross-
sections g3,, and 3,,. This model allows for a perfect adjust-
ment of all the measured molecules (both ip and oop), provid-
ing an excellent description of the small asymmetry in the
bunching amplitude (4) of ip molecules polarization scans, and
accurately describing the excitation polarization behavior of
oop molecules. The power scans are also well reproduced, the
global character of the fit function ensuring coherence between
power scans and polarization scans. This is illustrated in Fig. 3
and 4 where the fit result is represented by a black dashed line
over the experimental datapoints.

The results obtained for 16 measured Tr molecules are
presented in Fig. 5 (see also ESIt). Except for one molecule,
the Tr fluorescence lifetime (1/k,;) ranges within 17.5 to
23.2 ns, with a mean value of 19.78 ns, consistent with previous
reports for Tr in pT thin films.'®** For k,;, we obtain a mean
value around 13 kHz. The dark triplet depopulation rate k3; has
a mean value of 2.6 kHz. These results falls within the range of
previously reported values.'®'®?*' It’s noteworthy that our
results show much lower dispersion in k,; and k3, values than
the previous reports. We believe that this is due to our illumina-
tion conditions being more constant from molecule to molecule
in the thin film configuration, and to our spectral selection. Also,
only stable molecules withstand our full measurement procedure
and are thus selected in those statistics.

Regarding the triplet deshelving absorption cross-sections
(see Fig. 5), 035, shows lower dispersion for all molecules, with
a mean value of 6.2 x 10~>° cm?, while 75,, clearly shows two
distinct populations: one around 3.7 x 10" cm” and the other
around 3.8 x 10~ *°cm?. The low values of a3,, correspond to ip
molecules, while the higher values of g3,, correspond to oop
molecules. Setting ¢3,, to zero for oop molecules completely

74 N 0320 | 7 ks | 5
= o = x.
61 61
4
5 | 5
44 44 31
3 3
2
24 24
14
1 14
0- 0- 0-
0 5 5 10 15 15 20
03; (10720 cm?) ke (kHZ) Lifetime (ns)

Fig. 5 Results for 16 Tr molecules. Triplet deshelving cross-sections
power: g3, for the component aligned with the singlet transition dipole
moment and o35, for the component orthogonal to the singlet transition
dipole moment, the power independent rates (ko3 k31) and the fluores-
cence lifetime (1/kz1).
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changes the evolution of 4; and the bunching amplitude A in
the polarization scan, making it similar to that of ip molecules,
which contradicts experimental observations reported in Fig. 4.
Concerning ip molecules, setting o3,, to zero restores a perfect
symmetry of the bunching amplitude, giving equal maxi-
mum values of A for an excitation polarization angle of 30°
and 125° also contradicting experimental results presented in
Fig. 3. So, although o3,, is one order of magnitude lower than
0324 for ip molecules, it does have a noticeable influence on the
polarization scan.

A single value for the singlet absorption cross-section ¢, is
imposed for all molecules. The global fit procedure manages to
find solutions for values of 61, € [1 x 107'°-1 x 107"°] ecm?.
Outside this range, the fit quality starts to degrade (higher
residuals), and some molecules cannot be fitted properly
(unable to match both polarization and power scan). To assess
g1, With better accuracy, we compare 0 and ¢ obtained from the
global fit with results from detection polarization scans for 6 of
the 16 molecules, using two analytical models”® (see ESI{).

The global fit gives a very good match for ¢, and very close
values for 0 with a singlet absorption cross-section fixed at o4, =
1.2 x 107'® cm? This value is 2 to 10 times higher than
previously reported ones for single molecule measurements
in thick crystals.'>*° Measurements in a CH,Cl, solution gives
6.7 x 10 '® cm? possibly measured at 568.2 nm, where absorp-
tion is higher than at 532 nm.'® Another measurement of
2,5,10,13-tetra-t-butylterrylene (Tr derivative with similar spec-
tral properties) in cyclohexane gives 7.8 x 107'° cm” at
557 nm.*® We do not have any experimental means to check
the angle «. The obtained values do not show any particular
trend. The main uncertainty source in the molecule angle
determination is the depth of the molecule inside the film
because the weights of the electric field contributions (Ex and
E,) change. We did calculations assuming the extreme cases of
a 1 nm and 29 nm depth and obtained uncertainties of + 9°
for 0, + 8° for ¢ and + 4° for «. These uncertainties are much
larger than the state-of-the-art single molecule orientation-
localization microscopy methods,'**'** but we provide an
additional information: the molecule orientation around its
emission dipole moment.

It is tempting to discuss the Tr orientation in terms of
possible insertion sites in the pT matrix. However, as observed
by Werley and Moerner,** thin pT crystal can show different
orientation domains with cracks between them, which imposes
special care in the analysis of ¢ and « as our 16 molecules
are located in different areas in the pT film and thus likely
to belong to different domains. Furthermore, we see no clear
trends in angle values between ip and oop molecules.

We turn now to a discussion on the possible physical origin
of populations of ip and oop molecules. As mentioned pre-
viously, our model is able to extract the optically induced
deshelving rate of the triplet state T,. This quantity is the
product of the triplet-triplet (T;-T,) absorption cross-section
and the subsequent r-ISC rate from the triplet to the singlet
manifold. The difference between ip and oop molecules can
thus come from either of these processes. We hypothesize that

This journal is © the Owner Societies 2024
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geometrical distortions of Tr molecules in the pT crystal could
be at the origin of the existence of the two populations. At low
temperature, pT has a complex crystalline structure with four
non-equivalent pT sites resulting from the locking of the
central phenyl ring of pT.*> Tr fluorescence measurements at
1.4 K indeed showed four different 0-0 phonon lines, suggest-
ing a simple Tr substitution with a pT molecule of the crystal in
these four non-equivalent sites.’> However, at room tempera-
ture, the central phenyl rings or pT undergo large libration
movements, making the molecule on average flat, leading to a
mono-clinic P2,, symmetry group with only 2 degenerate pT
sites.*> Consequently we expect a single type of Tr insertion
configuration in our room temperature experiments. The obser-
vation of two molecule populations is therefore surprising and
suggests that a simple pT substitution might not be the only
possible Tr configuration in the pT crystal.

Two different insertion schemes should thus lead to two
distinct conformations and/or environments for the Tr mole-
cule. Geometrical distortions can impact the triplet energy
levels, resulting in different T,-T, oscillator strengths or
absorption energies (and thus cross-sections at a fixed excita-
tion energy). Additionally, these distortions can alter the energy
and number of vibrationnal levels, as change in molecular
symmetry affects possible vibrationnal eigenmodes. This, in
turn may influence the T, — S, r-ISC rate. Surprisingly, the
S; — T, intersystem crossing rate (k,3) is similar for both ip and
oop molecules. A more detailed discussion can be found in the
ESL.f Based on the experimental absorption cross-sections
of the T,-T, transitions,’® we estimate the r-ISC probability
(T, — S,) to be ~ 5 x 107> Verification of these hypotheses
requires challenging experiments and involving DFT calcula-
tions which are beyond the scope of the present paper.

3 Conclusions

In conclusion, our investigation, combining excitation power
and polarization scans on single fluorescent Tr molecules in a
thin pT host matrix, revealed that the optically pumped deshel-
ving rate of the T, state involves two orthogonal transition
dipole moments. We attribute these dipole moments to T;-Ts
and T;-Te transitions with subsequent r-ISC to the singlet
manifold. We derive values for all the rates at play in the
molecule photophysics within a 3-level system framework.
The presence of two orthogonal triplet-triplet transition dipole
moments enables us to determine the full three-dimensional
orientation of the molecule in the laboratory frame: the singlet
dipole orientation and the orientation of the molecule plane in
respect to the singlet transition dipole moment. The observa-
tion of two distinct molecule populations, exhibiting different
T; deshelving rate along the Tr short-axis raises questions on
the insertion geometry of Tr in pT at room-temperature and on
the possible distortion of the Tr geometry. Nevertheless, our
comprehensive photophysical characterization of Tr provides
valuable insights and paves the way for its enhanced utilization
as a single photon source and a potent probe for various
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applications. The low dispersion of the obtained rates instills
confidence for future experiments on the triplet state-
associated rates at the single molecule level. In a more general
perspective, we hope that our measurement method will enable
progress where molecular orientation is crucial, such as the
generation of pure spin state from single molecules where
magnetic fields aligned with the molecule principal axis are
needed,® or the design of organic light emitting devices, where
orientation plays an important role for both optical and elec-
trical properties.*”*®
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