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a b s t r a c t

We probe the single molecule–polymer interactions for two types of carbocyanine dyes having the same
conjugated core but different side chains. Several conformers of the conjugated core were observed and
could be assigned owing to quantum chemistry and molecular dynamics simulations. The relative pop-
ulation of the various conformers is different for the two types of probe molecules in (non) annealed
films. The presented results and discussion, of high interest from a fundamental point of view, might also
be of primordial importance for the understanding of the plasticizing effect in polymers on a very local
scale.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Most single molecule fluorescence spectroscopy experiments
have been performed with the probe molecules embedded in poly-
mer films in order to immobilize them and investigate opto-elec-
tronic properties, like the efficiency of resonance energy transfer
or electron transfer between different chromophoric parts of the
overall system [1–3]. Nowadays, the fluorophores are more and
more used to investigate the polymer properties, especially around
the glass transition temperature. In order to measure the rotational
dynamics of molecules and the related polymer mobility, polariza-
tion measurements [4–6] have been performed. Schob et al. [4] and
Deschenes et al. [5] found evidence for static and dynamic hetero-
geneity in the supercooled regime. Zondervan et al. [6] investi-
gated the rotational motion of perylene diimide in glycerol. The
results of their experiments lead them to assume that glycerol con-
sists of heterogeneous liquid pockets separated by a network of so-
lid walls, an assumption that was further confirmed by conducting
rheology measurements of glycerol at very weak stresses [7]. These
polarization techniques typically allow for the detection of a two-
dimensional projection of the real three-dimensional motion. The
latter can be measured by using either an annular illumination
technique [8], a defocused wide-field imaging technique [9–11]
or by directly recording the emission pattern in the objective’s
back focal plane [12] or in the presence of aberrations [13]. Besides
these techniques based on orientational dynamics, the fluores-
cence lifetime of a single dye molecule has been shown to be able
to probe the dynamics of the probe surrounding polymer environ-

ment either in the glassy state [14–18] or in the supercooled re-
gime [15,19]. Finally, the fluorescence lifetime observable has
been used to probe the interaction of small probe molecules with
polymer chains. Indeed, we recently investigated the interaction
between the carbocyanine dye 1,10-dioctadecyl-3,3,30,30-tetrame-
thylindodicarbocyanine (DiD) and poly(styrene) (PS) polymer
chains [18]. The main results of this investigation were the follow-
ing: the measured fluorescence lifetimes and spectral widths of the
DiD molecules were clearly dispersed in bimodal distributions.
Quantum chemical calculations showed that the bimodal character
could be attributed to two classes of conformations i.e. planar and
non planar conformers. Two different planar conformers and only
one type of non planar conformers were experimentally observed
and clearly assigned owing to these quantum chemical calcula-
tions. The main difference between the two planar conformations
was in the position of the alkyl chains with respect to the conju-
gated core: the alkyl chains lay on either the same side of the con-
jugated backbone (syn-conformer) or the opposite side (anti-
conformer), the latter being true as well in the case of the non
planar conformer. We compared the experimentally observed fluo-
rescence lifetimes, widths of their distributions, obtained by
recording them successively in time, and emission spectra of the
probe molecules to dedicated molecular dynamics simulations.
This allowed us to make statements about the local interaction of
the probe and its local surrounding. For instance, in the case of
the syn-conformer, steric hinder between the two alkyl chains
(intramolecular interaction) lead to a decreased packing density
and an increased local free volume while the alkyl chains of the
anti-conformer could interact more strongly with the surrounding
PS chains (inter solute–solvent interaction), thereby lowering the
local free volume. This type of investigation is not only of interest
for its fundamental nature, but is also useful in order to investigate
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very locally the effect of the introduction of additives in a polymer
matrix (plasticizing effect) on the polymer mobility and the corre-
sponding variation of the glass transition temperature. In this Let-
ter, in order to further investigate this kind of probe molecule –
surrounding polymer matrix interaction, we make use of two dif-
ferent probe molecules which, while having the same conjugated
core, present different side chains able to interact specifically with
the surrounding poly(styrene) chains. Both molecules are carbocy-
anine dyes with a shorter conjugated backbone than the previously
investigated DiD molecule. Due to this shortened backbone, the
side chains substituted on the nitrogen atoms (Fig. 1a) are closer,
which makes it easier for them to interact. Both molecules differ
in the nature of the side chains grafted on the nitrogen atoms.
One dye has alkyl chains (1,10-didodecyl-3,3,30,30-tetramethylin-
do-carbocyanine perchlorate, DiIC12) while the other one has oli-
gostyrene chains (DiIsty) substituted on the nitrogen atoms.
These molecules are expected to interact differently with the sur-
rounding PS chains, owing to the differences in rigidity, steric hin-
der and solvation of the side chains. The schematic structure of the
dye molecules is visualized in Fig. 1a. Both types of probe mole-
cules were investigated by fluorescence spectroscopy at the bulk
and single molecule level. On the single molecule level, both non
annealed and annealed samples were measured. In the non an-
nealed case, the memory of the solvent is retained, which gives rise
to results significantly different to those obtained if a chance is gi-
ven to the chains to relax, i.e. after annealing. For both dyes, i.e.
DiIC12 and DiIsty, bimodal distributions of fluorescence lifetimes
are obtained both for the non annealed and the annealed samples.

In the latter case, the distributions for both dyes are very similar,
while they exhibit different characteristics in the non annealed
case. Based on quantum chemical calculations, these distributions
could be assigned to different conformers of DiIC12 and DiIsty.

2. Materials and methods

2.1. Experimental section

Steady state absorption and emission spectra of DiIsty and
DiIC12 in toluene were recorded for concentrations of ca. 10�6 M.
The absorption measurements were carried out on a Perkin Elmer
Lambda 40 UV/Vis spectrophotometer. Corrected emission spectra
were recorded on a SPEX fluorolog. For the single molecule mea-
surements, a PS ðMw ¼ 250000Þ solution of 10 mg/ml in toluene
was used to make solutions of nanomolar ð10�9 MÞ concentrations
of DiIC12 and DiIsty in PS. The samples were prepared by spinco-
ating the solutions at a rate of 1000 rpm on glass substrates. The
non annealed samples were measured immediately after spincoat-
ing. To anneal the samples, they were put in the oven at a temper-
ature of 373 K (Tg of the PS used). After five minutes the oven was
switched off and let closed in order to allow for a slow decrease of
its temperature to room temperature. The single molecule mea-
surements were performed with a confocal microscope setup.
The excitation wavelength was set to 543 nm and the laser power
was set to 1 lW at the entrance of the microscope. The excitation
at 543 nm (8 MHz, 1.2 ps FWHM) was obtained from the fre-
quency-doubled output of an optical parametric oscillator (GWU)
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Fig. 1. (a) Schematic structure of the indocarbocyanine dye molecules with R ¼ C12H25 for DiIC12 and R ¼ ½CH2CHC6H5�23 for DiIsty. (b) Normalized absorption and emission
spectra of DiIC12 (black solid line) and DiIsty (red dashed line) in toluene. For the sake of comparison, the blue dotted line corresponds to the emission spectrum of a film
obtained by spincoating a bulk solution of DiIC12 in PS/toluene onto a glass substrate and further annealed. (c) Fluorescence decay profiles for a diffraction limited volume of
a film spincoated from the bulk solution of DiIC12 in PS/toluene (top, this decay profile exhibits two fluorescence decay times: s ¼ 1:8 ns and s ¼ 2:8 ns), a single molecule
with a long fluorescence lifetime (middle, single exponential decay with s ¼ 2:8 ns) and a single molecule with a short fluorescence lifetime (bottom, single exponential decay
with s ¼ 1:8 ns). The dotted lines are the instrumental response functions. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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pumped by a Ti:sapphire laser (Tsunami, Spectra Physics). The
emission light was equally split into two parts. The fluorescence
lifetime was measured with an avalanche photodiode (SPCM-AQ-
15, EG & G Electro Optics) equipped with a time correlated single
photon counting card (TCSPC card, Becker & Hickl GmbH, SPC
630) used in FIFO mode. The bin times that were used to build
the decay profiles for the molecules were set to 100 ms in order
to have at least 500 counts in the decay. This is the minimum num-
ber of counts that is needed to fit the decays using the maximum
likelihood estimation method [20]. The emission spectra were re-
corded with a charge coupled device (CCD) camera with an inte-
gration time of 3 s. For DiIC12, the emission spectra and
fluorescence decay times of a bulk sample, obtained by spin-coat-
ing a solution of DiIC12 ð10�6 MÞ in PS/toluene onto a glass sub-
strate were also measured, in a diffraction limited volume, with
the same confocal setup used to perform the single molecule
experiments, in order to compare these bulk spectra and lifetimes
to the single molecule ones. In the latter case, the fluorescence de-
cay profile was built by integrating all photons recorded by the
TCSPC card. The integration time was set to 20 s.

2.2. Theoretical section

To calculate spectroscopic properties like the transition dipole
moment and the transition energy of the experimentally measured
probe molecules (DiIC12 and DiIsty), several quantum chemical
approaches have been used. The geometry of the molecule was ob-
tained by using the Hartree–Fock semi empirical Austin Model 1
(AM1) method [21]. Characterization of the lowest electronic sin-
glet excited states has been performed by the semiempirical Har-
tree–Fock intermediate neglect of differential overlap (INDO)
method as parametrized by Zerner et al. [22] This approximation
was used in combination with a single configuration interaction
(SCI) methodology. For all calculations, the CI active space has been
built by promoting one electron from one of the highest sixty occu-
pied to one of the lowest sixty unoccupied levels. Every molecular
dynamics simulation has been performed at a constant number of
particles, volume and standard temperature (NVT) ensemble. The
simulations have been performed at a temperature of 300 K for
500 ps. The configuration of the system has been extracted every
1 ps. The energy was separated in several contributions. The total
energy and van der Waals energy have been used in our discussion.
These molecular dynamics simulations were performed with the
material studio package by Accelrys Software Inc. We have used
the universal force field (UFF) [23] in Forcite Studio and a standard
cutoff has been kept at 12.5 Å. The radiative lifetime in vacuum has
been calculated with the usual formula

s0 ¼
mee0c3

0

2e2pm0f
ð1Þ

by further taking into account the renormalization of the photon in
the medium: e0 ! ere0 and c0 ! c0=n and the slight change in the
transition frequency. In this formula, e is the charge of the electron,
e0 and c0 are the permittivity and the speed of light in a vacuum,
and m0 and f are the transition frequency and the oscillator strength
of the probe molecule in a vacuum, respectively. Finally, the polar-
izabilities were determined by a sum over states (SOS) method
encompassing all states involved in the CI space just mentioned.

3. Results and discussion

Fig. 1b shows the normalized absorption and emission spectra
of both types of probe molecules in a toluene solution, as measured
on the spectrofluorometer. The black curves correspond to the
spectra of DiIC12 and the red curves to the spectra of DiIsty. The
fluorescence spectrum of DiIsty is significantly broader, is slightly

red shifted (10 nm) and has a more intense 0–1 vibronic peak com-
pared to the one of DiIC12. The blue line represents the emission
spectrum of DiIC12 in a PS bulk film, i.e. obtained by spin-coating
a solution of DiIC12 ð10�6 MÞ in PS/toluene (10 mg/ml) onto a glass
substrate. It was measured by use of the confocal setup, used in the
same conditions as the ones set to perform the single molecule
experiments, for the sake of comparison both with the results of
these experiments (see hereafter) and with those obtained in solu-
tion. The figure clearly exhibits spectra of identical shape but with
a slight blue shift (around 5 nm) of the normalized emission spec-
trum of DiIC12 in a PS bulk film as compared to DiIC12 in a toluene
solution. The fluorescence decay profile of the same diffraction lim-
ited volume of DiIC12 in the PS bulk film is shown in Fig. 1c (top). It
is best fitted (as checked by careful examination of the v2 param-
eter, visual inspection of the residuals and autocorrelation of the
latter) by a bi-exponential decay model with decay times
s1 ¼ 1:8 ns and s2 ¼ 2:8 ns with amplitudes of 2.17 and 0.34,
respectively. This corresponds to a contribution of 80% of
s1 ¼ 1:8 ns and 20% of s2 ¼ 2:8 ns

Single molecule measurements were performed on thin films,
spincoated from a 10�9 M solution of DiIsty/DiIC12 in PS/toluene.
To localize the single molecules, an area of 10 lm by 10 lm was
scanned. Taking into account the number of molecules found in
this area and comparing with the expected number to be found
for such a low dye concentration ð10�9 MÞ, we made sure to have
the right concentration to measure single molecules. Furthermore,
the diffraction limited spots observed on the scanning areas (not
shown) confirm the observation of single molecules. Once local-
ized, a fluorescence lifetime trajectory and a fluorescence spectrum
were recorded for each individual molecule. Fig. 1c shows the de-
cay profiles, obtained by integrating all photons recorded for two
individual DiIC12 molecules (until they get irreversibly photo dis-
sociated) in PS. Both decay curves could be best fitted by a single
exponential model with s ¼ 2:8 ns (middle) and s ¼ 1:8 ns (bot-
tom). For DiIsty in PS, the fluorescence spectra and lifetime trajec-
tories, obtained by building and fitting with a single exponential
model the successive decay profiles in bins of 100 ms, of two differ-
ent molecules are shown in Fig. 2. One molecule has an average
fluorescence lifetime s ¼ 2:6 ns (Fig. 2a), while the other one has
a shorter fluorescence lifetime s ¼ 1:7 ns (Fig. 2c) as best repre-
sented by the mean of the distribution plotted on the right axes
in Fig. 2(a,c). In the latter case ðs ¼ 1:7 nsÞ, the corresponding fluo-
rescence spectrum is characterized by an increased amplitude of
the 0–1 vibronic peak (Fig. 2d) with respect to the first molecule
(Fig. 2b).

For each investigated sample, consisting of either DiIC12 or DiI-
sty in either non annealed or annealed PS film, more than 150 indi-
vidual molecules were measured. Every molecule with a low
fluorescence lifetime was found to have an emission spectrum
with an increased amplitude of the 0–1 vibronic peak, while the
intensity of this peak is much lower for a molecule with a longer
fluorescence lifetime. This correlation was found for all molecules
of DiIsty or DiIC12 embedded in annealed or non annealed PS films
and suggested the existence of at least two different species (con-
formers) for both DiIC12 and DiIsty. Fig. 3 shows a scatter plot of
vibronic strength against lifetime together with the distributions
of lifetime and vibronic strength for all measured molecules. The
vibronic strength is measured here as the maximum intensity of
the 0–1 vibronic peak, giving an idea of the coupling with the high
frequency modes of the molecule. Clearly, the distribution shows
two peaks, one around s ¼ 1:7 ns with a strong vibronic coupling
and one around s ¼ 2:7 ns with a weak vibronic coupling. Also,
the steady state emission spectra in solution (Fig. 1b) showed that
the intensity of the 0–1 vibronic peak of DiIsty is larger than the
one of DiIC12, already indicating that the common conjugated part
of these two types of molecules might adopt a different conforma-
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tion in solution. Furthermore, a closer look to the emission spectra
shown in Fig. 2 (b and d,blue line) and to the decay profile shown
in Fig. 1c (top) of DiIC12 in a bulk PS film compared to the emission
spectra (Fig. 2b and d) and lifetimes (Fig. 1c middle, bottom) of
both types of molecules taken individually clearly indicated that
the measured diffraction limited volume of DiIC12 in a bulk PS film
is constituted of the two populations just mentioned.

The distributions of the mean fluorescence lifetimes obtained
from each individual trajectory are shown in Fig. 4. They all have
a bimodal character with peaks centered around s � 1:7 ns and
s � 2:6 ns. For DiIC12 non annealed (Fig. 4a) most molecules
(80%) show an average lifetime of 2:6 ns, while only a minor frac-
tion (20%) of the molecules exhibits a shorter mean lifetime of
about 1:7 ns. For DiIsty in a non annealed sample (Fig. 4b), we
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Fig. 2. Intensity and fluorescence lifetime trajectories (a,c) and corresponding fluorescence spectra (b,d) of a molecule with a long fluorescence lifetime (a,b,s � 2:8 ns) and a
molecule with a short fluorescence lifetime (c,d, s � 1:8 ns). The blue dotted line in the fluorescence spectra shows the emission spectrum of a diffraction limited volume of
the film obtained after spincoating a bulk solution of DiIC12 in PS/toluene on a glass substrate. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Scatter plot of the intensity of the 0–1 vibronic peak against the fluorescence lifetime together with their respective distributions for all molecules measured in our
investigations. Two clouds can be found, indicated by the surrounding rectangles: one around s ¼ 1:7 ns with a strong vibronic coupling and one around s ¼ 2:7 ns with a
weak vibronic coupling, thus indicating the clear correlation between these two observables.
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observe an opposite situation with only 35% of the molecules hav-
ing a longer fluorescence lifetime. After annealing, allowing for a
general relaxation of the matrix and release of the eventual stres-
ses remaining from the spin-coating process, the same type of bi-
modal distribution is obtained, with a low proportion of
molecules having a shorter fluorescence lifetime both for DiIC12
(38%, Fig. 4c) and DiIsty (36%, Fig. 4d).

In order to tentatively assign the origin of each couple of fluo-
rescence lifetime, spectrum to a particular conformer of the com-
mon conjugated core, we performed theoretical calculations. DiI
possesses four double bonds between the nitrogen atoms
(Fig. 1a) of which the configuration can be cis (C) or trans (T).
Due to steric constraint, only 3 of the 24 ¼ 16 possible conformers
have been analyzed in our study, the ones that have the highest
Boltzmann’s occurrence to be observed. The three selected con-
formers (CTTC, TTTC and TTTT) can be described by the two dihe-
dral angles /1 and /2 (see Fig. 5a). The conformers can be
expressed by couples as ½/1; /2� which gives ½18�; 0�� for CTTC (ste-
ric hinder does not allow a pure planar conjugated DiI core and the
minimum angle obtained at AM1 level for all studied molecules is
circa 18�), ½180�; 0�� for TTTC and ½180�; 180�� for TTTT (Fig. 5a). In-
stead of using the real systems DiIC12 and DiIsty, model com-
pounds DiIC6 (hexyl alkyl chains instead of dodecyl chains) and
DiIPh3 (oligomers of three styrene units instead of 23 units) have
been used to keep a reasonable number of degrees of freedom.

Radiative lifetimes computed using the INDO/SCI semi empiri-
cal method for variable (18� steps) /1 and /2 angles are plotted
in Fig. 5b. For both types of substituents (C6 or Ph3) the CTTC con-
former exhibits the longest computed radiative lifetime. TTTC has
an intermediate value and TTTT is characterized by the shortest
radiative lifetime. This can be explained by the strength of the
transition dipole moment which is highest for TTTT and weakest
for CTTC. For each conformer, the geometry optimization has been
performed at the AM1 level of theory. Each exact value of the four
torsion angles between the nitrogen atoms has been frozen in or-
der to calculate each energy minimum. On each partially frozen
geometry, a molecular dynamics simulation is performed for
500 ps at 300 K in the NVT ensemble. After each ps of the runs,

the van der Waals contribution to the total energy is extracted
and stored. For both types of substituents the CTTC conformer is
the most stable and its van der Waals contribution is the smallest
(3 kcal/mol for DiIC6 and around 8 kcal/mol for DiIPh3), as shown
in Table 1. Let us note here that, in a molecular modeling approach,
the computed van der Waals energy is the sum of all repulsive
(sterical hindrance at short distance, important in our case) and
attractive components, at longer distance (the classic vdW chemi-
cal point of view).

For CTTC, the alkyl and phenyl substituents (the arms) are on
the same side of the conjugated core, which means that intramo-
lecular interactions between the arms can occur. The TTTT con-
former also has the arms on the same side, but the distance in
between them is too large to have a strong intramolecular interac-
tion. For TTTC the arms are on different sides which avoids any
interaction. The steric hinder in the conjugated core of CTTC can
be seen as a catalyst for the strong intramolecular interaction
which will stabilize the overall system.

By comparing the theoretical calculations to the experimental
results, it is clear that for DiIsty in a non annealed film, the TTTC
or TTTT conformer must be the most abundant since most mole-
cules have a shorter lifetime. In contrast, for the three other sam-
ples (both annealed films and DiIC12 in a non annealed film) the
most abundant conformer must be CTTC, which is the one with
the longest fluorescence lifetime.

For the non annealed samples, the memory of the dye molecule
conformation in the solvent is retained since the short (long) life-
time s � 1:7 ns ðs � 2:6 nsÞ exhibited by most molecules of DiIsty
(DiIC12) in the non annealed film (Fig. 4b, respectively Fig. 4a) cor-
relates with the enhanced (reduced) 0–1 vibrational peak of their
fluorescence spectra and match the results obtained for DiIsty
(DiIC12) in a toluene solution (Fig. 1b). A decay profile of both
types of dyes in solution will not be enlighting since the internal
conversion processes allowed in such a mobile surrounding lead
to a drastic reduction of the observed lifetime. For the conformers
TTTC and TTTT the interaction between the arms is weak, which fa-
vors their respective interaction with the solvent. The interaction
between the oligostyrene chains and toluene is stronger than be-

a b
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Fig. 4. Bimodal distribution of fluorescence lifetimes for DiIC12 not annealed (a) and annealed (c) and DiIsty not annealed (b) and annealed (d). All distributions are fitted
with a double Gaussian which gives for (a): 20% (80%) of the molecules with an average fluorescence lifetime of 1:7 ns ð2:6 nsÞ, for (b): 65% (35%) of the molecules with an
average fluorescence lifetime of 1:5 ns ð2:5 nsÞ, for (c): 38% (62%) of the molecules with an average fluorescence lifetime of 1:7 ns ð2:7 nsÞ, for (d) 36% (64%) of the molecules
with an average fluorescence lifetime of 1:7 ns ð2:7 nsÞ. Only the molecules which show a clear correlation between their fluorescence lifetime and spectrum are taken into
account in the Gaussian fits (molecules with a fluorescence lifetime s > 3:5 ns are not considered).
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tween the alkyl chains and toluene. Hence, for DiIsty molecules in a
non annealed film, the TTTC and TTTT conformations will be fa-
vored, which explains the higher fraction of molecules having a
short fluorescence lifetime s � 1:7 ns. The weaker interaction be-
tween the alkyl chains and toluene explains the opposite distribu-
tion for DiIC12. This corresponds to the steady state spectrum
observed for DiIsty (DiIC12) in solution, where it mainly adopts
the TTTC and TTTT (CTTC) conformations. After the samples have
been annealed, the polymers have had time to relax and reorga-
nize, the solvent memory is lost and the dye molecules will adopt
the most stable CTTC conformation.

4. Conclusions

DiIC12 and DiIsty can adopt different conformations in a
poly(styrene) matrix, in non annealed as well as in annealed sam-
ples. Experimentally, the evidence for the existence of at least
two different conformers was found both in the bi-exponential
model necessary to fit the decay profile at the bulk level and in
the bimodal character of the fluorescence lifetime distributions
found at the single molecule level. These distributions are differ-

ent for both dyes in the non annealed samples and get similar
after annealing. Owing to quantum chemical calculations, differ-
ent conformations could be assigned to the observed values
(mainly two) of the fluorescence lifetime. The two dyes, having
a common conjugated core, but with different side chains grafted
on the nitrogen atoms, adopt different conformations in the non
annealed samples, due to the specific interactions of these side
chains with the surrounding medium (competition between in-
tra- and inter- molecular interactions). The strong interactions
between oligostyrene and toluene favors the TTTT and TTTC con-
formers of DiIsty in solution and in the non annealed sample. The
interactions between the alkyl chains and toluene are weaker, so
that the CTTC conformer of DiIC12 is observed in solution and in
the non annealed sample. After annealing, allowing for a com-
plete relaxation of the polymer medium surrounding the dyes,
CTTC, the most stable conformer, appears as the most abundant,
and the same fluorescence lifetime distributions are obtained
for both dye molecules. It is clear that the side chains can play
a role in the interaction with the polymer. However, the nature
of the side chains only matters for the non annealed samples,
i.e. in a non equilibrium system. After annealing, when the matrix
has relaxed, i.e. after having reached an equilibrium, the most sta-
ble conformer is mostly observed. As the type of conformer found
in the matrix and its interaction with the surrounding chains
governs the local packing of the matrix and thus its local free
volume, the results and perspectives of such investigations might
give some new insight to the plasticizing effect as a function of
temperature change and ageing.
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Fig. 5. (a) Schematics of three conformers of DiI having the highest Boltzmann’s occurrence to be observed. The dihedral angles /1 and /2 taken into account in the discussion
are depicted on the CTTC conformer. (b) Radiative lifetimes as a function of peculiar values of the pairs of angles ð/1; /2Þ for both types of molecules (C6 in black for DiIC12,
and Ph3 in red for DiIsty). For both types, CTTC shows the longest radiative lifetime, TTTT the shortest one and TTTC has an intermediate value. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Calculated radiative lifetime and average van der Waals energy of the different
conformers.

Radiative
lifetime
(ns)

Dye substituent contribution

AM1 geometries

Average value (minimum; maximum)
(kcal/mol)
Molecular dynamic

C6
CTTC 2.8 26.6 (23.7; 28.8)
TTTC 2.5 29.2 (24.1; 31.2)
TTTT 2.3 30.0 (24.2; 31.8)

Ph3
CTTC 3.0 64.6 (58.1; 71.4)
TTTC 2.6 74.0 (67.0; 81.0)
TTTT 2.4 72.5 (64.2; 82.0)
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