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21 ABSTRACT: Aggregation of organic dyes has often consequences on their spectroscopic properties in materials. Here, we
22 study a new sterically hindered boron-dipyrromethene (BODIPY), with adamantyl moieties grafted for the first time on the
23 BODIPY core. Its aggregation behaviour was investigated in poly(methyl methacrylate) (PMMA) and on drop-casted films by
24 monitoring absorption, fluorescence emission, relative quantum yield (®riuo,ret), lifetime and time-resolved anisotropy.
25 Aggregates only appears from 0.067 mol.L-1. A multicomponent analysis demonstrated that the aggregation process can be
26 described by three distinguishable components which correspond to a monomer species (M) and ] and H aggregates. The
27 results also indicated a concentration frontier: when the dye concentration increased up to 0.29 mol.L-1, the concentration
28 of M decreased in favour of the aggregates. ®ryo, rel is yet only divided by five compared to the dye in solution. Above 0.29
29 mol.L-1 an equilibrium between M and the ] aggregates is established, showing meanwhile a steady ®riu, rel. The ] aggregates
30 are found to be dimers whereas the aggregation number is varying for the H aggregates. Analysis of fluorescence and
31 anisotropy decays showed that the excitation energy was transferred from M to the ] dimers, and very probably trapped by
32 H aggregates.

33

34

35

36 1. INTRODUCTION various positions."a™ Consequently, these dyes are widely
37 Solid-state fluorescent dyes have attracted much used to label proteins® and DNA." Other applications of
38 attention because of their potential applications in BODIPY dyes are fluorescent switches,™ chemosensors,™
39 optoelectronic materials such as organic laser dyes,*" and solar cell concentrators.” However, most
40 electroluminescent devices' and solid-state dye lasers." The BODIPY dyes hardly fluoresce in the solid state. This has
41 development of the latest has been important since the mid- been attributed to their very small Stokes shift (5-20 nm,
42 1980s to overcome the serious inconveniences of liquid in most cases), which increases the probability of energy
43 dye lasers linked to toxic solvents and their cumbersome transfer between the dyes and potentially the trapping of
44 design.” However, in many cases, fluorescent dyes that the excitation energy by aggregates. Moreover their high
45 show intense fluorescence in solution exhibit decreased planarity™ favours the m-m stacking, which is well known
46 fluorescence in the solid state as a result of concentration to lead to aloss of emission efficiency in most cases.™

47 quenching.” Therefore, the number of organic dyes that can Intermolecular coupling in condensed phases can be
48 show intense fluorescence in the solid state is limited and described with the molecular exciton theory. ™ An
49 active research is being conducted to develop such dyes." illustration is given on Scheme 1 for dimer aggregates as an
50 BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) example. This quantum mechanical theory, based on dipole-
51 fluorophores have very good spectroscopic properties: dipole interaction in the aggregate, predicts a splitting of
52 strong visible absorption, narrow fluorescence bands with the excited state of the monomers (initially degenerated at
53 high quantum yields (®¢ > 0.7). They are also relatively energy E*) into two excited states of energies E(+) and E(-).
54 insensitive to the polarity and pH of their environment The selection rules for the electronic transitions, and thus
55 and small modifications to their structures enable tuning of the spectroscopic characteristics of the dimers, depend on
56 their fluorescence emission, from blue” to red™ in the aggregation morphology. In the H-aggregation type,
57 solution. Their synthesis is relatively straightforward molecular units are aligned parallel (sandwich-like
gg starting from pyrroles. They can be post modified on structure, case A) or coplanar displaced with an angle 6 >
60 1
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54.7°: only the transition to the highest excited state is
allowed in absorption and the deactivation to the ground
state via the lowest excited state tends to be nonradiative.™
Formation of H-dimers 1is thus characterized by
hypsochromic shifted absorption bands with respect to
the monomer™ and no or weak fluorescence emission due
to reduced fluorescence rate k;. In contrast, molecules in J-
aggregates are arranged in head-to-tail direction (case B) or
coplanar displacements with 6 < 54.7° (case C): only the
transition to the lowest excited state is allowed. J-
aggregates are characterized by a bathochromic shift of the
absorption maximum compared to the monomer and a
nearly resonant fluorescence (very small Stokes shift) with
narrow band. ™

Scheme 1. Exciton splitting of the electronic excited
states for different geometric dispositions of the
monomer units in a dimer (full line: allowed electronic
transition/state; dotted line: forbidden electronic
transition/state; ovale-shaped object: monomer unit;
double arrow: transition moment).*b,

Case A Case C Case B
Ideal H dimer  Coplanar dimer  Ideal J dimer
Energy
=
0 D
(>
6 =90° > 0 > 6=0°

E

Monomers

Our strategy to minimize intermolecular interactions
and thus molecular aggregation, is to increase the sterical
hindrance in the chemical structure: if two dye molecules
approach each other, bulky substituents will contribute to
prevent the m-systems of the BODIPY core from interacting
ie to reduce their tendency to aggregate, and thus to
improve the fluorescence quantum yield in solid state.
From our previous work, we showed that BODIPY
derivatives substituted by one and three mesityl groups
are still not bulky enough as we observed the simultaneous
formation of both excimers and monomers in the solid
state™  Unfortunately, the formers quenched the
fluorescence of the latters. Recently, our group has
reported solid-state emissive BODIPY dyes with
[2.2]paracyclophanyl moieties introduced at the 3 and 5
positions.®# These previous results confirmed the
necessity to inhibit molecular aggregation and highlighted
the effectiveness of sterically bulky substituent(s) in
improving the fluorescence quantum yield of BODIPY dyes
in solid state. Recently Zhang et al also attempted with
success this strategy on the BODIPY platform using 4-
tritylphenylethynyl substituents.*

In this work, we aimed to reduce the m-m stacking by
introducing completely saturated bulky substituents such
as adamantyl group in the 3 and 5 positions of the BODIPY
core (compound AdBdy, Figure 1). Synthesis of AdBdy

was possible thanks to our specificity to bring
modifications to BODIPY structure not through the
aldehyde but the pyrrole™ We describe here the
aggregation process of AdBdy in PMMA films doped with
increasing concentrations of the dye. We show from an
multicomponent analysis that the aggregation process can
be described with a monomer species, a ] dimer and H
aggregates, the weights of which evolve with the
concentration of AdBdy in the PMMA matrix. The
population ratios of the different species are completely
correlated to the spectroscopic features such as the spectra
and the fluorescence emission efficiency. Although studies
of BODIPY derivatives doped in polymer matrix have been
carried out before,™ such a systematic comprehensive

study has never been done before, to the best of our
knowledge. We show that a high concentration limit exists
for aggregation (0.067 mol.L-1). Quite a high fluorescence
quantum yield is measured thus AdBdy offers great
interest for hybrid organic-inorganic materials such as
stable organic nano-particles (crystalline or amorphous)

XXVi

grown in sol-gel thin films
fabrication of gaz sensors™".

, highly involved in the

Figure 1. Basic BODIPY framework and its common
numbering (left) - Structure of the studied BODIPY derivative
(AdBdy, right).

2. RESULTS AND DISCUSSION
2.1. Synthesis

AdBdy was synthesized in 70% overall yield, following a
standard three-step procedure (Scheme 2) via a
condensation of two molecules of pyrroles with mesityl
aldehyde followed by oxydation and final complexation
with boron trifluoride. The pyrrole was obtained by a
modified version of the Trofimov reaction.™™ We choose
to introduce a mesityl group in the meso (8) position of the
BODIPY to impart steric hindrance and ensure high
fluorescence quantum yields. Indeed, it has been
demonstrated that fluorescence emission is deactivated
when an aryl group in meso position can rotate freely
around the Cary-Cgopipy bond.™ " The ortho methyl groups
of mesityl impair this motion.

Scheme 2. Synthesis of AdBdy
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12 2.2. Quantum Calculations of AdBdy
13 Quantum chemical calculations have shown that the
14 substitution with adamantyl moieties does not
15 significantly affect either the geometry nor the frontier
16 orbitals of the BODIPY. As a matter of fact, the BODIPY
17 core remains essentially planar and the boron keeps its
18 tetrahedral arrangement despite the sterical hindrance
19 increase due to the adamantyl substituents. The frontier
20 orbitals of AdBdy are typical of a BODIPY derivative with
21 an electronic delocalization mainly centered on the core of
22 the fluorophore (Figure S1 in Supporting Information). A
23 small delocalisation can also be observed on the closest
24 alkyl ring of the adamantane for the HOMO, due to the twist
25 between both moieties, imparted by the size of the
26 adamantanes. Energetically, the calculated positions of the
27 orbitals are slightly higher compared to the ones of 8-
28 mesityl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, as
29 expected from the inductive electron donating effect (+I)
30 effect of alkyl substituents.
31 2.3. Crystallographic Results.
gg Suitable crystals for single-crystal X-ray diffraction were
34 obtained by slow evaporation of CH2Cl; solution of AdBdy
35 at ambient temperature. As expected, crystal structures
show a planar structure for the BODIPY core, a distorted
36
37 tetrahedral geometry for. the botl"on atom and nearly
orthogonal 8-phenyl substituent (dihedral angle of 84.14°
38 .
for AdBdy, Figure 2).
39
40
41
42
43
44
45
46
47
48
49
50 Figure 2. ORTEP view of AdBdy.
51 The distance between the closest overlapping near-
52 parallel m-surfaces (defined by the boradiazaindacene
53 framework, planes A in neighboring unit cells in Figure 3)
54 in AdBdy is considerably larger (9.76 A) than a reference
55 BODIPY dye with no bulky subsituent as seen from
56 available crystallographic structure (3.51 A)** This is a
57 little bit less than the similar distance (14.3 and 10.1 A) in
gg BODIPY derivatives with tert-butyl substituents on the
60
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meso-phenyl groups, as reported by Pr. Akkaya’s team.
This clearly indicates that adamantyl groups act as a
separator in molecular packing.

Figure 3. Packing diagram for AdBdy (for clarity only BODIPY
cores are shown).

2.4. Spectrocopic Properties in Solution.

The spectroscopic features of  AdBdy in
dichloromethane are very similar to those of a standard
BODIPY derivative (see figure S2 in SI). The main
absorption band at 517 nm is attributed to the 0-0
vibrational band of a strong So=>S: transition; the shoulder
at its shorter wavelength side is assigned to the 0-1
vibrational band of the same transition.”™ This symmetry
allowed transition bears a fairly high extinction coefficient
(99 500 £ 5% L. mol-! cm1). A considerably weaker, broad
absorption band is found below 450 nm, which is
attributed to the So = S; transition. The fluorescence
quantum yield is very high (0.79 * 10%) and the
fluorescence lifetime (6.48 * 0.05 ns) is in the usual range.

The solvent effect on the absorption and fluorescence
bands was also studied following the methodology
developed by Catalan™ in which the various types of
solute-solvent interactions are described thanks to four
independent, yet complementary, solvent parameters:
acidity (SA), basicity (SB), dipolarity (SdP) and
polarisability (SP). A solvent-dependent physico-chemical
property A is then formulated as:

A=A+ bSA + cSB + dSP + eSdP (1)

Ap is the statistical quantity corresponding to the value
of the property in the gas phase; and the coefficients b to e
are the regression coefficients describing the sensitivity of
property A to the different solute-solvent interactions.

The absorption and fluorescence emission spectra of
AdBdy, recorded in several solvents (see Figure S3 and
Table S1 in SI) exhibit very small wavelength shifts (3.5 -
6.5 nm) for the respective maxima. When applying the

equation (1) to the absorption (Vv ) and fluorescence

abs, max

(Vﬂm, ) Mmaxima wavenumbers, we can conclude that

AdBdy presents a solvatochromism dominated by
polarisability (equations (2) and (3)). The calculated values
fit quite well to the experimental data (see Figure S4 in SI).
The same conclusions were drawn by Catalan on
commercial BODIPY dye 567 (PM567) and Bdens et al. on
BODIPY dye with aza crown ether functionality.™" This
weak solvatochromism was expected since AdBdy has no
acid base properties on one hand and since the permanent
dipole moment varies very little upon excitation, on the

3
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other hand. Such a photophysical property is well suited
for our study as the aggregation of AdBdy will be
investigated in various environments: the possible
aggregation effects will be shown directly through the
spectroscopic changes since the latest are not to be due to
the solvatochromism of the dye.

Vabs,max (Cm_l) = (19922 e 3) - (768 * Z)SP * (2)

(88 + 2)SdP - (63.9 + 0.05)SA - (9 + 2)SB
V o (€M) = (19732 +4) - (1017 + 3)SP +

3
(27 + 3)SdP - (120.5 + 0.1)SA + (64 + 2)SB (3)

2.5. Spectrocopic Properties in Polymer Films.

Photophysical studies were carried out on poly(methyl
methacrylate) (PMMA) films increasingly doped with
AdBdy (see Table S2 in SI for composition details). The
spectroscopic properties were shown to be homogeneous
over each individual film, despite a non negligible variation
in the thickness of the BODIPY doped PMMA films (8 - 30
nm): absorption spectra were measured for at least 5
positions on each film and show a variation of only 0.02
for the optical density and 1 nm for the absorption
maximum, which is within the measurement accuracy. The
absorption and emission spectra of AdBdy in PMMA films
at concentrations from 0.067 M to 1.2 M are given in
Figure 4 and the spectroscopic characteristics are reported
in Table 1. Blank samples of PMMA were checked to be non
fluorescent and used as reference. Beyond 1.2 M, AdBdy
precipitates and gives heterogeneous PMMA films (see
Figure S5 in SI). The results in PMMA films are compared to
data measured in a solution of 40% wt. PMMA in toluene
(Spmma). For concentrations below 0.067 M the same
spectroscopic signature as for the monomer in solution
can be observed in absorption and with a variation of only
1 to 4 nm for the fluorescence maximum (see Figure S6 in
SI), which is within the solvatochromic effect as seen
previously. These results let us think that the
concentration limit for aggregation can be set at 0.067 M.
This first conclusion is greatly promising as this value is
much higher that what has been reported for other
dyes™. For instance, fluorescein isothiocyanate,
incorporated inside colloidal silica spheres, shows a 10 nm
red shift in the spectra for a dye content above 0.006 M
with the average distance between dye molecules inside the
particles being 6.5 nm.”™"

)
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Figure 4. Normalized absorption (left) and fluorescence (right)
spectra of AdBdy in PMMA at different concentrations.

Table 1. Spectroscopic characteristics of AdBdy in
PMMA, at different concentrations. Fluorescence data
were recorded with excitation at 488 nm. Empty boxes
are due to signals being below the detection limit (F1,
F2).

Film i c Aabs,max FWHMaps  Afuomax FWHMaye

mol.L-1 1 +27 1 +24

(nm) (cm1) (nm) (cm)

Semva 1.1x 105  517a 656b 526¢ 824d
F1 4.7x10* - - 527 1131
F2 2.3x102 - - 530 941
F3 4.7x102 516 810 530 928
F4 6.7x102 515 744 529 964
F5 9.4x102 518 901 531 813
F6 29x101 520 1242 535 706
F7 59x101 522 1232 536 655
F8 8.0x10! 519 1094 535 755
F9 1.2 523 1343 537 650

a+0,5nmb+38nmec+0,25nmd+18 cm-!

As the concentration of AdBdy is increased up to 1.2 M,
the absorption band broadens by roughly a factor of two
(FWHMa.ps going from 656 + 27 cm! in Spmma to 1343 *
27 cm! for 1.2 M) and experiences a red shift (Aabs, max
going from 517 + 1 nm in Spmma to 523 = 1 for 1.2 M). The
broadening occurs both in the lower and higher energy
range compared to the absorption band of the monomer:
indeed, on one hand, the shoulder at ca. 488 nm becomes
more intense with the ratio A4gs/Amax increasing from 0.23
+0.01 (0.067 M) to 0.31 + 0.01 (1.2 M) where Asgs and Amax
are the absorbance at 488 nm and at the absorption
maximum respectively (see Table S3 in SI); on the other
hand, although the spectra show no shoulder in the lower
energy range, the broadening can be illustrated through the
increase of the ratio As3zs/Amax from 0.07 + 0.05 (0.067 M)
to 0.71 = 0.01 (0.2 M), where As34 is the absorbance at 534
nm (see Table S3 in SI). The observed 6 nm shift of Aaps, max
can be partially due to solvatochromism as the
polarisability in the film can be higher with the increasing
concentration of AdBdy. However the both-sides
broadening can be most probably ascribed to the
formation of both H and ] aggregates. These last ones are
furthermore corroborated by the red shift and the
narrowing of the emission band: Afuo, max shifts from 526 +
1 nm (Spmma) to 537 £ 1 nm (1.2 M) and FWHMgy, decreases
from 824 + 18 cm'1 to 650 * 24 cm1.

Similar spectroscopic changes induced by aggregation
were observed in drop-casted films of AdBdy insofar as
the absorption spectra also showed a band broadening
with the FWHMaps increasing up to 2207 + 27 cm'! and a
red shift up to 524 nm for the maximum, in comparison
with Spuma (see Figure S7, left in SI). The fluorescence
maximum also displays a red shift up to 540 nm in drop-
casted films (see Figure S7, right in SI).

Strictly, we cannot exclude the possibility that part of the
red shift in the fluorescence is caused by the inner filter
effect: fluorescence on the blue side of the emission
spectrum can be suppressed by reabsorption due to

4
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overlap with the absorption spectrum. However the
fluorescence spectra of dye doped PMMA films have been
corrected of this effect, taking into account the absorption
of each sample (see Experimental Section). Besides the
absorption spectra show almost the same trends, ruling
very likely the inner filter effect out. It was also verified
that fluorescence spectra did not depend appreciably on
the excitation wavelength as the spectra show no
significant difference for excitations at 343, 470 and 488
nm.

In order to have a deeper understanding of the
aggregation process in terms of spectroscopic features of
the formed aggregates and their relative growth with the
increase of the dye doping percentage, a quantitative
spectral analysis of multicomponents was carried out on
the absorption spectra of both doped PMMA (F4->F9) and
drop-casted films of AdBdy (see Figure S8 in SI). A total of
33 spectra were considered in order to integrate as much
information as possible on the aggregation process.
Absorption spectra of AdBdy in PMMA films with
concentrations above 1.2 M were included as they also
contained information about the aggregation process (see
Figure S9 in SI). Absorption spectra corresponding to
concentrations below 0.067 M were not taken into account
because of their low signal to noise ratio. This approach
was successfully used by M. Kubista to determine the
absorption spectra of the four protolytic forms of
fluorescein and the corresponding protolytic constants.”™"
The analysis of multicomponents was executed by Igor
software (Wavemetrics Oregon). Only the four most
significant projection vectors {PVi-=1,2,34} were kept as
their weights contain 99.92 % of the starting information,
against 99.94 % when taking into account the fifth
projection vector (see Figures S10, S11 and Table S4 in SI
for more details).

Four projection spectra {PSi=1,2,3,4} (Figure 5, left) were
then calculated by linear combinations of the projection
vectors, which are indeed mathematical solutions with no
photochemical reality (see Equations S1-S4 in SI). This
operation has nonetheless some shortcomings. Firstly, the
projection spectra are not orthogonal, yet their non
colinearity can be easily checked. Secondly, the set of
projection spectra is not unique in that there is an infinity
of potential linear combinations of {PVj-=1,2,3,4} leading to
an infinity of basis. In our case, the projection spectra
were calculated so they present clear spectroscopic
features in terms of absorption bands, with the narrowest
FWHM and well defined vibronic structures as far as
possible. The projection spectra PS4 clearly shows a linear
dependency on PSz and PS3 (see Figure S12 in SI),
implying only 3 projections spectra can describe the
system. Compared to PS2 and PS3, PS4 presents two well-
defined spectroscopic features : a blue band and a red one.

Then we deliberately split the projection spectrum PS4
into two different spectra, named PSj (red band) and PSu
(blue band) in the following discussions (see Figure 5,
right). We ended up building a new basis with PSq
(renamed as PSwm, for convenience as explained below), PS;
and PSq. Although this operation is partly arbitrary, the

The Journal of Physical Chemistry

{PSi=m, J, H} basis gives a better reconstitution of the
experimental data, with a smaller residual sum of
squares™", compared to the {PSi=1,234} basis, which
validates a posteriori our approach (see SI for further
details).

In mathematical terms, {PSi=m,},u} can be considered as a
basis so that every element of the vector space can be
expressed uniquely as a finite linear combination of basis
vectors. From a photophysical point of view, the vector
space includes all the aggregation states of AdBdy in
amorphous condensed phases such as in PMMA or drop-
casted films whereas basis vectors correspond to the
specific molecular structures likely to be formed in
condensed phases. An absorption spectra of AdBdy in any
amorphous condensed phase (ASexp) can theoretically be
described by the set {PSi-m,},u} as depicted in equation (4),
where AScalc is the reconstructed absorption spectrum.
The contribution of each PS; is given by the coefficient c;.
If the component PS; corresponds to the specific structure
Si, ¢i is proportional to the concentration of S;j in the
PMMA film and w; = ci/Yc to its weight. This
correspondence is indeed possible since the absorption
spectra initially considered in the analysis of
multicomponents were not normalized.

Ascalc:CMPSM+C]PS]+CHPSH (4)

The reconstructed absorption spectra AScaic (equation 4)
fit well to the experimental data (Figure 6a and Figure S13
in SI). This check out operation was run by an Igor
program. The %2 statistics is not relevant to evaluate the
goodness of fit here as the noise variance can’t be
determined since the projection spectra were not fully
obtained from experimental data. For the three samples
displaying the most important discrepancy (considered as
corresponding to the highest standard deviation of non
weighted residuals, see Figure S13 in SI), the reconstructed
absorption spectra still visually fit satisfactorily the
experimental data (see Figure 6b). To the best of our
knowledge, such fundamental and analytical results on this
type of sample have never been reported in the literature.
The aggregation process of AdBdy can be described with
only three key spectral components, each of them refering
to a specific type of molecular species as discussed below.

0.14 PS, —

0.12 R psz

o —»s
— PS,

0.06
0.04-
0.02:
0.00:

Absorbance

Absorbance (a.u.

450 500 550 600 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 5. Projection spectra {PSi-=1,2,3,4} (left) and {PSi-wm, j, u}
(right).

Table 2. Spectroscopic characteristics of the projection
spectra PSy, PSyand PSh.

)\-max,abs (nm) FWHMabS (cm-l)

PSm 521+0,5 1061 + 30
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PS; 537 +0,5 641 + 30
PSu =494 =1410
SpMMA 517 + 0,5 656 + 38

The spectroscopic features of the projection spectra
(Figure 5 and Table 2) support the presence of three
spectroscopically distinguishable components along the
aggregation process. According to the exciton theory, PSw,
PSu, PSy show similarities with respectively a monomer
species in PMMA, an H aggregate and a ] aggregate, based on
the position of their absorption maximum. Some
discrepancies can be pointed out though. While, the 3 nm
difference between the absorption maxima of PSm and
AdBdy in Spuma can be attributed to the solvatochromic
effect (see section Spectroscopic properties in solution),
the difference in FWHM,ps is much more noticeable as it is
twice as much for PSm compared to AdBdy in Spmma. PSu
shows a broad absorption band (FWHMas = 1410 cm1) as
it could be expected for H-aggregates. This feature can also
indicate a rather random orientation for these aggregates.
Although FWHM.ps of PSj has the same order of magnitude
as that of Spmma, it is more than expected for a ] aggregate™.
This can be explained by either a random orientation of the
] aggregates or a small aggregation number. The shape of PSy
, unusual for J-aggregates as it rises steeply on the blue side
and goes down more gradually on the red side, also
suggests that there is not a single type of J-aggregate but a
distribution of different packing.

Although the adamantyl substituents do not completely
avoid aggregation, they do greatly reduce it as the weight of
the monomer component PSwy is higher than ca. 60% in the
concentration range 0.067 - 1.2 M (Figure 6d), which
means that non-aggregated molecules exist predominantly
in PMMA films. Figure 6d-f clearly show a concentration
frontier at 0.29 M (F6), which distinguish two different
behaviors in the aggregation process. From 0.067 M to
0.29 M, the relative importance of monomer molecules (wy)
decreases to the benefit of H and ] aggregate weights
(respectively wn and wj). Above 0.29 M, wu seems steady
and wy is on the whole decreasing, within the measurement
accuracy, while wy is still on the increase.
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Figure 6. a) An example of a good fitted experimental
absorption spectrum (from drop-casted film data). b)
Absorption spectra displaying the most important
discrepancy in the reconstruction operation: experimental
spectrum (line in darker shade) and calculated spectrum based
on {PSw, PS;, PSu} (line in brighter shade). c) Absorption
spectra of films F4 (black solid line) and F5 (green solid line)
for which the negative values of wj and wy can be explained by
a broader absorption band of PSw (black dotted line) and a
necessary substraction of PSy (red solid line) and PSy (blue
solid line) to PSwm to fit the experimental data. d) Weight of
PSwm, €) PS; and f) PSy versus concentration of AdBdy in
PMMA films.

Such results strongly remind an equilibrium between the
monomer (M) and the ] aggregate (J-Agg) containing n
monomers. Similar observations had been reported for
fluorescent  amphipathic BODIPY scaffoldings in
organogels™® and the equilibrium was successfully
developed by the Benesi-Hildebrand treatment™#
according to equations (5) and (6), where K accounts for
the equilibrium constant and n; the aggregation number for
the ] aggregate. The aggregation number is assumed to be
constant.

K = [J-Aggl/ [M]" (5)
In[]-Agg] = njIn[M] + constant (6)

The concentrations [J-Agg] and [M] are given by the
coefficients ¢; and cm, respectively (see equation 4).
Equation (6) can be quite satisfactorily fitted by a linear
function with 0.9798 as correlation coefficient (see Figure
S14 left in SI). The slope being 1.68 + 0.06, we can assume
that the aggregation number for the ] aggregates is 2. This
result is of great importance as it proves that AdBdy forms
preferentially ] dimer in condensed phases. The weak
aggregation number is coherent with the FWHMaps value,
greater than expected for a J-aggregate component (PSj),
extracted from the multicomponent analysis.

An attempt has also been made to determine the
aggregation number nyp for the H aggregate, using the
conservation of matter according to equation (7), where
CmRres corresponds to the concentration of molecules
which do not exist as monomers or are involved in ]
aggregates (see Figure S14 right in SI). The assumption that
ny being constant over the aggregation process is probably
at fault. This approach has been unsuccessful.

c = > C;—Cpr—2C
M ,Res M H i M

JT"HH (7)

The negative values of wj (F4, F5) and wy (F4) can be
explained by the obtention routine of the projection
spectra, PSm in particular. As a matter of fact, the
absorption spectra of F4 (0.067 M, FWHMaps = 744 + 27

cm) and F5 (0.094 M, FWHMuys = 901 + 27 cm-l) are very
6
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similar to the spectrum of AdBdy in Spmma (FWHM.ps = 656
+ 38 cm, Figure 6¢), as the corresponding concentrations
are respectively equal and slightly greater than the
aggregation concentration limit (0.067 M). Because of the
broadness of the absorption band in the calculated PSm
(FWHMa.ps = 1061 = 30 cm1), the contributions of PSy and
PSu need to be negative in the rebuilt operation (AScalc) in
order to fit the experimental date, resulting in negative
values for w; and wux. As a consequence, the more the
concentration approaches the aggregation limit, the more
wj is negative (|wj| (F5) > |wj| (F4)). These artefacts of
calculation do not affect the analysis of results as the
progressive tendency of each species S;i through the
aggregation process is given by the proportional
relationship between w; (respectively ci) and the weight
(respectively concentration) of Si in the PMMA films. The
knowledge of exact weights or concentrations is not
necessary in the frame of our objectives.

Although AdBdy gives aggregates in condensed phases,
the very first statement that the non aggregated molecules
being predominant is quite promising concerning the
fluorescence efficiency. A relative fluorescent quatum yield
was measured for each PMMA film using a methodology
which we already reported in previous papers.™ xxix For
most PMMA films, several measurements have been done to
be assured of the good reliability and reproducibility of
the results. The relative quantum yield ®ruorer is
assimilated to the ratio Sriuorescence/l48s Where Sriuorescence 1S
the area of the fluorescence spectrum and l4gs the absorbed
intensity at the excitation wavelength 488 nm. When
plotted against the concentration of AdBdy in the PMMA
films (Figure 7), ®ruoRrel €xhibits the same concentration
frontier in the aggregation process and shows a coherent
behaviour: from 0.067 M, where the aggregation begins, to
0.29 M, Prorel is almost divided by a factor of 5 and is
then steady during the equilibrium between the ] dimer
and the monomer. Relative quantum yields for
concentrations below 0.067 M could not be determined
because of a too weak absorbance of the films. This result
points out a promising optimization of ®r, compared to
other dyes in doped polymer films™": for instance,
Perylene Red shows a @, decreases by a factor of 10
when doped in PMMA at 0.45 M (compared to 1.2 M in our
case).®
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Figure 7. Relative fluorescence quantum yield ®puorel VS
concentration of AdBdy in PMMA films.

The first decrease of ®rorel can be easily explained by
the increasing formation of H aggregates, which are known
to be non or weakly fluorescent species and efficient traps
for excitation energy. As only monomer and H aggregate

The Journal of Physical Chemistry

absorb at 488 nm (Figure 5), the excitation energy is most
likely transferred to the emissive ] dimers since the
fluorescence spectra of films F6>F9 are different from the
monomer emission (Figure 4).

In order to understand the energy transfer mechanism,
fluorescence and anisotropy decays have been measured
(Figure 8), with an excitation at 515 nm, where absorption
is also mainly due to the monomer and H aggregates. The
total fluorescence decays I(t) and the anisotropy decays r(t)
were calculated using the formulas™:

I()=1,2)+21 (¢

0=+ 1,0=-GLM) . _1,0)

r(t)= I =
L+26L0 Lo

where [||(t) (respectively I,(t)) is the fluorescence decay
polarized parallel (respectively perpedicular) to the
polarization of the excitation light.

Fluorescence (a.u.)

0 10 20 30 0

8 12
Delay (ns) Delay (ns)

16

Figure 8. Fluorescence decays (left) and anisotropy decays
(right) of AdBdy doped in PMMA films, excited at 515 nm. The
laser pulse corresponds to the grey curve.

Overall, the fluorescence decays show that the
concentration effect gives rise to a growing component
with a very short lifetime. This first observation confirms
an effective energy transfer from the monomer species to
the ] dimers, which are also fluorescent. As a matter of fact,
on one hand, a high probability of energy transfer between
the different species shortens the time that monomer
species remain in their excited state. On the other hand, if
quenching were due to only non fluorescent aggregates, no
change in lifetime would be expected because these
aggregates do not contribute to the signal, in a static
quenching mechanism. An existing energy transfer between
molecules is all the more corroborated by the anisotropy
decays which become faster with increased dye
concentration. Indeed, when a molecule is excited in a
certain polarization direction, it will generally decay with
the same polarization in solid state or when immobilized.
However, when energy is transferred to acceptors with a
different orientation than the donor molecule, the
fluorescence becomes depolarized. In our case, the donor is
the monomer species, which are mainly excited at 515 nm,
and the acceptors are the ] dimers. We can note that the
maximum of anisotropy at t = 0 is higher than the expected
value of 0.4 for a standard, single electronic state with a
dipole allowed transition.™ This can be explained by a
preferential orientation of the dipoles in the PMMA matrix
due to the preparation of the sample by spin-coating™ or
presence of scattered light.#

The fluorescence decays F2->F4 are multiexponential,
which is unexpected since only monomer species are
supposed to be present in the PMMA films in this

7

ACS Paragon Plus Environment



OoOoONOOOTLA~,WN =

s~ EAAREPEAEAPREAPLPOVOOWGLOOLOWWGOGWOWWWWWNNMNMNDNNMNODNDNDMNON =+ = = 24 4 L
QOWONOODOPRPRUWUN—LOQOONOOODOPRALOUN—_LOO0OONOOOCOPRPRWON—LPOOCOONOOOPRON—=O

51
52
53
54
55
56
57
58
59
60

The Journal of Physical Chemistry

concentration range. Indeed, if only one emitting
monomeric species was to be found, a single exponential
fit of fluorescence decays would have been possible as
observed by Sonada and al™ Besides, the mean
fluorescence lifetime*" (t) (Table 3) is decreasing from 4.57
ns (F2) to 3.92 ns (F4), which implies a quenching of the
fluorescence. It has been reported that almost all dyes
dissolved in glassy polymer matrixes exhibit
nonexponential fluorescence decays.™ The authors
attribute this behaviour to density fluctuations in the
matrix, which do not relax on the time scale of the dye
excited state. Thus, different dyes experience slightly
different local environments leading to a possible
solvatochromic effect. As the spectra do not show any
evidence for aggregation and since molecular diffusion are
too slow to account for the observed photophysical
behaviour, it has been also suggested that the observed
quenching is due to the excitation energy being captured
by a closely spaced « statistical pair » of molecules, which is
a non fluorescent trap.™ A statistical pair is defined as
simply any two dye molecules in the random distribution
which are closer than a certain critical distance so that
when one of them is excited, they interact strongly and
quench the excitation. In our case, the critical distance can
be approximated by the statistical average distance d
between molecules of AdBdy, calculated to be 23 A with the
following formula:""

d=0.554 n,1/3 (8)
where np the number of molecules per volume unit.

Table 3. Mean fluorescence lifetime (t) measured on
PMMA films doped with AdBdy. The statistical average
distance d gives an estimation of the intermolecular
distance between two closest dyes in PMMA matrix.
The weights of monomer species (wwm), ] dimers (wyj)
and H aggregates (wn) are given as percentages.

Film  (t)2 (ns) d wwm (%) wy (%)  wu (%)

(nm)

F2 4.57 2.29 - - -
F3 3.93 1.82 - - -
F4 3.92 1.62 84a =0 16b
F5 2.82 1.44 84a =0 16b
Fé6 2.18 0.99 7020 =0 3010
F7 1.78 0.78 61+3 10+2 29+3
F9 1.18 0.62 602 17+1 23+2

Spmma 4.7 - - - _

a _( > b value determined on only one
(r)= [ tiar! [ 1(n)dt y

measurement, hence an unknown accuracy.

Fluorescence decays F5>F9 could not be well fitted with
either single or double exponential curves and seem to
contain a broad range of lifetimes. We evaluated the rate of
decay with the mean fluorescence lifetime (t). As expected,
it decreases rapidly at higher dye contents, again indicating
the appearance of faster decay modes. This can be explained

with the weight of the H aggregate (wy) and the
intermolecular distance between the different present
species. This last one can not be so easily determined as the
exact concentration of each species is not known, neither
is the intermolecular distance within each type of
aggregate. However it can be roughly estimated by the
statistical average distance d. For similar composition in
the films (F4 and F5), the reduction of (t) is probably due
to a decrease of d from 1.62 nm to 1.44 nm. The apparent
small change in d has actually great impact on the
interaction energy as it is inversely proportional to d to
the power three or six depending on the nature of the
interaction. The increase of wy accounts for the decrease of
(t) from F5 to F6 as excitation energy trapping will be more
efficient. For similar weight of H aggregates (F6->F9),
several reasons can explain the shortening of (t):

- The quenching of fluorescence by H aggregates is more
efficient due to the reduction of d, as wum goes down to the
benefit of wy.

- A decrease of (1) can also implies that the ] dimer has a
shorter fluorescence lifetime than the monomer species. A
more efficient energy transfer from the monomer to the |
dimer, as d is decreasing, can be another potential
contribution to the decrease of (t).

We attempted to describe the fluorescence decays by two
different models. The first one was developed by Gosele™"
and studied experimentally by Zewail et al."™ It takes into
account Forster resonant dipole-dipole homotransfer
(between monomer species) and heterotransfer (between
monomer species and ] dimers). The recorded fluorescence
decays were fitted with the following equation:

1, (1)=Cst+1, xexp(—t— t)
rl TZ

involving the background level Cst, the amplitude Ip and
two time-constants t1 and Tz (see SI for further explanation
about this model).

We also tried to fit the decay curves to a model of Klafter
and Blumen' describing the decay of an excited donor in
the presence of acceptors, which are randomly distributed
on a fractal of Hausdorff dimension dg:

I¢(t) = lo exp{-t/To - P(t/t0)d/s} (9)
with s the order of the molecular interaction (s = 6 for
the usual Forster dipole-dipole mechanism) and P a fitting
constant which should be proportional to the acceptor
concentration. For integral dimensions, equation ( 9 )
reduces to the familiar results of Forster." Equation (9 ) is
known to work very well, giving usually a value roughly
between 1.5 and 3 for du.*""

None of these quite diverse quenching models describes
the data very well. Because they all assume a homogeneous
distribution of dye molecules, this could be an indication
that the distribution is not homogeneous. We were not able
to describe the anisotropy decays by the Gouchanour-
Anderson-Fayer theory."" The encountered difficulties in
fitting may be due to the absence of wavelength selection
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when recording anisotropy and fluorescence decays. The
latest do depend upon the wavelength of analysis. The data
have been collected on the whole fluorescence band, mostly
because of the configuration of our setup. The blue-edge
can't be effectively probed as we excite the sample at 515
nm with a dichroic mirror operating in the [450-520] nm
range, which overlaps with the blue-edge of the
fluorescence band.

Some important conlusions can nevertheless be drawn
from the shown data: 1) whereas fluorescence quenching is
sensitive to the total distance covered by the excitation
energy during its lifetime, anisotropy probes the first
transfer event away from the initially excited molecule. One
can thus say that this first step of the transfer is all the
more fast that the concentration of AdBdy in the PMMA is
high, which is coherent with a decreased intermolecular
distance d. 2) as shown on the figure 8, the anisotropy
decay times are much shorter compared to the fluorescence
decays. For the most concentrated films (F6 to F9), the
anisotropy relaxes to zero within 8 ns, which is almost
four times faster than the fluorescence decays (35 ns). This
result is completely coherent with our previous statement
that most of the molecules are still present as monomers in
the polymer matrices.

3. Conclusion

A new sterically hindered boron-dipyrromethene
(BODIPY) dye has been engineered and synthesized by
modification of the pyrrole substituents. Adamantyl
moieties have been grafted for the first time on the BODIPY
core. This was done to avoid m-m stacking, usually
observed with conjugated substituents and leading to a loss
of fluorescence quantum yield in condensed phases, On top
of being a completely saturated moiety, this substituent has
a “ball shape” like geometry, which can be an additional
element to keep the molecules apart in condensed phases.
The spectroscopic properties in different solvents are
presented. Effects of adamantyl groups on aggregation
behaviour are studied in poly(methyl methacrylate)
(PMMA) films doped with the BODIPY dye (concentration
range of 0.47 mM - 1.2 M). Absorption, emission, relative
fluorescence quantum yield, fluorescence lifetime and time-
resolved anisotropy measurements are carried out. A
concentration limit for aggregation is determined to be
0.067 M. An original analysis of multicomponents has been
done on the absorption spectra of the BODIPY dye in
PMMA and drop-casted films. The results showed that the
aggregation process of the adamantyl substituted BODIPY
can be quite fairly described by three distinguishable
components which correspond to a monomer species, a ]
dimer and H aggregates. Each component has also been
spectroscopically well characterized, which is a significant
result considering the fact that the aggregates did not need
to be isolated. The aggregation process in the PMMA films
clearly shows that from 0.067 M (concentration limit for
aggregation) to a concentration frontier at 0.29 M, the
monomer species decrease to the benefit of J- and H
aggregates. Above 0.29 M the monomer species are steady

The Journal of Physical Chemistry

whereas the ] aggregate concentration increases, which has
been successfully described by an equilibrium between the
monomer species and the ] aggregates, giving an
aggregation number of two for these latest. The formation
of H aggregates is likely to be more complicated over the
studied concentration range as attempts to determine their
aggregation number were unsuccessful. From 0.067 M to
0.29 M the relative fluorescence quantum yield (®riuo, rel) is
only reduced by one fifth compared to the dye in solution,
which supports again the good effectiveness of adamantyl
substituents concerning loss of fluorescence due to
aggregation. Above the 0.29 M frontier, @iy, rel is steady.
Analysis of fluorescence and anisotropy decays shows that
the excitation energy is transferred by the monomer
species to the | dimer, and very probably trapped by H
aggregates as the mean fluorescence lifetime decreases
when the BODIPY concentration increases in the PMMA
films. However usual theoretical models based on a Forster
resonance energy transfer failed to describe the measured
decays. Further work will be carried out to elaborate a
suitable theoretical model in order to account for the
energy transfer mechanism. A spectroscopic study and a
computational work on micro-crystals and amorphous
nano-particles of AdBdy are in process in order to
determine physical constants such as the intermolecular
coupling energy and insights on the mechanism of the
exciton delocalization within the organized solid state.
With such a high concentration limit for aggregation (0.067
mol.L-1) and an efficiently preserved fluorescence quantum
yield (®ruo divided by only 5 for highly doped films),
AdBdy could offer great interest for hybrid organic-
inorganic materials such as stable organic nano-particles
(crystalline or amorphous) grown in sol-gel thin films,.
Another possibility is to incorporate nano-particles of
AdBdy into polymer matrices. In that perspective,
elaboration of size-controlled nano-particles of AdBdy by a
microfluidic process is currently carried out in our group.

4. EXPERIMENTAL SECTION
4.1. Sample preparation

1H, 13C, 19F and 11B NMR spectra were recorded in CDCl3
on a JEOL ECS (400 MHz) spectrometer. All chemical shifts
are referenced to Me4Si (TMS). Coupling constants (]) values
are given in Hz.

Drop-casted films (amorphous deposits) were prepared
by quick evaporation of a droplet of the dye in solution
(about 10-5 to 10-6 M) in dichloromethane onto microscope
slides.

Poly(methyl methacrylate) (PMMA, mpmma = 45.4 mg, 120
000 average molecular weight, density dpmma = 1.188) was
dissolved in toluene (Violuene = 5 mL, dtoluene = 0.8669). The
solution was stirred over night. In order to prepare films
of PMMA doped with a wide range of different
concentrations of dye, solutions of AdBdy were
previously prepared in dichloromethane (concentration
Cdye, pcv MoLL-1). The dye solution (Vgye = 700 or 500 pL)
was then mixed with PMMA solution in toluene (Vpmma =
200 pL) for 3 hours under ultrasonic stirring.

9

ACS Paragon Plus Environment



OoOoONOOOTLA~,WN =

OO0 oo oo bbb, h,phr,pr,P,EAPAEAREPEPOWOOWGOWGWGWOWWWGOMNMNNMNNNNMMNNDNODN & 2 24 4 L
QUOWOUONODOAPRPRWUN—-LO0O0ONOOODAPRARON—-O0O0CONOOCOPRPWON—LrOOCOONOOCOPRRON—LrOCCOONOOOPA~LON—=O

The Journal of Physical Chemistry

Dichloromethane was then removed under vacuum at 60°C.
The final concentration of PMMA in toluene is 1% w/w.
The films of PMMA were prepared by standard spin-
coating technique. Glass microscope slides (cut to 22 mm x
22 mm) were washed with ethanol, wiped clean and placed
on a spin coater. While the glass slide was spinning at 3000
rpm, 40 pL of the dye/PMMA mixture in toluene was added
using a pipette. The spin coating was stopped after 60
seconds. The final concentrations of AdBdy in the PMMA
films (¢cm/¢m moles dye g1 of PMMA; ¢/t moles dye

dye, PMMA dye, PMMA

L-1) were determined using the formulas:

-3
Cl e _ Cae.ncm * Ve X Viotuene X10 Mopiin + VioieneQiotuene
dye,PMMA = % V. d 10° X
pyama X\ Viotuene@rotuene T Mparma X Mppya

mol /g pypga 3
Cdye,PMMA X dpygp x 10

mol 8 pyyga 3
N, x Cdye,PMMA X dpyya x 10

Crnﬁl/L -
dye, PMMA 1+ vdye
In the above formulas, the volumes and weights are
expressed in mL and mg, respectively. Na is the Avogadro’s

constant. The ¢;¢! = notation correspond to the €

notation in the text.

Blank samples of PMMA were synthesized and processed
in the same manner as the dye-doped samples. They were
used as reference samples.

4.2. Procedure for the synthesis of AdBdy

Pyrrole™ (0.237 g 118 mmol) and 24,6-
trimethylbenzaldehyde (0.097 g 0.59 mmol) were
dissolved in 25mL of degassed CH:Cl;, then 2-4 drops of
trifluoroacetic acid (TFA) were added, and the obtained
solution was stirred under argon at room temperature for
4 hrs. Then 0.134 g (0.59 mmol) of 2,3-dichloro-5,6-
dicyano-p-benzoquinone (DDQ) was added and the
reaction mixture was stirred for 0.5 h. After that,
diisopropylethylamine (0.72 ml, 4.13 mmol) and boron
trifluoride etherate (0.82 ml, 6.49 mmol) were added with
subsequent stirring of the obtained dark colored solution
for 0.5 h. After evaporation of the solvent at ambient
temperature in vacuo the residue was chromatographed on
silica (CHzClz-petroleum ether = 1/3 v/v) to afford 0.239 g
(70% yield) of BODIPY. 1H NMR (CDClz, 400 MHz): § = 6.92
(s, 2H, Hmesity1), 6.48 (d, 2H, 3Ju.n = 4.1 Hz, Hyyrrole), 6.41 (d,
2H, 3Ju.n = 4.12 Hz, Hpyrrole), 2.35 (s, 3H, CH3mesity1), 2.27 (bs,
12H, CH2adamantyt), 2.13 (m, 6H, CHadamang1), 2.09 (s, 6H,
CH3mesity1), 1.81 (m, 12H, CHzadamanty1) ppm. 13C NMR (CDCls,
100 MHz): & = 171.1, 1429, 138.2, 137.0, 136.4, 131.1,
129.0, 128.0, 117.5, 41.1, 37.5, 36.8, 28.9, 21.2, 20.2 ppm.
11B NMR (CDCl3, 128 MHz): 8 = 0.61 (t, 2Jg-r = 34.5 Hz) ppm.
HR-MS (ESI): m/z [M + Na]* calculated for C3gH4sN2F211BNat
= 601.3542, found 601.3531.

4.3. Steady-state and time resolved spectroscopy in
solution

Solvents used were all of spectroscopic grade. They were
purchased from Sigma-Aldrich. U.V.-visible spectra were
recorded on a Varian Cary (Palo Alto, CA USA) double beam
spectrometer using a 10mm path quartz cell from Thuet
(Bodelsheim, France). Excitation and emission spectra
were measured on a SPEX Fluoromax-3 (Horiba Jobin-

Yvon). A right-angle configuration was used. The solvents
were spectrometric grade. For liquid samples, optical
density was adjusted below 0.1 to avoid reabsorption
artifacts.

The fluorescence decay curves were obtained with a
time-correlated single-photon-counting method using a
titanium-sapphire laser (82 MHz, repetition rate lowered to
4MHz thanks to a pulsepeaker, 1 ps pulse width, a doubling
crystals is used to reach 495 nm excitation) pumped by an
argon ion laser from Spectra Physics (Mountain View, CA,
USA). The detection polarizer was set to the magic angle
54.7° with respect to the incident beam to negate the effects
of rotational diffusion.™ The Levenberg-Marquardt
algorithm was used for non-linear least square fit as
implemented in the Globals software (Globals Unlimited,
Villa Grove, USA). The quality of the fit was estimated by
the residuals, i.e. the difference between the measured
value and the fit, divided by the square root of the fit. 2 is
equal to the variance of the weighted residuals. A fit was
said appropriate for %2 values between 0.8 and 1.2.

4.4. Steady-state and time resolved spectroscopy in
films

Photophysical properties of drop-casted films and
PMMA films doped with AdBdy were studied on an
inverted Nikon TE2000 microscope using a x 60, x 40 or x
10 objective (0.95, 0.75 and 0.5 numerical apertures for x
60, x 40 and x 10 objectives, respectively). The
fluorescence excitation at 515 nm was provided by a T-
Pulse 200 Amplitude laser (1030 nm, 10.1 MHz, 407 fs
pulse width, a doubling crystalsis used to reach 515 nm
excitation). The fluorescence excitation at 488 nm was
provided by a argon ion laser from Optilas (Ion Laser
Technology). The fluorescence excitation at 470 nm was
provided by a photodiode from Thorlabs (LEDC6 Mounted
& Collimated LED). The sample was irradiated using a wide
field configuration. For each selected position on a film, the
transmission and fluorescence pictures of the region were
taken with a Nikon camera, and the absorption and
emission spectra (34, 79 and 1.3 x 103 um? area for x 60, x
40 and x 10 objectives, respectively) were recorded usinga
fiber spectrophotometer (Ocean Optics, Inc.). Thanks to the
measurements obtained at different positions on cast films,
we could plot the surface of each emission spectrum as a
function of the corresponding absorbance at 488 or 470
nm and estimate a relative fluorescence quantum yield.

The fluorescence spectra, recorded with the Ocean

Optics fiber spectrophotometer, were corrected of the
inner filter effect following the formula:

A(A, )+ A(L) 110400
A(A,) 1 =107 ACc-4)

exc

L= ( L oy (M) (10)

where If(A) is the corrected spectrum, If exp (M) the
recorded spectrum, A(A) the absorption spectrum and
A(hexc) the absorbance of the sample at the excitation
wavelength. The fluorescence spectra were also corrected
of the detector sensibility.

Time-resolved fluorescence experiments on films were
performed using a space and time correlated photon-
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counting photomultiplier (QA) from Europhoton Gmbh
(Berlin) mounted onto the microscope. This detector
enables us to perform scanning-less fluorescence imaging
by recording both intensity images and FLIM. The whole
setup has been described previously.™ Briefly, the QA
consists in a multichannel plate photomultiplier working in
the single photon counting mode. The anode is divided into
four quadrants. A fifth conductive part is placed around
these four anodes in order to improve the detector
precision for points located at the borders of the field.
When a photoelectron is produced, an avalanche is created
in the two multichannel plates and spread over the five
anodes. The position of the photon on the photocathode
can be calculated from a weighted mean of the five charges
collected. For each photon detected, the delay between the
laser pulse and the arrival of the photon on the PM, the
absolute arrival time (i.e., the time from the beginning of
the measurement) and the position of the photon on the
photocathode are measured and saved on a hard disk. The
histogram of the number of photon collected per pixel gives
an intensity image of the sample. The histogram of the
number of photons collected as a function of absolute
arrival time gives the evolution of the global fluorescence
intensity and a way to monitor photobleaching. The
average fluorescence lifetime t for each pixel was calculated
by dividing the sum of all the delays t; by the number of

photons N arrived on that pixel, i.e., 7 = (l/N)EN r..Itisa
1 1

fast and robust way to do FLIM. Fluorescence decays were
built as the histogram of the number of photon collected as
a function of the fluorescence delay. The collection is done
over all the pixels in a specific area. Unless otherwise
stated, the fluorescence lifetimes given in this paper
correspond to the global fluorescence decay, i.e. the decay
corresponding to the whole QA image. The instrument
response time is 150 ps (fwhm) and the spatial resolution
of our setup is 300 nm (fwhm). The quality of the fit was
estimated by the weighted residuals. %2 is equal to the
variance of the weighted residuals. A fit was said
appropriate for %2 values between 0.8 and 1.2.

4.5. Quantum Chemical Calculations

Calculations were performed with the Gaussian software
(Gaussian 03, Revision C.02)51 at the MESO calculation
center of the ENS Cachan (NecTX7 with 32 processors
[tanium 2). All calculations were performed using the
B3LYP/6-31+G(d) method.

4.6. X-ray diffraction

The AdBdy crystal structure determination was first
carried out using single crystal X-ray diffraction. Thus, IP-
BDPY single crystal, obtained by slow evaporation of
CHCl; solution, was mounted on a Rigaku rotating-anode
diffractometer, equipped with a MM007 HF generator,
delivering filtered Cu-Ka radiation (A= 1.54187 A
enhanced and collimated by Osmic confocal optics and with
a Rapid II Curved Image Plate. Crystal data of C3g Has B F2 N2
recorded at 200 K: Mr = 57857 gmol?!, orange-red
prismatic crystal (0.42 x 0.36 x 0.28 mm), Monoclinic
space group, P 2¢/c (n°14), a = 14.0557 (3) A b=
11.4779(3) A, ¢ = 19.3737(13) A, p=98.905(7)°, and V =
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3087.9(2) A3, Z = 4, pcalca = 1.245 g.om3, w = 0.626 mm-L.
20448 measured reflections (20max = 144.2°) and 5770
independent reflections with Rin: = 0.0586. The reflections
were corrected for Lorentz and polarization effects as well
as for absorption using a multi-scan approach. The
structure was solved by direct methods with SHELX97-S
program” and refined by full matrix least-squares, based on
F’, using the SHELX97-L software” through the
CRYSTALBUILDER interface.” All non-hydrogen atoms
were refined with anisotropic thermal parameters.
Hydrogen atoms were generated in idealized positions,
riding on the carrier atoms, with isotropic thermal
parameters. The final cycle refinement including 392
parameters converged to R1 = 0.0491 (4393 data with [ >
20(I)) and wR2 = 0.1488 (all 5756 data), Goodness of Fit
S$=1.152, max./min. residual electron density 0.238/-0.205.
ORTEP" drawing and packing studies were carried out
using MERCURY.S"" See supporting CIF file for further
refinement details. CCDC reference number 852756.
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